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REPAIR WELDED .CAST ARMOR 

Metallurgical Examination of Samples from Four 
Ballistically Teated 2-Inch Thick Plates 

OBJECT 
r ' \ \ \ , _ " .. I ' t \ ('· J 

1o earry out metallurgical examination of subject plates. 

SUMMARY · 

1. Metallurgical examination including chemical analyses, macro­
examination, hardness surveys, tensile and Charpy V notch impact tests, 
microeD,J11inat1on, and Jomiey hardenabili ey- tests, was carried out on 
the subject plate,, 

) 
2. \ ,Hardnesa surveys through the 2-inch thick weld 111:ltal repair• 

showed average hardnessea of 16.5 Rockwell Con one plate and 12.0 -
8.5 on the other three plates. Ballistic limits showed a decrease in 
penetration resistance with hardnesses. 

3. At the low hardness leTel of the weld metal developed by the 
quench and draw treatment, satisfactory V notch C~:ryy impac, values 
were obtained for testing temperatures as low as-~ F. 

4. Hardenability determinations and microexamination indicated 
that the weld metal has insufficient hardeMbility to develop a homo-
geneous ma.rtensitic microetructure on water quenching of 2-inch thick 
sections.,. This condition would tend to cause a severe decrease in bal­
listic shock resistance of the weld netal at higher hardnesses obtained 

D 
.) 

), 

with draw temperatures insufficient to bring about sp er~iit~'t~op.; ·~ - --r""' 
lamellar, high transformation temperature carbides. _ A~c · · 

.. ,,,.,·, • r~~, ,,., T 
I\. 

(l, ' I')} ' 7;' :;,Ji.'all..'/i 1 tJ 
Anna M. Tur ~r ·.· ~ _' ·: .:~ " .L Ll 

Phy. S~ci. A ~ -- _______ _ - ----1 

II ,,.~ ~,·, ' . , -, .:. ·,:·::-/ 
.IC ,,. J , . ' - • ' .. , ~ • . - - --i 

s. A. · Herre( _!:v~. i : · ·_ ~l ; • •; Ce de s 
lat Lt., Or,. Dept .. _ '. ,-1/ J r 

,Di~• t.,.. ' . -'-

I • ~ di I--- -- --~ ,..•~• LlI.• •" ... - _r"'~_.: .. l - ,.-._,,...._ --

- - • • 



.. 

. . . . . . . . . . ~ ,. 
I 

IRrR0DUCTI ON 

Specimens approximately 2 x 8 inches were flame cut across the 
welded 1ection of each of a total of four repair welded 2-inch thick 
cast armor teat plates, after ballistic testing at Aberdeen Proving 
Ground, and forwarded to thia Laborato?y. Metallurgical examination 
of these epecimene was carried out in accordance with a request from 
the Office, Chief ot Ordnance-Detroit, SPOME-D. The basic correspondence 
is included in Appendix A. 

TEST MATERIALS 

Samples received for metallurgical examination were taken from two 
ballistic teat plates submitted by American Steel Foundries, and two 
plates eubmi tted by Continental Roll and Steel Foundries. Complete 
welding and ballistic data are given in Aberdeen Proving Ground reports 
Numbers A-12571 and A-12572. 

All four plates were welded in the normalized condition with the 
Harniechfeger AW-2C Mn-Mo ferritic electrode with stainless type coating. 
The weld recess was 6 x 24 x 1-3/4 inches. A multiple weld bead tech­
nique was used and after part or all of the welding ha~ been completed 
from the front, the back of the plate was chipped out to a minimum depth 
of 1/2 inch and welded. The hent treatment and ballistic data for each 
plate~ be 1wnmarizod as follows: 

Plate A-814 1 American Steel Foundriea 
Actual plate thickneaa: 2.14 inches 

" weld 11 
: 1. 90 " 

Heat treatment: 
Prior to welding - 1650° F., 4 hrs. air 

1250° F., 2 hrs. air 
Mter welding - 1650° F., 4 hrs. water 

1250° F., 4 hrs. water 
Ballistic limit of plate: 1675 f/ • 

11 11 
" weld: 1423 f/ a 

Shock test results: 23-1/2 inch crack in weld through impact 
of 75 mm. proof projectile T21 at 
1325 f/s and previous A.P. impact,. 

Plate A-846, American Steel Foundries 

Actual plate thickness: 2.00 inches 
" weld 11 1.94 " 

Heat treatment: 
Prior to welding - same as that given to A-814 
After welding - 1650° F., 4 hrs. water 

1200° F., 4 hrs. water 
Ballistic limit of plate: 1582 f/s 

11 11 11 weld: 1496 f/ s 
Shock test results: 25-3/4 inch crack in weld through impact 

of 75 mm. proof projectile T2l. at 
1364 f/s and previous A.P. impacts • 

- 2 -



Plate 6292-2 1 Continental Roll and Steel Foundries 

Actual plate thickness: 1.98 inches 
11 weld 11 2.10 11 

Heat treatment: 
Prior to welding - 1625° F., g hrs. air 
After welding - 1575° F., 10 hrs. water 

1210° F., 10 hrs. water 
Ballistic limit of plate: 1550 f/s 

11 
" 

11 weld: 1534 f/s 
Shock test results: 7-inch crack near fusion zone from impact 

of 75 mm. proof projectile '1'21 a t 1430 f/s. 

Plate 6335-2, Continental Roll and Steel Foundries 

Actual plate thickness: 2.08 inches 
11 weld 11 2.08 11 

Heat treatment - Same as that used for 6292-2 
Ballistic limit of plate: 1662 f/s 

11 
" 

11 weld: 1498 f/s 
Shock test results: 8-1/2 inch and 7--inch cracks in weld 

(through A.P. impacts) from impact of 
75 mm. proof projectile T21 at 1473 f/s. 

TEST PROCEDURE 

Figures land 2 are sketches of the samples from the ballistic test 
plates. Locations of specimens for standard .357 inch diameter tensile 
bars, Charpy V notch impact tests, and weld metal Jomiey bars, as well 
as sections for macroexamination, hardness surveys and microscopic ex­
amination are indicated. After the completion of the Jominy tests, the 
bars were cut into 3/8 inch thick sections for heat treatments to check 
austenitizing temperatures. Details of testing are given with the data 
and discussion of results. 

DATA AND DISCUSSION 

Chemical Analises 

Chemical analyses of the base and weld metals as given in firing 
records (Aberdeen Report Numbers Al2571 and Al2572) .,.,~r e as follows: 

Plate No. C Mn Si s p Ni Cr Mo 
American plate .283 1.60 .54 .023 .017 .60 .32 
A814 weld not given 
American plate .288 1.54 .48 .025 .016 .53 .32 
A846 weld not given 
Continental plate .31 1.30 .37 .036 .043 .69 .62 .41 
6292-2 weld .15 1. 66 .27 .020 .020 Tr . • 07 .42 
Con ti nen te.l plate • 28 1.24 .36 .042 .o4o • 62 .63 .45 
6335-2 weld .15 1.66 .27 .020 .020 Tr • • 07 .42 

- 3 -
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Check analyses made on d.rillings from broken weld metal Charpy bars 
gave the following results: 

Plate No. C ~ Si s p !! Cr Mo -
American A814 weld .17 1.97 .24 Nil .oa .52 
American A846 weld .17 1.89 .27 Nil .o .46 
Continental 

6335-2 weld .15 1.81 .25 Tr. .10 .46 

Macroexamination 

Figure 3 shows transverse sections through the repair welds in the 
ballistic test plates, as etched with a saturated solution of ferric 
chloride. The cracking shown was developed on ballistic testing. The 
weld metal deposits are relatively sound. A small amount of centerline 
shrinkage is present in the cast base metals. The postheat treatment 
has removed all evidence of the weld heat-affected zone. 

Hardness Surveys 

Rockwell C hardness surveys taken at 1/4 inch intervals through the 
thickness of the base metal and weld metal deposits gave the following 
results: 

American Continental 
A814 AS46 6292-2 ~ Plate-Weld Pl.ate-Weld Plate ield Plate feld 

18.5 12.5 21.5 14.o 17.0 11.0 19.0 8.0 
20.0 11.0 24.5 14.5 20.0 8.5 21.0 8.5 
18.5 10.0 22.5 16.0 19.5 9.5 21.5 7.0 
17.5 11.0 23.5 16.0 17.5 11.5 20.0 8.0 
16.5 12.0 22.5 17.n 19.5 12.5 18.5 6.o 
18.0 13.0 11.5 17.0 19.5 13.0 22.0 9.0 
19.5 13.0 24.o 18.0 19.5 11.5 21.5 9.5 
18.5 13.5 24.o 17.0 19.0 11.5 23.5 11.5 

No significant variance in hardness was apparent through the thick­
ness of either the weld or plate metals. The higher hardness levels of 
weld and base metals in plate A846 than that of A814 is explainable 
since the former was drawn at a 50° F. lower temperature. The reason 
for the difference in hardness level between the two Continental plates 
is not clear since they were reported to have been welded and hoat 
treated in the same manner. 

Tensile and Impact Tests 

The amount of material in the se.r~ples allowed only limited testing. 
Two all-weld metal tensile bare were taken midwall from plate A846. Values 
obtainfd were as follows: 

- 4 -



Tenlile 
Yield 
11.ongation 
leduction of Ar• 

97,800 - 99,500 p11. 
80,500 - 84,000.J>li. at .l~ ott1et 

20.7 - 22.9' 
67.0 - 67.6~ 

The ten1ile etrength 11 within the expectancy r3.nge for the bardneaa 
level lhown for thie weld metal. A deoreaee of about 10.000 to 15.000 pli. 
in yield and tenaile atrength would be expected for the lower bardne11 
weld metal, of the other three plate,. 

Cbarpy V notch impact bare were taken midwall from both plate and 
veld metal of plate .A!46, and the following test values were obtained: 

Temperature of 70° 1. 0° F. -20° F. -lt0° J'. 
Teet tt.lba. tt.lba. ft.lbs ft.lbe. 

Bate Metal 44.1 - 51.3 29.5, 51,0 51.0, 51.2 49.1, 52.8 
Weld Metal 
(longitudinal) 79.1 - 96.8 42.7 47.5 45.4 

The following impact value• were obtained for V notch Charpy teat 
bare taken tran•verae to the rolling direction from various locations 
in veld and. baee metals of plates A814 and 6335-2 and teated at +70° r.: 

Plate No. 814 
Ba•e metal 
Center ot veld 
Baae of notch-veld metal 

1/8 in. from tueion line 

Plate No. 6335-2 
l3ase metal 
Center of veld 
Base of notch-base metal 

1/8 in. from tu1ion line 

Surface Midwall Center 
ft.lb1. tt.lbe. tt.lb1. 

54.6 51.3 38.7• 
108.1 108.1 97.0 

98.8 103.5 95.2 

57.1 54.7 61.2 
105.8 101..0 93.4 

66.o 56.6 49.2 

• Broke through caating defe,ct - shrinkage oavit7. 

The higher impact value, of the weld metal for the la• t two plate, 
are con1i1tent with the lover hardnesa observed in these plate, than 
that in plate AS46. No deleterious effects on either the baee or veld 
metal properties are obsened in the bare taken near the fusion line. 

Microemmination 

Figures~ through 7 show the microatructuree at lOO0X at the center, 
midvall, and 3/16 inch from the surface in base metal and weld natal of 
each of the tour teat plates. 

The microstructure of the base metal is largely tempered aartenaite 
but there are occasional patches of heterogeneous structure con1isting 
of ferrite and high transformation temperature carbides a1 seen in the 
photomicrograph& for the midvall of plate 6335-2 (Figure 7), and for the 
center of plate 6292-2 (Figure 6). 

:.... 



The micro1tru.oture of the veld Mtal conl11t• of hN.TllJ Mllpered 
carbid11 in a matrix of ferrite. The di1tribution of the oarbt.1.11 indi­
cate, that the veld metal ha4 innftioient har4enab111ty to oompletel7 
harden on quenching and that Mch tran•fornation temperature carbide• 
were pre•ent through molt of tile thialml11 of the repair w1141. The high 
temperature of the draw tr•tment ba• llfl9rold.i11d mo• t of the carbide•, 
partioularlJ in the two Oontinen'-1 plate• (J'igure• 6 and 7) which were 
reported to b&Te bad a ten-hour hold at the draw temperature, but the 
he\erogeneoua carbide 41• tr1butlon ii 11peciall7 nident in plate '846 
(J'igu.re 5) vhioh bad a lhorter hold at a lover draw temperature and which 
bad the higbe1t weld metal hardne•1. 

Har4enab111ty of Yeld Meyl 

11.gure S giTea the re1ult1 of JomiDJ bardenabillt., te• t • of weld 
metal from plate• .&846 an4 6292-2 end.-quanched after 2 hour•' hold at 
1650° 1. The 1l1ght1J lover bardn1• 1 of the bar from the latter piite 
1• probabl.7 due to the 2-point difference in carbon content. The b&rclen­
abilU1 1n41cate4 b7 th11e CNrTH 11 onJ.T 1utficient tor full b&'rdening 
of a plate ot about o. 7 inch thiatne11 on quenching in water. Plablilbed 
claw.* hdioate that the hardn111 of thh weld metal q_uachet la water in 
the fol'll of 2-inch thialc plate would be approximatelJ that at 3/4 inch 
41• taaoe from the water-quenched end of the JomiJ:l1' bar. 

To check the effect of au• teaiti1lng temperature, the \vo Jomin, 
bar• were out into J/8 laah thiot 4110•, quenched fro• 16c)o0 r. and 
drawn at 1250° J. tor 6 houri to gt.Te a prior • tructure 10Mwbat 111111lar 
to that obtained in a IN1 ttpl• p&11 wli; then the 1ncliT14ual. 41101 were 
reb•te4 to n.riou• au•tenitt• inc temperature• and quenched. Uter the 
1cal1 and deoarburised •tal. bad. been re1D0Ted, Bockvel.1 C barclneH r-.4-
lnc• were taken. Dt.101 were thea tempered for 6 hour• at 1250° 1. and 
bardne• 1 determined again. The N •ult1 of theee te• t • vere u follow•: 

.lu• teni t1 sing Bo Hard.nee• 1'umb1r 
!:A:ate lo. !8111). OJ. y !lt•r bnched. .Uter 1~0° F. Draw 
"846 1700 lto.5 
6292-2 1700 lto.o 9.5 
:s~-2 1650 lto.5 9.5 

16oo 4o.5 ---
6292-2 16oo 39.5 7.5 
:s~-2 1550 ~-0 8.5 

1500 .5 
6292-2 1500 4o.5 7.0 

.le-quenched hard.nee• indicate• that carbide solution •• nearl7 
complete atter 1 hour hold at 1500° 1. Hovever, the re• i • tanoe to 
tempering vaa 1omevbat l••• in 1peoimen1 which vere quenched from 
tcperatur11 ot 1600° F. or lower. 

• Jlardenabili ty compari•on• - Great Lak11 Steel Corporation - 1942. 

- 6 -
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General Considerations 

The hardenability determination and the microexamination indicate 
that the weld metal had insufficient hardenabili ty to develop a homo­
geneous martenlitic microatructure in the repair welds on water quenching 
in the form of 2-inch thick platea. However, a very severe drop in hard­
nesa occurs in this weld metal composition during the draw treatments at 
temperatures above 1200° F. At this low hardness level, approximately 
16.5 to s.5 Rockwell C, the notched bar impact energy is very aatisfactory 
for testing temperatures as low as -1K>° F. 

Ballistic limits (corrected for actual plate and weld thicknesses) 
correlate as follow, with the hardness determination,: 

Base Metal Weld Metal 
Av. Hardneaa Bal.lie tic Limit Av. Hardne11 Balliatic Limit 

Plate No. Re ft.Laec. Re ft,Laec. 

A814 19 1563 12 15~ 
AS46 23 1582 16.5 

i~4 6292-2 19 1566 11.0 
6335-2 20.5 1598 s.5 1434 

The significance of the ballistic shock teat results ie questionable 
because of the large number of prior impacts with A.P. projectiles. 

Higher weld metal hardnesses would give higher penetration resistance, 
but would also mean less spheroidization of the lamellar carbides formed 
during the quench and this condition would tend to cause a severe decrease 
in resistance of the veld nietal to ballisUc shock. However, the beet 
compromise between penetration and shock resistance is believed to be in 
the direction of a weld metal hardness of at least 15 Rockwell C. Im­
provement would probably be obtained by an increase in alloy content of 
the weld metal, particularly in elements that strengthen the ferrite and 
increase resistance to aoftenill8 during the draw treatment, as well as 
increase the hardenability. 

It is noted that radiographtc examination reveals weld metal cracks 
in all plates but 6335-2 which was kept at a temperature of not less than 
250° F. while it was transferred from welding to the hot heat-treat 
furnace. 

- 7 -
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COPY - 29 Augua t 1944 - able 

APG 470.5/5011 
Ytn. 470.5/7981 (r) 

BISTRICTID 

WAR DIIPJ.R'l'MINT 

ABIRD'm PROVING GROUND 
MilYLAND 

Subject: Samplea from repair welded platea 

To: Commanding General 
Watertown Arsenal 
Watertown, ,.s,achusette 

Attention: Laborato17 

RON Project 2627 
'&ttvdlf 

4165 

11 March 1944 

l. In accordance with Paragraph 4 of the letter from the Office 
of Chief of Ordnance-Detroit, File No. OOM 4oo.112/APG 1844 reque,ting 
that eamplee be taken from ballistic teet plates eubmitted for the de­
termination of the reeietance to penetration of caet armor repair weld 
plates and that theee eamplea be eent to Watertown Araenal, Atten~ion, 
Mr. W'. L. Warner• for metallurgical analyeie, subject eamplea have been 
taken and. are forwarded "height Prepaid". l3.L. 1f'l'5014246. 

2. Two platea have been received from American Steel Foundriea 
and aamplee from these two plates are mrked A814 and A846. Two plates 
also have been received from Continental Boll and Steel Foundriea, 
samplea of which are marked 6292-2 and 6335-2. In all case•, 1ample1 
have been given the aame number ae was given to the plate. 

3. The reaults of the ballistic teat performed upon theae plates 
at this atation are contained in Beporta No. A-12571 and A-12572, copies 
of which have been aent to your station. 

For the Commanding General: 

(a) C. J. Yaeger, Capt. (for) 

(t) J. G. Shinkle 
Lt. Col., Ord. Dept. 
Chief, Armor :Branch 

RllSTRICTED 

. 
r 



OOM 470.5/WA (13 Mar.44) 
Attn: SPOMlrrD 
WTN 470.5/9102 lat Ind. 

lJoucher/fb 
ht.2994 - 24 n. 

Arrrry Service Forcee, Office, Chief of Ordnance - Detroit, De~roit 32, 
Michigan, 17 March 1"944. 

To: Commanding Officer, Watertown Arsenal, Watertown 72, Maeaachuaette. 

1. A total of four plate, were 1ubmitted by American Steel 
Foundries and Continental Roll & Steel Foundry Company tor the de­
termination of re1ietanoe to penetration in an area composed ,ntirely 
of weld metal. The plates were welded in the normalised condition 
with NRC-2A electrode,, and after welding were quenched and drawn. 

2. The results of the testing, as well ae details of th, fabri­
cation and heat treatment, are recorded in Aberdeen Report Noe. Al2571 
and Al2572, copies of which are at your atation. 

3. Specimens 2" wide x 8" long have been taken across the welded 
section. These specimen, have at least 111 of plate material on each 
end. It is the underetanding of this office that Aberdeen has tor­
warded these specimen, to your etation. It is requested that t~e 
following information be obtained. 

a . .Photo-micrographs of veld metal and plate material at 
depths of 3/1611 , 1/2" and 111 from the surf, ce of the plate. 

In the event that the sections are of sufficient size, the following 
additional information is requested. 

a . • 505 all weld metal specimens. 

b. Ind quench Jominy data - all weld metal. 

4. It is expected that th, facilities will make similar studies 
when the plates are returned. Your cooperation in obtaining this data 
is appreciated. 

By order of the Chief of Ordnance: 

(1/t) D. O. PIPPIL 
Major, Ord. Dept. 
Asaietant 



Wtn. 470.5/9102 

Laboratory (SAH) 

WAR DIP.ARI'MINT 

WA.TIRTOWN ilSE?W, 

Watertown 72, Maea. 

Subject: Repair of Armor Ca1ting1. 

To: Comn&nding General 
Office, Chief of Ordnance-Detroit 
Union Guardian !uilding 
Detroit 32, Michigan 

Attn: SPOME-D 

Herree/ahk 

13 March 1944 

1. Thia laboratory would appreciate a directive author­
izing and giving pertinent information regarding metallurgical 
examination of eamplee from repair welded caat armor ballistic 
teat plate• which it ia understood are being shipped from 
Aberdeen Proving Gi-ound. 

Jor the Comnanding Officer: 

(a/t) H, H. 7X>RNIG 
Colonel, Ordnance Dept. 
Aaliatant 
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