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ABSTRACT
Since oxidation will degrade the mechanical property of graphite components in high temperature gas-cooled
reactors (HTGRs) during reactor lifetime, one of the crucial subjects to maintain the structural integrity of the
components is the measurement of the oxidation damage in in-service inspection. It is important to examine inner
porous condition of the components, such as pore size and porosity, because the mechanical properties of graphite
highly depend on the condition, as well known. Ultrasonic Testing (UT) is an important non-destructive method to
detect internal flaws inside a body and is widely applied not only for metallic but also porous ceramic components.
UT is, therefore, thought to have a potential to examine the porous condition inside the graphite components by nondestructive way. An analytical study about ultrasonic wave propagation characteristics for oxidized graphite was
carried out to evaluate the oxidation damage by the UT method. In this study, a wave-pore interaction model was tried
to apply to oxidized graphite, and it was found ~that the consideration of pore shape change with proceeding of the
oxidation was a crucial factor to evaluate the ultrasonic wave propagation characteristics. In this paper, the
applicability of the analytical model to the oxidized graphite is discussed on the basis of the analytical results of the
oxidation-induced degradation of the Young's modulus.
INTRODUCTION
The core internal components of high temperature gas-cooled reactors (HTGRs) are made of graphite material
owing to its excellent thermal resistibility. The high temperature engineering test reactor (HTTR), which is now being
in a power-up test in the Japan Atomic Energy Research Institute, is a kind of gas-cooled and graphite moderated test
reactor with a themml output of 30MW[ 1]. The integrity of the graphite components will be checked in in-service
inspection during the reactor lifetime. The mechanical strength of the components will be inspected by using graphite
surveillance test specimens loaded in the core. The surface of tile components will be checked visually by a TV
camera which resists radioactivity[2].
One of the serious problems of the graphite components is degradation of mechanical properties by oxidation.
It is caused by a small amount of corrosive impurity gases in the primary coolant during normal reactor operation as
well as by invaded water and/or air at an accident. It is well known that mechanical properties of graphite are
remarkably decreasing with increasing of oxidation damage. The change of the properties had been investigated
experimentally and expressed by empirical formula as a function of the porosity of graphite[3]. Pores are generally
located among the grains of a polycrystal body. On the viewpoint of structural integrity of the graphite components, it
is important to examine the inner porous condition and to evaluate the oxidation damage in an in-service inspection to
support the result of the surveillance test and the TV camera inspection.
Ultrasonic testing (UT) has been widely used as a non-destructive method to detect internal flaws. Recently UT
is applied to porous ceramics including graphite materials[4-8]. Ultrasonic wave propagation characteristics in
ceramics are, owing to its porous structure, quite different from those in metallic materials. Since the characteristics
depend on the inner porous condition, it is thought to be possible to evaluate the oxidation damage of the graphite
components by applying the UT method. Takatsubo et al. was proposed an ultrasonic wave propagation model that
theoretically enables us to estimate the inner porous condition, such as the mean pore size and the porosity, of porous
ceramics from a propagated ultrasonic wavefonn[9, 10]. The present authors have been investigating a new approach
combining the UT model and fracture mechanics to evaluate, non-destructively, the mechanical strength of the IG-110
graphite, which is fine-grained isotropic nuclear grade graphite used in the HTTR core components[7, 8, 11]. It is
thought the ultrasonic wave propagation characteristics will change with proceeding of the oxidation which affects on
the inner porous condition. If the UT model is applicable to the oxidized graphite components, we can examine inner
porous condition and, then, can evaluate the degradation of mechanical properties by non-destructive way. This paper

describes evaluation of the mechanical property of the oxidized graphite by the UT model with considering the
change of porous condition.
ANALYSIS
An ultrasonic wave propagation model in porous ceramics body was proposed by Takatsubo et al. taking
account of wave-pore interaction process[9, 10]. In the model, ultrasonic waves are propagated in a porous body
through interactions with pores. If an ultrasonic wave comes into collision with a spherical shaped pore, the wave will
be scattered by the pore or will go forward creeping through pore edge as shown in Fig. 1[9]. The creeping wave has
a time delay, At, in comparison with a direct wave, given by the following equation[9].

A t - Lp

r

where Vc and Vpare the velocities of the creeping and direct waves, r is the mean pore radius and Lp is the propagation
length for the creeping wave around a pore. It is assumed in this model that spherical pores with a radius r are located
homogeneously at a three-dimensional regular interval in the porous body. The propagated waveform through a great
number of pores in the body can be calculated by a statistical method with cumulating of the time delay and the
collision probability for the pores. The waveform, as a result, can be expressed in the Gaussian function as a function
of propagation time[9].
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Fig. 1 Ultrasonic wave propagation model in porous body[9].
(f is a probability of collision for an incident wave on a pore)

The Young's modulus of the porous body, E, can also be evaluated through the apparent velocity of the wave
calculated by the propagation model. It is expressed by the Young's modulus of an ideal body with no pore, Ej, as
follows[9]:

E / E~ - ( 1 - q~)/{1 + 3~b(n / a - 2)/8} 2

(2)

where

a=v /vP
and ~ is porosity of the porous body. The a value was assumed as 0.71 for the IG-110 graphite on the basis of
experimental results of alumina specimens[10]. Typical mechanical properties of the IG-110 graphite are~ listed in
Table 1[11].
The mechanical properties of graphite are remarkably decreasing with increasing of the oxidation damage. The
most severe oxidation mode for graphite components is the uniform oxidation mode, at which pores will be
distributed homogeneously inside the graphite body, as well known. The degradation of the mechanical properties is
empirically expressed as a function of bum-off. The bum-off B is defined as follows by weights, Wo and W, before
and after the oxidation, respectively[3]:

B

~..

w0-w
w0

(3)

The burn-offB can be also expressed by porosities ¢~0 and ¢~, before and after the oxidation, respectively:

B = I - ~

(4)
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Table 1 Tipical mechanical properties of IG-110 graphite[11].
Density (kg/m 3)
Porosity
Mean grain size (/x m)
Young's modulus (GPa)
Tensile strength (MPa)

1.78× 103
0.212
20
9.8
24.5

EXPERIMENT
The IG- 110 graphite specimens were oxidized uniformly to investigate the change of porous condition after the
oxidation. The specimens were heated up at about 4000(3 in the air condition so as to be oxidized uniformly[12].
Maximum burn-off was about 18%.At this condition, pores are thought to be distributed homogeneously inside the
body even after the burn-off, as well known. In general, pores are classified as the open pore, located at the surface of
the body, and the closed pore, located inside the body. The mean pore radius was measured by the mercury
porosimetry method[ 13]. By this method, we can measure the mean pore radius for open pores. The pore radii, ranged
from 0.007 to 5 /z m, were measured by varying the pressure of mercury.

R E S U L T S AND D I S C U S S I O N S

Porous Condition Change with Burn-off
With no burn-off condition, the porosity of the IG-110 graphite ¢~0, is 0.212, which is calculated by the
• apparent volume density of the IG-1 I0 graphite 1.78 × 103 (kg/m 3) and the theoretical density of graphite 2.26 × 103
(kg/m3). The porosity and mean pore radius in graphite components will increase with proceeding of the burn-off.
Table 2 shows an experimental result of the bum-off and the lnean pore radius of the IG-I I0 graphite specimens by
.the mercury porosimetry method[ 13]. The radius is the mean value for the open pores. Figure 2 shows the mean pore
radius change as a function of the burn-off. The radius was normalized by the radius of before the bum-off. The mean
pore radius in accordance with the burn-off can be analyzed with assuming that the pores grow, distributed
homogeneously in the body, in keeping a spherical shape after the burn-off. In this case, the radius is the mean value
for both the open and closed pores. The analytical result is drawn also in Fig. 2. One can see from this figure that the
mean open pore radius is smaller than the mean pore radius of open and closed pores. The analytical result should
correspond to the experimental data, if the uniform oxidation was achieved and spherical pores with the same size
were produced. Since the oxidation treatment was perfonned around 400°C, it is thought that the fully uniform
oxidation would be achieved. Therefore, it is supposed that the difference of their radii results from non-spherical
shape of pores.

Table 2 Burn-off induced pore radius change measured by mercury porosimetry method[13].

Mean Pore Radius (/2 m)
1.299
1.324
1.351
1.401
1.449

Burn-off
0.000
0.019
0.046
0.092
0.183
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Fig.2 Change of mean pore radius as a function of bum-off.

Analytical Result with Spherical Pore Condition
Sato et al. proposed, through experimental approach, an empirical formula to express the degradation as a
fimction of the burn-off[3]. Figure 3 shows the degradation of the Young's modulus of the IG-II0 graphite. Their
experimental data and proposed empirical formula[3] are shown in this figure. By their formula, the degradation of
Young's modulus of the IG- 110 graphite is expressed as follows[3]:
E / E o - exp(-6.86B)

(5)

where Eo is the initial value of the Young's modulus corresponding to no bum-off condition. In Fig. 3, the dotted line
corresponds to the empirical formula.
We analyzed the oxidation-induced degradation of the Young's modulus from the ultrasonic wave prQpagation
model with assuming that the pore shape remained sphere even after the bum-off. The analytical result was also
drawn in Fig. 3 as a solid line. We can see from this figure that the Young's modulus atter the burn-off was evaluated
larger than that of the experimental results. Taking account of the discussion in the previous section, this suggests that
the spherical pore assumption is not valid for oxidized condition, i.e., pore shape cannot be regarded as sphere after
the burn-off in this analysis. It is, therefore, thought from this result the pore shape will change with proceeding of the
burn-off and it should be considered for the analysis about burn-off condition.
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Fig.3 Degradation of Young's Modulus of IG-110 graphite as a function of bum-off.

Analytical Result with Non-spherical Pore Condition

Since the propagated ultrasonic waveform is analyzed by the cumulating of the time delay of the creeping wave
in comparison with the direct wave, it is expected that the time delay of the creeping wave, expressed in the Eq. (1),
depends directly on the length of propagation path around the pore. If the pore geometry deviate from a sphere, the
Young's modulus of the pore body in Eq, (2) can be rewritten as follows[9]:
E / E i -

(1 - ~)/{1 + 3 ¢ ( z f l / cr - 2) / 8} 2

(6)

where

,B - 4Lp / ( 2 ~ )
The fi' expresses the deviation of pore shape from sphere. The effect of the change of pore shape on
the d e g r a d a t i o n of the Young's modulus can be considered in Eq. (6).
For no burn-off condition of the IG-110 graphite, we h a d already shown t h a t the mechanical
s t r e n g t h of the IG-110 graphite could be evaluated by the analysis of the ultrasonic wave propagation
model w i t h a s s u m i n g spherical pore shape[8]. In this analysis the ~/ce value was set as 1.41 for
spherical pores. Considering the pore shape change, this value should be changed with proceeding of
the burn-off. The change of the /5./'c~value can be estimated as a fimction of the porosity from both experimental
and analytical studies about aluminum specimens. If the relationship between the ,6/a~ value and porosity is
applicable to the oxidized IG-110 graphite, the degradation of the Young's modulus can may appropriately evaluated
by the UT propagation analysis. Since the relationship is thought to depend on the materials, we tried to apply it to the
IG-110 graphite by multiplying a factor to the relationship for aluminum as shown in Fig. 4. The factor was decided
on the basis of the , 6 / a value at 0.212 of porosity which corresponding to no burn-off condition of the IG-110
graphite. The fi'/~ value at this porosity of aluminmn[10] was reduced by the factor so as to fit the value of the IG110 graphite at the no burn-off condition.
We analyzed the degradation of the Young's modulus with proceeding of the bum-off by the UT propagation
model taking account of the pore shape change in Eq. (6). The analytical result was shown in Fig.5 as a solid line with
experimental data. The analytical curve, considered the pore shape change, is in agreement with the experimental
result, though a slight difference can be seen between them. One can see from this figure that the degradation of the
Young's modulus can be evaluated appropriately by considering the oxidation-induced pore shape change in the
ultrasonic wave propagation model. The consideration of the pore shape change, evaluated from the experimental
result for the aluminum, is an important factor of the analysis for the oxidized IG-110 graphite. It is supposed that the

relationship between the pore shape and porosity for the oxidized IG-110 graphite may be slightly different from that
for aluminum. This is thought to be a reason of the slight difference in this figure. It is, therefore, necessary to
examine the oxidation-induced pore shape change exactly for more precise analysis.
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Fig. 4 Change of # / c~ value as a function of porosity for analysis at non-spherical pore condition.
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CONCLUSIONS
In order to evaluate the oxidation damage of the graphite components in HTGRs, the applicability of the UT
method was studied analytically. The oxidation-induced degradation of the Young's modulus of the IG-110 graphite,
caused by the change of inner porous condition, was analyzed by the ultrasonic wave propagation model. In the
analysis, the porosity and pore size change was taken into consideration in the wave-pore interaction process. It is
concluded from this study that the modeling of pore shape change with proceeding of the oxidation is an important
point to evaluate the ultrasonic wave propagation characteristics, and furthermore the degradation of the Young's
modulus can be evaluated appropriately by the modeling. It is supposed, therefore, the UT method has a potential as a
promising in-service inspection technique for the graphite components in HTGRs. Since the ultrasonic wave
propagation properties are thought to depend on the measuring condition, there are several subjects to be resolved to
promote the UT on the graphite components in the future. It is necessary to define the measuring condition to carry
out the UT in the radioactive field, such as a recovery of couplant and a radioactive resistive probe.
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NOMENCLATURE

B
C

E
Ei
f
Lp
r

V~, Vp
W

= burn-off
= creeping rate of initial wave at a pore
= Young's modulus
= Young's modulus of an ideal body with no pore
= wave-pore collision probability
= propagation length around a pore
= pore radius
= ultrasonic velocity of the creeping and incident waves
= weight of graphite body
=

/J

vJv,,

= 4 Lp/(2 zcr)
= time delay of a creeping wave
= porosity

At

Subscripts
0

= value at no bum-off condition
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