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THICKNESS AND TEMPERATURE EFFECTS ON
THE J-INTEGRAL COD RELATIONSHIP

INTRODUCTION

Fracture mechanics has been successful in providing a rational framework for
the description of the fracture process and the design of engineering components using
a continuum model for the structure. Experience and observation tell us that
microstructural features of the material influence its fracture behavior and ultimately
determine the level of toughness. This work is part of a larger effort to integrate the
macroscopic and microscopic approaches to fracture so as to provide a better
understanding of the role of microstructure and the optimization of toughness through
microstructural control. The present investigation of the influence of thickness and
temperature on the J integral-Crack Opening Displacement relationship is particularly
pertinent to the development of test specimens for characterization of materials to be
used in advanced nuclear systems where the volume of space available for irradiation
of specimens precludes the use of standard size specimens.

When a load is applied to a material containing a crack, the crack faces are
opened or displaced causing a crack opening displacement (COD). It was suggested by
Wells [11 that the magnitude of the COD at fracture (6 c) was a measure of the
materials resistance to fracture. Wells developed a relationship betweenk , the
fracture toughness, and the critical value of the COD at fracture for plane %tress
conditions. This relationship is given by:

.kc ia 6,)S4y c (1)

where a is the yield stress.

Burdekin and Stone [21 utilized Dugdale's [3] model for COD in thin sheets to
develop the relationship:

.k =y 6 (2)c y c

Broek [4] utilized an equation of the type:

k c = m y 6 c(3)

where m was a parameter dependent upon the amount of plastic constraint. For a
plane strain condition with maximum constraint, m was taken to be 3, and for plane
stress with a minimum of constraint m was taken to be 1.33.

To treat elastic-plastic fracture problems the concept of the J integral was
developed by Rice [5]. For elastic fracture it was shown that:

J l e fi  J e(4 )

In addition, Begley and Landes [6] observed that the value of Jic from an elastic-
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plastic test was equal to J,, from an elastic test:

JIe (plastic) = JIc (elastic). (5)

The interest in J resulted from the possibility of being able to treat elastic-plastic
fracture probleml and to test thinner specimens than required to determine the plane
strain critical stress intensity.

Combining equations (3) and (5) results in

J =c may dc" (6)

For work hardening materials, Knott [71 has used the equation:

JIe c m a f 6 c  (7)

where flow stress (a ) was taken to be the average of the yield and ultimate
strengths. From Eqs. (d, (2), and (3) the values of m could range from 0.79 to 3. The
higher values of m correspond to higher values of constraint as observed in plane strain
fracture; the lower values of m correspond to lower constraint as in plane stress
fracture.

Kobayashi [8] proposed that the critical stretched zone width (SZW)c was related
to JIc through the equation:

CJic
(SZW)c = E (8)

where E was Young's elastic modulus and C was a constant. The stretched zone width

was related to the COD through the relationship:

COD = (1.1 to 1.4) SZW. (9)

With the use of Eq. 9, the Eq. 8 proposed by Kobayashi is essentially the same as Eq. 7
except that a correction for elastic modulus can be made. Kobayashi observed very
little variation in (SZW)c with changes in specimen thickness and changes in material.

A number of techniques and approximations have been employed to measure the
magnitude of the COD. For example, Burdekin and Stone [2] utilized a paddle wheel
COD meter, and Fields and Miller [91 made use of a silicone rubber to infiltrate cracks
under load. Several authors have utilized fracture surface features as an indication of
the COD. Rice and Johnson [101 developed a model for fracture by ductile void growth
at the crack tip where the crack opening displacement (COD) was related to the mean
particle spacing in a planar section and to the initial void size. Broek [4] equated the
crack opening displacement to the size of the stretched zone that was measured with
large angle stereo pairs produced from transmission electron micrographs of a surface
replica. Broek found that m averaged about 2.5 for a group of 14 aluminum alloy
specimens.

In this work the relationship between the fracture surface microstructure and
the value of the J integral in HT-9 alloy steel was studied. Following Landes and
McCabe [111, the fracture process in a test has been divided into four steps as is shown
in Fig. 1.
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1. Blunting of the pre-existing crack tip - The blunting of the crack tip occurs
by stretching of the metal through plastic deformation at the crack tip.
The fatigue precrack can be assumed to be atomically sharp thus the step
that occurs at the stretched zone is totally due to deformation during
fracture.

2. Initiation of stable crack growth from the blunted crack tip - The initiation
of crack growth should correspond to the instant where the value of the J
integral is equal to Jle,

3. Stable crack growth by plastic deformation mechanisms - The primary
mechanism of stable crack growth is microvoid coalesence.

4. Instability due to rapid crack propagation - Loss (121 has observed that in
A533-B bainitic steel instability occurs when the fracture mode changes from a
ductile void coalescence to cleavage fracture.

EXPERIMENTAL PROCEDURE

In the present study, two sets of Alloy HT-9 were tested. Each set consisted of
two specimens; one set was 2.5 mm thick (Type 0.1T-CT) and the other set was 12.7
mm thick (Type 0.5T-CT). All four specimens were cut from a commercially heat
treated, 35-mm diam rod (NRL stock, heat 91354). Two compact tension (CT)
specimens of each thicknss were used to evaluate the static fracture toughness of the
HT-9 rod at 24 and 200 C. Figures 2 and 3 show the CT specimen design and the
specimen orientation in the 33-mm diam rod.

The fracture toughness of the rod was measured by conducting J-integral tests.
The J-R curves for the fracture toughness tests were obtained by means of the single
specimen compliance (SSC) technique. Additional details on the test method are given
in Refs. 12 and 13. Prior to the J-integral tests, the specimens were fatigue
precracked to about 1.78 mm crack length in order to obtain a sharp crack. The 12.7
mm thick specimens were 20 percent side grooved to aid crack front straightness.

Fractographic examinations on the failed specimens were performed on a Coates
and Welter 106A field emission scanning electron microscope (SEM). Specimen tilt of
five degrees was found to be optimum for strereoscopic examinations and quantitative
measurements of void depth and stretched zone size. The stereographic measurements
were performed by employing a semi-automatic visual analysis system that incorpo-
rates a Hewlett-Packard Model 9830A mini-computer for data recording and reduc-
tion. A schematic diagram of the system is shown in Fig. 4. More details about the
system may be found in Refs. 14 and 15.

The size of the stretched zone in each specimen was determined stereograph-
ically by making several measurements along the crack front and then taking an
average of these measurements. Multiple measurements of the same crack profiles
yielded a standard deviation of 7 percent. The stretched zone was defined as the
featureless region bounded by the fatigue precrack on one side and the stable crack
extension on the other. Typically, the stable crack extension was characterized by
microvoid coalescence (dimpled rupture) which makes it easy to distinguish it from the
stretched zone. The stretched zone size was checked for consistency by making
measurements on both halves of a specimen. Stereographic measurements were also
conducted to obtain the depth of large voids in the specimen fracture surface.
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Fig. 2 - O.IT-CT and O.5T-CT specimen design. A fatigue precrack of 1.78 mm is
added prior to testing.



33.3 mm DIA

Fig. 3 - Specimen orientation in test stock (33-mm rod).
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EXPERIMENTAL RESULTS

The J-R curves for the specimens are presented in Figs. 5 and 6. As can be seen
from gig. 5, the 0.5T specimens show a higher static fracture toughness at 2000C than
at 24 C. The thinner specimens (MIT) show less difference in fracture toughness at
the two test temperatures (Fig. 6). The fracture toughness of both O.1T specimens was
higher than either of the 0.5T specimens.

The optical micrographs of the fracture surfaces, shown in Figs. 7 and 8, indicate
that conditions approximating plane strain were present in the 12.7 mm thick
specimens, while conditions approximating plane stress were present in the 2.5 mm
thick specimens.

The two SEM f;actographs presgnted in Fig. 9 are from the 12.7 mm thick
specimens tested at 24 C (left) and 200 C (right). The SEM micrographs show that for
both test conditions the crack front was fairly straight and well defined. The crack
extension, shown in the upper part of both fractographs was preceded by a stretch
zone (SZ). Secondary cracking at the stretched zone next to the end of the precrack
was present in both surfaces. The secondary cracking was roughly parallel to the
primary crack front and approximately at 45 degrees to the plane of fracture. Figure
10 shows two higher magnification SEM micrographs of the fracture surfaces of the
12.7 mm specimens in the stable crack extension region. The overall fracture mode for
the specimens was ductile rupture (microvoid coalescence) characterized by areas of
large and small voids. The voids appeared to have nucleated around precipitate
particles or inclusions and expanded as the region ahead of the crack deformed. Crack
propagation appeared to occur when the larger voids linked together with the crack tip
by the formation of small voids. The ductile failure observed in both specimens was
consistent with the Charpy-V notch ductility curve obtained on this same HT-9 material
(161. The 24 C temperature .as in the upper part of the transition region of theCharpy-V notch curve while 200 C resided in the upper shelf energy region.

The SEM fractographs shown in Fig. 11 are of the 12.7 mm thick specimen tested
at 240C. The lower magnification micrograph on the left-hand side of the figure
shows the precrack area, the stretched zone, and the stable crack
extension region. The higher magnification micrographs shown on the right-hand side
of the figure provide more details at the three different fracture regions. The
precrack area (panel d) was characterized by fracture features normally associated
with low stress fatigue, the stretched zone (panel c) was featureless while the crack
extension region, as previously observed in Fig. 10, was characterized by dimple
rupture (panel b).

The stretched zone boundaries were first determined by high magnification
micrographs. Figure 12 shows a typical SEM stereo pair used to measure the size of
the stretched zone. Figure 13 is an example of a fracture profile obtained using the
two SEM micrographs shown in Fig. 12. From fracture profiles such as this the SZ size
was determined by measuring the height of the smooth featureless region relative to
the fatigue precrack.

An attempt was made on the 12.7 mm thick specimens to correlate the average
depth of the large voids present in the crack extension region (Figs. 10 and U) next to
the stretched zone to JIc" As in the case of SZ size, the void depth was measured
stereographically. It was found that the void depth had a large scatter, and when the
results on the void depths were substituted in Eq. 7, they yielded a value of m close to
1. An m value of I indicates plane stress conditions, while the optical macrographs in
Fig. 7 show instead that conditions of plane strain were present.
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R-258 R258a

-PRECRACK

TBLE CRACK

(a) (b)

Fig. 7 - Fracture surfaces of 0.ST-CT specimens of Alloy HT 9 Heat 91354.
tested at (a) 24 and (b) 200*C The region of stable crack extec sion at 200*C
was revealed by post-test heat treatment.



R-257 R-257a

(a) (b)

Fig. 8 - Fracture surfaces of 0 IT CT
specimen of Alloy IT-9, Hat 91354.
tested at (a) 24 and (b) 200C The
thickness contractions and slant frac-
ture are evidence of plane stress condi-
tions.
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R-256

Fig. 10 - Fracture surfaces (SEM) of O.ST-CT specimens of Alloy HT-9, Heat
91354, tested at (a) 24 and (b) 200C. Arrows show direction of macroscopic
crack propagation. The micrographs show that the region of stable crack exten-
sion in both specimens is characterized by ductile fracture with large and small
voids nucleating at precipitate and inclusion particles.
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Figl. It I Fracture surfaces (SEM) of O.ST.CT specimen of Altoy HT-9, Heat 91354. tested at 24'C. Arrows show direction of

macroscopic crack propagation. The higher magnification micrographs on the right of the figure show fractographic features of

precrack region (panel d), stretched zone (panel c), and stable crack extension region (panel b).
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The SEM micrographs shown in Fig. 14 summarize the significant fractographic
observations of the 2.5 mm specimen tested at 240C. Figure 14a shows a large shear
lip, indicative of gross plastic deformation. The higher magnification SEM stereo pair
shows the following important features: (1) the crack front of the thinner specimen was
very irregular; (2) the fracture surface in this specimen had a large shear component;
(3) the crack extension region had primarily small microvoids; and (4) contrary to the
case of the thicker specimens, the stretched zone in the thin specimen was small and
poorly defined. The lack of clear definition of the stretched zone together with the
pronounced irregularity in the crack front made it quite difficult to measure the
average SZ in the 2.5 mm specimen. The other 2.5 mm thick specimen tested at
209 C revealed fracture features similar to those observed on specimens tested at
24 C. This can be seen from the SEM micrographs presented in Fig. 15.

Table 1 is a summary of the SZ measurements performed both on the 12.7 and 2.5
mm thick specimens. The COD at fracture initiation was taken to be two times the
average stretched zone size. The validity of this assumption was checked by
conducting stereographic measurements on the mating fracture surfaces. The crack
initiation at fracture occurred roughly in the middle of the stretch zone.

TABLE 1 - Summary of J-Integral Values, Corresponding Stretched Zone Height,
and Constraint Factor for HT-9 Alloy Tested at 24 and 200 C

2 Flow Stress Stretched Zone COD-Value Constraint
JIc in kj/m in MPa Height in 11 m in im Factor-m

HT-9 - 1
0.5T at 24 C 110 738 38 76 2.0

HT-9 - 2
0.5T at 2000C 131 660 48 96 2.1

HT-9 - 1
0.1T at 24 C 170 738 19 38 6.1

HT-9 - 2
0.lT at 200 C 186 660 23 46 6.1

DISCUSSION

The results of the J tests showed that the value of J necessary to initiate stable
crack extension from the 2.5 mm thick specimens was larger than the value for the
12.7 mm specimens. A criterion for the validity of J testing is being considered by the
ASTM E24 Committee, a possible standard is that [171:

B>25 !k and (10)

b25-2  01)
y

where JQ is the unvalidated value of J necessary to initiate stable crack extension, J1e

18



R-253

R-253a R-763b

Fig. 14 - Figure surtaces (SEM) of O.IT-CT specimen of Alloy HT-9, Heat 91354, tested at 20C. Arrows show direction
at macroscopic crack propagation. The micrographs show that in the thin specimen, the crack froint is very irregular, the
stretched zone is ill defined, and extensive plastic detormation occurred in the specimen bulk.
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R-252

R-252a R-252b

Fig. 15 - Fracture surfaces (SEM) of O.IT-CT specimen of Alloy HT-9, Heat 91354, tested at 200C. Arrows show direc-
tion of macroscopic crack propagation. The micrographs show that the main fractographic features present in this specimen
are very similar to the features observed in the thin specimen tested at lower temperature.
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is a valid value of J ~B2 the thickness, and b is the initial unbroken ligament size.
Taking J to be 170 TJ/m the critical dimension is 6.4 mm. The unbroken ligament
dimensiop was nearly twice this amount in all specimens, but the thickness of the 2.5
mm specimens was less than half of the critical dimension. The 2.5 mm thick
specimens would not satisfy the validity criteria being considered by the ASTM E24
Committee. The thinness of this specimen had considerable effect on the experi-
mental results as discussed below.

The best correlation between fracture surface microstructure and J was
obtained from the magnitude of the stretched zone in the 12.7 mm 0 tikspeclfinens.
The value of the factor m was approximately 2.0 at both 24 and 200 C. The factor of
2.0 is smaller than the 2.25 factor observed by Broek for aluminum alloys; however,
the factor of 2.0 is in reasonable agreement with the range of values from about 1 to 3
observed in the literature. Thus, we conclude that the magnitude of the stretched
zone in the 12.7 mm thick specimens was a reasonable measure of i.I

The 2.5 mm thick specimens did not yield a reasonable correlation between the
stretched zone and J .The stretched zone in the 2.5 mm specimens was not well
defined, but where aitretched zone could be identified, it was significantly smaller
than in the 12.7 mm specimens. A constraint factor (in) of about 6 was obtained for
these specimens. This cannot be considered as a reasonable result because the
constraint in the thin specimen should be less than in the thicker specimen. A similar
result for m in 2.5 mm specimens has been observed by Gelles, et al [18].

The reason that equations of type 7 and 8 did not result in reasonable
results for the thin specimen is that these equations have an inherent assumption
that the plastic deformation is confined to a narrow band along the plane of the
crack as was pointed out by Burdekin and Stone [21. In the 2.5 mm specimens the
plastic deformation extended through the volume of the material, thus the
extension to out of plane deformation in the 2.5 mm specimens violated a basic
assumption in the derivation of the equations relating J Ic to COD.

The small size of the stretched zone in the 2.5 mm specimens was not in
agreement with the magnitude of the load displacement. For the specimens tested at
24 C the load displacement was 0.046 cm in the 12.7 mm specimen and 0.076 cm in the
2.5 mm specimen. If the crack faces are assumed to be straight from a hinge point,
then the ratio of the crack opening displacements should be equal to the ratio of the
load line displacements. The 2.5 mm specimen has the larger load line displacement
but a smaller crack opening displacement as measured by the size of the stretched
zone. Thus the displacemment at the stretched zone does not reflect the full
displacement at the load line. The other component of displacement that occurred at
the load line, but not in' the stretched zone, was plastic deformation in the bulk of the
specimen. In the 12.7 mm specimen the plastic deformation was concentrated in the
fracture plane, but in the 2.5 mm thick specimen the plastic deformation extended
from the fracture plane to the bulk of the specimen. The larger load line displacement
present in the 2.5 mm specimens appears to be reasonable because of through
thickness plastic deformation. However, it is still difficult to explain why the
stretched zone was smaller in the 2.5 mm specimens than in the 12.7 mm specimens -

The observation that the stretched zone height and the amount of shear lip was
different in the 2.5 mm specimens than in the 12.7 mm specimens has implications
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concerning the use of 2.5 mm specimens for fracture toughness determination. The
fracture toughness of the 2.5 mm specimens was significantly higher than the 12.7 mm
specimens; the higher fracture toughness was most likely due to plastic deformation
out of the plane of fracture in the 2.5 mm specimens. Since the fracture
microprocesses are different in the thick and in the thin specimens, it is possible that
fracture in the thick and thin specimens would have different response to changes in
environment. In these tests the value of J in the thicker specimens exhibited a
greater temperature dependence than the lthinner specimens. By changing the
temperature from 200 0 C to room temperature JIc in the 12.7 mm specimen dropped 20
percent, whereas J in the 2.5 mm specimen dropped only 9 percent.

Q

CONCLUSIONS

1. In specimens of 12.7 mm thickness the stretched zone height gave a reasonable
measure of JIC when utilized with Eq. (7).

2. In thinner specimens of 2.5 mm width the stretched zone height did not give a
reasonable measure of JQ.

3. The values of J from 2.5 mm specimens were higher and had less temperature
dependence than NIc values from 12.7 mm thick specimens.

4. Out of plane deformation in the 2.5 mm specimen appears to be responsible for
the differences observed relative to the 12.7 mm specimen, and this result
supports the necessity of the validity criteria proposed by the ASTM Committee
E24.
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