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Abstract

The high-cycle fatigue behavior of Type 316 stainless steel (SS), the prime candidate target-container material for the

spallation neutron source (SNS), was investigated in air and mercury at frequencies of 0.2 and 10 Hz with a R ratio of

)1, and at 10 and 700 Hz with a R ratio of 0.1. Here R equals the ratio of the applied minimum to maximum loads

during fatigue experiments. A decrease in the fatigue life in mercury was observed, relative to that in air, at 0.2 Hz.

Correspondingly, intergranular fracture was found on the fracture surfaces of specimens tested in mercury at 0.2 Hz,

which is a typical fracture mode caused by liquid metal embrittlement (LME). Heating by mechanical working was

observed during fatigue tests at 10 Hz and a R of )1, and at 700 Hz and a R of 0.1, which resulted in great increases in

specimen temperatures and shorter fatigue lives for large stress amplitudes (P 210 MPa), relative to those in mercury.

However, in the fatigue tests at 10 and 700 Hz, the fatigue lives in air with cooling and those in mercury seemed to be

comparable, indicating little influence of the mercury. Thus, both specimen self-heating and LME need to be considered

in understanding fatigue behavior of Type 316 SS in air and mercury.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

The candidate target container material of the spal-

lation neutron source (SNS) is Type 316 low-carbon,

nitrogen-added (LN) stainless steel (SS). The research

and development program for the target, with emphases

on the materials aspects, is described in Ref. [1]. The

main damage mechanisms on the container are radiation

effects and pressure waves caused by the pulsed proton

beam (�0.7 ls pulse length, 60 Hz). However, most

mechanical test data on 316 LN SS have been accumu-

lated in monotonic loading conditions, and relatively

less information for fatigue loading conditions is avail-

able [2–7]. Furthermore, there is little information on

fatigue behavior of structural material, including 316

LN SS, in mercury environments [4–12].

In this investigation, a series of load-controlled fa-

tigue tests were performed in air and mercury using a

state-of-the-art high-frequency electrohydraulic machine

operated at 700 Hz and a second machine operated at

lower frequencies [4–7]. The prime goal of the present

work is to determine whether liquid metal embrittlement

(LME) can occur and affect mechanical behavior of the

alloy in contact with mercury.

2. Experimental procedure

Type 316 LN SS is an austenitic stainless steel with

the chemical composition shown in Table 1 [13]. The

material was melted in an electric-furnace, subjected to

an argon-oxygen decarburization process (EF/AOD)

and met the American Society of Mechanical Engineers

(ASME) NCA3800 QSC-245 specification [13]. The

material was annealed at 1038 �C for 1 h.

Round-bar specimens were used for fatigue tests

with R ratios of )1 and 0.1, where R ¼ rmin=rmax, rmin

and rmax are the applied minimum and maximum stre-

sses, respectively. The geometries of the round-bar
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specimens used are illustrated in Figs. 1 and 2. The

specimens for fatigue tests with a R ratio of )1 had a

total length of 228.60 mm, a gage length of 20.32 mm,

and a diameter of 7.62 mm. The specimens for fatigue

tests with a R ratio of 0.1 had 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, a container of 304 SS was attached to

Table 1

Chemical composition of Type 316 low-carbon, nitrogen-added (LN) stainless steel (SS) (wt%, weight percent)

Element C Mn P S Si Ni Cr Mo Co Cu N Fe

wt% 0.009 1.75 0.029 0.002 0.39 10.2 16.31 2.07 0.16 0.23 0.11 Bal.

20.320 ± 0.254

∅∅∅∅15.062/14.986

228.60 ± 0.051

92 .075 ±1.270

∅∅∅∅7.620 /7.569

8

Unit: mm

114.300

R19.050 ± 0.254

Fig. 1. Cylindrical specimen used for HCF tests at a R ratio of )1.

59.20

R12.50 ± ± ± ± 0.25

11.30 ± ± ± ± 0.13

∅∅∅∅5.10 ± ± ± ± 0.01

43.30 ± ± ± ± 0.13 19.00 ± ± ± ± 0.25

118.80 ± ± ± ± 0.50

∅∅∅∅10.20 ± ± ± ± 0.01
∅∅∅∅15.90 ± ± ± ± 0.03

Fig. 2. Cylindrical specimen used for HCF tests at a R ratio of 0.1.
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each specimen. The gage section of the specimen was

immersed in mercury enclosed in the container. The

container had a height of 48 mm and an inner diameter

of 17 mm. The container was attached to the specimen

with a silicone-rubber adhesive sealant, which allowed

the container to be removed from the specimen after the

test, and reused.

Two state-of-the-art electrohydraulic material test

systems (MTS) were used in the present study. One has a

frequency range from 0.001 to 60 Hz. It was used to run

tests at 0.2 and 10 Hz. The second machine is an ad-

vanced, high-frequency, electrohydraulic MTS machine

with a frequency range from 20 to 1000 Hz and a

loading capacity of �25 KN. Servovalves are activated

by voice coils to achieve frequencies 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 cooling capability to prevent

overheating of the servovalves. Several fatigue tests were

conducted to approximately 109 cycles at 700 Hz. A si-

nusoidal wave was employed during fatigue tests, which

has a strain rate roughly estimated to be in the range of

0.03 and 3.89 s�. The pressure wave loads of SNS

in operation are expected to be lower than 150 MPa at

60 Hz, which has a strain rate of about 0.1 s�.

In the mercury-environment fatigue tests, an airflow

system (Model MINI-PAC) was used to absorb the

mercury vapor, and clean the air near the specimen to

eliminate the possibility of mercury entering the room.

Following the fatigue tests in mercury, the specimens

were cleaned in acetone with an ultrasonic cleaning

machine (Model FS20) for 1 h.

For some fatigue tests that need to cool down the

specimens because of heat generation during cyclic

loading, a cooling apparatus that used low-temperature

nitrogen gas was designed. The low-temperature gas was

obtained by passing nitrogen gas through a dewar con-

taining liquid nitrogen. Fig. 3 illustrates the fatigue

testing equipment with the specimen-cooling apparatus

made up of a dewar, a conducting tube, and a cooling

ring. The cooling ring has an inner diameter of 15.7 mm

and a height of 41.4 mm. Two thermocouples were used

to monitor the temperature of the test sample. One was

mounted on the surface of the specimen, and the other

was fixed near the specimen to monitor the temperature

of the outlet liquid-nitrogen gas around the specimen.

A water-cooling line was used to provide active

cooling for fatigue tests in mercury. A copper coil was

wound around the mercury container, and water circu-

lation was used to remove heat from the container

during fatigue tests, which reduced the specimen tem-

perature.

A high-speed and high-sensitivity, thermography-in-

frared detection method was also employed to observe

changes in the specimen temperature during fatigue [14–

19]. This technique uses infrared radiation emitted from

the surface of amaterial to determine its temperature. The

equipment employed in the experiment is a state-of-the-

art, high-resolution, Raytheon-Radiance-HS infrared

(IR) imaging system – an IR camera, which has a tem-

perature resolution up to 10�2 �C and a spatial resolution

of 5.4 lm.Under the snapshot mode, the IR camera has a

tunable data-acquisition speed up to 6100 Hz, and was

used to measure the specimen temperature during fatigue

Fig. 3. MTS with nitrogen cooling.
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testing. A thin sub-micron graphite coating was applied

on the specimen gage-length section of the as-machined

sample in order to reduce IR reflections and increase the

thermal emissivity of the specimen surface. The coating

was applied on the surface of the container when the

specimen was surrounded by the container, and the

temperature of the container was measured.

The cooling apparatus was started before the begin-

ning of the fatigue tests. The nitrogen gas continuously

flowed over the surface of the specimen. The nitrogen

pressure was manually controlled. High-cycle fatigue

(HCF) tests were conducted under load control in air and

mercury with the stress amplitude (ra) ranging from

approximately 125 to 250 MPa at a R ratio of 0.1, and

from 190 to 290 MPa at a R ratio of )1. Note that

ra ¼ ðrmax � rminÞ=2. The test procedure was in accor-

dance with the American Society for Testing and Mate-

rials (ASTM) E466 on �Conducting Constant Amplitude

Axial Fatigue Tests of Metallic Materials� [20].
The curves of stress amplitudes (ra) versus number of

cycles to failure (Nf ) [i.e., S–N curves] were developed in

air and mercury. Following fatigue tests, a scanning-

electron microscope (SEM), Model Cambridge S-360,

was employed to observe the fracture surfaces and study

fracture mechanisms.

3. Results

3.1. R ¼ �1

3.1.1. At 0.2 Hz

The test results are shown in Fig. 4. Considering the

fact that fatigue data have large scatter, the fatigue lives

at 0.2 Hz in mercury are comparable with those in air.

However, at stress amplitudes above 230 MPa, fatigue

tests at 0.2 Hz in mercury generally exhibited shorter

lives to a certain extent, as compared with those in air,

with the exception of stress levels of 236 and 263 MPa,

where some fatigue tests in air and mercury showed

comparable cycles to failure. Similar fatigue endurance

limits at stress amplitudes of about 210 and 220 MPa

were observed for tests in air and mercury.

The fatigue test data were fitted statistically accord-

ing to the ASTM E739 for �Standard Practice for

Statistical Analysis of Linear or Linearized Stress-Life

(S–N) and Strain-Life (e–N ) Fatigue Data�. Assuming a

linear S–N relationship exists [21],

S ¼ A logNf þ B; ð1Þ

in which S and Nf refer to the amplitude of the cyclic

stress and the number of cycles to failure, respectively,

and A and B are fitting constants. The fits are shown by

lines on the figures, such as Fig. 4. The run-out data

represents specimens that did not fail and were sus-

pended after a certain number of cycles. The fits do not

involve the run-out data. Horizontal lines were drawn

out according to the run-out data, indicating the fatigue

endurance limits.

3.1.2. At 10 Hz

Fig. 5 presents the fatigue lives in air and mercury at

10 Hz. Shorter fatigue lives as well as a lower fatigue

endurance limit were measured in air than in mercury at

10 Hz. For the fatigue test at 10 Hz and ra ¼ 263 MPa,

the specimen temperature in air was much greater than

that in mercury, approximately 334 versus 130 �C, which
decreased yield strength, and thus, the fatigue life in air

(Table 2). Note that increasing temperature decreases

yield strength in Table 2. By decreasing the specimen

temperature to a range of 20–60 �C with nitrogen

cooling, longer fatigue lives were observed in air than in

mercury (Fig. 5), which was caused by a relative higher
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Fig. 4. Environmental effect on the fatigue life of 316 LN SS at

0.2 Hz and a R ratio of )1.

Fig. 5. Environmental effect on the fatigue life of 316 LN SS at

10 Hz and a R ratio of )1 with nitrogen and water cooling.
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temperature in mercury, approximately 130 �C in mer-

cury versus 20–60 �C in air. Moreover, the fatigue lives

in air with nitrogen cooling were longer than those in air

without nitrogen cooling. By controlling the specimen

temperature in air with nitrogen cooling and in mercury

with water cooling, comparable fatigue lives were mea-

sured at 10 Hz (Fig. 5) with similar specimen tempera-

tures in air and mercury in the range of 20–60 �C,
although somewhat shorter fatigue lives were observed

in mercury at higher stress (P 260 MPa).

3.2. R ¼ 0:1

3.2.1. At 10 Hz

Fig. 6 shows the effect of test environment on fatigue

life at 10 Hz. There was no specimen self-heating effect

at 10 Hz in air with a R ratio of 0.1. The specimen

temperature remained at room temperature throughout

the test at all the stress levels. Fatigue tests at the stress

amplitude greater than 210 MPa in mercury at 10 Hz

have shorter lives as compared with those in air (Fig. 6).

However, for tests at lower stress levels (<210 MPa),

the material has comparable fatigue lives in mercury

and air.

3.2.2. At 700 Hz

Fig. 7 presents the S–N curves at 700 Hz in air and

mercury. Longer fatigue lives in mercury than in air

were observed. This trend was caused by the specimen

self-heating at 700 Hz, which produced a much higher

specimen temperature in air than in mercury. As shown

in Fig. 8, the specimen temperature in air seemed to

increase linearly with increasing test frequency. A simi-

lar phenomenon was observed for fatigue tests in mer-

cury. However, mercury around the specimen served as

a cooling medium. As a result, the specimen temperature

only rose to 78 �C in mercury (Fig. 8). At higher tem-

peratures, the yield strength of 316 LN SS decreases

(Table 2), which results in lower fatigue resistance.

Table 2

Tensile properties of 316 LN SS at a strain rate of 0.001 s�

Specimen

condition

Test

temperature

(�C)

r0:2

(MPa)

ruts

(MPa)

Annealed 24 289 600

300 173 460

500a 133 350

r0:2 ¼ 0:2% offset yield strength.

ruts ¼ ultimate tensile strength.
a From Ref. [13].
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Comparable fatigue lives in air and mercury were mea-

sured after cooling the specimen in air using nitrogen

gas, as shown in Fig. 9, because of the comparable

specimen temperatures in cool nitrogen gas and mercury

(Fig. 8).

3.3. Fractography

3.3.1. R ¼ �1

The fracture surface of specimens tested in air and

mercury showed a significant difference in fracture

modes, especially in the crack-propagation region.

Specimens tested in air exhibited typical transgranular

(TG) cracking in the crack-propagation region at 0.2

and 10 Hz (Figs. 10 and 11), while those in mercury

showed some intergranular (IG) cracking at high stress

levels (P 230 MPa) (Figs. 12 and 13). At lower stress

levels (<230 MPa) in mercury, IG cracking can also be

seen on the fracture surfaces, but the amount of IG sites

is much less than that at high stress levels.

3.3.2. R ¼ 0:1
The SEM micrographs of the fracture surfaces of the

fatigue specimens tested in air and mercury at a R ratio

of 0.1 showed different fracture mechanisms, especially

in the crack-growth region of the fatigue fracture sur-

face. Figs. 14 and 15 are micrographs of the typical

crack-propagation region of 316 LN SS tested in air and

mercury at 10 Hz, respectively. The specimen tested in

air showed typical TG cracking throughout most of the

fracture surface (Fig. 14). In contrast, the specimen
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Fig. 9. Environmental effect on the fatigue life of 316 LN SS at

700 Hz and a R ratio of 0.1.

Fig. 10. Fracture surface showing the TG fracture in the crack-

propagation area. The specimen was a 316 LN SS tested in

air at 0.2 Hz with a stress amplitude of 260 MPa and a R ratio

of )1.

Fig. 11. Fracture surface showing the TG fracture in the crack-

propagation area. The specimen was a 316 LN SS tested in

air at 10 Hz with a stress amplitude of 260 MPa and a R ratio

of )1.

Fig. 12. Fracture surface showing the IG fracture in the crack-

propagation area. The specimen was a 316 LN SS tested in

mercury at 0.2 Hz with a stress amplitude of 260 MPa and a R
ratio of )1.
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tested in mercury exhibited IG cracking at high stress

levels (P 210 MPa), as presented in Fig. 15. At lower

stress levels (<210 MPa) in mercury, IG cracking can

rarely be seen on the fracture surfaces. The IG cracking

region is believed to be a direct result of LME. TG

fracture was the typical mode observed in air and mer-

cury at 700 Hz.

4. Discussion

In the past, LME was studied mainly using uniaxial

tension tests or slow-strain-rate tension tests, rather than

by cyclic loading tests [8–11]. Several materials tested in

mercury were found to exhibit more brittle fracture

characteristics than in air [9–11]. Some research results

exhibited similar fracture modes of nickel-based alloys

in gaseous hydrogen and liquid mercury, while other

results reported that the fracture features were distin-

guishable in these two conditions, with more IG crack-

ing in mercury than hydrogen [9–11]. LME was found to

be more severe in nickel and copper alloys than in steels

because of the limitation of wetting between the mercury

and steel [11].

Interestingly, although many papers reported signif-

icant LME effects on other alloys, little research indi-

cated obvious LME effects on stainless steels. LME

effects are widely observed in copper, aluminum alloys,

and nickel alloys, when they are subjected to the cor-

rosion effect of the mercury environment for a long time

of service. Related LME phenomena are documented in

several papers [8–12]. This process of LME produces a

drastic reduction in the fracture resistance of the solid,

but has no apparent changes in its yield or flow behav-

ior. Nevertheless, this effect has not been widely ob-

served in steels.

Pawel et al. investigated the corrosion behavior of

316 LN SS in a mercury thermal convection loop [22].

Two thermal convection loops fabricated from 316 LN

SS, containing mercury (Hg) and Hg with 1000 wppm

gallium (Ga), respectively, were operated continuously

for about 5000 h [22]. In each case, the maximum loop

temperature was constant at about 305 �C, and the

minimum temperature was maintained at approximately

242 �C. Coupons in the hot leg of the Hg-loop developed

a porous surface layer substantially depleted of nickel

and chromium, which resulted in a transformation to

ferrite [22]. Analysis of the corrosion-rate data as a

function of temperature in the Hg-loop suggests that

Fig. 13. Fracture surface showing the IG fracture in the crack-

propagation area. The specimen was a 316 LN SS tested in

mercury at 10 Hz with a stress amplitude of 260 MPa and a R
ratio of )1.

Fig. 15. Fracture surface showing the IG fracture in the crack-

propagation area. The specimen was a 316 LN SS tested in

mercury at 10 Hz with a stress amplitude of 232 MPa and a R
ratio of 0.1.

Fig. 14. Fracture surface showing the typical fracture mode in

the crack-propagation area. The specimen was a 316 LN SS

tested in air at 10 Hz with a stress amplitude of 232 MPa and a

R ratio of 0.1.
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wetting by mercury occurred only above about 255 �C,
and that the rate-limiting step in the corrosion process

above 255 �C is solute diffusion through the saturated

mercury boundary layer adjacent to the corroding sur-

face. Experimental results suggest no obvious LME ef-

fect in the Hg-loop that contributes to the degradation

of coupons. The main mechanism that induced the

depletion of elements is diffusion.

Classical LME processes are generally found to occur

without the notable penetration of the embrittling spe-

cies into the solid or the dissolution of the solid metal

into the embrittling liquid. Various other liquid metal

degradation phenomena were reviewed elsewhere, such

as grain-boundary penetration, selective attack of solid

phases, or reactions between the solid and liquid [10].

During fatigue tests in the mercury environment, the

specimens are subjected to cyclic loading, and there also

exists the processes of crack initiation and propagation.

Therefore, the loading condition would become another

important factor besides the temperature effect men-

tioned above. With the occurrence of crack initiation

and propagation, the interaction between the mercury

penetrating into the crack tip and the plastic zone area

of the crack tip becomes more obvious. Under different

loading conditions, the depths of penetration of mercury

into the crack are different due to various levels of

openings of a crack.

4.1. R ¼ �1

4.1.1. At 0.2 Hz

For fatigue tests at stress levels above 230 MPa, al-

though the fatigue lives in air and mercury are overall

comparable, but there are still differences in fatigue lives

in air and mercury at almost all the stress levels tested

(Fig. 4). Fatigue lives in mercury are relatively shorter

than in air except at two stress levels, as discussed pre-

viously. Thus, LME is suggested to be the main factor

that contributes to the somehow shorter fatigue life of

316 LN SS (Fig. 4) in mercury, relative to that in air. At

higher stress levels, mercury has more chance to interact

directly with the fresh surface in the crack-tip area due

to the larger plastic deformation, which exhibited the

characteristic IG fracture in Fig. 12.

4.1.2. At 10 Hz

With comparable specimen temperatures in air and

mercury after cooling, comparable fatigue lives were

found in air and mercury (Fig. 5), although somewhat

shorter fatigue lives in air at stress levels below 260 MPa

were observed. The small difference in the fatigue lives is

most likely caused by the insufficient cooling using ni-

trogen gas at 10 Hz, compared to the cooling by water

for fatigue tests in mercury. As discussed above, even

though the specimen was cooled using nitrogen gas, the

specimen temperature in air after cooling is still higher

than room temperature, which could have caused a bit

shorter lives in air. The shorter lives in mercury with

water cooling than in air with nitrogen-gas cooling at

stress levels above 260 MPa was due to the environ-

mental effect, as evidenced by the presence of the IG

fracture in mercury (Fig. 13).

4.2. R ¼ 0:1

4.2.1. At 10 Hz

For fatigue tests at higher stress levels (e.g., P 210

MPa), LME is supposed to be the main factor that de-

creases the fatigue life of 316 LN SS (Fig. 6). The en-

vironmental effect is more significant at higher stress

levels, which can be explained with regard to the greater

plastic deformation. The maximum stress level (rmax) at

a R ratio of 0.1 is 540 MPa, which is well above the yield

strength of the material (289 MPa). This means during

the first half-cycle, the extensive plastic deformation

damages the chromium oxide scale on the specimen and

exposes the fresh metal surface to the mercury, which

facilitates the LME process. At higher stress levels,

mercury may have more chance to interact directly with

the fresh surface in the crack-tip area. Thus, there is a

greater possibility of better contact of the mercury with

the fresh metal surface at higher stresses. Moreover, at

higher stress levels, the fatigue life is generally deter-

mined by the crack-propagation process. During the

crack-growth period at higher 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. Corre-

spondingly, the penetration depth of the mercury may

be increased during a higher stress fatigue test, and

wetting of the freshly cracked surface by mercury may

be enhanced. These trends result in the LME effects of

mercury at higher stress levels, characteristic of the

presence of the IG fracture (Fig. 15).

At low stress levels (<210 MPa), the fatigue lives in

mercury are comparable to those in air as presented in

Fig. 6. This trend is a combination of the result of the

lack of the penetration and wetting of mercury at low

stresses, which decreased LME.

4.2.2. At 700 Hz

Thermography results showed that temperature

might be the dominant factor that contributed to the

difference in the fatigue life at 700 Hz in air and mercury

(Fig. 7). For the fatigue test at 700 Hz and ra ¼ 198

MPa with a R ratio of 0.1, the specimen temperature in

air was much greater than that in mercury, approxi-

mately 270 versus 78 �C (Fig. 8). Mercury serves as a

heat sink and effectively lowers the specimen tempera-

ture at 700 Hz, which results in longer fatigue lives in

mercury than air. In Fig. 9, similar fatigue lives were

measured in air and mercury at 700 Hz by controlling
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the specimen temperature to a range of 58–78 �C using

the cool nitrogen gas in air.

In Fig. 7, decreasing the stress level decreases the

difference in the fatigue lives in air and mercury. This

trend can be expected to result from the fact that de-

creasing the stress reduces the specimen temperature in

air [14–19], which yields a reduced difference in the

fatigue lives in air and mercury.

5. Conclusions

(1) For tests at 0.2 Hz with a R ratio of )1 in mercury

at stress amplitudes above 230 MPa, the fatigue life was

shorter than in air. Below 230 MPa, fatigue lives in air

and mercury were comparable. The effect at high stresses

is attributed to LME (Table 3).

(2) Without water cooling, fatigue tests at 10 Hz with

a R ratio of )1 had shorter lives in air than in mercury

due to the temperature effect. With cooling, fatigue tests

at 10 Hz in mercury at stress amplitudes above 260 MPa

showed shorter lives than in air. Below 260 MPa, fatigue

lives in air and mercury were comparable.

(3) For tests at 10 Hz with a R ratio of 0.1 and stress

amplitudes above 210 MPa, the fatigue lives are shorter

in mercury than in air. For lower stress amplitudes, the

results were comparable. The effect at higher stress levels

is attributed to LME.

(4) For tests at 700 Hz with a R ratio of 0.1, the fa-

tigue lives in air with nitrogen cooling are comparable

with those in mercury. LME is minimal at 700 Hz.

(5) IG fracture was the typical cracking mode in

mercury at 0.2 and 10 Hz with a R ratio of )1 at stress

amplitudes above 230 MPa. Below 230 MPa in mercury,

IG cracking can also be seen on the fracture surfaces,

but the amount of IG sites was much less than that at

higher stress levels. TG fracture was observed in air at

0.2 and 10 Hz.

(6) For fatigue tests at a R ratio of 0.1, IG fracture

was the typical cracking mode in mercury at 10 Hz with

stress amplitudes above 210 MPa. Below 210 MPa in

mercury, TG fracture was the typical cracking mode.

TG fracture was observed in air at 10 Hz, as well as in

air and mercury at 700 Hz.

(7) Above all, the present study indicated that the

presence of mercury did not generally decrease the en-

durance limit of Type 316 LN stainless steel in the test

conditions investigated.
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