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26 January 1944

Metallurgical Examination of 24" Rolled Homogeneous Armor Plate
Aanufactured by H, Diaston ana Sons, Ine,
¥high Backgpalled under the PP Test

1. Referenes dasic cemmnication A.P.G. 470.5/3532(r) -
wea 470.5/7743(r), 22 Deceader 1943, a netallurgical sxamination has
been completed en a sample of the 2" thick rolled hemogemecus armor
forwvarded from the Ordnance Research Oenter, Aberdeen FPreving Grownd.
The plate, number 4520-1, was one of two produced by Henry Disston and
Sens, Inc. under Contract ¥W-670-ORD-4707. Both plates failed to meet
the resistance to pmetration and PTIP requirenents under Specification
AXB-}488-2(tentative). The subject plate backspalled upen impact of a
90 mm. A.P.0. N82 prejectile at an odliquity of ¥5°, snd backspalled
on the PTP test with & 90 mm, A.P. N7 at O° ebliquity. The detalls of
the dallistic tests are contained in Aberdeen Proving Ground Report
No. A-11233, 2-11 December 1943. .
P eyt b sort g j

2. The follovlng\éburntionl rolult\ rom the metellurgiocal
exanination of the submitted section of the pla.torf‘};;__

8. The steel quality, as judzed from two frastures, one in
a direction perpendicular to the other, is excellents. The steel is free
from harmful laminations and evidences no directional properties.

D. The impact properties over the temperature range of 420°C.
to -U0°C. (#68°F. to -MO®Y.) are excellent for the hardness level of the
subjsct armor. Heat treating experiments show that the steel has no
susceptidility whateoever to temper brittleness. The cductilisy of the
steel as neasured Ly the tensile test is satisfactory.

9. Macroeteh tests in both rolling direetionc indicate satip-
factory cross-rolling and reveal the same freedom from laminations shown
by the fracture test.

4. The Jominy hardenability determination showsd the steel to
possess somevhat ingufficient hardenability for the seotion thickness.
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§. The photograph of the uvack of tho plate shows a condition
in the backspalled area of round Bo. 2 which looks similar to the "fish-ayes?
caused by hydrogen embrittlement. The examination of the sample forwarded
to this arsenal, which was located approximately t" awey from round No. 2
falled to show any eigns of brittleness upon tensile, V-netoch Charpy impact,
and fragture testing. The sppearance of the photegresh is, of course,
insuffioient evidence of hydrozen embrittlement, It is recommended that
the areas of the plate immediately adjacent to the brekspalled regions de
subjected to frasture tests to disclose the existenee oI peseible losal
variations in steel quality.

2. The possidility exiets +that the muall eorner sample of - the
plate examined at this arsenal is not representative of the general quality
of the rest of the plate. The tests conduoted upon the submitted sample
indicate it to be of mperlor quality witi resrest to oleanliness, lack
of directional properties, duetility, and terslle and impact strangth.

£- The questione contained in the basic communication are
snswered in the discussion at the end of this repors.

J. One half of 2 fracture test sample cut from the corner of the
plate nearest the PTP failure was forwarded from the Ordnance Research
Center, Aberdeen. The fracture bloak was droken at the Ordnance Research
Centar and was rated there as a "B" fracture with resnect to steel
quality under the standards set forth in AXS-4g8-2 }'l‘cntatin). The portion
of the plate forwvarded to this arsenal was 5" x 5-1/k" x 2}" in sise, and
1ts location on the plate is shown in Figure 1. Impass No. 2 resulted
from a 90 mm. A.F. N72 at 0°® obliquity and a velocity of 1530 ft/sec.,
impast No. 10 from a 90 mam. A,P.C. M32 at 45° obliquity and a velocity
of 2031 ft/seo., and impact No. 12 from & 90 ma. AP0, W82 at U5°
obliquity and a velocity of 1956 f£t/sec. '

The following teste were conducted upon the submitted sample:

#+ Chemical enalysis.

b. Traoture test for steel quality in ¢ direction perpendicular
te the original fracoture.

§. Jominy hardenability.
d. NXasro-stch tests in both rolling directione.
[ " Brinell hardness across the section.

L. Tasile tests,

g+ V-noseh Charpy impact tests in the ~s-received condition
and reheest-treated conditions.

h. Mierossepie exanminstion.

The locations of the various test speciuens are indicated in
Meure 2.
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M. The results of the metallurgiocsl exanination are as follows:
8. Ohemical Analysis. The analysis of the steel 1s the following:

0 8 8 _P mM O u ¥ _3_ A
a % .23 .0 ,015 W53 1z .26 .17 =nil 0009 .01
This analysis agrees vith that reported by the manufacturer on the GAS-2 fomm
contained in Aberdeen Proving Ground Report No. A-11233 except for the elment
boron. The mamufasturer's report contaians no referenee to boron.

%. Togt. The fractured surfase produced at the Ordnance
Research Center i{s shown in Figure 3A. The stesl guality is rated as "3*;

in agreement vwith the rating assigned at the Ordnance Research Center. BSome
shord disoonnected stringers are visidle in the uwpper porsion of the photegrsph,
The fracture is fidrous, indicative of ductile material,

The sample was notched in a direction perpemdicular to the
original frasture and breken. 7The mmall span necessitated notoching in at
both the tep and bettem of the sample as well as the sides, and the -
cation of repeated impact blews to produce fracture of the specimem.
steel guality in the direstien perpendicular to the orizinal frasture surfage
1s aleo rated as "3". The fracture is fidrous and jegszed, with a residmal
demdritic pattera vigidle, Figure 3B.

The results of the fracture test indicats that the submitted
saaple 1is of excellmt steel quality with respeot to freedom from laminations.

cﬁ; J Kar ility. The hardemadility test specimen was
ad-quenched o heating fer hours at 1500°F, the sane temperature used
by the manufasturer ia heat treating the sudject arner plate. The Jominy dar
refained a hardness in excess of Ro :I? up to 12/16¢hs of an inch from the

ca

water quenched end, see Figure 4, in sufficient hardenadd 11ty $o
harﬂn‘iutc to% b i ] Ln‘:io center up g‘a thickmess of 1.9* in :{111 water

and to ® in thiekness upon zrw quenching. Since the thickness of the

subjeet plats is 2.5%, the steel has insufficient hard.mbiut{.to ooqalotzz

g.nch harden te martensite using the most drastic queach available. A slight
orease in the carbon esmmient would undoubtedly reise the hardenability to

& satisfactory level.

4. Macro-etgh Tests. Sections parallel to the two fractured sur-
faces were prepared for hot acld macroetohing. Pheto hs of the etohed
pecimens are showm in Mgure 5. The steel f. unu ly clean and free from R
segregations. The macrostructure indicates extremely geed crose-rolling practice.

Cracks oecur at the edge of the specimen takem parallel to the
original frastuwre. This position corresponds to the left edge of the sketch
showm in Figure 2, which is oene of the f te odges vhish had been flame cut
prier o the tinal heat treatment. It 1s believed that these ocracks resulted
from thearmal stresses smgendered by flame cutting. These oracks are confined
to the plate edzes mnd are net related to the ballistic failures.

Both the fracture and the macrostch tests testify to the high
quality of the submitted sample.

9. 3Brinell Hardness. The Brinell hardness asross the section vas
determined on the espesimen out for microssopic examinetien. The
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consecusive readings from surface to surface were 262, 262, 248, 262,

and 255 Brinell, The reading of 2uL8 BIN was in the middle of the cross
section. The Brinell hardness of the subject plate is eonsidered satis-
factory for the gage. The manufacturer reported the haréness as 269-296 BHN,

£. ZTesile Tests. The tensile properties determined from the
two .357" tensile bars illustrated in Figure C are as followst

# :

‘ Red. :

Yiold Strengtn Teusile Strength - % of -

Specimen 0,1% sot p.a.d, Pa8.4, Kongation Areg _ Fraoture i
1 116,250 129,500 17.1 61.7 oup and eone :

2 115,000 127,500 1h,3 62.7 inoomplete '

cup and cone

The above values are indicativs of good quelity steel at the
hardness level involved. Referring back to fsure 1, which is the photo-
&reph of the baak of the plate after ballistic testing, 4% 1s noted that X
the fractured surface of the back spalled area of round No, 2 contains -
bright patches very similar in appearance to those resulting from hydrogem '
flakes. Thiws region ie located only six inghes away from the ssmple for-
varded to this arsenal for examination. The tenalle tests were condusted
to detect any possitle adverse effect of hydregem upon ths ductility amd
the appearance of the frasture of the tensile bars. The results of the .
tengile test indicute that the submitted sample is free from hydrogen flakes. ‘

£ Y-notch Charpy Impact Tests. To check the impact strength
of the steal and the susceptibllity to temper dritileness, four V-notech

Charpy impact bars were machined from the stesl in $the as-received condition,
and from each of two 23x2hxl" pieces which were reheat-treated. Both :
pieces were heated to 1500°F., held at temperature for 13 hours and water -
quenched. The sestion sige wvas sufficiently saall to iunsure ocomplete s
transformation t0 martensite upon quenching. Both were tampered for 2 .
hours at 1150°F,, ene beiag water quenched from the tempering temperaturs,
snd the other furnace cooled. The furnace cooling was accemplished dy
sutting down the tempering furnace and allowing the spesimen to cool dowmn
with the furnace overnigis.

The hardness in taue as-received coudition vas 2’-&6—262 Brinell,
and after reheat-treatment it ws <ot=277 Bhi. B

b*lon For

The impact data are as follows: : *,” IRART g_ g
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Speciman Voacoteture o bmeeet Lireutth
CoMoe o awd o _avestaint o am ose. esy Ft.lus, 0 fracture
Oc' O?‘
1 A5 Hacelved +:0 4408 54,7 fiorous
2 " “ +X  +08 00.0 ]
3 " " =Uo -0 5544 .
L . n -0 -l . 57.8 y
Al Water quencaed +20 +68 5l, 2 Fidbrous
Irom Draw
A2 " +20 +68 571 "
A3 8 -4 W0 5T.1 .
alp " -5 ko 5%.7 (]
31 h).fnaoe Co:)lsd +20 468 56,2 Mbrous
“roty Do
B2 " +20 +68 58.2 .
B3 ' - - 58.2 .
B4 " o -kho 57.3 "

An impoct strength of spproximately 60 ft.lbs. over the
tamporaturs range of +20°0, to -10°0, (+68°P, to -U0°T,) represents ex~
cellent properiies Jfor rolled armor At & hardness o 2u0-270 Brinell.
The high impact strength of the fwrnuce cooled szmple demonstra.es that
the subject etecol nos no siolcephiv.ilty towards temper brittleness.

4. licroscocic dxeminotion.  Microseopic exaiinntion of tue
crogs mestion of the plate in thne unetcaed conditiou rovezls only small
scattered nonmetallic ineclusions and no laminations, Figuwe 3C. The
nicrestructursg consiets of tampered mrtangite vwith sors ferritve and
poarlite whioch had foimed at high temperature due to tae hardemabllity
being ingufficient t~ -wemc. ut a 24" taick section, ¥Fgzurs 3D.

5. The resulte ol the metellrr Acal oxenination oatlined iIn
paragraph 3 indiceie the €ubnlitiad samle to V2 of suwrarior quallty.
Upon the basis of these tests, no explanation can be of’ered for the

ooowrrence of dackgpalling wpon ballictie testin~ axeesrt that the quality
of the mmall specinen exomined at thie arszenrl a;” not 2u ropresentative

of that cf ihe dnliistically imnccted araas., Plales of lieavy gazo are
zale from large portd ns of the original ingets, end tuus may contain
wide variationa in avecl quality depending upon eegregetions within the
ingots. Fracture tesus made in tue regiona Laiiecdlalely adjacent to the
backspallei regions mey disclose loccl variations in stesel quality.
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From the appearance of the photograph of the bask of the plate,
it was suspected taat hydrogen embrittlement might have been a factor
responsible for baek spalling, but the tests conducted wpen the submitted
sazple revealed no traces of embrittlement of any tyne.

& The basic leticr contained two questione reserding the Fracture
Test for Steel Quality. These questions are:

a. ®ls the fracture test, as set forth in AXS U28-2 (Tentative),
a measure of stesl quality, or solely one for tiae determination of
insufficient discerd from the top and bottom of the ingotl®

b. "Can tie fracturs tesi on the heat, treatefl produst de used
as a measure of overall steel quality, besides the features of fider
or crystallinity, using only the present stanirrds ags shown for
determining steel quality on the "as~rolled® plate!®

The answer to question "a.® 19 that the fracture test is bdoth a
measure of etesl quallity and the determinatien of insufricient discard from
ths top and bottom of iue ingot. I{ the inget centained large amounts of
nonmetallics distriduted throughout, the fracture test is capadble of die~
closing thie condition and rejecting all plates nade from that ingot if the
steel quality 1s sufficiently poor.

The answer to question "b " is partly answered by
F-4o(3) of Specifiestion AXS 438 (Rev. 23 of 15 Nevembexr 19 3, Page 7.
which reads as follows:

*Preparation and fracturins of specimens. The spesinens shall be hardened
and tempered to a hardnese not exceeding 300 Brimell., After this heat-
treatment, the specimens shall de nicked psrpendieularly % and at the
center oY the longitudinal nil (leaving a maximum area %o be fractured),
and broken slowly in a press.'

The fracture test must be conducted upon the heat treated plate
and not upon the "as-rolled” plate mentioned in questien "b.". The term
fas-rolled” is understood to mean the sondition resulting m hot rolling
and air cooling without mubsequent heat treatment. In the "as-rolled®
condition the steel will irscture in a brittle manner giving a crystalline’
fracture. When ti.is occurs, the shelving opened wp vhen laminated, heat
treated steel is fractured, does not develop. The path of the frasture of
a brittle material will not bYe greatly influenced by nenmetallic laminations
while in a heat treated, ductile material the path of the fracture will de
deviated by the laminations, resulting in the revelation of the distribution
and amount of nonmetallics in the plate.

RESTRIOTRD
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The fracture teat, if properly applied to the heat treated produst,
is a neasure of overall steel quality.
v (a l\)‘M’C(.‘/l)/‘

A, HURLIGH
Aseoolate Metallurgist

APFROVED:

N. A. MATTHEWS
Major, Ord. Dept.
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