





or may occur uniformly throuzhout, Personnel at the Ordnance Research
Center have expressed concern over this condition and indicated the
desirability of ascertaining the factors responsibdle,

2. This type of fracture, which has been observed in certain
elactric and open hearth steels when the fracture plane is Parallel to
the major rolling direction, was known to be caused by elongated or
intermittent tyves of nonmetallic inclusions., Preliminary studies were
made on several 3/L" and 13" thick fracture test bars submitted on
19 January 1944 by the Republic Steel Corporation, These samples showed
the "woody" condition., In order to determine the metallurgical character-
istice of this tyme of material more thoroughly, samples of production
nlate 12x12x3/4* and 12x12x13" were requested and obtained from the
Republic Steel Corvoration, One samnle of 1 inch thick thoroughly cross
rolled plate manufactured by the Great Lakes Steel Corporation was also
investigated, The Republic Steel Corvoration later submitted large
V-notch Charvy impact bars for test in the laboratory and this material
was also examined as a nart of this investigation, These bars were 3/U
and 1" square and are referred to below along with the other samples
involved, Ballistic behaviors under the nrojectile-throughenlate tests
are recorded on the nlates involved when this information was available,

Behavior under

Anproximate Projectile-Throush-Flate Test
size Exit Dia, Spec. AXS-L05 Rev, 2

Sample No, inches Inches  Spec, AXS-L8E Rev, 1
Republic Steel Corp,
1 Lxl{x3/u 2x% Failed
6 Lxlix3/4 1-3/ux2% Acceptable
5 4x1$x1d Ix3-3/4 Failed
9 Lx1$x13 2¢x2-5/8 Acceptable
RH 11761 12x12x3/4 2-3/u4x3 Falled
RH 53715 12x12x3/4 2¢x3 Failed
RH 11761 12x12x1% 2-5/8x3%% Failed
RH 11792 12x12x1% 2-3/8x% Acceptable
Al 1x1x6 24x2% Acceptable
B.2 1x1x6 24x2-3/8 Accepiable
Cal 3/ux3/Uxb 2jx2-3/8 Acceptable
D2 3/4x3/Uxb 2x2-1 /4 Accentable
Grogt Lakes Steel Corp.
10 Ix1x6 2x2-3 /L Accevtable
-2,
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With the exception of the Republie heat No, RH 11761 and the Great Lakes
plate No. 10 the balance of the heats were treated with special addition

agents containing boren.

Only a trace of this element, namely 0.0009%,

vas detected in the 3/4" and 14" thick plates rolled irom heat No. BH 11761

and the Oreat lskes plate No. 10.

b, JFracture Tests for Steel Soundness.

Maures 2L inclusive illuetrate fractures of the® woody® type
and those exhidbiting shelving. The results of these tests are summariged

in Table II.

TABLS I1 °

Sumpary of ¥racture Tests for Bteel Soundness

dpproxinate
Size of
Notched Bar

Sample Broken Slowly _JFracture Rating Description of

No, under Press  %**Long

Republic
1 Ux1-1 fix3/ 4w

6 Ux1-1/Hx3/ 10
5  la-l/iaie

9 Uxl-1/Uxid ®

RH 11761  Gxlx3/i»

RH 53715  6xix3/U®

RH 11761 bxlix14 ®

BH 11792  6xUx13®

Oreat Lakes
10 3x6x1"

3

3

®Bghavior under

Long ond drons
fractures

Shel x in
Lo ozv:idnsranl
ections.

Irecos of
Woodiigess only

ﬁ'aotu.ra:

Yooditass anly
in long
fracture.

Woodiness omly
in

re
.

frecture.

No woodiness in
lons and Grans
freoturec,

Projectile
Through Plate
Irang Fracture Test
Tailed
¥oody 2x3-1/U% ox, die,
Treces of Acceptable
Woodiness 1-3/Ux2-1/4" ex, dia.
Tailed '
Hoody 3x3-3/4% ox, dia.
Treces of Acceptable
¥oodinens 2-1/4x2-5/8" ex, dia.
¥o woodiness in Pailed

2-3/4x3¥ . da.

Failed
2-1/Ux3*% ox, die,

Tailed
2-5/8x31/W* ax, die.

Acoeptablc‘
a-3/6x2-3/8% ex, din,

“®Specification AXS-U95, Revision 2. Specifioation ALB-HE8, Revidon 1.
®¢Longitudinal fracture parallel to major direction of rolling.
Transverse fracture ait right angles to major direation of rollirg,
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The fracture test reveals the directional erties in samples Nes, 1
5, RH 53715 (3/4» think.) RH 11761 (13" pmf and RH 11792 (14" thuks
whereas les Nos, O and 9 were more tlorougily cross ronod.

Nos, RH 11761 (3/4" thick) and GLS 10 were relativaly {ree from nonnomuo
segrogations and vwore thoroughly cross roiled, no %woodiiness® being evident
in either of thesc samples,

No conclusions could be drawn on thie relution between “woody®
fractures and spalling cheraoteristics due to the insuifficient mumber of
samples examined and also to the apparent inadequacy” of the ballistic test
q’plid.

S. Iracture Test for Fibre.

Fracture tests for fibre were made on aeiples of the 3/UP and
14® thick plates vhich were requested for metallir;locl study and the results
are reported below:

Segple Number ~— Jrasture Rating  Fyinell Hardnesg

BH 11761 - 3/149 Fibrous 293
RE 53715 - 3/4e Mbrous 269
RH 11761 - 13° Fidrous 262
RE 11792 - 14* Fidbrous 269

4. Macroscopic Examination,

Peures 5-7 inclusive illustrate the megrostructure of
samples etched in hot acld which had a *woody® fracture and also those
which showed no evidence ol a "woody® fracture. These results are
sumariged in Table IIIX.



Table III

Macrostructure
Projectile
Through
Sample Plate Macrostructure
No, Test  Frocture _ Lonsitudinal Irapeverse .
Republic
1 S1ight evid P Evidence nf centerline
" oF Woody & 1? ence o t1on PO&Tresation mere deenly
3/U centerline segreation .o "
6 . Trecas nf Centerline segregation
3/u" P Woodinegs Conterline sesregation | . deeply etched.
. Center segregation more
15' F Wocdy center segrecation deerly etohed.
Fronounced center
IZ' P 3:2;:;822 i:;g}z uniform gsegraesntion more deenly
d i etched,
RH 11761 No
3/143 ¥ Wondiness Satisfactory Satisfectory
Shelving
RH 53115 F Traces of Sntisfactory Centerline segregation
3/h Woodiness more dee'ly etched,
RH 11761 7 W Center segregation more
ood Center rregati ETes
" v enter sesregatlon deenly etched,
RH 11792 P Center segregation more
R/ c 2
lﬁ" oody enter srgregation deerly etched.
A-1 Woodiness Center sezregation more
P grep
1" Evident Center segregation deevly etched,
B.2 Praces of _ Some center segregation
1" P Woodiness Sileht banding more deeply etched,
C-4 Traceés of Some center segregati
P ) gregation
3/u* Woodiness -ovisfactory more deenly etched.
D.2 Traceg of Fairly uniform more
P
3/u* Woodiness -ccAsional banding deenly etched.
Great Lakes
10 N - S e
1" Wood:neqs Satiefactory Satisfactory
*FuaFailed *PuPpsged
b
a - P P P e @ ® o o ® ®



The samples which showed evidence of directional rroperties, by wvirtue of
the fact that these etched more deenly in the transverse direction, also
revealed the vnresende of "wosdiness® in the fractures to various degrees,
In other words, a fairly good correlation between "woody" frectures and the
macrostructure was established, If extreme differencas in etching
characteristics exist in the two directions (indicating directional
proverties), the "wocdy" tvnre fracture may be exrected to be observed in
the longitudinal fracture,

8. Microscoric ITxarination

Typical nonmetallic inclusions and renresentative micro-
structures found in samnles showing various degrees of "woody" fractures
are Presented in Figures 8 to 14 inclusive. The results are tabulated
in Table 1V,

The results of the microscovic examination indicate that
fine nonmetallic inclusione in the plane of rupture result in the "woody"
type of fracture, Figure 1, i1llustrates a "woody" fracture, broken in
the longitudinal direction of the 13" thick plate No, RE 11761, This
fracture was nickel plated in order to preserve the contour of the fracture
during the metallogravhic volishing oreration and subsequently cut trans-
vergely and nxamined for the vresence of nonmetallic inclusions in planes
of ruvture. As noted in Figure 8, the cross section of a “woody" fracture
has a "stepred" apnearance. Microscoric examination revealed the presence
of fine nonmetallic inclusione on the "shelves" of the stepned fracture,
indicating that runture has occurred along these planes, These nonmetallic
inclusions were identified as silicates, comvlex oxide-sulphide-silicates
and in one case zirconium nitride was Present on a plane of rupture, see
Figure 8 The distribution on nonmetallie inclusions in the cross section
of these materials is also shown in Figure &,

In the longitudinal section of the 14" thick plate No, ,
RH 11761, and in other sam>les examined, elongated nonmetallic inclusions
of the same tyne, namely comolex oxide-sulnhide-silicates were detected,
see Figures 9 and 10, Occasionally other tyres of nonmetallic inclusions
such as alumina and titanium nitride stringers were found in samples
showing the "woody" tyve of fracture, see Figures 9 and 10,

It was observed that the degree of "woodiness" of fracture was
more intense with the increase in the amount of nonmetallic inclusions, note
the absence of elongated nonmetallic inclusions in plate No, RH 11761
(3/4" thick) which did not exhipit a "woody" fracture and the Dresence
of the nonmetallic inclusions in nlates Nos, RH 11761 (14" thick) and
RH 11792 (14" thick), Figure 10, Also, microscopic examination of some
of the broken large size Charoy bars to which reference 1s made in
Filgure 13 and in Table VI, indicated that with a greater amcunt of
"woodiness" in the fractures an increase in the amount of nonretallic
inclusions was clearly demonstrated,
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In the case of samnrle No, 10, which showed no evidence of a
*woody" fracture, see Fisure 4, no elongated nonmetallic inclusions were
evident, A uniform distribution of small nonmetallic inclusions was
scattered throughout the matrix, see Figure 10.

Generally sveaking, metallic banding was associated with the
nonmetallic inclusions, ses Figure 11, It was indicated that metallic
banding alone as revealed by Oberhoffer's etoh, is not always resronsible
for "woody" fractures as noted in the case of samvle Mo, RH 11761 (3/u"
thiek) in which metallic bandins is “resent and is not associated with
elonrated nonmetallic inclusions, see Figure 11, Also sam”le No, 10,
wvhich contained no elongated nonmetallic inclusione, showed the presence
of metallic banding but did not have a "woody" fracture, see Figure U,

Most of the samples investigated had a temrered martensitic
structure but in some cases small amounts of pro-sutectoid ferrite were
nresent, see Figure 12, In the case of the failed 13" thick plate No, 5,
and the satisfactory 14" thick plate No, RH 11792, the presence of some
upper transformation Droduects was evident., The amount of this constituent
in each vlate was less than 15% and therefore was not considered objection-
adle,

Note: A, Hurlich conducted the metallogravhic work on the occurrence of
nonmetallic inclusions in the "lanes of rupture of "woody" fractures, see
Figure 8. The balance of the vhotomicrograrhic work was conducted by

M, Yoffa.

f. Y-potch Charoy Imocact Tests

The results of the Venotch Charpy Imvact tests made on
longitudinal end transverse sections of 3/4*, 1", and 14" thick plates at
470°F and at -4OOF are psiven in Table V, With the excention of nlates
Nos. RH 11761, 3/4® thick, and 10, 1" thick, the noticeable difference
between the longitudinal and transverse Charny values of the various
Llates indicate definite diractional vrorerties. The two plates referred
to above had fairly uniform imvact values in the longitudinal and traneverse
directions,

It has been obsserved that good quality 13" thick plate, free
from directional nroperties, when heat treated to the same hardness as
some of the material tested in this investigation (250-260 Brinell hardnesa),
has a V=notch Charnsy value in the transverse directlon of a'“roximately
80 ft./lbs. as noted in Tadle V., The transverse Charpy values of material
of the same hardnese level which nossessed directional nroverties varied
from 20-UE ft./lbs. This would indicate that the ratio of V-noteh Charpy
values of satisfactory crors rolled plate to that of imnroverly cross rolled
nlate would be aprroximately 2:1,

«10-



The results of the imnact tests described in Tadle V
correlated with the fracture studies for steel quality,

There was no marizad variation in the imnact values obtained
on bars cut in the same direection of rolling at <UO°P and at +70°F,

Apprarently this material was satisfactorily heat treated, the fractures
of the impact bars in all cases being fibrous,

Another series of Vonotch Charj)y tests were made on large
size Charny bars, 3/4x3/Lx6" and 1xlx6" which constituted the full gauge
of the plates tested, Also comparative tests were made on ths standard
.394x, 394" Vonoteh Charny bar and are included in the summary of results
shown in Table VI,

This particular material which showed only traces of wonodiness
as fractured, see Figure 13 vas heat treated to sseveral hardness levels,
namely from about 320 to 388 Brinell and had imvact values not too
inferior to cross rolled material heat treated to the same hardness levels.
These steels all exhibited fibrous fractures at the several hardness lavels,

In general, the Charvy values of this series of samvles
showing evidence of woodiness were somewhat lower than those determined
on other typeas of cross rolled armor Plate at the same hardness levsls,

E. Tengile Tests

Tensile tests made in the longzitudinal and transverse
directions on samnles from 3/4", 1" and 13" thick plates are given in
Table VII,

Directional vroverties are evident in nlates which exhibited
"woody" fractures revealed by the fracture test for steel souniness and
other metallursical tests.

Plates Nos, RE 11761, 3/4" thick and No, 10 were adparently
crose rolled to a greater extent than the rest of the seriss as noted by
the small differences in the ductility of the longitudinal and transverse

tests,

The raesults of the rhysical tests correlated closely with
the metallurgical tests revorted herein.

A. Hardnese Teste

The Brinell hardneas tests were made on the cross sections of
the rlates and the values are revorted in Tadles V, VI, VII. In all cases
the nlates were heat treated to a uniform hardness along the cross section,

5 The "woody" type of fracture has been observed in many electric and
open hearth steels, both domestic and foreign., It 1s avparent that this
condition regults from an imnrover refining and deoxidation practice at
the steel source. In an immroverly refined and deoxidized heat, these

~lle



Table V
V-notch Charoy Imhpct Values Determined on

3[4, 1F and 177 Thick Flate
Temp,
Sample Thicke Specimen of Foot
No, ness Directicn BHN Test Pounds Descrirtion of Fracture
Republic o . P . ot
- Pronounced czontinuous
RH 53715 3/u® Long, 269 470°F 5L,6 laminations
F - “ronounced cnntinuous
RH 53715 3/u" Long, 269 -LOOF 52,8 laninations
F - “wooly" fracture, fine
RE 53715 3/u® Trans, 269 470°F 20,8 fragaented nnd continuous
. striation:,
P - "Woody" fracture, fine
2H 53715 3/4° Trans, 269 -4OOF 17,4 fragmented and eontinuous
striations,
RH 11761 3/u® Long, 293 470°F L0.,5 F - Ho "woodinese"
RE 11761 3/u¥ Long, 293 «40°F 135.8 P - No "woodiness"
RH 11761 3/u% Trans, 293 470°F 36,3 P - No "woodiness"
RH 11761 3/L* Trans, 293 -UOOF 33,3 P - No "woodiness"
RH 11792 13" Long, 269 470°F 90,5 F - Broken ends of striations
RH 11792 13" Lon;, 269 «UOOF 83,0 7T - Broken ends of striations
F = "Woody" freoture, fine
. o
RE 11792 13} Trans, 263 470°F 52.6 continuous striations
T - "Woody" fracture, fine
in
RE 11792 1} Trans, 269 ~LOOF 47.5 continuous striations
RH 117€1 1&" Long, 262 470°F 95,1 F - Broken ends of striations
RH 11761 13" Long, 272 «40°F 93,0 F =~ Broken ends of striations
' . F - "Woody" fracture, fine
RH 11761 13" Trans, 2t2 470°F 32.9 continuous striations
F - "Woody" fracture, fine
RH 11761 13" Trans, 262 ~LOOF 30.L continuons striations
Great es
10 Long., 320 470°F 32,8 P - No ®woodiness"
10 Trans, 320 470°F 26,4 F - No "woodiness"
108 Long, 120 470°% 135.5 F . No "woodlness"
108 Trans, 320 470°F 25,3 P . No "woodiness"
*PeFibrous
Note: 'With the exception of sample 10S, V-notch was cut in bars

nernendicular to surface of mlate.

On sample 10S, Venotch was cut varallel to surfece of plate.

~l2-
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nonmetallic inclusions are »resent in the metal during teeming and sub-
sequently segresate during the solidification of the ingot and are
elonsated in the major direction of hot rolling, It has been demonstrated
that "wondy" fracturee are formed when the fracture »lane is narallel to
the major direction of rolling ard that the path of ruvture “roceeds

in a "stavred" fashion alons nlanes of weakness caused by embedded
nonmetallic inclusions, chiefly of the silicate tyve,

A "woody" condition in rolled armor is indicative of poor
metallursical nromerties and, therefore, 1s not desirable in good quality
steel, the nroduction of which is essential to meet the new ballistic
requirements for rolled homoseneous armor, The "woody" fracture condition,
being assoclated with considarable directional characteristics in the
steel, may be expected to influence shock fallures because of ercessive
directional cracking, It is vrobable that "woodiness® to varying
degrees will always be observed in the longlitudinal fracture of a fully
reat treated steel (brealins in a fibrous manner) which 1s straizht-away
or essentially straight-away rolled, The "woody” fracture can aPparently
be avoided by equality in nercentage reduction in the two directions,

The larcser and more numerous the inclusions become the greater is the
degree of "woodiness" developed in a steel with directional characteristics

vhen fractured longitudinally,
EXL. el

E. L, REED
Rasearch Metallurgist
APTROVED:

[ rfecte

K. A, MATTHEWS
M‘JO!‘. OrdnantBe Dﬂpto
Chief, Armor Section
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