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The properties of Hastelloy XR, which is a developed alloy as the
structural material for high-temperature components of the HTITR, under
creep-fatigue interaction conditions were examined by performing a series
of axial strain controlled fully reversed fatigue tests in the simulated
HTGR helium gas enviromment at 700, 800, 900 and 950°C. Two types of
evaluation techniques, i.e., the life fraction rule and the ductility
exhaustion one, were applied for the evaluation of the creep damage
during the tensile strain holding.

The fatigue life reduction due to the stralin holding is observed
even at hold times of 6 seconds, and the saturation point of the fatigue
1ife reduction shifts to the shorter hold time side with increasing
temperature. The life fraction rule predicts an excessively conservative
value for the creep damage. The ductility exhaustion rule can predict
the fatigue life under the effective creep condition much more success—

fully than the 1life fraction one.

Keywords: HTGR, Nickel-base Alloy, Heat-resistant Alloy, Hastelloy XR,
Helium Coolant, High-temperature Low-cycle Fatigue,
Creep-fatigue Interaction, Hold Time Effect,

Life Fraction Rule, Ductility Exhaustion Rule
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1. Introduction

In the course of Japanese research and development of high-tempera-
ture gas-cooled reactors (HTGRs), the High-Temperature Engineering Test
Reactor (HTTR) was planned to be constructed as the first reactor, and
it is currently under construction at Oarai Research Establishment of
the Japan Atomic Energy Research Institute. A nickel-base heat-resistant
alloy, Hastelloy XR was developed as the structural material for high-
temperature components of the HTTR [1-3]. Hastelloy XR has the common
pasal composition for the major constituents with Hastelloy X (i.e.,
nominally Ni - 22 mass$ Cr - 18 mass% Fe - 9 mass% Mo), while minor
elements such as Mn and Si are adjusted in the optimum ranges and A1, Ti
and Co are eliminated to the lowest possible levels [1,3]. As the result
of the above-mentioned modificaticn, Hastelloy XR is known t¢o have the
substantially improved corrosion resistance in the simulated HTGR helium
gas environment and the improved applicability to the HTTR relative to
Hastelloy X [1-3].

The compeonents of HTGRs are exposed to cyclic loadings, which arise
during start-up and shut-down or power transients, at high temperatures.
It is necessary, therefore, to examine the properties of the structural
material under creep-fatigue interaction conditions for the design and
safety evaluation of the high-temperature components. In the present
study, the properties of Hastelloy XR under such conditions were exam-
ined by performing a series of axial strain controlled fully reversed
fatigue tests in the impure helium environment simulating the primary
coolant of HTGRs. Two types of evaluation techniques, i.e., the life
fraction rule [4,5] and the ductility exhaustion rule [6-8], were ap-

plied for the evaluation of the creep damage during the strain holding.
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2. Experimental Procedures
2.1 Material

The material tested in this study is Hastelloy ¥R bar commercially
manufactured. The chemical composition and the tensile properties of the
material are listed in Tables 1 and 2, respectively. The material was
prepared by hot forging followed by soluticn annealing at 1200°C for 1

. hour and water quenching.
2.2 Low-cycle Fatigue Tests

Low-cycle fatigue tests were accomplished using the specimens with
10 mm in diameter, 20 mm in length of the parallel portion and 15 mm in
gauge length. The geometry of the specimen used in this study is shown
in Fig. 1. Some tests were performed with a computer-controlled electro-
hydraulic testing machine, and others were done with a computer-
controlled electro-mechanical testing machine. The dynamic loading
capacity of the both machines was 50 kN. The test section of the each
machine was encased in an ultra-high vacuum tight chamber ccnnected to a
circulating helium loop system. The specimen was heated by induction
heating. A series of axial strain controlled fully reversed fatigue
tests was conducted at 700, 800, 900 and %50°C in the simulated HTGR
helium gas environment. The impurity contents in the gas is indicated in
Table 3. The characterizatiocn of the envircnment has been reported
elsewhere [9].

Two types of strain waveforms were employed, i.e., a symmetric
triangular waveform and a trapezoidal cone with hold times of 6, &0, 600
and 3600 seconds. A strain rate of 0.1 %/s was applied 1in every test.
The hold times were always introduced at a maximum tensile strain,
becaﬁse this type of hold-time experiments showed shorter fatigue life

than compressive or symmetrical hold-time experiments in the previous

studies [10,11].
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3. Results and Discussion

3.1 Low-cycle Fatigue Properties

Table 4 summarizes the result of low-cycle fatigue tests with the
symmetric triangular strain waveform. Figure 2 shows the relatiaon
between the total strain range and the number of cycles to failure ob-
tained with the symmetric triangular strain waveform. The relation
between them can be expressed as the sum of two simple power law terms

for the elastic and the inelastic components of the total strain range

as follows;

ag_ = 1.140 N 0127+ 24,1587 N 0560 at 700°C, (1)
g, = 0.791 N0+ 59,191 N ¢ 08 at 800°C, (2)
se_ = 0.282 0026 + 70,320 NSO at 900°C, (3)
and s€, = 0.263 N00%7 4 50,139 N 0837 at 950°C, (4)

where A€, is the total strain range in percent and N is the number of
cycles to failure. In the present study N is determined as the number
of cycles at which the maximum stress level is equivalent to 75 % of the
maximum stress level in the stable stage or to 75 % of the extrapolated
tvend line of the maximum stress level according to the Japanese Indus—-
trial Standards Z 2279 ([12].

Table 5 summarizes the result of low-cycle fatigue tests with the
trapezoidal strain waveform. Figure 3 shows the relation between the
fatigue life and the strain hold time with the trapezoidal strain wave-
form. The fatigue life reduction due to the holding is observed even at
hold times of 6 seconds, and it becomes steeper with increasing tempera-
ture. It is noticed that the saturation point of the fatigue life reduc-
tion shifts to the shorter hold time side with increasing temperature.
The trend is consistent with the fact that a much rapider dreop of the
stress occurs in the first few seconds during the strain holding at 900

and 950°C than that at 700°C.
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3.2 Creep Properties for Creep Damage Evaluation

The creep properties of the same heat material as that in the pres-
ent study have already been obtained in a simulated HTGR helium environ-
ment in other studies [13,14] by the authors. Although the impurity
content levels in the gas were a little bit different from those in the
present study, the characterizations of the both environments are essen-
tially equivalent from the viewpcints of the chemical reactions between
the material and the environment [9]. The data, therefore, were utilized
for the evaluation of creep damage during the strain hold. The data ¢n
the creep propérties were expressed with the Larson-Miller parameter
[15], which 1s cne of the most well known time-temperature parameters,
in the present study.

Figure 4 shows the relation between the applied stress and the
Larson-Miller parameter. The relation between them can be expressed as

follows;
T(14.4+logth) = 257¢5,5-1824,21 logwc—ll42.98(logw0)2, (3)

where "T" is the temperature in Kelvin, t; is the time to rupture in
hour and ¢ is the applied stress in MPa.

Figures 5 and 6 show the relation between the applied stress and the
Larson-Miller type parameter concerning the strain at rupture and the
minimum creep rate, respectively. As can be seen in the figureé, these
properties are also successfully expressed with the Larson-Miller type
parameter. Tensile properties given in Table 2 are also indicated in

Figs. 5 and 6 as solid symbols. The relaticn between the stress and the

Larson-Miller type parameter can be expressed as follows;

T(-4.5+log, &) = -4797.52+264.684 log, 0+306.946(log, @)%,  (6)
T(-20.6+log £ ) = ~36172.9+5607.28 log, 0+498.884 (log,,0}%, (7)

where "T" 1s the temperature in Xelvin, €, is the strain at rupture in

R

-

percent, &, is the minimum creep rate or the strain rate for creep or

tensile data in %/h and ¢ is the applied stress or the ultimate tensile
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strength for creep or tensile data in MPa, respectively. In egs. (3)
through (7), the constants in the parameters and the coefficients in the
regression equations were determined to provide the best fit to the
creep data. The critical stress level, below which eqg. (6) could be
applied and above which the strain at rupture was assumed to be con-
stant, was determined at each temperature as shown in Fig. 4.

The creep properties indicated in Figs. 4 through'G were utilized

for the evaluation of the creep damage during the strain holding in the

present study.
3.3 Damage Evaluation Method

The fatigue damage in the test results with the trapezoidal strain

waveform was evaluated as follows based on the concept proposed by Miner

il6].

where D, is the fatigue damage, "n" is the number of cycles to failure
observed with the trapezoidal strain waveform and N, is the number of
cycles to failure calculated with eqgs. (1) through (4) in the same total .
strain range and temperature condition of the symmetric triangular
waveform.

The stress level during the strain holding was measured continucusly
and stored into the computer at intervals of 0.05 secend, which was
applied in the earliest stage from the beginning of the strain holding,
to 20 seconds, which were applied in the latest stage of the long pericd
strain hold tests, in the experiments with a trapezoidal strain wave-
form. The stress level was assumed to be constant between the contiguous

two measured points, and to be equal to the mean value of them as il-
lustrated in Fig. 7 in the creep damage evaluation for convenience sake.

The creep damage during the strain holding per cycle was evaluated using

the measured stress data at the half cycle of the fatigue life.
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Applying the life fraction rule [4,5], the creep damage during the

strain helding was evaluated as fcllows.

At

D, =% ——xn, (9)
cl Pt
oty
where D ;| is the creep damage by the life fraction rule, Aty is the

pericd of time spent under a particular temperature and stress, which is
a measured value during the strain holding at the half cycle of the
fatigue life, to; is the rupture time, which is calculated with eq. (5),
corresponding to this temperature and stress, and "n" is the number of
cycles to failure observed with the trapezoidal strain waveform.
Applying the ductility exhaustion rule ([6-8), the creep damage

during the strain holding was evaluated as follows in the present study.

éminAti
D, =X ————— xn, (10)
cd N e
+ Ri
where D_, is the creep damage by the ductility exhaustion rule, at, is

the period of time spent under a particular temperature and stress,
which is a measured value during the strain holding at the half cycle of
the fatigue life, QMD is the minimum creep rate, which is calculated
with eg. (7}, corresponding to this temperature and stress, and Em_is
the strain at rupture, which is calculated with eg. {6}, corresponding
to this temperature and stress, and "n" is the number of cycles to

failure observed with the trapezoidal strain waveform,
3.4 Resulis of Damage Evaluation

Table 6 summarizes the results of damage evaluation in the above-
mentioned method. Figures 8 and 9 show the D, versus D., plots and the D,
versus D_, plots, respectively. The data are generally located in the
higher portion than the line which shows the summaticon of the fatigue
damage and the creep one 1s equal to unity in Fig. 8, i.e., in the life
fraction rule., On the other hand, the data are lying near the line which

shows the summation of the fatigue'damage and the creep c¢ne is egual to

_6_‘
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unity in Fig. 9, i.e., in the ductility exhaustion rule.

Assuming that the failure will cccur when the summation of the
fatigue damage and the creep one is egqual to unity, the number of cycles
to failure was predicted. The relations between the experimental and the
predicted values by the life fraction rule and by the ductility exhaus-
tion one are indicated in Figs. 10 and 11, respectively. In the figures,
figures indicate the strain hold time in seconds. The trend is observed
that the experimental fatigue life becomes shorter than the predicted
one with increasing the strain hold time in these figures. As can be
seen in Fig. 10, which corresponds to the life prediction method pro-
posed by Taira [17], the data are generally located in the higher por-
tion than the line which shows both the experimental and the predicted
values are equal, i.e., the life fraction rule predicts an excessively
conservative value for the creep damage. ©On the contrary, both the
experimental and the predicted values agree well in Fig. 11. Comparison
of Fig. 11 with Fig. 10 clearly shows that the ductility exhaustion rule
can predict the fatigue life of Hastelloy XR under the effective creep
condition much more successfully than the life fraction one though the
reliability of the high temperature components may be ensured by limit-
ing the summation cf the fatigue damage and the creep one by the life
fraction rule within unity. In Fig. 10 the trend is also observed that
the life fraction rule may successfully predict the fatigue life under

the longer strain holding conditions.
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4. Conclusions

The properties of Hastelloy XR under creep-fatigue interacticn
conditions were examined by performing a series of axial strain con-
trolled fully reversed fatigue tests in the simulated HTGR helium gas
environment at 700, B00, 800 and 9%50°C. Twc types of evaluation tech-
nigues, i.e., the life fraction rule and the ductility exhaustion one,
were applied for the evaluation of the creep damage during the tensile
strain holding. Based on the results obtained the following conclusions
are drawn:

(1) The fatigue life reduction due to the strain holding 1is observed
even at hold times of 6 seconds, and the saturaticn point of the
fatigue life reduction shifts to the shorter hold time side with
increasing temperature,

(2 The life fraction rule predicts an excessively conservative value
for the creep damage.

(3) The ductility exhaustion rule can predict the fatigue life under the
effective creep condition much more successfully than the life frac-

tion one.
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fatigue 1life reduction shifts to the shorter hold time =side with
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Table 2 Tensile properties of the material tested at room temperature

and at high temperatures.,

Test Strain 0.29% Ultimate Total Reduction
Tenmp. Rate Proof Stress | Tensile Strength | Elongation| of Area
5 X107®° %/s
(first stage)
1.25X 107" %/s 301 to 688 ta 57.1 to 62.8 to
RT (second stage)
Strain rate was 323 MPa 697 MPa 62.8 % 64.6 %
changed at a strain
of 1.5 %. Frequency our.
5 X10°° %/s 187 MPa 450 MPa 67.4 % 58.4 %
700C | 1.25X 107" ¥/s 169 MPa 41G MPa 57.2 % 55.0 %
2.5 X107 %/s 149 MPa 417 MPa 59.6 % 5T.6 2%
5 X107% %/s 156 MPa 206 MPa 83.0 % 74.0 %
800C | 1.25X 107! %/s 158 MPa 312 MPs 79.2 % 72.3 %
2.5 X107 %/s 153 MPa 331 MPa 67.6 % 67.2 %
5 X107% ¥%/s 188 MPa 203 MPa 118.3 % 5.2 %
850°C | 1.25X 107" %/s 155 MFa 250 MPa 108.9 % 80.2 %
2.5 X10°" ¥%/s 147 MPa 274 MPa 84.6 % 4.3 %
5 X107° %/s 153 MPa 172 MPa 126.2 % 69.2 %
900C | 1.25X107" ¥%/s 149 MPa 195 MPa 101.1 % 82.5 %
2.5 X107 %/s 146 MPa 217 MPa 101.5 % 8.5 %
5 X107° %/s 117 MPa 137 MPa 54.6 % 67.2 %
950C t 1.26X 107" %/s 136 MPa 172 MPa 122.3 % 83.8 %
2.5 X107 ¥%/s 143 MPa 171 MPa 101.7 % 80.7 %
5 X107° %/s 81 MPa 103 MPa B86.7 % 4.1 %
1000°C | 1.25X 107" %/s 123 MPa 136 MPa 132.7 % B4.0 %
2.5 X107 %/s 129 KPa 145 MPa 100.4 % 79.6 %
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Table 5 Results of low-cycle fatigue tests with trapezoidal strain

waveform.

Test temperature | Total strain range | Hold time | Number of cycles
() (%) (s) to failure
0. 40 60 7759
1505
60
700 1285
0. 80
600 713
3600 312
0. 40 60 2411
6 1123
800 60 447
0. 80
600 384
3600 291
0. 40 60 1468
6 g70
9cQ
0. 80 60 562
600 432
0. 40 60 1613
b 8772
950
¢. 80 &0 607
600 335
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Fig. 2 Relation between the total strain range and the number of cycles
to failure obtained with the symmetric triangular waveform.
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Fig. 3 Relation between the fatigue life and the strain hold time
obtained with the trapezoidal waveform.
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Relation between the applied stress and the Larson-Miller
parameter, where "T" is the temperature in Kelvin and tg 1s the
time to rupture in hour. The data originated from other studies
by the authors [13,14] for the same heat material as that in the
present study.
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Relation between the stress and the Larson-Miller type parameter
concerning the strain at rupture, where "T" is the temperature
in Kelvin and €g is the strain at rupture in percent. The creep
data originated from other studies by the authors [13,14] for the
same heat materjal as that in the present study.
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Fig., 7

concerning the minimum creep rate, where "T" is the temperature
in Kelvin and &,4, is the minimum creep rate or the strain rate
for creep or temsile data, respectively, in %Z/h. The creep data
originated from other studies by the authors [13,14] for the
same heat material as that in the present study.
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Schematic illustration of the determination method of the stress
level used for the creep damage evaluation during the strain
holding.
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