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Evaluation of crack closure stress by damped double nodes
analyses of images obtained by global preheating and local

cooling
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1. Introduction

To measure closed crack depths without
underestimation, we have developed an imaging
method, the subharmonic phased array for crack
evaluation (SPACE)."” However, when short burst
input waves are used to obtain a high temporal
resolution, strong linear scatterers appear in
subharmonic images due to spectrum broadening.
This degrades the selectivity of closed crack.

To solve this problem, we have developed a
load difference phased array (LDPA), * based on
the subtraction between images at different loads.
As a practical method for applying a load to cracks,
the use of thermal stress induced by local cooling
(LC) with a cooling spray has been studied.”
However, the thermal stress is insufficient to open
tightly closed crack owing to the limited cooling
temperature determined by each cooling medium.
Then, as a method for opening tightly closed crack,
we proposed global preheating and local cooling
(GPLC) and demonstrated its validity and high
selectivity imaging of closed crack combining with
LDPA.” However, the thermal stress induced by
GPLC and crack closure stress has not been
examined. Relationship between the changes in PA
images and the opening/closing state of cracks has
also not been examined in detail.

In this study, we estimate the thermal stress
based on heat transfer analysis and propose a
method of estimating crack closure stress.
Furthermore, we compare PA images obtained by
simulation using damped double node (DDN)
model” with those obtained in the experiments.

2. Experimental conditions

In this experiment, we used a compact tension
(CT) specimen (A7075) with closed fatigue crack
with a depth of 11.3 mm.” In GPLC, after heating
the specimen to 323 K by a hotplate, the top surface
of the specimen was cooled by two cooling sprays
(—218 K) for 10 s. At the same time, we imaged
cracks by PZT array transducer (5 MHz, 32 el.) and
PA (Fig. 1).
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Fig. 1 Experimental configuration.

3.Experimental results

The PA images obtained by GPLC are shown
in Fig. 2. After GP and before LC, the closed crack
was not imaged in Fig. 2(a). On the other hand, at a
time =2 s after the onset of LC, the crack was
observed and the depth was 8.7 mm in Fig. 2(b). At
=4 s, the maximum crack depth of 11.3 mm was
observed in Fig. 2(c). This is the same as the actual
crack depth of 11.3 mm observed by applying a
tensile load.” This result shows that GPLC is
significantly effective in opening a tightly closed
crack.

Fig. 2 PA 1mages durmg GPLC (a)Before LC,
(b)=2 s, (c)=4 s.

4. Analysis of thermal stress induced by GPLC

To examine the thermal stress induced by
GPLC, we analyzed it by 1D heat transfer analysis.
Assuming the boundary condition of the third kind
at the top surface and semi-infinite solid, the
thermal stress within the specimen 7'(z,?) is given

by(’)
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T, is the initial temperature due to GP, & is the

thermal conductivity, % is the heat transfer
coefficient, « is the thermal diffusivity. The
thermal bending stress is given by”
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Assuming that thermal stress acting on the top
surface of the specimen is the maximum bending
stress o, we estimated o, ~using the

parameters listed in Table 1. We compared this with
the crack depth 4 in PA images in Fig. 3. As a
result, o took a peak at 7=4-6 s and o

gradually decreased ¢>6 s. Therefore, we could
explain the experimental result by the analysis of
thermal stress. Assuming the crack was completely
opened at £ =4 s, the thermal stress can be regarded
as crack closure stress. Then we estimated that the
crack closure stress intensity factor is

K. ~17.9 MPavm (o, ~95MPa).

Table | Parameters used for analysis”
T. T, h k a
K] [K] [W/(m’-K)] [W/(m:K)] [m%s]
218 323 1.5x10* 130 8.4x10”

Maximum tensile
thermal stress

Crack depth

Cooling time 7 [s]

Fig. 3 Comparison between analyzed thermal stress
and the crack depths in PA image: (a) Maximum
thermal stress o___, (b) Crack depth d .

max ?

5. Simulations by DDN model

To examine the changes of experimental PA
images and the opened and closed state of cracks in
detail, we simulated by DDN models.” Here, we
simulated the specimen used in the experiment.
Input waves (40 nm, 5 MHz, 3 cycles) were focused

on the middle part of crack.

Snapshots and PA images obtained by the
simulations are shown in Figs. 4 and 5, respectively.
At t=0 s, the scattered waves from only notch was
observed in Figs 4(a) and 5(a). On the other hand,
at t=2 s, the scattered waves from notch and the
middle part of crack were observed in Figs. 4(b)
and 5(b). At t=4 s, the scattered waves from notch
and the crack tip were observed in Figs. 4(c) and
5(c). This is because the thermal stress acting on the
crack increased and the crack was opened as
t increased. Thus, the experimental results were
successfully reproduced by the simulation.

Fig. 5 PA images by simulation: (a)=0 s, (b)=2 s,
(c)=4s.

6. Conclusions

We proposed the thermal stress induced by
GPLC and estimated the crack closure stress by the
heat transfer analysis and the equation of thermal
bending stress. The tendency of the phased array
image was reproduced by simulations with the
DDN model incorporating the thermal stress.
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