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Fatigue crack growth (FCG) tests on the main circulating pump casing material were conducted at
room temperature to investigate the effect of long-term aging at 400°C. It was found that the FCG
rate increased with aging time. However, there were similar AK ,, values for both the virgin material
and aged material at the same stress ratios R. At room temperature, AK,, was observed to decrease
with an increase in R. An equation incorporating the K, ,. and AK effects was proposed to
describe FCG rates over the linear portion of the curve (Paris equation) for all stress ratios.
Additionally, fatigue fracture patterns near crack initiation sites reveals quasi-cleavage fracture in
thermally aged specimens.
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Introduction. A hermetically sealed, wet winding motor type circulating pump has
been specially designed for an AP1000 reactor. For each of the two steam generators, two
pump casings are welded to the channel head by the suction nozzle. Since the pump casing
is insulated to reduce heat losses, while the system temperature can reach up to 280°C with
a pressure of 15.5 MPa during the operation, the long-term aging mechanism should be
considered in the performance of the casing material.

Cast stainless steels (CASS) are the preferred choice for pump casing due to their
adequate strength and corrosion resistance. Although CASS consist of a-ferrite and
y-austentie phases, a spinodal decomposition may occur in the a-phase, which decomposes
into a Fe-rich a-phase and a Cr-rich «'-phase, thus reducing the mechanical properties [1,
2]. Kang et al. [3] studied a type of CASS with the base composition of 25.5Cr—6Ni-3.5Mo
aged at 900°C for 30 min after homogenization and showed that the apparent FCG
resistance was significantly improvede, which could be attributed to the roughness-induced
crack closure due to the existence of brittle secondary phases precipitated during the aging.
Kwon et al. [4] reported that FCG rate of the CF8M degradation at 700°C is larger than that
of the thermally degraded one at 430°C. Balbi et al. [5] found that the crack nucleation
mechanism in SAF 2205 CASS material may change due to the long-term aging. In the
virgin material, cracks mainly nucleated at grain and phase boundaries or second-phase
particles, while in the aged condition, slip marks first appeared in the ferritic phase and
became the preferred site for the microcrack nucleation. However, limited studies are
conducted to test the effect of aging on the FCG behavior of cast main circulating pump
casing material, especially for the material used in AP1000 nuclear power stations (NPP).

Therefore, the object of the present study is the long-term aging effect on fatigue
crack growth rate of the cast CF8A material. The main input data for fatigue life prediction
of the main circulating pump casing are also obtained within framework of this study.

1. Experimental Procedures. The material under study is CF8A cast stainless steel,
which is a domestic production for AP1000 main circulating pump casings supplied by
CFHI. Table 1 shows the chemical composition of the material. The microstructure of the
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Table 1
Chemical Composition of CF8A (wt.%)

C Si Mn P S Cr Mo Ni Co N

<0.080 | =2.0 | =1.50 | =0.040 |<0.0400| 18-21 | <0.50 811 - -
0.019 0.8 0.88 0.011 | 0.0044 | 20.18 0.19 8.2 0.05 339 ppm

virgin material is composed of islands of ferrite embedded into austenite matrix, while
ferrite content of the virgin material is about 10.5%.

The local enrichment of Cr caused by the spinodal decomposition or «'-phase
precipitation in the ferrite phase is responsible for the embrittlment of the thermally aged
materials. The material was heat-treated for 500, 1000, 3000, and 6000 h, respectively, at
400°C, which is the maximal value in the temperature range of the spinodal decomposition,
above which other degradation mechanisms can be exhibited by this material [6-8].

The dimensions of the test specimens, which comply with the ASTM E647-2012
stadard, are shown in Fig. 1. FCG tests were carried out in ambient air using an MTS 810
servo-controlled electrohydraulic testing machine. A fatigue pre-crack was introduced by
the K-decreasing technique. During the test, the crack length was monitored using the
compliance method. All specimens were pre-cracked to a depth of at least 2 mm from the
crack tip and were subsequently tested at the constant load amplitude with a sinusoidal
waveform. The FCG test frequency was kept at 12 Hz. To study the effect of stress ratio
R=K i, /K naxon crack growth rate, tests were conducted with stress ratios R equal to
0.1, 0.3, and 0.5.
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Fig. 1. Schematic diagrams showing the configuration of the compact-tension (CT) specimens.

An Tescan VEGA TS 5136XM scanning microscope was used to examine the
microstructure of the specimens under different aging conditions and the fatigue crack
propagation paths.

2. Results and Discussion.

2.1. Stress Ratio Effect. The relationships between the FCG rate and stress intensity
factor (SIF) range at room temperature for both virgin and aged material with different
loading ratios are shown in Fig. 2. The material displays a significant effect of the stress
ratio on the crack growth rate: within an identical SIF range, a higher stress ratio results in
a higher crack growth rate, while the threshold tendency indicates that the SIF threshold
value decreases with stress ratio.
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Fig. 2. Fatigue crack growth rates as a function of stress intensity range at room temperature with
aging conditions: (a) non-aged; (b) 500 h; (c) 3000 h; (d) 6000 h at 400°C.

Above the low crack growth rate region (da/dN >10° mm/cycle) or within the

so-called Paris regime, the FCG curves exhibit linear relationships between logarithmic
values of FCG rate da/dN and SIF range AK, which can be expressed as

dafdN = C(AK )", (1

where C is a constant and m is the curve slope in the log—log plot. It is reported that C is
a function of the stress ratio, but m is nearly independent of R [9]. It is also known that
when crack growth behavior depends on both AK and K ., the crack growth curve can
be described by the following equation [10, 11]:

dajdN = C'(AK ) (K ey ). ©)

Equation (2) can be correlated with Eq. (1) by introducing AK (1—R), such that
m=a+f and C=C'(1- R)ﬂ. Figures 3a and 3b depict the correlated data using Eq. (2)
along with the corresponding best-fit line, while the parameters for Eqgs. (1) and (2) are
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listed in Table 2. For the tested metals, it can be found that «> f3, indicating that fatigue
crack growth rate is controlled by AK , while the crack advance occurs via an intrinsic
mechanism, such as the alternating crack tip blunting and re-sharpening. Moreover, a high
value of «, as compared to f, indicates that the crack growth behavior is predominantly

cycle-dependent under the test conditions.

Table 2
Parameters for FCG Models in the Paris Regime
Spec. R Aged c m C’ a B R
time, h
AGl1 0.1 0 1.546E-09 3414 1.408E-09 2.733 | 0.691 0.986
AG2 0.3 1.402E-09 3.531
AG3 0.5 1.784E-09 3.491
BGlI 0.1 500 6.839E-08 2.248 1.002E-07 1.920 | 0.210 | 0.931
BG2 0.3 1.956E-07 1.974
BG3 0.5 2.918E-09 3.456
CGl1 0.1 1000 8.589E-09 2.941 8.496E-09 2.164 | 0.749 | 0.920
CG2 0.3 2.592E-09 3.461
CG3 0.5 1.606E-10 4.559
DGI1 0.1 3000 3.505E-09 3.149 1.229E-08 2.121 0.622 | 0.944
DG2 0.3 3.380E-07 1.748
DG3 0.5 4.713E-12 5.874
FG1 0.1 6000 1.265E-11 4.951 2.115E-10 2.760 1.267 | 0.973
FG2 0.3 6.008E-10 3.848
FG3 0.5 3.370E-10 4.157
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Fig. 3. Data fit via Eq. (2) for non-aged (a) and aged for 6000 h (b) materials.

2.2. Aging Effects. The da/dN — AK curves for the virgin material and four classes

of specimens degraded at 400°C are depicted in Fig. 4a—c for different stress ratios. The
crack growth rates of the aged material are higher than those of the virgin material, while

ISSN 0556-171X. IIpobaemor npounocmu, 2015, Ne 1

119



F. Xue, W. Yu, M. Yu, et al.

0.001 3 0.001 -
0.0001 1
k] B K} _
=] ] =] 0.0001 g
) ] 2 1
£ 1S R
£ 1E-005 g ]
3 1 O Non-aged S | 0 Non-aged
8 1 + 500h S 1E-005 + 500h
1E-006 — 4 1000h 1 & 1000 h
3 O 3000h ] O 3000h
- B X 6000 h 1 X 6000 h
4 ASME baseline ] ASME baseline
1E-007 g | | | | 1E-006 | | | | |
16 20 24 28 32 14 16 18 20 22 24
AK, MPa-m'? AK, MPa-m"?
a b
0.0001 o
Q
g
K
£
£ 1E-005 —
%" 1 O Non-aged
g 1 + 500h
b A 1000 h
O 3000h
1 X 6000 h
ASME baseline
1E-006 ‘ ‘ ‘ |
10 12 14 16 18
AK, MPa-m"?

C

Fig. 4. Relationship between da/dN and AK for different aging periods at R = 0.1 (a), R = 0.3 (b),
and R =0.5 (c).

the stress ratio R strongly affects the FCG parameters. The results also indicate that the
material of the main circulating pump casing shows a susceptibility to thermal embrittlement.

In ASME SEC XI D1 NMA APP C8410, the reference fatigue crack growth model of
cast and wrought/forge austenitic stainless steels and their welds exposed to air environment
is described by Eq. (1) with m= 3.3,

da/dN = Cy(AK)*?,

3
Co=CS, )

where C is a scaling parameter, which accounts for the temperature and is determined as

follows:
_ 10737 — 10672 10-973
C = 10(~8714+1.34107°T =3.34107°T* 45951077 )’ o

where T is the metal temperature in °C [for T'<430°C], and S is a scaling parameter to
account for the stress ratio R, which is calculated as follows:
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(10418, 0<R<079,
T -4335+5797R. 079<R <10 ©)

The FCG curves for the virgin material obtained is this study are mainly located
below the ASME-model curve constructed via Egs. (3)—(5). Since the thermal aging
process accelerates the FCG rate, the majority of test results on the aged material are above
this baseline, which means that the aged material does not satisfy the ASME design rule.
The dependency of FCG rate on the stress ratio, when AK is used as the correlating
parameter, is mainly attributed to the crack closure [12].

The threshold level (AK ), as the SIF level, below which the FCG rate da/dN
becomes very low, is very critical in assessing the resistance of material to FCG. Although
only few threshold values were measured at very low crack growth rate levels, it is clear
from the near-threshold data that the AK, at R= 0.1 was higher than those at higher
stress ratios. As can be seen from Fig. 4, that there is almost no difference in the FCG
resistance characteristcs of the material under different aging conditions, especially at the
early FCG stages, which fact is also confirmed by Fig. 5.
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Fig. 5. Experimental determined threshold AK,, as a function of stress ratio R.

2.3. Fractographic Studies. SEM fractographs of FCG specimens tested at different
stress ratios and aging conditions are shown in Fig. 6. Fracture patterns corresponding to
the low and intermediate AK regimes of the cast main circulating pump casing material
are mainly related to transgranular fatigue fracture and faceted crystallographic failure. A
more pronounced change of the fracture pattern is observed in the fractographs of the
specimens aged for 3000 h, which reveal a quasi-cleavage fracture of the aged specimens
(Fig. 6g and 6h). The accelerated crack growth in the aged specimens can be attrributed to
the brittle fracture induced by thermal aging. Meanwhile, the share of faceted failure cases
decreases and eventually disappears in the high AK regime, where fatigue striations at the
fatigue-fractured surface are evident in the specimens with R= 0.1 (Fig. 6¢c and 6i).
However, fatigue striations disappear at high stress ratio R = 0.5 (Fig. 6f). In the virgin
material, there are relatively smooth areas, which are indicative of predominantly
transgranular fatigue propagation and contain fairly well-developed striations. The latter
exhibit a widely dispersed microvoid formation around second-phase particles, which are
marked in Fig. 6c. Figure 6i illustrates a less pronounced occurrence of microvoids (as
compared with Fig. 6¢), which also indicates the influence of thermal aging on the cracking
behavior of material.
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Fig. 6. Fractographs of FCG regions in the specimen tested at different stress ratios and aging
conditions: (a) R = 0.1, non-aged, and low AK; (b) R =0.1, non-aged, and intermediate AK; (c)
R = 0.1, non-aged, and high AK; (d) R =0.5, non-aged, and low AK; (¢) R =0.5, non-aged, and
intermediate AK; (f) R = 0.5, non-aged, and high AK; (g) R =0.1, aged 3000 h, and low AK; (h)
R =0.1, aged 3000 h, and intermediate AK; (i) R = 0.1, aged 3000 h, and high AK.

Conclusions. This study discusses the FCG behavior of the cast AP1000 main
circulating pump casing material under different aging conditions. Based on the FCG test
results and their analysis, the following conclusions can be drawn.

1. The tested material FCG rate at the stress ratios R = 0.1, 0.3, and 0.5 increases with
the aging time.

2. As compared with the virgin material, the above-mentioned FCG increase may
exceed the ASME design baseline for stainless steels.

3. The long-term aging at 400°C generally has no effect on the FCG threshold AK,
values.

4. FCG rates in the Paris regime for all studied stress ratios are adequately controlled
by equation (2), which incorporates the effects of SIFs: K, and AK.

5. The crack initiation sites of FCG test specimens with different aging conditions
mainly indicate quasi-cleavage fracture patterns.
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6. In high AK loading regimes, the stress ratio R has a strong effect on formation of

fatigue striations.
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