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FOREWORD
The experimental work on this contract has been carried out by Dr. David

• Makel who also supervised two undergraduate students, Robert Coneybeer and
Steven Yu. He also was leading the research on the effect of microstructure Gn
the temperature rise in the process zone in cooperation with Prof. D. Eylon,
University of Dayton, Dayton, OH. Dr. K. Jagannadham, North Carolina State

- University, Raleigh, NC, contributed substantially to Section II,1 and 11,3, and

Prof. T. Pollock, Texas A&M University, College Station, TX to Section 11,3. Day-

to-day administration, correspondence, reports and manuscripts were promptly
attended to by Ms. Patlette Hughes.

0 Very high strain rate experiments were carried out at the Fraunhofer-
Institut fUr Angewandte Materialforschung, Bremen, Germany (Director Prof.
Dr. H.-D. Kunze) by Dr. L. W. Meyer and Dipl. Ing. B. Reinders. The P.I. visited
the Institut for one week in May 1988 and Dave Makel for one week in July 1991.

* These visits were sponsored by a travel grant from the NATO Scientific Affairs
Division, Brussels, Belgium.

The frequent interaction on this research by Dr. George Yoder is very much

appreciated.
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1. B3ACKGROUND AND RESEARCH OBJECTIVES.
During a study of microstructural fracture processes in titanium alloys it

* was discovered by stereo scaiining electron microscopy (SEM) that some dimple
walls were lined with small spheres and that the bottom of these dimples were
covered with fine particles. These observations were made only in limited areas
while the remaining fracture surface showed mostly the customary smooth

- dimples. It appeared that the melting point of these alloys had been exceeded at
the final separation and that a small volume of molten volume had solidified very
rapidly. Two explanations came immediately to mind: (i) a rapid temperature

rise due to oxidation; (ii) a temperature rise caused by adiabatic, or near adiabatic
* shear. Both possibilities were carefully explored in two Ph.D. theses using Ti-

8Mn (1) and Ti-10V-2Fe-3AI (2), respectively. The following results were obtained:
1. Tensile fracture in Argon yielded the same fracture surfaces with

spheroidized dimple walls and "microroughnass" as experiments in air.
* Thus, oxidation processes could not be the cause of the unusual surface

features (1).

2. Temperatures reaching the melting point of titanium alloys should be
visible as light. Exposures of photographic emulsions showed indeed light

- flashes at the location of fractures (1).
3. The microstructures immediately below the fracture surface were studied

by a sectioning technique using the SEM. Evidence for localized high shear
zones was found below spheroidized dimple surfaces (1).

0 4. Using finite element analysis (ANSYS) the dynamic interactions between

stress, strain and temperature fields near a rapidly loaded crack tip were
quantified for applied loading rates of up to 103/s. Temperatures

approaching 1,000"C were predicted for crack propagation speeds of 10 m/s
* and higher (2).

5. A preliminary computer model was used to calculate the temperature rise
at a moving crack tip. Based on defect deformation theory, elements of the
new model were loading rate, plastic work rate, dislocation density and

0 velocity and plastic strain. The conditions under which the melting point of

certain titanium alloys would be exceeded in small volume elements at the
time of separation was predicted correctly (3).

The experimental results listed above were obtained by two independently

O1
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working investigators, on two different titanium alloys and at different fracture
modes (plane stress for Ti-8Mn, plane strain for Ti1O-2-3). In both cases the
fractures were typically ductile exhibiting shear or necking and dimpled fracture
surfaces. Also, it has to be pointed out that both alloys yielded at high stresses and
that their heat conductivity was only 1/40 of copper.

There cannot be any doubt that the interpretation of a very high
temperature rise at the crack tip was correct and that an exploration of the acting
mechanism is needed from a scientific as well as from a practical point of view.
The fractures under discussion are "catastrophic" and thus belong to one of the
most undesirable classes of materials failures. Comparable fracture surface
structures have been reported by other investigators on ballistic impact
samples(4), and it stands to reason that an understanding of deformation heating
"at the crack tip could help to prevent catastrophic failures by avoiding the
conditions leading to it.

The present research had specific objectives in answering the following
questions: Are there materials characteristics, such as low heat conductivity, for
example, that would be a prerequisite for catastrophic failure? How significant is
the influence of metallurgical factors, such as grain size; or types, sites and
distribution of precipites, for example? What are the preconditions for localized
shear and near adiabatic or adiabatic shear? The thought that this type of
fracture might occur also in steels is certainly very unsettling. Therefore, it was
decided to investigate a 4340 steel and to study the effect of loading rate on its
fracture mode. Secondly, during the first year of the contract period the results of
a computer model* to predict the temperature rise at the crack tip of a fast crack
became available (5) which indicated that the rate of dislocation generation was
affecting the temperature rise more than the dislocation velocity. This was a
clear indication that the microstructure was to have a significant influence on the
.deformation in the process zone of the crack tip. Based on our experience with
titanium alloys, the effect of microstructure on localized melting in Ti-6A1-4V

*developed in cooperation with Dr. K. Jagannadham, N.C.S.U., Raleigh,

N.C.
2
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tensile samples was studied"(6). Since the processes taking place at the crack tip
are extremely complex, more work had to be done on stress field variations and

• low energy dislocation substructures At a moving crack tip.

It was thought that a fuller understanding of the experimental results
would be aided by a theoretical overview. For this reason we will begin our report
with a description of a model for crack tip temperature rises which was completed

I at the beginning of the contract period(5).

I •

I •

S *in cooperation with Dr. 0. Eylon, University of Dayton, Dayton, OH.
3
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II. RESULTS.
1. Model of the Temperature Rise at a Crack TiM.

(i) Approaches and Concents.

Earlier attempts to predict a temperature increase at a moving crack
tip have been based on continuum theory (7-9). These calculations have assumed
the classical, ideal plastic zone in front of the crack and neglected to incorporate
the plastic deformation preceding crack propagation. Also, materials parameters
were assumed to be constant. Clearly, these approximations deteriorate at the
high strain rates and temperatures seen by the tip.

The new model will attempt to arrive at the temperature in the process zone
of a fast moving crack through calculations of the dissipation of deformational
energy. Instead of using the integrated plastic work of the entire plastic zone, our
model will use the dislocation density, p, in the much smaller process zone and
the associated plastic work term.

A description of the energy terms related to the crack configuration will
now be given. It is convenient to use a dislocation description of a continuous
plastic crack, Fig. II,1-1. In view of the equilibrium of the crack configuration the

(77
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are crack dislocations. Dotted symbols are lattice dislocations.
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following constitutive energy equations obtain (10).

SEs' +Eie +Ett /2=Ew./2

E + E, + E1, / 2 = -(Ef - Ew) /2

: @For an explanation of terms see Table I.

Then, the total energy of the crack configuration is

* ET =(EI-EwC -Ew, +Ef)+E, [2]

=-(Ewo +Ew -Ef)/2+Er

0 The elastic strain energy, E., includes the self energy and interaction energy of

dislocations.
Table I

* Description of Terms Used in Equations [11 and [2]

Es Self energy of dislocations
E I Interaction energy of dislocations

0 Ew Work done by applied and crack tip stresses

Er Total energy of crack configuration
E• Elastic strain energy

Ef" Lattice frictional stress
* Ey Term from newly created surface

Subscript c stands for energy terms associated with crack dislocations, I for

lattice dislocations and cl for the cross term between crack and lattice
0 dislocations.

In all energy terms the velocity dependence for a fast moving plastic crack has
0

5
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been incorporated as well as the modifications required for a dynamic crack (11).

The flow stress, a, is related to plastic strain, e, strain rate, e, and

temperature, T, as
(31a = e,

and in differential form (12)

d o '= ( • . d v + ( ---) d d + •2 a , d T [4 ]

SaeT [e&T CTA,

When a reaches a maximum an instability occurs which will continue provided
da•0. Introducing shear stress, r, and shear strain, y, for the case of an idealized
shear band the stability relationship is

(L)(d), (,I dT

dr dr; d Ty d *dr

The first term represents workhardening, the second the strain rate dependence

of the shear stress, and the third term the thermal softening which is primarily
responsible for the reduction of T and therefore is negative.

The dislocation behavior in the process zone is governed by the following

equations:
1 [6]

a= ao + aGbp2

This workhardening equation is being observed in all metals and alloys, a0 is the
lattice frictional stress, a a numerical factor of about 0.5, G is the shear modulus,
b the Burgers vector and p is the dislocation density.

Since the model should include high strain rate deformation, the
relationship between p and dislocation velocity, V, must be considered (13). The
total mobile dislocation density, Pm, can be written as

P. =pA =pd/V [7]

With A. the dislocation, life time, ý the dislocation generation rate and d the

6



distance moved by the dislocation, an expression for the strain rate can be set up

0 i=pdb [8]

Finally, a drag coefficient representing the heat producing forces has to be

developed. The dissipating forces include phomons, electrons and thermoelastic
losses, but assuming realistically that the dissipating viscous drag force

* predominates, the drag coefficient, B, can be written

B= b/V [9]
Accounting for relativistic effects at high strain rates(14)

B B=o/(-v /cY)

B. is the drag coefficient at rest and C. is the shear wave velocity. Now, the force
required to overcome the viscous drag force by the dislocation can be written

0D = ~rb = B V/(1 -V / CZ)2 (1

The temperatxire dependence of Bo is used in the following form (15-17)

B0  3kT / 10Csb 2  [12]

where k is the Boltzmann constant.

(ii) Anaydis o.. hang, in Various Quantities at the Crack Tip.
The improvements of the present model are not only due to employing

decisive pkrameters of defect deformation theory applied to the processing zone at

the crack tip, but can be realized only if the changes in front of the tip are
incorporated for all critical quantities and thereby made an essential part of the
computer calculations. The details of these considerations have been reported in
ONR Technical Report UVA/525425/MS89/104 (August 1989). This report also
contains the finite difference approximation of the heat equation used and the
actual metallurgical data of alloy Ti-10-2-3. Further, and very importantly, it
should be pointed out that the mechanical values used in the calculations are
actual data taken from the doctoral research of J. D. Bryant (2). With the plastic

7



work dissipation rate, W, written as follows

W = TbpV = FD, pV = FDspd / At [13]

a realistic energy dissipation accounting can be expected.

(iii) Resauts of Numerical Analysis.
Full details of all results obtained were provided in the ONR Technical

Report cited above (19). Here, we will list the highlights which have a bearing on
a fuller understanding of the theoretical and experimental results reported below.
The first calculations determine the changes of eight quantities which will occur
when the crack tip moves with velocity V,. These quantities are:

(a) Stress field ahead of crack tip

(b) S as function of lattice frictional stress

(c) Temperature (see Fig. II,1-2(a))

(d) Dislocation density

(e) Plastic work, W, dissipated per unit time, t (see Fig. II-1-2(b))

(f) Increment of plastic strain

(g) Dislocation velocity
Most of the above are plotted as they change with distance from the crack tip.

After having determined the variations above, the maximum temperatures
in the plastic zone were calculated for three different conditions of loading rate,

K, and crack velocity, V,:

I=68OMPa/s, V,=0.4m/s,13=10.0
i=888 MPa/s, V.= 0.8m/s, f=20.0

0K = 1160 MPa/s, V,=l.6m/s, I=40.0

Sis a parameter which is used for changing dislocation velocity as a function of
applied stress. However, the direct influence of V was calculated too, and also the
effect of the distance traveled by the dislocation which is, of course, of special
importance for the high dislocation density in the process zone. In addition, the

8
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that the macroscopic strain rate is proportional to the loading rate.
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effect of the crack tip radius on the temperature rise was determined. Two
examples of the numerical analyses will be shown in Figs. 11,1-3 and 11,1-4.

* Please see the captions for details. Note that the temperatures often exceed
1,O000C.

(iv) Conclusions from Model Calculations
The energy changes associated with the fast propagation of elastic

* and plastic cracks have been modeled using crystal plasticity theory with special
emphasis on the crack tip region. Dislocation generation rate and dislocation
velocity were employed as key parameters in modeling the process zone within the
chRssical plastic zone. The plastic work dissipated at the crack tip was found to

result in very high temperature increases for high strength titanium alloys and
the influence of the essential parameters on temperature was determined.

A number of general conclusions follow from the numerical results. It is
assumed generally that higher loading rates and crack growth velocities will give

* •rise to higher temperatures ahead of the crack tip. However, if the velocity of a
very fast crack exceeds the rate of heat conduction the final temperature rise will
be lower than that produced at a lower crack velocity. Similarly, a lower crack
velocity for which the rate of dissipation of plastic work is low coupled with high

thermal conductivity can also lead to low rates of temperature rise. We conclude
that there exists a critical crack velocity as a function of thermal conductivity, and
the rate of dissipation of plastic work in the process zone for which the build up of
temperature becomes most efficient so that the highest temperature is attained.

* •Increasing the crack tip velocity without raising the strain rate dependent lattice
frictional stress can also lead to higher temperatures since the plastic zone will
form more extensively. The microstructure associated with the region ahead of
the crack tip process zone can alter these parameters. Changes in dislocation
densities present in the process zone by an order of magnitude can alter the rate of
increase of temperature in a given material for a given microstructure.
Changing the microstructure can alter the dislocation density and the velocity
leading to a different temperature change. The presence of obstacles to

dislocation movement in the lattice reduces the dislocation velocity for the same
crack tip velocity. In such materials, the frictional stress does not increase with
increasing crack tip speed. We have found that the rate of increase of

temperature is higher at higher crack growth rates provided the dislocation

13
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velocity is kept constant. The model addressed temperature increases in the bulk
only, but inter-void shear of ligaments which adds 300*C-500*C to the local total
heat rise (20).

(v) Additional Heat Contribution.
The formation of dislocation cell walls has not been incorporated into

the model. Together with second phase particles, cell walls can provide initiation
sites for voids in the plastic zone. After void growth the final separation is
completed by void coalescence. The latter process is taking place through shear of
inter-void ligaments which, at that point, have a thickness of about one
micrometer or less. The planar shape of the ligaments reduces the active glide
systems to one or two (20) which opens up tho possibility of adiabatic shear. For
this to occur, an instability criterion is required that can be derived from equation
[5]. It should be remembered that the reduction of shear stress, r, is due to the
thermal softening term so that the instability can be written as follows

(d (d) dT [14]

(TY T ,r .dy

The critical shear that is a prerequisite for adiabatic shear can be calculated from

npc [15]
a(dr /dT)

where n is the workhardening exponent, c is the, specific heat, and a a factor near
unity. For a FCC metal ytrit was found to be about 4 (21). Assuming a dislocation
to be the location of a linear heat source, Freudenthal and Weiner (47) calculated
the temperature from the motion of dislocation groups in adiabatic shear. For our
calculations a modified equation (21) was used

VbN 1 [16]

T02 7rL ( L7V)i

N is the number of dislocations, KL is the heat conductivity, L is the distance of
dislocation travel, and K=KL divided by the density times the specific heat. Using
for Ti-10-2-3 a shear stress of 190 MPa by estimating the bulk temperature to be

14



1,2000C and moving dislocation avalanches on glide planes 20 nm apart

(corresponding to p= 1012/cm 2), one finds a temperature increase cf 540 0.
, (vi) Summary Statement,

Temperatures calculated from a deformation model of the process

zone ahead of the crack tip can reach 1,20000 or more in localized areas.
Shearing of intervoid ligaments during the final separation can add an additional

0 5000C. The sum of the two contributions exceeds the melting temperature of Ti-10-
2-3 and explains the melting phenomenon observed by SEM
stereo-microphotography in certain areas of the fracture surface.

The results obtained in this section made us realize that the

n gmicrostructure had a much greater influence on the heating phenomenon than

thought from the experimental results obtained originally from Ti-8Mn and Ti-10-
2-3 both having quite different microstructures. Consequently, it was decided to
investigate the influence of microstructure on local melting in another titanium
alloy which permitted an accurate microstructural control by predesigned heat

treatments (see section 11,2). The development and consequences of low energy

dislocation arrangements at the crack tip were also investigated (see section 11,3).
An extensive study was undertaken to understand the fracture behavior of a 4340

i !steel as a function of strain rate (see section 11,4). In an appendix the coverage of
molten fracture surface areas as a function of strain rate for Ti-10-2-3 will be

reported.

2. The Influence of Microstructure on Heat Production in T ***

W Introductio.
It follows from the previous section that the microstructure will affect heat

production in the process zone. The present set of experiments was designed to

" ""This effort was a cooperation between Dr. David Makel, UVA, and

Dr. D. Eylon, University of Dayton, Dayton, OH.
15
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investigate the effect of Ti-6AI-4V microstructure on the formation of a number of
features associated with localized melting. In particular, the possible role of
common shear across a colony plates was considered in relation to the
concentrated shear found below local heat-affected zones on the shear lip
surfaces. The possible role of common dislocation glidb paths across a-P3
interfaces within the a plate colonies on the initiation and development of larger
scale localized and adiabatic shear in the shear lip region was of particular
interest. These mechanisms are considered to play a critical role in the
phenomenon of local surface melting at separation.

(ii) Experimental Investigation and Strength Data.
Tensile samples were cut from a 2.3-mm-thick mill-annealed sheet of

commercial grade Ti-6A1-4V (Ti-6-4). The gage length of the samples was 15 mm,
the width was 10.8 mm, and samples were cut with the final rolling direction
parallel to the tensile axis.

The first samples were tested in the as-received mill-annealed condition.
Two additional heat treatments were used to prepare the other samples. The
first, designated heat-treatment A, was a 0 solutionizing for 2 hours at 10650C,
followed by furnace cooling to room temperature. This was aimed at developing a
platelet structure of maximum a plate width and colony size. Heat-treatment B
was a 4-hour soak at 9270C, below the 03 transus temperature, followed by furnace
cooling to 7000C, at which point the samples were removed from the furnace and
air cooled to room temperature. In contrast to heat-treatment A, this treatment
produced large, low aspect ratio a grains separated by thin layers of 0 with some 0
at the triple point locations. Lack of a common glide path across the a-P
interfaces in this microstructure was expected to cause a significant difference in
the shear localization behavior and, hence, in the formation of the heat-affected
areas.

Etched sections of the as-received mill-annealed sheet material are shown
in Figure 11,2-1. The microstructure consists of small (2 to 54m) irregular a and
03 grains. At higher magnifications, the a grains appear slightly elongated
parallel and perpendicular to the final rolling direction due to cross rolling. The
microstructure of the heat-treatment A samples, shown in Figure 11,2-2, consists
of colonies of parallel a platelets which have an average diameter of about 73 gm,
with the individual platelets having an average thickness of around 5 to 7pm,
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Fig. 11,2-1. Etched sections of as-received mill-annealed material.

Ix.

S

Fig. 11,2-2. Etched sections of an a colony microstructure (heat-treatment A).
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Fig. 11,2-3. Etched sections of equiaxed a microstructure (heat-treatment B).

with an average aspect ratio of about 8:1. Heat-treatment B resulted in the

microstructure shown in Figure 11,2-3, which consists of coarse (10 to 20 pm),

nearly equiaxed a particles separated by thin layers of 0 with some P also at triple

point locations.
Results of the tensile tests are summarized in Table I. The colony

microstructure samples (A) have a slightly higher ultimate tensile strength

(UTS) than those with the equiaxed a(B) microstructure, and both of the heat

treatments increased the UTS considerably over that of the mill-annealed

samples.
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TABLE I. Results of Tensile Tests (Average of Two Tests per Type)
0

Elongation

Heat Treatment 0.2 Pct YS* UTS** (P)

• As-received (mill annealed) 809 MPa 928 MPa 32
A (P3 anneal + furnace cool) 899 MPa 991 MPa 28
B (ca-0 solutionize + furnace

cool to 7000C/air cool) 854 MPa 972 MPa 34

Crosshead velocity 0.05 cm/min (5.5 X 10-4s-)

*•YSfyield strength.

* **UTSfultimate tensile strength.

* (iii) Fractographic Results
When viewed in a stereo microscope at magnifications of about 15 times, the

fracture surfaces of the as-received and heat-treatment B samples can easily be

separated into central crack areas lying generally perpendicular to the tensile
axis and shear lip areas lying at angles of high shear (around 45 deg) to the
tensile axis. Fracture surfaces of heat-treatment A samples do not contain
clearly definable central crack areas, and the general surface is more irregular
and tortuous, with most of the surfaces in high shear orientations. Differences in

tortuosity between the two fracture surface types are obvious in regions of high
shear, because the shear lips in the as-received and heat-treatment B samples are
quite smooth over areas covering up to approximately one-half of the fracture
surface.

From previous work, we know that there are four types of surface features

associated with the formation of localized heat-affected regions (22,23): dimple-

free open surface shear zones, shallow localized shear dimples, flat-topped
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"transition" dimples, and spheroidized dimple walls and surface debris.****
Although all of these features are present in samples which contain areas of
apparent localized melting, only the spheroidized dimple walls and surface debris
represent locally melted material; the other surface features indicate the presence
of localized shear, apparently a critical component in the melting at final
separation but not necessarily an indication of a substantial local temperature
increase.

An example of the heat-affected areas found in both the as-received and the
heat-treatment B samples is shown in Figure 11,2-4(a). This micrograph shows a
dimple-free open surface shear zone directly above an area containing
spheroidized dimple walls and surface debris. B61ow the area containing
spheroidized material are flat-topped "transition" dimples, so named because
they are considered to form during the transition between normal void growth to
coalescence and void linkage by concentrated shear. An overview of the
particular area shown in Figure II,2-4(a) is given in II,2-4(b). Here, one can see
the open surface shear zone and heat-affected areas in the upper left corner (as
indicated by the arrow). Moving down and to the right, one can see a continuous
transition from heat-affected zone to transition dimples, to localized shear
dimples, to the more common ductile dimples. This general positioning of the
features of interest is typical of all of the heat-affected regions investigated to date.

By comparison, the fracture surfaces of the colony microstructures
samples (A) are considerably different from the other microstructures, especially
in the shear lip areas, which are Liuch more angular and less ductile in
appearance. An example of the angular shear. lip areas of the colony samples
isshown in Figure II,2-5(a). These surfaces consist of well-defined layers wlich,
no doubt, are closely related to the colonies of a lamella in the microstructure.

Ductile dimples found on the surfaces of the as-received and the equiaxed a
samples (B) generally range in size from about 1 to 5 tm in diameter. Dimples on
the colony microstructure samples (A) fall into two general categories: those
which have one particular!y long axis apparently parallel to a long axis of the
lamella and small dimples (about 0.2 to 2 gim in diameter). The presence of fine

""For full explanation of these terms see Appendix Al of this
Report.
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(a)

(h)

Fig. 11,2-4. (a) Micrograph of equiaxed a (B) sample showing localized surface
melting (center), an open surface shear zone (directly above melting),
and transition dimples (bottom) and (b) lower magnificatimn
micrograph of the overall shear lip area containing the melted region
shown in (a) (designated by the arrow in the upper left corner).
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(a)

(b)

Fig. 11,2-5. (a) Micrograph of the outer regions of the fracture surface of an a
colony microstructure (A) sample and (b) higher magnification
micrograph of the surface of an a colony microstructure (A) sample
showing fine dimpling found on these surfaces.
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dimples, as shown in Figure I1,2-5(b), can be explained as a result of the
constriction of the thickness of the volume involved in final separation by

0 preferred separation along a-P3 interfaces.

The most important result of the microscopic examination of the fracture

surfaces is that regions containing all of the surface features associated with high
temperatures can be found on the as-received samples and the samples heat-

* treated to a coarse, equiaxed a microstructure (B), while there is a conspicuous
absence of spheroidized dimple walls and surface debris on the colony
microstructure samples (A) fracture surfaces. This indicates that the local

melting phenomenon has been suppressed by varying the microstructure of the

* material.
(iv) Sectioning Results

The primary purpose of sectioning the samples was to observe the

deformation below the fracture surface features of interest, in particular,
* localized shear deformation. Sections from the as-received samples contained

little subsurface shear information, because the microstructure in these samples

is extremely fine and the a grains are irregular in shape. For this reason, our
investigations concentrated on comparing the sections of the coarse equiaxed a (B)

* and colony microstructure samples (A).

Subsurface deformation in the central crack regions of the equiaxed a
samples show very little localized shear. This is to be expected since the central

crack areas are essentially plane strain mode I regions. In the shear lip areas,
*0 however, subsurface shear is very apparent, as can be seen in Figure 11,2-6,

which shows a section below a shear lip area with arrows indicating some of the

more obviously sheared 03 regions. Because of the irregular nature of the a

particles, reliable measurements of shear are not possible, but the thickness of the
* shear zone under any particular surface appears to be generally between 1 and 5

gtm.
In the heat-treatment A samples, the deflection of crack propagation

direction by a colonies and a-P plate boundaries is obvious in many of the observed
* sections, an example of which is given in Figure 11,2-7, as well as the preferred

separation along prior 0 grain boundaries or colony boundaries, as demonstrated
in Figure 11,2-8. Figure 11,2-9, which shows a subsurface secondary crack whose

surface is made up of fine, coalesced ductile dimples, is an example of the
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Fig. 11,2-6. Section showing subsurface shear in an equiaxed a (B) sample
(arrows indicate more obviously sheared [ regions).

Fig. 11,2-7. Section of an a colony microstructure (A) sample showing deflection

of the crack path by an a colony.
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Fig. II,2-8. Section of an a colony microstructure A)sample showing a scryc
crack with fine dimpling on the newly formed surfaces.
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dimples which form along colony boundaries. These dimples are smaller as a
result of a higher local void nucleation density along the boundary.

As to the localization of shear below the fracture of the colony samples (A),
although some degree of localized shear can be seen in certain areas, the large-
scale shear localization frequently found under the shear lip areas of the equiaxed
a samples is absent in the colony samples. This is consistent with the lack of
smooth shear area on the fracture surfaces.

In general, the deformation below the fracture surfaces indicates two
major points of interest. First, the material below the shear lip regions showing
localized melting is highly sheared parallel to the fracture surface. This large-
scale localized shear is not found in the colony microstructure samples where the
melting is essentially absent. Second, the colony microstructure samples show
an increase in crack tortuosity due to crack deflection by the a colonies, prior
grain boundaries, and in some cases, individual a platelet boundaries.

(v) Conclusions."'
1. Ti-6A1-4V tensile samples with microstructures of finely divided and

equiaxed a particles (as-received and heat-treatment B) contain areas
of localized melting near the outer edges of the fracture surface shear
lips. Samples heat-treated to contain large colonies of a plates (heat-
treatment A), however, show little or no signs of this local melting;

i.e. , the localized surface melting effect can be suppressed by varying
the microstructure of the material.

2. The material directly below the regions of localized melting displays
highly concentrated shear. This concentrated shear is absent in the

colony a samples, which show no signs of melting.
3. Fracture surfaces of the colony microstructure samples (A) have a

much higher surface roughness and a lack of smooth shear regions
compared to those of the other twn microstructures tested.

4. Sections through the fracture surfaces show that prior J3 grain
boundaries, individual a-P platelet interfaces, and colony boundaries

"*"***A full discussion of the experimental results can be found in

the published work by D. Makel and D. Eylon (6).
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all act as preferred separation surfaces in the a colony

"m~crostructure samples. Separation along these numerous internal
I boundaries explains the increased overall surface roughness of the a

colony microstructure samples (A).
5. Fracture surfaces of a colony samples (A) contain regions of smaller,

refined dimples and rows of elongated dimples not found in the mill-

0 • annealed or equiaxed a (B) samples. Dimple size refinement due to
an increase in the void nucleation density may be a result of
separation along the narrow interfaces found in the colony a
samples, while the dimple elongation is most likely a result of

0 separation across colonies of a lamella.
6. The mechanism suggested for the localized melting in the low aspect

ratio a microstructure samples is a temperature rise through near

adiabatic shear to a point below the P transus temperature followed
0 by highly localized melting resulting from the heat generated during

final inter-void ligament separation inside of the adiabatic shear
bands.

3. Dislocation Cell Size Variations Caused by the Stress Field of a Moving
!Crack. iR.

II(i) Obetie.

As pointed out in section II,1 the dislocation generation rate, p, at

the crack tip and the dislocation velocity, V, have a significant influence on the
II

"*"***In cooperation with K. Jagannadham, N.C.S.U., Raleign, NC and

T. G. Pollock, Texas A&M Univ., College Station, TX.
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temperature rise. In this section another microstructural feature will be

explored, namely dislocation cells. They form in the process zone as the

predominant low energy dislocation arrangements and will affect p and V, in

addition to promoting void initiation and crack propagation.
GOi Theoretical Considerations and Calculations.

Calculating the interaction of a varying crack tip stress field with the
dislocations in the process zone is a very demanding and complex task which has
been published (29) and will not be repeated here. However, some highlights will
be reported, in order to point out that this microstructural feature is part of any
plastic crack moving through a ductile crystal. While the microstructure,
described in section 11,2 is controllable by heat treatments or compositional
changes, the present study is researching an unavoidable problem common to all
ductile fractures. It is particularly important if localized shear banding or near
adiabatic shear are anticipated.

The spatially varying crack tip stress field is used to determine the
dislocation density in the plastic zone. The rearrangement of dislocations is
formulated using the minimization of the total energy of the configuration to form
the cell structure in the presence of the spatially varying crack tip stress field.
The equilibrium dislocation cell size is to be obtained for the lowest total energy of
the configuration which consists of the self-energy and interaction energy terms
associated with the dislocations within the cell walls and the work done by the
crack tip stress field on the rearrangement of dislocations. A crack along (001)
with two equally inclined (111) slip planes giving rise to a cell structure was
analyzed. The results using the crack tip stress field to generate a plastic zone
without general yield will illustrate that the cell size increases with increasing
radial distance from the crack tip and increasing difference in the angular
orientation from planes of maximum shear stress.

(iii) Rosults og Numerical Analysis
The cell size decreases as the crack tip is approached. Since the component

of stress responsible for the glide force is largest near y=x/3, the dislocation
density for any given distance from the crack tip is also high, and,
correspondingly, the cell size is small. The increase in cell size for larger
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Fig. 11,3-1. The variation of dislocation density and the cell size as a function of
the distance from the crack tip for three values of the angular
coordinate y.

distances from the crack tip is an indication of the decrease in the crack tip stress
field and the dislocation density. The work done by the crack tip stress field is a
function of both the magnitude of the stress and the dislocation cell size. In order
to lower the total energy or increase the negative term of work done by the stress,
the cell size increases with decreasing dislocation density. However, the strain
energy UZ of interaction of the stress field of the cell walls, which is a positive
term, increases with increasing cell size so that the cell size cannot increase
infinitely. Large sizes of cell structure are almost never reached except when the
driving force for rearrangement of dislocations is present owing to a large energy
gradient or when the mobility of dislocations is sufficiently high with low lattice
frictional stress, for example under conditions of high temperature creep.
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Whereas the formation of cell structures due to lowering of energy is a
thermodynamic condition, the kinetics of attaining the stable cell structure is

determined by the driving force for the rearrangement of dislocations. At smaller

values of y, such as x/4 or x/6, the stress component driving the dislocations into

the cell walls decreases rapidly as a function of the distance from the crack tip, so

that both a smaller dislocation density and a larger cell size are obtained, as

shown in Fig. 11,3-1. At larger distances from the crack tip, the dislocation

density is sufficiently low that the large cell sizes obtained by the

thermodynamical condition cannot be accommodated within the volume of the

material. As a result, such large sizes of cell structure cannot be expected.

In the preceding analysis, the expressions for the stress field of an elastic

crack have been used in the determination of the cell size. If the workhardening

behavior of the material is taken into account such that a relation of the type

a= a0en [17]

where a0 is a constant, n is the work-hardening exponent (10) and a is the flow

stress of the material, the determination of the cell size requires further

refinement. An incremental deformation model around the crack tip is useful to

arrive at the dislocation substructure consisting of the cell walls. Specifically, the

cell size is determined for a given level of applied stress wherein the plastic zone

is developed. Thus, before the load is incremented in the analysis, the crack tip

stress field is obtained at any position from the tip using equ. [17]. The strain e is

given by pbd where d is the distance swept by the dislocations to form the cell

walls. Subsequently, when the load is incremented, the elastic part of the crack

configuration is determined in the presence of the stress field due to the cell walls

within the plastic zone. Using the stress field of the new elastic part of the crack

configuration, further minimization of the total energy to determine the cell size

at any position from the tip is carried out in which the dislocation rearrange from

the previous positions within the cell walls. Thus further shrinking of the cell

walls under a higher level of stress field of the plastic crack can be incorporated

into the analysis. In addition, crack growth can also be included in the analysis

by changing the crack size between the increments of load, provided a decrease in

the energy of the configuration is obtained.
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(iv) Exnerimental Observations
It has been pointed out earlier that the formation of a dislocation cell

* structure is an important step in the crack growth. The orientation of the cell
walls with respect to the crack depends very much on the operating slip planes

present in the region ahead of the crack tip. In general, yielding occurs
throughout the crystal before a crack is nucleated and further growth takes place

* in the already plastically deformed regions. Therefore it is difficult to distinguish
the changes arising purely from the crack tip stress field. However, experimental
observations on foils of sufficiently large thickness deformed in situ in the H.V.
transmission electron microscope provide strong evidence for the formation of

* dislocation cell structures that are spatially dependent on the crack tip stress
field.

This investigation technique is unique in that one can follow the emissions
of dislocations from the crack tip together with dislocation distributions in the

* plastic zone, provided the tensile specimen is thick enough and a normal loading

rate is being maintained. These points have been explored elsewhere (24-26).
Straining thin crystals at very low strain rates has, in our opinion, yielded results
in the past which have led to erroneous interpretations, such as the so-called

- "dislocation-free zone"; this concept was refuted very strongly (27). Therefore it is
necessary to make use of thicker foils that are deformed continuously.

It has already been pointed out that dislocation densities in the plastic zone

must be higher than those in the work-hardened crystal. The highest

* concentration occurs in the process zone where strain rates are higher by a factor
of 102 or 103 compared with the strain rates iný the plastic zone. The following

investigations have been conducted to explore the dynamics of dislocation behavior
and dislocation interaction ahead of the propagating crack tip with its stress field.

- This involves very large numbers of dislocations and the corresponding low

energy dislocation configurations to be formed ahead of the crack tip.
Experiments were conducted with high purity, seven-pass beryllium single

crystals cut parallel to the basal plane. Straining in directions lying in the (0001)
* plane resulted in plastic deformation on glide planes belonging to the prism

system (28). The dislocation cell structure which developed during deformation
was relatively large (28) and permitted a clear picture at 500 kV from specimens 4-
5 gtm thick. A sequence of three micrographs taken from a propagating crack
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will be evaluated in the light of our analytical results.

These micrographs illustrate the nature of interaction of the crack tip with
dislocations and their assemblies. Figure II,3-2a shows a crack tip with a sharp
point which had opened to a width of 0.6 gm. It stopped at the branching point of

two strong cell walls. Figure II,3-2b shows the same crack atter a strain
increment. The crack had moved approximately 1.2 j=m and again stopped at a

branching point. The directional deviation was 300 to the right from the crack in
Fig. II,3-2a. A further strain increment caused the narrow crack to move 2.5 gm

and to open up a to a width of almost 0.9 gm. The directional change was 250 to
the left, i.e. the crack was now nearly parallel to the direction it had before the two
strain increments.

As had been expected from the theoretical treatment above, substantial
changes in the dislocation density and the dislocation arrangement took place
ahead of the crack tip. Some of the significant changes will be pointed out with

the help of the drawings in Figs. 13a-13c. The sketches serve to direct the reader
to follow the major changes and therefore show only the highlights of the

corresponding micrographs. A general commert regarding the, visible
dislocation cell walls seems to be in order.

In view of the theoreticai treatment presented in this paper, our first

attention should be given to a "fan" of dislocation walls in Fig. II,3-2a which
almost blends into the background. This fan-shaped area is marked "SB" in Fig.
II,3-3a and is located towards the left of the tip, filling the better part of the center

to a distance of about 2 pm. This dislocation arrangement exists only where cell

walls are absent. An even clearer indication of the presence of dislocation

patterns in an arrangement following the stress field lines of the crack is seen in
Fig. II,3-2b. Again the "fan". is located in a dislocation cell-free area and extends

approximately 2 pm.

In order to facilitate the orientation of significant features affected by the
stress fields of the three crack tips, we wish to point out three areas marked in
Figs. II,13a-13c. Areas A and B are both visible in Figs. II,3-3a and II,3-3b, and B

is still partly to be seen in Fig. II,3-3c. Area D is not yet established in Fig. II,3-3a d

but appears in Fig. II,3-3b and is the significant reference point for Fig. II,3-3c.

A comparison between Figs. II,3-2a and II,3-2b allows the conclusion that
the crack has followed the dislocation boundary (DB) number 1 and disappeared
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(a)

I,,

P, (c)

Fig. 11,3-2. Sequence of a propagatin crack in a foil of beryllium produced by in
situ straining in a 500 kVelectron microscope: (a) first position after
stopping the straining device; (b) position of crack atter first strain
increment (distance of crack advance is 1.2 gim); (c) a further strain
increment moved the crack approximately 2.5 gim.
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together with neighboring DB number 2 up to the stopping point. A new DB
number 3 appeared on the right well ahead of the advancing crack (Fig. 12b). DB

* number 4 in Fig. II,3-2b is the only part remaining from the original number 4
which was forming the V at the branching point in Fig. II,3-2a; the "fan" SB in
the same mizrographs virtually disappeared and apparently was incorporated in
other cell walls, as seen by the muddled contrast between perpendicular cell

0 walls, i.e. dark lines, caused by cell walls which are inclined against the beam
direction. It is also useful to note that the area B is smaller after the crack has
progressed and that DB number 5 as part of this cell has moved 0.5 gtm to the
right.

* As indicated above, area D is the most significant reference mark in Fig.
II,3-2c in order to relate the newly formed part of the crack after the second strain
increment, The width of the crack has increased from 0.2 to 0.8 grm and the tip is
now perfectly blunted. Figure I1,3-2c lends itself to comparison between the sizes

*0 of cells as projected into the image plane. While the cells to the right of the crack
in Fig, II,3-2c were developed by the earlier crack propagation, the large cells to
the left appear to be representative of the cell sizes in the work-hardened crystal
before. the crack moved in. Three cells (E, F and G) cover areas of 0.1, 0.25 and

0 0.375 gm 2 . The open areas to the left cover 4 g2 and between 2 and 1 112. The
observations made in this section will now be evaluated in the light of the
theoretical predictions.

During the past few decades, theoretical research predicted that
* dislocations should be emitted from crack tips and that crack tip stress fields

should be interacting with dislocations. Experimental results to verify these
concepts are not so plentiful. The three micrographs shown in Fig. 11,3-2 provide
evidence that indeed large numbers of glide dislocations are emitted from the tips.

* This can be seen (i) by comparing the number and the size of dislocation cells with
those irn volume elements outside of the crack tip stress field, and (ii) by the
presence of dislocation "fans" tracing a significant part of the crack tip stress
field. One can estimate that the dislocation density ahead of the crack tip is one to

0 two orders magnitude higher than in the surrounding volume.
Furthermore, it is possible to deduce from this sequence the dynamics of

the crack tip interactions with the defect structure into which the crack is
moving. The most obvious evidence is to be found in following the changes that
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have been imposed on the cell walls, which can move distances of at least 0.5 gim;
they can expand and/or contract; they can be newly created and/or dissipated; and
they can be changed in strength, i.e. dislocation content. The result is not only a
continuous or discontinuous change in dislocation density, but at the same time a
change in misorientation with which the crack tip stress field will have to
interact.

The lowering of energy in the system served as a natural selection process
for local occurrences. For example, the emission of dislocations is reduced when
a crack propagates along a cell wall (Fig. II,3-2b). The principle governing this
process has been elaborated on in an earlier paper (30), but it is seen immediately
that the attraction of wall dislocations into the crack surface amounts to a drastic
lowering of the system's energy and this will of course facilitate the propagation of
the crack. That indeed there was a reduction in dislocation emission can be seen
from the narrow width of the crack (Fig. II,3-2b) when compared with the ductile

crack in Fig. II,3-2c. The movement of the crack along such boundaries results
in the fracture surface morphology that may be easily confused with brittle
cleavage. It is clear, however, that this movement cannot happen without
previous plastic strain, which resulted in the formation of the cell boundary. The
crack tip area will undoubtedly provide the most important sources for glide
dislocations in the propagation of ductile cracks. However, additional positive and

negative sources will be activated in the area ahead of the tip. It is interesting to
note that the path of the crack pictured in Fig. II,3-2c went through the volume of
the "fan" SB in Fig. II,3-2b which represented an area of high dislocation density.
(v) Summary and conclusions

The formation of a cell structure in the region of the plastic zone ahead of a
crack tip is determined by minimizing the total energy of the configuration. The
work done by the spatially varying crack tip stress field on the rearrangement of
dislocations into cell walls is used to determine the variation of cell size in the
plastic zone. A (001) crack with two equally inclined (111) slip planes containing
dislocations with (a/2)(101]-type Burgers' vectors is used to analyze the variation of
cell sizes in aluminum. It is found that the cell size increases with increasing
distance from the crack tip and as the angular coordinate from the crack plane
increasingly differs from 600. These results are consistent with the
experimentally observed variation of cell size in the plastic zone. Electron
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microscopic observations of dislocation cell walls formed in the regin ahead of
the crack tip in thick foils of beryllium deformed in situ the tensile stage of a high

0 voltage electron microscope illustrate the influence of the crack tip stress field on

the formation of the dislocation cell structure. The "fan"-shaped dislocation cell
walls and the rearrangement of dislocation cell walls during each stage of crack
growth point to the validity of the ideas associated with the formation of low

0 energy dislocation structures in the region ahead of the crack tip. They are of
great importance for jal ductile fractures, specifically for crack propagation and
void initiation in the process zones.

4. Localized Melting at the Separation of AISI 4340 Steel Tensile Sam]les.

High strength alloys are known to fail catastrophically due to instabilities
• which often lead to strain localization. Work in the past was done on alloys

having very low heat conductivity (1,2,31). The question whether the localized
melting at separation is indeed a general phenomenon is going to be studied in a
high strength steel, i.e. AISI 4340. Specifically, the effects of strain rate and of

O increased stored elastic energy on separation were to be documented. The

fracture mechanisms operating were to be deduced by SEM stereo fractography.

The theoretical analyses worked out earlier (21,5,31) will be applied.

0 (ii) Experimental Procedure.
The material used in the present study was AISI 4340 ultrahigh strength

steel. Cylindrical tensile samples with a gage diameter of 3.4 mm and a gage
length of 10 mm were machined with the tensile axis parallel to the final rolling

• direction. Heat treatment of the samples started with a one hour austenitizing in
sealed quartz capsules filled with argon, after which the capsules werc broken

and the samples quenched into stirred oil. Tempering was done at 4350C in a tube
furnace purged with argon, after which the samples were air cooled in the argon

0
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purged tube.
Three types of tensile tests were conducted, normal quasi-static tests with

an applied strain rate of 8.3x10-1 sec-1, high rate tests conducted at the Fraunhofer
Institute in Bremen, Germany at rates between 83 sec- 1 and 3000 sec-1 using a
flywheel device, and ultra-soft tests, which were similar to the quasi-static tests
except that a large spring was placed between the crosshead of the testing
machine and the sample, reducing the stiffness of the test system from about
2.5x10 7 N/r to approximately 4.8x10 4 N/rn. The ultra-soft tests were designed to
study the effect of increased stored elastic energy on separation.

A profile projector was used to make 10OX tracings of both pieces of the post-
fractured tensile samples. These tracings could then be used to "reconstruct" the
shape of the samples just prior to separation. This facilitated the estimation of the
volumes included in the sample necks.

(iii) Exgerimental Results
Tensile Results

The quasi-static mechanical properties of the samples are summarized in
Table II. These results agree with previous results of AISI 4340 heat treated to a
4350temper(32). High rate tests performed at the Fraunhofer Institute in Bremen,
Germany show a slight increase in UTS and yield strength with increasing rate,
but elastic wave effects make these results difficult to interpret. Non-linearities in
the elastic portion of the load-elongation curve introduced by the large spring used
in the ultra-soft device make yield stress and elongation determinations difficult,
but the measured UTS values agree with that of the quasi-static tests.

TABLE II. Quasi-Static Tensile Results

(average of two tests)

AISI 4340 Steel (4350C temper)

Ultimate Tensile Stress: 1320 MPa

0.2% Offset Yield Stress: 1230 MPa

Elongation at UTS: 1.02 mm

Elongation at Fracture: 2.25 mm

38



S

Fracture surface features which have been associated with localized
melting at separation in titanium alloy tensile samples are shown in Figure 11,4-

0 la and defined in Figure II,4-1b. These unusual fracture surface features fall
into three general categories, 'open surface shear zones," "transition dimples,"
and mixed mode spheroidized dimples with associated spheroidized surface
debris. All of these features are found in areas of shear, typically in the shear lip,

• and the surfaces of the melted regions and transition dimples are finely textured,
a feature called "microroughening."

Sections cut through the locally melted regions accentuate the role of shear
in the melting process. Highly localized shear is found directly below the melted

* regions, as shown in Figure 11,4-2 for Ti8Mn heat treated to an acicular alpha
platelet microstructure.

At magnifications of 24X the fracture surfaces of the normal quasi-static
steel test samples, as shown in Figure II,4-3a contain three distinct regions; a

* central fibrous area surrounded by an annulus of radial cracking and an outer
annulus of shear lip. Fracture surfaces of the high rate and ultra-soft tests,
examples of which are shown in Figures II,4-3b and II,4-3c respectively, contain
only central fibrous central cracking areas surrounded by shear lip. The absence

• of radial cracking is an important feature which will be discussed later.
All steel fracture surfaces were carefully inspected at higher

magnifications for indications of localized melting. The first samples
investigated were those from the high rate tests and these surfaces showed no

0 signs of melting to the resolution limit of the microscope (approx. 60 A). Likewise,
the ultra-soft test samples showed no signs of melting and the surfaces were
generally indistinguishable from those of the high rate tests.

Surfaces resulting from the normal quasi-static tests were considerably
0 different. At numerous points to the outside of the shear lip areas these surfaces

contained regions which were similar to locally melted regions found in the
earlier titanium studies. Figure II,4-4a shows a shear lip of one of the normal
quasi-static test samples with the box indicating the position of the area shown in

0 Figure II,4-4b. Figure II,4-4b contains three locally melted areas, one of which is
shown at higher magnification in Figure II,4-4c. The regions of melting in the
steel samples are in some ways different from those in titanium, as shown in
Figure 11,4-1, but they bear important similarities.
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Fig. II,4-1(s). This micrograph of a Ti-6AI-4V tensile samp)e contains
examples of the three major fracture surface features
associated with localized melting during separation; an open
surface shear zone, transition dimples and mixed mode
spheroidized dimples with associated spheroidized surface
debris.
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Fig.11,-1(b. Tis i a cheatic diagram which defines the locations in (a)
of (A) the open-sur ace shear zone, (B) maixed mode
spheroidized dimples with associated' epheroidized surface
debris and (C) transition dimples.
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Fig. 11,4-2. This micrograph sihowvs a section below a region of localized melting
on the shear lp of a Ti-8Mn tensile sample fracture surface. The
deflection of acicular ax platelets clearly shows the localized shear
directiy below the unusuatt surface features.
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Fig. 11,4-3(a). Low magnification micrograph of the fracture surface of a
quasi-static AISI 4340 steel tensile sample with a 4350C temper
Shoin awl-defined shear lip and a regio n of.1Wn arel Iin adial
cracking surrounding the central area of fibrous fracture.
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Fig. I1,4-3(b). Low magnification micrograph of the fracture surface of a
high strain rate (applied rate 8.3X1OMd1. 41SI 4340 steel tensile
sample with a 435*C temper. Note the J Aal absence of radial
crack1ing.
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Fig. II,4-3(c). Low magnification micrograph of the fracture surface of an
AISI 4340 steel tensile sample fractured using an ultrasoft set-
up in which a large spring is placed in series with the sample,
decreasing the machine stiffness by a factor of approximately
500. Note the ubsence of radial cracking as in the high rate
sample surface shown in (b).
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Fig.11,4(a. phof, potionof he hearip f aquas-stticAIS

MicrogTa] o

4340 r43b00 teriiper) ten~sile sample which contains regions'A
localized melting (arrow indicates region contained in (b)).
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Fir.. 11,44(b). Higher magnfication micrograph of a portiorn of the shear lip
shown in (a) which contains regions of localized melting
(indicated by arrows).

47



484

•e. • .. . .... 4

rI

iI

Fig. 11,4-4(c). High magnification amicrograph of one of the regions of
localized rneltivg shown in (b) which '•s directly below a
smootlher-than-normal band which is an examnple of an open-
surfac~e shear zone on a 4340 steel fracture surface.
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% In both cases the locally melted regions are mado up of spheroidized dimple

walls surrounded by shear dimples. The me)ted material appears different from
* the suirounding material not only because of the spl:-eroidized feaLures but also

because the dimples appear to have formed in a diffebrent mode form the highly
sheared surrounding dimples. This makes the melted areas stand out from the
more typical surrounding shear dimples. Also, in both these sampleg and the
earlier titanitun samples the melted features are adjacent to smoothly sheared
areas. In the titanium samples these sheared areas are almost completely
dimple-free, as can be seen in the open surface shear zone in Figure 11,4-4, whila
in the steel samples the sheared areas are smooth but contain holes. These areas

* are identical to "holey smeared" r6gions which have prewiously been associated
with the initiation of adiabatic shear in high rate shear experiments on 4340 steel

(33-35).
(iv) Ds a .

The first question which arises from the results is, "Why do ihe quasi-

static test samples contain radial cracks while the radiai cracks are absent in the
high rate and ultra-soft test samples?" Radial cracking in steels has been
extensively investigated, not only in tensile samples but 9lso in various types of
service failures (36-38) mid it has clearly been shown to result from rapid crack
growth and it is frequently the dcminant fracture surface feature in failures
which result from high rate failures such as those caused by impact and
exploive loading. This might imply that radial cracking should be expected in
the high rate and ulltra-soft test samples, where the elongation rate immediately
prior to separation is much greater than in the case of th.a quasi-static tests, but
this is not the case.

The reason why the radial crack3 are found only in the normal quasi-static
test samples is that a higher applied strain rate does not necessarily cause a

higher crack propagation rate. In a test system such as the one used in this study
the elastic energy stored in the loading train (load frame, load cell, grips and
sample) reault in elastic deformatian in the direction of the tensile axis which is

W large compared to the amount of displacement which occurs during separation.
In our normal quasi-static test system (without the large spring in series with the
sample) the stiffness of the total loading train is about 2.bx107 N/rn. Since

separation occurs very rapidly, even for quasi-static tests, the decrease in load
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with elongation due to elastic relaxation is obviously less than the decrease in load
bearing capacity with elongation during separation. Under these conditions

wher:e the daiving force for crack propagation comes primarily from elastic
energy stored in the test system the crack propagation rate is controlled primarily

by the amount of localized ductility at the tip of an advancing crack, i.e. in the
".process" and plastic zones of the crack tip, nrt by the applied strain rate

(crosehead speed).

Crack tip ductility is the basic mechanism responsible for the ductile/brittle

transition with temperature, and the increase in ductility with ambient

temperature is also the key to suppression of radial cracking in the high rate and

ultra-soft tests. Studies of 4340 Charpy v-notch samples show that the fracture
toughness, as measured by absorbed impact energy, increases dramatically as

the ambient temperature increases through the ductile/brittle transformation

temperature range (39). Similarly, fracture surfaces of 4340 tensile samples show

that below the ductile/brittle transformation temperature range radial cracking

makes up the majority of the interior crack area (37,38) and as the temperature

increases through the ductile/brittle transformation temperature range, the

percentage of area displaying radial cracking coDtinuously decreases until the
radial cracks completely disappear above the transition range.

When metals undergo plastic deformation a very large percentage of the

energy of deformation is non-conservative and, by means of drag forces generated

by the interactions of dislocations with phonons, electrons and other dislocations,
this energy takes the form of heat.

As the strain rate of a deforming system increases heat losses through

conduction become less significant in the calculation of temperature rise and at

high enough rates the locses become negligible and the system behavior is

essentially adiabatic. If the strain rate is high enough that phonon drag forces

and elastic wave interaction are significant, however, the quasi-static
approximation of material behavior becomes inaccurate and dynamic effects

must be considered. In between the strain rates where heat conduction and

dynamic effects are significant there is a window of rates for which nearly quasi-
static and adiabatic conditions exist- This window of strain rates depends on the

size and materials properties of the deforming volume and can be approximated

by
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K a" (18]

* where is the strain rate, a is the flow stress, K is the thermal diffusivity, L is the
characteristic length of the deforming region, p is the density and G is the shear
modulus (40). Using the values given in Table III for our 4340 steel samples this

-

TABLE III

PHYSICAL CONSTANTS OF AISI 4340 USED FOR CALCULATIONS

Density (rm. tmp.): 7.83 x 106 Kg/mS [21]

Thermal Conductivity (rm. tmp.): 37.5 J-m/sec.m2 .*C (21]

Thermal Diffusivity: 1.07 x 10-5 m2/sec

Shear Modulus (rm. tmp.): 7.58 x 104 MPa [22]

Specific Heat (rm. tmp.): 4.48 x 102 JiKg.0 C (21]

places the approximate strain rate limits for quasi-static adiabaticity in the
overall gage length between 0.074 sec-1 and 4.1x10 3 sec-1 and for the neck region
between around 0.32 sec-1 and 8.5 x 104 sec-1. The high-strain rate tests (where the
applied rates are between lx102 sec-1 and 3x103 sec-1) fall within these limits, as do
the post-UTS strain rates of the ultra-soft tensile tests, where neck formation and
fracture occurs well under one second.

Assuming quasi-static adiabatic conditions and also assuming that 86.5%
of the energy input into. the sample during uniform elongation causes heating, we
can approximate adiabatic temperature rise to a particular plastic strain ef using
the following equation

A 0.865 (e [19]AT =-J cr03,de,

where AT is the temperature rise, ay is the yield stress, ep is the plastic strain, p
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is the density and c is the specific heat. If we assume that the true stress-true
strain behavior of the samples can be approximated by the Holloman strain
hardening relationship (41)

c= KeO [20]

then the adiabatic temperature rise equation reduces to

AT= K o•÷+0 [21]
cp(l+n)

where n is the experimentally determined workhardening coefficient.
Unfortunately these mathematically simple analyses require a true

stress/true strain curve which can be accurately fit using the Holloman
relationship. In the case of our tests the extensive post-UTS elongation make true
stress/true strain information difficult to ascertain. The standard method of
approximating post-UTS stress/strain information involves the assumption of the
von Mises yield criterion (42) resulting in the Bridgeman correction (43). This
analysis, however, also assumes a neck shape which can be approximated by a
section from the center of a toroid, i.e. a portion of a doughnut hole, and the
profiles of our post-fractured samples show that this is not nearly the case.

To more accurately measure the energy of deformation the load/elongation
curves which resulted directly from the testing were divided into three different
regions; the elastic regions prior to plastic deformation, the uniform elongation
regions prior to neck initiation, and the post UTS region which represented the
formation of the neck to fracture. Integration of the area below the two plastic
deformation regions gives a good approximation of the strain energy put into the
samples during straining. It should be noted that this analysis assumes that the
load elongation curves for the quasi-static tests are approximately the same as
those for the high strain rate and the ultra-soft tests, which are not available. The
similar shape of all of the samples after fracture is a relatively good indication
that this is a reasonable assumption, and any differences which might occur are
probably not significant to the accuracy of this model.

To approximate the temperature rise resulting from plastic deformation we
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also need to know the volumes of the deforming regions. Calculating the volume
of the gage lengths is obviously trivial, but the volume of the neck is not so

* straightforward. Using the profile projector, the profiles both sides of the sample

necks were graphically re-assembled to approximate the neck shapes at the point

of separation. These shapes can then be numerically integrated to give values of
the total neck volumes.

0 Now we have approximate plastic deformation energy values and

approximate deforming volume values so we can use a simplified version of eq.

(19] to estimate the temperature rise.

AT = 0.E65 V22

CpV

There are two different cases for the temperature rise calculations; the
0 high strain rate samples and the ultra-soft samples. The difference occurs

because while the high strain rate samples deform completely under nearly
adiabatic conditions, the ultra-soft samples are only nearly adiabatic after UTS,
i.e. during neck formation. In the calculations this means that the temperature

* rise of the high strain rate samples is the sum of the uniform and the post-UTS

increases while the temperature increase for the ultra-soft samples is only that

generated during post-UTS deformation.
Using load/elongation information for a typical quasi-static sample the

0 uniform deformation plastic work energy can be estimated to be about 5.75 Joules

while the post-UTS plastic work energy is about .12.2 Joules. Volume calculations
estimate the gage volume to be about 119 mms and the neck volume to be about 42

mm3. Using these values with equation [22] gives us an approximate
temperature rise of 1300 during uniform elongation and of approximately 810C

during necking. This makes the total temperature rise at the center of the neck
about 86*C for the high strain rate samples and about 74*C for the ultra-soft
samples. These calculations are in general agreemnp.nt with in-situ temperature

* measurements of steel tensile samples made using a high-speed infrared

thermometer (44).
While a temperature rise of between 740C and 860C might cause a small

amount of thermal softening in most structural metals, this temperature
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increase is particularly important fbr the 4340 tensile samples used in this study
because the ductile-brittle transformation temperature range is near room
temperature. Experiments conducted at various ambient test temperatures have

shown that the transformation temperature range for AISI 4340 steel with a
4350C temper lies between -1600C and approximately 600C (14). Herein lies the
explanation for why'the radial cracking is absent in the high-rate and ultra-soft
tests, since the increased temperature in the neck prior to separation causes the
material to fracture in a purely ductile manner, while in the quasi-static tests the
separating material temperature falls within the ductile/brittle transformation
range and the material fractures in a partially brittle manner.

Although adiabatic heating during general gage deformation and necking
can cause an important temperature increase, it is not the mechanism by which
localized melting occurs at separation, as shown in these experiments in which
the samples adiabatically heated during overall straining were not the samples
which contain locally melted surface areas.

The appearance of localized melting in the sheer lip areas of 4340 samples
is in many ways similar to that of titanium alloys. Spheroidized dimple walls and

surface debris are found in patches surrounded by shear dimples, as seen in
Figure 11,4-4c. These patches of local melting are also typically adjacert to

relatively smooth surfaces which are, by all appearances, identical to "holey
smeared" regions which have been associated with the initiation of adiabatic
shear in high strain rate shear tests of 4340 steel (33-35). Signs of possible
adiabatic shear are not unexpected since highly localized and possibly adiabatic
shear has been found to accompany the localized melting in both Ti-8Mn and Ti-

6AI-4V tensile samples.
Another significant difference in the local melting in the 4340 samples is

the relative scarcity of the melted areas as compared to the titanium alluys.
Melting in these samples occurs not only over smaller local areas (by a factor of
approximately 3-5) but also occurs less frequently than in the titanium alloys.

The parallel between localized melting and radial cracking is of great
interest, since it emphasizes the need for high crack propagation rates. This is in

agreement with a recent !tudy in which localized iielting in Ti-6AI-4V tensile
samples was suppresse.i by heat treating to a colony a microstructure, apparently

because of an increase in crack path tortuosity and a resultant decrease in crack
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p-opagatinn rate (6). A recent computer model of heating at a moving crack tip (5)

has shuwn that dislocation production rates are critical in achieving high crack
0 tip temperatures and it may be a lowering of these production rates that inhibits

localized melting. An important point to note is that the radial cracking indicates
rapid crack propagation in the central crack portion of the sample while the

melting is found in the shear lip. This is an indication that, as might be expected,
0 the separation rate of the central crack influences the shear lip formation rate.

High crack propagation rates have two major effects on local temperature
rise, both of which result from an increase in the local strain rate. First, the
shorter time of deformation decreases the amount of heat conducted away from

0 the separating surface, making the conditions more nearly adiabatic. Second,
increases in strain rate, especially at the high rates which occur during

separation, cause an increase in the instantaneous yield stress, thereby
increasing the amount of energy resulting from the same amount of strain.

* It should be noted that general heating of the gage volume, localized
heating of the neck, and heating during localized and possibly adiabatic shear ell
predicate the heating at final separation which occurs during the rupture of the
ligaments which surround the growing voids. Rupture of these ligaments occurs

0 at extremely high strain rates and the total plastic strain involved is very large,
making the total energy density of the ligaments during rupture very high.

Temperature increases in the separating ligaments must be, once again, added to
the prior temperature increases. Taking this into consideration it appears that

p high strain rates and high ambient local temperatures in the immediate vicinity
of the separating ligaments are the critical conditions for localized melting at
final separation.
(v) ocuin

* 1. Under certain conditions, specifically those which cause high crack
propagation rates, localized melting occurs on the shear lips during the
separation of 4340 steel tensile samples.

2. Localized melting can be suppressed by increasing the ambient
0 temperature of the separating volume above the ductile/brittle temperature

transformation range. In this study the temperature increase was caused
by heating of the gage and neck volumes during elongation.

3. In the 4340 samples used in this study the presence of locally melted
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regions has been shown to accompany radial crackiug, indicating that the
mech&nisms responsible for the local melting are also associated with
rapid crack propagation through the central portion of the sample.
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A lIX

* Al. Characterization of Fracture Surfaces.
The investigation of fracture surfaces with scanning electron

microscopes (SEM) ha8 become a standard procedure. However, only when stereo-
pairs are being 6valuated, can a meaningful interpretation of the often complex

* topography of a fracture surface be attempted, The development of a semi-
automatic stereu device by this group has been reported earlier (45,46). This
instrument has been used extensively for detcrmining the 3-D topography of

fracture surfaces throughout the studies under this contract.
However, a new task arose, namely ihe quantitative assessment of "malted"

dimple areas and other unusual surface features in the fracture surface

topography (see fcr definitions Table Al,I).

* TABLE Al,I. Definitions of Unusual Features on Fracture Surfaces
of Selected Tensile Loaded Alloys (47).

Microstructural
Classification Definition

1. Dimple groups Areas of shallow dimples. Dimple
heated above melting walls are outlined with small
point, or 'melted solidified metal droplets at the top,
dimples" while the dimple bottoms are covered

with tiny specks of solidified metal
(like a spray).

2. "Transition Dimples" Dimples with low walls lying on a
common shear plane

3. "Open Surface Shear Dimple-free, flat surfaces of con-
Zones" siderable length and limited width

found at the perimeters of some shear
areas.

The research reported in Sections 1,1 and 11,2 provided new theoretical and
experimental information against which a quantitative comparison could now be
made. The reaslts of that study follows in Section All. Here, a brief description of
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the techniques of observation and counting will be given.

As a first step, a composite picture of tihe fracture surface was produced
with the SEM at a 40X magmificatilon. The compoeite micrograph wss used (i) as
a "road map," and (ii) as a base for a real mocsureor ant. This was accomplished
by putting a plastic overlay on ti compoiite picture and marking in transparern.t

color the zurface, categories listed in Table A1,I. These, were -btained from
micrographs taken at magnifications between 1,00OX and 3,OOOX. All
observations were checked on the mat':hing fracture surface aad, :In gerterai, the
areas determined agreed within a 20% error margin. Tiw special features
measured nA this fashion wet, determined Es a function of the macroscopic strain

rate as reported in the next section. Art example of a composite micrograph with

the features marked on the surface is given in Figure A,1-1.
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Open Surface Shear Zones

0 * Melted Regions

Transition Dimples

* ~Fig. Al-i. Low magnification composite, photo of Ti-1OV-2Fe-3A1 tensile bample
fracture surfac~e with portions and approximate 9BJzes of areas of
interest indicated.
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A2. et ofo9ik tcaj& n the Etant of Lacalled ShMa

Once thfq fracturs surface 'features resulting from unstable shear
separation (oren surface shear zones, tiansition dimples and localized melting)
had been investigated to the point that they could be unambiguously defined, this
opened uip the possibility of studying the effect of strain rate on the extent of
localized shear separation. Although this phenomenon occc-rs even at quasi-
static applied rate%, i-dicating that the final unstable separation is driven by the
elastic::inergy stored in the test system as a whole, the effects of etrain rate on the
pre,-teparation deformati~on of th6 sample might have a measiurable influonce on
the fractujre surface features of interest.

. eaL iun
The material selected for this investigation was Ti-1OV-2Fe-3A1 primarily

because previous investigations had shown that (i) the tensile samples do not form
a concentrated neck prior to separation, (ii) localized melting can be found on the
fracture surfaces and (iii small increases in temperature (500T or so) do riot have
any dramataic effect on~ the mechanical or fracture properties. Concentrated
ne-.king was avoided because the moderate temperature increases which
accompp.ny adiabatic necking can Lu sig'nificant, thereby possibly causing
unwantod differences in the "ambient"' temperature in the region of incipient
separation between qus~si-stati.- and high-.cate samp!es. Similarly, materials
which have different daforrma~ion L-. fracture characteristics at sligitly elevated
temperatures (such as the ductile/brittle transform.ation temperature in some
stseels) coujia also add an undesirable complicat~ion to the interpretation of the
effects of high applied strain rate.

Hot rhatmen~
Heat treatment of the samplrs, which *ab conducted in an argon

atmosphere, siarted with a 3 hour rnl~utiorA treatment at 7801C followed by a water
quench. Samples were then aged at 5001C for 1 hour and co6lad in flowing argon.
This resulted in a microstructure of large lamellar ax precipitates, which caused
the subsurface deformation to be clearly indicated by tbe. deflection of thea
precipitates.
j~LUleCgflgru ti

The samples uszed were of the double gauge type, as shdown in Figure A2-1,
a
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in which, during a test, the eineller dianmeter gauge area deforms elastically and
then plastically while th- larger diameter gauge area de'orms only elastically.

* Prior to iesting, strain gauges attched to the larger elastic gauge area are
calibrated to lo3ds below the elastic limit of thi smaller plasUic gauge area. This
provides for nccurate load measurement directly adjacent to the plastically
deforwing portion of the sample, thereby effectively rcducing the elastic wa-.e

* effects which can obfuscate the true values at high loading rates. Strain gauges
are also attached to the smaller diameter plastic gauge ':•o provide information on
strain and strain rate.

strain gagesLI

"7T2.Ž. ... - __.

______L 10,0 -
_ _ _70,0

Fir. A2-1.Geometry of samples used in high-rate tensile tests.
!

Low strain rate tests were performed with a universal servo-hydraulic
testing mackine and the high strain rate tests were performed at the Fraunhofer

* Institut (i3remen-Lesum, Germany) using a rotating wheel machine. For the
high-rate tests signals from the strain gauges on the elaetic and plastic regions of
the sanmples were recorded using high speed digital ctotagk oscilloscopes and the
resulting data files were then used subsequently to construct stressistsin curves.

Although there is some scatter in the data, it is obvious from Figurm A2 2
that the true ul,' inate tensile strength (UTStru.), the 0.2% offset yield strergth, the
reduction of area, and the elongation to fractare all generally increase with
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increasing applied strain rate. The fact that the reduction of area is consistently
greater than the elongation to fracture is an indication that some strain
localization in the gauge length does occur, but this difference is not large enough
to indicate a concentrated neck, as also verified by the appearance of 4he fractured
samples.

stress Deformobility
1700 -.-

Material: Ti-1PV-F- 3A

1600 * Vy* a yield strength at.2% strain .4
MPg a UTStr,, true ullimate tensile strewth a
15001 o A2.s a fracture elargation•

a Z =reduction of area 4

10oo A ..ct. ol.satio.

1300- --i

12000 1 1.1. 10C 1O1M 14

3A12

a ..... Sp10pa n

i 03 10" 1'"0 10, !0' 10' • 10' 1Vs

Fig. A2-2. The effect of applied strain rate on the tensile properties of Ti-10V-2Fe-
SAL.

Qener~al Frqcture Surface Apoearance

The fracture surfaces which result from the quasi-static and dynamic
tensile tests have a minor but discernable difference in local roughness, as noted
in an ear!ier investigation(2) of tensile samples made of the same alloy. All of the
fracture surfaces have a distinct shear nature, being predominantly tilted at an
approximately 450 angle to the tensile axis, although not necessarily in a single
plane. Some of the surface areas are intergranular, but the overall intergranular
area is typically less than about 10-15%. The surfaces are covered with ductile
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dimples (except for the open surface shear zones with no signs of cleavage.
Fracture Surface quantification

0 Results of the fracture surface analyses are summarized in Fig. A2-3. This

graph plots the area coverage of the different features in terms of measured area

and percentage of area as a function of the applied strain rate. Although the

trends are not uniformly monotonic, the indications of increases in areas with
- increasing applied strain rate are obvious.

010- T-i 1 I III111411 III j 11111 IIIII~

9- Area Coverage vs. Applied Strain Rate
E 0

r 8 0 Area Coverage of Melting
T 7- Z• Area Coverage of Transition Dimples

%-- [0 Area Coverage of OSSZs
S6- 0-
O,5-

S4-
040 3-

S1 -

0)

103 10-2 10"1 10° 101 102 103

* Applied Strain Rate (s-1)

Fig. A2-3. The effect of applied strain rate on the area coverage of various
features of interest on the fracture surfaces of Ti-10V-2Fe-3Al tensile

• samples.

In the previously presented model of separation transition dimples and
locally melted regions are formed by separation through planar bands of

• concentrated shear which are a result of material instabilities during the final

shear separation. Since the sections cut through the fracture surfaces parallel to

the tensile axis show very little indication of concentrated shear other than that

directly below the fracture surfaces it is likely that the sum of both the transition
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dimple areas and the locally melted areas on any particular fracture surface is an
indication of the extent of the unstable shear which occurred during the
separation of that particular sample. Figure A2-4 is graph of the sum of the
transition dimple and locally melted areas for the tensile samples investigated.
This graph shows a definite trend of increasing area coverage with increasing
applied strain rate, indicating that the extent of urestable shear increases with
increasing applied strain rate.

20-

• 18- Sum of Area Coverage of
E Transition Dimples

P 16- and Melted Regions
6,- 14 vs. Applied Strain Rate
X"-, 12-
c:, 10-

t> 8-

0 6-

ca 4-

< 2-
I I, , , ,IL I I I ,I I I,],II I I I I I I ll I I , ,, ,, I I , ,, ,

10.3 10.2 10"1 1 00 101 102 103

Applied Strain Rate (s-1)

Fig. A2-4. Area coverage of the sum of the localized shear induced fracture
surface features as a function of applied strain rate.

One should be careful not to immediately equate the applied strain rate with
the effective crack propagation rate. Rather, the effect of the applied strain rate
may be to cause a different material condition at the onset of separation, thereby
only indirectly influencing the separation process. The interaction between
applied strain rate and the final fracture mechanisms is, therefore, rather subtle
and these current results hold considerable information which is sti-l undergoing
scrutiny and will result in a publication to be co-authored by D. D. Makel, H.G.F.
Wilsdorf, and B.-O. Reinders and H.-D. Kunze of the Fraunhofer Institut.
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A3. Fracture Surface Investiuations of High Strength Alloys
As a compliment to the work done on titanium alloys Ti-10V-2Fe-3A1, 7i-

• 6Al-4V and Ti-8Mn a number of other high strength alloys were strained to
fracture and the resulting fracture surfaces scrutinized for signs of localized
melting or transition dimples. All tests were run at approximately 5x104-s1
applied strain rate at room temperature, except where noted.

INCO Alloy 600
The first superalloy tested was INCO Alloy 600, a very popular and well-

established industry standard. These samples workhardened significantly,
* resulting in very high UTS levels, and the fracture surfaces were beautiful

examples of cup-and-cone separation. Although there were very large, regular
shear areas covered with ductile dimples, no transition dimples or localized
melting were found on any of the surfaces.

- Ren6 41
Like the INCO Alloy 600 samples, these samples workhardened to very

high UTS values. Separation occurred very dramatically in these samples, in one
case actually shattering a large grip insert. The resulting fracture surfaces were

• perpendicular to the tensile axis and almost completely intergranular (typically
referred to as "rock candy" type surfaces). Although the grain boundaries did
show some fine ductile features and intergranular ductile separation could be
found in some highly localized regions near the outer edges, no indications of

* transition dimples or localized melting were observed.

AISI 4340
Samples made of AISI 4340 (350MC temper) were tested and the cup-and-

* cone fracture surfaces were found to contain all of the fracture surface features
indicative of concentrated shear and localized melting, and also central crack
areas with radial cracking, an indication of high crack propagation rates.
Subsequent testing in an ultra-soft test setup and at high applied strain rates

* resulted in fracture surfaces completely devoid of transition dimples, localized
melting or radial cracking. This reduction in crack propagation rate at elevated
strain rates was determined to be due to an adiabatic increase in the neck
temperature prior to separation which raised the temperature in the region of

65



incipient separation above the ductile/brittle transformation temperature range.

Results of these ir~vestigations have been written up in a paper which has been
accepted for publication in "Materials Science and Engineering."

HY80
This alloy had moderate tensile properties and the fracture surfaces were

primari)y Oup-and-cone, although considerably less regular than. the Alloy 600 or
4340 samples. These surfaces did not contain radial cracks or any of the
concentrate shear features of interest. Since radial cracking and localized
melting were only f'ound in the 4340 samples fractured at temperatures within the

ductile/brittle travsformation temperatume range (not above) the HYSO samples
were tested at decreasing temperatures in an attempt to increase the crack
propagation rate. At temperatures slightly below -500C the samples did develop
radial cracks during separation, but subsequent investigations of the fracture

surfaces in the SEM did not reveal any transition dimples or localized melting.
W1 TcI Steel
Samples of WI tool steel were very difficult to test, as they tended to break in

the grips after almost no plastic deformation. Fracture surfaces appeared
generally smooth and featureless at low magnifications and holey and brittle at
higher magnifications. No indications of any features of interest could be found

on the surfaces.

Aluminui
7075
Samples made of 7075 aluminum showed good strength and moderate

toughness. The fracture surfaces were very irregular, with the most outstanding
fo~turos being the obvious void initiation sites being located at cracked hard

particles. These surfaces showed some open surface shear zones but no

transition dimples or localized melting.
AI-2%Cu
Fractured tensile samples of Al-2%Cu, p-ak hardened to contain G.P.

zones were observed in the SEM for signs of localized melting. These surfaces
were nearly all shear, with very little central crack area and they showed no signs

of transition dimples or localized melting.
A sinmnary of the results SEM analyses of these alloys and the titanium

alloys is shcwn in Table A3-I.
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TABLE A3MI. Summary of Fracture Surface Investigations

*Material ~Ig odition LpCaiza~d Mpltiiw

Titanium Alloys

Ti-IOV-2Fe-3AI quasi-static1  yes
high rate2  yes

Ti-8Mn quasi-static yes
high rate yes

Ti-6AI-4V
Commercial quasi-static yes3

* high rate yes
ELI Grade4 quasi-static yes

high rate yes

Superalloys

* Alloy 600 quasi-static no

Rend 41 quasi-static no

Steels

* HY80 quasi-static no
ultra-soft5  no
low temperatures no

AISI 4340 quasi-static yes
ultra-ooft no

* high rate no

W1 Tool Steel quasi-static no

Aluminum Alloys

0 7075 quasi-static no

AI-2w%Cu quasi-static no

1. Quasi-static applied strain rates are typically around 5x10 4 s0.
2, High strain rate tests were conducted between 10 and 104s1.

* 3. Localized melting could be suppressed in both grades of Ti-6AI-4V by heat treating to a
colony a microstructure.

4. Extra Low Interstitial grade (low oxygen and nitrogen content).
5. Large spring strained in series with sample drastically decreasing the stiffness of the test

system.
6. Ambient temperature of tests decreased incrementally to -- 50°C.
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