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ABSTRACT

This research deals with the relationship between the microstructursl
features and the susceptidbility to brittle fracture of six selected commer-
cially produced ultra-high strength steels. The parameters selected for the
susceptibility to brittle fracture were the susceptibility to plastic insta-
bility, indicative of the susceptibility to ductile fracture initiation, and
controlled total available energy bend test to determine the conditions for
acceleration of crack propagation and the energy absorbed in rapid creck
propagation. The microstructures were studied by standard techniques of
optical microscopy, electron microscopy, and electron diffraction.

The true stress-true strein tensile tests of the experimental steels.
showed, in general, a lov strain-hardening coefficient (n values of 0.04 to
0.08) and a rapid loss of capacity for strain hardening early in the plastic
range. The strain at load instability in the tensile test showed no discerni-
ble correlation with the strain in torsion at the onset of structural insta-
bility in the torsion test. The experimental steels showed considerable
variation in susceptibility to plastic instability, with H-11l and 300-M dbeing
outstanding in this regard. The susceptibility to plastic instability de-
creases as the tensile strength level is dropped from 275,000 psi to 250,000
psi.

Only preliminary results bave been obtained on the controlled available
energy bend test. It shows promise in being able to ferret out the important
parameter that controls the acceleration of crack propagation to the running
staze. There seems to be no important variation in energy absorption during
the running stage.

The microstructursal examination of the structures of the experimental
steels showed similarities and divergences in detail. AISI k340, D6, and
DEAC have coarser carbides than 300M ard MX-2; D6 and D6AC also contain un-
dissolved carbides. All have certain common features such as platelet pre-
cipitates, parallel plnte colonies, and arees of ferrite bare of carbides.
The phenomenon of 500°F embrittlement mey play a role in the nature of the
mechanical response of these steels.

This technical documentary report has been revieved and is aporoved.

3 Lokt

I. Perlmutter

Chief, Physical Metallurgy Branch
Metals and Ceramics Laboratory
Directorate of Materials and Processes
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I. INTRODUCTION

The application of heat-treatable steels in structures at ultra-high
strength lsvels in recent years has pointed to their susceptibility to
brittle fracture as a major problem., This resesrch was initiated as a
result of curiosity about the relatively large number of steel eomposi-
tions developed for application at tensile strength levels above 225,000
psi. The question asked wvas whether or not the various steel compositions
heat treated to & given strength level vary significantly in their suscepti-
bility to initiation and propagation to fracture and if such differences can
be correlated to certain features of the microstructures.

The susceptibility to ductile fracture is proposed to be related to sus-
ceptibility ‘o plastic instability, or highly localized flow. This suscepti-
bility for six selected steel compositions was tested in torsion at tensile
strength levels of 250,000 and 275,000 psi. Companion true stress-trus strain
tensile tests were made for cross correlation. Preliminary propagation tests
were made on bend specimens in which the total available energy is control-
lable. The microstructures of the experimental steels were studied by optical
microscopy, electron microscopy, and electron diffraction.

II. EXPERIMENTAL STEELS
A, AISI 4340 STEEL

This material was obtained in the form of 1} inch diameter rods from
Republic Steel Corporation, Massilon, Ohio. The chemical composition is
given in Table I.

B. 300 M STEEL

This material was obtained in the form of 1% inch diameter rods from
Republic Steel Corporation, Massilon, Ohio. The chemical composition is
shown in Table I. The oteel is a modification of AISI 4340 containing an
increased silicon and vanadium content which allows tempering at a compara-
tively high temperature by raising the embrittlement temperature range.

C. LADISH D6A, D6AC

These materials were obtained in the form of 1% inch diameter rods from
Republic Steel Corporation, Massilon, Ohio. The chemical compositions are
glven in Table I. D6A is an air-melted steel. DEAC is a vacuum consumable
electrode arc melted steel. They are both air hardenable.

D. H-11 STEELS

These materials were obtained in the form of i- inch diameter rods from
Vanadium Alloys Steel Company both in air melted and vacuum conswmable

Manuscript released by the authors, December 1962 for publication as an
ASD Technical Documentary Report.
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electrode arc melted condition. They are also knowvn as Vascojet 1000, wvhich
1s & modification of the popular hot work die steel called Hot Form (AISI
desigmation is H-11). The outstanding features are deep hardenability by
air cooling and a secondary hardness peak that appears in the vicinity of
950°P. Tempering is conducted at still higher temperatures. Multiple tem-
pering in this range transforms essentially all of the retained austenite to
tempered martensite., The chemical compositions are given in Table I.

E. MX-2 STEELS

These materials were obtained through the courtesy of Dr. G. K. Bhat
and Mr. B. Vandale of the Mellon Institute in the form of 1% inch and # inch
diameter rods, both in single vacuum consumahle arc melted and double vacuum
consumable arc meited form. The steels are modified essentially by addition
of one per cent each of cobalt and silicon. Multiple tempering is recommended.
There is a temper embrittlement range found with this alloy, whose peak exists
at 700°l". The chemical compositions of the steels are given in Table I.

F. HY-TUF STEEL

This material was obtained in the form of % inch diameter rods from
Crucible Steel Company. The nominal composition is given in Table I. This
alloy vas designed for use under 240,000 psi ultimate tensile strength
level.

III. MECHANICAL TESTING
A. TENSION TESTS

All tests were conducted at ambient temperature and the specimens were
heat treated to ultimate tensile strengths of 250,000 psi and 275,000 psi.
The object of tension testing was principally to ascertain the tempering
temperdtures for obtaining the established strength levels and to correlate
the strain-hardening characteristics and the plastic instability in simple
tension to these properties deduced from the torsion tests. The code identi-
fication of experimental steels is given in Table II.

1. Preparation of Tensile Specimens
The proportionate size (1) of threaded-end round tension test speci-
mens with 1 inch gage length and 2 inch diameter were used throughout the
tension testing. Three specimens of each steel at each strength level were
prepared as follows:
<1l > Normalize 2 hrs. total

<2 > Temper 1% hrs. total

3



Table II. Code Identification of the Experimental Steels

Steel Commercial Melting
Designation Name Procedure
A AIST 43ko In air
B 300M In air
c D6A In air
cv D6AC Vacuum consumable arc
D H-11 In air
b4 H-11 Vacuum melted
E MX-2 Single vacuum consumable electrode
EV MX-2 Double vacuum consumable electrode
) Hy-Tuf In air




< 3 > Rough machine to 0.275 inch diameter (0.325 inch
diameter for torsion specimens).

<4 > Austenitize 1 hr, total
< 5> Quench
< 6 > Temper to established strength levels

< 7 > Finish machine to standard 0.25 inch, 0.50 inch
diameter tensiles (0.300 inch diameter for torsion
specimens).

< 8 > Stress relieve 1 hr,

Results of the preliminary tensile tests for obtaining the proper tempering
texperatures in the experimental steels are given in Table III. Grain size
has been checked on steels AISI 4340 and H-1ll after austenitizing for one
hour. Both steels yielded the same value, namely, ASTM No. 8. Based upon
the data shown in Table III, the relations of tempering temperatures and
ultimate tensile strengths have been drawn as shown in Figure 1. Proper
tempering temperatures for tensile strength levels of 250,000 psi and
275,000 psi were obteined by extrapolation. The determined heat treatments
for obtaining the established strength levels in experimental steels are
shown in Table IV according to which both tension and torsion specimens were
made.

2. Method of Testing

Tension tests were conducted in a Tinius Olsen Universal Testing
Machine using the 30,000 1b, load capacity. The speed of the cross head
vas maintained constant at 0.0112 inch per minmute which is equivalent to a
strain rate of 0.0112 inch per minute for a gage length of one inch. As
soon as the loaded specimen reached the yielding point, load-diameter measure-
ments were recorded to fracture. A micrometer gage was used to measure the
change of diameter., Care was exercised in the initial stage of loading to
locate the smallest cross-sectional area by moving the gage over the entire
gage length of the specimen., Formulae for calculating true stress and true
?traiz)from the measured data have been illustrated in many publications.
2;3;

3. Results and Discussion
According tc the maximum load conception of instability, a relation
between plastic instability and strain-hardening characteristics in pure

tension can be derived from the empirical relation between true stress and
true strain.

o = K& (1)
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Table IV. Proper Heat Treatment for Obtaining Established
Strength Levels in the Experimental Steels

Stress Hardness
Hardening Quenching Tempering Relieving after
Series* Temp., Time, Medium Temp., Time, Temp., Time, Tempering
oF hr °F hr. o hr. Re

TAG 152510 1 oil 450£15 1 350 1 52-53
TA1S 1525210 1 oil 550415 1 350 1 kg-50
TBS 160015 1 oil T40$10 141 500 1 51-52
TB1S 160015 1 oil 870210 141 500 1 48-49
TCS 155015 1 air 510£10 242 400 1 50-53
TC15 155045 1 eir 720£10 242 400 1 4B-U9
TCVS 155045 1 air 510£10 2+2 4oo 1 52-53
TCV15 155015 1 air 720£10 242 Loo 1 48-49
TD8 185015 1 air 101045 242 900 1 53
018 185015 1 air 106015 242 900 1 49-50
TDV8 185015 1 air 101045 242 900 1 53
TDV18 185015 1 air 106015 242 900 1 kg-50
=6 170045 1 oil 530310 242 koo 1 53
TE16 170015 1 oil 680410 2+2 400 1 48-k9
TEVE 170015 1 oil 53010 2+2 koo 1 52
TEV16 170045 1 oil 680110 242 koo 1 it}
TFS 160015 1 oil 300£15 2 200 2 51
TF15 160015 1 oil Loo£15 2 200 2 u8-49
TCVBR** 150015 1 air 51010 242 4oo 1 51-52
TCV9R 150015 1 air 510+10 242 Loo 1 51-52

*Mhese designations correspond to those in Table II except that a T is
prefixed for tension test.

AX, BX ... FX = Specimen series of high strength level
275’000 psi.
AXY, BXY ... FXY = Specimen series of low strength level
250,000 psi.

**Specimens used for obtaining reproducibility.



from vhich it follows that

LWER (2)

vhere n is the strain hardening exponent, K is strength coefficient, o snd

8 are true stress and true strein, and 8yp is the true strain at the maximum
load. Thus, the true strain at which necking begins to form in uniaxial
tension is equal to the strain-bardening exponent, provided equation (1) is
valid, Experimentally, it was found that when the load reaches a maximum,
the strained specimen tends to maintain the maximum load for & short period
of time, Hence, it was possible to record several readings in the change of
diameter at this transient stage of maximum load. One of the strain values
obtained during this period corresponds to the strain-hardening exponent.

The test results which correlate strain at maximum load to its strain-harden-
ing exponent are shown in Table V along with other important tensile proper-
ties. It appeared that necking starts at the end of maximum load period.

The reproducibility of the tensile properties was determined by two repeti-
tive tests of steel DAAC at a high strength level. These two tests are
labeled as TCVER and TCVOR listed at the bottom of Table V. A good repro-
ducibility of tensile properties was obtained as can be seen for specimens
TCV5, TCVER and TCVOR. The true fracture stress, which is defined as the
load at fracture divided by the cross-sectional area at fracture, is listed
here only for reference. Actually this stress should be corrected for the
triaxial state of stress existing in the tensile specimen at fracture. Since
the primary purpose of the test is to determine the relations involved in
strain-hardening characteristics and plastic instability, the fracture stres-
ses were not corrected for triaxiality.

The strain-hardening characteristics n, and K were obtained by plotting
first the true stress-true strain data on a log-log paper. Typical plots
are presented in Figure 2, At the beginning of the plots, deviations from
the empirical equation (1) were frequently observed. One common type of
deviation is a curve with continuously decreasing slope which can be readily
seen in Figure 3 by plotting the slope of the log true stress-true strain
curve as a function of true strain. The slopes of the log true stress-true
strain curves or the strain-hardening exponents were obtained graphically
as described by Low (5). The departure from a straight line at both small
and large strains was also noted by Marin who has proposed a correction
method (6). Since these deviations practically do not affect the processing
of tensile data for obtaining strain-hardening exponents, the representative
values of n and K were obtained by treating that portion of the log true
stress-true strain curve in which equation g = KBP is valid. These regions
are marked with two arrows in each plot. Calculations of n and K were carried
out by using the least-squares method. Results so obtained agree consistently
vith those values obtained graphically. Values of n and K are also presented
in Table V. There is reasonably good agreement between n and Opg. The £'2t-
ness of the stress-strain curve in the vicinity of the maximum load point
caused some uncertainty in determining 8pg. It was generally computed from
the cross-sectional area when the load started decreasing.
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B, TORSION TESTS
1. Torsion Tast Apparatus

The torsion test was conducted in a specially designed torsion
tester as shown in Pigure 4. The applied torque was measured through a load
cell of tubular cross section on vhich four A-7 type wire resistance strain
gages were mounted. The gages were positioned at an angle of 45° to the axis
of the tubular section and were connected electrically in the form of a
vheatstone bridge circuit with two gages in tension and two in compression
as the torque was applied to the load cell. The change in resistance occur-
ring in the strain gage was measured by a "DIGITAL STRAIN INDICATOR" which
was shown in the right-hand side of the torsion apparatus in Figure 4. The
load cell was calibrated against a set of known dead weights and a predeter-
mined lever arm. The ocutput (strain on the indicator) was found to be linear
with applied torque as presented in Figure 5 and the calibration curve wvas
reproducible to within 0.5 per cent.

Torque transmission was supplied by a 1750 rpm, } hp electric motor
which drove a 200:1 reductor which in turn drove a 600:1 reductor. The mova-
ble base of the electric motor with this particular combination of motor and
reductors permitted a range of strain rates from 0.0%% inch to 0.103 (min)-!.

2. Preparation of Torsion Specimens

Three to five specimens of each steel of each strength level estab-
lished in the tension test were studied in order to obtain good reproducible
values of the measurements to be correlated. A sketch of the specimen is
given in Figure 6. The processing and heat-treatment procedures used \in pre-
paring torsion specimens were essentially the same as those used in making
tension specimens as given in Table IV, except that each torsion specimen
after stress relief was finished by polishing with S5-micron diamond dust
throughout the gage length. The uniformity of diameter within the gage
length wvas important because it wae necessary to detect the onset of local-
ized deformation and its further development employing e surface replica
technique (7).

3. Method of Testing

An optical microscope set at 100X was erected above the speciman
and used as a device to detect the onset of localized deformation or the
change from uniform plastic deformation to localized plastic deformation.
The test was conducted continuously to fracture. The preliminary torque
twist data were obtained in such a manner that within the elastic range,
readings on the strain indicator were recorded at each increment of angle
of twist of one degree. After reaching the yield point, torque readings
were recorded at every two degrees of angle of twist. At the same time the
surface of the specimen was examined along the gage length with the optical

13



Figure 4. General View of Torsion Test Apparatus
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"
microscope. It was found that small flow figures resembling Luders' lines
(8, 9) appeared on the polished surface and then distributed themselves
evenly along the gage length. As straining continued, the flow figures
usually propagated in a transverse direction and the appearance of the flow
figures became intensified. The first manifestation of a localized defor-
mation zone was detected by the coalesence of these flow figures to such
an extent that the localized zone could be recognized easily by the optical
microscope. Also it appeared that the specimen had a localized deformetion
zone as described by Polakowski (10). The strain in this stage was recordel
and referred to as the amount of uniform strain or instability strain in
torsion. After the onset of localized deformation the zone generally ex-
panded longitudinally by coalesence of more of these flow figures. In some
specimens, the localized deformation zone which was first initiated during
the onset stage would stop expanding. A second localized deformation zone
was then initiated preceded by a slight drop of load (2 in-1lbs to 6 in-lbs),
after which the expansion of the localized deformation zone resumed its
usual manner with a slight increase of load as twist continued. The forma-
tion of localized deformation zones is well illustrated in Figure 7 in which
specimen F3 represents its onset stage. Specimen O shows the specimen before
testing. The length of expansion of the localized deformation zone which
varied with the grade of steel is illustrated by the rest of the specimens
in the same figure.

4. Results and Discussions

In the construction of shear stress-strain curves for each steel
tested, the analytical treatment of torque-twist data described by Nadai (11)
was used. The torque-twist curve M = £(9) was drawn from the initial torque-
twist data taken during the test. The final shear stress-strain curve T = f£(y)
may be determined from the equation

y
MG = oF La £(y)Pay (3)

where M represents applied torque; 6 is the angle of twist of the specimen
per unit length; y denotes shear strain, and y, is the shear strain where
the radius of the specimen equals a, The right side of the equation (3) is
a function of the upper limit y, and since y, = ag, it is also a function of
9. After differentiating (3) wgth respect to @ the following equation yields

Ta.m_% [92—24-5»1} (%)

This equation serves for determining the shear stress-strain curve T = £(y)
of a round bar if the torque-twist curve M = £(@) was obtained in the torsion

17
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Figure 7. The Onset and Expansion Stage
of Localized Deformation Zone
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test. The computation of shear stress is finally obtained by drawing the
tangents to the torque-twist curve and measuring the intercept of the tangent
to the torque ordinate (12). Since the graphical solution described above
was a very slow and laborious process and also involved the introduction of
additional errors by determining the slope dM/de, & numerical method which
would both accelerate the processing of the data and assure the highest
accuracy of the derived quantities was developed. The numerical method
which was used in constructing the shear stress-strain curves was initially
suggested by Professor Paul A. Graham of the Departiment of Engineering
Mechanics of the Ohio State University. The preliminary torque-twist data
are processed in a computer from which the final shear stress-strain data
are obtained. The construction of shear stress-shear strain curves was com-
pleted by means of an automatic plotter. Typical shear stress-shear strain
diagrams are presented in Figure 8. In each figure, two additional shear
stress-shear strain curves corresponding to the two strength levels were
drawn from the tensile flow curves converted to the stress state of torsion.
The conversion of tensile data to shear stress-shear strain values was made
by using the significant stress and significant strain relationships, from
which the following equations result:

!
=7 (5)
7 =V/3 ¢ (6)

where T; and y, are the converted shear stress and shear strain; o, and €,

are the true stress and true strain in simple tension. The true-stress values
beyond the maximum load point were corrected for the triaxial state of stress
by using Siebel's formula (13). The corrected true stress was then substi-
tuted in equation (5).

Since the use of a numerical method in treating torsion data was
essentially based on the derivative quantities of the experimental data, any
minor fluctuation of the load experienced in the preliminary torque-twist
data would be magnified in the final shear stress-shear strain curves as
shown in Figure 8. The peak regions in the shear stress-strain curve Bb
usually correspond to & jump of the preliminary torque-itwist plot as shown
under those shear stress-strain curves in the same figure. This jump of
load in most specimens corresponds to initlation of a new localized defor-
mation zone accompanied by a minor fluctuation of the load. It is likely
that the weak regions of the specimen induced either by the chemical inhonw-
geneity in the steel or the structural discontinuity introduced ty the heat
treatment are the main causes of the fluctuation of tie load. Various pat-
terns of the expansion of the localized deformation zones as shown in Figure [
have shown that expansion at both ends of the localized deformation zone was
favorable., Examination with the microscope revealed that the coalescence of
flow figures is related to the expansion of the loculized deformation zone,

19



‘utex3ss 913seTd sTqE3sUN JO 49SUC Y3 3@ UTBIS IBAYS JO

qunowrs ayy s1 SUTL saaano ursIls-ssaals Jwsys sy} Jopun umoys
ST PIUTBIQO SBM JAIND UTBIJS-SSOILS IBAYS UDTYM WOIJ 20Td 3STM)
-anbxog AxsutuiTaad ayy) -15d 000¢6)2 Pue 1sd Q00‘0GS JO SToAYT
Y3Suaa3g 3® W 00¢ 9938 JOJ UOTSUSL WOIF SIAIN) UTBI}S-SSIILG

I89US PINIAAUOC) PUB UOTSICL UT SIAIND UTBIS-SSAXIS Jways °@ aIndrg
A woug wayg
[o¥4] ol 001 060 080 0L0 090 0S0 ov O o€ 0 0Z0 010 Q
— ) . o
| |
1 ]
B - 02

L . i b = s em o e . ———

_ . , , (vmon yoare |
! “ , " | ( = )ngo * oo_
T e ..IW.I‘III.«II.I e o (uorsso) ) pg @ .*I|°|l
! . * N . 1
,. “ m _k YY) _voooo+oo °
B T -,-lmyo,oo%eo woooooooea.wcccc.w Al i
_, ! ,. _
R Y “ ‘”ﬂ S Jlllllrll,. R .
ouooooooooo&oooonTooo%ooomoo&ooomoo%% moomoomooomoah
T tlwemvﬁmhoevmnﬂn IR L ot 4&&
050000& e0®®
A peses o o ow.ofo.o.o«o u.o.Anoﬁqmevucwn

T (Gorsaan) e

- - e B pu— pl.ltlf%llll —_ -Ti.l---._oo

| (9AND) jsmy - andxy ) HG ©
( = :um.—ut_l_

100!

o

-1091

o]}

- 002

SQI-W Ol nbioL * 1SG 0001 -1 IBBLS WIS

20



The onset of fracture can occur in any expansion pattern of the localized
deformation zone as given in Figure 7. Evidently the total amount of plastic
strain in torsion can be varied enormously from steel to steel. Throughout
the test, fracture always initiates at the front of the advancing localized
deformation zone as shown in Figure 9 (see arrow).

Two representative torsion test parameters were selected on a basis
of reproducibility. These are the amount of uniform strain prior to the on-
set of localized deformation zone and the total plastic strain to fracture.

The experimental results of the two representative parameters are shown in
Table VI. By consideration of the table, it is apparent that some of the
results are hardly reproducible in their total amount of plastic strain to
fracture. This inconsistency became worse in the specimens of lower strength
levels. Outstanding examples are specimens Alk, Al5, Cl2, C15, CV12, and CV13.
Thus, the length of the expanded localized deformation zone can be varied to

& great extent in the same steel heat treated to the same strength level.

This inconsistency suggests that material discontinuity induced either by
variation of chemistry or the processing of the steel can be related to the
length of localized deformation zone or the total plastic strain. The results
given in Table VI revealed also the fact that specimens of lower strength level
tend to develop a larger range of localized deformation zone as compared with
those in the high strength level.

Although the exact conditions under which fluctuations of the load
were produced are not quite clear, there is little doubt they are a manifesta-
tion of strain hardening characteristics of the steels tested.

The shift of the localized deformation zone as shown in Figure T,
specimen F3, was always preceded by a decreasing of the load, normally about
2 inch-1b to 6 inch-lb depending upon the grade of steel. As soon &s the
newly emerged localized deformation zone became visible, the load first re-
sumed its original value and then increased to & higher load (about 3 in-1b
more). This sort of fluctuation of the load was first found in mild steel
in tension tests. Elam (14) observed similar fluctuations of the loed in a
quenched aluminum alloy. She found that fluctuation of the load started after
a certain strain was reached., At the same time the bar became uneven, proving
that the yielding under these circumstances progres~ed in steps through the
formation of discrete slip bands during each fluctuation of the load. 1In
torsion, similar phenomena have also been observed by Polakowski (10) in cold-
drawn copper, iron, and some of theilr alloys as well as quenched and tempered
AISI 4340 steel.

In order to classify the results conveniently, the experimental
steels which have exhibited such a fluctuation of the load accompanied by a
visible localized deformation zone as shown in Figure 10 are referred to as
class A. Since the plastic instability in torsion is defined as the change
of uniform plastic deformation to localized plastic deformation, class A has
the characteristics of discernible instability. Steels AISI 4340, DGAC,
Hy-Tuf heat treated to both strength levels and Mx-2 heat treated to lower
strength level belong to this category. No recognizable localized deforma-
tion zone has Leen observed in steel H-11 at both strength levels., After
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Figure 9. Typical Shear Mode Fracture
of the Torsion Specimen
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Table VI. Torsion Properties of Experimental Steels

Tensile Strength T y y
Test Level 0.01

u t
Specimen (psi) (psi) (in/in) (in/in)
AB 270,400 151,800 0.097 0.348
A9 270,400 151,Lk90 0.099 0.332
Ak 249,200 140,000 0.111 0.609
Al5 249,200 11,000 0.128 0.998
Bk 272,300 151,500 0.651 0.893
B5 272,300 153,500 0.674 0.873
Bll 245,200 134,200 0.703 1.1L4%4
Bl15 2k5,200 135,000 0.'(05 1.055
c2 278,900 160,500 0.115 0.151
c3 278,900 165,000 0.112 0.167
Cl2 245,200 153,500 0.148 0.462
C15 245,200 152,700 0.125 0.1/5
CvVL 279,200 16k,200 0.10k 0.190
Ccv3 2(9,200 16k4,000 0.133 0.203
Cvl2 2k6,100 150, (00 0.138 0.910
CV13 246,100 154,700 0.138 0.428
Dk 279,400 151,200 0.705 0. 705
D5 279,400 151,000 0.909 0.509
D15 245,400 134,800 0./76 0.776
D16 245,400 137,500 0.707 0.707
DVh4 278,600 - 160,600 0.55%6 0.556
DVS 278,600 156,800 0.543 0.543
DV14 245,900 139,600 0.689 0.689
DV16 245,900 141,000 0.530 0.530
E4 279,400 157,000 0.276 0.420
E6 279,400 159,500 0.284 0. U6
El5 246,100 141,600 0.352 0.63¢
El6 246,100 b, 300 0.352 0.522
EV4 279,100 160,000 0.268 0.354
EV6 279,100 158,000 0.258 0. 443
EV1S 246,800 143,600 0.2¢3 0.315
EV16 246,800 145,000 0.266 0.455
F2 270,800 138,000 0.413 0.445
F3 270,800 139,600 0.411 . 0.452
Fl2 246,300 133,000 0. 404 0.634
F13 246,300 136,000 0.407 0.5619

Definition of symbols: Tg 3 = shear stress at shear strain 0.0l.

7u = uniform shear strain at which localized
deformation occurs.
12 = total shear strain.
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Figure 10. Class A - Discernible Instability Exihibited in
Steels AISI 4340, D6A, D6AC, Hy-Tuf at Both
Strength Levels and Mx-2 at Lower Strength Level
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yielding, the deformed region of this grede of steel assumed a cloudy
appearance in which flow figures were developed evenly along the gage length
as can be seen in Figure 1l with the unstrained specimen O shown at the top.
A particularly interesting observation in testing of this grade of steel was
thet no appreciable fluctuation of the loed was observed. By comparing the
strain-hardening exponents as given in Table V, steel H-1ll bas a smaller
value than those steels pertinent to class A. For the time being, this par-
ticular mode of plastic behavior typified by a veague manner of instability
phenomenon is referred to as class B.

In steels 300M at both strength levels and Mx-2 at high strength
level, the behavior of class A was observed. However, as soon as the speci-
men started to yleld, the polished surface of the deformed specimen usually
assumed a fog-like appearance. It consisted essentially of small flow figures
spread evenly along the gage length. The onset of localized deformation was
still recognized as a coalescence of the flow figures, but the visibility of
the onset of localized deformation zone and its further expansion stage were
much weaker than those exhibited in class A, This faintly appearing localized
deformation zone with the typical plastic instability phenomenon as class A
is regarded as class C. It has the charucteristic of semi-discernible type
of plastic instability as shown in Figure 12,

In steel D6A at both strength levels, none of the specimens broke
in the usual manner with a shear mode fracture as shown in Figure 9. They
all broke in a brittle manner with helixial type of fracture, as described
by Ross (15) and demonstrated in Figure 13. The onset of localized defor-
mation zone was still observable, but the extent of its expansion stage was
largely reduced. It seemed that the stringer type inclusions found in the
longitudinal direction of the specimen had & remarkable effect upon both the
total. amount of plastic strain and the mode of fracture.

As the fluctuation of the load generally results in a successive
increase of the load during expansion of the localized plastic deformation,
it is apparent that this manifestation of increasing load can be related to
the strain-hardening effects of the steels. Thus, the steels in class A and
class C which have displayed a typical fluctuation phenomenon of the load are
supposed to experience a higher work-hardening rate or a higher strain-
hardening exponent as compared with steels in class B, This conclusion
appears in good agreement with experimental results. But, when correlating
strain-hardening exponents to the instability phenocmena in torsion, the
above statement seems inadequate to expialn that steels with higher strain-
hardening exponents are mo:: susceptihle to instability phenomena as com-
pared with steels in class 2. This inconsistency can be attributed to the
Ligh alloy content permitting the use of higher tempering temperatures for
the steels in class B. Because the stcels exhibiting a discernible insta-
bility as shown in class A are usually tempered at a comparatively low
temperature, it is likely thet the instability phenomens in torsion are
related to the tempering temperature used to attain such high strength
level in those steels. As the function of tempering is essentially to re-
duce the residual stresses set up in guenching, it seems that the incomplete
removal of residual stresses has considerable effect on the susceptibility
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Figure 11. Class B - Vague Instability (No discernible
localized deformation zone was detected in
steel H-11 at both strength levels)

Figure 12. Class C - Semi-Discernible Instability
Observed in Steel 300M at Both Strength
levels and Mx-2 at High Strength Level
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Figure 13. Helical Type of Fracture in Steel
DEAC at High Strength Level
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to localized plastic deformation. It seems true that a low tempering temper-
ature favors the instability phenomena in torsion.

A comparison of the instability parameters obtained both in torsion
tests vas made., The converted shear stress and strain at which tensile in-
stability occurs and the related shear stress-shear strain data in torsion
are given in Table VII. As the condition of plastic flow depends mainly on
the state of stress, a metal is expected to behave in & more ductile manner
in torsion than that in tension (16). This dependency of state of stress on
plastic behavior is well demonstrated in Table VII. The plastic strain for
the onset of instability in torsion is found to be considerably larger (2-5
times) as compared with those in tension. The stresses at which tensile in-
stabilities occur are also given in the table. These instability stresses
were determined by dividing the maximum load with the area obtained when the
load started dropping. As it can be seen readily from the table, they are
identical to the stresses at maximum load point. But in torsion, instability
usually occurs before reaching the maximum torque. The instability stress in
torsion is generally 2.8% less than the stress at maximum torque. And also,
the instability strain and strain at maximum torque vary considerably as can
be seen in Table VII. Thus, the conditions for instability derived basically
from maximum load criterion are hardly valid for a metallic bar subjected to
torsional loading. 1In tension, a maximum in the load occurs because of the
phenomenon of necking down, and the highly localized deformation is developed
under such a circumstance that the rate of increase of stress due to strain
hardening becomes gradually smaller than the rate of increase of stress due
to the decrease of cross-sectional area. In torsion, experimental results
have shown that the localized plastic deformation usually occurs before
reaching the maximum torque and the strain at maximum torque is larger than
its instability strain except H-1l which exhibited no localized deformation
zone, Since there is no geometric effect in torsion such as the necking
phenomenon in tension, the maximum torque is reached only by strain-hardering
and work-softening effects in the steel. Tt should be noted also that the
maximum shear stress occurred on the surface and the steep strain gradient
present in the torsion specimen may contribute to the plastic instability
phenomena exhibited in torsion specimen. However, the similarity of insta-
bility phenomena occurring in these two types of tests provides a common
definition of instability as the change of uniform plastic deformation to
localized plastic deformation. It is based upon this condition that the
correlation vas made. Further correlation analysis of the instability
strains was made by plotting the instabjlity strain in torsion versus con-
verted instability strain from tension as given in Figure 1k and Figure 15.
Evidently, no definite trend can be discerned from the considerable scattering
of points. Results of the correlation analysis have shown that the correla-
tion coefficient for high strength level is 0.318 and its standard deviation
is 0.299; for lower strength level the correlation coefficient is 0.549 and
its standard deviation is 0.232, It appears that there is no significant
correlation between the instability strain in tension and the instability
strain in torsion based on the correlation coefficients obtained.

The extent of the expansion of localized deformation zone that a

torsion specimen withstands prior to failure can be related to a manifestation
of fracture toughness. These values are obtained by the deduction of the
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instability strains from total plastic strains. Thus the experimental
steels, tempered to a lower strength level which 1aintains & lar-er exteni
of localized deformation zone, are superior to the sane steel heat treated
to the higher strength levels.

The shear strain at onset of localized {low (ying) 15 resarded os
the parameter indicative as the resistance to fracture initiation. 'The toiel
ductility (y4) is deceptive because beyond y;,c, muen of tue flow is locel-
ized in bands. A measure of the strength of the instauviiity is taken as
y¢-7ins; the larger this value, the weaker the instability. These paraneters
are listed in Table VIII in decreasing order of ying for both strength levels.
The strength of the instability (7¢-yins) do not vary in the sane order.

AISI 4340, for example, has the lowest ying btut the weallest instavility. Tie
effect of lowering the strenzth level is to increase yih5 ard to weaken the
instabilities, The H-1ll steel produced no localized flow at these two stren:th
levels.

5. Photographic Study of Localized
Deformation in Torsion

Further study of the nature of instability in torscion was nade
using surface replica techniques. It involves the use of cellulose acetate
replication tape, which is softened on one side by acetone solvent. The
softened side of the tape is then trought into intinate contact with the
localized deformation zone on the surface of the torsion speciwen, After
the solvent has cumpletely evaporated, avout 5. seconds, tne tape is stripped
off and is ready for microscopic observation, since shaldowin: is -innecessary.
For best results, one has to locate at a low umagnification (15. X) that por-
tion of the replica which is an exact reproductior of the conto.r c¢f the
specimen surface, and cut off that part of the replica. iext, a irop of
acetone is put on the glass slide and that porticn of the replica with the
blank is affixed to the slide. This slide is then otserved at hi-n nanifi-
cation.

In each steel at each strensth level there are -enerally four pic-
tures illustrating the particular stasze of developwent of tre localized de-
formation zone. The first picture, for exarple, Figure lJa, shows the cnset
of localized plastic deformation. It reveals the hizhly localized deforuation
zone surrounded by the uniformly deformed zones. The zones of locallized flow
develop in planes perpendicular to the axis of the specimen and are cbserved
to expand in the direction of the axis.

The second picture, for example, Figure 16b, represents the expan-
sion stage of the localized deformation zone as strain was increased to a
value between yins to y¢. As plastic strain propagates, flow figures in the
concentrated deformation zone became more random. Slip bands in some pictures
can also be observed. '

The third picture, for example, Figure l6c, reveals the propagation
of a crack initiated by the localized plastic flow. The replicas were made
Just before the specimen broke. Highly concentrated plastic flow is readily
seen at the tip of the propagated crack which occurs usually at the advancing
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Teble VIII.

Comparison of the Experimental Steels Based
upon the Susceptibility to Crack Initiation

“Resistance to Fracture

Code Initiation Ductility
Neme Steel Name Ying 10/in ¥¢-7ine 7¢ infin
D | H-11 (air melted) _:).807 0.0 0.807
w "é H-11 (vacuum melted) 0.549 0.0 0.549
B § 300M 0.662 0.221 0.883
r E Hy-Tuf 0.412 0.036 0.hh8
E > Mx-2 (single vacuum) 0.280 0.153 0.433
44 5 Mx-2 (double vacuum) 0.263 0.135 0.398
cv g D6AC (vacuum melted) 0.118 0.078 0.196
c ?E D6A (air melted 0.113 0.046 0.159
A ' AISI 4340 0.090 0.300 0.390
D | H-11 (air melted) 0.7T¥L 0.0 0.741
v ‘é E-11 (vacuum melted) 0.547 0.0 0.5h7
B 8 300M 0.704 0.390 1.094
F g Hy-Tuf 0.505  0.221  0.626
E g Mx-2 (single vacuum) 0.352 0.227 0.579
EV Mx-2 (double vacuum) 0.269 0.1k46 0.k415
cv g D6AC (vacuum melted) 0.138 0.531 0.669
c g D6A (air melted) 0.136 0.182 0.318
A | AISI k340 0.119 0.684 0.803
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Figure 16a. The Onset Stage of the Localized Deformetion Zone
in Steel 300M at the Strength Level of 275,000 psi
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Figure 16b. The Expansion State of the Localized Plastic
Deformation Zone at Strain Value 0.724
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Figure 16c. The Fracture Stage of the Localized
Plastic Flow at Strain Value 0.873
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front of the localized deformation zone. Besides, the picture also shows the
site of intense surface disturbance and the complex slip with the consequent
turbulent flow patterns at the tip of the propagated crack. The disturbance
took the form of sharply defined corrugations or ridges and grooves. Instead
of expansion of the localized deformation zone, the propagation of & running
crack under the influence of stored elastic energy occurs during this stage.

6. Conclusions

The classical maximum load criterion for onset of plastic insta-
bility in simple tension appears to be invalid for a round steel bar subjec-
ted to a torsional loading, because the conditions leadinpg to such a maximum
load in these two types of tests are quite different. In tension the maximum
load is reached at about the same time as necking begins, It is the geo-
metric effect of necking that produces & maximum load phenomencn. In torsion,
no geometric effect like necking which introduces a triaxial state of stress
is encountered. The maximum load is reached simply because of the strengthen-
ing effects and work softening effects induced by plastic deformation. Experi-
mental results have shown that the plastic strain at which instability occurs
in orsion is larger (2-5 times) than the instability strain in tension. This
difference may be attributed to the geometric effect of necking produced in
tension and the steep stress and strain gradient existing in torsion bars.

It seems that the amount of uniform strain prior to instability depends mainly
upon the method of loading.

The cause of the exhibition of localized plastic deformation asso-
ciated with a minor fluctuation of the load is related to structural discon-
tinuity produced either by the variation of chemistry in the steel or the
heat treatment employed. The fluctuation of the load observed in the torsion
test has revealed that steels with high strain hardening exponents generally
are more susceptible to this phenomenon. This indicates that the fluctuation
of the load is a manifestation of some strain-hardening charsacteristics in
the experimental steels. Results have also shown that high alloy content
permitting the use of high tempering temperatures tends to retard both the
plastic instability and load fluctuation phenomenon as seen in Steel H-1ll.
The instability strain in torsion, which can be regarded as the relative
ability to withstand ductile crack initiation, is a convenient measure for
screening the steels investigated. The relationship of this parameter to
other criteria of susceptibility to crack initiation has yet to be established.

C. BEND TESTING
1. Introduction

The torsion testing of the selected steels has provided an indica-
tion of the relative susceptibilities of these steels to crack initiation.
In order to coxplete the study of the fracture characteristics of these
steels, bend testing of standard Charpy "V" notch bars was undertaken. The -
objectives of this particular testing prog.am are the measurement of the so-
called critical energy release rate, the propagation energy of brittle frac-
ture and, also, the correlation of these quantities with the microstructure.
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The experimental apparatus (see Pigure 17) being used in this
program is similar to that devised by Shimelevich (17). Its basic features
are a loading shaft which transmits the force to the specimen and a set of
Belleville plate springs vhich supply energy to the specimen as it deforms.
This apparatus is attached to the moving head of & Tinius-Olsen testing
machine of 60,000 pound capacity. A more detailed analysis of this appara-
tus is given later in the report.

This report contains the results of the initial phase of the pro-
gram. The primary objective of the preliminary experiments has been to
determine whether or not meaningful and significant results can be obtained
from the type of test employed by Shimelevich. The experimental features
of the bend test have been investigated and a satisfactory procedure devel-
oped to furnish the desired information. However, before comparative studies

. of the steels can be made, this method of testing must undergo further
critical examination.

2. Development of the Bend Test

The relative susceptibilities of the experimental steels to crack
initiation have been investigated by torsion testing. Therefore, one would
like to obtain from the bend testing & comparison of the steels with respect
to the other stages in the brittle fracture process, namely, acceleration of
the slowly growing crack to a certain critical speed and the propagation of
this crack at speeds which are a large fraction of the speed of sound (18).
The acceleration of a slowly propagating creck may be associated with a cer-
tain critical strain energy release rete. Therefore, & comparison of the
steels with respect to this stage in the frecture process are made here by
comparing their critical strain energy release rates. In addition, the
measurement of the energy required for crack propagation should complete
the characterization of the selected steels with respect to their propensity
toward britile fracture.

Since this is indeed brittle fracture which is being investigated
and moreover only the latter two stages of the phenomenon, all shear elements
must be eliminated from the fracture process. The nucleation stage of frac-
ture must be mede a non-controlling factor. This was accomplished by the
use of a brittle case produced by liquid carburizing in a cyanide batk.(19)
and the use of distilled water as a crack nucleating agent.

It was found upon continuous loading of case hardened specimens,
with or without distilled water, that cracking occurred in the case and was
blunted upon entering the matrix. Failure of the specimens would not occur
until higher loads were imposed. The failure process consisted, in general,
of a slov growth and rapid propagation stage. However, since the energy
vhich must be stored in the system for acceleration of the crack was found
to be greater than that which was consumed in propsgation of the crack,
measurements of the energy of propagation could not be made. The excess
energy of the system was expended as vibrations and noise. In other words,
the acceleration stage was found to have the dominant energy requirement.
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Figure 17. Bend Testing Apparatus



The energy stored in the system which consists of specimen, spring
and testing machine can be controlled, however, so that only a portion of
the stored energy is available in the running stage. The first step which
must be taken is to minimize the energy contribution of the testing machine.
Obviously, the stiffer the machine and the lower the loads necessary for
failure, the lower the energy stored in the machine. ''he hishest load range
was used since the movement of the balance head is a minimum for & given load.
The use of Belleville plate springs permitted the storing of lare amounts of
energy at relatively low loads.

Crack formatior. in the case prior to failure upon continuous load-
ing was utilized as a means of pre-cracking. After pre-craciin;z by continuous
loading, the applied load was relaxed and then set at a prescribed value whicn
was lower than that required for precracking., Distilled water was added to a
Scotch tape well fastened about the notch upon reaching the static load. The
distilled water greatly aided the slow growth of the initial crack formed oy
continuous loading. It was found that, using the above testing procedure,
loads on the order of 1000 lbs. were sufficient to obtain failure in the ex-
perimental steels tested to date (H-11 and Hy-Tuf have not been tested).
Measurement of the relative displacement of the balance head and the moving
cross-head of the testing machine showed it to be about 0.0025 inch. This
value was obtained by reading the dial gage between the moving cross-head and
balance head before and after failure, the difference in the readings giving
the deformation of the machine. The approximate energy stored in the machine
may be calculated as follows:

Work (done on machine) = Strain Energy (of machine)

Strain Energy = # (1000) ( %—2 ) 0.1 ft-1b ¢

The next step which must be taken to permit meaningful measurement
of the propagation energy of the specimens is to control the energy released
at onset of rapid failure in order that an essentially noiseless, vibration-
less fracture be obtained. The ideal test with no excess eneryy dissipated
is obviously experimentally difficult. Iiowever, by controlling the position
of the restraining nut (see Figure 18) such that complete relaxation of the
spring at fracture was not permitted, it was possible to obtain failures with
relatively no excess energy. The noise associated with fracture was an in-
significant fraction of that of a normal tensile test, and barely audible to
the unaided ear.

To summarize, the testing procedure which finally was adopted is
as follows. Heat-treated specimens in the form of standard "V" notch charpy
bars are loaded continuously either until the clicking associated with the
initial crack in the case is heard or it is deemed inadvisable to continue
loading due to the increased probability of the occurrence of complete failure.
The specimen 1is unloaded and reloaded at a lower load which is deemed suf-
ficlent to cause static failure. Distilled water is added to the well sur-
founding the notch when the static load is reached. The restraining nut is
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adjusted so that only a slight expansion of the spring can occur upon failure.
A series of tests at different loads and using different amounts of available
energy is run until a sstisfactory test is obtained. The energy expended in
the slow growth and rapid propagation stages as well as the critical strain
energy release rate are measured by means of dial gage measurements and load
measurements.

3. Energy Calcula