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FATIGUE CRACK PROPAGATION IN HASTELLOY X WELD METAL

T. Weerasooriya
ABSTRACT

The fatigue crack growth rate of Hastelloy X weld metal
increased with stress intensity, temperature, and inverse fre-
quency. The results were correlated with the equation

da

an
for constant frequency or constant temperature. The values of
A and n were computed with a linear regression dlgorithm.
With decreasing frequency at constant AX and constant tem-
perature (538°C) fatigue crack growth rates approach an upper
limit. Fatigue crack growth rate of the weld metal was lower
than that reported for base metal at 538° C and lower at 649°C
for a frequency of 1 Hz.

= (ap)"

INTRODUCTION

Hastelloy X, a Ni~Cr-Fe-Mo alloy (nominally 47, 23, 19, and 9 wt %,
respectively), has been used successfully for more than two decades in
elevated-temperature applications requiring both oxidation resistance
and high strength. It is essentially a single-phase alloy with face-
centered cubic structure. Strengthening.is primarily by solid?solution
alloying with the elements chromium, molybdenum, and tungsten. However,
precipitation of carbide particles can additionally strengthen this
alloy.

In the design of steam— and direct-cycle (gas turbine) High-
Temperature Gas—-Cooled Reactors (HTGRs), Hastelloy X has been suggested
for fabrication of ducts that connect the reactor core to the steam
generator or gas turbine section. Also, the alloy has been recommended
for thermal barrier cover platés surrounding the reactor core. The

nominal design temperature for hot ducts, which carry helium from the



reactor core to the steam generator section, is 788°C, with the possi-
bility of random short—term variations of temperature up to 827°C. The
design nominal temperature of the hot gas in the inlet of the hot ducts
for gas turbine cycle HTGR is 816°C.1,2 Hastelloy X is also one of the
candidate materials for components of gas—cooled-reactor process heat
plants. In these systems Hastelloy X could be used for ducting or for
the tube or support-plate material of the intermediate and process heat
exchangers.l’2

In the above applications fabrication procedures require welding in
the construction of components, and the properties of the weldment could
possibly differ from those of the base metal. Failures in weldments are
often attributed to the growth of preexisting flaws from fatigue of
these components. If one knows the rate of growth of subcritical
cracks, the prediction of the life of components containing flaws is
possible. This approach is particularly useful for design and safety
analysis.

This document provides subcritical crack growth data on Hastelloy X
weld ‘metal. Test samples were obtained from weldments that were fabri-

cated by welding two Hastelloy X plates with Hastelloy X filler metal.
MATERIAL CHARACTERIZATION

Specimens for this study were fabricated from solution-annealed
12.5-mm-thick Hastelloy X plates (heat 2600-4-4284) purchased from

Cabot-Stellite. The mechanical properties of this heat are:

Heat treatment solution—-annealed at 1177°C
followed by rapid cool

Ultimate tensile strength, MPa 790
0.2% yield strength, MPa 345
Elongation in 25 mm, % 49



The chemical composition of the Hastelloy X plates is:

Element Content, wt 7% Element Content, wt 7%
Ni Balance | Co 2.40
Cr 21.79 ' Mn 0.59
W 0.63 Mo 8.82
Fe 19.06 P 0.018
C 0.06 S <0.005
Si 0.35 B <0.002

Details of weldment fabrication are discussed later in this report.
Figure 1 shows microstructures of the weldment. Second-phase micro-
constituents are probably carbides of the MgC type with a lattice
constant of 10.995 A (ref. 3). In areas close to the fusion line,
Hastelloy X base metal has a larger concentration of these coarse car-

bides [Fig. 1(b)].
Variables Governing Weldment Properties -

Data obtained from one weldment may differ from the data obtained

from another weldment for several reasons.

Material

Chemical composition can influence the elevated-temperature proper-—
ties of a weldment.%>3 Although the filler metal composition nominally
dictates the composition of the weld metal, base metal dilution, fluxes,
and cover gas all contribute to the final deposit composition. In this
study chemical composition of the weld metal (heat 2600-4-4345) with

1.56-mm-diam Hastelloy X wire for filler is:

Element Content, wt 7% Element Content, wt %
Cr 21.92 Ni Balance
W 0.42 Mn 0.70
Fe 18,81 Mo 8.85
Cc ' 0.08 P 0.022
Si 0.40 S <0.005

Co 2.09






Joint design

The geometry of the joint can lead to different residual stress
patterns, structures, and properties of the welds. Weldments were

fabricated with a V-groove of 75° included angle.

Welding process and welding parameters

The gas tungsten—arc (GTA), gas metal-arc (GMA), shielded metal-arc
(SMA), and submerged-arc (SA) welding processes are most commdnly used
in joining nuclear power components. These processes can produce welds
with different metallurgical structure and properties. Even with a
giﬁeh process, variation in welding parameters and techmniques, such as
current, voltage, travel speed, electrode size, number and sequence of
passes, amplitude, frequency, polarity, and shape of applied voltage,
may lead to different properties of the weldments.%,0

Weldments were made with the following parameters:

Welding process GTA

Speed 3.75 x 104.mm/s (625 mm/min)
Voltage 9-9.5 V

Passes 7

Current 195 A

Straight polarity

Electrode 2.34 mm in diameter, 30° included angle

Postweld heat treatment

Welds in nuclear applications are heat-treated many times to alter
metallurgical structure or to relieve residual stresses. However, the
weldment that was fabricated for testing in this program was not post-

weld heat-treated.

Soundness of the welds

Defects, such as inclusions, porosity, and incomplete fusion, can
degrade the properties. The weldment was radiographed, and no defects

were indicated.



Experimental procedure

Standard (ASTM E 647) compact tension (CT) specimens were prepared
from weldments that were fabricated as outlined above. The dimensions
of the specimens are given in Fig. 2. The notched area of the specimen
was located at the center of the weld metal such that the major axis of
the weldment coincided with the major axis of the notch. The base metal
was oriented such that the rolling direction was perpendicular to the

plane of crack growth.
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Fig. 2. ‘Dimensions in Millimeters of the Compact Tension (CT)
Specimen with the Weldment.

Specimens were precracked at room temperature with a servo-
hydraulic testing machine. Precracking was performed with a sinosoidal

waveform and was terminated when a value for maximum stress intensity









The spline curve was fitted to satisfy the above equation. In this anal-
ysis S was taken as 0.025 mm and can be considered as a measure of the
confidence of the optical readings. The stress intensity expression

used to calculate AKX was as follows:
_ AP a\®-3 a\ls 2.5
0K = Ho 29.6(ﬁ) —~ 185.5(5) + 655_7(3)

Y (2)
__1017(%)3.5 N 638.9(%)q.5] ’

where
AP = cyclic load range (i.e., Ppsx — Ppin)>»
a = crack length,
B = specimen thickness, and
W = specimen width.

The tests were terminated at the onset of permanent crack opening.

A computer code was prepared and used to calculate growth rates and
plot growth vs AK, as discussed above. The computer code will fit a
least squares regression line for da/dN vs AK plots and calculate A and

7 in the equation

2L - A00K)" , S (3)

i crack growth in mm/cycle, and

stress intensity in MPa/m for each plot.

>
~
Il

We conducted tests to find the variation of subcritical crack
growth rates with varying temperatures at 1 Hz. Tests were conducted at
538, 650, and 760°C. Also, tests were conducted to find the behavior of

crack growth rates with frequencies of 0.1, 1, and 10 Hz at 538°C.
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RESULTS AND DISCUSSION

We correlated craék growth data with Eq. (3). Figures 5 through 7
give the daﬂiN.vs AK data on logarithmic coordinates for the tests con-—
ducted to find out the effect of temperature on fatigue crack growth
rates for a constant frequency. These figures also give both the linear
regression lines for these data and the values of 4 and » in Eq. (3)
(da/dl — mm/cycle; AKX — MPa/m) for the regression lines. The scatter
band for weld metal is on the order of plus or minus twice the predicted
values by the regression line. This probably resulted from the ani-
sotropy and inhomogeniety of the weld metal. Figure 8 gives a com-
parison of the variation of fatigue crack growth rate with temperature
at 1 Hz. As observed for most of the materials, crack growth rate
increases with increasing temperature for Hastelloy X weld metal. One
explanation 1is that as temperature increases deterioration of the crack
tip from oxidation is higher. However, at higher stress intensities
differences in crack growth rates from temperature become smaller. At
higher growth rates unoxidized metal is rapidly exposed, and hence oxi-
dation at the crack tip has little effect on growth rate. Figures 5 and
6 compare the fatigue crack growth rates of weld metal and base metal.
At both 538 and 650°C base metal has a higher crack growth rate compared
to that of weld metal. At 650°C the difference of the fatigue crack
growth rates of base metal and weld metal increases with increasing
stress intensity factor.

Figures 9 and 10 give the fatigue crack growth rate data, fitted
regression line, and values of A and n for further tests conducted on
weld metal to find the effect of frequency on fatigue crack growth rates
at 538°C. Figure 11 compares the effect of frequency on fatigue crack
growth rate of weld metal at 538°C. In general, the fatigue crack
growth rate increases with decreasing frequency. In the range of fre-
quencies between 0.1 and 1 Hz, the difference in the fatigue crack
growth rate (FCGR) is not substantial, but the difference in crack
growth rates between the frequencies of 10 and 0.1 Hz or 10 and 1 Hz is

greater,
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Fig. 5. Fatigue Crack Growth Rate of Hastelloy X Weld Metal at
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The principal causes of the effect of frequency are again believed
to be: (1) the increased oxidation at the crack tip, and (2) the tran-
sient creep that occurs during the longer cycle periods at the lower
frequencies. There appears to be an upper limit of crack growth rate
for decreasing frequency. When the frequency is reduced there may be a
stage at which increased environmental attack is balanced by the
blunting and stress relaxation at the crack tip and hence a reduction of
the driving force AX at the crack tip. Figure 12 shows representative
areas of the fracture surface. These clearly show the fatigue-induced
striations on the crack surface and how these striation configurations
seem to differ. This is expected as weld metal does not have a homo-
geneous structure (as a result of multipass welding, including oscil-
lation in any given pass).

Figure 13 shows a typical orientation of the fatigue crack with
respect to the microstructure of the weld metal. Correlation of crack
configuration and microstructural details was not detected, though on a
few occasions the crack tends to change direction to make the dendrites

parallel in the structure.
CONCLUSIONS

This report presents the results of part of a broad program of
study on FCGR properties for HTGR applications. We discussed results of
the characterization of fatigue crack growth in air for Hastelloy X weld
metal. We concluded the following from the results:

l. The FCGR in weld metal increases with increasing temperature at
1 Hz in the range 538 to 760°C.

2. The FCGR for weld metal decreases with increasing frequency
from 1 to 10 Hz at 538°C. Also, there is an upper limit growth rate for
decreasipg frequency at a constant AKX value.

3. The FCGR of base metal is higher than that of weld metal both
at 538 and 649°C for frequency of 1 Hz.
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