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Abstract

The effect of loading variables and temperature on fatigue crack growth rate in SA508 CL3 nu-
clear pressure vessel steel was investigated in air environment. Crack growth rate tests on compact
tension specimen of thickness 12mm were conducted by using sinusoidal waveform. The crack len-
gth was monitored by compliance method. Test conditions were at 0.1 and 0.5 of load ratio, at 1
and 10 Hz of loading frequency, and at room temperature to 400°C. At the lower temperatures,
the fatigue crack propagation was not affected by the frequency and temperature, while at the hig-
her temperatures above 120°C, fatigue crack growth rate increased with decreasing loading fre-
quency and increasing temperature. This accelerated fatigue crack propagation was associated with
the increase of oxidation rate at the ahead of crack tip. Fatigue crack growth rate increased with in-
creasing the load ratio. The effect of load ratio was more significant at the lower temperature, while
the dependence on load ratio decreased with increasing temperature. The sensitivity of load ratio to
temperature can be explained by crack closure with the oxidation process.
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1. Introduction

The nuclear pressure vessels are subjected to re-
peated themmal stresses during start-up and shut-
down or variations in operating conditions, so that
the nuclear pressure vessel steels are degraded by
cyclic load and a careful study of fatigue behavior is
needed [1]. On the basis of the fracture mechanics
approach to the fatigue analysis, an understanding of
the crack growth characteristics of the reactor press-
ure vessel steels is essential to manage the plant life
and ewaluate the period of in-service inspection
under appropriate service conditions [2].

The effect of load ratio (R), loading frequency and
environments on fatigue crack propagation has been
examined for a number of engineering materials ; low
alloy steels [3—7], austenitic stainless steels [9, 10]
and Nibased superalloys [11] Musuva et al[12]
investigated that the loading frequency had only a lit-

tle influence on crack growth rate at low R-ratio, whil-

e the crack growth rate was significantly higher than
that at low frequencies at high Rratio at a low alloy
structural steel at room temperature air. Logsdon
and Liaw [13] reported the effect of temperature on
the fatigue crack propagation of SA508 and 533
steel of nuclear pressure vessels at the temperatures
of 22°C and 288°C in air environment. It was found

that temperature significantly increased the rate of fat-

ique crack propagation. However, there are only a
few limited works on the effect of the loading vari-
ables and temperature on the fatigue behavior of re-
actor pressure vessel steels.

The objective of this work is to examine the effect
of testing variables such as R-ratio, loadfng frequency
and temperature on fatigue crack growth rate of SA
508 Cl. 3 pressure vessel steel in air environment.

2. Experimental
ASME SA508 Cl.3 forging steel of 250mm thick-

ness for nuclear pressure vessels was cut from a cyl-
indrical shell manufactured by Korea Heawy Industrial
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Table 1. Chemical Compositions of SA508 Forging
Steel.

Element Fe C Mn Mo Ni Cr Si
Weight Percent Bal. 0.18 148 054 091 021 003

Table 2. Arbitrary Plastic Zone Size and Yield Stress.

Temperature(°C) RT 120 288 400
Yield stress(MPa) 454 424 407 390
n 100 114 124 136

* arbitrary reference

and Construction Co. Ltd. The chemical composi-
tions are given in table 1. Standard compact tension
specimens of 51mm width, 12.5mm thickness, and
1785mm notch length were employed for crack
growth tests, and the orientation of crack was normal
to the maximum general membrane stress (in this
case, normal to the hoop direction).

Air environmental fatigue tests were conducted on
a closed-loop servo-hydraulic testing machine
(Instron model 8501). A Hewlett Packard 3852A
data acquisition system was used to obtain the exper-
imental data. For the high temperature tests, the
specimens were heated in three zones controlled split
fumace. The test temperatures were between room
temperature (approximately 20°C) and 400°C, and
the humidity of laboratory was 62%. The R-ratios are
0.1 and 0.5. A sinusoidal waveform was utilized at
frequency of 1 and 10Hz All of the specimens were
precracked in accordance with ASTM E647-89 [14].
To initiate the crack at the machined notch, load ran
ge was stepped down with reducing 20% from maxi-
mum load. Crack length was monitored by the elastic
compliance method. In order to calibrate crack len-
gth, traveling microscopy was used with compliance
method. To measure compliance, 100 sets of simul-
taneous load and displacement were obtained on the
rising load portion of alternate cycles. The linear least
squares’ line was fitted to the upper linear portion
from 40% to 95% in load-displacement curve. Then
the slope was averaged over 1300 cycles and then a
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calibration -equation for the compliance vs. relative
crack length was determined based on the two-dim-
ensional elastic analysis for compact tension spec-
imens proposed by Saxena and Hudak, dr. [15].
From the relation between crack length and number
of cycles, fatigue crack growth rates were calculated
using the seven point incremental polynomial met-
hod recommended by ASTM E647. Fractured surfac-
es after fatigue testing were examined by Philips 515

scanning electron microscope.
3. Results
3.1. Fatigue Crack Growth Behavior

Fig. 1 shows the relation between crack length and
number of elapsed cycles of the specimen tested in
room temperature air. The cwlic load range {4P)
has a significant effect on fatigue crack propagation.
Relatively small variations in the cyclic load range

produce large changes in the number of cycles requir-

ed to grow to a certain crack length.
To investigate the temperature effect, fatigue tests

were conducted at R=0.5 and f=1 Hz over the tem-

20
g § O aP=3657kN
a O aP =2.942 kN
15} 8 g A P=2030kN
3 o
E o)
© o DD
: o)
5 oF
30F o &
% &
8 8d
o oo
5

1 1 1 L
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10°

Number of Cycles, N
Fig. 1. Effect of Cwclic Load Range on Fatigue Crack

Growth Rate of SA508 CL.3 Pressure Vessel
Steel at Room Temperature.

perature range from room temperature to 400°C.
Fig. 2 shows the fatigue crack growth rate is nearly
the same at room temperature and 120°C. However,
at the above 120°C, the fatigue crack growth rate
was accelerated with increasing temperature. This re-
sult agrees well with the resulis that the fatigue crack
growth rate of SA533 Gr. B pressure vessel steel and
SA508 Cl. ‘2 forging steel increased with increasing
test temperature ranging between room temperature
and 288°C [16].

The effect of frequency on fatigue crack propa-
gation is illustrated in fig. 3 at room temperature and
in fig. 4 at 2887, respectively. Fatigue crack growth
rate at room temperature was independent of fre-
quency within the tested 4K range. However, at
288, fatigue crack growth rate increased with dec-
reasing frequency from 10 to 1Hz. This dependence
on frequency confirms that the influence of fre-
quency on fatigue crack propagation increases at hig-
her temperatures. The effect of frequency on fatigue
crack growth rate would then be related to oxidation
rate [17] such as;

¢ the amount of active atoms such as oxygen avail-
able at the surface per cycle
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Fig. 2. The Influence of Temperature on Fatigue
Crack Growth Rate at R=0.5 and f=10Hz.
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Fig. 3. The Influence of Frequency on Fatigue Crack
Growth Rate at Room Temperature.

e the depth into the vicinity of the crack tip that the
active element can be transported per cycle

This is consistent with the observation of other
investigators [18, 19], in which fatigue crack propa-
gation is related to environmental effects as well as
mechanical effect.

To investigate the effect of R-ratio on the fatigue
crack propagation, figs. 5 and 6 show fatigue crack
propagation behaviors at room temperature and at
288°C, respectively. The R-ratio effect on the fatigue
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Fig. 4. The Influence of Frequency on Fatigue Crack
Growth Rate at 288°C.

crack propagation is distinguishable at different test-
ing conditions (frequency and temperature). The in-
crease of R-ratio from 0.1 to 0.5 accelerated fatigue
crack growth rate at room temperature. However, the
effect of R-ratio on fatigue crack propagation disap-
peared with increasing temperature. This disappear-
ance indicated that the R-ratio effect was related with
the test temperature. Therefore, based on a reduced
Reratio effect at the higher temperature, the fatigue
crack propagation is dependent on R-ratio in ad-
dition to the environmental conditions.
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Fig. 5. The Influence of R ratio on Fatigue Crack Grow-
th Rate at Room Temperature.

3.2 Comparing the Present Testing Results with
ASME Xl Code

Fig. 7 shows the comparison of the fatigue crack
propagation properties of SAS08 Cl.3 with the refer-
ence curve in ASME Boiler and Pressure Vessel
Code Sec. XI Appendix A [20], which represents an

upper bound for two ferritic reactor pressure vessel

steels in air and at ambient temperature. At the hig- -

her 4K range, fatigue crack growth rate is nearly the
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Fig. 6. The Influence of R ratio on Fatigue Crack
Growth Rate at 288°C.

same or under the ASME code curve, while the fat-
igue crack propagation behavior did not satisfy the
ASME code at the lower 4K range.

3.3. Fractographic Examination

The fracture surfaces of the fatigued specimens at
R=0.5 and f=1.0Hz were examined by scanning
electron microscope. Fig. 8 shows the degree of ox-

dation and the striations on fracture surface with in-
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creasing test temperature. No distinct difference was

N o moosveawe | 1x10Mz observed on fracture surface at room temperature
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Reference Curve. dation at the ahead of the crack tip.

Fig. 8. Scanning Electron Micrographs for Fractured Surfaces after Fatigue Crack
Propagation Test at Different Temperatures ;
(a) RT (b) 120 (c) 288 (d) 400°C
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4. Discussion

In this investigation, significant effects of loading
variables and temperature on fatigue crack propa-
gation behaviors have been found in nuclear press-
ure vessel steel. Fatigue crack growth rate increased

with increasing temperature and R-ratio, and decreas-

ing frequency.

The influence of Rratio on fatigue crack propa-
gation was rather clear at room temperature. The
R-ratio has been mainly treated in the threshold re-
gion (stage ), while it has been neglected in the Par-
i’ linear region (stage II) [21]. However, the effect
of R-ratio in the present study of stage I was clearly
observed in figs. 5 and 6, so that R-ratio should be
considered even in stage II to understand the fat-
igue behavior of the SAS08 pressure vessel steel.
The sensitivity of fatigue crack propagation to R-ratio
at room temperature is caused by crack closure [12],
which occurs under the tensile load by plastic defor-
mation in the wake of a propagating crack. However,
the Rratio effect on the fatigue crack propagation
was different with testing conditions {(frequency and
temperature) as shown in figs. 5 and 6. Since fatigue
crack propagation at room temperature is more sen-
sitive than that at the 288°C, the crack closure con-

cept alone does not explain why the Rratio effect dis-

appeared with increasing test temperature. It is poss-
ible that the effect of Rratio on the fatigue crack
propagéﬁon could be connected with oxidation ef-
fects. The main influence of the environment is to
supply the active atoms such as oxygen to the vicinity
of the crack tip and to increase the protective oxide
film on the surface of the specimen. Rupture of the
protective oxide film after cycling provides an active
path for chemical attack. Furthermore, the cracking
of the brittle oxide film, by itself, may lead to the
growth of a fatigue flaw. Therefore, fatigue crack
growth rate is faster as the oxidation at the ahead of
crack tip increases with increasing the temperature
and decreasing the loading frequency. In addition,
the closure effect by R-ratio at the high temperature

is compensated by the oxidation, so that the fatigue
crack propagation behavior is insensitive to the R-rat-
jo. This suggests that the dominant effect is the chan
ge in vield strength and dislocations mobility resulting
from thermal activation, rather than mechanism such
as oxide-induced closure or coarsening of carbide
phases [22],

On the other hand, the accelerated growth rates
are explained by the plastic zone size in view of frac-
ture mechanics theory [23]. The size of localized plas
tic zone, r,, at the crack tip is directly dependent on
the squared ratio of the applied stress intensity to
vield strength such as

y, o (AR

Oys

where ovs is vield stress.

The fatigue crack propagation increases as the
plastic zone size increases. The plasticity increases
with increasing test temperature, thereby lowering the
residual compression stress in plastic zone size, which
may reduce crack closure effect and thus a faster
crack growth rate is observed. The fact that the vield
strength of SA508 C1.3 decreases with increasing test
temperature [24] indicates that the plastic zone size
at the higher test temperatures is larger than that at
the lower temperature;the increased crack growth
rate behavior at higher temperature is in accordance
with plasticity considerations. The calculated plastic
zone sizes at the arbitrary reference and vield stresses
are listed in table 2. The variation of plastic zone size
is in good agreement with the trend of crack propa-
gation at fig. 2. Brothers and Yukawa [25] have also
found that the variations of vield strength of Cr-Mo-V
and Ni-Cr-Mo-V steel significantly affect the fatigue
crack propagation under identical test conditions.
Their results consistently showed that the crack grow-
th rate decreased as the vield strength increased. As-
suming that the toughness of a given material dec-
reases with increasing yield strength, these data indi-
cate that the fatigue crack propagation at a given 4K
level decreases as the plastic zone size decreases.
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Therefore, the accelerated fatigue crack propa-
gation at the high temperature is believed to be caus-
ed by the increase of oxidation rate and plasticity by
reduction of vield strength.

5. Conclusions

The fatigue crack propagation behavior of ASME
SA508 Cl.3 for a nuclear pressure vessel in the ran-
ge of temperature from room temperature to 400°C
has been studied in order to clarify the effect of load-
ing variables and oxidation. The results obtained are

as follows.

(1) At the lower temperatures, the fatigue crack prop-

agation was not affected by the loading frequency
and temperature, while at the higher temperatur-

es above 120°C, fatigue crack growth rate increas-

ed with decreasing loading frequency and in-

creasing temperature. This accelerated fatigue
crack propagation is due to the increased oxi-

dation rate at the ahead of crack tip.

(2) Fatigue crack growth rate increased with increas-
ing the R-ratio. It is more significant at the lower
temperatures. The effect of load ratio can be
explained by crack closure with accompanied oxi-
dation process.
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