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The strength and fracture criteria at the biaxial stress state were examined
for two grades of HTGR graphites, i.e., a fine-grained isotropic IG-11 and a
redium-grained semi-isotropic PGX. The biaxial stress state was realized using
a servohydraulic testing machine in combination with an apparatus for applying
the internal pressure or the torque force to a tubular specimen. Three kinds
of specimens were tested at room temperature: (1) the larger specimens with
different wall thicknesses (2 to 20 mm) to make clear the effect'of wall
thickness on the biaxial strength, {2) the smaller ones with wall thickness of 2
mm to obtain data for the statistical analysis, and (3) specimens tested at
ORNL to examine if there is any discrepancy in the strength data which may
result from the differences in the rig and specimen size.

Main results are: (1) As for the failure surface no significant effect of
wall thickness was observed though the number of the specimens tested was not
large enough to evaluate the data statistically. {(2) On the basis of the
statistical analysis of the data on the smaller IG-11 specimens, the modified
maximum strain energy criterion gave the best fit to the data points beoth in the
first and fourth quadrants of the fracture surface. (3) The data obtained at
ORNL fell on the scatter band of the JAERI data, which indicated that no
appreciable difference in the biaxial strength of IG-11 graphite was found
despite the difference in the test fixture and specimen dimensions. (4) The
maximum strain energy criterion was also believed to be most appropriate for PGX
graphite for the first quadrant of the failure surface.
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1.INTRODUCTION

The graphite components in the core structure of HTGR are subject to biaxial or
more generally multiaxial stresses during the reactor operation. For example,
prismatic fuel blocks in the reactor core are exposed to various kinds of stresses
which are caused by their own weight , earthquakes, etc. as well as thermal and
irradiation-induced stresses[1 - 4]. Therefore, it is necessary to provide data from
which the fracture criterion under the multiaxial stress state can be derived for
the design and safety evaluation of these components.

Data on the biaxial fracture criterion for the core graphite for the HTTR, High
Temperature Engineering Test Reactor, were first obtained using rather large
tubular specimens with different values of wall thickness. The experiment was
carried out to obtain data for the derivation of - fracture criterion as well as for the
evaluation of the effect of specimen thickness or stress gradient on the biaxial
fracture strength. The data obtained from the latter point of view were evaluated
to determine appropriate dimensions of a specimen which is to be small enough to
be able to machine many specimens from a graphite block for the statistical
analysis on the one hand, and which is to be large enough to obtain the reliable
data on the other.

The fracture criterion for the design of the graphite components in the HTTR,
which has been under construction and supposed to attain criticality at the end of
1997, was set on the basis of the experimental data which had been obtained in the
past, i.e., mainly the data on the larger specimens with no statistical analysis. As a
result, the maximum principal stress theory and the modified Coulomb-Mohr
theory were employed in the first and fourth quadrants of the failure surface,
respectively [ 4, 5]. However, when the criterion for the HTTR was determined, the
number of the data points had not been enough to make a statistical evaluation of
the biaxial fracture strength of HTTR graphites.

Since then there have been extensive efforts at JAERI regarding the research
on the fracture criterion of the graphites under biaxial stress state so that the
adequacy of the design criteria for the HTTR graphite components can be
confirmed.. |

In the meanwhile the biaxial fracture test of the graphite for the HTTR core
components has been also carried out at Oak Ridge National Laboratory in order 1o
examine if different fixtures and experimental techniques produce any
discrepancy between the results obtained at JAERI and those at ORNL. The work
has been done within the framework of JAERI/USDOE HTGR Collaboration

Agreement, Annex 3: Graphite Materials Development Testing.
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The purpose of this report is described as follows: (1) to summarize the biaxial
fracture strength data on the larger specimens of the HTTR core graphite, I1G-11,
which gave a basis for the design criterion as well as the information about the
effect of specimen thickness on the biaxial strength of the graphite, (2} to analyze
statistically the biaxial strength of the graphite for the evaluation of the adequacy
of criterion employed for the design of the HTTR core components, and (3) to cast
light on the problem of the universality of the data obtained at different
laboratories, i.e., JAERI and ORNI..

2. EXPERIMENTAL

Material used in the present study was IG-11 graphite which is used in the HTTR
for the fuel and replaceable reflector blocks, fuel sleeve, and core support post.
The tests were all done at room temperature on tubular specimens with different
dimensions. Longitudinal stress, either tensile or compressive, was applied to the
specimens using a servo-hydrauric test machine, while the circumferential stress,
either hoop or torque, was generated by applying internal pressure or torque

force to them.

2.1 Biaxial Strength Test on the Larger Specimens

Four types of specimens were used in this experiment. Figures 1(a) to (d) show
the dimensions of these specimens. Cutting plan for the graphite block is shown
in Fig. 2. The longitudinal axis of the block was parallel to that of the specimens.
An example of the lower part of a specimen and the fixtures for the application of
internal pressure to the specimen are schematically shown in Fig. 3. To prevent
the oil from penetrating into it, the internal surface of the specimen was coated
with rubber. Figure 4 shows the dimensions of specimen with wall thickness of 2
mm. To apply internal pressure to the specimens an apparatus the maximum oil
pressure of which was around 100 MPa was annexed to a conventional
servohydraulic test machine. A schematic for the testing machine is shown in
Fig. 5.

2.2 Biaxial Strength Test on the Smaller Specimens

Figure 6 shows the dimensions of the smaller specimen the longitudinal axis of
which was parallel to that of a graphite block. Dimensions of graphite blocks used
in the test were 300 x 540 x 850 mm and 1140 mm in diameter and 750 mm in length
for 1G-11 and PGX graphites, respectively. The inner diameter of the PGX graphite
tubular specimens was 10 mm so that their wall thickness was 5 mm.

_2_
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For the first quadrant of the biaxial failure surface, i.e., tension-tension, the
longitudinal tensile load and internal pressure were applied to a specimen. For the
fourth quadrant the load by torsion instead of internal pressure as well as the
axial compressive load was applied to a specimen. A schematic for the testing

machine is shown in Fig. 7.

2.3 Biaxial Strength Test Performed at ORNL

Dimensions of tubular specimens and the rig used at ORNL are shown in Fig. 8.
The cutting plan for a block from which the specimens were machined is shown
in Fig. 9. The longitudinal axis of the specimens was parallel to that of the block.
A rigid load train facility was used for applying an axial tensile or compressive
load to an internally pressurized thin-walled cylinder. Hydraulic expansion grips
assured accurate alignment of the specimen. Internal pressurization of the

specimen up to 6.9 MPa could be applied using water as the pressurizing medium.

3. RESULTS AND DISCUSSION

3.1 Results on the Larger Specimens

Some of the specimens with wall thickness of 15 mm or 20 mm fractured at their
shoulders when an internal pressure was applied in addition to relatively large
axial tensile stresses. In consideration of the fact suc_h data will be regarded only

as those for supplementary use in the following analysis.

3.1.1 Uniaxial tensile loading tests

Figures 10(a) to (d) show some results of measurements of the lateral or axial
strains at the inner or outer surface of the specimens with wall thickness of 5, 10,
15 and 20 mm under the axial loading, respectively. There was no significant
difference in the axial strain between the inner and outer surfaces nor was there
the difference between specimens with different values of wall thickness. The
ratio of the lateral strain to the axial one is almost equal to Poisson's ratio of the
material measured elsewhere[ 6 | .

These facts indicate that the strain gages were glued to a specimen properly and
that no appreciable misalignment along the longitudianl axis was caused during
the test.

3.1.2 Internal pressure tests
The changes in the lateral strain are shown in Fig. 11(a) and (b) as a function
of internal pressure for a specimen with 5 mm wall thickness and for one with 10

mm wall thickness, respectively. Here, the axial stress at fracture was 2.5 MPa for

4_3_
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the latter case and 5.1 MPa for the former. In both cases the lateral inner strain at
fracture seems to be nearly equal to the fracture strain measured during the
uniaxial tensile test. As is expected, the difference between the inner and the
outer strains is larger, the thicker, the wall. The lateral fracture strain is shown
in Figs. 12(a) and (b) as a function of axial stress. Here, one can see that the
lateral fracture strain decreases in the axial stress increases, which is believed to
correspond to the fact that in the first quadrant of the biaxial failure surface the

significant strength decrease is observed at an angle of around 45 degrees, i.e., the
ratio of hoop stress to tensile axial stress, oy /ot =1.

3.1.3 Failure surface

Figure 13 summarizes the biaxial strength data on specimens with different
wall thicknesses. In this figure the fracture criterion for the design of the
graphite components of the HTTR are also shown as a solid line. Almost all the data
points are at the outside of the area designated by the line. However, the safety
margin is not indicated quantitatively in the figure. For this reason the statistical
approach to the data on the smaller specimens will be done in the next
experiment.

Effect of wall thickness is not significant in the present experiment. Besides,
the hoop stress of the specimens with 10 mm wall thickness is smaller than that
for the thinner walled specimens at an angle of 45 degrees in the first quadrant of
the failure surface. This is probably because the specimens failured at their
shoulders.

It is apparent from the results shown in Fig. 14 that the hoop fracture stress
increases with increasing wall thickness when the axial stress is zero. However,
for the specimens subject to the higher axial stress the tendency above is not
clearly seen, which suggests that the more data points be necessary to judge if
such a tendency is also observed under an axial stress.

Figure 15 shows the ratio of the hoop fracture stress at the outer surface to that
at the inner surface, i.e., hoop fracture stress referred to so far, and the ratio of
the outer hoop fracture strain to the inner one. The strains were measured
directly from the output of the strain gages. Here, when the ratio of the outer
strain to the inner strain is plotted, the difference in the axial stress between the
specimens was disregarded so that the specimens with the same wall thickness
were treated as those which represented one group. In this figure one can sece
that the strain ratio seems to be smaller than the stress ratio except for the

specimens with wall thickness of 15 mm for which some experimental error might

be incurred.
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The result may result from the fact that the stress was estimated on the basis of

the elastic theory using the equation,
OHO __ 2 (1)

O Hi (ro/11)2 +1
o Ho : Outer hoop stress, o Hi: Inner hoop stress,
ro : Outer radius, ry: Inner radius,

whereas the ratio of the strain well reflects the inelastic character of the

graphite.
On the basis of the elastic theory o goso HI is expressed as
o HO — Ee Ho (2)
o HI Eeqi

Here, E is the elastic constant and- e o, € HI are calculated strains at the outer

and inner surfaces, respectively.
The inelasticity of polycrystalline graphite has been often approximated as [7,8]
e= (1/E)o + Bo? ., (3)
From eq.(3), one can deduce that
egy =(1/E) ogr + B om 2 = oui( 1/E + Bour)
ggo =( 1/E) oHoO +Bopo? = oo ( IVE + BoHo) (4)

From eq.(4),
eqo / eHl = (oo /o HDI( VE + Bopo) /( 1/E + Bo_HI)} (5)

Since oo <o ui, ( VE + Boyo) /( 1/E + Bour ) <L.
From the above inequality and eq.(5),

EHO / €HI <O HO / O HI - (6)
This is in agreement with the tendency observed in the experimental results.

3.2 Biaxial Strength Test of the Smaller Specimens

3.2.1 The first quadrant of the failure surface for IG-11 and PGX graphites

Figs. 16 and 17 show the results of biaxial strength test in the condition of the
first quadarant of the failure surface(tesnsion-tension) for IG-11 and PGX
graphites, respectively. 5 to 25 specimens were tested at each level of the ratio of
the hoop stress to the axial one{oy /o) which ranged from O to 3.15.

As one can see in the figures, the data points show fairly large scatters for both
IG-11 and PGX graphites. It is found in these figures that the axial fracture and
hoop fracture stresses decrease in the biaxial stress state, especially when the
ratio of the hoop to axial stresses is around 1, and that equi-biaxial strength
decreases about 40 % and 20 % from the uniaxial strength for 1G-11 and PGX
graphites, respectively. Thus, the data shown in Figs. 16 and 17 were analyzed

_5_
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statistically as is shown in Fig. 18 and 19, and Figs. 20 and 21 corresponding to Figs.
16 and 17, respectively. Here, the fracture probability of both IG-11 and PGX
graphite specimens is shown as a function of the axial stress or hoop stress
normalized to the mean tensile strength. Parameters are the ratio of the hoop
stress to axial stress, which ranges from 0 to 8.17 for IG-11 graphite and 0 to 3.0 for
PGX graphite. The lines fitted to the data points in these figures are drawn on the

normal distribution function:
Fracture probability F = A exp {m (of ot}} (7)

Here, A and m are scale and shape factors, respectively. It is seen that the data

points are well expressed by the normal distribution function.

3.2.2 The fourth quadrant of the failure surface for IG-11 graphite

Specimens of 1G-11 graphite specimens were tested to obtain data for the fourth
quadrant of the failure surface. To realize the biaxial stress state the axial
compressive load as well as torque was applied to a specimen. Fig. 22 shows the
results of the test. As was the case for the larger specimens the fracture stress
decreases with increasing compressive stress or circumferential tensile stress for
the range of stress ratio, ocompressive / Ocircumferential tensile <- L.3.

Figures 23 and 24 show the fracture probability plotted on the normal
probability paper as a function of tensile fracture stress normalized to the mean
tensile strength. It is believed that the data points are well represented by the

normal distribution function as was the case for the first quadrant of the failure

surface.

3.2.3 Fracture criterion of the graphite

Macroscopic fracture criterion for the graphites tested in the present
experiment are discussed here. There have been several theories of the fracture
criterion, e.g., the maximum principal stress theory, maximum shear stress
theory, naximum shear strain energy theory, etc. |

Figure 25 shows all the data points obtained in the present experiment for 1G-11
graphite. Figure 26 shows the same data points which are normalized to the mean
tensile strength for the tensile stress axis and hoop stress axis of the first
quadrant, and to the mean compressive strength for the compressive stress axis of
the fourth quadrant.

In the figure the solid line and the chain line represent the modified maximum
strain energy criterion and the maximum principal stress criterion, respectively.
Here, the modified maximum strain energy criterion is expressed as

012 + 022 =1 (8)

o1 =0axial / Otensile or compressive; 092 =0hoop or circumferential / otensile-

_6_
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Apparently, the maximum principal stress criterion is not fitted well to the data
points. The modified maximum strain energy criterion seems to be well applicable
to the data points though the theory gives a conservative criterion at around o1/02
— 1, which implies that the safer design can be drawn from the theory.

It is seen in the fourth quadrant that the modified maximum strain energy
theory gives the most appropriate criterion on the basis of the data points
obtained here. Though the modified maximum shear strain energy and modified
Mohr's theories were tried to be fitted to the data, neither of them gave the better

fittness to the data points than did the modified maximum strain energy theory.

Results similar to those in Figs. 25 and 26 are shown in Figs. 27 and 28 for PGX
graphite. Ho et al. [3] reported that the biaxial strength of PGX graphite can be
expressed on the basis of the maximum principal stress theory. This is probably
because the grain size of the specimens they tested in their experiment was about
2.5 mm whereas the same grade of graphite here in the present experiment
comprised grains the maximum size of which was 0.8 mm. From these
considerations, differently from the conclusions derived by Ho et al.[3] , Tzung|9]
and Tang[2], PGX graphite seems to obey the modified maximum strain energy
theory, though the solid line in Fig. 27 may be considered somewhat too
conservative. In fact, specimens with wall thickness of 2 mm were fractured by
the smaller hoop stress, as is shown in Fig. 27, The test on these specimens 2 mm
in wall thickness was done only in the condition that the fracture would be caused
by the hoop stress only where no axial stress was caused or axial stress only
where no hoop stress was caused.

The fracture probability: The fracture criteria for the 1 % fracture probability
and 95 % confidence limit are shown in Figs. 26 and 28 for IG-11 and PGX
graphites, respectively. Though the design curves employed for the HTTR are
conservative, it is believed that theoretically the modified maximum strain energy
criterion is better fitted to the experimental data.

The difference in the shape factor between compression and tension: The data
points shown in Figs. 23 and 24 were fitted to the normal distribution using an
equation, F=a + m normal function [ stress level].

Here, F the fracture probability, a: scale factor, m: shape factor.

Fig. 29 shows the m-value as a function of stress ratio. For the tensile fracture
stress the values of m tend to increase with increasing ratio of compressive stress
to tensile stress, whereas for the compressive fracture stress the m-values remain
to be almost unchanged irrespective of the stress ratio. The fact indicates that the
scatter of the tensile fracture stress becomes larger with decreasing stress ratio,

i.e., as the compressive stress becomes comparable to the tensile stress. The cause

_7;
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for this behavior is yet to be investigated.
In the case of the first quadrant of the fajlure surface, i.e., tension-tension, the

m-value for the axial tensile fracture stress tended to decrease with increasing
ratio of the axial or the hoop stress to the mean tensile strength. On the other
hand, the value for the hoop fracture stress seemed to become larger as the ratio
of the hoop stress to the mean tensile strength increased.
3.2.4 Comparison between the ORNL and JAERI data

The data points obtained at ORNL are plotted in Fig. 30 together with those of
JAERI. Probably because the specimen size, particularly the wall thickness was
the larger for ORNL than for JAERI, the scatter of the data is much smaller for the
former case. However, the ORNL data fall within the scatter band of the JAERI
data. The fact suggests that the above discussion on the JAERI data is also made on
the ORNL data. -

One difference between ORNL and JAERI data was that at ORNL the axial tensile
fracture stress was about 15 % larger than the hoop fracture stress. This
difference may result from the difference in the fixtures between the two

facilities.
4.CONCLUSIONS

The fracture criteria at the biaxial stress state were examined for a fine-grained
isotropic nuclear graphite, 1G-11 and a medium size-grained semi-isotropic
nuclear graphite, PGX. To realize the biaxial stress state the axial loading, either
tensile or compressive, and the internal pressure or torque were applied to several
types of tubular specimens. From the aspect of their size, the specimens were
classified into three categories: (1) the larger ones with different wall thicknesses
which were tested for the purpose of investigating the effect of wall thickness on
the biaxial strength, (2) the smaller ones which were tested for the purpose of
obtaining data for the statistical analysis, and (3) specimens tested at ORNL which
were tested to examine if there is any difference in the strength data depending
on the rig and specimen dimensions.

Main Conclusions are:
1)As for the failure surface, no significant difference was observed between the

IG-11 graphite specimens with thick wall(20 mm) and with thin wall(2 mm)

though the number of specimens tested was not large enough to evaluate the

data statistically.
2) The ratio of the lateral fracture strain at the outer surface to that at the inner
surface decreased with increasing wall thickness. This ratio was smaller than

_8_
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which were tested for the purpose of investigating the effect of wall thickness on
the biaxial strength, (2) the smaller ones which were tested for the purpose of
obtaining data for the statistical analysis, and (3) specimens tested at ORNL which
were tested to examine if there is any difference in the strength data depending
on the rig and specimen dimensions.

Main Conclusions are:
1}As for the failure surface, no significant difference was observed between the

IG-11 graphite specimens with thick wall(Z0 mm) and with thin wall(2 mm)

though the number of specimens tested was not large enough to evaluate the

data statistically.
2) The ratio of the lateral fracture strain at the outer surface to that at the inner
surface decreased with increasing wall thickness. This ratio was smaller than

_8_
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that of the outer fracture hoop stress to the inner one which were calculated on
the basis of the elastic theory.

3) The fracture hoop stress increased with increasng wall thickness when no axial
load was applied to a specimen. However, no increase in the fracture hoop
stress was detected under the axial load.

4) On the basis of the statistical analysis of the data on the smaller specimens, the
modified maximum strain energy criterion gave the best fit to the data points
both in the first and in the fourth quadrants of the failure surface.

5) The data points obtained at ORNL fell on the scatter band of the JAERI data,
which indicated that no appreciable difference in the biaxial strength of IG-11
graphite was found despite the differences in the test fixture and specimen
dimensions. -

6) The maximum strain energy criterion was also believed to be most appropriate
for PGX graphite though one had to take the effect of grain size into account.
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Fig.22 Biaxial strength of IG-11 graphite in the fourth quadrant of
the failure surface.
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Fig.25 Biaxial strength of 1G-11 graphite in the first and fourth
quadrants.
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Fig.30 Comparison of JAERI data with ORNL data on the biaxial strength.



