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FOREWORD

LbarThis report was prepared by the Applied Research
Laboratory of United States Steel. Corporation under U. S. Army
Contract No. DA-19-066-AMC-336(X); OI-19-066-D6-01885(X). The
-contract was administered under the U. S. Army Materials
Research Agency, Watertown, Massachusetts, with Mr. Dino J.
Papetti serving as technical supervisor. This is the final
report and covers work conducted from May 19, 1966 to May 19,
1967.
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ABSTRACT

A research program was conducted to develop and
optimize lightweight heat-treatable composite steel armor for
protection against caliber 0.30 and 0.50 AP M2 projectiles.

I Metallurgical, mechanical, and ballistic evaluations of plate
composites indicated that (1) low-alloy (Ni-Cr-Mo) steels with
about 0.55 percent C (front face) and 0.30 percent C (rear face)
metallurgically bonded strongly in layer-thickness proportions of
about 50 percent front-50 percent rear (caliber 0.30 plates) or 40
percent front-60 percent rear (caliber 0.50 plates) and heat-treated
by quenching and tempering to hardnesses of about 60 Rockwell C
(front) and 50 Rockwell C (rear) exhibited merit ratings of about
1.4; (2) higher merit ratings were obtained against caliber 0.30
projectiles than against caliber 0.50 projectiles; (3) higher
merit ratings were obtained in production plates than in laboratory
plates; (4) multilayer composites, although generally tougher, wereL no better than 2-layer composites in resistance to penetration by
AP projectiles, and (5) a shear-compression specimen effectively
measured the bond strength of dual-hardness steel plate composites.

Seven production-size lots of roll-bonded dual-hardness
steel armor have been made on existing facilities. Several large
plates were supplied to AMRA. Production controls necessary to
meet (or approach) the requirements in Specification MIL-S-46099A

I •were determined.

Ii
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INTRODUCTION

Obiective

The purpose of this research program was to develop and
optimize lightweight heat-treatable composite steel armor for
protection against caliber 0.30 and 0.50 AP M2 projectiles. It
was aimed at producing armor materials with a merit rating of 1.5
or greater that could be produced in commercial quantities at
moderate cost on existing equipment.

Background

Research studies by AMRA, Philco Corporation, and
otherslg, 2 ,3)* resulted in the development of ausformed (thermo-
mechanically worked) dual-hardness (or dual-property) steel armor
capable of providing about 50 percent greater ballistic protection
against caliber 0.30 and 0.50 armor-piercing projectiles than did
homogeneous specification steel armor (MIL-S-12560B) of the same
thickness (areal density), and multi-hit capability not afforde-5
by ceramic composites. Since 1964, U. S. Steel has been conductingresearch to develop heat-treatable composite steel armor. Pre-liminary studies indicated that a good metallurgical bond was

I required between the individual steel plates, that front-plate de-
carburization was detrimental to ballistic properties, and that
merit ratings of about 1.5 could be attained against caliber 0.30
armor-piercing projectiles. However, the effects of chemical,
metallurgical, and mechanical variables on the ballistic performance
of heat-treatable steel composites had not been investigated. There-
fore, significant improvements in ballistic performance and processing
controls were believed to be possible with additional research.
Consequently, U. S. Steel entered into a contract with AMRA on
May 19, 1966, to conduct research and development studies on heat-
treatable light-weight composite steel armor.

4 • Scope of Work

Studies were conducted at the Applied Research Laboratory
to evaluate two-layer steel composites produced by the following
techniques:

1. Roll bonding.
- 2. Roll and diffusion bonding.

3. Explosion cladding.

-See Literature Cited.
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4. Explosion cladding and rolling.
5. Cast cladding and rolling.
6. Weld overlaying and rolling.

In addition, multilayer steel composites produced by roll-.bonding
techniques were evaluated.

SSome of the variables that were investigated in
this study were:

1. Composition, heat treatment, and hardness
of component steels.

2. Total thickness and thickness proportions
of component plates.

3. Type and quality of metallurgical bond.
4. Surface condition.
5. Factors affecting plate flatness.

In addition, mechanical-testing techniques for measuring the
bond strength and toughness of composite steel armor were
investigated.

amrh Seven production-size lots of dual-hardness steel

armor have been successfully made on existing facilities,
thereby demonstrating the feasibility of manufacturing this
armor on a production basis. Valuabie production and speci-
fication information was developed, partly as a result of this
research contract, and partly as a result of a related supply
contract ("educational order"), Contract No. DA-19-066-AMC-351 (X),
OI-19-066-D6-02214 (X). As part of the present research contract,
ten large plates from a production lot will be supplied to AMRA
for ballistic evaluation.

This final report, which is classified SECRET,
describes the research work conducted during the period
May 19, 1966 to May 19, 1967, on Contract No. DA-19-066-AMC-336(X);
OI-19-066-D6-01885(X) with the U. S. Army Materials Research
Agency.

1. ARMOR COMPOSITION DEVELOPMENT

Available Steels

Research conducted during the past four years has
(i shown that several low-alloy homogeneous armor steels containing

from 0.25 to 0.60 percent carbon, 0.25 to 0.85 percent manganese,
0 to 3 percent nickel, 0.40 to 1.50 percent chromium, 0.25 to 0.75
percent molybdenum, and 0 to 0.10 percent vanadium and heat-treated

-2-
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1.
to relatively high hardness levels, exhibited resistance to
penetration by armor-piercing projectiles superior to that of
specification (MIL-S-12560B) steel armor. Therefore, many of these
steels were considered logical candidates as components of dual-
hardness or composite steel armor. Table I lists the compositions
of a number of these promising steels (Steels 1 through 8) as well
as those of other steels that were available at the Laboratory and
that were considered likely candidates for armor steels. Steels 1
through 8 are laboratory steels, and Steels 9 through 23 are pro-
duction steels. Steels 9, 10, 20, 21, 22, and 23 are components
of production dual-hardness steel plates (from 3 of the 7 afore-
mentioned production lots). All the steels in Table I were avail-
able as 3/4- to 3-inch-thick plates, and thus were thick enough to
be roll-bonded.

Experimental Armor Steels Made at the Laboratory

Table II lists the compositions of 24 experimental
armor steels that were evaluated at the Laboratory. Excepti for Steels S, T, U, and V (high-silicon steels), the steels
were selected so that low austenitizing temperatures could be
employed in the hardening treatment. Austenitizing at
relatively low temperatures generally promotes fine grains, the
smallest amount of retained austenite, the least distortion
during quenching, the least susceptibility to quench cracking,
and optimum toughness.

Except for Steels Q and R, which were vacuum-melted
as 300-pound induction-furnace heats, the steels were air-melted
as 500-pound induction-furnace heats and rolled to 2-inch-thick
plates, after which a small part.of most plates was cross-I rolled to 1/2-inch-thick plates. Gradient-furnace studies,
hardness tests, and quench-cracking studies were conducted on
the 1/2-inch-thick plates, and the amount of retained austenite
in most of the hardened steels was determined.

Steels A, B, C, D, E, J, and N are 0.75Mn, 1.OONi,
0.50Cr, 0.50Mo steels with variations in carbon content from
0.33 to 0.49 percent. These steels were evaluated initially
to determine the lowest carbon content (for weldability con-
siderations) at which steel of this general composition could
be safely water-quenched, without quench cracking, to a minimum
hardness of about 60 Rockwell C. (Water-quenching facilities
for large plates were available in i number of steel plants, but
similar oil-quenching facilities for plates were not generally1' • available.) Steels F and G are water-hardening (AISI W-5) and
oil-hardening (AISI 52100) 1 percent carbon steels, respectively,
that were evaluated as very-high-hardness front-plate steels in
composites consisting of two or more layers. Steels H and I are
D6A steel and a lower molybdenum modification of D6A steel,
respectively, that were evaluated as front- or intermediate-plate
steels in composites. Steels K, L, and M are modified AISI 6140

- 3--



(Cr-V) steels for possible application as front- or intermediate-
plate steels in composites. The addition of chromium and vana-
dium was bilieved to increase the hardness attainable at a given
carbon level and also to retard the rate of formation and the
amount of scale and decarburization. Steels 0 and P are "ultra-
service steels" that were vacuum-melted using the bese low-residual

Spractice currently known to produce maximum toughness. Steels Q
and R are the components of roll-bonded composites that were to

be evaluated both as heat-treated and as ausrolled armor. Steels

S, T, U, and V are components of composites that contain (1) high
amounts of manganese, silicon, and/or chromium to increase bainite
hardenability, (2) vanadium and columbium additions to refine the
grain size, and (3) high-silicon to permit tempering at temperatures
higher than 300 F. Studies were conducted on composites consisting
of Steels S, T, U, and V to determine the effect of solution,
morphology, and distribution of carbides on ballistic performance.
Also, it was thought that the presence of increased amounts of
silicon and of carbide formers in these four steels might increase
elevated-temperature strength and thus increase resistance to
adiabatic shear.

Heat-TreatinQ Studies

Table III lists the calculated upper and lower
critical temperatures (Ae 3 and Ael, respectively) and the cal-
culated martensite-start (Ms) temperatures of all the steels in
Tables I and II except the three maraging steels (Steels 16, 17,
and 18) and Steels J3 and N3, which were intended to have the
same composition as Steels J and N, respectively. Actually, the
carbon contents of Steels J3 and N3 were slightly lower than
those of Steels J and N. These calculated temperatures were
used as an initial guide in the heat treatment of the armor steels.

The results of gradient-furnace studies on the carbon
series (Steels A, B, C, D, E, J, and N), Table IV, indicate that
a minimum hardness of 60.5 RC was attained in the as-water-quenched
steels containing 0.41 percent or more carbon, but that relatively
low austenitizing temperatures were required to eliminate quench
cracking on water quenching. For example, austenitizing tempera-
tures would have to be 1410 F or lower for Steel J (0.49% C),
1590 F or lower for Steel E (0.44% C), and 1675 F or lower for
Steel D (0.41% C) to avoid quench cracking on water quenching.

I Q Quench cracking was encountered in some subsequently produced
plate composites containing steels with greater than 0.43 percent
carbon that were water-quenched from about 1500 F.

-4-



The plot of carbon content versus hardness, Figure 1,
indicates that a carbon content of about 0.47 percent would be
necessary to obtain a hardness of 60.5 R. after oil quenching,
and a carbon content of about 0.32 percent (extrapolated) would
be necessary to obtain a hardness of 51.0 RC after oil quenching.
(Tempering at temperatures of 250 1" to 300 F would lower these
hardnesses about 2 Rockwell C.) The lower hardness (approximately
3 Rockwell C) for the oil-quenched specimens compared with the
water-quenched specimens was not believed to be caused by a
deficiency of hardenability in the base steel, but rather to self-
temperin9 that occurs during oil quenching (oil-quenched steel
cools very slowly through the martensite-transformation region,
particularly if the oil temperatures rises). The ideal plate
thicknesses (LI) for 95 percent martensite are 1.7 inches for
Steel N (0.33% C) and 2.0 inches for Steel J (0.49% C); thus a
nominal 1/2-inch-thick plate could be water-quenched readily to
95 percent martensite. Examination of isothermal-transformation
(IT) diagrams for steels with compositions similar to that of
Steel C (0.40% C) indicated that these base steels should have
adequate hardenability to oil-quench essentially to martensite
in 1/2-inch-thick plate. (Since the time this heat-treating
study was conducted8 ) quenching with glycol-water solutions has
become more widespread than oil quenching, and the quenching
power of glycol-water solutions is somewhat greater than that of
oil. 9))

The steels containing 0.44 and 0.49 percent carbon
(Steels E and J) exhibited only 5 percent retained austeniteI' when water-quenched from 1500 F, and 6 and 8 percent, respec-
tively, when oil-querched from 1500 F, Table V. Overall results
of retained austenite determinations on Steels A, B, C, D, E,I* J, and N indicated that 2 to 7 percent retained austenite was
present in the microstructures of as-quenched (from 1500 F) 1/2-
inch-thick plates, and that single or double tempering at 250 F
(followed by water quenching) did not significantly change this
amount.

I. As will be discussed in a later section, the ballistic
limits of water-quenched and tempered composites were higher

| • than those of oil-quenched and tempered composites of the same
material, even though some of the water-quenched plate composites
contained quench cracks in the front layer. The amount of retained
austenite in the specimens was believed to be a primary cause of
this difference in ballistic performance. Therefore, the amount
of retained austenite was determined on duplicate specimens cut
from ballistically tested plates of 2-, 3-, and 4-layer composites
that had been water-quenched and oil-quenched. Because it was
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thought that sample-preparation technique might influence the
amount of retained austenite measured by X-ray diffraction
techniques, duplicate metallographic specimens were both
abrasively polished on billiard cloth and electrochemically
polished prior to austenite determination of the front-face
steel. The results of this study are shown in Table VI, and
indicate that no significant differenc, s in the amount of
retained austenite resulted from the two different methods
of sample preparation. However, as would be expected, the amount
of retained austenite was greater in the high-carbon steels than
in the low-carbon steels and less in the water-quenched plates
than in the oil-quenched plates.

:1. Gradient-furnace studies and other heat-treating studies
were conducted to determine the best austenitizing temperatuae
for each steel listed in Table II. On the basis of the lowest
austenitizing temperatL• that woulc provide high hardness after
oil and/or water quenchiag, optimum temperatures that ranged
from about 1450 to 1650 F, Table VII, were selected.

Composites Evaluated

Over 170 armor composites were ballistically tested
during the present contract work. Of this total, about 120
composites were experimental (Laboratory) composites, whereas
the remainder were plate samples from the first three production
lots of dual-hardness steel armor made at U. S. Steel Corporation.
The compositions of the component steels from each of the
composites (with the exception of the weld-overlay materials) are
shown in Tables I or II. Throughout this report, the plate com-
posites are identified by hyphenated numbers and letters according
to their component-steel codes in Tables I and II, with the
front (hard) layer being the first digit(s) and the rear ("soft")
layer being the last digit(s). For example, Composite D-3 is
a two-layer composite of Steel D as the front-face material and
Steel 3 as the rear-face material. For tricomposites (3 layers)
and quadcomposites (4 layers), the identity of each plate composite
follows the same layer sequence with the front-layer steel being
the first digit(s), the next layer the second digit(s)_ ,etc.

Composites were produced by each of the six techniques
mentioned in the Introduction. Each of these techniques is
discussed separately in this report. All but two of the multi-
layer composites (Composites 9-10-13) were produced by roll-
bonding techniques.

-6- -- --



ARMOR PROCESSING DEVELOPMENT

Effect of Front-Plate/Rear-Plate Thickness Proportions

Plate composite material, 0.7-inch thick, from the first
production trial of dual-hardness armor (Composite 9-10, Pack 65F)
was cut into fourteen 5-1/2- by 10-inch plate samples, diffusion-
treated for 1-1/2 hours at 2075 F in a dry helium atmosphere to
improve the bond strength, then Blanchard-ground on both surfaces

-f to nominally 0.305-inch-thick plate samples (11 samples) with front-
plate to rear-plate thickness proportions (in percent) from 0/100 to

* 100/0. The plate samples were oil-quenched from 1500 F, double-
tempered at 250 F, lightly hand-ground to nominally 0.300-inch-thick,
and tested at AMRA with caliber 0.30 armor-piercing projectiles at 00
obliquity. The remaining three plate samples were ground to a final
nominal thickness of 0.500 inch so as to produce front-plate to
rear-plate thickness proportions (in percent) of 35/65, 45/55, and
60/40, then hardened; these samples were tested with caliber 0.50
armor-piercing projectiles at 00 obliquity. The details on these 14
plate samples of Composite 9-10 and the ballistic-test results are
listed in Table VIII, A and B.

The effect of the front-plate to rear-plate thickness
proportions on the V5 0 protection ballistic limit is plotted in
Figure 2, and the effect on the merit rating is plotted in Figure 3.
Both plots illustrate that the optimum front-to-rear thickness pro-
portion lies in the range 35 percent front-65 percent rear to 65
percent front-35 percent rear, as has been previously reported. 2 )
The data for caliber 0.50 projectiles is not conclusive because too
thin a plate sample (too low an e/d ratio) was tested.

To accurately determine the best thickness proportion for
caliber 0.50 projectiles, plate-composite samples about 0.640-inch
thick were prepared at the Laboratory as follows. Two 2.9-inch-
thick plates of Steel 22 (0.54% C) and two 3.9-inch-thick plates
of Steel 21 (0.31% C) were prepared for roll bonding. A 12-inch by
18-inch sandwich consisting of the high-carbon steel and the medium-
carbon steel was roll-bonded (by cross-rolling) to a plate composite
1.44 inches thick, and a second similar 12-inch by 10-inch steel
sandwich was roll-bonded to a plate composite 1.20 inches thick.
Ten 9-inch by 11-inch samples were cut and individually Blanchard-
ground on both surfaces to nominally 0.640-inch-thick plate samples,
except for one sample that was ground to 0.678-inch thick. The
ground samples had front-plate to rear-plate thickness proportions
(in percent) in the range 0/100 to 70/30. The plate samples were

I austenitized at 1500 F, spray-quenched with a glycol-water
solution, tempered at 275 F, lightly hand-ground, and tested with

-I
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caliber 0.50 armor-piercing projectiles at 00 obliquity. The de-
tails on these 10 plate samples of Composite 22-21 and the bal-
listic-test results are listed in Table VIII-C. The effect of the
front-plate to rear-plate thickness proportions on the V5 0 pro-
tection ballistic limit is plotted in Figure 4, and the effect on
the merit rating is plotted in Figure 5. These plots indicate that
optimum performance against the caliber 0.50 AP M2 projectile was
exhibited at front-plate-to-rear-plate thickness proportions of
20/80 percent to 60/40 percent, peaking at about 40/60 percent.

As little as 5 percent hard (60.0 RC) front face was
capable of effectively breaking up the caliber 0.50 AP M2 pro-
jectile, as is illustrated in Figure 6;* at a velocity of 2387 fps,
the projectile achieved a partial penetration. Figures 7 and 8 are
high-speed (9,000 to 20,000 frames per second) motion (rotating-
prism, high-illumination) photographs of two complete penetrations
and two partial penetrations, respectively. The complete pene-
trations are representative of the plate composite with a 15 per-
cent front-85 percent rear layer thickness proportion (Photographs
1 and 2); Photograph 3 is of a partial penetration on the same
plate composite; Photograph 4 is of a partial penetration on the
plate composite with a 5 percent front-95 percent rear layer thick-
ness proportion. These photographs confirm the observation illus-
trated in Figure 6 that the caliber 0.50 AP M2 projectile is being
broken into small pieces when it encounters the hard front face of
the heat-treated dual-hardness steel armor. Interestingly, it has
been observed that higher velocity projectiles are not broken into
pieces as small as the pieces from lower velocity projectiles.

A corollary objective of the study of layer-thickness
proportions was to determine whether any trends in bowing tenden-
cies existed during the heat treatment of the 0.640-inch-thick
plates. No trends could be detected; however, the plate composite
with a 5 percent front-95 percent rear layer thickness proportion
showed no signs of bowing. Unfortunately, such a layer-thickness
proportion in a dual-hardness steel plate composite would not re-
sult in optimum ballistic protection.

Roll-Bonded Composites

Laboratory-Roll-Bonded 2-Layer Plate Composites Tested
With Caliber 0.30 AP M2 Projectiles. Fourteen roll-bonded 2-
layer plate composites ranging in thickness from 0.265 to 0.320
inch were processed at the Laboratory and tested with caliber
0.30 AP M2 projectiles at 00 obliquity. Pertinent information

S *The fragments from the projectile were recovered from cellutex
boards that surrounded the front of the plate sample.

C F-8-
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on these dual-hardness steel composites is shown in Table IX-A.ii Represented are average-quality (induction-furnace) steels, steels

Imade to open-hearth quality (Composites J3-N3) with high sulfur,

and steels made to ultraservice quality (Composite O-P) with low-
residual content. For the most part, the differences in steel
quality had little effect on the resistance of the plate composites
to penetration. Except for the ultraservice-quality plate sample
(Composite O-P) which was not strongly bonded and thus exhibited a

* merit rating of only 1.29, the roll-bonded 2-layer Laboratory plate
* composites exhibited merit ratings from 1.33 to 1.56.

Composite F-A (1.00% C front face-0.34% rear face)
delaminated at the bondline during ballistic testing. The micro-

, structure at the bondline consisted of a thick-layer of oxides
that resulted from preheating the sandwich pack to 900 F prior to

J peripheral welding; this preheat caused the mating surfaces to
oxidize (with various temper colors).* As will be discussed sub-

I sequently, composites with a front face of Steel G (0.96% C)
", exhibited front spalling but did not completely delaminate at
j. the bondline. Because most of the sandwich packs of the "G-series"
* were preheated to temperatures of about 500 F prior to peripheral
il welding, a thinner layer of oxides formed at the bondline than in

Composite F-A. These experiments indicate that composites made
up of steels with greater than about 0.60 percent carbon (which
require preheating before welding) should either be preheated and
welded in a protective atmosphere or should be preheated in air
to as low a temperature as possible, preferably under 500 F.

Several of the plate composites (particularly thicker
plates that were tested with caliber 0.50 AP M2 projectiles) were
water-quenched from the austenitizing temperature rather than oil-
quenched to achieve a higher front-face hardness. In some of these
plate samples (notably the "J-series"), the front (high-carbon)

j face quench-cracked before ballistic testing; in some cases, these
cracks progressed through the plate during ballistic testing.
Steels J, K, and 6 quench-cracked when water-quenched from the

V austenitizing temperature-these steels contained 0.49 to 0.57 per-
cent carbon.

F Figure 9 illustrates the ballistic behavior of Composite
- D-3. The ballistic performance of this dual-hardness plate composite

was excellent, and its merit rating (1.41) would probably have been

',�*To prevent cracking associated with peripheral welding of the sand-
Wich packs (with austenitic stainless-steel covered electrodes in
air), composites made up of steels with greater than about 0.60
percent carbon bad to be preheated to temperatures in the range
"450. to 900 F.

S' SECRETI • . . . _m
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above 1.5 had the front plate been slightly harder (that is, if
the carbon content of the front plate had been slightly higher
than 0.41 percent.

Laboratory-Roll-Bonded Multilayer Plate Composites Tested
With Caliber 0.30 AP M2 Proiectiles. Fifteen roll-bonded 3-layer
plate composites ranging in thickness from 0.283 to 0.317 inch and
and three roll-bonded 4-layer plate 'composites ranging in thick-
ness from 0.305 to 0.325 inch were processed at the Laboratory
and tested with caliber 0.30 AP M2 projectiles at 00 obliquity.
Pertinent information on these multilayer steel composites is shown
in Tables IX-B (3 layers) and Table IX-C (4 layers). The three-
layer plate composites exhibited merit ratings of 1.26 to 1.40
(except for a 1.11 merit rating for Composite r-C-i, which had a
low front-plate hardness). The 4-layer plate composites exhibited
merit ratings of 1.33 to 1.39. Composites with front faces com-
prising as little as 15 percent of the total plate thickness
generally performed as well as composites with front faces com-
prising 40 percent of the plate thickness.

These ballistic data indicate that 3- and 4-layer plate
{ composites do not exhibit caliber 0.30 V5 0 protection ballistic

limits any higher than those of 2-layer plate composites. Varia-
tions in layer hardnesses and layer-thickness proportions among
the multlayer composites generally had only a slight effect on
the ballistic limit.

Laboratory Roll-Bonded 2-Layer Plate Composites Tested
With Caliber 0.50 AP M2 Projectiles. Seventeen roll-bonded 2-
layer plate composites ranging in thickness from 0.543 to 0.655
inch were processed at the Laboratory and tested with caliber
0.50 AP M2 projectiles at 00 obliquity. Pertinent information
on these dual-hardness steel composites is shown in Table X-A.
Represented are average-quality (induction-furnace) steels, steels
made to open-hearth quality (Composites J3-N3) with high sulfur,
and steels made to ultraservice quality (Composite O-P) with low-
residual content. These differences in steel quality were found
to have little effect on the resistance of the plate composites
to penetration. Unfortunately, the ultraservice-quality plate
sample (Composite O-P) was not strongly bonded and separated at
the bondline after 3 projectile impacts. The roll-bonded 2-
layer Laboratory plate composites exhibited merit ratings of
1.11 to 1.33*. Two of the lowest merit ratings (1.11 and 1.18)

*Higher merit ratings were obtained in production plate composites.

"-10-
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wore obtained by Composites S-T and U-V. These composites con-
sisted of steels with high silicon and large amounts of carbide
formers and exhibited back spalls up to 4-1/4 inches in diameter.

Figure 1OA illustrates the front spalling and separation
at the bondline that occurred, after 2 projectile impacts, in
Composite G-11, one of the composites with an 0.96 parcent carbon
front face. As mentioned previously, such composites had to be
preheated to high temperatures during the assembly of the sandwich
packs and therefore contained a layer of oxides at the interface.
Composite F-A (1.O0%o C front face-0.34% C rear face) completely
delaminated at the bondline after only one projectile impact.
Figure 1A shows that the microstructure at the bondline of this
weakly bonded plate composite consisted of a thick layer of oxides
that resulted from preheating the sandwich pack to 909 F prior to

4 peripheral welding.

Figure 10B illustrates large back spalls that were
observed in Composite J3-N3 (composed of high-sulfur steel components)
that was rolled "cold" (in the range 1750 to 1500 F) during roll
bonding.

Figure 1IB, C, and D illustrates typical bonds obtained
in suitably bonded Laboratory composites.

Figure 12 shows the rear-face appearance of Composite
J3-N3 after oil ,ienching and tempering (Figure 12A) and after water
quenching and tempering (Figure 12B). Although both plate composites
exhibited satisfactory ballistic limits (merit ratings of 1.28 to
1.33), the water-quenched plate sample exhibited cracking Lhrough4

the rear face. As mentioned previously, several of the plate samples
that were water-quenched from the austenitizing temperature had
quench cracks in the front (high-carbon) face (notably Steels J, K,
and 6). In some cases, such as that shown in Figure 12B, the quench
cracks progressed through the plate during ballistic testing.

Laboratory Roll-Bonded Multilayer Plate Composites Tested
With Caliber 0.50 AP M2 Projectiles. Fifteen roll-bonded 3-layer
plate composites ranging in thickness from 0.526 to 0.587 inch and
four roll-bonded 4-layer plate composites ranging in thickness from
0.542 to 0.590 inch were processed at the Laboratory and tested with
caliber 0.50 AP M2 projectiles at 00 obliquity. Pertinent informationI on these multilayer steel composites is shown in Table X-B (3 layers)
and X-C (4 layers). The 3-layer plate composites exhibited merit
ratings of 1.20 to 1.32, and the 4-layer plate composites exhibited
merit ratings of 1.22 to 1.30. Composites with front faces comprising
as little as 15 percent of the total plate thickiiess generally per-j formed as well as composites with front faces comprising 40 percent

-11-
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of the plate thickness. Front layers as thin as 15 to 20 percent
of the total plate thickness were thick enough to break up the
core of the armor-piercing projectiles, provided that the hardness
of the front face was about 59 Rockwell C or harder.

Figures 13 and 14 illustrate two tricomposites (Composites
K-L-N and 6-E-13) that exhibited satisfactory ballistic performance,
and Figure 15 illustrates a quadcomposite (Composite G-J-B-13) that
also performed satisfactorily. Figure 16 illustrates typical bonds
obtained in the roll-bonded multilayer Laboratory composites.
Note that some oxides are again visible at the interface next to
the 0.96 percent carbon steel (Steel G), Figure 16B.

& The caliber 0.50 ballistic limit of a given bicomposite,
tricomposite, or quadcomposite that was water-quenched and tempered
was generally higher than that of the corresponding composite

I that was oil-quenched and tempered even though some of the water-
quenched plate composites contained quench cracks in the front1i layers. The relatively poor ballistic performance of the oil-
quenched plates may have resulted from the presence of (1)
bainite caused by insufficient bainite hardenability, (2) self-ii tempered martensite caused by slow cooling below the M. tempera-
ture in the warm oil bath, and/or (3) slightly larger amounts
of retained austenite. The recent change from immersion oil
quenching to spray quenching with glycol-water solutions (with
greater quenching power) should eliminate some of these possible
microstructural factors.1

As with composites tested with caliber 0.30 projectiles,
3- and 4-layer plate composites did not exhibit caliber 0.50
V5 0 protection limits any higher than those of 2-layer plate

I• composites. Variations in layer hardnesses and layer-thickness
proportions among the multilayer composites generally had only
a slight effect on the ballistic limit. Although the multi-
layer plate composites did not exhibit more resistance to pene-
tration than did the 2-layer plate composites, the multilayer
composites did offer better resistance to through-thickness
cracking (by blunting and arresting the cracks advancing from
the front face), and they generally exhibited better rear-face
performance (because softer and tougher steels could be utilized
for this component).

Steel F (water-hardening AISI W-5 tool steel)
exhibited erratic front-plate hardness, ranging from 30.0 to
62.0 Rockwell C; Figure 17A illustrates the front cratering
that was occasionally encountered in the ballistic plate samples

I
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of this "soft" steel. Figure 17B illustrates rear-face petaling
that was occasionaally encountered in Steel 13; this was believed
to be caused by the rear face being too soft (39.0 RC).

' Of the steels investigated in the laboratory program,
Steels J, K, 6, and 7 exhibited the best front-plate performance,
and Steels A, N, 2, 11, 12. and 13 the best rear-plate performance.

Prodiiction-Roll-Bonded Plate Composites Tested With
Caliber 0.30 AP M2 Projectiles. Twenty-seven sampies from
product'on plate composites of dual-hardness steel armor ranging

* in thickness from 0.224 to 0.410 inch have been tested with
caliber 0.30 AP M2 projectiles at O0 'obliquity. The plate samples
represented the first three production runs made by U. S. Steel
Corporation. Typical bonds obtained in these roll-bonded production

!. plate composites are illustrated in the photomicrographs in Figure 18.
Merit ratings obtained on these 2-layer plate-composite samples
ranged from 1.30 to 1.71; several plate samples exhibited inerit

• • ratings greater than 1.5. Plates thinner than about 0.3 inch
(with e/d ratios slightly less than 1) generally exhibited higher
merit ratings than slightly thicker plates (with e/d ratios
slightly greater than 1). For example, a 0.224-inch-thick plate
sample (Composite 20-21) exhibited a 'rerit rating of 1.71.

" . The relation between plate thickness and V5 0 protection
ballistic limit for the 27 production plate samples is plotted
in Figure 19. Except for five plates known to be poorly bonded
(solid points), the points fell within a band wherein the ballistic

1. limit increased almost linearly as plate thickness increased. The
S! five poorly bonded samples had the lowest ballistic limits for a

given plate thickness. The average-per formnance (dashed) line
. indicates that an 0.33-inch-thick dual-hardness steel plate should

* defeat a caliber 0.30 AP M2 projectile at muzzle velocity, andI • that an 0.31-inch-thick similar plate should defeat this projectile
at 50 yards.

Figure 20 summarizes the ballistic performance obtained
to date on armor steels produced in the Laboratory or in the plant.
Against caliber 0.30 AP M2 projectiles at 00 obliquity, the "best"

I high-hardness homogeneous armor steels exhibited merit ratings in
• the range 1.20 to 1.35, whereas the "best" dual-hardness compositeI steel armors exhibited merit ratings in the range 1.50 to 1.70.

Productio"n-Roll-Bonded Plate Composites Tested WithI Caliber 0.50 AP M2 Projectiles. Twenty-five samples from
production plate composites of dual-hardness steel armor ranging

tt
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in thickness from 0.459 to 0.637 inch have been tested with
caliber 0.50 AP M2 projectiles at 00 obliquity. The plate samples
represented the first three production runs made by U. S. Steel
Corporation. (Other production runs have since been made.) Merit
ratings obtained on these 2-layer plate-composite samples ranged
from 1.20 to 1.37.

The relation between plate thickness and V5 0 protection
ballistic limit for these 25 plate samples is plotted in Figure 21.
Although production plates have been found to exhibit slightly
higher ballistic limits than laboratory plates, no merit ratings
over 1.40 have yet been obtained, even in production plates,
against caliber 0.50 armor-piercing projectiles. However, as
indicated in Figure 21, progressive improvements in ballistic
performance are being obtained with each successive production run
of dual-hardness steel armor.

Table XI lists the performance of production plates of
dual-hardness steel armor against caliber 0.50 AP M2 projectiles

at 450 obliquity. At this obliquity, dual-hardness armor is only
slightly superior to MIL-S-12560B (specification) steel, exhibiting
merit ratings of about 1.15. The data in Table XI indicate that
a dual-hardness steel plate with a thickness of about 0.420 inch
will defeat a muzzle-velocity caliber 0.50 AP M2 projectile at
450 obliquity.

Roll Bonding Versus Roll and Diffusion Bonding

To determine whether a high-temperature diffusion
treatment after rolling was required to obtain satisfactory bonds,t bonds obtained by roll bonding and by roll and diffusion bonding
were compared. Figure 22 illustrates the bonds that were obtained
in Composite 9-10 (Production Pack 65D) after rolling followed by
a high-temperature diffusion treatment as compared with that in
the as-rolled product. The microstructures of the unhardened and
hardened specimens indicate that good bonds were obtained in the
as-rolled (12 to 1 rolling reduction) plate composite but that
slightly better appearing bonds were obtained in the as-rolled
and diffusion-treated plate composite. However, the high-tempera-
ture diffusion treatment, which was conducted in an air atmosphere,
caused excessive scaling and decarburization and an undesirable

hardness gradient through the plate thickness.

Two other similarly produced plate composites from
Composite 9-10 (Production Pack 65G) were ballistically tested
by AMRA. Sample 17 had been roll-bonded (about 12 to 1 rolling

-14-
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reduction), whereas Sample 16 had been similarly roll-bonded and
diffusion-treated by heating to 2075 F for 1-1/2 hours in a dry

helium atmosphere after rolling. Both samples were than oil-quenched
from 1500 F and double-tempered at 250 F to a front-plate hardness
of 62 Rockwell C and a rear-plate hardness of 52.5 to 53.0 Rockwell
C. The roll-bonded and the roll- and diffusion-bonded plate
composites were then ground to a thickness of about 0.3 inch and
tested with caliber 0.30 AP M2 projectiles at 00 obliquity. The
ballistic-test results, Table IX-D, indicate that the ballistic
properties of the roll-bonded and of the roll- and diffusion-
bonded composites were similar; in fact, the ballistic limit
of the roll-bonded composite (Sample 17) was slightly superior
to that of the roll- and diffusion-bonded composite (Sample 16).*

These data indicate that a high-temperature diffusion
treatment after rolling is not required to obtain satisfactory
bonding in composites of similar steels that have been reduced
a large amount during roll bonding. However, it is recommended that
composites reduced less than about 5 to 1 during roll bonding should
be diffusion-treated either during or after rolling, with measures
being taken to minimize scaling and decarburization. Diffusion
treating in this manner may also be desirable in composites in which
an interlayer of metallic sheet or foil is utilized to accomplish
or enhance bonding.

MElosion Cladding and Rolling

Studies were conducted to determine whether explosion
cladding and/or explosion cladding followed by rolling could be
employed to satisfactorily bond plates of dual-hardness steel armor.
The explosion-cladding experiments were conducted at no cost to the
government in a cooperative program with U. S. Steel, by E. I. DuPont
de Nemours and Company, Gibbstown, New Jersey, under the technical
direction of Dr. S. S. Tor.

Laboratory-produced plates of Steels J (0.49% C) and
N (0.33% C) in nominal thicknesses of 0.16, 0.44, and 0.82 inch
were normalized (grain-refined), tempered (softened), and Blanchard-
ground flat on the intended mating surfaces to a 63 microinch (RMS)
maximum finish. The plates were 11-1/2 inches by 24-1/2 inches
except for the 0.82-inch-thick plates, which were 14 inches by 23

*The 0.3- and 0.5-inch-thick plates of Composite 9-10 evaluated
in the layer-thickness-proportion study were also roll- and
diffusion-bcnded, as was Tricomposite 9-10-13.

iI"i
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inches. The plates were sent to duPont's Gibbstown, New Jersey
facility where the Steel N (0.33% C) plates were driven, by
explosive force, into the Steel J (0.49% C) plates to achieve
cladding. In this manner, duplicate composites with total thick-
nesses of 0.32, 0.88, and 1.63 were produced. All composites
were explosively clad without difficulty. Figure 23 illustrates
the appearance of the two 0.32-inch-thick explosively clad (not
subsequently rolled) plate composites. The nonbonded areas
around the edges are indicated. The thicker (0.88- and 1.63-inch-
thick) plate composites exhibited more nonbonded areas around the
edges than the thin (0.32-inch-thick)plate composites, as would be
expected because of the size effect.

Oil-quenched and tempered plate samples from the two
explosively clad (not subsequently rolled) 0.32-inch-thick com-
posites (Composites J-N(XA) and J-N(XB) were ground to 0.302-inch-
thick plates and ballistically tested with caliber 0.30 AP M2
projectiles at AMRA. The ballistic-test results are listed in
Table 3-E, and show that these composites had merit ratings of
1.30 to 1.38. The plate composites were bonded strongly enough so
that separation did not occur at the bondline during ballistic
testing. Figure 24 illustrates the appearance of the plates after

j Iballistic testing with caliber 0.30 AP M2 projectiles. The micro-
structure of the bond of the explosively clad 0.302-inch-thick
plate composites is shown in Figures 25A and B. It is noteworthy|- that the metallic jet visible at the bondline of the as-clad plates,
Figure 25A, was almost completely obliterated after the hardening
treatment, Figure 25B.

The duplicate 0.88- and 1.63-inch-thick composites of
Steels J and N that were explosively clad by duPont were rolledI (each composite thickness) in the temperature range 2150 to 1700 F
to 0.40- and 0.66-inch-thick plates, ground to thicknesses of
approximately 0.32 and 0.58 inch, oil-quenched and tempered, and
ballistically tested at U. S. Steel against caliber 0.30 and 0.50
AP M2 projectiles, respectively. The ballistic-test results are
listed in Tables IX-E and X-D and show that against caliber 0.30 API, M2 projectiles, Composites J-N(XD) and J-N(XF) exhibited merit
ratings of 1.39 and 1.34, respectively; and against caliber 0.50
AP M2 projectiles, Composites J-N(XC) and J-N(XE) exhibited meritI. ratings of 1.24 and 1.19, respectively. These four explosively
clad and rolled plate composites were also bonded strongly enough
so that separation did not occur at the bondline during ballistic
testing. Figure 26 illustrates the appearance of the plates after
ballistic testing with caliber 0.50 AP M2 projectiles. The micro-
structure of the bond of the explosively clad and rolled 0.58-inch-I thick plate composites is shown in Figures 25C and D. The hardness
of the explosively clad and rolled 0.3-inch-thick plates was
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slightly greater than that of the explosively clad (not subse-
quently rolled) plates of the same thickness.

The ballistic limits obtained for the explosively clad
and the explosively clad and rolled plate composites were equiva-
lent to .hose obtained for roll-bonded plate composites of the
same steels and thicknesses, and probably would have been some-
what higher had the front face been harder (higher in carbon
content).

I A 14- by 12-inch sample of one of the explosively clad
(not subsequently rolled) 1.63-inch-thick plate composites was
heat-treated, ground to 1-1/2 inches thick, and ballisticallyI: tested at AMRA with 14.5 mm APl BS-41 (tungsten-carbide core) pro-

jectiles at 00 obliquity. This Composite J-N (XF-I) had a merit
rating of 1.11 and, although it back-spalled, did not separate at

I• the bondline during ballistic testing, Figure 27.10)

The experiments on explosion cladding and explosion cladding
follow e d by rolling have indicated that both of these methods are
technically feasible methods to bond armor steels. Metallographic
examination indicated that the bonds were good, and the plate
composites survived the required ballistic testing without separat-
ing at the bondline.

I •Weld Overlaying Followed by Rolling

High-hardne. s weld overlaying of medium-carbon steel
plates was investi-...d as one method of achieving metallurgically
bonded dual-hardne i steel composites. The procedure used was to
deposit high-hardness (approximately 60 RC after heat treating) weld
metal on a medium-carbon steel plate, hot-roll the composite to the
desired thickness, remove the scale and decarburized surface materi-
al, and then heat treat the weld-overlayed plate to the desired
hardness (front and rear).

The first experiment was performed by using the submerged-
arc welding process with hardfacing weld wire (0.46% C) and a neutral
flux (containing no alloy additions). A 1/2-inch-thick by 6-inch-
wide by 9-inch-long plate of Steel N (0.33% C) was shot-blasted on
one surface and then tack-welded to a base plate to prevent the
distortion (curling up) that occurs during the application of weld

Ii overlays to relatively thin plates. Three layers of weld metal with
a total thickness of 5/16 inch were applied to the shot-blasted
surface. The weld-overlayed plate was cross-rolled to a thickness
of 0.40 inch and slow-cooled. Metallographic examination revealed
a good bond, as shown in the representative photomicrograph in

r
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Figure 28A. After oil quenching from 1500 F and double tempering
at 250 F, the weld metal exhibited a very low hardness (31.0 RC),
and the microstructure contained a large amount of ferrite. Chemi-

cal analysis revealed that the carbon content of the weld overlay
was only 0.15 percent. The cause of this loss in carbon was not
determined but it was believed to be the result of the "neutral"
flux being oxidizing.

Plates of Steel N were weld-overlayed with Murex Hardex
45 (0.61% C) and Murex Hardex 52 (0.58% C) covered electrodes.*I After weld-overlaying (35 to 40% front face; 60 to 65% rear face),
the plates were processed in the same manner as described previ-
ously. Figure 28B is a representative photomicrograph of the
metallurgical bond obtained after cross-rolling to a thickness of
0.40 inch. The two plates were heat-treated to a front face
hardness of 59.0 to 60.0 Rockwell C, ground to about 0.324 inch
thick, and ballistically tested with caliber 0.30 AP M2 projectiles
at 00 obliquity. The plate samples (Codes 4B and 5B) exhibited
merit ratings of 1.40 and 1.44, respectively, Table IX-F. A photo-
graph of the Hardex 52-overlayed and ballistically tested plate
(Code 5B) is shown in Figure 29A.

Two 1/2- by 6- by 10-inch plates of Steel A (0.34% C)
were Blanchard-ground on one surface and weld-overlayed with Hardex
45 and Hardex 52 covered electrodes, respectively, to a total
thickness of approximately one inch (50% front face - 50% rear
face thickness proportions). The weld-overlayed plates (Codes Al

[V and A2) were cross-rolled to a thickness of 0.66 inch, surface-

L_ ground to remove scale and decarburized material, oil-quenched
from 1500 F, and tempered at 275 F. Because the two weld overlays
(front faces) did not attain sufficient hardness (55.0 to 56.0 RC),
one plate (Code A2 with the Hardex 52 overlay) was re-austenitized
and quenched in a glycol-water solution without subsequent temper-
ing. The plates were ground to thicknesses of 0.525 inch (Code Al)
and 0.548 inch (Code A2), ballistically tested with caliber 0.50
AP M2 projectiles at 00 obliquity, and exhibited merit ratings of
1.29 and 1.22, respectively, Table X-E. The weld-overlayed plate
sample that was not tempered (Code A2) fractured into four pieces
during ballistic testing. A photograph of the Hardex 45-overlayed
and ballistically tested plate (Code Al) is shown in Figure 29B.

*Several other weld metals could have been successfully used; the
covered electrodes that were employed were available at the time.

I,1
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I Although very good metallurgical bonds and satisfactory

ballistic properties were obtained in the weld-uverlayed plates,
the weld-overlay technique is a rather costly method for producing
composite steel armor. For such a method to be considered seri-
ously as a production technique, special automatic welding equip-
ment capable of depositing large amounts (greater than 50 pounds
per hour) of hardfacing weld metal at the minimum thickness re-
quired for good ballistic properties would be required. Such hard-
facing processes and equipment have been described in the litera-
ture.ll,12,13,14) As backing (base) plate thicknesses increase,
weld overlaying (as a cladding technique) reportedly becomes more
economical.14)

Cast-Cladding Followed by Roll~n2

Cast-cladding experiments were initiated to determine the
parameters controlling bonding between high- and medium-carbon
steels. Figure 30 is a sketch illustrating the basic steps that
were planned for processing plate-sandwich-insert cast composites. 8 )
None of the three experiments conducted yielded satisfactory
results.

In the experiments, 1/2-inch-thick plates of the 0.53
percent carbon steel were employed as upright centrally located
mold inserts,* and the 0.31 percent carbon steel was poured around
this insert. Both 500-pound air-melted and 300-pound vacuum-melted
induction-furnace heats were poured at 3000 to 3050 F in preheated
molds, the air-melted heats in an argon atmosphere and the vacuum-I melted heats in vacuum. One of the subsequently rolled cast-clad
ingots (Composite 5-N) displayed a metallurgical bond between both
of the plate inserts and the cast steel, Figure 31A, but the other
two casting and rolling experiments (Composites 4-N and 8-N) re-
sulted in a lack of sound metallurgical bonding, as shown in Figure

V |31B. In each experiment, the seal welds around the periphery of
the plate inserts melted, and the separating materials between the
plates escaped and contaminated the melt.

Successful cast-cladding of dual-hardness armor would
probably require preheating the plate insert as well as controll-
ing the ratio of molten-metal-to-insert volume to achieve sound

!' metallurgical bonding with the cast steel. Cast-cladding is diffi-
cult to achieve when approximately equal proportions of front-plate
and rear-plate material are to be clad. A slab-mold insert that

I.
•I: *The plates were either Blanchard-ground or shot-blasted at the

outer surface and were peripherally seal-welded after a separating
compound and asbestos sheet had been placed between them.
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occupies about 50 percent of the mold volume causes the molten

* 4 steel to freeze almost immediately at the insert surface with
little or no metallurgical bonding. Although this problem may be
less acute when production-size molds (instead of laboratory-size
molds) are employed for various commercial applications 1 5 ) involv-
ing cast cladding, the significantly different layer-thickness

•-- proportions that are normally employed in these nonarmor appli-
cations minimize this problem. Moreover, the extent of bonding
and the bond strength obtained in commercial cast-clad articles

~ are much lower than those required for armor.

A weld metal with a high melting point should be used
'W for the peripheral seal weld when a'sandwich type of mold insert
I is to be employed. Also, melting and pouring the heat under vacuum

would provide optimum conditions 'for preventing the formation of
Itj oxides (on the surface of the mold insert) that are detrimental

"to sound metallurgical bonding; however, pouring in an inert or
reducing atmosphere should be adequate.1 6 )

In view of the very satisfactory results obtained by
roll-bonding and other methods of bonding, it is not recommended

i• that development of cast-cladding techniques for dual-hardness
steel armor be pursued further.

17 Effects of Miscellaneous Processing Variables

Eleven 12- by 10-inch plate samples of Composite 20-21
2 (Production Pack 66G) with a nominal thickness of 0.265 inch were
I• processed in various ways to determine the effects of these

processing variables on ballistic performance against caliber 0.30
If AP M2 projectiles at 00 obliquity. The details and results of

these studies, summarized in Table XII-A, indicate that the pro-
cedures currently being used to process dual-hardness armor (grind-
ing both surfaces, hardening, and immediate tempering) are satis-
factory, as attested by the 1.50 merit rating of Sample Al. Higher
merit ratings (1.54 and 1.55) were obtained in a sample that was
held for a day before tempering (Sample A2) and in a sample that
was not tempered (Sample C2); both samples had higher hardness,
and the sample that was held for a day at room temperature before
tempering cracked badly during ballistic testing. However, the
as-quenched sample did not crack.

Variations in surface-preparation techniques generally
- did not result in major differences in merit rating (Samples D2,

D3,. E2, and H3). The high merit rating obtained for Sample E3,

-20-.
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the sample that underwent no front plate preparation, was surpris-
ing. Efforts to reduce retained austenite by a subzero and temper-
ing treatment (Sample F2) failed to improve the merit rating.
Similarly, efforts to tie up carbon as undissolved carbides (by
employing intermediate tempering treatments at 1100 F or 1290 F
followed by a short-time austenitizing treatment) also failed to
improve the merit rating, Samples G2 and G3; in fact, the merit
rating of Sample G2 was unexplainably low.

To determine the effect of minor variations in tempering
conditions on the ballistic performance against caliber 0.50 AP
M2 projectiles at 00 obliquity, five 12- by 12-inch plate samples

j of Composite 20-21 (Production Pack 66E) with a nominal thickness
of 0.535 inch were austenitized at 1500 F, spray-quenched with a
glycol-water solution, and individually tempered for 30 minutes at
275, 300, and 350 F, double-tempered at 275 F, and tempered for
4 hours at 275 F. Slight differences in yield strength (209 to
219 ksi) and insignificant differences (1.5% maximum) in the amount
of retained austenite resulted from these tempering variations.
However, the results of the ballistic studies, summarized in Table
XIII-A, indicate that only minor differences in V5 0 protection
ballistic limit (92 fps maximum difference) and in merit rating
(4% maximum difference) resulted from the variations in tempering.
Therefore, it is concluded that the tempering treatment currently
being used for production plates of dual-hardness steel armor
(single temper at about 275 F) is satisfactory.

Shot-Peening Experiments

Shot peening is a cold-working process in which the
Ssurface of a metal part is impacted with round steel shot under

controlled conditions. Although shot peening is used primarily to
increase fatigue life and prevent stress-corrosion cracking of
metal parts, it is sometimes used to form parts or to correct their
shape. When the surface of a metal has been satisfactorily peened,
the resultant surface residual compressive stresses aid in pre-
venting the formation of cracks.

To investigate the effects of shot peening and the result-
ant surface residual compressive stresses on the ballistic proper-
ties of heat-treated armor steel composites, three quenched and
tempered 0.3- by 12- by 12-inch plate samples of Composite 9-10
(Production Pack 65G) were shot-peened by Metal Improvement
Company, and a fourth similar plate was retained as a control sample.
Listed below are the hardnesses of the four plates as well as perti-
nent observations.

-21-
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Surface Hardness,Rc
Plate Peened Front Rear Remarks

1 None 62.0 52.0 Plate bowed (front surface convex)
2 Front 66.0 53.0 Plate bowed (front surface convex)
3 Rear 62.0 56.5 Plate bowed (rear surface convex)
4 Both 64.0 55.0 Plate was flat

The data show a definite increase in hardness at the-.
peened surface, and indicate that plate flatness can be controlled
to some extent by shot peening. The plates were ballistically
tested with caliber 0.30 AP M2 projectiles at 00 obliquity. The
ballistic-test results Table XII-B, indicate that shot peening
improved the resistance to penetration very slightly (increasing
the merit rating from 1.46 to 1.49), probably because it also
slightly increased surface hardness. However, shot peening did
not significantly affect the propensity of this composite (Composite
9-10) to cracking and spalling.

Rapid-Heat-Treatment Study

Experiments were initiated during the final quarter of
the contract to investigate the effects of rapid heat treatment
(rapid austenitizing by induction heating to produce an ultrafine
grain size) on the ballistic performance of composite steel plates.

ji Plate samples, about 9 inches by 5 inches by about 0.640 inch, of
2-, 3-, and 4-layer composites were to be rapidly heat-treated to
obtain a prior-austenite grain size of about ASTM No. 12 or finer
prior to testing them with caliber 0.50 AP M2 projectiles at 00
obliquity. Starting plate condition (as-rolled versus normalized
and tempered) and peak heating temperature (1475 F versus 1600 F)

Ii were to be initially investigated, and three heating and quenching
cycles were to be employed. However, because of early equipment
and procedural problems, this program was not completed in time.

V With improved techniques, encouraging ballistic results were
beginning to be obtained, as witnessed by the 1.36 merit rating
of Sample 67AB-9, Table XIII-B. The full potential of rapid heatf treatment of composite steel armor should be explored in future
studies.

j IEffect and Minimization of Scale and Decarburization

Studies were conducted to evaluate protective slurries,
mixtures, and platings for minimizing the scaling and decarburiza-
tion that normally occur during rolling and heat treating of steels.
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CONFIDENTIAL



!

The coatings that were tested for protection at 1500 V (the usual
austenitizing temperature for dual-hardness steel plates) included
10 percent bentonite-90 percent boric acid, 20 percent chromium
oxide-80 percent magnesium oxide, 40 percent chromium oxide-60
percent magnesium oxide* Metlseel A213,* Metlseel. A215,* 5 percent
silica sand-35 percent chromium oxide-60 percent magnesium oxide,
10 percent titanium oxide-30 percent chromium oxide-60 percent
magnesium oxide, 25 percent waterglass-25 percent chromium oxide-
50 percent magnesium oxide, Turco Pretreat, copper plating in
thicknesses at 0,003 and 0.005 inch, and aluminum paint. In
addition, several of the aforementioned coatings were tested at
2000 F (a representative hot-rolling temperature for dual-hardness
steel plates).

The coatings observed to be best for protection at
J elevated temperatures were the chromium oxide-magnesium oxide

slurries, waterglass-chromium oxide-magnesium oxide, and Turco
Pretreat, a commercially-produced substance (ceramic in a solvent
carrier) from Turco Products, Incorporated. Turco Pretreat was
selected for coating laboratory and production plates on the basis
of the ease and convenience of application-it can be painted or
sprayed on the plates-and because it does not flake off during
quenching, thus minimizing any contamination of the closed circu-
latory quenching systems that would probably be employed in heat
treating dual-hardness steel armor plates. Ground plates coated
with Turco Pretreat and then heat-treated exhibited satisfactory
hardness (nominally 60 RC front and 50 RC rear) after grit-blasting
or grinding the plate surfaces to remove only a few thousandths of
an inch of material. (The effects of various surface conditions
on ballistic performance against caliber 0.30 AP M2 projectiles
were previously shown, Table XII.)

Evaluation of Mechanical Tests

A program was initiated to develop mechanical-testing
technio'..-'-:or determining properties such as bond strength, yield
and +insile strengths, toughness, and fracture characteristics of
dual hardness steel armor. Several types of specimens (tensile,
impact, bend, shear-tensile, and compression) from the first pro-
duction trial of dual-hardness armor (Composite 9-10) were ini-
tially investigated. 8 ) Figure 32 shows each type of specimen;
the specimens were macroetched wit,: i.ital to reveal the froit) = and rear layers.

As is generally known, ultrasonic testing of plate) composites can detect only unbonded layers (in plates with a
certain minimum thickness) where actual discontinuities exist.

*Products of Glidden Chemicals, PEMCO Div dion.
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However, it cannot distinguish a strongly bonded composite from a
moderately or weakly bonded composite that might front-shatter,
spall at the bondline, or delaminate during ballistic impact. A
back-spalled composite (Production Pack 65K, Composite 9-10) is
illustrated in Figure 33A; in contrast, Figure 33B illustrates
a strongly bonded composite (Production Pack 66B, Composite 20-21)j that exhibited excellent rear-plate performance. A ballistically
tested Laboratory plate sample exhibiting front spalling and
separation at the bondline was previously shown in Figure 10A.
Thezce examples illustrate the- desirability of evaluating the bond
stre.-th of plate composites at an early stage of production (for
example, after rolling) so that excessive production costs on
poorly bonded plate composites could be avoided.

- ~Figure 34A illustrates the principle of dual-hardness
composite steel armor. The cracks emanating from the hard front
plate of Composite 9-10 after a projectile impact were arrested by
the tougher rear plate. Figure 34B illustrates a close-up of a
back spall encountered in a poorly bonded plate of Composite 9-10.
The crack progressed from the front plate to the bondline, then
followed the bondline, then broke through the rear plate.

To determine the bond strength of dual-hardness steel
armor, a shear-compression specimen previously developed at the
Laboratory1 7) and shown in Figure 35A is now being employed.18)
Testing involves loading the specimen in compression until failure
occurs by shear fracture along the bondline. To obtain valid
results with this test, failure must occur along the bondline,
and buckling must be avoided. Rounding the ends of the specimen
(as shown in Figure 35B) helps significantly in preventing excessive
bending moments from developing during testing. The shear-compres-
sion specimen is still in the development stage; therefore, data
on the relative bond strengths of composites are very limited.
However, preliminary data indicate that weakly to moderately
bonded composites would be expected to have a shear strength at
the bond (as determined with shear-compression specimens) of less[ than about 90 ksi, and strongly bonded composites would be ex-
pected to have a shear strength greater than about 100 ksi (2/3
or more of the shear strength of the weaker component). When
valid test results are consistently obtained, extensive data will
be compiled on composites known, from ballistic testing, to
exhibit strong bonds ana weak bonds. This information should aid
in establishing a minimum bond-strength requirement for composite
steel armor.

I Tests are continually being cor.acted to determine the
mechanical properties of composite steel armor. Shown below are
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typical properties for heat-treated dual-hardness steel armor. All
specimens were from plates that were oil-quenched from 1500 F and
double-tempered at 250 F.

Plate Yield Strength Tensile Elongation Reduction
Thickness, (0.2% Offset), Strength, in 2 Inches, of Area,

Steel inch ksi ksi % %

20 0.25 219 361 6 15
(0.51% C)

21 0.25 183 262 9 45
(0,31% C)

Pack 66B 0.40 185 319 9 12
I- (Composite

20-23.)

Room-tmperature Charpy V-notch energy-absorption values
of quenched and tempered composite steel armor range from 5 to 20

ft-lb, depending on notch orientation, with the lowest values occurr-
ing for front-face-notched specimens.

To determine the fracture characteristics of armor steels,

studies are in process to determine the fracture toughness (stress-

intensity factor, KIC) of the individual front- and rear-face
miaterials as well as of the bonded composites.* Initial three-
point slow-bend tests performed on 7-inch-long fatigue-cracked edge- 4
notched specimens from 1/4-inch-thick plate material (given the same
heat treatment as described in the preceding paragraph) resulted in
KIC values of approximately 28 ksi V for Steel 20 (front-face
steel) and 63 ksi'-Vt •h for Steel 21 (rear-face steel)! this indi-
cates that Steel 21 can tolerate a flaw 7-1/2 times larger than that A
which Steel 20 can tolerate. However, these values should be con-
sidered tentative until further fracture-toughness tests are con-
ducted.

Additional tests may help to determine relations between
yield strength, fracture-toughness (KIc value), and ballistic perform-
ance.

*Fracture toughness is a more important consideration for structural

armor applications than for hang-on armor applications.
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Studies to Achieve Improved Plate Flatness

To determine production controls necessary to meet (or
approach) the requirements in Specification MIL-S-46099A1 9) and
to determine the tolerances that may be expected under normal pro-
duction conditions, laboratory studies were conducted to determine
the effects of quenchant spray pressure, one-sided quenching,
differences in rolling direction in the plate, plate thickness,
plate size, Ms-temperature mismatch, rolled-versus ground-plate
surfaces, and prebowing on the bowing tendency of production dual-
"hardness steel plates. These studies were initiated after it was
observed that large plates (48 by 73 inches) bowed more than desired
or expected during quenching, (Contract No. DA-19-066-AMC-351; 01-
"19-066-D6-02214X). In all cases, the high-carbon layer was on the
outer (convex) surface.

Although Specification MIL-S-46099A permits a maximum

out-of-flatness of 7/16 inch in a 36-inch length, 1 9 ) this extra-
polates to an undesirable 1.8-inch out-of-flatness in a 73-inch
length or 4.7 inches in a 120-inch length on the basis that a flat
plate assumes a spherical (or parabolic) contour when quenched
either unrestrained or between flat (platen) dies, Figure 36. Mcst of the

1_ distortion is caused by the difference in volume expansion between
the two steels when martensite forms.

Laboratory studies conducted chiefly with 12- by 24-inch
plates that were spray-quenched with a water solution containing
20 percent UCON-A (a Union-Carbide glycol-type product) indicated
that

:it 1. A quenchant spray pressure of 7 to 12 psi (top and

bottom) resulted in flatter plates than a pressure of 2 psi.

2. Quenching only the high-carbon surface or quenching
both surfaces resulted in flatter plates than did quenching onlythe medium-carbon surface.

3. Differences in rolling direction within the plate
did not significantly affect bowing tendencies.

4. Thinner plates (0.317 inch) bowed slightly more than
thicker plates (0.383 to 0.582 inch).

5. Bowing was relatively more severe in small plates
(4 by 8 inches) than in larger plates (up to 17 by 34 inches).

6. Differences of 54 to 161 F in the Ms temperature of

the front and rear steel layers did not significantly affect bowing
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I tendencies; however, plates with both layers having relatively high
Ms temperatures may bow more than plates with one or both layers
having relatively low Ms temperatures.

7. Ground plates bowed about the same as, or very1 slightly less than, as-rolled plates of the same composition and
thickness.

8. Tempering at 275 F (with weights on the bowed surface)
•I slightly lessened the amount of bow that resulted in the quenched

(from 1500 F) plates.

9. Plates must be prebowed a greater opposite amount
(toward the medium-carbon surface) than would be indicated by the

bow that normally occurs toward the high-carbon surface.

CONCLUS ION S

SI From the metallurgical, mechanical, and ballistic evalu-
ations that were conducted on heat-treated composite steel armor,
the following conclusions are drawn:

1. A front-face nominal composition (in percent)
of 0.55C, 0.75Mn, 1.20Ni, 0.75Cr, and 0.50Mo
and a rear-plate nominal composition of 0.30C,
0.75Mn, 1.20Ni, 0.75Cr, 0.50Mo have satis-
factorily served as the components of light-
weight, heat-treatable, dual-hardness steel
armor.

2. The optimum heat treatment for the dual-
hardness steel plates consisted of a low-
temperature austenitizing treatment (at about
1500 F) followed by quenching (at an H value
of about 0.3), followed by tempering (at about
275 F). This heat treatment resulted in aI. microstructure of quenched and tempered
martensite and front- and rear-plate hardnesses
within the scope of those in Specification MIL-
S-46099A.

3. Against caliber 0.30 AP M2 projectiles at 00
obliquity, the optimum front-plate-to-rear-
plate thickness proportions for roll-bonded,
heat-treated dual-hardness steel armor (0.300-
inch-thick plates) were in the range 35/65
percent to 65/35 percent, peaking at about
50/50 percent. Against caliber 0.50 AP M2

projectiles at 00 obliquity, the optimum
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front-plate-to-rear-plate thickness proportions
(0.640-inch-thick plates) were in the range

20/80 percent to 60/40 percent, peaking at about
40/60 percent.

"4. The strong metallurgical bonds that were found
to be required in composite steel armor were

$ obtained by roll bonding, roll and diffusion
bonding, explosion cladding, explosion cladding
and rolling, and weld overlaying and rolling.
Difficulties experienced in the Laboratory pre-
vented the attainment of similar satisfactory

"* .. bonds by cast cladding 'and rolling.

5. Multilayer plate composites (with 3 or 4 layers)
did not exhibit ballistic limits any higher than

.1i those of 2-layer plate composites. Variations
- in layer hardnesses and layer-thickness propor-

tions among the multilayer composites generally
had only a slight effect on the ballistic limit.
Multilayer composites, however, did offer better

,•i~- .resistance to through-thickness cracking and
generally exhibited tougher rear-face performance.

6. More than 170 plate samples of composite steel
. armor were ballistically tested. Samples from

production plate composites generally exhibited
better ballistic performance than samples from

SLaboratory plate composites. Merit ratings as
high as 1.71 were obtained in production plates
against caliber 0.30 AP M2 projectiles at 00
obliquity, but no merit ratings over 1.40 have
been obtained against caliber 0.50 AP M2 pro-
jectiles at 00 obliquity. However, progressive
improvements in ballistic performance are being
made with each production run of dual-hardness
steel armor. made.

" 7. Seven production-size lots of dual-hardness steel
armor have been made on existing facilities, there-

-. by demonstrating the feasibility of manufacturing
this armor on a production basis. Ten 48- by 60-
inch plates for caliber 0.30 AP M2 protection
(about 0.310-inch thick) and ten 48- by 60-inch

* " plates for caliber 0.50 AP M2 protection (about
* j.. 0.650-inch thick) were supplied to AMRA as part

of the present corl-'act.
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8. A commercial coating that minimizes the for-
mation of scale and the decarburization that
occurs during the heat treatment of plate
composites was found.

9. Through Laboratory and production studies of
factors affecting plate flatness, techniques
are being developed to minimize the distortion
(bowing) that normally occurs during the heat
treatment of composite dual-hardness steel
armor. The plate composites can therefore meet
the flatness requirements of Specification MIL-
S-46099A.

10. A shear-compression specimen that is simple to
produce from plate product and relatively simple
to test on conventional equipment was found to
effectively measure the relative bond strength
of dual-hardness steel plate composites. Many
other mechanical-test..nig studies were also con-
ducted.

RECOMMENDATIONS FOR FUTURE WORK

Although significant progress was made during the one-
year research program just concluded, plate composites with merit
ratings greater than 1.37 for protection against caliber 0.50 AP M2
projectiles have not yet been developed. At the time the afore-
mentioned research program was concluded (May 19, 1967), several
projects to improve this ballistic performancewe still incomplete.
Among these projects were investigations of (1) ultraservice (low-
residual, high-toughness) steels, (2) ultrafine-grained (rapidly
heat-treated) versus typical-grained versus coarse-grained plate
composites, (3) ausrolie-and pseudo-ausrolled* plate composites,
(4) surface-hardened plate composites, and (5) correlations between
ballistic performance and mechanical properties (including fracture
toughness). In addition, it is believed that further experience
will substantiate that certain statements in Specification MIL-S-
46099A should be modified slightly when referring to heat-treated
composite dual-hardness steel armor. Moreover, further work is
required to better determine and understand why certain ballistic
results are obtained with composite steel armor.

Therefore, it is recommended that the research effort be
continued (as an extension to the contract work just completed) to

j *Finish-rolled "cold" to impart texturing.
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j complete the aforementioned caliber 0.50 studies, to investigate
other promising approaches that may develop, and to extend the
composite-steel-armor approach to thicker and thinner plates.
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APPENDIX (U)

Fabricability of Heat-Treatable Dual-Hardness Steel Armor (U)

Although fabrication studies on composite steel armor
were not a requirement of the present contract, welding and forming
studies were undertaken by U. S. Steel, and similar studies andI machinability studies were conducted by other companies and agencies,
concurrent with the studies to develop improved heat-treatable{ dual-hardness steel armor.

Figure A-IA illustrates that composite steel armor is
formable before hardening. As-rolled and ground 0.3-inch-thick
production plate samples of Composite 9-10 were normalized and
tempered to a hardness of about 27 Rockwell C, then formed on a 3-

A point guided bend-test fixture to bend radii ranging from 1-1/2
inches to 1/2 inch without cracking on the outer fibers-the high-
carbon steel is on the tension surface. Both longitudinally and
transversely oriented plate samples could be cold-formed 1800 to
the 1/2-inch radius. The same excellent formability was observed
in 0.4-inch plate samples that did not have the surface scale
ground off, Figure A-2A. Note that the specimen had been saw-cut.
Thicker dual-hardness steel plate composites have been successfully
cold-formed by other companies. Figure A-lB illustrates two dished
heads, a bracket, a corrugated Z shape, and a U bend cold-formed
on production equipment; each piece was formed from normalized and
tempered 0.3-inch-thick production plates of composite steel armor
(Composite 9-10) with a hardness of about 27 Rockwell C. Later
production lots of composite steel armor have been softened to
hardnesses of 20 Rockwell C and lower, thus making the composite] • steel armor even more cold-formable.

A 15-inch-diameter dished head was explosively expanded
from an 0.3-inch-thick plate composite with an initial hardness of
27 Rockwell C. The steel exhibited a plastic strain of almost 10
percent before failure occurred after the dome was dished to a
depth of about 5.1/2 inches. The fracture was of the shear mode,
and no delamination occurred at the bondline.

Figure A-2B illustrates an actuater cylinder fabricated
from Composite 9-10 as two half cylinders and joined by full-
penetration electron-beam welding. Two projectile impacts are
visible in the photograph. The cylinder exhibited the required
ballistic protection, and the rear-face bulging after ballistic
testing with caliber 0.30 armor-piercing projectiles was slight
enough to permit the piston to function. Extruded seamless tubes
of dual-hardness steel armor have also been successfully made by
another company.
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Figure A-3 shows an experimental helicopter seat fabri-
cated from a dished heat (bottom section) and a roll-formed plate
(top section). The seat was welded (with covered electrodes and
preheat) with a hardenable ferritic weld metal on the front half
and an austenitic weld metal on the rear half,* heat-treated,**
and ballistically tested by AMRA with caliber 0.30 AP M2 projectiles
(24 impacts). The seat itself exhibited a merit rating of about
1.43, whereas the full-penetration double-VEE covered-electrode
weld exhibited a merit rating of 1.41.

Figures A-4 and A-5 illustrate two views of a prototype
helicopter seat made from heat-treatable composite steel armor. By

j rounding corners and curving plates, a weight savings of 15 percent
was realized over a comparable helicopter seat made originally from
ausformed dual-hardness steel armor.

Heat-treated (hardened) dual-hardness steel can be welded
by any of the low-hydrogen processes and techniques appropriate to
the compositions involved. However, the usual high preheats cannot
be employed if the weldmhent is to be used as-welded because of the
low tempering temperature (about 275 F) of the base plate. To mini-
mize heat-affected-zone cracking, austenitic steel electrodes are
recommended. Table A lists typical properties of U. S. Steel's dual-
hardness composite steel armor.

The fabrication advantages of heat-treated composite armor
over ausformed composite armor are that heat-treatable composite
armor can be formed hot or cold (in the softened condition), welded
in any manner (with or without preheat and postheat, and with partial-
or full-penetration welds), readily cut to size with conventional
cutting equipment (either hot or cold), drilled or punched, then
quenched and tempered to the final desired hardnesses (if the size of
welded assemblies permits such heat-treatment privileges). Not only
can heat-treatable composite steel armor be cold-formed in the softened
condition, but after heat treating, the ductility that may have been
exhausted by cold forming is restored, the heat-affected zone result-

Sing from welding is eliminated, and, if the weld metal is heat-
treatable, it is hardened.

*Other types of welding tfor example, MIG short-arc and TIG) have

also been successfully used to join dual-hardness composite steel
S~armor.

**There was a slight tendency for contraction to occur during the
oil-quenchiag operation.
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Flat, heat-treated composite steel armor can also be
produced, and it can be produced in large plate widths and heavy
thicknesses if desired. Although some of the fabrication advantages
are lost with the use of large flat plates, subassemblies of welded
flat plates would still derive the benefits of heat treating after

j! welding. Last, but not least, major cost savings can be realized
from the use of heat-treatable composite steel armor.
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Table A

Interim Typical Properties of USS Dual-Hardness Composite
Steel Armor

Chemical Composition, Percent

C Mn P S Si N_ Cr Mo

Front 0.55 0.75 0.008 0.008 0.25 1.20 0.75 0.50
Rear 0.30 0.75 0.008 0.008 0.25 1.20 0.75 0.50

Heat Treatment

Hardening (Quenching and Tempering)

Optimum hardness for resistance to penetration by armor-
piercing projectiles is obtained by austenitizing at 1500 F, cooling
at an H value of about 0.3 to eliminate quench cracking, and tempering
at 250 to 300 F.

Softening (Normalizing and Tempering)

Material may be softened for forming purposes by austenitizing
at 1480 F, air cooling, tempering at about 1290 F for 2 hours, and air
cooling.

|4

Mechanical Properties

Yield Strength Tensile Reduction Charpy V-Notch
(0.2% Offset) Strength, Elongation, of Area, Energy Absorption,

ksi ksi %_ _ ft-lb

Quenched and Tempered 0.5-Inch-Thick Plate

210 285 3.5 11.0 6

Normalized and Tempered 0.32-Inch-Thick Plate

92 110 14.0 33.1 -

Fabricability

[l Weldabi'Ity

Can be welded by any of the low-hydrogen processes and tech-
niques appropriate to the compositions involved. However, the usual high
preheats cannot be employed if the weldment is to be used as-welded
because of the low tempering temperature (250 to 300 F) of the base plate.

(Continued) -38-
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Table A (Continued)

Interim Typical Properties of USS Dual-Hardness Composite
Steel Armor

Fabricability (Continued)

Weldability (Continued)

If the weldment is heat treated after welding, preheat temperature need
"* not be restricted. To minimize heat-affected-zone cracking, austenitic

electrodes are recommended. For heat-treated weldments, a heat-treatable
electrode such as Hardex 52 is recommended for the front face.

Formability

After normalizing and tempering to a front-face hardness of
about RC 20, plate can be cold-formed to a radius of 2t in thicknesses
of 1/4 to 1/2 inch. Hot forming can be readily accomplished in the
temperature range 1500 to 2000 F, but should be followed by quenching
and tempering.

Machinability

In the normalized and tempered (20 RC) condition, the dual-
"hardness si-.elhas been readily ground, milled, sheared, drilled, tapped,
and bent, with workability comparing approximately to that of regular
annealed tool steel.

Ballistic Properties

The average obtainable merit rating for hardened plates is
1.4.
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A. Guided bend-test specimens beint to radii ranging from 1-1/2
to 1/2 inch. X1/3.

B. Various cold-formed parts. Xl/6.

Figure A-i. Results of formability studies on normalized and
tempered 0.3-inch-thick plates of Composite 9-10.

P-643SA-2 -40--
P66A1UNCLASS)IFIED Figure A-lA, B
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A. Plate sample (0.4-inch thick) cold formted
1800 to a 1/2-inch radius. Composite 20-21.
X1.

B. Formed, welded, heat-treated, and bal'.istically
tested actuator cylinder. Composite 9-10. Xl.

Figure A-2. Illustrations of the fabricability of normalized and
tempered dual-hardness steel armor.

Commnercial Photograph Figure A-2 A,B
P-7254A-1
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Figure A-3. Experimental helico~pter seat of
dual-hardness steel armor cold-
formed (in two sections) then welded
and heat-treated. Material. was 0.305-inch-thick plate of Composite 9-10.V Xl/6.
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COMI•IAT

Figure A-4. Prototype helicopter seat of dual-hardness
steel (front view) that was cold-formed,
welded, then heat-treated. Material was

1. 0.305-inch-thick plate of Composite 9-10.
X1/6.

Commercial Photograph Figure A-4
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I Figure A-5. Prototype helicopter seat shown in
Figure A-4 (side view). xl/6.

Commercial Photograph Figure A-5

II
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Calculated Transformation Temperaittures of
.Experimental Armor Steels

Temperature, V
Steel Ae3* Ael** MS***

1 1473 1317 61
2 1461 1317 668
3 1453 1318 645
4 1404 1343 545
5 1400 1.343 542
6 1355 1319 480
7 1373 1345 486
8 1401 1344 538
9 1355 1318 485

10 1393 1319 534
i 11 1489 1326 654

12 1390 1298 581
13 1442 1222 640
14 1434 1215 660
15 1248 1128 599
19 1455 1334 646
20 1381 1323 528
21 1457 1321 650
22 1359 1323 475
23 1452 1322 636

A 1440 1320 632
B 1430 1318 617
C 1416 1319 594
D 1411 1319 585
E 1400 1319 568
F + 1359 288
G + 1392 223
H 1406 1356 488
I 1398 1357 513
J 1383 1324 518
K 1400 1352 568
L 1444 1400 591
M 1436 1399 580
N 1444 1322 621
0 1319 1314 434
P 1420 1314 608
Q 1396 1358 470
R 1395 1296 580
S 1446 1376 449

jT 1545 1374 629
U 1475 1426 408
v 1570 1425 581

(Continued)
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Table III

I
Calculated ,ran.sformationl Temperatures of

Exp•erimental Armor Steels

Temperature, F

Steel Ae3* Ae.** Ms***

*Ae 3 (F) 1600 - 375 x /•- _ 25 x %/Mn) - 4.5] + [80 x , $i) - i0
- 32 x %Ni - 3 x 'YoCr + Mo factor (for various carbon

contents).
Source: Climax Molybdenum Company. 4 )

**AeI(F) 1333 - 25 x %Mn + 4y)x '.Si - 26 x %Ni + 42 x VoCr.

Source: Lambert and Grange.
***Ms(F) = 1000 - 650 x %C - 70 x Mti - 35 x WNi - 70 x %YCr - 50

x %Mo + 27 x %Co.
Source: Grange and Stewfft;6) Cobalt factor was obtained from

Holloman and Jaffe."/)

+Ac temperature was not calculated.
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Table V

Amount of Retained Austenite in Gradient-Furnace
Specimens at Location Corresponding to an

AustenitizingTemperature of 1500 P

Carbon Quenching Retained
Steel Content, % Medium Austenite. %*

SN 0.33 Water (2
Oil 4

AA 0.34 Water 2
Oil 4

B 0.36 Water <2

Oil 5

T C 0.40 Water 3

Oil 6

D 0.41 Water 5
oil 7

I E 0.44 Water 5
L Oil 6

J0.49 Water 5
Oil 8

I *As determined by X-ray diffraction analysis.
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TaleV
RetanedAustnit Perentges n Font.Fac

ofDa-adesSel alsi-etPae
Frn-RtandAstntI

Car etaine Austenit e Puencenagsing Font Filace Chmcal

A-. Composite ____ Temp. F Medium Cloth Polished

J3-N3 0.45 1500 Water 6.-0 5.0Ioil 6.5 6.5

~'J-N 0.49 1525 Water 6.5 7.0
1.oil 7.0 7.5

-~K-L-N 0.50 1525 Water 4.5 5.0
tOil 7.0 7.0

f G-K-L-N 0.96 1475 Water 10.5 9.5
1.600 Oil 21.0 2 3. 0

*Determined by X-ray diffraction analysis.
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i

J.- Table VII

Heat Treatments and As-Quenched Hardnesses
of Experimental Armor Steels

Suggested Suggested As-Quenchedi
I Heat Carbon, Aust. Quenching Hardness, Rc

Steel No. % Temp., F* Medium* Oil* Water*
A V9213 0.34 1495-1545 Oil or Water 52.0 55.0
B V9214 0.36 1495-1545 Oil or Water 54.0 57.0
C V9215 0.40 1495-1545 Oil or Water 56.0 59.0
D V9216 0.41 1495-1545 Oil or Water 58.0 60.5
E V9217 0.44 1495-1545 Oil or Water 59.0 61.5

F W8484 1.00 1470-1520 Water -- 65.5
G W8485 0.96 (1450-1500 Water ) -- 66.5

(1600-1650 Oil ) 63.5 --

I H W8486 0.50 1500-1550 Oil 60.0 61.0
I W8487 0.50 1550-1600 Oil 59.5 61.5
J W8488 0.49 1490-1540 Oil 61.5 62.0

I K W8489 0.50 1500-1550 Oil 58.5 61.0
L W8490 0.42 1550-1600 Oil or Water 54.5 58.0
M W8499 0.43 1515-1565 Oil or Water 55.5 59.0

I N W8500 0.33 1490-1540 Oil or Water 51.5 54.0
0 W8784-2 0.60 1500-1550 Oil 61.0 --

P W8785 0.33 1500-1550 Oil or Water 49.0 --

Q Y9120 0.53 1500-1550 Oil 62.0 --

R Y9121 0.30 1500-1550 Oil or Water 53.0 --

S Y9149 0.58 1600-1700 Oil 62.0 --

I T Y9150 0.31 1600-1700 Oil or Water 52.0 --

U Y9151 0.57 1600-1700 Oil 61.0 --

V Y9152 0.31 1600-1700 Oil or Water 51.0 --

!
*As determined from gradient-furnace studies (except for Steels 0 through v).

II
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) ~TESTED WITH CALIBER O.3OAP M2

2700 PROJECTILES AT 00 OBLIQUITY

2600

2a"0
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-J 2400/

.A%~~TESTED WIT H CAL IBER 050OAP
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2100-

REAR PLATE% 100 80 60 40 20 0
FRONT PLATE %.0 20 40 60 s0 100

EFFECT OF FRONT-PLATE TO REAR-PLATE THICKNESS PROPORTIONS ONTHpBALLISTIC LIMIT OF 03.3- AND 0.5-INCH-THICK PLATES OF COMPOSITE 9- 10
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6-1412%2 oil. 106)

0 0.678* INCH-THICK PLATE

J2700-

2G00 PLATE FRACTURED AFTER 5 ROUNDS

060

-J 2400f

Iz 0

1:ý2500 PLATE FRACTURED
AFTER 4 ROUNDS

12200-

2100- TESTED WITH CALIBER 0.50 AP M2.J PROJECTILES AT 00 OBLIQUITY

IREAR PLATE % 1O0 80 6 02
FRONT PLATE % 0 20 4 0s 0

EFFECT OF FRONT-PLATE-TO-REAR- PLATE THICKNESS PROPORTIONS ON THEIBALLISTIC LIMIT OF 0.640- INCH -THICK PLATES OF COMPOSITE 22-21I.- FIGURE
NO.
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Figure 6(C) Fragments recovered from a caliber 0.50 armor-piercing pro-
jectile that struck 0.636-inch-thick dual-hardness steel
plate of Corrposite 22-21 at a velocity of 2387 fps (partial
penetration). The front (hard) face comprised only 5 per-
cent of the total plate thickness. Approximately Xl.

I

iP-7753A-1 -7-Figure 6(C)
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Figure 7 Complete-penetration behavior (top to bottom) of
two caliber 0.50AP M2 projectiles during impact
on 0.639-inch-thick dual-hardness steel plate of
Composite 22-21. X1/2

Roll 1 -79-

Roll 2 Figure 7A, B
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Figure 8 Partial-penetration behavior (top to bottom)
of two caliber Q.5OAP M2 projectiles during

V impact nn 0.639-inch-thick (left) and 0.636-
inch-thick (right) dual-hardness steel plates
of Composite 22-21. X1/2

Roll 3 -80-
Roll 4 Figure 8A, B
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3 A. Front face (58.ORc)
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7 A. Bicomposite G-ll (0.585-inch thick).
Front spalling and separation at bondline
caused by a poor bond and possibly
enhanced by too great a difference between
the hardnesses of the front and rear plates
(64.ORc and 42.ORc).

B. Bicomposite J3-N3 (0.575-inch thick). Open-
hearth quality and rolled "cold." Rear face
(52.ORc). Note large back spalls.

I Figure 10 Selected plate composites after being tested with
caliber 0.50AP M2 projectiles at 00 obliquity. X1/3

I. P-7498A-18 -82-

P-7498A-16 Figure 10A, B
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%..f

A. Composite F-A. B. Composite H-15.

, Y 4-

.7 ty

%D 1M 1

C. Composite J3-N3. D. Composite J3-N3(LT).

Figure 11 Bonds obtained in roll-bonded and hardened dual-
hardness composites. High-carbon steel is the
top layer. Nital etch. X500.

18-553A-1 -83-
18- 565A- 1
18- 549A-1 N L SSFE18-55 OA- 1 UN L S IIDFigureflA, B, C,D
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A. Rear face (49.ORC). oil-quenched and tempered
0.578-inch-thick plate. Merit rating =1.28.

IV

B.RaIae(2Oc.Wte unhdadtmee

Fiur 12.C Rea pofaces (52. ) Woenhat rt quelched and temprbed n

Itested with caliber O.5OAP M2 projectiles at 0 0
obliquity. X1/3

P-7498A-l0I P-7498A-14 Figure 12(C) A, B
-84-
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IA. Front face (60.ORc)

B. Ra1ae(15c
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A. Front face (60.5Rc)

B. Rear face (41.ORc)

Figure 14(C) Tricomposite 6-E-13 (0.583-inch-thick) after being
tested with caliber 0.50AP M2 projectiles at 00
obliquity. Merit rating = 1.25. X1/3

, P-7498A-3P - 7498.A -4-86- 
-Figure 14(C) A, B
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II

A. F'ront face (64.ORc)

Figure 1.5(C) Quadcomposite G-J-B-13 (0. 567--inch-thick) after

being tested with caliber 0.5OAP M2 projectiles

I at 00 obliquity. Merit rating =1.22. X1/3

P-7498A- 1
P-7498A-2 Figure 15(C) A, B
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A' ' ' ~ *~~# ~ &~M;KI

~ I IY

TwV i4-7.

f1~ 
N.

A. Composite K-L-N~. B. Composite G-L-12.

V.

C Co p s t - -N . D.- Composit _- - 2

C.poi r Compocaite steelN D. Copsthe top-l2. e

(A and B) medium-carbon steel is the bottom
layer (A and B) and the top layer (C and D);
lowu-carbon steel is the bottom layer (C and D).

18-554A-1 Nital etch. X500.
18-560A-1 -88-
18- 554A,- 2

UNCLASSIFIE Figure 16A, B, C,D
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A. Tricomposite F-C-i (0.580-inch thick).
Front face was too soft (about 5RO~c.
Note cratering.

B. Tricomposite 6-E-13 (0.580-i'nch thick).
Rear face was too soft (39.ORc).
Note petaling.

Figure 17 Selected plate composites after being tested with
caliber 0.50AP M2 projectiles at 00 obliquity. X1/3

P-749BA-11
P-7498A-17 -89- Figure 17A, B

UNCLASSIFIED
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A~All

IiEhii ir4j

A. First production run. B. Second production run.
Composite 9-10. Composite 20-21.

_.,Own

C. Third production run.
Composite 22-23.

Figure 18. Typical bonds obtained in roll-bonded and hardened
production dual-hardness plate composites. High-
carbon steel is the top layer. Nital and/or picral
etch. X500.

18-487A-2 Figure 18 A,B,C
18- 548A -1
18-605A-1

-90-
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v

.i ' d- .'
R i'

k~

A. As-rolled and diffusion- B. As-rolled, diffusion-
treated. treated, and hardened

(oll quenched).

C. As-rolled. D. As-rolled and hardened
(oil-quenched) .

Figure 22 Bonds obtained in 7/16-inch-thick plates of Composite
9-10 (Pack 65D). High-carbon steel is the top layer.

Super picral etch. X500.

18-48 7A- 1 -.94-
18-487A-3
18-48 7A UCASFE
18-4 87A-2 UN L S IIDFigure22A, B, C,D
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A. As-bonded Composite J-N(XA) (rear B. As-bonded Composite J-N(XB)
view). X1/4. (rear view). X1/4.

C. End view of explosively clad plate composite (note slight
transverse bowing).

Figure 23 Appearance of 0.32-inch-thick explosively clad
(not subsequently rolled) plate composites.

P-6902A-1 -95-.
P-6902A-2 UNCLASSIFIED Figure23A, B, C
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i
I
I

Iu
A. Front face (59.ORc)

II

B. Rear face (51.ORc)

Figure 24(C) Composite J-N(XB) (0.302-inch thick). Explosively
clad but not rolled. Tested with caliber 0.30AP M2
projectiles at 00 obliquity. Merit rating = 1.38. Xl/3

i P-7691A-I
P-7697A-2 Figure 24(C) A, B
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UNCLASSIFIED

Aft,~

Or: t:

A. Composite J-N(XA) explo- B. Coutposite J-N (XA) explo-
sively clad (0.32-inch siVely clad (0.32.-inch
thick) and unhardened. tbi~ck) and hardened.

-A4

hardened. .-AIdned
Figue 2 Bods otaied n eplosve1 cld an exlosvel

clad 7n7 ole"ulha!~s o ies ih

carbo ste2stetpl1r.bia th 50

UNCLASSIFI A WiurA B C
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A. Front face (58.ORc)

!
i
!
I
I
I
I
I B. Rear face (47.ORc)

Figure 26(C) Composite J-N(XC). (0.552-inch thick). Explosively
clad and rolled. Tested with caliber 0.50AP M2 pro-
jectiles at 00 obliquity. Merit rating = 1.24. Xl/3

I P-7498A-5
P-7498A-6 -Figure 26(C) A, B
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11

A. Front face (58.0 RC)

B. Ra ae 4. C
Fiue27C opst -(F1 112ic hc) xlsvl

ra in B.1. Rear. facur (48.0 R,)

FiguRA 27().togr p osit J-N(X -1)(-/-nhtik.xl~
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XA

A. Submerged-arc weld
overlay. (AISI 6150)

T.

B. Covered-electrode weld

overlay. (Ilardex 52)

Figure 28. Bonds o~btained in weld-overlayed and rolled dual-
hardness steel plate composites. Weld metal. is
thc top layer- Nital etch. X500.

18-48BA-9 Figure 28 A,B
18-5 56A -1

-100-
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4w

IR
A.Wl vra B adx5 o te 033ic hc)

B. Weld overlay 5B1. Hardex 452 on Steel A (0.323-inch thick).

Tested with caliber 0.5OAP M2 projectiles at 00 obliquity.
Merit rating = 1.44.

Fiur 29. C Seldce wedoverlayA1ex 45 d ronlSeel pa t (0.52-inchthick.

P-760A-2 Front faces. Xl/2 11

P-7690,A-1 CONFIDEN-rIAL Figure 29(C) A, B
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, ASBESTOS SHEET
+ SEPARATING COMPOUND

SURFACE
SHOT BLASTED SURFACE BLANCHARD

(D GROUND

H OT-ROLLED 1/2- INCH STEEL PLATE - ASBESTOS
PLATE (0.53 % C) SANDWICH WELDED

AROUND EDGES

• t

030
HOT ROLLING

AS-CAST COMPOSITE

CUTTING AND CROSS ROLLING

( CUTTING AND DISASSEMBLY (SEPARATION INTO TWO DUAL-4ARDNESS
COMPOSITES)

7 HEAT TREATING

SKETCH ILLUSTRATING PROCESSING STEPS FOR CAST-CLADDING EXPERIMENTS

I NO.
-:_ i•, " •o•-30

-102-
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Bondline--

A. Good bond obtained in the
first experiment (1-3/4-
inch-thick slab of Composite
5-N. High-carbon steel is
the top layer. Nital-picral
etch. X500.

L . (-Lack of bond

<--Separating compound

-�1(--Lack of bond

B. Lack of bonding obtained in the

second experiment (2-1/2-inch-
thick slab of Composite 4-N).
High-carbon steel is the double
insert. Unetched. Xl.

Figure 31. Bonds obtained in initial cast-cladding
experiments.I

!! UNCLASSIFIED
18-488A-8 -103- F
P-6781A-I Figure 31A, B
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[ ___

Figure 32 Mechanical-test specimens (macroetched)
initially evaluated to measure the bond strength
and fracture characteristics cf composite steel
armor. Top row (left to right): 0.505-inch-
diameter tension specimen, three Charpy V-notch
impact specimens, 0.4- and 0.7-inch-diameter
compression specimens, and 0.20-inch-diameter
through-thickness tension specimen (with welded-
on grip ends). Center (top to bottom): notched
edgc-bend specimen, guided-bend specimen, shear-
tension specimen, sheet-type tension specimen,
and notched plate-type tension specimen. Xl/5.

-104-

P-6685A-2 UNCLASSIFIED Figure 32
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A. Back spalls in 0.305-inch-thick plate (Composite 9-10,
Pack 65K).

%i 4

;Ji

B. Excellent rear-face behavior in 0.290-inch-thick plate
(Composite 20-21, Pack 66B).

Figure 33. Rear view of plate composites ballistically tested 'with
caliber 0.30 AP M2 projectiles. About X2/3.

P- 7112A-2 -105-
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I

A. Excellent performance. Note how cracks
are arrested by the rear plate. Xl/3.
AMRA photograph.

B. Back spall (see Figure 33A). High-carbon
steel is the top layer. X5.

Figure 34. Macroetched cross-sectional views of projectile-
impacted plates of Composite 9-10.

19856
18-606A-1 Figure 34A, B

I -106-
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Caliber .14 Bullets" by Chester Grabarek, Anthony Ricchiazzi,
and Dennis Dunn, June 1962, UNCLASSIFIED, AD no. 331651.

2. Subject matter experts and the Army Research Laboratory
Security/CI Office have determined that the subject report may
be released to the public. Request that you mark all of your
copies of the document with the following distribution
statement:

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED

3. Please direct your questions to Mr. Douglas J. Kingsley,
telephone 410-278-6960.

CONSTANCE L. BERRY
Team Leader
Security/CI Office

Printed on Recycled Paper



REQUEST FOR/OR NOTIFICATION OF REGRADING ACTION 28 October 2005

For use of this form, see AR 380-5; the proponent agency is OACSI. FL

READ INSTRUCTIONS ON REVERSE SIDE BEFORE COMPLETING THIS FORM

TO: (Include ZIP Code) FROM: (Include ZIP Code)
DEFENSE TECHNICAL INFORMATION CENTER U.S. ARMY RESEARCH LABORATORY
ATTN: DTIC-BCS ATTN: AMSRD-ARL-O-IO-SC
8725 JOHN J. KINGMAN ROAD, SUITE 0944 ABERDEEN PROVING GROUND, MD 21005
FORT BELVOIR, VA 22060-6218

ZTHE DOCUMENT(S) DESCRIBED BELOW HAS/HAVE BEEN REVIEWED FOR REGRADING AND ACTION HAS BEEN TAKEN AS
INDICATED. APPROPRIATE ACTION SHOULD BE TAKEN TO MARK YOUR COPIES AND NOTIFY ALL RECIPIENTS TO WHOM
ADDITIONAL DISTRIBUTION WAS FURNISHED IN ACCORDANCE WITH AR 380-5. DOCUMENTS CONCERNING THIS SAME
SUBJECT SHOULD BE REVIEWED FOR POSSIBLE REGRADING.

D REQUEST DOCUMENT(S) DESCRIBED BELOW BE REVIEWED TO DETERMINE WHETHER THEY CAN BE DOWNGRADED OR
DECLASSIFIED AT THIS TIME. (Include justification in the "REMARKS" section of this form.)
REQUEST APPROPRIATE CLASSIFICATION/REGRADING INSTRUCTIONS FOR DOCUMENTS DESCRIBED BELOW.

I DESCRIPTION I CLASSIFICATION/

CONTROL NUMBER (TYPE, FILE REFERENCE, UNCLASSIFIED SUBJECT OR SHORT TITLE, REGRADING INSTRUCTIONS
INDORSEMENTS, INCLOSURES)

OLD NEW

AD 383 336 U.S. Army Materials Research Agency Final Technical Report No. AMRA C U*

CR 66-08/3(F), "Development of Heat-Treated Composite Steel Armor", by
S. J. Manganello and G. C. Carter, July 7, 1967, prepared by United States
Steel Corporation Applied Research Laboratory, Monroeville, PA under
DA-19-066-AMC-336 (X).

* SEE REMARKS ON REVERSE

PRINTED OR TYPED NAME AND TITLE OF OFFICER SIGNATURE
CONSTANCEL. BERRY &
Team Leader
Security/Cl Office

DA FORM 1575, SEP 77 EDITION OF 1 SEP 62 IS OBSOLETE. USAPPC V3.O0



REMARKS

This document is declassified in accordance with the Security Classification Guide for Armor Materials and Technology", U.S.

Army Research Laboratory, 10 April 2002.

Subject matter experts and the Army Research Laboratory Security/CI Office have determined that this report may be released

to the public. Request that you mark your copies of the document with the following distribution statement:

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

ACTION TAKEN OR RECOMMENDED BY RECIPIENT

INSTRUCTIONS

1. Prepare sufficient number of copies to furnish one copy 3. The abbreviations authorized by DoD 5200.1-R and AR

to each addressee of the original document and one copy 380-5 will be used to indicate the old and new classifications

for retention. Entries on form may be printed in ink. and regrading instructions. Include declassification dates.

2. Care will be taken to completely identify the document(s) 4. When the document(s) will be regraded upon the occur-

being regraded to prevent error by the recipient. All rence of an event, the classification will be followed by an

inclosures being regraded will be accounted for. When cover- asterisk (*) and the event described at the bottom of the

ing document only is being regraded and there are inclo- form or in the "REMARKS" section, above.

sures (classified or unclassified) which are not being regraded,

the symbol "n/c" will be entered in the OLD/NEW columns. 5. When the form is used as a request for review, the need

The regrading form will contain unclassified information only. for a lower classification for the document or documents

Short titles will consist of the first letter of each word in the will be shown.

subject or title except when a formal short title has been assigned.

REVERSE OF DA FORM 1575 USAPPC V3.00


