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ABSTRACT

The tensile fracture characteristics after various

AL L0VS

amounts of torsional prestrain have been studied in

Specimens of SAE 4340 Steel of three grades: vacuum~

melted, aircraft quality, and commercial guality. The

presence cf a submicrescopic crack Structure is indi-

cated in all three grades by the transition from il

o iow values of tensile fracture stress and strain-to-

fracture, after critical amounts of prestrain in torsion.

The vacuum~melted steel, which is practically inclusion=

free, is affected somewhat more by twisting; in particu-

lar, the critical prestrain value is lower. The commer=

‘cial and aircraft grades, however, are practically

identical in their response to prestraining. It Jop2ars,

therefore, that inclusions are not the orinecipal -6 fce

of microcracks in the materials tested, and that static

transverse properties are not greatly influenced by

inclusion content, within the range encountered in this

work. Since there is a marked difference in grain size

between the commercial and aircraft quality steels, it

is also concluded that prior austenitic grain size is

not a primary factor in the behavior studied, Certain :

: 5 systematic scatter in the data is explained on the basis i
- of oriented microcracks. : # Gl e
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INTRODUCTION

A430 - The anisotropy in fracture characteristics* of many wrought

materials has been studied. Wells, liehl, and their co-workers,ls2sd

in particular, have made extensive statistical comparisons of the longi-

|
P Yy

tudinal and transverse tensile properties of forged low alloy steel,

Figure 1 shows that the reduction in area at fracture varies with the

|
-

g

%

* Tensile fracture characteristics considered are strain-to-fracture, 1
expressed as a percent reduction in area, and the averace true stress %
at fracture. .

%
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angle of test; it is a maximum in the flow (forging) direction, and a
minimum in the transve;se direction. Amona other workers in this field,
Jacquesson and Laurent4 have observed that the faticue strength of rolled,
high purity aluminum decreases with the angle of test in a somewhat
similar manner. The tensile fracture characteristics of hot-reclled plate
of the aluminum alloy, 2457, also have been shown® to'bé greater along

and near the rolling direction.

Frompted by the work of Griffith6 on truly brittle materials,
it has been suggested7 that cracks of submicroscopic size may be present
in ductile metals. They would very likely be elongated during plastic
deformation, and certainly aligned parallel'to the direction of metal
flow. Ductility and fracture stress should then be lowest when tension

is applied in a direction perpendicular to these cracks.

to a surface shear strain .of approximately unity. Simultaneously the
ductile, cup-and-cone type of fracture is replaced by a helical, "wolf-
eared" cne. Specimens twisted and completely unitwisted before testing

retain their oricinal fracture propertics and mode of failure.

2 <
Recent work by Backofen and Hundy,” and also by Backofen, Shaler,
and Hundy,lo has demonstrated this behavior in OFHC copper, 7C-30 brass,
nickel, lionel metal, Armco iron, and high purity (99.9%s) aluminum. Come~

mercially pure (25) aluminum was the only material tested which did not
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respond to prestraining in the described fashion.

The effect is explained in terms of aligned microcracks. In
bar which has been heavily reduced by rolling, forging, swaging, ctc.,

of the cracks will be alioned parallel to the direction of elongation

all

During twisting of a specimen taken parallel to this direction, the cracks

will be realigned at-an angle ¢ to the specimen axis, so that

SV | S

tan g = 2

where r is the distance of the crack from the specimen axis, 8 is the-

tetal angle of twist in radians, and 1 is the length of the specimen in

which twistin¢ occurs; 5‘ defines the shear strain at the radius r from

the specimen axis and it varies linearly from zero at the center to its

maximum value at the surface qfatbé_bar., in an un;yisted_bar,;ﬂiwill
‘be zero, and tension on the specimen, before necking occurs, applies no
_normal stress to the cracksié»Afier |
becomes sufficiehtly large that stresses acting on the cracks can cause
failure through their extension. Untwisting a twisted specimen before
testing realigns the cracks parallel to the bar axis where they have a

minimum of influence upon fracture characteristics.

It was further observedg’lo

that the angle of fracture in
twisted specimens was very closc to the calculated anglec, Z. MNeither
this observation nor that of the restoration of ductility by untwisting

can be suitably explained by thcories not based upon aligned defects in

the metsl.

—— g
-




“;éions when they are acted upon either by a principal tensile stress or a

[ e

5.

The nature of microcracks s still unclear. They may be in-
herent in the casting. On the other hand, in ductile metals they may be
gencratcd by the deformation itsclf;n’12 brittle phascs in the micro-
structure, such as cementite plates in stcel, may be fractured as the
ductile matrix-matecrial deforms. A local accumulation.of dislocations
could be considered to form a microcrack. Yet discontinuities due to non-
metallic inclusions and other extra phaées in the microstructure are the

only observable "flaws" in otherwise sound metal which might account for

the measured aﬁisotiopy.

Very striking evidence that inclusions contribute to anisotropy

has just been rcported by Ransom,13 who found that the transverse fatigue

- ctrength of vacuum-melted, essentially inclusion-free SAE 4340 steel aver—

» aged fiffy pq;cent_highér than the éémé property of commercial SAE 4340,

He showed that fgtigue cracks probogate from the edges of clongated inclu- .

maximum shear stress. :lowever, even in the vacuum-melted steel the ratio
of transverse t6 longitudinal fatiguc strength was only 0.86. This shows
that even when the inclusion content is practically nil, there is still &
fibrcis stiucture producing anisotropic properties. Banding was a problem
in the ultra~clean stcel, and might contribute to this fatigue strength
ratio of less than onej but the contribution from a highly oricnted crack

structure has not been ruled out.

In the past, much consideration has been given to the possibility
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of controlling transverse properties in wroucht steel through control of
the size, shape, and distribution of non-mectallic inclusions. The pre-

hly oricnted crack structure suggests that therc might be

¢ accomplished with such control. Therefore it was

the purpose of this research to determine the tensile fracture character-
istics of SAE 4340 stecl of three degrees of cleanliness after prestrain-

ing in torsion; and, in this way, t» study rclationships betwcen anisotropy

in fracture cha

racteristics, the crack

structure, and inclusion content,

EXPERTIENTAL PROCEDURES

katerials and Processing

Chemical analyses of the three stcels tested arc summarized in

-

able I. Those of aircraft and commercial quality were from regular heats

of SAE 4340 éteel; The vacuum-nclted samplc was from an expcrimental heat

deséfibed by RanSO;n.13 It varies from the nominal SAE 4340 composition !

priﬁcipally in the absence of phosphorous, sulphur, and retained gases,
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TABLE 1

Analvses of Steels (Percent by Weight)

Vacuum=-

Aircraft Commercial
bMelted ality Qualitv
Carhon 0.39 0.41 0.41
Manganese 0.69 Ce75 C. 80
Phosphorous nil 0.009 0.033
Sulphur nil C.014 0.01¢9
Silicon 0.37 0.31 0,28
NMickel 1.76 1.79 1,72
Chromium - 0497 C.54 0.82
Yolykdenum .31 0.26 .24
Vanadium .13 nil iulrfa
" Nitrogen 2.5 :,l-'f & x lC':“ 6 x 1077
————— = Oxygen 1.8 x 107 & x 107 8 x 1073%
Producer National Re= United States United States
- Search Corp,  Stecl Corp. Steel Corp.
Heat No. ceerttsnans c“’5510 oX5778
*Nominal

valucs from ASli Lietals Handbook

diameter, hot-

hot-swaced above 1E00°F to seven=-eighths inch diamet

then cut into blanks two and one=half inchcs long, and the vacuumemelted

VMqteria&s woere rece

Tvead faa
10 erved

or,.

samples were subjected to a twenty=-four hour homogenizi

1500°F, Subsequently

hour at 1700°F, auster

four hours at 12607F,

and water quenching,

response to tempering; it was ncce

all specimcns were heat +reated b

- A Y b T it
s Mt

water rtcnch1rJ, re~tompering two

The vasuum=melted stecl was quite

from-suppliers as two and one~half inch

forged rounds approximately one foot long. Lach samplc was

The bars werc

ng treatment at

y normalizing onc

.g LG hours at L8UUSF, oil quenching, temperxng

hours a% 1200°F,

sluggish in its

$sary to re~temper many of these specimens,

T T T Y Wt .
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and also a few from the other lots, for additional periods at 120C°F in

order to bring their hardnesscs down to a common lcvel.

The heat=trecated planks were machined into tor51on spceimens,
Following two-hour stress relicf anneals at 10E0°F beforc and after
finish machining, they were polished through 0000 cmery paper. Specimens

were then twisted, machincd for tension testing, and again polished

through O0GU cmery. Dimensions of tost bars arc shown in Figure 2.

Testing Procedurcs
The bars were twisted in 2 torsion testing machine operating
at a constant ancular spced of nincty degrees per minute, Autographic
-records of torque versus zngle of twist were obtained for all specimens.
The shear strain at the surface of +he tensile specimen was calculated e

for each bar. y

“Tension testlng was erlorde on a hvdraul1c machlnc operatlng

in a load range from zero to tcn thousand pounds. ‘Values of load and
instantancous minimum bar diemcter were determined et frequent intervails

during each test. “trom these readings, a curve of average true stross

“versus true strain¥ could be calculated for cach specimen. A single test

* Definitions of tcrms:

True stress - the instantaneous load divided by the instantancous
minimum specimen diametcr.

True strain - 2 1n,(dy/d), where dy is the original and d the
1nstantanoous SPLCImuﬂ diametecr.

Engincering tensile strength = the meximum 1oad divided by the oz
arca of the specimen.
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10.

required approximately twenty minutes to perform. Strain rates were

sufficiently low that accurate valucs of fracture stress, maximum rcduc-

wLaLe AT

}

aces, light circumferential SCratch, normal %o the spocimen

{

}

t
4
¢
i
(o]
ot

axis, was inscribed around the brokcn spceimen just below the point where

raciure originated. The angic between this line and the fracture sur-

face was measured with a toolmaker's microscopc. )

-

RESULTS OF EXPERILENTAL WORK
& _ Uniformity of iaterials

5 ; Every effort was made to insurc that the steels would be identi-~

~cal in every respect except inclusion content. Their histories were essen-

SARRO S

tially identicalifrom torged bars to brolunspecinens, 'The'vBllowing

e - observations serve %o check the degrec ts whicl

lijcrostructure: Iicrocstructurcs of the three stcels, at high

magnifications, are shown in Figure 3; they all consist of tempercd marten- ﬁ

R - site in the spheroidizcd é&ndition. In addition, the vacuumemclted steel 7%
contains argmall amount.{ less—than ten-pereenty of Llempered bainite, only f

partially spheroidizcd. The photomicrographs of Figure 4 were etched to ;

) show the prior austenitic ¢rain size. The vacuum=mclted stecl has mixed %

K grains, with a majority of ASTN Grain Sizc Wo. 2. The aircraft and §

. commercial quality stecls 2rv¢ more regular, having ASTL Graiq Sizes No. 5 i
7 é;diio }éspectively. %
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Microstructures of SAE 4340 Steels: (top to bottom) Vacuum=
melted, Aircraft Quality, Commercial Quality; Picral Etch

x500
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of SAE 4340 Steels

Austenitic Grain Sizes

(top to bottem) Vacuume

Commercial Qualitys Vilella Etch,

t Quality,

Aircraf

melted

x100
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Tension and Torsion Tests: Figure 5 presents typical true
stress=true strain curves for untwisted bars tested in tension. The

strength levels at a given strain and the strain hardening characteristics

L aTa T 9PN s
kY E 19

3rc guite similar for the threc stevis. Thnere is a small, reproducible

variatien in thc¢ reductions-in-area at fracture. For the aircraft quality

““steel it was sixE&-fc&f<56rcent; for the other twe, approximately sixty

percent.
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orque-iwist curves rccorded autographi-
cally during prestraining. The characteristics of the three steels are
almost identi;al in torsion, The only difference te be noted is the_
presence of a slight yield point eSfect in the commercialhsteel, a less
pronounced one in the aircraft quality, and nene at all in the vacuum=

melted material.

Hardness: Heat treatment of the specimens was designed to pro-
duce maximum ductility and minimum hardness. Scveral Rockwell hardness
measurements were made on the ground end of cach specimen after final heat

treatment, The average values for all bars are recorded in Table TI.
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Table II
Hardness of Specimens

Kcan Hardness Average Deviation

Rogkweoll “C* —_from the ligan
Vacuum=mel ted 19-1/2 1
Aircraft Quality 14-1,4 1
Commercial Quality ;7-;/4 1

the same density of non-ﬁeta;lic inclusions, with a slight tendency for
some to be elongated in thc forging direction., The vacuum=melted steel

h;s only the smallest of inclusicns} all of them are spherical.

rtieg

The effccts ¢f prior twisting upon the tensile fracture charace

rQ-

eristics of the vacuum-mclted, alrcraft quality, and commercial quallty
steels arc shown in Figures 7, €, and 9, respcctively. All of the test
points are included with those curves. The spécimens supportcd a sizeable
fraction of thcir maximum loads even after helica! cracks were visible in
their surfaces. Consgquently the curves of average true stress versus
true strain in somec cascs shcwed a range of strain over which stress re=-
mained cssentially constant. Tn this range, elongation occurred both by

plastic deformation and by propagation of the cracks. Fracture stress and

reduction in area values at fracture were chosen as the points at which the
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true stress~true strain curves deviated from their essentially linear
character.

There is considerable scatter in the data. The curves of engi-
neering tensile strength versus prestrain were plotted as an aid in detec-
ting specimens with atypical strengths which might causc anomalous fracture

characteristics.

ALl three stucls show an abrupt transition from high to low

values of ductility and fracturc stress after critical amounts of ﬁrior
twisting. Therc was littlg change in cither of these properties as speci-
mens'wefe twisted to surface shear strains of approximately onc. At that
pﬁint, the curves drop sharply. Simultaneousiy the mode of fracture
changes from the cup-and-cone typc to an angular or helical once At the
ma#imum shear strain which cculd be intreduced into the spccimens withgﬁt

risking failure in torsion, thc curves showcd only a slight tendency to

approach a constant lower value of either fracture étress or ductility.

Figure 10 superimposes the fracturc cﬁaracteristic and tensile
strength curves of the threc materials for comparison, The tensile
strength values are consistent with the hardness levels of Table IT, i.e.,
the harder materials posscss the highcer tensile strencths. The levels of

fracture stress beforc transition also reflect this difference, the lowest
?

e T T

tensile strength, for cxample, being associated with the material of high~

est fracturc stress, .
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The critical shcar strain is approximately the same for the

dircraft and commercial qualitice of stecl

the curves in
the region of transition are nearly cqual. On the other hand, the fracture

stress and ductility of the vacuum-mclted material begin to fall at a

lower prestraing and the transition is not so sharp.

There was no obvious differcnce between the fracture surfaces

of specimens of different guality but having approximatcly the same f}ac-
ture strength and duétilitv.. Before transition, fracturcs werce of the cup-
and-cone type originating at.the center of the necked specimen. Late in
transition, fractures werc complctcly helical or angulér. They originated
in the highly strained specimen surfacc, and propogated inward. Between
the two cxiremes therc was o« compromisc fracture exhibiting tendencies

oth-types of failures Cracks-cvidently br@pOgaie both inward and -
outward in such 2 casc. Figure 11 shows typical fracturcs in specimens

a
~—

PTes TTaif.

twisted to differcn

o+
€3
=3
o]
&
3]
ot
@
O
=Y

No trend was apparent in the anglc=-of~-fracture versus prestrain

data sincc the range of prestrain was relatively low. The angles were,

however, close to thosc of other materials subjected 1o the same amount of
L4 4o 3 4 9’10: - PR S S | 1 [} : e

prior twistiing, i« Coy somcwhal leryur than the calculated angle at

which microcracks would be aligned by twisting. Presumably this is due to

rotation of the microcracks back toward the specimen axis during dceformae

tion prior to fracturc during testing.
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Tensile Fractures of Specimens Previously i
Prestrained in Torsion: (left to right,
¥ =0, 1.15, 1,48, and 1.50). Approxi=- :
- mately twice actual size. \
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DISCUSSION OF EXPERIMENTAL RESULTS

As Figure 10 shows, the tensile fracture characteristics af each

o
. . T [l bertpiretoy
)
- -

of the three grades of SAE 4340 stcel arc influenced approximatcly the same
way by torsional prestraining. Interpretation of the data fequires the

presence of a highly oricntcd crack structurc initially aligned in the
G,10

P directior of the specimen axis. Torsion-tension testing and convention-

al testing to establish the relationship bctwcen longitudinal and trans-

verse properties (Figurc 1) are similar; therefore information from the onc

T TR T e A *

kind of testing should be similar to that produced by the other.,

The similarity of the results for the threce steels is rather
surprising inasmuch as they diffcred in several ruspects: cleanliness,
2 i prior austenitic Qrain size, and chemical composition., A,furfher but pro=-
bably insignificant microstyuctural differcnce of about ten perceht partial-
ly Spheroidi;ed bainite existed between the vacuum~melted and the other

two grades.,

It would be expccted that inclusions in the stcel, especially

:
H
é
;
i
H
}
1
i

Rl

those aligned normal to the testing dircction, would provide points of
weakness at which failure could begin. Indceed, in faticgue testing in the —
transversc direction, cracks do propocate from the cnds of elongated inclu-
sions.13 However, over the range of inclusion contents studied~ and these
are admittedly "clean" stcels=- they have ne significant effecct upon the

anisotropy of the statically determined fracture characteristics. The

T 7R AR e 5 TR et IO AR A i LT

cleanest steel is, in fact, thc most highly anisotropic; and one canhnot
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possibly consider this to be duc to the absence of inclusions. The re-
sults, then, must bo the conscqucnce of @ highly oriented c¢rack structure

in all stccls. Whereas a transverse fatigue failurc occurs after local

L
|

£
el

wwuge neer the few largest cracks (inclusions) in che specimen, failure
in static testing is not so localized, and must be due to the simultanc=

ous growth of many microcracks whose density in the spccimens is very high.

A question that still m st be answered is why the vacuum-melted
steel has tho greater sensitivity to prestraining. The lavge prior austen-
itic grain size (Figure 4) can be discounted as the only cause, since the
commercial and airbraft quality steels have identical fracture character-
istics while e¢xhibiting a pronounced difference in grain size. The varia-
tions in chemipal composition and in microstructurc, cxcept for grain size,
are slight; flow characteristics (Figures S and 6) are hardly affccted by

them, a2nd it seems logical to draw the samc conclusion about the fracturs
13

characteristics. Ransom™~ rcported that the vacuwme-melted steel had

pronounced longitudinal banding as 2-1/2 inch round stock. After the

additional swaging and homogenization heat treatment used in the present

rescarch, only the slichicst bonding was obscrvable;-acgain it scems hardly

likely thet the variable is 2 significant onc.

The unusual processing history of the ultra=-cleen stecl probably
is most likely responsiblc for its lowcr critical shcar strain. Both the
special melting practice and the lower amounts of reduction given to the
small cast ingot could have some bearing upon the nature of the crack

structure. -
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Scatter in dota

Figure 1 shows not only the voriation of reductizn in area with
the angle of test in a forged stecl, but also the standard deviations of
the data. It plots the data of Grobc, Wells, and Mehl® in terms of cqui-
valent torsional shear strain, where the equivalent strain is simply the
tangent of the angle between the tost specimen axis and the flow direction,
For any'particular crack orientation represcnted in Figure 1, a shecar strain
equal to the correspondinc equivalent eamount would be required to provide
this orientation if initially the cracks were aligned parallel to the speci-

men axis.

A significant part of the data in Figure 1, which is rcflected
in the scatter of points in Figures 7, 5, and 9, is the veriation of the
standard deviation with the angle of test; this has an explanstion in terms

of microcracks. As the crack structurc becomes inclined at larger engles

et .

tc the specimen axis, cither through prestraining or selection of test
specimens, it exerts 2 greatcr influence on fracture charactcristics. The
size of the lergest crack in the considerably dense structure that must

exist == the onc that initiztes the angolar or helical fractu. ¢ =-- will

R B i~ M

et

vary in a statistical manncr from specimen to spceimen. Since the stress

et

required for fracture must be somc inverse function of the crack length,
it is rcasonablc to belicve that the variation in crack size can causc large

scatter in fracturce characteristics in or near the transverse dircction,

S Tk AR AP

Near the longitudinal dircction, the cracks play a less active role in

|
|
R I RS-

-



P !
AR e

ST TE O S T T ] e e e

fracture, and the data

suffer much less variation,

homoggneous ‘ieldi;

Figure 6 shows that inhomogceneous vielding during torsion testing

is most pronounced in the commercial quality steel, is somewhat less in

the aircraft quality, and is absent in the vacuum=melted grade. Such yield-

ing in steel has been attributed to interstitially dissolved carbon and

nitrogen, However, the Curbon contents of thc three grades are practicélly

 the same, while there is at least a ten-fold variation in nitrocen content,

Since the yielding occurs only in the high-hitrogen steels, this element

might be held responsible for it.

One¢ important variabic which must be accounted for is graln size.

The yield=point effect in t@ﬂoll; dcformatlon is known to increasc wlth

- 3 S
~decreasing crain siz

{afly TR I L
- E".‘*'U 1 o

in hat stecl showing the most pronounced cffect

in the present work also has. ‘the smallest crain size, it may be that this

varlable is the 51gn1f1cant one. The roles of_chemistry and grain size

cannot be separared in this instance; they are very likely making a joint

contrlbutlon.

SUMMARY AND CONCLUSIONS

For¢ed SAE 4340 stcel of threc different grades, )

vacuumemnsltcd

aircraft quality, and commercial quality, like most pure metals and single

phasc alloys, contains a structurc of submicroscopic, crack-like defects

which are aligned parallel to the flow direction of the wroucht material,
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This leads to marked anisotropy of tensilc fracture characteristics, as
dctermined by tension testing after prestraining in torsion. The density
of these microcracks is apparcrtly unrclated to inclusion content, and
therefore it appcars that anisotropy camnot be entirely climinated cven by

rc¢sorting to ultra-clean steels.,
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