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Room temperature fatigue tests were carried out on graphite and carbon
meterials, which are used for the components in the core region of the HTTR, in the
applied stress condition that R (=¢ min / ¢ max) =— 3, — 1, 0 (PGX graphite) , =— 1,
0 (ASR-ORB carbon) and=— 1 (IG-11 graphite). The data were analyzed by Price's
method, homologous stress method and P-T-S diagram method to investigate which is the
most appropriate to derive desigh S-N curves. Fatigue tests were also carried out at 980
°C in vacuo on IG-1lgraphite to clarify the effect of temperature on its fatigue strength.
The results indicated : (1) Price's method was the most appropriate to analyze the data
for a design S-N curve. (2) Fatigue strength decreased with decreasing R-value,with the
less pronounced tendency for ASR-ORB. (3) Design S-N curves were obtained on PGX
and ASR-ORB on the basis of the data analyzed by Price's method. (4) Fatigue strength
of IG-11 at 980 °C appeared to be almost the same as that for the room temperature
fatigue strength, if the applied stress was normalized to the mean tensile strength at

room temperature in vacuo.
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1. Introduction

The components made of graphite and carbon materials in the HTTR,
High Temperature Engineering Test Reactor, are subject to cyclic stresses
caused by earthquakes, the variation in the pressure of coolant helium and
thermal cycles during operation of the reactor [1-3]. Therefore, it is
essential to obtain data on fatigue properties of the graphite and carbon
materials for the design and sefety evaluation of the components. From the
aspect of design of these components, it is a requisite to establish a fatigue
strength diagram since the graphite structure design code for the HTTR
requires the fatigue analysis [4].

There have been a number of investigations into the fatigue behavior
of nuclear graphite. However, the fatigue data, in most cases, have shown
large scatters so that it should be investigated what is the most
appropriate statistical method to analyze the data.

Price [S] employed an assumption that logarithm of fatigue life be
expressed by a linear equation of the logarithm of the ratio of the
maximum applied tensile stress to the mean tensile strength, and that the
deviation from the linear equation is to obey the normal distribution. His
method gave rise to good agreement between the experiment and analysis
for various loading modes. Wilkins et al. [6] , Ishiyama et al. [7,8] , and Eto
et al. [9] used a concept of homologous stress to analyze the data points,
and indicated that one can estimate the fatigue life even when the number
of data points is small. There are another method to analyze the fatigue
data, what is called P-T-S diagram method, in which a statistical
distribution is assumed to be applied to the data on fatigue life at each
stress level and the fatigue life as a function of stress level is plotted at a
certain fatigue fracture probability [10].

The purpose of this report is to (1) summarize the fatigue data which
have been obtained at room temperature on HTTR graphite and carbon
materials, especially those used for the permanent reflector, plenum block
and thermal insulator, for establishing the database, i, e., the data obtained
in the test condition that the stress ratio R (= minimum applied stress Omin
/ maximum applied stress omax) is 0.0, -1.0, and -3.0, and (2) to derive
design fatigue curves from the results of analysis of the data by means of
the methods mentioned above. In addition, the results of the fatigue test
on a graphite for fuel block and sleeve at around 1000°C were also
summarized to make clear the effect of temperature on its fatigue strength,
since the maximum temperature of coolant helium at the outlet is
supposed to be 950°C in the HTTR.
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2. Experimental Procedure

2.1 Materials and specimens

Materials used were a fine-grained isotropic graphite 1G-11 (Toyo
Tanso Co.), semi-isotropic graphite PGX (UCAR) and a carbon material ASR-
ORB (SIGRI), which are used as fuel sleeves, fuel blocks and replaceable
reflectors; permanent reflectors and plenum blocks; and thermal insulating
blocks at the core bottom; respectively. Some properties of these materials
are summarized in Table 1. High temperature fatigue tests were done only
for 1G-11. The size of the original billets from which the smaller blocks
were cut for the specimen preparation was 300X540X850 mm for 1G-11
graphite, 1100 mm in diameter X 1220 mm in length for PGX graphite, and
1150 mm in diameter X550 mm in.length for ASR-ORB carbon. The size of
the blocks from which specimens were machined was 155X155X 500 mm
for IG-11, 300X 300X 200 mm for PGX. A fan-shaped block with an angle of
45 degrees was used for specimens of ASR-ORB. Blocks in 115%x115x%X400
mm were machined from the original billets of IG-11 for specimens to be
used in the high temperature fatigue test.

Fig. 1 shows the size of an original block of 1G-11 and the cutting
plan for the specimen preparation. Table 1 summarizes mechanical
properties of these materials. Dimensions of the specimen used in the
present experiment are shown in Figs. 2 and 3 for room temperature and
high temperature tests, respectively. For the room temperature test,
specimens were machined either parallel to (L) or perpendicular to (T) the
longitudinal axis of the blocks. Specimens for the test were selected
randomly from all the specimens prepared except PGX graphite specimens
for which the selection was carried out in the following way: First, the
ultrasonic wave velocity was measured for all the specimens. Then, the
Young's modulus, E, was estimated from the velocity, V and the mean value
of apparent density (p = 1.74 g/cm3), i, e., E = pV2 The results of the
estimation is :

T-direction L-direction

Number of specimens 228 228

Young's modulus (mean) 8.30 GPa 6.48 GPa
Standard deviation 0.54 GPa 0.42 GPa
Ultrasonic wave velocity (mean) 2182 m/s 1928 m/s

Specimens which displayed the ultrasonic wave velocity smaller than the
mean value by 200 m/s or more, i. e., 0.70 GPa for the Young's modulus,
were deleted from the specimens for the test. The number of specimens
deleted was 19 (8.3%) and 23 (10.1%) for T- and L-directions, respectively.
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Specimens for the high temperature test were cut from 6 blocks
shown in Fig. 1 in the way that their longitudinal axis was parallel to the
longitudinal axis of the blocks. No selection was made on specimens for the
high temperature test.

2.2 Tensile and compressive tests

Since there had been no data available on the effect of specimen size
on the tensile and compressive strengths of PGX graphite, tensile and
compressive tests were carried out on specimens with several sizes. For the
tensile test three kinds of dumbbell type specimens were used: S mm in
diameter X20 mm in gage length, 10 mm in diameter X20 mm in gage
length, and 20 mm in diameter X20 mm in gage length. For the
compressive test, five kinds of cylindrical specimens were used: 5 mm in
diameter X10 mm in length, 10 mm in dia. X20 mm in length, 15 mm in
dia. X30 mm in length, 30 mm in dia. X 60 mm in length, and 50 mm in dia.
X100 mm in length . A screw-driven test machine was used for these tests
at a cross-head speed of 0.1 mm/min. For the compressive test, 2 mm thick
sheets of teflon were placed between a specimen and the upper and lower
compression plates to reduce the friction.

2.3 Fatigue tests

To determine the applied stress for the fatigue test tensile tests were
carried out for fatigue specimens of all the three materials, using a
servohydraulic test machine. The number of specimens tested ranged from
20 to 40. Before the high temperature fatigue test tensile tests were also
done on specimens shown in Fig. 3 at room temperature and 980°C in
vacuo using a servohydraulic test machine with the maximum allowable
load of about 100 kN. The number of specimens tested was 5 for both room
temperature and 980°C.

Room temperature fatigue tests were carried out in the loading
condition that R (= Omin/ Omax) values were 0, -1, and -3 (L-direction of PGX
graphite only). Several levels of the tensile applied stress were chosen,
ranging from 0.7 to 1.0 of the mean static tensile strength. The loading
speed was 8.75x103 N/s, 2.62X103 N/s, and 2.13x103 N/s for 1G-11, PGX
and ASR-ORB, respectively. The clyclic load in the triangular wave was
applied to the specimen up to failure or 105 cycles.

High temperature fatigue tests were carried out in the loading
condition that the maximum applied stress level was 0.75 to 0.9 of the
mean tensile strength with R~ 0.0. The frequency of the cyclic stress was
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about 1 Hz. In some cases the fatigue test was carried out to more than 105
cycles. Those specimens which survived after 105 or more cycles of
repeated stresses were subject to tensile tests at room temperature.

3. Results and Discussion

3.1 Volume dependence of tensile and compressive strengths

Data on the effect of specimen volume on the tensile and compressive
strengths of IG-11 graphite were already summarized in the previous
study, indicating that the size of the fatigue specimen employed here is
appropriate [9].

The data on strength of PGX graphite measured in the present study
are shown in Fig. 4, where one can see that there is no significant effect of
specimen volume both for longitudinal and transverse directions. In the
case of compressive tests on the largest specimens, i. e., those 50 mm in
diameter, the initiation and growth of a crack was often observed at the
end or side surface of a specimen, being followed by its growth along the
longitudinal direction up to fracture. This is probably because some stress
concentration took place in the end surface of a specimen in contact with
the compression plate. On the other hand the smaller specimens showed
clear shear fracture at an angle of about 45 degrees. It is to be noted that
despite of the fact above there is no significant dependence of compressive
strength on the specimen volume. On the basis of the facts above and
general requisite that the specimen size should be at least 10 times larger
than the grain size the specimen dimensions shown in Fig. 2 were
determined. The digital data on PGX graphite are shown in the Appendix.
The diameter and gage length employed here for the fatigue test are twice
larger than those of the previous investigation on IG-11 graphite [7].

3.2 Stafic tensile strength

To evaluate the variance of the tensile strength , the results of tensile
tests on fatigue specimens are shown on the normal probability paper for
IG-11, PGX and ASR-ORB in Figs. 5, 6 and 7, respectively. The digital data
are shown in the Appendix. It is seen in these figures that the distribution
of the tensile strength of these materials is well expressed by the normal
distribution. The trend was more clearly found for the data set where the
more data points taken from several lots of IG-11 and PGX were
statistically analyzed [10]. The data on tensile strength also obey the
Weibull distribution fairly well, especially at low strength levels.
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3.3 Fatigue life at room temperature

Results of the fatigue tests performed in the condition that R=0.0,
-1.0 and -3.0 are summarized in the Appendix, Tables A8 through A12 for
IG-11, PGX (L)(T) and ASR-ORB (L, T), respectively. In case that a specimen
fractured during the first tensile loading in each loading condition, the
fatigue life was counted as 0.25 or 0.5 for R=-1 or R=0.

3.3.1 Analysis of data by Price’s method
According to Price model the fatigue life Nf is assumed to be

expressed as
10g (Ca/ Smean) = A + Blog N¢ + €. (1)

Here, 0a, Smean are the maximum applied stress and the mean tensile
strength, respectively. Constants, A and B are determined by the least
square method. € is a normal random variable with the mean value = 0 and
the standard deviation = s. In the present analysis specimens with fatigue
lives larger than 105 were omitted so that the derived equation is
considered to be on the conservative side.

The data analyzed on the basis of Eq. (1) are shown in Fig. 8 through
12 for the three materials with several R-values. Digital data for these
figures are summarized in the Appendix. In the figures one can see the
lines for 99% survival probability with 95% confidence as well as the best
fit lines to the data points. Table 2 summarizes values for the parameters
A and B with standard deviations in Eq. (1). It is to be noted that the
intercept with the ordinate, A and the slope B decrease with decreasing R.
All the best fit lines obtained here pass very closely the point (normalized
applied stress, fatigue life) = (1.0, 0.25) or (1.0, 0.5), which indicates that
the fitmess of the equations to the data points is good.

3.3.2 Analysis of data by homologous stress method

Homologous stress is defined as the ratio of the maximum applied
stress O, to the estimated tensile strength of i-th specimen, S;, oy = 0a/S;.
S; is estimated on the assumption that a specimen which displayed the i-th
shortest fatigue life in the fatigue specimen set should be the i-th weakest
if the static tensile tests are performed on the set of specimens, and that
the variations of fatigue life and static strength can be expressed by the
normal or Weibull distribution. Here, the homologous stress at each applied
stress level was estimated on the basis of these distributions. When the
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estimation was carried out for the lower applied stress levels, the run-out
specimens, i. e., those which had survived up to 105 cycles, were regarded
to have a fatigue life of 105 to minimize the possible error that would be
brought about when those specimens would be omitted. There is no large
difference in the homologous stress values between the normal and
Weibull distributions, although Weibull distribution gave a little larger
values at very low fracture probabilities. This is reasonably expected that
the fracture probability in the low stress region is the higher for the
Weibull than for the normal. However, the difference in the fatigue
strength between the two distributions are very small, as is shown in Fig.
13.

Tables 3 and 4 summarizes the values for the parameters in the
following equation on the basis of the normal and Weibull distributions,
respectively.

log oy = A + B log N¢ (2)

In comparison with the previous calculation , B is a little smaller than that
obtained by the Price's method, i. e., the slope is the larger. The values of A
are larger than those obtained by Price's method. From these facts it is
found that the fatigue strength is much smaller than that in the case of
Price's method for all the three materials tested. There is one crucial point
about the homologous stress method from the aspect of its application to
~ the design and safety analysis of graphite components : Some homologous
stresses become larger than 1.0 when the applied stress level is high. This
was also incurred in the previous study on IG-11 graphite [7]. The fact
above could be a demerit of the homologous stress method if the method
would be used for determining the fatigue life diagram for the design of
graphite components. It is also to be noted that the static strength
estimated for the analysis depends on the log and heat of the material, the
variation within a log, the number of data points, etc.

3.3.3 Analysis by P-S-N diagram method

In the P-S-N diagram method the best fit S-N curve is obtained in the
following way : (1) a probability distribution is assumed to the fatigue life
at each stress level. (2) the fatigue life at a given fracture probability is
estimated for each stress level. (3) plots of the applied stress vs. fatigue
life at a given fracture probability are drawn as the best fit S-N curve [10].

Here, the Weibull distribution was assumed to be applicable to the
fatigue life at each stress level, i. e,

_6_
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Pr=1-exp{-(Nf/No) ™} (3)

In the above equation, Pr is the cumulative fracture probability at fatigue
life Nf, and m, N, are constants. From Eq. (3),

In ln {1/ (1-Pf) } =m1InNf- m In N,. (4)

Dataon IG-11 and PGX graphites were analyzed on the basis of Eq. (4) ,
which gives Figs. 14 through 16. Data on ASR-ORB was not analyzed by P-
T-S method, because the number of specimens tested was not large enough
to be analyzed by the method.

P-S-N diagram method is, in principle, to be applied to the data
where the fracture probability distribution is the same for all the stress
levels, i.e., the m-value in Eq. (4) is the same. However, in reality, as is seen
in the figures, the slope decreased with decreasing stress level. Therefore,
itis judged that the method is not appropriate for the data analysis on the
graphites examined in the present study.

3.3.4 Dependence of S-N curve on R-value

Here, the dependence of the fatigue life on R-value is discussed with
regard to S-N curves obtained by Price's method which is believed to be
most appropriate to analyze the fatigue data on nuclear graphite. It is to be
noted that there is no large difference in A-value between the grades of
materials as long as R is the same, i. e., R= 0 or = -1. A-values seem to
decrease with decreasing R-value, which is clearly seen in the case of PGX
(L) in. Table 2. Previous studies on IG-11 graphite indicated that the stress
level at Ng= 1 decreased from 0.97 to 0.73 of the mean tensile strength
with decreasing R from O to -3.5 [7,8]. In the present experiment on PGX
graphite (L) the stress level at N¢ = 1 is 0.96 of the mean tensile strength at
R= -3, much larger than that for IG-11. The stress levels in the compression
side in these cases, i. e., R= -3.5 for IG-11 and R= -3.0 for PGX (L), were
0.85 and 0.83 of the mean compressive strength of each material,
respectively. The fact indicates that the effect of compressive stress on the
fatigue life is more pronounced for IG-11 than for PGX. This is probably
because the defects introduced by high compressive stresses propagate
less rapidly during the fatigue process for PGX because of its larger grain
size and higher deformability. In fact, a previous study on the effect of
compressive prestress on the tensile strength of graphite indicates that the
fine-grained, higher strength material showed the larger loss in the tensile
strength if the normalized prestress level was the same [12].

-7 —
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The absolute value of B increased with increasing R-value. This
indicated that the stress in the compression side would affect the growth of
the fatigue crack. It is also to be noted that the slope of the S-N curves is
less steep for ASR-ORB, comparing with the other materials. This means
that practically the fatigue behavior would not be observed in the carbon
material when the applied stress level is smaller than 0.8 of the mean
tensile strength, probably because of its pronouncedly brittle nature.

3.3.5 Equi-fatigue life diagram

The above discussion indicates that Price's method is the most
appropriate to analyze the fatigue data on graphite and carbon materials so
that the equi-fatigue life diagram for design, i. e., the modified Goodman
diagram, is proposed for PGX and ‘ASR-ORB on the basis of the method.
According to the HTTR Graphite Structural Design Code, the design fatigue
life curve is to correspond to 99% survival probability with 95% confidence
[11]. The design fatigue life curve is given by

log (Oa / Smean) = [10g (Oa / Smean) ] mean - ( 2.326 + 1.645 ) s (S)

Jn
Here, [ 10g (Oa / Smean) ] mean represents the stress value of the best fit
curve, and n is the number of data points, s, the standard deviation defined
in Eq. (1). The design curves for Nf =1, 103 and 105 are shown in Figs. 17
and 18 for PGX and ASR-ORB, respectively. In these figures, the mean
applied stress is assumed to be equal to the mean tensile strength for the
case R=1.

3.4 Fatigue life at high temperature
3.4.1 Tensile strength of IG-11 graphite

Results of the tensile test on high temperature fatigue specimen with
different treatments are summarized in Table 5. It is to be noted that the
tensile strength at room temperature in vacuo is about 24% larger than
that in air. This trend was also observed in the previous experiment [13]
where the tensile strength was found to be about 15% larger in vacuo than
In air at room temperature. Though, in the present study, it is rather
difficult to evaluate quantitatively the effect of atmosphere on the
strength, it is believed that the service condition of the HTTR would
increase the strength of the graphite in comparison with that in air. It is
also interesting to see that the heat treatment at 200C in vacuo for 2h
increased the strength at room temperature by a few %, resulting in the
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strength value which coincides with that at 980°C. The strength of
specimens which survived after more than 105 cycles of repeated applied
stress seem to have kept the original strength, comparable with or even
larger than that obtained at room temperature in vacuo. From these results
it was decided that the mean tensile strength to be used in the
normalization of the applied stress in the high temperature fatigue test
was either that at room temperature in vacuo or that at 980%C in vacuo, i.
e., 40.3 MPa or 42.8 MPa, and the analysis of the fatigue data was done for

both cases.

3.4.2 Fatigue strength at 980°C

The results of the fatigue test at 980°C are shown in Fig. 19 (a), (b)
where one can see the plots of the normalized applied stress versus fatigue
life in comparison with the best fit equation for the room temperature data
obtained in the previous study [8]. In Fig.19 (a) the applied stress is
normalized to the mean tensile strength at 980°C whereas the mean
strength at room temperature in vacuo is chosen as the normalizing
strength in Fig. 19 (b). The best fit line in the latter case is expressed as

10g (Oa / Smean) = - 0.0166 - 0.00770 log N (6)

which is very close to that obtained for the room temperature fatigue
strength in the condition of R= 0 [8], i. e.,

log (0a/ Smean) = - 0.0136 - 0.00877 log N¢ (7)

On the other hand, the fatigue strength appears to be rather low if the
normalizing strength is set at the mean strength at 9807 in vacuo, i. e.,

108 (02 / Smean) = - 0.0427 - 0.00776 log N¢ (8)

The value of 04 / Smean at 105 cycles is 0.881 and 0.829 for Eqgs. (6) and (8),
respectively. For the room temperature fatigue strength, 0z / Smean is 0.876.
From the above calculations it is concluded that the fatigue strength at
9807 is well described by an equation analogous to that for the room
temperature fatigue strength when the mean strength at room
temperature is chosen as the normalizing strength. If the normalizing
strength is set at the mean strength at 980°C, the best fit line gives the
lower fatigue strength than is estimated from the data on the room
temperature fatigue strength. This implies that the fatigue strength at
980T is evaluated on the conservative side if the applied stress is

— 9 —
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normalized to the mean tensile strength at 980°C. One thing to be noted is
that 17 out of 38 specimens which were subject to repeated stresses
survived even at 105 or more, and that the fatigue life of these specimens
was treated as 105 in the present analysis. The fact is believed to make the
analysis even more conservative.

4. Conclusions

Room temperature fatigue tests were carried out on PGX graphite,
ASR-ORB carbon and IG-11 graphite which are used in the core region of
the HTTR. The ratio of applied stress R= O pin / O max Was -3, -1, 0 (PGX), -1,
O (ASR-ORB) and -1 (IG-11). The room temperature data were analyzed by
three different methods, i. e., Price's, homologous stress and P-T-S diagram
to investigate which method is the most appropriate. Fatigue tests were
also carried out at 980%C in vacuo for 1G-11 graphite to evaluate the effect
of temperature on the fatigue strength.

Main conclusions are :

1) Among the three methods above the Price's method was the most
appropriate to derive a design S-N curve from the data set. P-T-S
diagram method could not be applied to the present data.

2) The fatigue strength of PGX and ASR-ORB decreased with decreasing
R-value, which is consistent with the result which was obtained
previously on IG-11. Although the variation of data was the largest
among three materials, the fatigue strength normalized to the mean
tensile strength was the largest for ASR-ORB.

3) On the basis of the room temperature data analyzed by Price's method,
design S-N curves were obtained for PGX and ASR-ORB.

4) Fatigue tests at 980°C on IG-11 graphite indicated that the S-N curve
was almost the same as that for the room temperature curve when the
applied stress was normalized to the mean tensile strength at room
temperature in vacuo.
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Table 5 Tensile strength of IG-11 graphite in different test conditions

Condition Tensile strength
(MPa)

980°C in vacuo 42.8 + 2.0(8)
RT in vacuo 40.3 £ 3.7 (3)
RT in vacuo 409 + 1.4 (17)
after > 105 cycles
RT in vacuo 42.8 £ 0.7 (4)
after 200°CxX2h
RT in air 324 £ 2.3 (3)
(including after > 105)

() : Number of specimen

Table 6 Fatigue life of IG-11 (L) at 980%C in comparison with
that at room temperature (R= 0)

Temperature Stress normalization A B

RT Applied stress normalized to the  -0.0136  -0.00877
mean tensile strength at room
temperature in air.

980°C Applied stress normalized to the  -0.0427 -0.00776
mean tensile strength at 980C.

980C  Applied stress normalized to the  -0.0166  -0.00770
mean tensile strength at room
temperature.,
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540

[ mm ]

Size of the blocks : Large (L) : 155°%500 mm  Small (S) : 1157 X430 mm

Fig. 1 Size of the original block and cutting plan for specimen
preparation for IG-11 graphite.
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Fig. 2 Specimen for the room temperature fatigue test.
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Specimen for the high temperature fatigue tests.
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Fig. 4 Tensile and compressive strength of PGX graphite specimens
with different volumes. (a) tensile strength, (b) compressive
strength.
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Fig. 5 Plots of fracture probability versus tensile strength of IG-11
graphite specimens (L-direction).
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Fig. 6 Plots of fracture probability versus tensile strength of PGX
graphite specimens, (a) L-direction and (b) T-direction.
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Fig. 7 Plots of fracture probability versus tensile strength of ASR-ORB
~ carbon specimens, (a) L-direction and (b) T-direction.
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Fatigue test data with R=-1.0 on IG-11 graphite (L-direction), the
S-N curves obtained by Price method. A 99/95% lower tolerance
limit represents the limit above which at least 99% of all data

would fall with 95% confidence.
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Fig. 9(a) Fatigue test data with R=0.0 on PGX graphite (L-direction), the
S-N curves obtained by Price method. A 99/95% lower tolerance
limit represents the limit above which at least 99% of all data
would fall with 95% confidence.
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Fig. 9(b) Fatigue test data with R=-1.0 on PGX graphite (L-direction), the
S-N curves obtained by Price method. A 99/95% lower tolerance
limit represents the limit above which at least 99% of all data
would fall with 95% confidence.
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Fig. 9(c) Fatigue test data with R=-3.0 on PGX graphite (L-direction), the
S-N curves obtained by Price method. A 99/95% lower tolerance
limit represents the limit above which at least 99% of all data
would fall with 95% confidence.
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Fig.10(b) Fatigue test data with R=-1.0 on PGX graphite (T-direction), the
S-N curves obtained by Price method. A 99/95% lower tolerance
limit represents the limit above which at least 99% of all data
would fall with 95% confidence.
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limit represents the limit above which at least 99% of all data
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Fig.14  Plot of fatigue test data with R=-1.0 on IG-11 graphite (L-
direction) for P-S-N analysis.
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Fig.15(a) Plot of fatigue test data with R=0.0 on PGX graphite (L-direction)
for P-S-N analysis.
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Fig.15(b) Plot of fatigue test data with R=-1.0 on PGX graphite (L-direction)
for P-S-N analysis.
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Fig.15(c) Plot of fatigue test data with R=-3.0 on PGX graphite (L-direction)
for P-S-N analysis.
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Fig.16(b) Plot of fatigue test data with R=-1.0 on PGX graphite (T-direction)
for P-S-N analysis.
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Fig.18(b) Constant fatigue life diagram for ASR-ORB carbon (T-direction),
fatigue lines represent 99% survival probability with 95%
confidence.
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Appendix : Digital Data on Static Strength and Fatigue Strength

Table Al Tensile strength of PGX graphite (T)

No. Tensile strength (MPa)
5mm DX10mm GL  10mm DX10mm GL 20mm DX10mm GL
1 8.86 8.15 9.34
2 9.50 9.17 7.68
3 9.11 8.94 8.41
4 8.49 8.14 8.18
S 9.14 8.80 7.51
6 8.90 10.03 9.03
7 8.99 9.80 8.99
8 9.44 8.64 8.23
9 9.30 9.47 8.51
10 9.10 8.70
Mean 9.08 9.02 8.46
Std. Dev. 0.32 0.63 0.59
Table A2 Tensile strength of PGX graphite (L)
No. Tensile strength (MPa)
Smm DX10mm GL 10mm DX10mm GL 20mm DX10mm GL
1 8.18 8.84 8.49
2 9.96 7.26 8.91
3 8.51 8.17 8.83
4 5.29 7.61 7.09
S 7.43 6.43 6.69
6 6.94 5.78 4.64
7 7.72 6.64 6.29
8 7.63 8.31 8.60
9 8.05 6.90 8.47
10 8.65
Mean 7.75 7.46 7.56

Std. Dev. 1.25 1.02 1.47
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Table A3 Compressive strength of PGX graphite (T)

No. Compressive strength (MPa)
Smm D 10mm D 15mm D 30mm D S50mm D
X1I0mmL X20mmL X30mmL X60mmL X100mmL
1 29.08 31.38 31.84 31.87 30.91
2 30.98 31.76 32.05 31.91 31.99
3 30.55 31.15 30.95 30.57 28.11
4 30.97 31.11 31.31 32.11 30.85
5 28.04 2942 3042 28.26 30.46
6 27.69 30.09 30.85 32.96 32.93
7 28.40 30.88 - 31.55 32.24 31.95
8 28.74 31.53 31.86 30.77 27.88
9 25.27 26.63 27.44 30.60 30.69
10 25.66 26.90 27.19 31.19 30.32
11 31.21 32.88 32.77 29.81
12 30.16 32.48 32.38 29.28
13 29.88 30.85 31.84 2991
14 30.21 30.19 31.81 29.98
15 28.72 30.07 30.62 30.15
16 27.21 27.89 30.60 30.43
17 28.95 29.68 30.44 32.20
18 28.77 30.06 29.87 30.53
19 31.08 30.07 30.33 31.65
20 28.49 29.74 30.29 30.70
Mean 29.00 30.24 30.82 30.86 30.61

Std. Dev. 1.69 1.63 1.43 1.16 1.60
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Table A4 Compressive strength of PGX graphite (L)

No. Compressive strength (MPa)
Smm D 10mm D 15mm D 30mm D 50mm D
X10mm L X20mmL X30mmL X60mm L X100mm L
1 30.07 31.28 31.02 31.44 30.91
2 28.81 29.99 31.12 31.21 32.63
3 29.77 30.32 31.06 31.37 30.18
4 30.31 31.38 32.09 31.01 29.80
5 28.81 29.83 31.45 31.07 30.93
6 29.47 29.55 31.04 30.69 30.55
7 28.94 29.80 31.01 31.07 30.23
8 30.65 30.27 30.75 31.90 31.86
9 30.45 30.68 30.68 31.83 31.93
10 28.39 30.47 30.77 31.63 32.03
11 27.18 30.79 31.57 32.84
12 29.03 29.61 31.08 33.96
13 30.54 32.64 32.94 32.55
14 30.31 32.70 32.17 32.45
15 29.43 29.38 30.83 29.53
16 29.52 30.23 30.79 33.02
17 29.47 30.81 30.68 28.91
18 29.34 30.36 30.39 28.50
19 29.53 30.79 31.83 30.97
20 29.01 30.81 30.71 31.88
Mean 29.45 30.59 31.20 31.39 31.11

Std. Dev. 0.84 0.90 0.63 1.33 0.95
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Table A5 Results of tensile strength test on IG-11 graphite

(L direction)

No. Diameter Young's modulus Tensile strength
(mm) (GPa) (MPa)
1 10.013 10.13 28.96
2 10.026 9.87 27.58
3 10.027 9.08 26.08
4 9.988 9.85 27.22
S 10.000 10.48 30.13
6 10.018 9.85 26.60
7 10.026 10.25 29.19
8 9.985 10.13 27.09
9 10.012 10.60 28.81
10 10.029 9.74 26.85
11 9.990 10.97 30.89
12 10.020 9.74 27.83
13 10.022 10.67 29.21
14 10.014 9.74 27.55
15 10.019 10.30 29.23
16 10.042 9.96 25.07
17 10.026 9.79 27.33
18 10.021 10.42 28.60
19 10.004 10.29 26.51
20 10.000 10.34 28.57
21 10.450 10.73 29.70
22 9.984 10.13 28.10
23 9.990 9.63 26.27
24 10.014 10.30 27.55
25 10.024 10.07 24.85
Average 10.12 27.83

Standard deviation 041 1.51
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Table A6(a) Results of tensile strength test on PGX graphite

(L direction)
No. Diameter Young's modulus  Tensile strength
(mm) (GPa) (MPa)

1 10.023 6.65 8.89
2 10.220 6.64 9.07
3 10.004 6.61 8.25
4 10.023 6.71 8.42
5 10011 6.58 8.57
6 10.027 6.44 8.01
7 10.013 6.61 8.13
8 10.019 6.49 8.18
9 10.017 6.61 8.90
10 10.029 6.77 7.23
11 10.025 6.58 7.95
12 9.998 6.65 8.68
13 10.015 6.68 8.78
14 9.965 6.83 8.08
15 10.023 6.80 9.12
16 10.040 6.61 8.52
17 9.984 6.76 8.55
18 10.025 6.49 7.88
19 10.016 6.61 7.24
20 10.020 6.58 9.05
21 10.021 6.80 6.62
22 10.009 6.80 7.77
23 10.025 6.64 7.08
24 10.019 6.73 7.83
25 10.006 6.83 7.09
26 10.014 6.52 7.03
27 10.022 6.67 7.43
28 10.001 6.67 7.88
29 9.972 6.67 8.33
30 9.997 6.42 7.95
31 9.987 6.55 9.50
32 10.016 6.32 7.50
33 10.019 6.52 8.60

34 10.060 6.59 8.83
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No. Diameter Young's modulus Tensile strength

(mm) (GPa) (MPa)
35 10.068 6.46 8.92
36 10.025 6.64 9.09
37 10.017 6.40 8.46
38 10.044 6.52 9.26
39 10.013 6.21 8.23
40 10.019 0.77 9.19
41 10.000 6.64 8.58
42 10.022 0.67 9.17
43 10.038 6.52 8.43
44 10.043 6.71 8.39
Average 6.61 8.29

Standard deviation 0.14 0.70
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Table A6(b) Results of tensile strength test on PGX graphite

(T direction)
No Diameter Young's modulus Tensile strength
(mm) (GPa) (MPa)
1 10.009 8.70 10.28
2 9.991 8.48 9.19
3 9.988 8.39 8.82
4 9.988 8.61 9.01
) 10.005 8.47 8.79
6 10.006 8.56 9.10
7 10.031 8.38 9.06
8 9.979 8.61 9.53
9 10.009 8.47 9.66
10 9.981 8.60 9.34
11 9.966 8.52 9.24
12 9.989 8.34 9.57
13 10.004 8.34 9.11
14 9.976 8.48 9.91
15 9.988 8.30 8.51
16 10.014 8.34 8.96
17 10.016 8.56 8.90
18 10.000 8.56 8.49
19 10.025 8.17 7.95
20 9.988 8.51 7.82
21 10.003 8.52 9.55
22 9.980 8.43 9.15
23 9.971 8.47 9.80
24 9.959 8.43 9.13
25 9.975 8.13 8.41
26 9.985 8.74 10.21
27 9.990 8.60 9.38
28 9.972 8.52 9.79
29 9.969 8.60 9.99
30 10.000 8.51 9.11
31 9.960 8.43 9.69
32 10.027 8.52 9.38
33 9.970 8.61 9.61
34 10.017 - 8.52 7.96
35 10.030 8.70 9.00
Average 8.49 9.18

Standard deviation 0.14 0.60
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Table A7(a) Results of tensile strength test on ASR-ORB carbon

(L direction)
No. Diameter Young's modulus Tensile strength
(mm) (GPa) (MPa)
1 9.990 9.73 5.00
2 9.980 9.73 7.08
3 10.000 9.46 6.77
4 10.000 9.06 5.53
5 10.000 10.01 7.12
6 9.980 9.78 6.58
7 9.980 9.72 7.21
8 10.000 9.45 7.02
9 9.980 9.56 6.83
10 9.970 8.95 6.34
11 9.990 9.15 6.76
12 10.010 9.63 6.67
13 10.010 9.20 5.92
14 10.000 9.78 6.99
15 10.010 9.72 7.17
16 10.010 9.72 5.89
17 9.970 8.95 6.41
18 9.990 9.29 6.57
19 10.000 9.05 6.02
20 10.000 9.09 6.37
Average 9.45 6.51

Standard deviation 0.33 0.59
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Table A7(b) Results of tensile strength test on ASR-ORB carbon

(T direction)
No Diameter Young's modulus  Tensile strength
(mm) (GPa) (MPa)
1 9.980 10.63 7.15
2 10.000 10.75 6.12
3 10.020 10.26 5.66
4 10.000 10.76 7.59
S 9.980 10.82 5.74
6 10.000 10.94 7.52
7 10.000 10.88 7.84
8 9.974 10.74 7.69
9 10.000 10.68 5.21
10 9.980 10.18 6.42
11 9.990 10.88 741
12 10.010 11.01 6.29
13 9.980 10.67 6.68
14 10.000 10.87 6.43
15 10.010 10.87 7.79
16 10.010 10.37 6.57
17 9.990 10.81 6.35
18 10.000 10.74 7.09
19 10.010 10.81 7.60
20 9.980 10.61 7.21
21 9.980 10.88 5.86
22 9.970 10.74 7.00
Average 10.72 6.78

Standard deviation 0.21 0.77



JAERT-Research 98-024

Table A8 Fatigue life data on IG-11 graphite (L direction)

R (Stress ratio) =-1.0
Mean tensile strength : 27.83 MPa

No. Applied stress Number of No. Applied stress Number of

(MPa) cycles (MPa) cycles
1 27.83 2 1 22.26 1045
2 27.83 2 2 22.26 1098
3 27.83 2 3 22.26 1154
4 27.83 2 4 22.26 1536
5 27.83 2 5 22.26 1677
6 27.83 3 6 22.26 1977
7 27.83 7 7 22.26 4111
8 27.83 10 8 22.26 7392
9 27.83 10 9 22.26 15710
10 27.83 22 10 22.26 31060
11 22.26 56900
1 25.05 20 12 - 22.26 > 103100
2 25.05 40
3 25.05 45 1 20.87 9844
4 25.05 55 2 20.87 11590
5 25.05 63 3 20.87 15040
6 25.05 65 4 20.87 19350
7 25.05 80 5 20.87 25400
8 25.05 100 6 20.87 56690
9 25.05 106 7 20.87 27430
10 25.05 114 8 20.87 38440
11 25.05 157 9 20.87 99050
12 25.05 164 10 20.87 > 105000
13 25.05 170 11 20.87 > 110800
14 25.05 176 12 20.87 > 112000
15 25.05 190 13 20.87 > 121600
16 25.05 547
17 25.05 816 1 19.48 > 101800
2 19.48 > 105300
3 19.48 > 192600
4 19.48 > 217500
5 19.48 > 322200
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Table A9(a) Fatigue life data on PGX graphite (L direction)

R (Stress ratio) =0.0
Mean tensile strength : 8.294 MPa

No. Applied stress Number of No. Applied stress Number of

(MPa) cycles (MPa) cycles
1 8.294 0.5 1 7.465 49
2 8.294 0.5 2 7.465 304
3 8.294 2 3 7.465 307
4 8.294 6 4 7.465 482
5 8.294 10 S 7.465 503
6 8.294 17 6 7.465 632
7 8.294 19 7 7.465 8328
8 8.294 20 8 7.465 1391
9 8.294 28 9 7.465 1846
10 8.294 37 10 7.465 8261
11 8.294 38 11 7.465 8501
12 8.294 45 12 7.465 9383
13 8.294 59
14 8.294 70 1 7.050 437
15 8.294 90 2 7.050 10830
16 8.294 172 3 7.050 30290
17 8.294 359 4 7.050 99970
5 7.050 > 178100
1 7.879 0.5 6 7.050 >221600
2 7.879 2
3 7.879 5 1 6.635 > 126000
4 7.879 11 2 6.635 > 130880
5 7.879 24 3 6.635 > 191800
6 7.879 39 4 6.635 >207500
7 7.879 48
8 7.879 94
9 7.879 3336
10 7.879 7396
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Table A9(b) Fatigue life data on PGX graphite (L direction)

R (Stress ratio) =-1.0
Mean tensile strength : 8.294 MPa

No. Applied stress Number of No. Applied stress Number of

(MPa) cycles (MPa) cycles

1 8.294 4 1 6.635 10
2 8.294 4 2 6.635 197
3 8.294 8 3 6.635 320
4 8.294 9 4 6.635 706
5 8.294 10 5 6.635 - 1146
6 8.294 11 6 6.635 1384
7 8.294 12 7 6.635 1982
8 8.294 12 8 6.635 2035
9 8.294 13 9 6.635 ‘ 2151

10 8.294 14 10 6.635 2653

11 8.294 14 11 6.635 5898

12 8.294 17 12 6.635 10410

13 8.294 19 13 6.635 14940

14 8.294 21 14 6.635 39720

15 8.294 60 15 7.465 > 143500
1 7.465 9 1 5.806 6129
2 7.465 10 2 5.806 18080
3 7.465 11 3 5.806 > 144100
4 7.465 45 4 5.806 > 146100
5 7.465 52 5 5.806 > 147200
6 7.465 73
7 7.465 95 1 4,976 > 140600
8 7.465 96
9 7.465 105

10 7.465 136

11 7.465 147

12 7.465 197

13 7.465 271

14 7.465 350

15 7.465 622

16 7.465 968

17 7.465 2062
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Table A9(c) Fatigue life data on PGX graphite (L direction)

R (Stress ratio) =-3.0
Mean tensile strength : 8.294 MPa

No. Applied stress Number of No. Applied stress Number of

(MPa) cycles (MPa) cycles

1 8.294 2 1 5.806 715

2 8.294 2 2 5.806 835

3 8.294 3 3 5.806 1029

4 8.294 3 4 5.806 2050

S 8.294 6 5 5.806 2177
6 5.806 5839

1 7.465 5 7 5.806 6698

2 7.465 8 8 5.806 24180

3 7.465 15

4 7.465 18 1 5.391 14100

S 7.465 24 2 5.391 79330

6 7.465 27 3 5.391 > 102500

7 7.465 36 4 5.391 > 108200
S 5.391 > 133700

1 6.635 64 6 5.391 > 135900

2 6.635 87 7 5.391 >161500

3 6.635 88

4 6.635 110

S 6.635 148

6 6.635 154

7 6.635 161
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Table A10(a) Fatigue life data on PGX graphite (T direction)

R (Stress ratio) =0.0
Mean tensile strength : 9.183 MPa

No. Applied stress Number of No. Applied stress Number of
(MPa) cycles (MPa) cycles
1 9.183 0.5 9 8.265 233
2 9.183 0.5 10 8.265 311
3 9.183 0.5 11 8.265 332
4 9.183 0.5 12 8.265 360
5 9.183 0.5 13 8.265 414
6 9.183 0.5 14 8.265 621
7 9.183 0.5 15 8.265 627
8 9.183 3 16 8.265 664
9 9.183 4 17 8.265 715
10 9.183 5 18 8.265 1993
11 9.183 6
12 9.183 14 1 7.806 42
13 9.183 15 2 7.806 46
14 9.183 39 3 7.806 378
15 9.183 53 4 7.806 379
5 7.806 515
1 8.724 2 6 7.806 1268
2 8.724 2 7 7.806 1668
3 8.724 4 8 7.806 4854
4 8.724 19 9 7.806 8525
5 8.724 35 10 7.806 14230
6 8.724 38 11 7.806 25470
7 8.724 165 12 7.806 > 123500
8 8.724 369 13 7.806 > 168900
1 8.265 8 1 7.346 > 122800
2 8.265 11 2 7.346 > 153300
3 8.265 40 3 7.346 > 253500
4 8.265 56
S 8.265 75
6 8.265 137
7 8.265 159
8 8.265 225
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Table A10(b) Fatigue life data on PGX graphite (T direction)

R (Stress ratio) =-1.0
Mean tensile strength : 9.183 MPa

No. Applied stress Number of No. Applied stress Number of
(MPa) cycles _(MPa) cycles
1 9.183 0.25 1 7.346 262
2 9.183 0.25 2 7.346 267
3 9.183 0.25 3 7.346 278
4 9.183 3 4 7.346 365
S 9.183 4 5 7.346 377
6 9.183 10 6 7.346 512
7 9.183 10 7 7.346 680
8 9.183 10 8 7.346 894
9 9.183 15 9 7.346 940
10 9.183 20 10 7.346 1025
11 9.183 28 11 7.346 1128
12 9.183 32 12 7.346 1723
13 9.183 45 13 7.346 2040
14 7.346 2342
1 8.265 24 15 7.346 4497
2 8.265 26 16 7.346 13660
3 8.265 48 17 7.346 19540
4 8.265 63 18 7.346 24970
5 8.265 67
6 8.265 74 1 6.887 13860
7 8.265 87 2 6.887 23120
8 8.265 92 3 6.887 52800
9 8.265 110 4 6.887 > 121600
10 8.265 114 5 6.887 > 169400
11 8.265 200
12 8.265 207 1 6.428 > 118300
13 8.265 1467 2 6.428 >169100
3 6.428 > 289600
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Table Al1(a) Fatigue life data on ASR-ORB carbon (L direction)

R (Stress ratio) =0.0
Mean tensile strength : 6.512 MPa

No.  Applied stress (MPa) Number of cycles
1 6.512 0.5
2 6.512 0.5
3 6.512 0.5
4 6.512 2
5 6.512 3
$) 6.512 3
7 6.512 4
8 6.512 10
9 6.512 14

10 6.512 61

11 6.512 138

12 6.512 700

13 6.512 736
1 6.186 7
2 6.186 10
3 6.186 34
4 6.186 382
5 6.186 557
6 6.186 54110
1 5.861 60
2 5.861 675
3 5.861 3885
4 5.861 4254
5 5.861 6117
6 5.861 23930
7 5.861 50990
8 5.861 > 333900
9 5.861 > 385900
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Table A11(b) Fatigue life data on ASR-ORB carbon (L direction)

R (Stress ratio) =-1.0
Mean tensile strength : 6.512 MPa

No. Applied stress Number of No. Applied stress Number of
(MPa) cycles (MPa) cycles
1 6.512 0.25 1 5.861 0.25
2 6.512 0.25 2 5.861 94
3 6.512 4 3 5.861 283
4 6.512 10 4 5.861 400
5 6.512 16 5 5.861 429
6 6.512 20 6 5.861 1300
7 6.512 28 7 5.861 14880
8 6.512 40 8 5.861 21490
9 6.512 124 9 5.861 43190
10 6.512 145 10 5.861 > 124800
1 6.186 0.25 1 5.210 >111800
2 6.186 0.25 2 5.210 >114100
3 6.186 0.25 3 5.210 >115700
4 6.186 0.25 4 5.210 > 196300
5 6.186 4
6 6.186 52 1 4.558 > 117300
7 6.186 56
8 6.186 152
9 6.186 195
10 6.186 423
11 6.186 615
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Table A12(a) Fatigue life data on ASR-ORB carbon (T direction)

R (Stress ratio) =0.0
Mean tensile strength : 6.783 MPa

No.  Applied stress(MPa) Number of cycles
1 6.783 0.5
2 6.783 0.5
3 6.783 0.5
4 6.783 9
5 6.783 20
6 6.783 21
7 6.783 35
8 6.783 39
9 6.783 256
1 6.444 0.5
2 6.444 10
3 6.444 18
4 6.444 75
5 6.444 165
6 6.444 4781
7 6.444 16900
8 6.444 31530
9 6.444 35280

10 6.444 > 354800
1 6.105 553
2 6.105 19430
3 6.105 43130
4 6.105 > 108200
) 6.105 > 119400
6 6.105 > 127400
7 6.105 > 146100
8 6.105 > 150000
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Table A12(b) Fatigue life data on ASR-ORB carbon (T direction)

R (Stress ratio) =-1.0
Mean tensile strength : 6.783 MPa

No. Applied stress(MPa) Number of cycles
1 6.783 0.25
2 6.783 0.25
3 6.783 0.25
4 6.783 0.25
5 6.783 3
6 6.783 3
7 6.783 20
8 6.783 423
1 6.105 125
2 6.105 238
3 6.105 1065
4 6.105 1474
5 6.105 2660
6 6.105 3190
7 6.105 6651
8 6.105 >126700
1 5.776 72
2 5.776 357
3 5.766 2530
4 5.766 6701
5 5.766 23180
6 5.766 > 100500
7 5.766 > 115200
8 5.766 >116200
1 5426 2854
2 5.426 > 100000
3 5.426 >117100
4 5.426 >119900
S 5.426 > 125000
6 5.426 > 157100
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Results of the tensile and fatigue tests of IG-11 graphite

Applied Normalized Fatigue

Specimen Tensile
strength

No.

stress

stress

life

Test condition

(MPa) (MPa) (oca/Smean) (cycles)
1(A) 43.5 980°C in vacuo
2(A) 43.1 ditto
3(A) 42.7 ditto
4(A) 33.2 0.775 7000 9807 fatigue in vacuo
5(A) 33.2 0.775 29880 ditto
6(A) 33.2 0.775 8090 ditto
7(B) 33.2 - 0.775 9240 ditto
8(B) 33.2 0.775 14070 ditto
9(B) 33.2 0.775 44650 ditto
10(B) 33.2 0.775 400 ditto
11(B) 42.3* 33.2 0.775 >114980 980% fatigue,
RT in vacuo
12(B) 43.1 2007 in vacuo X 2h,
RT in vacuo
13(C) 33.2 0.775 87900 980°C fatigue in vacuo
14(C) 33.2 0.775 >321100 ditto
15(C) 41.9 200°C in vacuo X 2h,
RT in vacuo
16(C) 29.9* 33.2 0.775 >100000 980 fatigue in vacuo,
RT in air
17(C) 43.7 200%C in vacuo X 2h,
RT in vacuo
18(C) 32.0 RT in air
19(4) 47.1 980°C in vacuo
20(5) 399 ditto
21(1) 354 RT in air
22(2) 45.5 RT in vacuo
23(5") 38.3 ditto
24(4" 37.1 ditto
25(3) 42.3 200°C in vacuo,
_ RT in vacuo
26(8) 39.9*% 35.6 0.832 >100000 980 fatigue,
. RT in vacuo
27(7) 39.7*% 33.6 0.785 >100000 ditto
28(6) 39.9* 33.6 0.785 >100000 ditto
29(13) 40.7* 37.2 0.869 >100000 ditto
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Specimen Tensile Applied Normalized Fatigue
No. strength  stress stress life Test condition
(MPa) (MPa)  (ca/Smean) (cycles)
30(10) 40.7* 39.9 0.932 >100000 9807 fatigue,
RT in vacuo
31(C9) 40.3* 36.0 0.841 >103570 ditto
32(D2) 40.5*% 36.0 0.841 >104920 ditto
33(C2) 40.3* 35.6 0.832 >101010 ditto
34(D3) 40.8* 36.0 0.841 >104560 ditto
35(D5) 41.9* 37.2 0.869 >100090 ditto
36(D6) 40.4* 37.2 0.869 >100440 ditto
37(C5) 43.1* 38.7 0.904 >100050 ditto
38(C7) 42.3*% 38.0 0.888 . >104430 ditto
39(D12) 42.0* 38.0 0.888 >100320 ditto
40(D14) 42.9* 38.5 0.899 >102840 ditto
41(D7) 38.0 0.888 23160 9807 fatigue
42(D8) 38.7 0.904 980 ditto
43(D9) 38.7 0.904 330 ditto
44(D10) 38.7 0.904 50 ditto
45(C10) 38.7 0.904 270 ditto
46(D13) 38.5 0.899 88 ditto
47(D15) 38.6 0.902 300
48(C1) 41.1 980°C in vacuo
49(D1) 41.5 ditto
S0O(C8) 43.1 ditto
51(D6) 37.2% 37.2 0.869 >100440 ditto
52(12) 37.2 0.869 1170 980 fatigue
53(11) 37.2 0.869 10200 ditto
54(C4) 36.0 0.841 1950 ditto
55(D4) 37.2 0.869 1000 ditto

*) Specimens tensile-tested after fatigue cycles more than 105.
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