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included a finer martensite plate size and an increase In the amount

of retained austenite both of which have a beneficial effect on tough-
ness. Also, the crystallographic texture developed by such low-
temperature rolling makes cleavage fracture more difficult both because
of a weaker (100) component in the rolling plane of the plate and becaus
of an increase in the elastic modulus in the thickness direction of the 1
plate. Rolling at lower temperatures (1250 F) within the critical range
followed by quenching and tempering led to no further increase in

ballistic properties.
Because of the low

rate of austenite decomposition in this steel, no ferrite formed
during intercritical rolling. Thus, thermomechanical treatment
perforrmed at temperatares within the critical range was esscntially
the same as that performed at temperatures just above the critical

rangce.
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Introduction

Recent work indicated that the ballistic limit of hiah-
hardness steel armor increased if the steel was rolled at a
temperature near or slightly below the critical tenperature (A3)

. - . ing 1

followed Ly guenchinag and tempering. It has been suqgested
that this peneficial effect might result from the preferred
orientation developed in the thermomechanically treated steel
armor.

Preferred orientation will be developed in austenite if
1t 15 rullied at such a low temperature that recrystallization is
prevented,  When the steel is quenched, it transfnrms into martensite,
but this jhase transformation only partially Jestroys the preferrcd
orientarion because only a few of the many crystallographic variants
are operative 1n cach austanite grain. Thus a texture still remains
_ ) )
in the ~artens:itic product.

The exact mechanism by which this preferrod orientation
w2uld result 1n superior ballistic performance of steel armor ic
still a matter of speculation. Preferred orientation will alter

Lo , 1) . .
the ©lastic constants (elastic wave velocities), and some
erpatl el antormation suggests that increased elastic constants

. . . 5)
willi improve ballistic performance. Althouah increased values
¢f the elastic wave velocities result in a higher stress intensity

in the refliected shock wave formed during hivh-velocity impact,e)

* S¢o Reforences.
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the increascd elastic constants also make cleavage more difficult.

In addition, Hramfitt and Marder”

have indicate. that crystallo-
graphic textures which result in a weakening of the (100) component
in the rolling plane of steel plate make cleavage in the through-
thickness direction more difficult. Since spalling of armor results
from cleavage on (100) planes because of the high stress intensity
of the reflected tensile shock wave, a weak (100) component should
improve ballistic performance.

However, rolling steel armor below its recrystallization
temperature may also change the mechanical properties of the plate,
alter the austenite qrain size and shape, and affect the retained
austenite content. All these factors could influence the toughness
and ballistic performance of steel armor.

To determine the relationship between the preferred orienta-
ticn and the related metallurgical parameters developod by thermo-
mechanical heat treatment and the resulting ballistic perforrance
¥ hivh-hardness stcel armor, a ressarch contract (DAMG 46-73-C-0244)
was awarded by the Army Materials and Mechanics Research Center

{AYMRC) to United States Stecl Corporation.

Materials and Procedure

Two 300-pound melts of armor steel with a composition
similar to that of the steel used in our earlier study were
prepared 1n a vacuum induction furnace. The melts were vacuunm-

cast into tectangular slab ingots 7 by 12 by 24 inches. Their
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chemical compositions, along with that of the original steel, are
given in Table [. Since all three heats are similar in composition,
no differentiation will be made in “he text with regard to the
particular heat. Most of the experiments were performed with stecl
from heat No. 7464-8001, although heat No. 7218-8043 was used for
some of the initial work.

After melting, the stecl ingots were rolled at 2100 F from
7 to 4 inches thick, cut into three equal-sized pieces, and cross-
rolied at 2100 F irto 2-1/8-inch-thick slabs. These slabs were cut
into three smaller slabs, 2-1/8 by 6 by 6 inches. These smaller
slabs were given a final thermomechanical tre: tment consistinag of
heating to 2100 F, cooling to 1900, 1700, 1500, 1350, or 1250 F,
rolling as quickly as possihle in 10 consecutive pasges to 3}/4-inch-

thick plate, water quenchina after rolling, and tempering 1 hour at

350 ¥. The tcnperature of the plates was nmonitored during rolling by

erbedding a thermocouple in a hele drilled in the plate. Althouch
the temperature of the plate dropped during rolling at 1900 F

(1900 - 1750) and at 1700 F (17006 - 1650), rollina at 1500 and

1365 ¥ closely approximated isothermal condit!sns because heat
generated during the deformation process nearly balanced the heat
lost by radiation or convection. Sufficint plate was processed by
rolling to produce 5/8- by 12~ by €é-inch and 1/2- by 12- by 6é-inch
ballistic plates and to provide material for metallographic and

re. nical-property tests.
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One 3/4-inch-thick rolled plate was given a double
austenitizing treatment of 1 hour at 1650 F followed by quenchina
and tempering 1 hour at 350 F to provide a random-textured plate
with a quenched and tempered microstructure for comparison with
the thermomechanically treated plates.

Two other slabs were aiven special processing. Onec was
heated to 1650 F rather than to 2100 F, cooled to 1460 F, and
relled 70 percent at 1460 F in 10 passes, followed by quenchina
and tempering 1 hour at 350 F. The second slab was austenitized
1 hour at 1650 F and quenched, followed by tempering for 1 hour
at 1250 F to form a tempered martensite-austenite structure,

roliing 70 percent in ten passes at 1250 F, and quenching and tem-

pering 1 hour at 350 F. These two plates were used to deternmine
the effects of soakina temperature and of tempered martensite-
austenite mixtures, respectively, on the ballistic properties of
thermorechanically trecated steel armor.

Ballistic tests were performed on the U. S. Steel ballistic
range, using 50-caliber armor-piercing projectiles at 0 degree
obliguity. Ballistic plates for tnese tests were prepared fronm
the 3/4-inch-thick rolled plates by surface agrinding bcth faces
to 5/8- or 1/2-inch thickness. The results are reported in terms of
the velocity of the projectile which will just penetrate the plate.
This velocity is referred to as the ballistic limit. Comparison

of tho ballistic limits of thermomechanically treated steel armor
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with that of standard armor produced by conventional means was made
by using existing ballistic data for standard steel armor of various
thicknesses and hardnesses.

Metallographic studies included standard metallographic
examination by light microscopy to determine austenite grain size,
an X-ray determination of retained austenite nmade with a tilting-
rotating attachment to minimize errors resul:ing from texture,e)
and an examination of the fine structure of the martensite by electron-
transmission microscopy. Texture studies of specimens were performed
ky using Noxa radiation. A (110) pole figure was obtained on one
specimen rolled at 1365 F to determine the main texture components.
The remaining specimens were examined for crystallographic texture
by measuring the integrated intensities of the (110), (200), (211i),
(310), and (222) reflections parallel to the rolling plane. Inverse
pole figures showina the pole-density distribution normal to the
rolling plane werc also obtained in a few cases. All the above
studies were made on specimens taken from the center of the plate.

Mechanical properties of the rolled plates were measured by
using standard 0.252-inch-diameter tension specimens and full-size
charpy V-notch specimens. All these specimens were taken transverse
to the rolling direction. Both the Young's modulus and the shear
modulus in the thickness direction of the plate were measured by

9)

a pulsc-echo overlap technique with 5 MHz piezoelectric trans-

ducers. The density was determined by weighing specimens in air

and in monobromobenzene.




Results

Determination of Critical Range
1)

Since our earlier work indicated that intercritical
rolling was essential to the development of optimum ballistic
properties of the present steel, the temperatures at which austenite
and ferritc could coexist in this steel were carefully determined.
This was done by austenitizing small specimens 1 hour at 1650 F,
water-quenching to form martensite, and tempz2ring 1 hour at various
temperaturcs from 1050 to 1500 F. The hardness and the retained-
austenite contents of these specimens were measured and are shown in
Fiagure 1. The hardness decreased initially because of the normal
softening that occurs during tempering. However, when austenite
that formed during heating began to transform to martensite on
quenching, the hardness increased, reaching a maximum when complete
austenitization was achieved.

The ha:sdness minimum and hardness maximum are usually taken

as measures of the austenite start (As) and austenite finish (A

\
f~.
termperatures. However, the X-ray results shovw <hat retained austenite
began to increase at 1100 F, reached a maximum at 1250 F, and then
decreased to the as-quenched value at 1350 F. Such behavior is

. . g 10)

typical of high-nickel steels.

Both the hardness and retained-austenite results indicated

an Af temperature of 1420 F. However, the rctained-austenite results

indicate that the As temperature 18 much lower than 1225 F, as




indicated by the hardness results. Calculated values of the As

11)

and A_ temperatures from Andrews empirical formula were 1166 and

f

1416 F, respectively. Although the measured and calculated Af
temperatures agree, the As temperature is actually between 1050
and 1100 ¥, much lower than that calculated.

Isothermal Transformation Diaqram

A few experiments were conducted to establish the main
features of the isothermal transformation diaarar at 1250, 9590, 8510,
and 650 F. Martensite start (MS) and finish (Mf) temperatures were

11)

calculated from the empirical formula of Andrews. The AS and A

£
temperatures were taken from the retained-austenite, results as
previously discussed. The isothermal transformation diagram is

viven in Figure 2. Ferrite forms extremely slowly at 14060 to 1200 F
in this stecl because of the high nickel content. Cementite also
forms extremely slowly at 1400 to 1200 F and no carbide was observed
even after 10 days at 1250 F. At lower temperatures (1000 F), faster
transformation occurs by formation of bainite, and a bainite region

typical of nickel-molybdenum steels develops.

Mechanical Propertics

The mechanical properties of the plates rolled at the
various temperatures are given in Table IT and Figure 3. Yield
and tensile strength increased with decreasing rolling temperatures.
Mechanical properties of the quenched and tempered plate are given

in Table II for comparison. The elastic moduli are also given in

~



!
i
i
i
o

Table Il and Figure 4. These values increased continuously with
decreasing rolling temperature. Elastic modulii of the quenched

and tempered plate are given in Table II and Fiqure 4 for comparison.
The measured density of the armor steel used in the elastic modulii
calculations was 7.767 J/cm3.

Preferred Orientation

A (110) pole fiqure for the steel rolled at 1350 F ir shown
in Figure 5A. The texture can be approximated by strong (112)

(110} and weaker (111) {112] texture components. The inverse pole
figure for the same steel is shown in Figure 5B.

The intensities of the (110), (200), (211), and (222) reflec-
tions parallel to the rolling plane were measured for the various
rolling temperatures and the results are given in Figure 6. Results
for both 1/2-inch and 5/8-inch plates are shown for rolling tenmpera-
tures of 1520 and 1365 F. The intensities of the (112) and (l1l1)
reflections increase continuously, whereas those of the (100) and
(110) reflections decrease continuously with decreasing rollina
temperature. Intensities parallel to the rolling plane for the plate
produced by double austenitizing, cquenching, and tenpering, were 0.72,
1.05, 1.09, 0.75, and 1.25 in randon units for the (110), (200), (211),
{310), and (222) reflections, respectively. These intensities indicace
that the texture is not as near random as in the plate rolled at
1900 F (Fiqure 6). Evidently, some texture from the original rollina
treatment was inherited even though the plate was given a double heat

treatment.
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Metallography

The microstructure of the quenched and tempered specimen is
compared with that of a specimen thermomechanically treated at
1365 ¥ in the liocht micrographs of Figures 7~ and 7B. The equiaxed
austenite grains developed by normal quenching and tempering were
reolaced by a markedly elongated austenite grain structure when
th2 stecel was rolled at low temperatures before quenching and
temperina. The austenite grain size in three rmutually perpendicular
directions of plates rolled at different temperatures is shown in
Ficure 8. At hich rolling temperatures the austenite grains are
equiaxed, but they become mora elongated as the rollina temperature
decreases. The austenite grain size developed by quenching and
temperina at 1653 to 1700 F was 0.06 mm., No ferrite was present in
steels rolled at 1350 or 1250 F even though they were rolled in the
intercritical temperature range.

The substruccures of the martensite developed by rolling at
hish and low temperatures followed by quenchina and temperinc are
shown in the electron-transmission -iicrographs of Figures 9A throuah
9C. The substructure of the martensite in the quenched and tempered
specimen (Figure 9A) was similar to that develcped by high-temperature
rolling followed by quenching and tempering (Figure 9B). However,
low-temgerature rolling produced a finer substructure (Figure 9C).

Retained Austenite

The retained-austenite contents of the plates rolled at

different temperatures were determined by X-ray diffraction by using

B Y

o _ ) A, _A].-"
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a tilting and rotating attachment to minimize possible effects of
crystallographic texture, and these results are shown in Fiaurc 10.
Included are results for both the 1/2-inch and 5/8-inch ballistic
plates. The retained-austenite content for the quenched and
tempered plate is indicated for comparison. The retained-aus%enite
conte: . in the rolled plates was always greater than that in the
quenched and terpered plate. The amount of retained austenite
increased as the rolling temperature was lowered, reached a

maximum at 1550 F, and then decreased at 1350 and 1250 F. The
retained-austenite content of the steel heated to 1250 F and rolled
at this temperature was 14.8 percent.

Ballistic Propertics

The ballistic limits and merit ratinas of the thermo-
mechanically treated armor plates are given in Table III. The
ballistic limit, as described earlier, is simply the penetration
velocity of the projectile. The velocity merit rating is simply
the ratio of the penetration velocities of the thermomechanically
treated armor plate to that of standard armor plate of the same
thickness. Velocity merit ratings greater than 1 indicate that
the thermomechanically treated armor plate is superior to standard
armor plate. The hardness merit rating is obtained in a similar
manner except that a comparison of the penetration velocities is

made with standard armor of the same thickness and hardness. This
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requires that the penetration velocities of standard armor with a
nardness of 500 BHN be corracted to the same hardness as that of
the armor plate being tested using known data for the effect of
hardness on the penetration velocity of standard armor. Such a
hardness merit rating permits separation of differences in ballistic
limit caused by factors other than hardness changes.

The effect of rolling temperature on the velocity and
hardness merit ratings is shown in Fiqure 1l1. The velocity merit
rating of the thermomechanically treated plates increaseq as the
rollina temperature decreased to 1500 F, reaching a maximum value
of 1.30. Below this temperature no further increase was observed.
The hardness merit rating also increased as the rolling temperature
was lowered to 1500 F, reaching a maximum value of 1.15, but then
decreased as the rolling temperature wae further lowered., Both the
velocity and hardness merit ratings of the 1/2-inch armor were
always higher than those of the 5/8-inch armor, even though the
ratings were determined by comparison with standard armor of the
same thickness as the tested plate.

The appearance of the front and back surfaces of the
ballistic test plates for the quenched and tempsred and thermo-
mechanically treated conditions are shown in Figure 12. The exit
hole is about 1-1/2 times larger than the entrance hole in the
thermomechanically treated plate, but in the quenched and tenpered

plate the entrance and exit holes are the game size. The larger
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exit hole was a characteristic of all the rolled plates. Cross
sections of partial renetrations of plates are shown in Fiqure 13

for both the thermomechanically treated and quenched and tempered
condition. The fracture surface of the quenched and tempered plate
had an elliptsoidal shape traversing the full thickness of the plate,
whereas the fracture surface of the thermomechanically treated plate

was a plane parallel to the rolling plane.

Discussion

It is clear that the ballistic properties of steel armor can
be improved by a thermomechanical treatment which consists of rolling
at a temperature (1500 F) just above the critical temperature range
followed by quenching and tempering. Such armor has ballistic
properties superior to those of armor processed by simple quenching
and tempering or by thermomechanical treatment at higher temperatures.

Thermomechanical treatment at lower temperatures (1350 F)
within the critical range led to no further increase in the velocity
merit rating of the armor and a decrease in the hardnecs merit
rating (Figure 11). Examination of the isothermal transformation
diagram (Figure 2) indicates that the low rate of austenite trans-
formation in the present alloy steel precludes ferrite formation
during intercritical rolling. This was supported by direct examina-

tion of intercritically rolled specimens in which no ferrite was

detected (Figure 7B). Thus, possible further improvements in
10)

toughness because of formation of ferrite-austenite mixtures




Lot

-14-

during rolling at low temperature in the intercritical range are
not practical in the present steel.

The improvement in ballistic properties as the rolling
temperature is lowered (Figure 11) could be attributed to a number
of causes. Rolling at lower temperatures (1) improves the mechanical
properties, (2) produces a crystallogravhic texture in the austenite
which is inherited by the martensite, (3) causes a reduction in the
austenite grain size (thickness direction) and a resultant reduction
in the martensite plate size, and (4) increases the amount of
retained austenite.

An increase in the hardness or mechanical properties of
armor plate generally results in improved ballistic potfornance.lz)
Thus, part of the improved velocity merit rating can
result from a simple increase in hardness or improvement in mechanical
properties of the armor plate when it is rolled at lower temperatures.
Such improvement in mechanical properties is typical of thermo-

mechanically treated steeialz)

and increases in ,ield strength,
tensile strength, and hardness were found in the present steel after
thermomechanical treatment (Figure 3). Such increases are usually
attributed to an increased dislocation density or a finer martensite

plate size.la)

However, when the hardness increase is corrected for
by use of a hardness merit rating (Figure 11), the ballistic-property
increase at lower rolling temperatures, although less, was still

significant. Also, a maximum in ballistic properties occurred
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at rolling temperatures of 1500 F, followed by a decrease. No
such maximum was obgerved in the mechanical properties. Thus,
the improved ballistic properties cannot result only from the
improved mechanical properties.

It has recently been suggested that the touqghness of ferritic-
pearlitic steels is increased if a preferred orientation is developed
which results in the (100) component being decreased on that plane

experiencing the hichest normal stresa7)

since cleavage is expected
to occur on the (100) plane in iron.‘) For armor plate, this plane
is the oriainal rolling plane. The texture developed in tho
martensite by rollinag at low temperatures (Figures 5 and %) is such
that the (100) component is slightly decreased in the rolling plane
and could account for part of the increased ballistic performance,
since spalling (cleavage) parallual to the rolling plane would be
more difficult. The preferred orientation developed is similar to
that reported earlier for thermomechanically treated 4340 stee1,13)
but differs from that of low-carbon steel rolled at similar tempera-
tures, for which a strong (100) component is developed in the
rolling plane.7)

However, the crystallographic texture developed by rolling
at 1550 to 1250 F has another beneficial effec since it results in
an increase in the elastic moduli in the thickneas direction of

the plate. As shown in Figure 4, the Young's moduluc (E) is increased

significantly (about 3%) over that for a random quenched and tempered

-
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plate. This increase is consistent with the increase in the (111)

4)

and a4 decrease in the (100) texture components. Although, the

stress intensity in the reflected tensile wave is proportional to i

‘ El/z or to the elastic wave velocity.l‘) the cleavage stress is 5

2 Thus, an increagse in E should make

roughly proportional to E.
cleavage more difficult and be beneficial to ballistic performance.
As can be seen from Figure 7, rolling at low temperatures
causes an elongation in the austenitic grains, the primary reduction
in the austenite grains occurring in the thickness direction. This
extreme elongation indicates that little or no recrystallization is
occurring during low-temperature rolling. The resultant martensite
plate size is substantially refined, as the largest plates formed
are esx2ntially determined by the grain dimension in the thickuess
direc%jon rather than in the other twn directions (Figure 8). Such
refinement in the martensite plate size is beneficial both to yield

16)

strength and to toughness and might be expected to increase the E
|

ballistic properties. Soaking at 1650 F rather than 2100 F fol-

lowed by rolling at 1460 to 1440 F led to no further increase in
ballistic properties (Table III) indicating that rolling temperature
rather than soaking temperature may be more important in establishing
a fine austenite grain size.

The c..treme elongation of the austenite grains may also have
2 second effect on fracture during ballistic tests. The elongated
austenite grains make fracture propogation parallel to the rolling

plane easier if the fracture propugates alonag former austenite
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grain boundaries. Such "splitting"” has been reported in ferritic-
pearlitic line-pipe steels finished at low tempetatures.lv) Although
this should make the spalling process easier, such “splitting”® also
serves as a delamination process which will require energy and may

i1acrease notch touqhness.ls)

In this regard, the appearance of the
entrance and exit holes of the armor plate (Figure 12) indicates
that in the thermomechanically treated piates the fracture must
spread as it moves into the plate, whereas this does not happen in
the quenched and tempered plate. Also, cross sections of partial
penetrations (Figure 13) indicate a fracture surface oarallel to
the rolling plane in the thermomechanically treated plate but not
in the quenched and tempered plate.

The retained-austenite content of the armor plate increases
as the rolling temperature is decresred, except at the lowest
ruiling temperatures (1365 and 1250 F), where a decrease is
ohserved. It is well known that a finer austenite grain size
leads tco more retained austenite than does a coarse austenite grain
sxze.lg’ Much of the increased retained austenite at lower rollina
temperature is evidently a result of the refinement of the austenite
grain size. However, plastic deformation, at least for smal’l ~trains,
appears to accelerate the transformation of austenite to nartonlite.zo)
Thus, at low rolling temperat.-es (1365 F), the effect of austenite

3rain refinement may be overcome by the effect of plastic deforma-

tion, and the amount of retained austenite decreased.

A
|




e aad

-18-

It is interesting to note that a maxirnum in the hardness
merit ratina of steel armor occurrcd at abhout the same temperature
as the maximum in retained austenite. There is some indication
that optimum combinations of strength and toughness can be

developed with small arounts of retained austenite.lo‘ZI)

The
arount of retained austenite to develop optimum ballistic

properties in the thermomechanically treated steel appears to

be about 8 percent. The plate rolled at 1250 F with the tempered
martensite-austenite structure, although exhibiting a lower hardness
stil!l had a high velocity merit rating and the best hardness merit
ratin: of any of the plates tested. An investigation of the effects

or retarned austenite on the ballistic properties of quenched and

tempered plates appears worthwhile.

Summary and Conclusions

1. Optirum ballistic propertics were obtained in a mediur~carbon
5N1-81-Mo-Cu armor steel by rolling at temperatures (1500 F) just

ab.ove the critical range followed by quenching and temperina,

128

?olling at lower temperatures within the critical ranae (1365

to 1250 F) followed by quenching and temperina led to no further
increasc an ballistic proparties. The low rate of austenite
transformation .n this steel precluded ferrite formation during
intercritical rolling. Thus, thermomechanical treatnent per-
formed at temperatures within the critical cange was essentially

the same as that performed at temperatures just above the

critical ranqge.
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Increase:i in the yield strength (191 to 204 ksi), tensile strength
(292 to 313 ksi) and hardness (581 to 618 DPH) of the armor stecl
resulted when the temperature of the rolling was lowered fron
18600 to 1250 F.

A crvstallographic texture developed in the martensite as the
rolling temperature of the austenite was decreased. The texture
components were (112)[110) and (111) (112). Because of this
texture, the {100) component parallel to the rolling plane of

the plate was decreased at lower rolling temperatures.

Both the Youna's modulus and the shear modulus in the thickness
direction of the armor plate increased about 3 percent as the
rolling temperature was decreased from 1800 to 1250 F,

Retained austenite ccontent of the armor steel increased from 6

to a maximum value of 8 percent as the rolling temperature was
decreased from 1800 tc 1500 F and then decreased to 5 percent

at lower rolling temperatures. Retained austenite contents of

4 percent were observed for the same armor steel in the quenched
and tenmpered condition.

The austenite grain size in .he thickness direction of the plate
decreased markedly at lower rolling temperatures because of the
marked elongation of austenite grains. This resulted in a finer
martensite plate size as the rolling temperature was decreased.
The optimum ballistic performance resulting from thermomechanical
treatment just above the critical range cannot be explained simply

by the increases in strength or hardness., Rather, the improvement
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also resulted from the simultancous beneficial increase in a
number of other metallurgical parameters. These included a
tfiner martensite plate size and an increase in the amount of
retained austenite, both of which have a beneficial effect on
the toughness. Also, the crystallographic texture develuped
by low-temperature rolling makes cleavage fracture more dif-
ficult both because of a weaker (100) component in the rolling
plane of the plate and because of an increase in the elastic

modulus in the thickness direction of the plate.

Suggestions for Future Work

The present work suqgests that small amounts of retained
austenite may sianificantly improve ballistic properties. . more

detailed study of this parameter in a number of steels is recommended.
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(C) rolled 70% at 1365 F,

Substructures of armor steel (A) quenched and tempered,

{B) rolled 70% at 1825 F,

(A)




RETAINED AUSTENITE. %

97«

ROLLING TEMPERATURE, C

1000 900 800 700
I 1 1 I
A 1/2-IN. PLATE
O O 5/8-IN. PLATE

A

4p- -y

QUENCHED AND TEMPERED

L1 I 1 L n i

1800 1600 1400 1200

ROLLING TEMPERATURE, F

EFFECT OF ROLLING TEMPERATURE ON RETAINED AUSTENITE CONTENT

OF THERMOMECHANICALLY TREATED ARMOR STEEL




VELOCITY MERIT RATING

HARDNESS MERIT RATING

ROLLING TEMPERATURE, C

1000 900 800 700
LB T T I
13p=

1.2p=

s

QUENCHED AND TEMPERED

1.1

1.2]

18] ot

:::::::::::?:::--:

QUENCHED AND TEMPERED

1800 1600 1400 1200

ROLLING TEMPERATURE, F

EFFECT OF ROLLING TEMPERATURE ON BALLISTIC PROPERTIES OF THERMO-
MECHANICALLY TREATED 1/2- AND 5/8-INCH-THICK ARMOR PLATE

Figure 11




Z1 @anbya

*(8/33 0ZyZ ‘®3eld °uUt Z/T) & S9ET 3I® $0L POTTOX (4)
‘(8/33 061Z ‘@3e1d °ut z/1) peasdwey puv paysusnb (yv) e3jerd zowzwe
P93IS89] ATTEOIISFITRQ JO SOTOY ITXP PUBR SOURIIUS JO eduwawveddy

oToY 3I¥x3a 9TOoY eduvIjzuUm

()

39<

(¥)

Uy 1

: - ' v »
¥ e ool 1 “ray - . . o . . -
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(A)
(B)
Partial penetrations of armor plute (A) quenched and
tempered (2100 ft/s), (B) rolled 70% at 1250 P
(2330 ft/s). Pigure 13
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