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:   '.   1.   ^   - 0BJ1CT 

>To deteralne if the inferior ballistic properties of the A 
are traceable to uniatisfactory metallurgical characteriitice. JT^ : ^ 

V OOHCLUSIMS 

^li    The poor ballistic properties of ths oast bull front seoiion 
are ^bellered/due to a coabination of low hardness and poor iapact 
properties resulting froa incoaplete quench hardening. 

2}    The inoonplete quench hardening is traceable to the use of a 
steel of insufficient hardenabillty to adequately quench harden through 
the section thickness.     «^ 

3.    ßie fracture test proTides a definite indication oj^he degree 

Unnnno Kicod 

of quench hardening of ernor components. 

A. HUELICH. 
▲sst. Metallurgist. i 

IPPROVlDi, 

^^^H. H. ZOHHIO, 
Colonel, Ordnance Dept., 
Director of Laboratory. 
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UTROIKJCTIQg 

In accordance with instruction9 fron the Tank-AutomotiTe Center, 
three teotione flame cut fro» a hull bow casting,  serial No. 13^, 
heat 1988i aanufactured by the American Steel Joundries were forwarded 
to this Arsenal for metallurgical examination. 

The subject casting was one of four experimental Medium Tank KU 
hull front sections ballistically tested at The Proring Center, Aberdeen 
Proving Ground and reported upon in detail in fieport Ho. iJV-391-2   The 
rerious hull front sections were fabricated by different procedures, 
two by wnlding together rolled armor components,  one by welding together 
cast and rolled armor components, and one,  the subject hull front section, 
was a single cast armor structure. 

The ballistic tests showed that the cast section had a ballistic 
limit more than kOO ft/sec.  lower than the rolled armor sections at 
approximately the same thickness and obliquity when impacted with 3" 
A.P.O. k62 projectiles, the thickness being 2" and the obliquity 57*. 
It was requested that this Arsenal conduct tests to determine if improper 
heat treatment was a factor in the.generally poor ballistic performanoe 
f the hull bow casting. 

MATERIALS AND TSST PgOgSgJHj 

Armor aections 

The three flame-cut  sections from the hull bow casting had stamped 
up^n tnem the following numbers;    Ht. iggg    Ser 13^    JM& 563^7, and 
were numbered at this Arsenal ASTl, ASP2, and ASr3 respeotirely. 

Section ASF1 was lUwxlO^xS.lO11 in site with a S^xS" section out 
out of one comer and a partial penetration at high obliquity of aa 
armor piercing projectile parallel to the 10" dimension.    Section ASTS 
was S'xiyiiZ.O* in size, with a complete penetration at high obliquity 
in the middle of the sample.    Section ASF3 was ICxl^xl^S" in site. 
It was imposßible to determine in all cases precisely from which 
1 cations on the casting the samples were selected. 

Sections AS71 and ASP3 representing the thickest and thinnest 
portions of the casting arailable, were selected for metallurgical 
examination. 

1. Teletype \f.A.  U72.W/27?1*5,  See Appendix A. 
2. A.P.G.#Heport Ho. AD-39I.     "ComparatiTe Test of Pour Medium 

Tank MU Hull Pront Sections.*    Pebruary 7th to April 9th, I9U3. 
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fht chMloal inalysit of tht casting «ms dot^mintd at this Ars^al. § f 

H>rd«iftMlity 

A «iandard Joaiigr bar «a« aachlntd fron on« of the east •tctiont, 
and •nd-quenohed according to tho standard proeodora after aattenltitlng -j •'.■'•' 
for 2 hoars at 1650*7. •        • 

Hardasss Surrsys 

Brinell hardness traverses were aade along cross-sections of 
samples cat fro« sections ASI1 and ASF}« 

fracture Test •        • 

4« ^Pp°xl»»tel3r three-inch vide specimens were cut fro« sections 
tSS ^ notch*d» •»* lectured under the impact hlov of a 
1000-peund forge hammsr.    The fractures were examined and rated. 

Impact Tests *        * 
• .■.■■-'_■", 

4»  St!,l?Ard y-110*011 0hÄpPy impact bars were machined from section 
AWl and tested both at room temperature and at -UO#C l~*K>9J)     A 
IWxS.lO" section of sample ASfl was reheat-treated by Äilly «uench 
^S^flh!^ t?^trJn« bAdk t0 th* origin^ hardness of the materiU. i   • 
T-aotch Oharpy impact bars were machined from the reheat-treated 
specimen and tested at room temperature and at .bO*C.    The fractures     . 
of the Charpy bars «ere examined and rated. 

Macro structure 

^ i f*^" 05 ASri *** ASF3 Wir0 ■•ewetohed in a hot acid solution to determine the soundness of the material. 

Microscopic iKanination 

ASFl ^Sri'^d^^^Sr0^0 •x"laÄtlon »•'• taken from section. •        • AOT. ASTJ, and frö« ASF1 after reheat-treatment to determine the 
degree of quench hardening of the material. 

DATA AID DISCÜSSI« 

1.    Chemical Analysis I t 

The chemical analysis of the hull bow casting is as follows: 

> I • 
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0   Ma   Si  S   P   «Or J!o ClL.  A1 

Reported by Mfr.  .275 1.^*9 M    .019 .01? -3« .1^  - 
Watertown Arsenal .28  1.5« o52 .022 .013 .3« .16 .16 .009 

This analysi« repreiente A very low alloy content when It 
is considered that it is used for castings baring a thickness of up 
to 2.10". 

2. Hardenability 

The Jominy hardenebility cunre was determined from a test 
specimen cut froa section kST*, end Is shown in Tigure 1.    The Joainy 
curre  shows a hardness of Rockwell C U3 (hOO BHI) at a distance of 
6/l6H from the water quenched end.    Accordini: to data published in 
I9U2 by the Great Lakes Steel Corporation^ steel harlng this harden- 
ability can be adequately quench hardened in the form of plate« hating 
a maxiDua thickness of not over lft2

i.    Since the subject casting 
ranges from 1.75 to 2,10" in thickness, it can readily be seen that 
the steel possesses insufficient hardenability to completely quench 
harden.    Complete quench hardening in this section eise can be 
accomplished only by Increasing the hardenability through the use of 
additional alloys or by the use of boron-containing "needling* agents. 

3. Hardness Surveys 

Brinell hardness traverses made across the thicknesses of 
samples ISTl and ASI3 gave the following results: 

Section Number Brinell Hardness 

ASfl 235. 235. 235 
^»3 235. 229. 235 

A hardness of 235 Brinell is on the low side for 1-3/U to 2i 

thick cast armor.    Well heat  treated cast armor of adequate hardenability 
2" in thickness has been produced which possesses an excellent com- 
bination of resistance to psnetration and to  shock iinpact at a hardness 
of ??0 Brinell. 

^•    ^r^cture T^sts 

The fractures resulting froa impact breaks of samples froa 
ISFl and AST} are rated as follows: 

3.       "Properties and Characteristics of !?-Ar-I 5100 Series" - Publication 
of the Great Lakes Steel Corporation 
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ASH    (SolO1» thick)    -   Mixed fracture, approximately half crystalline 
and half fibroue, ^  . 

"• • 
ASF}    (IJS* thick)    -    Mixed fracture, crystalline patches in a largely 

fibrous matrix. - vvv 
'-".■ ■/ / '.'• '-'^ 

The fractures indicate that the steel had not been fully -,        .    v 

quench hardened, but it is considered that the degree of quench harden- 
ing obtained is excellent considering the inherent low hardenability • • 
of the steel. 

5.    I»pact Tests 

Standard V-notch Charpy impact bars taken from pect.ion ASF1 
in the as-received condition gave th« following results: • • 

Fracture Rating 

Impact 
Temperature Strength 
•c    0y Ft. Lbs. 

♦21   ♦TO W*.9 
♦21   +70 UT.g 
-U0   -*K) 20.8 

-1*0   -Uo lU.O 

Half fibrous, half crystalline 
Half fibrous, half crystalline 
Completely crystalline 
Completely crystalline 

An average V-notch Charpy impact value of U6.U ft.lbs.  for ^ ^ ~. 
cast steel at a hardness of 235 BHK  is approximately 15-20 ft.lbs.  lower • • 
than that generally obtained with well heat-treated material.    The great 
decrease in impact  strength at reduced temperatures is typical of in- 
completely quench hardened materials. -. .     -. • 

A UHx2,,xl" thick section of sample ASF1 was reheat-treated -•■'-■       —^ 
as follows: ^ *       < 

Temperature Time at Temp. Coolant Brinell Hardness 
1600#F                    2 hrs.                Water kkk 
1175°' 2 iirs. Mr 262 ~ ■ 
1225*^ 2 hrs. Air 229 • • 

It is noteworthy that  the manufacturer of the casting tempered 
the material at 1090*F to produce a hardness of 235 BHK whereas, at 
this Arsenal, a small  section,  completely quenched out, required a 
temperature of 1225'F (135*' higher)   to produce approximately the same 
hardness. 9 % 

Standard T-notch Charpy impact bars were machined from the 
reheat-treated section and the results follow: 

E7~   V.A.  Report 710/532 "Armor.  Development of a Fracture Test  to 
Indicate the Degree of Hardening of Armor Steels upon Quenching11, 
A.  Hurlich. P # 
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Taopftrature 
•c        •? 

I«pact 
Strength 
Ft. Ltt. 

+21 ♦70 56.0 
♦21 ♦70 7M 
-»40 -to 53.x 
-U0 -to U9.I 

 Jraotttra Bating  Si        • 
Fibrous ^\'--\-v ; 
Fibrous -."-' .v.-! 
Mixed, cryttalline patches in fibrous aatrix. 
Nixed, crystalline patches in fibrous matrix. ^v.:.■',-'.O 

• • 
The rooa tesq^erature impact strength of the reheat-treated 

material in the folly tempered martensitic condition now averages 
6Ü.7 ft.lbs., an increase of almost 20 ft.lbs. orer the material in 
the ae-receiTed condition.    The fact that eatisfactory impact properties 
are maintained down to -to0C indicates that the steel had been well 
quench hardened and that the inherent quality of the steel ie satisfactory«        9        # 

Referring to A.P.O. Report Ko. ID-391* it ie noted that the 
rolled armor components of the experimental hull front sections varied 
in hardness from 250 to 293 Brlnell, which is considerably harder than 
the subject caeting, namely 235 Brlnell.    It ie believed that if cast ^ j , 
armor is completely queuch hardened it can be tempered back to higher 0        • 
hardnesses and still have good impact strength mad eatisfactory shock 
resistance and, at the same time, will have better resistance to pene- 
tration than incompletely quench hardened material at lower hardness 
levels.    Thie is probably particularly true of high obliquity oondi- 
tione wherein the penetration ie invariably effected by the formation ^ :!;.._._ 
of a punching.    It has been shown5 that the resistance to the punching •        • 
type of failure will decrease with increaeing herdness.    Oh the other \      ... 
hand, the effect of iaoreaeed hardness is to increase the deflection '-'/v'-.'. 
of the projectile from ite incident angle, producing longer, more 
shallow scooped out penetrations.    The increase in the resistance to 
penetration produced by the latter effect may mere than overcome the * ^j'^ 
adverss effect of the decrease in the resistance te punching, and §        0 
the net result may be an increase in the resistance to complete pene- 
tration resulting from en incr^ee in hardness. 

It is believed that the inferior ballistic properties of 
the cast hull section are the reeult of a combination of Its low 
hardness in conjunction with the poor impact properties resulting • • 
from incomplete quench hardening.    The utilisation of a steel of 
sufficient hardenability combined with good heat treating procedure 
will allow the use of higher hardnesses and should materially Improve 
the ballistic properties of the hull front section. 
5^      W.A. Report Ho.  710/i*92 "Mechanism of Armor Penetration - Second 

Partial Koport".    C.  Zener and R.  £. Peterson. • * 
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6.   K^erottractttrt 

Photograph« of tho hot «old etohed «ootiomt of ASIX and ASf3 
BT9 ihoim In ilguro 2,    Section ASfl contalno a oonaldarablo aaoont 
of ihrlnkago poroilty while eeetion A3F3 appearo aatariall/ iuperior. 

7»   Microaoopio lya»ination 

Mioroaoopic exaainatioa ef •eotione ASfl and A8f} ahovad both 
to poaoess the aaae nioroatruoture*    The ttael eTidaaeeo oonaidarabla 
dendritic segrefation with large aaounti of rajaoted ferrlte in the 
dendritic axet« oaa figure 31*    ferrlte and pearlUe hare bean rejected 
at eXeTated te^erataree retalting fron the hardenability being in- 
•uffici«it to prevent tranefomatioz^fron occurring at 1000-1300*?, 
tee figureo 51 and 0. 

After reheat-rtraatnent, eeotion AflTX haa a hosoganeoua nicro- 
•tructure of tenpared narteaaite with no high tenperature tranefomation 
product• present, aae figures 30 and X. 

Insufficient hardenattility to ooHpIetelsr quench harden through the 
section «as found responsible for the poor «etallurgioal characteristics 
of the cast hull front section.    The co^aratiTel/ lav resistance to 
belli etic inpact resulted frosi a oonbination of lev hardnees and poor 
inpaot properties.    The use of a eteel of higher hardenability la 
clearly indicated for this application. 

Ballistic tests iuvr« shown that at high obliquities, hardness 
assuaes a Ttiy inportant role.    BelatiTelj snail increases in hardness 
produce a correspondingly large increaee in rest stance to ballistic 
inpact of arnor piarcing projectiles at high obliquities.    The fact 
that the subjeot casting at a hardness of 235 Brinell had a raeistanoe 
to inpact UOO ft./sec. lower than the relied araer atmoturesat 
250-290 Brinell at an obliquity of 37* le largely tractable to the 
differences in hardness. 

• t 
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