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ABSTRACT S.G. tubes have occurred just above the tube
sheet and also in the U-bend region where the

Fatigue crack growth FG) rates of mill flow velocities of the primary side were the
highest and cross flow from the secondary side

annealed Alloy 600 in NaCl solution were was significant. The iitiating mechanisms of
studied by a fracture mechanics test method. crack, e.g. fretting fatigue, localized
Compact tension (CT) specimens were tested corrosion, or corrosion fatigue, must be
under load control with a sinusoidal wave form, considered as one of the possible contributing
in aordance with ASTM specification E647-83, factors".

to investigate the effects of environment, load The purpose of this study Ies in investi-
frequency (f), load ratio (R--Pmin/Pmax). The gating the fatigue crack growth behavior of

FCG rates of Alloy 600, R0.1, f=lHz, were Alloy 600 in NaC 1 solution as a function of
quite similar in air, distilled water, and NaCl solution concentraction, load frequency and
(0.6 M, 0.1 M, and 0.001 M) solution at room load ratio. Because NaCl solution is an aggre-
temperature. Environmental enhancement effect ssive medium, the corrosion effect of NaCl on
on the FCG rate of Alloy 600 was not the `CG of Alloy 600 is also the main research
significant in NaCl solution. Variations of the area. The CG rate tests at room temperature
load frequency (0.03Hz-3Hz) did not influence are for the data base of fatigue behavior of
the FG rates of Alloy 600 significantly in air Alloy 600 in aqueous solution, in spite of the
and 0.1 M NaCl solution. The C3 rates of Alloy actual structures in PWR power plant are sub-

600 in air and 0.1 M NaCl solution increased jected to high temperature. The FG rates are
with increasing the load ratio. Compared with measured by using compact tension (CT)
the corrosion effects, test results showed that specimens.
the mechanical effects dominated on the FM

rates of Alloy 600 in hloride solution at row EXPERIMENTAL PROCEDURE
temperature. The SEM fractographs showed that
significant striations and transgranular
fracture modes were observed on tested The chemical composition of mill annealed
specimens. Alloy 600 used is provided in Table I along

with its medmiical properties being depicted

in Table 2 Fatigue crack growth (FCG) rate
INTRODUCTION tests were conducted on 12.7 mm thick compact

tension (Cr) specimens. Details of the specimen
Alloy 600 is an austenitic Hi-base alloy geometrical configuration are illustrated in

which finds extensive industrial applications Figure I and are in aordance with ASTM Bpeci-
as a heat exchanger tube material because of fication E647-83. These specimens were pre-
its excellent corrosion resistance, adequate cracked in air until larger than 3 m in crack
thermal conductivity, and good echanical length at a frequency of 20 Hz. All of the
properties. The fatigue cracking problems which tests were conducted with a sinusoidal loading
occur in PWR S.G. tubes have been observed for waveform in the load control mde and a load

several years'. The most likely regions for ratio (R--Pmin/Pmax) of 0.1. P.a, was maintained
vibration and possible fatigue failure of the at a constant value of 16 KN during each CG
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rate test. Effect of Load Ratio.

FCG rate tests in solution were conducted

in a transparent acrylic cell containing 1500 The CG rates of Alloy 600 are depicted in

ml solution at 25C. The test matrix is listed Figure 4 at various load ratios, R0.1,0.2, and

in Table3. All of the FOG rate curves were 0.5, in air and 0.1 M NaCl solution at room

constructed by the seven point incremental ply- temperature with f=l Hz. The CG rates of Alloy

nominal method of converting crack length, aas 600 in air increase as R increases from 0. to

a function of number of cycles, N, to fatigue 0-5 when extrapolating the curve of R=0.5 to

crack growth rate, da/dn, vs. stress intensity the higher AK region. The difference between

factor range, AK. Following fatigue testing, the two curves in 0.1 M NaCl solution, R=0.1

the fractured surfaces of the TS were examined and 02, is insignificant; however, the R=0.5

via a scanning electron microscopy(SEM). curvet extrapolating to the higher AK region,

is significantly larger than the above two

curves. Figure 4 also indicates the environ-

RESULTS mental effect on the FCG rates of Alloy 600 in

0.1 M NaCl solution under R=0.1, 02, and 0.5

Effect of Environment loading conditions are negligible with respect
to the FCG rates in air, f=l Hz.

The CG rates (R=0.1, f=l Hz) of Alloy 600

in air, de-ionized water, and NaCl solutions Fractography

(0.001 M, 0.1 M, and 06 M) at room temperature

are shown in Figure 2 The molar concentration Following fatigue testing, the specimen

of 06 M NaCl is approximately equal to the surface was cleaned and examined by SEM No

weight percent concentration of 35%. ompared changes in the failure mode were detected

with the a environment, the four FOG rates in between those pecimens which were tested in

solution environment are about 1.5 to 2 folds air versus those specimens tested in the

larger than the FOG rate in air in the lower AK aqueous environment. The failure mode is shown

range 23 MPafm-). As the AK increasesthe FG in Figure as being ductile and transgranular.

rates in solution environments are almost The fatigue striation was obviously found on

similar to the rate in air. The CG rates in the fracture surface [Figures 5(a) - 5(d)].

NaCl solution (0.001 M, 0.1 M, and 06 M are

also indicated in this figure to be almost equal

to the rate in de-ionized water in the whole K DISCUSSION
range; in addition, the FG rates in NaCl

solution with varying concentrations have no The FCG rates of stainless steels"' and

significant discrepancy with each other.The CG structural steels for offshore applications9 in

rates of Alloy 600 are indicated by the results NaCl solution were demonstrated in previous

to be independent of the test environments at studies to be higher than the rates in air. On

room temperature unde te load condition of the other hand, Speidel2 and Tsair, indicated

R=0.1, f=lRz, i.e. no environmental enhancement that no environmental enhancement occurred on

effect occurs on the fatigue behavior of Alloy the FCG rates of Alloy 600 in aqueous environ-

600. ment. The test results (Figure 2 indicated the

FOG rates of Alloy 600 in air, deionized water,

Effect of Load Frequency and MCI solutions (0.001 M, 0.1 M, and 06 M,

R=0.1, f=l Hz, at room temperature have no sig-

The effects of load frequency on the CG nificant discrepancy with each other. Deionized

rate of Alloy 600 in air and .1M NaCl solution water is not an aggressive environment, and

are depicted in Figure 3.The FOG rates of Alloy should not easily corrode Alloy 600. The FCG

600 in air and 0.1 M NaCl solution are quite rate of Alloy 600 in de-ionized water is

similar under varied load frequencies. The CG therefore similar to the rate in air. However,

rates of Alloy 600 are independent of the load NaCl solution is an aggressive medium. The FCG

frequency, F 0.03 Hz, in 0.1 M NaCl solution rates of Alloy 600 in NaCl solution under three

at room temperature.Figure 3 also shows that no varied concentrations are also similar to the

environmental enhancement effect occurs on the rate in air. The competition model"Odepicts the

fatigue behavior of Alloy 600 in 0.1 M NaCl FCG rates in a corrosive environment as origi-

solution, f=0.3 and I Hz, as compared with the nating from two parts, i.e. pure fatigue and

fatigue behavior in air. stress corrosion. The above two parts compete
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with each other during the fatigue process. The 2. Variations of load frequency did not signi-
part which contributes the most to the FOG rate ficantly influence the CG rates of Alloy
would control the CG rate under corrosive en- 600, R.1 in air and 0.1 M NaCl at room
vironment. Therefore, the corrosiveness of NaCl temperature;
on Alloy 600 at room temperature is not the 3. The CG rates of Alloy 600 in air and .1M
controlling factor in fatigue crack growth. The NaC1 increased with raising of the load

controlling factor was shown to be the ratio; and
mechanical contribution. 4. Environmental enhancement effect on the CG

Lowering the load frequency would increase rates of Alley 600 in NaCl solution was not
the reacting period of chloride ion corroding found. The mechanical effects dominated on
Alloy 600 in the crack. The CG rates of Alloy the FCG rates of Alloy 600 more than the
600 were shown from previous studies3-11 to corrosion effects.

increase as the load frequency is being lowered
in an aqueous environment. The CG rates of ACKNOWLEDGMENTS
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Table I The Chemical Composition of Mill W 50.8 B

Annealed Alloy 600 63.5 12.7

Ni cr Fe C Cu Si Mn S
all dimensions in mm

74.25 16.24 8.71 0.07 0.25 0.24 0.24 0.001 Figure The dimensions of compact tension

specimen

Table 2 Mechanical ropertities of Mill

Annealed Alloy 600 lo
00000 Air
see** Deionized Water

0.2 Ultimate Vi�ke- Gra- O.IM NaCI
Yield Strength Tensile Strength Elong. Pet. Hardness Size 0.001M NaC1

MPa NPa O.6M NaCI

235.7 628.2 63 54 '61.7 58 &

Q)F-4
0 lo -a-
0

TAble 3 Fatigue Crack Growth Rate Test Matrix

Z
Environment Frequency (Hz) R Ratio Id

NIII

Air I 0.1 co lo

Air 0.3 0.1
0

Air 3 0.1
Air 1 0.2
Air 1 0.5

deionized water I 0.1
0.001 H HaCI I 0.1
0.1 NNaCI I 0.1
0.1 MNaCI 0.3 0.1 lo
0.1 MHaC I 0.1 0.1 I 0 26 3� 40 50
0.1 MNaCI 0.03 0.1 K (MP arm)
0.1 NHaCI 1 0.2
0.1 NNaCI I o.5 Figure 2 The FCG rates of Alloy 600, R=0.1,
0.6 MWI I 0.1 f=l Hz, in air, dei0nized water, and

NaCl solutions (0-001 M, 0.1 M, and
0.6 M) at room temperature
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Figure 3 The CG rates of Alloy 600, R0.1,

with different load frequency in air

and .IM NaCl solution

lo

(b)

lo

co lo

f=IHZ

o o o o Air, R=0.1
a Air, R=0.2
& Air. R=0.5 (C)

0. IM NaC1, R=0.1
O.IM N&C1, R=0.2
O.IM NaCI, R=0.5

lo

10 26 3'0 40 50
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Figure 4 The FCG rates of Alloy 600, f=l Hz,

with different load ratio in air and

0.1 M NaCl solution 3-C-5



(d)

Figure 5 The fractographies of Alloy 600,

R---9.1, f=l Hz;

(a) in air, AK=23 Wa�m-,

(b) in aix, AK=30MPafm-

(c) in 0.1 M NaCl solution, AK--22.5 Wa�-m,

(d) in 0.1 M NaCl solution, AK--28 MW-m

3-C-6


