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Evaluation on Elastic-Plastic Fracture Resistance Curve of SA508C-3 and
Aluminum Alloy Steels by Load-Ratio Method
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Abstract

A method is proposed to evaluate the elastic-plastic fracture resistance curve only with
load displacement records without the crack length measurement in CT specimen. This
method is based on the idea that the effect of plastic deformation and the crack growth
can be measured only by using a load-displacement record. If we know the
reference-load curve representing the hardening of specimen, then the crack extension can
be calculated by the elastic compliance determined from the load ratio.

The results of this proposed method were compared to those of the elastic-plastic
fracture resistance curve for the ASTM standard unloading compliance method. The
experimental results for two kinds of ductile materials showed that the proposed method
well simulates the material J-R curves. This method is currently applied for CT
specimens, but it can be extended to the other specimen geometries,

1. INTRODUCTION most widely applied to the structural design on

the basis of the Jic and J-R curve test method,

As a parameter characterizing the fracture which becomes the standardized test method of
behavior of the ductile materials, J-integral is ASTM ES813", E1152” for the measurement
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of fracture toughness. Usually, the multiple spec—
imen method to measure Jic is applied. But, ow-
ing to the economic effectiveness and the errors
of data, single specimen methods tend to be
principally applied. To obtain the characteristic
of J-R curve with a single specimen test, we
need a method to evaluate the crack growth len-
gth in fracture test. There are two methods: the
method of unloading compliance and the DC and
AC potential drop. Thus two methods are recom-
mended ASTM standardized ones. The precise
instrument equipment and a lot of experiences
for the actual experiment are needed.

When we, at the industrial sector with the
principal objective of present material deve-
lopment, apply the those test methods against
the frequently made trial products, it causes a
lot of problems in terms of an economic effec-
tiveness and time. In addition, it is necessary
for us to simplify the test procedure because of
the difficulty of treating the radioactive specimen
that becomes the basis of the safety evaluation
for the nuclear power plant. For ten years or
so, many researchers have been interested in
developing and simplifying the method for the
test and also analysis procedure has become
much interested in for the researchers, and
key-curve analysis method by Ernst” presented
the possibility of load displacement curve which
did not require precision. But, this method is
lacking in the background of physical meaning
and at the same time has many difficult
problems of realistic application procedure.

This research is to present a method of
deciding the J-R curve characteristic only by
utilizing the load-displacement curve without
any particular precision instrument equipment.
This research is based on the physical meaning
that indicates the effect of work hardening of
both the crack growth and the plastic defor—

mation of material by load varation at the frac-

ture toughness test. This research compares the
test results of the proposed method with those
of ASTM, the unloading compliance method by
using SA508C-3 and Al6061-T3 specimens to
evaluate the reliablility of the fracture resistance

curve.

2. THEORETICAL BACKGROUND

Typical load-displacement curve, obtained at
the test of the fracture toughness of ductile
material, i1s shown in Fig.1l. The crack pro-
pagation of the material with the ordinary work
hardening originates at a certain point before the
maximum load point A or one between this point
and the elastic area. It is expected that the load
on the specimen continually increases owing to
the decrease of sectional load area that results
from the crack propagation crossing the max-
imum load point Pmax. In the case of the frac-
ture toughness specimen mainly receiving the
bending load, the supporting load of uncracked
ligament supports the load variation along with
the crack length and, therefore, can be nor-
malized into the following limit load formula. In
the case of CT specimen under the condition of
plane strain, the limit load Py is expressed as

n
follows .

Py=1.4550,,-B-8-b o)
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Where B is thickness of specimen, a is crack
length, and bis ligament length.

Py of the equation (1) shows the degree of
work hardening arising only from the load sup-
port area. Fig.2 is the normalized load dis-
placement curve that is obtained by substituting
the initial crack length for the growing crack
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length measured by using the unloading com-
pliance method. As shown in equation (1), load-
displacement curve propagates the crack; and in
spite of the decrease of the total load on the
specimen, the ligament relatively indicates the
continuous work hardening. Here, we can con-
sider the effect of work hardening of the ma-
terial, which varies with the geometry of the
given specimen, and the softening effect along

with the crack propagation.
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Fig. 1 Schematic representation of load-
dispacement record during a fracture

toughness test
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In the hardening effect, the relationship be-
tween load-displacement and crack length can
be observed in Fig. 3. Working on the fictitious
material that does not permit crack propagation,
the load of work hardening increases with OA
As for the
actual material that propagates the crack in the

line along with the displacement.

test, initially the load goes along OS line and
then separates at point S into SA and SA’ on
load-displacement curve, and at the points initial
crack propagation begins.

We can explain the physical process up to
point P’ as follows. At first, it stops the crack
and increases the displacement we can reach
point P. Then, if we fix the displacement and
increase the crack as far as Aa, and elastic load
can occur and the load on the specimen de-
creases into P, But the quantity of plastic de-
formation between P and P’ is same. Accor-
dingly, the elastic compliance of P’ in Fig. 3 can

be obtained as follows:

x 2

C(ao +Aa) = C() P’ (2)

In the case of CT specimen, the elastic
the

method retains the direct relationship with the

compliance under unloading compliance
crack length and by Saxena and Hudak” as

follows:

a

w = 1000196 —4.06319U +11.242U°

—106.0430° +464.335 U —650.677L° 3

1

U=TFTE7C 1

Therefore, if we know the load line dis-
placement curve OA, we easily determine the
elastic compliance by equation (2) at the location
This

values substitutes with the equation (3), and

S of monotonic load displacement OA'.
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then the actual crack length is measured. length appears as a real line in Fig. 4. When we
finish the test, we can measure the length of
final crack on the specimen surface. Point F of
At the initial
stage, in which specimen is loaded and the crack

There are some methods to seek the reference
curve OA. One is to use the analysis of elastic-

plastic compliance by FEM that was developed Fig. 4 is real measurement value.

by the researchers like Kumar®.
does not greatly propagates, this measured load

displacement curve nearly corresponds to the

di=a- e -a-hya/W,n)- (%’0—)" (4)

reference curve. We suppose that we can make

. . . .. th rmaliz d di

Here A. is load line displacement, & is vield € no ed loih dlspljcement curve close to
. . . . he a X1 irect li T T
strain, hs is the function of @ and n which are the approximate ect line the gradual crack

. ropagation.
Ramberg-Osgood tensile constants, as shown propag
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drawing the tangential line, which begins at the

Flg 3 The basic idea of load-ratio method for last DOlnt of F as In Flg 5Y on the measured

direct determination of the elastic com- load displacement curve. Equation (2) is the

pliance necessary compliance relation formula based on
the length of the initially fixed crack which is
Accordingly, in this study, I attempted to the initial length to utilize the approximate curve

perform the following simple method: for the following incremental formation of

Fig. 4 shows the normalized load displacement
curves for various crack lengths. Initial crack
length is ao. As the crack length gradually in-
creases from ao to ar in the test, the normalized

load displacement curve for the increased crack

transformation curve in Fig. 5.
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Here Poui is the calculated limit load by the
equation (1) in 1 term.

The variation of the gradual compliance can
be calculated by selecting the basic points on the
line of load displacement, which is the variation
of utilizing the theoretical compliance and the
equation (5).

In addition, what we should consider is that,
as shown in Fig. 5, the approximate reference
curve is not directly related with the efficiency
of the growth of crack arising from the crack
blunting. Here the crack blunting and physical
crack growth may happen. But this study fo-
cuses on the efficiency of crack blunting by
using the following theoretical method. Despite
its differences in accordance with the material,
the angle of blunting becomes nearly 45° . The
effect of crack growth resulting from blunting
becomes about half of CTOD. In the case of the
fracture toughness specimen under the dominant
bending load, the theoretical CTOD which can
be considered as rotation hinge is based on the
analysis by the researchers like Saxena’ and
Others” is calculated in Fig. 6.

Normalized load (P/P, )

Load line displacement (mm)

Fig. 5 Approximation of the reference curve by

a tangent line

Initial crack

Blunting crack

Fig. 6 A rotation hinge model for calculatirn of
blunting crack length

All the calculation procedures could be treated
by graphics on the PC to be easily applied to a
series of procedures for the purpose of deter-
mining crack propagation, and other uncom-
mented interpretation procedures were calculated
by the standardized test method of ASTM.

3. RESULTS AND DISCUSSION

To examine the applicability of the load ratio
method, the final crack length could be
calculated by employing both of the final
load-displacement and the initial crack length on
the test specimens. As shown in Fig.7, the
calculated crack length has an error less than
1%, compared with the real measured crack
length at SA508C-3 and Al6061-T3 specimens.
Because the last point F of Fig. 4 corresponds to
the point appeared in the experiment. This
result supports the theoretical applicability.

For the sake of estimating the experimental
applicability of J-R curve analysis method
developed in this study, the results of unloading
compliance method of ASTM were compared
with by using two kinds of materials and

specimens as those in Table 1.
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Fig. 7 Comparisons of calculated crack lengths
with measured ones for final crack after
fracture toughness tests

Table 1 List of the specimen to be analyzed

a7+

In Fig. 8, the results of the proposed load ratio
method and those of the unloading compliance
method are compared with each method using %%
CT SAB08C-3 no side grooved specimens. Fig.
9 shows the result obtained by using %CT SA
208-3 side grooved specimen. Fig. 10 indicates
the result for Al6061-T3 specimen. Because }4
CT SA508C-3 is high ductile material, it is
difficult for me to evaluate the Jqo and J-R curve
by ASTM unloading compliance method”. Con-
sidering on the result of testing with side groo-
ved specimens as in Fig. 9, it was realized that
the possibility of evaluating Jo and J-R curve by
ASTM unloading complianceg)‘g). In order to
evaluate Jo and J-R curve for ductile materials,
we should not use no side grooved specimen but
side grooved specimen. In Fig. 8 and Fig. 9, the
result of the proposed load ratio method shows
that the Jq and J-R curves on the side grooved
specimens are same as those on the no side
In the case of Al6061-T3
specimen, the J-R curve slope estimated by the

grooved specimen,

load ratio method is slightly smaller than that by
the ASTM U.C. method.

The J-R characteristic curve obtained by the
proposed method, compared with the result of
U.CM. represents the satisfactory precision.
What i1s emphasized in this studv is that the
proposed approximate method requires no special
equipment or no much experience for application
of ASTM method.

The test results of the Jo and J-R curve by
the ASTM unloading compliance method and
those of the proposed load ratic method are
compared with in Table 2. The value of no side

N Materials Y.S UTS Test ‘ 1 Specimen
o atenals (MPa) (MPa) temp. size | code
I ; no side grooved
1 SA8C-3 319 504 R.T ®CT -
side grooved
2 A16061-T3 I 20 410 RT 1CT i no side grooved
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grooved Y%CT SA5S08C-3 specimen does
appear. But the value error of Jo by load ratio
method is about 11.4% and 11.5% respectively
for E813 and E1152 less than that by ASTM
UC. method. In the case of AlI606I-T3, the
value error of Jo bv load ratio method shows
95% and 6.5% respectively for E813 and E1152
less than that by ASTM U.C. method.

The recent method [10], which explains recent

not

large scale structure’s elastic-plastic fracture
mechanics, tends to utilize the value of J-R
curve rather than the value of Jq. The pre-

sented method in Fig. 8 Fig.9, and Fig. 10
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Table 2 Comparison of the J-R test results analyzed by the ASTM unloading compliance method and

the proposed load-ratio method

N Analysis ‘ J= Cx@a)™ 2 Error{%
Specimen \ method C(kj/mz) ™ Jolk}/m) of Jo
i SAS08C—3 ASTM(U.C) 15745 0.423 |
o E813 12032 0.799 624.2 - J
| (NoSGJ Load Tatio ™15 1046.3 0.741 6248 | - E
| sasosc-3 | ASTM(UC) 9646 0498 | 6052
’ 5.6 Load rati | E8I3 L 10791 0.624 f 536.3 -114
™ ’ R 6.8 0573 550 | s |
1 _ T B —'
\ ASTM(U.C) 1082 | 0345 526 |
\ Al6061-T3 Lond ratic R 107.7 | 0.769 %9 -95 )1‘
: - ’ Ef52 [ 1008 | 0743 | 56.0 65 |
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can be applied approximately to describe the
behavior of the whole ductile fracture. In this

study, the slope of blunting line calculated at the

assumed rotation hinge in the specimen is
almost similar to, or sightly larger than, the
slope of blunting line of ASTM as in Fig. 8, Fig.
9, and Fig. 10. This result has been proved by
and so indirectly

1%
researchers supports the

applicability of the proposed analysis method.

4. CONCLUSION

1) This study proposes to evaluate the elastic-
plastic fracture resistance curve, by using the
load-displacement curve of CT specimen in
tensile test without both the repeat unloading /
reloading and the precision measurement e-
quipment.

2) The results of this method are compared
with the results of the elastic-plastic fracture
resistance, which are obtained by the ASTM
standard unloading compliance method. The ex-
perimental results for three kinds of materials
show that the proposed method is well appro-
priate for the analysis of the ductile material J-R

curves.
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