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THE FATIGUE-CRACK PROPAGATION RESPONSE OF WO
NICKEL-BASE ALLOYS IN A LIQUID SODIUM ENVIRONMENT

William-J. Mills and Lee A. James

ABSTRACT

The elevated temperature fbtigue-crackApropaga-
tion response of Inconel 600 and Inconel 718 was
characterized within a linear-elastic fracture
mechanics framework in air and low-oxygen liquid
sodium environments. The crack growth rates of
both nickel-base alloys tested in liquid sodium were
found to be considerably lower than those obtained
in air. This enhanced fatigue resistance in sodium
was attributed to the very low oxygen content in the

inert sodiwnm envirorment.

Electron fractographic examination of the
Inconel 600 and Inconel 718 fatigue fracture sur-
faces revealed that operative crack growth mechan-

. 1ems were dependent on the prevailing stress inten-
gity level. Under low growth rute conditiono,

Inconel 600 and Inconel 718 fracture surfaces exhib-
ited a faceted, erystallographic morphology in both
air and sodium environments. In the higher growth
rate regime, fatigue striations were observed; how-
ever, striations formed in sodium were rather ill-
defined. These indistinct etriations were attributed
to the absence of oxygen in the liquid sodium environ-

ment. Striation spacing measurements were founa to be

in excellent agreement with macroscopic growth rates(~______ﬁ__%___‘_m__~_
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~effect of: temperature,

INTRODUCTION

Nickel-base alloys are being used, or being considered for use, in

~ liquid-metal fast-breeder reactor applications where elevated temperature

strength, creep behavior, and corrosion resistance are important consider-
ations. More specifically, two nickel-base alloys-Inconel 600,* a solid-
solution-strengthened nickel-base alloy, and Inconel 718,** a precipitation
hardenable nickel-base supéralloy - are being utilized for several high
temperature structural components in breeder reactor designs. Such
components are often subjected to.cyclic stresses during service; henée,
fatigue-crack propagation (FCP)'could occur should defects be present in
the appropriate size, shape and orientation. Linear-elastic fracture
mechanics techniques have proven to be very useful for predicting the inf‘
service subcritical extension of such flaws, either hypothetical defects or
actual crack-like defects, but their usage requires a complete understanding
of the material's FCP response under the appropriate service conditions
(temperature, cyclic fréquency,’stress ratio, heat-treatment, thermal aging
and environment). The effect of many of these parameters on the cyclic
response of Inconel 718 has been characterized previously, including the

[1-5] [5-71]

cyclic frequency and waveform, cyclic

[4,11-16] and heat-to-heat variations.[14’]6]

[1.17] 71,

stress rat1o,[4 8-10] heat treatment,
In addition, the 1nf1uence of temperature cyclic stress ratio,

thermal aging[]7] on the crack growth behavior of Inconel 600 has also been

* Inconel 600 is a registered trademark of the International Nickel Company.
The general specifications covering the material may be found in ASTM speci-
fication B-168 for plate, sheet, and strip.

** Inconel 718 is a registered trademark of the International Nickel Company.
The general specifications for this material may be found in ASTM Specifica-
tion A-637 Grade 718 for bar and forgings, and in SAE Spec1f1cat1ons AMS -
5596 and AMS 5597 for sheet, str1p and plate.



determined. The majority of these studies, however, have been conducted in

an air environment. On the other hand, since many fast-breeder reactor compo-
nents operate in a liquid sodium environment, rather thanAan air environment,
the current study was undertaken to characterize the effect of Tiquid sodium
on the fatigue-crack growth response of Inconel 600 and Inconel 718 within a
linear-elastic fracture mechanics framework at a typical breeder reactor oper-

ation temperature of 800°F (427°C). In addition, the fatigue fracture surface

- micromorphology of the two nickel-base é]]oys was examined in order to improve

the basic understanding of operative FCP processes in a sodium environment.

The environment can have a profound effect upon the crack growth behavior
of structural components, and this appears to be especially true at elevated
temperatures. To-date, several investigations have been performed in order to
characterize the environmental infiuence of liquid sodium on FCP rates for a
number of reactor materials including: Types 304[]8] and 316t]9'2]] austenitic
sfain]ess steels, and a pressure vessel steel A-387 Grade D.[ZZJ The results
of these studies indicate that under low stress intensity range (aK) conditions
where the environment is expected to be most influential, crack growth rates in
1iquid sodium were considerably lower (by approximately a factor of 5 to 10)
than FCP rates in air. In the higher AK regime, the effect of environment on
fatigue behavior waskless pronounced as the cyclic growth rates in sodium tended
to approach those in elevated temperature air.[]B’ZO’Z]] James and Knecht[]s) also
reported that créck growth rates in liquid sodium and in vacuum were identical at
both 800 and 1000°F (427 and 538°C), thereby suggesting that the sodium environ-

ment is approximately as inert as a vacuum,
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"EXPERIMENTAL PROCEDURE

Material

The 1-inch (25.4 mm) thick plate of Inconel 600 used in this study was obtained
ffom heat NX-9929-1A produced by the Huntington Alloy Products Division of the Inter-
national Nickel Company using an air melt process. This material was tested in the
as-received (solution aﬁnea]ed) condition:

o Annealed 45 minutes at 1585°F (863°C)
o Air cooled. '

The Inconel 718 used during the current investigation was furnished in the form
of a 0.5-inch (12.7 mm) thick plate from heat 52C9EK which was also produced by the
Huntington Products Division of the International Nickel Company using a vacuum- '

induction-melted, electro-flux-remelted process (VIM-EFR). It was tested in the

precipitation-hardened condition:

Annealed 1 hour at 1750°F (954°C), and air cooled

Aged 8 hours at 1325°F (718°C)

Furnace-cooled to 1150°F (621°C)

Held at 1150°F (621°C) for a total aging time of 18 hours
Air cooled.

The chemical compositions and mechanical properties for these two nickel-base

alloys are given in Tables I and II, respectively.

Crack Growth Testing in a Liquid Sodium Environment

In-sodium fatigue testing was performed in a specially-designed chamber (consult
Reference 18.for a complete description of the sodium testing apparatus) that allowed
a continuous flow of sodium around the fatigue specimen. Sodium entered the test
chamber through the bottom, flowed around the specimen, and then exited through the
top (see Figure 1). The temperature within this chamber was controlled to within
+2°F (+1°C). [Impurity levels within the sodium (see Table III) were controlled by a

cold trap.
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ASTM Compact Specimens [E647-78T] weré Eyc]ica]]y.1oaded inside the sodium
chamber using a feedback-controlled e]ectro—hydraulic test system operated in
Toad control. A schematic diagram of this test system is given in Figure 1 with
the actﬁal loading system éhown.in Figures 2. At the completion of a test,'
an araon purge was used to force the sodium out of the chamber. Removal
of the tested specimen and insertion of a new specimen was accomplished by

opening the sodium chamber inside a specially-constructed glovebox such

that the contamination of the specimens and chamber was minimized.

To measure an increment of crack extension associated with a given number
of cycles, a fracture facéumarking techﬁique‘was utilized.l'8) yith this tech-
nique the maximum cyclic load was held constant throughout the test while the
minimum cyclic load was varied periodically. Each change in
minimum cyclic load (and stress ratio) was accompanied by a mark or change in
texture on the fatigue fracture surface. Typical macroscopic growth bands on the
fracture face are shown in Figure 3. Such contours were then measured from the
fracture surface.after the test was completed. Specimens were not cycled to fail-
ure since tests were terminated after a predetermined loading program was run.
Fo11owing each test, the specimen was removed from the chamber, cleaned of sodium
and broken open to reveal thé fracture face markings. The crack length (&) along
a given contour was determined by averaging the crack length at the 1/4-, 1/2- and
3/4- thickness‘p]anes. The crack growth rate (da/dN) was calculated by dividing
each increment bétween contours (aa) by the number of cycles providing that incre-
ment (AN). The stress intensity factor (K) was based on the average crack length

for each macroband increment (a + Aa/2); calculations were made using the standard

K-solution given in E647-78T.



As mentioned previously, the fracture surface contours on specimens tested

in sodium were produced by changing the stress ratio (R = K . /K ). Consequently,

min. max

- an "effective" stress intensity factor was used to characterize the

eff)
fatigue behavior since it was shown that this parémeter provides an excellent
correlation of crack growth rates over a wide range of stress ratios.[24’25]’ The

effective stress intensity factor is defined as

K .c=K__[1-R]

eff max

where the exponent "m" is dependent on material and temperature, but apparently it
is not dependent on environment.[24] Va]ue§ of "m" for Inconel 600 and Inconel 718

5,[4’24] respectively. The:fatigue

at 427°C was found to be 0.4[]7] and 0.
" results obtained during this study are therefore displayed as plots of log (da/dN)

vs log (Keff)‘

Fractographic Techniques

To characterize the fatigue-crack growth mechanisms in 1iquid sodfum, standard
two-stage carbon replicas shadowed parallel to tHe crack growth direction were made
from the fracture surfaces. Care was taken in cutting the replicas into strips
along the fracture markings in an effort to relate features observed on the frac-
ture face to a corresponding growth rate and Keff level. Electron microscopic exami-
nation of the replicas was performed on a Phillips electron microscope

operated at an accélerating potential of 60 kV.

- PRESENTATION AND DISCUSSION OF RESULTS

Fatigue Crack Propagation in Liguid Sodium

Fétigue testing of Inconel 600 and Inconel 718 in a liquid sodium environment

was performed during the current investigation at a test temperature of 800°F (427°C).



The results of these tests were compared with FCP data generated previously in an
ajr environment for these same heats of Inconel 600[1’]7:| and Inéonel 718[4’]4]
(sée Figures 4-6). Comparison of the fatigue behavior of Inconel 600 specimens
tested in air and sodium (Figure 4) reveals that crack growth rates in sodium were
approximately a factor of 2 to 4 times lower than those obtained in air under low
Keff conditions (below 25 ksi Vin). At higher stress intensity levels, the effect
of environment was less pronounced as FCP rates in sodium were only slightly lower
than those in air. This phenomenon is attributed to the fact that new crack sur-
faces are being created at a faster rate than the environmental (i.e., air) attack
at high Keff levels. Finally, Figure 5 reveals that the elevated temperature FCP
behavior in sodium was almost identical to the room temperature crack growth
response in air, thereby suggesting that the thermally-activated increase in FCP
rates observed in air is in all likelihood due to an environmental attack rather

than a creep-fatigue interaction. This suggestion has been made previous]y[2’18’

26,27] when comparing FCP rates in elevated temperature "inert" environments
(vacuum, 1iquid sodium, inert gasses) and room temperature air.

The Inconel 718 fatigué results obtafned in 1ow-oxygén sodium and air environ-
ments at 800°F (427°C) are shown in Figure 6. This figure reveals. that the
fatigue crack growth rate in a liquid sodium envifonment was approximately an
order of magnitude lower than in an air environment, which is consistent with the
overall trends observed in Inconel 600 and the various steel af]oys[]g'zz].

The data shown in Figure 6 was generated using a cyclic frequency of 400
cpm, with the exception of a limited amount of data at 40 cpm in the sodium
environment. This limited data suggests that there was no observable effect of
frequency over this very narrow frequency range. It should be noted, however,

that there is only a very small frequency effect over the same frequency range in

an air environment at 800°F (427°C)[4]. Minor frequency effects were suggested



when comparing the FCP results for Type'316 tested at 0.33-0.5 cpm in Tiquid
sodium[Z]] with those for Type 304 stainless steel tested in sodium at 180-400
cpm in Reference 18. ‘ | '

The data from the Inconel 718 specimen tested in sodium represents a rela-
‘tive]y narrow range of values of Keff' This is because the crack grew at a rate
lower than expected, and hence the growth increments upon which the crack growth
rates were based were smaller than optimum. Therefore, although the data points
for Specimen 160 (Figure 6) do hot exhibit excessive scatter and are considered
valid, some minor errors may have been introduced due to the relatively small
growth increments.

In summary, the decrease in crack growth rates in liquid sodium exhibited by
Inconel 600 and Inconel 718 is in quantitative agreement with previous observa-
tions on the effect of a liquid sodium environment on FCP behavior in austenitic

[18-21] and a ferritic stee1[22]. Liquid sodium is obviously an

stainless steels
inert environment, insofar as fatigue-crack growth is concerned, and this bene-
ficial effect is believed to be associated with a very low oxygen level in the

[18]

liquid sodium

FRACTURE SURFACE MICROMORPHOLOGY

The fracture surface micromorphologies of Inconel 600 and Inconel 718
fafigue tested at.800°F (427°C) in air and liquid sodium were examined to}éhakéc-
terize operative crack growth mechanisms in both environments. The fracture sur-
face markings for Inconel 600 tested in air consisted of three FCP mechanisms
with the operative crack growth mechanism depending on the prevéi]ing stress
intensity factor. Under the highest stress intensity factor conditions, the
fatigue fracture surface exhibited a highly striated appearance (Figure 7a)

coupled with a few microvoids as shown in Figure 7b. At intermediate Keff
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levels [22 to 40 ksi v in (24-44 MPa m)], crack propagation also occurred by

fatigue striation formation (Figure 7c); however, no evidence of dimple rupture

was observed. The microscopic FCP rates determined from striation spacing measure-

‘ments are compéred with macroscopic growth rates in Figure 8. These

results reveal that the microscopic and macroscopic FCP rates for Incone] 600 in
air were in excellent agreement.

Under low stress intensity conditions, the fatigue fracture surface exhibited
a faceted appearance (Figure 9a) indiéativé of crystallographic cracking along active
slip planes. In addition, rather indistinct lines were often observed superimposed
on the facets (Figufes 9a and 9b); however, the spacing of thege lines was almost an
order of magﬁitude larger than the macroscopic FCP rates, thereby suggesting that

these facture markings represent slip offset rather than fatique striations.

The fracture surface markings observed in Inconel 600 tested in sodium were
found to be rather similar to fhose observed in air. At high stress intensity
levels, fatigue striations were occasionally observed on the fracture surface
(Figures 10a and 10b); however, the'strfations formed in sodium wére poorly defined
in comparispn to those formed in air (Figure 7). Nevertheless, the spacings of these
indistinct fatigue striations were found to be in excellent agreement with the macro-

scopic FCP rates -in sodium as illustrated in Tigure 8.

The appearance of relatively few indistinct striations on the Inconel 600

fatigue fracture surfaces tested in sodium is comparable to the i11 defined, flat-

[28,29]

tened striations repcrted in other materials fatigue tested in vacuum, This

overall lack of well defined striations in vacuum was attributed to more efficient

slip reversal in the crack tip region due to the absence of an oxide film on the

[29-34].

-newly formed crack surfaces This resulted in the formation of very



shallow, i11 defined striations that were visible only under optimum conditions.
- In a similar fashidn, the "inert" 1iquid sodium environment prevented oxygen from
reaching the crack tip region, thereby eliminating the forﬁation of an oxide
layer on the newly exposed crack surfaces. This ébsence of an oxide film
enhanced reversed slip ahead of the crack tip which resulted in the shal]ow;
indistinct striations (Figurés 10a and 10b) observed on the Inconel 600 fatigue
fracture surface under high crack growth rate conditions. |
The fracture surface of the Inconel 600 tested in sodium at Tow Keff levels
took on a highly faceted or cleavage-like morphology (Figure 10c) comparable to
the crystallographic cracking reported by Scarlintzg] in another nickel-base
alloy cyclically loaded in vacuum. It should also be noted that this faceted
appearance coupied with the periodic fine lines superimposed on the facets, as
illustrated in Figure 10c, waé very similar to the fracture surface morphology
-observed inbair (Figure 9). The spacings of these periodic fracture markings
formed in 1iquid sodium were found to be consistently greater than the macro-
vscopic FCP rate, here again indicating that these slip offsets were of a non-
cyclic nature.
The fatigue fracture surfaces of Inconel 718 cyclically loaded at 800°F
(427°C) in air and liquid sodium environments were also found to be very similar

to each other under low Keff conditions. As shown in Figures 11 and 12, the

faceted growth behavior with distinctive parallel fracture markings

often superimposed on the facets was domihant in both air and
1liquid sodium, thereby suggesting that essentially the same FCP

mechanism operates in both environments in the low stress intensity

regime. The spacing of these parallel markings (Figures 11b, 11¢, 12a and 12b),
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approximateTy SOOA, was an order of magnitude Qreater than macroscopic crack
growth rates which indicates that these non-cyclic fracture markings represent
slip offsets‘produced by the severe stresses presenf in the wake of the crack
front. Finally, it is 1ntere$ting to note in Figure 11d that two sets of slip
offsets, associated with s1ip on multiple slip systems, have'intersected each
other. |

Under intermediate and high FCP rate levels in an air environment, the
Inconel 718 exhibited striation and dimple rupture mechanisms as reported in
Reference 14 for the same heat of material studied in the current investigation.
.Unfortunate1y, the fatigue fracture mechanisms operating in liquid sodium under
relatively high growth rate cqnditions were not determined since Specimen 160

was not tested in this regime (see Figure 6).

CONCLUSIONS

The fatigue crack grd&th responses of Inconel 600 and Inconel 718 were ex- .

amined at 800°F (427°C) in air and liquid sodium environments .and the following

conclusions were drawn:

1. The elevated temperature fatigue c}ack growth rates of Inconel 600 and
Inconel 718 in Tow-oxygen liquid sodium were considerably lower than those in air,
particularly in the lower FCP réte regime. This improved c&c]ic response in liquid
sodium is believed to be associated with very low oxygen 1ev¢1s in the inert sodium
environment. | | |

2. Under high crack growth rates Eonditions, the -Inconel 600 fracture sur-
faces exhibited evidence of fatigue striations in both environments; however,
striations formed in sodium were rather i1l defined. These shallow, indistihct
striations formed in the low-oxygen sodium environment were attributed to more

7
£
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enhanced slip feversa]s dqe to the absence of an oxide film on the,ﬁew]y formed
crack surfaces. |

3. -The»Incone1 600 microscopic FCP rates, striation spacings, were found
to be in excellent agreement with macroscopic crack growth rates in both air and
1iquid sodium environments.

4. In the low fatigue crack growth rate regime, Inconel 600 and Inconel 718
fatigue fracture surfaces exhibited crystallographic cracking a]ong preferred

crystal planes in both air and liquid sod1um environments.
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TABLE I
CHEMICAL -COMPOSITION (Percent by Weight

Producer
Material Heat No. C Mn Fe N Si Cu  Ni Cr Al Ti Co Mo Cba&Ta
Inconel 600 Huntingtoh .05 .32 6.69 .007 .28 .01 77.38 15.24 .06 .17 .07 * *
NX-9929-TA - :
Inconel 718 Huntington .07 .08 18.19 .007 .17 .11 53.44 18.11 .59 1.08 .03 3.00 5.10
52C9EK :

Not determined
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TABLE 11

AVERAGE MECHANICAL PROPERTIES

Test 0.2% 0ffset Ultimate Uniform Total Reduction Number

Material Temp. Yield Strength Strength Elongation Elongation in Area of Tests
Inconel 600* 75°F 35 ksi ' 94 ksi 33% 39% 67% 2
24°C 241 MPa 650 .MPa :
Inconel 6J0* 800°F 27 ksi 86 ksi 38% 43% 59% 1
427°C 183 MPa 590 MPa
Inconel 718** 75°F 148 ksi 191 ksi 18% 19% 32% 4
24°C 1020 MPa 1319 MPa "
Inconel 718** 800°F 137 ksi o167 ksi 15% 18% 29% 3
427°C 942 MPa 1150 MPa

3x 107" sec’!
3 x 1075 sec’!

* Strain Rate
** Strain Rate

_L,l_
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TABLE III
IMPURITY LEVELS IN THE SODIUM (ppm)

SPECIMEN N

NUMBER MATERIAL 0 H c c1
187 Inconel 600 4.2 0.13 1.0 0.5
189 Inconel 600 3.3 0.10 <1.0 <0.5

160 . Inconel 718 3.2 0.13 <1.0 *x

* Almalgamation method results show total oxygen present:
that tied up in stable compounds (e.g., metal oxides) as
well as that present in a form which could interact with
the crack tip.

**  Not determined.
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Figure 3.

Fracture surface markings for Inconel 600
Specimen Number 187 tested in low=-oxygen
sodium at 800°F (427°C).
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Fatigue crack propagation behavior of Incgnel
600 in air and sodium enviromments at 800Q°F

(427°C).
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Figure 6. Fatigue crack provagation behavior of Inconel 718
in air and sodium environments at 800°F (427°C).
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fracture surface micromorphology of Inconel 600 in air:

Typical electron fractographs illustrating the 800

Figure 7.
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Electron fractographs revealing fatigue fracture surface

micromorphology of Inconel 600 in air under low stress

intensity factor conditions:

Figure 9.

— |
L) (o]
— — .
N " - —
89 AF
N
o Sr
Ay — >
- oo
Haeiog
~ m o
Z oo
U o
N U 0~
C ® (11}
U4 =)=
= o [ord
o g A
£ 0 M
i) o
0 @ B m
L 0 ]
o o H O
2 o =l
0 H o
Hoeed oso0
80 b — o
A~ N W
3 8E™ 3§
P Tl 5
Y
agmo
W g .
HOoO Ho®m
UMy
M N~ o
o 3]
-~ Bjg & o
1 H U
U o (=
o0 - '~ o
o 3 L od
> 0 mu.o
g J.M--A A
U o o o
—~ Hoo g uH
O U4~ o bD

(a)
(b)



Figure 10.
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(a)

Electron fractographs revealing the fatigue fracture surface appearance
of Inconel 600 tested in liquid sodium at 800°F (427°C):

(a) fatigue striations observed at high stress intensity levels
[Specimen No. 187; K e = 44 ksiV in (48 MPavm)]

(b) fatigue striations observed at high stress intensity levels
[Specimen No. 189, K = 44 ksiVvin (48 MPaym)].

(c) faceted growth with geriodic fracture markings superimposed on
facets [Specimen No. 187; Ropg = 22 ksivin (24 MPaVm)].
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(d)

Figure 11. Typical electron fractographs of the Inconel 718 fatigue fracture

surface in air under low Keff conditions:

(a) typical cleavage-like faceted growth.

(b) parallel fracture markings superimposed on cleavage-like facets.
(¢) higher magnification of parallel fracture markings.

(d) two sets of parallel fracture markings.
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Typical electron fractographs illustrating
Inconel 718 fatigue fracture surface in
liquid sodium:

(a) typical faceted growth with periodic
fracture lines superimposed.

(b) higher magnification of parallel
fracture markings.



