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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
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The Effects of Temperature on Fatigue CrackPropagation
in 310 Austenitic Stainless Steel

Z. Mei, J. W. Chan, and J. W. Morris, Jr.

Center for Advanced Materials, Lawrence Berkeley Laboratory and
Department of Materials Science and Mineral Engineering,
University of California at Berkeley

The fatigue crack propagation rate of 310 austenitic stainless steel was
measured at 298 K, 77 K, and 4 K. As temperature decreased the fatigue
crack growth rate decreased while the threshold stress intensity increased.
At all three temperatures the fatigue crack propagated in a quasi-cleavage
mode along a zigzag path. The propagating crack branched to an extent that
increased as the temperature decreased. Since no martensite was detected
on the crack surfaces and the crack surfaces were smoother at lower
temperatures, neither transformation toughening nor roughness-induced
crack closure can account for the temperature dependance of the crack
growth rate. Various factors that might contribute to the temperature
dependence are discussed.

INTRODUCTION

The structural materials used in a superconducting magnet in a fusion reactor must
sustain high cyclic stresses at cryogenic temperatures.! The design of such structures
requires an understanding of fatigue crack propagation behavior at cryogenic temperatures.
Austenitic stainless steels are often the structural materials of choice. In previous work
14,15 we have studied fatigue crack growth in metastable austenitic steels. The present
work addresses fatigue crack growth in a stable austenitic stainless steel, alloy 310, at
temperatures between 4 and 298 K, to examine the behavior of austenitic material in the
absence of a phase transformation.

Fatigue crack propagation in the threshold region at low temperatures has been
studied for several alloys2-16, including Al alloys, Cu alloys, austenitic stainless steels,
mild steels, high strength low alloy steel, JBK-75 stainless steel, and inconel 706. It was
found that the threshold cyclic stress intensity increases and the near-threshold crack
growth rate decreases as the temperature decreases from 298 K to 4 K. This behavior has
been attributed to surface-roughness-induced crack closurel0, transformation
toughening!4.15, and thermally activated dislocation movement.11

In contrast to the trend found in the threshold region, the crack growth rate in the

Paris-law region may either increase or decrease with the temperature. The relevant data
was recently reviewed by Tobler and Chengl?, who summarize results for more than 200
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material and temperature combinations, including ferritic nickel steels, austenitic stainless
steels, Ni-base superalloys, Ti-base alloys, and Al-base alloys. For most alloys the slope
of the logarithmic fatigue crack growth rate, that is, the parameter (n) in the Paris Law:
da/dN = A (AK)", increases as the temperature decreases. The value of (n) for most metals
at 298 K is in the range 2 - 4, and may increase to 5 - 8 at cryogenic temperature. The
‘increase in (n) reflects the fact that materials become more brittle as the temperature
decreases; for example, the value of (n) is more than 100 for ceramics.!8 The conventional
AISI 300 series austenitic stainless steels were not found to exhibit an increase in (n) with
decreasing temperatures. 19

EXPERIMENTAL PROCEDURE

The chemical composition of the commercial grade AISI 310 stainless steel used in
this study was, in weight percent, 24.73Cr-19.23Ni-1.73Mn-0.51Si-0.26Mo0-0.16Cu-
0.15C0-0.066N-0.021C-0.023P-0.008S. The steel was annealed at 1050 C for 1 hour
and then quenched in water. The grain size was =100 mm (Fig. 2).

The fatigue crack growth rate was determined for a 12.7 mm thick compact tension
specimen. The specimens were tested under load control in a hydraulic testing machine,
using a sine-wave load form and frequencies of 10 - 20 Hz. The crack length was
monitored continuously using the direct current electrical potential method.20 The relation
between a/W (crack length / specimen width) and V/V (voltage at a / voltage at a, initial
crack length) was determined at both 298 K and 77 K. The relations at both temperatures
are almost the same, as expected. While the complete calibration curve was not measured
at 4 K, a comparison of the final crack length and the length as determined from the 77 K
calibration curve shows good agreement (<5%). The cyclic stress intensity factor was
calculated from the crack length and cyclic load as suggested in the ASTM standard .21
The near-threshold region of the fatigue crack propagation curve was measured under
decreasing cyclic load, AP, using a step-wise decrement in AP of less than 7% per step. At
each load level the crack was allowed to propagate a distance at least 3 times the computed
maximum plastic zone size formed at the previous AP level. After establishing the
threshold, AP was increased step-wise and da/dN values were recorded until the specimen
sustained general yield. The tests at 77 K and 4 K were done by immersing the samples in
liquid nitrogen and liquid helium. The extent of crack closure during fatigue crack growth
was monitored continuously using the back-face strain gauge technique.?2

The fatigue crack profiles were observed by optical microscopy. The sample was
sectioned perpendicular to the crack plane at center thickness, mechanically polished, and
chemically etched (15 ml HNO3 - 45 ml HCl - 20 ml CH,OH). The fatigue fracture
surfaces were studied by scanning electron microscopy (SEM) to determine fracture mode,
by X-ray diffractometry to check for evidence of phase transformation, and by surface
profilometry to characterize surface roughness.
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RESULTS

Fig. 1 includes measured fatigue crack growth curves for 310 austenitic stainless
steel at room temperature (RT), liquid nitrogen temperature (LNT), and liquid helium
temperature (LHT). The parameters n and A in the Paris Law formula (da/dN = A AK®)
are: at RT, n = 3.79, A = 1.50 x 109 mm/cycle; at LNT, n = 3.67, A = 8.45 x 10-10
mm/cycle; at LHT, n = 4.51, A = 7.97 x 10-12 mm/cycle. There is a real, but small
increase in (n) at LHT compared with the (n) values at LNT and RT. The threshold cyclic
stress intensity was 3.5 MPa-mY2 at RT and 4.8 MPa-m!/2 at LNT.

The results differ somewhat from those reported by Tobler et al. 23 for the same
material. They found essentially equal crack growth rates, da/dN, at LNT and LHT which
were about one-half those measured at RT for the same AK. Moreover, their crack growth
rates were uniformly lower than those measured here; if their RT data were plotted in Fig.
1, it would appear just on the right side of our 310 LHT data line. However, their data
include only a small section (between 3 x 1076 to 2 x 104 mm/cycle) of the whole fatigue
propagation curve. It may also be relevant that their fatigue specimen thickness was
between 25.4 mm and 50.8 mm (1 in - 2 in) while ours was 12.7 mm (0.5 in). In earlier
work, we did observe a specimen thickness effect on the fatigue crack propagation in 304L
austenitic stainless steel; however the magnitude of this effect seems too small to explain
the large difference between their data and the current data.

The fatigue curves of 304L austenitic stainless steel at RT and LNT!4. are also
plotted in Fig. 1. For this alloy, the increase in the threshold stress intensity range and the
reduction in the crack growth rate with decreasing temperature is a result of the
deformation-induced martensitic transformation that occurs at LNT in addition to inherent
temperature effects. Alloy 310 remains austenitic when tested at RT, LNT, and LHT, yet
also shows an increase in the threshold stress intensity range and a reduction in the crack
growth rate with decreasing temperature.

Optical microscopy revealed that fatigue cracks propagate in 310 stainless steel in a
zigzag path. The cracks are kinked and branch at all temperatures. Crack branching is most
prominent at LHT as shown in Fig. 2. The direction of crack propagation almost
invariably changes at grain boundaries, and may also change within a single grain to
produce a sawtooth pattern. The crack path appears to be a consequence of two competing
tendencies: preferential crack growth along particular crystallographic planes, and maximal
driving force for crack propagation perpendicular to the axis of loading. The result is a
zigzag path. Kinks and branches reduce the crack growth rate for two reasons: the crack
passes through a longer distance along a zigzag path than along a straight path, and the
effective stress intensity factor is smaller if the crack deviates from the plane normal to the
external load.23

Fig. 3(a)-(d) are scanning electron micrographs of the fatigue fracture surfaces.
The crack propagation directions are marked by arrows. For the specimen tested at RT,
fatigue striations are easily seen when AK is larger than = 32 MPa-m1/2, The striation
spacing is close to the crack extension per cycle. It is interesting that the striations have
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different orientations in different grains, for example grain A and B in Fig. 3(a). Fatigue
striations were not seen in the specimens tested at LNT and LHT. When AK is smaller
than = 32 MPa-m!/2, the fracture surface at RT resembles that at LNT and LHT. At all
three temperatures, the cracks propagate in a quasi-cleavage mode. As shown in Fig. 3(b)
and 3(c) the flow of the river pattern is in the direction of crack propagation, and the pattern
changes across grain boundaries. These features are characteristic of the cleavage fracture
mode.24 Note that the crack profile, Fig. 2, also shows that the crack changes its
propagation direction across grain boundaries . '

No crack closure was detected during the fatigue tests at RT and LNT by the back-
face strain gauge technique, although the measurement of surface roughness and
observation of crack profile led us to believe that crack closure should occur. An
experimental error with the back-face strain gauge prevented the study of closure at LHT.

To clarify the influence of surface roughness on fatigue crack propagation the
fracture surfaces of the fatigue specimens were characterized by profilometry. Fig. 4
shows two line scans for each of three specimens tested at RT, LNT, and LHT. The
profilometer scanning direction was along the fatigue crack propagation direction. The
roughness of the surfaces was quantified by the parameter R defined as

L -—
le(X)-y |dx
R==77— 1)

where y (x) is the surface line-scanning data denoting the surface height y as function of

horizontal position x, y is the average surface height, L is the line-scanning distance. The
results document the decrease in roughness as the temperature decreases. The roughness -

of the fatigue fracture surface should depend on the grain size, fracture mode, and the
amount of plastic deformation during fracture. Observations of the fracture surface (Fig. 3)
and the crack profile (Fig. 2) indicate that at all three temperatures (RT, LNT, and LHT) the
fatigue crack extends in a quasi-cleavage mode. The roughness of the fatigue fracture
surface is then decided by the plasticity. The larger the plastic zone size (as the temperature
increases), the rougher the fracture surface becomes.

The results of X-ray diffraction measurements of the fatigue fracture surfaces -

confirm our expectation that 310 austenitic stainless steel is stable with respect to

deformation-induced martensite at cryogenic temperatures. Fig. 5(a) shows the diffraction

data for the LHT fatigue specimen. No martensite peaks appear. But the X-ray diffraction
data is of interest in another respect. Comparing the spectrum of the fatigue fracture
surface (Fig. 5(a)) with that of the surface 3 mm below the fatigue fracture surface (Fig.
5(b)), we see an increase in intensity of the 002 peak. This same phenomenon was
observed on the LNT and RT fatigue specimens, and may indicate the development of a
preferential texture as a result of the plastic deformation near the crack tip. While it is well
known that a preferential texture develops during monotonic straining, the development of
texture during cyclic plastic strain has not been studied. Another possibility is that the

page4



crack propagates preferentially along 002 crystallographic planes to create a fracture
surface that exposes many 002 planes. These two possible explanations are currently
under further investigation.

DISCUSSION

The fatigue crack propagation rate of 310 austenitic stainless steel decreases and
threshold cyclic stress intensity increases as the temperature decreases from RT to LHT.
Two mechanisms have been proposed to explain this effect. The first is crack closure,
which, as discussed above, is not observed to a significant degree in the present
experiments. A second possible explanation for the temperature dependance relates it to the
thermal activation of the dislocation motion that drives plastic crack extension. Models of
fatigue crack propagation through the dynamic motion of dislocations have been proposed
by Yokobori et al.25 and by Gerberich et al.26 and successfully explain some experimental
data.11.27 In these models the dislocation movement is related to the crack extension.
Since the dislocation movement is a thermally activated process, the crack propagation is
also thermally activated with the same activation energy. If these models apply a plot of
In(da/dN) vs. 1/T should be a straight line with a slop equal to the activation energy, Q, for
thermally activated dislocation motion. As shown in Fig. 6, however, the data are not
linear on a plot of this type. The nonlinear relation between In(da/dN) and 1/T suggests
that the rate of fatigue crack propagation is not limited by thermally activated dislocation
motion.

The data obtained here makes it appear that the fatigue crack growth behavior of
alloy 310 is limited by the metallurgy of the alloy, and closely associated with the fracture
mode. As temperature decreases crack propagation is increasingly anisotropic. The
fracture surfaces are made up of relatively flat facets on well-defined crystallographic
planes. The deviation of the preferred plane from the plane of maximum tension and the
increasing degree of branching at low temperature reduce the driving force for crack
propagation, raising the threshold value and decreasing the crack growth rate.

While anisotropy in the crack growth is the most evident feature that affects the
fatigue behavior of alloy 310, it should be kept in mind that its behavior is not anomalous.
The threshold value of the cyclic stress intensity increases as the temperature drops in
almost all alloys.2-16 The increase in the exponent (n) is also a common observation.17
These observations suggest that there are common underlying factors governing the
threshold and crack growth exponent that remain to be understood.
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Fig. 1: Fatigue crack propagation curves of 310 and 304L austenitic stainléss steels at
room temperature (RT), liquid nitrogen temperature (LNT), and liquid helium
temperature (LHT).
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Fig. 2: Optical micrograph of the fatigue crack profile of the specimen tested at liquid
helium temperature.



Fig. 3: Scanning electron micrographs of the fatigue fracture surfaces of the specimens
under the conditions of (a) room temperature, AK= 32 MPa-m!/2, da/dN = 1
um/cycle; (b) liquid nitrogen temperature, AK ~ 10.5 MPa-m1/2, da/dN = 1.1 x
10-2 um/cycle; (c) liquid helium temperature, AK = 20 MPa-m1/2, da/dN = 7x 10-3
um/cycle; (d) liquid helium temperature, AK = 20 MPa-m1/2, da/dN = 7 x 10-3
um/cycle.
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RT, R =33.6um
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Fig. 4: Profilometer line scannings of the fatigue fracture surfaces of the specimens that
were fatigue tested at room temperature (RT), liquid nitrogen temperature (LNT),
and liquid helium temperature (LHT). Cracks propagated from right to left, the
roughness parameter R is defined in the text.
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Fig. 5: X—ra}y diffraction data of (a) fracture surface of the fatigue specimen tested at liquid
helium temperature (LHT) and (b) the surface 3mm below the frature surface.

page 12

L



Cq

e

In (da/dN)

AK = 20 MPavVm

AK = 16 MPaVm

Fig. 6: Two plots of In(da/dN) vs. 1/T at AK = 20 and 16 MPa-m!/2,
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