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An Evaluation of the Fracture Resistance of a Stably
Growing Crack by Crack Energy Density

(2nd Report, Application to a Ductile Crack in Thin Plate)*

Katsuhiko WATANABE** Hideyuki AZEGAMI*** Yasuo Hiranot

The method proposed in the 1st Report for evaluating the fracture resist-
ance of a stably growing crack by crack energy density is applied to the stable
crack growth problems of thin plates, and its applicability and validity are
confirmed. Experiments of stable growth fractures are carried out for thin
single-edge cracked specimens with different initial crack lengths under bend-
ing moment and thin center cracked specimens with different initial ecrack
lengths under tensile force. The fracture resistances expressed by additional
rates of crack energy density and crack energy density are evaluated, based on
the results. When fracture modes are almost the same, fracture resistances
have almost the same values regardless of initial crack lengths, and their
values vary only corresponding to the change of fracture mode caused by crack
extension. The difference of specimen types has no influence either on their
values.
Key Words Fracture, Thin Plate, Stable Crack Growth, Fracture Resistance,
Crack Energy Density, Additional Rate of Crack Energy Density

1. Introduction

When the fracture resistance of a
stably growing crack in a ductile material
under monotonous load can be expressed by
a crack parameter of which the physical
meaning is clear, consistently from the
initiation of crack growth to the last un-
stable fracture; and when it is confirmed
that the value of the fracture resistance
depends on the fracture mode, we can regard
this fracture resistance as a characteris-
tic value of the material and, based on
this fracture resistance, we can evaluate
the behavior of a stably growing crack in
an actual structure. Thecrack energy den-
sity¥®is expected to be such crack param-
eter as described above, and this serial
strudy purports to propose an evaluation
method of fracture resistance by the crack
energy density and prove the validity and
applicability of the method through its
applications to actual problems. In the
Ist Report® , we proposed amethod to eval-
uvate the fracture resistance of a stably
growing crack by the crack energy density
only from the relations between load, grow-
ing crack length, load-point-displacement
and initial crack length which are easily
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measured through experiments., In this

report, the authors try to apply the method

to stably growing cracks in thin plates,

that is, they evaluate the fracture resist-
ances by the crack energy density based on

the experiments of stable crack growths of

thin plates and examine the correspondences
between the fracture resistances obtained

and the fracture modes observed and the in-
fluences of the specimen shapes and the
loading modes.

2. Evaluation Method of
Fracture Resistance

The evaluation method of fracture re-
sistance proposed in the Ist Report is as
described in the following.

When we consider a cracked plate with

initial crack length ay which 1is loaded
from the time 7=0 and in which a crack
begins to grow at the time r=/, the

crack energy density at the crack tip &

(¢, @) at the time r={(<#) before the onset

of crack growth and the additional rate of

crack energy density at the crack tip gg/

da(t, a) at the time r=t(=t) caused by

stable crack growth are given by
ut) 9P

__ L uop
et a)=—5 [ 5= (a0, u)du

9¢ ._1lopP
“oq (b @)=— g (e ”)/

da da
{E(do, u)';a:(au, u)} ----- (2)

respectively,where B is the thickness, and
P(ao, ) and a(ao, u) are the load and the
growing crack length, respectively, for
the specimen with initial crack length ao
at the time when the load~point-displace-
ment is u{r) (which corresponds one-to-one
to the time 7 ). Therefore, through ex-
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Fig.1 Geometries of Specimens

periments of stable crack growths in spec-
imens with several initial crack lengths,
the fracture resistances of  &eclfo, @) and
9€c/dalt, a) (which are expressed by adding
subscript ¢ in a sense of critical values
as material properties and agree with the
values determined based on the mechanical
conditions in the process of stable crack
growth) are evaluated by Eqs.(1) and (2).
Furthermore, from the relations

i, a)= &€ (to, do)Jr‘[:"&'idi (7, a)adr - (3)
1 d&
( )*-z;*EAA(r a)
=98 (1 a1+ 3 0y o (1)

the fracture resistance of &(f,a) is also
evaluated by using &.(to, @) and  §&/dalt, @)
and by putting a suitable value for d&./dX:
(z,a), where ( )=5( )/or.

In this paper, the experiments of duc~
tile crack stable growths of thin plates
are carried out and the fracture resist-
ances of &clte, ao), 3&/dalt, a) and &£.(t,a) are
evaluated in the above-mentioned  manner.
In the evaluation of &i,a), considering
that d&/dalr, a)=0 or 8&:/3X (v, a)=~(3Ec/ 0 )uni
(=const.) in the process of crack growth
accompanied with a uniform fracture mode,
8Ec/0a(z, a)=(3E/0a )uni is used (refer to

Eq.(4)).

3. Experiment of Ductile
Crack Stable CGrowth of Thin
Plate

The method for the experiments on the
ductile crack stable growths of thin plates
and the results of the measurements on the

Table 2 Mechanical properties of material

0.02% PROOF TENSILE

THICKNESS STRESS STRENGTH ELONGATION
i Gila GFa
2.0 0.327 0.470 22.0

(a) secp (b) ccP
Fig.2 Specimens under load

relations between load, growing crack
length, load-point-displacement and ini-
tial crack length which are required to
evaluate &c(to, a0) and 0&/dalt, a) by Egs.(1)
and (2) are shown in this chapter. Here,
thin plates are used to rapidly realize a
crack growth accompanied with the uniform
fracture mode of shear type and make the
measurement of the growing crack length
easy.

3.1 Experimental method

A thin plate, 2 mm in thickness, of
aluminum alloy 2024~T3 was prepared for
the experiments. Its chemical composition
and mechanical properties are shown in
Tables 1 and 2 respectively. Two Lypes of
specimens shown in Fig.1, single-edge-
cracked-panel (SECP) and center—cracked-
panel (CCP), were prepared and loaded as
shown in Fig.2 to examine the influences
of geometry of specimen and loading condi-
tion. As to the initial crack length 4o,
six kinds of rates to the width W (refer
to Fig.1), /W = 0.1, 0.2, 0.3, 0.4, 0.5
and 0.6, were chosen. Incidentally, all
the specimens are cut out so that the di-
rections of cracks coincide with the [-T
direction (the cracked planes are perpen-—
dicular to the roll direction).

The configuration of initial crack is
shown in Ffig.3 and every pre-fatigue crack
is finished under cyclic load corresponding
to the mdxtmum stress intensity factor Kimex
= 0.25 KN/mm®’ % in the states of CCP, SECP
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Fig.3 Configuration of initial crack

specimens were prepared by cutting off CCP
after having finished pre-fatigue cracks.
Here, the value of crack energy density

equivalent to Kimsx under plane stress con-
dition is about 20 percent of the fracture
resistance &f(f, o) shown later.

The experiments were carried out by
using an Instron type testing machine (10
tons in load capacity) as shown in Fig.4.
The relative velocities between the cross-
head and the screw rods were 0.5 mm/min for
SECP and 0.1 mm/min for CCP. The stiff-
ness of the testing machine was approxi-
mately estimated at 45 KN/mm based on the
relation between the load and the dis-—
placement obtained by subtracting the load-
point-displacement from the relative dis-
placement between the crosshead and the
screw rods.

In the case of SECP, the load P
the growing crack length ¢ and the load-
point-displacement u# were measured in the
following manner. The load was measured
by a load-cell (1 ton in full-scale) set
on the upper part in Fig.4(a). The grow-
ing crack length was measured by counting
the pulses on a recording chart of load
and load-point-displacement. The crack tip
was observed by a microscope and the pulses
were recorded by turning a switch on at
the moments when the crack tip had just
moved across the grids printed at inter-
vals of 0.5 mm on the surface of the spec—
imen by Moire technique before the prepa-

ration of an initial crack. The load-
point-displacement, which was defined as
the relative displacement between the

intersecting points A and B of the loading
line and the dashed lines along the ends
of the specimen in Fig.2(a), was measured
by a differential transformer displacement
gauge (+12.5 mm in full-scale, @ in Fig.
4(a)). The displacement gauge was sup-
ported by pins located at A and B and the
pins were supported by arms ( @ and @ in
Fig.4(a)) fixed on the specimen by means
of claws along the dashed lines. Further,
the guideways made of Teflon and inlaid

in the parts @ and @ in Fig.2(a) were

prepared so that the pins could be located
on the loading line. Moreover, in the ex-
periment the following contrivances were
provided. Buckling of the specimen was
prevented by holding the specimen between

3695

(a) SECP (b) ccp

Fig.4 Experimental configuration

side boards (@ in Fig.4(a)). The surface
of the side board contacting with the
specimen was greased and steel balls (2 mm
is diamiter) were spread onit. The boards
were suspended by wires hanging on bars
attached to the upper part in Fig.2(a), so
they could slide on the specimen when it
was pulled down. The friction force be-
tween the side boards and the specimen was
approximately estimated by measuring the
maximum friction force by strain gauges
stuck on the bars and its value was less
than 0.04 KN, Furthermore, as the testing
machine was a vertical type, a shear force
was generated in the cracked plane because
of the dead loads of specimen, chuck jig
and displacement gauge. In order to elim-—
nate this effect, the centers of gravity
for upper and lower halves of the bodies
were connected by a wire. The wire was
hung on pulleys suspended by movable pul-
leys, which in turn were suspended by wires
connecting the upper part with the tops of
pillars fixed on the lower part. Thus, if
the dead loads are just supported by the
wire before loading, they are always can-
celled.

On the other hand, in the case of CCP,
the load P (actual load is 2P, refer to
Fig.2(b)) was measured by a load-cell (10
tons in full-scale) set on the upper part
in Fig.4(b), and the growing crack length
a (actual length is 2¢ ) was measured in
the same way as in the case of SECP through
the observation of the crack tip by means
of microscope ( @ in Fig.4(b)). The load-
point-displacement u, which is defined as
the relative displacement between the
points A and B in Fig.2(b), was measured
by a displacement gauge of pi-type (0.5 mm
in full-scale, @ in Fig.4(b)). The dis-
placement gauge was supported by jigs (@
and @ in Fig.4(b)) fixed on the specimen
by means of claws along the dashed 1lines
in Fig.2(b). Also in this expriment,
buckling of the specimen was prevented by
side boards (® in Fig.4(b)). The friction
force between the boards and the specimen
was estimated in the same way as in the
case of SECP and its value was 1less than
0.04 KN.
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Fig.5 Results of load, crack growth length

3.2 Results of measurements

Figure 5 presents the measured results
of load per unit thickness P/B, crack
growth length @¢—a0 and load-point-dis-
placement u# for the specimens with six
kinds of initial crack lengths do.

Unstable crack growth did not occur
in the case of SECP, where a decreasing
rate of load with load-point-displacement
—dP/du was smaller than the stiffness of
testing machine. But it occurred, in the
case of CCP, at the time when —¢P/du came
close to the stiffness of the testing ma-
chine.

Figure 6 shows photographs of post-
fracture surfaces taken from a perpendicu-
lar direction to the plate surfaces. In
the photographs, the white parts are slant
fracture surfaces inclined at 45 degrees
to the plate surface. From the figure, it
can be judged that the fracture mode change
was hardly affected by the initial crack
length, the shape of specimen and the load-
ing condition. The fracture mode at the
beginnning of crack growth was plane-
strain type mainly caused by tear frac-
ture. After the crack growth of 4 ~ 8 mm
length, crack growth accompanied with a
uniform fracture mode of plane-stress type
occurred.

4, Evaluation of Fracture
Resistance of Ductil Crack
in Thin Plate

In this chapter, the fracture resist-
ances of ductile cracks in thin plates ex-—
pressed by the crack energy density are
evaluated based on the results obtained in
the previous chapter, and the correspond-
ence between the fracture resistance and
the fracture mode and the influences of
configuration of specimen and loading con-
dition are discussed.

4.1 Evaluations of &f(Zo, a0) and 9€c/dalt, @)

Tn this sectirm, wecvaiuate the crack
energy density at crack tip &ty @) be—
fore the onset of crack growth and the

CRACK EXTENSION LENGTH
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Fig.6 Photographs of post—fracture
surfaces taken from perpendicular
direction to plate

additional rate of crack energy density at
crack tip 9&dalt,a) by Egs.(1) and (2).
The results of measurements in  the
previous chapter are considered to be af-
fected by minute discontinuous crack
growth, scattering of configuration of the
specimen including the initial crack
length, scattering of fitness between the
specimen and the jigs, and so forth. Ac-
cordingly, the load P and the growing
crack length ¢ were assumed to be the fun—
ctions of the initial crack length a and
the load-point-displacement # expressed by
P(ao, u) and alao, u) as done in the deriva-
tions of Eqs.(1) and (2), and their
smoothed functions were obtained by the
method of least squares and some correc-
tions of the measurement results to avoid
local fluctuations of partial-differential
coefficients. The results are shown in
Figs.7 and 8. Here, the smoothed functions
are sets of the double-third-order B -
spline functions®, which are defined in
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Fig.7 Smoothed results of P(as, ) and a(ao, #) and their partial derivatives (SECP)

each rectangular partition divided at ap-
propriate nodes of 4 and # and they sat-
isfy the continuities of the second deriv~
atives in the whole region. Incidentally,
in the case of CCP, there is a region on
the a-# plane where the measurement re-
sults were not obtained because of an un-
stable crack growth. In the region, ex-—
trapolated values, which do not disturb
the partial-derivatives evaluated in the
part where the measurement results are ob-
tained, are substituted. Further, if the
variational rate of growing crack length
with load~point-displacement at the onset
of crack growth has afinite positive value
except zero, the partial-differential co-
efficient of growing crack length with
load-point-displacement becomes discontin-
uous at the onset of crack growth. Inthis
case, after putting a smaller value than

initial crack length into the growing crack
length before the onset of crack growth
and evaluating the partial-differential co-
efficient, we substitute the value of ini-
tial crack length for the growing crack
before the onset of crack growth.

Et, a0) and 9&./dalt, a) evaluated from
Eqs.(1) and (2) respectively by using the
smoothed relations of Pl(ao, ) and a(ao, u)
and their partial-differential coeffi-
cients are shown in Figs.9 and 10. In Fig.
9, the maximum point for each initial
crack length corresponds to the onset of
crack growth. From the results in Figs.9
and 10, we can say as follows;

(i) The results of &c(to, a0) are independent
of the initial crack length, and  their
values seem to be peculiar to the specimen
types.

(il) The results of §&/dalt,a) are also
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Fig.8 Smoothed results of P(ae, %) and a(do, u) and their partial derivatives (CCP)

independent of the initial crack lengths,
and their changes seem to be peculiar to
the specimen types. Further, the changes
correspond to the changes of the shape of
post-fracture surface, and their wvalues
become constant in the region of the crack
growth accompanied with a uniform fracture
mode as predicted in chapter 2.

We represent the characteristicvalues
in (i) by &crar because they seem to main-
ly correspond to the mode of tear fracture
through the ovservations of post-fracture
surfaces (refer to Fig.6), and the constant
values in (i) by (3&/0a)smear because they
correspond to the mode of shear fracture.
The results for two specimen types ob-
tained as the averages of the wvalues for
each initial crack length are shown in
Table 3. From the table, we can judge as
follows;

(iii) The value of &crear 15 scarcely affected
by the configuration of specimen and the
loading condition.

(iv) The value of (9&/8a)mesr for CCP 1is
slightly larger than that for SECP.

The tendency in (iv) is grasped as
follows. The distribution of stresses on
the ligament plane for SECP changes on a
large scale from tension to compression
and, on the other hand, that for CCP
changes on a small scale under tension com-—
paratively. Therefore, the histories of
deformations until fracture are different
for the two specimen types and this dif-
ference affects the fracture mode of the
specimen. Based on the results and con—
siderations, it can be said that the values
of &(te, o) and @§&/dalt, a) are the charac-
teristic values of the material correspond-
ing to fracture mode and the evaluation of
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Evaluated results of CEctear
and (86’.:/3(1 >shear

fracture resistance by the combination of Table 3

Ee(to,@0) and  9E./dalt, a) is valid and avail-

able.
. SECP ccp

4.2 Evaluation of &(t, a) v 3¢

In this section, we evaluate the crack THICKNESS & < L e 5_2 "
energy density at crack tip &(¢, a) after ctear da s egr ¢ tear a8 egr
the onset of crack growth by Eqgs.(3) and mm KN /mm KN /mm KN/mm KN/mm
(4).

Figure 11 presents the results of & . 2.0 0.041 0.012 0.040 0.018

(¢, @) evaluated by Eqs.(3) and (4) based on
Figs.9 and 10. Here, for &(t, ao) in Eq.(3)
the value for each initial crack length

was used and for (9&/da)m the value of (d&c/ fracture surface, and
constant in the region of the crack growth

spond to the changes in the shape of post-
their values become

da)snesr for each specimen was used. The in-

tegral in Eq.(3) was evaluated from the accompanied with a uniform fracture mode.

third-order B-spline functions which Here, we express the constant values

interpolate the values of the integrand by Ecsnear . Table 4 shows the results for

for a discrete growing crack length corre- the two specimen types obtained as  the
of load-point-dis-— averages of the values for each initial

sponding to the nodes
placement. From the results
the following is found:

in Fig.11,

crack length. From the table, the follow-
ing is found:

(ii) The values of &cswear are approximately

(i) The results of &(¢ @) are independent

of the initial crack length, and their double those of &ciwar and those for CCP are
changes seem to be peculiar to the spec— slightly larger than those for SECP.

imen types. Further, the changes corre- The tendency in (ii) corresponds to
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Fig.11 Crack energy densities at crack tip

that for §&./dali,a) and it 1s grasped in
the same way as for 9&/da(t,a). Based on
the results and considerations, it can be
said that the change of&:(f, @)characterizes
the fracture resistance corresponding to
the fracture mode from the onset of crack
growth through the stable growth process.

5. Conclusions

In this Report, experiments of ductile
crack stable growth of thin plate were
carried out, and, based on theresults, the
fracture resistances by crack energy den-
sity were evaluated by the method proposed
in the 1st Report. The results are as
follows:

(1) The crack energy density at crack tip
at ‘onset of crack growth &.{fo, @) 1is inde-
pendent of the initial crack length, and

its value is peculiar to the fracture mode.

(2) The changes of the additional rate of
crack energy density at growing crack tip
§&cldali, @) and the crack energy density
at growing crack tip are also inde-—
pendent of the shape of post-fracture sur-
faces. Further, in the stable crack growth
under a uniform fracture mode mainly form-
ed by shear fracture, the values become
constant ones represented by (8E& ¢/ 3a)snear
and Ccsmear Shown in Tables 3 and 4.

(3) The values of Ecrear, (0Ec/0a)snear and
Ec shear for SECP and CCP are approximately

-
G =
ok
o N
535 0,05 o a,/W=0.1
&< oa,/W=0.2
¥Ew o a /W=0.3
P o at/N=0.4
(L;) - ::; + (10/W=0Y S
, X W=0.
& >a0/¢ 0.6
0.00 '
0 10 20
CRACK EXTENSION LENGTH a-a, (nom)
(b) ccp

&1, a) after onset of crack growth

Table 4  Evaluated results of & genr

SECP ccp
THICKNESS e &
¢ shear ¢ shear
mm KN/mm KN/rmm
2.0 0.077 0.084

on the same levels respectively, although
the latter two values for CCP are slightly
larger than those for SECP corresponding to
the differnece of the fracture mode.

Based on the results above, it can be

said that the results of &llo, ao), d&/dall, a)
and &1, a) characterize the fracture re-
sistances of a material corresponding to
the fracture modes and the evaluation of
fracture resistance by the proposed method
is valid and applicable.

()
(2)
(3)
(4)
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