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To mrke a complete metallurgical exemination of three British homogeneous
vlntes and three British face hardened plates submitted by Aberdeen Proving
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1, The subject plates have the following charscteristicss

Type Mensured Brinell
Mf'zr. and of Thickness Hardness Type Composition
om, Thiekhesg , Plate Inches MM, Fare Core O Mn Ni Er Mo V
2.8.Co., 70mm, Homo, 2,74 €9.6 297 31,60 3,27 T .52 -
E.s.Co,, 80mm. Homo, 3,10 78.7 261 .33 .61 2.82 ,76 € —
Firth Brywn, g0 468 119 273 .33 .63 .71 1,24 46 ~—

Ltd,, 120mm,
Beardmore,50mm, Card, 1,92 Lg.8 780 215 .35 .49 .41 3.52 .49 .2k
Beardmore, 70, Carb, 2,68 68,1 78 215 .35 .50 L€ 3,13 .56 .26

i:gf? §:§725 Carb, L2 112 618 235 - .29 .6 432 1,54 .12 .24
The plates designated by aberdeen as face-hardened were found to be ecarbtnrized,
411 of the rbove snolyses are used for projectile tosting plete, but only the
composition from which the Firth Brown 120mm, plate weo febricated is knowa
definitely to be used for reguler production heavy tonk rolled homogeneous
armor. Thls ennlysls is within the range specified for the British 13% Cr-No
commosition, from which most of present desy British machinendle rolled armer is
made,

2, The homogeonocous plate compositione differ arertly from those genarally
used by Amerienn industry for comnnrable vletes since nickol content 1a much
higher rmd mengrnese contont is mach lower in the British enanlyses. The
chemdgtrien of the carburized mlntes sare oulte difforent, oxcept in carbon
content, from the commoaltiona of Amaeriesrn henvy rolled carbirized platees
expmined nt this arsennrl,
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3. Hardnesses of the British honogeneous plates ere at & littic higher
level than that to which current Amsrican compsrable rolled armor is heat
treatod (250-260 Brinell), Eardness levels and hardness distributions in
cases and cores of the British carburized plates are sinmilar to those deter~-
nined in recent projectile testing 3" to 5" rolled earburized vlates nads by
two Anmerican producers, Totzl case depth of each faceehardened plate is
alnost helf of the crosu section, Tut depth of hardness %o Roekwell § 50 is
only .25% to ,34", Ths depth of carburizaticn in each plate is much less than
the corresponding depth of hardened case, being only UU" 4o ,59",

4, 411 of the plates possess satisfactory hardensbility except the
Firth Brown, Ltd,, 120mz, plate, which is greatly deficient in hardenability,

S 411 of the vletes sre susceptible to temper britileness,
7 - o

€. The hest trestuent of the honogencous plates consisted of quench
hardening, in wnter or ¢il, and tempering, After carburization,the facew
hardened plates were hardencd, orobadly in veter or oil, and terpered; and then
the cases were hardened by application of austenitizing hest to only the
carburized faces, followed by ouenching,

1. Inferior impeet btoughness, in veryving degrees, wns revesled Oy the
fracture ~nd notched-ber inmpact tests of several of the plates, These plutes
and the causes determined for thelr inferior prcperties are es follows:

E. 8, Co,, 7Omm, end 80mm, plates - temper brittleness; Firth Brown,ltd.. 120zm,
plate - inedecqurte quench herdenings »nd Besrdmore, TOam., plate - excessively
large grein size vlus, vperhaps, incomplete cuenck hardening,

&,  The Firth Browm, Ltd, 120mm, plate ~nd the E. S. %, 70mm, plate are
charceterized by such poor impesct touzhness throughout most cf vhe section
that these plates would be expected to exhibit poor resistrncs to severe bale
listic shock, ZFrom the linited dete ~veileble it appears that resistance to
penetretion by zatching and overmatch.ng orojectiles, especially at obliguities,
might be inferior to that of rolled plate similar in thickness and harcéness
but possessed of = fidrous frecture.

9. 4ll plsates were cross rolled, btut most had bsen rolled in one dir«
ection predominetely. 4ll plates except the Firth Brown, Ltd, Y3" plate ere of.
satisfactory steel sounfness in regard to freedon from pronounced laninaiions,
Severe segregetions of small ovel shaped nonmetallic inclusions present in
this plets would be expected to ceuse spalling under obliquity penetrotions by
natching and overmatching vrojectiles,
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INTRODUCT ION

In conjunction with an extensive comparative program being fired at
Aberdeen Proving Ground with american and rritish APC praject1les against both
American and British armor plate, it was requested by the O0ffice, Chief of
Ordnancel, that this arseral coaduct complete metallurgical examinations upon
sections talkken from each British plats,

MATERIALS AND TRST PROCEDURE

3ix rcctangular samples, each flrme cut from & corner of n plate, were
submitted by Aberdsen Proving Ground. Dimensions ¢f each sample wers plate
thickness x 7% approx., x 14" approx, Descriptive informution about the plates
is »s follows:

Yetartown
Areenal Plate Nominnl™ Msasursd**
Decianation . Megufsctyreyr = .. Mo. . Thicknesg _ JThickmess .= _Type
9 5. S, Oo. G28003~  somn,  2,74" (69.5mm) Horo.
3609
50 B. S. Co. G487~ 80mm, 3,10 {78,7m) Homo.
3350
73 Furth Browa, Ltd, §f§78" 120mn, 4,68%{119 mn)} Hono,
37628~
14 Beardmors zégég 50mimn, 1,92% (48,8zm) P8,
) _— 6304+ .
45 Boardaors 20457 70nm, 2,68 (68,1lmn) ¥ H
48 Purth Brown, Ltd, 54483 &% 4,42%{112 mm) F.H,

®The pints thicknssses given oz all figures in this report are nominal thick-
NG EBes,

**Thickuesses wers meesured at this laboratory on cross sections cut through
the plate &nd do not include ths heavy scals present on each plate, All
surfnces were, very rough from the rolling,

Eech sample was first notched at the midpoint of the 14" d¥mensisn and
frectursd, In accordence with the results of the frecture tegts, the fractured
halves farthest from thc plate corners? were subjected to the following pro-
ceduress chemical analyses, Jdominy hardenability determinations, hardness

1, %o, 400,112/3022(s} -~ 0.0, 400,112/10033(s), See Appendix 3.,

2, Only the fractured halves ferthost from the plate cnrners ware used in
order to examine arwor that was lerst likely to have been affected by the
Yedge~effect™ during the original hardening procees (i.e,, mors efficient
quench hardening at the plate edge than at the rast of the plate) znd by
the flame cutting by both ibardeen mad the British menufacturers (the
plates had Ysan flane cut to sizse)., Upon being macroetched, sections
through the British flame cut edges shiwed hardensd zcnss ed jacent to the
etges, proving thet the plates had been flame cut to size after hsat trest-
ment, Therafore the material examined wns probably distant enough from
the as-quenched edges to be free of the quenching "edge effeczt,”
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snrveys, V-notch Charpy irpact tests, tensile tests, macroetching, and
microscopic examinations, )

Ajditional fracture bars of different shape and broken in a differcat
manner than required by the standard rrocedure were taken for comparison with
the fractured samples, In order to determine:’he nature of the cases of the
face hardened platuas, the cases were annealed and than exemined microscopically.
All plates were tested for susceptibility to temper brittleness by msans of a
medified Greaves and Jones procedure, Zxperimental heat treatmenrts were per~
formed on sections of Plates 9, 50, 73, and 45 in order to determine the
causes of the poor impact propertiocs of thess platese

DATA AND DISCUSSION

1, Frocture Testg

a, 3ntire Aberdcen Semple

Prior to fracturing cach Aberdecn sample was notched in deeply
at the midpoint of the 14" dimension, at both edges, perpendicular to the
plate faces, To facilitate fracturing, each sample was olso given a shallow
notch at one face., All notching was done with & cut off wheel, Sample U8
wes broken under a press} all others were fractured by the quick impact of a
forge hammer. Fractures were rated for both steel soundness and fidbre
characteristics, The results of the tests are shown in Toble I and Figurss 1
and 2,

It should be noted in Figurcs 1 and 2 that tie unnotched plate
faces of the homogeneous plates ~né the case faces of the face hardened plates
bave heen designated as "Face B", The corresponding opposite f aces in each
case have been designated "Face A", By reference to "Face B" and to "Face 4T
identification will bc made of all tost specimens taken from the fractured

samples,

A discussion of the data Cerived from the fractured samples ig
given below,

(1) Homogeneous Plates

] The fractures of Nos, '9 and 50 show that these plates
possess good steel soundness, No soundness rating can be assigned to Plate 73
because of the alnost wholly crystalline fracture, vhich would tend to suppress
the appearance of any leminativas that night be present,

Rated for their fibre characteristics, it is seen fron
Figure 1 that the fractures of Plates 9 and 73 exhibit crystallinity throughe
out most of the section, The crystallinity of Ne, 73 ig coarsey whereas in
the fracture of Plate 9 crystnllinity occurs as small facets in a fibrous
matrix, In Plate 50 a coarse crystallinity occurs only in the half of the
fracture adjacent to Face 3, the other half being fibrous. The presence of
erystallinity in the fractures of all of the British honogeneous plates
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indicates, in a general sense, that the imact toughness of these pistes is
PINT,

(2) Fage Hardened Platas

Thelr fraciures being free of laminssions, Plates 1% rna UK
' pogsess good 8teel soundress ratings, The fracturss are very "woody", howevery
infiicating thas nany shoré incluslion stringers are present in theose steels,
Two deep luhinations are preseat in the fracture of plate No, 48, sufficiend
to impart a rvundness rating of D to this me*-rial,

As shown by Pigure 2, fractares of the cores of Flates 1
end 48 are wholly firfrous, hence indirsative of gool impact toughness,while sone
cerystalline areas, indicetive of britilensss, are evident in the fracture of
the core reglon o Figste 45, However, since the effsote crused duriag fracturs
by deep laminations present in the fracture of plate o, L8 could have prevented
the occurrense of crysta’liniiy, the results of thias fraclure test for Yo, U#
rust be considerel lrnconciuasive,

The characteristics of the fractures of the frce hardened
plate cases are described in detail in Table I, The fracturc test has revealed
that the total depths of the cases a¥e as followst '

) Plate Noo Cage_Depth
1l 60"

¢ L5 L 85"

' 4y 1. 60"

b, Additional Froeture Tests

! To secure additional fracture dars, cach hbordeen sariple fractured
half from which test specimonsg were to be taken wes sliced through the thickness,
verpendicular to the fractuse, approxinately 2" cigtant fron the Aberdeen flane -
cut edze, These T x 7" apurox, x 2" approx, bars were then notched dseply with
a cut off whesl at ihe midpoint of the 7" dinmension, verpendicular to the olate

&

gurfages, at only the flane cut edge, end broken under 2 forge hannmer,

The froctures are shown in Mgure 3. Fronm comparison of Figures
1 and 2 with Ficure 3 the differences in nethod of notching and path of fracture
con be secen, The Aberdeen T x 18" x 7" samples were notched and fractured so
that the fracture progressed chiefly from oné plate face to the other; whereas
the path of fracture in the small frecture bars was perpeniicular to the plate
- anes, ‘ '

The following observations result fron the Tracture of the
i1 test pieces:
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{e) Komogenegﬁs Plates

The fibre charsc¥eristics of thear Lresturgs are ldentieal
to those of the fractursd Absrdeen samples, Since the fractures progressed
ecroes the nlate thickasssy the distribution of cryetellinity in the sectim
Doy 1B SOMe cases now Pe correlated with the varistions in impact strength
throughout the section’?, It is now evident thed Plato 73 pUsbssges poor
impact sirength throughout most of the sectiong that the lrpact toughness of .
Ho, § ic somswhat poor from face to facey and that the impact toughness in the
half of the cection adjecent to Facs B, in Plaite 50 is infericr to that of
the oppomite half,

(2) Face Hardgned Plater

As shown by Figurs 3. there is no chongs in the fiber
characveristicy of the fracturss of Plates 1Y and Y8, Again it is rovealed
by the fibrous naturs of the fractures that irpsot toughness is zood throughe
ou’ the sections of these plates, DLaninations in the fracture of Plate U8
are this time shallow and therefore incapable of influencing significantly
the character of the rupture,

Ouly traces of crystellinity, at the conter rogion, ars
spparent in the small bar fractures of Plate 45, unlike the nodercts amcunt
of crystellinity seen distributed in areas throughout the section in the .
corresponding fAterdeen sample franturs, The latter condition may huve been
due to initiatlon of brittle failure in the core'by the brititls path of fraciure
through the hard c¢ase, At any event. the presence of crystellinity shows that
impact toughnees is somewhat inferiow,

2, Nature of the Cases of the Fase Hardened Plates,

Sectiong through the thicxness were cut fronm the face hrrdened
plates, annesled in neubrapak a% 1700°F for 3 hours, ond furnace cooled, The
gpecinens were ground fto remove decarburization, polished, and exsntined
microscopically,

From the variations in nmicrostructures bebtween the case and core
regions, including the presence in each plate of a curbids grain boundery
network adjacent to Face B only, it was ssen that Plates 1Y; 45, end 8 had
baen carburized prior to hardening, The depth of carbon penetration detormined
rTor each plate is as follows: )

Depth of Carbon

Plate Yo, Penstration
14 R
b5 .53
ug il

- e - e -

B, In mormnl trensition zone frachurss of notrzhed bars the conter crystalline
zong iz wurrounded by o fibrous edge, Huvever, if the netal is free of ‘
laninaiiong. tais crystaliine area zhouid be abt the centsr and should ;
ocoupy a gest propercion of the width of the fracture, *Areas of erystal-
Jinity which ere not syrmetrically located or which are narrow in relstion
to ths specimen width ars thoerefore indicntiva of a variation of impact
proporties across the seetion rasilting fron noneunifornity of siraciure,
(*Pron "Notched Bav Immact Tuet” - Treas, A.1.4.Bss Iron and Steel Division,
ol . J, H, Hollonmsal \
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Frin compardson of ths above dabta with the case depths revealed by
the fracture tests {see Toble IJ 1t is seen that the fracture case depth of
each nlate is appreciably greater than the corresponding depth of carbon
penetration, This suggests that the herdensd cases had been achleved Dy sore
nethod involving Jifferential heating of the plate, In Section 10, "Microscopic
Exemination”, it wlll te shown that each plate had been heat treated oy the
following processs (1) hardening and terpering of the entire plate; end then
(2) applicatinn of heat to the case fave only, followed by cither quenching
of the entire plate or spraj quenching of the case,

3. Chenical Anaiyses

The chenical analyses of the six plates are given in Table II,
Except for the presence in the subject plates of boron, which is probably s
residual elenent judging fron +the small amgpnt. 11 of the plate compersitiocns
are similer t5 those listed by the BritishY as being typlcal analyses that
are used for procf of shot,

The following basic type analyses are recognizable in Table IIs

a, BHomogeneous Flstes

(1) FiCOreilo

411 of the honogeneous plases were menufactursd from this
type analysis, Plates 9 and 50 diffc~ chiefly in ¢hat the former containe a
higher niczel content.The nain constituents in their analyses are as followst

L M 53 Ni Cr Mo
701313 Plate. NOQ 9 .31 ‘60 .22 3'27 071 #52

80nn Flate, o560 .33 .61 .18 2,82 .76 .56

Fron the British reports and adstracts available in thisg
leboratory i1t cannot be determined whether or not these annlyses are used
Zor production “ank armcr nanufacture, There is a re¥evence, however, to the
use of 3% Ni-Or-io stecl and 2% F¥i-Cr-Mo steel in the manufacture of
experimental 4" rolled platel, ‘

Although the 120mn Plate, Mo, 73, is in the NiCr.lMo category,
it differs from the other two honogsnsous plates by containing orch less nickel

6. See Appendix B,

7. Vi, Bpt, 710/€23% » British Secret Abstract -~ "Mimutes of the 2)th Heeting
of the Technical Coordinnting Committee on the Tank Armour Held at
Adelphi on 2Tth Jnnuary 194U at 2¢30 P.H,T

:
L%
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and appreciably nore chronium, The abbreviated analysis is?

Lo i 88 FE G Mo

335 .63 .23 .71 1.2k 46
This is within the range specified for the British regular production 13%
Or-iic machineable rolled «rnor annlysis, from which, according sy o recsnt

British report®, nost of the British armer is nmade at ‘he present time. The
range of this type analysis is?

¢ 53 in s P Ni Cr Ho
.25/.35 .15/,40 .%0/.90 .05 Max. ,05 Max., L4/1,0 1.0/1.9 .30/.60

b. Face Hardened (Carburized) Armor-’

(1) Grolfon¥

Plates 14 snd UK ywove fabricated from steel of this type
analysis, Except for a higher chroniw: content in No, 14, the two analyses
ars almost identical, as chown below?

¢ Mn Si 3 Cr Mo Y
50rm Plate, Wo,2% .35 49 20 i1 3,52 49 L2k

70mn Plate, Mo 5 .35 .50 .25 .46 3,13 .5 .26

(2) Fi-OreboY

The type analysis utilized in the production of the u3"
Plate, No, 48, is the following Wi-Cr-ifo-V typa:

¢ in Si Ni Cr Ho Y

e

28 L4600 2h uz2 1,5 12 L2h

Of significance ig the molybdenw centent, which ig much lowsr than that of
the other five British vwlates.

Infornation was not available in the British reports and
abstracts to deternine vhetner or not the carburized plate analyses are
used for tank armor produciion as well as for projectile testing plate
nannfacture,

§, 3ritish Secrst Report - "Firing Trials on Admericen Rollsd Flates" -
25th September 1GUY . V. 4, Bpt, 710/717

- B -
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4, Hardenability

Since it was corsidered desirable in the hardenability determinations
to austenitize the steels at the same temperatures used by the British for
sinilar plate analyses, a2ll of the British reports and abstracts available
in the laboratcery files were perused for these data, ZExcept in the case of
plate No, 73, the only data that could be found pertained to compositions
only roughly similar to those of the subject vlates, and these temperatures
appeared to ve lower than optimum, Therefore it was decided to make two
Jominy bar hardenability determinations for each plate, in one instance using
the tempseratire that the British prodably used (Judging_from the éata that
could be secured), and in the second instance using a temperature that
previous experience had indicated would be ample for achieving complete
golution of the caybides, (This was not strictly true in the case of the
vanadium bearing carourized plates., The temperatures chosen for these plates
pertained to complete carbide solution considering only the contents of C,
¥n, Wi, Cr, and Ho,) All of these austenitizing data are given below:

sustenitizing Temp, Austenitizing Temp,
Plate Used by British for Used to Duplicate JAustenitizing Temp.

No._ Somewhat Similar Anclyses _British Practice Chogen by W. A,

Homogeneous Plates

9 1516-1562°F 1540°F 1650°F
50 1516.1562°F 1540°F 1650°F
73 1616°F 1616°F 1675°F

Face Hardenod (Carburized) Pletss
1 1607-1652°F 1650°F 1700°F
b5 1607-1652°F 1650°F 177
ug 1516.1562°F 1540°F 1675°F

Jominy bars were machined from the region adjacent to tiie center
of the plate sections, austenitized for 4 hours at the termperatures Ziven
above, and end quenched in a standard fixture. Hardness surveys were made
on ground flats at the bar rfaces adjacent to the plate centers and them iae
save flats were exanined metallographicslly,

Results of the hardness surveys are tabulated in Tadle III and
shown graphically by Figures 4 and 5. Results of the metallogpaphic
examinatipn end other perdinent date are summarized in Table IV, 4 dis.
cussion ¢f the hardenadbility data -ds given below:

a. Homogensous Plates

From Table III it is seen that for each stesl the hardness
distributions along both Jonminy bars are identical. This iniication that
in every instance hardenability was not improved by the higher austenitizing
tempetaturse was verified by the metallographic surveys, MHicroscopic

.




examination also disclosed the explanation for the lack of improvement,
since it was found that carbide solution was essentially complete in the
bars austenitized at the lower temperatures as well as in the bars end
quenched from the higher temperatures.

i The hardenability criterion that will be used in this report
is the ability of a plate to be quench hardened in still water so as to
contain not more than 10% of non-nartensitic transformation producis at
the center of the section, Using this criterion, Table IV shows that
Plates 9 and 50 possess More than ample hardenability {and identical harde
enability), while Plate 73 is greatly deficient in hardenability,

b, Face Hardened (Carburized) Plates

Although again the hardness patterns are identieal for both
Jominy bars of each plate (except at 40/16" from the quenched end in the
case of Plate 48), this time increased carbon solution at the higher
austenitizing temperatures has caused improvement in hardenability, in
regard to the ocourrence of nonwmartensitic transformation products. Using
the ssme criterior as before, however, the hardenability improvement is not
significant. A1l of the plates possess adequate hardenability even when
quench hardened frum the lover austenitizing temperatures,

It is interesting to note that whefeas the hardness distrib-
utions in both Jominy bars of Plate 14 are identical to the hardness patterns
of both of the No, U5 bars (from 4/16" to 40/16" from the guenched end), at
LO/16" already 30% bainite is present in the No. 45 (1650°F) bar end only
less than 5% of the same constituent exists in the ¥o, 14 (1700 ¥) bar at
the same location.

5. Hardness Supveys

a. Homogeneous Plates

Brinell hardness surveys were made on surfaces through the
thickness of the plates, The results are contained in Table V and
sunmarized below!

Plate o, Brinell Range
9 293/302
50 2ug /269
13 262/285

Hardness is uniform throughout the sesction in Plate 9, decreases
slightly at the center region in Plate 73, and in Plate 50 is slightly lower
in tke section half adjacent to Face B than in the oppesite half,

b. Face Hardened (Carburized) Plates

For each plato two Rockwell € surveys were made complejely
across the thickness on a2 griund specimen taken parallel to and just back
of the Aberdeen sample fracture, Readings were taken at 1/16" intervals

-8 -
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«nd the surveys were about 13" apart. These data are plotted in Figure 6 and
surmarized in Tadle VI,

Cross sectional Brinell surveys were also Made on the specimens
and then Brinell hardness was determined on each case face, after the removal
of 1/32" by careful grinding, These data are included in Table V.,

The Rockwell C surveys in Figure 6 show that the initial
hardness of each case is high, However, this high hardness does not persist,
Therefore, although each case is seen to be deep in regard to extent of
hardness above that of the corresponding core (each case extends in gpprox-
imately for one half the distance across the section), actually each case
is shall.ow if Rockwell.C. 50 is the criterion-used to evaluate the hardness
distrib:tion,

This hardness level is used vy the U. 5. Haval Proving Growad
ir. deternining the extent of "effective case” in their carburized armor,
since it has been their experience that only the portion of 2 case hardened
to or abovg Rockwell C 50 is effective in breaking up the opposing projectile,

Rockwell € R0 may be considered excersive by some persons and
perhaps Rc 45 is preferable, Using this value as the ninimum hardness of
the "effective case", the case depths of all the plates remain shallow,

It is evident from Pigure 6 that each plate had been severely
decarburized at the rear face during heat treatment, The total depth of
decarburization for each plate appears to be as follows: Plats 1k, .71%,
Plate U5, .25", .nd Plate 48,,13",

Surnmarized briefly, the hardness distributions in each plate,
given as Brinell numbers, are as follows:

Plate Case Face Core
Fo, Hardness Hardness
14 780 To212/e17
45 780 207/217
4g 601/653 229/241

& slight decreace inm hardness from the ocuter rezion tc the cember of each
core is detected from both the Rockwell C and the Brinell surveys.

6. V-Notch Charpy Lumact Test

a. lMaterial As-Received

(1) Homogeneous Plates

In order to precisely survey the degree apd variations
of impact toughness througnout each plate thickness, Venobch Chaypy specimens
were machined from all of the homogeneous plates, Specimeng were taken from
the region directly back of the Aberdeen sample fractures and located in the
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cross sectisns as shown in Figure 7. 411 specimsns were transverse (i,e,, their
fractvres were longitudinal) ond were notched parallel to the thickness direcw
tion. The temperaturcs at which the specimens were droken and the results of
the tects are included in Toble VII,

A very zood correlation is evidont bVetween the Charpy
impact data and the fractvres shown in Fiure 3. Cherpy specinens telten fronm
the cross sectional reglons thet had ruptvred in a fibrous menner Auring the
Zrocture teste retoin their room temperature value (~nd & fivrous fracturs
dovm to or almost Gown to =-40°C; wherens the ipact vaiues of the regions
that kad frocture’ brittlely Auring the fracture tesis are consideradbly lower
at -U0%C than ~t roon tempercture (rnd the Charpy fractures are drittle at
the low teperatures), Immact toughness 1s so poor »t the center of the
scetion in Plate 73 that the Charpy smecinens froctured drittlely even ab
roon temperature, with coasequent low enersgy values.

Since relvction of termerature has on equivelent effsct
tc incrensing ths rnte of strain, with = snall decrensc in Hormeratars belng
eqial to a great incrense in the strain rate’, rapild tronsition fron ductile
to brittle type of fallure as the testing temperature is lowered fron roon
semperature indicates poor impact strength at high raves of strain, Rolled
arnor of hardnesses up t0 about 360 Brinell is considered tc rossess very
gool impact Houshness when the room temmerature Charpy fracture is fidbrous
and the character of the fr-cture does not chanre substontially at -UL0OCC
{1,e., the Charpy value at -40°C is nbout the same ns the vrlue at roon
temyerature).

Although the room femmerature frnctures of the Wo, § and
Fo, 50 Charpy specinens are fibrous, the values are considerably below those
of good quality croes rolled nrterinls of the same hordnesses, This suggests
that the plates had béen rolled in one <iirection essentially an’. the
"woodiness" of the Charpy fracturss vrove that they had been,

(2) Face Hordened (Carburized) Plotes

Since plotes No, 14 and U8 oxhibited commletely fibrois
froctures during the fracture tests of Section 1, no Charpy testing of ihsse
plates was done, '

. The Charny irpact properties of Plate 4B were deternined
by the sane procecture as was used for the homogeneous plates, Location of
specinens is likewise in Figure 7 and the data are in Table VII nlso,

Impact toughness at the center of the section of this nlate
is seen to De below that of superior quality rolled armor of 220 Brinell, The
impact level of the fidrous Charpy specimens (the room tamernture specinens)
is lower than that of woo0d quality 220 Brinell ciess rolled plate, and again
"woodiness" of the fractures indicates non-uniforh rolling reduction to be

the cause,

b. Susceptibility to Tomper Inmbrittlenment

A nodified forn of the Greaves and Jones standard test was

9. ©C. Zener and J. H. Hollomon - "Plastic Flow and Rupture of Metals" - Prans,
Aaer. Soc, Metals (1943) Vol. 33,
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used to determine the susceptibility of cach material to temmer enbdbrittlenent,
Since it is known that the higher the original hardening temperaturc the
greater nay be the termer embrittlonent, the test wnz conducted on each
naterial using both sots of sustenitizing temperatures previously used in the
Joniny hrrdenability dstorminstions, The procsdure for each plate, for each
austonitizing temmoraturc, is given below: \

Snnll shecinons, sufficient in size or else in quontidy %o

later furnish four transverse Charpy specinens, were cut

from each lato., Size of the largest specinmen was 2,3"x,70"x3,0",
All specinens wers nustonitiged £o- 4 hours, keordened in: oil, and
terpered at 1200°F for U hours, after which half the spocimens

of each plate wore quenched in water and the remaining half .
were furnnce cooled at 5°7/minute. Stendard Venotch Charpy impact
bars were nachined fron the snecimens, notched parallel to the

plate thickness &ircction, snd »roken at -4gCc,

The Charpy data are miven in Tadle VIII and interpreted as
follows: .

(1) Homogencous Plntes

As shown hy the lower irmact cnersies of the furnacs cooled
specinens compared to the enersies of the correshonding water quenched sormles,
21l of these steels are found %> “e anprecintly susceptidble to temper
enbrittlenent vhen slov sooled from above the enbrittlcenent rsnge.- However,
austenitizing at the higher termeratures has not increased the “epgree of
enbrittlenent, .

(2) Fnce Bardened (Carburized) Plntes

A1l of the carburized nlatves likewise show zreat susceptibilit
to temmer embrittlenent, with no significant incrense being caused by the higher
of the tws hardening termerctures used for each steels The enbrittlenent
developed in the furnace cooled specinens ¢f Plate 4§ 1s especially severc.

It will be recalled that this plate contains nuch less molybdenun than is present
in each of the other five plates,

Since good impact touzhness was rovealed by the Tracture e
tests of Plates 14 and 48, it is evident that these plates had been quickly
cooled from the draw, probsdly by immersion in water, in order to overcone
torper enbrittlenent,

Tho cause of the noor impact strength viiich occurred fram

-

sustenitizing the Fo, 14 and Fo, 45 specinens at 1700°F is not known.

c. Effect of o Redraw on Impact Tronerties

(1) Honoreneous Plates

Additional experinentetion was now carried out to deterrdine
whether or not temper embrittlenent hed been responsidle for the brittlenecss

- 1l «
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exhibited by these plates, From each material a section T(thickne#s)x2,3"x, 6"
was secured having the 2,3" dimension parallel to the transverse rolling
direction, ZHach section was drawn for 2% hours at 2 temperature that was
believed to be above the emdbrittling range and sufficiently low so as not

to soften the material, and then water cuenching followed, Charpy specimens
were machined from each section at locations identleal to those shown in
Figure 7, notched parcllel to the plate thickness, and broken at -UOCC,

The resulting data, given in Table IX, show that the
. brittleness exhibited by Plates § and 50 was due solely to temper embrittlement,
which occurred during the cooling from the draw, and that this mrlady had
not been responsible for the poor impact toughness of Plaic 73. The cooling
rate following the tempering of Plate 73 was sufficiently fast that temper
embrittlement did not occur,

(2) Pace Hordened (Carburized) Plates

By a similar procedure it was reveanled that the brittleness
monifested by Plate U5 had not been caused by temper embrittlement,

7. Tensile Tests

Standard ,357" diameter tensile specimens werc nachined, from all
the plates that had displayed brittleness, to the extent of the material
renaining after all other tests had been performed. Iocations of the specinens
within the plate cross sections are shown by Figare 7, Tost dnta are included
in Table X,

The elongation ond reduction of area velues in the transverse
¥ direction of Plates 9 and 50 nre considerably lower thon the corresponding
longitudinal direction values, This chocks the remarks nade in Section 6
i in regard to the sseentially uni-directional rolling of the plates.

ae -

8, Hacrostructure

»

a. Honogeneous Plates

The nrcrogtched structures of the homogeneous plates are shown
in Figure 8, A1l of the plates appear to have been cross rolled, with the
' rolling of Plates 9 and 50 having been done in one direction predoniinantly.
No excessive non-metallic segrogations that might cemge plones of weskness
have been revenled by the hot acid etch, Numerous short inclusion stringers
are present in each plate, however,

.
.‘*k.._,_..- P

b. TFace Hordencd (Corburized) Plates

The hot etched structures of the carburizeid plates, shown in
Figure 9, reveal that all had been cross rolled, From the pronounced "woodiness”
of their fractures it was expected that the macrostructurcs of Plates 14 and
45 would contain more inclusion stringers and would evidence nore indications
that rolling had occurred in one direction mainly, Numerous long stringers
exist throughout the section in the nacrostructure of Plate 48, explaining
the occurrence of deep rupturcs in the fracture of this plate (see Section 1).

- 12 -




In addition many short inclusion stringers are distribuied throughout ths
scction,

0f interest is the shallowness of the case of Plrte U8 that
has Deen revealed by the macroetch, -

Short crocks are present in the cases of Plates 14 ~nd LS5,
It is not umsual, however, for hard carburized cases %o show cracks after
macroctehing,

Ye dicroscopic Determinntion of Fon-Metallic Inclusions

a. Homogeneous FPlates

1,

Funmercus small groups of inclusions, which have the appearsnce
of sulphides, were found itlroughout the sections in nll the homogoneousg plates
(sec Pigures 104, 3, snd C), Zzcept for one concoentretion in the whole of
the Plate 73 cross section, the non-nmetallics 20 not occur ns severe linear
segregntions, ) L .

b. Face Hardoned (Cnriurized) Plates

The inclusions vwhich compose the short stringers revealed by
all the macrostructures ¢f these mlotes also resendle sulphides (Figares 10D
and B). Plate 48 centaing, in addition, nunerous long siringers of oval
light pink inclusions (Figure 10F), These inclusions are rosponsible for
the poor steel soundness of the plate. .

10, Microscopie Exasnination

a. Homogeneous Plates (Figures 11 and 12)

I0un, Plate No, 9 —~ The structure of this plate ie free from
banding, has an ASTH grain size of No, 5, and consists of tempered: martensite
plus some tempered bainite, The presence of bainite is indicated by the
occurence, throughout the section, of frrctions of grains wherein the carbides
are lined up in rows (Firure 114) 2nd by the presence of small smounts of a
ferritic constituent, nainly &% ths center of the section (Firure 11B),
Metellographlc examination of the No, 9 Jominy bars showed that whenever the
ebove content of ferrite exists, mora than 10% of bainite is present, In additio
sone of the Joniny ber hainite possessed the samg carbide lineup pattern us s
shown in Figures 114,

The presence of the nonmartensitic consfituents noted above ina
dicates inefficient quench hardening technique since hardenability was ermle for
st1ll water gquenching, However, the impact touvhness imarted by the micro-
structure would hnve bsen @ood had the nlate not been embrittied by termer
enbrittlenent,

80mr, Plate No, B0 ~ Miernatructure in this plate is complex and
varles from plats face t0 plate face, Adjacent to and for & distance of 1,2"
from Face B there oceurs a tempered ferritic constituent, resulting fron
eustenite decomposition at hich temneretures, (the light etching areas in
Figures 124 end 12B ) in which are bands and scattered neoiles of tempered
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bainite (the brown etching carbide structure in Figzures 174 and 12B), Thers-

after an abrupt transition begins, the anount of balnite increasing and the

ferritic constituent decreasin% so thet at the center of the secticn the bainite
P

predominates in the structure (Fisures 120 and 12D), The ferritic comstituent
persists up to about one ‘nch from Face A, Continuing toward Face &, tempered
martensite avpears, as evidenced by acicularity at low magnification (X100),
and at ,35" from Face A the structure is entirely or predoninantly tempered
nartensite (Figures 12% and 12¥), Grain size throushout the section is ASTH
No, 6~7, The sbove variations in picrostructurs reveal that following susten~
ization Plate 50 had been quenched elther at Face A only or nore severely at
Fece A than at Face B (this was undoubtedly accidental) and that quenching
efficliency had been noor besides,

Althoursh cicrostructure armears undesirable, 1t has been previously
shown that temper brittleness, not miccostructure, was responsible for the brittl
behaviour of the region thaet is sdjacent to the center in the Face B half of the

plate,

L3

120mm, Plate No, 73 ~ & large amount of tempered ferritis and
nonferritic, nonmartensitic, austenite decomposition products exists in the
120rm, plate, the amount increasinz from the surface to the center (Ficures
11CsD,E,F), From the hardenability data (see Table IV) the poor guench hardening
of the plate 1s seen to have been cuused nrimarily by inadequate hardenability,
The quenchingz efficiency anpears to have been poor also, as evidenced by the
considerably larger amount of ferrite in the plate than exists at the alr cooled
end of the Jominy bar. Grain size of the plate is ASTM Wo, 5,

Since it was learned in Section 6C that Plote 73 had not been
embrittled by temper brittlensss, the poor impact toughness revesled by the
fracture end V-notch Charpy tests can be attributed to the excess amount of
nonmartensitic constifuents in the plate,

General Renarks -~ From heat treating experiments conducted with
snall specimens in comnection with Section 60, the tempering temperatures used
for the plates are indicated to have been as followss Plate 9, 1150°F; and
Plates 50 =nd 73, 1200°F,

A1l the plates exhidited total decarburization of 04" to .ORF"
and severe decarburization of about ,018",

b. Pace Hardened (Carburized) Plates (Fie:ureg_l'sJ 14, and 1K)

Microstructure variations from core to case surfasce ars identical
in esgentinl resvects in each of the carburized nlates, Ths microstructure of
each case consists of light etching end structurelsss martensite in which are
present large globular end elongated carbides plus meny smaller carbides, at
Just below the surfacs (Figures 134, 144, aad 15A), and vamercus small carbides,
farther back from the case face (Fimures 138 and 158), The core to case
trensition zone of each plate consists of martensite patches in s highly
tempered core structure (Fisures 130, 143, and 1%C), Proceetinz from core to
case, the initial appearance of martensite corresponds to the beginning of the
case as designated by the Rockwell C surveys (see Flaure 6), and the amount of

- 1k -




]

martensite increases, with tie amount of core struciure decreasing, until the
entire strueture is mgrteneits,

The nature of the oAre t¢ case transition zone is proaf that
in each instance the hardened cass had been produced by reheating the previsusly
heat treated plate at only the carbggized face and by then quenching cithey tie

k4

entire plate or only the case facs.*" Probebly a water spray directed against
the case face was used. Ne tempering or slse only o Jow temperature draw
fellowed $his treatment, as indicated. by the light etching and structureless
nature of the martensite in the case. .

In each plate the greater dspth of the hariened case cemparsd
te ths carrespending depth ef carbsa penstration was coused by sems of the
blate region back of the carburized zone having b=en hsated to above or within
the critical temperature range. The ¥shelf" in the hardness survey of Piate 4
was due to this whole region of uncarburized core having bean hested to abo.e
the critieal range.

For ready comparison of case depth revealed by one proedure
against depth of case shown by the other procedures, all case dsopth data have
been tabulated in Table XI.

A discussion of the core microstructur = is given below:

70mm., Plate, Ho. N5 ~ Microstructure in the cere is complex and
non~uniform. ¥igures 14C and 1UE show the pradominant structures at the center of
the sasction and adjacent to the back surface of the plate. 3Both structures
resemble tempered mertensite or tempsred low temperature bainite, but the carbides
are much hore widely spaced et the first loecation. This difference may possibly .
have been due to the retempering received by the center of the gection during
the case hardening process. Throughout the section grains or fractions of grains
exist wherein occur ferritic patches and carbides arranged in chains or concea=
trations (Figure 14D). Whether or not the latter structure is bainite is no
known, for a somewhst similer structure was desected in 2 smaell specimen which
had been rehardened in water and drawn $o a hardness in little ahove that =2
Plate 45. Grain size throughout the core is unusually large (ASTM #1, Figurs iUF),

Since it was previously learned that Plate L5 had not been affected
by temper embrittlement, the embrittlement exhibvited in previous sections of this
report was probably caused by elther large grain size or a combination of large
grain size -~nd incomplete hardening. That grain size hzd been an important
factor was indicated by the presence of large facets in the fractures of the
fracture bars and Charpy specimens.

50mm. Plate, Nos 14 ~ Except that the carbidss are more closely
packed and less randomly distributed in the center of the section mavrix of

. Plate ‘14, the microstructural constituents are similar to those detected in

Plate Y5 (Figures 13U, E, and F), Grein sige of the plate is only ASTM #5-§,
however. : .

il " o SR -
10. Such « method of harcening tie case of a heavy carburized plate (60mm. or
thicker) is described in detail in the British documentWirmour for Pighiing =
Vebicles" ~ The Ministry of Supply - June 1941 (0.0, 46Y/26 iberdeen Proving :
Gromnd(c) = W.a, 461/5188(c) Incl, 1, The British procedn=e consists of
placing the plate on a furnace hogie, with the carburized race up, and carsfully
bricking in the plate so0 thay the hot gases haveassess onlr to the top {i,e. car~
burized) surface. Following the heating cycle, the plate is removed from the
furnace and a water spray is applied to the face,

~“ 15w : -
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43" Plate, No, 8. Hicrostructure at the center of the section

consists of lirht end dark etching Yends, Ferrite patches are present in the
light bands (Figure 153),\indicating that some high termperature aunstedte
decomposition products of the type seen in the 1540°F Jominy bar ef the plate
are present, The dark bands at X1000 resemdle tempered martensite or tempered
low temperaturs beinite, Microstructure adjacent to the dback surfece of .the
plate {Figure 15F) is not banied end has en appearance which 1is between the
two types detected at the center of the section, The plate possesses 2 fine
grain sige (ASTM #6.7), ‘

General Remarks — It is probable that the heat treatment of
all the carburized platesy after carburizing and prior to the hariening of the
cases, consisted of liquid quench hardening, in water or oil, followed by
tempering, Thls connot bs stated definitely in regard to Plates 14 snd U5,
From the heat tresting experiments mentioned in the Homoséneous Plate Segtion
above, the termering temnmeratures appear to have been anproximately as follows:
Plates 1% and 45, 1275%F; end Plate 48, 1225°F, -

Eech nlate exhimited decarburizecion at the back surface o the
extent reveeled »y the Rockwell { hardness survey.

11, General Considerations

8. Homogeneous Plates

The annlyses of ‘the subject plates differ consideradly from
those zenerally used for American rolled homogeneous lates of comparable
thicknesses, The British compositions contain substantially mrse nickel {except
the analysis of Plate 73) ~nd substentially less mangsnese, The tendency in
this country is to use about 1,20% to 1,80% manganese in order to sttain
hardenadility edeguate for proper gquench hardenine and to limi¢ the nickel
content to below 1,00% for conservatlon purposes.

Whereas harderability of the Plate 9 and Plate 50 composiiions
is satiofactory, hardenadility of the much thicker Pletec 73-is lees than 4hat
of thess platee and decidedly inadequate for the thickness. Present British
machineable rolled armor is niainly of the 1%% Cr-M> type annlyses frem which
Plate 73 was nade, )

Hardness of Plate 33 (2{3 Brinell) is o little highcr then thal
of curreat Smerican production 23" to 4" rolled homogeneous armor (256-260
Brinell), 4 development progrem is in progress in this couatry to ascertaia
wheother or not armor of thesc thicknesgzes tan be heat treated to and above
the hardness of Plate 9 (297 Brinell) while at the ssme time retalning good
irract toughness, as shown by a fibrous fracture,.

Although 2lates 9 snd 5O were found to have been embritiled by
temper dbrijtleness becauss of ingufficiently fast coaling following tempering,
the thicker Flate T3, which as also susceptidle 2o thls malady, had been cooled
fast enough from the draw to overcome tempsr brittleness.

Becruse of thelr poor imact toushness Plates § and T3 would
be expected to exhibit drdttle behavior when subjected to scvere ballistic
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shock, It is indicated also from firing conducted agsinst cast plate at
Aberdesn Proving Ground (although it must bs noted that the data are scenty)
that the resistance to penetration of thesoe plates by matching snd overmaiching
projectiles would e improved if they possessed fidbrous fractures., This
indication is supportedi verhaps, by the following two iteans seen in s

recent British ebstracsiZy (1), As a result of firing trials ageinst heavy
rolled homogenajus tank armor which showed that a "reverse Ni-Cr snalysis"
gave better bellistic performance than the 1%% Or-io analysis, Beardmore were
now limiting the latter comgositisn to plate up to 3" thick and were using
the "reverse Ni.Cr analysis" for plates of grester thickness, (2), The use
of fracture tests Tor application to heavy armor preduction was &iscussed,
epverently for the first time, at » subcommittee meeting of the Armour and
Bullet Procf Technical Committee No, 1. It should be noted thet British
ballistic testing consists only of resistance to penetrriion tests,

Racently o report was written by the British conceraning comperison
between Americen end British rolled homogencous armor of thicknesses 3" to W%,
the American plate dating from abeut June 1943 to July 1944, The British
suriary of this rewort in inclu’ed in Appendix C as a matter of genewal interest,

b, Face Havdensd (Carburized) Plates

The amalyses of the British cerburized pletes sre much different;
except in carbon content, from those of American 23" to 5" rolied carburized

projectlle testing plates that have heen exmmined at thils =rsenal,

Hardness distributions and herdness levels in cases and cores
are simllar to those of corparadle plates made by two Americen producers.

The severe segregetions of nonmetallics noted in Plate U8
would be expected to Geuves spaliing during attack dy matching and overmstching
projectlilay at obliquities,

It is worthy of ncte that althoush the steel from which Plate U8
was rolled 1s greatly embritéled upon being slowly cooled from the draw, this
4" thick plate was cooled sufficiently fast following tempering to overcome
temper embrittlement,

12. Wsn 350,05/801(s) - British Secret Abstract - "Aruour and Bullet Proof
Technical Committee No, 1; Subcormittee No, 2 — Taonks; Special Mpeting
to Discuss Heavy Tank Plates, held at William Beardmore and Co,, Ltd,,
Glasgow, on 10 Octoder, 1GHN4 M

NOTE: HECORDS ~ The original records of this investigation are contalned in
Laboratory Notebodk No. 9, pages 132 to 151,
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srinell Herdness Surveys on Cross Scctions of British

Homogoncous and Foce Hardoned (Carburized) Plates

Homogzoneous Platos

Plate  Measured 1/4" From Center of 1/4"% From
Yo, Thiclmess Foce .. Section Foce B
9 2,74M 293 302 302 302 302
* 293 293 293 293 293
269 269 269 255 255 olg 255
50 3,107 269 269 o2 255 255 255 269
’ 285 277 269 217 262 277 277
13 h.65" 277 269 263 269 269 269 217

Free Hardencd (Carburizcd) Plates

Y Platc Mcasurcd Center of Midway Centor 1/4" From
Yo, Thickness Casc Fooe Section nnd Core Face Core Frce
14 1,62 780,780 212 217 217
45 2.6g" 780,780 207 217 217
g 4 ot 601,601,653 229 235 2l
Ta3LE VI

Iockwell ®C" Hardness Surveys Across Sections of British Tace Bardoned Pletes

Hrrdness ot Depth Depth Dopth Totnl Core

Plate Keasured 1/16Y From of Case of Case of Carc Depth Hard-

No, ZIhickness Cese Face _to Re 50 _to Re LS $o Re Lo of Casc ness
i

b 1,927 6.5 1/U%= 05"  5/16%=,31" 13/32= k1N 7/6%=,86" 1k,501

b5 2,66" 62,5 3/8"=,38" 13/32%=M1" ¢/167=56" 1.1/8%=1,13" 13/16,

g L yor 60,0 11/32"=,34*  1f2t=,50% 1-5/321=1,16% 2-1/4M=2 25" 15/20,
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Comparison Botween As—Received -30°C V-Noteh Charpy

Ta3LE IX

Values and -40°C Values kesulting From Redraw Plus

Water Quench From the Redraw - British Homogzeneous,

*
Location of

Face Hardencd (Carburizod) Platcs

As--Received

Rockwell C

‘.&’atarti%uenched from Rodraw
*
Rockwell C

**¥Siz0s of the redravn samples were thicknessxz2,3"x,.6%,
es follows: Plate 9, 1125°F for 2% krsj Platc 50, 115G°F for 25 hrs; Plate 73.

1150°F for 2% hrs; and Platc U5, 1200°F for 2§ hrs,

All Charpy specimens are transverse -~ i,0,, their fractures are longitudinal -

ond 211 notches are perpendicular to the plate faces,

F ~ Pibrous

erystalline patch surrounded by fibrous bordor

(complets)

Plate U5 are very "woody",

*sxxSymbols decnote descriptions of fractures as follows:
Fc ~ Fidbrous matrix with spots of crystallinity
Cb ~ Bright crystelline -

£ £ ] e e s Wk Wi %
Specimen Hardness ¥t¢,lbs, fFracturc Hardness Ft,Lbs, Fracturc
Plate ©
Face B ~ Surface (31.5) 20.5 Fe (31.0) 26.5 F
FToce A ~ Surface (30.0) 19,6 Fe (31.5) 25,0 7
Faco B - Center (31,0) 20.2 Fe (30.5) 5.4 Y
Face A - Centor (30.5)  19.3 Fe (31.0)  28.0 7
Plate K0
4
Face B - Surface (25.0) 34,1 T (25.0) 35,0 F
Foee A - Surface (25.5) 35,0 F (26,5) 33,4 F
Face B - Center (22.5) 18,1 Cof (24,5) = 34,6 ¥
Fecc A - Centor (2k,0) 34,2 ¥ (5,0) 34,6 7
Plate 73
Foce 3 - Surface (26,5) 3,2 Cbf (27.5) 35.8 Cvf
Foce A — Surfoce (27.5) 31,8 Cbs (29.5)  3T.4 F
Face B ~ Centor (25.5) 15,6 Ch (25.5) 11,4 . Ob
Face 4 -~ Conter (2k4,5) 13,9 Cb (26,0) 11,4 Cb
Plote 45
. Face B ~ Centor (15.5) 36,4 Cbf (14,5) 32,2 Cvf
Face B —~ Centor (15.5 29.5 Cbf
Facc & - Conter (14,0) 32.9 Cbf (15.0) 32.2 Cbf
Foce & — Conter (15.0)  32.3 Cof
¥Sce Figurc 7
**Hoardness velues cre inclosed in porentheses for clerity in reading the toble,

The @row cycies were

Cbf -~ Bright

NOTE: Charpy fractures of Plates g and 50 erc somewhat "woody'! and those of




Tensile Test Proverties of British Fomogencous and

TABLE X

Facc Hardonod (Carburized) Plates

. Y.S.
Location Direction 0.1% Offsot
of Speeimen* of Smecinmen w3l
Platc No
Face 3 - Surface Long, “"“‘f?ﬁ"\ﬁbs
Face A ~ Surfaco # 129,000
Facoe 2 - Centor Y 130,000
Foce & ~ Center " 130,000
Face B - Surface frens, 134,000
Tace L - Surface " 131,000
Face 3 - Center # 130,000
Face 4 - Centor n 131,000
Plate Yo, 50
Face 3 - Surface Long. 100,000
Foce & - Surface n 114,000
Face 3 - Center v 102,000
Fzce .. - Center " 108,000
Face 2 - Surface Trans, 114,000
Face & ~ Surface n —
Face 3 - Center * 105,000
Foee 4 ~ Center # 113,000
Plate Fo, 73
Poce 2 - Surfrce Long. 114,000
Foce & -~ Surface n 122,000
Feee 3 =~ Center i 105,000
Tace & -~ Uenter f 114,000
Plate Wo, U5
Fece B ~ Center Trons, 69,500
Foce 3 ~ Center r 69,000
Face & ~ Conter n 71,500
Tace & - Center " 71,000

7,5,
psi

1l9, 200
146,000
1hy, k00
17,400
148,800
147,000
145,800
146,200

122,500
133,400
123,800
123,600
131,800
134,400
126,000
131,200

135,200
140,200
123,000
133,200

108,000
107,800
107,000
107,000

)
5338y
o~~~ O

-
~
*
D

e
8~

18,6
17.9
17.9
15.6

23.56
22.9
22.9
22,1

Wi O
=

56,3

3o
2035
61,7

BN
Bangq

293
to

302

oug
to

269

262
%o
263 _

207
to
217

*See Figure 7,
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FACE A

€. 8. CO. BOMM PLATE
NO. G22487-3350

FACE A

70Mm PLATE

823003-3609

8. CO0.
No.

E'

W.A, NO. 5C

HIA. No. 9

FACE B

e 7P
s

FACE A

120MM PLATE

23873-A~1

FURTH BROWN LTD,
NO.

73

WATERTOWN ARSENAL
BRITISH HOMOGENEOUS ARMOR
WIN,

NO.

W.A.

710=-2281 FIGURE 1

MAG. X1}




=y

BEARDMORE SOMM PLATE
NO, 37628-23147

'.A. w. '4

FACE A
EEARDMORE 70MM BLATE
NO, H304-20457
%.A, NO. 45

FACE B

JEPHATY e ara s

FACE A
FURTH BROWN LTD. 4 1/2" PLATE
NO. 54488

W.A, NO, 48
WATERTOWN ARSENAL

BRITISH FACE HARDENED ARMOR
MAG, X! WTN,710-2282

FIGURE 2




ERITISH HOMOGENEOUS ARMOR
FURTH BROWN LTD. 120MM PLATE —

NO. 23873-A—!
E.S. CO, BOMM PLATE ~———I
NO. G22487-3350 :
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N0, G23003-3609 )
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FACE B
FACE 8
W.A. NO, 14 FACE A WeA, NO, 45 FACE A W.A. NO, 48 FACE A
WATERTOWN ARSENAL
BRITISH ARMOR PLATE — MAG, XI ~ WIN,710-2331
FIGUARE 3
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POSITIONS OF THE V=NOTCH CHARPY AND TENSILE
. TEST. SPECIMENS WITHIN THE -CROSS SECTIONS OF THE
" BRITISH HOMOGENEGUS AND GARBURIZED PLATES.
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Typical Nonmetallic Inclusionsz in Homogeneous and Face Hardened FPlates

Photomicrographs of Unetched Longitudinal Sections

’f' . ez - - - ) pu—
- i T S S s T
Plate 9 A X106 Plate 50 B X100
Many sulphides throughout the sec- Many sulphides throughout the sec-
tion tut no long stringers, tion but no long stringers.
— < . - e — e (Cas-
. . = L -
Plate 73 )

-C- X100
Many sulphides throughout the sec-

tion but no long stringsre except
once in entire section,

Plate 45 -E— X100
Many suiphides in short :tringers

P : ugions
throughout the section. Cause of long atringzrs throuighout the sec~
extremely “woody" fracture. tion, Cause of poor steel souniness,

. WTN,639-7731 Pl 9
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Hicrostructurs of Flates § and 73

Typical structure, Tempered mar-
tensite plus some tempsred bainite.
ASTM grain size No., 5.

Center of section. Pronounced
vending, Light bands are rich in
farrite. A grain gize No, 5.

‘Plate 73 -3- %200
L35" f£rom Face B, Slight banding,
Seme grein size as in -C-,

wWIN,639-7732

All photomicrographs Taken after Dtching in 4% Picral

Plate 9 ~B-
Territic constituent found in
small amounts chiefly at the cen-
ter of the section.

Light bands in ~C-. Only tempered
non-martensitic austenite decompo-
sition products are present.

Plate 73 e X1000
-E- at X1000, Same type constitu-
ente as in -D- plus sone tempered
?artsnsite. Much less ferrite than
n -D-.

FIGURE 11
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Microstructure of Flats 50

VAL D HC S

&

e 1
> i 3
kgl T ot

2 Dk

1.2% from Fece B -h~ X100 Same location as -A-. - X1000
Banls and scattered needles of Darle structure is tempered bainite.
dark etching constituent in light Light matrix is ferritic austenite
etching matrix, decomposition product.

* [

o s

Center of section. =C- X100 Sams location as -C-, =D~ X1000

Banded structurs., Transition from Structure is chiefly tempered

ferritic constituent %c bainite, beinite. BRemainder is the ferri-
tic constituent.

.35% fyrom Face A. ~B- X100 Same location as ~B-, ~F- Xi000
Slight bending, Acicular structure, FPrecominantly or entirely tempersd
Grain size in whole of section 1s martensite,

Asm NOe 6"70

FIGURE 12

WIN,639-7733
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Hicrostructure of Piate 14

4% Picral Etch - A1) Photomicrographs X1000

& 7 I (AT I e > 3oL G S AR TN T B Y
u KT L RIS SN T ARt e
P S ey D SRS & e bl
PR oy . N L PLLAL R S ) S Y% ot e i A
O i A S SO L a 40 o @

Gy

‘Cage - 06" below surface. ~A
Large carblides in light etching, Many smaller carbides in light
structureless martensite, etching, structureless martensite,

Transition zone ~ deep etch, -C Cors - .95 bel
.6 below case surface, Marten- Predominant structure. Tempered
site in highly tempered core martensite and/or tempered bain-

st recturse., ite,

i Aoy
oy X A .

St
S,

Cors - ,95% below case surface. =E  Qoré = .5 from back of plate, -F
hrovgh- Predominant styructure, Tempered

out the core. martensgite and/or tem d balinite,
Grein sigze 1s ASTM Nol.)egs in en—a

tire core,
FIGURE 13

WIN,539-7734




i

Microstructure

N s B RS L

[ Yot R P I gl R
4% Picral Btch ~h-
Case ~ ,06" velow surface. Large
carbides in light etching, sitruc-

4% Picral Etch ~C- %1000
Core - 1.,3* below case facs, Pre-
dominant structure, Tempered mar-
tensite and/or tempered dainite.

4% Picrsl Etch <E-  TX1000
Core - ,5% from back of pléte,
Predominant structure, Tempe red

martensite and/or tempered bainite,

WTN.630-7735

of Plate 45

iy TR ALY e TR Ry
4% Picral Etch ~ -=B- X1000

Transition zose - 8" bvelow cese
ce. Desp etch, Martensite in
spered -core structure.

5T
X 4 g

W N = = G‘ i) A 3"
4% Picrsl Bich ~  -D- X1000
Core ~ 5% from back surface of
plate, Paculiar structurs found

tﬁghéﬁtii{hb core, -

Villella's Rémgent Btck -F= X100
gmig 8128 of entire cors - ASTM
o, 1. - -

FIGJRE 14
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Hicrostructurs of Flate 48
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Case - .06" below warface. -A Osse = ,2" below surface, -B
Large carbides in 1ight etching, Many ‘smallsr carbides in light
structureless martensite, etching; ’ﬁtmc;ureleps martensite,

Pransition sone - desp etch. -0
1.6% below case surface, Marten-
site in highly tempered core
structure,

SR ’gv‘::-:. 55
s

3,
s,

Core - 2,7% velow case surfacs; - Core ..t
Structurs in the 1ight ,etehingi i ag&!nf
bands present here, Tempered nigh <D= and” <&«
temperature austenite transforma-~ tire cors {3
tioa products.

Meturs e
& -:Graﬁi'size in the on-

ASTM ¥o. 6-7.

WIN 630-7736 ZIGURE 1%
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WAR DEPARTMENT

* OFFICE OF THE CEIEF OF ORDNANCE
WASHINGTON
0.0. 400,112/10033(s)
SPOTB 6 November 1943
Special Steel and Welding
ﬁ Subject: Metallurgical Examination of Armor and Projectiles Recelved
from England for Comparative Tests with Americen Meterial
Tot + Commanding Officer
Watertown Arsenal Attn: H. H. Zorni
Watertown, Mass, Col,, Ord, Dept,

l. 4n extensive comparative program is belng fired st Aberdeen with
American and British APC projectiles against both Amorican end British
arnor plate,

{ 2, The attached Chert I, dated 3 November 1943, outlines all nateriel
to be investigated.

3, It 18 requested that Watertown Arsenal conduct complete metal-
lurgical examination on one projectile of each lot of projectiles received
from England, It is further requested that complete metellurgical exami-
nation be conducted upon sections on each British plate,

I, Aberdeen Proving Ground will forward these samples and projectiles
to his arsenal with a letter of transmittel as soon as practical after
receipt of the materiel from Enzland,

By Order of the Chief of Ordnance:

il&; -

G, ELKINS KNABLE
Col,, Ord. Dept.

Agsgistant
1 Inel,
{

cet Director
The Proving Ground
Aberdeen Proving Ground, Md,

Appendix A ~ Page 1
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APPENDIX B

Properties of Typicel Armor Plates
Used for Proof of Shot (by the British)
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APPENDIX C

Summary of British Secret Report
"Firing Trials on American Rolled Plates"
Dated 25th September, 194t
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Sumrary of British Secret Report, "Firing Trials on American Polled Plates®,
dated 25 September 1QUk (Wil 710/717)

"This report covers the firiay trials of 54 machinenble rolled arnmour
Plates of current Amerisan meunufacture in thicknssses 3" to 4" from the
the three manwfacturers: Grest Lekes Stesl Corporation, Carnegie-Illinois
Steel Corporation and Jones and Daughlin Steel Corporation, (W.A. Note:
The plate thicknesses were lumm,, 1%, 137, 2%, 24", ana 4"), The object
of the trials was to make a comparison between British and Americen armour
plate in current nroduction when tested under British conditions, (W.4.
Notet The American plates arrived in Britain during the period Jamuary %o
July 1944, Arrengements were made in June 1943 to secure these plates.)

Whereas British machineable rolled armour is mainly of 134 Cr.Mo,
type material, two of the American makers use a Mn,(¥1.Cr.) Mo, type and
the other msker uses a 5i,Mn,{Cr.,Mo, type material,

The results of firing triale show that all the Americen plates meet
the ballistic and overmatching requirements of Specifications I.T. 100E
(tentative) and I.T. 8OE with the exception of some of the U" plates which
were anpreciably softer than the British plates of the sane thickness, and
falled 1.7, 80E by a few feet/sec,

In America it has apperently been decided, as in Britain, that the
best hardness for plates of varying thicknesses decreases ss the thickness
increeses. In general, the American plates are treated to the sams
hardness level and are of “similar ballistic ¢ .ality to the British plates,
Ezceptions to this general conclusion are that some of the Anerican 1" plates
are harder and have higher bsllistic limits than the British nlates, and the
4" American plates are softer end have lower ballistic limits than the
British plates,”
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