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H.port No. 710/261 
Natertovn Arsenal 

tTTTTTTTU n / / / /iîÜ 
• I I ir 'jr/ i y. l'-rï’p i ¡j¿jÍ 
mn-.ri-n-HHiirt 

COKGL.V.'IC:: o? ^¡çhç^truçture and 

BALLISTIC PROPERTIES 0? AF’.'OR PLATE 

I. HCr.OOTMICUS PLATS 

The purpose of this investigation was to correlate 

the microstructure end ballistic properties of all 

homogeneous armor plate on hand at Watertown Arsenal* 

Conclusions 

Results are based on normal impact of caliber .30 

armor piercing ammunition upon plate, 1/2" and lighter, 

shock test data not, being available. Heavier plate 

was tested only with caliber .50 A.P., with the exception 

of two Watertown Arsenal experimental 1” plates which 

were tested with 37 mm. 1139 solid shot. 

1. Laminations of any considerable extent are a 

primary cause of spalling In plate of passable ballistic 

limit. .^.v’^Vr1^ 

... -a •—' 

V. ✓ 



2. Carbides (or any other segregates which cay 

be revealed by a L'urahani etch) In definite chains in 

grain boundaries produce spalling. Segregations of 

these constituents into bando or patches contribute to 

spalling» ku,fc cLo not of thecselves produce it under tes«s 

mari» with caliber .20 amor piercing single shot. 

3. Martensitic structure Invariably caused 

spalling, while a fairly unlforn troostito-sorbitic 

structure was found in the majority of high ballistic 

nonspalling plate. 

4. Eliminating all plate with laminations, bad 

carbide conditions and nonuniform nital structure. 

Brine 11 hardnesses from 418 to as high as 444 were 

found to produce the highest ballistic plate which did 

not spall under the caliber .30 A.?, tests to which they 

were subjected. 

5. Macro segregations in the form of banding 

(in the absence of elongated nonnetalllc Inclusions) 

ware found in both high and low ballistic plate. 

Method of Procedure 

Samples of amor plate accumulated over the period 

of years from 1922 to date were cut from stock. They 

were taken as close to the center of plate as possible. 

-2- 
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These samples v/cre .racro-ctciied in Oberhoffer* s 

reagent to stud;’' bending, and also to estábil oh. the 

longitudinal direction fron the configuration of the 

banding, see Figures 12a end b. This longitudinal 

section was subjected to microscopic examination; first - 

unetched, to determine the segregation of nonmetallic 

inclusions; second - a carbide study (Murakami* etch); 

and third, a study of general microstructure (nital 

•etch). 

Brinell hardness data ware talcen from the Aberic— 

Reports as well as ballistic limits. Chemical analyses 

and those beat treatments reported are given in Table 5. 

In the few oases where chemical analyses or Brinell 

hardness figures were missing, they were determined at 

Watertown Arsenal. 

»Murakami 1 a Reagent - 
10 gm Potassium Ferricyan!de 
10 gm Potassium Hydroxide 

100 cc Water 
(Etched in simmering solution from 10 to 30 minur.es) 
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L'acro and l-lcro-trr-^tur: 

LIacro and nicro cïudiCG •..ora nade on the longi¬ 

tudinal sectionc, the recuite of mich, are shoun. in 

Figures 1 to 19, inclusivo. 

Table I 1c a tabulation of the microstructure 

and ballistic properties of each individual plate. 

Table 2 is an analysis of the results of the 

investigation. 

IjI G CV. 'T7.Cn 

A considerable amount of rounded, uniformly dis¬ 

tributed nonmctallic inclusions exerts no influence 

upon the spalling charactoristioe of homogeneous amor- 

plate. For example, Plato //29 in Figure 1 has dirt 

content typical of ton other plates (Nos. 22, 26, 23, 

11, 12, 14, 16, 6, 1 and 2 listed in Table 1). Hovraver, 

decidedly elongated nonnetallic inclusions invariably 

causa spalling. Tables 1 and 2, Plates No. D, 614-5, 

614-6, P5-3, and 13, are a proof of this statement. 

Illustrations of Plate No. D tested by 37 mm. shot are 

found in Figure 2. The ctructures of Plate No. 614-5 

which are the same as those of 614-6 are given in 

Figure 3. These, together with P5-3 (Fig. 6), were 

tested by caliber .30 armor piercing ammunition. 



I" P?.3.to ¿29 

Brinell Hardness 415 - Cr-:::-V Steel - 
No Spall - Highest Partial £õ:o ft/sec. with 
caliber .50 A.P., Specification 51. 

(a) Uniform distribution of email rounded non- 
metallio inclusions. 

Unetched IIA-127 

(b) Considerable amounts of carbido show no 
tendency towards segregations either in 
bands or at grain boundaries. 

Kuraltami etch Iü-969 

(c) Troostito-sorbltic microstructure shows 
Blight amounts of ferrite eegresatlon. 

1^ Ni tal etca LUU978 

Note: These photonicrograons are typical of 
Btruotures also found in Plates 1, 2, 
6, 11, 12, 14, 16, 22, 26, 2S. 





I” Emerir~e^.tel rirto -'-:g 

Brine 11 Hardness <1-77 - Mi-Hc-V.' Steel - 
Spalled - Ballistic Li.v.it Z530 it/zee., 
caliber .50 A.?., Specification AIÍS54-X-1. 

(a) Nonmetalllc Inclusions are drawn out Into 
serious laminationo. 

Une tened wUlia4 

(b) Very fine and. uniform eorbito-troosulte. 
1> Mitai MA-1206 

(o) Uniform distribution of carbides. 
Lluraiami eteb. MÃ-1200 

(d) Oberboffar'a reasent snows macro segregation. 
MA-1191 

V 



n.A. 639-1305 



Figure 5 

1/2" Plate #614-5« 

Brinell Hardness 430/444 - Cr-Llo-V Steel - 
Spalled - Ballistic Limit 2451 ft/sec., 
caliber .30 A.P., Specification AXS54-2. 

(a) Very bad laminations of elongated non- 
aetalllCB. 

Unetcbed ÎLU145 

(b) Rather large carbides are fairly uniformly 
distributed tnroughout the steel. 

Murakami etch KA-973 

(o) Troostlto-sorbite shows slight amount of 
ferrite. 

1?1 Hi tel etoh LLU9S0 

«Microstructures and dirt content the same as 
those of Plate 
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Plate Ko. IS, 3/8™ tMcfe, ms tested with caliber .50 

ball ammunition. However, plates with, a Brine11 

bardases below 363 tested only with, caliber .30 A.P. 

did not spall even though considerable laminations 

were present, Table 1, Platas Ho. Ex-28 and 442. 

An illustration of the way in which cracks open 

up along elongated nonmetallies and grain boundaries 

in shown in Figure 4a, Plate Ko. 626-16. This plate 

•has slight traces of grain boundary carbide (Fig. 4b) 

which undoubtedly played a part in producing the 

considerable amount of spalling despite its low Brine11 

hardness (364). 

Plate Ko. B, a brittle plate, is an example of the 

combined effects of a moderate amount of elongated non- 

mo tallies, and some fine grain boundary carbides when 

subjected to 37 mm. impact (see Fig. 5). Keither 

condition alone should have caused as much spalling 

as resulted from both. 

Figure 6a shows bad segregations of elongated 

nonmetaille inclusions in Plate F5-3. Figure 6b shows 

local segregations of carbides in the same plate which 

have a tendency to outline remnants of grain boundaries. 

This carbide condition was undoubtedly a contributory 

factor in spalling. 

-5- 
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Fleure 4 

l/4a Plate #625-16 

Brtnell Hardness 364 - Hl-Si Steel - 
Spalled - Ballistic Limit 1710 ft/sec., 
eallber .30 A.P ., 150 ft. range. 

(a) Grades opening up . ' ng laminations of 
nonmetalllo Indus! .¿s and grain boun- 

• darles. 
Unetoded MÂ-1090 

(b) Very fine carbides show tendency to 
aegregate in portions of grain bounda¬ 
ries. 

KuraJeaml etch 1ÍA-1099 

(o) Mlorostructure is a coarse intermixture 
of considerable ferrite with, troostito- 
aorblte. 

1# Nltal etch MA^1219 



FIGURE ? 
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Figure 5 

Ia Experimental Plate £3 

Brlnell Hardness 420/444 - Cr-Uo-V-ff Steel 
Spalled - Ballistic Limit 2910 ft/sec., 
caliber .50 A.P., Specification AXS54-K-1 

(a) Oberixoffsr'a etch, shows macro segregation. 
U&-1192 

(b) Short laminations of nonmetaille inclusions. 
Unetched. 

M/U1183 

(c) Fairly uniform troostlto-sorbite. 
1,¾ Nltal etch 

1A-1208 

(d) Carbides segregated in grain boundaries. 
Murakami etch ,.. ___ 

HAr-1201 





Figure 6 

S/eB Plate #P 5-5 

Brinell Hardness 418 - Cr-”o-V Steel 
Spalled - Highest Partial 2168 ft/aeo., 
caliber „SO A.P., Specification SI 

(a) Long and very numerous laminations of 
nonmstaille inclusions. 

Unetched HA-1292 

(b) Localized segregations of fairly large 
carbides show slight tendency to outline 
retoñante of grain boundaries. 

Kurahami etch HA-1047 

(o) Very fin® and uniform troostito sorbite. 
1# Nital etch HA-1150 



y 

FIGURE 6 
PLATE. 'PS-3 
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Amounts of laminations, vrJilch In themselves would 

not he serious, often In combination with carbide eegra- 

gatlonSj cause spalling. An illustration of this is 

found in Figure 7, Plate No. 44, which is typical of 

Plate No. 41. 

Ths laminations Illustrated are not serious enough 

In themselves to produce spalling, but when combined 

with the slight amount of carbide segregation present 

they contribute to spalling. 

Carbides which outline the grain boundaries with 

any degree of continuity cause spalling and formation 

of petals in plate that otherwise would have an excellent 

structure (l.e. one which has uniform trooetito-sorbític 

and no laminations). An example of this is shown in 

Figure 8, Plate No. 55 (also typical of Plate No. 36). 

These are from the same heat of steel as the high 

ballistic Plate No. 29, shown In Figure 1. Note that 

the only difference between the good and poor ballistic 

plate la in the carbide arrangement. An example of 

very definite chains of grain boundary carbides in 

brittle plate is shown in Figure 8, Plate No. A412, and 

this also is free of laminations and has a uniform 

struoture. 

-6.. 
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Figure 7 

1/B8 Plate #44” 

Brinell Hardness 402 - Cr-Ifo-V Steel 
Cracked and blown out - Ballistic Limit 1005 
ft/boo., caliber .30 A.P., Specification 31 

(a) Short laminations of the "stringer8 type 
common to plate of this gage. 

Unetched HA~1045 

(b) Slight degree of segregation Into bands 
of the larger carbides. 

Murakami etch MAFIOSI 

(o) Very small and uniformly distributed 
patches of ferrite are evident in this 
troootito-sorblte. 

l£ Nltal etch U/W1091 

* Structure a very similar to l/S" Plate #41 



•
 



Fl mare 8 

5/AL^laze #55<* ^ 

Br lue 11 Hardness 430 - Cr-IJo-V Steel 
Petals <= llaohlne gun fire, 26 Mts, cal .50 A.P. 

(a) Patches where carbides outline the grains 
are found. 

(b) Other parts are entirely free of carbide 
segregations and resemble distribution In 
high ballistic Plate #29 (see Fig. lb). 

Murakami etch MiU970 & MA-971 

(•q) Typical mlorostructure of this sort of 
steel (see Fig. lo). 

1$ Nltal etch UA~984 

# Structure a same as Plate #36. 
^Dlrt content same as Plate #29 (Fig. la) 

3/8' Plate #A412* 

Brlnell Eardnese 418 - Cr-Mo-V Steel - 
Petals and punching started. Ballistic limit 2227 
ft/seo., caliber .30 A.p., Specification 31 

(d) Segregations of carbides in very definite 
chains outline grain boundaries alternate 
with 

(o) areas quite free of chains or any tendency on 
the part of carbides to collect at grain 
boundaries. Murakami etch MA-1027 & HA-1028 

(f) Fine and uniform sorbito-troostlte gives good 
microstructure. 1¾ Nltal etch HA-1215 

° Ave rage dirt, medium rounded. 





On tlie basis of the present tests, It Is believed 

that segregated carbides In combination with tiny 

elongated noametalllca cause spalling In plate 1/4 Inch 

thick and lighter. Figure 9 Is a good illustration of 

this point, Plate No. N3-2 (Figs. 9a, b, ç) being a 

1/4 Inch plate with a micro structure and arrangement 

of dirt similar to that of a S/Q" Plate No. P4-3 

(Figs. 9d, e, f). Plate No. N3-2 spalled while Plate 

No. P4-3 did not. In heavier gages, these conditions 

must be more pronounced In order to produce spalling 

with caliber .30 Á.P. impact. 

It has been hoted that carbide banding of the type 

shown In Figures 10a, and 10c, will cause spalling in 

the ease of relatively high Brlnell hardness (Plate 

No. B—112, Brlnell hardness 444), while the same carbide 

condition In Plate No. A-311 (Brlnell hardness 418) does 

not cause spalling when subjected to caliber- .30 A.P. 

ammunition. t 

In the case of chromium-molybdenum-vanadium steels, 

an example of the ideal carbide arrangement and micro- 

structure Is illustrated, in Figures 11a and 11b - 

Watertown Arsenal Experimental Plate No. N4-3, which has 

rounded dirt uniformly distributed. This uniform 

trooetito-sorbitlo structure Is the same as that of 

-7- 



Fleura 9 

1/4" Plate #.:5P» 

Brine 11 Hardness 412 - Cr-ilo-V Steel - 
Spalled - Highest Partial 1705 ft/ecc., 
caliber .30 A.P. at 150 ft. range. 

(a) & (b) Random segregations of carbides in 
this plate are seen by comparing these 
two micrographs tahen close together on 
the same specimen. 

Murakami etch HÍW1098 a & b 

(c) Micro structure consists of a not very fine 
troostito-sorbite. 

IjS Nital MA-1218 

S/8H Plate #P45P 

Brinell Hardness 418 - Cr-Mo-V Steel - 
Ho spalls - Ballistic Limit 2170 ft/seo.,, 
caliber .30 A.P., Specification 31. 

(d) & (e) While (d) shows en area with consider¬ 
able carbide and slight evidence of a chain 
of large carbides, (e) displays a nice even 
distribution of amaller carbides. 

Murakami etch MA-1083 !c 1084 

(f) Troostito sorbite very similar to that of 
#M3-2 (see (c) above). 

1$ Nital etch MA-1252 

«Dirt content of both plates consisted of 
short laminations of nonmetallics. 
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Figure 10 

3/8» Plate ;-:3112^ 

L Hardness 444-^ - Cr-Ho-V Steel - 
Jlown out - Ballistic liiit 2304-^1/sec. 
? .30 A.P., Specification 51 

ly definite bands of larger carbides in 
jacltground of very fine evenly distil¬ 
led carbides. 

Kurakanl etch. HA-1029a & b 

id eorblto-troostitic structure. 
1# Nital HA-1214 

5/8" Plate £¿311* 

Hardness 418^ - Gr-Ho-V Steel - 
la - Ballistic Unit 2224:;'ft/seo., 
.30 A.P„, Specification 31 

3 carbide condition as (a) above. 
Muroltani etch. HA-1008 

ostlto-sorbitic nicrostructure - 
3 troostltic than (b) above. 

1/¾ Nital etch HA-1016 

Lates have same average distribution 
ided dirt. 

ihat where other things are equal 
dirt and carbide) tne plate with the 
Brine11 has a higher ballistic limit. 
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Figure lid. Tie plate sio'^n here is No. N3-3, V7hich 

had bad laminations as v;ell as the slightly segregated 

.oaitiide arrangement snotn In Figure 11c. The ballistic 

limit of Plate No. N3-3 Tras 150 foot seconds lower than 

the ideal Plate No. N4-5. Despite the fact that it con¬ 

tained the above-mentioned detrimental conditions (l.e., 

laminations and segregated carbides, No. N3-3 did not 

spall tinder the caliber .30 A.?. Impact. This we believe 

is due to the compensating effect of the extremely uni¬ 

form troostito-sorbitlc structure. Another high bal¬ 

listic plate showing this extremely uniform carbide 

distribution and microstructure, accompanied by a uniform 

distribution of nonmetallic'inclusions. Is Watertown 

Arsenal Experimental Plate No. S-2, Figure 12. 

Plates whose micro structures show considerable 

ferrite segregations have ballistic limits too low to 

pass Specification No. AXS-54IC-1, although they some¬ 

times pass Specification No. 31, see Table 1. Plates 

Nos. W10, W9, Ex 28, and A,( see Fig. 13) show two 

examples of such ségrégation:- ferrite banding in 

Plate No. ÏÏ10, Figure 13a, and ferrite patches in Plate 

No. A, Figure 13c. These plates again demonstrate 

that slight amounts of grain boundary carbides. 

Figures 13b and d, do not cause spalling in soft plate 
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Fleure 11 

l/2n ExT3erlrer.tr-1 ?lnT,e 

Brlnell Hardness 444 - Cr-::o-V Steel - 
No spalls - Highest Partial 2500 ft/seo., 
caliber .30 A.P., Specification AXS54-2. 

(a) Best possible carbide condition is this 
very uniform distribution of tiny 
carbides. 

Kuralzami etch ÏL/U1004 

(b) Very fine and uniform sorbito-troostito. 
1¾ Nltal etch HA-1209 

1/2" Sxoertinental Piafe 

Brlnell Hardness 444 - Gr-Ho-V Steel - 
No spalls - Ballistic Limit 2450 ft/sec., 
caliber .30 A.?., Specification AXS54-2 

(o) Slightly segregated carbides of size con¬ 
siderably larger tnan those in (a) above. 

Kurakami etch HA-1003 

(d) Very fine uniform sorbito-troostlte. 
lf¡ Nltal etch UA-1015 

«Shows average distribution of rounded dirt. 

««Has quite a few long laminations of nonmetalllos 
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Figure IS 

3/2** Experimental Plate #K2 

Brine 11 Hardness 418 - Cr-Mo-V Steel 
No spalle - Ballistic limit 2700 ?t/seo., 
caliber .30 À.P., Specification AXSÕ4-2. 

(a) Very short elongations of nonmetrJJLio 
inclusions. Laminations no longer than 
this are not considered detrimental. 

Unetched ÍLU1293 

(b) Uniform distribution of extremely fine 
carbides. 

Murakami etch MA^998 

(c) Good, uniform troostito-sorbite. 
1^ Nital etch MjU1297 
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Fleure 15 

1B Pinte 

Brlnell Hardness 352/363 - Cr-L'o-V Low 
Carbon Steel - No Snails - 
Ballistic Limit 2445 ft/sec., caliber .50 A.P. 
Specification AXS54-1 

(a) Ferrltlo segregations In bands, traces 
of troostite surrounding ferrite, 
sorbite In alternate bands. 

1% Nltal etch MA-1236 

(b) Very faint tiny carbides form chains 
around grain boundaries. 

UA-1232 

1/2" Plate 

Brlnell Hardness 3S7 - Cr-îio-V Low Carbon 
Steel - No Spall - Ballistic Limit 2561 
ft/seo., caliber .30 A.P., Specification 31,- 
also machine gun fire, 20 bursts. 

(a) Ferrite segregated Into definite patches 
In troostito-sorbite. 

1¾ Nltal etch HA-944 

(b) Carbides form faint network around the 
ferrite. 

Murakami etch HA-924 

öDirt content in both plates average, no lami¬ 
nations of nonmetalllcs. 
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Plate Noo Ex-29 is a (352-387 Brtnell hardnecc}. 

ßorbitic structure snowing no ferrite segregations, 

but because of its lovr Erir.ell hardness (364/375), 

its ballistic lir.it is too loi? to pass Specification 

No* ÀXS-54K-1. However, a soft Plate No. ÏÏ-9 (352/363 

Brinell hardness), cse Figures 14a and b, with a 

sorbitic structure revealing grain boundaries of rela¬ 

tively large size snd with traces of ferrite in 

cleavage planes (Fig. 14c) tut with definite chains 

of carbides outlining the grains (Fig. 14d), spalled 

under caliber .50 A.P. Inpact and cracked under caliber 

.50 A.P. machine gun fire. 

Plates in the Brinell hardness range of 477 and 

above invariably spall as noted in Plates Noe. 414, GW., * 

0-2, N-10-3, and 13. 

An example of the troostito-nrartensite found in 

plates with a Brinell hardness of roughly 512 is 

illustrated in Figure 15. Since the dirt content and 

carbide arrangement in the so plates are acceptable, 

the only cause of their spalling must be this marten¬ 

sitic condition. 

Furthermore, spalling la produced in plates with 

troostit0-mart*:;?sitie structures and grain boundary 
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Flcrurs 14 

1/2» Plata £?X-3S<> 

Erinell Hardness 364/375 - Cr-L'o-V Low Carbon 
Steel - No Spall - Ballistics Limit 2221 
ft/sec., caliber .30 A.P., Specification. AXS54. 

(a) Sorbitlc structure snows ferrite well 
distributed tbrousbout. 

1^ Nital etch HA-906 

(b) Small carbides show a very vasue indica¬ 
tion of outlinins ferrite. 

Hurakami etcn HA-922 

©Very short stringers of non.tetallics. 

3/4" Plp.te 9 

Brinell Hardness 352/363 - Cr-Ho-V Low Carbon 
Steel - Cracked and blown out - 
Ballistic Limit 1873 ft/sec., caliber .50 A.P., 
Spec. AXS54-1, - also machine gun fire, 25 rounds. 

(o) Sorbitlc structure in which relatively large 
grain boundaries can be detected, with 
traces of ferrite in cleavage planes. 

1/6 Ni tal etch HA-943 

(d) Definite chains of carbides outlining grains. 
Hurakanl etch HA-925 

•¿Average distribution of rounded nonmetaUlos. 
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Fi rare 15 

l/g” Gerrn^n 7-2'-* 

Brlnell Hardness 477/5-32 - Hl-Sl-Cr-W Steel 
Spalled - Balllstlo Linit 2654 ft/seo., 
caliber .30 A.P., Specification 51. 

(a) Fairly dirty steel but Inclusions aire 
rounded, not drav.n out into stringers. 

Unetcbed Mk-951 

(b) Troostlto martenMltic structure. 
Ifj liltal etch LIA-982 

(o) Uniform distribution of fine carbides. 
liurcdcaml etch KAi-972 

structures Identical to those of German 
Plate #1. 
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carbide. Tilia is illustrated in Figure 16, Plate 

No. N-10-3 with, a Brinell hardness of 477. A carbide 

condition which revealed evidence of some grain out¬ 

line was found in this plato (Fig. 16b) which was 

quenched from 1600°F into a ealt bath at 500°F and 

held at that temperature for 12 hours. This particular 

trooatito-martensitic structure (Fig. 16a) is really 

an aged martensite produced by the austercpering treat¬ 

ment described above. 

Austempering another plate, No. N-13-6, of the 

same composition as Plate No. IT-10-3, by quenching it 

from 1600°F into a salt bath at 600°F and holding at 

this temperature for 1-1/4 hours, produces a troostito- 

martenaitio structure which is known as acicular troos- 

tite, Figure 16c. Steels having this acicular 

troostitio structure have been shown by E. C. Bain to 

poesess a fine combination of strength and toughness. 

Plate No. N«-13-6, when tested with caliber .30 A.P. 

ammunition, is a high ballistic plate, notwithstanding 

the fact that It has a streak (less than .001" wide) of 

segregated carbides in the central portion of the plate 

(Fig. 16d), although the body of this plate exhibits 

a fine even distribution of carbides. 

-10- 
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Figure 

1/2Ü Smgrl.T.cr.t,:'-! ^ r- ^:T3.0-2* 

Brtnell Hardness 477 - Cr-Mo-V steel - 
Buttoned and cracked - Ballistic Liniit 2350 
ft/sec.9 caliber #50 A.?., Specification AXS54-2 

(a) Coarse trooetito-isartensite 
1¾ Kltal etch. Ï^U1298 

(b) Large carbides segregated in the inter¬ 
stices of remnants of the original den¬ 
dritic segregation, 

Uirakanl etch HA-997 

^Few short laminations of nonnetallic inclusions. 

l/2a Experimental P?rte 

Brine 11 Hardness 477 - Cr-Iio-V Steel - 
No Spall - Highest partial 2C00 ft/sec,, 
caliber ,30 A.P., Specification AXS54-2. 

(a) Acicular troostite (fine troostito- 
marteneite) produced by austempering. 

Ifo Ni tal etch HA^1299 

(b) Streak less than .001 inches v.ldo of fairly 
large carbides runs through the center of 
this plate. The remainder of the plate 
shows the same otructure as can be seen on 
either side of this streak - i.e., uniform 
distribution of small carbides. 

hurakam! etch HA-1017 

♦♦Few ehort stringers in center. 

? T 
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FIGURE 16 
PLATE '/VIO-3 



In every ease in nhich nartensitlo structures 

accompanied laminations, spallins occurred, see 

Table 1, Plates Ko a. 414 and 423. 

In the case of plates containins about 3,¾ nickel 

and 2¾ silicon, a less ri£id definition of uniformity 

in micro structure applies, see Figures 17a and b, 1/2" 

Plate No. 626D-4. Even a bad streak of laminations in 

the center of this plate did not cause spalling under 

caliber .30 A.?, impact. 

lilorostructures of poor quality nickel silicon 

plate are shown in Figure 18. The distribution of 

ferrite in these poor plates is not so uniform as in the 

good ballistic Plato No. 626-17, Figure 18f. The car¬ 

bides in the grain boundary, in this case, caused more 

spalling in this plate than in Plate No. 626D-2. 

In the study of macro structures of armor piste, the 

longitudinal sections were identified by the difference 

in banding evident after anOberhoffer etch. A typical 

example of this difference is chov/n in Figures 19a and b. 

The three types of macro segregations common to 

all armor plate are Illustrated in Figures 19o and d, 

and Figures 20a, b, c, and d. It la evident that each 

type of structure is found in varying degrees both in 

good and poor plate. 
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Figure 17 

1/8" Plate Ü3?§=2=± 

Hrlnell Hardneaa 430 - "i-Sl otcsl - 
No Spall - Ballistic Lisit C837 ft/sec., 
caliber .30 A.?., ISO it. r:'.““.e - 
Conplete at 2600 it/sec., calicor .30 A.P., 
Specification AXS54 

(a) Pronounced micro-se¿rcRation in the form 
of banding. 

1,¾ HI tal etch HA-1211 

(b) Coarse troostitic structure v/ith some 
sorbite. Remnants cf martensitic pattern 
are evident along ’.rith considerable fer¬ 
rite. 

1$ Nltr.l etch HA-1210 

(o) Carbides shovr faint evidence of segre¬ 
gating around patches of ferrite. 

liurakaml etch JiA-1095 

Dirt consists of tiny laminations sind 
a bad streak of elongated nonmetalllcs 
In center. 

? 
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1/211 i 
^ nr r—u. r* o r 

Brinell Hardness ^77 - "i-5i Steel - 
Spalled - Ballistic Unit 2731 ít/sec., 
caliber .30 A.P., ISO ft. rcr.33. 

(a) lío psjrtlcular r.;i ere - se “re ^atl on. 
1,¾ ¡íital etch. Ü4-1256 

(b) Various-sised,rr-.dcn^-cca'tcred ferrite 
patches in mrxtensits. 

If, ¡íital etch ÎSA-1254 

(0) Carbides outline ferrite patches. 
Hurskeci etch MA-1081 

1/211 Plate ^GSC-l?--'» 

Brinell Hardness 3S7 - Spalled - 
Ni-Sl Steel - 

(4) Perrlte network °.nd larse ¿lobules of 
free ferrite. 

If ¡íital etch KA-1212 

(e) Larse martensitic srain outlined by 
ferrite next to a larse Grain of ferrite. 

If liitcl etch ÜA-1213 

(f) Chains of carbidss outlinins grains and 
ferrite patches. 

L'uraks.ni etch HA-1G94 

«Bad streak of such dirt and laminations through 
center - probably a pipe. 

««Few fairly short laminations. 

* 
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Finir.: i ne¬ 

ta) Sensau Plate ¿1, trän?vereootlon. 
Note choppy condition of handing ßnd 
slight evidence cf residual dendritic 
structure. KA-986 

(b) Same plate as (a) above, but this tine 
a longitudinal section. Banding nov; 
consists of quite long straight lines 
with considerably nore contrast. No 
evidence of dendritic structure. 

1ÜU1022 

(c) 1/2* German Plate ¿2 - Bad plate which 
has a fine even macro bending. 

IÜU985 

(d) 3/8* Plate #11 - Good plato with same 
type of banding as (c) above, a poor 
plate. 

1ÍA-968 

♦All etched in Cberhoffer1s reagent. 
No elongated nonnetallies in longi¬ 
tudinal sections of above two steels 
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rir^ro SO 

(a) 1/2” Plate £NlC-o - Peer plate, ohcrss 
wide streaks in center end eore fuzzy 
banding then the type chov/n in 
Figure 19 (c or d). 

HA-1010 

(b) 1/2" Plate #K13-8 - Good plate, shows 
©ame type of banding as (ã) above. 

LIA-1302 

(o) 1/2” Plate #626-2-2 - Poor plate, shows 
dendritic structure apprezeiaatoly one- 
quarter of way in on each surface, even 
on the longitudinal cross section. 

E3W1070 

(d) 3/4” Plate #36 - Good plate, also shows 
dendritic structure for considerable way 
in from each surface on longitudinal 
section. 

HA-993 

All etched in Cberhofferrc reagent 
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¿at the poor ballistic 

plate. No. N-1C-5, 

ballistic plate, 

the car-c connositior. ac hich 

13-6. .-¿though bath of tbccc 

plates show the rare type cf pronounced ban dine» 

Figures 20a and b, the ballistic properties of Plate 

No. ::-13-6 have been inprovod by the austentering 

treatment. 

Grain else determinations were studied in high and 

low ball!stlo plato by the IcQuaid-Ehn test, that is, 

pack carburizing for a sufficient time followed by slow 

cooling. This treatment results in a hypereuteotold 

case w*th free cemcntite outlining the resulting grain 

boundaries. 

Armor plate of the chromlua-molybdenum^vanacLium 

composition carburizes slowly. Therefore, a 60-hour 

carburizing was necessary. 

A sample cf K-2 representing a high ballistic 

plate and a sample cf N-10-3 typifying a poor ballistic 

plate were so treated. 

It was found that the resulting grain size of Plate 

No. K-2 was relatively larger than that of Plate No. 

N-10-3, see Figure 21a, b. It is a known fact that steels 

having a large grain size respond more readily to deep 

hardening than steels having a smaller grain size. 

-12- 
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(a) Poor ballistic 
burizing 60 hours ut ITC; 
in box. Hixturs cf fir.o 
coarse grains in crs^; si. 
structure; suggccwive ci 
steel. 

-J-1 jio~ly cooled 
c :-.1 relatively 
r-.tly abnormal 
crallo’.7 hardening 

II'l-1035 a, b, c 

(b) Good ballistic Plato ¿l-S, niter carburialng 
60 hours at 1700“?, slorly cooled in oox. 
Fairly uniform. Lr.rgs grain size in case, 
suggesting a core deco hardening steel than 
Plate No. N-1Q-3. Abnormality not so pro¬ 
nounced. 

"'.-1054 

(c) Poor ballistic Plate 1N-.10-5, heated 1 hour 
at 1600°F, quenched in salt ba.th at 500°F, 
held 12 hours, quenched in v/nter. Paheated 
3 hours at 1250°"?, furnace cooled. Note 
carbide precipitation at grain boundaries. 

11.-1089 

(d) High ballistic Plate iä-7, heated to 1600°F, 
2 hours, slow cooled in furnace to 1450°F, 
oil quenched, drawn 2 hours at 925°F, air 
cooled. Reheated 3 hours at 12õO°F, furnace 
cooled. Note no precipitation of carbide. 

L'A-].oaa 

All etched In lf> llltal. 
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Another stucy on. the ce oonposltlons showed that 

after annealing (see 71 yare a Clo and d) the hi,gh 

ballistic plate gave evidence cf a core uniform carbide 

precipitation t tlio poor br.llistio plate. 

It is possible that iurtlicr studies along these 

lines may reveal come relation between grain size and 

ballistic properties, although nothing conclusivo can 

be stated about the above tests. 

h r ir'f 

1. Out of 47 plateo e:caninod, elongated nonaetallic 

Inclusions were detected in 14. Of these, all but 2 

spalled* One of these nonspalling plates was extremely 

ductile due to large amorate of ferrite and was too 

soft to pass the specified ballistic limit. The other 

had such a uniform micro structure that it overcame the 

handicap of elongated nonnctnllic Inclusions. 

2. Of 14 plateo showing bad carbide conditions, 

only 2 did not spall Cinco neither of these 2 plateo 

was subjected to a chock test, it is reasonable to 

presume that ail plates having bad carbide condition 

are susceptible to spalling. 

3. Of 5 plateo having ferritic conditions (l.e., 

Brlnell hardness 337 or lower), 4 could not resist 

velocities as of Specification Ho. AXS54-K-1. The fifth 



plate was tested under old Specification No. 31 (1932) 

and would In all probability fall below modern speci¬ 

fications. 

4. Of the *1-7 plates examined, only 7 showed the 

presence of martensite in the microstructure and all 

of these spalled. An eighth plate, which has an acicular 

troostltic structure Used martensite) produced by 

austemperins» had good ballistic properties but it Is 

questionable whether It would pass-shod: tests. 

5. Out of 17 plates showing excellent dirt, 

carbide and micro condition, all passed ballistic tests. 

14 of these had a Brlnell hardness of 418, the hardness 

of the other three ranging from 430 to 477. 

Respectfully submitted 

S. L. Heed, 
Research Metallurgist 

S. L. Eruegel, 
Jr. Phys. Science Aide 
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.45/55 .40/50 J5/.25 .02 .0 2 1. IO/1.3O .20/.30 .GO/60 

.50 .7 0 25 .020 023 1.12 .25 Ã5 
— 

.50 .7 0 .25 .02 0 023 1.12 .25 65 

.50 .70 .2 5 .020 023 1.12 .25 .65 5 

.50 .70 .25 -020 023 1.12. .2 5 .©5 3c. 

45/.55 .60/.60 ./5/30 .03 03 .O0/1.35 .20/.30 GO/BO 

.45/55 60(.00 .15/30 .0 3 03 .00/1.35 .20/30 .60/60 

45/55 .60/.60 J5/30 .0 3 03 .00//35 .20/.30 60/60 

.30 .7 f .20 .007 .015 • .30 .20 

.42 MO 2.03 3.10 

- 



TABLE -3B 
^ © w 

CAL- 

or 

3 Pec. 

ÆX.S54 

3P£C. 

3 1 

5 p ec 

150'RANGE 

.SPALL Y 
CHARACTER 

SR IWSLL 

MARDNE SS 

HEA 

TO 

e® .30 2600hp 47 7 ÍÊ 

5 s .3 0 2330 0UTTO/M3 477 16 

>ô .3 0 2600Mp 444 16 

55 .30 2700 4»8 IS 

1*4 f^3 
Ce. 
.03 .30 2457 ¿P^i-uCO 

S3ã Eofic 
Jl 2. C*i*Tífí¡ 

j 

.14 .08 .3 O 2 654 Spalled 
!T32 Eoea 
5I2CcnteA 

3 0 2®00 2Ö37 430 I4| 
_1 

.3 0 2731 Spalled 477 14 

Spalled 3S7 

( 

o/ao .30 2I7ôhp 41 Û 

:o/ao .30 2,GQhp 'S PALL CO 4 1 & 

.65 .30 217 3 4IÔ 15! 

SB 41 Ô 15 

65 .7ô mi Ball 2550 
faoCflAettS; 
Fortws Blôwíí 

orr 
370 15 

@0 
.©c 

30 BALL 
2304 
2305 

4IÔ 15' 

o/flO .30 2 2 24 4IÔ 
I3J 
I8< 

o/ao .30 2304 164 

o/ôo .3 0 2227 4i a 
15 
IS 

.2 0 .30 1336 ¿PALLAD 512 

.3 0 2156 ¿PALLKO 46 0 14 

íâ 



NJ£LU 

'NES, 
HEATEC 

S TO °F 

guENcna 

IN 

0 
AT°F 

DRAW 

°r 

FOR 

MIN MaNUF/ACTUF 

' 7 ÍG00 
- 

W^riîR 
-■»GOO® ' 

¿600 75 DiasTON - Wat er-row« Arsc 

7 isôo 
rSALT- -^500 ^ 

:250 0 72 0 »% •' M 

-4 1600 Ou. IZQ »( •» •• 

8 1600 Oil 325 12.0 H •* *• 

1 EOQZ 
ClffTSt -- 

G erRM/^NY 

CNTCR 
li 

30 1465 Oil 170 ¿a 45 50 D 133 TON 

77 14 65 Oil (42 ?6 3 0 
> 

30 •• 

7 

i a ft* 

a to 

ô 1575 I07S 9 

ô I57S 1075 • • 

0 1575 Oil 1075 to 

a IS76 •• 

a 
I3S0 
leoo Oil. 1550 

IIOÖ 
)200 to 

133-0 
1600 Oil 1550 

MOO 
1200 « 

8 
TS50 
(600 Oil 1550 

IIOO 
1200 

h 

a Oil 1600 Ô50 00 Crucible 

s 0 I4Ô0 Oil 170 
w Die 
335 25 Dio-ston 

1 



)RAW 
°F 

FOR 

MIN 

-]--------- 

M ANUF^CTURER. 

BOO 75 DiasTON ” IA/atertoww A ä peri 

5-00 

925 

720 

120 

*» *' M If 

kt U i» h 

525 120 „ .» '• II 

- __ 
S CH M^N Y 

»• 

ß+3 30 D 1 3 3 TON 

KOO 30 • • 

k k 

u 

« 

•• 

07S •1 

M 

IOC 
Zöo •1 

too 
200 m 

too 
200 H 

Í50 
4 Die 

135 

30 

25 

C «OCIOLE 

DiOOTO'I _ 

_L D 



c Mini Si ó P N 1 Cr V Mo w 1 

.50 .70 .23 ÍD20 .023 U2 .2 5 .05 

.SO .71 20 .007 .015 .90 .25 

.50 .71 .2.0 .007 .015 .30 1 I .25 

1 1 

i ¡ i. _ I , . . 

.50 .70 .2 5 .020 023 /.12 .25 .65 

ft 5/5 5 fi0/®0 .15/25 .02 .02 MO/l.301.20/3O Bõ/.QO 

.SO 1.0 A I.BO 3.15 1 

.30 70 .£5 .02 0 .023 1.12 .2 5 .65 

.So 70 .2 5 .020 .023 U 2 .25 .65 

.50 .7 0 .2 5 .02 0 .023 1.12 .2 5 .65 

Æ0 70 .25 J02.0 .02 3 1.12 .25 .65 



TABLE 3 C 
Mo W CAL. 

SH OT 
SPEC. 

AH S 54- 
SPEC 

3 1 

SPEC. 

150'Pangs 
Spally i 6RINELL 

CHAnACTcniHARONESS 

.@5 .5 0 SISÓ 4í Ö 

.z a 50 1652 351 

.za .30 IQ23 Spallcd A44 

1 

1 
1 

.es .5 0 16 27 
1 

41 Ô 

0 .eo/so .3 0 I736hp Spalled 402 

50 i 171 0 Spallîd 364 
' 

.65 
.30 

.3O0ALL fVU 
*â7£T_T±ÆJL 

7TFÃ 
*ß30 
tâka 4IÛ 

.65 .30&AU.MG 4/ e 

1 

.65 
,30 & ALL 

.30 
17+7 ¡ 
1003 ! ñrccsfiiow« 

ÖA4-r 
402 

.65 .30 Ball I0Z3 
Pissasßufew 
Cor •«rwcivf 

AaiiMOA 

St— 



» 

PALi-r 
AAACTCf 

0RINELL 
^ HARONEA 

HEATEI 
5 TO *F 

OIÆNCHEI 
IN J /\TeF 

DRAW 
cF 

FOR 
MIN. M ANUF. 

416 <570 Oil /075 0 i as r on 

351 Oil. 1600 1300 45 C nuciBus 

palled ■444 Oil <600 1000 30 
•» 

! 
1 

41 fi <576 1075 D IÛÛT ON 

PALLED 4 02 * 

PALLtD 064 <475 Oil ISO 
/*OI£ 

io-? ¿r 10 
• t 

4IÔ 1575 1076 • • 

4J e <575 1075 ft» 

rtsfliMM 
JÛüx_ 

402 1575 1075 !• 

C8J01MM 
OervtiQP 
HMÍlQfl_ 

1575 1073 1» 

XL 



icmi 

N 
AT°F 

DRAW 
CF 

FOR 
MIN. M ANUFACT U R ER 

L I07Õ D 1 SS T ON 

Lm IGOC 1300 45- C RUCÜOLÛ 

U 1600 1000 30 •« 

IÕ7B D »-asT on 

t 

L ISO 
1 //V Olâ 
IO-TS 10 

M 

1078 M 

107 S 1» 

1073 H 

I07S ta 

JPfe _B_ 


