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ARMOR 

A Preliminary Stuey of the Effects of the Conchoidal Fracture 
Upon the Physical and Metallurgical Characteristics of 

Cast Armor 

f 
/1,..c: OBJECT ,L 

) 

to ~etermine if the conchoidal fracture indicates poor physical 
and met~llurgical properties and to ~roperly evaluate the conchoid.al 
:fracture 1n accordance with the Fibre Fracture Test. 

{\ 
CONCLUSIONS 

1. On the basis of the fibre fracture test, it is advisable to 
consider steel as rejectable when it exhibits appreciable amounts of 
conchoidal areas on the fractured surfaces. 

2. The conchoidal fracture is accompanied by very poor impact 
strength and by low elongation and low reduction of area of tensile 
test specimens. 

3. Of four samples of l~" thick cast armor submitted for examination, 
the two having the great~st amount of conchoid.e.l areas contained ten 
and four times the normal amount of aluminum observed in cast armor, 
poaeessing ~lurninum contents of 0.17% and 0.06~ respectively. No con­
choic'.al areas developed on fractures o:f a steel containing 0,03% aluminum. 

4. No definite grain boundary segregates were observed upon 
examination at 'both high a.n<l low magnifications of unetched, polished 
surfaces of steels exhibiting appreciably :::onchoidal fractures, .-,1-
though a hot acid macro-etch produces a strong attack at the primary 
auatenite grain boundaries. 

5. The relatively few heat treatments pei•formed at this Arsenal 
indieate that although the conchoida.l fracture c:annot be completely 
eliminated by high temperature homogenization, some improvement in th~ 
impact strength . can be produc,ed. 

This do~ument has bee1n apprned 
f';r ~ubl~c rnleaso and .•ala· it... . ·, 
dntnbution b u •1li:ni.i.r:::d, • ., . { , 
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Colonel, Ord. Dept , 
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I NTRODt"CT 1: Oli 

Capt a in W. :3 .. Re cd of the Incpection Div i. sio1: , ~ank-Automotive 
Cant er, submi tt cd four sample8 o: l½ 11 thic!·· cast a.r 1,1or manufactured 
by t he FoI d Kotcr Company to thi s Ar::.H:n-·11. SJrnt:J of the specimens 
cx.b. ib5.tccl. a peculiar fractm·e, c 'l.lled 11 conchoidal 11 , which consists 
of distinctive large facets mHi smooth, bri1:;ht, silvery colored, 
curved st:.~faces dispersec~ ir. vR.ryiri£>: amounts throu,<;hout an otherwise 
normal-a:-->pearinr, fracture 1n,.t.rix. 

H u:. bL.l: ev~c.. ·chat ce1 tain be'.i.listi(: faiJ.wes 1:-.:--r'? occurred. 
whic.r. ar,l trso:iaole to thA conchoidel fra::ture. It 1,,3.s accordingly 
requested that this Arsenal conduct a. metallurgical examination of 
the submitted specimens to determine if thP conchoida.l frRcture is 
accompanied by deleterious cha..ne>:es in tlw -ohysical and met0.llurgicaJ 
characteristics of the steP.1 with the vi?.w that, if thii:; were true, 
1rnch ma.terial b8 cons~c>~ed. f:Ubj~ct to rejection. 

The phenomenon of ~he conchoid8l fracture is being studied by 
the staff of the :aattclle Memorial Institute, who have to date re­
leased some preliminary reports upon their inveotigation •1 , 2 

They conclude that the pecular in tergranular fracturP, is probably 
caus~d by a precipitation at the primary austenite grain boundaries 
of aluminum nitride and that the gas content and deoxidation treat­
ment are probably the moot important factors contributing to the 
formation of thP- inte~~~anular fracture, 

An extens~ve study of the properties of steel 'breaking with 
fractures remarkably similar in appearanee to those displayed by the 
submitted samples was made: by Austin .3 !:e was able to produce the 
intergranular fracture by heatir..g steel oamples to 1350-1400°0 
( 2450-2550°F). The theory '.ldvanced for the pro due tion 1tf the dis­
tinctive fracture was tho mP.lting and flowing around grain boundaries 
of ;;;erta.;s complex nonmstel:'..ic inclusions, giving rise to the cellular 
network observed upon etching in acid. austin founQ that the inter­
granular fracture was a::compa..nied by low Izod im1Jo.ct vaj:.ues and very 
low elong1:1.tion and reduction of area. values in tensile tests. The 
condition studied by Austin was found resp•nsiole for the rupture of 
high presoure vosselo. 

1. "Progress Report on Effects of Hydrogen, J}i tro.gc.in, and Oxygen in 
Armor Platerr (0D-38--2) OSRD.ro. 123), C. :!. Lorig, A. R. Elsea., 
BattAlle Iviemorial Institute, Feoruary 16, 1943. 

2. 

3. 

ITJ:>rogress Report on Ef::ects of '.Hydrogim, lfitrogen, and OxygEm :in 
Armor Plate" (OD-38-2) OSRD, No. 1395. C. H, torig, A. R. ElsRa, 
BRttelle Memorial Institute, ~ay 5, 1943. 

"3urnt Alloy Steels 11 G. W. Austin. ThFl Iron and SteC'l InstitutP. 1 

First Report of the Alloy StePls Research Committr.e, 1936. 
Pages 1g9 .. 211. 
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MATER.I.ll.tS A.rD rr·.EST PRoc-~DURE 

Armor Sar.'.!Ple~ 

The? four armor sampl es oubmittcd for exa.nination were approxi­
matel y 8'".x:12 11xli 11 :i.n s i ze and had ctampecl. upon t h em their heat numbt!ra , 
some baE 1 nt ic data , and t heir fracture r atin,;s a n deter mined either 
at the ]'c,r-d Mo tor Comrany or t h e Tanlr-Aut omoti ve Cen t er. This in­
format ior:.. :'-.nd the num"½ers ansigned t he plates at t bis Arsenal are as 
foll owe: 

Ford. 14 0 tor Co. 
W. A. :-o " Heat j.Jo Balli s tic Dat a Frac tur e Rat in~ 

A 3594 jfailed Concho i cl.Al 

C 3135 Bal. exc es s - 205 ft/ sec. Conci1.oidal 

E 3261 ]al. exc .=, ss - 19B ft/oec. Crystalline 

G 3267 :Bnl. excess - 152 ft/ s ec. Fibrous 

More complete inform~tion regarding the ba llistic r.>ro'J:lertiee of 
the above plates was obtained from the Aberde en Proving Ground Firing 
Recol·ds and is con t,ained in A.:ipendix a. 

The four sections we.re notchBcl. h? flame cuttin.!s for a depth of 
a.pproxirnb.', ely ii: in from ,the middle of the tw0-layer sideo, and ea.ch 
fractm·ed with an impact "blow under a lOflO-uound forge hammer. The 
fractures were examined and rated. A .505tr tensile test bar and four 
standard V-notch Charpy imnact bars were machined from one of the frac­
tured halves of each of the four sections in the as-receivecl cnndition. 
Specimeno for hot acid macro-etching a.nC: microscopic examination were 
cut from the same 9ortious of the samples aa the test opecimens. The 
chemical analyses of the steels were determineci. a t this Arsenal. 

Sections of the remaining halves of the original samples were 
aubjected to various heat tr~atments to produce microstructuros of 
tempered marter.nite free from high temperature transformation products. 
Sections cut from steel A, which showed. the most pronouncedly con­
choidal fracture, were tempered at 6oo°F to determine if' hydrogen• 
which would diffuse out of the steel upon tempering, ic a factor re-
sponsible for the conchoidal fracturt. Other sections from steel A 
were quenched in water after heating a.t 2300°F, then requenched from 
the normal hardening temperature in an effort to i~rove the fracture. 

V-notch Charpy bars and specimeno for ma~ro-etching and micro­
scopic examination were secured from the reheat tr~~J~W;1.1up.i,.e.1µ:i..µ~1.:-...,...._:.;;;;:;;._~~ 
ti1ey were notched. and fractured~ 
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DATA AJ:TD DISCUSSION 

l. Chemical Anal;vGis 

The chemical analyses of the four ·s.rmor sections as 
reported by the manufacturer and as determined at this Arsenal are 
inclu~ed in Table I. 

TABLE I 

Chem~cal Analyses 

~eported by Ford i11otor Company 

SteP-1 
W.A. No. Ford Heat C lvin Si s 

A 3594 .29 1.09 .57 .021 

C 3135 .27 1.21 .60 .032 

E 3261 .29 1.20 .47 .. on 
G 3267 .35 1.06 .39 .015 

Watertown Arsenal Analysis 

~ C Mn Si s F Ni --
A • 29 :i. .13 .56 .026 .014 trace 

C .31 1.31 .59 .025 .020 .35 
E .28 1.21 .54 .025 .o4o .11 

G .26 1.18 .52 .027 .026 trace 

p Cr _ Mo Cu 
.014 .64 .38 .23 
.028 ,55 .24 
,036 .59 .19 
.024 .56 .23 

Cr Mo Cu Al Sn 

.69 .39 • 21 .17 .OJ,. 

.61 .21 .15 .06 .01 

.. 53 .20 .15 .03 .01 

.57 • 21 .15 .05 .oi 

lfan.y samples of cant armor madt:l by numerous manufacturers 
have been analyzed for aluminum at this ArPenal. Ex:clucling the pre­
sent steels, thirty-one recently made det~rminations show an average 
aluminum content of O .017% in cast armor, ,,.,1th the value rarely ex­
ceeding 0.025%, Th~ subject oteela thus have an aluminum content of 
from two to ten timeo the average amountA 

No facilitieo exist at thio Arsenal for th!:! ane.lysia of 
the gas content of steel so it was impossible to determine the nitrogen 
content of the submitted samples. 

Steels a and C, whieh are the two described as. having oon­
choicla.l fractures, have the highest aluminum contents of the four 
steels, namely 0,17% and 0.06% respectively • 

.Experimental heats of steel made at the Battelle Memorial 
Institute2 Uijing varying amounts of aluminum in the deoxidation prac­
tice (from O to 28 l'bs~ Al/T'Dn) ~d· varying amounts of nitrogen through 
2. S6e footnote 2 on page 2. 
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the addition of high nitrogen ferrochromium and calcium cyana.mide 
(CaCN2) tend to show that the con.choid.al fracture is associated witn 
both the aluminum and nitrogen content of the steel. 

2. Fracture Tests 

The photographs of. the fractures of st8els A, C, E and G 
in the as-received condition produced at this Arsenal by impact blows 
of the forge hammer are shown in Figures 1 and 2. The fracture of 
steel A is conchoid.al and uend.ritic, the dendrites being very long 
and prominent and largely confined to the lower half of the cross-eeQtion 
ohown j_n Figure 1. Steel A haE the most decidedly conchoidal fracture 
and has by far the highest aluminum content. 

The fracture of steel C contains some conchoidal patches in 
an otherwise normal fibrou$ matrix. The fracture of steel Eis crystal­
line, and that of steel G conta.ins crystalline streaks in a fibrous 
matrix. 1-To conchoidal patches were observed in the fre.ctures of 
cteels E and G. 

3, Hardness Surveys 

Hardness traverses ma~e aoroRs the thickness of Bections cut 
from the four specimens in the as-received condition a.re included in 
Table II. 

TABLE II -----
Brin ell Hardnessf!s of Oast Armor Sections 

Outer Outer 
Third of Third of 

Steel Cross-section Middle Cross-section 

A 241 235 235 
C 255 2~5 262 
E 248 241 241 
G 223 212 223 

With the exception of steel C, the hardnesses of the armor 
sections are low :for 1½ 11 thick plate. Excellent ballistic properties 

, have b~en obtained with ~" cast armer in the range of 260-280 Brin ell, 
co that the sacrifice in penetration resistance res~lting from lower 
hardnesses ia not generally warranted. It appears that the subject 
armor has been tempered to lower hardpesses in ar.. effort tt improve 
the ductility and the shock resisting properties of the mater\al, yet 
the ballistic test plates from which section~ ..0.. and. G were trui;en failed 
the sh::Jck test; plate 359),1, ( ~teel JI.) baok spa\li~tf, imd plate 3267 
(steel G) crack.ing excessively under impaqt o:fl ~he 75 1.q,1 T21 proof 
projectile. 
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4. Tensile Tests 

A • 50511 tensile test bar was machined from each of t he 
fo 1.tr sampl es i n the as- r eceived con di tio 1 The tensi l e data are 
list ed i n Table III. 

TABLE I I I 

Ten sile Prop er t ies of Ca. s t .Armor Sect fon s 

Yiel d St r eng th Tensile 
Brinell (Di vider M8thod) Strengt h % % 

St eel Hardn e ss :Q,Sti. J2.S . i. ]Jlong. R.A. Fracture 

A 235-241 79,750 103,250 2.5 8.8 
Concho id.al and 
dendritic. 

Dendritic ,4th 
C 255-262 73,000 107,500 7.0 14. 8 ahrinkage ·poro si ty:. 

E 241-248 90,500 117.500 9.0 24.o 45° shear. 

G 212-223 69,250 106 1250 11.0 24.o 450 sh flar. 

The low reduction of area a.nd low elongation of materials 
breaking with conchoidal fractures check the results obtain ed by the 
:Battelle Memorial Institute1 ,snd by Austin.3 The elongation and reduction 
of area of steels E and Gare also considerably lower than obtained with 
g,.od q·,1lity steel at the same hardness levels. 

5. Reheat Treatments 

After fracturing the four armor oections, the remaining half 
section o:f steel .i~ was cut into four pieces, which together with half 
sections ~f oteels C, E, and G were reheat treated in attempts to improve 
the fractures and physical properties. The four oamples cut from steel A 
\,rere numbered ] , Bl, :82 , and J33; the half section of steel C was 
numbered D; that of E was numbered t; and that of G, H. 

Specimens :a, .Bl, B2, ll3 and D were first tempered at 600° F. 
ftr 6½ hours for the purpose of eliminating any hydrogen possibly 
present in the steel, after which samples ]l, B2, and B3 were reheat 
treated. Sample :Bl was requenched and tempered to produce a tempered 
martensi tic micro structure. Samples 32 and ::e3 were hea.ted at 2300° F. 
ir: an effort to dissolve the aluminum nitrides and/or other inter-.. 
era.~~lar material responsible for the conchoidal fracture. The high 
tempera.ture treatm8nt s were followed by the normal quench and dra,,r to 
produ.ce tempered ma:rtensi te.. Samples F and J{ were heat treated to 
tempered martenoite. 

, Xhe heat treatments and the hardnesses develo~ed upon quench­
ing and tampering are listed in Table IV. 

1, 3. See footnotes l. and 3 on page 2. 
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TABLE IV 

Reheat Treatments and Brinell Hardness 

BHN :BHU 
Steel Ford 1,1otor Co. after after 
.E..:.__ Heat Ho . Heat Treatment Quench . . Temper 

E 3594 600° F. - Gt, hrs. - air 235 ... 255 
600° Jl'. - 6½ hrs. - air 

Bl 3594 
1650° F. - 2 hrs. - water 

495 277 1125° F. - li hrs. - air 
1175° F. - 1 hr, - air 

6ooo F, - ~ hrs, - air 

B2 3594 2300° F. 1 hr. - air 444 255 1650° F. - 2 hrs. - water 
1175° F. - 2 hrs. - air 

600° F. - 6½, hrs. - air 

B3 3594 2300° F. - 2 hrs. - water 460 248 
1650° F. - 2 h:rs, - water 
1175° F. 2 hrs. - air 

D 3135 600° F. - 6½ hrs. - a.ir 269-277 

1600° F. - 1-1. hr8 - water 
F 3261 11250 :r. - 1J hrs: - air 514 277 

ll 7'5° F ... 1 hr. - air 
~600° F. - l~ hrs. - water 

H 3267 1125° F. - l~ hrs~ - air 495 217 
1175° F. - 1 hr. - air 

The requenched specimens were tempered back to 260-280 
Erinell rather than to the hardness levels of the original armor aection s 
because it is felt that the higher nardness is preferable for 1½ 0 thick 
caot armor. 

After reheat treatment the sections were notched and frac­
tured as before. Photographs of the fractured surfaces of specimens 
B, D, F, and H a~e shown in Figures 1 and 2 for comparison with the 
fractureo of the steelo as-received. The hydrogen relief heat treatment 
produced no change in the steels having zonchoida.l fractures. The frac­
ture of steel F (Heat 3261) is now completely fibro u whereas in the 
as-received condition, the steel had a crystalline fr~cture. The fracture 
of steel H {Heat 3267) has small scatt~red crystalline patches uistributed 
throughout a fibrous matri~ in addition to containing scattered con­
choidal areas. The fracture.of the steel as-received co~tained no coh­
choidal patches, consequently it is e.ssumed that the steel contains 
scattered conchoidal regions and that the original fracture did not occur 
through a:ny of th.ose regions, since none of the· other heat treatments 
changed the conchoidal condition~ 
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The fractUl'es of samples heated to 2300° F. and requenched 
and tempered show a slight change from the fracture of the steel in the 
as-received condition, being more fibrous in areas. 

6. Macro-etched Structures 

G1•ound sections of the four st .3els in the e.s-recdved 
condition 1'fere macro-etched in a hot 50% hydrochloric acid solution. 
The acid selectively attacked the dendrite boundaries (~rimary austenite 
grain boundaries) of steel A, see Figure 3. I:To such attack was de­
veloped in any of the other three steels, although the fracture of 
steel C contains oome conchoidal patche~. ~~is indicates a scattered 
distribution i~ steel C of the factors res~onsible for the conchoidal 
fracture. 

Steel G possesses an unusual macrostructure in that one 
half of the cross-section consists of columnar dendrites while the 
other half consists of fine equiaxed dendrites with a sharp line of 
demarcation octween the two. · 

A small piece of sample B wao poliohed through No. 000 paper 
and etched in hot 50% h,vdrochloric acid. Tne structure revealed by 
etchin5 is shown in Figure 4. It is apparent that some material segre­
gated along the boundaries of the primary austenit~ gr~ins has been 
dissolved by the acid. The network is frequently discontinuous and at 
times extend,s around groups of primary austenite grains ra.ther than 
around individual grains. 

7. Impact Tests 

Four standard V-notch ChRrpy imuact bars were machin~d from 
each of the steels in the as-received condition a.T'l.d from reheat treated 
~amples F and H. Two iffil_)act bars were machined from each of samples 
Bl, ]2, and E3. In. all cases, thd V-notch was cut in the surface of 
the Charpy bar closest to the original cast surface of the plate section. 

The two impact ba.rs from , sAmples :91, E?., 33 and two from 
1:1ections A, C, E, F, G, and ii were tested at +20°0. (+68°F.). The re­
maining t\•10 bars of each steel were tested a.t -40°0. (-l.t0°F.). The 
results of the impact tests and descriptions of the resultant fractures 
are presented in Appendix]. 

Hone of the fractures of the fou.r steels in the as ... received 
condition (A, C, E, and G) was fibrous, indicating tha.t the steels had 
bee~ incompletely q_i.l.ench hardened. Because the steels had not been 
quenched out to a fully martensitic structure, the room temperature 
impact strength was not equal to that usually obtained with properly 
heat treated material at the same hardness levels, while the impact 
otrength at -t~o°C. (-t~o°F.) was considerably lower than that of 
tempered mru.·tensitic steels. 
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The impact strength of sample 31, which was reheat treated 
totenpered martensite, was not improved over that of sample A, and the 
fracture remained conchoid.al. The high temperature treatment prior 
to the quench and draw raised the impact strength of three out of four 
Charpy impact bars but did not result in the elimination of the con­
choidal fracture. The pretreatment at 2300°F. followed by air cooling 
raised the average room temperature impact strength from 10.7 ft.lbs, 
to 26.4 ft.lbs., and the fractures changed from conchoidal to con­
choida.l and. fibrous. The pretreatment at 2300°F. followed by water 
quenching raiaed the impact strength of one specimen to 40.l ft.lbs., 
but the other showed only 16.0 ft.lbs.; the fracture of the former 
being fibrous with a. few conchoidal patches and. that o: the latter 
entirely conchoidal, see Figure 5. i{nenever the fracture is pz-e­
dorninately conchoidal, the im1)act strength is always low. 

The results ol')tained with stefll C indicate that a small 
amount of conchoidal patches dispersP-d in an otherwise fibro1.1.s matrix 
apparentl? doei; not impa.ir the ir.rpa.ct properties of the materiali com­
-pare the impact values of steel C with those of reheat treated sample F, 
Appendix J3. 

Reheat treatment to temper,~d martensi tic micl."0 st!'uctures 
irn'!_)roved the impact 'Droperties of heatn ~?.61 aYJ.d 3267. It is note­
wortby that sample F (heat 3261), which was completely quench hardened, 
has better impact :properties at a hardnl:'-!SS of 277 BH1'T than orunple E 
(heat 'i261 as-receive3d) at a herdness of 241-248 J3HfT. Sample H 
(heat 3267) reheat trea.ted to 277 B'~T hat:i approximately the same room 
tempera.ture impact strength as sample G (heat 3267 as-received) at a 
hardness of 212-223 Effi{, and has superior impact strength at a tempera­
ture Of -4o0 c. (-4o°F.). 

It cannot be ov~r-emphasized that properly quench ho.rdened 
and. tempered steelo may have as good or better impact ductility at 
260-280 Erinell than poorly heat treated material at a hardness of 
220-24o Brinell. Tempering armor to a low hardness level for the pur­
pose of improving the low impact otrength resu.l ting :from inadequate 
quench harciening is contrary to good practice since the rel:;istance to 
penetration is sacrificed to meet the requirements of thA shock test. 
It is true that ouch poorly heat treated armor frequently does meet 
the specification requirements of l½" thick cast armor, but this is 
due only to the fact that the requir·ement :for 'hallistic limit in this 
thickness of armor is extremely lenient. 

Because of the unusual macrostructure of heat 3267 
( samples G and H) it was noted. in each case whether the Charpy bar was 
mach1.ncd from the portion of the steel containing the equiaxed dendrites 
or the colwnnar dendrites in an e.ffort to determine the effect, if Pny, 
of the solidification pattern upon the impact properties. Char~y bars 
G-1, G .. 4. H-2, a.nd H-4 conta.ined columnar dendrites -perpendicular to 
the notched surfaces, and G-2, G-3, E-.1, and s: ... 3 contained the equi­
axed dendrites, Examination of the data in Appendix E reveals that. 
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in t his case, the clendri tic p c1 ttern has no particular effect upon the 
impact ntrenc; th of t h e mP.t erial. The slightly reduced impact strength 
of specimen P:-1 in believed due t o shrinkage porosity visible on the 
fractured surfaces. 

S. lHcrosc0-:;-\.c ExHmination 

Snec:unens fer microsco-pic examination were tPlren from the 
four a.c-receivec1. s ections a11.d from the reheat treat ed sarrmleo. All 
rr.icroooecimcno from the two ilea.ts (3594 and 3135) exhi'l:litine: the con­
choidn 1 fractur e • o the grAa.test deP:reP were examined. thoro11ghly at 
both h i gh v~d lov magnificetions for segre~ates of non-metallic material 
or porosity c,t gra.in bou.TJ.darias, 'both in the unetched condition a..>1d 
after etching in various re~~ents, including nicral, nital, Vilella's 
reagent, aTJ.d electrolytic chromic acid. Exce-pt for very occasional 
disconn Pcted gri:tin boundar:,r SP-gre,c;ates of inclusions, such as shown in 
Figure 6a, found in heat 3594, no tracA of an? definite grain boundary 
segregate was observecl. T':ie distribution of non-metallic inclusions 
typified by ::ii'igure 6a occurs nor:nall:r in steels of everage physical 
properties and :possi"ol:r ·oea.rs no relation to the concho idal fra.cture. 

Section A, beat 3594 Ro-received, has t · ~restructure con­
sisting of high temperature transformc1tion product s r esulting from 
incomplete quench har&ening. Dend.ri tic segregation, with grea.ter 
amounts of ferrite rejected in the dendritic axes occurs throughout 
the cross-section 1 see Figures 60 and c. Reheat treatments of sections 
cut from sample Ji., namely specimens :Bl, B2, and :83. produced tempe?:'cd 
martensi tic microstru9tures, F.igures 6d, e, and f. 

The microstructure of nteel C (heat 3135 aS••!'eceived) con­
tains some ferrite ond. pearli te in a matrix of t ernpered marter.si te, see 
Figures 6g and h. The microatructure of steel C does indicate, however, 
more satisfactory quench hardening than detected in steel A. 

Steel E (heat 3261 as-received) contains large amounts of 
rejected ferrite and coarse pearli te resulting from hiih temp ere ture 
tranr;formation, sea Figures 7a and b. Reheat trea.tmen t of a nortion of 
the same steel produced a tempered martensi tic microstructu.re, Fie;u.:re.s 7c 
and d. Steel G (heat 3267 ·a.s ... received) has an unaatisfa.ctory micro­
structure consisting of large arnouuta of rejected ferrite and grain 
boundary carbides, see Figures 7e and f. After reheat trP.e.tment, small 
amounts of ferrite and pearlite occur in a tempered martensitic mrtrix, 
indicating a slight degrP-e of transformation occurrin~ at eieva.ted 
temperatures, Figure 7g and h. 
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RESTRICTED 

SUM!,'.ARY 

Al t hough the exact cause of the formation of the conchoidal fracture 
observed in certain cast armor steels is in all cases, not certain, its 
effects upon the physical proDerties of the metal are known. This 
report, as well as the data recorded by other observers, l,3 reveals that 
the conchoidal fracture is accompanied by low impact strength and. lo,,, 
ductility as measured by the tensile test . The heat treatments con-

,1cted. at this Arsenal have not beer. successful in entirely eliminating 
t~e conchoidal fracture, although it is indicated that ~ome improvemen~ 
in impact strength can be produced by heat treatment. 

In view of the deleterious effecto of the conchoidal fracture upon 
the propertieG which are deemed of great importance in armor, it is 
advisable for the Oro.nance Department to consider steels exhi'bi ting 
appreciable amounts of conchoida,l areas in the fracture reject.able on 
the basis of the fibre fracture test. 

7ne submitted steels in which ti.e conchoidal fracturas occur have 
unusually high residual alumini.1m con ten ts, believed resulting from 
poorly controlled melting practice. 11.he solution of the problem of con­
choidal fractures lies within the province of the manufacturers of the 
cant armor. nareful control of the deoxidation practicP. is indicated. 

The unsati3factory microstructures of the sub:n1ttec.. :,;teels reveal. 
\ 

poor heat treating practice lea.ding to incomt)lete quench hardening. 

------------------------.---------·----1,3. See footnotes on page 2. 
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'J 
QMMl)C€~ £1.:SiA· 

l/'!'A'nM'7'DWN~ 
1½11 CAST ARMOR MFD BY FORD MOTOR CO• 

COND-IOIDAL FRACTURES 

A. HEAT NO. 3594. 
B. HEAT NO. 3594. 
C. HEAT NO. 3135. 
D. HEAT NO. 3135. 

FAILED. AS REC 1 C. 
HEATED 6,½ HRS AT 600°F. 
PASSED. AS REC 1 D. 
HEATED&!~ HRS AT 600°F. 

WTN. 71C••::?l 20 
Fl QURE I 



l;:~,, I Ii I I I,, I' l' I I I 
CWDM!)CE ~ <,1.§,A, ,..,~-~ 

'J 

Ii" CAST ARMOR MfQ. BY roRD MOTOR co. 

PASSES. CRYSTALLINE fRACTURE, 
REHEAT TREATED. flBROUS fRACTURE. 
PASSED. MIXED fRACTURE. 

E. HEAT NO. 3261 • 
r. HEAT NO. 3261. 
C • HEAT NO. 3267. 
H 0 HEAT NO. 3267. REHEAT TREATED. MIXED AND CONCHOIDAL fRACTURE. 

WTN. 710-2110 
flQURE 2 



1;,;,:;,,,, i 111 I',' l',, 1 'J 
QeQ{YAl)Cc ~ µ §v"2· 

~71:)WN M~'-' 
MACRO[TCH[D SECTIONS or 1½11 CAST ARMOR MrG BY roRD MOTOR COM!'ANY 
A. HEAT N0 0 3594 C0 HEAT NO. 3135 E. HEAT NO. 3261 G. HEAT NO, 3267 

WTN.71<>-2129 

rtGURE 3 
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Ballistio Test Data Abstracted from 
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AbE~rdeen Proving Ground Firing Records 
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RESTRICTED 

Watertown .iu-senal No. - .A 
Ford i•1otor Co. Heat 1:0. - · 3594 
Plate Thickneso -~ l.43 11 

A.J?.G. Fi:ring Reco:rd No. 94'404 
Date - April 24, 1943 

Lowoest Highest 
Veloc.i ty Velocity Eal- Speci-
Complete Partial list1c tied 

Obli- Pone- Pene- Limit Limit 
~Projectile ~ tration tr at ion FtLsec. FtLsec. Remarks 

37 lf;iJl ?-174 ;.;p oo 1114 1080 1097 1008 Passed. 

75 MM T21 Failed -
Proof oo 1057 1058 10~· 27 / 32 ":d0-5/ 16 11 

Prnjectile back spall, 

Plate failed on shock test. 

Heat Treatment: Temp. Hrs, Rise Hrs. Soak Coolant 

1850 l 5 Air 
:BID! r epo:rt ed by- mfr. 229 1650 l½ 3 Water 

1125 3 10 Air 

Ten1:1ile 
Yield Point Strength % % ho4 

Physical Prouerties: p.s,.i. p. n.i. Elong. ~ Ft.ib$. --
93,000 112,000 12 23 30 

Watertown Arsenal :tfo. - C 
Ford Notor Co. lieat Ho. - 3135 
Plate Thickness - J..L~9 11 

A.P.G. Firing Record Po~ 78699 
Date - Harch 4, 1943 

Projectile 

37 l,1M 117 4 AP 

75 MM T21 
Proof Proje~tile 

Lowest 
Velocity 
Complete 

Obli- Pene­
gui ty tration 

Highest 
Velocity 
Partial 
Pene-
tration 

1231 

1036 

Ple.te passed. 

:Bal-
listic 
Limit 
FtLsec. 

1249 

Heat Treatment: ~ Hrs. Rise Hrs. Soak 

1800 3 5 
NIN. reported by mfr. 277 1700 2 3 

1100 3 g 

!l'ensile 
Yield Point Strength % 

Physicai Properties: 
' ' 

12.s.1, J2.,s.~. ]ilo1112;. 

111,000 127,500 15 

RlSTRI CTED 
' 11 I' 

' •. 
I I , 

,,, 

Speci-
fied 
Limit 
FtLsec. Remarks 

1044 P~.ssed. 

1018 Passed 

Coolant 

Air 
Water 
Water 

% Izod. 
R.A,, Ft.lbs. 

34 45 

,w•u 

1: 1 

' I 

.I 

J 
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Watertown Arsenal 1ro. - E 
J!'ord ;,;otor Co, Heat Ho. - 3261 
Plate Thickness - 1.43" 

A.P.G. Firing Record No, SlS54 
Date - March 16, 1943 

Projectile 

37 MN M74 AP 

75 Ml!. T2l 
Proof 
Projectile 

Obli-
guit_z 

oo 

Lowest 
Velocity 
Complete 
Peno-
tra.t ion 

1221 

Highest 
Velocit;i' :Sal- Speci-
Partial listic fied 
Pene- Limtt Limit 
tration Ft[ sec. Ft/sec. Remarks 

1192 1206 1008 Passed - small 
surface cracking. 

980 976 Passed. 

Plate passed. 

Heat Treatment: Tem:e.. Hr-s. Rise Hrs. Soak Coolant 

1800 1 5 Air 
BRN reported by mfr. 255 1700 1~ 3 Water 

1100 3 10 Water 

Tensile 
Yield Point Str~ngth % % h<>d 

Physical Properties: E,s.i. _]2 .. S.i., Elonf2 • R.A. Ft. lbs. 

107,000 124,500 16 39 42 

Watertown .Arsenal No. - G 
Ford kotor Co. Heat No. - 3267 
Pl;1,te Thiclmess - 1.38" 

A.P~G •. Firing Record ~~o. 83893 
Date~ March 23, 1943 

Projectile 

37 Mi-1 M74 AP 

75 MM T2l 
Proof 
Projectile-

Lowest 
Velocity 
Complete 

Obli- Pene­

Hi{;hest 
Velocit? 
Partial 
Pene-

gui ty tration tration 

1154 1106 

933 

:Bal­
listic 
Limit 
Ft/ sec. 

1130 

Speci­
fied 
Limit 
FtL sac. Rema:rks 

978 J?ansed. 

Failed, 9-1/4", 
941 6-1/4 11 , 7-1/411 

cracks. 

Plate failed on shock test. 

Rea t Treatment: Temp. Hrs. Rise Hrs. Soak Coolant -
1800 l 5 Air 

BHN reported by mfr. 229 1700 ~ 3 Water 
1100 3 10 Water 

Tensile 
Yield Point Strength % % Izod 

Physical Pro"Bertieu~ 12, s.i. 12,s.i._ Elon~. :R' A~ Ft.lbs, 

96,000 113,000 18 4l 50 

RE61J:B.IOTED 
,, 

I ' ti 11/ ,, 
,,!,. .. ~ ~" , ._,.J !I,_ :.:-••I, oJ.ilt lMI 

I 
' I 

I 

'I 
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APPmmrx B 

V-Notch Charn;r Impact Da.ta 

' I 

.. , 
l ,,II I I, i 11 ,I 

'.1· l1r. ' 1f \, ~I •j, ' SI '" 11 I 
,,, 

Jiou;;,,,2.t 
,, 

I I ii ., 
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; I 
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i: 

"I 

II 
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RESTRICTED 

' ,teel Desi~eti~ 
Heat Treatmen~ lord Heat W.J\...:._ 

' A.s-R~ce1ved 3594 Ar-l 

A-2 

A--3 
.A.-4 

Reheat -tr eated 

6oo°F. - 6½hrs. - a.ir .. 
ff 31- 1 1650°F. - 2hra . - wat,er 

1125°:F. - l½hrs. -· air Bl-2 
ll75°F .... 1hr. - air 

Reheat-treated 

600°F. - ~hrs. -· air 
" ]2-1 2300°F. - 1hr. - air 

1650°F. - 2hrs. - water :S2-2 
ll75°F. 2hrs. - air 

' ' Reheat-treated 

6oo°F. 61 air 2 hrs. - " B3-1 I '• 2300°1. -- 2hrs. - water 
1650°F. - 2hrs. - water 

]3-2 ll 75°F. - 2hrs. - air 

* F - Fibrous 

C - Crystalline 

K - Concho id.al 

Kd - Conchoidal and d.cndri tid 

FC - Fiorou; and crystalline 

rj 

RES'I!RIOTED ..... _____ _ 

Charpy 
Temperature Impact ·:rrac-

BHN oc OF Ft.Lbe. ture* -235-
+20 +68 15 ,5 Kd 255 

" 
II 

,, 

277 
If 

255 
II 

248 

" 

+20 + 68 16 .6 Kd 

-40 -4o 18.1 Xd 
.. 4o - 4o 18. 2 Xd 

+ 20 +68 12.0 Kd 

4- 20 +68 9.4 K 

+20 +68 30.8 Kf 

+20 +68 22.0 Kf 

+20 +68 4o.l Fk 

+20 +68 16.0 K 

Fe - Hostly F and slightly C 

Cf - Mostly C and slightly F 

0fe - C with Fibrous edge 

Kf - Mostly K and slightly Ji' 

Fk: - Mostly F and slightly K 

Fck - Mostly Fe and slightly K 

I I 

' , , 
,t I 

; t 



-' 

I' 
I) • 

L_ 

• , 

Heat Treatment 
As-Received 

As-Received 

Reheat-treated 
160O°F. - l}hrs. 
ll2:>°F. - 12 hr s. 

As-Ilecei ved 

Reheat-treated 
1600., F, - 1-! hrs. 
1125°F. - lihrs. 

I l 

I 

:,, l 

I ,, 

- water 
- air 

- water 
- a.ir 

,, 
!' ' !I 

, I 

1 r In 

RESTRICTED 

Steel ~esignntion Temperature 
Ford neat W.A. :BHN oc or 

3135 C-1 255-
262 +20 -4-68 

" C-2 Ii +20 +68 

" C-3 II ... 4o -4o 
II C-4 ' II -40 -40 

3261 E-1 2ll,l-
+20 +68 248 

11 E-2 If -1-20 +68 
tr E-.3 II -40 -4o 
It· E-4 If -40 -4o 

3261 F-1 277 +20 +68 
II F ... 2 11 +20 +68 
If F-3 If ... 4o -4o 
If F-4 " -4o -4o 

3267 G-1 212-
+20 +68 223 

II G-2 fl +20 +68 
ff G-3 " -40 -4o 
II G--4 If -4o -4o 

3267 H-1 277 +20 +68 
II H-2 " +20 +68 
II H-3 If -4o -4o 
If H-4 II -4o -4o 

~lCTED 

P1( 
1

i t 

.. ... ,-. .... i.i.l-1 ,.,.__.' -~~- ........... """'---.W.:....----'--t ~ · --~---------"-

Charpy 
Impact Frac-
Ft.Lbs. tu.re 

41.9 Fck 

42.5 Fck 

32.3 FC 

29.5 FC 

35.5 Cf 

28.0 Cf 
14.1 C 

15.6 C 

44.1 F 

45.6 r 
24.1 Ofe 

26. 4 Cfe 

47.3 FC 

45.9 FC 
22.2 Cfe 

21.3 Cfe 

37.4 ll'c 

44.9 Fe 

28 .B Cf 

30.8 Cf 

1
1 II • 

,. , 
ii 
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