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Low-cycle fatigue data have been obtained on
nornalized/tempered or lithium=—preexposed HT-9 alloy
at 755 K in flowing 1lithium of controlled purity.
The results show that the fatigue life of this
material decreases with an increase 1in nitrogen
conteat in lithium. A reduction in strain rate also
decreases the fatigue 1ife in high-nitr‘?gen
l1ithium.  However, in the range from ~4 x 107" to
4 x 107 s"l, the strain rate has no effect on
fatigue 1life in 1lithium containing <200 wppm
nitrogen. The fatigue 1life of the HT-9 alloy in
low~nitrogen lithivm is significantly greater than
the fatigue life of Fe-9Cr~1Mo steel or Type 403
martensitic steel in air. Furthermore, a 64.0-Ms
preexposure to low-nitrogen lithium has no influence
on fatigue 1life. The reduction in fatigue 1life in
high-nitrogen 1lithium 18 attributed to internal
corrosive attiack of the material. The specimens
tested 1in high-nitrogen 1lithium show iInternal
corrosion along grain and martensitic lathe
boundaries and 1intergranular fracture. This
behavior 1s not observed in specimens tested in
low~nitrogen lithium. Results for a constant-load
corvosion test in flowing 1lithium are also
presented.

1. INTRODUCTION

Liquid lithium has been proposed as the tritium
breeder and/or as a coolant 1irn several fusion
reactor concepts. Ferritic steels have been
selected as a candidate material for the reactor
first-wall/blanket system. The primary 1incentive
for consideration of ferritic steels 1is their low
swelling and high 1in-reactor creep resistance.
Also, the higher thermal conductivity of the
ferritic stezels provides a reduced ihermal stress
factor, However, compatibility of the ferritic
steels with 1liquid lithium is a primary feasibility
issue for the various 1liquid metal breeder/coolant
blanket concepts.

The cyclic plasma burn projected for some
fusion reactor designs will 1induce severe cyclic
thermal stresses in the first-wall/blanket
gtructure, Consequently, the influence of 1liquid
lithiua on the fatigue properties 1s an important
congideration in the material selection and design
of first-wall/blanket system. Studies on the
mechanical behavior of materials in a liquid lithium
environment indicate that the compositional and
microstructural changes due to selective dissolution
or intergranular corrosion may cauve degradation of
the fatigue properties in lithium (1,2). Low-cycle
fatigue data on the HT-9 alloy in a flowing-lithium

environment at 755 K (482°C) 1indicate a strong
effect of the concentration of nitrogen in lithium
{3). The fatigue life in lithium containing 1000-
1500 wppm nitrogen 1s a factor of 2 to 5 lower than
that 1in lithium with 100-200 wppm naitrogen. The
specimens tested 1in high-nitrogen 1lithium show
extensive internal corrosive attack and pertial
intergranular fracture. Furthermore, 1in low-
nitrogen lithium, the fatigue life of the HT~9 alloy
is indegendent of ssfainl rate in the range froum
~4 x 107" to 4 x 107¢ 8™ (2). However, fatigue
crack propagation studies on Fe-2 1/4Cr-1Mo ferritic
steel in lithium at 673 and 773 K (400 and 500°C)
show an increase in crack growth rates (da/dN) at
high loading frequencies (4-7). A high density of
cleavage-type fracture 1s observed in lithium. The
increased crack growth rates have been explained in
terms of a model for strain-rate-induced, 1liquid-
metal embrittlement which considers that embrittle~
ment occurs when the flow stress, increased by high
strain rate and low temperatures, exceeds a critical
value (6). These studies indicate the importance of
lithium purity, temperature, and strain rate on the
cyclic properties of materials in lithium.

In addition to cyclic loading, several corro-
sion studies in lithium have shown that the presence
of an applied stress leads to enhanced grain
boundary penetration of ferrous alloys (7-9).
However, these corrosion tests were conducted in
static lithium that was either high in nitrogen or
of unknown purity. Consequently, the Influence of
lithium purity or applied stress on intergranular
corrosion of matertials in lithium cannot be assessed
from these data.

The objective of this paper is to evaluate the
effects of a flowing lithium environment on the
cyclic properties of the HT-9 alloy as a function of
lithium purity, strain rvate, and lithium preex-
posure. Low-cycle fatigue data are presented on
normalized and tempered or lithium—exposed HT~9
alloy tested 1in flowing 1lithium at 755 K, The
corrosive interactions observed under cyclic loading
are compared with the results obtained for an HT~9
gspecimen exposed to flowing lithium with a constant
tensile load.

2. EXPERIMENTAL

The test speclmens were fabricated from 6.4-mm-—
diameter rod of HT-9 alloy, Heat 91354, The gauge
diameter and length of the fatigue specimens were
2.5 and 6.4 mm, respectively. Tapered gauge~length
specimens were used for the constant-load compati-
bility tests. The gauge section had a total length
of 44,5 mm and tapered uniformly from 6.3 to 2.2 mm



in diameter. After fabrication, the specimens were
heat—-treated in vacuua according to the following
gschedule: normalize at 1323 XK (1050°C) for 1.8 ks
and air cool, then temper at 1053 K (780°C) for
9.0 k8 and air cool. The fatigue specimens were
preexposed for 4.0 Mg at 755 K in flowing lithium
containing ~50 wppm nitrogen.

The fatigue tests were conducted in a forced-
circulation 1lithium loop equipped with three test
vessels and a cold-trap purification system to
control the concentration of nonmetallic elements,
e.g., N, C, and H., The quantity of lithium in the
loop was ~20 liters, and the lithium within the test
vessel was recirculated at ~1 liter/min. The cold-
trap temperature was maintained at ~498 K (225°C).
Hot trapping with Ti or 2r foils (or use of
dissolved getters) was used to reduce the nitrogen
level to ~50 wppm in lithium, which 1is considerably
below that attainable by cold trapping. During the
tests, the concentration of carbon and hydrogen 1in
lithium was ~8 and 120 wppm, respectively. a1l
fatigue tests were conducted on an MIS fatigue
machine 1in the axial stroke-control mode with a
fully reversed triangular uzavefom and -2"31“ rates
in the range from &4 x 107° to 4 x 107" 8™ ", The
details of the fatigue test facility and the
procedure for strain control and strain measurement
are given elgsewhere (3).

The combined effects of constant stress and
liquid 1lithium environment on the corrosion behavior
were investigated by exposing monotonically stressed
specimens of the HT-9 alloy to flowing lithium., A
schematic of the constant-load test fixture is shown
in Fig. 1. The fixture was clamped to the lithium
test vessel and the specimen loaded through a pull
rod by deadweights.

3. RESULTS

Fatigue Tests

The total and plastic satraln range vs fatigue
1ife for the HT-9 alloy tested in fliwing litlidum at
755 K and at different strain rates and lithium
purity 1is shown in Fig. 2, The fatigue strain-life
relationship for modified Fe-9Cr-lMo steel (10) in
air at 798-866 K (525-593°C) 1is also shown in the
figure. Fatigue data on the HT-9 alloy in air at
temperatures <866 K are not avallable. However, the
cyclic properties of the HT-9 alloy in air should be
similar to that of the Fe-9Cr-ldo steel. The
results in lithium show a decrease in fatigue life
with an increase in concentration of nitrogen in
lithium. FPFor example, the fatigue life in lithium
containing <200 wppm nitrogen 18 a factor of 2-5
greater than in 1lithium with 1000-1500 wppm
aitrogen. A  test conducted in lithium with
~560 wppm nitrogen ylelded a value of fatigue life
of ~60,000 cycles at a total strain range of ~0.55%,
compared to ~20,000 and 130,000 cycles, respec—
tively, for the high- and low-nitrogen lithium. The
fatigue life in low-oxygen sodium is similar to that
in low-nitroger :‘thium. Comparison of the fatl'gue
behavior in air and lithium environments indicates
that the fatigue life in low=-nitrogen lithium is5 a
factor of 2-3 greater than in air.

Fatigue tests conducted in lithium at differeat

strain rates z.ndicate t'n35 stfain rate in the range
from ~4 x 107 to 4 x 107¢ s~ has no effect on the

fatigue life of the HT-9 alloy in low-nitrogen
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¥{gure 1 - Schematic of constant-load test facility.

lithium, i.e., lithium  containing <200 wppm
nitrogen. At all strain rates, the strain-life
behavior igllows the data obtained at a strain rate
of 4 x 103 71, Hawever, in high-nitrogen lithium,
i.e., lithium with 1000-1500 wppm nitrogen, a change
in strain rate from 4 x 107 to 4 x 1074 g7l
decreases the fatigue life by a factor of 2.

The data in low-nitrogen 1lithium at different
strain rates can be expressed by a4 single power-law
relationship between plastic strain range, Aep, and
cycles to failure, Ng, given by

be = AN e, (1)

The values of the constants A and a were determined
from a linear least-squares analysis and are given
in Fig. 2. The relationship between elastic strain
range and fatigue life was obtained from the cyclic
stregss—strain behavior and Eq. (1l). Figure 3 shows
the cyclic stress—strain behavior of the HI-9 alloy
in 1lithium and sodium environments. The cyclic
stress amplitude at half-life, Ao/2, is expressed in
terms of the plastic strain amplitude, Aep/Z, by the
relation

Ao/2 = k (AEP/Z)". (2)
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Figure 2 - Total and plastic strain range vs cycles to failure for the
HT~9 alloy tested in flowing lithiwm and sodium at 755 K.
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Figure 3 - Cyclic stress-strain relationship for the
HT-9 alloy tested in lithivm and sodium
envirouiaents.

At low strain amplitudes, the cyclic stress for the
tests in high-nitrogen lithium is higher than that
for the tests in low-nitrogen lithium because of the
cyclic hardening/softening behavior of the wmate-
rial. The variation in cyclic stress range as a
function of fatigue cycles is shown 1n Fig. 4.
After an 1{initial period of ~1000 cycles, during
which the cyclic stress was relatively constant, all
specimens showed gradual softening for the remaining
lifetime. Consequently, for a givean strain range,
the tests with longer fatigue life, e.g., in sodium
or low-nitrogen lithium, show lower values of cyclic
stress than the tests with a shorter fatigue life,
e.g., in high-nitrogen lithium. The constants k and
n in Eq. (2) were obtained sgeparately for the data
in high- and low-nitrogen lithium. The best fit
lines are shown in Fig. 2.

The relationship between elastic arnd total
strain range and fatigue life can be determined from
Eqs. (1) and (2). Thus,
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Figure 4 - Cyclic stress range as a function of

fatigue cycles for the HT-9 alloy tested in lithium
and sodium environments.

n
Ao 2k [A ~-an -B
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and
e, = Ae_ + dc_ = AN * + By "B (%)
T e f | S
where E 18 Young's wodulus. The relationship

between total strain and fatigue life 1is shown in
Fig., 2,

The influence of exposure to the 1lithium
environment on the fatigue life of the HT-9 alloy
was 1Investigated by conducting tests on speclmens
that were preexposed at 755 K for 4.0 Ms in flowing
lithium containing ~50 ppm nitrogen. Figure 5 shows
the strain-life behavior, with and without pre-~
exposure, in low-nitrogen 1lithium at 755 K. The
results show that
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Figure 5 - Effect of lithlum preexposure on the fatigue life of the HI-9
alloy tested at 755 K in flowing lithium containing <200 wppm nitrogen.

preexposure of the material to lithium has no effect
on fatigue life. Figure 5 also shows a comparison
of the strain-life relation of the HT-9 alloy in
low-nitrogen lithium with that of Type 403 stainless
steel (12Cr martensitic steel) in air at
773 K (11). The fatigue life of the HT-9 alloy in
lithium is greater by a factor of 3 to 10.

The test specimens were examined metallo-
graphically to evaluate the influence of the test
environment on the mode of fracture, surface
markings on the gauge section, and 1internal
carrosive attack. Results for fat:igue3 spfcimens
tested at a strain rate of ~4 x 1077 s~ ! were
presented elsewhere (3). The fracture surface of
specimens tested 1in low-nitrogen lithium showed
diffuse striations throughout the surface and
several ridges extending radially from the region of
crack initiation, whereas an intergranular fracture
was observed for the specimen tested 1in high-
nitrogen lithium. The gauge sections of the
specimens tested in low- or high-nitrogen lithium
revealed appreciable corrosion. The surfaces had a
pebbled or granular appearance. The speciumens
tested 1in high-nitrogen lithium showed internal
corrosive attack to a depth of 5-10 um along the
antire gauge length and several intergranular cracks
extending as far as 150 um along the prior
austenitic grain boundaries. Internal corrosion or
secondary cracks were not observed 1n specimens
(including lithium-preexposed specimens) tested 1in
either low-nitrogen lithium or sodium.

Figure 6 shows micrographs of longitudinal
sections of the HT-9 alloy specimens tested in high-
nitrogen lithium at strain rates of 4 x 1077 and
6 x 107 s Although the daration of the slow-
strain-rate tests was ~3 times greater, both
specimens show iInternal corrosion to a depth of
=10 um and several secondary cracks. The number of
cracks 1s approximately the same for the two tests;
however, the cracks extend deeper into the specimen
for the slow-strain-rate Eest1 i.e., ~150 and 300 um
at 4 x 1073 and 4 x 1079 s respectively, The
effects of 1internal corrosion are reflected in the
mode of fracture. Figure 7 shows the fracture
surface of the specimen tested 1in high-nitrogen
lithium at a strain rate of ~4 x 107% s~ . 1Lt shous
intergranular fracture near the specimen surface,
i.e., the mode of crack propagation is 1initially

intergranular and becomes transgranular after
~350 um. Internal corrosion or intergranular
fracture was not observed in any of the speclmens
tested 1in low-nitrogen 1lithiun. The fracture
surface of a specimen tested {n low-nitrogen lithium
at a slow strain rate is shown in Fig. 8. The
micrograph shows diffuse striations and ridges
extending radially from the region of crack
initiation.

Constant-Load Test

The influence of a constant tensile stress on
internal corrosion was investigated by exposing a
tapered specimen of the HT-9 alloy for 3.6 Ms at
755 K 1in  flowing 1lithium containing 560 wppm
nitrogen, The applied stress was below the yield
stress of the material and variled between 136 and
22 MPa. After exposure, several cross sections with
different diameters along the length of the specimen
were examined to determine the effect of stress on
the corrosion behavior. The results indicate that
for applied stresses below the yield stress of the
material, the corrosion behavior of the HT-9 alloy
is independent of stress. Sections of the specimens
subjected to different amounts of applied stress
ghow a uniform 7-um~deep corrosive penetration,
Micrographs of the gauge surface and cross section
of the specimen are shown in Fig. 9. The gauge
surface in coutact with lithium has an etched and
pebbled appearance and the cross section sghows
stringers of 1internal corrosion. The spacing
between the stringers is much smaller than the grain
slze and may correspond to the martensitic lathe
boundaries. Electron microprote analyses indicate a
slight depletion of chromium from the specimen
surface. The corrosion behavior of the constant-
load specimen is similar to the {nternal corrosive
attack observed in the fatigue specimens tested 1in
high-aftrogen lithium. However, ths duration of the
fatigue tests was significantly smaller, 1i.e., a
maximum of ~0.3 Ms.

4. DISCUSSION AND QONCLUSIONS

Fatigue data in a flowing lithium environment
indicate that the most important single parameter in
controlling the fatigue properties of the HT-9 alloy
is the concentration of nitrogen in lithium. The
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Figure 6 - Micrographs of longitudinal sections of HT-9

alloy specimens tested in hi
and strain rates of ~4 x 10~

§h-nitrogen ltthium at 755 K
and 4 x 1074 571

Figure 7 - Micrograph of the fracture surface of the HT-9 alloy

tested at 755 K and a strain rate of ~4 x 107% s

=l in 1ithium

containing 1000~1500 wppm nitrogen. The direction of crack
propagation is from left to right.

fatigue life in high-nitrogen lithium decreases with
an 1increase in nitrogen content in 1lithium. In
addition, a reduction in strain rate decreases the
fatigue life in high-nitrogen lithium. On the other
hand, a factor-of-100 change in strain rate has no
effect on fatigue 1life in low-nitrogen 1lithium,
i.e., 1lithium containing <200 wppm nitrogen. The
fatigue 1life of the HT-9 alloy 1in low-nitrogen
lithium {is significantly greater than the fatigue
1ife of wmodified Fe-9Cr-1Mo steel or Type 403

martensitic steel in air. Furthermore, a 4.0-Ms
preexposure to low=-nitrogen 1lithium has no effect on
fatigue life. These results indicate that lithium
per se has no deleterious effects on the cyclic
properties of the HT-9 alloy.

The reduction in fatigue life 1in high-nitrogen
lithium can be attributed to internal corrosive
attack of the material. Internal corrosion along
grain or martensitic lathe boundaries is not



Figure 8 - Micrograph of the fracture surface, of the HT-9 alloy

tested at 755 K and a strain rate of ~4 x 107" &~
The direction of crack propagation

containing ~50 wppm nitrogen.
is from left to right.

in iithium

Figure 9 - Micrographs of the (a) gauge surface and (b) cross
sectlon of the HT-9 alloy specimen exposed with a constant
tensile stress in lithium for 3.6 Ms at 755 K. Concentration
nitrogen in lithium was 560 wppm.

cbserved in corrosion coupons of the HT-9 alloy or
Fe-9Cr-1Mo steel exposed to low-nitrogen 1lithium
(12). Selective corrosion along prior austenite
grain boundaries and/or martensitic lathe boundaries
leads to early crack initiation and thereby reduces
fatigue 1life. The rveduction in fatigue life 1is
greater at strain ranges <0.7% because at low strain
ranges most of the fatigue life is spent in crack
initiation., The internal corrosion in high-nitrogen
lithium also results 1in higher crack propagation
rates and intergranular fracture. Such environ=-
mental effects are more pronounced at lower strain
rates because of greater corrosive attack. Similar
behavior has been observed for fatigue crack prop-
agation studies on PFe-2 1/4Cr-1Mo steel in 1lithium
containing ~2000 wppm nitrogen (4,5), namely, a
decrease 1in frequency leads to increased fatigue
crack growth rates and intergranular fracture.

Data from the constant~load corrosion tests
show .hat the corrosion behavior of the HT-9 alloy

is iadependent of applied stress for stress values
less than the yield stress. These results indicate
that the corrosive attack observed for fatligue tests
in high-nitrogen lithium 1is primarily caused by the
nitrogen content in lithium and applied stress has
little or no effect on corrosion.

A significant result from the fatigue tests in
low-nitrogen lithium s that fatigue life 1is inde-
pendeat of stniin rate in the range from ~4 x 10~
to 4 x 1072 g=1, Fatigue crack propagation studies
on Fe-2 1/4Cr~1Mo steel in 1lithium at temperatures
<773 K show an increase in crack growth rates with
an increase in frequency (4,5). The higher propaga-
tion rates at high frequencies are attributed to
gtrain~rate-induced embrittlement (6). At 773 K,
the crack propagation rates for Fe-2 1/4Cr-1Mo steel
are relatively constant or show a slight reduction
with an increase in frequency from ~0.1 to 2 Hz,
whereas at higher frequencies the growth rates
increase sharply. At 673 K, the crack growth rates



increase at all frequencies >0.1 Hz. The fatigue
tests on the HT-9 alloy were conducted in flowing
lithium at 755 K and frequencies in the range of
~3.02 and 3 Hz. It is probable that these experi-
mental conditions are outside the range of strain
rate and temperature for strain-rate-induced
embrittlement of the material. The role of lithium
purity on the embrittling effects of the environment
is also not established. The fatigue crack prop-
agation tests were conducted in static lithium
contalning ~2000 wppm nitrogen while the low-cycle
fatigue tests were performed in flowing lithium with
<200 wppm nitrogen. Fatigue tests in lt_ahiu_rri of
controlled purity and strain rates >4 x 10 s or
temperatures <755 K are required to rtesolve these
Lssues and establish the environmental effects on
the mechanical properties of ferritic steels.
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