" FIOTOGRAPH THIS SHEET

LEVEL

INVENTORY

\KAL- 716/532.

AD-A953 964

DOCUMENT IDENTIFICATION

" DISTRIBUTION STATEMINT A |

Approved for public releasaj ‘
Distribution Ualimited

ACCESSION FOR

NTIS
DTIC

UNANNOUNCED
JUSTIFICATION

GRAAI
TAB

N
O

BY

AVAILABILITY CODES

DISTRIBUTION /

DIST

H)

AVAIL AND/OR SPECIAL

23
v

DISTRIBUTION STAMP

UNANNOUNCED

DISTRIBUTION STATEMENT

‘},;.'587‘)'9'

DTIC

ELECTE
0CT 24 1084 ¢

D

84 10 23 319

DATE RECEIVED IN DTIC

DATE ACCESSIONED
o\
aous >
\e o D'ﬂc oa“cgoﬂ
- °vo“°b e 1oP*
G 0
DATE RETURNED
REGISTERED OR CERTIFIED NO.

PHOTOGRAPH THIS SHEET AND RETURN TO DTIC-DDAC

Fﬂc SoRM 70A

DOCUMENT
PROCESSING SHEET STOCK 1S EXHAUSTED,

g 2 - ! - :(.r';.‘;'"“"\':‘.“;. M-‘:“-“’ “‘-¥ AR

PREVIOUS EDITION MAY BE USED UNTIL



la

ey
- s

Lanird
Oeid
O

—
»

e

T

P
P~
b

v
v

3

o Te ]

LA N R b JUR 4

e

T

™ Td T

e T T T T TS

R L REPORT

Pl ol frmor S

8y

f.ooRTIRIICH

"t UHetsl, relzy

e
e ?;
I




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.

Al ST E SRS I sy A YDA SIS S A0 I SNBSS




. [’{ﬁﬂ/}ij (r)
4ral/imrug
S

L A ¢ A >
. a

ffioer, agq
-“""”ﬁlttgl

a .

u.;@jpt




L — '
N,
: o
| . cos/me00 (r) SR
. Lobtr, Lhoritory (NAM)
AL 0

Subject: Tramsmittal of Watertem Arsemal Repors Ne. T10/832

N Tos The “amanding Officer

Frankford Arsenal

B Philedelphis, Pa. |

l Attas Laboratory B i
¥ 1.  There is attached cme (1) eepy of Watertewn Aresmal ; m
; Laboratory Report Ne. T10/833 -ﬂ“ "Arawr < vl opment ' '

of a Frasture Test to Indicats the Degree of Nardening of , .
Armor "leels Upon Suenohing" for his fnfamation amd file. -
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2. The sudjest report covers the work perfermed at . :
tiils Arsenal over s peried of the last fow nmnths em Whe eor-
rulation between the £ibre frasture test, misrestrwsture, - !
i:pact properties and Ballistie prepertiee. It has demm |
ahown that the fitre frasture test is & valid tndisstiean . o
of whether or net a tempered martemsitis strwstwre, cssemtial ' ;
for optimm bdallistie properties has Yeen predused. The TR
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‘evelnrrert f » Fracture leat t. In‘lcate the ! L
egree of Erreapiry of Arv-or ltmels 'lerp -uenching
4
\""“T <
T devel v o teat ca AR e of deter in'hes the evtent f ench ) .l
CATAmineg of macr steels £ a l'catinn as An lnscectisn eantrol )
' S MMARY
As the reault of toe atutv 9f A fract.re test develoned At the ) o
6. 0 Lteel Casting Divict r of tle lrweln-vy Corokny for the purnnge
f aerecting temnering tem ertture s which woul © sredice ostimum ballis- .
t1s v cert’es in Armear, furtner exrec'm nts were -erf~rmed at this .
Araennl 1> -evige A more useful fracture teat to indicate the eytent nf '
qu¢nor EAriening of armor
) [
it wee {oun: that the arneerarce of the “ractured surface ~f the -
low &8llay gteels used for armor can be cerrelates with the degree of .
c.emer tAccending, tre microstructure, and the relative imuact strepgth -
f LY aate~-al -
tneariete) » guenciied gteele {throae crntaiing Yitph te-ropature ) ®
trengt rostion raancts. fracture 'n £ brittle mAnrer The fractured
pi-fAare rag a brivnt egllvery oheen caused bv reflectinnm from facets
The tnoact strengsth ot 1r-cr ietely gnenched gteels 18 usually low at roonm
tew erat.re anc siwnve varv low at reduced temieratures.
steeim which Nv. bern comletely uench hardened &nd temnered fracture ] L)
in »n ductile manrer e fractrred aurface is rough and jageed in anvear-
Ernce. ani of & carx, nenreflecting color. Steels hhving a tem.ered mar-
tencitts ricrastructae cor-leteiv free from high tem~eratures transformatinn
rorurts g2k as ferrite, zrain bhrundary carbidee, nearlite, and bainite
lieve the best combinasti~n ~f har ‘ness and i{qpact strergth.
) L

“he fracture of cor .letely ocuench hardened ard ter ered steel can be
rea:ily Aiffereptiate? from trnt Af incr-rletel- gquenc-ed steels. A fracture
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test ~: 8 beeu a-..sed tnat ts apnlicable :n uroduction procedures and
which ‘a capetie ! "alug 1864 Lo C¢o trol the quality c¢f bBeat treatament
z nf Arwcyr componer . @

(> (. ","i* Lt
A. HURLICH,
Aget. Metallurgist.

AT ROVID

H £ ZICRELG,
S:.mel, Ord. Dept ,
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INTRONCTIN

A pon-ballistie test of armsor capable of predisting its dallistie " i
behavior with a fair degree of acecuracy has beea the goal of coasidersbdle -
sudeavor. No physical or metallurgical test has yet demn devised vhieh
can be considered wholly adequate. Possidly the best criteriom eof armor
performance to date has deen microstructive, dut many inconsistemocies L
have been odeerved. o

I8 is generally agreed that dest bDallistie preperties result vhaa Y
arsor steels are quenched and tempered %o & wmifora serditic" nisrestrue- oo

ture ocompletely free of high temperature tremsformetioa preduste. When
the steel is incompletely qusmched or has insmffisimat hardenmdility e '
quench hardea through the gestion, high temperature trunsformatieon pre- PO
duets such as ferrite, pearlite, and bainites are forned. The steel thes ¢ C
has poer shook properties sad frequemtly falls during dallistia testing. ; .‘;
The appearaace of the microstrusture is aet, hewever, a campletely ’ L
reliadble indicaticn of dallistic weperties; may slack @quenched plotes o :
have been found to have satisfaotery dellistie properties and sppareatly . , '
vell heat treated plates to have peer dallistie preperties. S

. { .

As & resuls of the stuly sf the Unien Stesl Oasting Mvisien's free-
ture teet,? & series of experinments were performed st thie Arsemal to ”
devise, if pessidle, a frasture test that wvould de presticadle as & pamms EANEE -
of selecting satisfactory arwer and which eeuld de epplied as aa inspev- S
tion tool te comtrol the wnifermity eof the preduss. - '

It vas mecessary to correlate the appearsace of the fracture with o e
quenching rates, microstruoture, impact streagth, temperature of fresture, . TN
and rate of load spplica’iemn in eorder to determine .‘ mhtto She ‘ _"_.-'_'_.-‘;
factors affecting the fraoture. L .j:.:',-.

If properly heat ireated armor steel bas a distinstive fracture ! \ o
easily differentiated from that of impreperly hest trested mmterial, the R
use of a fracture test ae an inspection toel is clesrly indicated. N

1. 'g'forbuo'. as uesd througheut this report, is s decempesition predeet = .
of martensite remlting frea relatively hAigh tesperature temperiag. JSee : .
the definition of sorbdite given ca pege 9 of Metals Emnddeek, 1979 am-. ‘

2. V.A. Repert Ho. 710/530 SArmor - Metallurgieal Investigation of the . N
Fiver Fracture Test Used by the Uniea Steel Gasting Dvieiem of Blaw-Ersx - .. .i..
Compaay *. SN SR
X o -
AT T
- (w
w1
-3 o
w .:7;:
T v' v ’.&M*?




AR A AN Y

NATERIALS AND TEST PROCEDURS

Armor Steels

Bight 6°x12° pieces cut frea productien plate of various chemicel
cempositionas ware selected, ineluding five cast and three relled armer
plates. The steels vere selectied as represeating the majority of the
more commen analysee used for armer. Sevea of the plates were 2 aad .
one 14° in Shickness. . :

Chemioa) Anslyeis and Nardenadility

The chemical analyses of the eight plates were deterained at thie
Arsenal. Standard 3* leng, 1" dismeter Jominy dars were magchined frea o
each plate. The bars were austenitized at 1600°F fer 2 hours immersed )
in an upright position to a depth of twe inches 12 a pot of "aemire-pack?®

to prevent sxcessive exidatios, and then nd-quenched acoording Vs the
standard procedure.

Heat Treatuents

Three pieces, Z"xb"xihickness, were omt from esck of the eight '
plates. The rlecss were heat treated as follews:
a. One section frem each plate heated to 16C0°F for
2 hours, guenshed in agitated water, tempered 2 hours J T
at elther 1125°F or 1200°P. v '
b. Ome section from each plate heated to 16C0°T fer
2 nours, quenched in oil, tempered 2 haurs at either
1125°F or 1200°F. o
€. One seotien f~om esch plate heated te 1600°F for p
2 heurse, air cooled, tempered 2 hours at either
1125°F or 1200°2. S
: : : : -
The Brinell hardness of all pisces was obtained doth after quenching - '1
and after temperinag. - , .
Fracture Test '- g
AfSer heat treatment, the pieces were motched te & depth of anun-' C e
mately 1 ® with an abrasive eut-off wheel and brekes mder the impact of S
s 1000-i0und forge hammer. The frastures were emmmined and rated. R
' LA »f.

-
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Nior-examinmation

Specimens for microexasination were cut fres each of the three L g
se:tions of the eight steels to correlate the appenrance of the free- o
tures with the miarostructures resulting from the various heat trestasmts.

Mfoct of Morostructure and Temperature ugen Impact Stresgth sad the
Appearsmee ¢f the Frasture.

Rght standard V-netch Gharpy impaet bars vere machined frem eash o
of the 2h frastured secticmns represeating varieus heat trestzents and o]
chenical analysss. Two bars were breken at sagh of four differemt Co
temperatures frea rooas temperatures down te -70°C te detarmzine doth the R
{afluence of microstructure and temperature uapes the impact strength aad
the appearsace of the frasture.

Additional studies of the sffect of miorestrustare wpea impast
strength end the appearance ¢f fracturen were ctnineted wpen sestions of
B-6° thiek cast armor.’ Some of this material had lamufficient harden-
ability to completely hardea throwgh $he taickness and ommsequantly
doveloped pearlitic strestures upea heat treantmest. SNeadard %-aeteh .
. Charpy impast bers vere msehined frea the sections ia the as-reseived T
L ,condition and alve after 1" thisk sesticns were rehest trested to fully L

‘qaenched sad tempered structures. .
& o
Efect of Nardnses upom the Appearsmeg ef the Fregture
Sestiene frea tve sets of 1" thiek enet armer plates sstured

by the Ledanon Steel Foundrs and the Kelsep-Nayes Wheel 6o.5 pengiang in
hardaess frem 260 to appreximately 60 Brisell were frestured Doth at
roos temperature aad at -J0°C te determine the offest of \OM“O
and tempersture upea the mﬂ of the frecture.

BMY ® trais Ol

Two 2° vids stripe were cut frem saveral armer plates of varjous
chemionl analyses and thicknesses, setshed and frastured. One piove of
sach steel wvas fractured under the impeet dlov of a steam farge hasmer,
and the other was drokea uwader the head of & tensile asshine at a rale
of applicatien of lead of 9000 peunds per mimute. Trastures resultiag
from the twe differeat strain retes were ccmpered.

- 3. V.A. Report 710/500. *Armer - Retellwrgicel Rxaminatisn of Cest Owm
' Shield jsmer Jour te Mix Inches in Thickness®. .4

. N, v.a. N70.5/5T™9 let Ind. A.P.G. 470.5/h801.

5. V.. Report 710/889. “Armer - Netallurgical and Ballietic Properties ~ -
of 1° Cast Armor Test Plates Namufagtured Wy the Kelssy-Nayes Wheel Oo.®. “} .

‘ . 4 4 - . .‘ i
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]
Watertova Arsemal Analyses -
[ Y.A.
. So. C m & _3 P ¥ Or Me G A _)
l 37 .92 .3 .09 .0M .63 .58 .37 .05 008
2 .36 1,13 .32 .016 .009 .53 .k .M ,11% .01 -
6 3 .29 1.64 .3 020 .019 - .03 .38 .15 .02 -
B b .21 .62 .19 .01 0271 - .3 .N2 .1 .03 -
5 .26 1,60 .32 .017 .023 - .M M4 155 .OM -
_ 6 21 .92 .2 .02 .02 .91 .71 .M .13 .02 -
| 7 .21 1.51 .20 .021 .012 - 0% %7 .12 .02 .00}
8 .21 .9% 1.0} .00 .010 .0 .16 .18 .12 .01 -
2. KNardemability
‘. . The Jeaiay hardemabdility curves of the oight steels are shom
¢ o in Pigures 1, 2, and 3, and the dats are summarised iz Tadle II. . .
' " PABLE 1 o
: Jud-Quench Eardesadility of Armor Steelg
®
Jominy %ﬂbalxg Data ]
e. of 1/1loths. of aa Inch ) 1
Nardness for a Drep in Nardness _ Hardness at SRR
1/16* frem te 2%° frea Thlckness o2 Plate . |
Stesl Quenched Bnd MRe Qumehed Iid Quanchadle te Ce
Jo. Re 9L 5Bc of 10 Re (MO0 IOW) ] WoMIiaOmter o
1 51.5 12 16 = %.5 3.5 .
2 5.5 20 2 n 38 o
3 51.5 7 9 s n s .
3 %9.5 12 18 1h 32 2.1 T e
5 52 1 24 . % 3.8 e
6 50 11 16 1 B.5 2.1 oo
o s .5 3. 3 . 25 17 06
° - e © o o o o _eo o _ o o o o o (

..........
--------------
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Tho thidknsss of plate qumcbadle to NOO Brinell hardness in
. the center was calculated .ocogdln‘ to receat iavestigations perfersed
I by Battelle Memorial Institute® sad the Great Lakes Steel Corporatiom.’

Both steel No. 3 (Mn-dMe) and steel Ne. 7 (Mn-Mo with doren)
have insufficient hardenadility to quench out in # 2° thick section.

The boron additioa to steel Bo. 7 did aot preduee aa apprecisdle iacrease
> in hardenability ever tha' of steel No. }. Previous work at this Arsemal
B has indleated that the Na-do cempositien has insuffieient hardemsdility
g for appliocation in section sises greater than appreximately 14° ia
thickmess.

3. Heat Treatments and Brinell Hardnese

! The heat treatments of the 2 x 6" x plate thickness sectiens
4 aad the surface Brin~ll hardnesses developed upom gquenching and temperiag
:‘, are included ia Table III.
' . PABLE 111
Heat Treataents and Nrinell Hardnesses of Arser Seels
Steel Specinen Quanched Quenched Cosled | .'.f
No, Sise Noat Treatsgnt = Soesing !nan Seecine oo
1 ox2x6 00°% - 2 hrs. - queached 55 5 ]
. . 1200°F - 2 hrs. - air 269 29 2D ‘
’ 1600°? - 2 hre. - quenched N7 Ml an
2 &&ab' ) sey - 2 bra. - rir 285 285 M
1600°2 ~ 2 hre. - guenched ns 85 28
3 26" 120009 — 2 bre. - atr 25% 2 207
1600°P -~ 2 hrs. - quemched N9 »2 ) 8
» b =2xb®  a00ep - 2 wre. - air 2 255 207
g 1600°F ~ 2 hrs. - quenched My 5 mn
i[. 5 2216 120007 - 2 bre, - atir an 311 22
- 1600°F - 2 hrs. - quenched %77 m 2
- 6 a26 apger - 2 hrel - air 21 - 2 a7 )
‘: 1600°F - 2 hre. - gaemched iy m a L
L 7T 226 112889 _ 2 bre. - atr m 24 21 -
. , 1600°F - 2 hrs. - quenched 388 ar 179
E 8 24x6* jep . 2 bre. - atr 255 207 178 L
- > o
; 6. "Correlation of Cooling Velccity of the Standard Joalny Eardemadility ;

Test with the Cooliag Velecity withim the Cross Seotioa of Plates®.
Johm @, Kura, C. H. Lorig. Battelle Memorisl Institute, Aag. 24, 19M2.

T. ‘"Hardenability Comparisons® - Chart putlished by Oreat Lakee Steel
Corporati a, 19k2,

T YLy v e YW Y ¥Yw v -~
'®
BN |




The as-quenshed hardnesses predused by the seeling rates -
resultiag frem water, 011, mnd air @enching are in sudstaatial agree-
seat vith the hardenadility charasteristics of the eight atsels. . -

. TFrecture Test

After heat treatamt, tho specinens were notoded and £ wed - o
as previeusly deosribed. The fractures were sxanined and reted. '

Photographs of the fractures of cast stesls Be. 1 thweungh § ore
showm ia Figure §. The water quenched specimmms are arreaged ot the
axtreme loft of the photegreph and are all fidrous {n zature. The i}
quenched  spesinens occupy the middle rev of the phelegraph sud hewe
oither fibreus or mixed frastures. The air eseled specinams ate 8t thw

.right of the phetegraph and are all cempletely srystalline iz sppeapense.

The photegraph illustrates the drightacss ¢f the crystallise frastares
as cemparad to the dark and rough appearance of the fibrews fractures.

" fhe fraoture ratings of the 24 heat sreated spesinens are
listed in Tadle 1V with the stoeels arranged ia erder of decressing se-
quesched hardaees.

S. The definitions of the fraciure ratings wsed at this Arsensl afe an
follews:

Mwn sstur

The fidrous fresture is sharescterised Wy & nen-yeflecting dark
grey, rough and pitted surfase. The sides of the l‘nehro show the
necking-in associated with dnetile Sehavior.

Orystalline FPrasture

The crystalline frasture 1o charesterised by & dright silvery )
shoen oamsed Yy refleciions frea facets. The murTese of the frastawe
tends t0 be flat and the sides wndeformed. The fracture sppears
Wwittle ia aataure. ‘

Nized Frecture

e nized fracture cemtains ol.at'- of deth the fidrune amd

crystalline types of fracture. The orystalliae regions nsmally em~-
sist of patshes or stireske in & fidrous mateix,
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Fror tre forsgoing 4 ta, the minimum as-quenched hardness capable e
of yroducire g com-lrtely {itrons fracture after temperine appears to be R,
avrrcxinately 400 Brinell when the caruon content is in the range of :

r n 25.0, 384,

For some ti e now manufacturers and heat treaters of armor have
been usirs tha core Yardrese trgt wheredy armnr must develop an as-quenched )
core hardness of at ler-: LCC BEN to be considered accertable. The results of the
| fracture exp riments fucdicate the validity of the core hardness test, assuming
ni that tnhe core hardness has beern accurately determined,

x £.  Microexaminaticr

e a—

. Specimens for microscopic -xamlnatior were cut from the 24 heat
: treated sections. Photomicrographs of the structures developed by the
“‘ varisuc “eut treatments are shown in Figures 5 through 8,

l Evceot in the cases of steels Nos. 3 and 8%, the heat treatment
consisting cf water cuenchin., and tempering produced sorbitic microstruc-
tures resulting from the temnering of comnletely martensitic structures,
Steele Nos. 3 and ® have insufficlent hardenability to quench out in 2"
souare sections and consequantly some high temperature transformation
rredu-ts wers forred unon water quenching, see Figures 6G and 8V,

Ste~ls Yar, 1 and 2 almoet completely aquench hardened upon oil
opusrnching; only very fev small isolet~d patches of ferrite can be found
ir the microetructures, see Filgurrs 5B and E, Greater or lesser amounts

. of hirh temrerature trane‘ormation vroducts resulted from the oil quench-
ines 5f the other aix steeln. Thene high temperature transformation
rroducts cornelet of ferrite, as in Fioure FH, imrerfectly formed pearlite,
as in Fleure 6K and 8T. and rrecipitates of grain boundary carbides, as
in Fieures £X and 8T.

Ir. all cases, air cooling resulted in the precipitation of ferrite
and carbides nt prain boundaries and alony cleavage planes.

By comparing the microstructures with the data in Table IV it is
seen that the fibrous fracture is associated with tempered martensitic
microstrustures essentlally free from the presence of high temperature
transformation rroducts. The crystalline fracture is associated with
microstructures consisting almost entirely of high temperature transform-
etion products. while mixed fractures occur when the microstructures are
suc as result then the eteel is slack quenched to a degree interrediate
btetween water guenchir~ and air cooling,

6, Effect of Microstructure and Temperature upon Imvact Strength and
the Appesrance of the Fracture T

k.
»
v

Eight s*arderd V-notch Cherpy imnact bars were machined from eech
Yeat treated section. Tre bars were taken from reglons equicistant from
the centrres and the surfaces of the sections, as 1llustrated in Figure 9.
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To reduce the scattering of results, t'e tottoms of the V notches were
poliehed to remove all irresularities and scra'ches, The polishing wae
pccomplished by holdins the specimens against a short piece of revolving
plano wire chargsd with alumine sbrasive,

Two bars from each section were t=eted at 420°C, -10°C, -40°C,
and -70°C, The low temreraturss weie atiained by immersing the impact
bares in a nixture f dry ice and acetone and keeping threm at temperature
for 15 rinutes prior to testing,

Tre resulte of tre teats are shown graphically in Figuree 10
through 17 and the irdividual valuer ard fracture ratinge are conteined
ir Appen-irx A,

The fractured surfaces of the Charny bars of steels Nos, 3
and F are shown in Figure 18 to illuntrate the effect of temperature
eud ouenching rate uron imract strength and unon the apnearance of the
frecture,

The followins ob-ervations and conclusions result from the
series of imnrct tests nerformed:

a. In erite cf thae fact that the air cooled steels averace
apnroximataly 0 poiate Brinell eofter than the water and oil quenched
st~=lg, the imrect strenpth of the air cooled steals it uniformly p-or
gt room temnerature snd decremees t0 very low values at reduced temmera-
tures, havings mixed tc crvstalline fractures 2t room temperature and
completely crvetalline fracturrg at raduced temperatures,

b.  The weter guenched steels which became fully martensitic
upcn quenchines have pood imract strength, Scme of these steels retain
their rocm temerature impact strength down to -70°C, while others show
s reduction in impact strength with a lowering of temperature, but the
imnact strength does not decrense to the same extent as that of the
air cnoled steels within the temperature range investigsted,

c. Except in the steels which almost completely auench hardened

in oil, the impact strength of the o1l quenched steels 1s intermediate
between that of the water quenched and the alr cooled steels, In some
cases the room temrerature impact strength of the oll quenched steel is
equal to or slightly greater than that of the water quenched steel, The
reason for this may be the fact that the oil quenched st-els under con-
sideration average ar~roximately 30 pointe Brinell softer that the water
quenched steele, and, in addition, had quench hardened to a consideradle
extent so that the microstructure did not contain very lerse amounts of
high temrerature transfortation products,

d. A decreese in temperature incresses the tendency for the
{ncompletely cuench hardened steels tc have brittle fractures and low
impact strengths,

~12-
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8. In gencral {t was obsarved that the fractures of the Charpy

? inract bars “ro-er at room temperature tended to ba less brittle in B
| natire tran t'ose f te Bame ateels fractured in 2"x2¥xh" gaction sizes, » )
r T-4a phenomenon hus D-en noted by manv investigators who belleve that .

t~e cons‘raint exertel! upon the deformation of the sidewalls; i.e.,
rrevention o€ aezkine dovn of the gpsclren abt tlie region 2f fracture in
lar e sattisngn, s res or+4idhle for tie more “rittle betavior of the
larre nectinna, Ansth-r ~ause of the more hrittle behavior of larere 1
eettions La traced 4o e glze effect vherehv the noteh of the vro- - »
E greasirpg cracs {a e feotively sharner beceluce the crac's 1a longer, .d
' in tre lar~e sfectinn tran in the ampll acctior. The aharer notch
reauite In more nrittla hehavior duriag fractaring.

. Tve low i7ract strenetn at reduced temveratures of in-
comrletely oneth hardened steel explairm o a great extent the generally
panr performarce of 13" and 2" thick cest ermor sectiona which were proof
€irac a* Cam: Shilo in January and Pebrusry of 1043 at temneratures of
215 1o =38OF (-2F to -17°C),9 Metallurrical examination of the failing
vrlates revealed trat mcst of ther nad eithrr been alack cuenched or J
rossesced {neu’ficlest “ardenabllity to completely quench harden,

Ad3itional +ata uron the effect of microstructure upon ®
imwact strenesth ard Yo gprearance cf the freciure was obdtsined during
g rec nt study of the qetallu-sicel cherecteristics of Lo6" thick cest
mn shield aranr. ' Fair of the armor sections hzd the following analyses:

‘ Hegt No, C_ Mn St _8 P Ny  Cr Mo
12L5 L .81 .28 ,0%3% .0k 1,00 .07 .us
3172 232 .90 .35 027 .Okk .98 .11 L5
AL0% .33 1,61 & 019 ,01% ,17 .10 .31
Lgug L300 B2 18 031 007 .- 2.39 46

Heate 7°L5 and 3372 (Ni-Mo) have insu"ficlent hardenability
to quench hrrden to a core hardness of NCC Brinell in sections greater
than 2" in thicknees, end since the shields were A" in thickness, they
were incnpavle ¢l guencn hardening, The nlcrostructure of these two
heats consisted of f.rrite and other higr tam-ereture transformation
[ ) rroducte, see Figure 19A,

B PR

Feat 6LCS (Mn-Mo) possesses hardenability sufficlent to
guench out a 2-3/" trick rlate but was cast into a " thick section.
The mlcrostricture of heat £1LC% was more satiefactory than those of
“epts 308K and 1772, out wlso cortalned sore ferrite and grain Uoundary

LO carcldes in addition to spheroidized sortite, see Figure 19B,
ﬁf. 9. Cast Armor Subcomnmittee Report No, 38, "Results of Low Temperature
tf Ballistic Tests on Cast Aruor Test Plates" Wotertown Arsenal,

March 1f, 1943,

L ) z. See footnote No. 3 on pase 5.




Heat 6848 (Cr-Mo) is capable of bteing completely quench
hardened in a section F" in thickress, The microstructure of this steel
in the as-received condition consisted antirely of spheroidized sorbite
with no hish temperature transformation nroducts anywheres in the sec-
tion, ses Figure 19C.

The hardne~sea ~f the four steels as-raceived were in the
rance of 207-229 Brinell, Ore inch thick sections were cut from heats
32u5, 33172, and 6405 and reheat rreated bv ocuenchins in agitated water
rom 1600°F and temrering back to the same hardness they originally
possessed, Tre 1" thick sections were completely quenched to martensite
and temyered uoner to a snheroidized sorbite vary much like the micro-
structure of heat 6848,

Three standard V-notch Cherpy impact bars were machined
from the four plates in the as-received condition anié from the three
reheat treated 1" thick sections, The impact bars were tested at room
temperature with the followling results representing the average of the
three tests:

TABLE V

V-Notch Charpy Impact Pfooerties of Gun Shield Armor

After
As-Heceived Reheat-Treatment

Heat Tyvre Cnerpy Charpy
No. Anaiysis Ft, Lus, Fracture Ft.Lbs, Fracture
GRLUE  Cr-Mo g2.8 Fidrous - -
1245 Ni-Mo 12,2 Crystalline 82.7 Fibrous
31172 Ni-Mo 9.5 Crystalline 69.4 Fibrous
6405  Mn-Mo g4,1 Mixed 69.1 Fidrous

Protozranrhs of th~ fractured surfaces of typical Chprpy
bars are shown in Figure 20, These photographs illustrate the relative
ductility of tempere” martenaita and the brittleness of slack quenched
structures.

Tries evidence emphasizes the influence of microstructure
upon the impact nroneriies of steel, Since armor is subjected to tremendous
impact forces in eervice the steel muat have the maximum impect strength
consistent with {ts hardness level, A homogeneous microstructure of tempered
martensite will nrovide the best combination of impact strength and hardness,

The mi~vostructural details of the various types of fractured
surfaces were studied. Several fractured Charpy bars were electroplated with
nickel, sectioned perpendicularly to the fractured surfnces and mounted in
bakelite., The nickel plate rrevented rounding of the edge of the specimen
during polishing. A considerable difference wae observed in the a rearance

¢ -l
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of the fractired ~dves of slack quenched and fully quenched steels,

Tha fracture of sleack quenched steele nrogresses along an
are.iar zie-zpe transpranular path, see Figurea 21A and 22A. The path of
*ve frodture Y2 rn:: Irfluenced by the crystaliographic orientation of
*he 2i~roenetituents, There is no deformaticn vhatsoever at the
suctace of trye fracture, the microconatituents beins completely un-
disiuried. Cn the otmer hand, the fracture of tempered martensite is
roien and tacsed with corsiderable deformati on of the grains in the
vizintity of tre frricture, see Figuree 21B and 22BE, The severe distor-
tisr meercarying the fracture of tempered mertensite nicely accounts
for tne corraratively nich imract strength of <he material in this
conditvion,

The apperrance of the fractured surfaces 1s explained by
thelr microstrvctures. The bright crystalline sheen of the brittle
fracture 18 due tc reflecti-ng Trom the flat crystslline frocets such
as are i{llustrated ir Flgure 21A, The dark, pit.ed, nonreflecting
arpearance of the flbrcus fracture rasults from the Jageed cheracter of
the Yractured surface

.

1
7. Effect of Hardness upon the Appearance of the Fracture b ‘1'
.A1
Secticns [rom twe series cf Oﬁc inch thick cast armor plates s
manutactured 'y the Labanon S5teel Foundry”™ and the Kelsey-Hayes Whesl .
Co,5 rengine in “ardness fro- 260 to aprroximately 360 Brinell were i
fractured under the steram hamrar both at 470°F and -70°T to dstermine ) .“
the effect of odoth hardness and temrerature upon the aprearance of the o
fracture, ‘
Data covering the one inch thick cast pletes are contalned in L
Taole VI, ‘
T - " . .
L, §, See footnotes on pare 5, '
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b. At -TO°P, Ledbanca Stesl Foundry plate Q90 has a oryetalline
frumo. soe Jigure 27A. This steel had deen slack quenched and §so .
censoqueatly brittle at lov temperatures. -

8. %he frastures of all the other stesls are recognisadly
fidreus at -70°P. The appearsnce ¢f the fracture is, bovever, chasged
from that at ¢70°7, partisularly at tbhe higher hardaces lovels., The
fracture at -10°F tends t0 Yecome flatter and meTe gramular ia appearsace S
as the hardnees insreases, see Figures 230 and 6. The fracture siill - -
retains the dark momreflecting qualities of the truly fidrous frssture e
and ¢does 20V asvune aay of the sheen of the crystalline fractare.

This sane phencmenot vas noted on the Union Steel Casting
Divigion's fracture test dar. At the end of $he der tarpered at the
lover temperatures, the frasture was much smeother them ia the fidreus
sone vhieh had bYeen tempered at higher temperatures.

§. Nffeot of Rate of Leading wpon the Appesrsacy of the Fresture

Twe 2x236" sectione were cut from each of several armer plates
of varieus chemieal asalyses and micrestructures. 7The seetione were -
notched with an adragive ‘S-off wheel. Oune plece of esh stesl wae
fractured wader the impeot dlew of a stesm ferge hammer and the other
wader the head of a tensile meshineg at rate of lead applicaiiea of m
peunde per minmte, with the followiag resulte:

8+ When the fracture resuliing from the impast dresk wee
completely orystalline, the freastwe wader the head of the temsile meashing
was also completoly crystalliae.

b. Ia seme cases, vhen the fracture frem the impeot trnk was
mixed, the fracture wnder the head of the temsile mashing wae ales misned
te the eame extmmt.

9. Senerally, Rowever, vhen the fractere frem the impast dlew
vas mixed, the freeture under the head of the tencile anghing was mere -
fidbrous in nature. In some cases, the sloy rate of strainiag prédneed
esmpletely fidreus fractures in the same material which bdreke with &
nixed frasture under the steam hammer.

In viev of the abeve Tesults, the frasturs ebdtained wpen an imppet

blevw is much more ueeful as a oriterisa fer juiging the characterietios
ef armer than that odtained W a slov rete ¢f load spplieation.

-17-
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Q, General Considerations

The series 0‘ exreriments performed upon steels of various
chenical analyses ard eat treatrents iniicata that the arvearance of
the fracture is an excallent pauge of the degree of ouench hardening of
armor steels. The fidbroir fracture nas beer srsoclated with temnered
rartensitic nicrostructure, high imract strength, and the ontimum com-
biraticn ¢f -erdness and toughness. When the fracture is crystalline
or mixed, the microstructure is heterogeneous, the room temperature
imnsct etrengtn is generally poor, and the impact strength at reduced
terxreratures 18 plware low,

The fructure teet, to be of real value, must incorporate the
fol.cwing features;

u. The test samnrle should te poured from the same heat as
the urncr comronents it represents,

b. The, test sar-le should be equal in thickness to the heaviest
cection of the armsr components 1t represents and of a size su‘ficlient to
have anrroximately the same coyling rate as the crmor components upon
quenchingz so thet both weould resmond identically to heat treatnent,

7. The test sample should be heat treated with the armor com-
vgnents it renresente to eliminate the variables encount-red in normal
'erat treating orectice,

d. Tre test samnle should be nntched in such a fashion that
tha area of the fractured surface should be at least equal to T x T
where T is the thickness nf the test san-le.

e. Thae test samrle should be btroizen Ly an imvact blow, either
nder g forpe hammer, or by any cther fallin, weisht mechanism,

The fractira tect as outlined above can be easily verformed by the
steel producers and Ordnance insvectore can be readily trained to in-
terpret the fracturere. The application of the fracture test will greatly
expedite the production of satisfactory armor through the control it
will exert over heat treatment.

During the time that the experimental work was being performed,
frecture test samrles were taken from many plates which had been sub-
Jected to firing tests at Aberdeen Proving Ground. It was found that
no plate having a fibrous fracture failed the ballistic test, Every
olate that failed the ballistic teet showed either a crystalline or a
mixed fracture, while several of the plates that did meet the ballistic
requirements also had c¢rystalline or mixed frectures. These results
indicate that the fracture test is more critical than the present
hallistic tests in differentiating between well and poorly heat treated
armor

-18-
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Because the fracture test is more critical than the ballistic
test, 1t 18 concelvable that the successful ar lication of the
fracture test may very well lead to reduced hHallistic testing; a factor
vhich would rreatly expedite production of armor components.
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control the quality of heat treatment of armor components. Because the fracture test i3 more

-critical than the ballistic test, it 13 conceivable that the successful application of the fracture
test may very well lead to reduced ballistic testing; a factor which would greatly ex pedite
production of armor compounds.
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