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ABSTRACT

PLANE-STRAIN FRACTURE IN AISI 4340 STEEL

The plane-strain fracture toughness of quenched and tempered AISI 4340
steel was measured in tension at room temperature with circumferential ly
notched and fatigue-cracked specimens. Values of GIC for indicating the
variation encountered were 5.6, 23, and 254 in-lbs/ 62 after tempering at
212, 400, and 800oFp respectively.

Cracking characteristics were influenced by tempering temperature.
Below about 700 0 F, little stable crack growth was found and propagation
occurred in a mixed mode that appeared to consist at least partly of
cleavage fracture. At higher temperatures, initial cracking was stable
and developed by a ductile shear process; rapid fracturing again occurred
in a mixed mode. After tempering at 1OO0F and above, fracture was ductile.



I. INTRODUCTION

A. A. Griffith(]) suggested in 1920 that a crack in a brittle material will
propagate when the energy absorbed by the advancing crack on incremental ex-
tension equals the change in the energy of the elastic stress-field. For the
case of a short crack of length 2c in an extensive sheet under plane-stress,
Griffith obtained(2)

"= (1)

where

a = average stress normal to the crack (gross stress) at which

the crack will propagate

E - Young's Modulus

q= energy absorbed as the crack of length 2c extends to cover
a new unit of area

In the early experiments, breaking stress measurements were in good agree-
ment with values of a calculated from Eq. (1) when q was taken as twice the
estimated surface energy, 7. In Shand's(3,4) extensive work on the fracture of
glass, however, only specimens broken in air at low loading rates (by static
fatigue) failed at stresses corresponding to q = 27; higher rates of loading
were associated with values of q as much as 50 times greater than 2y.

Irwin(5) and Orowan(6) both realized that the Griffith approach could be
applied to metals in which significant amounts of work are absorbed through
plastic deformation as the crack advances. The problem was to obtain the
proper expression for q in Griffith's equation. Writing q = Gc to be con-
sistent with contemporary notation, their tvo equivalent suggestions were:

W + (2)

where WE is the elastic energy in the system, A is the surface area of the
largest crack present, c indicates instability, and p is the energy absorbed
by plastic deformation of material adjacent to the crack as it extends over
unit area.



The approach adopted by Irwin was to compute (dWE/dA)c, while that of Orowan
was to estimate p. Irwin observed that for many conditions of stress and geometry,
the elastic strain energy, WE, in a specimen containing a sharp crack could be
calculated from the elastic stress field; on this basis a relationship was obtained
between (dWE/dA)c (or Gc) and the stress field for a specimen tested in a rigid
machine. (7) Bueckner(8) later showed that the same value of Gc is obtained in
either a rigid or soft (dead-load) machine. The success of Irwin's treatment
rests on the relatively small error resulting from the unknown stress state in
the plastic zone at the crack tip. Analyses have since been published for a
variety of loading configurations(9,1O,J,1,)2).

Orowan, on the otherhand, noted that p>> 27 and then sought to evaluate p,
which is a problem of extraordinary experimental difficulty. Orowan and Felbeck(13)
attempted to estimate p from X-ray measurements on the brittle fracture surfaces of
mild steel. Their success was limited because of the qualitative nature of the
measurements and the large variations in p derived from crack acceleration and
deceleration in a strain-rate sensitive material such as mild steel.

At present the parameter Gc, or plane-stress fracture toughness, is widely
used to describe the notch toughness of sheet materials. The parameter Kc, also
a measure of fracture toughness, is related to Gc by the expression Kc2 .Gc l,
where E is Young's modulus. Gc has the advantage of being easily visualized as
an analog to the surface energy, whereas Kc has the advantage of being directly
proportional to the stress at fracture. The fracture surface of a broken sheet
specimen for determining Gc or Kc typically consists of shear lips along the
edges and flat fracture in the interior, the relative proportions depending
upon the sheet thickness and testing temperature. The parameters GIC and KIC
are indices of fracture toughness analogous to Gc and Kc but relating now to
conditions of plane strain. The circumferentialfy notched tensile specimen
seems to represent the best approach to measurement of GIC. In this specimen,
all fracture is of the flat type; that is, no shear lips are formed. Measure-
ments in the present work were made with such specimens.

II. EXPERIMENTAL PLANE-STRAIN FRACTURE DATA
FOR AISI 4340 STEEL

Air-melted aircraft quality AISI 4340 was chosen as a typical notch-
sensitive high-strength steel. It was obtained as 1-in diameter round
stock of the following composition:

C Mn P S Si Ni Cr Mo

.39 .77 .012 .015 .30 1.75 .81 .22
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All material was received in the spheroidized condition and normalized
from 1650OF before being machined into round, circumferentially-notched
specimens (Fig. I). Subsequent heat treatment consisted of austenitizing
one hour at 1550°F in argon, oil quenching, refrigerating in liquid nitrogen
(-3200 F) within 15 minutes of quenching) and tempering one hour in a
circulating air furnace.

Two special precautions were taken to reduce scatter in the measurements
of plane-strain fracture toughness (Appendix A): (1) the tips of the machined
notches were sharpened by the introduction of 0.06-in deep fatigue cracks
(well below the approximately 0.002-in deep decarburized surface layer), and
(2) a specia: loading fixture designed to reduce bending was used when the
estimated fracture load was below 50,000 lbs. (G1I < 150 in-lb/in2 ). All
other specimens were tested using a conventional bal1-and-socket assembly.
From the surface of the fractured specimens, the average diameter of the
section remaining after fatigue cracking, d, was obtained by measurement with
a divider and scale. For purposes of calculating fracture toughness, it was
assumed that no slow crack growth occurred. Data are listed in Table 1.
Also included in Table I are tensile data on quenched and tempered AISI 43O40
steel from the Shih, et al (14). There were no tests on unnotched specimens
in the present work. Such tests were eliminated in favor of the detailed
results from ShLh. et al because steel composition and tempering character-
istics were essentially the same in that work and this.

The plane-strain fracture toughness, GIC, was calculated with the ex-
pression obtained by Bueckner and cited by Wundt(l0) for round circumfer-
entially-notched tensile bars:

Q c 
(3)

where

aN = mean (net-section) stress over the minimum section,
calculated from the fracture load and a value of d

d = the diameter of the net section (remaining after fatigue
cracking)

D = the major diameter of the specimen (prior to notching)

N-) = Poisson's ratio (taken as 0.3)

E = Young's modulus (taken as 29 x 106 psi)
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Figure I - Circumferentially notched tensile specimen for
plane-strain fracture toughness measurements.
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The function f(d/D), a geometric factor which compensates for variation

in the ratio (d/D), is given by

T()

The alternative measure of plane-strain fracture toughness, KIC, was cal-
culated from:

K== -(5)

Clearly, whichever parameter is mentioned later in the text, the other is also
implied.

Equations 3 and 5 are applicable to a good degree of approximation when
fracture occurs prior to general yielding. If a specimen yields throughout
before fracture, error is introduced in the calculated GIC and KIC. The error
increases in the direction of underestimating fracture toughness as (aN/cry),
where aV is unnotched yield strength, becomes larger than the "critical" value
for yiesding over the full cross section.

To determine this limiting value of (ON/0y), several tests were made under
conditions selected to insure general yielding. Circumferentially notched
specimens of 0.20-in major diameter, but geometrically similar to the others,
were quenched and tempered at 1200OF before being fatigue cracked to various
depths. Owing to the small size and high tempering temperature, yield-point
drops were evident in tensile load-elongation records and these could be
identified with the onset of full yielding. The associated (ON/ay) was
variable with the depth of notching being about 1.5 for a half-area notch.
Therefore, it was concluded that as long as fracture occurred at (aN/ay) < 1.5
the plastic zone could be viewed as confined around the crack tip, as required
for proper use of Eqs. 3 and 5. According to data in Table I, all measure-
ments after tempering at 800°F or below are free of the error under discussion.

In the over-all program, measurements of GIC (or KIC) were made at room
temperature for selected tempering temperatures between room temperature
(as-quenched and refrigerated) and 12000 F. At least two specimens ware
tested for any particular tampering temperature. lint one case, twelve
specimens ware tested after tempering at 4000 F, and from these data it could
be concluded that the average of measurements in two tests was within + 10%
of that obtained by breaking the larger number of specimens.
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With the results of sectioning experiments described later, it was further
estimated that the error in KiC from disregarding any stable (slow) crack growth
was 5% or less for material tempered at or below 8000 F. After tempering above
800OF, the ratio esN/ay was greater than 1.5 so that errors resulting from a
condition of full plasticity probably outweighed those introduced by ignoring
stable crack growth.

As shown in Table I and Fig. 2 , KTI increased steadily with tempering
temperature with no indication of a "560°F embrittlement". Also included in
Fig. 2 are KIC values calculated from data on circumferentially-notched
specimens with notch-root radii of 0.O01-in(15) and K values from edge-
notched 0.1-in thick sheet(16). The importance of using fatigue-crack
sharpened notches is apparentj compared to a notch of 0.001-in radius, a
fatigue-cracked notch acted to reduce K by a factor of 3 for material
tempered at 4000F. Comparison of the sheet (plane stress) and plane-strain
fracture toughness illustrates two important distinctions between Kc and
KIC in AISI 4340 steel. First, Kc is much larger at all tempering temper-
atures. Also, even though shear constituted less than 15% of the fracture
surface in sheet specimens tempered below 2000F. Kc was still more than
twice KIC. Clearly, the implication is that much more energy is absorbed
in shear than in the flat-fracture mode.

The topographical detail of the fractures was considerably coarser for
the higher tempering temperatures, which is evident in the fractographs of
Fig. 3. Two other typical fracture details are the "focus" and the "crescent",
further illustrated schematically in Fig. 4a. Radial lines converge at the
focus, as in Figs. 3a-c, or the surface pattern is centered around it as in
Fig. 3d. The crescent lies next to the fatigue crack and its maximum width
occurs diametrically opposite the focus. Circumferential markings appear
within the crescent-shaped area, an example being given in Fig. 5a. Such an
area could be seen at about IOX in specimens tempered at 700OF and above,
that in the specimen tempered at 700OF being only about "3 ridges" wide.

It would seem that the final, fast fracture started at the center of
the crescent and moved radially inwards. Since the crack traveled farthest
from its place of origin, the last bit of fracturing would be expected to
lie where the focus is found, on a diameter through the origin well beyond
the mid-point. Because the crack converged along a non-planar surface, the
focus must stand in relief, as it does.

At least part of the crescent developed during stable crack growth.
This was apparent from longitudinal sections through specimens loaded until
stable cracks formed, but unloaded prior to catastropic fracture. Such
sections could be prepared only with specimens tempered at 800 and 1 200°F;
cracking could not be interrupted after tempering at 4000F. Stopping at the
proper load was facilitated by the clicking noises heard in a stethoscope
held against the specimen tempered at 800OF and by a drop in load and visible
widening of the notch during loading of the specimens tempered at 1200 0F.

7
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on fracture surface
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Figure 2 - Fracture toughness of AISI 4340 steel. K values
for dull (0.001-in radius) notches calcullied from
the results of Sachs, et ja as presented in Ref. 15.
Kc data from Ref. 16.
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$elf,

(a) (b)0

Figure 3 - Typical fracture surfaces. Fatigue crack surface is
l ight, outer band. Tempering temnperatures.
(a) 14000F, (b) 7000F,, (c) 8000F, (d) I0000F
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Root of machined notch

Crescent
. . -Fatigue crack

Radial markings

• • -Focus

(a)

Chromium shadowing
direction,

High contrast area K
Low contrast area 250

(b)

Figrue 4 - Schematic of surface details and chromium-shadowing
procedure: (a) general view of the cellulose-acetate
repl ica (area corresponding to the dashed square shown
in Fig. 5a); (b) manner of shadowing to develop ridge
character of the crescent.
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Figure 5 - Enlarged views of the crescent area.
(a) Macrophotograph. Upper surface is the fatigue
crack; lower surface is the radially marked fast
fracture region. View corresponds to the dashed
square in Fig. 4a. 16X.
(b) Electron micrograph. Boundary across the top
of the photograph between high and low contrast
areas corresponds to the peak of one circumferential
ridge. 400OX.
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The ridge-like character of the crescent is indicated in Fig. 6a, a section
through a stable crack. The parallel-sided fatigue crack extending from the
notch terminates in a stable tensile crack which has intersected an unusually
large inclusion. The regular series of inclined and well-matched surfaces is
much more evident in Fig. 6b.

To study the process of crescent formation more closely, electron microscopy
has also been applied in an examination of the fracture after an 800oF tempering
treatment. A two-step negative replica technique was used. The first step in-
volved molding a strip of cellulose acetate against the fracture surface. The
second consisted of depositing, by vacuum evaporation, a thin layer of chromium
at a small angle to the surface and in a direction at right angles to the ridge
structure (Fig. 4); this was followed by a deposit of carbon at nearly normal
incidence (replica rotating). Subsequently, the initial replica was dissolved
away in acetone, leaving behind the chromium-shadowed negative carbon replica.

Areas exposed to the chromium appear with contrast while those hidden from
the deposit do not; in this way the ridged contour of the crescent is made
evident. Many areas in the crescent were examined; the view in Fig. 5b is
typical. Here the surface has the dimpled appearance characteristic of ductile
separation. The light areas appear much the same but without the contrast.
Replicas were also prepared from radially-marked areas in specimens tempered at
80, L4O and 8000 F. Now the topography was much flatter with an appearance that
might be described as a mixture of modes: ductile, intergranular, and cleavage
areas all appearing together. The surfaces in Fig. 7 are typical of these
regions.

From these observations, tentative conclusions about the fracture sequence
may be drawn. In material tempered near 4000F, there is no stable cracking
under tensile load and fracture propagates in a mixed mode consisting largely
of cleavage. However, after tempering at 800OF and above, a zone of plastic
strain is developed at the tip of the fatigue crack. Ductile fracture is
responsible for an extension of the crack which accelerates in its advance
and propagates unstably in a mixed mode which is predominately ductile. In
the latter case, fracture toughness is related to energy absorption when
fracture occurs in a ductile mode. Accordingly, it was thought appropriate
to consider how ductile fracture might take place under plane strain when
the plastic volume is confined around the crack tip.

III. DUCTILE CRACK EXTENSION BY MICROSHEAR

A simple and reasonable description of ductile crack extension under plane
strain can be based on a series of local shears within a three-dimensional array
of flaws consisting of finely divided inclusions, micropores, etc. The process
is pictured schematically in Fig. 8. As load is applied, a thin band of shear
extends from the initial crack to a relatively large flaw, as at A. The

12
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(a)

(b)

Figure 7 - Examples of fracture topography in radially-marked
(unstable fracture) areas.
(a) Specimen as-quenched and refrigerated, 8000X.
(b) Specimen tempered at 800°F after quenching and
refrigeration, 14,OOOX.
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penetration of the shear must be restricted by the surrounding elastic material.
it would be expected that the presence of such a flow as at A would aid in re-
lieving concentrations of strain at the end of the bandp and may even be
necessary for a highly localized shear to develop in the first place. At the
same time, tension stress acting across the shear plane ought to contribute to
a "void sheet" formation, based in turn on finely dispersed flaws, as considered
by Rogers(17) and Crussard(18). With rupturing of ligaments in the void sheet,
a crack is formed. Its advance would follow an alternating path A-B, B-C, etc.

Such an elementary model of ductile crack extension invites certain cal-
culations to explore how G6 might be influenced by material characteristics.
For purposes of estimating GEC, a relationship based on stress-strain
properties and dimensions of the plastic volume can be used.

~Y 2~~ ~b (6)

~(7)

where

WE - total elastic energy stored in the system

Wp = total plastic work done in extending the crack

- average equivalent stress in the plastic zone at the crack tip

ep = average equivalent plastic strain in this zone

t = the extent of the plastic zone from the crack surface to the
y pointwhere ep - .002

x = length of the stable crack

A - area of stable crack

b = unit distance in the width (zero strain) direction

Since GIC is known and d can be estimated, it is only necessary to know tv
to calculate a value of i from Eq. 7. This may be obtained from an equation y
given by Irwin(19) for cafculating the radius of the plane-strain plastic zone

16



as fracture becomes unstable

G =) (8)

Equation 8 can be used with values of ly and GTg in Table I. The average
strain in the zone, 'Cr can be estimated by com•lning Eqs. (7) and (8) and
taking the value for a as the average of the yield and fracture stresses
under smooth-bar tensile loading (Table I). Results are given in Table IIj
Tp is about 0.04, independent of tempering temperature.

Still another estimate, this time of plastic strain at the microshear
fracture surface, can be made with some assumption about the gradient of
strain normal to the surface. There is no analysis to provide such
information, nor have there been any experimental measurements of the
gradient in high-strength steel. However, measurements are availible of
the strain gradients away from a shear-fracture surface in ductile cast
iron(20). In that work. fracture was produced by compressing a cylindrical
specimen containing a transverse hole; plastic strains were computed from
the final shapes of the graphite nodules. Typical results are shown in
Fig. 9, where it is clear that the plastic strain decreases nrarly'ex-
ponentially with distance from the fracture surface.

Despite the much higher strength of a heat-treated AISI 4340 steel,
the plastic strain gradient in this material might well be of the same
form in the neighborhood of a microshear surface as around the macroshear
surface on ductile iron. Therefore

ep(+) c- t ()

where

e p = the equivalent plastic strain at any point in the zone

ep(f) = the value of ap at the fracture surface
(the equivalent plastic strain at fracture)

B = a constant for material of a given thermal-mechanical
history

t - a distance normal to the shear fracture surface;
t = 0 lies on the surface

17
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Figure 9 - Variation of plastic strain with distance from a
shear fracture surface in ductile cast iron
(from Ref. 20).
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With exponential decay, the average value, cpp of strain in the range 0< t < t
is y

if p(f)M 6p (y) the strain at yielding (0.2%). Combining with Eq. (7),

& 6K;)(11)

so that

EP = c()e qx.(12)

For a given GIC (or tempering temperature), e (f) can be obtained by
graphical solution of Eq. (12); results are also g9ven in Table IIp where
only small variations are found in ep(f). The complete distrIbution of
strain has been plotted for different GIC in Fig. 10. From these cal-
culations, it appears that the average strains in the plastic zone at the
crack tip and the strains at the fracture surface change relatively little
with temperature of tempering. The implication is that variations in GIC
when ductile shear is the significant fracture mode result from variations
in the size of the plastic zone.

IV. DISCUSSION

The low values of G1 for material tempered below 700°F are probably
the consequence of a non-ductile fracture mode involving cleavage. The
elements of microstructure and details of processing history which influence
such fracture are still important areas for study. It seems likely, however,
that under such conditions patches of cleavage form on arrival of the leading
edge of the plastic strain field at the crack tip. Plastic shearing then
occurs among these' patches producing new crack surface as the high-strain
part of the plastic zone passt-. For this case the effective fracture

20
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toughness, G.r*, could be considered as an average of that for cleavage fracture,
GIC (cleavage5, and that for ductile fracture,GiC (ductile).

G~jceo~ut) *- ~(13)

Since Gic (ductile)>> GIC (cleavage)

Using the data from Table I and assuming fracture after tempering at 1O00°F is
fully ductile) the proportion of ductile fracture, J, would be expected to vary
as shown in Fig. I1. As yet no attempt has been made to check this prediction
experimental 1 y.

At higher tempering temperatures (above about 8000 F) stable crack growth
and exclusively ductile fracturing processes would seem to become important
in determining the magnitude of GIC. In this context, the observations
reported here suggest certain possibilities for controlling the fracture
toughness of AISI 4340 steel tempered in this range. The basis rests in
processing control.

If Gic is related to fracturing with localized plastic shear, the rather
obvious route to higher toughness is an enlargement in the size of the plastic
zone and an increase in the maximum plastic strain.

Relative to the zone dimensions, a limiting factor is found in a
diminished strain(16) and strain-rate(21) hardening as strength is increased.
It is convenient to represent these two important material characteristics,
if only approximately, by the exponents in ei = Aen (for strain hardening)
and a = Bim (for strain-rate hardening). Both vary more or less together,
and their reduction, as by introducing high strength, acts to collapse the
plastic volume. Another possible complication with very low strain and strain-
rate hardening, even at room temperature, is the onset of adiabatic shear(22).
The latter would further restrict the region of flow and aggravate the trend
in a direction of notch sensitivity and low fracture toughness.

On the other hand, a possibility for extending the boundaries of a
plastic volume exists if the quantity of particles, pores, or other weak
interfaces is reduced. In such a way, the mean distance between sites
where plasticity can be terminated is enlarged) the size of the volume
would be expected to grow and fracture toughness to increase. An

22
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auxiliary benefit could be anticipated in a larger limit on the shear strain
developed within any locally flowing zone; by reducing the number of the
various discontinuities it should be possible to accumulate more strain before
the region is torn apart.

There is good reason to suspect that any flaw array is closely related to
the processing history which provides several opportunities for the introduction
of internal surfaces, especially during the solidification of the original ingot.
The strong tendency for delamination in the plane of rolling in fractures of
heavily rolled sheet specimens(16) is clearly a reflection of "weak" interfaces
that may have resulted from loss of cohesion around included particles or an
incomplete welding of pore volume by the prior hot working. Thus, control so
as to reduce inclusion structure, pore volume, and all such irregularities that
may contribute to small-scale volumes with low capacity for plastic-work, ought
to give increased G c.

V. SUMMARY

The plane-strain fracture toughness of quenched and tempered AISI 4340
steel was measured in tension at room temperature with circumferentially-
notched and fatigue-cracked specimens. Specific data indicating the range
of GIC values encountered were 5.6, 23, and 254 in-lbs/in2 for tempering
temperatures of 212, 400, and 800OF, respectively.

Cracking characteristics were influenced by tempering temperature.
Below about 7000F, no stable crack growth was found and propagation occurred
by fracture in a mixed mode that appeared to consist partly of cleavage.
Between 700 and IO00°F, initial cracking was stable and rapid fracturing
again occurred in a mixed mode. After tempering at IO0°F and above,
fracture was ductile.

From fractographic studies and estimates of plastic strain, it has
been suggested that the basic fracturing process as a crack begins its
stable propagation is ductile in nature. A plane-strain ductile fracture
process for crack growth is proposed which is imagined to occur by localized
plastic shear among a pre-existent array of flaws (inclusions, pore volume,
etc.). On the basis of such a model, improvement in toughness under ductile
conditions ought to follow from control of material processing history so as
to eliminate the flaw structure and thus increase the size and plastic-work
capacity of the deforming volume adjacent to the crack.
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APPENDIX A

MEASUREMENT OF KIc WITH CIRCUMFERENTIALLY NOTCHED

TENSILE SPECIMENS

Recently the measurement of plane strain fracture toughness (KIc) has
attracted considerable attention, in part because it is relatively easy to
measure in an unambiguous fashion. The most attractive method for obtaining
K1 data is the circumferentially notched tensile test. This test has three
ma1 or advantages: (1) KYC is obtained directly without correcting for a shear-
lip contribution, (2) reratively small specimens may be used, and (3) machined
notches can be readily sharpened with fatigue cracks.

The size of specimen appropriate to a given set of testing conditions can
be determined from a nomograph such as Fig. A-). In this graph the expression
KIC = ON d f(d/D) (symbols defined in the main report) is plotted in relation
to ON for constant values of D assuming all specimens contain a half-area notch.
KIC is obtained to a good degree of approximation when fracture occurs prior to
general yielding (ON < 1.5ay), so that a conservative procedure is to require
ON < Oy. Thus, if a steel With ty = 24.0,000 psi (horizontal dotted line in
Fig. A-l) is to be tested at a toughness (KIC) of up to 100,000 psi n.,
(vertical dotted line in Fig. A-1), it is evident that D = I in. would be about
the smallest appropriate diameter if fracture is to occur at a value of ON < cy.

A sharp notch is essential when making KIC measurements, and the intro-
duction of a fatigue crack at the notch root is the generally preferred method
of sharpening notches. Such cracks can be produced in circumferentially-
notched tensile specimens using an ordinary lathe. in the present work, a
fatigue crack was introduced at the base of the notch after the specimen
(Fig. 1) had been fully machined and heat treated. A crack depth of about
0.06-in. was the goal, as such a crack would extend well below any surface
decarburization and as it provided the half-area notch. Cracking was
accomplished by loading the specimen as a cantilever and rotating it as shown
in Fig. A-2. The bearing on the cantilever arm was positioned to run true by
adjusting the four-jaw chuck holding the specimen; this produced the same
stress amplitude at each point in the notch root as it rotated to the maximum
stress position. A push rod, containing a strain gage load cell, was mounted
in the tool post and pressed against the bearing. Theforce and time required
for the crack were determined by trial and error; typical conditions of
AISI 4340 tempered at 400OF were lathe speed of 525 RPM for 18 minutes with a
force of 160 pounds. (See Ref. 23 for alternative methods of fatigue cracking.)

The fatigue-cracked specimen was loaded to fracture in a special tensile
fixture, pictured in Fig. A-3, designed to reduce bending. The sensing elements
were two differential-capacitor gages which produce an unbalance signal only when
the top of the specimen tilts with respect to the bottom. The circuitry for the
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Figure A-3 -Test assembly for loading circumferentially-notched
and fatigue-cracked tensile specimens without bending.
Adjustable pulling plate at top, capacitor gage on
specimen.
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gage (Fig. A-4) consisted of a simple bridge, an oscillator, and a voltmeter.
The sensitivity of the capacitor bridge is determined primarily by the close-
ness of the plates (or absolute capacitance), which in turn depends on
machining accuracy. After the gages were made, the sensitivity was maximized
by adjusting the oscillator frequency for maximum output for a fixed unbalance.
For the gages used in the present work it was estimated that a tilt of about
0.020 could be detected.

In a typical test, both gages were balanced before loading and then the
specimen was loaded to 25% of the anticipated fracture level. Bending along
the specimen was eliminated by adjusting the appropriate screws in the pulling
plate until the two capacitor gages indicated no bending in two perpendicular
planes containing the specimen axis. Such an adjustment effectively moved the
loading axis until it passed through the center of the net section. The
capacitor gages were then removed and the specimen loaded to fracture. It was
assumed that any additional bending produced between 25 and 100% of the
fracture load was negligible.

In Table A-IKic obtained according to the above procedure is compared
with that determined by using a standard ball-and-socket pulling assembly for
the case of AISI 4340 steel austenitized at 15500 F, oil quenched, refrigerated
in liquid nitrogen, and tempered at 4000 F. The different mean values indicate
that bending stresses reduce the average KTC value only slightly, particularly
for the larger specimens, but that the number of specimens required to estimate
KIC may be smaller using the fixture. At higher hardness (lower toughness)
levels, the test procedure described here would be expected to have still
further value in isolating loading effects on KIC. As a practical matter,
however, it seems much more important that the notches be sharpened with
fatigue cracks than that the specimen be pulled with a special fixture
designed to reduce bending.
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TABLE A-I

KIC FOR HARDENED AISI 4340 TEMPERED AT 400°F

With Pulling Fixture With Ball and Socket

Specimen K (I) Specimen K C (1)

Major Diameter 0.750
Approx. 1/2 Area Notch,
I hour temper

A-2 33,000 A-5 32,400
A-4 29,400 B-43 28,000
A-6 33,600 -414 32, 200
e-41 33-300 B-45 31,800
B-42 31,000 B-46 26,,100

B-47 30,700
B-48 30, 900

Avg. KIC 32,060 Avg. KIC 30,3010

Range = 4,200 psi = _+ 6.51%. Range = 6,100 = + 10.3%

Major Diameter .540
Approx. 1/2 Area Notch,
2 hour temper

4 32,500 3 33,500
6 33,000 10 31,400
7 31,500 II 32,500
9 33,100 X 32,200

Avg. KIC = 32,500 Avg. KIC - 32,400

Range = 2,600 -+ 4.0/ R-nge = 2,100 =+ 3.3%

(I) Kic calculated from Eqs. 4 and 5, psiJin.
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APPENDIX B

FRACTURE TOUGHNESS OF STRAIN AGED AISI 4340 STEEL

It is generally recognized, as discussed in the body of this report, that
a decrease in the over-all strain hardening rate may lead to a reduction in
plastic-work absorption in ductile fracture. Thus interest arose in the effect
on fracture toughness of treatments intended to alter the strain-hardening
characteristics at high strength levels. Accordingly, the following experi-
ments were made to measure the plane-strain fracture toughness of AISI 4340
steel after a conventional heat treatment and also after treatment involving
an additional strain and age cycle; the latter processing schedule might be
expected, if it had any effect, to impair fracture toughness.

The maximum strengthening of austenitized and quenched AISI 4340, as found
by Stephenson and Cohen(24) occurred after the following "flow-tempering"
sequence: one hour at 400°F followed by a 3 - 4% plastic strain in tension
plus a subsequent aging period of one hour at 4000 F. In the present experiments,
this treatment, with varying plastic strains, was repeated.

Cylindrical (unnotched) tensile specimens (0.540 dia.), machined from
I-in. diameter aircraft-quality AISI 4340 steel rod, were austenitized in argon
for one hour at 15500 F, oil quenched, and refrigerated in liquid nitrogen.
After tempering for one hour at 400OF in a circulating air furnace, the
specimens were water-quenched.

After this initial heat treatment, the specimens were strained plastically
in tension by different amounts from 0 to 4%. Final values of plastic strain
after unloading were accurately determined with a traveling microscope. Aging
treatment consisted of one hour at 4000 F. The specimens were then divided into
two groups, one for measurement of smooth-bar tensile properties and a second
for the notched-bar study.

Unnotched Tensile Specimens: The elastic limit was defined as the stress
for a residual plastic strain of I x 10-6, and was obtained with a Tuckerman
optical extensometer by applying successively higher loads to a specimen and
measuring the residual strain on unloading. No negative residual strains, as
reported by Huir et al(25), were found.

Load or stress-elongation curves of the strained and aged steel were
characterized by a load maximum at yielding, a drop in load to a relatively
constant level, and finally, a gradual decrease in load until fracture. A
tensile strength was defined in the usual way with the maximum-load value.
For prestrain of 1% or more, the 0.1% offset yield strength and tensile
strength were the same. The elastic limit proved to be essentially
independent of prestrain. Results are summarized in Fig. B-1.

34



300:, Tensile strength

'*, Yield strength (0.1% offset)
260,

(I-

C/)iIII

1100

90 Elastic limit

80 I I I
0 I 2 3 4

Percent plastic elongation prior to
retempering
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elastic limit is the stress at a residual plastic
strain of 10-6.

35



Notched Tensile Specimens: After prestraining and aging, specimens of the
second group were notched by grinding ifol lowed 5y fatigue cracking. Testing
and Kjr evaluation were carried out as described in the body of the report.
The main finding wapLoat KIC was effectively constant, within the range
32,000 + 2,000 psi jin*., for 13 specimens prestrained different amounts before
the final 4OOOF aging treatment. Thus no impairment in fracture toughness was
discovered. The explanation may well be found in relation, to the ductility data
given in Fig. 8-2. Here no particular losses appears in the "local" ductility.,
reflected in the percentage reduction of area. Some measure of the capacity
for distributing plastic strain was obtained from the strain hardening exponent,
n, calculated from the yield and fracture values of stress and strain. This
exponent was 0.15 for the material without prestrain and .05 for all material
which was prestrained. Thus the strain hardening capacity was reduced by pre-
straining and aging, but from a rather low initial level. Presumably the
already limited plastic volumes in plane-strain cracking are not being made
any smaller by these treatments.
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APPENDIX C

EFFECT OF AUSTENITIZING TEMPERATURE ON FRACTURE TOUGHNESS
OF AISi 4340

This study was undertaken as a continuation of prior work(16,26) which
indicated that the notch toughness of quenched and tempered AISI 4340 steel
apparently increased as the austenitizing temperature was raised.

Circumferentially notched bars of the type shown in Fig. I were machined
from the as-received rod stock. Heat treatment consisted of austenitizing
I hour in argon, oil quenching, refrigerating in liquid nitrogen (-320 0 F)
within 15 minutes after quenchingo and tempering for one hour at 400°F in a
circulating air furnace. All specimens ware water quenched from the tempering
temperature. Some specimens were given special austenitizing treatments be-
fore the final oil quenching, refrigeration and tempering. The hardness after
tempering was Rc 54-55 in all cases.

The testing procedure, including fatigue cracking and use of the special
pulling fixture (Appendix A), and the method of calculating GIC and KIC were
identical with those described earlier.

The fracture data are given in Tables C-I and summarized in Fig. C-1
where G15 is plotted as a functi n of austenitizing temperature. GIC was
increase from 33 to 68 in-lb/in4 as the austenitizing temperature was
raised from 1550 to 2000 0 F. Austenitizing at still higher temperatures led
to much increased scatter. Results with a limited number of special heat
treatments are presented in Table C-II. The group I heat-treatments were
intended to disclose any effect of prior normalizing, but none was evident
in these few tests. Group 11 heat-treatments were planned so as to isolate
any effect of the rate of quenching from the austenite range, but again the
variable seemed not to be of much significance.

The prior austenite grain size was measured from photographs of the
metallographic sections obtained with polarized light for increased grain
contrast. An average grain diameter was computed from an average value of
the number of grains/in, intersected by a line through the view; the de-
pendence of austenitizing temperature is shown in Fig. C-2. The plane-
strain fracture toughness, GIC, is plotted against grain size in Fig. C-3,
and the same trend appears here as in Fig. C-1.

The fracture surface of specimens broken after different austenitizing
temperatures are shown in Fig. C-4. Surface roughness has clearly been in-
creased as a result of the austenitizing temperature being raised. Low-
power stereomtcroscopic examination of specimens austenitized at 2100, 2200,
2250, and 2300°F revealed that intergranular fracture occurred over about
30% of the surface, although there ware large variations in this fraction.
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among the individual samples, e.g., in specimens austenitized at 2300°OF, the
amount of intergranular fracture varied from something less than 50% to more
than 75%.

Other evidence pointing to intergranular fracture in specimens austen-
itized at higher temperatures was obtained by listening with a stethoscope
during loading. Clicking sounds were heard only when austenitizing had been
done above about 1900°F; they were noticeable Just before maximum load in
specimens austenitized at 20000 F, and loads as low as 50% of the maximum in
specimens austenitized at 2250 and 23000 F.

Metallographic sections of the fractured specimens also indicated in-
creased grain-boundary separation with increasing austenitizing temperature.
Typical contours are shown in Fig. C-5 and Fig. C-6. A decreased amount of
banding was also evident in specimens austenitized at 2300°F (Fig. C-6b), a
result of greater homogenization from such a treatment.

In many cases, narrow bands of untempered martensite were formed during
fracture. These were generally observed on vertical surfaces (as in Fig. C-7)
and are presumably due to adiabatic heating to local temperatures that must
have exceeded about 14000 F. Such findings were made only in specimens
austenitized above 20000 F.

This investigation of the effect of austenitizing temperature on plane-
strain fracture toughness suggests that GIC increases as the temperature of
austenitizing (and the austenite grain size) is increased, until an
"overheating temperature"*is reached. Specimens austenitized above such a
temperature exhibit extensive intergranular fracture and widely varying GIC
values. The tendency of AISI 4340 to fail along prior austenite grain
boundaries when austenitized above about 2000OF precludes very extensive
study of the relationship between GIC and austenite grain size. Perhaps
vacuum-melted steels may have sufficiently high overheating temperatures to
permit 3 useful extension of the grain-size range.

The tendency of Gic to increase with higher austenitizing temperatures
may be related to increases either singly or in combination of a number of
factors: homogenization, strain hardening, strain-rate sensitivity,
grain size. A limited amount of electron microscopy has indicated that,
contrary to the trend in plain-carbon steels, the martensite platelet size
in AISI 4340 varied little with increasing austenite grain size. Con-
sequently the martensite platelet size would not seem to be an important
consideration.
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Figure C-5 - Typical longitudinal sections through fracture
surfaces. Austenitizing temnperatures:
(a) 15500F, (b) 18000F. Surfaces nickel-
plated prior to sectioning, 1% nital etch.
IONX.
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Figure C-6 Additional longitudinal sections through fractures.
Austenitizing temperatures: (a) 20000F, (b) 23000F.
Note the clear indication of intergranular fracture
and decreased banding in (b). Surfaces nickel
plated prior to sectioning, 1% nital etch. bOOX.
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(b)

Figure C-i7 Evidence of untempered martensite formation on the
fracture surface of a specimen austenitized at
23000, oil quenched, refrigerated and tempered at
4000F. Light etching martensite shown in (a) at
2000X. Note greater hardness of white band.
Photograph (b) shows same area at IOOX. Note the
second light-etching band on left side of the
field.
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