IPLRLALE B It B AR

VAN DS TR TR TR E R a1 Jr,

{ J‘ikmuHHWIUMMMH‘MM}H\HEHH‘»[!HH\l\Hmm vt el i
AR P K

a1 :
i -
: ‘i a A
f .....
1‘:}12 W,
""""""" iy

: [y ﬂ(u
| o
< (Y

W
LY

ER

B

‘\h‘
M..mmmmm.m T T TR e










RESTRICTED

INTRODUCTION

In connection with the develorment of hard homogeneous aircraft
armor to meet the requiremen%s of Specification ANOSwl as outlined at
the meeting of the Research Sub-Group for light aircraft armor held in
the latter part of 1942, a series of 3/€ inch thick experimental and
production plates were expPerimentally heat troated at Watertown Arsenal,
These tests were made in order to deteruine if austempercd low and high
alloy contont plate had any speciel ii3rlt over the standard quenched
and tempercd plate,

Ballistic results have been reported in part previously to some of
the industrial members of the Subcommittec on Rolled Armor, This report
has been written in order to dravide o conirlete record of the ballistic
and motnllurglcal studr of the compositions referred to below,

Pour oxperimental 800 1b, ingots of several compositions were cast
at Vatertown Arsenal and forwarded to the Simonds Saw and Steel Company ‘
vhere cech ingot was rolled into 3/8 inch thick plates for subsoquent '
heat treatment., Two 10"x12" plates of cach analysis werc austempered '
at Watertown Arsenal and two companion plates werc quenched and tempered
at Simonds Saw and Stecl Company., In eddition, several 3/8 inch thick
Disston high nickolenolybdenum and chromiuvmenolybdenwievanadium plates
oand also 3/8 inch thick low nickelenolybdenun plates manufactured by
the Ingersoll Steel and Disc Company were included in the above series
of heat treatments,

With the exception of two plates the series of plates wero heat

treated to a hardness renge of 375429 Brinell, The details on the
fabrication of the experinental platos are glven in Appendix A,

TEST PROCTIDURE

1, Ballistic Tests,

Ballistic tests were nade ns Tollows:

Ag. Aruy ballistic linits wore nbtained on the plates with o
cal. «30 M2 amrwaition in accordance with Spceificetion AXS.LBE,
Rovision 2 for hard honogeneous arnor rlate. '

b. The vlates werec smbjocted to a shock test consisting of g
3 rounds of cal, ,50 ¥2 bnll armanition fired at normal inpact at s e
striking veloclty of 2U50 festeder-second, Also, representative plates -————
wore tested with one round of eal, .50 AP M2 anmunition fired at normal i
et a strilzing velocity of 2450 fust-Der-sccond,
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2, Metallurgical Exanination.

After completion of the ballistic tests, the pPlates were
gsectioned for a metallurgical study which included the following tests:
chenical analyses, nacroscopic exaninntion, nicroscoric exanination and
Brinell hardness tosts rodo on the cross sections of representative plates.

In addition fracture tests for {iYre charncteristics were nade
on each plate, Sectious 2"x8" wero :ie:ed Mervendicularly to the
longitudinal axis and broken quickly under the drop hamier, Also, special
Venotch Charny inmpact bars ,360x,39L" with the notch cut on the 394" face
width, parallel to the surface of the plate, and also 252" dianeter ten~
gile bars were nachined from redresentative slates,

JESULTS AMD DISCUSSICON

1, Balligtic Tests.

Photographs of trynical austempercdand quenched and terPered
plates after the ballictic tests are shown in Figures lel inclusive, The
results of the ballistic toste are riven in Tablo I, Generally speaking,
the austondered )lates werc nore drittle under the shock test than the
quencked and tenncred plates. For cxanple, of the thirteen austenpered
Plates investizgated, only four Nossessed satisfactory resistance to the
ghock test, namely, plates 11231, 1123=2 (1,95 N4, ,7 Cr, .2 Mo), CV=l
(4.9 ¥1, .26 Mo) nnd 14582 (1,3 Ni, L4 o),

Apperently, in nost cases, the hardenability of the conpositions
wns insnfficient to provent the formation of intermediate temnerature
transfornation products during the quench,

The ballistic linits of the nustenncred scrics were inferior to
those of the quenched and temvered gronn., Tho tallistic linits of the
eustenpered nDlates varied froo 79 foet=Per-sccond below to 7O feetwpor=
second in orxcess of the requirencnts wherees the ballistic linits of the
quenched and tempered plates varicd fror K to 85 focteror—second in excess
of the Specifications,

Although the austemnercd lates CV-1 and 14582 passed the shock
test, the bellistic linits werc regpocilvalr 1 footelber=second in excess
and 60 feet-per~-second below the requirc.erts,

2, detallursical Exaningtion.

a. Chezical Analyscs.

Chemical analyses of the Hlates are ziven in Table II,



Sariplos Wog, 1120=1123 irclusive were the experinental low
alloy heats nnde nt Watortown Arsenal, 5SrupDles Nos, CVel, CV.2, CMV.6,
CMV.8, 3 and 2 are high nickelenolybdenun and chromiwimnolybdenun-
vanadiun steele manufactured by the Henry Digston and Sons, Ine, whersas
plates Nos. 14582 and 14932 are low nickel-molytdenur and chromiun-
aolybdenun~vanadiun steels furnished by the Inzersoll Steel and Disc Co,

k. Macroscopic Exaninntion.,

The oacrostructures of the longitudinal and transverse
sections after dee) etching in hot acid are shown in Figures 5 and 6,
Generally speaking, the sandles are free fron pronounced segregations
and with the exception of plates Nos, 14932 and OMVeb are fairly well
cross rolled, A short fine lanination is evident in the longitudinal
soctions of nlates Nos, 1121 and 1122, Also, sone decarburization is
Present on Loth surfaces of plate No, 3.

c. Microsconic Ixaninntion.

Photontcrogrenhs, 1llustrating the nicrostructure of the
heat treated Dlates are shown in Flgures € and 9,

Satisfactory austennsred nlate Lad microstructures consisting
essentially of beinite resulting fron decondosition of mstenite botwoen
5500F and 600°F whereas zuod quality quenched and teimersd Dlate vas
heat treated to yileld tonvered nertensite.

A description of the several nlcrostructuroes 1s gilven in
the following. The nicrostructure of tho brittle jlates Nos, 1120=1 and
1122-2 consiste of nartensite, sorc fercite ard other intermediate
tomperature tranafornation produsts, Tiho brittle samile No, 11212
contains nartensite, some ferpito and Iinturmediante tenpcrature trans-
formation products, The Oresence of martonsite in the above mentioned
sarPles resulted fron the faet tant 1t was noccasary to isothermally
treat then at 4500F or the tenmperature at which austonite partially
transforns to nartensite in order to malntain a hardnoss level of 388/L00
Brinell which was desired for the entire series of ex’erinmental plates,

The quenclhicd and tompered ductile plates Nos, 1120 and 1121
had a microstructure consisting of tonpered nartensito wheroeas temdered
nartensite and high tenveraturo transformation nroducts were DProsent in
the bdrittle »nlete No, 1122, seo Flgure 7. The ductile austemDered plates
Nos, 1123-1 and CV~l had a nicrostructure consisting essontially of
acicular bainite resulting from a decouposition of austcnite between
550°F and 600°F, with evidenco of more carbides being present in sample
CV~1l, Tenpered mertansite was Dresent in the ductile comnpanion plates
Nos., 1123 and CV-2 as queuched and tenpered, The drittle plate, CMV.8
contained nixtures of acicular bYainite and internecdiate temperature
transfornation products whoreos the ductile plate(MVwb contained uniforn
tenpered nartensite, see Figure 8,

ol
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The brittle austempered plates lNos, 3 and 14932 contained
esgentially intermediate temperature transformation products whereas the
ductile quenched and tempered mlates of the same series Nogs, 2 and
14932~1 had a microstructurc of temocred wartensite, Arparently the
banded condition noted in the quenched and tempered plates Nos, 2 and
14932.1 docs not result in brittloress under the shock test applied,
Plate llo, 14582 which was penetratod undsr the impact of cal, .50 M2 ball
ammunition, but showed no evidence of brittlencss had a microstructure
conslsting of carbides in a lamellnr coufi~uration and possibdly some
martonsite, The companion »latoe No, 14H%2-1 which had o tompered marten~
sltic structure vogsessed bottor ballistic promortics than the austempered
Plate,

do Fracturc Tests for Fibre.

The results ¢f tho frecture teots for 7lbre characteristics
are glven in Table III, The samples which had been quenched and temperod
to o temperod martensitic structure all showed a fibrous fracture although
the hardncss varied from 375429 Brinoll hardncss, Tho satisfactory
ballistic sanples Wos, CVel and 11231 austemPered to esscntially bainite
and both having a Brincll hardness of 406, exhibited o silky and fibrous
fracture, The balance of tite amustempered samples showed evidence of
crystallinity in the fracturcs which wvas associatod with poor nicrostructures
and brittloness under the applied shock test, Apparently, bainite
structures of the type found in the nickel-nolybdenur steel CV, which 1e
the result of the nustenite-bainite reaction nt about 550=G009F are not
assoclated with brittleness when subjected to the shock tests applied,

8» V=notch Charpy Impact Tasts.

The rosults of thc Venoteh Charny Inpact Toste are presented
in Table IV and also graphically shown in Tigure 10, Since these tests
wore nnde on a special iarmact bor, see Figure 1A, Appendix A, these results
only serve to indicate a comvarison o7 the 1irinnet values of tho austerpered
or quenched and tenpercd natcrinl,

A reviow of thege date showe thot the inpact values of the
quonched and tenpered sanplon tostnad 4% 4709F and nt =40°F cre in goneral
sonewhat superior to the values revoried on the snuplos sustempored to
the sane hardaess, The two custenvered sannles Mog, 1123=2=3 and CVll,
vhich hnd good shoclk resisting "roverties end nlsa o folrly uniforn
stricture, possessed rclatively righ impoact velues,

The austemvercd samnles of the OV serics containing 4,9% Nt
and ,20% Mo not only rotaincd a fairly satisfactory inpact value at =4OCF
ir consideration of thr hnrdnesa involved, but also rcvealed a silky
fracturc vien broke:n at thils tenperature. Since this austenpored
connposition wns the only one of the series which did not show crystallinity
at ~400F, it is evident thnt the resulting bainitic structuro shown in

Fizure 8 is not conducive to shock falluros,
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f. Tensile Tests.
The results of the tensile tests are given in Table V,

A review of these results shows that the ratio of the
vield - tensils strongth of the austempered plates is relatively low as
compared to that of tho quenched and tomvered ndlates., This is prodadly
assoclated with tho presonce of high end medium temberature transformation
nroducts in the material which was praeviously described,

In a fow canes, Mates vhich vere brittlc under the shock
toast had a somevhat lower ductility than the duetilo platess On tho
other hand, no dofinitc inverse corrnlation wao ostablished between
ductility in the tonsile test ~nd brittlencss resulting from shock
failures,

ge 3Brinell Hardness Tosts,

The regulis of tho Brincll) hnrdness tests are glven in
Table V with tho excontion of Mlates Yor, 1120=1 and 11202, The
austempered nlates had o rangc of 385429 3rinell hardness whereoms the
quenched nnd drawn Dlotes were heat trested to 375-429 Brinell,

3o Discussion

Although preliminery sustompering treatments nmrde on suall
scctions of the selccted low and high alloy stecels investigated showed
in nost cnses a nearly comnlete nustonitowbalnite transformation with
an accompanying hardncss of 338-400 Brinoll at an austompering temporature
at 550-600°7, in many casecs, the ballistic test plate follcd aftor the same
austeoapering cyelo to Posscss the same nicrostructure and cimilar
kardness, This was duc in nost cases to the inadoquate hardenability
of the steels, In soue cases, high and intornodinte tomieorature transe
formation products worc fowmed . durirg the quench which rosulted in
poor netallurgical and ballistic proverties., Furthermore since it was
dosirod to heat treat all ballistic »nlates to a Brinoll rordnoss range
of 385=U00, it beero nccossery to isothermally treat throe of the low
allcy vlintes Nos, 1120wl, 11212 ond 11223 at Y500F widcl was in the
austosito-nartensite tenperature reange ard henco, t.e oxplanation of the
rrosence of nartensite in these cemnles,

The austenvering of eruinr wlnte %5 ot practical since only
relatively srall samnles can bo satisfactoril; treated, TFor oxample, it
has boen determinadlthat emall sizo :om los (4x6x1/2") of CrwMo-V steels
similar to Nos, CMVe3, 3, 1LO32, had “i-% dallistic resistence when
austempered to o bairite structure o .4 wit® a Brinell hardness of Wi, On
tho othar hand, this eaue tyme of atcol i sceticns 10x12x3/8" when
austoupered under the srrio ennditions nud 4o the spue loriness level falled
to procsess satisfactory shnci: resistance althoush the resistonce to
1, Vptertown Arsenal Loboratory Redort . 710/198(r) "Study of New

Methods of Heat Treoatins Armor Plate, Austempering Delayed Quenching"
dated Moy 1937, | & ’

b
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penetration was considerably above the requirements, These larger
vlates, in all cases, contalned some high temperature transformation
rroducts,

The two avsiempecred steels which showed promising ballistic
and metallurgical properties in this investigation were the 1,95 Ni,
.7 Cr, .2 Mo and 4,9 Wi, ,2 Mo steels, These ztecls showed no marked
superiority over the quenched nnd tempered comppanion pPlates and there
fore, the auatempering process is not justified since excessive hardenw
ebility is rocouired for the thickness of plates involved,

It has been demonstrated that the fibre test can be apprlied
satisfactorily to light plote heat trested to about 388.429 Brinell
hrrdness,
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FIG. |A

MODIFIED V-NOTCH CHARPY BAR
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Fabricntion of Experimental Armor Plates

1, Steel Making Practice

The four experimental heats werc nade ot Watertown Arsenal
in an induction acld lined furnace and cost in tho form of 800-1lb, ingots,
moasuring 6" x 12" x 36" including the hot top. The heats werc alunminum
killed (aluminunm 1 1b./ton).

2. Rolling of Inpots

The ingots were slabbed ond cross rolled into 3/8" thick
plate at the plant of the Sinonds Saw end Stecl Corpenye

3. Hoat Treoatment of Plgtes

The prelininary austaypering treat.iants were dotermined on
1/4% x 1/4" x 1" samplos of the compositions listed in Table I, The aus=
tampering cycle was doternined which resulted in an austenite-bainite ro-
action varying from §0=100% complote, It was noted that due to insufficient
hardenability of severnl of the steels investizated that high and inter-
nediate temperature transfornation products were retained after quenching
fron the austenitizing temperature.
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BALLISTIC DATA SHXEET O, 1

Plate No, 11201 9 x 10 x 3/g" Austempered
Actual Thickness 377"
Brinell Hardness 33l

Chemical Analysis

c o Mo
36 1,03 .33

Plate Striking
Round Powder Velocity
No, Charge 7/8 Results

Cal, o50 M2 Ball Firingst
1 18] er. 2%5 PTP, 5/16" x 3/4# punching.

2 187 gr. 2486 PTP, 3/U" x 5/8" punching.
Maximum height of bulge on back - none.

Cal. 2 30 AP Mg Firing_a_:

3 a &L 173 @. pinhole.
Y 28 gr. 16942 (P, core shattered, nose in plate.
5 21.5 er, 1648% PP, SB.

®Actual Ballistic Limit = 1671 £/s. |
Specified Ballistic Limlt « L6U8 f/s., - Spec, AXS-468, Rev. 2, Machinable
Homogeneous Plate

PLATE SATISFACTGRY







BALLISTIC DATA SHERT N0, 3

Plate No, 1120 10 x 12 x 3/8" Quenched end Tempered
Actunl Thiclmess 375"
Brinell Hardness 388

Chemical Anrlysis
¢ or_ Mo

.36 1.03 33

Plate Striking
Round Powdor  Velocity
No. Chargo ¥/S Result

Cal, .50 M2 Ball Firings:

1 187 gr. 2450 est, PP, LB
2 187 gr. " PP, IE
3 187 ar. " PP, 1B
Maximun height of bulge on back of plate =~ 5/16",

Cal, .30 AP M2 Firingzs:
4L P,L, 1900 f/s 1872 CP, emall pinholo.

30 gr, 18532 CP, mmoll pinhole,

o

X8 gr, 1757 FP, B
29 gr, 1777 PP, MB,
29,5 gr. 1810 PP, L

Kk =

Cal. .50 AP M2 Firings:
9 187 gr. 2440 PP, 3/4 x o/16",

%pctual Ballistic Limit - 1832 £/s. _
Specificd Ballistic Limit - 1779 f/s, Spec. A(S-!83, Rev, 2, Hard Homogoneous
Plate

PLATE SATISTACTIORY






















Plate No. 1122

Platoe

JALLISTIC DATA SHEET NO, 11

10 x12 x 3/6"
Actusl Thicknoss o370M

Drinell Hordness 375

Chemical Anelysis

o M Mo
.33 1,60 33

Striking

Round Powder Volooity
/s Results

Yo, Charege

Quenched and Tempered

Cal, 450 M2 Sall Firings:

1 186 gr.
2 "
3 n
4 ]

n P, crack to rd. #1,

" PP, L] « oracking on bulgo.

" PTP, 3§ 13/16 x 1-1/8",

Maxinum height of bulge on back of plato ~ 5/16",
Cal, 30 AP M2 Firings:

5 3 gr.

6 P.L, 1900 £/s
7 B.L, 1900 f/s
g P,L, 1900 £/s
9 P.L, 1900 f/s

10 30 gr.
11 28 e
12 26 er.
13 27 &r.

1802

— dit odgo of plate.
1844 Hit rd. 4,

1850 it rd. #1.
‘1852 P 1/16" x 1/16%,
1830 CP, mall pinhole.
17308 CP, small pinlioloe
1690 PP, ©

1740% PP, MO

Cal, «H0 4P M2 Firingst

1h 167 gr. 2450 cste PTP, 1-11/16 x 1=9/16" 38,

2450 est, FP, ID = 1 x 1-1/8" punching started.

8, otunl Jallistic Limit = 1760 £/s,
Spocifiod Jallistic Linit - 1755 £/s. = Spoc. AXS-4CG, Rov, 2, Hard Homo,

Plate

PLATE UNSATISFACTORY - brittlo under shock test gppliod.





















BALIISTIO DATA SHEET NO, 2k

Plate Mo, 2 10 x 12 x 3/8" Quenched and Tempered
Actual Thickness ,402"
Brinell Hardness 388

Chemicel Anglysis
(o] Cr Mo V
5 1,16 _5'3_?3

Plate Striking
Round Powder  Velocity
No, . Charge F/s Regults__

Tal, 250 M2 Ball Firines:
1 186 gr, 2UK0 est, PP, MB
2 186 gr, " PP, 1B
3 186 gr, " Pp, iB
Maximum height of bulge on back of plaie - 1/8",

CQE 230 AP M2 Firinzs:
35 gr, lost CP, »inhole light

5 3L er, 19508 CP, pinhole light
6 33 er. 19022  Fp, 1B
Cal, ,50 AP li2 Firings!
T 187 gr. 2450 ect. PIP « 7/16 x 7/16" exit diameter,
8Actual Ballistic Limit = 1926 £/s : »
Specified Ballistic Limit = 1877 f/e = Spec, AXS.U88, Rev, 2, Hard Homo, Plate

PLATE UNSATISFACTORY - under Shock Test Applied

BALLISTIC DATA SHEET NO, 2%

Plate Mo, 14932 10 x 12 x 3/¢" Austempered
Actual Thickness ,363"
B*inell Hardness 415

_}_c_&.-in_el..u.i.a
Cr Mo V
.52 1,24 L9 L2k
Plate Striking
Round Powder  Volocity
Mo, Charze __F/S —Begults
Cal, 50 M2 Ball Firinga:
1 187 gr. 245C est, FP, !B
2 187 gr, " PP, B
3 187 gr, " Piate brole inin 2 dieces,

Cal AP M2 FPiringe:
m 187 gr, 2450 est, PTP - 3/8 x 3/8",

Maximum height of bulge on bvack of prlato - none,
Cal, ,30 AP 12 Firings:

5 32,2 gr, 18462  OP

6 32,0 gr. 18292 PP, MB

8Actunl Ballistic Limit = 1838 £/s
Specificd Bellistic Limit = 1805 £/s - Spec, AXSw488, Rev, 2, Hard Homo, Plate

PLATE UNSATISFACTORY
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