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CRACK PROGAGATION IN HASTELLOY X
T. Weerasooriya and J. P. Strizak
ABSTRACT

The fatigue and creep crack growth rates of Hastelloy X
‘were examined both in air and impure helium. Creep crack
growth rate is higher in air than in impure helium at 650°C.
Initial creep crack growth from the original sharp fatigue
crack is by an intergranular mode of fracture. As the
cracking accelerates at higher stress intensities, growth is
by a mixed mode of both intergranular and transgranular
fracture. Fatigue crack growth rate increases with increasing
temperature and decreasing frequency for the range of stress
intensities reported in the literature and is lower in impure
helium than in air.

INTRODUCTION"

In the steam cycle High-Temperéture Gas-Cooled Reactor (HTGR) the
fission heat generated in the reactor core is transferred'by high-
pressure helium coolant gas to steam generators that produce superheated
steam. The primarj coolant outlet temperature in the HTGR lies between
648 and 816°C. Hastelloy X is a candidate material for the outlet ducts,
inlet ducts, and thermal barrier cover plates surrounding the HTGR
reactor core and for ducting, tubes, or support-plate material of the
intermediate and process heat exchangersl,2 of gas—cooled-reactor process
heat plants. , |

Hastelloy X, a Ni-Cr-Fe-Mo alloy (nominally 47, 23, 19, and 9 wt %,
respectively), has been used for more than two decades in elevated-
température applications requiring both oxidation resistance and high
-strength.v It is a nominal single-phase alloy with face—céntered cubic
structure. Strengthening is primarily by solid-solution alloying with
chromium, moldeenum, and tungsten. However, carbide particles also
strengthen this alloy at some temperatures.

Design against creep failure is generaliy based on the creep defor-

mation and rupture data obtained in the laboratory. Stresses are



selected such that the time to initiate significant cracking exceeds the
design life of the component. However, small defects may exist in the
structures before they go into service or may result from creep-fatigue
interaction, high-cycle fatigue, faulty machining, welding, or
corrosion. In elevated-temperature design the assumptionvthat flaws
exist is changing the philosophy of design toward consideration of both
initiation -and propagation of cracks.

This fepOrt presents results of éréep crack growth tests conducted
on Hastelloy X at 650°C in bbfh air and impure helium. We also attempt
to identify the micromechanism of creep crack grbwth in Hastelloy Xe
Fatigue crack growth tests on Hastelloy X that appear in the literature

are also reviewed.3’4f

CRACK GROWTH UNDER CREEP CONDITIONS

Several authors®~/ have related creep crack growth to elastic

stress intensity factor by

dal/dt = AK" , ' (1)
where
a = . crack length;
t = time;
K = elastic stress: intensity factor;
A and n = constants for any material, temperature, and specimen

thickness.

Net section.stress (onet) also has .been used to correlate the creep
crack -growth rate.”~9 Tn addition to the above the fdllowing criteria -
have been used by various researchers to cofrelate creep crack growth
rate: crack opening diéplacement rate (cop)’-10 and'path‘independent

rate‘integ;al (J) or nonlinear energy release rate (c*).11-12






EXPERIMENTAL PROCEDURE

. Single-edge notch tension (SENT) specimens were fabricated as shown
in Fig. 2. The same type of specimens has been used for the fatigue
crack growth studies conducted on Hastelloy X reported by Corwin’
(specimen dihensions: W =50 mm, and a, = 12.5 mm). The specimens were

precracked under cyclic loading conditions.
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Fig. 2. Dimension of Specimen Used for Creep Crack Growth Studies
for Fatigue Crack Growth Specimens with ¥ = 50 and a, = 9.5 (All Dimen-
sions Are in Millimeters).

Creep crack growth tests were conducted in air and in impure helium
at 650°C. Crack lengtﬁ was monitored with optical and electric poten-—
tial techniques.13’.14 Some tests were conducted only.to identify the
gfowth process of creep cracks and the micromechanism of that process.
The crack tip was intermittently photographed to identify the process of
crack growth. Tests were conducted with a constant-load creep~testingv

machine. The temperature of the test chamber was controlled to *#0.5°C,






Crack growth rate was computed after fitting a smooth cubic spline
curve along the experimental crack length data.l> The difference
between the experimental data and the ‘data generated by the cubic spline

for the crack length could be varied by S 'in Eq. (2):

N
Z [ai—‘ai(fit)lz = S2y - (2)
=1 : ' -
where
a; = measured crack length,
ai(fit)' = fitted crack length,

S 0.0025 mm and can be considered a measure of confidence

in crack length readings.
The stress intensity expressidn used to calculate K is:
K = (P/BVD[1.99(a/W)0+5 —0. 41(a/W)1*5> + 18.7(a/W)2+5

— 38.50(a/W)35 + 53.86(a/Mk4+5] , (3)

where
P = 1load,
B = specimen thickness,
a = crack length,
W = specimen width.

The expression used to calculate net section stress (0yp,z) of the

uncracked ligament is:

Onet = P/[B(W—a)] . (4)



. Least square regression lines were fitted to the plots of log da/dt vs
log X and log da/dt vs log Onet+ The values of the’constants'Al, Ay, -
ny, and ny were computed from the fitted least square regression lines

for the following equations:

daldt = alg,l , | (5)
and
_ 122 (6
daldt = 4 LAS P (6)
RESULTS

Correlation with Opet OF K

As mentioned earlier othér investigators have correlated creep crack
growth rate with either 0,,; or XK. The creep crack propagation rates in
SENT specimens are plotted as a'functidn of .elastic stress intensity (X)
in Fig. 4. The elastic stress intensity was calculated by using Eq. (3).
This figure shows a'quite appreciable scatter of'the data points and that
crack growth rate of Hastelloy X in air ié an order of magnitude twice
the creep crack growth rate of Hastelloy X in impure helium. This higher
crack growth raté in air may result from the higher oxidation at the
crack tip in air. Both in air and impure helium, creep crack growth
occurred by a similar micromechanism, which will be discussed later in
this report. | ‘

Figure.S gives the creep crack growth rate plotted as a function of
net section stress (onef) for tests conducted Both in impure helium and
air. - ‘ _‘ ' o

Correlation coefficients'for.the lines plottéd in Figs.‘4 and 5 are:
K = 0.89 and 0, = 0.90 in air, and X = 0.90 and Oppt = 0.92 in impure
helium. B '
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Fig. 4. The Effects of Both Air and High-Temperature Gas—Cooled
Reactor Helium on the Creep Crack Growth Rate of Hastelloy X at 650°C.
Creep crack growth rate (da/dt) is correlated with stress intensity (X). .
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ahead of the crack tip has just begun to interact with the blunted tip.
Thereafter, the propagation was by plastic tearing of the material
between the crackvtip and the cavity just ahead of the tip, as can be
seen in Fig. 6(g). Cavities that have formed ahead of the tip are
intergranular, and hence the propagation was that of a mixed mode of
intergranular and transgranular fracture. Scanning eiectron frac-
tographs in Fig. 9 show progressive changes in thevfracture surface with
time. In these figures grain boundary fracture facets arevjoined by
regions-of_ductile'tearing. As fime elapses the area associated with
grain boundary fracture decreases. This results from the increase of
the crack driving force, that is K, 0,.4, cOD, or J, which changes the
fracture mechanism from an intercrystalline fracture to a transgranular
one. The grains are deformed (Fig. 10), indicating that a great deal of
shear strain took place before fracture. A certain amount of grain
" boundary sliding may‘have also occurred. Figure 11 shows the fracture
surface close to the surface of the specimen at the later stages of fhe
growth of the crack. Although the fracture isimixed, with both
intergranular as well as ductile transgranular regions, the grains are
deformed and elongated in the direction of thé nominal stress (0,,pm),
indicating that ductile, transgranular fracture‘was the predominant mode
of failure. |

Figure 12 shows the magnified view of both sides of the crack tip
at the same instant shown in Fig. 6(g). Cracks ahead of the>main tip
are zigzag, inclined 45° to the direction of the uniaxial stress.
Figure 12(b) clearly shows the propagation of the blunted main crack by
joining with émall cracks ahead of the main -tip. Figure.13 shows the
last stages of crack growth. Though the crack has propagated mainly by
a transgranular mode, cavities have formed along the grain boundaries,
indicating that the cracks formed ahead of thé crack tip are inter-
granular. Figure 14 shows the morphology of the blunted fatigue.crack
. tip, which did ﬁot propagate even after 1680 h., The crack tip shows a
considerable amount Qf-plastic deformation. Cavities forming ahead of

the tip are also visible,
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The behavior Qf a notched creep specimen under load will depend on
two competing processes{. stress intensification at the crack'tip
leading to growth of the crack and creep deformation at the crack tip
leading to relaxation of the intensified sfress. That the crack velo-
city is high indicates that the intensification of the stress at the tip
will cause cracking before the stress can relax there. The specimen
shown in Fig. 6 is a typical example of this case. The other extreme of
behavior will occur when the' stress relaxation at the crack tip reduces
the stress intensification sigﬁificantly or removes it altogethér. In -
'this case.creep deformation will\occur across the uncracked ligament of
the specimen. When the loading is in the intermediate range, creep
deformation will occur in the vicinity of the tip, and the relaxation
will reduce the stress such that the tip will blunt before crack growth.
This can be seen in Fig. 14, in which the loading was so low that the
crack would.not grow, even after 1680 h. A region of extensive
plasticity, visible in the area close to the crack tip, is responsible

for the stress relaxation and redistribution. >

Correlation of creep crack growth rates

As discussed earlier the attempts to correlate the creep crack
growth rates with X or 0,,4 ended with about the same results. .In this
case the stress intensity factor would have been the more logical para-
meter with which to correlate the creep crack growth, but still .in this
region while the crack was pfopagating, relaxation of the stresses was
occurring. If the stresses had relaxed completely (Fig. 15), the creeb
damage would occur on the whole uncracked ligament of the specimen. In
this case the obvious choice for the load correlating parameter of creep
craék growth would be the net section stress (0yp4). In the range of
‘loading used in the present experiments, neither of the above mentioned
extremes were attained. Although the initial stages of creep crack
growth showed little ductility, later stages of growth resulted from
creep deformation and the formation of cavities in the immediate vici-
ﬁity of the crack tip. Formation of cavities ahead of the tip can be

explained by referring to the relaxed stress distribution.l6 The
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Fig. 15. Stress Distribution in Single—-Edge Notch Tension
specimen. (a) Normal loading. (b) Eccentric loading.

relaxing stress distribution will have its maximum value not at the '
crack tip; but at a distance ahead of it. The distance where the maxi-
mum stress occurs will increase with time for a stationary crack.

, After the initial low-ductility crack growth, the crack grew inter-
mittently by the ductile rupture of the material between the crack tip
and the nearest cavity ahead of the tip. This intermittent growth would
have also contributed to the scatter in the crack growth rate data given

in this report. ,
| Figure 15 shows the two possible configurations of the completely
relaxed stress distribution of the specimen. Since the tested specimens
were loaded with a pin (Fig. 16) the specimen is allowed to rotate so
that the bending component of the stress on the uncracked ligément would

disappear [Fig. 15(b)]. Whether this type SENT specimen would rotate
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When the relaxation of stresses at the crack tip occurs quickly so
that the zone of creep deformation is large and engulfs'thé whole
uncracked ligament, creep deformation will. occur in the whole remaihing
lligament. In this case stresses will become time independent, and one
could speéulate that the net section stress woﬁld correlate best with
the creep crack growth rate. If a bending component»of'stréss exists,
then the nét section stress has to be replaced by a reference stress
that is equal to the relaxed tensile stress [0, in Fig. 15(a)].

The intermediate stage of.rélaxation of the crack tip stress, where
the zone of creep deformation (“"creep zone") is large but not large
enough to engulf the remaining ligament, is identical to the large scale
yielding in_the_fracture of monotonically loaded specimens where limit
loads héve not been reached. 1In this case one could speculate that the .
loading parameter that determined the,neé} tip fields uniquely is C* or
J.11,12 The C* parameter.is defined extensively in ref. 12. :

When many éavities are present in the creep zone, as seen in
Fig. 6, characterization of the near-tip stress and strain rate fields
by the single parameter (* is violated since a material undergoing
copious cavitation is no longer governed by a steady-state creep law
“appropriate for a nonlinear viscous solid. Even in the absence of
cavities, propégation of the crack would not allow the material adjacent
to the crack tip to reach steady-state creep, that is, the strain rate

would be time dependent.

Correlation by two parameters

One school of-thoughtvbelieﬁes that fhe ductile initiation 6f a
crack and the proceeding stable crack growth thereafter can be predicted
By two parameters. At the initiatidn, critical value for J orlcbD (path
independent integral and crack opening displacement, respectively), and
the stable propagation is controliéd by a critical crack tip opening
angle (CTOA) or a critical generalized energy release rate at the crack

tip process zone, 18
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Similarily, the initiation and growth of a creep crack may be
correlated by two parameters. Correlation will be further complicated
by the interaction of the relaxation rate of the stress at the crack

tip with the initiation and propagation of the creep crack.
Review of Fatigue Crack Growth Data

Figures 17 through 22 give the results of fatigue crack growth
tests conducted by Corwin® to find the effect of frequency, temperature,
stress intensity (AX), and environment on the fatigue crack growth rate
(FCGR) of Hastelloy X. All these tests were conducted with SENT
specimens. The FCGR was correlated with AKX by using the expression

given below for a constant frequency and constant temperature:

da/dN = A,0K'3 . v 7

\

Figures 17 through 22 also give the values of A3 and n3 in Eq. (7),
where da/dN is in mm/cycle, and AKX is in MPa m. Figures 17 and 18 show
. the effect of temperature on the FCGR of Hastelldy X at frequencies 0.1
and 1.0 Hz in air. The FCGR at 871°C is about 10 times the FCGR
observed at 538°C in air for both frequencies 0.1 and 1.0 Hz. The same
behavior is observed in the tests conducted in impure helium (Fig. 19).
As observed for creep crack growth rates, the FCGR is higher in air than
in HTGR helium at 538°C (Fig. 20). This increase may possibly result
from the transient creep interaction, as at 538°C, where not much oxida-
tion occurs at' the crack tip. Figure 21 gives the effect of both air
and heiium on the FCGR of Hastelloy X at 871°C and a frequency of 1.0
Hz. The difference in the FCGR in air and. in helium is greater at 871°C
compared with that at 538°C. At. 871°C more transient creep and oxida-
tion interaction at the crack tip are probably the reasons for the above
observation{ Figures 22 and 23 give the effecf of frequency (between
0.1 and 1 Hz) on the FCGR, which is substantially smaller at both

temperatures.
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The FCGR also decreases with increasing frequency

Hence, it can be expected that the FCGR decreases with

quency in impure helium. This frequency dependence in

from the creep and strain rate dependent deformation.

. ducted in oxygen3 at different pressures at 760°C lead

in vaéuuﬁ.3
increasing fre-
vacuum results
The tests con-—

to the belief

that environmental interaction occurs in the tests conducted in air.

Hence, the frequency dependence in air results from a combination of

environmental interaction and creep and strain rate dependent

deformation. Table 1 gives>an‘estimation made by Jablonski3 on the

magnitudes of these three interactions at 760°C.

Table 1. Relative Importance of Creep-Fatigue
Interactions, Oxidation-Fatigue Interactions,

and Strain Rate Dependent Plasticity
on Hastelloy X at 760°C%

Interaction Magn}tude
(%)
In Vacuum
Oxidation-fatigue - 0
Creep-fatigue 67
Strain rate dependent plasticity 33
In Air

Oxidation-fatigue 50
Creep—-fatigue 33
Strain rate dependent plasticity 16

A3ource: D. A. Jablonski, Fatigue
Behavior of Hastelloy X at Elevated
Temperatures in Air, Vacuum, and Oxygen

Environments, Ph.D. Thesis, Massachusetts

Institute of Technology, Boston,
January 1978.

The fracture mode of Hastelloy X changes from intergranular to

transgranular by a change in frequency from 0.1 to 10 Hz;3’ This

was observed both in high vacuum and vacuum with oxygen {[partial

pressure of oxygen 1.3 x 1073 Pa (1 x 1073 torr)]. Vacuum promotes
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more intergranular fracture compared with air at 0.1 Hz. The intergra-

nular fracture was more pronounced for higher AK values.
CONCLUSIONS

1. Creep crack growth rate in air is higher thanvin impure helium
for 800 Mpavam < K < 200 MPaVm at 650°C.

2. Two modes of creep crack growth, intergranular mode and a mixed
mode of both intergranular and transgranular, were observed at 650°C.

| 3. The FCGR increases with increasing temperature at both 1.0 and

0.1 Hz in air and in impure helium for 20 MPavym.

4, The FCGR is higher 'in air than in impure helium both at 538 and
871°C for a frequency of 1.0 Hz for 20 MPavm < AKX < 40 MPavm.

5. Change in frequency from 1.0 to 0.1 Hz slightly increases the
FCGR at 538 and 871°C in air for 20 MPaym < AKX < 40 MPavym.

6. The mode of the FCGR changes from intergranular to
transgranular as a result of change in frequency from 0.1 to 10 Hz at

760°C both in air and vacuum.
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