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Metallurzgical Examination of Face Hardemod Armor Flate

ABSTRACT

\This investigation indicates that the fibre frasiure
test applied to face hardened armor will probably enable
prediction as to whether or not the plate will resist cracking
under projeciile impact. Furthermore, the steel soundness may
bs ascertained and the approximate case depth csm be determined.
The total depth of the carburized case as revealed by the frac-
ture test coincides fairly well with the depth of the case as
determined by macroscoplic and microscopie exanination and by
the snalysis of the carbon distribution in the crze. The
Vickers Brinell hardness survey indiecated the depth of the
effective case,

The three Dillton plates had poer metallurgical properties,
namely:- (a) inadequate hardenability of the base steel, resulting
in a crystalling frasture when subjected te the fibre test and
(b) a shallow case of inmufficient hardness with a carbon content
in the outer layers varying from 0.884 to 1,07%; (o) variations
of fine and coarse tempered martensitic sirucsture of the case
and pronounced ferrits sogregations and some small carbides in
lameliar configuration associated with tempered martensite in
the core. ZThe metallurgical properties of the Carnegle~Illinois
plate were satisfactory, namely:- (a) adequate hardenability
of the base steel, resmulting in a fibrous frasture undar the
fihra test, (1) a deep came o high hardness eantaining 1.19-
1.31% carbon in the outer layers whish desreased gzradually
from the ocase to core, (o) a fairly wniform distridution of
hypereutectoid cardides in a fine martensitie matrix of the
case and a fairly uniform structure of the core consisting of
tempered martensite, traces of ferrite and somes high tempera~
ture transformation products in the rear race of the plate.




The steel soundness of the Disston pletce was metisfactory
as determined by metallursiocal tests. Some metallic bsading
asscciated with ocoasional nonmetallic inslusicns was present

. in the Carnegie-Illinocis plate but this was not revealed in
' the fracture test for stesl qualitly.

1, As roquested by The Proving Center, A.barclam,l metallurgicel
examination has been completed on four (U4) samples »f fase harlsned plate
varying in thickness from 2%-2-1/27 as itemizsed bolow: -

8. BSample No, 1 - 2" Thick Face Hardened Dlisston Plate
HEo. 1 Ht. D-3574 FR-AT76N

b. Semple No. 2 - 245 Thick Fase Hardensd Disston Plate
No. 427 Hy. 3426

¢. Sample No. 3 ~ 24¥ Thick Face Hardemed Disston Plate
Ho. 3 Ht. 1599 FR~ALO72L

d. Seaple No. k - 28" Thick Face Hardened Carnegie-Illinois
Plate No. JJ999

The purpose of this investigation was to obtain comparative metallurgical
data on 24" thick face hardened armor whieh might be of value in the
writing of specifications for the acceptance of face hardened armor plate
for the testing of armor plercing projectiles.

2. Metallurzical exsmination consisted of the following tests:

8. Chemical analyeis of the core and determination of /

the earbon dietribution in carburiged 08B8 - e T

-4
*

Fibre fractare test.

[£2]

. Tracture test for eteel quality. J{
\
)

d. Brinell hardness teste on fasg and bask, |——- i B
@. Vickers Brinell hardness sarvers. ‘ jw
1. Xaszonscopie examination, Pt .
3 jar ot
[ o | Coana
£. Microscopioc examination. P)i_,: o -
i \ I
b. Swunary of neasurements of depth of case. | /\/\ ; s
Iy ln:\“";”"‘h ',X'-r = =
7 o [ AR A B
i. Jominy harderabiliiy tesis. I UG D
1-AP.6. 470.5/3075 ~ Wn U70.5/732EY% dated 23 Fovembsr 1043, eae
. s,
N
SN

9]
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3. The recults of the above tests in detail are presented below:

a. Chenical Analyses

(L) Chemlcal Analyses of Steel Bzss

Chemical analyass of the steel base of the carburiszed
plates are given in Tabdle I,

TABLE I
Chemical Analyses of Stesl Base of Carburized Plates

Chemical Composition
Ssmple No, C Man S8 S P ¥ Or Mo Cu 3B Al \i

1-D seton-2"
D-3754 .21 .50 ,23 .021 .020 3.55 .11 .27 .17 .001 .008 =nil
TB~ATTOH

2-Diaston-24 ¥
ﬁ% W22 J4 26 .02 018 3.4 .09 .25 .13 .0007 .00S =il
3

" 3~-Disston-2%"
4599 .13 .56 .24 020 017 .92 .16
FR~A10721

.15 .0006 ,008 nil

3!

Carriegi ‘
hillinois 2" .33 .16 .23 .039 .013 3.39 1.62

JI399

3

nil ,08 ,0007 .01 trace

(2) ¥ariation in the Carbon Content Irom the Outer
Carburized Case to the Core

The variation in the carben content from the outer
garburiged case to the core is presentsd ir Teble II and alzo is plotted
in Figurse 1.

[
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As noted in Table I, the chemical composition of samples, Nos. 1 and 2
subzitted by Disston contain insufficient chromium and carbon for adequate
hardenability in the sectiona involved. An addition of about 0.10% oarben
and 1,50% ehromium would undoubtedly have given these steela adequate harden~
" ability. The Disston sample, No. 3, contalns 2 too low carbon content for
a satisfactory steecl dase of the thickness in question, although the nickel
content was high., The fact that the Disston steels had low hardenadility
was clearly revealed by an examination of the fibre fracture tests, It vas
determined that all of these gteels were decidedly crystalline. The chemical
composition of the Osrnegie-Illinois Sample No. % is ideal for this type ef
face hardened srmor since it has sufficient hardenebility and exhibited a
fibrous fracture, indieating a proper recponse to hoeat treatment.

It was noted thet the sulpimr content of the Oarmegie~-Illinols plate
No. 4 was relatively high, namely, .039%.

S8ince tue Disston Sample No. 1 contains ,001% boron, and obly traces eof
this element were found in Disston Sampler Nos., 2 and 3 and Carnegle Sauples
Ho. I, 1t appears that plate No. 1 was the only plate of this series inten-
tionally treated with boron.

A gurvey of the carben distribution in the carburiged cases of the
Dieston Plates Ncs. 1, 2 and 3 indicates that depth of case in these plates
variee from 1/47 to 5]16". These carburlized cases are too shallow for
plates of the thicknesses involved. The carbon content in the outer layers
of these sases varied from 0.8%1.07% O.

It s believed that a carburized case with characteristics similar te
that of the Carnsgle Plate No. 4 would have been more effective than the
shallow ocases noted on the Disston plates, namely, a good difiusion of
carbide in the hyperentec:nid, eutectoid, and hypo~eutectold zones, high
hardness of case, and =n sileciiTs “enth of :nse of about 0.5" which showed
evidenoce of a gradnael deorenss in hardness and carbon eontent., The casben
content in the outer layerr of the Oarnegie-T1linois plate wae 1,19-1.31%,
Furthermore, the carbon gradient in iue heavy case noted in thie plate was
not ag steep as that noted iu the gshallow cases of the Disston plates. The
relatively high csarbon content of this case extended into the face of the
rlate t2 & depth of about 0.5 of an inch, The total depth of this casme
wag found to be 0.81Y%,

b. ZIracture Test for Fibre

Fracture test specimens, approximately 6% long, 2-3%x2%® wexe
cut from plates, Nos. 2, 3, and 4 and nicked pervendicularly to the longi=
tudinal axlis and broken by a sharp blow, Sample No. 1 was too small to de
given the fibre test. The resulis of the fibre tests are given in Table III,

-5~
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TABLE III

Results of Fibre Tess

Fibre Tent
Total Depth
of Cane
Revealed by
Saxple No. Case Area Back of Case Core Fracture Test
1-Dd sgton~2" Fine
Dark ¥ibrous Band Coarse
D-3754 16
mﬂ?eu gﬁ;:’ﬁg’ 7/32" Deep Crystalline 5/
Digston-2p* ¥ediun
3= 4305 -3 Mno Coarse Coarse 9/32
¥R-A1072 Crystalline Crystalline Orystalline ‘
“‘nmﬁi;’a' Qﬂy Fitrous Hdrous 3[4

Notei~ Sample No. 1 was a emall broken fragment from the ocracked test plate.,
The fracture of this eaapls was finely corystalline end the depih of case was
not clearly observed in tae fractured sample as recsived. It was estimatsd
to be about 0. 5" deepn.

The results of the fibre test indicatzi that the base compositions of the
Disston plates were not thoroughly quenched out resulting iz crystalline
frastures when given the fibre test. 4s noted in Table I, the alloy content
of these Disston plates was not sufficient te promote adequate hardenability.
The alloy content of the Carnegie~Illinois plate was sufficient with the
mediwi parcantage of carbon to result in adequate herdenability, thereby
exhibiting a fidrous fraciurs whem subjected to the fibre test. 'The frao-
tures of the carburised cases of the Disston plates were Zine and coarsely
crystalline. The fracture of the carburised case of the Carnegie-~Illinois
plate was of a fine eilky nature, especially in the outer layers. The

total depth ¢f the sarburized case was readily revesled in the fibre fracture
test, see the fracture of Disston Plate No, 2 in Figure 2. The light layer
extending abeut 0.2 from the surface of the plate into the carburised cese
is really the effective part of the case, that is, the region contairing
tempered martensite and some oarbides bui no ferrite.

8. JYracture Test for Steel Quality

Fracture test specimens approximastely U=6" long and
2-3"x2.2.)/2" were cut from the longitudinal and transverse directions of
plates, Nos. 2, 3 and 4 and nicked perpeniicularly to the longitudinal
axis and broken slowly under a press. Sample No. 1 was too small to be
subjected to the fracture test for steel quality.
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The results of thess tests showed that the Carnegie-Illinois
plate No. It had a "3" rating acoording to the standards given in Specifice~
ticn AXS-U4B8 Revision 2, see Figure 2. Beacsuse of the fact that a
orystalline fracture was obtained on the Disston plates, Nos., 2 and 3, 1%
was impossible to determine the steel quallty rating of these samples.
The depth of case uas readily detected in the frecture test for steel
quality, see the fracture of the Carnegis-Illinoiz plate No. 4, Figure 2.

4. Brinell Hardness Tests — Face and Back of Plates

The Brinell hardness dsterminstions made on the face and dack
of the plates are given in Table IV.

TABLE IV

Brinell Hardness Determinations

Sample Ho. Tace Bask
Digston - No. 1 - 2% N77-51hF 3hl-352

Dsston - No. 2 - 24% U15-115 255.277
Rle-son - Bo. 3 = 257 5lHe53h 3Ul=352
Carnsgte - Ho. 4 - 23% 653-662 207-R7
Note:- 1/32% removed from face and /8%

removed from hack before Brinell hsardnaess
tests were made,

Ag noted in Tudle IV, the hardness values of the carburized
cases of the Dieston piates are relatively low as sompared to the hardness
of the case of the Carnegie-Illinois plate, Thisg variation in hardnass
noted in %iie plates mamufactured by the two companies is due to differense
in the carbon content of the cases and also to differences in heat treating
eycles. The Brinell hardness values of the cores of the Disston plates,
Yos. 1 and 3 are fairly high for plate of this thicimess. On the other
hand, the hardness of the zore of the Disston plate No, 2 and Carnegie
plate No. 4 15 more desiradle.

8. Yickers Brinell Hardness Survey

The results of the Vickers Brinell hardnoss surveys are
shown in Figure 3. Vickers Brinell hardness determinations were made every
.01" apart on ths carburized cases and every .02" zpart on the core. As
noted in Table V, the depth of the effective case, namely at 400 Vickers
Brinell hardness as resommendad by some of the menufacturers of face
hardened plate, is recorded.

The three Dission plates have shallow ceses as dstermined
by this hardness survey &ad also by studies of carbon disiridution in the
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oase noted in Figure 1, The difference in hardness between the caces of
the Dission plates and the Carnegias plate is also clenrly indicatzd, A
gradual decrease in hardusss from the cnss to core is evident in the

.. Varnegie plate, JFurihermors, the herdneas gradient in the core of the
Carnegie plate,noted in Figure 1, is undoubtedly due t0o the method of
quenching the faes of the plate. Ths variations hoted in the cores of
the Disston plates were (ue to the presence of ferriie banding associated

with tempered martensite,

2. HKaoroscopis ixarinsiien

The results of the masroscopic examination of the four
plates sra shown in Plgure %, Tha steel quality of the Disston plates is
satisfastory. Some metallioc banding which oscasisnelly contaeined non-
metallic inclusions was fairly well distributed throvghout the cross section
of the Jarnegle plate. This mstallic banding when not associated with long
siringers of nommetallics apparently does not adversely affect the steel
quality to any grest degree as revealed by the fracture test for stesl
goundness. The carburised cases are readily revealed by the macroetch and
raamarixed in Pable V. The total dspth of the case 6f the Carnegle plate,
namaly .75%, ias net clearly rovealed in ¥igure 4, The effective case of
about 4" 1 readily shown for this plate.

£ MNioroscopie Exemination

The resulis of the microscoplc examination are shown in
Plgures 5 and &. Photomicrogrs. .2 arse ;~¢sented waich illustrate the
microgtrustures of the cuter, middle and rear cases and also the typical
structure of the sore materials,

The sase depthe oI sach plate were determined on samples
annealed in "neutra~pack” at 1500°F for 1 hour and slowly cooled in furnase,
the results of which are tabulated in Table V.

The zierostructure of the case of the Disston plate Ho. 1
consistad of fine tempered martensite while the core contained areas of
nassive ferrite and some small carbide in a lameller configuration amssociated
with tempersd martensite.

8inee the osrbon content of the outer layers of the case were
soevhat higher in Disston plate No. 2, some rounded hyper-eutectold carbides
were evident in this portion of the case. Very fine cvardbides and tempered
martensite were present in ihs center and resr sass while pronocunced
segregations of ferrite and small carbide in a lemeller configuration
asgoclated with tesmpered martensite were present in the core. A coarse
tempered martensite was present in the cass of Disston plate Xo. 3. The
core conaisted of tempeired martensite assoclated with ferrite, small
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carbides an a lamellar configuration and grain boundary carbides, The
outer case of Carnegis plate No, U contained a fairly uniform distri-
bution of hyper-eutectoid carbidee in a matrix of fine martensite, The
center cass containsd small gzlobular carbides in a fine martensitic
matrix while the rear case showasd the presence of fine carbldes in g
medium carbon martensite and also traces cf ferrite. The core of this
plate contained fine tempersd martensite, some ferrite and fine carbide
while high temperature transformation products were evident near the
rear face of the plats,

A survey of the microstructures of the Disston plates
inéicates that these plates were given a single gquench from above the
critical range of the carburized case and subsaquently tempered, The
steel base of these compositions had imsu‘fleient hardenability and there-
fore when subjected to this heat treatment exhiblts a crystalline
fracture under the fidre test. These ¢rystalline fractures were asso-
ciated with a microstructurs consisting of ferrite segregations some fine
carbides in lamellar configuration and tempered martensite. Crystalline
fracturse and such poor microstructures ars conducive to shock fallures,
In fact the Disstor plates, Nos, 1 and 3 which Lad cryatalline fraetures
when tested under the fibre test and core structures of ferrite, small
carbide of lamellar configuration, and tempsreil martensite falled by
shock, (reference A.P.G. Armor Test Report A7764 dated June 1943 and
4.7,3, Test Reports A-10721 dated Novemher 1943 respectively). Ballistie
test data on the other plates were not svailable,

The microstructure of the Carnegie plate No. L4 is typical
of a plets quenched from above the critical of the core, reheated to a
temparature just above the critical of the case and spray quenched on the
face. This would explain the high hardness of the face, the gradient
hardnaess of the case and core and the pressnce of some high temperaturs
transfcrmation products in the rear facs of the core as the result of
this section of the plate cooling at slower rates. The presence of
small amounte of ferrite in the core 1s probably due to the rehsating of
the plate just betwesn the lowar and upper critical of the core, while
evidence of martensite in the core is the result of quenching from this
intercritical temperatura, A more uriicrm dlestribution of carbide in the
core of the Carnesie plate is resporuibic fer a fibrous fracturs under
the fidbre test,

h, Summary of Meapenrements of Depth of Case

A summary of the measurements of case depths as determined
by the various methods described herein is ziven in Table V.
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FYor all practical purposes, the depth o fracture determined.
by the fracture test is satisfactory. These values azres fairly well with
thoss determined by metallurgical analysis. Due to difficulty in deter-

- mining the end of the hypo-eutectoid sone by herdness surveys, only the
effectivs case was reported as determined at 400 Vieckers Brinell hardness.
The effective case which may be also dosignated as that portion of the
cage which terminates at the junction of the eutectoid and hypo-sutectoid
sones agreed fairly olosely in aome instances with the effective case
determined by the Vickers hardness survey.

3. Jominy Hardenability Teste of Steel Bars

The results of the end quench hardenebility tests made on
Jominy bars machined from the cores of sach rlete are given in Figure 7.
As mentioned previously, it ig believed that the Carnegie-Illinois platas
wvas double quenched, firet by heating above the criticel of the core and
quenched, followed by heating above the critical of the case and differ—
entially quenched, The bardenability of the core of this plate was
sifficient to warrant proper quench hardening on the first quench. 4
survey of the Jominy curves of the three Disston platea shows that these
steels centain too low alloy content for adequate queneh hardening on
the first quench of a similar double heat treatment,

4. Metaliurgical tests on the samples submi’ted indicate that the -
Disston plates had a shallow carburimed case of rolatively low hardness :
with ingufficient alloy content in the core to nreperly quench harden,
On the other hand, the oarburized plats sutmitted by Carnagie posasssed
a 4sep case of high hardnoss snd a core of adequate hardenability. The
fracture test is satisfactory for revealing the case depth, response to R
heat treatment, and steel soundness of the plate, -

&L e

3, L. Reed
Regearch Metallurgist

APPROVED:

H. A. MATTHEVS
Major, Orda. Dept.
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PLATE HEAT QUENGCH
NO. NO. | C [MNISI| S |P |NIi|CR|MO|cu|B |AL|TEMRTIME G.S.
1 |Ped2E41.20 |50 |23 [021|020355( 1 .27 | 17 |pot |008[1500! 1 hr.
(2)427|3426 |.20 |44 |26 |020]018346|09 |.25 |13 loor| 000l 1500] 1 hr,
3 2599 113 !56[24]021]017]492] 16 |.31 |.15 lows|.009] 1600/ I hr
| 4  |JJ999 |33 |16 (231039013339 162 — | .04 loaw| .01] 1500] i hr.
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