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ABSTRACT

The purpose of this investigation was to obtain a better
understanding of some of the variables which may affect the
properties of HY-80 steel. The data indicate that hardenability is
increased with plate thickness. Generally, plates above 3-in.
thick contain less than 80 percent martensite. As the percent
martensite decreases, so do the Charpy V-notch impact values at
=120 F. HY-80 steel made under military specifications MIL-S-
16216E and F had lower phosphorous and sulphur content than the
HY-80 produced under MIL-S-16216D. The data presented herein will
be used by the Model Basin for determining the individual or
combined metallurgical variables which may have an effect on the
mechanical properties of HY-80 steel used in medel and prototype
construction.

INTRODUCTION

This is the fourth in a series of preliminary report:sl'3

which affect the mechanical properties of high-strength steel melted to the
4

on the factors

HY-80 specification.
This work was initiated under Bureau of Ships sponsorships’6

completed under the Model Basin's fundamental research program.7

and

All of the planned studies depicted in Figure 1 have been completed
with the exception of the welding investigation. Voluminous data have been
compiled and are being prepared for publication. A partial summary of the
data is presented in this report for immediate dissemination. These data
were accumulated for the purpose of obtaining an understanding of the producers
variables which may have an effect cn the metallurgical transformation char-
acteristics and mechanical properties of HY-80 steel.

‘ The chemistry ranges used in prodvcing HY-80 steel can have a pronounced
effect on its transformation characteristics. Accordingly, the Model Basin has
to know the effect that variations in chemistry and methods of different
steelmaking processes will have on mechanical properties in order to interpret
and extrapolate mechanical property data for analysis of HY-80 steel used in
model construction to the HY-80 steel used in prototype construction.

1References are listed on page 37.



Data presented herein are obtained from investigative steps (included
within the broken line in Figure 2) which correlate the effects of various
factors influencing the mechanical properties of commercially produced HY=~80
steel. For this evaluation, data were taken from INSMAT's Form INM-16 and
from the quality control sheets of two producérs herein designated as "X"
and "Y."

BACKGROUND

When this investigation was initiated, HY-80 specification MIL=-S~-
16216D4 was in effect. This specification indicated two chemistries, one for
plates up to 56.1 1b/ft2 and the other for plates above 51 1b/ft.2 The MIL-
S~16216D specifica.tion4 permitted considerable overlapping between the two
chemistry ranges.

The effects that a given chemistry can have on the metallurgical trans-
formation characteristics are shown in Figure 3 which depicts the isothermal
transformation diagrams8 for low and high chemistry ranges of HY-80 steel.

The Model Basin checked the validity of these diagrams, and the check points
are superimposed upon the TTT diagrams. In addition, Figure 3 shows the rate
of isothermal transformation for the low and high chemistries.

Since the Model Basin initiated its metallurgical studies of HY-80
steels, the HY-80 specification4 has been superseded three times: by MIL-S-
16216E,° by MIL-5-16216F,1° and now by MIL-S-16216G.1! The chemistry
specified for HY-80 steels in the latter specificationsg’lo’11 are the same.,.
Instead of specifying chemical composition for two different thickness ranges,
the newer specifications give only one range. The differences in chemical
composition requirements between MIL-S~16216D and MIL-S-16216G are compared
in Table 1. In the newest specifica.tion,11 the carbon, phosphorous, and
sulphur maximums are lower than formerly and maximums are specified for the
residual elements titanium, copper, and vanadium.

In order to economically meet the chemical and mechanical property
requirements of the HY-80 specifications, the steel companies have set up their
own "in~house ordered chemistry ranges." The composition ranges used by these
producers for making HY-80 steel to the former4 and to the present11

2



TABLE 1

Comparison of the Chemical Composition Requirements for HY 80 Steel
Specified by MIL-S-16216D and MIL=-S-16216G

Specification Military Specification
Requirements Percenti*
MIL-S-16216D MIL-S-16216G
Plate Thickness To 56.1 Over 51.0 ——eme—-
1b/ft? 1b/ft2 1b/£t?

C 0.22 0.23 0.18
Major Mn 0.10-0.40 | 0.10-0.40 | 0.10-0.40
Alloying P 0.035 0.035 0.025
Elements S 0.040 0.040 0.025

P&S -— —— 0.045

Si 0.15-0.35 | 0.15-0.35 | 0.15~0.35

Ni 2.00-2.75 | 2.50-3.25 | 2.00-~3.25

Cr 0.90-1.40 | 1.35-1.85 | 1.00~1.80

Mo 0.23-0.35 | 0.30-0.60 | 0.20~0.60
Residual Ti — — 0.02
Elements A -— —-— 0.03

Cu — — 0.25
Microstructure — 80 percent Martensite

(Minimum)

*.
Maximum percent unless a

range is shown,




specifications are considered proprietary information and will not be included

in this report. When the chemistries of MIL-S-16216D were changed to meet the
requirements given in modification MIL-S-16216E, the producers changed their
ordered chemistry ranges. Since that time, they have made no change in their
"in-house" chemistry ranges and have kept the ordered chemistry ranges formulated
to meet the requirements of MIL-S-16216E.g

MATERIALS AND ANALYTICAL PROCEDURES

As previously stated, the INM-16 cards and the producers quality control
sheets were used as the source of data for the analysis. However, at the time
this study was made, no commercial data were available for HY-80 steel made to
MIL-S-16216G. Since the producers are still using their in~house ordered
chemistry ranges developed for MIL-S-~16216E and F to manufacture HY-80 steel,
the data presented herein can be considered as typical for HY-80 steel currently
being made under MIL-S-16216G.

S3ince the HY-80 specification permits different chemistries for light
and heavy gages, the question arises as to the etfects of hardenability on the
notch toughness. In order to calculate hardenability, the prior austenitic
grain size had to be taken into consideration., The commercial data did not
report grain size; therefore, to establish a hardenability baseline, grain
Size measurements were made on approximately 25 as-received ends cropped from
commercially produced HY-80 plates. The measured prior austenitic grain sizes
from those cropped ends are given in Tabtle 2.

An average austenitic grain size of 6 is used herein for calculating
the hardenabilities, The equations developed by the Ad Hoc Committee on
Naval Armor12
values to equivalent thicknesses (Lg,_g4**) of plates quenched in still water.

were used for converting the ideal critical diameter (Dy_gq*)

3* ..
Grossman's factors for obtaining DI—SOM are based on a 50 percent
martensitic Structure at the center of a round bar after an ideal quench.

33

Lsw-80

for obtaining 80 percent martensite at center thickness.

is the calculated plate thickness based on chemical composition

4



TABLE 2
Prior Austenitic ASTM Grain Size of Commercially Produced HY-80 Steels

Laboratory . | Thickness |ASTM Micro Grain Size
Identification inches as Received
X-1 2.0 6
X- 2 6.0 6
X-3 1.625 5
X- 4 2.0 6
X- 5 2.125 4
X~ 6 3.75 7
X- 8 2.0 5
X-9 1.5 6
X-10 1.75 4
X-11 2,125 6
X-12 1.5 8
X-13 4.5 6
X-15 4.5 7
X-16 1.8 5
X-17 6.0 6
X-18 2.0 -

Y- 1 0.6875 7
Y- 2 2.0 7
Y- 3 0.75 7
Y- 4 2.625 5
Y- 5 2,25 6
Y- 6 2.0 5
Y- 7 1.5 5
: Y- 8 2.0 8
Y- 9 2.0 5
Y-10 2.5 7
Y-11 3.625 4
*X and Y indicate the two major producers.

5



The question may arise whether the calculated hardenability factors
have any significance when dealing with an HY-80 composition. Typical plots
of experimental and calculated end-quench hardenability curves are shown in
Figure 4. The experimental ASTM end-quench hardenability curves13,14 for HY-80
steels were obtained from Naval Weapons Laboratory (NWL), Dahlgren, Virginia;
as can be seen from Figure 4, the calculated values closely approximated the
NWL experimental test data. Some nonmartensitic transformation took place
during the end quenching as indicated by the inflections on the experimental
curves,
The 80 percent martensite.criterion is used throughout this report
since HY-80 was developed to the Ad Hoc Committee on Naval Armor's criterion
12 M11-s-162166 states
that the producers shall use processes which will develop 80 percent martensite.
In order to make the hardenability calculations relative for each

of 80 percent martensite at the center of the plate.

producer, the ratio

T/L Actual plate thickness

SW=80 =
Calculated plate thickness to obtain
80 percent martensite at center

was used. A ratio equal to 1.0 indicates a production plate containing 80
percent martensite; a ratio less than 1.0 indicates a plate containing more
than 80 percent martensite; and a ratio greater than 1.0 indicates a plate
containing less than 80 percent martensite,

Figure 5" was used to obtain (from calculated DI-SOM) the theoretical
percent martensite at the center thickness of any plate quenched in still
water.

Data representing production heats for each of the two major producers
were evaluated statistically, 150 INM-16 cards provided data on HY-80 made

%*
Figure 5 was develoged by simultaneous solution of the equations developed
by the Ad Hoc Committee” for relating Grossman's D to plate thickness and
" I-50M :
to the microstructure developed.



under MIL-S-16216D. Since the chemistry requirements of MIL-S-16216E and
MIL-S-16216F are the same and, at the time of this analysis, neither of the
two major producers had made 150 heats in accordance with the "F" specification,
a combination of 150 heats made under the E and F specification were analyzed
as a single unit and compared to the "D" data. These data were analyzed by
the use of least-squares method and relative frequency distributions. The
relative frequency distribution curve shows the frequency of occurrence on a
percentage basis cf the variable being studied. All data in the graphical
presentations are depicted as a plus or minus one standard deviation band; that
is, approximately 67 percent of the data will fall within this band, and
approximately 95 percent of the data will fall in a plus or minus two standard
deviation band.

Since Producer X makes the majority of its HY-80 steel using open
hearth process and Producer Y uses electric furnace process, comparison between
producers for the various metallurgical properties will be made on this basis.

ANALYSIS OF DATA

The producers of HY-80 steel adjust the chemistry of any given heat to
fit the purchase requirements of a given order; that is, producer's in-house
chemistry ranges are used which will insure that the steel will meet the
required mechanical properties for the various plate thicknesses ordered.

Figure 6 is a plate thickness frequency distribution of the data used
in this analysis. The frequepcy depicted was not preselected but represents
the distribution of the data the Model Basin received for analysis. It is
interesting to note that the mean plate thickness is approximately 2 in. in
ali cases. Since only limited data are available for the thicker plates, the
plate thickness distribution has to be considered when analyzing the least-
squares fit of the variables being related; that is, the best least-squares
fit for a given variable was found by selecting the fit which gave the minimum

residual.



PERCENT CHEMISTRY versus PLATE THICKNESS

Carbon

Carbon is the major element contributing to hardenability. It is
interesting to note that MIL-S-16216D calls for a maximum percent carbon of
0.22 to 0.23 depending upon the plate thickness, whereas the later specifi-
fications (MIL-S-16216E, F, and G) have a maximum of 0.18 percent carbon,
except for plates over 6-in. thick where an additional 0.02 percent carbon
is permitted. The producer is allowed to have a check analysis variation of
0.02 percent over the limit.

Figure 7 shows the ccrrelaticn between check analysis for carbon and
plate thickness for the various specifications. Carbon content for HY-80
plates made to MIL-S=16216D can be considered to be the same for both
producers. The general trend was to increase carbon content with increasing
plate thickness; however, the spread in data indicates that the carbon
content for HY-80 steel made under MIL-S-16216D averaged approximately 0.16
percent for both producers.

In making HY-80 steel to MIL-S-16216E and F, Producer Y showed a closer
control of carbon content, with carbon content increasing with plate thick-
ness; Producer X appeared to use the same broad carbon range ac used in the
superseded specification MIL-S-16216D.

Phosphorus and Svlphur

The major change in chemistry requirements between MIL-S-16216D and
superseding specifications MIL-S-16Z16E, F, and G, is in the permissible
phosphorus and sulpher content; see Table 3.

Figure 8 compares the ladle or melt to the check chemical analysis
taken from finished plates for percent phosphorus, sulpher, and combined
phosphorus plus sulpher by relative frequency distribution for HY-80 steel
made by Producer X. At the time of the analysis, this producer used open
hearth practice for the majority of the HY-80 melts, however, some heats were
produced by electric melting practice. Figure 8 includes the relative

frequency distribution of these elements for both open hearth and electric



TABLE 3

Comparison of Specified Maximum Phosphorus and
Sulphur Contents for Various HY-~-80 Specifications

Kl ement Permissible Content (percent)
MIL-S-16216D | MIL-S-16216E, F, G
Phosphorus 0.035 0.025"
Sulphur 0.040 85025
P plus S — 0.045

3
Phosphorus is permitted to exceed maximum by
0.003 percent upon check analysis.

melts. It can be readily seen that the difference between ladle and check
analysis is greatest for the open hearth melts. The phosphorus and sulphur
content, individually or in combination, is less for the electric heats than
for the open hearth melts of HY-80 steel made by Producer X.

Company Y produces HY-80 steel by electric furnace process and reports
only check chemical analysis. Figure 9 shows that the phosphorus and sulphur
content of the electric melts of Producer Y are approximately the same as for
the open hearth heats of Producer X but that the electric melt heats made by
Producer X contain a lower sulphur content than the electric heats made by
Producer Y. In any case, the check analyses of phosphorus, sulphur, and the
combination of both are below the maximum stated in specifications MIL-S-16216E
and F.

Figure 10 compares the individual and combined contents of phosphorus
and sulphur as a function of plate thickness for HY-S80 plate made by the two
major producers under MIL-S~16216D and under MIL-S-i6216E and F. The steels
made under MIL-S~16216D by Producer Y contained greater phosphorus and sulphur
content than that of Producer X. However, under MIL-S-16216E and F, the
phosphorus ard sulphur content were approximately the same for both producers
regardless of plate thickness. '



Major Alloying Elements

The major alloying elements (other than carbon) which influence
hardenability are nickel (Ni), chromium (Cr), and molybdenum (Mo). Manganese
(Mn) is used mainly as a sulphur scavenger but it will be discussed as an
alloying element since it also contributes to hardenability.

Figure 11 shows the difference in major alloying elements between
the two major producers for various plate thicknesses. In addition, a
comparison is made between producer chemistries and the specifications MIL~
S-16216D and MIL-S-16216E and F.

As can be seen in Figure 11, the HY-80 steel made by Producer Y tends
to have a leaner alloy content than steel made by Producer X, It appears
that when MIL-S-16216E and F went into effect, both producers tended to
slightly drop their alloying additions. Producer Y had a tendency to increase

the manganese content of HY-80 plates made under the newer specifications.

HARDENABILITY

Figure 12 compares the calculated hardenabilities to actual plate
thicknesses for both producers. The DI-SOM versus plate thickness is higher
for Producer X than for Producer Y.

The Dy _som 1S converted to equivalent theoretical plate thickness
that will have 80 percent martensite at the center (LSW-SO) and plotted as a
function of actual plate thickness. As shown by the 45-deg lines in Figure
12, a one-to-one relationship does not exist between actual plate thickness
and the theoretical hardenability thickness for 80 perceat martensite. The
data to the left of the 45-deg line show that the majority of the plates can
be expected to contain more than 80 percent martensite; the plates to the
right of the 45-deg line are expected to contain less than 80 percent
martensite.

The question arises as to what percentage of martensite is actually
present in commercially produced plates of HY-80. Since no microstructure
analysis was available, the calculated DI-SOM for the plates used in the
statistical analysis was converted to determine percent martensite at the
center of the plate by the use of Figure 5.

10



Figure 13 shows that with the advent of MIL-S-16216E and F, the
heavier HY-80 plates made by Producer Y contain less martensite than similar
plates made by Producer X. Under MIL-S-16216E and F, Producer Y's plates,
approximately 3-in. thick, will contain 80 percent martensite; Producer X
theoretically produces plates up to 4-in. thick with 80 percent martensite.
It should be remembered from the frequency distribution shown in Figure 6
that only a limited number of plates were available for this analysis with
thicknesses greater than 4-in. However, chemistry data obtained for heavier
plate since the completion of this analysis indicate the calculated percent
martensite will fall well within the standard deviation givem in Figure 13.

TEMPERABILITY

It was shown in Figure 13 that as the thickness of the HY~80 plate
increases, so does the percentage of nonmartensitic products. MIL-S-16216D
and MIL-S-16216E, F, and G require that the tempering temperature shall not
go below 1100 F for HY-80 steel. The question arises as to what effect does
nonmartensitic products have on the temperability of HY-80 steel.

Tempering temperature versus the calculated percent martensite present
in HY-80 plates quenched in still water are depicted in Figure 14, This
figure shows that there is a wide spread in tempering temperatures for HY-80
steel containing more than 97 percent martensite; the tempering range for
Producer X ranges from 1190 to 1310 F, and for Producer Y, ranges from 1200
to 1280 F, For these plates containing more than 97 percent martensite,
chemistry and grain size play an important part in the tempering temperatures
used by the producers for meeting mechanical property requirements. In a
few cases, the upper tempering temperature approaches the theoretical critical

A, temperature, 1321 F.1

1 As the percentage of martensite decreases, the tempering temperature
bands become narrower and approximately equal for both producers, from 1190
to 1220 F. However, the minimum temperatures used in tempering commercially
prodﬁced HY-80 steel is approximately 100 F above the specification require-

ments,

11



IMPACT PROPERTIES

Since Figure 13 showed that the theoretical percent martensite decreased
with increasing plate thickness for an HY-80 steel plate quenched in still
water, the effects of plate thickness on Charpy V-notch impact values at
=120 F were studied. MIL-S=16216 requires that longitudinal Charpy speci-
mens be tested at =120 F; 50 ft-lb are required for plates up to 2-in. thick
and 30 ft-l1b for plates over 2-~in. thick. Figure 15 shows that both producers
meet these impact requirements. However, the data depicted in Figure 15 do
show a decrease in impact values for increasing plate thicknesses. This
decrease in impact energy absorption at =120 F is attributed to the increasing
percentage of nonmartensitic products as indicated in Figures 13 and 16.

MECHANICAL PROPERTIES AS A FUNCTION OF HARDENABILITY

Since it is believed that nonmartensitic products play an important
role in determining the notch toughness level, a ratio of actual plate thick-
ness (T) to calculated plate thickness having 80 percent martensite at the
center (LSW-SO) is used to determine the relative effects of nonmartensitic
products. This ratio shows (Figure 17) that plates 1 1/2 in. and less made
under MIL=-S=16216D were melted to a lean HY-80 chemical composition; for
plates 1 1/2 in. and above, a rich HY-80 chemical composition was used.
However, for plates made junder MIL-S-16216E and F, Producer X uses a sliding
chemistry range whereas Producer Y has held to the system of using two chemical
composition ranges. As previously noted in Figures 12 and 13, Producer Y
tends toward leaner chemistries for any given plate thickness.

The mechanical properties are plotted in Figure 18 as a function of
T over LSW-SO ratio. For HY-80 steel made under MIL-S-16216E and F, the
impact values of both producers tend to merge and show the same relationship.
It should also be noted that Producer X keeps to lower ratios of T over
ISW-BO than does Producer Y; the lower the ratio, the greater the percent
martensite in the cteel.

12



STRESS=STRAIN CURVE CHARACTERISTICS

The stress-strain curve of a material becomes critical when a structural
design is based upon buckling and instability formulae. If the proportional
limit of a material is lowered due to process variables or due to fab-
rication, a premature failure may occur. Therefore, it is necessary for the
designer to know the stress=strain limitations of the material he is using in
developing a structural design.

Producer X has made available to the Model Basin approximately 1200
stress=strain curves from HY-80 steel plates sold to the gcvernment for naval
use. These stress=strain curves were obtained when MIL-S-16216B was in
effect; examination of HY~80 steel produced under MIL-S-16216D, E, F, and G
indicated that the stress-strain data presented herein are representative of
current production of plates greater than 1/2 inch thick.

Figure 19 depicts the five types of stress-strain curves which are
representative of HY-80 steel, and these curves are defined as follows

a. Discontinuous (D) - This curve represents a proportional stress-

strain relationship; the strain is proportional to the applied stress

in accordance with Hooke's Law. An increment of stress above Point 1

initiates plastic straining with a sudden drop in the stress-strain

curve. Point 1, the inception of plastic strain is called the upper
yield point. The termination of this drop in load, Point 2, is called
the lower yield point. There is usually an extension of yielding
without an increase in stress, Points 2-3} this increase in deformation
without additional stress is called the yield-point elongation. At

Point 3, the curve commences to rise but the strain is not proportional

to the stress although the speciman under test deforms uniformly. The

stress=-strain curve beyond Point 3 is considered inelastic and since

the typical production obtained stress-strain curves do not contain

this portion of the curve, the inelastic region will not be discussed.
b. Plateau (P) -~ The seécond stress-strain curve also represents

a discontinuous yielding curve. At Point 1, there is a sudden plastic

strain without a drop in stress. This plateau or nearly horizontal

portion of the curve may properly be considered a yield point. Points
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1-2 exhibit a yield point elongation and at Point 2 the curve exhibits

a plastic yielding characteristic which is similar to that found after

Point 3 on the D curve.

c. Semi-Plateau (SP) - The semi-~plateau curve is similar to the
P curve except there is no sharp demarkation at the initiation of the
yield point but a rounding of the curve at Point 1. In addition the
yield point elongation Points 1-2 has a slight rise with increasing
stress,

d. Semi<Continuous (SC) - The fourth curve has a similar rounding
off at the proportional limit, Point 1, as the SP curve. However, the
proportional limit yield strength ratio is markedly lower for the SC
curve. In addition the yield point elongation slope, Points 1-2, is
greater than that demonstrated by the SP curve.

e, Continuous (C) - The final curve shows that there is no
definite yield point, but a stress-strain curve which gradually
deviates from linearity at Point 1 and becomes curvilinear.

The yield strength of the discontinuous and plateau type of curves
are equivalent to the lower yield point of the D curve aad to the plateau of
the P curve. A 0.2 percent off set is taken as the yield strength for the
SP, SC and C types of stress-strain curves.

Figure 20 is the relative frequency distribution of the five types of
curves as determined from 1200 HY-80 stress-strain curves obtained from
Producer X and representing 600 commercially produced plates. Eighty-two
percent of the curves from these production plates had either discontinuous,
plateau, or semi-plateau types of stress-strain curves; the remaining 18 per-
cent had either semi-continuous or continuous type stress-strain curves.
Figure 20 also shows the stress-strain curve distribution of HY-80 steel used
in structural models., It is interesting to note that the distribution of
type of stress=-strain curve used in models is similar to the distribution
obtained for standard production plates.

Approximately 50 percent of the stress-strain curves showing SC or C
types of curve were from production plates 3-3/8 inches or more thick; the

remaining SC and C curves came from plates less than 1/2-in. thick. Plates
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less than 1/2-in. thick were usually distorted in quenching and had to be roll
straightened after tempering thereby imparting a Bauschinger effect. Since
these plates were produced, new heat treating facilities were installed by
Producer X and the stress-strain curves for these thin plates are usually of
the D and P type.

Figure 21 shows the distribution of proportional limits for each plate
thickness used in the analysis of yielding characteristics of production HY=-
80 plates. The mean proportional limit falls around 80,000 psi with the one
standard deviation spread falling between 75,000 and 85,000. These high
proportional limits are representative of HY-80 steel having either dis-~
continuous, plateau, or semi-plateau type of stress-strain curves. It should
be remembered that the proportional limits were obtained from stress-strain
curves representing production inspection techniques and that the proportional

limits obtained from these curves can be considered on the conservative side.
FRACTURE CHARACTERISTICS

Military specifications MIL-S-16216E, F, and G state that HY-80 plates
can be rejected if their fracture appearance has a partly crystalline structure
or a lamination 2 in. or more in length. The steel producers use the fracture
appearance quality standards developed for STS armor in reporting fracture
characteristics of HY=-80 steel. Producer X uses a fracture specimen 6-in.
wide and 16-in. long by the plate thickness whereas Producer Y uses a 3-in.
by 18=in. by plate thickness. Producer X flame-notches the fracture speci-
men through the thickness on both sides to a depth of 1/2 in. Producer Y
notches the flame cut edge of the fracture specimen by using a mechanical
chisel with a 45-deg edge. The specimens are simply supported at both ends,
and the load is slowly applied across the width of the specimen by hydraulic
pressure through a mandrel having a diameter of 1 in, or 1 1/2 in. depending

upon plate thickness.

Fracture specimens are rated by the steel producers as follows:
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Ratings Type of Fracture
F All-~fiber or fibrous
LL Light lamellar
HL Heavy lamellar
LS Light shale
HS Heavy shale

Generally the fracture ratings can be interpreted as follows:

Fibrous Fracture - an all-fiber or fibrous fracture is characterized
by a nonreflecting dark-gray rough surface. The side of the fracture shows
the necking=-in associated with ductile behavior.

Lamellar Fracture - A lamellar fracture is evidenced within the plate
thickness across the plate width by the presence of long areas where the metal
has split to form holes or elongated cavities. These holes or elongated
cavities are attributed to the separation of the metal from nonmetallic in-
clusions, such as sulfides, oxides, and silicates, or to the internal
shearing of the metal in the rolling sequence; that is, the metal plate is so
severely cold-worked in the rolling operation that the ductility of the metal
is exceeded.

Shale Fracture - A shale fracture is charactérized by the presence of
short splits and steps, generally with an eroded, crumbling-wall appearance.
This type of failure is attributed to poor open hearth practice resulting in
the presence of oxide inclusions of aluminum and silicon within the grain and grain
boundaries. Another cause for shale may be that in the solidification of the
ingot, many voids may be present due to the occlusion of nonoxidizing gases.
In the rolling process, these voids are partially welded togsther. These
partially welded areas can be considered as localized points of weakness.
When plates containing inclusions or partially welded voids are subjected to
the fracture tests, these planes of weaknesses are evidenced by short splits
and steps.

Figure 22 shows the relative distribution of the fracture appearance
of HY-80 steel. It should be understood that these are the fracture
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appearances reported by the steel producers. With the advent of MIL-S-16216E
and F, Producer X fracture quality appears to be equally distributed between
fibrous and light shale and that of Producer Y is consistently fibrous.

The significance of the fracture characteristics as depicted in Figure
22 cannot be related to the requirements of the HY-80 specification. However
ballistic armor containing heavy shale and having low transverse Charpy V-
notch energy absorption values (less than 40 ft-1lb at =40 F) is considered to
be of questionable quality. Laminations can be considered as only localized
effects and are usually eliminated by cutting back from the end of the plate.
However, none of the fracture characteristic ratings given in Figure 22 would
be considered detrimental to the overall quality of the HY-80 plate since
those plates having a shale type of appearance had better than average impact
properties.

Since there are no data on the effects of fracture characteristics on
weldability, no direct comparisons can be made. However, if a shale condition
is present and this shale appearance is due to abundance of sulfide or oxide
inclusions, weldability may be affected.

DISCUSSION

The analysis shows that the phosphorous and sulphur content of the
HY-80 steel made under MIL-S-16216E and F are below those for steels produced
under MIL-S-16216D. This reduction should improve weldability.

Both producers have made a slight cutback on the alloying additions
to HY-80 steels produced under MIL-S-16216E and F, thereby decreasing the
theoretical hardenability of the steel; however, the overall notch toughness
for any given plate thickness as measured by Charpy V-notch energy absorbed
at -120 F was slightly increased. This increase in Charpy properties is
attributed to the general decrease in phosphorous and sulphur content.

The data indicate that HY-80 plates greater than 3-in. thick do not
contain the required minimum of 80 percent martensite. It should be remembered
that HY-80 is inherently a fine grain steel and that the grain size ASTM=6
used in the hardenability calculations may not be representative of all
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production heats. Smaller grain sizes, as indicated by ASTM=-7 and above,
will reduce the hardenability factors used in calculating percent martensite
for a given plate thickness. Therefore, the actual plate thicknesses con-
taining 80 percent martensite may be less than the minimums established in
Figure 13, A quantitative analysis as to the actual percent martensite for
a given plate thickness will be established under an existing Model Basin
assignment.15 However, it should be remembered that the calculated end-
quench curves fall on the experimental curves as shown in Figure 4, in-
dicating that the hardenability calculations used in this report are realistic
approximations of the hardenability behavior of HY-80 steel. Another
corroboration of the use of hardenability calculations is the fact that as
the calculated percent of nonmartensitic products increased, the reported
Charpy V-notch values for those plates decreased, as is shown in Figure 16.
Figure 14 shows that plates quenched out to 100 percent martensite
require higher tempering tenperatures; whereas the tempering ranges for HY~
80 steel containing nonmartensitic products are lower. If HY-80 steel plates
are made to the high side of the chemistry range and are fully quenched out
to produce 100 percent martensite, a tempering temperature close to the
critical transformation temperature, A,
to meet the tensile yield strength requirements of the HY-80 specifications.
Due to chemical heterogeneity, the Ae' temperature may be exceeded. The effect

of tempering over the A, temperature on the mechanical and notch toughness
16

,» may be required to soften the steel

properties will be presented in report in preparation.

Both producers meet the mechanical properties required in the current
specification, but Producer X makes a higher quality steel as determined by
Charpy V-notch values. Producer Y can improve notch toughness quality by in-
creasing both pearlitic and bainitic hardenability.

Fracture appearance on a macroscale through the thickness of the
plate shows a general trend toward better fracture characteristics for HY-80
steels made under MIL-S-16216E and F. However, the effects that fracture
appearance may have on notch toughness and on weldability are unknown.

In general, the yielding characteristics of HY-80 steel plates are of

the discontinuous, plateau, or semi-plateau type. Structures developed on

18



designs where instability may be a problem, will be benefitted by use of steel
having a high proportional limit.

It can be observed from this study that the HY-80 steel plate up to
3-in, thick being produced under military specification MIL-S~16216E and F,
and probably for MIL-S-16216G, is of high quality.

A report is in preparation on the effects of selected heat treat-
ments on the mechanical properties of HY-80 steel made by the two producers
whose data were used in this report. Approximately 25 different HY-80 heats
were selected to represent different chemistry ranges and fracture appearances.
This report will correlate calculated or theoretical hardenabilities to the
actual microstructures obtained. Preliminary analysis of these data indicates
that there is a direct correlation between calculated hardenability and actual
microstructure as evidenced by the experimental and calculated end-quench
curves shown in Figure 4.

Another reportl6 is in progress which discusses the effects of
metallurgical transformation products on the mechanical properties and notch
toughness of a selected HY-80 steel composition; some of these data have al-
ready been published.l™3

CONCLUSIONS

1. HY-80 steel produced under military specifications MIL-S-16216E and F had
lower phosphorous and sulphur content than HY-80 steel previously produced
under MIL-S-16216D,

2. The hardenability of HY-80 steel made to MIL-S-16216D was slightly higher
than that produced under MIL-S-16216E and F.

3. The notch toughness of HY-80 steel for a given plate thickness produced
under MIL-S-16216E and F is slightly higher than that made under MIL=S~
16216D.

4. Hardenability calculations indicate that HY-80 plates greater than 3~in.
thick generally contain less than 80 percent martensite.

5. The lower the effective hardenability, the lower the reported longitudinal
Charpy V-notch impact energy absorption at =120 F.
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6. Eighty percent of production HY-80 steel plates have stress-strain curves
with either discontinuous, plateau, or semi-plateau yielding character-
istics; increasing the hardenability of heavy plates will tend to increase
the percentage of these types of curves.
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