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FOREWORD

Increasingly stringent requirements with regard to service performance of materials related
to safety and reliability, and the threat of competitive materials has made manufacturers
seek constant improvement in their product. A major aspect of such improvement has been
to reduce the inclusion content of the material, in particular steels. While inclusions are
mostly viewed as detrimental to the performance of the material, there are several
applications where the inclusions play a very useful role. The symposium addresses
processing, monitoring, controlling, and characterizing of inclusions. The emphasis,
however, is on characterizing inclusions and their influence on a variety of material
properties of steels.

The symposium has been jointly sponsored by the International Metallographic Society
(IMS) and ASM INTERNATIONAL as a part of the '88 World Materials Congress. The
encouragement and support provided by IMS officials in particular, Mr. Jim McCall, Mr.
Robert J. Gray, Dr. R. D. Sisson, Jr., Dr. M. R. Louthan, Jr., Dr. W. E. White and Dr. G. F.
Vander Voort is very much appreciated. I am thankful for the internal support of Dr. John
Holbrook at Battelle for this meeting. Ms. Constance Laning provided excellent support as
Meetings Coordinator at ASM. Finally, the authors are to be commended for meeting the
stringent deadlines set by ASM.

Ravi Rungta
Battelle Columbus Division
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INCLUSIONS: ADVANTAGES, DISADVANTAGES,
AND THE TECHNOLOGICAL TRENDS

Ravi Rungta, Andrew J. Skidmore, Richard D. Buchheit
Battelle

Columbus, Ohio 43201 USA

ABSTRACT sulphur in solution in the melt (2-5). The

exogenous inclusions in steels, on the other

The role of inclusions in the performance of hand, occur as a result of trapping of slag,

materials is reviewed. While inclusions are refractories, and oxidized metal that the

advantageous for certain applications such as liquid metal comes in contact with during the

machining and oxide dispersion strengthened melting and casting process (2,3,5). Some of
alloys, under uncontrolled conditions they can the characteristic features of e~ogenous

be deleterious to the performance of the inclusions in steels noted by Kiessling (3)

material. Examples have been presented to are larger size compared to endojenous

show their influence on performance. Steel inclusions, sporadic occurrence, irregular

making techniques, inclusion monitoring, and shapes, and complex structures. Exogenous

inclusion identification techniques are inclusions, in general, are harmful to
discussed. Non-destructive inspection material behavior.
techniques present the best opportunities for The importance of inclusions is in their
ensuring the detection of deleterious ability to adversely influence the behavior of
inclusions during the processing of the materials and components in service. Examples
material. It is the authors' view that in of such influence are presented in Figures
addition to the procedures that have been 1-4. The examples chosen here represent a
developed to improve the general cleanliness range of applications where the presence of
of metals with respect to certain types of such inclusions compromise appearance, reli-
inrlusions, attention must be focused on ability, or safety. The failure of a gear
defining critical size inclusions for various tooth represents a reliability problem, the
applications and efforts must be made to shell cracking and the associated detail
eliminate the critical size inclusions, cracking in rails represents a reliability as

well as a safety problem (6,7), and the
blemishes on a stainless steel due to the

INTRODUCTION presence of copper and aluminum rich particles
represents the compromising of appearance.

THE ASM HANDBOOK (1) defines non-metallic While more work has been done on in-
inclusions as particles of foreign material in clusions in metals, a similar concern exists
a metallic matrix. The particles are usually in ceramics. Pressureless sintering of SiC
compounds such as oxides, sulphides, or involves the use of sintering additives such
silicates, but may be any substance foreign to as boron, carbon, and aluminum in various
and essentially insoluble in the matrix. In combinations. Inclusions of free carbon are
his 1959 Howe Memorial Lecture, Sims (2) found in the microstructure of sintered
classified nonmetallic inclusions based on silicon carbide (SiC) and are believed to
their origin as endogenous and exogenous. In adversely influence the toughness of the
general, the endogenous inclusions form by material. Typically the inclusions are 1-2
reactions in the molten metal and their microns in diameter but sizes as large as 10-
formation is dictated either by additions to 20 microns have been observed (8).
the molten metal or by changes in solubility While the examples cited relate to the
during the solidification process. Oxides and negative influence of inclusions, there are
sulphides are examples of endogenous non- several situations where inclusions serve a
metallic inclusions in steels and are very useful role. Oxide dispersion strength-
controlled by the quantity of oxygen and ened alloys and free machining steels are two
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(a) Fracture Surface (b) Metallographic Section
Through Crack Origin

Fig. 1 - Fatigue failure of 4340 steel gear tooth.
Crack initiated at the slag inclusion

-Shell Fractr

200 pm

Fig. 2 - Shell fracture associated with detail fracture in a
rail. The shell was initiated at the defect that was
identified as a complex inclusion (6)
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Fig. 4 - Metallographic cross section through a 416
martensitic stainless steel material with a foreign
particle embedded in it. Energy-dispersive X-ray
analysis indicated that the particle was rich in
aluminum, chromium, iron and copper. The particle
produced blemishes on the surface of the stainless
steel. A reaction zone around the particle suggests
that the exogenous particle was trapped on the material
surface prior to a heat treatment.

examples of such applications. Oxide dis- brodd range of temperature. Calcium treated
persion strengthened superalloys have a steels have improved machining characteristics
uniform distribution of particles that are because of the incorporation of calcium in
about 15-30 nm in diameter with an average both the sulphide and the oxide inclusions
spacing of about 100 nm. The dispersoids, thereby forming inclusions with more desirable
commonly Th02 and Y203, interact with deformation characteristics (11).
dislocations in the slip plane, generating It is apparent that inclusions can be
strengthening effects. An example of the detrimental or very useful to the performance
comparison in yield strength data for some of a material. Some of the factors that
dispersion strengthened alloys with their non- influence the role of inclusions in the
dispersion strengthened version is presented performance of a material are their origin,
in Figure 5 (9). It is apparent that a very type, size, shape, distribution, and quantity.
significant improvement in yield strength can Inclusions may influence almost all properties
be obtained with the proper use of of a material, particularly those that are
dispersoids. more widely utilized namely, formability,

Resulphurized free machining steels, on machinability, weldability, fati(,ue, fracture,
the other hand, take advantage of manganese creep, corrosion, and toughness. The
sulphide inclusions for improving following sections of this paper will present
machinability (3,10). Resulphurized free- a case history of weld heat affected zone
machining carbon or alloy steels have sulphur (HAZ) behavior as influenced by inclusions and
contents up to 0.3 percent. The manganese address some of the considerations in the
content is high enough that most of the technological trends in inclusion engineering
sulphur is present as MnS inclusions promoting (HAZ) behavinr as influenced by inclusions and
formation of small chips. Machinability is address some of the considerations in the
much improved by an increasing size and technological trends in inclusion engineering.
decreasing number of MnS inclusions (3). The
sulphide inclusions assist in the formation of WELD HAZ BEHAVIOR: A CAS' d!STORY
chips by acting as a stress raiser in the
shear plane of the work material, where A study was undertaken to determine the
temperature is relatively low, and then cause of failure of oxyacetylene welded A-106
providing enough plastic flow in the flow zone Grade B elbow fittings. The failures had
near the tool surface, where the temperature occurred intergranularly through the HAZ and
is much higher, to increase the shear was brought about by redistribution of MnS
deformation of the metal. On the contrary, inclusions to the orain boundaries by the
oxide inclusions are detrimental to machining
because of their poor flow properties over a

4
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Fig. 5 - Comparison of the yield strengths of ODS alloys and
similar alloys with no oxide dispersoids (9)
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welding process. rhe case history serves as Fractographic studies were performed to
an example of how relatively harmless determine the mode of fracture and to further
inclusions (such as MnS inclusions) in the characterize and identify the intergranular
material as initially produced, could become a phase presumed to be present on the fracture
cause of failure as the result of reactions surface. For these studies a portion of the
that occurred during subsequent fabrication fractured face from a field failure and a
processes. laboratory induced fracture in the HAZ of the

The fractures of the field failures were weld were used. The fractures were replicated
observed to follow along the boundaries of the with the conventional two-stage cellulose
prior austenite grains and, therefore, acetate-carbon technique, and the replicas
exhibited an intergranular fracture shadowed from an angle of 45 degrees with
appearance. A region of intergranular platinum-carbon. The first replicas stripped
fracture along prior austenite grain from the specimens were examined so that
boundaries is shown by the photomicrograph in particles extracted from the fracture could be
Figure 6. In all of the field failures, a analyzed by selected area diffraction. The
phase was observed in many of the prior results from the field failure are presented
austenite grain boundaries. The phase in Figure 10. Although the fracture surface
occurred as a chain of disconnected, tiny was oxidized, the fractograph shows that the
globules, and occasionallv, as a thin film. fracture was predominantly one of ductile
The phase appeared to be nonmetallic and rupture along the prior austenite grain
resembled manganese sulphide inclusions, boundaries. Particles similar to those
Examples of the phase which occurred in prior indicated by arrows in Figure 10 were found in
austenite grain boundaries in a field failure many areas of the fracture, and these parti-
are shown by the micrographs in Figures 7 and cles were suspected to be the intergranular
8. The micrograph in Figure 8 shows an phase observed in the metallographic examina-
agglomeration of particles as well as tions. Very similar features could be
intergranular chains of tiny particles. The observed on the laboratory induced fracture
results of the electron microprobe analyses surface as shown in Figure 11. Selected area
clearly indicated the intergranular phase diffraction patterns for the particles were
contained sulphur and manganese in excess of consistent with alpha-MnS.
the surrounding metal matrix. Similar Scanning electron microscopic examination
observation was made on micrographs taken on a of the Gleeble thermal cycled specimens
section of the HAZ immediately behind a fractured in the laboratory and the laboratory
laboratory induced fracture of a weld. In fractured weld specimens was also undertaken
this case, a film at the prior austenite grain to establish that these fractures were similar
boundaries also could be seen, as is to, or the same as, a fracture of the HAZ that
illustrated in Figure 9. failed in the field. The results of the

To determine if the intergranular phase scanning electron fractography are compared in
in the prior austenite grain boundaries Figures 12 and 13. The fractographs in Figure
observed in the field failures could be 12 illustrate the predominance of inter-
reproduced, a series of thermal cycling tests granular fracture propagation. In Figure 13,

were made on two different heats of the the dimpled fracture surfaces characterizing a

material. A Gleeble Testing Facility under no ductile failure are evident in the laboratory-
mechanical loading was used for simulating the induced HAZ fracture and the thermal cycled

thermal cycles and producing metallurgical fracture. In addition, many globular
changes that take place under conditions for particles of the intergranular phase are
welding a material. The specimens were cut situated within individual cup-shaped dimples.
into rectangular sections about 4 inches long Thus, the general appearance of both the

and resistance heated to the desired tempera- fracture surfaces are nearly identical.
ture levels in 5 seconds, held at temperature T e ropagated thru the bd c

for 5 seconds, then rapidly cooled by the ture propagated through the HAZ by ductile
copper jaws of the Gleeble. One specimen from rupture alnng prior austenite grain boundaries
each heat of steel was heated to temperatures in which chains or films of alpha-MnS inclus-
in the range of 2400F to 2700F. These thermal ions were present. The ductile rupture was a

consequence of the network of proeutectoid
cycles were arbitrarily chosen to be ferrite along the prior austenite grain
representative, if not somewhat more severe, boundaries. These austenite grains existed in
than the heat ing ac lng experienced by a the weld HAZ at the time of oxyacetylene
weld HAZ during oxyacetylene welding, welding, but transformed to proeutectoid

After thermal cycling, the specimens were ferrite and pearlite upon cooling to room
sectioned through the heated zone and examined temperature. Most of the plastic deformation
metallographically for the presence of the from stresses applied in the course of field
intergranular phase. The results are fabrication or laboratory induced fractures
summarized in Table 1. Specimens heated to would be concentrated along the proeutectoid
2600F and above revealed the intergranular ferrite network; therefore, small far-field
phase characteristic of that observed in the
field failures.
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Fig. 6 -Intergranular fracture along prior Fig. 8 -Agglomeration of particles and
austenite grain boundaries in a field failure intergranular phase in a field failure

strair,_ produced relatively large local
strains in the ferrite network. The alpha-MnS
inclusions in the prior austenite grain
boundaries (and, consequently, in the ferrite

, T , -" .." _i '., ,# w I 'n e tw o r k ) low e re d t h e am o u n t o f p la s t ic s t ra in
L~w ,"- grain boundaries. The fractographs showed

IN, that most of the ductile dimples were formedSby the void-coalescence mechanism of ductile
Ft lgrr fracture propagation and were initiated byastenit grain boui a id fdecohesion at the interface between alpha-MnS

inclusions and the ferrite matrix. Therefore,

the sulphide inclusions caused the fractures
were not present and imparted a brittle
behavior to the fractures. It m y be noted

. , ithat some welded specimens did t ,i t fail during
. 9 deggre a ou nd es the acto ratory even

though they contained small amounts of

intergranular sulphide inclusions. Some
__-oeinimum amount of intergranular sulphide

inclusions must, therefore, be tolerable. The
bequantitative degree tolerable for welded-joint

.=ere integrity was not established in this study.

f'.I' In a similar study conducted by Romhanyi
et al.(12) on HY80 steel, low notch toughness
was obtained in simulated HAZ because of the

Picral Etch presence of manganese, chromium, (iron)

. 7 p e at 9 sulphides present in the grain boundaries.
F i tegran ounriae- of prinorfield Microvoids were observed on grain boundary

inimsurfaces of intergranular fractures of Chdrpy
failure specimens. These authors noted tat cleavage

also was observed in some specimens. Hart
(13) has suggested that increased grain
boundary phosphorous contents promoting
temper embrittlement may be the cause of the

Pical tchpreenc ofmananee, hroium (ion



Table 1 - Summary of the Results of Thermal
Cycling Experiments on Two Heats
of A-106 Steel

Heat Sample Temperature Intergranular
No. No. F Phase Present
1 1 2400 no

2 2504 no
3 2602 yes
4 2648 yes

2 1 2400 no
2 2504 no
3 2602 yes

13gm 4 2648 yes

(a) As Polished

' ('
"40

'AA

(b) Picral Etched
as field as (a) Fig. 10 - Fractograph showning ductile

Fig. 9 - Intergranular phase and film at prior rupture along prior austenite grain
austenite grain boundaries in the laboratory boundaries of a field failure. [Arrowsinduced fracture of a weld indicate particles in fracture surface)

inducd frctur of wel
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(a) Laboratory induced

Fig. 11 - Fractograph showing ductile rupture fracture in HAZ of

along prior austenite grain boundaries of a 
a weld

laboratory induced fracture through a HAZ
(Note particles on fracture surface)

intergranular cracking of Cr-Mn and micro-
alloyed steels. Although in our study,
phosphorous enrichment at the grain boundary
was not investigated, Romhanyi et al (12) in
their work noted that the enrichment ratio for
sulphur was much higher (about 60) as compared
to that for phosphorous (about 8). Those
levels of elemental enrichment are less than
the levels of enrichment observed during
temper embrittlement (12).

TECHNOLOGICAL TRENDS IN INCLUSION ENGINEERING

There are several examples of generic
applications where the presence of inclusions
have been attributed to degradation in certain
properties. Lamellar tearing in carbon-
manganese steel welds is one example where the
presence of planar (Type II) MnS inclusions
causes micro-fissures to form at these
inclusions. Shear linking of these micro-
fissures under load leads to the formation of (b) Gleeble thermal cycled
a crack (14). Hydrogen-induced cracking of

linepipe for sour gas service is another specimen fracture surface

example where the presence of elongated MnS Fig. 12 - Scanning electron fractogrdphs
and clusters of A1203 cause precipitation of sig interranuar factre moeiphe

atomic hydrogen at the interface of the matrix showing intergranular fracture mode in the

and inclusion. Hydrogen atoms generated at laboratory fractured weld and the thermal

the surface through the reaction between the cycled specimen fracture

steel and the wet sour gas penetrate the steel
and are trapped at the interface between the
inclusion and the matrix. Molecular hydrogen
is formed at this interface and when the
internal pressure due to molecular hydrogen
exceeds a certain critical value, cracks are
initiated (15). One of the solutions to
problems like these and many others has been
to reduce the sulphur and oxygen content of
the steel so as to reduce the amount of oxide
and sulphide inclusions in steel. Most of

9



these controls are exercised in the ladle
refining step rather than in the melting
furnace, and the following paragraphs review
the secondary steelmaking steps briefly.

INCLUSION CONTROL IN SECONDARY STEEL
MAKING - In the most general sense the
objective of secondary steelmaking is the
removal from the steel of undesirable

~ concentrations of elements such as carbon,
sulphur, phosphorous, oxygen, nitrogen, and
hydrogen (16-18). Cleanliness in terms of
inclusion content is only a part of the whole
operation.

The lowest sulphur content that can be
All produced with the basic oxygen furnace (BOF)

or the electric arc furnace (EAF) is about
.001 percent (17). A sulphur content lower

(a) Laboratory induced than this requires a subsequent desulphuri-
fracture in HAZ of zation treatment in the ladle. Injection of
a weld. calcium silicide or calcium carbide, or a

synthetic slag on the base of CaO-A1203-CaF2
has been widely used for this purpose.
Calcium serves as a strong desulphurizer as
well as a deoxidizer. The treatment requires
a low potential of oxygen in the steel which
implies that the steel must be tapped vir-
tually slag free. A basic lining (dolomite)
and intensive stirring (by argon bubbling)
contribute to rapid desulphurization. Sulphur
levels as low as 30 ppm may be achieved by
this procedure. Figure 14 (17) shows the
sulphur content in steel after a CaO-A1203-
CaF2 treatment.

An additional advantage of the calcium
treatment is shape control of remaining
sulphide inclusions in the steel. Spherical

*calcium aluminates enriched with sulphur are
formed. These inclusions maintain their
spherical shape during rolling operations,
thereby, reducing anisotropy in ductility and
in toughness behavior (16-18). Treatment with
rare earth elements such as cerium can produce
similar inclusion shape control.

Oxygen and oxide inclusion control also
requires that the steel be tapped from the BOF
or EAF slag free. The primary slag, rich in
silica and iron, acts as a strong oxidizer of
alloying elements such as aluminum, thereby

(b) Gleeble thermal influencing the quantity and composition of

cycled specimen the ladle slag which forms. Low oxygen
fracture surface contents in steel are achieved with either the

synthetic desulphurization slags with

Fig. 13 - Globular particles situated within simultaneous intensive flushing as noted above

the dimples of laboratory induced fracture or vacuum carbon deoxidation. In vacuum

surface in HAZ of a weld and the Gleeble carbon deoxidation, the carbon-oxygen reaction
thermal cycled specimens is promoted when the steel is subjected to

reduced pressure in the undeoxidized
condition. The treatment reduces the oxygen
content of the steel to a much lower level
before aluminum is added. Oxygen contents as
low as 10 ppm are being achieved by these
treatments (17). An example of the influence
of aluminum treatment and stirring on the
oxygen content of liquid steel is presented in
Figure 15 (19).

10



400 -- ---- 7 - - -- efficiency for a given filter material
After I Fishnq Flushing Start dictated by the pore size of the filter (thetpig Al + A, tee in

,oppng IC* A o , lC. ,e pore size of a filter is defined by the number

350 - -5 6 of pores per linear inch, ppi). An example of
\ o Im'n[filter efficiency is shown in Figure 16 (21)

V !for several superalloys. It is apparent that

300 - alloy IN-718 is very efficiently filtered by a

0\ variety of filter types and pore sizes but
0 \that the filtering of the other superalloys is

250 - 0 sensitive to filter material and pore size.
o \In the example noted above, the filter

efficiency was measured as:

\0 \E = ((Au - Af)/Au x 100)

150 \ \ where Au = specific oxide area of an (1)
\ \ unfiltered sample, cm2/kg
\ \ Af = specific oxide area of a

to\ \ filtered sample, cm2/kg
\ o

0 \ o\ It is implicit in this definition that a

highly efficient filter will produce a

I Q_ material with a low inclusion content on
10 2 i l average. But a definition like this does not

20 0 40 50 60 take into account the inclusion distribution
Time, minutes (stringers or clusters) that can be very

detrimental to the performance of the
material. Another important variable that is

Fig. 14 - Sulphur content in steel after not defined in this example is the size of the
treatment of CaO-Al2O3-CaF2-type slag in pores. The size of the pores will determine
190-ton basic lined ladle (17) the size of the largest inclusions present in

the filtered metal. It is well documented and
accepted that inclusions will always be a part

INCLUSION FILTRATION - Another method for of the steel (24). The large inclusions will
reducing the inclusion contents of metals that be the most detrimental in terms of perform-
gained some acceptance in the last few years ance and need to be eliminated. What is
is the filtration of molten metal to trap necessary is to define the critical size and
inclusions (20-23). Ceramic foam filters have shape of the deleterious inclusion for a given

been employed to filter a range of alloys application and then to attempt to eliminate

including aluminum, steel, and superalloys. inclusions and inclusion stringers larger than
Ceramic materials including mullite, alumina, the specified critical size (24,25). Such an
and zirconia have been employed for this approach will not only be cost effective but
purpose (20-23). The filters are generally also more reliable in terms of material
placed either in the tundish or the runner. performance.
The choice of a filter size for a given DETECTION OF INCLUSIONS - In terms of
application depends on such factors as the cleanliness evaluation for process control
desired mold filling time, the pouring there are few methods available for detecting
temperature, the pore size of the filter, and inclusions in metals. Any procedure that is
the concentration of filterable inclusions in adopted has to be applied to samples taken as
the molten metal (23). In addition to close as possible to the process line. This
removing the inclusions efficiently, the entails either the sampling of liquid metal in
filter must be sufficiently rugged and the tundish or mold, or the cutting of slab
chemically stable so as not to disintegrate in samples. While methods based on chemical
the flowing hot metal. The filter also must analysis serve to measure relative cleanliness
be cost effective and should not reduce the of a melt and monitor events that disrupt the
casting rate to the point that the metal fails controlled casting process (26,27), such
to fill the mold (21). As a matter of fact, measremen ofsthe bkocentration ofcathislas reuirmen sees t bea mjormeasurement of the bulk concentration of an

this last requirement seems to be a major element reveals nothing about its distribution
constraint in the practical application of in the sample. For aluminum alloys, Doutre et
these filters. After a relatively short al (26) have noted that there is no corre-
period of use the filter gets clogged by the lation between oxygen concentration and the
inclusions and the flow rate drops signi- inclusion level (d > 20 micron) in the melt.
ficantly, eventually stopping completely. The traditional metallographic techniques, on

The filtration efficiency of a filter the other hand, are very time consuming and
depends not only on the filter material but absolutely destructive if one wishes to
also on the metal being filtered, with the
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determine the distribution of the large non- Recently a technique has been developed
uniformly distributed inclusions. In that attempts to evaluate the concentration
addition, meta.,ographic techniques examine and size distribution of inclusions in a melt
such a small volume of material that to (26,36). The Electric Sensing Zone (ESZ)
extrapolate the results to a large billet, for technique measures the electrical properties
example, may not be representative, of a thin liquid metal stream. Transients in

In terms of detecting inclusions, non- the electrical field occur when an inclusion
destructive measures provide the best passes through the orifice. Counting the
possibilities. Ultrasonic techniques have number of transients per unit volume of the
been employed most widely in the metal material sampled provides the inclusion
industry (28-35). Two of the basic arrange- concentration while the amplitude of each
ments that have been used for this purpose are transient provides the particle size
(a) the pulse-echo system in which the pulses distribution. The technique is obviously
are sent into the material and reflected back sensitive to the size of the orifice chosen
either into the same probe or another probe, (36). Since the technique is used on-line, it
and (b) transmission through a material has the advantage of providing information for
requiring a transmitter and a receiver whereby process control as well as serving as a
the presence of inclusions is indicated by the quality control tool for the product. Figure
loss of transmitted energy. 18 shows the agreement between results for ESZ

Theoretically the ultrasonic techniques technique and the pressure filtration
can detect non-uniformly dispersed individual technique for an aluminum alloy (26). The
inclusions as well as the general distribution particle size distribution as measured by the
of inclusions. In practice, however, the ESZ technique is presented in Figure 19 (26).
techniques cannot accurately differentiate
between the different sizes of the detectable IDENTIFICATION OF INCLUSIONS - Inclusions
;nclusions because of factors such as inclu- are generally multiphased and form complexes
sion type and shape, the ultrasonic beam- with various elements present in the melt.
intensity profile, and base-metal structure Since the phase of the inclusion is one of the
interference (33). Quantitative understanding variables that determines its influence on the
of such interactions will have to be developed performance of the material, and the control
before the techniques can be used with of the steelmaking process requires an
confidence to measure inclusion size distri- understanding of the types of inclusions that
bution in metals. The techniques have so far may form with various treatments, it is of
been used to measure the general cleanliness utmost importance that the composition of the
of steels as shown by the example in Figure 17 inclusion be determined. While the inclusion
(35). The histograms show the contrast in the phase can be identified in many cases by the
cleanliness data between a clean and dirty experience of the observer, color and shape of
billet as measured by the back-echo technique. the inclusion, and metallographic techniques
Here the number of echo returns at a given using polarized light, the most significant
amplitude is plotted against the amplitude advancement for inclusion identification has
level and the two histograms are distinguished been the electron-probe microanalyzer. The
by the large number of high amplitude echoes microprobe can be used in both secondary
detected in the dirty billet and the dramatic electron and back scattered imaging modes and
change in the shape of the amplitude distri- has a secondary electron image resolution of
bution function. with ultrasonic mapping it 70 A. A state-of-the-art microprobe is
is also possible to locate areas in a billet equipped with wavelength-dispersive
that have a higher degree of inclusion content spectrometers for quantitative analysis of
(34,35). Finally, Kwun et al. (32) have noted elements by wavelength dispersion, as well as
in a recent study that the type of an an energy-dispersive system for qualitative
inclusion material may be determined by analysis. Wavelength-dispersive analysis
measuring the phase of an inclusion signal. allows the detection of elements with atomic
The phase of the signal will determine whether weights equal to or greater than that of
the inclusion has a higher or lower acoustic boron, and therefore permits the quantitative
impedance than that of the base material. The study of elements such as carbon, oxygen,
study was conducted on a titanium powder nitrogen, and fluorine.
compact using a focussed 10 MHz ultrasonic An example of the application of the
transducer (32). microprobe is presented in Figure 20. The

The approaches discussed in the preceding figure shows the secondary electron image of
paragraphs have been applied to solidified two inclusions in a standard carbon steel
metals. The ultrasonic techniques have also rail. It is apparent by examining the various
been applied to molten metal to evaluate its shades in the large inclusion that it is a
cleanliness (30). The pulse-echo system duplex inclusion. An energy-dispersive
described in this particular study was used to examination (similar to the one presented in
evaluate the cleanliness of molten aluminum. Figure 3, earlier) of the dark center of the
The relative cleanliness was measured by the large inclusion indicated the presence of
attenuation of the ultrasonic signal: the aluminum while the lighter area indicated the
cleaner melt had lower attenuation. presence of sulphur and manganese. X-ray
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2 Im

Fig. 20 - Secondary electron image of an inclusion in
a standard carbon steel rail

mapping was done to determine the distribution SUMMARY
of these various elements in the inclusion.
X-ray mapping for sulphur, manganese, Except for the few intentionally
aluminum, iron and oxygen is presented in engineered situations, it is well established
Figure 21. It is clear that the center dark that inclusions play a detrimental role in the
region of the large inclusion contained performance of a material depending on their
aluminum and oxygen while the light region type, size, shape and distribution. While it
contained manganese and sulphur. The small is useful to develop cleaner material from the
inclusion contained manganese and sulphur standpoint of its inclusion content, the
only. It may be noted that oxygen mapping current approach taken by the materials
could only be done with wavelength dispersion. industry may not necessarily solve the problem
Quantitative analyses of aluminum, oxygen, of inclusion-induced poor performance of
manganese, and sulphur using wavelength- materials. While reducing sulphur and oxygen
dispersion analytical techniques indicated contents in steels does reduce the sulphide

that these inclusions were most likely A1203 and oxide inclusion content of the steel, it
and MnS. does not prevent the possibility of a few

It may be noted that energy-dispersive large inclusions being present at critical
analysis is rapid and is sufficient in most locations. Filtration techniques and
cases for the identification of heavy monitoring techniques have to be developed
elements. In energy dispersion, the detector further to insure the elimination of such
views the specimen directly and measures all deleterious inclusions. Also, the critical
of the characteristic x-rays simultaneously. size of a deleterious inclusion needs to be
This feature makes the procedure much more defined for various applications. The
rapid and one can move to different points of generalized cleanliness concept not only
an unknown specimen and examine for the increases the cost of producing the material
presence of various elements. Wavelength but also does not necessarily minimize the
dispersion on the other hand requires that the possibility of structural failure due to
spectrometer be chosen for each element that inclusions.
needs identified. The procedure therefore
becomes very time consuming. But, when
quantitative analysis is needed and light
elements need to be identified, the wavelength
dispersive technique is the best in-situ
identification technique available.
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(a) X-ray map of sulphur (b) X-ray map of manganese

(c) X-ray map of aluminum d) - a of nxv'qen

Fig. 21 - X-ray map of various elements in the inclusion
~,riown ini Fig. M0
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(e) X-ray map of iron

Fig. 21 - (Continued)

REFERENCES

1. "Metallography and Microstructure", 8. R. Hamminger, G. Grathwohl, and F.
Metals Handbook, Vol. 9, Ninth Edition, Thummler, It. J. High Technology
p. 9, American Society for Metals (1985). Ceramics, 3, No. 2, 129-141 (1987).

2. C. E. Sims, Transactions of the 9. G. H. Gessinger, "Powder Metallurgy of
Metallurgical Society of AIME, 215, 367- Superalloys", p. 213, Butterworths,
393 (June 1959). London (1984).

3. R. Kiessling and N. Lange, "Non-Metallic 10. R. Lagneborg, "Swedish Symposium on Non-
Inclusions in Steel", Second Edition, Metallic Inclusions in Steels", H.
Book No. 194, The Metals Society, London Nordberg and R. Sandstrom (Eds), 285-352,
(1978). Uddeholms AB, Sweden (1981).

4. W. C. Leslie, Transactions of the Iron 11. V. Ollilainen, ibid, 429-449.
and Steel Society of AIME, 2, 1-24 (May
1983). 12. K. Romhanyi, M. R. Krishnadev, R. D.

5. L. H. Van Vlack (Coordinating Editor), McDonald, J. T. Bowker, and J. T.
Review 220, ntern a too naetals eir , McGrath, "Welding, Failure Analysis, and
Review 220, International Metals Reviews, Metallography", Microstructural Science,
187-228 (September 1977). Vol. 14, M. R. Louthan, Jr., lain LeMay,

and G. F. Vander Voort (Eds.), 115-126,
6. R. Rungta and R. C. Rice, "Shelling American Society for Metals and

Behavior in Rails," Final Battelle International Metallographic Society,
Columbus Division Report to Metals Park, Ohio (1987).
Transportation Systems Center, Department
of Transportation, Contract No. DTRS-57- 13. P. H. M. Hart, "Inclusions and Residuals
83-C-00076, February, 1987. in Steels", J. 0. Boyd and C. S. Champion

7. R. Rungta, R. C. Rice, R. D. Buchheit, (Eds.), 435-454, CANMET, Canada (1985).

and D. Broek, "Corrosion, Microstructure, 14. F. Fitzerald, "Clean Steel 3",
& Metallography", Microstructural Science Proceedings of the 3rd International
Vol. 12, D. 0. Northwood, W. E. White, Conference on Clean Steel, Book 394, l-
and G. F. Vander Voort (Eds), 383-406, 11, The Institute of Metals, London
American Society for Metals & (1987).
International Metallographic Society,
Metals Park, Ohio (1985).

18



REFERENCES (Continued) 32. H. Kwun, G. P. Singh, K. Fujisawa, F. H.
Froes, and D. Eylon, NDT International,

15. T. Taira and Y. Kobayashi, "Steels for 17, No. 2, 73-79 (1984).

Line Pipe and Pipeline Fittings", Book

285, 170-180, The Metals Society, London 33. S. S. Daniel and R. A. Rege, Journal of

(1983). 
Metals, 26-37 (July 1971).

16. A. Nicholson and T. Gladman. Ironmaking 34. J. Dumont-Fillon and M. Lacroix,

and Steelmaking, 13, No. 2, 53-69 (1986). "Ultrasonic Measurement of the Inclusion

Cleanliness of Steel," EUR 6289 EN,

17. R. Scheel, W. Pluschkell, R. Heinke, and 
Contract 6210-GA/3/301, Commission of the

R. Steffen, "Secondary Steelmaking for European Communities (1980).

Pruduct Improvement", Book 324, 61-72,The Institute of Metals, London (1985). 35. J. M. Smith, "Review of Progress in
e IQuantitative NDE", D. 0. Thompson and D.

18. B. Tivelius and Xu Kuang-Di, Same as 13, E. Chimenti (Eds.), Vol. 2B, 1431-1436,
33-69. Plenum Press, New York (1983).33-69.

36. S. Kuyucak and R. I. L. Guthrie,
19. J. de la Hamette, F. Meyer, C. A. Wurth, "Proceedings International Symposium on

and F. Knaff, Same as 17, 101-106. the Control and Effects of Inclusions and
Residuals in Steels", 1-44 to i-6l, lhe

20. D. Apelian and W. H. Sutton, "Superalloys Canadian Institute of Mining and

1984", M. Gell (Ed.), 421-432, AIME, Metallurgy, Montreal, Canada (1986).

Warrendale, Pennsylvania 
(1984).

21. W. H. Sutton, J. C. Palmer, and J. R.

Morris, AFS Transactions, 93, 339-346
(1985).

22. H. Fukuoka, Materials & Design, 8 , No.

5, 247-257 (1987).

23. L. A. Aubrey, J. W. Brockmeyer, P. F.
Weiser, I. Outta, and A. Ilhan, Same as
21, 177-182.

24. R. Kiessling, Metal Science, 14, 161-172
(1980).

25. R. K. Steele, R. Rungta, and R. C. Rice,
Railway Gazette International, 175-179
(March 1987).

26. D. Doutre, B. Gariepy, J. P. Martin, and
G. Dube, "Light Metals", 1179-1195, The
Metallurgical Society/AIME, Warrendale,
Pennsylvania (1985).

27. I. Simpson, R. Serje, K. Kuit, Z.
Tritsiniotis, and D. Porteous, Same as
14, 85-91.

28. K. W. Andrews, Phys. Techno". (GB), 5,
No. 4, 259-277 (1974).

29. J. B. Morgan, Materials Eva;uation, 28,
No. 6, 121-134 (1970).

30. T. L. Mansfield and C. L. Bradshaw, Same
as 21, 317-322.

31. G. Canella, F. Monti, L. Pedicelli, and
A. L. 'Erede, NDT International, 16, No.
3, 151-153 (1983).

19



CHARACTERIZATION OF INCLUSIONS IN PLATE STEELS
AND THEIR INFLUENCE ON MECHANICAL PROPERTIES

Alexander D. Wilson
Lukens Steel Company

Coatesville, Pennsylvania 19320 USA

Abstract above 1919 text to demonstrate, that we only
can meet requirements for our products, as

A review is provided of the experiences at the they are possible to !c produced in the steel
Lukens Steel Company in characterizing the mill.
inclusion structures in structural, carbon and In recent history, there has been a sig-
alloy plate steels and their influence on nificant amount of effort in inclusion control
mechanical properties. Particular emphasis is over the past 20 years. Lamellar tearing
given to calcium treated steels, which have problems in welded structures have been the
been produced at Lukens for close to 15 years. major factors pushing this concern. However,
The metallographic techniques that have been the benefits of low sulfur and low inclusion
used to establish the efficiency of steel- contents in improving toughness, ductility and
making procedures are reported and the various fatigue properties have also been important
classes of inclusions found in calcium treated because of the improved resistance to failure
steels reported. The influence of inclusions in service. These improved performing steels
on the tensile ductility, CVN and fracture have been utilized in a wide range of applica-
toughness, fatigue crack growth rate (air and tions. Some of these are summarized in
salt water), and near-threshold behavior is Table I.
reviewed. When inclusion control in steels is con-

sidered, the primary concerns are indigenous
non-metallic inclusions, which precipitate as

discrete phases during the solidification of
THE CONTROL OF NON-METALLIC INCLUSIONS IN molten steel, i.e., sulfides and oxides. These
STEELS has been a challenge to the steelmaker inclusions are influenced by the steelmaking
for as long as steel has uten produced. Over techniques that are used in the melt shop, as
the years, the levels of sulfur level have well as other processing that is subsequently
been particularly addressed as important to used. Some of these influences will be
improving the cleanliness and thus the discussed in the following text. Although
performance of steels. During each era of oxides and sulfides are of particular interest
steelmaking, there have been limits that in steel, other inclusions can also play an
appeared to be unachievable, however, as new important role. In steels that are not
technology was developed a push to lower aluminum killed, silicates are an important
cleanliness levels was possible. A quote from concern. Also when nitride forming elements
an early edition of the bible of the industry, are used in alloying, there can be a
Making. Shaping and Heat Treating of Steel, significant influence of nitrides, for
Volume 4(1) is appropriate: example, titanium nitrides, columbium carbo-

"In view of the fact that is it becoming nitrides, aluminum nitrides and zirconium
increasingly difficult to keep the nitrides. For purposes of this presentation,
sulfur content below 0.04%, it seems only aluminum killed steels will be considered
ridiculous to insist on so low a limit, and the importance of controlling aluminum
when the evidence points so strongly to oxide and manganese sulfide inclusions will be
0,10% as a limit that may be made to emphasized.
serve as well, for many purposes, at Characterizing these inclusions is an
least." important part of identifying the influences

It would be very easy to put up-to-date of different steelmaking practices. A great
(lower) levels in for those quoted from the deal of effort has taken place in this
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characterization using various metallographic length of time, sulfide inclusions can be
methods. Quantifying the inclusion content homogenized.(4 ) An example of this is shown
differences between steels is also of concern, in Figure 3. Upon the rolling the steel to
Identifying the influence of these inclusions plate, any sulfide inclusions that remain and
upon mechanical properties, has also been a are not modified by a calcium practice are
particularly active effort. Depending on the elongated. Prior to the advent of low sulfur
application, a particular property may be of technology, it was common to give high quality
interest. The metallographic and mechanical steels extensive cross rolling to minimize the
property characterizations that have been amount of elongation of inclusions in the
undertaken at Lukens will be reviewed, major rolling direction and therefore give an

improvement to the transverse mechanical

STEEL PROCESSING properties.
Other methods besides calcium treatment

The non-metallic inclusions in plate have been used to produce low sulfur steels.
steel are significantly influenced by the (5) For example, a ladle flux practice has
steelmaking processes that are used. This is been used, which involves placing lime and
particularly the case with sulfide inclusions, flux making ingredients in the bottom of the
Lukens' experience has been related to ladle and tapping the molten steel from the
electric arc furnace (EAF) produced steels EAF upon them. Also, new desulfurizing slags
and, therefore, the discussion will be direct- can be formed in the EAF, which are tapped
ed toward this particular operation. In EAF together with the molten steel. Both
steelmaking, the sulfur levels can be reduced practices result in lower sulfur levels, but
through double slag practices and until not inclusion shape control. Rare earth metal
approximately 15 years ago this was the (REM) additions have been found to provide a
primary method used to achieve the lowest level of inclusion shape control for steels.
sulfur levels for structural steels. With However, great care must be taken when using
the development ladle metallurgy practices, these additions because of the concern for
sulfur levels could be reduced outside the EAF reoxidation of the REM materials upon casting.
through various methods. One of the most Very high quality steel can be achieved
popular methods that has been used is calcium through electroslag remelting. This process
treatment (CaT). One method of CaT is called involves remelting of an electrode of the
calcium argon blowing or the Thyssen- steel through a molten slag and solidification
Niederrhein process.( 2 ) In this practice, in a water cooled mold. This can lead to
calcium compound powders (CaSi, CaC2 ) are significantly lower sulfur levels, as well as
injected into the molten steel using a sub- solidification benefits. Therefore the inclu-
merged lance and an argon carrier gas. sions tend to very limited in number and very
Further discussions of this practice will be small in size. However, this process is very
given later in the text. A schematic of this expensive.
process is shown in Figure 1. Also, calcium
treatment can be performed using various CALCIUM TREATMENT
calcium cored wire injection processes.( 3 ) A
schematic of this process is shown in Figure The primary emphasis of this paper will
2. It is possible to achieve very low sulfur -be on calcium treatment of plates steels.
steels (less than 0.005% S) with both pro- Lukens has a great deal of experience with
cesses in conjunction with other producing these steels over the past 15 years.
desulfurization techniques within or outside Because calcium has a boiling point below
the EAF. steelmaking temperatures, it has been found

After molten steel has been refined important to use an injection method to add
through a ladle metallurgy station, it is calcium compounds to the molten steel.
teemed into ingots or cast using continuous Calcium has a very strong affinity for both
casting processes. Both casting processes sulfur and oxygen and therefore the benefits
influence the inclusion content in the final of both lower sulfur and oxygen content are
product. In ingot casting, due to the long achievable. The recognition that calcium has
solidification period, there can be segrega- some limited solubility in molten steel was
tion of sulfur at the top of ingot and near the key discovery, which led to the use of
the centerline. With lower sulfur steels, calcium treatment of production steels.( 6 )

there is less of a concern for this problem, With some calcium in liquid solution, it can
however. In continuous cast slabs, there can more efficiently combine with sulfur and
be problems with reoxidation inclusions oxygen, remove them from the molten steel and
collecting near the top quarterline of the have the phases absorbed by the slag cover.
slab. Through use of various shrouding The effectiveness of a calcium treatment
techniques, these inclusions are minimized. may be influenced by a number of parameters.
In the rolling mill, there still can be an For example, in the calcium argon blowing
influence upon the inclusion structure practice, these may include the amount and
remaining in a plate. When the slabs are chemistry of the calcium compounds, various
heated to the soak temperature and remain at injection parameters (flow, pressure), use and
high temperatures (23000 F) for a significant amount of stirring after injection, molten
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steel temperature and chemistry, tapping The remaining inclusions in calcium
practices, ladle refractory composition treated steels tend to be duplex calcium
(dolomitic versus fireclay), teeming modified inclusions which resist deformation
(shrouding) and casting practices and a wide on hot rolling. The calcium modification of
variety of other more specific parameters the sulfide phase makes them harder at hot

depending upon the melt shop of interest. Any rolling temperatures in comparison to the
of these may have an influence on the steel matrix. This is the basic building
efficiency of calcium treatment and thus on block for inclusion shape control. However,

the inclusion structure of the calcium treated ever more subtle differences can be detected
steel, in the inclusion structure of these steels,

The benefits of calcium treatment are which are a direct result of the efficiency of

best described through reviewing how manganese calcium treatment.
sulfides and alumina inclusion clusters form
in a steel. In conventional steels, MnS INCLUSION CHARACTERISTICS
inclusions have a low melting point and are
among the last to precipitate in the solidify- It is very important to have a number of
ing steel and thus tend to accumulate in the techniques available to characterize the

interdendritic areas of the cast structure, inclusion content and distribution in a steel.
By the addition of calcium, CaS phases form Each method can have a separate contribution

and rise out of the steel and are absorbed by and therefore improve the overall understand-

the slag. The remaining calcium sulfide ing of the inclusion structure. Light optical

phases have melting points closer to those of microscopy is still a very valuable tool for

steel and thus are more evenly distributed this evaluation, In fact, at times it is the

throughout the steel. most important. Figure 5 exhibits the typical
Alumina inclusion clusters form in con- inclusions in a conventional higher sulfur

ventional steels almost immediately after the steel. The benefits of calcium treatment in
addition of aluminu,,, for deoxidation. These lowering the sulfur content and providing

are very high melting point inclusions and inclusion shape control and the removal of

they begin to rise in the molten steel, alumina inclusions are demonstrated in Figure

growing, contacting each other, and forming 6. These enhancements are also shown through

extensive three dimensional rays. Upon use of fractographic evaluation of various

calcium treatment, calcium combines with mechanical test specimens from the sample

alumina inclusions in a fluxing reaction, steels. Figure 5 and 6 show the same

which forms much lower melting point indi- comparison for conventional steels and the

vidual, liquid, complex inclusions, which rise calcium treated steels taken from through-

more easily out of the molten steel. The thickness oriented test specimens. The group
chemistry of these inclusions follows the nature of the Type II manganese sulfide

phase diagram shown in Figure 4(7) The more inclusions and the aluminum oxide clusters is
calcium present, the lower the melting point evident. Calcium treatment tends to give a

of the CaO-nAl2 03 inclusions (Ca-aluminates) better distribution of the remaining inclu-

that will form. The composition of these sions and therefore has a definite effect on

calcium aluminates becomes a "telltale" properties. Quantitative analysis of inclu-

signature of the efficiency of the calcium sions that are in a steel can be attempted

treatment practice. through evaluation of mounted metallographicCaO-A 203 System (Lea and Deh) samples through use of manual techniques oresc, using quantitative image analysis. The
2300 availability of microprobe analysis is also
2200 - vital to understanding inclusions in steel.

A = A203 This is very important in identifying inclu-

2100 L=Liquid 3800 sions and provides important support in
2000 determining the efficiency of the steelmaking

20003600o practice.

1900 CA,.L /A.L 3 In studies of calcium treated steels, six
n classes of inclusions have been identified,

1800CA, - L
J. 3200 which are extremely useful in defining the

170 C.L CA.L - efficiency of a particular practice.(8 ) These
A-00 3000' are summarized in Figure 7. Although more
CA, than one class of inclusion is normally

1500 C present in any particular steel, generally a
]$:AcCA * - Ctrend is noted in an evaluation and it is very
10 C, CA-0 useful in representing a certain level of

1300 , C 2400 effectiveness of calcium treatment. A brief
0 10 20 30 40 50 60 0 90 100 discussion of the origin and implications of
CaO Weight PerCent A10 3  each of these classes of inclusions is given

iigure 4 - Phase diagram showing effect of below.
calcium modification on melting point

of aluminate phases, from (7) via (6).
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Figure 5a - Composite of light photomicrographs showing the three dimensional
nature of Type II MnS inclusions in conventionally produced (CON)
A633C steel. At right, these inclusions are explicitly shown in
an SE fractograph of through-thickness CVN fracture.

Figure 5b - This optical cube and SEM fractograph of through-thickness CVN
fracture reveal A1 2 03 inclusion galaxies in CON A633C steel.

Figure 6 - Typical calcium modified inclusions are shown in a calcium treated
(CaT) A633C steel. Such inclusions are usually duplex in nature,
and tend to resist deformation on hot rolling.
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Inclusion Classes in Calcium Treated Steels mid-width, ingot to ingot or within a continu-
ous cast slab. To make more direct compari-

S",sons or evaluations, more quantitative tech-
* niques are required.

Efforts to quantify inclusion structures
have lead to the use of a number of methods

.. . _both manual and automated. However, because
-"- of the variability of the inclusion structure,

A B C D E F manual methods have been found to be most

appropriate. In particular, one method
involves establishing the number of elongated

Figure 7 - Six inclusion classes identified in inclusions and measuring the size of the
calcium treated steels (8). largest inclusions and inclusion clusters in a

particular test area. These measurements have
been very successful in correlating with

Generally, Class A and B inclusions are actual mechanical property behavior.(8 )
most desirable and Class D and F are to be In early studies of calcium treated
avoided. Class A inclusions are made up of steels, the measurement of calcium content
intermingled aluminate and sulfide phases. could be used as an important tool in
These aie i[ ciative of the practice that indicating quality of the steel. However,
results in highest levels of calcium being calcium measurement is only detected if it is
present in the aluminate phase (CA or C1 2A 7 ), present in inclusions, since there is no
as can be identified by the microprobe. Class calcium in solid solution in steel.
B inclusions are a "bull's-eye" type. These Therefore if there is a very high level of
have a central aluminate phase (CA2 or CA) inclusions in the steels that are calcium
surrounded by a sulfide phase (CaS or treated, then the calcium level is measured to
(Ca,Mn)S) . Class C inclusions are present be very high. If methods are used whereby

when less efficient calcium treatment is inclusion content in general is reduced, they
present because the outer sulfide phase is not will also show a lower calcium content.

modified with calcium and thus elongates Figure 9 shows this concern very well. In
during hot rolling. Microprobe studies of this figure, the upper shelf energy and the
examples of Class A, B and C inclusions are through thickness tensile reduction of area
shown in Figure 8. Class D inclusions are are plotted versus calcium analysis. There
alumina-like clusters present in the steel. was no correlation to speak of between calcium
They indicate that there is insufficient measurement and the proper-ties. On the other
calcium present to completely flux all the hand, there is a very good correlation with
alumina present and also may be indicative of sulfur level as shown in Figure 10.
a reoxidation problem during teeming of the Measurements of the inclusion content that
molten steel. Class E inclusions are Type III were discussed previously, number of elongated
manganese sulfides. Small Type III manganese inclusions and length of inclusion clusters,
sulfides are present in most CaT steels. It gave an excellent correlation. This is
is only when extremely low sulfur levels are displayed in Figure 11. The following
achieved with a very efficient calcium treat- regression equations were established and used
ment, that these are eliminated. However, if to generate this comparison for A633C
Class F, Type II manganese sulfide inclusions steels.( 8 )
are present in a steel, it is indicative of an
inefficient calcium treatment practice. Not USET (Joules) 776 - 15. 3 Pe - 0.899 UTS -
only are the individual inclusions deformed,
but they are present as clusters, which can 3 2 .7 Lg
have a significant effect on the level and

isotropy of properties. R2  0.832 SEE - 22.9
Through metallographic studies of the

calcium treaced steel, it has been established RAS (percent) = 155 -
5 .3 3Pe - 23.11 - 48.9

that the presence of elongated inclusions g

(Classes C, E or F) can be a useful indicator (C+Mn)
of a poorer level of calcium treatment and the
level of inclusion shape control. If there R2  

- 0.761 SEE - 8.17
are clusters of inclusions present (Class D
and F), this is also very important. In
general, the presence of elongated inclusions Pe - density of elongated inclusions,
or clusters of inclusions are all indications #/mm2

of less efficient calcium treatment. However,
in steels produced on a commercial scale, L - largest inclusion cluster length
there normally are a number of these inclusion g (sulfide or oxide) in test area, mm
classes in any particular heat of steel. This
may be a result of differences top to bottom UTS - ultimate tensile strength, trans.
of an ingot, surface to mid-thickness, edge to orient, MPa
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- 2;cc. croprobe study of Class A inclusion Zigure 8b - Microprobe study of Class BawowinP, nter,.ingied sulfide and inclusion with typical "bull's-eye'
aiu:rlnate phases, appearance.
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:2p;,'; . , ,tdy o Clas, inc n u,;i orl v'ipur . d Microprobe study of Class G inclusion
i t,; ,rimaril-i a Ca-lur inate. which has deformed because sulfide

phase is not modified by calcium,
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C,Mn - chemical analysis in weight % benefits are shown through-out the range from
initiation through ductile tearing. This is

R2  - multiple correlation coefficient further shown in the presentation in Figures
13d-f where the initiation toughness and the

SEE = standard error of estimate tearing modulus are compared for the two
steels.

Comparisons of fatigue crack propagation

MECHANICAL PROPERTIES behavior exhibit less sensitivity to inclusion
structures. Figure 18 displays a calcium

In a study of mechanical properties of treated steel with almost completely isotropic
steels with varying inclusion contents, it is behavior, while a conventional steel shows
very important to look at a number of testing significant anisotropy.(9 ) This is further
orientations. Figure 12 exhibits the orienta- highlighted in Figure 19 where the through-
tions that can be used. These orientations thickness orientations (SL) display the
range from three testing orientations for greatest difference in properties. ( " )  This
tensile testing to up to six orientations for is a result of the inclusion groups in the CON
CVN and fracture toughness, and fatigue crack steel forming a plane of weakness to ease
growth rate testing. The use of tensile fatigue crack propagation. Fatigue crack
reduction of area as a monitor of inclusion propagation is one test that shows another
control, came about through the problems with interesting phenomena. It is only in FCP
lamellar tearing of steels. The test has testing that there is difference between the
continued to be an important quality control ST and SL orientations.(1 0 ) This is displayed
measure of the effectiveness of low sulfur in Figure 20. This is a result of the smaller
practices. Figure 13a shows the effect of crack tip plastic zone in the FCP test. The
calcium treatment on the ductility in a effect of inclusion control in FCP testing is
comparison of A588 plates.( 9 ) The primary still most emphasized in the through-thickness
benefit is in the through-thickness orienta- direction with some effects in the TL and LS
tion(s). If greater efforts are made to lower orientations. These results are summarized in
sulfur and improve inclusion shape control, Figure 13g. Figure 13h also displays the
even better levels of through-thickness effect of inclusion control on the threshold
ductility are achieved. Figure 14 presents for FCP. It was found that the inclusions in
this comparison of the distribution of the conventional steel (CON) tended to induce
through-thickness reduction of area data for a significant amount of crack closure in the
several hundred plates of A633, Grade C steel threshold tests. This resulted in a wedge
produced to 0.010% and 0.005% maximum sulfur opening of the crack and, in fact, gave the
levels. appearance of improved threshold behavior for

Toughness of the steel is also signif- the conventional steel compared to the calcium
icantly affected by inclusion content and the treated steel. When corrections are made for
effectiveness of calcium treatment. The this closure component, it is noted that
primary benefits are shown on the upper shelf, there is a significant decrease in the
Once more, these benefits are more pronounced threshold properties for the conventional
if the effectiveness of the calcium treatment steel.( 9 ) When fatigue growth rate testing is
and the sulfur are even lower. This is performed in a corrosive environment, the
displayed in Figure 15. Figure 13b indicates benefits of inclusion control contLnue.
that the benefits of calcium treatment are Figure 21 indicates that calcium treated
obtained not only in the through-thickness steels continue to show consistently slower
directions (STSL), but also in the transverse growth rates in all testing conditions in a
(TL) direction. The Charpy V-notch test upper 3.5% NaCl environment, even at testing
shelf energy has been found to be most frequencies of 0.1 Hertz.(

1 2 )

sensitive to changes in inclusion structure The mechanical behavior of friction welds
than the tensile reduction of area. This is can also benefit from inclusion control.( 1 3 )

shown by developing ratios of property Friction welds are a very special case where
anisotropy (through-thickness/longitudinal for through spinning of a product and pressure
a particular steel) and of quality being applied in an axial direction a solid
(conventional/calcium treated for a particular state welding of material is obtained. A
orientation). Figure 16 demonstrates this resulting weld is shown in Figure 22. When
comparison.(10) Charpy tests are taken from the centerline of

The fracture toughness of a steel is also these weldments, a significant influence of
significantly affected by inclusion ,nclusions is discovered. The inclusions that
content.( 9 ) Once more, this is primarily are present in the steel are rotated into a
zhown where there is completely ductile frac- plane perpendicular to the surface of the
ture behavior taking place (on the upper plate as a result of this welding process.
shelf). J-integral and crack tip opening Therefore, a plane of weakness is formed in
displacement tests have particularly shown the the steel in that direction. Figure 23
benefits of inclusion control. Figure 17 provides the results of CVN testing performed
presents the J-Aa curves comparing convention- in this location. This reveals that calcium
al and a calcium treated A588 steel. The treatment results in a significant improvement
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Figure 13 - Summary bar graphs of key test results of this investigation on two

A588A, 3" thick plates. CON - conventional quality 0.020% S; CaT -

calcium treated 0.003% S (9).
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quality levels are displayed. The displayed (2 test specimens per

improved isotropy of the CaT steel is orientation and quality). The

evident. The CON steel exhibits the improved isotropy of the CaT steel

fastest growth rates in the SL is demonstrated. Note the higher

orientation (9). scatter in the CON - LS tests.
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slower rates at all testing

conditions (12).
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Figure 22 - Formation of a friction weld in pipe Figure 23 - CVN properties of inertia friction

showing A - metal flow; B - tendency welds showing improvement in

for cracks to propagate in the flow toughness obtained through inclusion

direction along planes of weakness control (13).
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SULFUR CONTENT, INCLUSION CHEMISTRY,
AND INCLUSION SIZE DISTRIBUTION IN

CALCIUM TREATED 4140 STEEL
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ABSTRACT The following topics are discussed:

Based upon specific applications, non-metallic 1. An analytical EDX technique which, to a
inclusions can be beneficial or detrimental to a first approximation, allows for Ca X-rays
particular material system. For example, in originating in the sulfide phase of dual
critical applications where high toughness is phase inclusions to be separated from Ca
required, non-metallic inclusions can be quite X-rays originating from the oxide phase.
detrimental to performance. However, for gears
and similar components that are not subjected to 2. The variation of inclusion chemistry and
high stress levels under normal operating quantitative metallographic parameters
conditions, the presence of certain inclusions such as number per unit area, average
can be very beneficial to machining operations length, area, and roundness, as a function
while not degrading the particular component's of S and Ca, is illustrated.
performance. The Timken Company manufactures two
types of calcium treated steels to serve these 3. Based upon the log-normal distribution,
specific requirements, Cal and Ca2. For improved techniques for predicting the number of
machinability, Cal, having a minimum sulfur inclusions per unit area greater than a
content of 0.025 percent, would be required. For given length 1 are described. The
improvements in mechanical properties, Ca2, analysis considers how this parameter
having a maximum sulfur content of 0.005 varies with sulfur content.
percent, would be specified. Both of these
alloys are unique because of their low oxygen
content, generally less than 20 ppm for a 0.40 INTRODUCTION
percent carbon steel.

By calcium treating alloy steels, significant
Calcium treating steel modifies oxide and changes in properties can be realized. It is
sulfide inclusion chemistry and morphology. As
the sulfur content increases, the size and well documented that as the amount of inclusions
number of inclusions in the steel increases. The in most material systems is reduced, ductility
degree of inclusion shape control and the types improves.[l]* For alloy steels, calcium
of oxides within the steel are related to sulfur treating can be used to lower the sulfur and
and oxygen content. oxygen content as well as modify inclusion

It is necessary to accurately assess inclusion morphology, the net result being a reduction in
chemistry and inclusion size distributions to the number of inclusions present and final
determine how steelmaking practices affect these shapes that are globular rather than elongated,
parameters and how these parameters eventually Figure 1. This can greatly improve transverse
affect mechanical properties. The problem of toughness, Figure 2.
chemical analysis is often complicated by the
fact that the complex calcium and aluminum When complex parts are machined from bars
oxides in these alloys are generally
encapsulated by (Ca, Mn) sulfides. For this or tubes, calcium treating can be used to
analysis, steels having sulfur contents ranging improve a steel's machinability.[2] Calcium
from 0.002 percent through 0.036 percent and modifies the inclusion morphology but does not
calcium contents from 14 ppm through 50 ppm were greatly reduce the number of inclusions present.
used. When these steels are properly treated, the
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oxide inclusions are primarily calcium of 20 ppm. The second set contains calcium

aluminates, encapsulated by calcium-manganese contents ranging from 14 ppm through 47 ppm with

sulfides, Figure 3. a nominal sulfur content of 0.029 percent and

10 ppm oxygen. Quantitative metallographic

As illustrated by these examples, a large analysis will illustrate how these parameters

change in inclusion size, morphology and affect the inclusion distributions and how the

chemical composition can occur over a relatively number of large inclusions present can be

small change in sulfur and calcium content. The predicted from the inclusion distribution. A

following discussion will focus on these Scanning Electron Microscope - Energy Dispersive

effects. Two sets of 4140 calcium treated Spectrometer (SEM-EDS) methodology which

steels will be considered. The first set separates X-rays originating from the sulfide

contains sulfur levels ranging from 0.002 and oxide phases will be used to illustrate how

percent through 0.036 percent with a nominal inclusion chemistry changes with sulfur and

calcium content of 30 ppm and an oxygen content calcium content in low oxygen alloy steels.

-4

Figure 1 -X-Ray Map of an Inclusion in Heat A
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Figure 3 -X-Ray Map of an Inclusion in Heat E

37



EXPERIMENTAL PROCEDURES roundness (R = P
2/4mA) of each inclusion was

recorded. These types of measurements are

The steels used in this investigation were referred to as feature data as compared to field

from commercial quality air melted calcium data which represents the entire sum of a

treated heats. The specific samples studied particular parameter for an entire field of

were from longitudinal mid-radius planes of view. For statistical evaluation, the sums and

polish from 150mm diameter round bars. The bars the sums of the squares of these parameters were

were from the mid height of an ingot and the tabulated. A typical data set is contained in

ingots were from the middle of the heat. The Table 2.

sulfur, calcium, and oxygen contents of thesteels are contained in Table 1. For the specimens with the varying sulfur

content, the number of inclusions per unit area

The metallographic specimens were (nA) increased as the sulfur content increased,

austenitized at 1550
0 F for one hour then water Figure 4 and Table 1. As illustrated, there is

quenched. After mounting in bakelite, the a large scatter about the mean for each data

specimens were ground on a 120 grit wheel. The set. In all figures, the error bands represent

samples were rough polished on a lap charged 95 percent confidence intervals for each data

with 15pm diamond. After polishing with 3xim and set. Similarly, the mean inclusion length and

lm diamond abrasive, a final hand polishing the mean inclusion area increase as the steel's

using 0.05pm alumina completed sample sulfur content increases, Figures 5 and 6.

preparation for quantitative metallographic

analysis (QTM). For SEM-EDS analysis, the final The mean inclusion roundness increases as

hand polish used 0.25pm diamond to prevent sulfur content increases, up to approximately

contamination by the alumina powder. In all 0.018 percent S, and then appears to remain

instances, the specimens were cleaned with constant to levels up to 0.036 percent S, Figure

acetone to prevent the reaction of calcium with 7. This indicates that increasing the sulfur
level increases the number of inclusions as well

as their size.

Quantitative metallographic analysis was

performed using a Cambridge Quantimet 900 120 -

equipped with a Plumbicon TV scanner. Using a

32x objective lens, each field of view observed

was 327pm by 2251pm. Each individual run

consisted of 160 fields of view for a 
total area 100 -

of approximately 13.33mm 2. For the samples E
having sulfur contents up to 0.036 percent, 10 E
planes of polish were analyzed. This so

corresponds to a 133mm
2 area. For the set of

specimens having a relatively constant sulfur 0

content six planes of polish, 80mm 2, were 60 --

40
analyzed. "0 00"

40 -

The steels used in this investigation have 4

a very low oxygen content of approximately

20 ppm. This corresponds to an oxide volume

fraction of approximately 0.010 percent. [3] E 20

Furthermore, due to calcium treating, the oxides 
Z

are generally surrounded by a sulfide envelope.

For these reasons, the entire inclusion, oxide 0 I i I

and sulfide, was measured for QTM analysis. 
0 0.010 0.020 0.030 0.040

Steel Sulfur Content (%)

RESULTS & DISCUSSION

QUANTITATIVE METALLOGRAPHY - For each

inclusion, the number of inclusions and the Figure 4 - Change in the number of inclusions

length (1), thickness (t), area (A), perimeter per unit area as a function of steel sulfur

(P), anisotropy (length + thickness) and content.
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For the steels with approximately 0.029
10 percent S, some different trends are observed as

the calcium content varies from 14 through
47 ppm. The mean inclusion length, area, and

E roundness all tend to decrease as the calcium
content increases, Figure 8. While the

magnitude of these changes are smaller than
those observed by varying the steel sulfur

6 content, these data do indicate the tendency
calcium has to produce globular rather than

Cstringer types of sulfides in higher sulfur
0

4 steels. Since the sulfur content of these
steels is constant, and CaS is less dense than
MnS, it would be expected that the number of

C2 inclusions per unit area would increase as the
o calcium content increased. However, due to the

large scatter in nA, this trend is not clearly

0 seen, Table 1.

0 0.010 0.020 0.030 0.040

Steel Sulfur Content (%)
'A
0) 2.0
0
C

C
Figure 5 - Relationship between mean inclusion Z
length and steel sulfur content. M 1.5 -

C
0

Z 1.0
C

C
0

2 0 I I I
40 0 0.010 0.020 0.030 0.040

30 N __Steel Sulfur Content(%)
E

30

S•Figure 7 - Relationship between mean inclusion

C 20 roundness and steel sulfur content.

0

U The feature data and distribution of the
.individual inclusion lengths can be used to
0 predict the number of particles per unit areaS

greater than some specific size. For example,
0 I I I I in the case of the 0.018 percent S steel,

0 0.010 0.020 0.030 0.040 plotting the cumulative frequencies of the class
boundaries on log-normal probability paper

Steel Sulfur Content (%) suggests that the length distribution may be

approximated by a log-normal distribution, Table
3 and Figure 9; similar findings have been
reported elsewhere.r4] The log-normal plots
further illustrate how increasing the steel's
sulfur content changes the inclusion length

Figure 6 - Relationship between mean inclusion distributions. As sulfur increases, the median
area and steel sulfur content. inclusion length increases and the slope
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Figure 8 - Relationship Between Mean Inclusion Length, Area and Roundness with
Respect to Steel Calcium Content for a Steel Containing 0.029% Sulfur
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Based on this analysis, software was
developed to obtain the number of inclusions in
the lenth histogram, the sum of the inclusion

lengths, and the sums of the squares of the
9.9- 4140 Steel inclusion lengths. These values were used toH C- "0".-018- Spredict the number of inclusions pet unit area

greater than 20pm in length by the following
2 oo- procedure:a.
* 0-

Fur a !z;-ncrmal distribution, the dIensity
E function for a standard variable is:S 20-

U Sf(X) = e-in X - d2 )/2 02
100 0 20 0 2 2 x (9)

Inclusion Length (jim)
(In this instance, X is the inclusion length
being considered in real space; ln X is the
transformed length.)

Figure 9 - Cumulative distribution of inclusion
lengths in heat C.

decreases, Figure 10. For a large number of
particles, n, the mean and standard deviation of 99.99-
the data set can be approximated by: 0-.03% S99.0 .. 0--00:036% S

n

= n L xQi - (E Xi)2

n(n -1) 220

For the log-normal distribution in the
transformed system, the mean and standard
deviation, a and 8 respectively, can be E 50
expressed as:

a= in{p/[(a/i) 2 + i] }  (3)
10-

(in[((/p) 2 .+1 (4) 0 50 20 '0
Inclusion Length (pro)

The median (50 percent value) is

X50 = exp (a) (5)

mean (u) = exp (a + 82/2) (6) Figure 10 - Effect of steel sulfur content on
inclusion length distribution.

and the values of X corresponding to cumulative
probabilities of 84 percent and 99 percent are:

The upper tail of the distribution is (Figure

X84 %  = exp (a + 8) (7) 11):

X99.9 % = exp (a + 3.09 8) (8) 1 - e-t2/2 dt (10)

Q(X) 4(
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This can be approximated by (5) 12-M%Q(X) f~x)bt +bt
2  5 EMeasured (95% Confidence)

Q(X) = f(x)(b1t + b t2 + .... b5t ) + r(X) (11) 1 Predicted1 25 5 10 -
where Ir(X)I < 7.5 * 10-8

C

1 (12)
= 1 + rX

A 60

r = 0.2316419 C

b = 0.31938153 4
b = -0.356563782 -

b = 1.78147793i O

b = -1.821255978 0

b5 = 1.330274429 2
E
z

0 0.010 0.020 0.030 0.040

c Steel Sulfur Content (%)

IA. Figure 12 - Relationship between the number of

inclusions per unit area greater than 20pm in
length and steel sulfur content.

0 XL X

SEM-EDS ANALYSIS - For homogeneous

Figure 11 - Distribution of inclusion lengths. materials, numerous methods have been devised to

The cross-hatched region represents the fraction accurately determine the chemical composition of

of inclusions having lengths equal to or greater various species by X-ray analysis.r6] When

than similar compositions are often encountered, a
XL .  group of specimens having known compositions can

be used to form a calibration curve. In this

For the specimens having varying sulfur way, the X-ray peak of the unknown substance is

contents, the number of measured inclusions compared to that of the calibration curve to

greater than 20/pm was plotted for each run as a measure the amount of a particular element

function of the steel sulfur content. A linear present. For situations in which known

relationship between the number of large standards are not available, reasonable analysis

inclusions and sulfur content was observed, can be performed using atomic weight, absorption

Figure 12. Using the cumulative values for n, and fluorescence (ZAF) factors which have been

El and E12, the predicted number of inclusions developed for most species. All of these
per unit area was found to be in agreement with approaches use classical theories to determine

the measured values, Figure 12 and Table 4. In from where X-rays originate within a material

this example, inclusions greater than 20pm in and how strong particular X-rays emitted from a

length were selected so that a comparison specimen are with respect to similar X-rays

between the actual measured values and the emitted from other species within the same

predicted values could be made. Although very specimen. When an electron beam strikes a
large inclusions (i.e., greater than 100pum long) homogeneous material, a volume similar to that
were not observed, this technique could be illustrated in Figure 13a emits X-rays.

employed to predict the probability of the
presence of these inclusions in a particular The next level of complication arises when
system. This analysis could be useful in the composition of a simple two or three phase

fracture mechanics calculations where critical inclusion has to be determined. For the case of

flaw sizes are considered, or in assessing the calcium treated steels having a relatively high

effect of thermomechanical operations on manganese level and a low sulfur content, most

inclusion distributions, of the sulfides in these steels will chemically
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have the composition given by (Ca Mn1 .) S. To Zr, Si, Na and K appear in the oxides. These
properly excite X-rays from all phases present, elements are present as the respective oxides
the operating potential of the SEM in KV needs and are not considered to be affected by the
to be approximately two times the excitation calcium treatment. In order to properly
level of the peak to be identified. Hence, for determine the chemical composition of the oxide
a Mn Ka peak whose characteristic energy is 5.9 phases, the following methodology has been
KeV, a minimum potential of approximately 11KV devised.
is required. This gives rise to another
problem: the higher the operating voltage of the The electron beam is focused in the sulfide
electron microscope, the greater the volume of portion of the inclusion, Figure 13b, and an X-
the material excited. In the case of small ray spectrum is acquired. The percentages of
particle analysis, a certain number of X-rays calcium and sulfur in the sulfide are
from the matrix below the inclusion are in the quantitatively determined.
spectrum, Figure 13b. Thus, the acquired
spectrum is composed of X-rays from the The ratio r is defined to be the atomic
inclusion as well as the matrix. The excess X- percent of calcium in the sulfide divided by the
rays can be a large percentage of the total atomic percent of sulfur in the sulfide:
spectrum and if these X-rays are improperly
evaluated, large errors in analysis can result. Ca(s )

Similarly, when the electron beam is focused on r = - (13)
the oxide particle in a complex inclusion, X- (s)
rays from the matrix as well as the sulfide
appear in the acquired spectrum, Figure 13c. The electron beam is then focused on the

oxide particle within the sulfide. The amount
of calcium, magnesium, aluminum, sulfur and
manganese are quantitatively determined. In
aluminum killed steels such as these, the oxide

(C, Mn) S phases generally do not contain Mn or S. Hence,
the Mn and S in the spectrum are from

___ penetration of the electron beam into the

_sulfide below the oxide particle. Furthermore,
some of the calcium in the spectrum is from the

sulfide. Let S(o Ca(o), Al (0 ), and Mg(o[
represent the amounts of these species measureA

(Mg, Ci, A) 0 in the oxide X-ray spectrum. Since some of the
calcium and all of the siu'ur are from the
sulfide, to a first order approximation, the

Gtrue calcium content of the oxide is:

Ca'(0) - Ca(0) - r * S(0) (14)

Thus, the calcium, magnesium, and aluminum
-- contents of the oxide are Ca( 0), Mg (0) and

Al (o) . In the case when Cal ' ) is negative,
there is no calcium in the oxi e phase and the
oxide is composed of Al203 and MgO.

Figure 13 - Schematic illustration of an
electron beam interacting with a material. The The magnesium in the inclusion is present
volume of material from which x-rays are emitted as MgO.Al203 or MA. The calcium and aluminum
is indicated. can be present as several compounds. The exact

species present and the corresponding atomic
percentages are calculated using the following

In these particular low oxygen, aluminum formulas.
killed steels, the primary oxides are Al203, CaO
and MgO. The designations A, C and M, The oxides present have the form MgO,
respectively, are used to represent these Al203, and CaO (M, A, and C). Since the oxygen
phases. The M present is either M.A or M. The atoms are not contained in a standard EDS
remaining oxides are some form of calcium analysis, the sum of the atomic weight percents
aluminates. Occasionally, elements such as Ti, (ATW) can be represented as:
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E ATW = %Mg + %A1 + %Ca' (15) 100-

If 2*%Mg > %A, then all the aluminum is 0
combined as MA and the excess Mg is present as .
M. Otherwise, cc

%Al' = A - 2*%Mg (16) C

-. 1.0-

is the amount of aluminum remaining to form

calcium-aluminates, and Ca' is the amount of

calcium available to form calcium-aluminates. 1 0.1-
U

Letting = Ca'/(Ca' + Al'), (17) .2U 0
0.01

The particular species present can be found by

using Table 5 and the lever rule. Several

examples of these calculations are contained in 0.001I

Appendix A. 0 .010 .020 .030 .040

The primary strength of this technique is Steel Sulfur Content (%)
that each inclusion serves as its own internal
standard. The correction for the amount of
calcium in the oxide phase is based on the
(Ca/S) ratio of the specific inclusion being Figure 14 - Relationship between average

considered. The correction is not based on a inclusion (Ca/Mn) ratio and steel sulfur

global variable such as the (Ca/S) ratio of the content.

steel or some assumption related to the
distribution of all elements in the oxide X-ray
spectrum.

To quantify the chemical composition of the

inclusions in a steel sample, it is first

nPcessary to decide what inclusions are
rcpresentativp or typical of that particular
specimen. Based on the QTM analysis, a typical
inclusion for each heat was defined to be any 10.0-
inclusion whose area was within 10 percent of .
the average inclusion area for that particular 5.0-

heat. In this manner, bias in selecting - 1.0-
inclusions for X-ray analysis is minimized. To 1)
quantify the effect calcium and sulfur levels - .-
have on inclusion chemistry, ten typical t

inclusions from each heat were selected for EDS -- 0.1
analysis. While this is a very small number of C
inclusions relative to the number in a heat of 0 0.05
steel, the approach does illustrate the trends .

that occur as bulk chemistry varies. For the Z 0.01
C

steels with varying sulfur content, as the 0.005

sulfur level increases, the inclusion (Ca/Mn)

and (Ca/S) weight percent ratios both 0.001 -

exponentially decrease, Figures 14 and 15 0 .010 .020 .030 .040
respectively. Conversely, for a fixed sulfur Steel Sulfur Content
level, as the bulk calcium content increases,
the (Ca/Mn) and (Ca/S) ratios appear to
exponentially increase, Figures 16 and 17
respectively.

Figure 15 - Relationship between average
inclusion (Ca/S) ratio and steel sulfur content.
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These findings quantify effects that are
well known for calcium treated steels. For low 1.0-
sulfur materials, calcium treating yields
calcium-aluminates which are surrounded by a
(Ca, Mn) S envelope. The lower the sulfur, the 0.5-
higher the Ca content of the envelope and the 0
smaller the average inclusion area. For the 0.2
higher sulfur alloys, as calcium levels 0
increase, the amount of calcium in the sulfide
,. asc increases. The increase in calcium in the 0.1-

Csulfide phase tends to yield more globular type 0
inclusions rather than stringers as seen in non- U)

S 0.05-calcium treated steels. For both systems, the 0
log-normal analysis can be used to predict the .S
probability of the presence of large inclusions 0.02
which can be very difficult to find 0
metallographically. 0.01

10 20 30 40 50
1.0- Steel Calcium Content (ppm)
0.50

Figure 17 - Relationship between average
C 0.1- inclusion (Ca/S) ratio and steel calcium'
a 0.05 content.

0 0
%-I 

CONCLUSIONSC 0.01 -o 00.o0- 
1. The relationships between the number of

2 inclusions per unit area, mean length,
.C area, and roundness for varying sulfur

0.001 and calcium contents in 4140 steel were

l characterized. As sulfur content
10 20 30 40 50 increased, nA# I, and A increased. An

initial increase in r occurred up to
Steel Calcium Content (ppm) approximately 0.018 percent S after which

r was constant. For fixed sulfur
content, as the amount of calcium
increased, I, A, and r decreased.

Figure 16 - Relationship between average 2. Based on the log-normal distribution, a
inclusion (Ca/Mn) ratio and steel calcium methodology to predict the number of
content. large inclusions per unit area was

presented. For inclusions greater than
20/um in length, excellent agreement
between the number of inclusions measured
and the predicted number of inclusions
was obtained.

3. A SEM-EDS technique which permits calcium
X-rays originating from the sulfide phase
to be subtracted from those originating
from encapsulated oxides was presented.
This technique was used to study how the
(Ca/S) and (Ca/1n) ratios were related to
bulk S and Ca content.
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Table 1

Steel Chemical Analysis and Quantitative Inclusion Measurements

Chemical Analysis Inclusion Analysis
Ca 0 1 R

Heat %S (ppm) (ppm) (pm) (m 2M) r

A 0.002 38 14 44.7 4.15 13.47 1.20
B 0.003 29 12 56.2 4.62 14.79 1.21
C 0.018 35 14 89.0 6.78 19.79 1.47
D 0.025 28 8 62.7 8.12 26.82 1.52
*E 0.027 30 9 84.7 7.99 25.91 1.54
*F 0.030 47 19 82.4 7.60 25.53 1.44
G 0.036 29 24 98.0 8.18 29.02 1.47

H 0.029 14 7 68.0 8.89 31.80 1.57
I 0.029 20 9 92.0 8.41 25.11 1.59
J 0.029 21 8 85.5 8.01 23.59 1.56
K 0.029 22 12 69.5 9.19 30.79 1.61
L 0.030 23 7 93.3 7.93 25.13 1.55

* These heats were included in the second group with varying calcium content.

Table 2

Typical Feature Data Acquired by QTM Analysis,
Heat C, 0.018% S

Parameter Number Sigma Sigma X1

Length 1101 7226.1 110664.3
Area 1101 23525.2 2051283.0
Roundness 1101 1503.3 2543.3
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Table 3

Inclusion Length Distribution Data,
Heat C, 0.018% S

Length Cumulative Cumulative

(Pm) Frequency Sum Percent

0-4 5,215 5,215 43.59

8 4,048 9,263 77.43

12 1,190 10,453 87.38

16 584 11,037 92.26

20 297 11,334 94.74

24 223 11,557 96.61

28 154 11,711 97.89

32 69 11,780 98.47

36 62 11,842 98.99

40 32 11,874 99.26

44 34 11,908 99.54

48 24 11,932 99.74

52 8 11,940 99.81

56 2 11,942 99.82

60 8 11,950 99.89

>60 13 11,963 --

n 11,963 l = 80,256 E1
2 = 1,123,760

mean = 6.71 v = 7.00 c = 1.5355 0 = 0.8578

X50% = 4.64 X99 .9% = 65.77

Table 4

Number of Inclusions/mm 2 > 20pm in Length

Measured Predicted

% Sulfur Mean 95% CL Mean 95% CL

0.002 0.503 0.530 0.331 0.371
0.003 0.567 0.400 0.440 0.473
0.018 4.733 0.661 3.927 0.616
0.025 6.040 0.910 5.642 1.479
0.027 6.563 0.505 6.281 0.535
0.030 5.918 0.997 5.057 1.032
0.036 8.318 1.704 7.803 1.700

Table 5

Phases in the CaO-AI203 System

A C.6A C.2A C.A 12C.7A 3C.A C
Ca

0.0 0.077 0.200 0.333 0.462 0.600 1.00

Ca + Al

where Ca and Al represent atomic percents and A and C are Al203 and CaO,
respectively.
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Appendix A Sulfide

Sample X-Ray Analysis and Calculations r = Ca/S = 6.14/48.11 = 0.13

Oxide

I. Inclusion 1
Ca' = Ca , ) - r * S = -0.45

Element Sulfide Oxide
(at.%) (at.%) Hence, there is no calcium in the oxide phase.

Since 2 Mg < Al, the oxide is composed of A and

Mg 0.30% MA.

Al 26.42%
S 48.04% 36.44%
Ca 1.24% 1.14% III. Inclusion 3

Mn 50.72% 35.70%

Using the sulfide chemical analysis, Element Sulfide Oxide
(at.%) (at.%)

Ca(s) 1.24 Mg 7.39%
r S(s) - 48.04 - 0.026 Al 33.41%

S 48.24% 21.33%
In the oxide phase Ca 6.38% 15.50%

Mn 45.38% 22.37%
Ca = -Ca, -or*S

Ca'(°) l. - 0.026 IL44) Sulfide
= 0.20

r = Ca/S = 0.13
Since 2*%Mg < %A, all the Mg is present as M-A.

Oxide
Al' = Al - 2*Mg, ,

= 26% Ca' = Ca(0) - r * ( = 12.68

Al' = 25.82
Since 2 * Mg < Al, all the Mg is present as M'A.

Ca' 0.20
Ca' + Al' = 0.20 + 25.82 = 0.008 AI'=Al( ) -2(o 2 Mg =18.64

Referring to Table 5 indicates that this ratio Ca'
is between that for A and C'6A. Hence, the 0 = Ca' + Al' = 0.40

amount of C.6A in the inclusion is

% C.6A = 0.008 - 0 * 100 10.4%
0.077 - 0

and This ratio is between that for CA and 12C.7A;
hence

% A = 0.077 - 0.008 100 89.6%
0.077 -0 % C.A = 0.462 - 0.333 100 51.9

II. Inclusion 2 % 12C'7A = 48.1%

Element Sulfide Oxide
(at.%) (at.%)

Mg 1.93%
Al 67.63%
S 48.11% 16.85%
Ca 6.14% 1.70%
Mn 45.75% 11.90%
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CHARACTERIZATION OF INCLUSIONS IN A LABORATORY
HEAT OF AISI 303 STAINLESS STEEL

George F. Vander Voort
Carpenter Technology Corporation

Reading, Pennsylvania 19612-4662 USA

ABSTRACT performed to assess sulfide shape.
INCLUSION MEASUREMENT - Measurement of

A laboratory size ingot of AISI 303 free- inclusions is a difficult analytical task
machining stainless steel was sampled in the due to two basic sources of error: the
as-cast condition and after forging to 54 inherent difficulties associated with
sq. mm, 47.5 sq. mm, and 35 x 25mm section sampling; and, the inherent errors of the
sizes (72, 78 and 91% hot reduction, measurement method. The polished cross
respectively). As-cast and as-forged (54 section areas examined are very small
sq. mm and 47.5sq. mm sections) specimens relative to the bulk material. While this
were subjected to homogenization treatments problem is typical of all qualitative or
to spheroidize the sulfides. quantitative measurements, inclusions are

relatively small, their volume fractions are
Automatic image analysis, using the ASTM low, they are not randomly distributed, and
E1245 procedure, was employed to they deform at different rates than the
characterize the oxides and sulfides in the matrix during working. These factors make
as-cast, as-forged, and in the homogenized assessment of inclusions one of the most
specimens. Longitudinally oriented difficult tasks for the metallographer.
specimens were measured to obtain the area The oldest procedures for rating
fraction, number per unit area, number of inclusions are based on standard charts,
intercepts per unit length, average height e.g., ASTM E45. While these methods are
or length, average area, and mean free path generally adequate for quality control
(mean edge-to-edge spacing) for both oxides purposes, they do suffer from a number of
and sulfides. Feature-specific measurements deficiencies(3-9). Chart ratings depend
of the sulfides were performed to determine heavily on the quality of the chart as to
their shape factor as a function of the relevance of the pictures compared to
deformation and homogenization treatment, the inclusions in the steel and on the

grading of the chart picture series.
TllfS PAPER DEMONSTRATES the use of Reproducibility of chart ratings is often
stereological measurement procedures to less than adequate. Chart ratings are
characterize inclusions in a resulfurized difficult to quantify and use in data bases
laboratory ingot of AIST 303 stainless steel or in structure-property correlations.
in the as-cast. condition and after hot Because charts contain a limited number of
forging to three smaller sizes, pictures depicting severity differences,
Longitudinally oriented specimens were discrimination between different levels of
measured by image analysis to determine how inclusion contents is not as precise as
hot rodo tion affects the measurement desired. Chart ratings are generally
parameters for deformable (sulfides) and qualitative based on worst-field conditions
nonrloformable (oxide) inclusions. As--cast which can he misleading when comparing
arid as-forged specimens were also different material lots. True quantitative
liomgen ized and measured to determine chart ratings are very time consuming and
siulfide spheroidization tendencies as a the data obtained is difficult to handle.
function of the initial shape of the Because of these prohlems, other
sulfides. Field measurements were performed microscopical methods for assessing
i((ording to the new ASTM E1245(1,2) method inclusions have been proposed. For example,

whil ftature-specific measurements were indexes to summarize quantitative chart
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ratings, such as the SAM index(l0,11), have across steel products. Thus, for billet
been developed. Another approach has been specimens, it may be advisable to sample the
to develop chart ratings using automatic material at surface, mid-thickness, and
image analyzers. This has been done for the center locations at the top, middle, and
JK-charts of ASTM E45(12,13) and for the bottom.
German SEP 1570-71 inclusion chart(14-17). Thanks to the improvements in automatic
This approach improves the reproducibility polishing devices, it is relatively easy to
and eliminates much of the subjective nature prepare the needed number of specimens with
of inclusion chart ratings. A different the desired quality level. Also, most of
approach has been taken by Johansson(18,19) these devices can handle unmounted bulk
with a new chart classification scheme and a specimens which further speeds up the
small computer to tally field ratings and process. The quality of the polish does
compute test results. have a pronounced influence on measurement

Since the introduction of the first results(23) and is more critical for image
commercially available TV-based image analysis work than for manual measurements.
analyzer in 1963, many researchers have Polishing procedures for image analysis
utilized these devices to assess inclusion measurements have been thoroughly
inclusions(20-31). As these systems have documented(34,35).
progressed from analog to digital devices, All systems that use the light
from hardware-driven to software-controlled microscope are affected by the limited
devices, with improved camera resolution, resolution of the light microscope and there
they have become more reliable and more is a noticeable magnification influence on
capable. Inclusions are ideal subjects foi test results(23,36,37). As the
image analysis because of the good contrast magnification increases, and smaller
difference between the inclusions and the particles can be resolved and detected, the
as-polished matrix. Also, because of stage volume fraction increases. At low
automation and the speed of analysis, a magnifications, closely spaced particles
great many fields can be analyzed in a will appear to be touching and will be
reasonable time. Because of the small counted as one while small, undetected
quantity of inclusions present in steels, it particles will not be counted. Hence, as
is necessary to measure the inclusions in the magnification increases, the count will
many fields per sample, and many samples per increase. If inclusion areas or lengths are
lot. This is a clear advantage of image measured, the closely spaced particles will
analyzers compared to manual quantitative be sized as one much larger particle while
methods or manual qualitative chart methods, the small particles will not be detected and

While image analysis has many sized. Hence, average areas and lengths
advantages compared to manual methods, it is will decrease with increasing magnification.
still subject to many of the same problems For field measurements, those particles that
associated with manual techniques and does extend outside the measurement field will be
have some unique problems as well. Proper undersized. This problem becomes more acute
sampling of the test lot is just as at very high magnifications and further
important for image analysis as for manual contributes to smaller average dimensions.
methods. Because image analysis is less As the magnification is increased, the
tedious than manual methods, adequate field size decreases and the field-to-field
sampling is easier to achieve. Also, due to measurement variability increases. Thus,
the inclusion distribution variability it is the statistical quality of the data is
better to assess a greater number of adversely influenced by increasing the
specimens than to put a great deal of effort magnification, which can be overcome only by
in examining a small number of specimens. measuring a proportionally greater number of
Allmand and Coleman(32), for example, showed fields. Thus, there is an optimum
that about 300 to 400 field measurements magnification for inclusion measurements
were required to obtain a moderate degree of which is a compromise between resolution and
accuracy but concluded that it was better to measurement variability. For any given
measure 100 fields on each of four specimens magnification, the relative accuracy of the
than to measure all 400 on one specimen. measurements improves as more fields, and
This writer's experience definitely bears greater total area, are measured
out this conclusion. (9,32,37,39), either manually or

Traditionally, inclusion measurements, automatically
whether manual or automated, are made on a Adjusting the densitometer's threshold
longitudinal plane-of-polish so that the settings(23,39,40) to detect sulfides and
deformation characteristics can be assessed, oxides, either separately or collectively,
For the majority of work, the sample is is an important factor influence measurement
taken from a mid-thickness position, results and reproducibility. Generally, the
particularly for billet specimens. However, operator alternates between the live image
it is well known(32,38) that the inrlusions and the detected image (the "flicker"
vary in amount, size, shape and spacing method) while adjusting the threshold
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settings. It is not usually possible, high temperature homogenization treatments,
particularly at lower magnifications, to although some authors(41) reported no
detect all of the small inclusions without observed influence. Gnanamuthu et al.(50)
overdetecting the largest ones. It is reported that the volume fraction remained
better to miss a few of the very smallest approximately constant, the number per unit
inclusions than to mis-size the larger ones. volume decreased, the overall size increased

Focusing(32,40) of the microscope prior and the shape changed with homogenization
to each measurement can also influence the time. Wilson et al.(51), however, showed
accuracy of test results. Automatic that the number of sulfides per unit volume
focusing devices are becoming more reliable, first increased, reached a maximum, and then
even for as-polished specimens with a very decreased with homogenization time. They
low inclusion content. Spacing of the also stated that the overall size decreased
fields across the specimen surface should be initially, reached a minimum, and then
based on the number of fields to be measured increased with homogenization time. The
and the polished surface area. Fields peak of the number per unit volume vs. time
should not be overlapped. If the polished (at 1315C, 2400F)(51,53) occurred at a 20h
surface is relatively large compared to the soak time. The specimens used had
product of the number of fields to be previously been hot worked to reductions of
measured and the individual field area, 70 and 85%.
space the fields in a systematic pattern INFLUENCE OF DEFORMATION - Variation of
across the surface. stereological parameters, such as AA, NA, D,

INCLUSION DEFORMATION - The deformation A, X, and Nb, for deformable or non-
of sulfide inclusions in steels during hot- deformable particles as a function of the
and cold-working has been studied degree of hot- or cold-working has not been
extensively in ferritic alloys. The carefully documented in the literature.
plasticity of the sulfides relative to the Fisher and Gurland(55) have examined the
steel increases with decreasing hot working variation of AA, NA and A for the case of
temperature(41) until the aistnite-to- nondeforming equiaxed particles and for the
ferrite transformation temperature is influence of rotation and preferred
reached(42). Below this temperature, the orientation of non-equiaxed particles
relative plasticity of MuS increases and deformed uniaxially. They concluded that
then gradually decreases as the working the area fraction, AA, the number density,
temperature decreases to ambient(43). N and the mean free path, X, do not change
Globular type I MnS, as encountered in for the case of nondeformable equiaxed
free-machining steels, are less deformable particles subjected to plastic deformation.
than the angular type III MnS present in However, for non-equiaxed particles, NA and
aluminum-killed steels(42). It is also Amay be influenced by rotation of the
known that small sulfides deform less than particles into a preferred orientation
larger ones(4 4) and may remain relatively during deformation. In the case of
undeformed until very high levels of inclusions, where deformation
reduction, rotates the particles so that the long axis

In these studies, and others not cited, of the inclusions are parallel to the hot-
there is no mention of fracturing of working axis, the area fractions will not be
sulfides during working although Van Vlack equal when evaluating A on longitudinal vs.
et al. demonstrated sulfide fracturing using transverse planes(56). Moreover, if
single crystal MnS embedded in powder inclusion fracturing occurs, the number
compacts(45-47). Although some authors do density and average size will change.
not address the issue of sulfide fracturing, Furthermore, closely spaced inclusions that
others have examined this possibility and may be detected as one particle when
found none(48). However, Radtke and deformation is limited, may be spaced apart
Schreiber(49) measured sulfides after the with further deformation, thus changing the
rolling of a non-homogenized billet of a count and size information.
free-machining steel and observed that the
proportion of long sulfides decreased, PROCEDURE
apparently due to fragmentation.

Deformability of oxides varies with the For this study, a 45.5 kg (100 lb.)
composition and relative hardness of the air-induction heat of AISI 303 was melted.
oxide. Silicates deform readily at high Table 1 gives the composition of the
temperatures, but below some temperature the laboratory ingot. The ingot measured about
deformability decreases rapidly towards 114mm sq. (4-1/2 inch sq.) at the top, 89mm
zero. Aluminates do not deform at any sq. (3-1/2 inch sq.) at the bottom, with a
temperature. At low temperatures, these 559mm (22 inch) body length. A sample was
brittle oxides can fragment. cut from the bottom end of the ingot prior

SULFIDE SPHEROIDIZATION - Numerous to heating for forging. The balance of the
studies(48-54) have shown that sulfide size, ingot was heated to 1260*C (2300*F), held
shape, number, and spacing can be altered by for one hour and press forged to size. The
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Table I - Composition of laboratory AISI 303 Ingot
(Weight Percent)

C Mn P S Si Cr Ni Al N 0*

0.074 1.68 0.019 0.33 0.65 17.44 9.42 <0.005 0.053 84

" ppm

ingot was forged to produce sections with sample averages for each parameter (I to 6
three different square cross section above) are calculated. The distribution of
dimensions: 54mm sq. (2-1/8 inch), 47.5mm the average values for a large number of
sq. (1-7/8 inch sq.), and 35 x 25mm (1-3/8 x specimens from a lot will generally exhibit
1 inch). The latter section was supposed to a Gaussian distribution.
be 25mm sq. (I inch sq.) but the bar TEST PROCEDURE - Each of the sections
temperature 788'C (1450'F), was too low and (as-cast, 54 sq. mm, 47.5 sq. mm) were cut
cracking occurred. Reheating was not longitudinally at each mid-thickness
desired in this experiment because of its location and through the center from two
potential influence on the size and shape of orthogonal directions producing sixteen
the sulfides. These sizes correspond to 72, specimens per size. The mid-thickness
78 and 91% hot reduction (3.5:1, 4.6:1, and longitudinal planes, from surface-to-
11.6:1), respectively, surface, were polished using automatic

E1245 ANALYSIS - The new ASTM E1245(0) polishing procedures (Struers Abramatic
method utilizes field measurements on a system). For the 35 x 25 mm section, four
longitulinally oriented specimen (scan lines adjacent specimens were cut through the
perpendicular to the deformation axis) to center of the 35 mm face, as whole specimens
characterize the oxides and sulfides (surface-to-surface). After polishing, each

(separated by gray-level differences) by: specimen was measured, according to E1245,

A -using a 50X objective and 100 or 200 fields.

A - area fraction in % (1) The specimens were repolished, at least
once, and remeasured in the same way, to

NA - number per sq. mm test area (2) provide additional information from a

number of interceptions per mm (3) parallel plane.

N- nSections of the as-cast ingot, and from
of scan line length the 54 and 47.5 sq. mm forged sections, were

cut and heated to various temperatures:
- Average length (sum of projected (4) 1260'C (2300'F) and 1302'C (2375'F) for 8

height/number of inclusions per and 24h. Because the length of the 47.5 sq.
field) mm section was longer than the other

sections, additional pieces were cut and
A - Average area (AA/NA) (5) these were heated to additional

temperatures: 1149°C (2100'F) and 1204'C
A"- Mean free path (spacing) (6) (2200'F) for 8 and 24h. Because the 35 x 25

perpendicular to the deformation mm section cracked during forging, no
axis ( ( -AA)/N 1 where A A is a spheroidization treatments could be
fraction, riot a %) performed on this section size. The

homogenized specimens were sectioned in the
While stereological measurement methods are same manner as the as-cast and as-forged
utilized, only the longitudinal plane is specimens and measured in the same way.
assessed; hence, the three-dimensional
inclusion characteristics are not assessed. RESULTS AND DISCUSSION
These measurements are made on at least 100
fields per specimen and the average and SULFIDES - Table 2 lists the
standard deviat ion of each measurement, measurement results for the as-cast and as-
based on the number of fields measured, are forged sections. Note that the area
calcuilated for each specimen. Although the fraction and the mean free path decrease and
distribution of these measurements for an N increases going from the as-cast
individual specimen measured with n fields 11

condition to the 35 x 25 mm section size,
is not Gaussian, the usuial formulae for the i.e., with increasing hot reduction.
aritlmet i( average and standard deviation However, the differences between the area
are used. After a number of specimens from fraction values for the 94 sq. mm and the
the lot are measured, the average 47.5 sq. mm sect ions and for the 47.5 sq. mm
measurements for all of the specimens are and 35 x 25 mm sections are not
averaged and the standard deviation of the
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Table 2 - Sulfide Measurements - As-Cast and As-Forged Specimens
(Mean Values + 95% Confidence Intervals)

Red. AA NA L A N

Condition (7) ) (mm -2)m U 2 (m-2 10

As-Cast - 1.721±0.048 1643±140 2.44±0.20 11.10±1.08 5.90±0.20 168±6
54 sq. mm 72 1.637±0.053 1407±106 3.47±0.22 11.91±0.72 6.80±0.22 146±5
47.5 sq. mm 78 1.594±0.048 1416±149 4.88±0.32 11.93±1.19 8.54±0.60 118±8
35 x 25 mm 91 1.494±0.134 2448±567 3.70±0.60 6.55±1.70 11.12±0.63 89±5

Significance of Differences Between Means* (Confidence Level)

Comparisons A ANA T NL

As Cast vs. 54 sq. mm 98% 99% 99.9% NS 99.9% 99.9%
As Cast vs. 47.5 sq. mm 99.9% 99% 99.9% NS 99.9% 99.9%
As Cast vs. 35 x 25 mm 99.9% 99% 99.9% 99.9% 99.9% 99.9%
54 sq. mm vs. 47.5 sq. mm NS NS 99.9% NS 99.9% 99.9%
54 sq. mm vs. 35 x 25 mm 95% 99.9% NS 99.9% 99.9% 99.9%
47.5 sq. mm vs. 35 x 25 mm NS 99.9% 99.9% 99.9% 99.9% 99.9%

* Student's t distribution, two-tailed test
NS - differences not significant (<95%)

Table 3 - Sulfide Measurements After Homogenization Treatments - As Cast Specimens

"A NA L A L
Heat Treatment (%) (mm- ) 2 (m 2  1 (m)

None 1.721±0.048 1643.0±140.4 2.44±0.20 11.10±1.08 5.90±0.20 167.9±5.8
1260OC-8h 1.734±0.047 1699.4±151.2 2.12±0.23 10.74±1.18 5.88±0.18 168.0±4.9
1260°C-24h 1.733±0.051 1669.9±109.9 1.96±0.12 10.54±0.79 5.53±0.16 178.1±5.2
1302°C-8h 1.680±0.032 1681.3±94.5 2.00±0.09 10.22±0.56 5.46±0.18 181.6±6.1
1302 0C-24h 1.782±0.040 1629.4±104.1 1.97±0.05 11.06±0.63 5.47±0.24 180.7±8.2

Significance of Differences Between Means*
(Confidence Level)

Comparisons AA NA T A L 7

As Cast vs. 1260°C-8h NS NS 95% NS NS NS
As Cast vs. 1260'C-24h NS NS 99.9% NS 99% 99%
As Cast vs. 1302'C-8h NS NS 99.9% NS 99% 99%
As Cast vs. 1302'C-24h 95% NS 99.9% NS 98% 99%
1260*C-8h vs. 1260'C-24h NS NS NS NS 99% 99%
1302'C-8h vs. 1302'C-24h 99.9% NS NS 95% NS NS

* Student's t distribution, two-tailed test
NS = differences not significant (<95%)
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statistically significant. Note that the NA lines and a consequent increase in the mean
value for the as-cast section is free path (mean edge-to-edge spacing between
statistically greater than the 5A sq. mm and sulfides perpendicular to the hot working
47.5 sq. mm section, but there is no axis or ingot axis). As might be expected,
difference between the NA values the magnitude of these changes increased
for the latter-two section sizes. Note, with the amount of hot reduction being
however, that N for the 35 x 25 mm section smallest for the as-cast specimens and
is much higher han any of the other greatest for the 47.5 sq. mm specimens (78%
sections. The A values are nearly identical hot reduction).
for the as-cast, the 54 sq. mm and 47.5 sq. For the as-cast and the 54 sq. mm
mm sections but is much smaller for the 35 x specimens, there appears to be an effect of
25 mm section. The L values increase going temperature and time on the area fraction
from the as-cast state to the 47.5 sq. mm and average area. For the as-cast
section; but, then L decreases substantially, specimens, the 1302°C-24h treatment resulted
For the as-cast section, the sulfides are in a significantly higher area fraction.
not perfectly spherical and are not oriented For the 54 sq. mm section, the two 24h
in the ingot axis direction; hence, L treatments (1260'C and 1302'C) produced a
underestimates the maximum dimension for the significantly greater area fraction and
sulfides. Nevertheless, it is clear that a larger average area. Results for the AA and
major change has occurred in the sulfides A values of the 47.5 sq. mm specimens are
when the smallest section was forged, that more erratic and difficult to interpret.
is, the increase in N and decrease in 1, and For the A values, one treatment (1149°C-24h)
A suggest that a substantial portion of the resulted in a significantly lower average
sulfides fractured. area; all other values are statistically

Tables 3-5 list the sulfide similar. For the A values, five of theA
measurements after homogenization of the treatments produced significantly higher
as-cast, 54 sq. mm and 47.5 sq. mm sections. values while one produced a significantly
All of th2 treatments produced a reduction lower value. The 1302'C-24h treatment
of the average sulfide length, compared to (highest temperature, longest time) produced
the starting condition. Except for the a lower A value, compared to the sequence
1260°C-8h treatment of the as-cast section, shown, an the L value also increased. The
all treatments produced a reduction of the erratic behavior of this series of specimens
number of sulfides intercepted by the scan may be due to the greater initial elongation

of the sulfides in the 47.5 sq. mm section,
and the types of changes in measurements

Table 4 - Sulfide Measurements After Homogenization Treatments - 54 mm2 Specimens

A N L
AA T: A

Heat Treatment 7 (mm - 2  (1m) ( m2 (mm-1)  (1m)

none 1.637±0.053 1407.3±105.5 3.47±0.22 11.91±0.7? 6.80±0.22 145.5±4.5
1260°C-8h 1.6R7±0.034 1496.1±167.8 2.76±0.36 11.72±1.22 6.14±0.23 160.9±5.9
1260°C-24h 1.716±0.039 1335.9± 87.8 2.74±0.14 13.04±0.88 5.58±0.16 176.8±5.3
1302°C-8h 1.635±0.032 1362.9± 85.9 2.64±0.11 12.15±0.76 5.46±0.16 180.7±5.2
1302°C-24h 1.731±0.046 1217.3± 81.3 2.86±0.15 14.95±1.06 5.21±0.25 190.2±9.3

Significance of Differences Between Means*
(Confidence Level)

Comparisons A A N A N

As Forged vs. 1260'C-8h NS NS 99.9% NS 99.9% 99.9%
As Forged vs. 1260°C-24h 99% NS 99.9% 95% 99.9% 99.9%
As Forged vs. 1302'C-8h NS NS 99.9% NS 99.9% 99.9%
As Forged vs. 1302°C-24h 99% 99% 99.9% 99.9% 99.9% 99.9%
1260'C-8h vs. 1260'C-24h NS NS NS NS 99.9% 99.9%
1302'C-8h vs. 1302'C-24h 99% 98% 98% 99.9% NS NS

* Student's t distribution, two-tailed test

NS - differences not significant (<95%)
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Table 5 - Sulfide Measurements ALter Homogenization Treatments - 47.5 mm2 Specimens

AA NA N L

Heat Treatment (%) (mm-2 (1m) ( m2  (mm- 1 (m)

none 1.594±0.048 1415.6±148.8 4.88±0.32 11.93±1.19 8.54±0.60 118.3±7.5
1149 0C-8h 1.583±0.041 1440.4± 77.4 3.84±0.28 11.20±0.61 7.29±0.25 136.4±4.7
1149 0C-24h 1.629±0.025 1564.4± 79.0 3.49±0.23 10.63±0.53 7.15±0.16 138.2±3.2
1204°C-8h 1.655±0.033 1517.1± 97.6 3.65±0.27 11.24±0.78 7.30±0.20 135.5±3.8
1204OC-24h 1.525±0.045 1342.4± 62.9 3.14±0.20 11.48±0.47 6.09±0.17 162.7±4.8
1260°C-8h 1.668±0.028 1480.3±109.8 3.05±0.25 11.35±0.78 6.73±0.33 146.6±7.3
1260°C-24h 1.703±0.053 1547.7± 85.8 2.86±0.21 11.15±0.74 6.34±0.15 155.4±3.7
1302°C-8h 1.706±0.035 1501.6± 74.5 2.89±0.20 11.41±0.75 6.45±0.18 152.6±4.2
1302 0C-24h 1.613±0.052 1345.3± 87.6 3.19±0.23 12.20±0.87 5.80±0.18 170.5±5.5

Significance of Differences Between Means*
(Confidence Level)

Comparisons AA NA L A L _

As Forged vs. 11490C-8h NS NS 99.9% NS 99.9% 99.9%
As Forged vs. 1149°C-24h NS NS 99.9% 95% 99.9% 99.9%
As Forged vs. 1204'C-8h 95% NS 99.9% NS 99.9% 99.9%
As Forged vs. 1204'C-24h 95% NS 99.9% NS 99.9% 99.9%
As Forged vs. 1260°Ck-8h 99% NS 99.9% NS 99.9% 99.9%
As Forged vs. 12600C-24h 99% NS 99.9% NS 99.9% 99.9%
As Forged vs. 1302°C-8h 99.9% NS 99.9% NS 99.9% 99.9%
As Forged vs. 1302'C-24h NS NS 99.9% NS 99.9% 99.9%

* Student's t distribution, two-tailed test

NS = differences not significant (<95%)

reported by Gnanamuthu et al.(50) and Wilson limits were not calculated and the
et al.(51). These authors(50,51) used significances of the differences between
either a single treatment temperature(51) or these mean values were not determined.
a range of temperatures(50) and a much wider However, the results in Table 6 do show
range of times which may be required to clear trends but much more work would be
understand the trends. Times longer than needed to define the precision of these
24h were not considered in the work reported measurements. The results are in agreement
here as they are not practical commercially. with the previous data, Tables 3-5, on the

Sulfide shape factors were measured homogenized specimens.
using feature specific measurements of the OXIDES - Measurements of the oxides in
area, A, and perimeter, P, of individual each of the specimens used to evaluate the
sulfides and calculation of the classic sulfides (Tables 2-5) revealed that the
shape factor: homogenization treatments had no influence

SF = 41rA (7) on the oxides, as expected. Hence, to
p2 obtain better statistical definition of the

oxides, all of the data for the as-cast and
The shape factor for a circle is 1, less as-cast and homogenized, and for the as-
circular shapes, on the two-dimensional forged and as-forged and homogenized
plane-of-polish, produce values less than 1, specimens, for each section size, were
but no less than 0. About 1000 sulfides on combined. Table 7 lists the average results
each of four specimens (surface-to-surface) for the as-cast, 54 sq. mm, 47.5 sq. mm and
from each as-cast, as-forged, and homogen- 35 x 24 mm sections, the latter had only
ized condition, were measured to determine eight measurements due to the cracking that
an average shape factor for each specimen occurred in this section during forging.
per condition. The results for each Note that the oxide measurempnts for the
specimen for each condition were averaged as-cast specimens are significantly
and these values are listed in Table 6. Due different than the forged sections with a
to the rather limited sampling, confidence much greater area fraction, number per unit
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Table 6 - Shape Factors* of Sulfides

Homogenization Treatment
8h 24h

Material none 1149 0C 12040C 12600C 1302 0C 11490C 1204 0C 1260 0C 13020C

As Cast 0.933 - - 0.944 0.949 - 0.955 0.q55

54 sq. mm 0.809 - - 0.918 0.927 - - 0.925 0.934

47.5 sq. mm 0.699 0.761 0.847 0.R74 0.907 0.866 0.876 0.914 0.910

35 x 25 mm 0.668 - - - - - - -

* 47TA/P 2

area, size, and intercept count and a spreading out of the oxides with increased
smaller spacing. This is mainly due to hot reduction. Because N continually
detection of cavities within some of the decreases, substantial fragmentation of the

largpr globular sulfides. Both have the oxides has not occurred.
same gray level and separation of the oxides Skew and kurtosis (9) values for each
from the cavities is not possible(2). measurement parameter were calculated using

For the forged sections, we can see the oxide specimen averages for the as-cast.
clear trends showing a decrease in the area 54 sq. mm, and 47.5 sq. mm sections. For an
fraction, number per unit area, size and ideal Gaussian (normal) distribution, the
intercept count and an increase in the skew is zero and the kurtosis is three.
spacing (A) as the degree of hot reduction Table 8 lists the skew and kurtosis values
increased. Most of these differences are for each parameter and section size. Note
significant, as shown in Table 7. These that the skew values are all positive
changes in the stereological measurements showing that the data all exhibit right-
are due to examination on the longitudinal skewed distributions, that is, the mode is
plane only and the rotation, alignment, and

Table 7 - Oxide Inclusion Measurements

AA NA TNL X

Material (T.) (mm-2W)(1M 2  (mm )1(M

As Cast 0.0350±0.004 111.9±10.1 0.69±0.04 3.14±0.26 0.188± 0.018 7827±1285
54 sq. mm 0.0082±0.0008 66.4± 5.4 0.34±0.02 1.31±0.13 0.0655±0.0042 16903±1152

47.5 sq. mm 0.0067±0.0006 60.3± 6.0 0.29±0.01 1.27±0.13 0.0563±0.0043 22853±2364
35 x 25 mm 0.0040±0.0013 48.1±10.7 0.25±0.02 0.85±0.30 0.0409±0.007 25320t4089

Significance of Differences Between Means
(Confidence Interval)

Comparisons A A A NI A

As Cast vs. 54 sq. mm 90.97 99.9% 99.9% 99.9% 99.9% 99.9%
54 sq. mm vs. 47.5 sq. mm 99% NS 99.9% NS 99.9% 99%
47.5 sq. mm vs. 35 x 25 mm 99.9% 95% 99.9% 99% NS 99.9%
54 sq. mm vs. 35 x 25 mm 99.9% 99.9% 99.9% 99% 99.9% 99.9%

11 Student's t distribut ion, two-tailed test
NS = differences not significant (<95%).

Note: The number of specimen averages were 113, 100, and 168 for the as-cast,
54 sq. mm and 47.5 sq. mm sections, respectively.
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Table 8 - Skew and Kurtosis Values
for Specimen Means - Oxide Data

A N N-
A A L A L

Ske'. ( I3)

As-Cast 0.748 1.635 0.0008 0.186 0.250 9.731
54 sq. mm 1.856 6.815 0.917 1.955 0.467 1.238
47.5 sq. mm 3.709 11.355 0.147 10.326 3.153 19.229

Kurtosis (132)

As-Cast 4.081 6.963 2.285 2.559 3.093 15.324
54 sq. mm 5.295 13.577 3.888 5.008 3.690 4.188
47.5 sq. mm 9.111 20.823 3.692 18.324 8.647 34.326

Note: The number of specimen averages were: 113, 100 and 168 for the as-cast,
54 sq. mm, and 47.5 sq. mm sections, respectively.

less than the mean. If the data path data are not normal, except for one
distribution exhibits a pronounced "tail" on case, and are generally highly skewed. The
the right side (higher values), the positive as-cast data are the most normal while the
skew value is high, as in the case of the NA A 54 sq. mm section size data are nearly as
and mean free path data. As the kurtosis normal but the 47.5 sq. mm section size data
value increases above 3, it indicates that is only normal for the L data.
the distribution curve is more "peaked" than Skew and kurtosis values were also
that of the ideal normal curve. Values calculated for sulfides in the as-cast and
above 5 indicate non-Gaussian data as-forged (54 and 47.5 sq. mm) sections that

were not homogenized (Table 9). Except for
Table 8 shows that, in general, the one value, the skew values are low and the

skew and kurtosis values increase with kurtosis values are close to the ideal value
increasing hot reduction. Overall, the most of three for a normal distribution. The one
normal distributions are exhibited by the odd set of results, for the average length
average length data. The NA and mean free of the as-cast specimens, was influenced by

TaIc 9 - Skew and Kurtosis Values for Specimen
(As Cast and As Forged) Means - Sulfide Data

A N N-
A A 1. A L X

Skew (B1)

As Cast 0.067 0.085 5.838 0.069 0.088 0.030
54 sq. mm 0.883 0.113 0.046 0.00006 0.542 -0.117
47.5 sq. mm 0.176 0.346 -0.008 0.105 1.076 -0.104

Kurtosis (52 )

As Cast 2.356 1.777 9.951 1.897 2.750 2.844
54 sq. mm 4.388 2.313 2.662 2.450 3.450 2.782
47.5 sq. mm 2.114 2.319 2.130 2.251 3.699 2.443

Note: The number of specimen averages were: 31, 34, and 26 for the
ris Cast, 54 sq. mm, and 47.5 sq. mm sections, respectively.
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a. b

Figure 1. Examples of type I and type 11 (arrows) (Mn,Cr)S in the as-cast
ingot (unetched).

one r~ther high value, which may he an 8h and 1302'C for 24h. Comparison of Figure
outlier. Tables 8 and 9 demonstrate the 5 with Figure 3 demonstrates qualitatively
i-nfluence of the amount, number and size ofthsapcanemaurdhiag
the second phase on measurement statistics, analysis. Homogenization of the as-cast

MTCROSTRUCTURES - Examination of the specimens and the 54 sq. mm specimens (72%
microstructure uf Lhe as-cast specimens hot reduction) resulted in simple
revealed a mixture of type I and type 11 globularization of the sulfides. This is
sulfides with type I much more common, also apparent in the homogenized 47.5 sq. mm
Figure 1 illustrates regions containing (78% hot reduction) specimens but a second
globular type I sulfides and interdendritic effect is also observed, that is, manv of
type If sulfides The latter appear as the more highly elongated sulfides are
clusters of small spheres on the plane-of- necking down at one or more locations and
polish hut in three-dimensions they are rod "~pinching off" to form two or more smaller,
shaped and approximately parallel. For an globular sulfides (see Figure 6). This
average oxygen content of 84 ppm, such a effect was observed in all of the 47.5 sq.
mixture is expected. Hfollow-appearing mm specimens but only a small percentage of
globular sulfides were also observed as well the sulfides were so effected and very few
as some with irregular shapes, as have fully separated. It appears that the
illustrated in Figure 2. "1cylinderization" and "ovulation" of

Figure 3 depicts the typical appearance silfides(50-54) is accelerated by increased
of sulfides in the as-cast, 54 sq. mm, 47.5 hot reduction, that is, elongated sulfides
sq. mm, and 35 x 25 mm sections. A wide with their proportionally greater surface
range of sizes are observed and their area undergo these processes more rapidly.
distribution is typical of a resulfurized This occurs because surface diffusion is the
stainless steel. The wrought specimens show rate controlling process(52). The
increased elongation with hot reduction but homogenization times used were not long
the sulfides have largely retained much of enough, however, to complete this process
their globular appearance. for the hot reductions used. It is expected

Figure 4 illustrates the appearance of that the process of cylinderization -
oxidles in the heat. The large complex oxide ovulation - spheroidization would] have been
(Figure 4a) was the only one of this type more fulty developed if the 35 x 25 mm (91%
ob~served. The other oxidles shown are more hot reduction) specimens bad been available
typical. Nearly all of the oxides were for homogenization treatments. For the
insoitd the sulfide s rat theed r eds, experiment, a higher finishing temperature

insie te slfid orat he ed, r eds.wouldl 1e required to pievent cracking. Th is
Figuire 5) shows typical views of the wouild probably have prevented sulfide

soulfides i n the u s-cast and us- forged famnaina el
speimens after homogenizat ion at 126( 0 C forfrgettinawel
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0ItLM

d. e.

Figure 2. Examples of hollow (open-a and h, metal filled- c to e) sulfides and
oddly shaped su]lfides (h to e) in the as-cast ingot (unetched).

(:ONCIPS IONS average sulfide area remained constant while
they increased] in length; however, during

Mouisuremnent s of the suil fides and ox ides further reduction the sul fides fragmented
In Ij laorut orv size0 ingot of AISI 303 for pi oduc inrg shiorter, smaller Sul fides along
;rs -r ust and as-forged specimens with with the large increase in number density.
di Ifererit degrees of reduction using the new The diecrease in volutme fraction with
ASTM F.1245 image analysis pro:eduire has deformation is due to the rotation and
perm i t t ed do f i it i on of t he chauges in elongation of the sulIf idres parallel to the
in( Itusi on (haructer ist i S vi ewedi on ai plane hot working axis, which was also the plane
paiil lel to the iugot/deformat ion axis. Tihe of examination.
sir!Itide ri reui f raft ion anrd mean free put h Hlomogen iza tion treatments on the as-
(pper od i ( ui a r to t he do format ion axis) cast- and two of the as- forged sect ions (72

rli c roused wh i I o tire inut orcopt couint and 78% hot reduoct io(n) pr imar ilIy affec ted
nc roused '1format ion. The nirmber o f t he average l engthI (decreased) , the

sir ; i ) de pr iit r ou dec roused s i gh t I y i ntercept coiint (dcreased ) and the mean
re.moi nod fonstun t, urid t hen inir roused free pat h ( inc reased ). Tfhe number density
dr rau i illyiI when tre sirlf ides I rugmeirted ait was I argo I y irna I f ec tori . For the as-cast andi
tI he I u rgest aunit of hot red u( t i On (9 17) least de formed (72% rediic ion) as- forged

usd.As t hr- ingot wris, deformed, the
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a. As-Cast b. 54 sq. mm

------ il -D-a

c. 47.5 sq. mm d. 35 x 25 mm

Figure 3. Examples of sulfides in the as-cast and as-forged specimens,
longitudinal axis horizontal (unetched).

specimens, the longest treatments, except for one sample that was similar, and
particularly at the highest temperature, one that was lower, increased slightly with
produced an increase in the average sulfide homogenization. All of the homogenized
area and area fraction of sulfides. specimens of this section size exhibited
Cvlinderization and )vulation of the some evidence of cylinderization and
sulfides were not observed for these ovulation but the latter was rarely carried
specimens. to completion. Longer holding times, beyond

Results far the more highly deform,-d those that are commercially practical, would
(787) 47.5 sq. mm section produced little or he required for ovulation to be completed
no influence on the average sulfide areas; and for subsequent spheroidization. To
except for one specimen (slightly smaller), maximize machinability, such a process is
they were ident iral. The area fractions, probably not desired as it is generally

believed that large, globular sulfides are
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a. As-Cast b. 54 sq. mm c. 35 x 25 mm

ftW

4b.

d. 35 x 25 mm e. 35 x 2, mm

figure 4. Examples of oxides (Mn-silicates containing Al and Ti)
observed in specimens: a) large complex inclusion; c) isolated
globular oxide; b), d) and e) sulfides adhering to oxides or
surrounding oxides (e); sulfides gray, oxides black (unetched).

more desirable. Hence, such treatments spacing compared to the as-forged specimens.
should only be applied to less deformed This was due to detection of voids within
start ing structures so that globularization globular sulfides as well as oxides. Both
is achieved rather than cylinderization, features have the same gray level and cannot
ovuilat ion and subsequent spheroidization. be separated. For the wrought specimens,

Shape factor analysis for the as-cast the area fraction decreased, the average
an1 as-forged spe(imens revealed a length decreased, and the mean free path
diecreasing shape factor with increased increased with increasing deformation.
deformation, as expected. Homogenization The reduction of the area fraction with
treatments increased these shape factors increased deformation was due to the
with the de ree of improvement increasing as rotation of the oxides during deformation
the init al shape factor decreased, that is, and the use of a preferably oriented plane
homogen izat ion produced the greatest degree of examination, that is, a non-random
of shaipe fantor change in the most. hi ghI section plane. Except for the comparison of
dc formd sulfides. The shape factors the 54 sq. mm section to the 47.5 sq. mm
irreased s ith homogenization t emperat tire section (72 vs. 78% hot reduction), the
and I ime. number density and average area also

Meu, sorm(nt of oxides in the as-cast decreased with hot reduction. Also, except
spr,r imens prodiced a higher arca fraction, for the comparison of the 47.5 sq. mm
riumbe r density, average lenpth, average sec t ion to the 35 x 25 mm section, the
are-a, and i nit erc ept t omit and a Iower
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1260C-8h 1302C-24h

* ."

As Cast

54 sq mm

626

• 4 I

* - a

U -,*•

54 sq. m

4. sq. mm

F "iir( ;. F "dmplcs of sil f ides in the homoqeni zed spec imens: Lop-as cast; middle-
54 .q. mam; bottolm - 47.5 sq. mm (onetched).
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a. b. c

rI. e. f

Fi ure 6. Examples of the cylinderization and ovulation process (a to f) in
sulfides from the 47.5 sq. mm homogenized sections (a - 1149C for
8h, b to f - 1302C for 24h). Only the more highly elongated
sulfides were affected (unetched).
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BENEFICIAL ASPECTS OF INCLUSIONS IN ALLOYS:
TWO CASES - FREE-MACHINING BRASS AND OXIDE

DISPERSION STRENGTHENED ALLOYS
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ABSTRACT consequences. The detrimental
characteristics of inclusions are well

In certain materials, inclusions are publicized in steels because of their

introduced to promote specific profound effects on fatigue cracking,

beneficial properties. We give two cleavage fracture, stress corrosion
examples. In free-machining brass up to cracking and corrosion fatigue
3.5 wt. % Pb is present in the form of cracking. Conversely, the beneficialinclusions distributed mostly on the effects of inclusions in some materials
grain boundaries. The beneficial are well known, such as the enhancement
function is the promotion of excellent of machining properties in stainless
funcininthe promortiosnaeellt steels, medium carbon steels and brass.free machining properties, namely,Rearhoranubrfyashs

discontinuous chip formation. Our Research over a number of years has

experiments have explored the influence revealed that the chemical composition,
of Pb inclusions on machining and the size, shape and distribution of
parameters such as speed, feed and the inclusions in materials are
dpt r of u. Aditionl, fand variables that affect the properties.depth of cut. Additionally, an Techniques are being developed to

ultrasonic technique known as the cniquese be s, thus to

piezoelectric ultrasonic composite control these variables, thus enlarging

oscillator technique (PUCOT) has been the scope for continued research on

used at 40 kHz to monitor the behavior inclusions.
a function of In this paper we deal with some of

othperaue b i uon as bethe beneficial aspects of inclusions intemperature up to and beyond the materials. These aspects are

melting point of Pb. The physical form i ate d by csierti ofe

of the inclusions has a pronounced illustrated by consideration of a

effect on the mechanical damping of the material well-known for its free-
machining characteristics, brass, andbrass. In oxide dispersion strengthened then of some materials known as oxide

(ODS) alloys small percentages of dispersion strengthened (ODS) alloys.
inclusions are necessary to promote the For brass, the experiments explored the
desired high temperature mechanical role of lead inclusions on chip
properties such as strength and creep temperature, cutting force, feed force
resistance. For several standard ODS and thickness of the deformed chip. The
alloys we have calculated the influence cutting force and feed force were found
of chemical composition on the elastic
modulus, including the effects of the to be described best by a power law
inclusions and preferred orientation of model as a function of feed rate and
the grain structure. Some details of depth of cut. In terms of the thickness
the experimental techniques and results of the deformed chip, a linear model as
are discussed. a function of cutting speed and feed

rate characterized the cutting
A MERE GLANCE at the list of contents relationships best. Additionally on
of this Symposium is enough to convince brass, experiments with an ultrasonic
us that the presence of inclusions in technique were used to monitor the
materials has wide-ranging behavior of lead inclusions up to and

65



beyond the melting point of lead components of feed force, cutting force

(3270C). The technique showed that the (F,) and feed force (F,), were measured

physical form of the lead has a by a Kistler three component

pronounced effect on the mechanical piezoelectric dynamometer (model 9257A)

damping (internal friction) or and recorded. Sample chips were

vibration damping of the free-machining collected for each of the 72
brass. For seven ODS alloys we observations and the deformed chip

performed calculations of the influence thickness was measured. Of course, in

of chemical composition on the elastic the case of free-machining brass the

modulus (Young's modulus), with the chips were discontinuous. From the

elastic compliances (Si) of the samples, certain chips were chosen and

elements, the moduli ok the inclusions, examined in the Scanning Electron

and some measure of the preferred Microscope (SEM). Also for each
orientation of the grain structure of observation, the average shear plane

the alloys as input parameters. The angle was calculated using the chip
calculated values of elastic modulus thickness measurements, and the
were found to be within 6.3% (on temperature rises in the primary and
average) of the measured values taken secondary deformation zones of the chip

from the literature, were estimated from the force data and
shear plane angle using the equations

EXPERIMENTAL PROCEDURES AND given earlier (1). The properties of
CALCULATIONS free-machining brass used in the

calculations are: density 8497 kg/m
3,

1. MACHINING EXPERIMENTS ON FREE- specific heat 376 J kg-' K-1 and

MACHINING BRASS - The experiments were thermal conductivity 9.66 W m-1 K-1.

carried out on an engine lathe (a 406 Further details of the machining
mm Monarch Series 62 retrofitted with experiments are available elsewhere
an infinitely variable spindle speed (2,3).
drive) with the free-machining brass 2. MECHANICAL DAMPING MEASUREMENTS ON

(Copper Association Alloy C36000) of LEADED AND ON LEAD-FREE BRASS - The

chemical composition listed in Table 1. method used was the piezoelectric
Carbide tool inserts (style TNMG 332, ultrasonic composite oscillator
uncoated type K68) from Kennametal with technique (PUCOT) (4-6). The
a DTANRS-123 toolholder gave a side mechanical damping or internal friction
rake angle of -50, side clearance of (Q-') was measured continuously for
50, back rake of -50, side cutting edge specimens undergoing longitudinal,

angle of 00 and a tool overhang of 80 sinusoidal vibration at 40 kHz with

mm. The contact length at the chip/tool maximum strain amplitude of 3 x 10-
7 in

interface was approximately 1 mm. The the temperature range 25 to 400
0C.

tubular workpiece, prepared from a cold Heating or cooling rates of 16 or

drawn bar, was cantilevered in a three 50°C/h were employed. The specimens of

jaw chuck for orthoaonal turninq. The leaded (nominally C36000 brass) and
outer surface of the 44 mm cold drawn lead-free brass (see Table 1 for
bar was turned to 42 mm to eliminate compositions) were annealed at 4000C
the effects of the cold drawn surface for 30 min before the ultrasonic
and variation due to hardness on experiments were started. Full details
measured forces. The bar was drilled of the technique are given elsewhere
and bored to the appropriate inside (6).
diameter to give the desired wall 3. CALCULATION OF YOUNG'S MODULUS FOR

thickness representing depth of cut or ODS ALLOYS - A simple empirical
unformed chip width. Four equally approach was used to attempt to relate
spaced levels of depth of cut (in the the effects of texture and anisotropy
range 3.378 to 6.960 mm), three levels of ODS alloys, containing typically 1
of feed representing the undeformed to 2% inclusions, to the measured
chip thickness (in the range 0.216 to values of Young's modulus. Seven alloys
0.383 mm/rev) and three different were chosen for this study. Their

speeds (in the range 100 to 200 m/min) chemical compositions are given in

were used during machining. Double Table 2. The modulus was calculated as
replicates of each of the resulting 36 follows. First, the values for S_ for

experimental conditions were taken to the principal elements in the alloys
give a better estimate of the were incorporated in the equation to
variation. The data were taken in calculate the maximum anisotropy in
completely random order to avoid Young's modulus E. The equation for the

concentrating extraneous errors on any anisotropy factor (AF) is:
one group of observations. Two
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AF = En,/El = Sll/(S,1 -2((Sll- most effect on the thickness of the
S1)-S44/2)/3 ) . (1) deformed chip. The tool forces measured

Next, the average value of Young's in the experiments on free-machining
modulus for polycrystalline specimens brass were independent of cutting
of a particular element was modified speed. Of course, there is to be
(reduced or increased) by the use of a expected a big reduction in tool forces
modulus biased toward that for the resulting from the presence of lead
(100] direction, since this is the inclusions (7), but lead-free brass was
common texture in the ODS alloys. The not investigated in this study. In the
arbitrary factor (I+AF)/2 was used. For next three sections we have included
example, for aluminum the value of AF the measured values of the tool forces
is 1.2 and the modified modulus then and thickness of the deformed chip in
became 70 GPa/l.l = 63.6 GPa. Finally, calculations of the temperatures
the rule of mixtures was used to generated in the chip with the aim of
calculate the modulus for the alloy as assessing whether the lead inclusions
the sum of the products (fraction by melted during the machining process.
weight) x (modified modulus) for the 2. TEMPERATURE RISE IN THE PRIMARY

principal elements in the alloy. The DEFORMATION ZONE OF CHIPS (FREE-
value of the modulus for the inclusion MACHINING BRASS) - In considering the
(dispersed oxide) was taken to be 500 plastic deformation of the chip, there
GPa and was not modified by some are two aspects - the deformation in
portion of the anisotropy factor since the primary zone and the reworking of
this factor is unknown for such an the chip in the secondary zone. Each
inclusion. In total, the formula is: aspect is considered separately here.

orientation modified modulus = The rate of working for the primary
Summation (wt frac)i x (2/(l+AFi)) x zone is given as the product of the
(modulus)i + (wt frac)inclusion x 500 shear force and the shear velocity. An
GPa, (2) allowance is made for the heat
where the summation is taken over i conducted back into the workpiece.
elements or components in the alloy. Thus, the equation for the temperature
Table 3 shows the anisotropy factors rise deltaTp in the primary deformation
for six elements that are usually zone of the chip was presented (1) as:
contained in ODS alloys. deltaTp = (l-betat) (Fecos phi -

RESULTS AND DISCUSSION Ftsin phi)cos alpha/(rho c wotocos(phi
- alpha)), (6)

1. MATHEMATICAL MODELING OF THE TOOL where betat is the proportion of the
FORCES AND THICKNESS OF THE DEFORMED shear plane heat that is conducted back
CHIP (FREE-MACHINING BRASS) - In into the workpiece, phi is the average
conjunction with an examination of the shear plane angle, alpha is the tool
results from the machining experiments rake angle, rho is the mass density of
on free-machining brass, a rigorous the material, c is the specific heat,
postulation of mathematical models was w0 is the width of the underformed
performed (2,3) to represent the chip, and t. is the thickness of the
relationships between the dependent undeformed chip. With this equation and
variables (tool forces and thickness of the known or measured parameters, the
the deformed chip) and the independent temperature rises were found to be in
variables (cutting conditions). Only the range 87 to 1170C, much less than
the most important features of the the melting point of the lead
research will be summarized here. The inclusions (3270C).
rigorous statistical analysis led to 3. TEMPERATURE RISE IN THE SECONDARY
the following equations: DEFORMATION ZONE OF CHIPS (FREE-

MACHINING BRASS) - The regions of the
F, = A f 0 75 3 d0 999  (3) chip next to the rake face are now
Ft = B f 0 49 d0 . 3  (4) reworked in the secondary deformation
ti = C + aVw + bf, (5) zone. For this calculation the equation

where A, B, C, a and b (with b >> a) is (1):
are constants dependent on the units
employed, f is the feed rate, d is the deltaT, (max) = D ((Fcsin alpha +
depth of cut, t, is the thickness of Ftcos alpha)/Lwo) (rVw)1 /2 , (7)
the deformed chip, and V, is the where deltaT, (max) is the maximum
workpiece velocity. Clearly, the depth temperature rise along the secondary
of cut had the most effect on the tool zone, D is a constant dependent on the
forces, while the feed rate had the units employed, L is the contact
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length, and r is the chip thickness (8) for the fracture of ductile metals.
ratio (to/tl). With the experimentally In the case of the smooth side of the
determined parameters inserted into chip for the speed of 200 m/min, these
this equation, the temperature rises cuplets are smoothed out. It has been
were found to be in the range 91 to considered (1) that shear fracture is
2690C. Again, these temperatures are initiated in the primary zone by void
much less than the melting point of formation at the lead inclusions. In
lead. the secondary zone, the main function
4. THE MAXIMUM TEMPERATURE AT THE END of the lead inclusions is to provide
OF THE CONTACT LENGTH OF THE CHIP regions of low strength and to provide
(FREE-MACHINING BRASS) - Since the internal lubrication as the chip passes
machining process is a rapid over the rake face. The present SEM
deformation process, we have assumed observations tend to confirm these
that the maximum temperature T(max) at considerations.
the end of the contact length of the 6. THE INFLUENCE OF LEAD INCLUSIONS ON
chip is the sum of the temperatures THE MECHANICAL DAMPING IN BRASS -
gained in the primary and secondary Mechanical damping or internal friction
zones. Thus: is a measure of the ability of a

T(max) = deltaTI + deltaT, + material to dissipate vibrational
T(ambient), (8) energy. The level of damping is

where T(ambient) is room temperature. extremely sensitive to the
The use of this formula yielded values microstructure of the material. For
of T(max) in the range 247 to 4320C. studies of defects in materials one of
Therefore, for some combinations of the most sensitive properties to be
feed, speed and depth of cut it appears measured is damping. Internal friction
that the lead inclusions had the techniques are able to detect the
opportunity to melt. The various effects of defects at the atomic level
equations showed that speed and feed (dislocations, impurities, etc.) and to
affected T(max), while the depth of cut monitor the gross changes in damping
did not affect deltaTp and deltaT,. due to macroscopic defects such as
5. SEM EXAMINATION OF DISCONTINUOUS porosity and cracks. In this study we
CHIPS (FREE-MACHINING BRASS) - Direct demonstrate that a damping technique
evidence of the role of lead inclusions was able to distinguish easily the
in the formation of discontinuous chips effects on the internal friction of the
during the machining of free-machining presence of lead inclusions in free-
brass was obtained in the SEM study of machining brass. Two brasses were used
the deformed surfaces of selected in the damping studies - leaded brass,
chips. Figures 1 and 2 show SEM containing 3.5 wt % Pb, and lead-free
micrographs of the smooth (the brass, containing 0.03 wt % Pb (Table
underside surface of the chip that was 1). Thus there was over two orders of
adjacent to the rake face) and of the magnitude difference in the lead
rough (the free surface) sides of chips contents. Most of the lead in the
formed at workpiece speeds of 100 and leaded brass was present in the form of
200 m/min, respectively. For both cases inclusions on the grain boundaries.
the feed rate was 0.384 mm/rev and the Figure 3 shows the temperature
depth of cut was 6.96 mm. For the rouah dependence of the mechanical damping
side of the chip there was no during heating or cooling over the
significant change in the morphology of range 240 to 4000C for the two brasses.
the fracture surface when the speed was The curves for the lead-free brass
increased (Figures la and 2a). For the showed no evidence of damping peaks
smooth side of the chip it was noticed over the complete range of temperature
that as the speed was increased, the investigated (25 to 4000C).
surface became progressively smoother Significantly, the curves for the
(Figures lb and 2b). In particular, it leaded brass showed several interesting
was seen that at the highest speed features. On heating the specimen the
investigated, the lead was smeared on damping increased slowly and then
the smooth surface of the chip. It was started to decrease at 319+10C before
difficult to see a difference between it rose to a peak at 327+0.50C, while
the rough and smooth surfaces of the on cooling the specimen the damping
chips for lower speeds. In all the decreased smoothly until 305+10C when
micrographs there was evidence of it increased to about the original
cuplets or elongated dimples which level for heating at 280+10C. This
arise via the void-sheet mechanism of behavior was a consequence of the lead
crack propagation discussed by Rogers in the brass. For the leaded brass the
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Figure 1: SEM Micrographs of Chips of Free-machining Brass
(Workpiece Speed 100 m/min)
left: Rough side of chip
right: Smooth side of chip

Figure 2: SEM Micrographs of Chips of Free-machining Brass
(Workpiece Speed 200 m/min)
left: Rough side of chip
right: Smooth side of chip

TABLE 3

Calculation of Anisotropy Factor for Various
Elements from the Values of Sij

---------------------------------------------------------
Element Anisotropy Factor

---------------------------------------------------------
Al 1.195
Fe 2.182
Mo 0.816
Ni 2.212
w 1.000
Cr 0.766
-------------------------------------------------
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temperature dependence of the damping augmentation of the modulus due to the
described a hysteresis loop, whose oxide inclusion is about 10 GPa. While
shape was dependent on the exact this is only a percentage increase of
details of the temperature time history around 5%, the further advantage of the
of the specimen in the temperature presence of the oxide inclusions is the
range 260 to 3600C. For example, Figure enhancement of properties other than
4 shows the influence of particular modulus, such as strength, oxidation
temperature swings (or oscillations) on resistance and creep resistance - all
the appearance of the damping peaks at high temperatures. It is obvious
near 3271C. Clearly, the mechanism that what is needed is a better measure
controlling the damping peaks involved of anisotropy or texture for these
kinetic processes (i.e. both alloys and a more exact way of
temperature and time influence the modifying the moduli of the individual
picture). These and related elements and the oxide inclusions.
investigations of damping (6) led to Also, it is not known if the
the following explanation of the orientation of the oxide inclusions
damping peaks in leaded brass. The contributes significantly to the
decrease in damping at 319+1 0C on effects of texture of the ODS alloys.
heating was associated with the onset The use of other weighting factors
of melting of the Pb-Zn eutectic (0.5 besides weight fraction for the moduli
wt % Zn), while the sharp peak at of the components (volume fraction and
327+0.50C was due to the complete atomic fraction) are being explored.
melting of the lead inclusions in the
brass. On cooling the specimen the CONCLUDING REMARKS
damping rise starting at 3050C and
finishing at 2800C was caused by the Some of the beneficial aspects of
redistribution of lead in or near the inclusions in materials have been
grain boundaries. These experiments discussed in this paper. These include
showed that the presence of lead at the the well-known enhancement of machining
3.5 wt % level had significant effects properties of leaded brass by lead
on the mechanical damping in the inclusions and the enhancement of the
system. It would be an interesting elastic modulus of ODS alloys by oxideinclusions. In brass the lead
exercise to do further research to see inclusions pa a importa
if this phenomenon is present in other inclusions play an important role in
alloy systems where one component is the relationships of cutting force,
melted as the alloy is heated, feed force and thickness of the
7. YOUNG'S MODULUS FOR ODS ALLOYS - The deformed chip to machining conditions.
results of the calculations of Also in leaded brass, lead inclusions
orientation modified modulus for seven have a critical role in providing
ODS alloys containing up to 2 wt % mechanisms for vibration damping peaks
oxide inclusions (usually yttria or at temperatures near the melting point
thoria) are listed in Table 4. For good of lead. The calculations of modulus
agreement the ratio E(calculated)/ for several ODS alloys from the
E(handbook) should be near unity. An individual moduli of the components
examination of the ratio shows that its included the contributions of the oxide
value for the seven alloys falls in the inclusions. These conclusions
range -15 to +32% of unity, with an contribute to the general findings that
average value of +6.3%. The agreement the chemical composition of inclusions
between calculated value and in materials are important variables
experimental value is within 13% of that affect the physical and mechanical
unity for three of the materials - MA properties.
754, YD NiCrAl and MA 953. Although
this approach to calculating the REFERENCES
modulus for the ODS alloys shows modest
success, its attraction lies in a 1. Wolfenden, A. and P. K. Wright,
potential savings in alloy development Metals Technology, 6, 297-302 (1979).
schemes. These alloys are expensive to 2. Soepangkat, B. 0., Ph.D.
produce and the measurements of modulus Dissertation, Texas A&M University, May
at temperatures up to 15000C present 1988.
considerable experimental difficulties. 3. Soepangkat, B. 0. and C. L. Hough,
Thus this simple approach, although Jr., to be submitted to Metals
empirical, shows some potential for Technology.
estimating the modulus of these alloys 4. Marx, J., Rev. Sci. Instrum., 22,
of complex compositions. The 503 (1951).
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Temperature was Oscillated Between about 340 0 C and the
Temperature Specified on each Curve to Monitor the Re-
appearance of the Peak at 3270C in Leaded Brass.
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TABLE 1

Chemical Composition of Leaded and of Lead-free Brass
(wt. %)

Element Ref. 2,3 Ref. 6
Leaded Leaded Lead-free

Cu 61.15 61.32 70.4
Pb 2.46 3.5 0.03
Fe 0.061 0.05 <0.01
Zn 36.1 35.0 29.5
Ni 0.093 <0.01 <0.01
Sn 0.016 0.12 <0.01

TABLE 2

Chemical Composition of Some Oxide Dispersion
Strengthened Alloys

(wt. %)

Alloy Ni Cr Al Mo V Fe Ti Oxide*

MA 754 78 20 0.3 0 0 0 0.5 0.6
TD Ni 98 0 0 0 0 0 0 2.0
TD NiCr 78 20 0 0 0 0 0 2.0
TD NiCrAl 76.7 16.2 4.8 0 0 0 0 1.88
YD NiCrAl 78.1 15.7 4.5 0 0 0.2 0 0.98
8077 77.3 15.3 4 0 0 1 0.1 1.66
MA 953 40.2 18 4.8 0 0 35.6 0 0.21

* Usually yttria (YD) or thoria (TD)

TABLE 4

Calculation of Young's Modulus for Some ODS
Alloys Using the Composition of Each Alloy, the Modulus
Value for Each Element in the Alloy, Modification due to

Anisotropy, and the Rule of Mixtures

Alloy E(Handbk) E(Calc) Ratio
(GPa) (GPa) E(Calc)/E(Handbk)

MA 754 145 159.3 1.099
TD Ni 152 128.6 0.846
TD NiCr 130 159.3 1.226
TD NiCrAl 191.8 149.9 0.781
YD NiCrAl 133.6 150.3 1.125
8077 113 149.0 1.319
MA 953 147.3 154.1 1.046
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Abstract formation is facilitated by increased damage rates and strain
localization. It is concluded that at high strain rates

Tool wear and chip formation are two distinct phenomena (L>103/s), characteristic of high productivity machining, it
which have to be considered in the design of steels of improved may be possible to machine 'clean' steel with an attendant
machinability by inclusion engineering, gain in fatigue life and through thickness ductility.

Abrasion of the tool by inclusions or second phase particles in
the workpiece which are 'harder' than the tool contribute
significantly to tool flank wear. Alumina inclusi-ns which TOOL WEAR AND CHIP FORMATION are Lwo distinct
result from conventional aluminum deoxidation practice are phenomena which have to be considered in the design of steels
particularly harmful and their elimination, or modification to of improved machinability by inclusion engineering.
inclusions which are 'softer' than the tool, is one of the Abrasion by inclusions or second phase particles in the
features in the production of modern free machining steels. In workpiece which are 'harder' than the tool, contribute signi-
order to reduce tool flank wear, standard deoxidation practices ficantly to tool flank wear. 'Hard', abrasive alumina inclu-
are modified in secondary ladle steelmaking processes by sions, which result from conventional aluminum deoxidation
calcium injection and wire feeding processes to give 'soft' practice, are particularly harmful and their elimination or
anorthitic (CaO.2SiO 2 .AI 2 0 3 ) or gehlenitic modification to inclusions which are 'softer' than the tool, is an
(2CaO.SiO 2.AI 20 3) inclusions in the case of silicon/manganese essential feature in the production of modern free machining
deoxidized steels and duplex calcium aluminate/calcium steels with a given matrix. The presence of 'soft' silicate
sulfide inclusions in the case of aluminum deoxidized steels. inclusions can also reduce crater wear, through the formation

of an oxide film between the chip and the rake face of the tool
Thermodynamic models are used to relate liquid steel and which acts as a barrier against the high temperature
inclusion compositions as a function of the temperature and interdiffusion of elements between the tool and the workpiece.
soluble oxygen content. The predictions of these models are Tool wear can also be decreased by increasing the
compared with the industrial results obtained from the hardness of the tool surface relative to that of second phase
calcium treatment of continuously cast medium carbon steels, particles in the workpiece. This can be achieved through the

use of 'hard' coatings such as titanium carbide or titanium
Chips formed during the machining of low and medium carbon nitride. Significant progress has also been made in the
steels over a wide range of cutting speeds exhibit micro- development of sintered carbide and fibre reinforced ceramic
structural features characteristic of ductile fracture. The tool inserts. This new development in tool materials has
concept of critical accumulated damage is used to rationalize resulted in the attainment of industrial cutting speeds of up to
the fracture behaviour of these steels in chip formation during 600m/min.
metal cutting. Tool wear is also influenced by matrix properties. As

the flow stress of the matrix increases, the normal force acting
At moderate cutting speeds (v< 100m/min.), the traditional on the tool tip increases. Limiting strains for tool failure can
approach to promote chip formation is to introduce free- be brought about by a matrix, that is inherently 'hard'. On the
cutting additives, such as sulfur, which generate 'soft' inclu- other hand, a 'soft', ductile matrix without any second phase
sions. Voids nucleate at these inclusions to initiate ductile particles is equally difficult to machine in terms of chip
fracture. The role of these free cutting additives is to lower the disposal. Thus, "inclusion engineering" is an integral part of
critical accumulated damage in a given steel without contri- workpiece design for optimising microstructure with respect
buting to abrasive tool wear. The resulfurization of calcium to tool wear and chip formation.
treated 'clean'steels is based on this approach. Chips formed during the machining of low and

medium carbon steels over a wide range of cutting speeds,
At high cutting speeds (v> l00rrmin.) both phenomenological exhibit microstructural features characteristic of ductile
observations and theoretical analysis suggest that chip fracture (1,21. The primary role of free machining additives in
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steel is the production of controlled dispersions of second phase the experimental thermodynamic data base relating inclusion
particles which facilitate chip formation during machining compositions to the corresponding oxide activities, is
through the ductile fracture process of void formation, growth incomplete, and use has to be made of slag (inclusion) models
and coalescence. Traditionally, free machining additives, such to give a complete data base over the range of temperatures
as sulfur and lead, are used to promote the chip fracture and inclusion compositions encountered in industrial steel-
process at moderate cutting speeds (v< 100m/min) through making. In addition, the first order free energy interaction
the formation of 'soft' manganese sulfide and lead inclusions parameters, which are used to calculate the activities of
which do not contribute significantly to tool flank wear. These elements in solution in steel from their corresponding weight
steels have inferior mechanical properties, however, parti- percent concentrations, have usually been determined experi-
cularly strength, through thickness ductility and toughness. mentally at 1600C. In this application, their use is considered
However, enhanced ductility and toughness can be achieved to be tlid over the temperature range of steelmaking
through the production of clean steel by calcium treatment. In deoxidation.
this case chip segmentation can be promoted by high strain In developing deoxidation control for inclusion
rate machining. engineering, a statistical thermodynamic slag model

The first section of this paper discusses the control of developed by Gaye (11) is used to calculate component oxide
steelmaking deoxidation and calcium treatment practices for activities at a given temperature from the corresponding
the production of inclusions of controlled composition, volume weight percent oxide inclusion composition. The equilibrium
fraction and morphology, in order to facilitate chip formation Henrian activities of elements in solution in the liquid steel
without promoting tool wear. In the second section, the are then calculated for a given Henrian oxygen activity using
concept of critical accumulated damage is used to rationalize the thermodynamic data given in Table 1. The weight percent
chip formation in low and medium carbon steels at low and contents of the elements in solution are obtained from the
high cutting speeds. corresponding Henrian activities using the free energy

interaction parameter data given in Table 2.
DEOXIDATION AND LADLE STEELMAKING CONTROL INCLUSIONS IN THE MnO-A120 3-SiO 2 SYSTEM -

The importance of soluble oxygen content and temperature in
The composition domains of'soft' silicate inclusions, as deoxidation control can be illustrated by calculation of weight

defined by Bernard et al. [31, in both the MnO-A120 3-SiO2 and percent steel compositions in equilibrium with 'soft' inclusions
CaO-A12 0 3-SiO 2 systemz are shown in Figures Ia) and b), in the MnO-A120 3-SiO 2 system using an AISI 1045 plain
respectively. The shaded areas at high silica contents give the carbon steel base. Iso-weight percent curves for silicon and
compositions of 'hard' supercooled silicate liquid(s) while the manganese are plotted as a function of inclusion composition
shaued areas at lower silica contents represent the composi- at 1600C on the ternary phase diagram in Figures 2a) and 2b).
tion of 'hard' inclusions which have either partially or wholly The curves are computed for Henrian oxygen activities of
recrystallized when subjected to the specific thermal history of 0.0070 in Figure 2a) and 0.0080 in Figure 2b). From the data
the study. given in Figure 2a), a steel containing 0.60% soluble

The production of'soft' inclusion dispersions is the key manganese and 0.17% soluble silicon with a Henrian oxygen
to the development of steels of improved machinability in activity of 0.0070 at 1600C would be in equilibrium with an
terms of tool wear. Deoxidation practices can be controlled to inclusion containing 36%MnO, 31%SiO 2 and 33%A12 0 3 by
produce 'soft' spessartite (3MnO-A12 0 3-SiO 2) inclusions in the weight, i.e., the inclusion composition is given by the inter-
MnO-A120 3-SiO2 system for example. For inclusions in the section of the two iso-weight percent curves. The corre-
CaO-A120 3-SiO 2 system, standard deoxidation practices are sponding equilibrium inclusion composition of 45%MnO,
modified by calcium ladle treatments to give either 37%SiO 2 and 18%A120 3 by weight for a similar steel with a
anorthitic/gehlenitic (CaO-A120 3-2SiO 2)/(2CaO-A120 3-SiO 2 ) Henrian oxygen activity of 0.0080 at 1600C is obtained from
inclusions in the case of silicon/manganese deoxidized grades, the data in Figure 2b). Aluminum iso-weight percent curves
or duplex calcium aluminate/calcium sulfide inclusions in may be calculated for these figures, but the soluble aluminum
aluminum deoxidized grades. In the latter case, abrasive contents are too small in this case (<10 ppm by weight) for
alumina inclusions are modified to calcium aluminates on their use as a control variable in steelmaking. These results
which 'soft' calcium sulfide can precipitate3. Where the soluble clearly indicate the importance of oxygen activity measure-
aluminum content is too low (<0.01%) for conventional grain ments in the production of steels of controlled inclusion
refinement, use is made of established microalloying composition.
technology. The pronounced effect of teraperature on the

The prerequisite for inclusion engineering is a composition of an AISI 1016 steel in equilibrium with an
deoxidation control system in which liquid steel compositions inclusion containing 30% MnO, 50% Si0 2 and 20% A120 3 is
are related to corresponding equilibrium inclusion shown in Figures 3a) and 3b), where the silicon and
compositions using measured temperature and soluble oxygen manganese contents, respectively, are shown as a function of
activity data obtained from commercially available oxygen the Henrian activity of oxygen. Contents of 9.28% Mn and
probes. Comparison of the thermodynamic predictions with 0.10% Si by weight at 1550C are to be compared with contents
the results of industrial practice can then be used to determine of 0.42% Mn and 0.30% Si at 1600C for a given Henrian
the significance of any kinetic effects during liquid steel oxygen activity of 0.0070.
treatment and the extent of reoxidation during transfer
processes. The prediction of the composition of exogeneous

A thermodynamic model, which can be used to predict inclusions in this system is important since it often provides
the composition of silicate inclusions during liquid steel- the base for downstream inclusion modification by aluminum
making, and hence provide some measure of deoxidation and/or calcium additions.
control, is described below.

THE TIIERMOI)YNAMIC DATA BASE - For most
oxide systems relevant to steelmaking deoxidation practice,

74



INCLUSIONS IN THE CaO-AI 20 3 -SiO 2 SYSTEM - (ii) Increasing plastic strain promotes void growth.
For the inclusion engineering of anorthitic and gehlenitic (iii) With continuing deformation, damage accumulates to
inclusions in the CaO-A12 0 3 -SiO 2 system, the analysed total a critical value at which microstructural instability
aluminum and calcium concentrations in the liquid steel are occurs, resulting in void coalescence and microcrack
very low and are not known with sufficient accuracy during formation.
liquid steel processing to be used as estimates of their Thus the fracture process in chip formation is
respective soluble concentrations. Although the soluble analysed in terms of damage accumulation to ductile fracture.
silicon content can usually be approximated to the analysed The damage, in turn, can be assessed from the areal fraction of
total silicon content, inclusion compositions cannot be calcu- voids measured on SEM micrographs. The metal cutting
lated for measured temperatures and soluble oxygen contents conditions define the macroscopic strain distribution in the
using the silicon content alone. In addition, the generally primary and secondary shear zones. The geometry of the
accepted standard free energy of formation of calcium oxide is metal cutting operation and the cutting velocity are the key
too negative (7) and results in unreasonably low calculated variables of the metal cutting process. The microstructure,
calcium solubilities for given soluble oxygen contents. and in particular, the second phase particle dispersion, deter-

For inclusions in the CaO-A12 0 3 system, however, the mines the strain localization and consequently the microscopic
total analysed aluminum contents of the liquid steel are flow of the material. Thus, both microscopic and macroscopic
higher (typically 0.015-0.060%) and are reasonable estimates flow influence the damage process.
of the soluble aluminum contents. They can therefore be used MICROSCOPIC DAMAGE OBSERVATION ON
as control variables in the calculation of inclusion composi- CHIPS - The microscopic criteria for chip fracture involving
tions for measured temperatures and soluble oxygen contents, second phase particles have been studied using the pheno-
using thermodynamic data in the literature (7). menological approach. Detailed SEM studies of chips and

Predicted aluminate inclusion compositions in two quickstop samples, generated at various cutting speeds, were
liquid steel heats after industrial calcium treatment, are undertaken for different steels with the objective of mapping
compared in Table 3 with the compositions of inclusions found the damage associated with the type, size, amount and local
in the corresponding continuously cast billets. Reoxidation dispersion of second phase particles. One of the salient
between the ladle station and the caster is a possible cause of observations resulting from these SEM studies of chip fracture
the 'fade'in calcium modification. surfaces relates to the influence of cutting velocity on

The formation of liquid aluminates in the calcium accumulated damage. For example, an AISI 1045 steel,
modification of aluminum killed steels, minimizes the possibi- subjected to a spheroidizing treatment, exhibits void nuclea-
lity of nozzle clogging through the precipitation of alumina tion associated with carbides rather than extended void
and solid aluminates during continuous billet casting. growth, at low cutting velocities (< 100 i/min), see Figure 6.

Conversely, at higher cutting velocities
DAMAGE ACCUMULATION AND CHIP FORMATION (>200 mi/min), a medium carbon steel (0.45 wt.%C), with a

microstructure consisting of carbides and MnS inclusions,

A basic understanding of fracture processes associated exhibited pronounced growth of the voids associated with MnS
with chip formation in metal cutting is essential in order to inclusions and carbide particles, indicating that void growth
improve the machinability of a given grade of steel for a given dominates at higher cutting velocities.
rate of metal removal. The deformation process associated At very high cutting speeds, the tendency for
with chip formation is a heterogeneous one, involving high segmentation increases with cutting speed but the degree of
strain rates (104 - 10 6 /sec) and large strains (> 1) in a highly segmentation is incomplete until a critical speed is exceeded.
localized zone, a fev microns thick in ',Ie workpiece, extending Figure 7 shows a typical fully segmented chip, obtained at
from the tool/workpiece interface. Figure 4 shows an SEM 2000 m/min, from a medium carbon steel in the quenched and
montage of a quick-stop section of a low carbon, resulfurized tempered condition with the following typical analysis:
steel, at a cutting speed if 70 m/min Void nucleation is
associated with the fragmentation of cementite plates and Material C Si Mn P S Cr Mo
there is also evidence of decohesion around MnS inclusions. 42CrMoS4V 0.42 0.33 0.74 0.0012 0.029 1.04 0.18
Even at higher cutting speeds, ductile rupture regions are
clearly seen Figures 5a) and 5b) are SEM pictures of a chip A detailed examination of the SEM pictures of the fracture
obtained from a medium carbon (0.45 wt.%C) low alloy steel, surface shown in Figure 8 shows two distinct regions. The
at a cutting speed of 2000 m/min. The coalescence of voids into ductile rupture region shows characteristic dimples. Inclu-
cracks has culminated in fracture processes leading to chip sions and carbides in this region are associated with extensive
segmentation. void growth and linkage. The segmented fracture surface is

The various stages leading to total failure due to smooth and undeformed. Thus, following the region of ductile
ductile fracture may be summarized as follows: rupture there appears to be a region of catastrophic crack
(i) As the material is progressively worked, second phase propagation. Extensive void growth is the characteristic

particles and interphase interfaces start acting as feature of chip fracture surfaces obtained at high cutting
centres fo: the formation of voids. Void initiation velocities (>200 m/min). Figures 9a) and 9b) show extensive
occurs because of the inherent deformation incom- damage or void growth associated with MnS inclusions in a
patibilities which exist between the second phase chip from the same steel referred to in Figure 7, but generated
particles and the surrounding matrix. In the case of at a lower cutting velocity of 200 irmin. The segmentation of
oxides which are harder than the matrix, void the chip is incomplete in this case.
nucleation starts by particle cracking, and in the case

of sulfides which have a lower interfacial energy
between the inclusion and the matrix, dccohesion
occurs at the inclusion/matrix interface, even at low
strains
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MACROSCOPIC DAMAGE ANALYSIS - In order to values comparable with those in chips generated at moderate
predict the cumulative damage occurring in the plastic zone and moderately high cutting velocities (60-100 m/min). Thus
enveloped between the entry and exit slip lines, it is essential the increased damage rates can be rationalized by the increase
to develop a model which allows the determination of the in flow stress brought about by the higher strain rates.
stress and strain, and strain rate history at any point within ESTIMATING CRITICAL ACCUMULATED
the plastic zone of the chip. Hence, an elemental volume of DAMAGE - Deformation incompatibilities which exist
material can be followed along a streamline, and the damage between the matrix and second phase particles/ inclusions
accumulation can be integrated over the path. Phenomeno- normally result in local (microscopic) radial stresses at the
logical observations of damage occurring in quick-stop particle/matrix interface, giving rise to void nucleation by
samples do indicate that the hydrostatic pressure does not decohesion; alternatively the second phase particles could
vary linearly from the surface of the chip to the tool tip. The crack, resulting in void formation. The growth of these voids
hydrostatic pressure is compressive in the vicinity of the tool in the matrix, when subjected to a triaxial stress system in the
tip and becomes less compressive in the interior region of the gauge length set up between the adjacent voids, determines
chip. The hydrostatic pressure is equal to the flow stress of the the damage process. The dispersion of second phase particles
material at the free surface of the chip. In principle, positive in a given material determines the critical gauge length,
damage is possible within the deformation zone providing one through a material parameter ln(Md) where X is the initial
of the in-plane principal stresses is positive (tensile). void spacing and d the initial void dimension along the chosen

Sowerby and Chandrasekaran [121 have considered orientation. The void growth under a triaxial stress system is
this problem using a modified Slip Line Field theory [131. The complicated by the matrix deformation behaviour, which is a
theory was modified to take into account strain hardening. function of strain, strain rate and temperature. Sowerby and
The influence of temperature and strain rate was also Chandrasekaran [141 have developed an upsetting test using a
considered. According to their analysis, the damage rate can collar specimen to obtain a well defined strain path. The test
be related to the p/k ratio, where p is the local hydrostatic allows the determination of critical accumulated damage by
pressure and k is the local flow shear stress of the material, integrating damage along the strain path and at fracture,

Figure 10a) shows the variation in the pfk ratio as a according to McClintock's model for void growth [151.
function of distance from the free surface of the chip towards Machining tests carried out on an AISI 4340 steel,
the tool, along a P-slip line located near the middle of the subjected to different heat treatments are summarized in
primary deformation zone. Two cutting velocities were Table 4, from which it can be seen that discontinuous chip
considered. These quantitative results clearly show that the formation is promoted in steels with low CADF values (12).
effect of increasing the cutting velocity is to decrease the p/k DESIGN CRITERIA FOR STEELS FOR HIGH
ratio, making the local stress more tensile, thereby increasing STRAIN RATE MACHINING - The design of microstructure
the damage rates. The variation in damage rate along an for improved machinability can be analysed in terms of
interior streamline, containing the 'maximum damage rate' is (a) critical accumulated damage at fracture and (b) damage
plotted in Figure 10b) for cutting velocities 50 and 200 irmin., rate as a function of strain rate. At moderate and low cutting
respectively. The slip line field is shown in the inset diagram. speeds, the machinability of steels can be improved by making
Clearly, the 'maximum damage rate' increases with an free cutting additives that essentially lower the critical
increase in the cutting velocity. This is a significant result accumulated damage at fracture. In the past, the speed of
which can account for the phenomenological observations, cutting has been limited by tool life. At moderate cutting

At the free surface, where no damage occurs, the p/k speeds (< 100 mmin), the strain rate sensitivity is not
ratio is unity. In the interior region of the chip, the local significant, and therefore the machinability can be improved
hydrostatic pressure decreases to less than the local flow by increasing the volume fraction of coarse second phase
stress of the material. Under the conditions where p/k < 1, one particles or inclusions, thereby decreasing the critical
of the principal stresses will be tensile, which contributes to a accumulated damage at fracture. The MnS inclusion popula-
positive damage rate. The problem is one of integrating the tion is increased by resulfurizing the steel and with further
damage rate along a stream line from entry to exit slip line. free cutting additives, such as lead or bismuth, the critical
Microcracking will occur if the damage accumulated exceeds a accumulated damage (at fracture) is decreased.
critical value, which is characteristic of a given material. With the recent advances in tool materials, high
Since void growth dominates the damage process, the cutting speeds have become a reality. Sintered carbide tools,
interparticle spacing and the particle size are important ceramic tools, and tools coated by PVD and CVD techniques
microstructural parameters. have vastly improved tool life performance. High strain rate

Damage rates can be increased by increasing k, the machining imposes high normal stress at the tool tip. Modern
local shear flow stress, relative to the local hydrostatic stress, tools are capable of performing well under this condition, thus
p. As the p/k ratio is decreased, the triaxiality of stress is paving the way for high productivity machining. In view of
increased. The shear flow stress is a material property that is the economic gains in high productivity machining, the
a function of strain, strain rate and temperature. It will be technological forecast is the development of high speed
increased by an increase in strain and strain rate, but will be machining processes taking full advantage of high
decreased by an increase in temperature. The effect of performance ceramic tools. Under conditions of high strain
increasing the velocity is to increase the strain rate in the rate machining, it is possible to increase the damage rate
primary shear zone. through the dramatic increase in flow stress brought about by

TIlE INFLUENCE OF CUTTING SPEED ON high strain rates. This would imply that free cutting additives
DAMAGE RATES - The chips generated at high cutting are no longer required to lower the critical accumulated
velocities (2000 mimin) in low alloy steels show extensive void damage. Microalloying additions may then be used to
growth in comparison with chips generated at low cutting strengthen the steel, as long as they do not adversely affect the
speeds There is no inicrostructural evidence of high strain rate sensitivity of the material.
temperature softening of the structure The strain measure-
ments carried out on second phase carbide particles yielded
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Table 1 - Thermodynamic Data Base

Reaction Log K Reference

[Sillw/0 + 2[O]lw/o = Si02(s) (31040/T) - 12.0 4

[Mnlw/0 + [O]lw/o = MnO(s) (15050/T) - 6.70 4

2[Alllw/o + 3[O]lw/o = A12 0 3 (s) (61304/T) - 20.37 5,6

[Cal,/ + [Ollw/o = CaO(s) (25655/T) - 7.65 7

Table 2 - Interaction Parameters eii

Al C Si 0 Mn S Ca

Al 0.045(4) 0.043(8) 0.058(4) - 1.170(4) - 0.035(8) -0.072(4)

C 0.091(4) 0.140(8) 0.180(4) -0.130(4) -0.070(4) 0.110(8) -0.337(4)

Si 0.056(4) 0.078(8) -0.107(4) -0.140(4) 0.060(4) 0.063(8) -0.097(4)

0 - 1.980(4) -0.098(10) -0.250(4) 0.0 -0.083(8) -0.270(8) -

Mn - -0.012(8) 0.033(4) -0.030(4) -0.003(4) -0.026(8) -0.010(9)

S 0.030(4) 0.046(8) 0.056(4) -0.133(4) -0.004(4) -0.028(8) -

Ca -0.047(8) -0.097(8) -0.068(8)

Note Figures in parentheses refer to the references in the literature.
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Table 3 - Comparison of Aluminate Inclusion Compositions

Oxygen probe Aluminate Composition*
*0so [O(~Allsol

ppm
Temp. F E-mv Predicted Billet

2929 -156 5 0.032 CA+liquid CA +CA 2

2923 1 -156 5 0.028 CA lquid CA

*C =CaO, A = A12 0 3

Table 4 - Results of Machiningy Tests and CADF Measurements for an AISI 4340 Steel.

Heat Hrns AFDiscontinuous
Treatment HrnsCAFChips

OIL QUENCH 56 0.172 Yes, at
ROCKWELL 136 mlmin

"C"I

OIL QUENCH 47 0.224 Yes, at
AND ROCKWELL 234 in/mmn

TEMPERED HC"

AS RECEIVED 298 0.367 No, at Max Speed
BHN 400 in/mmn

PERDIZED 224 0.755 No, at Max Speed

F 7BHN 400 in/min
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Figure 2 - Iso-weight percent curves for silicon and manganese in the MnO-A120 3-SiO2 system
for an AISI 1016 steel at 1600C. a) ho =0.007 and b) ho = 0.008.
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Figure 3 - The effect of oxygen activity and temperature on a) the silicon content and bl the
manganese content of an AISI 1016 steel in equilibrium with an inclusion containing 30% MINO,
20% A120 3 and 50% SiO 2 by weight.
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(b) -

Figure 4 - a) Section of a 'quick-stop' chip from a low carbon resulfurized steel, and b) an SEM
montage, corresponding to the region marked in a), showing the primary and secondary shear

zones.

(a) (b)

Figure 5 - a) Ductile and shear zones of fracture in a shear localized chip obtained from a
medium carbon low alloy steel machined at a cutting speed of 2000 m/min., and b) Voids around

inclusions in the ductile rupture zone.

80



pM

Figure 6 - SEM micrograph of the primary shear zone in a 'quick-stop' chip obtained from a
partially spheroidized AISI 1045 grade steel at a cutting speed of 60 n/min.

Figure 7 - A fully segmented chip showing well-deformed crack initation and crack
propagation regions obtained from a 42 CrMoS4V steel at a cutting speed of 2000 m/min.
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Figure 8 - The fracture surface of a fully segmented chip obtained from a 42 CrMoS4V steel at a
cutting speed of 2000 mmin., showing that the coalescence of voids is complete on the crack
initiation region.

(a) (b)

Figure 9 - a) an SEM micrograph showing damage in the fracture surface of a partially
segmented chip obtairied from a 42 CrMoS4V steel at a cutting speed of 200 nrmin., and b) an
SEM micrograph showing extensive void growth (damage) associated with MnS inclusions in the
chip in a) above.
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Figure 10 - a) The hydrostatic shear/flow stress (p/. -atio, as a function of the distance from the
free surface of the chip (see insert); and b) Damage rate along a streamline contining the
maximum damage rate as a function of effective strain.
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ANALYSIS OF INCLUSIONS IN CAST Co.Cr-Mo ALLOY USED
FOR SURGICAL IMPLANTS

L. Z. Zhuang, E. W. Langer
Department of Metallurgy

The Technical University of Denmark
DK-2800, Denmark

a significant number of such implants have been
Abstract found to fracture during implantation, excision

or while in use (6). Such failures, when they
Cast Co-Cr-Mo alloys are widely used as surgical occur, are important to all concerned. Conse-
implant materials. The proper development of quently, premature failures in service of surgi-
this alloy system for such applications requires cal implants inside the human body should be
a sound understanding of the microstructural avoided by all means. Investigations concerning
characteristics and the structure-property the causes of failures of metallic orthopedic
relationships in this material. In the work implants indicated that many implant failures
described here, non-metallic inclusions in the have been attributed primarily to metallurgical
cast Co-Cr-Mo alloys are examined considering or manufacturing faults (7-9).
their significant effects on the performance of There are several metallurgical defects in
this surgical implant material. optical micro- the cast Co-Cr-Mo alloys (10), including large
scopy, scanning elctron microscopy and transmis- non-metallic inclusions, large inclusion popula-
sion electron microscopy have been used to tion, abnormally coarse crystals, undissolved
examine the morphologies and distributions of master alloy particles, abnormal carbide segre-
inclusions. EDS (energy dispersive spectroscopy) gation, interdendritic segregation, shrinkage,
technique has been used to determine the com- gas porosity etc, which are considered as being
position and structural formula of the inclu- the main causes of failures in metallic ortho-
sions. Electron microprobe analysis and X-ray pedic implant materials. Non-metallic inclusions
radiation mapping techniques also have been used in cast Co-Cr-Mo alloys affect both corrosion
to study the element distributions in the non- resistance properties and mechanical properties,
metallic inclusions. The influence of inclusions especially the fatigue behavior of the alloys
on mechanical properties of alloys is discussed, because they are regarded to be the crack

nucleating sites in fatigue.

MATERIALS AND EXPERIMEITAL PROCEDURE
A PROSTHETIC MATERIAL must function mechanically
without permanent deformation or failure while Cast Co-Cr-Mo alloys, commercially known as
leaving the biological tissues completely Vitallium or H.S.21, are examined. The chemical
unaltered. Therefore, the materials used for composition of the material which is used is (in
surgical implants must be resistant to corrosion wt.%): Cr-29.15, Mo-6.50, Fe-0.06, Si-0.05, Mn-
by physiological fluids; strong enough to with- 0.10, C-0.16, and Co-balance. Specimens are
stand the normal "hysiological forces without examined optically and by scanning electron
fracture, either in the short term associated microscopy as well as transmission electron
with overloading or in the longer term due to microscopy using commercial cast material in the
fatigue often imposed on prosthetic appliances; as-cast condition.
resistant enough to stress corrosion to with- Metallographic specimens are prepared by
stand high stresses while in the corrosive mechanical polishing and using electrolytic
environment and they must have a high degree of etching with etchant: 60 pct HNO 3 + 40 pct dis-
biocompatibility to ensure correct healing after tilled water by volume, 10-25 sec at 5V. Bulk
insertion (1-4). specimens which are prepared in the same way as

Cast Co-Cr-Mo alloys have a long history of the metallographic specimens are used for EDS
successful use as surgical implants(5). However, analysis and electron microprobe analysis as
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well as X-ray radiation mapping experiments. In
order to determine the chemical composition and
structural formula for inclusions without matrix
interference, carbon replica specimens with
extracted inclusion particles are prepared for
EDS analysis. The preparation of replica speci-
mens is carried out as follows: After the origi-
nal specimens have been electrolytically etched,
a thin film of carbon is vacuum deposited on the
specimen surface. Scored grids of carbon film
are removed from the specimen surface by elec- ,
trolytic etching with etchant: 60 pct HNO 3 + 40

pct distilled water by volume, about 2 min at
8-10V. Transmission electron microscopy is
performed using disc-shaped specimens 3 mm in
diameter. Final thinning is executed using an
electrolyte of 10 pct perchloric acid + 20 pct 50pm
ethanol + 70 pct butanol by volume. Electrolyte
temperature has been maintained between -200C
and -300 C throughout thinning and operation
potential is 30V. The specimens are examined in Fig. 2 Large oxide inclusion population formed
Philips EM301 transmission electron microscope by oxide films with casting shrinkage porosities
operating at 100 KV. in cast Co-Cr-Mo alloy. Escolaite oxide (E),

100Cr203 . Unetched.
RESULTS AND DISCUSSION

MORPHOLOGY AND DISTRIBUTION OF INCLUSIONS:
It is reported (8) that the inclusion content of
cast Co-Cr-Mo alloys is low compared to the
inclusion content of most stainless steels which
are also used for implants and referring to ASTM
standards (11) which gives the recommended
maximum for metals and alloys. However, the
results of this investigation proved that most
of the non-metallic inclusions in cast Co-Cr-Mo
alloys are present in unfavorable ways for the
material performance. According to the chemical -.
comp-sition analysis results of inclusion
particles which we will discuss later, we found
that there are two kinds of oxides in cast Co- 4E

. 50p

AI~l Zh,'d E

V" o 4 "Fig.3 Continuous grain boundary oxide inclusion
VA .precipitation in cast Co-Cr-Mo alloy. Escolaite

*1-..'. .' oxide (E), 100Cr 203 . Electrolytically etched
"  with 60 pct HNO 3 + 40 pct H20..M.

v .. . Cr-Mo alloys. They are classified to: escolaite
oxide (Cr203 ) and Cr-galaxite oxide (MnO-Cr203 )

4 "respectively (12). These two oxides are dif-
ferent, both in morphology and distribution. The

50PM majority of oxide particles in the cast alloys

are escolaite oxide.
Escolaite oxide (Cr203 phase), which has a

hexagonal structure, is common in chromium steel

Fig. 1 Large oxide inclusion population in cast inclusions. Sometimes separated oxide particles
Co-Cr-Mo alloy. Escolaite oxide (E), 100Cr 2O3 . of this type oxide in our specimens show the
Unetched. appearance with plane surfaces, hexagonal or

regular in section, similar to Cr-galaxite
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SW oxides leads to the formation of continuous

grain boundary oxide inclusion precipitations
and large oxide inclusions near grain bound-
aries, as shown in Fig.3 and Fig.4 respectively.

Et Long oxide strings are also observed, both
inside a crystal grain as in Fig.5 and along
grain boundaries.

Usually, chromium galaxite oxide (MnO.Cr2O3
phase) can be easily identified in microsec-

Fig. 4 Large oxide inclusions precipitated near
the grain boundary in cast Co-Cr-Mo alloy. Esco-
laite oxide (E), 100Cr203. Electrolyt'cally
etched with 60 pct HN03 + 40 pct H20

Fig. 6 Typical Cr-galaxite oxide precipitations
in cast Co-Cr-Mo alloy. Cr-galaxite oxide (G),
MnO.Cr2O3 with 12-15MnO, - 85Cr2Q 3 . Escolaite
oxide (E), 100Cr203 and Carbide (C), M2 3C6.
Electrolytically etched with 60 pct HNO3 + 40
pct H20.

Fig. 5 Oxide inclusions precipitated in long
strings inside a crystal grain in cast Co-Cr-Mo
alloy. Escolaite oxide (E), 100Cr2O3 . Electoly-
tically etched with 60 pct HNO3 + 40 pct H20.

oxide. This oxide morphology indicates that
oxide particles have a higher melting p int than
matrix. The typical morphologies and distribu-
tions of escolaite oxide in cast Co-Cr-Mo alloys
are shown in Fig.1 to Fig.5. Large inclusion

population, as shown in Fig.l, is caused by
abnormal oxide segregation in certain severe
oxide-rich areas. Fig.2 shows another kind of Fig.7 Hexagon-shape sectioned Cr-galaxite oxide

large inclusion population which is produced by particle with regular distributed spots (eutec-

large cxides combined with casting shrinkage tic oxide structure) in cast Co-Cr-Mo alloy. Cr-

porosities. In general, these oxides are oxide qalaxite oxide (G), MnOCr2O 3 with 12-15MnO,

films with a certain thickness around the shrin- -85Cr 2O 3 . Electrolytically etched with 60 pct

kage porosities. Inhomogeneous distribution of HNO 3 + 40 pct H20.
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tions. Crystals of Cr-galaxite oxide are often seldom observed. Fig.6 to Fig.9 show the typical

idiomorphic with regular sections. This oxide morphologies of chromium galaxite oxides in the
phase is also a common phase in chromium steel cast Co-Cr-Mo alloys. They show sharp regular
inclusions. Cr-galaxite oxide has a cubic polygon microsections and many of them have a

incusins. er-alait oxde as cuic number of white spots, which are cosidered as
structure and is of the spinel type (12). This ther of etect ic re on ts

oxide inclusion normally occurs as separated the product of eutectic oxide structure, on the

particles in cast Co-Cr-Mo alloys. Large oxide section surfaces. Fig.6 gives a small group of

inclusion population of this kind of oxide is Cr-galaxite oxide particles precipitated at or
near a grain boundary. There are also a few
small escolaite oxide particles and some of them

4act as nuclei for carbide precipitations, so
that large carbide particles are favored to form
at these places. In Fig.7, there is an isolated
chromium galaxite oxide which has a hexagonal
regular section with six white spots which are
also distributed regularly. Multiphase precipi-
tation of oxide and -arbide is shown in Fig.8.
Fig.9 is a transmission electron microscopy
photograph showing a long plate-shaped oxide and
a very small hexagonal oxide particle.

COMPOSITION AND CHEMICAL FORMULA ANALYSIS:
Both bulk specimens and carbon replica specimens
with extracted oxide inclusion particles are
used for quantitative composition analysis of
two different kinds of oxide phases in the cast
Co-Cr-Mo alloy by EDS and SEM. The results are
listed in Table 1 and Table 2 respectively.
Table 1 shows the analysis of bulk specimens
corresponding to Fig.10 for escolaite oxide and
Fig.ll for chromium galaxite oxide. Comparing

Fig. 8 Multiphase oxide/carbide particle preci- the analysis results both from bulk specimens
pitated in cast Co-Cr-Mo alloy. Cr-galaxite and carbon replica specimens with extracted
oxide (G), MnO-Cr 203 with 12-15MnO, - 85Cr203 , oxide particles, it is obvious that the results
Carbide (C), M23C6 . Electroiytically etched with obtained by using the replica specimens are much
60 pct HNO 3 + 40 pct H20. more accurate and reliable because they are free

Fig. 9 TEM micrograph showing a long plate-shaped and a quite small hexagonal
rihaped Cr-galaxite oxide particles in cast Co-Cr-Mo alloy. Cr-galaxite oxide
(G), MnO.Cr2 03 with 12-15MnO, -85Cr 203. Z -- [iTolfcc.
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Table I EDS Analysis of Oxide Inclusions in Bulk Specimens

Escolaite Oxide, Cr 2 03  Cr-galaxite Oxide, MnO.Cr2O 3

Wt% At% Wt% At%
Mo 2.57 1.42 Mo 1.66 0.92
Cr 92.32 93.99 Cr 82.73 84.20
Co 5.11 4.59 Mn 13.24 12.75

Co 2.37 2.13

Chemical Formula Chemical Formula

2.67Mo03-4.47CoO.92.86Cr2O 3  1.72MoO 3 -2.10CoO.12.02,'inO.84.16Cr 20-

Table 2 EDS Analysis of Oxide Inclusions with Replica Specimens

Escolatte Oxide, Cr 203  Cr-galaxite Oxide, MnO.Cr2O 3

Wt% At% Wt% At%
Mo 0.04 0.02 Mo 0.12 0.07
Cr 99.79 99.83 Cr 84.36 85.12
Co 0.17 0.15 Mn 15.35 14.66

Co 0.17 0.15

Chemical Formula Chemical Formula

0.05Mo03-0.l5CoO.99.80Cr20 3  0.13MoO3*0.15CoO-13.87MnO.85.85Cr 2o3

Table 3 Calculated Composition of MnO-Cr2O 3 from Table 2

Wt% At% Chemical Formula
Cr 8-1.61 85.31
Mn 15.39 14.69 13.84MnO.86.16Cr203

from the effects caused by the matrix. If we EFFECTS OF INCLUSION ON MATERIML PROPERTIES:
neglect the presence of trace elements: Mo and A considerable number of investigations concern-
Co, in these oxide phases, the escolaite oxide ing the failures of implant materials has con-
should be I00Cr 2 03 , and the corrected result firmed (10, 13-15) that most of the implant
from Table 2 for Cr-galaxite oxide is shown in failures may be classified as fatigue fractures.
Table 3. In this chromium galaxite double oxide, But in many investigations, such failires have
MnO content is lower than the ideal formula for been simply reported as due to "fatigue" or
the Cr-galaxite phase, which is 32Mn0.68Ci203  other general failure mechanisms, and the under-
(12). The range of MnO content extends, accord- lying causes for the initiation of these mecha-
ing to the present investigation, from about nisms, starting with the original injury or
12MnO.88Cr203 to l5MnO.85Cr203 . The presence of condition, is seldom examined and discussed.
two different kinds of oxide phases is also Apart from other factors, oxide inclusions
confirmed by the X-ray radiation mapping from play an important role in the fatigue failures
inclusions using electron microprobe system in of the cast Co-Cr-Mo alloys. There have been
SEM, as shown in Fig.10 and Fig.11. The results some publications concerning the effects of hard
are consistent with the EDS analyses. inclusions on the mechanical properties of

It is discussed in the literature (12) that materials (12, 16-22). A direct correlation
the Cr203 oxide inclusions in high chromium between the occurrence of large and hard inclu-
steels generally are transformation products sions and fatigue life of alloys has been proved
from chromite. They did not dissolve or join the since the inclusions act - stress-raisers in
slag in the steel when the chromite was dis- the materials. Micromechanics of fatigue crack
solved. They also may act as nuclei for indi- initiation at inclusions concerning the physical
genous precipitation of MnO, so Cr-galaxite events which occur at the oxide inclusions
oxides MnO.Cr20 3 are formed during steel-making. during fatigue crack nucleation has been studied
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Fig. t0 Electron and X-ray radiation

mapping images of escolaite oxide (E)

inclusions in cast Co-Cr-Mo alloy show-

ing the distribution of elements. (a)

electron image of oxide inclusions; (b)
Co radiation and (c) Cr radiation.

by Lankford e al (23-24). The void formation appropriate deformation processes so that criti-

between the inclusion particle and the matrix is cal peak stresses may be reached around these

caused by the generation of stress es of the hardn Crglduring the working condi-

interface of inclusion/matrix. These stresses tions. In the cast Co-Cr Mo alloys, the Vickers

are generated as a result of a shape misfit hardness of matrix is about 320, the hardness of
between a homogeneously deformed matrix element chromium galaxite oxide is ranged 1500-1700, 4-5

and the hard inclusion particle. Therefore, hard times higher than that of matrix, and the hard-

inclusions can be the ce rhe formation ess of escolaite oxide is usually higher than

of voids during the deformation processes of the hardness of Cr-galaxite oxide (12). There-

materials. These voids normally show sharp edges fore, according to the theory of the deformation

which have the same effects on the materials as index, the influence of escolaitie ain the

cracks. Thus, for fatigue factures, the nuclea- cast Co-Cr-Mo alloys on the mechanical proper-

tion stage of the fracture crack is already ties should be much more severe.

passed and the crack propagation is the limiting Even though most of the oxide inclusions

stage arne fatigue life of the materialso are small particles, if their separating dis-

According to the study of Sundstr6m (25), tances are small, they would constitute a severe

the deformation ratio between inclusion and defect. It has long been recognized that fatigue

matrix (the deformation index) could be related fracture is very strongly influenced by large
to the flow stress ratio between two phases. As inclusion population, as shown in Fig.1 and

the hardness of a phase is roughly proportional Fig.10. Essentially when many small cracks are

to its tiow stress, to a first approximation, closely spaced, the matrix ligaments between are

the relationship established by Sundstr~m should weakened, and the cracks rather rapidly link up

also hold between the deformation index and the so that large cracks are generated. The morpho-

hardness ratio. It seems reasonable to assume logies and distributions of oxide inclusions as

that inclusions which have a lower deformability shown in Fig.2 to Fig.5 are also presumably

may induce fatigue cracks in the alloys. This harmful to the fatigue properties of the alloys.

depends on their inability to transduce stresses Of course, such effect is also dependent upon

existing at the interface of inclusion/matrix by the magnitude of the applied stresses.
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ABSTRACT are almost always found in solid solution in
these phases [1]. A similar summary of sulphide

Advances in noninvasive technologies for de- inclusions important to steel making is shown in

tecting and characterizing inclusions are Table 1 [1].
enabling a more quantitative nondestructive Because of the generally deleterious in-

evaluation of the influence of inclusions on the fluence of inclusions on mechanical behavior of
behavior of materials. These advances are two- materials there is a trend in the industry to
fold: (1) development of analytical models pro- control inclusion content. Such control entails
viding quantitative descriptions of wave and among other considerations, elimination of in-

field interactions with inclusions and (2) clusions larger than a critical size for a given
development of advanced sensors and instrumen- application. Traditional metallographic nethods
tation that improve measurement sensitivity and for determining the size, shape, and distri-
accommodate a more diverse range of applications. bution of inclusions in metals are destructive in
The advances in these technologies provide an nature and as such are limited to sampling small

opportunity to apply new and innovative methods volumes of material to define the overall in-

of materials characterization to a wider range of clusion distribution in the material. When the

research and practical inspection problems. In component being examined is large and prone to
this paper an overview of some of the progress process dependent segregation, extrapolation of
associated with enhanced detection and quanti- data from small volumes of the material are

tative characterization of inclusions is pre- likely to exhibit wide margins of error. There is

sented. Noninvasive technologies based on also the possibility that critical size in-
interactions of elastodynamic and electromagnetic clusions will be present in the material and not
fields with inclusions are the primary focus of be detected in the sampled volume of material.
this review. Noninvasive techniques become very important in

such situations because of the opportunity to
nondestructively examine large volumes of ma-

INCLUSIONS FORM IN MATERIALS primarily by terial providing an excellent alternative to
reactions in the liquid metal or by precipi- statistical sampling as a quality control tool.
tation from the metal during cooling and A particularly detrimental influence mani-
solidification. They also form by mechanical fested by the presence of inclusions is the
entrapment of slags and refractories during introduction of localized stresses in the ma-
processing of the liquid metal. The exogenous terial. Localized stresses can occur in the
inclusions can serve as heterogeneous nuclei on neighborhood or proximity of inclusions. Stress
which the primary inclusions can precipitate localization occurs around inclusions because of
forminq a multiphase inclusion. In steels the differences in the thermal coefficient and the
most common inclusions are the sulphides and elastic coefficients between the inclusion and
oxides [I]; the elemental and phase romposition the matrix [2-5]. When the steel is cooled after
of the inclusions depending upon the processing heat treatment, the difference in the thermal
of the steel. Oxide inclusions in steel can coefficient betv'een the inclusion and the matrix
nearly always be referred to as AO-SiO2-B203, can generate tessellated stresses given by [2]:
where A stands for one or several of the binary
metals Mn, Fe2+, Mg and Ca; B for one or several aT = O(m2-a1) T (1)

of the ternary metals Al, Cr dnd re3+ [1]. Other
metals, such as Sr, Ti, Zr, V and Nb are some- where 0 is a function of elastic moduli of the
times also present in oxide inclusions, but they inclusion and matrix, and of inclusion shape,
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Table 1. Summary of Important Sulphide Inclusions
in Steels [From (1)]

Group in Phases Encountered in
Sulphide System per Table Steelmaking (ex.)

Those Most Important
in Steelmaking

Fe-S VIII FeS
Mn-S VII MnS
Mn-Me-S VII (Mn, Me)S, MnS Me2S3

With Transition Metals

La-elements-S III LaS, CeS
Ti,Zr,Hf-S IV TiS
V,Nb,Ta-S V VS
Cr,Mo,W-S VI CrS,MoS2
Co,Ni-S VIII Ni3S2

With Non-Transition
Metals

Cu,Ag-S I Cu2S
Mg,Zn,Cd-S II MgS
Ca,Sr-S II CaS
Al-S III A12S3
Sn,Pb-S IV ...

With Non-Metals

Me-S-X X=O,C,N Ti4C2S2, Ce202S
Me-Se ... MnSe
Me-Te ... MnTe

size, and distribution; a2 and al are the co- In addition to tessellated stress, the
efficints of thermal expansion of the matrix inclusion also magnifies the far field applied
and inclusion respectively, and T is the temper- stress because of the difference in the moduli
ature change. Brooksbank and Andrews [4] deter- between the inclusion and matrix. The tangential
mined the mean linear coefficient of thermal stress for an inclusion in a matrix with a far
expansion of some inclusions (Figure 1) and field applied stress ao is given by:
predicted that inclusions having the lowest
coefficient of thermal expansion as compared to al= ao (2)
iron would be the most damaqing to mechanical
properties of steels. Residual tensile stresses where 0 is the stress concentration factor
develop around such inclusions. On this basis the varying with Ei/Em [5]. The magnified local
worst inclusions in Figure I would be cordierite stress field is not symmetrical and varies with
(2MnO.2A1203.5SiO2), the various calcium inclusion size, shape, orientation, and location
aluminates and A1203 . Iron oxides and CaS would relative to the surface.
be neutral because of having about the same From the considerations presented above
coefficient of thermal expansion as iron. MnS then, the properties and characteristics of
would be beneficial because of its larger inclusions that would be useful to determine
coefficient of thermal expansion. During cooling noninvasively are size, shape, orientation,
from an elevated temperature, compressive location, and mechanical properties such as
residual stresses will be generated in the elastic moduli and strength related properties of
surrounding iron matrix, until voids form [5]. the inclusion. Also of benefit would be an
ihe tesscl!.ted stresses that develop have an ability to measure the changes in the macro-
influence zone that depends on their shape and mechanical properties affected by the inclusions
si7e. For spherical inclusions, for example, the and to noninvosively map residual stresses and
stresses in the matrix varies inversely as the stress distributions in the host material
cube of the distance from the inclusion/matrix qenerated by the inclusions.
boundary [51.
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Matrix Although much of the progress in noninvasive
Stress-raising potential technologies has been associatcd with detecting

,Vformingpotential and characterizing other types of defects besides
inclusions, many of the advances are relevant to

. Calcuim the problem of characterizing a number of the
c/ uminates properties of inclusions listed above. Before
A 66/ - - C:CaO I discussing these advances the fundamental_Z11////// 41A=AI2O3

)  _
A//A/eA1//0//] elements of noninvasive measurement systems are

A120 aO Cr2O5 - - Alumina O described in the next section.

'x. Spinels BACKGROUND• : (XO A1203 -

-- - - - - - -- - -- - - Noninvasive methods for detection andE ::::::Nitrides _
N-- - - -- - characterization of inclusions rely on waves and

, / C fields of various energy forms interacting withc CAS//// Silicates(a) V
.S E or propagating through a material and beingS/C:CaO\ absorbed, scattered or in some way, directly or

(A=A1203j indirectly, perturbed by any of a number of
MMnO =S / physical mechanisms. The types of waves and
\Sfields employed in noninvasive characterization

Silicates (b) of inclusions are usually either electromagnetic
-- --- -- or elastodynamic.

Simple Oxides The fundamental elements of a noninvasive
\ \ measurement system for detection and character-

Iron Oxides * . ization of inclusions consists of a sensing
.. element, a signal conditioning element, a signal

ns phides z , processing element and a data presentation ele-
_____________ __ _ment as shown in Figure 2. The sensing element

0 2 4 6 8 10 121,4 16 18 20 22 consists of a source or transmitter to generate
Mean Expansion Coefficient (0-800 C), the wave field that interacts with the inclusion

ax 0 6/C and a receiver to detect and measure the effects
of the interaction between the wave field andFigure 1. Stress-raising properties of inclusion. The signal conditioning element

inclusions in 1 C-Cr-bearing steel provides for conversion of the sensor output to a
(from (4)) suitable form for processing. This may include

amplification, analog to digital conversion,
In this review inclusion characteristics are filtering, or other modifications to the sensor

divided into four general categories. These are: signal. The signal processing element may
(1) macroscopic, (2) proximate, (3) boundary improve the inclusion signal-to-noise ratio
related, and (4) intrinsic properties of the through coherent or incoherent noise suppression,
inclusion. Specific characteristics or prop- deconvolve instrumentation and host material
erties associated with each of these categories influences on the signal from the effects of the
are: inclusion on the measured wave field parameter,

" Macroscopic or provide image enhancement through improvement
Detectability of lateral resolution using a number of focusing
Number or volume fraction techniques. The data presentation element
Size distribution displays the results of the noninvasive measure-

ment in a format convenient for interpretation,Spatial distribution such as an image or map of the spatial distri-
Macro-mechanical properties bution of an ensemble of inclusions, the boun-
Stress/strain field daries of an individual inclusion, or the
S Boundary Related gradient in a material property resulting from
Size and shape the presence of an inclusion.
Sizand sIn the application of noninvasive methods
Bonding there are two fundamental problems. The first is

Elmentasi andescribing the interaction of the wave field withElemental and phase composition the inclusion and surrounding material. This is
Mechanical properties called the forward problem and involves pre-

Strength related dicting the effect on the wave field for a given
Elastic moduli set of inclusion and matrix properties (i.e., the
Fracture toughness inclusion and material properties are given and
Ductility the scattered wave field is predicted). The

Physical properties second problem is backward propagation of the
Mare density wave field or inversion of the wave field inter-
Thermal expansion coefficient actions to determine characteristics of the
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Process, machine, structure,
Application materials, or system

being evaluated

Input ITrue value

L DE Sensing Sigal Signal Data

measurement element ditoning representation
ystelement element element

Fiuem 2.Geeicsrutueofa nonntiemaueetsse

Outp f Measured value

invoves Retinh theecun chaactr-undrtanigo h nlec ficuion o

measured parameters and to erivation
evaluatic -Terameters Triri n

Figure 2. Generic structure of a noninvasive measurement system

inclusion from the measured wave field par- known characteristics would be extremely valuable
ameters. This is called the inverse problem and for developing an empirical and phenomenological
involves predicting the inclusion character- understanding of the influence of inclusion on
istics from the scattered wave field or other material behavior. This would assist in the
changes in wave field parameters due to derivation of analytical models describing this
interaction with the inclusion. The inverse behavior in tes of the inclusion and host
problem is the more difficult problem of the two material properties. By being able to non-
but for which the solution also provides a more destructively characterize the inclusion before,
useful capability, during and after thefo-mechanical testing one

The solutions of both the forward and could considerably enhanc te tknowledge gained
inverse problems depend on the size classi- in an experiment to determine the influence of
fication of the inctusion. From the perspective inclusions on material behavior.
of metallurgists, inclusions may be classified asmetallic or nonmetallic, brittle or ductile, NONINVASIVE METHODS AS AN INSPECTION TOOL -

etc., whereas, from the perspective of nonin- Understanding the influence of inclusions on
vasive characterization, inclusions are clas- material behavior has little utility if methods
sified as small or large depending on wher t he are not available to detect whether inclusions
inclusion's linear dimensions are less or greater are present or the methods are incapable of
than the wavelength of the interrogating field measuring the characteristics of inclusions that
T the inclusion with respect to the affect the performance related properties of the
wavelength determines in practical terms how well structure or component in which ths are found.
the inclusion can be characterized. The larger Thus, noninvasive methods serve an essential
the ratio between the inclusion size and the function as an inspection tool providing in-
wavelength the less information one can extract process, end-product and in-service evaluation
concerning the properties and characteristics of of materials and structures.
the inclusion. With this general background on noninvasive

measurement systems and their advantages we
NONINVASIVE METHODS AS A RESEARCH TOOL - Non- proceed with a review of the advances in this
invasive detection and characterization of technology relevant to characterization of in-
inclusions would be useful for providing clusions and their influence on material be-
sufficient a priori information to design havior. Advances in noninvasive methods for
experiments to analyze the effect of particular characterizing inclusions and their influence on

inclusion characteristics on material properties. material behavior are discussed under the heading
Samples of a material containing inclusions with
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of each of the categories of inclusion character- Canella, et al. [9], analyzed sensitivity
istics properties outlined in the Introduction. obtainable with conventional immersion ultrasonic

testing with 10 MHz and 15 MHz focussed trans-
MACROSCOPIC CHARACTERISTICS ducers. The samples in this study included:

DETECTABILITY - Detectability is a measure • manganese sulphide, alumina and alumina
of the ability to determine the presence of in- silicate inclusions in plate samples of
clusions within a volume of a material. Detect- continuous-cast HSLA steel having a ferritic-
ability is the single most important aspect of pearlitic structure with small islands of very
noninvasive characterization since detection is a brittle martensite, and
precursor to measuring the properties of inclus- ° manganese sulfide inclusions in forged medium
ions as well as evaluating the influence of alloy round bar having a bainitic structure.
their presence on material behavior.

Detectability is addressed on two levels: The objective of Canella's work was to assess the
(1) detection of a single isolated inclusion, and dependence of scattered wave signals from small
(2) detection of clusters or fields of in- inclusions ( 1mm) on the size and position of the
clusions. This distinction is important because inclusions relative to the focal area of the
it is often possible to detect clusters of transducer. Comparison with metallographic
inclusions even though the individual inclusions examination of the plate samples showed that
in the cluster population are smaller than the detection of alumina and aluminum silicates posed
minimum detectable size for a single isolated no problems while reasonably large sulphides (50-
inclusion. Another important distinction is 100 Am) in both plate and forged samples were
between the meaning of detectability and sensi- often not detected at 10 MHz. Using a 15 MHz,
tivity. 100 mm focal length transducer the detectability

Sensitivity is usually defined as the linear of the sulphide inclusion showed significant
dimension of the smallest defect that can be improvement over the 10 MHz, 208 mm focal length
detected. It is not possible to assign a gener- transducer (i.e. detected the small sulphide
ally valid value to this dimension because of the inclusions). However because the depth of field
complex influence of many metallurgical, physical (axial distance over which the wave field remains
and instrumentation dependent factors. It has focused) of the 15 MHz transducer is less than
been demonstrated, however, that there is no that for the 10 MHz transducer the amplitude of
theoretical limit to sensitivity in ultrasonic the flaw signal falls off much more rapidly with
Lests and that it is possible to detect by means distance from the inclusion. This illustrates
of ultrasonics, flaws in steel which are much the importance of transducer design for a par-
smaller than the ultrasonic wavelength [6]. ticular application and the need to dynamically

Detectability of a single isolated inclusion focus wave fields to improve inclusion detec-
depends on its size, shape, orientation, certain tability.
physical properties such as mass density, elastic Using conventional ultrasonic methods
constants, morphological characteristics such as (focused 10 MHz transducer) alumina (A1203) and
surface roughness, and the microstructural and silica (Si0 2) inclusions 180 Am and larger have
physical characteristics of the material sur- been detected in Ti-6AI-4V powder compacts [79].
rouiding the inclusion. In contrast to sensi- However inclusions as small as 50 pm effect the
tivity, detectability can decrease with in- fatigue performance of this titanium alloy. Thus
creasing defect or inclusion size. This is the need exists to improve the detectability of
usually the case when an elastodynamic wave field inclusions.
obliquely impinges on an inclusion. Detect- Progress in improving the detectability of
ability is determined by the sensor (transmitter inclusions includes:
and receiver) directivity, and the inclusion
reflectivity and directivity. The detectability ° development of signal processing methods for
of clusters of inclusions, on the other hand target signal enhancement,
usually depends on more macroscopic character- 0 improved axial and lateral resolution in
istics such as how the mass density, electrical imaging systems through signal processing and
or elastic properties of the volume of the host transducer lens and array designs,
material populated by the inclusions are af-
fected. & development of sensors with enhanced

The effect of size and orientation on sensitivity and sensors that can accommodate adetectability using methods based on scattered wider range of environments such as hot steel,
elastodynamic waves is illustrated in Figure 3, ° development of automated systems providing
[7]. rapid, large volume coverage.

The surface roughness of the material can Signal Processing - If the inclusion isalso affect the detectability of inclusions. The large compared to grain size then coherent noise
effect of surface rouqhness and defect orienta- suppression techniques can be used to improve the
tion on detectability is illustrated for elasto- target signal to noise ratio. Spatially coherent
dynamic waves in Figure 4 [8]. noise can be suppressed by cross-correlation,
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spatial averaging, frequency averaging and split-
WUSTENBERG DIAGRAM spectrum processing [10,11]. Split-spectrum

processing has improved the target signal to
n tnoise ratio for a 1.19 mm artificial target in

40 2 MHz titanium with an average grain size of 15 Am by a
" Focused transducer diameter 70mm, factor of eight. Split-spectrum processing al-

F 500mm, I MHz gorithms have been found to give signal enhance-
> Figures give d (mm ment between 4 and 27 for stainless steel with

grain sizes ranging from 75 Am to 160 Am [10].
30 The principle of split-spectrum processing is

illustrated in Figure 5.
rThe enhancement of inclusion detectability

I "by spatial averaging of ultrasonic data is
\ \11 illustrated in Figure 6 [12]. The inclusions in

20 Figure 6 are slag inclusions in austenitic stain-\ less steel welds where ultrasonic noise due to
E 4 grain boundary scattering can mask the presence
< -" .. \ N- 5  of inclusions [12,13].

Resolution Enhancement - To improve
10 \2 detectability of individual inclusions within a

\110 cluster of inclusions a number of methods to
improve the axial and lateral resolution of
imaging systems have been developed [14-21].

15 14 2 Pulse-compression and time-domain deconvolution
0 have been used to both increase axial resolution

0 4 8 12 16 20 24 28 32 and signal-to-noise ratio. The principle of
8101 pulse-compression is illustrated in Figure 7 and

the improvement in axial resolution of a swept
Figure 3. Wustenberg diagram illus- frequency transmitted signal after pulse com-
trating the effect of size and orien- pression is illustrated in Figure 8. This
tation on detectability (from (7)) processing technique also enables greater pene-

tration depths in highly attenuating materials.
Synthetic focussing (SAFT), phased-arrays, and
other focusing techniques have been developed to

16 improve the lateral resolution of ultrasonic
Theoretically predicted curves for 2.25 MHz imaging systems. Phased-arrays and fixed lens

12 - 25 mm transducer. focusing methods also enhance detection sensi-

Range: 100 mm in steel compression wave. tivity by concentration of the energy emitted by
8 - a relatively large diameter transducer in the

small area of the focal zone [14].
4 6mm FBH:Odb Focusing using SAFT and phased-arrays offer

_ m man advantage over fixed focus lens systems by
E o 3m x----- enabling the focal plane to be swept through the

th thickness of the material automatically Dis-
l0-4 - 100gmroughness advantages of synthetic focusing techniques

include computer processing time (particularly in
-250m roughness complex structures) and decreasing signal to

500 pLm roughness noise ratios with penetration depth due to the
E -12 -point nature of the wave source employed [14].
< The improvement in lateral resolution using SAFT

-16 is illustrated in Figure 9 [15]. Phased-arrays.are presently the subject of considerable de-
-20 - velopment but technological problems with the

production of these devices have not yet been
-24 resolved [14].

Sensors - The development of a super-
-28 conducting quantum interference device (SQUID)

0 4 8 12 16 20 24 28 32 36 40 has provided an extremely sensitive device for
Tilt, degrees measuring changes in magnetic flux providing new

opportunities to improve the sensitivity and
Figure 4. Effect of defect orientation and depth of detection of inclusion based on
surface roughness on signal amplitude (from electromagnetic interactions [22].
(8)) Other sensor developments that have improved

to the point of practical implementation and are
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experiencing more extensive utilization include simply mapping the volume of material occupied by
laser induced ultrasound (LIUS) and electro- a cluster of inclusions, conventional ultrasonic
magnetic acoustic transducers (EMATs). These imaging and x-ray radiographic methods can be
technologies offer the advantage of eliminating a used. However, if determining the interspacing
need for liquid coupling normally required with of small inclusions is required, then enhanced
conventional piezoelectric ultrasonic trans- lateral resolution becomes necessary. Enhance-
ducers. Some work has also been performed to ment of lateral resolution in ultrasonic imaging
generate convergent ultrasonic wave fields by has be obtained using a number of fixed lens and
LIUS techniques. EMATs and LIUS are being synthetic focussing methods.
developed to detect slag inclusions in hot
steel. VOLUME FRACTION - The scattering of an

Improvement of near surface detectability elastodynamic wave field by inclusions gives rise
through development of new electromagnetic and to velocity dispersion [26-30]. This interaction
ultrasonic surface wave techniques is being has been studied for two-phase microstructures by
achieved. Rossmanith and Dally [23] have studied Sayers [26-28] and Latiff and Fiore [30]. Based
Rayleigh wave interactions with near surface on Sayers an expression can be derived relating
cavities and inclusions and have improved the the wave velocity to the volume fraction of
understanding of this wave interaction using inclusions
dynamic photoelastic methods to visualize the
wave field. (v/vo)=I+ (AV/V) (A+Bk2a2) (3)

Computer-Automated Systems 
- The

development of computer assisted or automated where v is the wave velocity with inclusions, vo
data acquisition for nondestructive evaluation is the wave velocity without inclusions, AV/V is
systems has promoted the introduction of advanced the factional volume of inclusions, k is the wave
noninvasive techniques. The enhanced perfor- number, a is the radius of the inclusion, and A
mance of noninvasive measurement systems is and B are constants. Since velocity dispersion
complemented by better and more information is a result of scattering and absorption mechan-
displays of the results so that the user is isms in general (Kramers-Kronig relation),
provided with much improved information scattering from grain boundaries, dislocation
concerning the condition of the test piece [24]. damping, and other intrinsic loss mechanisms

associated with the surrounding material will
SPATIAL DISTRIBUTION - The location of also give rise to dispersion. However, if the

inclusions with respect to the boundaries of the grain size is known from an independent measure-
host material has been identified to be important ment, and the contribution of other loss
in determining the influence of inclusions on mechanisms are relatively small then velocity
material behavior. Mapping the spatial dispersion can be used to estimate inclusion
distribution of inclusions has been approached in volume fraction. Also, if an identical sample of
a nunher of different ways. material, without the inclusions, is available

Computed x-ray tomography has been used to then the contribution of dispersion from the
nondestructively probe rare samples of the various attenuation mechanisms can be measured
Allende meteorite for calcium- and aluminum-rich and used to normalize the measurements on the
inclusions [25]. This allows the object to be sample containing the inclusions. Underlying
cut to obtain samples for analysis in the areas assumptions for validity of the model used in
of interest eliminating the necessity of crushing derivation of (3) are that the matrix material is
each meteorite to expose candidate inclusions for homogeneous and isotropic, the inclusions are
analysis. Regions of high and low atomic number randomly distributed and of approximately the
were resolved on a scale of millimeters. same size, the distance of separation, r, between

Backscattering of an ultrasonic elastic wave inclusions is large compared to the linear
field is another approach to mapping inclusion dimensions, R, of the inclusion (riR), and
locations. This approach has been used to detect inclusion dimensions are such that scattering
40-50 mm extended regions of manganese sulphide falls in the Rayleigh region, R/nI, where ( is
inclusions in 22-NiMoCr-3-7 pressure vessel steel the ultrasonic wavelength.
providing a quantitative indication of the extent Measuring the change in elastic wave
of the region of inhomogeneities from the spatial velocity and attenuation has been used to
extent of the backscattered amplitude [12]. determine the volume fraction of cavities or

Ultrasonic time domain reflectometry is pores (porosity) in sintered ceramics and
frequently used to map the spatial distribution compacted powder metals. Considerable success
of inclusions in metals and ceramics. The has been achieved in empirically correlating the
accuracy of this method has been improved by changes in both velocity and attenuation with
enhanced axial resolution using pulse- porosity volume fraction provided the matrix is
compression methods. otherwise homogeneous, and the pores are

Imaging methods are also often employed to spheroidal or cylindrical and randomly but
map the spatial distribution of defects such as uniformly distributed such that multiple
inclusions. If the principle interest is in scattering is negligible. The advantage of
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ultrasonic scattering methods over velocity yield strength and to some degree fracture
measurements is that depth profiling is possible. toughness have exhibitftd correlations with an

For example Rose [31] has shown that for ultrasonic cleanliness rating index for 4340
aluminum, sensitivities of ultrasonic scattering steel containing nonmetallic inclusions [57].
measurements to pore concentrations as small as
0.1% can be expected when the pore and grain PROXIMATE CHARACTERISTICS
sizes are comparable. The method will be
increasingly sensitive as the ratio of pore-to- As discussed previously, localized stresses
grain size increases. Sensitivities on the order can occur in the neighborhood or proximity of
of 1.0% may be expected for iron and nickel based inclusions. Stress localization occurs around
alloys provided the pores are more than five inclusions because of differences in the thermal
times the grain size. and elastic coefficients of the inclusion and the

Papadakis and Petersen [32] have also used matrix.
ultrasonic velocity measurements to map density Computer-assisted ultrasonic time-of-flight
variations due to porosity in sintered powder tomography has been used for mapping the internal
steel parts. stresses in metals [58]. Typically for steel the

stress resolution is approximately 6900 kPa.
MACRO-MECHANICAL PROPERTIES - Nondestructive Kino [59] has mapped stress distributions

methods are being developed to determine the around holes, Figure 10, and notches in tensile
change in mechanical properties (such as elastic samples. This method could potentially be ex-
moduli and strength related properties) due to tended to mapping stress distribution around an
the presence of inclusions. For example Fu and inclusion if sufficiently large or given
Sheu [33] have evaluated the effect of spherical sufficient resolution in the ultrasonic time-of-
aluminum inclusions in germanium on bulk and flight measurements.
shear modulus, mass density and porosity using However, despite an extensive body of
ultrasonic attenuation and velocity measurements. knowledge the results of ultrasonic mapping of
Vary has studied quantitative ultrasonic residual stresses has been disappointing. The
evaluation of the mechanical properties of inability to separate velocity change associated
engineering materials [34] which are summarized with internal stress fields from velocity changes
in Table 2. associated with any nonhomogeneous character of

House, Nestleroth and Rungta [35] have the propagating medium remains a serious problem.
studied the possibility of using elastodynamic Measuring velocity changes as a function of
and electromagnetic wave field interactions with magnetic field eliminates some of the problems
low alloy ferritic steels to monitor creep damage but is generally restricted to ferromagnetic
and perform insitu measurement of yield strength materials and the sample geometries accommodating
on low alloy pipeline steels. Although cor- the magnetic field measurement severely restricts
relations between nondestructive measurements the potential applications.
and changes in mechanical properties have been
established a number of problems remain to be BOUNDARY RELATED CHARACTERISTICS
solved in order to make absolute nondestructive
determinations of mechanical properties. SHAPE, SIZE AND DISTRIBUTION - There are

Electromagnetic and magnetic methods to two general approaches to determining the shape
characterize mechanical properties of steels have and size of an inclusion. One is by inversion of
been studied extensively in the Soviet Union [36- long wavelength scattering data where the linear
51]. A number of useful empirical correlations dimensions of the inclusion are small compared to
have been established, however, in none of the the wavelength. The other is by imaging short
literature has anyone successfully solved the wavelength wave fields scattered from the
inverse problem of predicting mechanical inclusion (i.e., where the linear dimensions of
properties from nondestructive measurements. the inclusion are large compared to the

wavelength). Acoustic microscopy [60-68]
CLEANLINESS - A common application of represents the latter approach.

conventional ultrasonic methods is to rate the Advantages of acoustic microscopy outlined
inclusion cleanliness of steel [52-57]. Progress in [60] are:
in this area has been primarily in increased
inspection rates through automation of ultrasonic 1. Optical opacity in thick samples of metal,
scanning, data acquisition and data processing. ceramic, etc. can be avoided with acoustic

Conventional automated ultrasonic C-scanning microscopy; internal structures are
has been used by Smith [54] to rate steel differentiated on the basis of intrinsic
cleanliness based on histograms consisting of the elasticity variations among the structural
number of echoes plotted versus the amplitude of components.
the ultrasonic indications. In other work 2. Microstructure within solids can be observed
ultrasonic cleanliness rating has also been nondestructively without resorting to laborious
correlated with mechanical properties of certain sectioning, polishing, and etching.
steel alloys. For example tensile ductility, 3. The real time feature of the technique

permits investiqation of dynamic behavior, for
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Table 2. Capabilities of Ultrasonics for Nondestructive
Evaluation of Material Properties

Material Property Ultrasonic Measurement Applicable Materials

Longitudinal Modulus Longitudinal Velocity Most Engineering Solids
Shear Modulus Transverse Velocity Most Engineering Solids
Grain Size, Microstructure Attenuation, Acoustic Microscopy Polycrystalline Metals
Porosity, Void Content Velocity, Attenuation Fiber Composites, Ceramics
Hardness or Hardness Gradient Velocity, Velocity Dispersion Polycrystalline Metals
Tensile Strength Velocity Stress Wave Attenuation Brittle Metals, Ceramics, Fiber Composites
Yield Strength Frequency-Dependent Attenuation Polycrystalline Metals
Fracture Toughness Frequency-Dependent Attenuation Polycrystalline Metals
Bond Shear Strength Resonance, Spectrum Analysis Metal-Metal Adhesive Bonds
Interlaminar Shear Strength Attenuation, Stress Wave Attenuation Fiber Composites
Stress/Residual Stress Velocity Most Engineering Solids

Adapted-from [34]

10 mm Theory
....- Acoustic experiment

Scan lines 0.8 1.0

19 mm0.

Q4 " ,J
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(b) Stress contour plots of results
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hole; normalized stress invariant.
Solid lines, theory; dotted lines,
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Figure 10. Ultrasonic mapping of stress distributions
(from (59))
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example, materials under stress can be observed experimentally and theoretically. The one
during the formation of plastic zones and during dimensional IBA has been used to characterize
fracture initiation. voids and, less extensively, inclusions. The 1-D
4. Physical and elastic properties of structure IBA was used by Hsu, et al. [72], to provide
are brought out by acoustic microscopy. information on size, shape and orientation. In
Quantitative data on acoustic indices of the latter case the authors concentrated on
refraction are available with acoustic inter- ellipsoidal shapes because the results would be
ference microscopy. The acoustic interferograms of general value since a wide variety of flaw
are related to the compressibility and density shapes can be approximated by using different
characteristics of the sample on a micro size ellipsoidal aspect ratios. Hsu, et al., [72]
scale. experimentally determined the size, shape and

Inclusions of iron, silicon and carbon as orientation of nonspherical inclusions in terms
small as 100 am were detected in silicon nitride of six parameters (three semiaxes and three Euler
disks using a scanning laser acoustic microscope angles) of an equivalent ellipsoid using a non-
(SLAM) [69]. SLAM size determinations of in- linear least squares fitting procedure. With
clusions are deduced from measurement of the this technique successful reconstructions were
first diffracted circle. This method of achieved for an approximately prolate spheroidal
estimating inclusion size gives results that are inclusion in a plastic and an oblate spheroidal
consistently larger than the sizes of the void in titanium. Practical limitations of this
inclusions determined metallographically. These method involve construction of transducers with
discrepancies were found to increase with the sufficiently large apertures and broad enough
depth of the inclusion from the surface of the bandwidths for accurate reconstructions.
sample. This is to be expected since the Hsu, et al. [73] also performing an in-
diffraction pattern expands as the scattered wave version using the 1-D Born approximation algor-
field leaves the inclusion. SLAM is a high ithm was able to determine the radii of near
frequency device thus limiting its utility to surface spherical inclusions . The results of
materials with low attenuation or to near surface actual versus calculated radii by Born inversion
examinations. However, pulse compression of measured ultrasonic data are given in Table 3.
techniques have been applied to acoustic These inclusions were stainless steel embedded in
microscopes to increase penetration depth [68]. plastic disks.
SLAM operates at approximately 100 MHz and can The performance of an inversion procedure
resolve individual defects with linear for a given set of scattering data improves with
dimensions of approximately 50 Mm. For the amount of correct a' priori information. In
comparison, ultrasonic holographic imaging order for the Born approximation to be effective,
resolution at 10 MHz is approximately 1 mm [70]. it is assumed the material properties of the

An advantage of ultrasonic imaging is being inclusion are close to those of the matrix
able to focus through the depth of the object material. To determine the size and shape of an
enabling random ultrasonic scatter to be identi- inclusion with unknown boundaries by application
fied. If the inclusion is large compared to the of Born inversion algorithms it must generally be
grain diameter then the fall in scatter with a assumed that the material properties of the
drop in ultrasonic frequency is less for the inclusion are known. Alternatively a probabil-
inclusion than for the grain structure. Thus istic approach to the inverse problem uses a
grain scatter in high resolution images can be stochastic measurement model which provides an
eliminated to reveal a less noisy image of the output that is the most probable flaw given the
inclusion [70]. Another way of implementing set of scattering measurements and available a'
dynamic focussing enabling the focussing of the priori information [74].
image at various depths is electronic beam Sablik and Beisnner [75] discuss pro-
forming using ultrasonic phased arrays as cedures for determining inclusion shape from
discussed earlier. Gebhardt [71] gives a thorough measurement of magnetic leakage fields from
review of the phased array technology, inclusions in magnetic materials. A magnetic

Considerable progress in the development of field is applied to a steel sample and inclusions
signal processing algorithms to perform inversion are detected by measuring perturbations in the
of long wavelength ultrasonic scattering data to applied field [76,77]. The change in the applied
yield the size, shape, and orientation of flaws field due to this perturbation is known as the
has been made in recent years. A particular leakage field and exhibits a field distribution
drawback with long wavelength inversion is the depending on the type of inclusion, its loca-
practical problem of obtaining elastic wave tion, its approximate size, and its orientation.
scattering measurements from the inclusion at This improves on other established theories
several viewing angles. Presently ultrasonic which treat spherical inclusions only. Although
transducers are not available which permit this the discussion of Sablik and Beisnner suggests
to be done efficiently and conveniently in the several tests for inclusion shape, these tests
long and intermediate wavelength end of the require switching of the scanning planes from
spectrum [72]. Nevertheless, the use of the constant x to constant y. Unfortunately, the
inverse Born approximation (IBA) to characterize experimental scans can be made only at the
inclusions in elastic media has been studied both surface of the sample thus prohibiting the switch
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Table 3. Comparison of Actual Radii and 1-D INTRINSIC CHARACTERISTICS
Born Inversion Results for Spheri-
cal Inclusions at Various Depths, ELEMENTAL COMPOSITION AND PHASE - Khuri-
(from (73)) Yakub and Kino [78] have studied the use of very

high frequency (200-500 MHz) ultrasound to detect
r, Actual r, 1-0 Born and identify inclusions ranging in size from 25-500 pm in ceramics. The identification concept

35 pm 54 Am 50 Am was based on different types of inclusions having
200 59 57 different frequency responses. The different
440 58 52
710 56 56 response between a void and a tungsten carbide

inclusion are shown in Figure 11.

to a perpendicular scanning surface. The authors MECHANICAL PROPERTIES - Except for the work
however, suggest that the field direction be described previously on determining macro-
switched by 900. To test for inclusion shape, an mechanical properties the literature appears
estimate of the direction of the symmetry axis devoid of any successful noninvasive measurements
from trackings at different z are first obtained, of intrinsic mechanical properties of inclusions.
The external field is then aligned with the
defect symmetry axis and finally the field is SUMMARY AND CONCLUSIONS
switched to a direction perpendicular to the
original one. Accordingly, this has the The major advances in noninvasive tech-
following effects: nologies relevant to inclusion characterization

are:
(1) Separation of the peak leakage field
intensity should decrease if the inclusion is ° Development of high resolution acoustic
prolate; increase if oblate microscopes,

0 improvement in resolution of imaging systems
(2) Peak amplitude of the leakage field through signal processing and image
intensity should increase if prolate; decrease if reconstruction such as deconvolution, pulse-
oblate. compression, synthetic focussing techniques, and

tomographic reconstruction,
If the inclusion does not have a symmetry axis a * advanced sensors such as phased arrays,
suggested approach would be to use the major and superconducting quantum interference device
minor dimension of the inclusion as one axial (SQUID), electromagnetic acoustic transducer
direction, with the other dimension as the (EMAT) and laser generated ultrasound,
perpendicular direction. * computer automated systems for rapid data

Although the model developed assumes an acquisition and interpretation of data,
infinite media it has been observed empirically ° progress in theoretical understanding of wave
for spherical inclusions that the amplitude- field interactions with defects and material and
volume and peak separation-depth relationships progress in inversion of ultrasonic and
retain their linearity if the leakage field electromagnetic field data to determine flaw
measurement is made at a boundary surface outside shape and size.
the medium. However deviation from the expected Considerable advances have been made in
values of the slopes of these relationships are extending the list of inclusion properties that
sufficiently large that development of theory to can be either qualitatively or quantitatively
describe the effect of the material boundary examined in a noninvasive manner. However much
would be useful. Another assumption is that the progress remains to be made in making the
material has a constant linear permeability complete transition from qualitative evaluation
independent of magnetic field intensity and hence to quantitative measurement of inclusion
independent of spatial position in the medium. characteristics and their influence on material
Experiments according to the authors indicate behavior.
that for inclusions it may be reasonable to
neglect nonlinear permeability effects.

BONDING - Work on the characterization of
bonding has been extensive but has not been very
successful, with some exceptions for a few
specific adhesively bonded systems, in
quantitative measurement of strength related
properties. Even so, much of the fundamental
work has been for semi-infinite substrates and
not related specifically to inclusions.
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ABSTRACT exact but must be associated with an error or aconfidence range. The usefulness of a measured or

Manganese Sulphide inclusions in steel have been deduced parameter depends on its accuracy. Hence a
chosen as a model dispersion to study the sources quantitative metallographic study should involve not only
and the magnitudes of the errors (variations) which the measurement of a parameter but concurrent estimate
arise in the quantitative optical metallographic of its accuracy. Only then can a model or theory be put
determination of size distributions of dispersed second to the test with confidence.
phase particles. The errors were shown to rise from In the following, the sources of variations
three sources viz.: (errors) associated with the optical metallographic

determination of particle size distributions are defined
(i) from methods used for sectioning correction: and either estimated or determined. The Fe-MnS system
(ii) the characteristics of the system under study: has been utilised for this study because of several
(iii) the instruments employed for the measurement of inherent advantages but the results have a far wider
the section distribution. relevance.

Broadly speaking, the various errors arise from

The upper limit of the inclusion diameters have been three categories of sources:
established for each of the above sources beyond which (i) the methods of analysis employed in converting
significant errors are not introduced into the size the 2-D etond ist buana oy a converting
distributions. The one factor analysis of variance has distribution;
been employed to estimate the extent of the total error d iition;(ii) the characteristics of the particular
in the conventionally derived parameters (such as mean distribution; and
particle diameter and the total number of particles per (iii) the instrument employed in the measurement
unit volume) from these distributions. A procedure has of the 2-D section distribution.
been described to determine the above parameters with a
chosen accuracy. These three sources are individually examined
To minimise errors in the parameters, the benefits of in separate sub- sections.
using a volume fraction based analysis rather than a METHODS OF ANALYSTS - In utilising
number based analysis have been demonstrated. sectioning correction techniques to derive particle size

distributions the following possible sources of error need
to be considered.

FROM AN EXAMINATION of the features present on
a two-dimensional section, quantitative metallography (a) differences in the 3-D size distributions
deduces certain spatial parameters such as the number arising solely from the use of different sectioning
of particles within a unit volume, their interfacial area, crt techi e and
volume fraction, etc. Because one dimension is lost (b) the choice between the upper limit of the
when sectioning the particles, statistical generalisations interval (ULI) and the interval centre (IC) as the
have had to be used in deriving the relationships representative particle diameter for each size interval.
between the parameters describing the particle and THE EFFECT OF SYSTEM CHARACTERISTICS -
section distributions. Additionally, in most situations, The determination of the section size distribution from
experimentation involves observation of a small,
'sample' area on which is based the conclusions about any one surface of a specimen is associated with a
the whole population. Therefore in quantitative statistical error due to variations from one field to
metallography a measurement cannot be considered as another. The accuracy determined for a distribution on
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TABLE I

Chemical Analysis of the As-Cast Ingots (wt.%)

Material Al C Cr Fe Mn Ni P S Se Si

S Steel 0.024 0.28 NA Bal. 1.20 NA 0.015 0.29 <0.005 0.07

Bal = Balance

"A = Not analysed

one surface cannot be assumed to apply for the entire
distribution, unless the particles are known to be
distributed randomly. In most metallic systems, the ingot sulphur prints. Samples of 15 x 10 x 8 mm
due to processing variables, variations occur within were cut from the ingot and annealed at 1050 C or
the specimen (micro-inhomogeneity) and from specimen 1350 C for a duration of 1, 2, 5, 10, 50 or 100 hours
to specimen (macro-inhomogeneity). The differences in an atmosphere of dried gas mixture of argon and
in derived size distributions due to these variables 5% hydrogen.
are of particular significance to the present system of A 'Quantimet 720' quantitative television analysisMnS inclusions in steels since inhomogeneity is a machine was used as a typical high quality, routine
knowncarautionstin sts sinstrument. The number and area fractions of the

The sectioning correction models apply to particle sections present within a test area of each
systems of discrete spherical particles, randomly specimen in the unetched condition were determined by
systemsed. of ererete spherica pritiesonoml san experienced operator. The fields of view were
dispersed. Therefore in the determination of size chosen to be at the centres of a regular array of sites
distributions, it is essential to know which divided the specimen surface into portions of

equal area [5]. Each optically resolvable section
(a) whether the particles meet the shape distribution was measured via the use of two objective

requirement of the correction procedures, and if not, lenses. An oil immersion lens of 125 x magnification
(b) an estimate of the variation in the size and a numerical aperture (NA) of 1.3 was used for

distribution arising from this deviation alone. section diameter in the range 0.5 am to 5.0 pm. The

INSTRUMENT VARIATION - Variations in size larger sections were imaged through a 32 x
d iNSRtNrAITObutions mayarisefrome insiet magnification lens of NA = 0.5. The entire size

distributions may arise from several of the instrument distribution was determined in 14 diameter intervals
features. A detailed study was previously made (21 of whose limits were chosen to give a constant logarithmic
several of these variables (viz. the resolution limit, variation in interval widths. The section sizing was
sensitivity, edge effect) and by observing the procedures based on the diameter of a circle of equivalent area.
recommended in that study the associated errors can be Computer programs were developed to convert (a) the
minimised. Two important variables which depend on section number distribution to the number of particles
the instrument operator are: size distribution (NPD) using the Saltykov technique [6]

or (b) the area fraction distribution to the volume
(i) optimum focus setting; and fraction distribution (VFD) via the Johnson-Saltykov (J-
(ii) threshold setting for the grey level detection S ehd[]

[3,41.S) method [6].
(3,4]. In this study definitions of the following

Finally, an aspect that must be considered is the parameters were taken from Underwood [6].

resolution limit of the optical system. This dictates the The mean particle diameter is

minimum measurable size and the error associated with
its measurement.

m
EXPERIMENTAL DETAILS E Nvif Di

Laboratory melts of high purity constituents were made N
in a vacuum induction melting/casting furnace. The v
full chemical analysis of the as-cast ingot is given in
Table I. No sign of macro-segregation was revealed in where is the upper limit of the interval (ULI)

group i, Nvi is the number of particles per unit test
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volume within that interval, Nv is the total number ofparticles per unit test volume and m is the total number
of group intervals. , N .is.the total number of "

The mean particle diameter based on volume

fraction distribution is defined as

m
EVvi "Di -9
i= I ~.'-~

Dv= (2) F)' ,-,.J.

where Vvi is the volume fraction of inclusions within a '

size interval i and V is the total volume fraction of the
particles in the matrix. V e. 120 pm

RESULTS *sp
4!z

The sulphide inclusions were type il [7]. They
lay as clusters of rods in interdendritic locations (a)
surrounded by proeutectoid ferrite, Fig I. Occasionally
sulphides occurred within pearlite colonies and appeared
to be spheroidal. Annealing at temperatures greater
than 950 'C resulted in spheroidisation and subsequent
coarsening o" the particles. With increased duration at
any temperature the inclusions tended to become
randomly distributed.

VARIATIONS DUE TO THE METHODS OF
ANALYSIS - Prior work [8,9] showed the following.

(a) The choice of either the Schwartz-Saltykov
or the Saltykov technique (ie a choice between the
arithmetic or logarithmic scale of intervals) does not
influence the accuracy of NPD. In practice, minor
differences may arise due to other variables such as the
statistical accuracy of counting, the non sphericity of
the particles etc., but not due to the analysis technique.

(b) The Johnson-Saltykov (J-S) method
introduces errors up to 27% in the number of
inclusions per unit volume determined within a chosen 30 P M
size interval. These errors arise from the assumption
of size interval mean area in the J-S approach and
may be eliminated by the use of modified coefficients
of the per cent relative cross sectional area [8].

(c) The upper limit of the interval is the (b)
representative particle diameter to be used for further
computations.

VARIATIONS INTRODUCED BY THE
SYSTEM - To determine the errors introduced into Fig. i - Location of MnS inclusions in the interdendritic
the size distributions from the different sources belonging spaces in the as-cast steel; (a) MnS mostly surrounded
to this category, two specimens, A and B, were by proeutectoid ferrite and (b) occassionally by perlite.
chosen for study and annealed at 1350 *C for different
durations. Specimen A* represented a relatively
coarse distribution. Specimen B* exhibited a much To minimise the effort involved infinerimiedistribution.lvd i
finer distribution. determining the section distribution with a desired

level of accuracy at an acceptable level of statistical
* Specimen A was a specimen chosen confidence, the minimum number of fields to be
from sulphur steel ingot and annealed examined has to be determined. For this determination,
at 1350 °C for a duration of 100 the inherent variability of the distribution from field to
hours. Specimen B was from the same field, ie the standard error of the observations within
ingot, annealed at 1350 *C for 10 each size interval, had to be deduced. The number of
hours.
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TABLE 2 DETERMINATION OF TIIE NUMBER OF FIELDS (nf) TO BE ANALYZED FOR A 20% ACCURACY (WITH TiIE 95S%

LEVEL OF CONFIDENCE) IN Nvi AND THE EXPECTED PER CENT ERROR IN N vi(E) W7IT1 75 FIELDS UNDER

A 125x OBJECTIVE LENS AND WITH 50 FIELDS UNDER A 32x OBJECTIVE LENS - TIlE SPECIMN WAS A

CAST S STEEL ANNEALED AT 1350 C FOR 100 HOURS (SPECIMEN A)

IDiameter limits of Average number of particles Standard deviation of Nv. ,Number of fields E at the
the section groups, per unit volume s x 10

9
, m

3  
vi rquired 95% level of

Jm N x 10 - 9 m- 3  
Nv nf confidence

O.S 0.73 1.17 x 105 1.02 x 105 1814 98

0.73 1.10 5.41 x 105 6.32 x 10
4  

33 13

1.10 1.59 2.55 x 10
5  

5.35 x 104 106 24

1.59 - 2.32 2.88 x 105 4.57 x 104 60 18

2.32 - 3.48 1.95 x 105 2.S6 x 104 41 15

3.48 - 5.00 9.54 x 104 1.8 x 104 86 21

5.00 - b.95 2.66 x 104 1.87 x 103 12 10

6.95 - 9.65 6.54 x 103 5.14 x 102 15 I1

9.65 - 13.38 739.0 122.0 66 23

13.38 - 18.44 5.94 14.4 14100 336

18.44 - 25.74 9.51 30.0 24000 438

25.74 - 35.90 0.0 0.0 0

Total number of
particles per 1.53 0.107 12 8
m

3
, Nv x 10 15

Average diameter, 0, vm 2.09 0.14 11 8

After Nvi datum for <0.73 pm particles was excluded

Total number of inclusions

per m3
, N x 10- 1 5  

1.41 6.85 x 10
- 2 6 6

v

Average diameter, , am 2.19 0.086 4 4

particles. The results in Table 2 indicate that on
sections present within each size interval were counted average, 75 fields under the 125 x objective lens and 50
in .steps of 25 fields for both the 125x and 32x fields under the 32 x lens satisfy the above condition.
objective lenses. Ten such measurements were made The error range of ± 98% for 0.73 um diameter
making a total of 250 fields under each lens. From these inclusions was so large that the N. results may not be
observations, the mean number of inclusions per unit considered as reliable. Thereiore in subsequent
volume in each diameter interval i and their standard analyses the N vi for this size range was deleted from
deviation SNvi were evaluated. If the maximum the computations. The large error range for inclusions
allowable per cent error in Nvi is specified as E, then the of diameter greater than 13.38 pm hardly affects the
approximate minimum number of fields (nf) required calculations of - since the proportion of these particles
may be estimated from the following equation [10] for is so small.

each size interval. The present study has shown that although the

per cent error in the determination of N v for
individual intervals within the useful size range (0.33 -
13.0 pm) may be as high as 24%, the two parameters NvZl-,/2 • SNvi • '00 and D are less susceptible to statistical errors (Table 2).

nf- N Therefore Nv and - are more reliable parameters thanE vi Nvi.
To determine the magnitude of the errors due to

the non-sphericity of the inclusions the size distribution
of the sulphide inclusions in Specimen A was

redetermined with the grouping of the sections being
Where Zn oa/2 is the (I-a/2) x 100 per cent point of a based on their diameters rather than their areas. The
standard normal distribution. The resultant values of results shown in Fig 2 and Table 3 indicate that no
Nvi, SNvj and nf for an allowed per cent error of variation is noticeable between the two distributions for
E - 20% in the determination of N . at the 95% level inclusion diameters greater than 1.1 pm. Therefore
of confidence (a - 0.05) are listed in Table 2, for beyond this size, the assumption that sulphide
Specimen A. It has been suggested [5] that an inclusions can be considered as spheres of equivalent
adequate number of fields is achieved when the volume has been justified. For inclusions of diameters
standard error of the number of particles in any size less than 1.1 pm the data are inconclusive.
range does not exceed 2% of the total number of
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TABI.E 3 COMPARISON OF TUE SIZE DISTRIBUTIONS DERIVED FROM MEASUREMENTS OF (i) SECTION AREAS: AND

(ii) SECTION DIAMETERS. ALSO, A COMPARISON OF TIHE DISTRIBUTIONS OF T11E ORIGINAL AND DUPLICATE
SPECIMEN (BASED ON SECTION AREAS MEASUREMENTS). SPECIMENS TESTED WERE SPECIMAN A AND ITS

DUPLICATE.

Diameter limits of Number of inclusions per m
3
, Nvi x IO

-
9

the section groups, Based on section area Based on section diametert Duplicate
Jm

0.73 - 1.10 (5.4 ± 0.4) x 105 (2.1 ± 0.7) x 105 (7.3 ± 1.0) x 105

1.10 - 1.59 (2.6 ± 0.3) x 10
5  

(1.8 ± 0.6) x 105 (4.2 ± 1.0) x I0)

1.59 - 2.32 (2.9 ± 0.3) x 105 (2.2 ± 0.5) x 105 (3.8 ± 0.7) x I0
5

2.32 - 3.48 (2.0 ± 0.2) x 105 (1.7 ± 0.3) x 10
5  

(3.3- ± 0.S) x 10s

3.48 - 5.00 (9.5 ± 1.1) X 104 (9.0 ± 1.8) x 104 (8.5 ± 1.8) x 10

5.00 - 6,95 (2.7 ± 0.1) X 104 (2.4 ± 0.2) x 104 (1.9 - 0.2) x 104

6.95 - 9.(5 (6.5 ± 0.3) x 103 (4.1 ± 0.9) x 103 (5.7 ± 0.6) X 103

9.hS - 13.38 (7.4 ± 0.8) x 102 (7.0 ± 2.9) x 102 (7.2 ± 1.7) x 10?

13.38 - 18,44 (5.9 ± 8.9) 0.0 0.1)

lftal number of inclusions 1.41 ± 0.09 0.903 0.11 1.98 ± 0.12
per m

3
, N x 10

- 1 5

p.'iii jarticle diameter, 2.19 ± 0.09 2.57 0 0.1 2.09 ± 0.08
I), .]

+ Because of machine limitations, the chosen section interval diameter limits were

different for the analyses based on section area and section diameter. For most
of the intervals these differences are not significant (refer Fig. 2).

0
s

C,, o Section Area

d Section Diameter

o Common points

10"

Fig. 2 - Comparison of the size distributions derived by
Quantimet; sizing was based either on section area or E
diameter to test the sphericity of the inclusions.
Specimen A was used for analysis. For purposes of 1±1

clarity the confidence limits of the measurements are not E..

presented in this figure but are given in Table 3 (See c ,
Discussion for the significance of the broken line.) 1 10

Iz

10"

1 10 100
INCLUSION DIAMETER prn

11x3



In order to discover whether or not the
distribution of particles within a specimen is
homogeneous, Specimen B was repeatedly sectioned and
analysed. The size distributions deduced from different
surfaces (Fig 3, Table 4) match in all size ranges except 1o

s

the 0.73 - 1.1 p/m one. Hence of the reliable groups 0 Surface I
of data, only those for the 0.73 - 1.1 um interval
displayed an influence from micro-segregation and this & Surface 3
is probably worse than the average of the differences 0 Common point
between the three surfaces.

To test for the variations due to macro- 10o

segregation, the size distribution determined for
Specimen B was compared with that from its
'duplicate' specimen. Both specimens were selected at d,

klrandom from the original ingot and both the L
specimens were heat treated together. The results
(Table 4, Fig 4), suggest that the distributions differ . 103

significantly within the intervals 0.73 - 1.1 pm and 1.1 ex
to 1.59 pm but not at larger sizes. Similar conclusions Z
were reached from a comparison of the results from Z

Specimen A and its duplicate, Table 3. Thus macro-
segregation may influence the size distributions up to an
inclusion diameter of 1.59 um but probably not beyond. 10
However, its effect on Nvi is significantly large because
of the large numbers of the smaller particles.

VARIATIONS INTRODUCED BY THE
INSTRUMENTS - The factors belonging to this
category and which influence the measured parameters 10
arise from the operational characteristics of the 1
Quantimet machine and the limitations on the resolution INCLUSION DIAMETER
of any optical system. These variables are:

Errors due to the instrument - Of course,
certain errors can be minimised by observing the
suggested precautions [2,11]. It may be taken as read
that such procedures should be and were always adopted. Fig. 3 - Influence of microsegregation revealed by a
However, other variables are less easy to control and it comparison of the distributions drived from different
is their effects that are discussed here. surfaces(Surfaces 1 and 3) of Specimen B. Analysis was

Tests carried out to determine the influence based on section area. The confidence limits are omitted
of drift in the instrument settings have shown a from this figure for clarity but are given in Table 4.
maximum variation of 14% in the measured area fraction
when the image of the largest section was not greater
than 10 picture points (pp) on the screen. However,
this variation reduces to 2% when fields containing Variations due to the optical resolution limit -
larger inclusions (up to 100 pp image size) were The purposes of the study were to find (a) at what level
examined. A series of tests was performed to establish are the measurements influenced by the limited optical
the influence of setting the optimum focus, and the resolution and (b) the reliability of 'Quantimet'
intensity on the monitor screen.. These were found to measurements to isolate the second factor. The machine
have no measurable influence, measurements on a particular specimen were checked by

Earlier studies [2, 3] indicated that (i) the manual counting. Two possible sources of error in
threshold setting influences considerably the number of manual counting are (a) limitations of optical resolution;
sections 'counted', and (ii) near the optimum setting of and (b) the statistical error due to counting. The
the threshold level, the area fraction of the second phase latter source is a measurable quantity.
determined increases linealy with an increase in the level In manual counting the inclusion sections were
of the thrshold setting. During this experimental work an assessed using a 'Carl- Zeiss TGZ 3 Particle Size
area basis was used to size the sections and thus it was Analyzer'. The analyzer sizes the sections by equating
desirable to have a reliable estimate of its influence. The their area to that of a circle [12].
group most likely to be affected by this threshold level The size distributions representative of the finest
setting is the smallest one, therefore Specimen B was and the coarsest level are compared by manual and
chosen for this test. The test was conducted by instrumental counting in Fig 6 and Table 5. This
resubmitting Specimen B unmarked, amongst different comparison shows that at the 95% level of confidence,
groups of specimens, without the knowledge of the the number of inclusions determined by both techniques
operator. The results of the comparison are shown in are the same for all sizes of inclusions in the specimen
Table 4 and Fig 5. They indicate that there was no of the as-cast S steel. However, for Specimen A, the
significant difference generated by this influence alone, distributions do not match for inclusion diameters below
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TABLE 4 INFLUENCE OF THRESHOLD SETTING, MICROSEGREGATION AND MACROSEGREGATION ON TIHE DETERMINATION
OF INCLUSION SIZE DISTRIBUTION (NPD) - SPECIMENS ANALYZED WERE SPECIMEN B AND ITS DIJPLICATE

Section group Number of inclusions per m
3
, Nvi x 10

-9

diameter limits, First set of After a time Repolished from 240 grit emery paper
'1 measurements lapse with the Duplicate

(Surface 1) threshold reset Surface section 2 Surface section 3 Specimen

0.73 - 1.10 (S.7 ± 1.1) x 10' (1.04 ± 0.14) x 106 r2.7 ± 0.37) x 106 (6.6 ± 0.9) x 10' (1.3 ± 0.17) x l()"

1.10 - 1.59 (7.0 ± 1.7) x 105 (6.3 ± 1.S ) x 105 (4.4 ± 1.1 ) x 10' (4.4 ± 1.1) x 10' (1.3 ± 0.3 ) x 106

1.59 - 2.32 (6.1 ± 1.1) x 10 s  
(5.3 ± 0.95) x 10' (5.6 ± 1.0 ) x l05 (4.7 ± 0.9) x 10s  (8.3 ± 1.5 ) x 10'

2.32 - 3.48 (3.3 ± 0.5) x 105 (2.9 ± 0.4 ) x 105 (2.6 ± 0.4 ) a 10 (2.6 ± 0.4) x 10' (2.7 t 0.4 ) x 10'

3.48 - 5.00 (8.6 ± 1.8) X 104 (1.1 ± 0.2 ) x 105 (6.7 ± 1.4 ) x 104 (6.1 ± 1..3) X 104 (8.3 ± 1.7 ) x 104

5.00 - 6.95 (1.2 ± 0.1) X 104 (1.15 ± 0.12) x 104 (1.6 ± 0.2 ) x 104 (1.4 ±0.14) x 10' (1.6 ± 0.2 ) x 10'

6.93 - 9.5 (1.4 ± 0.2) x 103 (2.S ± 0.3 ) x 103 (3.4 ± 0.4 ) x 103 (2.6 ± 0.3) x 103 (1.3 ± 0.14) x 103

9., - 13.38 (2.5 - 0.6) x 10? (2.1 ± 0.5 ) x 102 (3.3 ± 0.8 ) a 102 (2.34 ± 0.54)x 102 (2.3 ± 0.53) x 101

13.3 - 18.14 0.0 0.0 0.0 0.0 0.0

rotal r,,nber of
brlhi> ions uor 2.61 ± 0.16 2.61 ± 0.16 4.07 ± 0.24 1.91 ± 0.11 3.7 5 0.22

N, x 10

d''lg m e;,neter D, nm 1.98 ± 0.08 1.93 ± 0.08 1.57 ± 0.06 2.02 ± 0.08 1.82 0.07

105 -  0 Surface 1 i05S

0 Surface I
L Duplicate

a With new
0 Common points o Threshold level

o 0 Common points-o'- - 4o
10-- 10,

CIL IT
It 3

w Z

w10 2- 10 2

10- 10-T I 10
1 10 101 10

INCLUSION DIAMETER pm INCLUSION DIAMETER pmre

Fig. 4 - Influence of macrosegregation revealed by a Fig. 5 - Influence of the threshold setting on the size

comparison of the size distributions of Specimen B and distributiori. Specimen B was analysed based on section
its duplicate. Analysis was based on section area. The area. The confidence limits are omitted from this figure
confidence limits are omlled from this figure for clarity for clarity but are given in Table 4.
but are given in Table 4.
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ljAN11. 5 : COMI'ARISON OF THE INCLUSION SIZE DISTRIBUTIONS (NPD) DERIVED BY THE MANUAL COUNT

AND THE "QUANTIMET"

As-Cast S Steel sample Sample of Cast S Steel held at 13SO0 C for 100 hours (SPECI.-N A)

Diameter limits Number of inclusions, Nvix 10
-9

, m
-3  

Diameter limits Number of inclusions, Nvi x 10
"9
, m

-
,

of sectiongroups. , of section groups,
m Manually Counted By "Quantimet" vm Manually Counted tiy "Quantimet"

0.80 - 1.18 (1.1 ! 0.4) x 106 (1.5 ± 0.2 ) x 106 0.73 - 1.10 (2.1 ± 1,2 ) x 105 (5.4 t 0.7) x I0'

1.18 - 1.76 (1.0 ! 0.2) x 10' (7.4 ± 1.8 ) x 105 1.10 - 1.59 (2.1 ± 0.S3) x 105 (2.6 t 0.6) x 10"

1.76 - 2.33 (3.0 ± 0.9) x 10' (3.0 ± 0.5 ) x 10' 1.59 - 2.32 (2.8 ± 0.5 ) x 105 (2.9 ± 0.5) x I10

2.33 - 3.47 (1.6 ± 0.6) x I0 5  (1.1 ! 0.2 ) x 105 2.32 - 3.48 (2.2 ± 0.34) x 10' (2.0 ± 0.3) x I0

3.4 - 5.00 (2.2 - 1.9) x 104 (4.6 ± 1.0 ) x 104 3.48 - 5.00 (7.5 ± 1.0 ) x 104 (9.5 ± 2.0) x 10"

S.0- 0.95 (6.2 ± 0.6 ) x 101 5.00 - 6.95 (2.7 ± 0.3) x 11

.9 9 73 (1.2 ± 0.13) x 103  6.9S - 9.65 (6.5 ± 01.7) x 11

9 -1 3.38 (1.5 ± 0.4 ) X 102 9.65 - 13.38 (7.4 ± 1.7) x 102

13.38 - 18..14 0.0 13.38 - 18.44 0.0

l'otal number of
Ilncls;ons 2.57 ± 0.72 2.65 ± 0.16 1.33 ± 0.08 1.41 ± 0.08

N x Io15 0V

.\%tr,,( _jianstI, 1.77 ± 0.07 1.79 ± 0.07 2.54 ± 0.15 2.19 ± 0.09

Bv:cci of machine limitations, the diameter limits of the section groups used for manual counting do not exactly
m .ith those us.d for the "Quantimet" counting. However the difference is not significant (see Fig. 6).

* Ith cctiotsi i.re sized based on their diameter and not on their areas (see Discussion for the reasons for the
'Ilkii:v o, this method of sizing).

(A)
105

105
A 0 Manual

S

0 Manual o A Ouantimet
0 o 0 Common point

o A Ouantimet 101
104_'

10 a -

E
E

Ii

C0 0
13_

. . I1010 0

10020

10 10 2 INCLUSION DIAMETER pm
INCLUSION DIAMETER Pm

Fig. 6 - Comparison of the size distributions derived by manual and
Quantimet counting for (a) as-cast S steel specimen and
(b) Specimen A. The Quantimet data were collected based on section
diameter for case (a) and section area for case (b). The confidence
limits are omitted from this figure but are given in Table 5. (See
Discussion for the significance of the broken line.)
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A comparison of the 95% confidence error range
for manual and machine countings of Specimen A

TABLE 6: SOLCES AND 7fA ITUDES O ERRORS IN THE SIZE DISTRONS, (Table 5) reveals the following features. The per cent
AND THE SIZE LEVEL AT B4HCH THE I VLECE iY BE NOTICED AT errors due to counting are similar for size ranges 1.1 to
'RE 95% LEVEL OF COFIDENCE 5.0 pm, but not for the 0.73 - 1.1 um interval. In this

one the manual counting yields an error range of 54%
compared to 13% by machine counting. This comparison

Error noticed in Ni is valid since the magnification, and resolution in both
Sa uces of error nifference Difierenc. cases were nearly equal, about 3000 x and 0.2 pmSouce oferorInclusion in ini D

sizes magnitude V respectively, and the area of the specirrn surface
tia....d. examined for manual counting (3.58 x 10-1 ml) compares

well wit m2 that for the machine countingI. Coonting error 0.5 - 0.73 98

0.73 - 1.10 13 6 4 (3.24 x 10 ).
,13 300 The reasons for the larger error range associated

2. Sphericity approximation 0.73 - 1.10 45 22 8 with manual counting are examined first. The British

3. Miro.egregation Standards 15] suggest that considerable errors can arise
if the particle size is below 0.8 pm, even though the

Ii) Surfaces 1, 2 0.73 - 1.10 32 22 1.2
recommended minimum measured image size of 1.5 mm

ii) sorfa....1, 3 .e withineh - 1rag in diameter is fulfilled. By using diffraction conditions,examined range

Franklin [13] deduced that for particles of diameter
(iii) Surfaces 2 3 0.73 1.10 61 36 13 about five times the limit of resolution, the sizing of

4. Macrosegregation particles by the measurement of diameter is accurate to
(i) Specimen A 0.73 - 1.10 15 17 2 about 20% while the sizing based on the section area

1.f - 1 .59 25 has a precision of about 40%. The resolution limits
Iii) S;,e-men B o.73 - 1.10 19 41 4 of the 125 x (N.A. = 1.3) or the 100 x (N.A. = 1.2) oil

1.10 - 1.59 29
immersion objective lenses are about 0.2 pm with a

5. Comparison between the
manual and the 'Quantinet' radiation of wave length 0.55 pm. This is the smallest
,ountin(Specinen A) 0.73 - 1 . 10 4. .4 attainable resolution in most optical microscopes. Thus

6. F one - factor analysis the limiting diameter for measurement is about 1.0 pm.
of ariince total ..e or in 73 17 In actual practice the sharpness of the interface and
the -v teO hence the accuracy of the measured particle size is

influenced by not only the diffraction condition but
the optical reflectivity of the particles and the matrix and
the relative flow of the materials at the interface
during polishing. Under these conditions, the very large

1.10 pm. The Quantimet has measured a larger error range noticed for the interval 0.73 - 1.1 pm during
number of inclusions than manually measured in this manual counting is not surprising.
size range. In contrast the measurements by the machine

displayed a narrow confidence range for this size
DISCUSSION interval. The number of particles per unit volume

deduced for this size range by manual counting is much
The results presented so far have helped to smaller than that deduced by the machine. As

identify the sources, which may cause variations in mentioned earlier, the manual counting does not suffer
measured size distributions, In controlled experiments, from any systematic errors arising from the machine.
the magnitudes of these errors were measured for Hence it may be concluded that the machine over
each individual source. In most studies, the two counted the sections present in the range 0.73 -
parameters commonly used are the average diameter, 1.1 pm. This extra count is hereafter referred to as
D, and to a lesser extent, the total number of particles 'noise' and is electronic in origin rather than optical. (In
per unit volume, Nv .  In this section, the magnitude Figs 2 and 6 the extra count is represented by a broken
of the inaccuracies in these two parameters Nv and line). Since the error range is drastically reduced during
D are estimated from a combination of all the listed machine counting (cf. 13% with 54%), the noise
sources of error. Before evaluating the total error, an contribution must possess a very small standard
attempt was made to determine which of the possible deviation, ie a near constant number of counts was added
errors were contributing, onto the actual number of sections in the range 0.73 -

The per cent difference between the size 1.1 pm.
distributions was deduced for each source of error. The The complete size distribution derived for
comparison was made by taking into account the 95% Specimen A on a diameter basis is not significantly
confidence limits of the measurement of Nvi. The size different from that found by manual counting (cf.
range within which significant differences were Tables 3 and 5). Similarly the as-cast S steel
noticed and the percentage of these differences in particle size distribution, analysed on the machine on a
Nv , Nv and D are listed in Table 6 for each source. diameter basis, matches well with the manually counted
The differences were estimated from the mean value of ^ne (Table 5 and Fig 6). From these observations the
the two distributions used for comparison, following conclusions may be drawn:
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seen that the per cent errors for the system (expressed
as a percentage of the grand mean value) at the 95%
level of confidence are 73% and 17% for N v and "r
respectively.

An alternative basis for the representation of the
TABLE 7: ONE-FACTOR A;ALYSIS OF VARIACE APPLIED TO 19 PAIRS OF STEEL

SPECIMENS A.NEALED AT 1350 -C - PARAMETERS STUDIED ARE TOTAL size distribution is that of the volume fraction of the
NL-9RERO tNCLUsIoSs PER UNIT V0LUM, N' ' A.F'0 AVRAE SETER inclusions present in any particular size interval (Vvi)

Grand mean of N 1.56 x 10
15 

-3 This approach results in far more emphasis being given
n mto the larger particles and less to the large number

Grand near of S - 2.391 of small particles. There are various reasons for

considering that this is a valid and more reliable
approach to the overall problem. The most obvious is
that 90 % of the total volume of the inclusions present is

Based on N. Baed on 5 contained within a few large inclusions.
Varia:ion The counting error in determining VFD was

d variac df varianceO
-6  

2 measured in a manner similar to that for NPD. A
comparison of these results, Table 8, with those for

Within treatments 18 1.839 18 0.398 NPD, Table 2, show that they are similar in each size
Reidoal 29 0.672 19 0.087 interval. Therefore to determine either NPD or VFD

with a given accuracy the sample area to be examined is
nearly the same. In Fig 7 the measured VFD is

df - degr..e..of freedu.l compared with that derived from NPD by using ULI as
F - variance rato 0 the representative particle diameter. The two
Standard error in , 1 . .58 n o1  distributions match well. This suggests that NPD can be

converted to VFD and vice versa without introducing
2 error in grand mear N at the 952 level of confidence - 73. errors.

The most obvious difference between the volume
Standard error in 15 . .-. 0.209 . based and number based distributions from the same

L
2

J samples is the much larger mean particle diameter
error in grand vear 5 at the 95- level of confidence - 171 value of the former, Fig 8. This has two advantages viz.:

rnt,rpolated vale of F.,}5 for (18/19) df - 2.19

(a) the modal value falls in the range of sizes
which exhibits the smallest counting errors (Tables 8
and 2).

(b) Critical parameters such as D and the
modal value are virtually unaffected by large
fluctuations in the small size ranges ie below 1.6 pm.
Since it is these which are the major sources of errors

(i) The 'noise' contribution to the total count for in the particle size distributions based upon numbers
the 0.73 - 1.1 pm size interval occurs only for machine (NPD), it follows that a VFD is inherently easier to
sizing based on section area and is nearly absent on a determine with a much higher accuracy than a NPD.
diameter basis.

(ii) The spherical shape approximation is valid for A one factor analysis of variance was
this system. employed to compare the variations in Vv, DV, Nv and

D amongst duplicates of the specimens annealed at
The results have demonstrated that machine 1350 *C. At the 95% level of confidence these variations

features such as the grey level selector, optimum focus were 14%, 13%, 73% and 17% respectively. Thus
etc. do not have a significant effect on the measurements. determinations based on VFD exhibit the lowest scatter
Therefore, apart from the counting error, the other in the data. Therefore, much less effort is required to
two sources are micro- and macro-segregation. generate values which have an acceptably low level of

An elegant method for the estimation of the error. One further modification is also worthwhile in
error involves the examination of the data by a one- this regard viz. the conversion of the VFD to a relative
factor analysis of variance [14,15). The residual error volume fraction distribution (RVFD). Previous work (91
[14) contains the contributions from both sources of has shown that the RVFD is independent of the choice of
variation, viz. the technical (ie counting error in this either ULI or IC as the representative interval diameter,
study) and the unknown systematic (micro- and macro- if the section interval limits are based on a linear
segregation variance). To apply this method, the logarithmic scale. This is equivalent to stating that the
unknown error should be completely randomised RVFD gives a true characteristic of each size class. It
within the specimens. also overcomes errors which are introduced into the VFD

Nineteen pairs of specimens were annealed at when there is a small drift in V v values or considerable
1350 nC for different durations for the above analysis. random fluctuation in them.
From the specimens' size distributions, N v  and D data
were extracted and these parameters were tested for
one- factor analysis of variance, Table 7. It may be
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10-I.

TABLE 8: THE PER CENT ERROR TO BE ANTICIPATED IN THE DETERMINATION OF
THE SIZE DISTRI4UTtONS BASED ON THE VOL.ME FRACTION OF INCLUSIONS
WITHIN A SIZE INTERVAL - SPECIMEN: CAST S STEEL HELD AT 1350 °C
FOR 100 HOURS (SPECI'TS A)

Diameter limits Volume fraction Standard 7 error anticipated at the

of section of inclusions deviation 95t level of confidence I
o

groups, -n (V) s
V
. with 75 fields under 125x X

lens and 50 fields under o
32x lens

0.73 - 1.10 3.23 x 10 5.65 n 10 20 a

-4
1.10 - l.S9 5.06 o i0

- 4  
1.43 o 10

-  
32

1.59 - 2.32 1.62 . 10
- 3  

2.70 x 10
-  

19

2.32 - 3.48 4.28 x 10
- 3  

1.O4 x 1O
- 3  

27 0 10_4 0

3.48 - 5.03 4.83 . 10
-

3 1.24 x 10
- 3  

29 o Measured
S.03 - 6.95 2.41 x 10

- 3  
1.14 x 10-

4  
53-4 C.cutated

6.95 - 9.65 1.41 x 10
- 3  

1.72 x 10
- 4  

14

9.65 - 13.38 3.68 x 10
- 4  

1.49 x- 46 0 Common points

Total volume per
ent of inclusions, -

1.58 0.189 13 01 1I !0t

0. 1 10
Av-rae dia-eter of INCLUSION DIAMETER M"
the inclusions.
N -.5.06 0.151 3

Fig. 7 - Comparison of measured and calculated volume
fraction distributions (VFD) for a specimen chosen from
sulphur steel ingot and annealed at 1050 "C for 50 hours.
Meaningful conclusions may be drawn even without the
confidence limits and therefore are omitted from the

lolol' figure.

Numbe D& istribution
0- - Volume Distr'IbioIn

=; 0" 0

tZI O"

IsI

10" 1

0.5 1.0 10.0 50.0

Inclusion Dlmstmi WM

Fig. 8 - Comparison of the size distributions based on

either the number of inclusions or the volume fraction of

the inclusions. D based on NPD is 2.19 pum and Dv based
on VFD is 5.8 pm. Specimen A was used for analysis.
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SUMMARY 7. Sims C E., 'Non-metallic constituents of
steel', Trans Met Soc., AIME, 215: 367-393, (1959).

This study has identified the different sourcesof errorz, in the quantitative determination of MnS 8. Rayaprolu D B and Jaffrey D.,
type inclusion size distributions in steel. The size 'Comparison of discrete particle sectioning correction

typ iclsio sze disriutons instel.Th sze methods based on section diameter and area',
ranges which are influenced by these errors have also metaograhy 15 193-202 (1982).

been established. Metallography, 15:193-202 (1982).
The one factor analysis of variance has been 9. Rayaprolu D B., 'Ostwald ripening of

employed to determine the magnitude of the total error 9. Ralphide D B., 'Ostal ripengsof
in the often used parameters viz. mean inclusion manganese sulphide type inclusions in steel - an analysis
diameter and total number of inclusions per unit volume, of techniques and errors', PhD Thesis, Department of

The available sectioning correction methods may Metallurgy, University of Newcastle, Australia (1979).
be applied to this system since the spherical shape 10. Hahr. G J and Shapiro S S., 'Statistical
assumption for the inclusions does not introduce any in e n , John Wi & S, NewtYork
significant errors. models in engineering', John Wiley & Sons, New York

Reasons were put forward to show that the errors (1967).
which influence the size distributions based on numbers
may not introduce variations in those based on volume 11. Quantimet 720, Instruction Manual, Image
fractions. Analysing Computers Ltd., Cambridge.

Although the above studies were conducted on
MnS type inclusion distributions in steel the 12. Carl Ziess TGZ3, 'Particle size analyser
conclusions apply equally well to the quantitative handbook', Carl Zeiss Pty Ltd., Oberkochen.
optical examination of many particle systems. 13. Franklin A G., 'Comparison between a
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subscripts 1, s and c refer to location, section and
counting. From sampling theory [16] the variance of 9
may be written as

__ 1 1 2

Var (D) -[ s,' +-(s, +- )
n, ns  nc

where s( refers to the standard deviation of do and
Var (D) is the variance of D.

At 95% level of confidence if half the deviation
iis z ified to be - then

D ± 1.96 /Var D)= D+

Var (D) = (e + 1.96)2

Adjust nI , n s and nc such that Var (D) is of
above magnitude.
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MEASUREMENT OF SPATIAL DISTRIBUTION
OF INCLUSIONS

M. T. Shehata, J. D. Boyd
Metals Technology Laboratories

CANMET - Energy, Mines & Resources Canada
Ottawa, Ontario

ABSTRACT each case compared with predicted values for a theoretical

random distribution and a computer generated random
The effects of inclusions on mechanical properties distribution. The limitations of each technique for measuring

of materials often depend on local values rather than mean particle-spacing distributions are discussed.
values of quantities such as volume fraction, particle size and
particle spacing. For example, a steel containing widely- NON-METALLIC INCLUSIONS in steels have a pro-
spaced clusters of inclusions will have fracture properties nounced effect on many mechanical properties such as wear
different from one containing the same volume fraction of (1), machinability (2), hydrogen induced cracking (3), and in
uniformly-spaced particles. Thus, to completely characterize particular fracture toughness (4,5). These effects depend not
inclusion distributions for correlation with mechanical prop- only on the amount, type, size and shape of the inclusions,
erties, it is necessary to measure their spatial distribution, in but also on their spatial distribution (4,5). In particular, it is
addition to their size distribution and volume fraction. Mod- important whether the distribution of inclusion spacings is
em image analysis techniques and equipment have the capa- homogeneous or non-homogeneous. Examples of ordered,
bility to measure and store information on the size and spatial random and clustered point distributions are shown in Fig. 1.
locations of statistically-significant numbers of inclusions, For example, it has been shown that a clustered distribution
and to generate the required spatial and size distributions, of inclusions results in lower fracture toughness than an

This paper reviews the techniques for measuring ordered distribution (4). This may be explained in terms of
spatial distributions, with particular reference to inclusions in the significant role of inclusions in void nucleation and/or
steel. Three different approaches to characterizing particle crack initiation. It is the distribution of these voids or micro-
spacing distributions are considered: (i) measurement of cracks that determines the relative ease of void coalescence
local particle density distribution; (ii) measurement of near- and accumulation of damage up to a critical local level to
est-neighbour spacing distribution; and (iii) Dirichlet tessela- cause failure (4). Therefore, in order to model the mechani-
tion (based on near-neighbour spacings) and measurement of cal behaviour of a steel containing a dispersion of inclusions
local volume traction distribution. Measurements of inclu- (or any material containing second phase particles) it is
sions in steels by all three techniques are presented, and in necessary to develop techniques that quantitatively describe

................ .......: :..::..

. . I . . I.'". . .'- .. : " .
. .. • . "- . ". .

,...:. .. . .

ORDERED RANDOM CLUSTERED

Fig. I - Three different point patterns showing different spatial
arrangements: (a) ordered, (b) random, (c) clustered.
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the characteristics of the dispersion in terms of local volume
fractions and local number densities rather than overall
values.

In this paper, three techniques are described to
characterize the spatial distribution of inclusion dispersions
in steels. For each technique, an attempt is made to quantify
the degree of clustering in the distribution. The first tech-
nique is based on number density distribution measurements,
sometimes referred to as sparse sampling technique or grid/
quadrant counting (6). The second technique is based on
nearest-neighbour spacing distribution measurements (7-9).
The third technique is based on the Dirichlet tesselation (10-
12) where all near-neighbours are considered rather than the r lSOPAn
nearest neighbour. The measured distributions in each case
are compared with ordered, random and clustered distribu- Fig. 2 - Non-metallic inclusions in the rolling plane
tion. The three techniques are evaluated and their usefulness sample showing that the spatial distribution is a
and limitations are also discussed. combination of random and clustered distributions.

The techniques are employed in characterizing
inclusion dispersions in a Ti-V microalloyed steel (13). The The results for the number density measurements
measurements were all made using an automatic image for both the as-cast and as-rolled steels are shown in Table 1.
analysis system (Quantimet 900) with optical metallography.
The measurements were made on samples obtained from the Table 1 - Number density measurements for the as-cast steel
Ti-V microalloyed steel in (i) the as-cast condition, (ii) after and rolled steel.
hot rolling (80% reduction) and finish rolling temperature
700'C; longitudinal section sample, and (iii) as sample 2 but Sample "NA 0 V
sectioned along the rolling plane section. These samples will
be referred to as "as-cast", "longitudinal" and "rolling plane". As-cast 223 148 0.66
An example of inclusion dispersion is shown in Fig. 2 for the Longitudinal 337 273 0.81
inclusion population in the rolling-plane sample. Rolling plane 296 250 0.84

NUMBER DENSITY DISTRIBUTION Note that the as-rolled steel has higher values of a and V in
both the longitudinal and rolling-plane sections than the as-

In this method, the number of particles (inclu- cast steel which indicates more clustering in the as-rolled
sions) per unit area, NA. is counted in successive locations or steel. Therefore, clustering of inclusions should have re-
fields on the polished section of the steel sample. This sulted during rolling. This may appear in contradiction with
procedure can be achieved easily by an automatic image the earlier findings of Wray et al. (10) that a random array of
analyzer equipped with an automated stage. A quantitative points remains random during deformation. However, Table
measure for the degree of inhomogeneity or clustering of the 1 shows that the observed clustering during rolling is accom-
inclusion distribution in the steel sample is the standard panied by a marked increase in the number density of inclu-
deviation, y, defined as: sions. The observed clustering could therefore be the result

of breaking and fragmenting of large oxide or oxysulphide

I ; (NA. _-q) inclusions (or even sulphides at low rolling temperatures)
n i into smaller inclusions. Thus, a cluster of inclusions could be

the result of one large inclusion fragmented into several
where NA is the observed number of inclusions per unit areaw is smaller inclusions rather than relocation of inclusions during
in the P location (field of view) and NA is the average num- rolling.
ber of inclusions per unit area in n fields viewed on the It should be noted that the number density tech-
sample. Maximum homogeneity is characterized by a mini- nique has an important limitation in quantifying the inhomo-
mum standard deviation, and the degree of homogeneity niu of incion dipersion in qure inhit o-
decreases with increasing value of the standard deviation. In geneity of inclusion dispersions. The measured variation
order to compare the relative homogeneity of inclusion may depend on the area of the measuring field relative to thearea or the size of the clusters. For example, if the field area

dispersions in samples having different number densities the is so large that it contains a number of clusters, one may
standard deviation has to be normalized by the value of the anticipate that the standard deviation will be very small. In
mean, i.e., the coefficient of variation, V, defined as fact, such a large field size does not sense the variation in the

V = Q-- number density from the clustered region to the nonclustered
N A should be used. region since both regions are contained in the measured field.
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Table 2 - Coefficient of variation of number density measurements

as a function of the area of the measuring field

Field area

Sample 0.96 mm2  0.24 mm 2  0.06 mm2  0.015 mm 2

As-cast 0.23 0.34 0.51 0.66

Longitudinal 0.23 0.38 0.62 0.81

Rolling Plane 0.31 0.49 0.69 0.84

In other words, a large measuring field implies a quasi- made between the mean nearest neighbour spacing and its
homogeneous distribution. The effect of field size is shown variance with the expected values obtained for ordered,
in Table 2. Note that the coefficient of variation increases for random and clustered dispersions of points. For an ordered
all samples as the area of the measuring field decreases. It is distribution, a hexagonal arrangement of points can be
therefore suggested that the field area should be as small as assumed (8). The expected mean nearest neighbour spacing
the area of a typical cluster in order for the number density for this ordered distribution is given by:

variation technique to be able to sense clusters. For example, E(X) = I
the field area that should be used for the inclusion dispersion E)
shown in Fig. 2 should not be larger than the size of the
typical cluster of -150 x 100 4lm. where N A is the avera e number of points per unit area. The

expected variance E(s ) = 0. For a random dispersion of
NEAREST NEIGHBOUR SPACING DISTRIBUTION points, a Poisson's distribution can be assumed (9). The

First, all x and y co-ordinates of all particle probability distribution function of nearest-neighbour spacing

centroids in the dispersion are obtained, and the distances X is given by:
between all pairs of particles are calculated. In a dispersion 2)
of N particles, the total number of paired spacings is F(X) = 2n NA X exp-t NAX
N(N - 1)/2. However, only one spacing for each particle is
the smallest spacing corresponding to its nearest neighbour. The expected mean for nearest neighbour spacing is:

Therefore, there are N nearest-neighbour spacings in a - I
dispersion of N particles. These nearest-neighbour spacings E(X) = , -
can be measured easily by automatic image analysis, and a
frequency distribution can be determined readily. An ex- and expected variance
ample is shown in Fig. 3. To describe the distribution as
being ordered, random or clustered, comparisons should be E(s2) = 4-... 1

41c NA
40

MEA N VAIANCE (0') For a dispersion consisting only of clusters, the
Measured 23.3 647 expected mean for nearest neighbour spacing
Theor. Curve 29.1 229

30 Ratio 0=0.80 R 2.83 - 1, E(X <<

o20z and the expected variance

0M\ 2 4-nt 1
E(s2) <<-.-

- 4 n N A

Therefore, it is possible to characterize the disper-

10 sion by comparison of the mean nearest neighbour spacings
0 10 20 30 40 50 60 70 80 90 100 and its variance with the expected values obtained for a

NEAREST NEIGHBOUR SPACING m random distribution. Based on the ratio Q of the observed to

Fig. 3 - Measured nearest-neighbour spacing distribution the expected (for random) mean nearest neighbour spacing
for inclusions in the rolling plane sample compared and the ratio R of the observed to the expected variance of
to a Poisson's distribution.
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Table 3 - Measured mean nearest-neighbour spacings (Q) and variances (s2 )

compared with expected values for a Poisson's distribution

Sample , Rtm S2  E(j) E(s2 ) Q R

As-cast 31.9 588 33.6 305 0.95 1.93

Longitudinal 24.8 582 27.2 201 0.91 2.91

Rolling plane 23.3 647 29.1 229 J0.80 2.83

the nearest neighbour spacing the comparisons can be made division of the plane into convex polygons each surrounding
as follows: a single point. Each polygon is uniquely defined by the

positions of all near neighbours around the point. The poly-
For: random dispersion Q = 1, R 1 gons are constructed by the normal bisectors of all the lines

ordered dispersion 2 > Q> 1 , 0 < R < 1 joining the particular point to all neighbouring points as
clustered dispersion 0 < Q < 1 , 0 < R < 1 shown in Fig. 4. Note that each polygon (called a Dirichlet

cell) encloses a region from the matrix for each point which
Note that for a dispersion containing sets of clusters superim- is closer to that point than any other point in the point distri-
posed on a backgrcand of random points (see for example bution. The cells are used to obtain information about the
Fig. 3), surroundings of each point in the distribution since all near

neighbours are associated with the construction of the
Q < 1, R > 1 boundaries of a given cell. Near-neighbour distances, the

number of near-neighbours about each point, and the area
The observed and expected mean nearest-neigh- and the shape of the cells can be used to characterize the

bour spacing and its variance for the inclusion dispersion in dispersion. In addition, comparisons can be made with a
the rolled steel is shown in Fig. 3, and for all samples the Dirichlet network constructed for a random dispersion of
results are reported in Table 3. All Q values are less than points.
one, and all R values are greater than one, which indicates To construct the Dirichlet network for an inclu-
that the inclusions exist in clustered sets superimposed on a sion dispersion, the coordinates of the centroids of inclusions
background of randomly distributed inclusions for both the and the area of each inclusion are recorded using an auto-
as-cast as well as the rolled steel. However, the deviation matic image analysis system. A computer program devel-
from randomness is much greater in the as-rolled steel than oped at MTL (formerly PMRL) is then used to construct
the as-cast steel as reflected by the lower values for Q and normal bisectors and assign a unique area (Dirichlet cell) to
higher values for R. each inclusion in the dispersion. The computer program

The nearest-neighbour spacing technique can be takes care of edge effects where cells around inclusions at the
very useful in describing the observed inclusion distribution
as being ordered, random, clustered or composed of clusters
superimposed on random inclusion distribution. It is the last
distribution that is observed most frequently. In this case, the G...
nearest-neighbour spacing technique can give some indica--
tion of the extent of clustering, but it is not a very sensitive - - - , N
technique since it is based on the nearest-neighbour only (7).
In addition, the technique does not provide any description
for clusters as to their size and spacing. To obtain this
information, a complete mapping of the inclusion distribution
is required. Such mapping can be provided, for example, by
the Dirichlet tesselation technique which is based on all near
neighbours, and can yield additional information on the
surroundings of each point in the distribution. The Dirichlet
tesselation technique is described in the following section.

DIRICHLET TESSELATION

The Dirichlet tesselation is a geometrical con-
struction of a network of polygons around the points in a Fig. 4 - Geometrical construction of Dirichlet cells for a
point distribution. The result of the tesselation process is the point array (6).
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edge of one field are constructed by considering inclusions in
the field as well as inclusions in the neighbouring field.
Figure 5 shows the Dirichlet network for the inclusion disper-
sion in the as-cast steel. For the rolled steel, the Dirichlet
network for the inclusion dispersion in the longitudinal plane
is shown in Fig. 6 and in Fig. 7 for the rolling plane. For
comparison, a Dirichlet network was constructed for a ran-
dom dispersion of points where the x and y coordinates of the
dispersion were obtained by a random generator. The Dirich-
let network for the random dispersion which has the same
number per unit area as the longitudinal plane is shown in
Fig. 8 as an example. The area distributions for the Dirichlet
cells constructed for the steel samples as well as the random
dispersions are shown in Fig. 9, 10 and 11, and the results are
reported in Table 4. Note here that the results of the area

Fig. 7 - Dirichlet network for the inclusion distribution in
the rolling plane sample.

distribution of the cells constructed for the randomly gener-
ated point dispersion shown in Fig. 9, 10 and 11 follow a
Poisson's distribution. This is also reflected by the value of
the standard deviation, a, and coefficient of variation, V,
which is very close to that of a Poisson's distribution:

4 0.52

In addition, comparison of values of a and V shown in

Table 4 indicate that the inclusion dispersion in the as-cast

steel (V = 0.64) is not random but closer to random than the
as-rolled steel in the longitudinal plane (V = 0.79) and in the
rolling plane (V = 0.76).

Fig. 5 - Dirichlet network for the inclusion distribution in

the as-cast sample.

Fig. 8 - Dirichlet network for the computer-generated

Fig. 6 - Dirichlet network for the inclusion distribution in the random distribution corresponding to the

longitudinal sample. longitudinal sample.
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Table 4 - Measured Dirichlet area distributions for inclusion dispersion in the steel samples

compared with values obtained for computer-generated random distributions.

Average area, Standard deviation, Coefficient of variation,

Sample A gm o V

As-cast sample 3173 2037 0.64

As-cast random 3173 1696 0.53

Longitudinal sample 1404 1107 0.79

Longitudinal random 1406 749 0.53

Rolling plane sample 1532 1166 0.76

Rolling plane random 1528 835 0.55

ASCAST BfRP

MEAN S.D, 175 MEAN S.D.

E RANDOM 3173.08 1696.29 El RANDOM 1527.78 835.75

38 MEASURED 3173.08 2037.91 MEASURED 1531.93 1188.02

CHI SQUARE RATIO 1.44 125 CHI SQUARE RATIO 1.94

0o 150
24

L 75

EE
2 2 SO

S12 sot2, Z

25

0 0
00 00 20 30 40 50 90 70 80

0.00 1.50 3.00 4.50 6.00 7.50 9.00 
A to c0 0 s; I

Area of cell x 10
3  Area of cell x 10

a

Fig. 9 - Area distributions for the Dirichlet networks for the Fig. 11 - Area distributions for the Dirichlet networks for

as-cast sample and the corresponding random the rolling plane sample and the corresponding

dispersion. random dispersion.

An important advantage to the Dirichlet tessela-

B5LONG tion method is that it can be used to yield parameters which

203 MEA so relate more directly to fracture properties, namely the local

RE RANDOM 1406.25 7,.34 volume fraction of inclusions which is equivalent to the local
174 MEASURED 140428 1107.09 area fraction. This local area fraction takes into account two

I A-5CHI SQUARE RATIO 2. 9 important parameters that relate directly to the fracture
process. The size of inclusions which relate to crack initia-

19 tion and the size of the Dirichlet cell giving an indication of
[ I )near-neighbour distances which relate to crack propagation.

L- 87 It is possible to calculate the area fraction for each inclusion
as the ratio of the area of the inclusion to the area of the cell

Z I0 around it. For this reason, the areas of the inclusions were
recorded together with the coordinates of the centroids and

the computer program was expanded to obtain the local area

0 fraction for the inclusion dispersion. In addition, random
0 t0 20 30 40 50 80 dispersions of local area fractions were also generated by

Area of cell X 1dispersing inclusions of various sizes at random into Dirich-

Fig. 10 - Area distributions for the Dirichlet networks for let cells constructed for a random dispersion as explained

the longitudinal sample and the corresponding above. In this case, the random size distribution of inclusions

random dispersion. was made to follow a log normal distribution which is found
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Table 5 -Measured local area fraction distributions compared with values

obtained for computer generated random distribution.

Average local
area fraction Standard deviation, Coefficient of variation,

(x 102 ) a (x 102) V

As-cast sample 0.147 0.237 1.61

As-cast random 0.128 0.174 1.36

Longitudinal sample 0.605 1.83 3.02

Longitudinal random 0.283 0.347 1.23

Rolling plane sample 0.745 3.68 4.94

Rolling plane random 0.284 0.391 1.38

to be a very good approximation for the inclusion size distri- PERCENTAGE

butions observed for many steels. The randomly generated 1,* . .. ,2" 10 20 .0 GO Be 90 9..

log-normal distribution was also made to have the same mean u ,.
and standard deviation as that observed for the measured an8 .2N X ,-1

sample. The results for the local area fraction distribution 1, C .93 .an X I*

together with comparisons of the corresponding random
dispersion for all steel samples are shown in Fig. 12-14, and Z 10-2

are also given in Table 5. Note that the standard deviation
and the coefficient of variation (represented by the slope in
the logarithmic probability plots in Fig. 12-14) are higher for Cc

all steel samples than the random cases, and it is significantly
higher for the as-rolled steel both in the longitudinal and 10-4

rolling plane samples.
Another advantage of the Dirichlet tesselation

method is that one can identify clustered regions and the 2. . 0. .0 ,.0 , . ,.0 7.0 80

degree of clustering from local area fraction values of the PROBITS

Dirichlet region for the whole inclusion dispersion. An
example for this is shown in Fig. 15, where the clustered Fig. 13 - Local area fraction distributions for the longitudinal

regions are identified by comparing the local area fraction for sample and the corresponding random dispersion.

each Dirichlet region with the average local area fraction.
PERCENTAGE

000 .1 .5 2 5 t0 20 40 so 0 0 1 10 W1.8

PERCENTAGE P ..-
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j01111 111111111 pRBT

2.0 8I.0 a 0 8.0 6. 0 7.0 •0

moetrsFig. 14 - Local area fraction distributions for the rolling

Fig. 12 - Local area fraction distributions for the as-cast plane sample and the corresponding random
sample and the corresponding random dispersion, dispersion.
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showed that the as-rolled steel contains more clusters of
inclusions and a larger number density than the as-cast
steel. This is explained by the breaking and fragmenta-
tion of large oxide or oxysulphide inclusions into clusters
of smaller inclusions during rolling.
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EFFECT OF INCLUSION DISTRIBUTION ON THE INITIATION
OF DEFECTS

Paul S. Steif Satish lyengar
Mechanical Engineering Dept. Statistics Department

Carnegie-Mellon University University of Pittsburgh
Pittsburgh, Pennsylvania 15213 USA Pittsburgh, Pennsylvania 15261 USA

ABSTRACT Following Marich and Maass[l], we adopt the following
fracture-mechanics type initiation criterion:

Clustering of inclusions, as it affects the initiation of locadlD ' Ko  (1)
crack-like defects, is studied theoretically. This is done by
combining a stress analysis which includes interactions where tlocal is the locally prevailing shear stress, D is the
between inclusions with assumed statistical distributions of inclusion diameter and Ko is a toughness-like parameter
inclusion spacings. It is found that reduced clustering can which characterizes the resistance of the steel to the initiation
result in lowei tendencies to initiate defects. of a defect at an inclusion. Ko depends on both the

properties of the steel and the inclusion in a manner which
INTRODUCTION generally is of primary significance, but is not of concern

here. If a single inclusion were isolated in a large body ofThe initiation of transverse defects in rail steels under mtrate toa ol etermtl ple ha

service conditions often occurs near inclusions. Producing

cleaner steels, that is, steels with lower inclusion content and stress To. Ko, therefore, incorporates the effect of the stress

smaller inclusions, can to some extent ameliorate this concentration associated with a single inclusion. The means

problem. It is also possible, however, that the tendency for by which tlocal differs from to is by having nearby
defects to initiate can be lessened by insuring that inclusions inclusions interacting with the inclusion under consideration.
are well distributed and do not cluster together. To examine
this possibility theoretically, we study the dependence of Let there be some given distribution of inclusion diameters.
defect initiation on the spatial distribution of inclusions. Then, assuming the inclusions are isolated (that is,
Finally, some conclusions are drawn regarding the efficacy neglecting inclusion interactions), one can calculate the
of manipulating the inclusion distribution to reduce the number of inclusions that would initiate defects. This
frequency of defects. number would correspond to the number of inclusions that

have diameters satisfying
PROBLEM STATEMENT AND ANALYSIS

D ' 2  (2)
The inclusions we choose to focus on are those taking the

form of stringers, that is, inclusions which are long in a
single dimension. We idealize these inclusions to be Since the effect of nearby inclusions will likely be to increase
infinitely long cylinders. The configuration we study, tlocal above to, we consider equation (2) to represent a lower
therefore, is a distribution of parallel cylindrical inclusions, bound on the number of defects initiated.
located in the steel matrix material (Figure 1). To simulate
the shearing deformation associated with a wheel contacting Consider now real (non-isolated) distributions of
the rail head, we imagine this body is subjected to a inclusions. We break this calculation into two parts: (i) the
longitudinal shearing, to, as shown. The goal is to calculate probabilistic calculation of inclusion locations and diameters,
the fraction of inclusions at which defects will initiate given and (ii) the calculation of the locally prevailing stress, given
some information about the distribution of inclusion sizes the relative locations of inclusions. We first turn to the
and the distribution of inclusion locations, stress analysis.
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The problem of calculating the stress field in a body with a Consider now the second aspect of the calculation: the
general distribution of inclusions is intractable. We, distributions of the inclusion diameters and the inter-
therefore, employ an approximate approach which we inclusion distances. A crucial assumption we make is that
suggest is useful for the present problem in which the overall the distribution of inclusion diameters is statistically
density of inclusions is low. This approach views the independent of the distribution of inter-inclusion distances.
locally enhanced stress as due to the pairwise interaction of Following Marich and Maass[l], we assume the probability
inclusions. We make use of the solution to the problem density for the inclusion diameters is of the form
depicted in Figure 2. The part of the solution which we can
extract is the average shear stress T along the line joining the po(D) = aDb (6)
inclusions; i.e.,

S That is, the fracture of inclusions having diameters between

T = 2 f dx (3) D and D + dD is pD(D).

We now turn to the key variable of interest in this paper: the
distribution of inter-inclusion distances. In essence, this

We now make the further assumption that the inclusions are distribution quantifies the degree of inclusion clustering. We
not well-bonded to the steel. Since any friction stress is intend to choose distributions which simulate a wide range
likely to be very low, the inclusions act as if they were holes of possible clustering. The distributions to be considered
- or inclusions with vanishingly small moduli. For the are:
particular case of two nearby holes, an analysis similar to (1) No clustering
that given by Budiansky and Carrier[2], yields the following (2) Minimal clustering
result for the average stress T: (3) Random distribution of inclusions

(4) Greater degrees of clustering
T= 2D + s (4)

The case of no clustering has been mentioned earlier. It
assumes all inclusions are effectively isolated from one

This stress enhancement associated with interacting another. This means that L -- 00, and, hence, the initiation

inclusions will be used below; that is, T will replace local in criterion is
equation (1). It is reasonable to use that average stress T to
replace tiocal, and not actual stress right at the inclusion, D a a) (7)
because the toughness parameter Ko (as defined above)
already incorporates the stress concentration associated with This case, which corresponds to an infinite nearest neighbora single inclusion. Ti ae hc orsod oa niienaetniho

distance, is only appropriate for vanishingly small volume

The procedure for calculating the number of inclusions fractions of inclusions. For any finite volume fraction, the
which initiate defects is as follows. Consider an inclusion inclusions will have a finite nearest neighbor distance. Note
with diameter Dn. Find its nearest neighbor, and, based on that equation (7) provides a physical interpretation of co =
their separation, find the enhanced average stress T. Then, (Ko/to) 2 : inclusions (of toughness lKo) which have a
use the defect initiation criterion (I), with the local stress diameter greater than (o will be initiated under the stress 'to.
-tlocal set equal to T, to determine if this inclusion will initiate
a defect. For simplicity, we continue to use the stress This suggests what probably is the lowest amount of
enhancement formula (4), with D representing the average of clustering that is theoretically possible for a material with a
the diameters of the inclusion in question and its nearest finite volume fraction of inclusions: inclusion centers that are
neighbor. Now the initiation criterion reduces to equally spaced, arranged, for example, as a square array (see

Figure 3). Such a "distribution" is not achievable, but it
provides a baseline for comparing subsequent results where

L - D (5) inclusion interactions are accounted for.

L _ Let the neighboring centers in the array be a distance L

where, L = s+D is the separation of inclusion centers, and apart; then, L can be related to the areal density of inclusion,

o = (Kot-o) 2 depends on the toughness and the applied p, by
stress. Thus, the applied stress enters into the calculation via P E D) (8)
the parameter to; the results given below are for a single T L2

value to = 90 gtm. A physical interpretation of W) is given where E(D 2) is the expected value of D2 . For a given
below.
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density, p, and a given distribution of diameters, the inter- with clustering depends primarily on y and not on K and R
inclusion spacing can be determined, and, from (5), the individually.
number of defects.

RESULTS
Next, we consider the inclusion centers to be randomly

distributed in the plane according to a Poisson process. This Results are presented in Figure 5 for the three inclusion
process is characterized by a single variable X, which has the distributions. The upper curve (horizontal) represents the
following interpretation: the expected value for the number initiation probability (or fraction of inclusions which initiate

of inclusions in an area A is equal to XA. Thus, X is related defects) assuming isolated inclusions; the intermediate curve

to the number density of inclusions. In this area A, the assumes a square array; and the lower curve represents a

expected inclusion area is random distribution. Clearly, spacing inclusions apart from
one another lowers the likelihood of defects initiating. To

X A 7 E(D 2) obtain these results, we have taken b = 3, o) = 90 gim, and
4 the inclusion diameters to range from 2 jim to 150 im.

from which one finds that X. is related to the inclusionden i e fWe now turn to the results for greater degrees of clustering.
density by On the vertical axis of the graph in Figure 6, we have plotted

4 pthe probability of defect initiation (Pcl) relative to the
I (10) probability of defect initiation assuming random distribution

F E(D 2)  of inclusion centers (Pran). This is shown as a function of
this the clustering index y, for different values of K. The overallThe fraction of inclusions that initiate defects given ths inclusion density has been fixed at 0.01%. As must be the

distribution (or any distribution based on a random process) cs tebities ae en y at 0 . Of principal

is likely to correspond to the minimum defect initiation rate

that could practically be achieved by realistic techniques interest is that the probability of defect initiation decreases by
which disperse inclusions, one or more orders of magnitude as the degree of clustering

is moved to that associated with a random distribution.
Finally, we introduce a family of inclusion-center Also, note that the dependence on K is relatively slight. This

distributions which feature degrees of clustering which are shows that the results depend primarily on y, and only very
greater than that realized in the case of a random distribution. weakly on the precise of combination of K and R which was
There are, of course, many ways of simulating clustering, used to achieve that degree of clustering.
The distributions that we chose are generated as follows (see
Figures 4). First, we cast down points according to the To gain some sense of the relative improvements brought
Poisson process mentioned above. (These points are about by changing the clustering and changing the overall
referred to as parents.) Then, around each such parent, we inclusion density, consider Table 1. Successive columns
place K additional inclusions (called children) randomly on a (left to right) correspond to decreasing degrees of clustering,
circle of radius R centered at the parent. Finally, we erase as measured by y. Successive rows (top to bottom)
the parents and take each child to constitute an inclusion correspond to decreasing inclusion densities, as measured by
center. There are now three parameters which describe the -log p. Using the present analysis to find the optimum
inclusion-center distribution: X (describing the distribution of approach to decreasing the likelihood of defects clearly
parents), K and R. If K were equal to 1, then the final requires a greater understanding of the difficulty and cost of
distribution would be essentially equivalent to the random achieving diminished clustering.
distribution. Once K is greater than 1, clustering will
increase as R decreases; this occurs more rapidly if K is SUMMARY
larger.

A means of estimating the effect of inclusion clustering on
Note that the parameters K and R are simply a means of defect initiation at inclusions has been developed. Clustering

inducing clustering. To limit the degree of artificiality in the has been incorporated into our calculation of defect initiation
procedure adopted, we introduce a more intuitive measure of by including the stress enhancement associated with the
clustering. We define a clustering index, y, to be the mean presence of the inclusion's nearest neighbor. The
nearest neighbor distance between inclusion centers divided dependence of defect initiation on this stress enhancement
by the mean nearest neighbor distance between inclusion has been studied for various spatial distributions of
centers in the case of a random distribution. Thus, the inclusions. We found that greater improvements in the
smaller is y, the greater is the departure from randomness defect initiation tendency can sometimes be achieved by
and the greater is the degree of clustering. Below, we show reducing the clustering, rather than by lowering the overall
that the increase in the probability of defect inition associated inclusion volume fraction.
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TABLE 1. Defect initiation probabilities

y 0.050 0.125 0.250 0.375 0.500 0.625 0.750 0.875 0.950 1.000

-logp
1 0.000 0.005 0.085 0.203 0.291 0.366 0.440 0.533 0.624 0.707
2 0.002 0.269 0.450 0.619 0.738 0.842 0.952 1.104 1.280 1.481
3 0.249 0.694 0.903 1.092 1.226 1.346 1.475 1.664 1.910 2.266
4 0.669 1.161 1.380 1.577 1.716 1.841 1.976 2.179 2.454 2.906
5 1.133 1.640 1.860 2.057 2.194 2.316 2.448 2.542 2.896 3.274

000

0 0
00 0

* *@. 0

Figure 1. Schematic of loaded solid containing inclusions.

136



3-

-Log P 2- ISOLATED

1 REGUAR ARRAY
1M

.- RANDOM

-Log p

Figure 5. Comparison of defect initiation for regular array and random distributions.

3-
0 K=2

-Log rcal K]

0
0.00 0.20 0.40 0.60 0.80 1.00

'y
Figure 6. Defect initiation for varying degrees of inclusion clustering.

137



0 00. 
0 0 0 0S1

Do O 0 0 0 a * * O •

'40a 0

S S * 0 0 0 * 0 0 0

Figure 2. Schematic of interaction of two inclusions. Figure 3. Schematic of regular array of inclusions.

0 0

00 0660 . 0 00

o ~ R : 00 6 " "

*0 0. 0 00 0

0 0 •

00
0 0

00 00

0 0
0 0 0 .0 0

PARENTS PARENTS PARENTS
WITH REMOVED

CHILDREN
(K = 2)
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RARE EARTH INCLUSIONS AND CRACKING IN ERW PIPE

L. R. Cornwell, W. L. Bradley
Texas A&M University

College Station, Texas, USA

ABSTRACT formation of cracks during subsequet ERW
fabrication. Similarly Shinozoki et al found
that hook cracking was suppressed in flash-butt

Analysis of cracks near the welds in electrical welded joints in steel wheel rim manufactured
resistance welded (ERW) pipe showed that for by using a steel with a low sulphur content.
all the pipes examined, rare-earth sulphides These results obviously suggest a
containing cerium and lanthanum were always relationship between the presence of sulphides
associated with the cracks. These sulphide and the occurrence of hook cracks in ERW pipe.
inclusions appear to form in layers parallel to The objective of the work described here was to
the rolling direction and very close to the determine how the presence of sulphide
edge of the sheet. The layers are a result of inclusions resulted in hook cracks. The study
segregation in the ingot during solidification, was limited to steels which had been treated
Cracks detected by ultrasonic inspection are with rare earth metals to achieve shape control
cause for rejection of pipe and can result in of the sulphides and were cast into ingots.
lower yields. Suggestions are made for
avoiding the segregation of these rare-earth EXPERIMENTAL
sulphides.

Samples were chosen from ERW pipe in which
cracks had been detected by ultrasonic

IT IS WELL KNOWN that sulphide shape control in inspection. These samples were taken from the
hot rolled steel plate improves the through defective pipes in two ways. Sections,
thickness ductility. This improvement is typically one to two feet long, were cut from
important in the prevention of lamellar tearing the pipe in the region of the defect. In some
during welding and in preventing cracking cases the pipe was crushed by a hydraulic press
during bending operations. Steel treated in to cause a longitudinal fracture through the
this way is often used for ERW pipe but it has wall thickness which usually exposed the crack
been found that a crack often occurs close to surface. These samples containing both a crack
the weld. This crack because of its shape is surface and a fracture surface were examined in
usually called a hook crack and is detected the SEM. Some of these samples were also
during ultrasonic non-destructive examination sectioned normal to the fracture plane and
(NDE). If these cracks exceed 12.5% of the prepared for examination of the microstructure
wall thickness then the pipe must be rejected by optical microscopy.
according to American Petroleum Institute (API) Other samples were obtained by cutting
standards. Much of the ERW pipe produced is sections through the wall thickness and normal
used by the oil industry but as far as the to the axis of the pipe but in the vicinity of
authors are aware no failures have been traced a crack. Longitudinal samples were also taken
to these cracks. Nevertheless since these from the pipe to examine the microstructure in
cracks often exceed the defect size allowed by the rolling direction. In both cases the
API a significant percentage of ERW pipe may be samples were prepared for metallographic
rejected. examination by optical and SEM/EDS microscopy.

Attempts to eliminate hook cracks have The chemistry of the steels examined is
been made by reducing the sulphur content which given in Table 1 along with the wall thickness.
in turn reduces the julphide inclusion count. The sulphur contents were around 0.02%. The
Griffing and Meinzen claim that a magnesium steels had been treated in the ladle with
desulphurization treatment prevented the Mischmetal but no analysis was made for the
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residual rare earth metals. Weld Interface

RESULTS AND DISCUSSION

The appearance of the crack surface along
with the induced fracture surface is shown in
Fig. 1. In some cases the crack surface was
black indicating oxidation because the crack
penetrated the surface. In other cases the
crack surface was clean. The cracks could be
as much as 20% of the wall thickness and
several feet in length. An optical micrograph
shown in Fig. 2 illustrates the unusual shape
of the crack which gives rise to the name hook
crack. Observation of the relationship between
the crack shape and microstructure clearly
shows that the crack follows the deformation
pattern induced by the upset during electrical
resistance welding.

Fig. 2 - Optical photomicrograph of
cross-section through pipe wall at weld hook
crack. 50X

4. -~ .. S
Crack Surface

Fig. 1 -Photograph of crack and broken
surface. 7.5X

The photomicrograph in Fig. 2 shows the
position of the weld line with respect to the
hook crack and appears to indicate no direct -
connection between them. The crack intersects lO01
the surface at the weld line but this is
probably a coincidence. The opposite end of
the crack turns roughly 900 and becomes a Fig. 3 - SEM of end of a hook crack and
circumferential crack. In some cases this associated inclusions.
circumferential crack can extend for up to 5
mm. Such a crack is shown in Fig. 3 in which a
line of inclusions is also obvious extending Examination of crack surfaces in the SEM
from the end of the crack. confirmed the presence of large numbers of

inclusions as shown by Fig. 4. A through wall
thickness metallographic specimen in the
longitudinal direction near the crack in Fig. 3
shows a line of inclusions which is visible to
the naked eye. The position of this line
coincides with the end of the crack shown in
Fig. 3. Chemical analysis of these inclusions
by EDS showed them to be rare earth sulphides
of cerium and to a lesser extent of lanthanum
(Fig. 5).
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101 ! as dendrites grow inwards from the mold wall
rare earths and sulphur are enriched in the
vicinity of the solidifying front owing to thewwq partition of the solutes. When the solubility

pp A , product reaches a critical value precipitation
416 Ioccurs followed by a further period of

enrichment and subsequent precipation. Some
precipitates are transported by convective flow

I of the melt to the bottom of the ingot. This
40 model predicts layers of rare-earth sulphides

4parallel to the mold walls and ultimately to0the surface of rolled strip. The results of
0this investigation seem to support this model.

These authors also suggest that keeping the
atomic concentration ratio (ACR) below 1.8

*where

1 [%RE eff]
ACR -

4.37 [%S]

will eliminate segregation. For ERW pipe theFig. 4 - SEM of crack surface showing sulphide sulphur content should be kept below 0.003%
inclusions. although this is to prevent hydrogen cracking

and not hook cracks.
Some approaches to the prevention of hook

cracks are as follows. A logical step would
seem to be to reduce the number of inclusions
by reducing the1 sulphur content. In a case
previously cited , hook cracking in ERW pipe
made from strand cast steel was eliminated by
magnesium injection in the laddle to reduce the
sulphIr content below 0.01%. In the other
study previously mentioned, hook cracks were
suppressed by keeping the sulphur conrent below
0.005%. In the first case calcium was also
used for sulphide shape control but not in the
second case.

In addition to the above approach we
suggest two others for consideration. Since

Fig. 5 - EDS of particles showing presence of oxysulphides were not found in the steel it is
cerium, lanthanum and sulphur. possible they are light enough to float to the

top of the ingot. If this is the case then
In order to determine if these inclusions sulphides might be removed by converting them

were oxysulphides, Auger Electron Spectroscopy to oxysulphides by control of ladle chemistry.was used to test for the presence of oxygen in Another approach would be to minimize sulphidewse test for the twpsecei en ind segregation. Evidence was found during this
the particles. In the two specimens examined investigation that the use of flutted molds
no significant amounts of oxygen were detected tends to promote sulphide segregation. Hence
hence oxysulphides are discounted. for the problem of hook cracks encountered here

All the hook cracks examined in this study an obvious strategy is used for straight walled
were associated with rare-earth sulphides which molds. So far it has not been possible to test
have a planar distribution close to the edge of either of these suggestions.
the skelp. Indeed one approach to preventing
hook cracks was by trimming more from the edge SUMMARY
of the skelp but without significant success.
During welding when the edges are upset the Hook cracks close to the weld line in ERW
hook cracks always follow the flow of metal and pipe are associated with segregation of
in particular in the locations were excessive rare-earth sulphides. The rare-earths are
sulphide inclusions occus. These observations cerium and lanthanum which are added to the
and those of Emi et al point to segregation steel for sulphide shape control. Prevention
of rare-earth sulphides during solidification of these cracks can be achieved by removing the
in the ingot. This segregation seems inclusions by reducing the sulphur level to
particularly excessive towards the bottom of prevent their formation or by ensuring they
the ingot. float to the top of the ingot. A second

Emi et al have developed a model to approach is to eliminate the segregation by
explain this segregration. They suggest that control of the solidification process.
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Table 1 - Sections of Pipe With Hook Cracks

Heat Number Ladle Chemistry wt% Crushed or Color Gauge mm(in.)
Uncrushed

C Mn S P Si

17258 .26 1.25 .016 .011 .13 U 7.7(.304)
57340 .29 1.39 .017 .01 .14 U 13.8(.545)
57370 .28 1.38 .02 .007 .12 C/U Black 13.8(.545)
17128 .15 .70 .012 .011 .05 U 14.8(.582)
26489 .27 1.34 .014 .009 .13 U 14.8(.582)
26461 .25 1.12 .018 .01 .13 C Black 13(.514)
16886 .27 1.33 .022 .011 .16 C Black 8.9(.350)
57364 .34 1.35 .012 .01 .19 C Clean 13.8(.545)
26605 .25 1.17 .022 .013 .12 C/U Clean 11.3(.445)
26619 .18 1.16 .015 .006 .20 U 12.3(.485)
26513 .25 1.17 .019 .01 .12 C Black 8(.315)
17392 .16 1.19 .015 .007 .20 C Clean 12.4(.490)
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THE ROLE OF INCLUSIONS ON DEFORMATION AND
FRACTURE UNDER TENSILE STRESS IN STEEL

A. R. He (He Zerong), L. Zheng
Dept. of Mech. Eng., Fuzhou University

Fuzhou, Fujian, China

Although the dynamic observation in situ of
ABSTRACT the specimen under stress directly in SEN by

using a tensile holder or in TEN by using a

By using SEN and the technique of replicas ob- specimen elongating holder has been made re-

served in situ, the mechnical behaviours of cently, it is still difficult to predict in
inclusions under tensile stress and the role which micro-region would the fracture occur,
of inclusions on the deformation and fracture as the fracture always takes place at the end

of matrix in steel have been studied. Coarse, of deformation. In other words, it is diffi--
especially coarse rod-shaped inclusions are cult to carry out the dynamic observation pre-
cracked first and probably at a stage as early viously to aim precisely at the inclusions

as an elastic one, and then followed by fine which play an important role in final fracture.
inclusions. The rod-shaped inclusions undergo Tn this investigation a standard plate tensile
multiple internal fracture, while the spheri- specimen with a single edge notch is used. It
cal ones nucleate cracks by interfacial sepa- is electro-polished and chemically etched and
ration. The matrix around the inclusions is then pulled intermittently with the same load-
always slipped after rather than before the ing increment. A series of corresponding plas-

cracking of coarse inclusions. When the stress tic replicas are taken from the surface of the

increases, the slips would further be deve- specimens. The replicas are observed along a
loped, densified and concentrated at the lo- route traced from a loaded specimen with an
cal micro-region near the cracked inclusions, obvious crack back to that with a very small,
or at grain boundaries, or in some grains with even no strain. Thus, the morphology change
favourable orientation. Meanwhile, the slipped of inclusions near the main crack and their
regions tend to join together. Eventually, adjacent matrix under loading has been surve-
final fracture occurs and the main crack pro- yed, and the whole processes from deformation
pagates close to, but not at, the heavily slip- to fracture of inclusion and steel clarified.

ped regions containing the coarse cracked in- On this basis we are able to propose the me-
clusions. The above-mentioned results are in- chanism of the effect of inclusions on defor-
terpreted in terms of the theory of the elas- mation and fracture in steel.
tic incompatible deformation between the inclu-
sions and matrix, and the effect of notch EXPERIMENTAL PROCEDURES
ahead of crack. The material used is a mild steel sheet

with the following compositions (wt%): C 0.06;

The inclusions in steel, like micro-notches or Si 0.33; Mn 0.43; S 0.045; P 0.032; Fe rein.
blocks to pile up dislocations depending on The steel sheet is cut -) 9300C normalized -)
their strength, always play an important role machined to form a standard plate tensile spe-
on stress concentration. Therefore, the defor- cimen with single edge notch, as shown in Fig.
mation and fracture processes under loading I. The specimens are electro-polished and
would first take place at inclusions or around chemically etched by using 10% perchloric acid
them. However as to the processes, particular- and 90% glacial acetic acid and by etching in
ly the details of the inclusions themselves 4% nital respectively to reveal microstructure.
and their adjacent matrix in steel there are On the surface of the specimen ahead of notch,
not yet enough direct experimental evidences, two rows of micro-indentations marks are pre-
so the mechanism of the effect of inclusions ssed by micro-indenter. The spacing between
on deformation and fracture are not very clear, the indentation is 3 mm, and a replica is ob-
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Fig. I Tensile specimen drawing, Fig. 2 - curve of serial intermittent
all dimensions in mm tensile, I.P.:O,l,...7,8 (fracture point)

tained on the specimen surface to serve as a aluminium with the replicated portion facing
reference. The specimen is then pulled to va- upward, and coated for 5-10 seconds with pla-
rious intermittent points (I.P.): 0, 1, ... 7, tinum in an Eilo-1B5 coating unit. The coated
8 (fracture point) by the same loading incre- replicas are observed and photographed by in
ment as shown in Fig. 2 by a universal test situ technique in SEM JSM-35CF with a low ac-
machine WE-60 with a loading velocity of 4 celerating voltage (10KV). The replicas were
mm.min -'. A series of corresponding plastic examined sequentially from a loaded specimen
replicas are taken from the surfaces of speci- ( where a crack is obvious ) to a almost un-
men at every interruption until just before loaded specimen, so that the morphology change
the final fracture. The load and elongation of the inclusions could be examined. For cour-
corresponding to each interrupted point are parison, some surface morphologies of speci-
recorded directly by the test machine. Their men (Fig. 3.a; Fig. 6.b) has also been photo-
plastic elongation ahead of notch in an inter- graphed directly. Here attention should be
mittent interval can be measured by the corres- paid to the difference between the morphology
ponding difference of the spacing between the of replica and that of specimen surface. The
two rows of micro-indentation on the replicas, concave and convex contrast on the replica and
and thus the true stress and strain can be cal- specimen photographs are opposite. That means
culated. the concave region such as the grain bounda-

Following the work of Brown and SmithrlJ, ries, cracks and slip steps on the specimen
a piece of Bioden plastic film is softened by surface are convex one on the replicas. They
immersion in acetone and applied to the appeared as white regions on the replica pho-
strained specimen surface for about 3-5 mins. tographs of SEN rather than black one as ob-
The replica is then carefully peeled off the served on the routine metallographic photogra-
surface and placed on a specimen stage made of phs. On the contrary, the convex one such as

a1 12

c.AP2j I.P.2

.P2 .. F. 4

(a) (b) (c) (d)

Fig. 3 Inclusion cracking (a) interfacial separation(Int.S) and multiple internal fracture(M.I.F),
(b) coarse rod-shaped inclusion (Ti) multiple fraction, (c.d) fine inclusions (12,13) cracking
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matrix grain appeared as black region on the compatible is that the weak and brittle inclu-
replica photographs. sions should be fractured first. In light of

the energy equillibrium principle, the authors
RESULTS AND DISCUSSIONS (31 have deduced an Eq. relating £;f to the

geometric parameters of inclusion shape as
THE MECHANICAL BEHAVIOURS OF INCLUSION IN

STEEL UNDER STRESS The inclusion morphology -( 4 4 Y l/ (4)
change corresponding to some main interrupted El fn.
points is shown in Fig. 3. It can be seen
that before the tensile test there is already where if is the surface energy of inclusion,
a crack in the coarse rod-shaped inclusion Ii. L the length, 1 the internal fracture width
The crack may have formed in the previous hot and *r, the radius of inclusion, from Eq.(l)
working process. With the progress of elonga- it can be seen that the larger, especially the
ting process of specimen, even at a stage as longer the inclusion, the easier will the mul-
early as elastic, with no slip line, i.e., no tiple internal fracture be. Thus the coarse
micro-plastic deformation in evidence on the rod-shaped inclusions should usually fracture
specimen surface, the coarse inclusions have first before its adjacent matrix deforms plas-
already been cracked. The spherical ones al- tically. Then, with the increase in the stress
ways appeared as the separation of interface as well as strain, the fine and short ones
between the inclusion and matrix (Fig. 3.a. will also fracture.
Int.S), while the rod-shaped ones as the mul- THE EFFECT OF INCLUSION ON THE PLASTIC
tiple internal fracture along the direction DEFOI4ATION OF MATRIX Fig. 4 is a micrograph
vertical to the tensile direction (Fig. 3.a. showing the relation between the inclusion
M.I.F.;b.I). The fine inclusions such as 12, fracture and the plastic deformation of matrix.
13, however, are not fractured yet. With the It is found from Fig. 4.a that although inclu-
advance of tensile, especially as it passes sion 14 itself has already been fractured,
over the yield point, the cracks within inclu- there is still no slip band, i.e., micro plas-
sion Ii increase (Fig.3.b.I.P.2,3), and on the tic deformation observed in evidence within
other hand the above-mentioned processes also the matrix around 14. However, it can be seen
occur in fine inclusions such as I2 (Fig. 3.d). from Fig. 4.b that there are a lot of slip
Although the multiple internal fracture of bands in the matrix (E) around the multiple
rod-shaped inclusion has alredy been disco- internal fractured inclusion (14). Although
vered by Broek[2 1  in the aluminum alloy, the the phenomenon of slip bands appearing on the
critical strain Eif for the emerging of mul- matrix around the multiple internal fracture
tiple internal fracture has not yet been found. inclusion or carbides has been discovered(2 ,4 ] ,
It is shown from Fig. 3 that the multiple in- there are still no direct experimental evi-
ternal fracture in the coarse rod-shaped ''nclu-- dence to confirm whether the matrix slip or
sions may occur at a stage as early as elastic, inclusion multiple internal fracture appears
even at a micro-elastic stage. This is ob-- first? Barnby[sJ has observed many slip bands
viously due to the difference between the elas- in matrix around the multiple internal frac-
tic modulus of inclusion Ei and that of matrix tured coarse carbide in stainless steel, which
Em, leading to two different elastic strains led to the conclusion that the fracture is
C i and E m under the same tensile stress. caused by the concentrated local stress resul-

M,reover, this is also due to the fact that ting from the matrix slip bands. This is in
the plastic deformation in both inclusions and agreement with Smith theory[6 ]. Can the same
matrix does not start yet, and therefore there reason be used to explain the multiple inter-
are no slips to eliminate the above-mentioned nal fracture of inclusions? However, there is
difference in the elastic strains. Thus we no doubt from Fig. 4.a and b that the rod-
can see that the only way to make Ei and Em shaped inclusion fractures first, and the ma-

~' 14-4 J

F.J.F

(a) (b)

Fig. 4 Inclusion cracking relates to matrix slip (a) inclusion (12,14) cracking
before matrix slip, (b) matrix (E) slipping around inclusion (14) multiple fracture
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Fig. 5 Inclusion and matrix slip under tensile stress
A, B, ... the marking of some key grains

trix slips plastically next. Obviously, this and advances in the matrix around coarse mul-
is due to the fact that the internal fracture tiple internal fractured inclusions as in the
of inclusion produces micro-notches, which case mentioned above, the final fracture ap-
leads to the stress concentration, and the peared not just at, but close to, the frac-
stress induces slips in the region around not- tured inclusions or their adjacent matrix with
ches. Certainly it is not due to the disloca- heavy plastic deformation, as shown in Fig. 6.
tion pile-up at inclusion resulting from the This is interpreted by means of the notch ef-
matrix slip that leads to the stress concentra- fect of multiple internal fracture in incl-
tion and makes inclusion fracture. Therefore, sions. The matrix around the fractured inclu-
the same reason can not be used to explain the sions slips on account of the stress concentra-
multiple internal fracture for carbides and tion first. Then, on the one hand the matrix
inclusions, at least, for the weak and brittle is work hardened, and on the other hand the
inclusions, stress is releaved, restributed and its maxi-

With further increase in stress and mum ffmax moves toward the interface between
strain during the tensile test, fine inclu- the region plastically deformed and that elas-
sions would be able to crack and the matrix tically deformed ahead of plastic deformed re-
around them to deform plastically or the other gion. As the above-mentioned process is car-
local micro-regions in matrix to slip. As a ried out continuously, the Cmax leaves apart
result, the slipped regions joined together from the inclusions and increases gradually,
gradually as shown in Fig. 5. as shown in Fig. 7. If the Crmax > Gf, such

INCLUSION RELATES TO FRACTURE Although as at A, B, a crack will initiate over there.
the plastic deformation usually takes place This is in agreement with experimental results,

t100.OU
Ab

Fig. 6 Inclusion relates to fracture
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Fig. 7 Schematic drawing of plastic deformation and
stress distribution around cracked inclusion

as shown in Fig. 6. but close to the regions and at the interfaces
between the region of elastic deforation and

CONCLUSIONS that of plastic deformation. This is due to
the fact that the micro-notches effect causes

By using SM and the technique of replica, stress and strain concentration and redistri-
the dynaic processes of deformation and frac- bution ahead of the multiple fracture of in-
ture of inclusion and its adjacent matrix dur-- clusion. The final fracture takes place,
ing the tensile process in steel may be obser- therefore, at the interface between the elas-
ved in situ on a series of replicas. tic region and plastic one with maximum stress

Coarse rod-shaped brittle inclusions are O'max > material fracture strength G-f.
fractured multiply at a stage probaly as ear-
ly as an elastic one. This is due to the dif- REFERENCES
ference between the elastic modulus of inclu-
sion and that of matrix, leading to the diffe- [1] Brown, R. and G.C. Smith, Metallograpgy,
rent elastic strains. As a result, the weak 15, 269 (1982)
and brittle inclusions are fractured first. [2] Brok, D., Engng. Fract. Mech., 5, 55(1973)

Multiple internal fracture produces many [3] He, Z.R., Proceedings of 1CM-5 (Beijing),
micro--notches, which cause the stress concen- 1, 349 (1987)
tration in micro-region and lead to the slip [4] Broek, D., Inter. Met. Rev., 19, 135 (1974)
predominat over there rather than the slip (5] Barnby, J.T., Acta Met., 15, 903 (1976)
which causes the inclusion multiple fracture. [6) Smith, E., Proceedings of the Conference

Final fracture appears not in the regions on "The Physical Basis of Yield and Frac-
of multiple fractured inclusion and the matrix ture" (Oxford), Inst. of Physics and Phys.
around them with heavy plastic deformation, Soc., 36 (1966)
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ROLES OF INCLUSIONS IN STEEL FOR THE FATIGUE
PROPERTIES AND MACHINABILITY PROBLEMS

Toru Araki
Kobe Steel, Ltd.

Marunouchi, Tokyo-100 Japan

THE MECHANICAL PROPERETIES of steel are signifi-

ABSTRACT cantly dependent on the included foreign phases

Experimental results of the author's series of with a size order of more than micrometers, in

studies on the inclusions in steel are summariz- particular the fracture related properties such as

ed in connection with some new experimental fatigue properties and workability .1,2>. The

knowledge on the fatigue properties and the machi- roles of nonmetallic and metallic inclusions in

nability of steels. The roles of the inclusion in steel with respect to these mechanical behaviors

the plastic behaviors of steel matrix in a weak are closely related to the microstructural metal-

strain range of fatigue phenomena versus a very lurgical factors as well as the mechanical ones.

high strain range of machining processes are Therefore, in order to well understand the

compared and discussed in relation with the inluence of the inclusions to the material

influences of the inclusions to the incubation and behavior of practical steel and to know the

initiation of fatigue crack and to the shear principles underlying the interactions between

stress in the primary and secondary shear flow them, it must be necessary to consider the whole

zone of the cutting process. In the case of the phenomena from a microstructural standpoint as

soft ferritic phase, the inclusions have no sub- well as the mechanical, elastic and plastic

stantial influence, however at higher strength concept.

level the fatigue damage by repeated stress in the In this review paper, the main interest will

microstructure is strongly influenced by the be focussed on the fatigue properties and the

stress raising effect of inclusion depending on machinability problems, and some knowledge on the

its shape, size, physical and mechanical role of inclusions and concepts to interpret the

properties. After nucleation of microcrack, the phenomena are demonstrated and discussed.

interface strength between inclusion/matrix plays

a role. In the case of machining process the form- INFLUENCE OF INCLUSIONS IN STEEL

ation behaviors of chip are influenced by the I GENERAL VIEW OF INCLUSION VS FATIGUE--

built-up edge at lower cutting speed and by the The influence of inclusions in steel depends on

heavily flowed layer at higher cutting speed, both the size, shape and qualities of the respective

of which are significantly affected by the extrem- inclusion in a specified dispersion mode as well

ely elongated non-metallic inclusions, as the mechanical properties of the steel matrix:

149



Table I Classification of inclusions with respect to charactetistics

symbojl typical substances characteristics

(N ) MnS sulfides soft in elasticity,low yield shear

tellurides etc 'strong interface with steel.

(N2) MnSiO3  basic silicates rmedium in elasticity and

I CaAl.SiOx basic aluminates brittle at room temperure.

Mn.Ti'Ox 'soft in plasticity at elevated

temperatures.

(N3) SiO2 (hard silicates) -hard in elasticity and brittle

(N4) A1203  hard aluminate 'very hard in elasticity,

a -alumina high yield stress, not enough strong

titan-nitrides interface with steel matrix.

rigid at elevated temperature.

(MI) Pb, Bi,( metals insoluble in -very soft and liquescent at an elevated

steel matrix) temperature.

(M2) Ag (metals insoluble in steel soft . liquescent at higher temperature

less than unity, that means the applied stress

the elasto plastic behaviors of the both phases will be locally lightened.

have close and complicated interaction to each If this concept is ideally valid for the

other 3., dispersed inclusions and the steel matrix behaves

A primary way of classification of such nearly elastic, the intencity of fatigue damage

inclusions in steel in relation with the referred caused by cyclic stressing must be simply

mechanical properties will be useful for under dependent on the elasticity ratio and the shape

standing the above subjects. The inclusions can factor of the inclusion.

be classified as the following Table I by a However, actually observed fatigue damage is

typical way with their representative much dependent on the size factor as well as the

characteristics: snape, because of the microplastic flow behavior

As a first approximation in the case of low around the inclusion <5>. Besides, there might be

stress high cycle fatigue, the mechanical factors an additional factor of residual stress due to the

of the above inclusion can be estimated with a different thermal expansion coefficients, and also

elastic stress concentration caused by the of an evolved gap by decohesion of the

difference of elasticity between the inclusion and inclusion/ matrix interface or fracturing in the

the steel matrix, inclusion '6,7>. The generated gap will act as a

An ellipsoidal inclusion, after Edwards' calcul high stress raiser because of its E'/E - 0.

ation 4 , causes a stress concentration as a Some examples of the nucleation of fatigue

function of elasticity ratio E'/E. For example in crack from inclusions are shown in Fig. I. It is

the case of MnS,(NI), the ratio of elastic moduli clearly visible that microcracks are generated and

of inclusion/matrix is around 2/3, where by the grown from :

applied stress in matrix at the end interface of a) interface of an inclusion/matrix by separation,

the inclusion will be raised by a factor of 1.4 . b) heterogeneity or defect inside an inclusion by

In the case of a pore in the matrix, i.e. fracture/cracking.

E'/E 0, the concentration factor will go up to 2.1 c) interface of two coexisting phases in an

-3.0 depending on the shape of the ellipsoid, inclusion by separation/cracking,

whereas the rigid and hard inclusion such as a The stress/strain concentrating effect of an

alumina,(N4),will bring a concentration factor inclusion will be macroscopically intensified by
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M- RV yield stress <5). Strengthening by such particle

dispersion is increased with decreasing the size

.r,''; and spacing of the particle <5;. In this case the

ferritic phase has an enough cyclic ductility

'!:. .5 resulting in a long lasting cyclic hardening

behavior at higher stressing.

In the case of much higher strength level of

sos-called high strength steels, influence of the

a) inclusions on fatigue becomes dramatically differ-
ent, and even hard and rigid (N4) inclusions are

usually detrimental for the fatigue durability

measured by endurance limit, it is as discussed

above with the stress concentration factor of

generated gap or void associated with strain

localization or decohesion of interface as well as

internal cracking of inclusion <6,7'.

Fatigue behaviors of steel matrix strength-

(b) ened by various microstructural mechanism were

reviewed elsewhere <1,2> in respect with the

fatigue crack propagationrate together with duct-

ility and toughness of the materials.

The strengthened matrix has a trend of cyclic

- softening behavior; i.e.,microscopically, early

degradation at strain concentrated region, and

(C) macroscopically. gradual increase of plastic

strain which will result in a nucleation of

growable fatigue crack <2>. The propagation rate

Fig. I Photographs of initiation of fatigue of fatigue crack is generally assisted by higher

cracks at inclusions density of dispersed inclusions, in particular,
the size and the more angular shape seem to

promote the propagation of crack from the early

clustering or chain like arrangementof plural stage.

number of inclusions with various sizes. In most Effective critical size of inclusion to

observed cases a large inclusion with notch-like substantially deteriorate the fatigue durability

interface become preferably a nucleus of the has been discussed in many reports, although the

fatigue crack, but high density of dispersed analyzed values of size were widely scattered

inclusions acts as promoting the crack propaga because of the variety of strengthened micro-

tion 5 . structures of the steel matrix and species of

On the other side, influence of the plastic inclusions.

behavior of steel matrix is important in connect- In a case of Japanese standard machine

ion with the above said effects of inclusion. For structural steels with tempered martensite in

instance in the case of very soft ferritic matrix tensile strength range of 700 1300 Pa. it is

of a mild steel, dispersed hard inclusion statistically analyzed that the critical size of

(alumina) acts as a strengthening factor in inclusion is -45 micrometers '8, having a cor

fatigue durability more than the strengthening in related threshold strength or hardness derived

from many observed data of endurance limit by

rotating bending test.
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There are some trial of describing the

fatigue limit with the applying stress ratio R

I in a relationship with the threshold stress

intensity factor range, AKth, of the propagation K=I

of the initial microcrack with a size of a. With 5K:5

a zero order approximation, the fatigue limit will EN.

be expressed as the following form of equation:

where A is a crcistant dependent on the strength of 50

steel, and x is an exponent near 1/6 (by K/.

Y.Murakami et al. (1987))

In actual cases, the microstructural factor " "

of the steel matrix is known as sensitive to the 25 K= 1.4

fracture toughness and fatigue degradation nature .15

other than its hardness or strength value <1,2>.

The said AKth value is also not in a simple

parallel relationship with aw. AKth is rather O 10 20

inversely correlated with aw in the cases of dual - I/n

phase (ferritic-martensitic) steels as well as the

highly thermo-mechanically controlled-rolled Fig. 2 Fatigue endurance limit vs inverse work-

steels ( R. 0. Ritchie (1987), M.Schaper et hardening coeffocient nof matrix as a

al.(1985)) function of shape factor k of inclusion

These typical examples seem to mutually have

strong microstructural factors in affecting For the propagation in relatively low cycle

initiation and propagation of the nucleated high stress fatigue, the growth rate of fatigue

fatigue cracks through, e. g., the crack closure crack is further more influenced by the total

phenomena of the evolved crack and meandering amount of inclusions above a subcritical size,

/deflection behavior of the propagating crack. e.g. over 10 micrometers <5>, at high strength

There were also a simple approach to the levels of steels.

effects of nature of the steel matrix on the

fatigue endurance limit in connection with the 2. IMPROVEMENT OF MACHINABILITY BY INCLUSION --

shape factor of inclusion. Fig. 2 illustrates a As one of the workability of steel materials the

trial of quantative expression of the influence of machinability has been and still now holds very

the work hardening coefficient n of the steel significant meaning in the productivity ploblems

matrix on the endurance limit 7w /3,5> as a in industry. Machinability is used to be

function of shape factor k of the inclusion with a differently evaluated by various methods e.g.

specified critical size. lathe turning, drilling, milling and broaching

It would be concluded that the initiation of etc., and the criteria for evaluation are usually

growable fatigue crack is much influenced by divided into four groups according to the purpose

(a) the damaging of matrix concerning cyclic tool life, cutting resistance, surface finish

softening characterized by the operating and chip disposability.

strengthening mechanisms in the microstructure Effects of inclusions in steel can be

of matrix 11,2.,, analyzed by the classification (N) and (M) shown

(b) large size and angular shape of inclusion <5) in table I in the preceding page.

(c) fracture strength of the inclusion or inter Soft, plastic inclusions such as (NI)-MnS,

face with the matrix ,6,7... MnTe and (M)-Pb,Bi,Ag are in most cases favorable
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for machinability as known well as the free- and wetting (adhering) property of such silicate

machining additives. Soft submicron oxides at the chip/tool interface <9>. Hot-plastic (N2)-

dispersed in ferritic matrix seem also favorable silicate inclusions (or aluminate, titanate)

12',however the principal effects of sulfide type <17,16,19,9> can form a film layer on the tool

inclusion in free cutting steels are concerned surface building-up by sticking, which act as a

with size of micrometer order. Improvement of diffusion barrier <17> between work piece and tool

machinability by (NI) type inclusion is, in material, and prevent the deterioration and attri-

general, exhibited in the following way: tion of the tool. In this mechanism the optium

(a.) Strong influence on the formation of BUE temperature of softening and sticking of the

(built up edge)'13) toward small and more inclusion corresponds to the temperature of the

stable BUE at higher cutting speed; improving cutting tool surface <20,9>.

tool life and lessening cutting resistance,

better finish at lower cutting speed but slightly V 150 m/min

worse at higher cutting speed because of the trend

of still remaining BUE<9,14>. .,

(b.) Assisting micro- and macro-shear rupture , ,

in the chip formation at the primary shear zone; . 2 ,, 4
'&

lessening cutting resistance and better chip 4 .7 :- '

breakability (disposability)<9, 15>. (A)

(c.) Extremely elongated at the secondary shear ," .A :)4,- :.' .. . ..' '

region and also extruded as film-wise at and near ' .

the interface between workpiece and tool rake; -

resulting in efective lessening of the apparent

frictional stress and increase of the chip shear

angle linked with low cutting resistance<14,5,9>.

Improvement by (M)-type metallic inclusions

is expected also in a similar mechanism, but these

inclusions are generally very finely dispersed, so

that it is different in the following paticular

points:

(a) Promotion of shear rupture through microcrack

assisted by liquidation of metallic inclusion (B)

at 250 300'C.9 >

(b) Efficient improvement (by Pb, Bi) of the chip-

disposability by the said liquid embrittle-

ment, as well as the cutting resistance at

low cutting speed.<9>

(c) Decrease of cutting resistance despite lower

temperature at cutting regions, especially at Fig.3 Microphotographs of machined chips, showing

heavily flowed layer at the secondary shear separately upper surface and back-face.

region 16,. as referred to Fig. 3. Workpiecematerial: Cr-Mo 4135 steel with

Basic silicate inclusions, (N2) group, play (A) Spheroidized (HV=150),P=l8Pm

an important role in improvement of tool life at (B) Quench-tempered (HV2QO),p=pm, where:

higher cutting speed with the carbide tools pmeans thickness of heavily flowed layer at

containing TiC . Mechanisms underlying this the secondary shear region of chip backface.

improvement are concerned with the hot plasticity
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comparing the fatigue property of minute cyclic

COMPATIBLE INFLUENCES ON FATIGUE AND MACHINABILITY straining with the machining process by extremely

high strain of shear flowing, ther is a funda-

In the practical structural steels, the over- mental difference in the strain range and the

all influences of various inclusions should be functioning temperature at the subjected site of

considered on the required mechanical properties, the steel material <lb,19>.

Effects of the above discussed respective inclus

ion on both fatigue property and machinability are Accordingly the function of inclusions in

widely different to each other in mechanism, so influencing both the fatigue properties and the

that it is needed to know the functions of the machinability must be considered on a separate

individual group of inclusions to both of the basis to each other:

properties in acutual steel design. a) At the stage of fatigue crack initiation in a

Among the preceding six inclusion groups strengthened steel, existing inclusions will

(N4) too much hard inclusion is mostly detrimental play a role as a stress raiser, resultantly

for fatigue durability of strenghened steels causing strain concentration, sometime

because of its no adaptability for micro-plastic resulting in voiod or gap, and promote the

behavior of the steel matrix, and also detrimental damaging of the steel matrix <1,2,23) by

for machinability because of its abrasive nature cyclic straining: the largest size, shape and

to the tool wear. nature of the inclusions will become the

In order to avoid such negative influence, dominant factors.
the usual aluminum deoxidation process of steel is b) At the stage of fatigue crack propagation, the

often modified by other process: e.g. vacuum primary factor will be the dispersed inclusions
which act as crack promoter by joining one to

degassing to oxygen amount less than 8 ppm,

calcium deoxidation, sulfur addition etc. another, and the secondary the function of

accelerating damaging in the heavily cyclic-In the case of a prior need in improving
strained zone at the propagating crack tip 9>.

machinability, appropriate amount of (N2)- calcium
A tiny particles, e.g. less than 5 micrometers,aluminate and (NI)-sulfide will contribute to

better machinability in terms of tool life with will have no meanings at a usual high strength
level for fatigue <9>.

less sacrifice in fatigue property <22>. The size

and shape of these inclusions have significant c) In the case of machining at a lower cutting

meaning for influencing fatigue crack behaviors speed, the function of inclusions on decis-
just as already discussed. ively modifying the formation of built-up edge,

When (MI)-lead additionin is applied for free e.g. by MnTe, Pb,MnS, is important for free

machi., ,TiIity , the fatiue troptL L rPmachinability; the size, shape, and the amount
of the free machining inclusions are the major

virtually not affected at the room temperature in

the high strength steels up to 1200 MPa, provided factors.

the dispersion of lead particles is fine (---'4 The amount and size of detrimental (very hard)

micrometers) and uniform, and no other detrimental inclusions such as a-alumina and high silico-
inclusions are associated. aluminate give negative factor but it can be

There seems to be a discrepancy that exist- modified by altering its melting and softening

ence of inclusions (foreign phases) in steel is temperature and coexistance with sulfide

likely to promote the micro-cracking at a strained inclusions.

site of matrix, which fact is favorable for machi- d) In the high cutting speed range, the behavior

nability but generally harmful for the fatigue of the steel matrix at the heavily flowed layer
in the secondary shear region <16,9 has an

durability of the steel material. However, in
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important meaning together with the building up

of thin fil, layer of inclusion-origined

matrial at the interface or on the surface of

the cutting tool 78.12,39

Thus we could find a possibility of compati-

ble influence of the both competing properties,

fatigue durability and machinability of steel, by

controlling the quality and quantity of appropri

ate sort of inclusions.
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THE ROLE OF INCLUSIONS IN CORROSION FATIGUE
CRACK GROWTH OF PRESSURE VESSEL STEELS IN HIGH

TEMPERATURE REACTOR WATER
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Technical Research Centre of Finland

Metals Laboratory
Kemistintie 3

SF-02150 ESPOO, Finland

Abstract MnS inclusions dissolve in LWR water (6 and 7)
and form sulfur ions inside the crack. A sche-

The influence of nonmetallic inclusions on the matic picture of the anticipated reactions is
corrosion fatigue crack propagation properties presented in Fig. I, which predicts that in
of reactor pressure vessel steels in high tem- addition to Fe304 (magnetite), FeS and FeS 2
perature, high pressure reactor water environ- (iron sulfides) could also be stable phases
ments has been examined. After corrosion fatigue inside the cracks. Moreover, the impurities from
testing, the test specimens have been analysed bulk water can migrate into the crack, affect
fractographically and metallographically by the crack-tip chemistry, and form stable cor-
studying the cross-sections of the specimens. In rosion products.
addition, the nonmetallic inclusion distribu-
tions have been analysed by sulfur printing and
with an image analyzer system in conjunction OYY
with SEX. Inside the corrosion fatigue crack the
dissolving MnS inclusions control the local / ELASTIC-PLASTIC

chemistry, which has been examined by using STRESS DISTRIBUTION

artificial crevices and through Auger and X-ray
photoelectron spectroscopy of the corrosion x

products at the crack tip. It is proposed that ACIDCOXYGEN FREWATER

is controlling the amount of brittle crack (2)

growth in corrosion fatigue The correlation
between the relative amount of brittle crack MnS \/I
growth and the environmental crack growth rate
enhancement factor has been also calculated.
Finally, the corrosion fatigue crack growth
mechanisms are discussed based on the role of 1. LOCAL ANODIC REACTION

nonmetallic inclusions producing microcracking FE-FE '2.
ahead of the main crack tip inside the plastic 2. NYDROLYSIS AND GENERATION OF H

zone and on their effects on changing crack tip FE
. 

H 20 -
F
PON'

N
* N

chemistry more aggressive and conducive to 3. LIQUID PHASE TRANSPORT

hydrogen absorption at the crack tip region. 4. LOCAL CATHODIC REACTION
H' e- H

MnS - 2H*- H2 5 M. 2.

Fe - 2HM * 2H - 2S * H2 . FeS

SULFUR CONTENT OF THE PRESSURE VESSEL STEELS has FOS H - Fe 2
- 

HS
-

been established to be one of the major variab- S HYDROGEN ABSORPTION

les in determining the corrosion fatigue crack 6. HYDROGEN TRANSPORT IN LATTICE

7. HYDROGEN TRAPPING ON INCLUSIONS
growth in LWR environments (1 - 5). The chemis- S. HYDROGEINDUCED CRACKING

try and electrochemistry inside the crack is 9. LINKAGE OF MICROCRACKS TO MAIN FRACTURE

affected by the dissolution of the MnS inclu-
sions of the steel. Exposure of the MnS inclu- Fig. I - Schematic of the corrosion reactions
sions at the crack tip is affected by many addi- and hydrogen-induced crack growth model proposed
tional parameters like the form, size, and for corrosion fatigue crack growth of reactor
amount of MnS inclusions on the crack path. The pressure vessel steel in LWR water (8).
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Reactor pressure vessel steels are known to corrosion potentials at 80 0 C, and more recently
crack in oxygenated high temperature pure water similar results have been obtained at reactor
(BWR conditions) by a stress corrosion cracking operating temperature 288 0 C for MnS-saturated
(SCC) mechanism both in static tests (9) and in PWR-water (57).
dynamic SSRT tests (10 - 19). Reactor pressure
vessel steels have exhibited susceptibility to EFFECT OF SULFUR ON CYCLIC CRACK GROWTH RATE
SCC in high temperature PWR primary side water
as well, if the corrosion potential is raised The ASME Section XI curves for CF crack
above - -200 mV(SHE) by external potential growth have been recognized to be conservative
control (11, 20, 21 and 22). Thus, there seems for some RPV steels, and it has been found that
to be both in BWR and PWR conditions a critical the level of sulfur in the steel has an import-
potential for corrosion crack initiation at ant effect. High levels of sulfur in pressure
about -200 mV(SHE). However, there are indica- vessel steels have resulted in crack growth
tions in SSRT tests that, e.g., the MnS inclu- rates predicted by the Code curves, but lower
sions in the SSRT specimen surface debond from levels of sulfur (< 0.010 wt.%) have produced
the matrix and form crevices inside which an significantly less enhancement. It was first
aggressive environment is generated by dissolu- thought that a quantitative measure might be
tion of MnS and the minimium cracking potential readily available from the material chemistry,
can be lowered (for A 508 steel) to about -400 but further studies have shown that the sulfur
mV(SHE) (10). Similarly Klemetti and Hanninen effect is much more complex, being related to
(19) observed SCC in an ICCGR round robin test the size, form and distribution on the MnS in-
in which the corrosion potential was decreased clusions. Plate materials contain a wide range
from the susceptible SCC potential region into of sizes and forms of MnS inclusions, while they
the anticipated safe region. Sulfate addition to are generally much smaller and more spherical in
high temperature water has exhibited also a forgings, and even smaller in welds. Therefore
marked decrease in the critical potential for the threshold sulfur for significant environmen-
SCC of pressure vessel steels (23). tal enhancement appears to vary according to the

product form. For plates, as shown in Fig. 2,
Phenomenologically, environment-sensitive even a low sulfur content can result in enhanced

cracking occurs in SSRT testing of reactor pres- crack growth. On the other hand, Fig. 3 shows
sure vessel steels in high temperature water that forgings with low bulk sulfur contents can
with effects similar to the case of corrosion
fatigue. Marked environmental enhancement can, i

2  111i1i11 I
however, occur in corrosion fatigue of pressure a --
vessel steels in PWR primary water conditions 6

where the corrosion potential is about -700

mV(SHE), which is much lower than the minimum 4

stress corrosion cracking potential obtained in
SSRT tests, about -200 mV(SHE). 0

ASME SEC X1
Speidel and Magdowski (9) after summarizing CURVEROa

the environment-sensitive crack growth data of
pressure vessel steels in high temperature water io -
were able to conclude that sulfur content of the
steel has no measurable effect on the stress o6

corrosion crack growth rate and that there is no
E 4A53PLT

measurable indication of the effect of oxygen STL ORIENTATION
z

content or corrosion potential on growth rates : Ro.2
of stress corrosion cracks. Only a small per- . 2 Pso EI N

centage of their fracture mechanics specimens ONMSINE /

indicated crack growth, suggesting it was im- 2TCT

portant that the crack tip was initially located 104 8N.O2E
in a metallurgically inhomogeneous region. If 0 PN, .016

so, it would be probable that this region was 6

able to change the crack-tip conditions with
respect to the bulk water, e.g. through dissolu- 4

tion of MnS particles as proposed by H~nninen et
al. (4) and Klemetti et al. (6). Effects of
dissolution of MnS particles on crevice chemis- 2 ASME REP LAW-

try have been shown experimentally by using AIR ENVIRONMENT

artificial crevices by Ford et al. (24) and Illi L __ -
et al. (25): when the amount of aggressive 1 "
species increases, pH reduces, and conductivity 2 4 6 8 101 2 4 6 e io2
increases. It has also been shown (19, 26) that AK(MP&fm)

really in anticipated local crack-tip condi- Fig. 2 - Effect of sulfur content on fatigue
tions, saturated MnS solution, pressure vessel crack growth of A533B plates in PWR environment
steels are susceptible to SCC even at very low at R - 0.2 (46).
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Fig. 3 - Effect of sulfur content on fatigue Fig. 4 Fatigue crack growth rate vs. applied
crack growth of A508-2 forgings in PWR environ- AK for an A533-B steel of medium sulfur content
ment at R = 0.2 (46). tested at R = 0.2. These results show a high

degree of environmental assistance, and a strong

show very little enhancement, and similar orientation effect (2).

results have been found for welds (46).
steels of medium sulfur content exhibit little

Bamford et al. (2) have studied in addition environmental effect (4).
to sulfur contents and product forms of A533-B
steels also the effects of a crack plane and Parallel results have been obtained by
propagation orientation with respect to the Slama et al. (1, 47). Fig. 6 shows results for
rolling direction of the plate on crack growth steels of two sulfur levels, tested under PWR-
rate. Some of these results are shown in Fig. 4; conditions at R = 0.2 and a 17-mHz triangular
some other results are shown in Figs. 5a and 5b. waveform. These results show that increasing the
In summary, steels of low sulfur content gen- sulfur content to 0.018 % results in crack

erally exhibit only a slight increase in crack growth rates which reside well outside the ASME
growth rates compared with those in air, but reference line for R < 0.25, in spite of the
this may be due as much to the fact that the MnS triangular waveform, which has yielded consist-
inclusions in these steels are more spherical, ently lower growth rates than sinusoidal wave-
rather than elongated or plate-like. Equally forms.
important is the orientation of the crack plane
with respect to the incjjsion axes. When the Research at the UKAEA-Harwell laboratory

crack plane contains the long axis of the in- has produced consistently lower crack growth

clusions, the degree of environmental assistance rate results than results at other laboratories.
is increased, often dramatically. The L-S orien- A two-laboratory intercomparison study (48) was
tation (sulfide stringers oriented perpendicular undertaken to try to sort out the reason for the

to the cracking plane) induces lower growth discrepancy. Results of nominally identical
rates than either the T-L or L-T orientations, tests of low (0.006 % S) and medium (0.012 % S)
which are similar. Since the L-S orientation sulfur steels at both laboratories yielded the
represents the largest volume of contiguous MnS results shown in Fig. 7, with the UKAEA results
intersected by the crack (volume ratio) but the (shaded symbols) a factor of ten or more lower

smallest area of MnS (area ratio), it is reason- than the Westinghouse results. Additional tests
able to assume that incomplete dissolution of at Harwell, on steels of even higher sulfur
contiguous MnS occurs and therefore that the contents, consistently yielded results well
area ratio intersected by the crack is the domi- below the ASME reference lines for the appropri-
nant factor. There is also some evidence that ate load ratio (49). Harwell test rig is a high
steels of low sulfur content can produce high flow rate rig and Westinghouse autoclaves are
crack growth rates (2), and conversely, that stagnant or low flow rate autoclaves. Thus, the
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Fig. 5 - Fatigue crack growth rates vs. applied AK for multispecimen tests of steels of three sulfur
levels but identical crack plane orientation at two environmental flow rates: (a) 50 1/h and
(b) 3000 1/h. Note that flow rate appears to have no effects in this case, but growth rates are strong-
ly dependent on sulfur content of steels (5).

R 533B Steel

effect of solution flow rate on the crack growth 290 C (554 F)
rate for a medium sulfur, low-alloy steel tested Wi

in deaerated, 288 0C water can be also seen in -2 P1 Note, /
Fig. 7. High flow rate is interpreted as flush- 0 s- 2.013%

ing out the crack tip sulfur content resulting a s - .18% lei

from dissolution of MnS in the crack. Similar 0 S - 0.0:8 -
//

data are observed for low vs. high sulfur steels 17 mi triangula r / 0

tested at low flow rates as mentioned above; u - 8.2

below 0.01 % S the data fall near the lower I - 0

/ 0curve. However, this difference in high and low W 3 / o
flow rates does not always exist as can be seen 1 / /

in case of results in Fig. 5./

Van Der Sluys (3) has made a unique test of ,,8
a:a composite specimen, composed of sections of

steel of different sulfur contents, electron
beam welded together and formed into a specimen
such that the crack proceeded through the vari- Sa, e r-.

1

ous sections. The results of constant AK tests
of this specimen are shown in Fig. 8. These I I I i.F

results show clearly the influence of the sulfur ,
content on crack growth rates, and the depend- /
ence on the test frequency. For the higher sul--
fur content section increasing growth rates with
decreasing test frequency, i.e. time-dependent /

crack growth, is typical. - 1 ,10 too
APPLIED CYCLIC STPESS INTENSITY, MPa'vf-

The comparison of the cyclic crack growth
rate properties of A533B, A508-2 and CrMoV reac- Fig. 6 - Fatigue crack growth rates vs. applied
tor pressure vessel steels in simulated PWR AK for steels of two different sulfur contents,
conditions has revealed considerable differences tested at R = 0.2 and a 17-mHz triangular
(27, 50). A rather pronounced environmental waveform (1).
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influence was found in A533B, whereas only a The possibility of anionic impurities in
minor effect was seen in CrMoV steel (Fig. 9). the autoclave water contributing to inter-lab-
The cyclic crack growth rates were connected to oratory variability has been investigated, con-
the sulfur contents of the test materials, and centrating on sulfur-containing species since
therefore sulfur prints and MnS-inclusion ana- these may also be present in the crack enclave
lyses were performed on the test materials. The due to dissolution of sulfur in the steel (52).
studied 6eats contained 0.09 - 0.014 Z of sul- The influence of water purity can be shown on
fur, but a marked difference in the inclusion the EAC susceptibility, Fig. 12, as moving the
distribution was found (Fig. 10). The fraction EAC boundary towards higher flow rates and lower
of large (larger than 5 4m) inclusions is no- sulfur steels. The boundary is moved still
ticeably greatest in the A533B steel. It was further with oxygen present in addition to sul-
also found that mainly the large inclusions were fate. The possible presence of sulfur-contain-
highly elongated, and that in the CrMoV steel ing, or other impurity species may explain some
these MnS-inclusions were almost non-existent. of the inter-laboratory variability in crack
The MnS-inclusions in the CrMoV-steel were also growth data which has been reported.
analyzed to be mixed with oxides. This diff-
erence in inclusion type, morphology and dis-
tribution is thought to cause the different ENVIRONMENT EAC NO

behaviour of these steels (4, 27, 50). EAC_PWR WATER X 0
-2 2ppm S04 +

Although it is evident that sulfur has an "SO1 .02

important role in environment-sensitive crack
growth, Figs. Ila and b show an extensive scat- / WEID EO)AM IN[MI

ter when data is compared from many laboratories TURBULENT - 0 AIOA* 0 X AERE

(47, 51). This scatter in test results is clear- NO / EACEAC / 0- EAC

ly connected to S-content, product form and test /SO (SOC)
procedures in different laboratories. However, / 0°2)

much more work is needed for better understand- .3 EAC-SNI

ing the dLfferencies in crack growth behaviour aLAMINAR XBPL

between differenL material heats. t RRA

o -a a 
ER

40 - A - A STAGNANT 0 +X +X X X

30-nA 0004 0008 0012 0016 0020 0024

0

0
U HARWEIL CERL

o 0 IF A533 0A5336 Fig. 12 - EAC susceptibility of RPV steels in
6 A5086 R &A

WESTINGHOUSE *,5336 PWR water, with and without sulfate contamina-
- * *oo A 45336 PATE UEAEAISPRNGFIElI tion (based on corrosion fatigue data at 0.0167

A O h-EMETAL 0 A5338 Hz, R = 0.7) (52).
0 A506 CI III BAB & WIEC IUSAI

2 0 0 A533B
SABCOCK POWER 0 A508

Y A508 FORGING

, -_0..00 . -I- 0_ 0 Further studies have been concentrated on

% BULK SULFUR LV o o the fractographic features of the corrosion
fatigue fracture surfaces (4, 28, 53 - 56). In

b an extensive study carried out with the Interna-o W AND N61 RESULTS

0 AMZ*LAGA TALI ..-- tional Cyclic Crack Growth Rate Group (ICCGR)
round robin specimens (28), it was concluded

.2 IN that whenever environmental enhancement in the

04A LINDE IN cyclic crack growth rate was observed, the
0.. LINDE 1 - fracture morphology changed from typical ductile

striations into more planar, fan-shaped sur-
. LINOE 124 IHN0N..1 INO

- 0H o'LINoE Z 6-faces, the fans often starting from inclusionsLN 68 0 (Fig. 13). These two basic fracture morphologies
0 Lco-existed, however, but the relative amount of

-0 0 0FFI planar, fan-shaped areas increased with in-

,7 -' creasing environmental enhancement, Fig. 14.
_ " LINDE 91

0006 0010 0015 0020 0023
SULFUR CONTENT. S% The MnS-inclusions have an important role

in the crevice chemistry: in neutral or slightly
Fig. 11 - (a) Effect of bulk sulfur level on the acid conditions prevailing inside the crack due
cyclic crack growth in RPV materials in PWR to the hydrolysis of anodically dissolved metal
water environment (R = 0.7 - 0.85; 1 cpm sine ions, the MnS inclusions act as local cathodes
waveform) (51). (b) Effect of sulfur on cyclic and dissolve forming H2 S. The dissolution behav-
crack growth (47). lour of MnS inclusions of A533B pressure vessel
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Fig. 14 - The correlation between the relative

amount of brittle-like fracture and the environ-

mental crack growth rate enhancement factor
(28).

50M mFRACTOGRAPHY

The fractographic examination has revealed

threp different fracture morphologies:

Fig. 13 -Examples of typical fan-shaped brittle

striated fracture areas in A5338 steel specimen - tranagranula., ductile striated fracture

I1T49 (a) and IHT19 (b). Note the spreading of - transgranular, brittle striated fracture and

the fan from inclusions in (b) (28). - striationless, cleavage-like fracture.

Typical examples of the three morphologies

steel in light water reactor environments and in are shown in Fig. 15. The cleavage-like fracture

sulphuric acid solutions has been studied, and morphology in Fig. 15 exhibits tunnel-like fea-

the polarization curves of the steel and syn- tures. A comparison between brittle striated

thetic MnS were measured (6). The formation of corrosion fatigue fracture and true quasi-

H2 S leads to increased hydrogen absorption and cleavage fracture (obtained by fracturing at

the absorbed hydrogen is diffusing along the liquid nitrogen temperature) is also shown in

stress gradient ahead of the crack tip. The MnS Fig. 15. Similar overall features are evident:

inclusions have also another role in the en- the brittle striations seem to be superposed on

vironment sensitive cracking; namely they act as cleavage planes. It Is also evident that the

preferential trapping sites for hydrogen. The fan-shaped patterns seen on brittle striated

trapped hydrogen can cause brittle-like hydro- corrosion fatigue fracture surfaces are at least

gen-induced fracture nucleation at Inclusions partly connected to the microstructure of the

ahead of the main crack tip inside the plastic steel, as fan-shaped features are observed also

zone (4). on the true quasi-cleavage fracture surface.

The brittle fracture mode usually does not

cover the whole fracture surface at a particular
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AK-level, but rather is seen to coexist with

ductile striated areas. The relative amounts of
these two fracture modes depend on the extent of

environmental enhancement. When the environ-

mental enhancement in the crack growth rate
increases, the striations become brittle. The
striationiess brittle fracture mode is some-

times, but not always, observed when the en-
vironmental enhancement factor approaches its

maximum value. In the last part of a typical
corrosion fatigue test, when the bend-over

10 M towards the air line occurs, coarser brittle

striations appear and the amount of ductile

striated area also increases (Fig. 16).

R533B - rt. o Rob n I /
289C2eec ~i //

12
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2 1? m~ I /1

R-I I

o Spec. !HT16

crack qrowt , 0se 7 ~ ~ it~
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(O~t. R,.f51 I (R.tp, R-.25)
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ft Fig. 16 - Location of the four fractographically

different crack growth areas as compared to the
da/dN-AK results and the comparison between
striation spacings and observed crack growth

- rates in A533B specimen IHT16 (28). The stria-
tion spacing corresponds well with the observed

crack growth rates.

The fan-shaped brittle striated fracture

surface features often spread from the MnS-
inclusion colonies. Another feature typically

associated with environmentally enhanced crack
growth is the terraced appearance caused by

100- 1M elongated MnS-inclusions located away from the
main crack path, Fig. 17. The depth of the

terraces was less than 40 im as measured of

Fig. 15 - Typical examples of (a) ductile stria- cross-sections. These terraces are joined to the

tions, (b) brittle striations, (c) striationless main fracture surface by ductile tearing. In

cleavage-like fracture in corrosion fatigue and fatigue tests in air, the inclusion clusters

a true quasi-cleavage brittle fracture surface produce similar terraces in smaller numbers, but

(d) obtained after test termination at liquid in this case no brittle areas are observed

nitrogen temperature (28). around the inclusions. Figure 17 shows a terrace
next to the precrack tip. The terraces were,
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Fig. 17 - Terraced corrosion fatigue fracture surface morphology in A533B steel specimen iHT14 pro-

duced by hnS-inclusions at different levels from the main crack path. The corresponding AK values
are (a) 29 MPa/m, (b) 49 MPa /m, (c) 64 MPa/m, and (d) 69 Pa/m. Note that the inclusions are not

fully dissolved close to the crack tip (4).

Fig. 18 (a) Fractograph of a nearly circular area of brittle-like appearance and no evidence of

striations; this region, found on the low sulfur A533-B steel (W7-2C-14, 0.004 % S) (see Fig. 5b), is

p~resumed to have formo.d by hydrogen cracking (5). (b) Hydrogen cracking located in the uncracked

region of the same specimen ahead of the fatigue crack tip; this region was opened up during the

post-test fracture.
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Fig. 19 - (a) An example of the effect of dense inclusion stringers on the crack tip morphology in

A533B steel specimen IHT14. (b) Detail of the crack tip. Note the local crack growth direction
parallel to the main crack front adjacent to the inclusions (4).

however, mainly observed at high AK-levels near of the crack tip. Fig. 20 shows an example of
the final corrosion fatigue crack tip, Fig. 17b brittle cracking (which differs from mechanical
to d. The morphology of these terraces indicated cleavage fracture) around an inclusion ahead of
that inclusions in the crack tip stress field the final crack tip. When a microcrack advances
can initiate cracking ahead of the main crack from the inclusion ahead of the crack tip, the
front. Thus, inclusions away from the main crack fracture surface can be striationless as shown
path can also be associated with the crack. This in Fig. 20 or brittle striated (Fig. 21), sug-
increases the number of MnS-inclusions exposed gesting that the microcracks can propagate also
on the fracture surface. The exposed MnS-inclu- intermittently ahead of the crack tip. The crack
sions are dissolved during the corrosion fatigue growth from the inclusion in Fig. 21 has taken

test leaving empty sites. However, closer to the place near the location of maximum stress ahead
crack tip partly dissolved MnS-inclusions are of the corrosion fatigue crack tip parallel to
observed, and immediately adjacent to the crack the crack front. In this direction the micro-
tip, undissolved inclusions are present. Thus, crack stays in the area of maximum stress. This
the dissolution of the MnS-inclusions requires a kind of local crack growth is typically observed
significant period of exposure to the high- in brittle areas around inclusions in terraces.
temperature water environment. This supports the idea that the terraces are

formed ahead of the main crack tip and then

A connection between the local density of linked to the main crack front by ductile
nS-inclusions and the brittle type of fracture tearing.

surface is apparent, and considerably fewer
inclusions have been seen on the ductile striat- In summary, the microscopic features of the
ed fracture surface. In the ductile fracture fracture surfaces of A533B steel CF specimens
surface, small brittle regions are sometimes have been studied indicating that the brittle
associated with the inclus.-ns, Fig. 18. In mode of fracture seems to originate mainly from
areas containing a dense distribution of elonga- inclusion clusters. Ductile striated areas can
ted MnS-inclusions, the crack tip can propagate be observed between brittle areas. The brittle
much faster than in the surrounding areas. mode of fracture seems to be generally more pro-
Figure 19a shows an example of a crack tip bulge nounced in the middle of the specimens where the
along elongated MnS-inclusion stringers, having crevice chemistry conditions are established.
a typical brittle mode of propagation. The crack
tip is surrounded by mechanical cleavage crack-
ing produced at liquid nitrogen temperature SLOW STRAIN RATE TESTS
subsequent to the test. Fig. 19b shows a detail
of the crack tip and reveals brittle striations. Slow strain rate tests in pure high tem-
The inclusions are not dissolved: they have perature water initiate SCC above about
broken along matrix/inclusion phase boundaries -20') mVSHE. Crack initiation is taking place
and contain some cracks. generally at corrosion pits which form on sites

of soirface MnS inclusions, Fig. 22a. Then the
In some cases inclusions seem to be capable initiated cracks spread like fans from the

of producing brittle cracking around them ahead initiation sites. This is similar what happens
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Fig. 21 - (a) Cracking starting from a MnS-
inclusion ahead of the main crack tip (A) in
A533B steel specimen 1HT39. (b) A detail of A.
Note that the fracture surface of the microcrack
is striated (28).

fact due to oxidation during the exposure to the
aerated conditions. Analysis of the Fe 2 P3/2
line showed that the major sulfur species was
FeS 2 . Also FeS was observed after sputtering,
but because its line is very near the line of
FeO (which is known to result from the sputter-
ing of Fe3 04 ), it was not certain from which
phase the information came. This finding con- 52
firms MnS-rich crack tip chemistry and the
earlier electrochemical findings (31 - 33) that Fig. 22 - (a) Fractograph of SSRT-specimen of
the electrochemical conditions inside the crack A508 steel tested in pure water containing 400
are in the area of Fe-S-H 2 0 Pourbaix diagram ppb 02 (ECP: +80...+100 mVSHF) (19). (b) Typical
where both Fe3 03 and FeS 2 are stable phases fracture surface of a A508 steel SSRT-specimen
(Fig. 23) (34). Also the corrosion potentials (tested at -360 mVsHE in MnS-saturated pure
(-550...-600 mVSHE) in MnS-saturated PWR-water water at 80 C) showing the notch, brittle
experiments are based on the fact that FeS 2 is a transgranular SCC area and ductile final frac-
stable phase (57). In addition, in these ture (26). (c) Fracture surface of prefatigued
conditions Mn is soluble, as can be seen from A533-B steel formed in MnS-saturated PWR-water

at 288 OC (E = -590 mVSIIE) (57).
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the Mn-S-H 2 0 Pourbaix diagram (Fig. 24). There-
fore, Mn was not generally observed to be 2.0 .

present in the oxide phase of the corrosion
fatigue fracture surfaces. 1.5 MnO

2.51 ' I' I ','i' 1.0

2.02+M2
2.0 Fe (OH)2  0.5
I5HSO 4  so42-1.i5 0.

4 - 0.0- Mn2032
-i V_

> 0.5 S(J) FeO -1.
o4
1.0 Ce~ 1. ,

-J 23

-> 0 .5 --0e

0-

pH

-1.0 -- Fe

nFig. 24 - Potential-pH diagram for Mn-S-H2 0 at

-1.5 -- H2S~aq) HS--bI si 2 -- 300 0C. (P. Scott, Communication at ICCGR

,. e,2eO. Meeting, Warrington, UK, May 1984).

-2.0 -. O

-2 0 2 4 6 8 10 12 14 16

pH (35), France (36), Japan (37), and in the USA
(5, 38 - 40). The effects of size and distribu-

tion of MnS inclusions on corrosion fatigue
Fig. 23 - Potential-pH diagram for Fe-S-H 2 0 at crack growth have been studied especially in
300 °C: a(ion) = 106, a(dissolved sulfide) = Finland (4, 27, 28). In order to understand the
10- 1, a(gas) = 1, and a(solid) = 1 (34). results obtained, mechanistic interpretations

for the role of sulfur in the corrosion fatigue

crack growth have to be found. Some supporting
Generally, the amount of sulfur in the research has already been completed; the role of

oxide layer was about 3 at. %, and sulfur seemed sulfur in anodic dissolution and hydrogen uptake
to be present deep in the oxide phase. In speci- has been discussed (7 and 41 - 46). The problem
mens where a high crack growth rate was observ- is complex because the chemistry and electro-
ed, the amount of sulfur generally at the crack chemistry inside the crack seem to favour both
tip was double (6 at. %) to that in the middle reactions (8, 25 and 31 - 33).
of of the fracture surface behind the crack tip.
The fracture surface oxide of the low sulfur In corrosion fatigue crack growth, hydrogen
steel contained 1 to 4 at. % S without showing sulfide has been recently proven to be the prin-
any marked enhancement in the crack growth rate. cipal species responsible for observed enhance-
Therefore, it cannot be concluded, based on ment of the fatigue crack growth rates in light
these results, if there are any critical amounts water reactor conditions (45) by injecting ppm
of sulfur in the oxide phase which is needed for levels of hydrogen sulfide into the corrosion
enhancing the corrosion fatigue crack growth fatigue crack tip of a low sulfur steel. In
rate. addition to MnS iron sulfide is also soluble in

the crack-tip environment and can supply hydro-
gen sulfide in the crack-tip environment to

DISCUSSION sustain enhanced crack growth, as happened in
the case of Van Der Sluys and Emanuelson's ex-

Recently, it has been thought generally periment (45), where high crack growth rate
that the environmental enhancement of corrosion continued after injection of hydrogen sulfide
fatigue crack growth of pressure vessel steels into the crack tip of low sulfur pressure vessel
in LWR conditions is related to the sulfur steel was stopped. In order to understand mech-
content of the steels. Therefore, many national anistically the role of sulfur in the corrosion
programs have been initiated to study the fatigue crack growth, the effects of sulfur in

effects of sulfur content of the pressure vessel anodic dissolution and in hydrogen uptake have

steel on corrosion fatigue crack growth: in UK to be studied in much more detail.
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CONCLUSIONS 2. Bamford, W. H., Geschini, L.J. and Jacko,

R.J., Heavy Section Steel Technology Report
The following main conclusions can be drawn for July-September 1983, USNRC Report

based on the role of MnS inclusions in corrosion NUREG/CR-3334, Vol. 3, March 1984,
fatigue crack growth in reactor pressure vessel pp. 97-114.
steels in simulated reactor water:

3. Van der Sluys, A., Progress Report, October
- Whenever environmental enhancement of the 1, 1982 to April 30, 1983. Project 1325-1.
cyclic crack growth rate is observed, brittle Electric Power Research Institute, Palo
features in fracture morphology (brittle stria- Alto, CA, July 1983.
tions or striationless cleavage-like fracture)
are seen, although not throughout the entire 4. Hinninen, H., Tbrrbnen, K., Kemppainen, K.
fracture surface. In the absence of environmen- and Salonen, S., Corrosion Science, Vol.
tal enhancement, the fracture surfaces generally 23(6), 1983, p. 663-679.
show ductile striations.

5. Cullen, W.H., Kemppainen, M., Hnninen, H.
- Brittle features are usually associated and Trrbnen, K., USNRC Report NUREG/
with the manganese sulfide inclusions; brittle CR-4121, Feb. 1985.
crack growth often spreads like a fan from an
inclusion cluster. Considerably fewer inclusions 6. Klemetti, K., H~nninen, H., Trr5nen, K.,
are seen on ductile striated fracture surfaces Kemppainen, M. and Pessa, M., Proc. of the
than on brittle striated fracture surfaces. Intern. Symp. on Environmental Degradation

of Materials in Nuclear Power Systems -
- Inclusions can generate localized micro- Water Reactors, Myrtle Beach, SC, Aug.

cracking in front of the main crack tip, seen as 22-25, 1983, pp. 368-383.
terraces on the fracture surface and in metallo-
graphic sections. 7. Ford, F.P., Performance and Evaluation of

Light Water Reactor Pressure Vessels,
- The oxide of the corrosion fatigue fracture R. Rungta, J.D. Gilman and W.H. Bamford
surface (PWR-conditions) is in the form of mag- (Eds.), PVP-119, American Society of
netite (Fe3 04 ). Sulfur was found to be basically Mechanical Engineering, New York, 1987,
in the form of FeS 2 , but existence of FeS could pp. 43-62.
not be excluded.

8. H~nninen, H., Illi, H., Tbrrbnen, K. and
- Based on the presence of magnetite and Vulli, M., Proc. of the 2nd Intern. Atomic
FeS 2 , the crack-tip conditions can be located in Energy Agency Specialists' Meeting on Sub-
the potential-pH diagram indicating neutral or critical Crack Growth, Japan, May 15-17,
slightly acid conditions where the corrosion 1985, W.H. Cullen, Ed. USNRC Conf. Proc.
potential is around -500 mV(SHE) or less. NUREG/CP-0067, Vol. 2., Apr. 1986, pp.

179-200.
- The critical amount of sulfur in the oxide
phase required to produce the high corrosion 9. Speidel, M.O. and Magdowski, R.M., SMIRT
fatigue crack growth rates has not yet been Post Conf. Seminar No. 2, Session II,
revealed. Davos, Switzerland, Aug. 24-25, 1987.

- The observed fractographic and metallo- 10. Hurst, P., Appleton, D.A., Banks, P. and
graphic features are consistent with hydrogen Raffel, A.S., Corrosion Science, Vol. 25,
induced cracking as the main mechanism of 1985, pp. 651-671.
environmentally enhanced cyclic crack growth.

11. Congleton, J. and Hurst, P., Proc. of the
2nd Intern. Atomic Energy Agency Special-
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PLATE-LIKE RIGID INCLUSIONS AND
DUCTILE-BRITTLE TRANSITION

Ing-Hour Lin
Fracture and Deformation Division

Institute for Materials Science and Engineering
National Bureau of Standards
Boulder, Colorado 80303 USA

inclusion. These boundary conditions induce
ABSTRACT image forces on dislocations and local stress

concentrations on the crack and the inclusion.
A simple dislocation-crack-inclusion model is Dislocation-crack interactions and their
proposed to study inclusion embrittlement. important role in fracture problems are well
Before, we derived the elastic interaction documented. The current state of the subject
among screw dislocations, a plate-like rigid is described in [1-10]. Likewise,
inclusion, and a crack under antiplane shear dislocation-inclusion interactions and their
strain. Here, we apply these results to role in both void nucleation at inclusions and
dislocation emission and crack-tip breakaway. second-phase particle cracking are also well
When an inclusion is very close to the crack developed [11-13]. Perhaps the best known
tip, the total image force on a dislocation is example is the application of carbide cracking
enlarged and a ductile-to-brittle crossover of at grain boundaries in developing a cleavage
the intrinsic character of cracks may be fracture model to predict the fracture
induced. The breakaway of a shielded crack, toughness increase in mild steels with
triggered by void nucleation at the inclusion, increasing temperature [14]. However, so far
is discussed. the dislocation-crack interaction under the

influence of an inclusion has not been fully
IN THIS PAPER WE propose a simple dislocation- analyzed because the mixed boundary conditions
crack-inclusion model with which we can study at the surfaces of cracks and inclusions lead
the mechanical roles of a plate-like rigid to difficult analysis in the presence of a
inclusion on fracture embrittlement. We work dislocation. Also, since a plate-like rigid
in mode III because simple analysis results inclusion lying on the cleavage plane has no
can be derived. These illustrate the physical interaction with a crack under antiplane shear
situation. We leave the more realistic but strain, the analysis is further simplified
mathematically complex mode I case to another considerably and will make mathematical
study. analysis tractable when screw dislocations are

present. The physical origin of this zero
In the model we consider the elastic interaction force is explained in the next

interaction among screw dislocations, a plate- section. The purpose of this paper is to use
like rigid inclusion, and a crack under results of our recent work on dislocation-
applied anti-plane shear strain. The boundary inclusion interactions [15] in the well-known
conditions on the surfaces of the elastic dislocation-crack interaction to construct a
defects are, respectively, zero traction on dislocation-crack-inclusion model to study two
the crack and zero displacement on the fundamental fracture problems related to

inclusions: dislocation emission at crack
tips under the influence of inclusion; and
void nucleation and propagation at inclusions
under the influence of cracks and
dislocations.

Contribution of the National Bureau of Standards, not subject to copyright.
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In the next section the dislocation- fc k2

crack-inclusion model is presented, and then 2p

the results are applied to study effects of
inclusion on dislocation emission in Section 3 k- K - 1 2 1 + 1 (1)
and inclusion-induced cleavage fracture in 51 7r, 7r,
Section 4. Finally, we present our
conclusions in Section 5. 2

DISLOCATION-CRACK-INCLUSION MODEL -R -,

Consider the elastic interaction among a set b 1
of screw dislocations, a plate-like rigid kR - (2 ) _ 1
inclusion and a crack under antiplane shear 2 T= 72)
strain, which is characterized by the applied
stress intensity factor K for the crack. (In Kd - L b 2 1 1
our model the applied shear stress is a3 2 ; so - 4w +  n+
there is no applied K-field for the inclu-
sion). Let the crack and the inclusion, 1 1
respectively, occupy the -x1 half and +x, half + 2 -/ + 7 J
of the xx 3 plane, with the crack tip 

at the

origin and the inclusion tip at x, - w (Fig.
1). + ub b +

j 4r L- * -ji

+ ++ -JKj + + 1-j

r R

The force is given as a vector f in the
e--complex plane on the crack, inclusion and

dislocation, respectively, p is the shear
crack o x1  W inclusion modulus, b is the Burgers vector of a

reference dislocation, and bJ is the Burgers
FIGURE 1. - Coordinate system for dislocation- vector of all other dislocations. Note that b
crack-inclusion interaction. The crack tip is has a sign and may be plus or minus for the
at the origin with cleavage plane along the screw dislocations, which are at position in
negative x, axis. The inclusion is along the the complex plane with the crack tip at the
positive x, axis and with its tip at x, - w. origin. The variable j is related to j by
The dislocation is at measured from the tj - j - wi- RjeiOi measured from the
crack tip. inclusion tip. The sum over j is a sum over

the dislocation distribution. Z' denotes a
In the absence of the inclusion the stress sum over all dislocations except that for
potential caused by the crack and dislocations which the force is being calculated. k and kR
is known [10). The stress potential caused by are respectively the local stress intensity

dislocation-inclusion interaction is derived factors for the crack and the inclusion. If
and will be published elsewhere [15]. Because the Burgers vector has a positive sign, then
there is no crack-inclusion interaction under the crack tip becomes shielded but the

this loading condition, the dislocation-crack- inclusion tip is antishielded.

inclusion interaction can be constructed by
the superposition of the dislocation-crack and In equilibrium, the elastic forces in Eq.
dislocation-inclusion interactions. This zero (1), Eq. (2), and Eq. (3) will be balanced by

interaction force stems from the fact that the other lattice force, such as surface tension

stress component a1 3 , generated by the crack, effects at the crack tip and inclusion tip or

is zero on the inclusion surfaces. So the Peierls forces, etc. at the dislocations.

equivalent zero displacement boundary
condition is automatically satisfied. Without Thus

showing the detailed calculation, the forces
on the crack and the inclusion and each of the fr - 27 (4)

dislocations can be expressed, respectively,
fR - 27R (5)
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fd - afb (6) the crack is positive or negative, depending
on the sign of the Burgers vector. The image

I is the intrinsic surface energy, IR is the force on the slip plane is always attractive.

surface tension at the inclusion/matrix The function on the right in equation (8)
interface, while of is an assumed friction is zero at a critical value of r. For smaller
stress acting on dislocation. r, the dislocation is attracted to the crack

tip, and for larger r, the dislocation is
DUCTILE/BRITTLE TRANSITION repelled. Equation (8) is based on line

A crack that can spontaneously emit singularity cracks and dislocations. Both

dislcatonswil led toa dctie factrecracks and dislocations, however, possessdislocations will lead to a ductile fracture, nonlinear regions at their centers within
while a crack stable against such emission which elastic arguments do not apply. If this
will lead to brittle fracture. In thisjoncreszfrthcakplsmrgg

section the effect of an inclusion on joint core size for the crack plus emerging

dislocation emission at crack tips will be dislocation exceeds the point of zero of force

analyzed. The critical k for emission, ke, is in Eq. (8), then the attractive region will

obtained by calculating the force on an not be sensed, and the dislocation will be

emerging dislocation as a function of its spontaneously emitted. Putting r equal to the

distance from the crack tip, and as a function core size, r0 , just described and writing the
condition for the zero force, we then have aof k. Let a be the rotation angle between the value of k that describes the onset of

original x, direction and the slip plane. valofa t esin.

Then for any complex vector, A, its vclue in dislocation emission.

the slip plane coordinates (Fig. 2), is kb F

(A)sliP = A e
-La (7) e rrcos(a/2)

sin(a + 9) sin 2  (9)/ +sin a

r
Since the extra term in the bracket is
positive, equation (9) shows that the
intrinsic character of the core crack crosses
over from ductile to brittle if the plate-like

X1 rigid inclusion is very close to the crack tip
and if the dislocation is not emitted on the
cleavage plane.

FIGURE 2. - Slip-plane coordinates. In slip-
plane coordinates, the new coordinates are INCLUSION INDUCED CLEAVAGE FRACTURE

related so the new x, direction lies along r
and a is the angle of rotation between the Generally, external sources of dislocations

original and the new x, axis lying on the emit as many positive as negative Burgers

cleavage plane. vectors (conservation of total Burgers
vector). The antishielding dislocations are

In the slip plane coordinates, the force on a in general attracted and disappear at the

dislocation in the slip direction is crack surfaces and one would expect

calculated from the first two terms shown in dislocation clouds associated with the crack

equation (3), tip to have excess shielding dislocations.
These shielding dislocations shield the crack
tip from the applied stress intensity factor

Re fd 4slip-  s b2 [1+ but increase the stress concentration at the
L4 - r 4wr Linclusion tip when the shielding clouds are

enlarged as the applied load is increased. If

sin(a + 8) sin2 the crack tip is well shielded, then the
+ sin a 2  (8) shielded crack tip can break away when voids

are generated because the antishielding caused

by voids can enhance the driving force at the

In this calculation, Eq. (3) is used with K crack tip. In this section, the fracture

set equal to k, and without counting the
interactions with other dislocations, under
the assumption that they are far from the
crack. The force on the dislocation caused by
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toughness of inclusion-induced cleavage Table 1
fracture will be estimated. In terms of a
super-dislocation representation, let the The variation of Jc with the critical angle 6
shielding cloud be represented by a super- when a void is generated at the inclusion.
Burgers vector B, located at (r,a), measured
from the crack tip. From Eq. (1) and Eq. (2), ec/ 2 7c
the local-k can be written

5 2591 Bcos(-/2)529

k c - K - =-' (10) 10 40.6
30 4.40

e sine 45 2.73
kR - B sin --- n@ (11) 60 2.20

sina 75 2.00

90 1.93
Voids are generated at the inclusion tip when
kk reaches a critical value characterized by We note that kR in Eq. (11) is an odd

kR - J4A7  (12) function and goes to zero if the shieldingcloud is symmetrically distributed, but kc in
'Yf - Im + 71 - 7R Eq. (10) is an even function so both the

symmetrical and antisymmetrical dislocation

Here 7 m, 11, and IR are respectively the distribution would contribute to the fracture
intrinsic surface energy of the matrix, the toughness. When this property is taken into
inclusion, and t..e interface between the the modeling, the predicted toughness would be
inclusion and the matrix. Crack breaks away much higher than that shown in Eq. (13).
when the kc in Eq. (10) is larger than the
local equilibrium conditions shown in Eq. (4). CONCLUSIONS

However, Eq. (4) still applies for estimating
the lower bound of fracture toughness. From this study, there emerge three
Combining Eq. (10) and Eq. (11) and using Eq. conclusions:

(4) and Eq. (12), then the critical K for
inclusion induced cleavage fracture can be 1. The total image force for a dislocation
expressed by near a crack tip is enhanced when a

plate-like rigid Inclusion is on the
cleavage plane.

V Cos C-K --- /2 f sin- ](13) 2. Because of the image force enhancement,K - Kc - 2.c + sine 7c sin ] the intrinsic character of cracks
sin crosses over from ductile to brittle if

a plate-like rigid inclusion is very

In terms of Jc - K/2, the value of Jc can be close to the crack tip.
calculated as a function of angles a and 8.
The result shown in Table 1 shows that Jc 3. Inclusion-induced cleavage fracture
increases with the decrease of E when the slip triggered by void nucleation at the
angle a is chosen as a constant 45 degrees. inclusion is analyzed qualitatively.
Jc/ 2 1c varies from 1.93 to 259 as 8 angle The fracture toughness will depend on
varies from 90 to 5 degrees. These results the details of the shielding
are consistent with the slip induced cleavage dislocation configuration.
fracture model developed by Ritchie, Knott,
and Rice (14], in which the fracture toughness ACKNOWLEDGEMENTS

increases with the characteristic distance
where the microcracking occurs. It is a pleasure to acknowledge the role R.
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INCLUSIONS AND THEIR INFLUENCE ON CORROSION AND
CO RROSION -ASSISTED FRACTURE

William E. White
Ryerson Polytechnical Institute

Toronto, Ontario, Canada

ABSTRACT materials manufacture [7-91. Whatever are
their origins, inclusions will influence, to

Localized corrosion in steels is an insidious some degree, naterials behaviour-, including
process. The mecranisms can be complex and are susceptibilities to corrosion and
often not well-understood. Inclusions in the corrosion-assisted fracture [10--20].
steel often aggravate further the processes of In this paper, the roles of inclusions on
corrosion and corrosion-assisted fracture. The susceptibilities to localized corrosion and
roles played Dy inclusions in the nucleation of fracture are examined, and various damage
pitting corrosion and in corrosion-assisted mrechariisns are discussed as they are nt luenced
crack initiation and growth are expioreo. by the character and morphologies of the

It is show that specific operative .damage inclusions, the characteristics of the
mechanisnri, whether by corrosion or surrounding metal matrices, and the chemistries
corrosion-induced fracture, depend on a nurrber of the corrosive environments.
of inter-related factors, including the
physical, physical-chemical, ana INCLUSIONS
electrochemical nature of the inclusions; the
characteristics of the metal matrices; the The types, sizes, nor-phrilogy, and
chemti ca I, e Iectrochem 1icall, and ccerpositions of inclusions in steels will
pn~ys ica; .. emvical properties of the corrosive depend on) the steel type and nanuiacturi)ng
environnrent_-; temperature, pressure, velocity, practise [7-9]. Several principal types of
arid pH. F inally, i is shown that 'in situA sulfide inclusions nave been described in the
environmental changes, often arising as a literaw.r e L7,8]. Globular,
cont sequen ce or the uheri _a I arid/or rar doml Iy-d ispersed, suiphide inclusions are
elIectrcherni calI reactions taking place, common to steels with high oxygen contents, the
irireas6 fur trier the GCcnI Pe> IL as sivulved in inclusions precipitating initially as i iqid

underswrandiny the fundamental rrechani1sns droplets in the solidifying steel [8. (Figure
re lated to damage in itL iat ion and aucurr !at iori. 1). These sulph ides, (type I), often tvave

multiplex structures, and may contain silicates
and/or oxides.

Type 11 inclusions form in deoxidized
THE STRUCTURAL DEPENDENCE OF MATERIALS' steels (silicon, or aiuinnum kluited), and
p)r 4 e C ha6 been) we 1l -docuLMented. prec i p t ate iriterdendr it - ca 1 1y late in the
Pr _oer L e,;S arnd mater i a i s per for mance may depend sol idif lost ion prcocess [S]. The morphology in
on atom ic sitr uctur e, in icr ostructure a rid/or the cast stee Is can best be descr ibed &6 th in,
macrostructure. Although str uctur e-proper ty ctia in- I il e, arid often with a fan-like

o n5iisAre irrportnit, Vie behav ior of . ut,(1u(r e, Figure 2), a Itrouyh iwy are
materiai-, i a 13o strong1  nrf ioericed uy rod-shaped or ovalI. AlI umiina aria sili11cates nay
ern ironmyenital iriteract ior._ alIso ue associated %-ith SUi i l ides, depend iny on

I nicius ions nor-mall Iy crriise a par t ot the the ae-o>ridat ioi pract ise.
inicstructLures of mater i it). Inc ius in ruy T ype I II su I ph ides aire usual Iy Anq,. urt
r) e ar;, integrali part of mater ialIs desi19f : equiaxed. and dispersed randomly, (Figure s).
ritroduedj peinclLy t enhance -trefiytmt They are rinnophase, not associated with oxides

Li-siJ, fatigue resistancez [4-6j, or other or silicates, nor is there elemental
doest In dt) Ic u ,r , per r, i e , Of in lot.-, innr s irey be subst i tut ion tor r~he rrangariese I
rconseguent ia i to par t cu iar nflr*j~thod .Jo
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The compositions of inclusions may vary
widely, and, for example, manganese sulphide

can accommodate considerable amounts of other
transition elements to form (Mn,Me)S-type

sulphides (81. Often, the composition will
influence inclusion hardness, and this will
influence the shape in roiled products.

Inclusions may be elongated (Figure 4), or
fragmented (Figure 5).

Rare-earth metals, along with zirconium,
and calcium can be used to reduced or eliminate
manganese sulphide because their

sulphide-forming tendencies are considerably
greater than that of manganese. Consequently,
CaS, ZrS, and rare-earth (RE) sulphides, (RE)S,
(RE).Sy, and oxysulphides, (RE)202S, may be
found in steels [9].

In addition to sulphides, a wide variety
Fig. 1 -- Scanning Electron Micrograph Showing of oxides may be present in the steels,
Randomly Dispersed Globular (Type i) Inclusions including FeO, MnO, (Fe,Mn)0, FeA1204
in a 'Cast' Steel: 2 percent nital etch (hercynite), A1203, Cr203, S102 (silicates) and

spineis, such as NlxFel-x04. An excellent

, ireview on oxides in steels has been written by
2 0O OAni Philbrook et al [21].

In surrmary, it is important to understand
that inclusions in steels may vary widely in
type, chemical composition, morphology, and
comnplexity; these var i a les, in turn.
influencing the corrosion and fracture
resistances of the steels. The major classe,8

• : of inclusions are listed in Table I.

~INCLUSIONS AND CORROSION

S .,Inclusions in steels usually will promote

jIlocalized corrosive attack, facilitating the
development of corrosion pits. The pitting
corros ion mechanisms will depend on marny

factors indigenous to the inclusion, the metal
matrix, and the corrosive environment acting

Fi9.2- v1, Rod-Shaped, Fan-Like singly, or conjointly. Pitting may be
Interdendridic Inclusions in a 'Cast' Steel. initiated by dissolution of the inciusion by
uptical Micrograph, 2 percent nital etch chemical or electrochemcal means), (Figure 6);

by preferential interfacial corrosion of the
;k,;. surrounding metal matri>, Figure 7); by

preferential attack of a por tion only of
4 rrultiphase inclusions (Figure 8), or from

* d is0ondmenit a long the interface between the
A inclusion and the metal matrix leading to

crevice-Lype corrosion 1221.
Preferential dissolution of inclus'ons may

CX- cur by chemical or electroche,,ical means,
depending on the chemical, physical chemical,
and/or e lectr-ochemical propert ies of the
inclusion, and the nature of the particular

corrosive media in w.rntact witn it. The
electrochemical nature of the surrounding metal
matrix will also influence the mechaniismof
attack of the inclusioi.

Sulfide dissolution kinetics nriy be the
Fig. 3 Scanning Eiectron Micrograph Snowing controlling factor In the pit initiation
Tr'pn i11 Su ion Wde Inc. lus ions in a 'Cast' Steel: process. In these cases, the kinetics are
2 percent nitai etcta, influenced by the morphology of the inclusions
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TABLE I.
INCLUSIONS IN STEEL
Silightly Malleable Hard Norwin1 leable

Mal leab -le Incluision s Inc lus ions Inc lusionis
1. Sulfides** 1. Silica-rich Glasses* 1. Silica [Si02]*

[MnS,FeS,(MnFe)S, [(Fe,Mn)O.XSiO2) 2. Hercynite
tFeCrI4n)SJ 2. Sulfides of Ti ana [FeAl204)**
Basic; Silicate Zr** [TiS,ZrS .... 3. Alumina
Glasses* 3. Siliceous Chrconites [A12033***
[2Fe0.S;Co-; 2MnO. I(Fe,Mn)O.Cr2O3 + 4. Ohromite
Si~i., 2(FeI~i)o. S102]*** [Fe,MrKO.Cr2O3]
S102 ... 1 4. Zircon [ZrO2.SliO2* 5. Ilmenite

5. Mn02~*** [FeD.Ti02)* 6. Vandium Spinel
6. FeO*, MnO* LFeO.V203.2SIO21*

7. tMfllite
(3A1203.2SI02 )*

8. Spinel
(MgFe2O4 ]***
I MnFe204]***

* Type 'A' Inclusions: Good Electron Conductors
**Type 'B' Inclus~ions: Limited Abil 'ity to Co)nduct Electrons
*Type 'C' Inclusions: Non-Conductors

~ 4J" . 44

~ ~lc

4 f.vticaI Miuryr pti' w lnae g - rgetd ad nlso

r.iM-t 4 vInc lui mo ra mhotan Elonate Fix 5 su rongmented lHadincnsso

Suihie Iclsios n Rlld See: 2pecen Sriner, i aRoied Stel: Optca
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Fig. 8 -- Scanning Electron Micrograph Showing Fig. 9 - Preferential Electrochemical
Selective Dissolution of a MulLiphase Dissolution of Delta Ferrite, Second Phase
Inclusion in Steel Particles in AISI Type 316L Stainlpss Steel

Weld Metal

exposed to the electrolyte, temperature,
electrolyte composition, arid the spectrum of
sulphide inclusion compositions present in the MnO2 + 4H + + 2e == Mn + + + 2H20
alloy [23]. Sulphide inclusions Er = + 0.282Vsce for pH = 7.5 l)
to a small extent are electron conductors and and [Mn + ] = 10-b g.1on/l
can oe polar-ized to approach the potentials of
the surrounding steel matrices [24]. Mg Fe204 + 8H + 2e == Mg+  + 2Fe,* + 4H20)

The mechanisms of dissolution will depend Er = -0.211 Vsce for pH - 7.5 and ( (2
on both the degree that the inclusions are [Mg+'J=[Fe+ ]=i06g.ion/l
electron conductors, and on the solubil icy of In both of the above exanp ies, the equ; 1 brium
the inclusions ,n the electrolyte. The potentials (Er) for electrochemical dissolution
inclusions in Table I have been categorized of the oxide (MnOz), and the spinel (,.MFezG4),
according to the relative aDIlities to conduct +282mVsce and - 211mVsce respectively were
electrons. Type 'A' inclusions, which are determined to be more nioble than the
reasonably good electron conductors may equilibrium potential of -881mVs c for
jissolve Uy electrochemical mechanisms, corrosion of steel by equation (3) under the
depending on the electrochemiicai same test conditions.
characteristics of the &urrounuing metai Fe :: Fe' + 2e
matrices. The type 'B' inciusions, which are Er = -881mVs:e for pH = 7.5 (,)
partial or poor conductors, may dissolve by and [Fe + ] = 10-,.on/I )
chemical or electrochemical means; whereas, Inclusions in stainiess steels, however,
;r', us ions that are non-conductors (Type C) may dissolve by electrochemical means because
will dissolve usually by chemical means. the surrounding passive steel matrix will be at

Accelerated electrochemical tests have a potential more noble than thLat of the
been developed to study pitting phenomeria in inc;lusions [23,24J.
steels [25,261. In conventional steels, it is It has also been observed arid is
often the case that the potentials of the well-established that freely conducting second
inclusions are more noble than those ct the phase particles iii austenitic steels in
surrounding steel matrix. In these cases, appropriate electrolytes will dissolve
polarizaLion of the steel willi cause it to preferentially by electrochemical (bi-metal)
corrode preferentially, the inclusion being corrosion mechanisms (Figure 9).
protected by the surrounding teel acting as a Dissolution by chemical mechanisms (Figure
sacrificial anode. For example, during 6) will depend on the solubility index of the
corros ion studies of steel in permafrost inc lus ions, which will be influenced by such
[25,26J, corrosion pits were observec to be factors as temperature, pressure, velocity, PH,
initiated by preferential corrosion of the ana electrolyte composition, among other
surrounding metal matrix and analyses showed factors [22,23,281. The rate of corrosion pit
that. the reversible electrode potent ials for for'nat ion w I depend on a number of factors in
electrochemical corrosion of the inclusions a comrplex fashion. For exarple, chemical
were more noble than that for the corrosion of dissolution of inclusions may change the
iron to the soluble cation state. Two examples
follow:
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corrosivity of the electrolyte local ly, thereby in Figure 12. Anodic stress corrosion cracking
accelerating corrosion of the surrounding metal was observed in studies of metallic orthopaedic
matrix [22,26]. implant failures [33], and not only were

inclusions active sites for pit initiation by
MnS + H* = n + HS- (4) electrochemical mechanisms, but inclusions
fMnS + 2H* =f4- + H2S (5) assisted crack growth as propagation from
MnO+ 2H+  Mn + + + H20 (6) inclusion to inclusion was observed
(Mn,Fe)A1205+ 10H + == Wn+ + metallographically as the cracks progressed

Fet 1 + 2Al +4 + + 5H20 (7) (Figure 12).
The degree of corrosion pit development,

The rate of dissolution of the inclusions as well as crack initiation and growth, often

in (4) to (1) above will depend on pH and other will depend on a nunter of inter-related and
factors: but clearly, even slow rates of complex factors. Not all corrosion pits will
aissolution will alter the chemistry of the initiate cracks. Corrosion pits may not
aqueous environment. The stability of the deve lop extensively due to spontaneous
aaueous H2S, the hydrosulphide ion, HS-, and repassivation L231; the development of deep
even dissociation to produce the bisulphide penetrating pits depending often on the
ion, S= will depend on pH. In these instances, competing processes of passivation and
corrosion of the steel will be accelerated. passivation breakdown. The chloride ion has
The production of HS- from reaction (4), has been shown to be especially damaging, not only
been shown to accelerate the corrosion of steel adsorbing to metal surfaces [34,35], but the
(reaction(3)), to form iron sulphide, FeS [25]. adsorption of Cl- is often non-uniform,

Crevice corrosion has also been observed at especially when the metal is stressed. The Cl-
inclusion/matrix interfaces [22], as may be ion apparently will migrate up the stress
seen in Figure 1-. Often the fundamental field, collecting at locallized points of
nechanism will be differential concentration highest stress [35j.
cell corrosion. Passivation breakdown can occur chemically

Pitt ;;q corrosion ma "ilso be initiated by in the presence of C1- and other harmful
select iye leaching of individual phases of anions; or mechanically by stress-rupture of
multi-tfiase inciusions as shc;.in in Figure 8 passivating films [36]. During pitting attack,
[22,25,26]. Selective dissolution may be a the metal undergoes corrosion and hydrolyses
consequence of chemical or electrochemical with a decrease in pH [371, (increase in
corrosion depending on the characteristics of acidity). In fact, 'in situ' locallized
tfie convorient prases. ctiemical cozrpositional changes have been shown

Finally, not all inclusions are attacked to take place as corrosion proceeds. No matter
even though conaitions may appear similar. In wh-at is the PH of the bulk solution., it has
Figure 1, tie angular inclusion (top of been shown experimentally, that the pH in the
F I'luro; '.t een attacked, but the elongated root of a corrosion pit will always be acidic
nultiphase inclusion has not been attacked. (38,39]. Studies have also confirmed acid

cotnd It ions in crevices, arid within
INCLUSIONS AND FRACTLtRE stress-corrosion cracks [36,40].

Acidification and changes in chloride
Environmentally-assisted fracture of metal concentrations generate severe and hostile

>*JT~nents involves the corijont act ion of environments that often promote cracking.
corrusive media and stress (residual and/or Additionally, electrochemical potential
.Appt Ied) to promote fai lure by fracture in a modifications as a consequence of the chemical
snorter time than would the separate and changes and the stress fields ( in stressed
isolated effectq of either the str e6s or the corxmorients) facilitate crack initiation and

env ironnient. It is not intended to growth in metal components.
d if ;er erit iate between the .jften) subtle It, has been well-documented that
differences between stress-corrosion cracking inclusions act as sites from which

:CC;, _u iph ide stress cracking (SSCi, ch lor ide hydrogen- induced-cracking and blister cracks
stress cracking (CSC), hydrogen-assisted are initiated [29-32]. Inclusions act as sinks
cracking (HAC), and .9ther form of stress arid for the collection of hydrogen generated from
corrus io)-r elated fracture mechanisms. Rather, corrosion reactions. As monatomic hydrogen
i. i intended only tw present somre exanples of ingresses into the metal lattice and collects
Ute potential role(s) played by inclusions in at inclusions, the nacent hydrogen combines to

t racture processes. f rim d atomic hydrogen with a consequent
Inciusions often are preferred sites for pressure build-up. Onice the pressure reaches a

the initiation of (.orrosion pitt; as has been critical value, cracking results. As pressure
shown in the foregoing text. The corrosion builds up in inclusions near the surface,
1it.>, n ice they are we Il-developed will act as blister cracks may form (Figure 13). Otherwise
sites where stress is concentrated, frcr, which linear cracking, or step-wise cracking (Figure
-ricis will initiate and grow, as may be seen 14) may be observed.
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Fig. 10. -- Scanning Electron Micrograph Fig. 11 -- Scanning Electron Micrograph Showing
Showing Crevice Corrosion at Inclusion-Steel Selective Corrosion of Angular Inclusion 'A'

Interface (top), but No Corrosion of Mul~tiphase Inclusion
'B' (bottom)

- .---

Fig. 12 -- Optical Micrograph Showing Anodic
Stress-Corrosion Cracks Initiating from
Corrosion-Pits. Note Also Crack Propogation
Being Assisted by the Inclusions: Diluted Aqua
Regia Etch [33)

* *Fig. 13 -- Hydrogen-Induced Cracking Adjacent

- ,.. <. /to Surface of Steel Causing the Formation of
,.. . Blisters: The Coon Term is Bister Cracking:

> ~2 percent nital etch [321

Fig 14 Hydrogen Induced Step-Wise Cracking
in Rolled Low-Alloy Steel 2 percent nital

etch [32J
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(1) chemical dissolution of the inclusion; (2)
SUt4ARY AND CONCLUSIONS -electro-chemical dissolution of the inclusion;

(3) electrochnemical corrosion of the
The mecnanisms of corrosion pit nucleation surrounding metal matrix; (4) selective

and growth are not fully understood. The dissolution of .certain phases in multi-phase
interplay between many factors can influence inclusions by chemical or electrochemical
strongly both pit initiation, and the kinetics means; (5) crevice corrosion at disbrnded
of pit growth. Often 'in situ' environmental inclusions; and (6) combinations of the aove
changes increase the conplexity even further, due to 'in situ' environmental changes as
In this paper, it has been shown that the role damage progresses.
of inclusions in corrosion pit development and Finally, it was also shown that inclusions
the mechanisms of pitting damage will depend on can adversely influence environmentally-induced
the nmerphology of the inclus:ions exposed to the fracture processes by acting as sites of stress
electrolyte, temperature, electroiyte concentration concomitant with the development
composition, pressure, velocity, the spectrum of corrosion pits, arid by acting as sites for
of inclusion compositions, and the nature of the collection of diatomic hydrogen, the
the metal matr ices 6ur rounding the inclus ions, pressure increases ultimately leading to crack

Inclusions might facilitate localized initiation and growth.
corrosion in one or more of the following ways:
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of the so called seams defects, charac-
ABSTRACT terized by long lines along the rolling

direction [9,10. Those defects are so-
A high incidence of the defect known as metimes confunded with surface scratches
seam was found in hot and cold rolled produced during rolling, and those from
strip of low carbon steel. Those seams exposed blowholes [11,12).
were due to mechanical (scratches during The aim of this work is to correla-
rolling) or metallurgical (blowholes or te the incidence of seams with the amou-
inclusions) features. It was deduced nt of aluminum added in the ingot mould
that the most important parameter, rela- during teeming of a low carbon rimming
ted to inclusion content, was the amount steel.
of aluminum added in the ingot mould,
that will affect their quantity and dis- EXPERIMENTAL PROCEDURE
tribution. It was concluded that non-
deformable inclusions (like MnoAl 209 A 100 metric tons heat of rimming
and Al 0 ) close to the ingot surface steel was prepared in an electric furna-

2 3 ce. The chemical composition, after ad-
were responsible for the occurrence of ditions in ladle, is given in Table 1.
the defect. A mechanism responsible for
the origin of the defect is proposed. Table 1. Chemical composition of the

steel (wt. %).

C Mn P S Cu Ni 0
INCLUSIONS IN METALS have a negative in- 0.07 0.30 0.010 0.012 0.02 0.03 0.0318
fluence on almost all mechanical proper-
ties [1-3]. During straining, the in- The steel was teemed into 5,000 kg in-
clusions may or may not deform plasti- gots. The teeming was started at 1576C.
cally depending on their chemical compo- The eeming was started a17 hsition and the working temperature. The The rimming action was controled with
most critical case is that of non-Tphe- granulated aluminum added to the bottom

that wil cthird of the ingot, Seven ingots in
rical, undeformable particles that will which the amount of Al ranged between
break during def',rmation [2,3]. In this 300 and 4,500 g were used in the test.
case, the metal matrix has to deform The resulting free oxygen in the ingot,
around the inclusion, creating cavities and the rimming action level are shown
or causing deformation damage which act in The 2.mTin oxygen was alculatedas nucleation sites for fatigue cracks in Table 2. The oxygen was calculated
or as zones of internal weakness ding after assuming a 50% recovery of Al.

The ingots were hot rolled to 2.16
further processing [2-5], There is a
general agreement about the amount, size mm (0.085") thick coil, pickled in sul-and distribution levels of inclusions in phuric acid, cold rolled to 0,46 mm
eandldistribtion lees ofinlusios h y (0.018"), batch annealed, temper rolled
metals that are procesed under hi y and sectioned in sheets 2.29 m (90")
tensile conditions [2,5-8].One evidence of inclusions in hot long. The surface quality was assessed

from sheets taken along the coil. An ar-
or cold rolled strip is the occurrence
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bitrary visual qualification from 0 for the occurrence of the former type of

(worst) to 10 (best) was given to both inclusions as the aluminum added to the

surfaces of the selected sheets. ingot was increased.
In general, it is considered that

Fable 2. Results of addition of Al. the alumina inclusions have spherical or
elliptic forms, clustering around cer-

Aluminum Free oxygen Rimming action tam regions, Fig. 5, but, as can be

[g] [ppm] seen from Fig. 6, the clusters are the
intersection of the polishing plane with800 247 vigorous/moderate dendritic inclusions [3,221. Those in-

1,400 194 slow clusions do not deform during either hot

4,500 non existant or cold rolling, but break 11-3,233.
When observing the rolling plane

(RP) of a 25.4 mm (1") thick plate, that
The mechanisms by which the inclu- had an addition of 4,500 g of Al a se-

sions convert into seams was studied by ries of small cavities or holes were
means of scanning electron microscopy of found along the rolling direction, Fig.
samples taken from ingots and along the 8, left by alumina inclusions, Fig. 9.
rolling process. In this last case, it The longitudinal plane (LP) of the same
was necessary to identify the plane and plate show a series of cracks along the
direction of rolling, Fig. 1. This figu- rolling direction (RD), Fig. 10. X-ray
re will be used later when refering to maps show that the Al was localized in
those planes and directions, certains places along the cracks, Fig.

11. Higher magnification of the area of
RESULTS AND DISCUSSION Fig. 10 show that the cracks were inter-

connecting small alumina inclusions,
The qualification of the coils as a Fig. 12, explaining the Al distribution

function of the addition of aluminum is of Fig. 11.
shown in Fig. 2. It can be seen that the Comparing the size of the alumina
surface quality deteriorates as the Al inclusions in the ingot that had an ad-
is increased. This behaviour is not only dition of 4,500 g of Al, Figs. 5 and 6,
due to the amount of alumina in the with that of the plate, Fig. 9, it can
steel, but also due to the reduction of be easily deduced that the original den-
oxygen available for the rimming action drites broke down. The way in which the
[1,3,13-171. As the rimming action de-- new inclusions are connected by cracks
creases, the blowholes are trapped is shown in the diagram of Fig. 13. Here,
,closer to the surface, and, if oxidized we consider that the dendrite will break
during soaking, they can produce seams after the steel matrix has reached cer-
L18-20]. Also, if the rimming action is tain strain level. As the rolling pro-
poor, the inclusions will not be able to ceeds, the steel keeps deforming as the
float, and will be trapped by the soli- temperature decreases, decreasing at the
dification front 114,21]. same time the ductility of the steel.

It was found that the incidence of Under this conditions, it would be pos-
seams was not constant along the length sible to find certain places in which
of the coil in steels that had 300 and the steel has developed the tendency for
800 g of aluminum, Fig. 3. The bottom of strain localization 124], that will
the ingot, where the blowholes are generate the cracks shown in Fig. 10.
closer to the surface (16-19), had the The difference in color between the
lowest qualifications. The steel with seams and the steel [9, 10], might well
4,500 g of Al, Fig. 4, did not show any be due to the changes in the surface
significant difference along the coil. roughness, produced by the stress field
This might well be due to the fact that around the particles, of the coil. Some
the Al is added at the bottom third of of the seams peel-off leaving dull sites
the ingot, and, in the case of the addi- [20) as result of the cracks intercon-
tion of 800 g, the rimming action will necting small inclusions.
te increasing as liquid iron keeps pour-
ing. There will be no difference in kil- CONCLUSIONS
led ingots (4,500 g of Al) because there
will always be an excess of aluminum to From the experimental heat it was
react with the oxygen of the steel. concluded that the incidence of seams

When observing the corner samples increases as the amount of Al added to
of the ingots by SEM, it was found that control the rimming action increases.
the inclusions were formed by alumina, The incidence of seams in steels with
Figs. 5 and 6, or by the spinel Al 209-  small amounts of Al was higher in the

MnO, Fig. 7. It was observed a tendency sheets coming out from the bottom of the
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10. Uni6n de Empresas Siderurgicas: Al-
ingot. There was not appreciable dif- bum de defectos de productos side-
ference in the incidence of seams i the rrgicos. Parte IV: Bandas laminadas
coil that had 4.5 kg of Al. This might en caliente, bandas laminadas en
well be due to the excess of aluminum to frio, 1983.
react with the oxygen dissolved in the 11. R.S. Patil, G.W. Henger and R.J.
steel poured into the ingot. Glatthorn: Mechanical Working and

It was found a tendency for the oc- Steel Processing XXI, ISS-AIME,
currence of Al 0 over Al 0 -MnO inclu- 1984, 99.

sions as the aluminum added to the ingot 12. R.M. Hudson: Mechanical Working and

was increased. Steel Processing XXIV, ISS-AIME,

The mechanism responsible for the 1987, 173; Iron Steelmaker, 14 (1),

formation of seams is the breakage of 30 (1987).

dendritic indeformable inclusions. This 13. G.R. St. Pierre and C.W. Weidner:

breakage generates strong stress fields Proc. ICSTIS, Suppl. Trans. ISIJ,
around the particles. ,11 555 (1971).14. J.M. Svoboda: Gases in Cast Metals,

REFERENCES Cast Metals Inst., 1976, 1.

15. G.R. Fitterer: Electric Furnace

1. R. Kiesling: Non-Metallic Inclusions Proceedings, Vol. 35, ISS-AIME,

in Steel, The Metals Soc., 1978. 1977, 302.

2. W.C. Leslie: I55 Trans, 2, 1 (1983). 16, V. Parma and A. Hutla: Hutnicke

3. D.C. Hilty and D.A.R. McKay: Elec- Listy, 25, 241 (1979).

tric Furnace Steelmaking, C.R. 17. E.T. Turkdogan: 5 0 Int. Iron Steel

Taylor and C.C. Custer, eds. , ISS- Congr. Process Techn. Proc., Vol. 6,

AIME, 1985, 237. ISS-AIME, 1986, 767.

4. F. Moussy and C. Quennavat: Effects 18. T. Araki, M. Hashio and Y. Kitagawa:

and Control of Inclusions and Resi- Sum. Met., 17, 339 (1965); BISI

duals in Steels, The Metallurgical trans. 5447.

. of Cjm, 1986, IV-l. 19. V. Parma: Hutnicke Listy, 22, 826

5. D.J. Harris and T.C. Waram: ibid, (1967).

iV-27. 20. L. Mihok, A. Holly, 0. Kozar and S.

? H.-J. Fleischer, E. Schulz and K. Simonak: Hutnicke Listy, 30, 695

huhnke: Clean Steel, The Metals (1985); BISI trans. 25526.

3doC., 1963, 10. 21. E.T. Turkdogan: Chemical Metallurgy

7. f. Komni and K. Miyamura: ibid, 373. of Iron and Steel, Iron Steel Inst.,

8. I. Hi. £eer, P. Biesboer, A. van 1973, 153.

der Hiden, P..J. Kreijger, J, Schade 22. R.A. Rege, E.S. Szekeres and W.D.

van Weatrum and A.F. Welboren: ibid, Forgeng; Metall. Trans., 1, 2652

43G. (1970).

9. Verein Deutzchcr Eisenhdttenleute: 23. E.T. Turkdogan: ibid Ref. 6, 75.

Surface Defects on Cold Rolled Strip 24. J.A. Schey: J. AppI. Metalwork., 1,

and Sheet, 1967; Surface Defects in 48 (1980).

Hot Rolled Flat Products, 1978,
Dussel dorf.

ST V

RPD. ".

LT v

ht6. 1. Diagram used to identify metal--
owraphac specimens taken along the 0

roilinj process. Planes: RP - rolling, 0 2 4 5
LI' - lon~itudinal, T' -- transversal. Addition of At [kgl
ireztions: ED rolling, LT - long

tran=versal, ST - short transversal.

Fig. 2. Qualification of the coils as a

function of the addition of Al.
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Fig. 3. Qualification along the length Fig. 4. Qualification along the length
of the coils in steels that had an ad- ot the coils in steels that had an ad-
dition of 300 and 800 g of Al. dition of 4500 g of Al.
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P~ig. 10. SEM oi the longitudinal. planie
LP) of the plate of Fige. 8 and 9

ahowir~g cracks along the RD.

(b)

Fig. 11. X-ray map of Al over the region of Fig. 10 (a>. Regions in which the
Al is concentrated to a higher degree (.b).

Fig. 12. Lower magnification of the
region shown in Fig. 10. The place in
which the cracks interconnect small

/, inclusions is marked by an ellipse.

Fig.13.Diagram showing the way in

which the inclusions of Fig. 12 are

Rollng

192



NUCLEATION OF ACICULAR FERRITE ON
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ABSTRACT distribution of the deoxidation products. Accor-
dingly, Cochrane & Kirkwood proposed a mecha-

This work describes an investigation performed nism in which inclusions would control the aus-
with the objective of testing the hypothesis that tenitic grain size via the restriction of grain
differential contraction stress between oxygen- boundary mobility (3).As a consequence, hardena-
rich inclusion and austenitic matrix playsan im- bility was bound to change,thus determining the
portant role in the formation of acicular ferrite final microstructure. The above authors men-
in weld metal. The study was conducted on welds tioned the range 300 - 400 ppm as the oxygen lev-
having a "duplex" austenitic-ferritic microstruc- el which would optimize the weld metal hardena-
ture; transmission electron microscopy was em- bility and produce high proportions of acicular
ployed in order to check for dislocations sur- ferrite. Another approach was followed by Abson,
rounding the inclusion whose composition was de- Dolby & Hart; it relies upon the fact that aci-
termined by electron-probe microanalysis. Using cular ferrite nucleates intragranularly and con-
the relevant physical constants for the matrix cludes that transformation is enhanced by the
and inclusion, numerical values for the thermal oxides acting as substrates (4). It is apparent
contraction stresses and size of the elasto-plas- that the model emphasizes the importance of the
tic zone were determined. TEM observation showed interface inclusion/matrix, in other words, com-
that deoxidation products were almost invariably position and degree of cristallinity of the for-
surrounded by dislocations and calculation con- mer are as important as the spacial parameters
firmed that the thermal contraction stresses since they determine its efficiency as substrate.
reached values well above the matrix yield limit. This recognition gave origin to a number of stu-
The concept of intragranular nucleation of fe- dies aiming to elucidate the nature of tht in-
rrite on these dislocations was then extended to clusions and its relationship with the type of
a series of ten welds obtained under such condi- flux employed in the welding process. For instan-
tions as to exhibit a range of oxygen levels and ce, Pargeter produced a full description of the
a variety of deoxidation products. oxides composition of 22 different welds (5).One
The results of this analysis confirmed the vali- of the important conclusions of his work concerns
dity of the thermal contraction stress model,thus the association between aluminium-bearing inclu-
emphasizing the significance of parameters such sions and high levels of acicular ferrite. On the
as elastic modulus and thermal expansion coeffi- other hand, oxides containing manganese and si-
cient of the deoxidation products. licon were found in weld metal whose microstruc-

ture exhibited coarse grain boundary ferrite and
IN RECENT YEARS a number of studies underlined ferrite with aligned martensite, austenite and
the importance of oxygen in the formation of weld carbide (MAC).
metal microstructure. Thus it has been recognized The importance of taking into account the
that together with Mn, Si and microalloying ele- nature of the deoxidation products has been un-
ments, oxygen-rich inclusions have a profound ef- derlined by a number of examples showing lack of
fect on hardenability whose correct level pro- correlation between microstructure and oxygen
duces acicular ferrite-rich microstructures. It level. Regarding the austenite grain boundary
is clear from the literature, e.g., the extensive pinning effect, some investigators reported a
work of Garland & Kirkwood that a high proportion constant grain size giving different microstruc-
of that microstructural feature is always asso- tures (6,7). Additionally, in the context of the
ciated with high toughness (1,2). direct nucleation model, Pargeter (5), and also

Early studies concentrated on the importance Mills, Thewlis & Whiteman (8) observed little
of parameters such as volume fraction and size change of size distribution and inter-inclusion
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spacing with oxygen level, facts associated to stress relaxation during foil
The present work was undertaken in order to preparation. A number of observations confirmed

examine a third mechanism which can be consi- that a large proportion of inclusions were sur-
dered as a variant of the direct nucleation mod- rounded by dislocations. Finally, two nucleation
el. It is based on the fact that weld metal deo- events are illustrated by Figure 2-c.
xidation products are characterized by thermal The chemical composition of the welds obtai-
expansion coefficients which are much smaller ned on the API 5L X65 steel is shown in Table II,
than the matrix. As a consequence, contraction which includes some welds studied by Pargeter(5).
stresses will arise and, if the matrix yield It can be seen that within each group (1 to 5 and
stress is exceeded, dislocations will be formed 6 to 10), the elements which most influence har-
providing nucleation sites for ferri- denability, C Mn and Mo, do not show great varia-
te. Therefore, transformation will take place in ton, while a range of oxygen is present. The same
a "volume" rather than on a surface, meaning that Table also contains the proportion of acicular
a higher number of sites is activated.In the fol- ferrite and the composition of the dominant type
lowing, an experiment designed to test the ther- of inclusion, obtained either by microanalysis
mal contraction model will be presented; some of (Pargeter) or by analogy between the welding
this work has already been presented in a more fluxes employed in the present work with the ones
extended form (9). Moreover, data from actual used by the above author. The correlation between
welds performed on API 5L X65 linepipe steel the nature of the deoxidation products and the
will be discussed within the framework of the proportion of acicular ferrite of the welds can
model, be seen in Figure 3 where numbers in brackets in-

dicate the oxygen content. The meaning of RVRi
EXPERIMENTAL will be discussed more extensively but it can be

anticipated that this parameter is a quantitati-
Using a consumable wire of nominal composi- ve measure of the extension of the plastic zone

tion 24 Cr 5 Ni (wt%), weld beads were obtained which surrounds the oxides.
by submerged arc under a heat imput of 2.8 KJ/mm From Figure 3 it is apparent that the propor-
on a AISI 304 steel plate. Deposition of four tion of acicular ferrite bears no relationship
passes ensured that no dilution effects would with the weld metal oxygen content. Thus, it is
alter the composition from that of an austenitic not possible to simply reduce the direct nuclea-
-ferritic duplex steel. A suitable heat treat- tion model to a one-to-one correlation between
ment was performed in order to firstly dissolve inclusion and intragranularly nucleated ferrite
all the carbides and austenite and, subsequently, grains but it is necessary to take into account
cause the precipitation of austenite from the the nature of the deoxidation products. In this
ferritic matrix. Materials and methods were cho- respect a number of authors have underlined the
sen in order to produce a system which allows importance of the degree of lattice misfit be-
visualization of the nucleation events and even- tween inclusion and matrix. This has recently
tual dislocation networks formed arouni the deo- been demonstrated by Mills, Thewlis and Whiteman
xidation products. (8), who tabulated the misfit values between fe-

Five different submerged-arc welds were rrite and a number of different substrates. They
obtained on API 5L X65 linepipe steel, using a concluded that TiO/TiN and galaxite (AI O0), ex-
variety of consumable combinations and a heat hibit very low misfit values with ferrite and
imput of 4.4 KJ/mm. The microstructure was char- therefore can be seen as effective nucleation
acterized by point counting in terms of acicular substrates. However, in the above context gala-
ferrite volume fraction. xite is the most favourable phase, so it is not

very clear why the highest proportion of acicu-
RESULTS AND DISCUSSION lar ferrite was detected in welds characterized

by high titanium content.
The average chemical composition of the in- The authors also claim that since TiO/TiN are

clusions observed in the 25 Cr 5 Ni weld metal formed as discrete particles on the inclusion
is shown in Table I. Also included are the rele- surface they can act as multiple substrates thus
vant physical constants which will be used in increasing the number of nucleation events asso-
the calculation of the thermal stresses. It can ciated to a single inclusion, independently of
be seen that the oxides are basically its bulk composition. This interpretation is not
AI203 MnO SiO 2 . Figure I is a typical microstruc- supported by the data presented by Saggese et al
ture of the weld metal after solubilization at (10), who examined a series of welds with similar
1300 9C and isothermal heat treatment at 8009C, 5 Ti content and proportions of acicular ferrite
min. The micrograph shows austenite precipitated ranging from 17 to 85%. In fact, the above au-
in a ferritic matrix; a correlation between thors concluded that the formation of that mi-
oxide inclusion and the austenite is clearly crostructural constituent was favoured by Al-
seen. The TEM micrographs of Figure 2 reveals rich rather than Mn-rich inclusions, Ti having
some examples of plastically deformed regions been detected in both types of oxides.
surrounding the inrlusions. The precipitation Referring to Figure 3 it can be seen that the
observed in Figure 2-b was caused by a short three types of deoxidation products are ordered
500 9 C anneal introduced in order to ensure that in terms of R'/R1. This parameter was obtained
dislocations were true features instead of arti- making use of expressions developed by Brooksbank
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& Andrews (11). Details of these calculations REFERENCES
have already been reported (9) and results are (1) Garland, J.C. & Kirkwood, P.R., BSC Report
summarized in Figure 4 in terms of reduced shear PROD/499/I/74/C.
stress as a function of distance from the inclu- 2) Ibidem, BSC Report PROD/MISC/91/74/C.
sion centre. Therefore R'/Ri is understood as the
ratio of the outer radius of the elasto-plastic (3) Cochrane, R.C. & Kirkwood, P.R., Interna-
zone of the matrix and the radius of the inclu- tional Conference on "Trends in Steels and
sion. In other words, it is a measure of the ef- Consumables for Welding", pag. 103, The
fect of the contraction stresses. Data for Welding Institute, London (1978).
AlI20 3MnO SiO2 in a ferritic matrix can be usedA110MnOSiO in feritc mtrixcanbe sed4) Abson, D.J., Dolby, R.E. & Hart, P.H., idid
to compare the calculated with the observed R'/Ri Ao 7.
Figure 2-a,b confirms that both values are of pag. 75.
the same order, giving to the validity of the (5) Pargeter, R.J., The Welding Institute Re-
above calculations. Finally, a more complete test search Report n2 151/1981.
of the present model can be made referring to Fi- 6) Terashima, H. & Tsuboi, J., Met. Constr. 14,
gure 3 in which the proportion of acicular ferri- 472 (1982).
te of the API 5L X65 welds and some of Pargeter
samples (5) are plotted against R'/R 1 in an aus- (7) Ito, Y., Nakanishi, M. & Komizo, Y., Met.
tenitic matrix. It has already been mentioned Constr. 14, 648 (1982).
tha t Iese data show no cori.lation between mi- 8) Mills, A.R., Thewlis, G. & Whiteman, J.,Mat.
crostructure and oxygen content. However, it is Sci. and Technol. 3, 1051 (1987).
apparent that the percentage of acicular ferrite
increases with R'/Ri that is to say, with the ex- (9) Ferrante, M., Akune, K. & Odainai, M., J.
tension of the plastically deformed zone. This Mat. Sci., 22, 351 (1987).
trend is very clear if one compares weld metal (10) Bhatty, A.R., Saggase, M.E., Hawkins, D.E.,
in which MnO Si0 2 predominates, with the other Whiteman, J.A. & Golding, M.S., Weld. J.,
two series of welds but not when galaxite and 63, 224-s (1984).
A1 2 0 3 MnO SiO 2 are analyzed; the expected supe-
riority of welds containing the latter type of (11) Brooksbank, D. & Andrews, K.W., J.I.S.I.;
inclusion over the ones richer in A1 203 is not 210, 246 (1972).
totally confirmed by the data. In principle this (12) Watson, M.N., Harrison, P.L. & Farrar, R.A.,
can be acribed to small differencesin chemical Weld and Met. Fabr., 49, 101 (1981).
composition of the different samples, and the
presence of Nb in welds 1 to 5, only. Thus the

behaviour of samples 4 and 5 can be explained by
taking into account the effect of Nb on weld
metal microstructures, namely a decrease in the
proportion of acicular ferrite (12). Another
possibility is that since galaxite and
AI20 3 SiO 2MnO are very close in terms of R'/R 1 the
thermal contraction effect is swamped by small
differences of chemical composition.

CONCLUSIONS

1. There are evidences that thermal contraction
stresses originate dislocations which suil
round oxide inclusions. These defects can
enhance intragranular nucleation

of acicular ferrite in weld metals.

2. Calculation shows that plastic zone around the

oxides extends to distances comparable to
their radius. These distances are related to
the thermal expansion coefficients of the
matrix and the inclusions and increase with
their numerical difference. In the particular
case of AI20 3 SiO 2 MnO in a ferritic matrix,
there is a satisfactory agreement between
microstructural observations and theoretical
calculation.

3. Examination of 10 weld metal samples shows a
positive correlation between the proportion
of acicular ferrite and size of the plastic
zone.
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Table I - Mean inclusion composition (%) and physical

constants. 25 Cr 5 Ni weld metal.

Al Si Cr Mn Fe 0 (balance)

7.7 24.8 3.1 21.0 1.5 41.9

Inclusion Ferritic Matrix Austenitic Matrix

1/3 1/3 1/3

E 2 x 1011 7 x 1010 5 x 10
1 0

- 6 - 6 6
2 x 10 18 x 10 22 x 10

- -5-5
Ri 5 x 10 1.3 x 10 1,3 x 10

Y - I x 108(at 8009C) 1 x 108 (at 5002C)

v= Poisson Ratio

E = Elastic Modulus

= Mean linear coefficient of thermal expansion

R = Radius of inclusion

Y = Yield stress ot the matrix

Table II - Chemical Composition of welds and inclusions;

percentage of acicular ferrite

Weld C Mn P S Mo Nb Si 0 Inclusion % A.F.

1 0.09 1.46 0.016 0.006 0.19 0.08 0.45 546 MnO SiO 2  57

2 0.08 1.89 0.019 0.005 0.25 0.06 0.32 357 Al2 03 MnO 70

3 0.07 1.52 0.018 0.004 0.20 0.06 0.36 507 AI 203 MnO 71

4 0.06 1.66 0.017 0.005 0.19 0.07 0.21 178 Al203 MnOSiO 2  65

5 0.07 1.37 0.019 0.004 0.20 0.07 0.28 363 Al 203 MnOSiO 2  62

6 0.09 0.82 0.016 0.009 0.01 - 0.32 220 MnO SiO 2  41

7 0.09 1.17 0.018 0.021 <0.01 - 0.47 610 ?TnO SiO 2  27

8 0.10 1.30 0.020 0.005 0.02 0.17 250 Al 203MnO 74

9 0.07 1.80 0.031 0.013 <0.01 0.39 440 Al 2O3MnOSiO2  82

10 0.09 1.27 0.011 0.005 <0.01 0.10 190 AI 203MnOSiO 2  70

1 to 5: this work

6 to 10: Pargeter data (5)
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Figure 1: Typical microstructural features
observed in the 25 Cr 5 Ni weld metal.
Light phase is austenite precipitated
on a ferritic matrix.

ib

c

Figure 2: Transmission electron micrographs of
25 Cr 5 Ni weld metal. Dislocations
associated to inclusions can be seen
in a and b. An example of nucleation
of austenite at an oxygen-rich in-
clusion is shown in c.
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