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Metallurgical Examination of Section of German fl,-."-:j

Face-Hardened Armor from the Front of a PZ, KW, III Tank i

o

| 0BJEOT Do
. To conduct a metallurgical investigation of the subject armor in- :;.-.".-.,.
cluding chemical analysis, hariness survey, determinatian of physical %]

pronertier, and macrosconic and microsconic examination.,

REFEREL CES . L.

0.0. %70.5/11289 - W.A. 1470.5/14880 ik

0.0. 470.5/11290 - W.A. 470.5/5040 |

A.P,G. Firing Record No. Al022 et

The basic correspondence psrtaining to this report is contained =
in Appendix A, and data extracted from 4,P.¢. Firing Record No. al022
are contained in Appendix B,
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SULLARY OF RESULTS
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. 1. The subject armor is a medium high carbon ehromium-molybdenun
alloy steel tnat was probably deoxidized with aluminum and titanium., .
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2. The plate was h=nt-treated as hriogeneous armor to a 3Brinell

hardness of apprr:izately 375-430 after which the face was flame
hardencd to an average depth of approximately 1/8" yielding a face ]
nercness or €53 Brinell. The flame hardening deoth is reasonably TFT
uniform across the plate. Aty
N
3. The metal is of good quality with respect to cleanliness and (o \:'{.
lacl~ of pronounced macroscopic segregertions and absence of diractional $ 3

properties. The plate contains considerable microscoplc segregation [".'""“"
a8 evidenced by extensive banding in hoth the longitudinal ~nd trans- 1
verse sections, §

4, The physicel properties of the midgection of the bass metal
of the German armor are as follows:

. v -
-, sl
1

Y.S.P, T.S. % Tiong. % EH.a. Izod 3W

0.1% Set
Lenzitudinel 153,000 180,000 12.9 .5 28.0 375
Transverse 154,000 180,500  11.4 B4 21h 375 e
These indicuate reasonable uniformity, probadbly s a result or cross r*‘—*

rolling.
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5. The sterl from which this armor was mnde has been extremaly
well processad and avidsnces proper care and tie best of techniques
throughout ths operations. The flame hardening operetion has aleo
oesn carefully performed; the resulting hardness gradients are uni-
form and show the characterietic sharp transition from the hardened
face to the softer back pessing through a narrow softened zone,

(h Hateof,

A, HURLICH
Assistont Metellurgist
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INTRODUCTION

In accordance with instructions from the 0ffice, Chief of

Ordnance, & specimen of face-hardened armor plate,, i-1/U"x13-1/2"x31-1/2",

from the front ef a PZ XKW, III Tank was forwardei to this arsenal
from dberdecn Proving Ground for metallurgical investigation,

The plate was ballistically tested &t Aberdsen Proving Ground.
Figures 1 and 2, respectively, show the face and back of the plate
after the ballistic tast,

TEST PROCEDURE

Strips were cut from the plat~ in both the longitudinal and
transverse directions for hardness surveys, macro-etching, and miecro-
scopic examination, Tha composition and the physical properties of
the bese metal wer- detarmined,

DaTa &1TD DISCUSSICON

1, Markings

The following markinecs wer» noted stamped on the back sur-
face ol the plate:

"66" with additionrl markins obliternted by impect of
Round No. 13.

"71 Wl 325202994" stamped in approximately 1/2" high
figures.

Two stylized German cagles grasping globes containing the
swastika emblem were stemped on the back of the plate, one at each
end of the above series of numbers, The serial nunber "WaA79" was
stamped beneath the sagle to the left of "71" and the symbol '"Waa7"
was stamped under the cagle to the right of the last number.

2. Chemical analysis

The chenicsl analysis of the subject armor was found to
be as follows:

C Mn _Si _§ _P Ni Or Mo Ou _V 4 ™

.55 .81 .51 .019 .,028 nil 1.63 .35 .06 trace .03 .065

The German armor is essentially a medium high cerbon
chromium-molybdenu: alloy steel that was probably decoxidized with
a complex deoxidizer conteaining aluminum and titenium, The carbon
content is considerably higher thorn that of current American homo-
geneous armor of comparable thickness, which averages ovpproximately
0.30% carbon. '
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3. Hardness Survey

Hardness surveys were mede of the hard case snd of the bare
metel using both the Rockwell and Viclers machines, see Figures 3
and 4. The epscimens for hardness survay were first etched in 5%
nitric acid solution to delineate the hardened zone. The appearance
cf the hardened zone was typlcal of those produced hy flame-~hardened
processes. This fact was subsequently confirmed.

The Rockwell C survey on a transverse section of the armor,
Flgure 3, shows that the surface hardened zone has an extremely uni-
form hardness level of Rockwell C 57.5-60, This wiformity of hard-
ness is superior to that observed on numerous flame-hardened plates
of American nanufacture examined at thie Arsenal, A eimilar hardness
survey conducted on & longitudinal section of the subject armor showed
results identical to those obtained on the transverese section.

The Vickers hardness survey was conducted to detect the
hardness gradient fron case to core, see Figure 4, A very sharp
hardness gradient from case to core exists, the hardness dropping
from 643 to 354 Vickers Pyramid Hardness in 0,02 inches.

Brinsll hardness resdings waore also made on the fage and
the back of the German aruor,

The rcsults of the hardness surveys are summerized in Table

I:
TABLE I
Rockwell C Vickers Pyramid Brinell
Hardness Hardness Hardness
Fleme-hardened zone 57.5-60 6L3-681 €53
Base matal 38-U3 35L-397 375-429

4, Physical Propertins

Physicol propertics determined on test specinens cut from
the midsection of the base matal of the Garman armor are listed in
Table I1:

4BLE 11
Y.S.P, T.8. % Elone, % R,A, Izod 3BHN
0.1%Set
Longitudinal 153,000 180,000 12.9 4h,5 28,0 375
Transverse 154,000 180,500 11,4 35,4 21k 375

~l
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The subjact armor is considerably harder and consequently
less ductile than present production American plate of compatrable
thickness, which would probably lead to poorer shock properties
than those poesessed by American armor. The Izod impact values are X
normal for steel at the hardness level of the subject armof;, &nd the . -
relatively consistent results in the longitudinal and transvetse 5
directions indicate proper cross-rolling of the steel, e

5. Macro-Examination

directions were macro-etched, see Figure 5, The metal is dense,

free from pronounced segregation, except at the right hand end of

the transverse section which may represent residual secondary piping. L
The hardened zone, except where it tapers off at the ends of the \,.
transverse section, is extremely uniform in thickness compared to Wy
those of flame-hardenad nlates of American manufacture examined at ]
this Arsenal. Compared to rolled Americem srmor of the same thick- i
ness, the subject armor is of excellent quality with respect to
soundness of the metal.

Strips cut from both the longitudinal and transverse r
4

The macro-etch, b=cpusec of the charactcristic shape of il
the hardened layer, confirms the fact that ths Germen armor was r '
flame hardened. Several cracks were obssrved in the hardened layer, I
see Figure 5, which were present before macro-etching. It is poss-
ible that these cracks resulted from the ballistic testing, beceuse
numerous cracks were found radiating from the penetrations. These
cracks arz confined to the hardened, more brittle, zone. 3
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A 1" wide strip, Section A, Figure 1, was cut through the
large counter-sunk hole in the center of & flame~cut end of the
plate and through a rivet hole. This section was macro-etched on
both cut surfacus, see Firures 6A and B.

!

Figurs 6A is o photograph of the stcaed surface cutting
through the rivet hole, Away from the rivet hole, the flame-
hardened zons averages 0.09" in depth. At the right edge of the
rivet hole the zone is 0,11%" dwep, and at the left edge the zone
is O,04" deep. In the rivet hole the zone varies in depth from
0.0" to 0.13". Pigure 6B is a photograph of the etched surface
parallel to and 1" awny from the surface shown in Figure 6A.
Approximately opposite the rivet hole, the flame~hardened zone de-
crenses to a depth of 0,06" for a distance of approximately .T".
This decrease in the depth of the flame~hardened zone may heve
been the result of having a plug of metal of high hent conductivity
such as copper in the rivet holes during flame-hardening. The Ll
drilled holes were probably filled with plugs during the flame- q -
hardening to prevent eicessive herdaning of the interior of the
holes and consequent danzer of crercking through thie holes as a
result of projectilec inpect.
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At the edge of the plate surface next to the large sounter
sunk hole, the depth of the hardened zone increases to 0,20" (Pigure 6A)
and 0,16" (Figure 6B). The counter sunk surface is not flame~hardened
and was presumebly covered by a plug of metal during the fage-herdening . o
process. -
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6. Micro-Examination ' ‘.:.'..

Nty 4y

An Oberhoffer etch on transverse and longitudinal sections e
of the subject armor, Figures TA and B, indicates that the plate | o
was cross-rolled, and that the principal direction of rolling was in o
the same direction as the longer dimension of the plate. R

. ¥

The steel is moderately clean, Figure 7C, with a very few L;-.:
elongated nonmetallics., The back face of the plate was slightly o
decarburiied, and was covered with a leyer of scale approximately -
l 0.004" thick, Pigure 7D. The metal is severely banded in both the Y
' transverse and longitudinal directions, Figures 7Eand ¥, - L

The micro-structure of the junction of the hardened zone
and the base metal is shown in Figure 8A. The stecl 1s extremely £
banded and darker etching bands can be seen on the base side of oo
the junction. These darker etching bands represent a very shallow fo
layer of metal immediately below the hardened zone that was tempered 1
by the flame hardening of the surface laysr. Reference to the
Vickers Pyramid hardness survey, Figure 4, shows a zone marked "C"

r that 1s lower in hardness than the base metal. This zone comprises
. the darker etching bands seen in Fisure BA. -

The micro-structure of the base metal consists of & tempered
martensite, Figure 8B, The Junction zone contains a mixture of a
hard untempered martensite and patches of martensite tempered at a
temperature sufficlently high to cause spheroidizetion of the cer-
bides, Figure 8C, The micro-structure of the flame-~hardened zone
consists of a very hard, untempered acicular martensite, Figure~ 8D,

AT

O 3

To further establish the fact that the armor wns flame-
herdened, a section of the plate was annealed from 1700°F, The
microstructure of the surface zone was the same as that of the
bagse metal after annealing., From all the preceding evidence, it
is established that the face hardening was undoubtedly acconmplished
by flame-hardening. :

v v
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7. Ballistic Cousiderations : '-i"-fj

Teble III contains date summarizing tue ballistic testing e
of the Germen face-hardened armor as abstracted from Aberdeen Proving —
Grournd Firing Record MNo. &ak022 of July 30, 1942, Complete date s
covering the ballistic test of the subject armor is contained in
Appendix 3B,
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TABLE 111

Lowest Highest

Velocity Velocity
Angle Complete Partial Ballistic
of Penetration Penetration Limit
Plate Projectile Pt./Bec. . _Ft,/Sec. Jt./Sac.

7 MM M51 | :

normal 3 A.P.C. 1387 1333 1360
200 " 1446 1405 1ho6

Current American rolled homoraneous low alloy armor plate
of the same thickness as the subject armor is normally heat-treated
to a Brinell hardness of 280-320, and the averaze ballistic limit
of production plate is in the neighborhood of 1400 ft/eec when im-
pacted with the 37 MM M51 A.P.C, projectile. The German armor had
a ballistic limit of 1360 ft/sec with & base hardness of 375-430
Brinell and a face hardness of 653 Brinell. Azainst the capped
projectile, therefore, the German armor is not superior to coneider-
ably softer homozeneous Americen plate.

The high hardness of the l-1/4" thick German ermor would
undoubtedly cause poorer shock resistance to the impact of heavier
projectiles. American armor of comparable thicknese withstands the
impact of the 75 MM T2l slug (& 1l5-pound soft steel projectile) at a
velocity of approximately 800-900 ft/sec, whereas it is doubted .
that the German face-hardened plate would resist the seme projectile
without excessive cracking or complete breakage,

The chief edvantage of face-hardening armor plate is its
superior ballistic characteristice over homogencous plate when sub-
Jected to the impact of matching uncapped projectiles such as the
37 M4 M74 and the 20 M M75. The effect of a hard face is to break

up uncapped projectiles, thereby destroying their penetrating ability.

Since several British uncapped armor-piercing projectiles are used in
the field, notably their 2 and 6-pounders, the Germen plate was pro-
bebly designed to afford maximum protection from the attack of these
projectilas. '

In view of the consideration thet capved armor-viercing

projectiles are coming into more prominent use on the field of battle,

the use of face-hardened armor plate in these thicknesses is to be
questioned. The difficulty of making reveirs in the field, the fab-
rication problems, &nd the fact that face-hnrdened armor of the type
of the subject armor is not eesily weldrble; all point to the under-
lying reasons for the eranter use of softer homogeneous armor.

It has been recognized in this country thet face~hardening,
by any process whatsoever, is not justified en plate greater than
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Y™ thiokness, The German face-hardened armor, which is of as good
qualily as may be produced commercially, bears out this contention

by virtus of its inferior performance egeinst the 37 MM M51 A,P,O,
projectila.
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GERMAMN FLAME-HARDENED ARMOR FROM P2, KW JIIT TANK,

X1% =—A- OBERHOFFER X1% =B— OBERHOFFER X120 -C- UNETCHIT
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TRANSVERSE LONGI TUDINAL LONGITUDINAL, DISTRIBUTON -

METALLLICS, MODERATELY CLIAY

X100 -D— NITAL PICRAL ETCH

SLIGHT DECARBURIZATION AND SCALING OF BACK
SURFACE OF ARMOR,
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COPY Davi/mks

WAR DEPARTMENT
Office of the Chief of Ordnance
Washington

0.0. 470.5/11290

SPOTB - Intel.

A.P.G. 470,5/3024

W.A. 470,5/ July 27, 1942

Subject: Shipment of Armor Plate to Watertown Arsenal

To: The Commanding Officer
The Proving Center
Averdeen Proving Ground, Md,

Attn: Captain A, W, Jorden

1., It 1s requested that the Froving Center ship to Watertown
Argenal, attention of Colomel Zornig a -pecilon of face-hardendd
armor plate, 1 1/4" x 13 1/2" x 31 1)2%, from the front of a
Pz Ky, III Tank,

2. This plece of armor plate was received by Ferry Command
from the Middle East and is in storage at the Froving Center.

3, I% is requested that copies of any correspondence covering
this shipment of armor plate to Watertown Arsenal be sent to the
Ordnance Intelligence Unit.

By order of the Chief of Ordnance:

(./t) E, S, DAVIS
lst Lt,, On.d. Dept.



RESTRICTED

Davis/mks
COPY
WAR DEPARTMENT
Office of the Chief of Ordnance
Washington
July 27, 1942

0.0. 470,.5/11289
SPOTB - Intel,
W.A, 470,.5/4880

Subject: Shipment of Armor Plate to Watertown Arsenal

To: The Commanding General
Watertown Arsenal
Watertown, Massachusetts

Attn: Colonel, Zornig

1, Attached is copy of letter to the Froving Center, Aberdeen
Proving Ground, reguesting them to ship to Watertown Arsemal a speci-
men of face-hardened armor plate, 1 1/4* x 13 1/2% x 31 1/2%, from the
front of a Pz Ky I1II Tank,

2. Colonel W,A, Borden, Deputy Chief of the Technical Divisionm,
has requested this shipment be forwarded to you for analysis and study,
with eight (8) coples of the report prepared at the conclusion of the
tests,

3. A copy of the new Ordnance Department Order, covering the
hardling of foreign ordn ance materiel, will be sent to Watertown
Arsenal within two weeks, This Order will contain instructions for
the distribution of the eight (8) copies of the report.

By order of the Chief of Ordnance:

(s/t) E. S. DAVIS
1st Lt,, Ord. Dept.

1 Incl,
Copy of letter to Aberdeen Proving Center

RESTRICTED



COPY

RESTRICTED
0.0. 470.5/11289
W.A, 470.5/4880 HAM/ amy

Watertown Arseral, Watertown, Massachusetts, August 20, 1942,
To: Chief of Ordnance, U, S, A,, Pentagon Building, Washington, D, C,
Attn: SPOTB - Intel,

1, A preliminary analysis of the subject German armor has
revealed that the material is of good quality and of the following
chemistry:

C M¥a S8 S P N Cr Al T4
.55 .81 ;1 019 .02 nil 1,63 '.3%' .03 ,065

8, The plate was heat treated as homogeneous armer to a Brinell
hardness of approximately 429 after which the face was flame hardened
to a depth of approximately 3/16" ylelding a face hardness of 653 Brin-
ell, The flame hardening depth is uniform across the width of the
plate.

3. It is requested that this file be returned for future ref-
erence and the submission of the final report,

For the Commanding Officer:

(s/t) 6. L, cOX,
Lt. Col,, Ordnance Dept.,

Agsistant,
1 Incl, n/e
Copy of letter to Aberdeen Proving Ground
W.A, 470,5/4880 (R) y
0.0. 470,5/11289 2nd Ind, Davis/mks

War Depertment, Ordnance Office, Ordnance Intelligence Unit, Washington,
D, C,, August 26, 1942,
To: Watertown Arsenal, Watertown, Massachusetts

1. JNoted and this file returned for submission of fimal report,
By order of the Chief of Ordnance:
(s/t) E. DAVIS _
lst Lt,, O dnance Dept.
?

1 Incl, Added
Ora, Dept. Ord. 327 (im dup.)

RESTRICTED
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Ballistie Test of

ggrmm Face-Hardenei Armoy Plg_ga

from the Front of a PZ. KW. III Tank

The following data regarding the ballistic testing of the
German face-hardened armor are abstracted from Aberdeen Proving Ground
Firing Record No. A4022 of July 30, 1942:

Round , Velocity
Yo, Projectile Ft/Sec. Remarks .
Angle of Plate ~ Yormal
1 37 MM M51 11k CP - 2 cracks of light around
AP0 punching started.

2 oo 1360 Disregard results. Hit right edge
of machine hole. Tore away metal
between impact and machine hole.

3 " 1387 CP -Diameter of penetration 1-3/4"x
1-7/16",

L " 1317 PP - Depth of penetration 1-1/8",
SC on MB. Punching started.

5 " 1333 PP -~ Depth of penetration 1-5/16",
SC on MB.

6 " 2534 Disregard result. Hit at edge of
round ¥o. 1, CP ~Diameterofpene~
tration including BS 2-3/8"x2-1/2",

7 " oL ¥ Disregard result, Hit at edge of
round No. 4, CP - Diameter of pene-~
tration with lamination 2-7/16"x
2-11/16",

8 U 2538 CP - Diameteror penetration with

lamination 2-9/16"x3",

Angcle of Plate - 20° from Normal

2 " 1535 CP Dismeter of penetration 1-21/32"x
1-27/ 32",
10 " 1446 CP - Orack of light 1/&"xl" MB,

Punching started, Nose and body of
projectile dzstroyed.
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Round
o,

Velocity
Projactile 7t/Sec.

Remarks

1l

Tl = LRI INt. 37

12

N SRS

13

1
15

R

Angle of Plate - 20° from Normal ’

37 MM M5 1405
+.P.C,

" 1446

d 2535

" 2534
" 2535

PP - SB, Nose of projectile
destroyed in plate. Projectile
shattered. :

Disregard results. Hit in macﬁine X
hole, |

CP. Diameter of penetration including
BS and lamination 2-7/16"x2-25/32".

Disregard. Kit in impact No. 6.

Disregord. Hit clamp.

b

Pl T

s

-

)

.‘

"

3

-

J o o [
v -

........
..........

Key to Abbraviations

CP -~ Complete penetration
PP - Partial penetration

S3
MB
BS
SC

Slight bulge on back
Medium bulge on back
Back speall
Star crack
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