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Abstract

The high-cycle fatigue behavior of 316 LN stainless steel (SS), the prime candidate target-container material for the spallation
neutron source (SNS), was investigated in air and mercury at frequencies from 10 to 700 Hz with a R ratio of 0.1. A decrease
in the fatigue life of 316 LN SS in air was observed with increasing frequency. However, little influence of frequency on fatigue
life was found in mercury. An increase in the specimen temperature at 700 Hz seems to be the main factor that contributed to
the decrease of the fatigue life in air, relative to that at 10 Hz. However, because of the cooling effect of mercury, only a small
temperature increase was found at 700 Hz, and, therefore, there was little frequency influence in mercury. At 10 Hz, a shorter
fatigue life of 316 LN SS was measured in mercury than in air at stresses greater than yield strength, which may have resulted
from liquid metal embrittlement (LME). At lower stresses, no difference in fatigue lives between mercury and air was detected at
10 Hz. At 700 Hz, the fatigue life in mercury was longer than in air. The fatigue endurance limit measured at both frequencies

in mercury and in air was approx. 350 MPa. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Type 316 stainless steel (SS) has been widely used in
the nuclear industry, because of its excellent ductility,
corrosion resistance, and irradiation performance. Re-
cently, 316 LN (low carbon, nitrogen-containing) SS
was selected as a container material for the mercury
target of the Spallation Neutron Source (SNS) at the
Oak Ridge National Laboratory (ORNL) [1].

The target material for the bombardment of a proton
beam will be liquid mercury (Hg) contained in the 316
LN SS container. The function of the neutron-source
system is to convert a short-pulsed, high-power high-
energy proton beam into a short-pulsed, low-energy
neutron beam optimized for use in neutron-scattering
instruments [2]. The container will be subjected to
irradiation by both protons and neutrons, as well as to
cyclic pressure waves produced by pulse-induced rapid
heating of the contained mercury. Therefore, an investi-
gation of the effect of mercury on the fatigue behavior

* Corresponding author..

of 316 LN SS is necessary to assure the integrity of
target-container materials. In particular, it is desirable
to assess whether the phenomenon of liquid metal
embrittlement (LME) can occur and affect mechanical
behavior of the alloy in contact with mercury.

The phenomenon of LME was first reported in 1874,
but a comprehensive text on the subject was not pub-
lished until 1960 [3]. Investigation of LME has been
carried out on various aluminum alloys, nickel alloys,
Monel alloys, and highly-stressed mild steels [4—9], but
there is less information available for stainless steels. In
the past, LME was studied mainly by means of uniaxial
tension tests or slow-strain-rate tension tests, rather
than cyclic loading tests [4—7]. Several materials tested
in mercury were found to exhibit more brittle fracture
characteristics than in air [5—7]. Some research results
showed similar fracture characteristics of nickel-based
alloys in gaseous hydrogen and liquid mercury, while
other results reported that the fracture modes were
distinguishable in these two conditions, with more in-
tergranular cracking in mercury than hydrogen [5-7].
LME was found to be more severe in nickel and copper
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Fig. 1. Cutaway view of the target facility of the spallation neutron
source [13]. The mercury target is shown intercepting the proton
beam. The neutron beam tubes are presented in the lower right
quadrant. Neutron moderators and neutron reflectors are labeled, as
are several other structural and auxiliary components.
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Fig. 2. Illustration of the target container of the spallation neutron
source [13].

alloys than in steels because of the limitation of wetting
between the mercury and steel [7].

The present studies focused on the fatigue behavior
of 316 LN SS in air and mercury within the test
frequency range from 10 to 700 Hz using an advanced
high-frequency electrohydraulic machine.
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Fig. 3. Dimension of fatigue specimen of 316 LN stainless steel. The
specimens are fabricated utilizing low-stress grinding.

2. Spallation neutron source (SNS)

The SNS is an accelerator-based instrument that
provides pulsed beams of neutrons by bombarding a
mercury target with 1 GeV protons [2,10-13]. The
facility is being designed to fulfill the needs of the
neutron-scattering community well into the next cen-
tury. The Department of Energy (DOE) plans to invest
more than 1.3 billion dollars in design and construction
of the SNS facility. In the broadest terms, the facility
consists of an ion source, a linear accelerator, a proton
storage ring, and a target station. The target station
includes the mercury target, neutron moderators, neu-
tron beam tubes and neutron scattering instruments.
The target is positioned within an iron and concrete
shielding monolith approx. 12 m in diameter. Fig. 1
shows a cutaway view of the target and beam-tube
region.

A heavy liquid-metal target was selected over a wa-
ter-cooled solid target for many reasons. These include
higher neutron production, increased power-handling
capability, and the absence of radiation damage to the
liquid target. However, the target container material
will experience radiation damage. The performance of
the target container material to the intended service is
crucial to the successful operation of the SNS facility.
The configuration of the target container of the SNS is
shown in Fig. 2. The container is a four-walled struc-
ture. The outer two walls define a protective shroud
cooled by water in an enclosed channel, and the inner
two walls form a mercury channel. The mercury serving
as the target material is contained by the innermost
wall.

Chemical composition of type 316 LN stainless steel in weight percent (wt.%) [14]

Element C Mn P S Si
wt.% 0.009 1.75 0.029 0.002 0.39

Cr Mo Co Cu N Fe

10.2 16.31 2.07 0.16 0.23 0.11 Bal.
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Fig. 4. Specially-designed specimen for fatigue testing in mercury.

Fatigue tests and analyses of the 316 LN SS con-
tainer material, in addition to a comprehensive battery
of other tests and calculations [13], are deemed neces-
sary to qualify the material for service. The interaction
of the energetic proton beam with the mercury target
leads to high heating rates in the target. Although the
resulting temperature rise is only a few °C per beam
pulse, the associated expansion of the mercury leads to
the production of pressure waves that interact with the
container walls.

Research results on the fatigue properties of 316 LN
SS have been reported in the literature [15,16]. There
are some other studies that have been carried out on
the fatigue behavior of 316 LN SS in environments
such as hydrogen, sodium, and chloride [17-19]. How-
ever, little work has been done concerning the fatigue
behavior of 316 LN SS in a mercury environment.
Recent tensile test results, comparing behavior in mer-
cury and air, have shown negligible differences, i.e.
mercury did not affect the mechanical behavior of type
316 SS [13,20].

3. Experimental procedures

Type 316 LN SS is an austenitic stainless steel with
the chemical composition shown in Table 1. The ge-
ometry of the cylindrical-bar specimen used is illus-
trated in Fig. 3. The specimen has a total length of
118.8 mm, a gage length of 19.0 mm, and a diameter of
5.1 mm. In order to conduct fatigue tests in a mercury
environment, an attached container of 304 stainless
steel was used (Fig. 4). The gage section of the speci-
men was immersed in mercury enclosed in the con-
tainer. The container was attached to the specimen with

a silicone-rubber adhesive sealant, which could be re-
moved from the specimen after the test, and reused.
During fatigue tests, the gage section of the specimen
remained in contact with the mercury in the container.

Two state-of-the-art electrohydraulic material test
system (MTS) were used in the present study. One has
a frequency range from 0.001 to 60 Hz and is capable
of being operated in a vacuum as low as 10 ~° torr. It
can be used to run tests at temperatures as high as
2000°C in either vacuum or inert gas. The second
machine is an advanced, high-frequency, electrohy-
draulic MTS machine with a frequency range from 20
to 1000 Hz and a loading capacity of + 25 kN. Servo-
valves are activated by voice coils to achieve frequen-
cies up to 1000 Hz. To avoid testing noise at 1000 Hz,
the machine is situated in a well-designed, soundproof
room equipped with a heat pump, which has the cool-
ing capability to prevent overheating of the servovalves.
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Fig. 5. Effect of test frequency on the fatigue life of 316 LN SS in air.
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Table 2
Tensile properties of 316 LN stainless steel [14]

Temperature Strain rate Apparent modulus 0.2% Yield strength  Tensile strength  Elongation Reduction of area
(°C) (Is™h (1000 MPa) (MPa) (MPa) (%) (%)
21 0.01 186 288.0 587.2 60.0 82.6

In the mercury-environment fatigue test, an airflow
system (Model MINI-PAC) was used to filter the air
near the specimen to eliminate the possibility of mer-
cury entering the room. Following the fatigue tests in
mercury, the specimens were washed in acetone with an
ultrasonic cleaning machine (Model FS20) for 1 h.

High-cycle fatigue (HCF) tests at different stress
levels were conducted in air and mercury under a
load-control mode using a R ratio of 0.1, where R =
O min/Tmax> Tmin aNd 0., are the applied minimum and
maximum stresses, respectively. High-frequency tests in
the frequency range of 10 to 700 Hz were performed
using the 1000 Hz machine to study the frequency effect
on fatigue behavior. To assure the reliability and re-
peatability of the fatigue test results in mercury, some
fatigue experiments conducted at the University of Ten-
nessee, Knoxville (UTK) were compared with the ongo-
ing test program at the Oak Ridge National Laboratory
(ORNL). The experimental details in the mercury-envi-
ronment fatigue tests at ORNL were similar to those
described above.

A high-speed and high-sensitivity, thermography-
infrared (IR) detection method was used to observe
changes in the specimen temperature during fatigue.
This technique uses IR radiation emitted from the
surface of a material to determine its temperature. The
equipment employed in the experiment is a state-of-the-
art, high-resolution, Raytheon-Radiance-HS IR imag-
ing system — an IR camera, which has a temperature
resolution up to 10~2°C and a spatial resolution of 5.4
pm. Under the snapshot mode, the IR camera has a
tunable data-acquisition speed up to 6,100 Hz, and was
used to measure the specimen temperature during fa-
tigue testing. A thin sub-micron graphite coating was
applied on the specimen gage-length section of the
as-machined sample to decrease the surface-heat reflec-
tion. Following fatigue tests, a scanning-electron micro-
scope (SEM), Model Cambridge S-360, was used to
observe the fracture surfaces.

4. Results and discussion

4.1. Basic S (applied stress)— N (cycles to failure)
curve

Fatigue experiments were conducted at different
stress levels. Test results in air are illustrated in Fig. 5.

In this test series, efforts were mainly focused on ten-
sion—tension fatigue tests with a R ratio of 0.1. Table 2
shows that the yield-strength of 316 LN SS is approx.
288 MPa and ultimate tensile strength is about 587
MPa at a strain rate of 0.01 s —!. The maximum stresses
used in the present fatigue tests were between approx.
270 and 540 MPa (Fig. 5).

In Fig. 5, the 316 LN SS exhibits a fatigue endurance
limit of about 350 MPa at 10 Hz (R =0.1), and fatigue
tests conducted at 700 Hz also showed a similar limit.
At the stress level near 350 MPa, the fatigue data
exhibit some scatter. This is probably due to an in-
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Fig. 6. Variation of specimen temperature with test frequency during
fatigue tests of 316 LN SS in air and mercury at o,,,, =439 MPa.
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Fig. 7. Effect of test frequency on the fatigue life of 316 LN SS in
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. . . . Fig. 11. SEM micrograph near the crack-initiation site of 316 LN SS
Fig. 8. Effect of mercury environment on the fatigue life of 316 LN (sample 5-E) tested at 10 Hz in mercury with o, =439 MPa
8§ at 10 Hz. (247,648 cycles to failure).

Fig. 9. SEM micrograph near the crack-initiation site of 316 LN SS Fig. 12. SEM micrograph near th? crack-initiatipn site of 316 LN SS
(sample 1-A) tested at 10 Hz in air with ¢, — 439 MPa (341,408 (sample ‘3-E) tested at 10 Hz in mercury with o, =439 MPa
cycles to failure). (247,648 cycles to failure).

¥

Fig. 10. SEM micrograph in the crack-propagation region of 316 LN Fig. 13. SEM micrograph in the crack-propagation region of 316 LN
SS (sample 1-A) tested at 10 Hz in air with o,,,, =439 MPa (341,408 SS (sample 5-E) tested at 10 Hz in mercury with o,,,, =439 MPa
cycles to failure). (247,648 cycles to failure).
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Fig. 14. Effect of test environment on the fatigue life of 316 LN SS at 700 Hz.

crease in sensitivity of the crack-initiation behavior to the
specimen preparation and microstructure.

4.2. Test-frequency effect

As discussed previously, the target-container will be
subjected to several types of loading conditions in its
service environment. One of the loads on the target
container is the thermal stress to the container, induced
by direct heating from the proton beam. Another is the
load transferred from the mercury pressure waves caused
by beam pulses. As a result, the SNS target-container is
subjected to fatigue loading at various frequencies. Thus,
the influence of test frequency was investigated.

4.2.1. Tests in air

Fig. 5 shows the results of HCF (high cycle fatigue)
tests of 316 LN SS at the frequencies of 10 and 700 Hz.
The fatigue life in air at the frequency of 700 Hz is shorter
than that at 10 Hz, although the fatigue endurance limit
tends to be comparable in both conditions. The differ-
ence in the fatigue lives at the two frequencies seems to
increase with increasing maximum stress levels.

Further tests were performed concerning the tempera-
ture development in the 316 LN SS during HCF tests.
The temperature variations during fatigue tests were
determined using the IR camera, and they are illustrated
in Fig. 6. Efforts were aimed at confirming the suggestion
that an increase in the specimen temperature during a
high-frequency test could be responsible for decreasing
the fatigue life.

During fatigue testing, the temperature on the speci-

men gradually rose to reach a steady-state temperature
after some time [21-23]. In the steady-state temperature
range, the average temperature held constant for many
cycles and occupied a significant portion of the fatigue
life. The temperature was observed to oscillate with a
small amplitude within each fatigue cycle. Before failure
of the specimen, the temperature abruptly increased
again, followed by a drop after the specimen failed. For
the 700 Hz fatigue test of 316 LN SS with a maximum
stress level of 439 MPa, the temperature increased to
270°C in the steady-state region.

During the initial period of fatigue, the temperature
variation is due to thermoelastic and inelastic effects

Fig. 15. SEM micrograph near the crack-initiation site of 316 LN SS
(sample 4-D) tested at 700 Hz in air with ¢,,,, =439 MPa (181,774
cycles to failure).
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Fig. 16. SEM micrograph in the crack-propagation region of 316 LN
SS (sample 4-D) tested at 700 Hz in air with o,,, =439 MPa
(181,774 cycles to failure).

Fig. 17. SEM micrograph near the crack-initiation site of 316 LN SS
(sample 6-F) tested at 700 Hz in mercury with o, =439 MPa
(276,750 cycles to failure).

max

Fig. 18. SEM micrograph in the crack-propagation region of 316 LN
SS (sample 6-F) tested at 700 Hz in mercury with o,,,, =439 MPa
(276,750 cycles to failure).

[21-23]. The inelastic effects include plastic de-
formation and internal friction. The heat release speed
is not as rapid as the heat accumlation, and therefore,
the temperature increases. After a certain period of
time, the buildup of temperature due to the internal
friction and movement of dislocations (inelastic defor-
mation) decreases as the material work hardens. At the
higher temperature, the heat loss rate to the environ-
ments is also higher. Thus, the temperature of the
material reaches a steady state. The final increase in
temperature before failure of the specimen is
related to the formation of cracks, which induces large
plastic deformation and thus, an abrupt temperature
rise [22,23]. Within each fatigue cycle, the temperature
oscillation generally results from the thermoelastic ef-
fects.

In Fig. 6, the steady-state temperature measured by
thermography is plotted as a function of the test fre-
quency. At 10 Hz and o,,,, = 439 MPa, the steady-state
temperature is approx. 25°C in the air-environment
fatigue test, which is much lower than that of 270°C at
700 Hz in the steady state. Correspondingly, the fatigue
lives of 316 LN SS are longer at 10 Hz than at 700 Hz
(Fig. 5).

The temperature difference gives a possible explana-
tion for the effect of test frequency on fatigue lives in
air. Since the steady-state temperature generally de-
creases with decreasing a,,,,, [21-23], it is expected, and
experimentally observed in Fig. 5, that the temperature
difference between 10 and 700 Hz would decrease with
decreasing o,,,.
4.2.2. Tests in mercury

As shown in Fig. 7, the fatigue lives at 10 and 700 Hz
in mercury appear to be similar in contrast with the
results in air (Fig. 5), i.e., there is little influence of test
frequency on the fatigue life in mercury. Note that the
fatigue data at 10 Hz in mercury developed at UTK
and ORNL are in good agreement, especially for the
maximum stress levels above 420 MPa. However, at
lower stress levels ( <420 MPa), some scatter of fatigue
lives was observed.

In Fig. 6, the specimen temperature in the mercury-
environment fatigue test at 700 Hz with the o,,,, = 439
MPa was approx. 78°C, while at 10 Hz the temperature
was approx. 25°C. The difference in specimen tempera-
tures at these two frequencies in mercury is much
smaller than the difference in air. Thus, the apparent
frequency effect for the fatigue tests in mercury is not
as significant as that in air.

4.3. Effect of environment
In the previous section, the test results were examined

as a function of frequency in air and mercury. Here, the
same results are examined at a fixed frequency.
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4.3.1. Tests at 10 Hz

Fatigue tests at the stress levels greater than 400 MPa
in mercury at 10 Hz have shorter lives as compared with
those in air (Fig. 8). However, for tests at lower stress
levels ( <400 MPa), the material has comparable fatigue
lives in mercury and air. For fatigue tests at higher stress
levels (e.g. >400 MPa), LME is suggested to be the main
factor that decreases the fatigue life of 316 LN SS. At
higher stress levels, mercury may have more chance to
interact directly with the fresh surface in the crack-tip
area due to the larger plastic deformation. Thus, there
is a greater possibility of better contact of the mercury
with the fresh metal surface at higher stresses. Moreover,
at high stress levels, the fatigue life is generally deter-
mined by the crack-propagation process. During the
crack-growth period at high stress levels, the crack
opening displacement (COD) is relatively large, which
facilitates the penetration of mercury into the crack tip
and the contact with the fresh crack surface. Correspond-
ingly, the penetration depth of the mercury may be
increased during a high-stress fatigue test, and wetting of
the freshly cracked surface by mercury may be enhanced.
These trends result in the mercury effects at high stress
levels (Fig. 8).

The SEM micrographs of the fracture surfaces of the
specimens tested at 10 Hz in air and mercury showed
different fracture mechanisms. Figs. 9 and 10 are micro-
graphs of the crack-initiation site and the crack-propaga-
tion region of 316 LN SS tested at 10 Hz in air,
respectively. The specimen tested in air showed typical
transgranular (TG) cracking throughout most of the
fracture surface and a dimpled fracture in the overload
region.

In contrast, the specimen tested in mercury exhibited
intergranular (IG) cracking near the crack-initiation site,
as shown in Fig. 11. Fig. 12 is the intermediate region
showing where the cracking mode changed from IG to
TG. In this region, the grain boundaries are already
difficult to discern, and the broken surface exhibits a
quasi-cleavage appearance. At the center part of the
specimen, the fracture mechanism in the crack-growth
region changed to a transgranular mode (Fig. 13). The

Table 3

intergranular-cracking region is believed to be a direct
result of LME. But intergranular cracking seems not to
be a widespread fracture mechanism for the 316 LN SS
tested in mercury. This trend corresponds to the results
reported by other authors [4-7].

At low stress levels ( <400 MPa), the fatigue lives in
mercury are comparable with those in air at low stress
levels as shown in Fig. 8. This trend can be explained as
a result of lack of the penetration and wetting of mercury
at low stresses.

4.3.2. Tests at 700 Hz

Fig. 14 presents the S—N curve for 700 Hz in air and
mercury. Obviously, LME is not a factor in the fatigue
behavior of 316 LN SS at 700 Hz in mercury. In fact,
longer fatigue lives in mercury than in air were observed.
Thermography tests showed that temperature might be
the dominant factor that contributed to the difference in
the fatigue life at 700 Hz in air and mercury. For the
fatigue test at 700 Hz and o,,,,, = 439 MPa with a R ratio
of 0.1, the specimen temperature in air was much greater
than that in mercury, approx. 270 versus 78°C (Fig. 6).
Mercury serves as a heat sink and effectively lowers the
specimen temperature at 700 Hz, which results in longer
fatigue lives in mercury than air.

In Fig. 14, decreasing o,,,, decreases the difference in
the fatigue lives in air and mercury. This trend can be
expected to result from the fact that decreasing
reduces the specimen temperature in air [21-23].

The SEM micrographs of the specimens tested at 700
Hz in air and mercury are presented in Figs. 15-18.
Whether at the crack-initiation site or in the crack-prop-
agation region, any difference in cracking modes in air
and mercury is difficult to distinguish. The initiation site
showed similar TG features in air (Fig. 15) and mercury
(Fig. 17). However, some striations, although difficult to
resolve on the fracture surface of the specimens tested in
air, indicate a greater extent of ductile fracture in air than
mercury. The somewhat brittle appearance of cracking
in mercury seems to suggest that LME may have
occurred in specimens tested in mercury.

max

Test-frequency and environmental effects on the fatigue behavior of 316 LN stainless steel

Fatigue behavior

Effects Phenomena

Mechanism

Test-frequency Air

effect
Mercury
Hz
Environmental 10Hz Shorter fatigue life in mercury at applied maximum
effect stress levels >400 MPa than in air
700 Hz Longer fatigue life in mercury than in air

Significant shorter fatigue life at 700 than 10 Hz

Increase of the specimen temperature at a higher
frequency

Insignificant difference in fatigue lives at 10 and 700 Mercury acting as a coolant, reducing the specimen

temperature

Liquid-metal-embrittlement effect; better wetting
between the mercury and steel at high stress levels
Insignificant LME effect; greater specimen temperature
in air than in mercury
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Fig. 18 shows striations on the surface of specimens
tested in mercury, which are not as clear as those in air
(Fig. 16). Both fractographs (Figs. 16 and 18) exhibit
typical TG cracking in the crack-propagation region,
which means LME, if present, is not significant enough
to result in an obvious difference in the fracture mode.
The SEM micrograph of the specimens tested at 700 Hz
in mercury did not show IG cracking (Figs. 17 and 18).
However, there was TG cracking and some faint stria-
tions in Figs. 17 and 18, which were similar to those
observed in the specimens tested in air (Figs. 15 and
16). This trend suggests that there is no significant
LME in mercury at 700 Hz, because of the higher
frequency and less time in each fatigue at 700 Hz,
which decreases the mercury effect, relative to that at
10 Hz (Figs. 8 and 11).

5. Summary of test frequency and environmental effects

The present studies investigated two main factors
that could have significant effects on the fatigue life of
316 LN SS in air and mercury: test frequency and
environment. These two effects are summarized in
Table 3 and in the discussion below.

5.1. Test frequency effect

The extent of the frequency effect on the fatigue life
varies with the test environment. For the fatigue tests
conducted in air, specimens generally have shorter fa-
tigue lives at the high frequency of 700 Hz than those at
the low frequency of 10 Hz. This trend is evidently the
result of a greater increase in the specimen temperature
at 700 Hz. Decreasing the applied maximum stress level
decreases the frequency effect in air.

In contrast, for the mercury-environment fatigue
tests, specimens show insignificant difference in the
fatigue lives at 10 and 700 Hz. As the mercury acts as
a heat sink, the difference in the specimen temperature
induced at 10 and 700 Hz is not large enough to show
an obvious frequency effect on the fatigue life.

5.2. Environmental effect

The environmental effect depends on both the stress
level and test frequency. Fatigue tests conducted at the
low frequency of 10 Hz have shorter fatigue lives at
high maximum stress levels ( = 400 MPa) in mercury, as
compared to those in air. This trend is believed to result
from LME in mercury. At lower applied stress levels,
the fatigue lives in mercury and air are comparable.

For the fatigue tests carried out at the high frequency
of 700 Hz, longer fatigue lives in mercury were ob-
served, relative to those in air for the higher stress
(=400 MPa). However, decreasing the applied stress

level at 700 Hz decreases the difference in the fatigue
lives in air and mercury.

6. Conclusions

1. The specimen temperature developed during fatigue
can greatly influence the effects of test frequency
and environment on the fatigue life.

2. There is a frequency effect between 10 and 700 Hz
in air. The greater specimen temperature at 700 than
10 Hz reduces the fatigue life at 700 Hz.

3. There is no significant frequency effect between 10
and 700 Hz in mercury.

4. Fatigue specimens tested at 10 Hz and applied
maxmum stress levels over 400 MPa in mercury
exhibit shorter lives, as compared to those in air,
which may be due to liquid metal embrittlement.

5. Fatigue lives at 700 Hz in mercury were found to be
generally longer than in air, resulting from a tem-
perature effect due to the cooling effect of mercury
compared with air.

6. The fatigue endurance limit measured at both 10
and 700 Hz in air and in mercury was approx. 350
MPa.
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