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Mem 4 rt No, WAL 710/60
Fingl Report on Problem B-L 26
20 March 1944
Metallurgical Exgmination of Sections from
Bighte Homogeneous Armar Pl
[ ABSTRACT

~
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Metallurgical examination including Brinell hardnesses,
fracture teasts for steel soundness, fracture tests for response
to heat treatment, masroetsh tests, microscopic examimation,
Venotch Charpy impaet tests on selected plates, shemical
analysis and Jominy hardemabdility was conducted on eighteen
plates submitted by OGreat Lakes Steel Corporation and tested
at the Ordnance Research Center as a part of the effest of
hardness program, There were six plates each of the three
thicimesses 1-1/8, 1-1/4, and 1-1/2 inches. All pletes were
fairly satisfactorily heat treated. Three plates were of
unsatisfactory quality with respect to steel eoundness, (Numbers
173, 111, 112‘. /’\

1, As requested by the Ordnance Research Center, A.P,G, U70.5/3549,
Wen U70.5/7747(r), metallurgical examination has been completed on sections
from eighteen (18) plates tested at the Ordnance Researsh Center as a part
of the program on the effeet of hardness on ballistic properties. All
Plates were furnished by Great Lagkes Steel Corporation and were rolled from
the same heat of steel, Flates were of thres thicknesses, six (6) each of
1-1/8, 1-1/4 and 1-1/2 gnches, The plates in each series were of different
hardnesses.

2, Metallurgical examimation consisted of the following testss
a. Brinell hardnesses on surface and through section,
b, Chemical analysis and Jominy hardenadility,

€. Tracture test for steel soundness in bdoth directions of
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Hardnesas readings across the section were of sufficient uniformity to
indicate complete queneh hardening followed by an adequate texmpering
eycle to produce a uniform hardness through the sections.

». Chemical Anglysis gnd Jominy Hardenability. 4 chemical
snalysis and Jominy hardenability determination were oconducted on
samples from plate 112. It 1s understood that all plates were pro-
duced from the same heat of steel, and, therefors, the results on this
plate are indicative of the results to be axpected on the other plates
in the series. The chemical analysis followst

Plote No, C M 8} _S P i Cr M _B_ A
112 .31 1,55 ,% .021 .02 Trace .55 .20 ,0035 ,06

The hardenability of the steel is shown as Flgure U, Essentially full
hardening 1s maintained at the slow cooled end of the Jominy bar, which
indicates that, with respeet to ouench hardening or transformation to
the high temperature transformation products ferrite and pearlite, the
analyeis should e satisfactory in thicknesses up to at least U4 inches
upon water quenching, The great effect of the Boron addition in in-
creasing the hardenability 1s clearly indicated, The amount of boron
reported is excessive for West results from the standpoint of toughness
of the steel,

¢. Fracture Tests for Steel Soundness and Regponge to Heat
Tregtment. Fracture tests for steel soundness in both directions and
for response to heat treatment (fibre test) in one direction were mads
on samples from eash plate. The samples for the stesl soundness test.
were tempered prior to fraesture to a hardness of 300 Brinell maximum,
The results are given delow: , '

Steel Soypdness Tests

Fivre Fracture Test ,

Plate No, Thickness *Lonzitudinal Transverse _ Diregtion Result
85 1-1/8" B B Longitudinal MNixed, (High hardness)
87 1-1/8" B B Longitudinal Mixed (high hardness)
89 1-1/8" c c Longitudinal ¥ixed (high hardness)
93 1-1/8" B B Longitudinal Mixed (hizh hardness)
95 1-1/8* B B Longi tudinal Fivwrous
173 1-1/8" | D Longitudinal Fibrous
99 1-1/u" B B Longi tudinal Fivrous
105 1-1/y» B B Longi tudinal Fidvrous
107 1-1/4* c c Longitudinal Fiwrous
" ~3- _ Wﬁvﬁw f s ind
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Steel 3 ss Test Fidre Fracture Test )
Plate No, Thickness *longitudinal Iransverse ire Result

109
111
112
11k
115
118
122
123

n

"1-1/4 B Longitudinal Fibrous
1-1/4" D D Longitudinal" Fibrous
1-1/4* D D Longitudinal Fibrous
1-1/2" B B Longitudinal Fidbrous
1-1/2* c B Longitudinal Fidbroue
1-1/2" B B Longitudinal ~ Fibrous
1.1/2* B B Longitudinal Fibroue
1.1/2" ) B Longitudinal Fidbrous
1-1/2* B B Longitudinal Fibrous

*Longitudinal - plane of fracture narallel to major rolling direetion,

All plates developed fidrous fractures except four of the 1-1/8" plates
at the higher hardnesses, This condition has been previously encountered
and is to be expected im many of the type analyses now deing employed
in there thicinmesses of plate and at hardnesses exceeding approxi-
mately 320 Brinell. It 4s not an effect which necessarily is caused
by poor heat treatment or lack of hardenability, There has been
no conclusive evidence to indicate that it should be considered a
rejectable condition, This type of crystallinity occurring at
high hardnesses can be distinguished from that caused dy incomplete
quench hardening, Plate 173 at 3:3 Brinell wonld prodably also have
shown crystallinity Af the severs laminations ia the center third of
the section had not been present,.

Plates 173, 111, and 112 were of unsatisfactory quality with
respect to stsel soundness. The poor fractures developed on these
plates are probably iafluenced by factors other than nonmetallic
inclueions sincs subsequent tests did not indicate a wide difference
in nonmetallic content im these plates as compared to others which
developed fractures devoid of serious laminations,

4. Macroetch Tegtp., Macroetch tests in the transverse direction::::!
were made on a sample from each plate. The results appear as Figuro|/¢\~
l-3. It will be ebserved that plates 173, 111, and 112 which
developed unsoundness {in the fracture test show an ingot pattern

offect to a greater degree than the balance of the vlates.
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e. Microscopie Expminption. Specimens for microscopic exam-

ination covering the croes section were prepared from each plate.
Examination covered extent of decarburization, grain size, type
and distridution of nopmetallic inclusione and mlcrostructure,
Decarburization was imsignificant, amounting to less than .0l inch,
Grain size was a unif-orm A.S.T.M. 6-7 in all plates, The results
of the microscopic examimation on each plate were as follows:

(1). Flate 8%, 385 BHN, 5Steel adequately clegn, Nonmetallie
inclusions coneist of small sulphides and silicates well distributed.
(See Fizure 5.) Microstructure consists of tempered mertensite,
tempered upper bainite, and possibly traces of ferrite and pearl-
ite, (See Pigure 6.)

(2). Elate 81, BHN 3126, Nonmetallic distridution similar
to plate 85 except fer alumina type inclusion ¢lusters near one face
which caused short laminations on the fracture soecimens,(See Figure §5,)
Microstructuras similer to that of plata 85 cnnsisting of tempered
martensite, tempered upper bainites and possibly traces of ferrite
and pearlite,(Ses Pizure 6,)

(3). Plate 89, 156 BHN, Transverse micro specimen shows well
distridbuted nonmetallic inclusions,(Ses Pizure 5,) Microstructure
consists of tempered martensite, tempered unper bainite, with traces
of ferrite and pearlite.

(4). Plate 93, 375 BAN. Clean steel excert for alumina
type inclusion eclustere near plate surfaces prsmoting short, ineigni-
ficant laminations.(Sees Pigure 5.) Microstrusture similar to that of
plate 85, see Pigure 6,

(5). Plate 95, 302 BHN, Nonmmetallic incluelon distribution
similar to that of plate 85, (See Figure 5.) MKicrostructure essentially
tempered martensite and bainite with tracee »f ferrite and pearlite
apparent, (See Figure 6.)

(6), Flate 1 BHN,' Coneiderable segregasions of al uming
inclusions near center ¢’ section.(See Figure 5.) ilerostructure
similar to that of plate 85, (See Figure ©), ecneisting of tempered

bainite and martensite . :3sibly with traces of ferrite and pearlite
visible,

(7). Plate 99, 308 BHN, Fairly clean steel, containing small
silicate inclusions somewhat more concentrated at center of section,

Microstructure shows tempered martensite and uppar bainite with
apparent tracss of ferrite and pearlite.

(8), P BHN, TFairly clean steel, d milar to plate
89,(See Pigure 5.’ M{crostructure essentially %empered with traces of

pearlite apparent,
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(9). FPlate 107, 277 BHE, Steel contains fairly high con-

centrations of eilicate end alumina inclusions along centerline,
(See Figure 5.) Microstructure consists of essentially temperad
martensite and tempered bainites.(See Figure 71.)

(10). “late 109, 272 BEN., Fairly high concentration of small
silicate inclusions, similar to plate 114,(See Pigure 6.) Microstructure
shows a uniforr sorbitiec structure, -

(11). Plate 1)1, 308 BHN, Centerline segresations of alumina
and silicate inclusions similar to plate 107.(Sees PMigure 5.) Micro-
structure conalets of tempered martensite and bainite with tracees of

pearlite visible,

(12), P 112, 291 BHN, Severe congentrations of silicate _
inclusions at center of section.(See Figure f,) tiicrostructure essen- ;
tially tempered martensite and bainites,.(See Figure 7.)

(17), P 114, 283 BHN., Numerous small silicate inclusions
well distributed,(See Figure 6,) Microstructure consists of desirable
uniform distribution of spheroidal carbides, similar to plate 177,
(See Figure 7,)

(1), Plpte 1)5, 282 BHN, Nonmetallic inclusions and micro-
structure sl milar to plate 1lli,

(15), Plate 118, 271 BHN, XNonmetallle inclusions and micro- |
structure eimllar to plate 114, . [

(16). Plage 122, 263 BHN., Nonmetallic inclusions consist of
small silicate inclusinng well distributed., Microstructure similar to
that of plate 123, (See Figure 7.)

T ¥ - -

(17). MJ‘TZ_H_BH_NG Scattered silicate and alumina
inclusions.(See Figure f,) Microstructure consists of & epheroidal
carbide in ferrite with some evidence of tanding of carbides,(See
Pigure 7.)
(18), Plate 117, 274 BHN, Nonnmetallic condition similar to
plate 11k, Microstructure consists of desirable spheroidal carbide 4

fairly well distributed,(See Figure 7.)
ROTE: Photomicrographic work conducted by M, Yoffa,

The steel in general, wes fairly satisfactory with respeet to non-
metallic inclusion content, In eeneral, it appears that ccncentrations q
of the refractory alumina neonmetallic inclusions are responeibdle for

the deavelopment of larinaticns in the fracture test, Silicate inclusions,
unless extremely conecentrated, apparently do not produce poor frectures,
This observation confirms other evidence recently obtained. The micro-
structure in some cases reflect poor heat treating practice., The
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formation of balnites upon quenching is to be expected, but evidences
of ferrite and pearlite indicate ponr heat treatment nrsctice in view
of the high hardenadility of the steel., The absence of any apparent
ferrite and pearlite in the case of several plates indicatee consider-
able variation in heat treatment practice.

f, V-Notch Chappy Imppct Tests. Impact tests were taken from
aix (B) Plates at equally spaced hardness levels covering the range

247 to 385 Brinell, Dunlicate specimens wers brolzen at room temper-
ature (200C) and =40OF (4OOC), The specimens were trensverse bars
the axes of which corresponded to a distance midway between surface
and center of the plates., Bars were machined from plates of satis-
factory mrundness as indicated by fracture tests., Notches were cut
pernendicular te plate surfaces to minimize the effeet of nonmetallie
inclusions, The results obtained ware as follows?

Y-Notch C Impact Values
_20%C Tests =40°C Teste

Plate No, BHN ¥4, Lbs, Fracture Py, Lbg, 7 ure

SO R B
7w R K o
o w6 @ oK E
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Impect bar fractures were rated in accordance with a standard procedure,

(See Figure 8,) which will henceforth be used in all cases wherein
impact bar fracture ratinzs are reported.

The impact valuee mas a function of hardness and temperature
have bean plotted as Figure 9., Also supsrimposed upon the curve are
the gones of hardness within which fibroums and crystalline fractures
were obtained on the standard fibre test svpecimens, It will be noted
that the sharp decrease in impact value with increasing hardness
occurs somewvhere between 270 and 300 Brinell whereas the transition
from fibrous to orystalline fractures occurs at some hardness between
300 and 326 Brinell, It will be noted that in the case of the steels
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which developed crystalline fractures in the fidbre test, the per-
centage chancze in impact oroperties as a function of the lower
testing temperature 1s considerabdly higher. Furthermore, s com-
pared to impact values nreviously obtained and repwrtedl on rolled
armor, the values obtained on the plates at 300 Brinell ard higher
hardnesses sre scmewhat below the expected values,

Crystallinity ocourring in the subject steel at hardnesses
adove 320 Brinell is, of eourse, a function of doth chemistry and
heat treatment, It has deen indicated thet in certain type chemistries
utilized for a given plate thickness, this tendency cennct be eliminated
by normal adjustuents in heat treatment, Other chemistries of lesser
hardenadility than the subject steel will produce fidrous fractures
in 1 inch plate thickness at hardnesses of 375 and 382 Brinell, In the
cane of these plates, a peculiarity of the stesl ¢ounled with evidence
of inferinr heat treatment is undoubtedly responsidle., Factors which
may be involved are (1) the temperature at which dainits forms on
¢ ntinunoua cooling, (2) the effect of boron, and (3) the possibility
of the retention of austenite upon ouenching whieh may subsequently
transform npon tempering to yleld ponr properties,

4, In peneral, the soundness of the plates was satisfactory. In
addition to poor steel soundness characteristics noted in the fracture
test of three plates, the ingot pattern effect noted on the macroetch tests
of sections from additional plates may contribute to inferior ballistic
performance under odliquity attzck. The crystallinity observed at high
hardnesses is believed to be a function both of type analysis and heat
treatment practice. Fibrous fractures can be obtained in these thicknesses
at hardnesses up to 388 Brinell using other type snalyses with normal
heat treatments., It is assured that the material whiech produces the fibrous
fracture will exhibit superiur dallistic performance provided other
factors such as hardness and steel quality are equal.

:?7A. :ZZTHIHS
Major, Ordnance Dent,

1, Memorandum Report Yo, WAL 710/567, 10 Dacember 1943,
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