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ABSTRACT

This research deals with the relationship between the microstructural
features and the susceptibility to brittle fracture of six selected corner-
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 duc.tile fracture initiation, and
controlled total available energy bend test to determine the conditions for
acceleration of crack propagation and the energy absorbed in rapid crack
propagation. The microstructures were studied by standard techniques of
optical microscopy, electron microscopy, and electron diffraction.

The true stress-true strain tensile tests of the experimental steels.
shoved, in general, a low 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 shoved considerable
variation in susceptibility to plastic instability, with B-11 and 300-M being
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 have 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 creak propagation to the -unning
stage. There seems to be no important variation in energy absorption during
the running stage.

The microstructural examination of the structures of the experimental
steels showed similarities and divergences in detail. AISI 4340, D6, and
D6AC have coarser carbides than 00M and MI-2; D6 and D6AC also contain un-
dissolved carbides. All have certain coumon features such as platelet pre-
cipitates, parallel plate colonies, and areas of ferrite bare of carbides.
The phenomenon of 5000F embrittlement my play a role in the nature of the
mecbanical response of these steels.

This technical documentary report has been revieved and is apDroved.

I. Perlmutter

Chief, Physical ,Mtealuugy Branch
Metals and Ceramics laboratory
Directorate of Miterials and Processes
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1. I O•DUCYIOI

The application of beat-treatable steels in structures at ultra-high
strength levels in recent years has pointed to their susceptibility to
brittle fracture as a major problem. This research was initiated as a
result of curiosity about the relatively large number of steel eoiposi-
tians developed for application at tensile strength levels above 225,000
psi. The question asked was whether or not the various steel compositions
heat treated to a given strength level vary significantly in their suscepti-
bility to initiation and propagtion 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 to plastic instability, or highly localized flow. This suecepti-
bility for six selected steel compositions was tested in torsion at tensile
strength levels of 250,000 and 275,000 psi. Companion true stress-true strain
tensile tests were made for cross correlation. Preliminazy 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. EXPERIUIUTAL STEELS

A. AISI 43O SaL

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

B. 300 M S71ML

This material was obtained in the form of 1* inch diameter rods from
Republic Steel Corporation, Wassilon, Ohio. The chemical composition is
shown in Table I. The oteel is a modification of AISI 43O 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 i inch diameter rods from
Republic Steel Corporation, Massilon, Ohio. The chemical compositions are
given in Table I. D6A is an air-melted steel. D6AC is a vacuum consumable
electrode arc melted steel. They are both air hardenable.

D. H-li STEELS

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

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 known as Vascojet 1000, vhich
is a modification of the popular hot work die steel called Hot Form (AISI
designatlon is H-11). The outstanding features are deep hardenability by
air cooling and a secondary hardness peak that appears in the vicinity of
9500?. 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.

B. XK-2 STEELS

These materials were obtained through the courtesy of Dr. G. K. Ehat
and Mr. 9. Vandals of the Mellon Institute in the form of l inch and # inch
diameter rods, both in single vacuum consumable arc melted and double vacuum
consumble arc melted form. The steels are modified essentially by addition
of one per cent each of cobalt and silicon. Maltiple tempering is recommended.
There is a temper embrittlement range found with this alloy, whose peak exists
at 700F. The chemical compositions of the steels are given in Table I.

F. BY-TUIF STEL

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

III. MECHANICAL TESTIW

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
temperAtures 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 I inch diameter were used throughout the
tension testing. Three specimens of each steel at each strength level were
prepared as follows:

< 1 > Normalize 2 hrs. total

< 2 > Temper 1i hr.. total



Table II. Code Identification of the Experimental Steels

steel Ccinrcial Melting
Designation Nam Procedure

A AISI 40 In air

B 3OM In air

C D6A In air

CV D6AC Vacuum consumable arc

D H-i.l In air

DV H-11 Vacuum melted

I MX-2 Single vacuum consumable electrode

xV NC-2 Double vacuum consumable electrode

F 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
temperatures in the experimental steels are given in Table III. Grain size
has been checked on steels AISI 4,24O and H-11 after austenitizing for one
hour. Both steels yielded the same value, namely, ANTM 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 obtained 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 -oesting
Machine using the 30,000 lb. load capacity. The speed of the cross head
was maintained constant at 0.0112 inch per minute 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
strain from the measured data have been illustrated in many publications.
(2,3,4)

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.

a- K~n (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. Rc

TA6 1525±10 1 oil 450L15 1 350 1 52-53
TA15 1525.±X0 1 oil 550±15 1 350 1 49-50
TB5 1600±5 1 oil 7o40±10 1+1 500 1 51-52
TB15 1600±5 1 oil 870±10 1+1 500 1 48-49
TC5 1550±5 1 air 510±10 2+2 400 1 5P-53
TC15 1550±5 1 air 720±10 2+2 400 1 48-49
TCV5 1550±5 1 air 510±10 2+2 400 1 52-53
TCV15 1550±5 1 air 720±10 2+2 400 1 48-49
TD8 1850±5 1 air 1010±5 2+2 900 1 53
TD18 1850±5 1 air 1060±5 2+2 900 1 49-50
TDV8 1850±5 1 air 1010±5 2+2 900 1 53
TDV18 1850±5 1 air 1060±5 2+2 900 1 49-50
T36 17oo05 1 oil 530±10 2+2 400 1 53
T216 1700T 5 1 oil 680±10 2+2 400 1 48-49
NV6 1700±5 1 oil 530o0 2+2 400 1 52
TNV16 1700±5 1 oil 680±10 2+2 400 1 49
Tf5 1600±5 1 oil 300±15 2 200 2 51
TF15 1600±5 1 oil 1400±15 2 200 2 48-49
TCV8R** 1500±5 1 air 510±10 2+2 400 1 51-52
TCV9R 1500±5 1 air 510±10 2+2 400 1 51-52
*These designations correspond to those in Table II except that a T is

prefixed for tension test.

AX, EX ... 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.

8



from which it follows that

Sw n (2)

where n is the strain hardening exponent, K is strength coefficient, a and
5 are true stress and true strain, and Bj is the true strain at the maximu
load. Thus, the true strain at which necking begins to form in uniaxial
tension is equal to the strain-hardening 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 a 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 vas determined by two repeti-
tive tests of steel D6AC at a high strength level. These two tests are
labeled as ICV8R and TCV9R listed at the bottom of Table V. A good repro-
ducibility of tensile properties was obtained as can be seen for specimens
TCV5, TCV8R and TCV9R. 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 curies 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 a - KOn 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
with those values obtained graphically. Values of n and K are also presented
in Table V. There is reasonably good agreement between n and 8Wn. The f'lt-
ness of the stress-strain curve in the vicinity of the maximum load point
caused some uncertainty in determining 5". It was generally computed from
the cross-sectional area when the load started decreasing.

9
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B. TORBION TlSTS

1. Torsion tet Apparatus

The torsion test was conducted in a specially designed torsion
tester as shown in Figure 4. The applied torque vas ieasured through a load
cell of tubular cross section on which four A-7 type wire resistance strain
gages were mounted. The gages were positioned at an angle of 45P to the axis
of the tubular section and were connected electrically in the form of a
wheatstone 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. 2e
load cell was calibrated against a set of known dead weights and a predeter-
mined lever arm. The output (strain on the indicator) was found to be linear
with applied torque as presented in Figure 5 and the calibration curve was
reproducible to within 0.5 per cent.

Torque transmission was supplied by a 1750 rpm, j 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 0.0ý inch to 0.10. (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 5-micron diamond dust
throughout the gage length. The uniformity of diamter within the gage
length was important because it was necessary to detect the onset of local-
ized deformation and its further development employing a surface replica
technique (7).

3. Wethod of Testing

An optical microscope set at 10OX 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
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Figure . 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 deformation
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-lbs 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 0 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.

I. 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 - f(e) was drawn from the initial torque-
twist data taken during the test. The final shear stress-strain curve T - f( 7 )
may be determined from the equation

. =r oaf(7)yad7 (3)

where M represents applied torque; e is the angle of twist of the specimen
per unit length; y denotes shear strain, and 7a 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 7 a - aO, it is also a function of
6. After differentiating (3) with respect to e the following equation yields

"T a' 1 e + 3M()

This equation serves for determining the shear stress-strain curve T - f( 7 )
of a round bar if the torque-twist curve M - f(e) was obtained in the torsion
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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, a 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 Department 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:

- ,- (5)

7c = f3 el (6)

where Tc and 7c are the converted shear stress and shear strain; a, and el
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 B4
usually correspond to a jump of the preliminary torque-twist plot as shown
under those shear stress-strain curves in the same figure. This jump of
load in most specimens corresponds to initiation 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 inhomo-
geneity in the steel or the structural discontinuity introduced by the heat
treatment are the main causes of the fluctuation of tLe 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 localized deformation zone.
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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 A14, A15, C12, C15, CV12, and CV13.
Thus, the length of the expanded localized deformation zone can be varied to
a 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 7,
specimen F3, was always preceded by a decreasing of the load, normally about
2 inch-lb to 6 inch-lb depending upon the grade of steel. As soon as the
newly emerged localized deformation zone became visible, the load first re-
sumed its original value and then increased to a higher load (about 3 in-lb
more). This sort of fluctuation of the load was first found in mild steel
in tension tests. Elam (14) observed similar fluctuations of the load 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'sed in steps through the
formation of discrete slip bands during each fluctuation of the load. In
torsion, similar phenomena have also been observed by Polakowski (10) in cold-
drawn copper, iron, and some of their 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 434o, D6AC,
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 been 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 ¶
Test Level 0.01 YU t

Specimen (psi) (psi) (in/in) (in/in)

A8 270,400 151,800 0.097 o.3148
A9 270,400 151,L'00 0.099 0.332
A14 249,200 140,000 0.11 O.609
A15 249,200 141,000 O.128 0.998
B4 272,300 151,500 o.651 o.893
B5 272,300 153,500 o.674 O.813
BIl 245,200 134,200 0.703 1.144
B15 245,200 155,000 0.'(05 1.055
C2 278,900 160,500 0.115 0.151
C3 278,900 165,000 0.112 0.0167
C12 245,200 153,500 o.148 o.1462
C15 245,200 152,7(00 0.125 0.1(5
CV1 279,200 164,200 0.104 0.190
CV3 2(9,200 164,000 0.133 0.203
CV12 246,i00 150, (00 0.13$ 0.910
CV1]5 246,i00 154,700 0.138 o.1428
D)4 279,400 151,200 0.705 0.(05
D5 279,400 151,000 0.909 0.909
DIS 245,400 134,800 O.'76 o.,776
D16 245,400 137,500 0.707 0.707
DV4 278,600 160,600 0.556 0.556
DV5 278,600 156,800 0.5413 0.543
DV14 245,900 139,600 o.669 o.689
DV16 245,900 141,000 0.550 0.550
E4 279,400 157,000 0.2(6 o.142o
E6 279,400 159,500 0.284 o.446
E15 2146,100 141,600 0.352 o.63,,
E16 246,100 144,500 0.552 0.522
EV4 279,100 160,000 0.268 0.554
EV6 279,100 158,000 0.258 o.1443
EV15 246,800 143,600 0.2,'3 0.375
EV16 246,800 145,000 0.266 0.1455
F2 270,800 138,000 o.413 o.445
F3 270,800 139,600 o.1411 o.1452
F12 246,500 133,000 O.404 o.6314
F13 246,300 136,000 O.407 o.619

Definition of symbols: TO.Cl = shear stress at shear strain 0.01.

7u = uniform shear strain at which localized
deformation occurs.

7t = total shear strain.
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yielding, the deformed region of this grade of steel assumed a cloudy
appearance in which flow figures were developed evenly along the gage length
as can be seen in Figure U1 with the unstrained specimen 0 shown at the top.
A particularly interesting observation in testing of this grade of steel was
that no appreciable fluctuation of the load was observed. By comparing the
strain-hardening exponents as given in Table V, steel H-11 has a smaller
value than those steels pertinent to class A. For the time being, this par-
ticular mode of plastic behavior typified by a vague manner of instability
phenomenon is referred to as clams 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 yield, 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 characteristic 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 a 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 phenomena in torsion, the
above statement seems inadequate to explain that steels with higher strain-
hardening exponents are mort susceptible to instability phenomena as com-
pared with steels in class "I. This inconsistency can be attributed to the
high alloy content permitting the use of higher tempering temperatures for
the steels in class B. Because the steels exhibiting a discernible insta-
bility as shown in class A are usually tempered at a comparatively low
temperature, it is likely that the instability phenomena 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 quenching, it seems that the incomplete
removal of residual stresses has considerable effect on the susceptibility

25



DB

Figure U1. Class B -Vague Instability (No discernible
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Figure 12. Class C - Semi-Discernible Instability
Observed in Steel 300M at Both Strength
Levels and NYc-2 at High Strength Level
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Figure 13. Helical Type of Fracture in Steel

D6AC 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 was 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 a 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. In 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-11 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 was made. Further correlation analysis of the instability
strains was made by plotting the instability strain in torsion versus con-
verted instability strain from tension as given in Figure 14 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 lover 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

28



H-

?%0000400000000000000

.0 00066000000000000000 4

4 IN

40 63I~§~

HHAH .4--HHH4HHHH H44
to~~ ~ C ot o N C) (a

-4
v-4 0 '% N. *

H ~ ~ ~ ~ ~ ~ ~ . \'CJ~-UHUF~~Ct.O f0--..-4
rC 124l4)74ý4W 1: CL -5u* A t6 t.- touc

o4. 4-)3f UIIf Na,0~~ .H02 0 -f-*~i O 02.'0 u C
tl- Go--- Co Co A4) L\ t- -4
606 600 00 0 0006 H 040 w 4)

0~~ 0 0 0 0 0 0 0 0 0 0 Co
t- 4,c t 4 4 C

0 ~ h~ ?(\\ I 0 PC\ t-t--0~e 0
o C oa - \,o 0 0 I' D t- t. r---O Ot.*. 0 PC\0-r 14,

0- 6 ?-;C OOO O O O O O O O 4, o 6 C; o '-o4
00 -H H

1100 0'\ I2'D HO 0're 0 ) H H 0

0, 93u 4 .- H0
\--4

H8OC \(8 H -H Hr) 0
Co 0 0 O,-4

0 c i~ O- NC "C H m 1I ( \aa\ \. \.-4,t ot-t
(R 009 0 0( 00000000 ,i 0)4 4 4

66o00000000000060o0~80 54 , 4-1 r+) 43r. 9

HHHH HHH HHHNHHH k4

8.- ýO \ 00A-~~ Lr\Or 09 0 4) c- 0 OH 0 4 -. H .

HH HH HH HH HH HH .0 t. r-No 0i-C Ni. -"
r.~~~~C 4)01-tl )1+

-4 1- ... .-Ir4 - I - U 4-, QI V UN 0

W 0 Lr\ Co %
4) .-4.- rj . UN. U'. U'H0 ( rO' If\~ 41 2 to g 4)

U ) \.O U'. UNH~U½1mciRPL ri u,\

29



0

10 1
I j ~+3

_ _ _ . U3 _ _ _ _ _ _

00

E-0

410--

10

; i0 0 0 0 0

Sul~ UOISUO.J U! £fl11401suuI elieUo~

30



o

__4K3
I 00

5 43

0
I .4.,

04

0 q
0 0 0 0 0

su!A u@IsuOJ. ty AAMgO4ul P*4*Auo:



instability strains from total plastic strains. Thus the experiinental
steels, tempered to a lower strength level which mainta:'ns a lar.er extent
of localized deformation zone, are superior to the samte steel heat treate4
to the higher strength levels.

The shear strain at onset of localized flow (Yins) is re.Tarded as
the parameter indicative as the resistance to fracture initiation. Tne total
ductility (7t) is deceptive because beyond 7ins, iUic of tie flow is local-
ized in bands. A measure of the strerngth of the instability is taken as
7t-Yins; the larger this value, the weaker the instability. These parar:etors
are listed in Table VIII in decreasing order of 7ins for both strength levels.
The strength of the instability (7t-Vins) do not vary in the sami.e order.
AISI 4340, for example, has the lowest 7ins but the weakest instability. Uhe
effect of lowering the strength level is to increase 7ins and to weaken the
instabilities. The H-11 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 torsion was uade
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 brought into intimate contact with the
localized deformation zone on the surface of the torsion speciLen. After
the solvent has cumpletely evaporated, about 5, seconac, the tape is stripped'
off and is ready for microscopic observation, since shadowitn is u.nnecessary.
For best results, one has to locate at a low iagnification (15. X) that por-
tion of the replica which is an exact reproduction of the contou.r cf the
specimen surface, and cut off that part of the replica. 7'ext, a irop of
acetone is put on the glass slide and that portion of the replica with the
blank is affixed to the slide. This slide is then otsevred at hi-,h L•anrfi-
cation.

In each steel at each strength level there are -enerally four pic-
tures illustrating the particular stage of development of the localized de-
formation zone. The first picture, for example, Figure l1a, shows the onset
of localized plastic deformation. It reveals the highly localized defor,.ation
zone surrounded by the uniformly deformed zones. The zones of localized flow
develop in planes perpendicular to the axis of the specimen and are observed
to expand in the direction of the axis.

The second picture, for example, Figure 16b, represents the expan-
sion stage of the localized defornation zone as strain was increased to a
value between 7ins to 7t. 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 16c, 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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Table VIII. Comparison of the Ispermaental Steels Based
upon the SusoeptibiUty to Crack Initiation

Resistance to Fracture
Code Initiation Ductility
Nm steel has Y7. in/in yt-7ins 7 t in/in

D N-li (air malted) 0.807 0.0 0.807

Y B H-li (vacuum melted) 0.549 0.0 0.59

B 300o o.662 0.221 0.8863

F Hy-Tuf 0.412 0.036 0.8

M k-2 (single vacuum) 0.280 0.153 0.Ii33

MV Ik-2 (double vacuum) 0.263 0.135 0.398

CV D6AC (vacuum melted) 0.118 0.078 0.196

C D6A (air melted o.113 o.0o46 0.159

A AISI •1340 0.090 0.300 0.390

D B-l1 (air melted) 0.741 0.0 O.741
..4

DV E -li (vacuum melted) 0.5T7 0.0 0.547

B 300M o.70 0. 03 1.094

F o^ Hy-1If 0.405 0.221 0.626

N Ak-2 (single vacuum) 0.352 0.227 0.579

NVv *-2 (double vacuum) 0.269 o.116 0.415

Cv D6AC (vacuum melted) 0.138 0.531 0.669

C D6A (air melted) 0.136 0.182 0.318

A AISI 430 0.119 o.684 0.803
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Figure 16a. The Onset Stage of the Localized Deformation Zone
in Steel 3O0M at the Strength Level of 275,000 psi

Specimen Specimen
Axis A~xis

l8•X

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 a 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 leading 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 a maximum load phenomenon. 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 characteristics 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-11.
The instability strain in torsion, which can be regarded as the relative
ability to withstand ductile crack initiation, is a convenient measure fo'r
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 cotiplete 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 program 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 Figure 17) being used in this
program is similar to that devised by Shinalevich (17). Its basic features
are a loading shaft which transmits the force to the specimen and a set of
Belleville plate springs which supply energy to the specimen as it deforms.
This apparatus is attached to the moving head of a Tiniui-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 reaningful 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 a 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 crack may be associated with a cer-
tain critical strain energy release rate. Therefore, a comparison of the
steels with respect to this stage in the fracture 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 brittle 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 made a non-controlling factor. This was accomplished by the
use of a brittle case produced by liquid carburising in a cyanide bath. (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 wan
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 slow growth and rapid propagation stage. However, since the energy
which must be stored in the system for acceleration of the crack was found
to be greater than that which was consumed in propagation 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. Bond Testing Apparatus
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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. The highest load range
was used since the movement of the balance head is a minimum for a given load.
The use of Belleville plate springs permitted the storing of large amounts of
energy at relatively low loads.

Crack formation in the case prior to failure upon continuous load-
ing was utilized as a means of pre-cracking. After pre-cracking by continuous
loading, the applied load was relaxed and then set at a prescribed value which
was lower than trat 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 by
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 (b00o) .00252• • 0.1 ft-lb (7)
S12 )..

The next step which must be taken to perrmiit meaningful measurement
of the propagation energy of the specinens 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 energy dissipated
is obviously experimentally difficult. However, by controlling the position
of the restraining nut (see Figure 18) such that cormplete 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 is unloaded and reloaded at a lower load which is deemed suf-
ficient to cause static failure. Distilled water is added to the well sur-
founding the notch whetn 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 satisfactory 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 Calculations

The spring used as a source of potential energyr for the experimental
studied to date has been a series configuration of sixteen Belleville plate
springs. The spring constant, K, of this configuration was determined by
applying known loads, P, and measuring the associated deflection, x, of the
spring system; K is given by the equation

K- P/x (8)

The potential energy, P.E., stored in the spring system is given by

P. E. - J KO2  (9)

Neglecting for the present the energy stored in the specimen and
considering only the spring system, there appears to be at least two methods
of obtaining an estimate of the value of G associated with the onset of rapid
fracture. The first method is simply to compute the total stored energy in
the spring system prior to rapid fracture and divide this quantity by the
heretofore unfractured cross-sectional area; this quantity will be designated
by G. As explained later, an estimate of the unfractured cross-sectional
area prior to rapid fracture can be obtained by microscopic examination of
the fracture surface. The second method is somewhat more complicated but it
does not involve taking an average which is the basis of the first method:
this quantity is designated by Gi. It is assumed that the length of the
crack propagated during the slow fracture stage is a linear function of the
displacement of the spring system at least up to the onset of rapid fracture.
This relationship is shown schematically in Figure 19. At the onset of rapid
fracture, when the crack increases in length by dt, the spring system relaxes
by an amount dx. The energy given up by the spring system is

d(P.E.)xxiI . KxI dx (10)

The energy required by the specimen is

dW - GilOdt (11)
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The factor, 10, is simply the width of the Charpy specimen in millimeters.

Equating (10) and (11), there results

-xxzldx - GilOdt, (12)

the minus sign being present since dx is negative according to the manner in
which Figure 19 is drawn. Figure 19 yields the relationship

d~x = nxit (13)

Substituting equation (13), equation (12), and solving for Gi there results

G XIIM (
G1 10l--m (14)

All the quantities on the right side of equaticn (14) are known fnr any given
specimen.

A third parameter wbich may be obtained from the experimental data
is the propagation energy of rapid fracture, G . G is definect as the
available energy stored in the spring system p4ior ýo rapid fracture divided
by the total fast-fracture area.

There are at least two methods (20, 21) described in the literature
for calculating the value of G associated with the onset of rapid fracture.
It must be emphasized that these two methods which will be reviewed below
consider only the energy stored in the test specimen and neglect other pos-
sible energy sources such as the testing machine. The mathematical treat-
ment according to Wells (20) will be taken up first.

Consider a slow bend specimen of unit thickness deeply notched in
the transverse direction leaving a ligament depth, I (Figure 20). Most of
the deformation will take place near the ligament. Consequently, an elastic-
plastic hinge is formed by the zone of the ligament which is attached to
almost rigid arms. Wells further states: "If the bend angle is constant
as I is reduced by fast fracture, it then follows that the reaction moment,
M, through geometrical similarity, is proportional to e (again whether plas-
tic or elastic) for constant bend angle. The stored energy, W, for any liga-
ment depth, 2, is then given by

w 10 (15)
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P

P a Load Applied by Tmn MOchne.
L 2 Loading Span.

I a Ligament Depth.
d a Vertical Deflection of Specimen.

Figure 20. Model According to Wells for Calculating Rate
of Energy Release in the Propagation of a Crack
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where Vv is the value of N when I n So. Under the conditions of measurement
e is the bend angle of release when %0 is removed in an identical specimen
which does not fracture."

Continuing with Well's treatment, since the area which has not yet
fractured, A, equals the product of A and the thickness, t, where t - 1 me
the following is also true.

A- ti * (16)

dA -di (17)

On differentiating (16) with respect to 1, there results

aw NOI .
37 Zi-(18)

When the bar first fractures, I - to. Therefore, the energy releAse
rate at the onset of rapid fracture is given by

'W )rit )TA- (19)

where (ýW/A)crit is equal to the quantity, Gi, defined above, but, again, it
is based only on the energy stored in the specimen.

The second method of calculating the critical value of G is given
by Winne and Wundt (21). The quantity, G, is given by

(l-v) an h f(c/d) (20)

where

an = 6M

v - Poisson's ratio

M - bending moment at the notched section per unit beam
width
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C * notch depth

h u unnotched thickness,

d - specimen thickness at unnotched position

E B Young's modulus

Evaluating this expression for the experimental system of loading, specimen
geometry (standard "v' notch Charpy bars were used), and materials, one
obtains

G - 4.36 x lO'(L?/l•?)f(c/d) ft.lb/nl?, (21)

where L is in lb., h in mm., and f(c/d) is found in Figure 16 of the underated
reference.

One can estimate the energy stored in the bar initially in the man-
ner indicated by Wells by putting appropriate measured quantities in the ex-
pression:

Pe P. L 2d 1 d (22)
Uspecimen " Tn i

vhere

P a load

d a deflection of the specimen in the vertical direction

L w distance between points of support.

For a typical specimen,

(1000 lb)(.O005") ft-lb
Uspecimen 4 x 12

0.1 ft-lb.

This can be seen to be relatively insignificant in comparison to the energy
contributions of the spring.

A comparison of the various energy release rates considered above
is given in Table IX for three specimens for which complete data are available.
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The value of (bv/ZA)crit computed from equation (19) has been diviaed by 2
in order that the energy release rate will be that for each unit of fast-
fracture area. The data reveal the following facts:

1. As has often been cited, the propagation energy
associated with slow fracture is greater than
that for fast fracture (columns 2 and 3, Table 21).
The energy absorption in fast propagation seems to
vary little.

2. There seems to be no agreement among the four
methods of determining the criticet energy
release rate at onset of rapid fracture. The
Gi and G values at least differentiate between
the two strength levels tested. Too few data
are available to draw firm conclusions. The
methods also must be evaluated as to their
ability to differentiate among different steels.

If one wishes to take into account the energy contributions of the
spring system and the specimen to the fracture process, one would obviously
consider adding, for example, Gi and Well's (6v/aA)crit.

At present, it is believed that the results obtained from the type
of test described above should be viewed with some caution. As further ex-
perience with this test is acquired, the significance of the results should
become apparent. An obvious problem which must be probed is whether or not
a stress criterion may be involved in the fracture process. This problem
can be attacked with this test since it is possible to store a given amount
of energy in the spring system at different loads by varying the spring con-
stant. Other possible criteria for acceleration may be a critical load or a
critical notch depth. It is also possible that there is no clear cut phe-
nomenological criterion, but that the critical condition may reside in the
details of the microstructure.

4. Comparison of Appearance
of Fracture Surfaces

It was found that the appearance of the fracture surfaces is de-
pendent on several experimental variables. A variation was found between
specimens of the same steel at the two strength levels, and also between air
and vacuum melted heats of the same steel. Moreover, the different experi-
mental steels had varying nature of fracture surfaces, and these differences
were subject to modulaticn by varying the conditions of test, notably the
case depth, the amount of available energy and rate of loading. The appear-
ance of the fracture surfaces is indicative of the mode of the fracture pro-
cess, and should permit correlation of microstructure with the nature of the
path taken for fracture. For a more complete analysis of the variation in
fracture mode, high magni•'ication , light microscopic, and electron micro-
scopic fractographic analysis would be a useful supplement to the essentially

148



macroscopic study made. However, certain tentative conclusions are drawn
based on the observations made.

In general, the first stage, or slow growth stage, of the fracture
process has a relatively rough, shiny fracture surface in comparison to the
final rapid propagation stage. It is found further that the flatness of both
stages is very susceptible to experimental variables. Upon comparison of
Figure 21, which depicts MI-2 at 275,000 psi, and Figure 22, which depicts
D6AC at 275,000 psi, it is seen that they are in essential agreement. How-
ever, the former is somewhat flatter over-all and the demarcation line between
the two stages is much more evident that in the latter. If one now considers
Figure 23, D6 at 275,000 psi, one observes little difference in the rapid
propagation stage, but the slow growth stage has a rougher surface with river-
like patterns and hills and valleys evident. Figure 24 depicts the vacuum
melted steel, DMAC, at the lower strength level. Again the fracture surfaces
are rougher, with irregularities in both stages, a large river pattern is
evident in the fast propagation stage. Figure 25 deals with the air melted
steel, D6, at 250,000 psi. Both fracture segments are very irregular in this
specimen. The fracture process appears to be very discontinuous in the first
stage and its extent appears to be very irregular, the selection of the demar-
cation line between the two stages is quite difficult in some areas.

Figure 26, which deals with 300M at 275,000 psi, is intermediate
between Figures 21 and 22. Figure 27, MX-2 at 250,000 psi, is also only
slightly different from Figure 21. Of the steels studied to date, the effect
of the strength level on the fracture surface has been less significant for
AISI 434 o, 300M, and MX-2 than for D6 and D6AC. No appreciable differences
were seen between MX-2 single and double melted. However, steels AISI 14340
and 300M have only been studied to a very limited extent and decisive con-
clusions are not possible at the present time.

It was found that by varying the conditions of test only the slow
stage or the rapid stage of fracture could be obtained to the exclusion of
the other mode. The appearance of the D fracture surface of a specimen of
300M at 275,000 psi broken upon continuous loading is seen in Figure 28.
This specimen had no evident slow growth stage in its failure, and the
fracture is seen to be the same throughout and quite flat and smooth. Fig-
ure 29, on the other hand, shows the fracture surface of D6AC at 250,000 psi.
This specimen broke continuously over a period of a few minutes with no rapid
fracture stage. The restraining nut was tightened down so that the release
of energy from the spring was severely limited in this case. Thus, because
of the small amount of available energy, acceleration of the crack was not
accomplished. This fracture surface is seen to be very irregular with much
evidence of discontinuous fracture.

In discussing the mode of failure observed, and in making micro-
structural correlations, it must be remembered that in all cases the first
crack was present (in the case of pre-cracking), or in the material altered
to greatly lcwer the difficulty of its formation (the carburized case). The
slow growth of the crack occurs by the discontinuous movement of the crack
front. The crack grows until it is stopped due to changing stress or material
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Figure 21. NX-2, Double-Melted, 275,000 psi. The Slow and
Fast Fracture Areas are Clearly Discernible (12X)

Figure 22. D6AC, 275,000 psi. Two Stages of Fracture (12X)
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Figure 23. D6, 275,000 psi. Irregular Surface Features
Are Seen in the Slow Growth Stage (12X)

Figure 24. D6Ac, 250,000 psi. River Pattern
is Seen in Rapid Propagation Stage (12X)
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Figure 25. D6, 250,000 psi. Very Irregular Surfaces
are Seen in Both Fracture Segments (12X)

Figure 26. 300M, 275,000 psi. Intermediate in Appearance (12X)
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Figure 27. MX-2, Double-Melted, 250,000 psi. Essentially
Same Appearance as at Higher Strength Level (12X)

Figure 28. 300M, 275,000 psi. Fast Fracture Only (12X)
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Figure 29. D6AC, 250,000 psi. No Rapid Fracture

Stage, Very Irregular Fracture Surface (12X)
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conditions. If the material is quite uniform with respect to ductility, we
would expect that as conditions changed, e.g. due to the corrosive effect of
distilled water in our case, such that continued growth was favored, the
crack front would move ahead uniformly in the direction of the applied stress
field. However, if brittle areas are present, as a result of inclusions or
"?'5 0 0

0 F"I embrittlement for example, the crack might grow in a discontinuous
manner. Those areas more susceptible to fracture being consumed while the
more resistant areas remain intact, or are encircled. This is thought to
explain the bizarre appearance of the fracture surfaces found in the slow
fracture stages of some specimens, notably D6.

To obtain the fast fracture stage, the slowly growing crack must
be accelerated. If we consider an inhomogeneous material with weak areas,
ic would seem that since crack growth is easier in these areas acceleration
would also be more easily accomplished in these areas. However, if we con-
sider an arrested crack front, the weak areas might serve as safety valves
which relieve the stress field build-up before it becomes sufficient for
acceleration. The weak areas yield at low stresses and hence the critical
value for acceleration may not be obtained until later or not at all. This
is thought to explain the ability to eliminate the fast stage in steels D6A
and D6AC, which it has not been possible to do so with MX-2. However, this
is not to say it could not be done with MX-2, but only that MX-2 is more
resistant to this manipulation. Above all, it should be borne in mind that
a structure has failed whether by the slow or fast fracture processes. The
chance of blunting an accelerated crack is much less than that of blunting a
slowly growing crack, but the slowly growing crack, in a non-homogeneous
material, can proceed to failure without the energy requirements imposed by
acceleration of the crack.

IV. STRUCTURAL STUDIES

A. INTRODUCTION

In order to explain the mechanical behavior of the experimental steels,
certain microstructural investigations were undertaken, and a determination
of the relative inclusion content of the steels was made. The morphology of
the carbide precipitates was studied by surface and extraction replica elec-
tron microscopy. The composition of the carbides was determined by selected
area transmission electron diffraction analysis of the extraction replicas.
An attempt was made to obtain mean free distance and volume fraction values
for the microstructures studied. However, experimental difficulties miti-
gated against the attainment of reliable data.

Although the analysis of the microstructures is incomplete with respect
to matrix properties and the presence of retained austenite, certain obser-
vations were made which, it is believed, help to explain the torsional pro-
perties, and the fracture characteristics of the steels studied. For example,
the steels with larger amounts of inclusions appear to be more susceptible
to the onset of plastic instability, as would be expected. Also, preliminary
results appear to indicate that the inclusion content affects the process of
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failure in static bend testing. However, sufficient bend testing to estab-
lish this observation has not as yet been conducted.

B. INCLUSION RATING

Longitudinal sections of the various steel bars from which the test
specimens were prepared were polished and examined under the microscope at
100 X. The inclusion rating was accomplished by comparing the steels with
standard areas found in the SAE Handbook, 1962, pp. 106-110. The results
are given in Table X. The values reported are, in all cases, averages of
the worst areas found in the section. The greater cleanliness of the vacuum
melted steels is evident.

C. ELECTRON MICROSCOPY

The techniques of electron metallography used were those of surface and
extraction replication and selected area electron diffraction analysis of
extraction replicas. The surface replicas were two-stage negative replicas.
The initial surface replicas were made of 1% collodion in amyl acetate. The
final replicas were gadolinium-shadowed. Carbon replicas were prepared from
the collodion impressions. The extraction replicas were direct carbon rep-
licas prepared by double etching of the specimens in Nital-Zephiran Chloride.
The electron diffraction analysis was made using extraction replicas freshly
prepared as described above. A detailed listing of the diffraction data with
sample calculations has been given in an earlier report (2d).

Initially, it was intended to analyze the various microstructures by
means of quantitative metallography. The quantities of interest were the
volume fraction and mean free distance between particles. However, a magni-
fication of the true volume fraction and reduction in the true mean free
distance results from the effect of etching. This etchinr effect is par-
ticularly troublesome for the small, finely dispersed particles encountered
in the microstructures of the experimental steels. It was attempted to appl.y
a correction factor (23, 24) in order to alleviate this difficulty. However,
this correction term is itself subject to an etching effect and caused over-
correction of the data. Since the differences in the quantitative parameters
of the experimental steels are undoubtedly small, it was felt that sufficient
technical accuracy was not possible to permit useful comparisons. A detailed
account of this area has been made previously (22).

Certain of the experimental steels studied were found to be basically
identical from a microstructural viewpoint. These low alloy steels, AISI 4340,
300M, D6, D6AC, MX-2 single- and double-melted, all contain about 0.40% C and
differ essentially only in their alloying elements. Certain variations were
observed in their microstructures, however. The remaining steels, Hy-Tuf and
H-11, air- and vacuum-melted, were quite different from each other and the
previous steels. Hy-Tuf contains only a moderate amount of carbon, 0.25%,
and H-11 is a high alloy hot work die steel (5% Cr).

56



Table X. Inclusion Ratings of the Experimental Steels

Steel Oxide Rating Silicate Ratinl-

AISI 4340 2 2
300M
D6I
D6AC < 1
H-I1 (air) 1
H-ll (vac.) < 1
N.X-2 (single VAM) 1
MX-2 (double VyJA) < 1
Hy-Tuf 2 .

*Based on SAE Standard Inclusion Ratin• Charts

AISI 4340 and the other low alloy steels containin-, about 0.4A% C alu
appear to be effected to some extent by "500o embrittlement" at the 2 50,L.0U
psi strenzth level. This is based on the criteria renerally accepted, na::e.Ly.,
the transition of the carbide precipitate from epsi1on carbide to cer-entl-c (25),
and the appearance of platelet cen.entite early in the third sta,-e of ter.per-
ing (26). It must be remembered that recent invesLi-_ations with 1.1-h purity
special melted steels (2() have cast doult on the completeness of the abcve
criteria and there is no solely microstructural treans for deteenainin-' zhe
degree of the embrittlement. The properties of the :iatrix, as effected by
various trace elements (27) and in ,eneral, miay indeed ,iave a ;,reater role
in "5000F embrittlement" than is commionly thought. Zhis is certainly an area
requiring further investigation.

The above steels at the higher strength level (2'5,0cKA psi T.S. ) consist
essentially of a matrix of low-carbon martensite with epsilon carulde preci-
pitates. Certain amounts of cementite have oeen detected visually and by
diffraction in some of the steels, however, suggestin,< tihat "500 F eumbrittle-
ment" may be somewhat in play here also. Hy-Tuf at both strenth levels had
a microstructure suggestive of epsilon carbide in :artensite and diffraction
analysis indicated the presence of epsilon carbide. however, due to the dif-
ficulty of extracting sufficient quantities of carbides for analysis, positive
identification of their composition is difficult. The carbon content of this
steel (0.25% C) is right at the mini=mu- amount generally accepted as necessary
for the transitory stage of epsilon carbide precipitation. H-lI at both
strength levels contained several different carbides. Again positive iden-
tification of their exact composition was difficult. The difficulties here
were that several possible carbides have about the same "d" spacings and the
inability to clearly resolve some of the more intense, closely spaced re-
flections. However, the presence of alloy carbides in addition to Fe3 C is
quite evident. This is as would be expected since a secondary hardening
reaction is reported in this steel at about 950OF (28). m•oreover, an em-
brittlement related to the early stages of secondary hardening is well known
in such steels as this, and may play a certain role in the experimental steels.
The steels shall now be considered in detail at the two strength levels.
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Both e-carbide and FegC were identified by electron diffraction
analysis at the 275,000 psi strength level. This duplex structure is exem-
plified in Figure 30. Both carbides were also identified at the lower
strength level; however, FeSC was by far the predominant carbide present.
Som rather coarse cementite platelets are seen in Figure 31. Figure 32
depicts an interesting configuration of parallel carbide platelets.

Based upon the above evidence, it is proposed that this alloy is
in an embrittled condition. The predominant carbide in the microstructure
is seen to be changing from E-carbide to FesC. Platelet cementite has been
observed at both strength levels. In the literature (25, 26), it has been
proposed that "500°F embrittlement" is in some way related to the solution
of e-carbide and precipitation of cementite early in the third stage of tem-
pering. The presence of platelet cementite has also been considered to be
indicative of this embrittlement. Therefore, based upon microstructural
evidence, this steel is seen to be embrittled at both strength levels.

The closely spaced, parallel cemsntite platelets are also of in-
terest from a point of view of embrittlement, and, similarly, of the onset
of instability. A dislocation pile-up at the first platelet of the colony
would intensify the stress on the other side of the platelet. However,
plastic flow of the matrix on the other side of the platelet is restrained
due to the close proximity of the next, parallel platelet and the build-up
of stress procedure is repeated. Moreover, the matrix surrounding the
colony of platelets would be expected to be relatively low in cohesive
strength because of the relatively low carbon content due to the large
amount of precipitation involved in the adjacent cementite colony. Thus,
it seems conceivable Lhat a micro--uuvck the size of the entire cementite
colony might be formed under proper conditions, and initiate failure, or
unstable plastic flow.

2. D6 and D6AC

The microstructures of these steel's D6 and D6AC, were not found
to differ significantly, aside from the standpoint of inclusion content.
Two main observations on them are that basically they are similar in appear-
ance to AISI 4340 and that appreciable quantities of undissolved carbides
are present. The identification of some carbides as undissolved carbides
is based upon the relatively large size and rounded appearance of these
carbides, in comparison to the smaller, more elongated, platelike precipi-
tated carbides. Large undissolved carbides and finer, Widmonstatten type
carbides are seen in Figure 33, depicting D6 at 275,00" -I Figures 34
and 35 depict D6AC at 275,000 psi. Epsilon carbide un ,,' te were both
identified by electron diffraction.

Figure 36 shows the microstructure of D6 at 250,000 psi, and
Figure 37, D6AC at the lower strength level. Electron diffraction analysis
revealed only Fe 3 C at this strength level. However, trace quantities of
E-carbide could well be found by more detailed analysis.

58



Figure 30. AISI 434~0, 275,000 Psi, Surface Replica, 21,000 X

Duaplex Structure of Fe3 C and e-carbide

4\ V

Fiur31. AISI 4340, 250,000 psi, Ektrection Replica, 35*000 X
Coarse Carbide Platelets are Been
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Figure 32. AISI 13140, 250,000 Psi, Extraction Replica, 114,000 X
Parallel Carbide Platelets are Seen
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Figure 34. D6AC (va.), 275,000 psi, Extraction Replica, 35,000 X
Widmanstatten Carbides and Rounded Undissolved Carbides
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Figure 35. D6AC (vac.), 275,000 Psi, Extraction Replica, 35,000 X
Rounded Undlis solved Carbidesa

61



Figure 36. D6 (air), 250,000 psi, Xctraction Replica, 14,000 X
Parallel Carbide Platelets

Figure 37. D6AC (vac.), 250,000 psi, Surface Replica, 35,000 X
Long Carbide Films
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he"e alloys are proposed to be embrittled for reasons previously
cited for AISI 434O. Mey appear to be farther progressed into the third
stage of tempering, and hence should be more ductile due to the greater and
more uniform depletion of carbon from the matrix. However, the presence of
undissolved carbides complicates the picture. Their effect on over-all
ductility is not understood. They would certainly not be expected to be
beneficial. Moreover, since these undissolved carbides are present, it
would seem that a higher austenitizing temperature should effect an increase
in ductility. This was, indeed, found my Isnlabs (29). This whole analysis
is complicated by the further findings of Mugabs that the ductility of this
steel (D6AC) varies anomalously from one heat to the next. This serves to
point out the relatively incomplete nature of purely microstructural analysis
of the kind un4ertaken. Certain conditions of carbide composition and mor-
phology have been revealed; however, this is but a part of the complete classi-
fication of the brittle fracture susceptibilities of the steels studied.

3. Hy-Tuf

The microstructure of this steel at the 275,000 psi strength level
is seen in Figure 38. Very fine precipitates as well as elongated films are
seen. Electron diffraction analysis of extraction replicas indicated the
presence of e-carbide, but due to the nature of the carbides (i.e., it was
very difficult to extract the extended carbides, the fine carbides were quite
small, and both types oxidized quite readily), it was impossible to obtain
sufficient reflections for conclusive analysis. Figures 39 and IQ deal with
this steel at the lower strength level. Epsilon carbide was again the only
carbide identified, but the previously discussed limitations to conclusive
determination are still present.

This steel at the tempering temperature employed to obtain the
275,000 psi strength level appears to be in an early stage of tempering,
characterized by epsilon carbides and low carbon martensite matrix.

4. 300M

The primary observation made on this alloy is that the carbide pre-
cipitates, particularly at the lower strength level are finer and tend to be
less elongated than those of AISI 4340, D6 and D6AC. Also, no parallel
platelet colonies were observed. The additional observation, however, is
made that carbide precipitation appears to be concentrated in certain areas
and relatively light in other areas at the lower strength level. This would
be expected to a certain extent due to the high magnifications used.

Figures 41 and 4 depict the microstructure of this s'
higher strength level. Epsilon carbide was revealed as the pre% e
at this strength level by electron diffraction. The presence of cementite
was also indicated. Figures 43 and i4 deal with this steel at 250,000 psi.
The concentration of precipitation in certain areas with bare areas adjacent
can be seen. Cementite was the only carbide identified at this strength level.
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Figure 38. Hy-Tuf, 275,ooo psi, Surface Replica, 27,000 X
Extended Carbide Films and Smaller Particles-

Figure 39. Hy-Tuf, 250,000 psi, Surface Replica, 14,000 X
General Microstructure, Raised Areas Possibly
Indicative of Retained Austenite
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Figure 4O. Hy-Tuf, 250,000 psi, Surface Replica, 27,000 X
High Magnification View of Microstructure
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Figure 41. 300M, 275,000 Psi, Extraction Rep'lica, 21,000 X

General Microstructure
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Figure 49. 50OM, 275,000 psi, Extraction Replica, 35,000 X
High Mn~nification View of Microstructure
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Fiur 1 S• 3OM, 250,000 psi, Extraction Replica, P•,o0 X
On Is Microstructure, Precipitaton Concentrated
ILn aertan Areas and Sparse in Others is Seen.
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Figure 42. 300M, 275,000 psi, Extraction Replica, 35,000 X
High Magnification View of Microstructure
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Figure 43, 300M, 250,000 psi, Extraction Replica, 14,000 X
General Microstructure, Precipitation Concentrated
in certain Areas and Sparse in Others is Seen.
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Figure 44. 300M, 250,000 psi, Surface Replica, 27,000 X

Areas Bare of Carbides are Seen
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The heat treatments used to produce the two strength levels in 300M
are such that "5000F embrittlement" should result (3O). Moreover, the presence
of silicon has been found to increase the severity of this embrittlement when
it ensues (31). However, those criteria of morphology, such as coarse elon-
gated or parallel cementite platelets and cementite precipitated semi-contin-
uously at martexsite plate boundaries and former austenite grain boundaries,
which were thought to signal this embrittlement, are very little in evidence.
The carbides are, on the whole, appreciably less coarse than in the preceding
steels. Therefore, it is proposed that the embrittlement in this steel may
be due, at, least partially, to the relatively large areas of ferrite free of
carbides which were observed in the figures. These areas, surrounded by higher
strength material containing dispersed carbides, would be likely areas for the
nucleation of cracks. Plastic flow will be restricted due to the stronger
material surrounding these bare areas, and the low cohesive strength of fer-
rite might well permit the formation of a crack. Moreover, if a crack is
nucleated at some other discontinuity, such as an inclusion, it will be fur-
nished an easy path for extended growth through these carbide-free paths of
ferrite.

5. MX-2 (single and double VAM)

No differences were found between the microstructures of the single-
and double-vacuum melted steels. Figures 45 and 46 depict the microstructures
developed at the 275,000 psi strength level. Electron diffraction analysis
revealed only c-carbide at this strength level. Figures 47 and 4 deal with
the lower strength level. Areas of ferrite bare of carbides, and platelet
cementite are seen. Electron diffraction analysis revealed primarily Fe3 C
at this strength level.

The developer of this steel (Mellon Institute) reports that a slight
embrittlement ensues upon tempering MX-2 at 700°F and somewhat above (32). It
is interesting, therefore, to consider Figure 49 which deals with this steel
tempered at 735 F. large cementite particles, as well as semi-continuous plate-
lets in former austenite grain boundaries are seen. This experimental steel
at 250,000 psi was tempered at 680OF and as can be seen in Figures 47 and 46
platelet cementite and bare areas of ferrite are present. Therefore, MX-2
might be expected to be somewhat embrittled at the lower strength level. Again
the extent of this embrittlement cannot be predicted, particularly due to the
lack of understanding of the entire effect of the high (1%) cobalt content of
MX-2.

6. H-11 (air and vacuum melted)

Again no differentiation between the air- and vacuum-melted steels
could be made. Moreover, little difference was seen between H-11 at the two
strength levels studied. The possible presence of certain alloy carbides as
well as Fe3 C was indicated by electron diffraction. Figures 50 through 52
show the various carbides present at 275,000 psi. Electron diffraction analy-
sis of the area of Figure 50, which depects large alloy carbides, yielded a
pattern that appeared to be predominantly 43sC6. Fine Widmanstatten and more
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Figure 45. 14-2 (double melted), 275,000 psi, Extraction Replica, 24,000 X
High Magnification Shot of a General Nature

Figure 46. MX-2 (double melted), 275,000 psi, Extraction Replica, 35,000 X

Detailed View of Precipitation Within and About a Martensite Plate
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Figure 4i7. NX-2 (double melted), 250,000 psi, Surface Replica, 35,000 X
Area Bare of Carbides is Seen

Figure 4~8. MX-2 (double melted), 250,000 psi, kxtract,.,n Replica, 35,000 X
Platelet Cementite
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Figure il9 . MC-2 (single melted), 71ezpered at 735PF, Surface Replica, 14,000 X
Semi-Continuous Grain Boundary Precipitation

4. P

2w~. k ~ ¶ .

; .4

I. . 1

Figure 50. H-11 (air), 275,000 Pei, Extraction Replica, 1~4,000 X
Large Alloy Carbidesa in Evidence
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Figure 51. H-Il (air), 27,5,000 psi, Extraction Replica, 35,000 X
Fine Widmanstatten Precipitates Are in Evidence

Figure 52. H-I1 (vac.), 275,000 psi, Extraction Replica, 50,000 X
Very Fine and Larger, Rounded Carbides
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rounded carbides, as well as the larger carbides, are seen in the other
figures. Figures 53, 54, and 55 deal with the lower strength level. Again
various types of carbides are seen. Electron diffraction analysis of areas
such as deputed in Figure 54 revealed Fe8 C and possibly MC.

The onset of secondary hardening for H-11 has been reported to occur
at about 950CF (28). Recent research (33) has suggested that this secondary
hardening may be associated with the precipitation of numerous small alloy
carbides. In the same research, the large platelet precipitates observed
were reported to be predominant at lower tempering temperatures. Therefore,
indications are that these steels at the experimental strength levels are in
the early stages of secondary hardening. Moreover, this steel tested in sheet
form has exhibited very low ductility when tempered between 900C and 10000F
(34). The ductility of this steel might, therefore, be somewhat empaired at
the two strength levels studied. Whether this embrittlement is due to the
microstructural features seen, or is the result of different phenomena, can-
not be predicted at this state of understanding.

D. SUMMARY

The microstructural examination of these steels is summarized in Table XI.
AISI 4340, D6, and D6AC have coarser carbides than 300M and NC-2. D6 and D6AC
also contain undissolved carbides. However, all have features of morphology,
such as platelet precipitates, parallel platelet colonies and areas of ferrite
bare of carbides, felt to be detrimental. Moreover, they appear to have been
tempered in the range where third stage tempering begins, bringing with it
"506OF embrittlement." Hy-Tuf would be expected to have the limited ductility
of lightly tempered steels; however, its low carbon content and freedom from
"5000F oembrittlement" are in its favor. H-11 can be expected to be somewhat
embrittled. As a result of secondary hardening, the extent of the embrittle-
ment and its relative effect, however, are unknown.
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Figure 53. H-11 (vac.), 250,000 psi, Surface Replica, 14,000 X
Extended Carbides and Parallel Carbides

Figure 54. H-li (vac.), 250,000 psi, Surface Replica, 35,000 X
Fine Structure Illustrated
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Figure 55. H-11 (vac.), 250,000 psi, Surface Replica, 35,000 X

Grain Boundary Precipitation
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