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FATIGUE PERFORMANCE OF HFIR-IRRADIATED NIMONIC PE-16 AT 430°C*

M. L. GROSSBECK and K. C. LIU

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830 USA

Ninonlc PE-16 was irradiated in the HFIR to 6 to 9 dpa and 560 to 1000 at. ppa He at 430°C.
Postirradiation fatigue tests revealed a reduction in fatigue life by about a factor of
10 at 430°C. In contrast to AISI type 316 stainless steel, no endurance limit mas
observed. All irradiated specimens exhibited some intergranular fracture with an increasing
tendency toward "cleavage-like" intragranular fracture for low strain ranges.

1. INTRODUCTION

Most conceptual designs of tokamak fusion

reactors involve a cyclic mode of operation

where fatigue in the structural materials is of

prime concern. However, even if steady-state

tokamak machines can be built, plasma disrup-

tions and shutdown cycles will still result in

fatigue of first wall and blanket structures.

Primarily because of their higher strength, high

nickel alloys such as Nimonlc PE-16 have been

considered for a first wall structural material.

In addition to atomic displacements, the

fusion environment produces hydrogen by (n,p)

reactions and helium by (a,a) reactions. The

hydrogen is not normally a concern in iron and

nickel alloys, but helium is insoluble and has

been observed to segregate to sinks such as

grain boundaries, where it might affect mechani-

cal behavior. For this reason, a radiation

environment that produces helium simultaneously

with atomic displacements has been chosen for

this study.

2. EXPERIMENTAL PROCEDURE

2.1 Specimen preparation

Specimens were prepared from 7.11-mm rod of

heat TC-1747, the composition of which is shown

in Table 1. The specimens are of the hourglass

Table 1. Composition of Nioonic PE-16
Used in Experiment (by Height)

c
Si
Cu
Mn

0.062%
0.29
0.098
0.098

Cr
Ti
Al
Co

16.93
1.12
1.15
0.42

Mo
Nl
S
Zr
Fe

3.35
43.94

0.001
0.008
bal

configuration with a 3.18-am-min diameter used

previously for studies of irradiated type 316

stainless steel.1'2 The specimen geometry and

irradiation holder are shown in Fig. 1. Follow-

ing machining, the specimens were heat treated

in an argon atmosphere according to the schedule

below in order to achieve a precipitation-

hardened condition.

1080°C/4 h

900°C/l h

750"C/8 h.

2.2 Irradiation

Helium is produced in nickel-containing

alloys through irradiation in a mixed-spectrum

reactor, such as the High ¥lux Isotope Reactor

(HFIR). The strong fast-neutron component

causes considerable atomic displacement damage.

Helium formation results from a series of two

thermal neutron absorption reactions beginning

with 58Ni: 58Nl(n,Y)5%i and 59Ni{n,o)36Fe
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FIGURE 1
Fatigue speci-
men positioned
in an irradia-
tion capsule.

which deposit heliun homogeneously throughout the alloy. In the

HFIR, which was used for the irradiation, both the fast and thermal

fluxes exceed 1 0 ^ n/(a^-s) at the irradiation sites.

Specimens were arranged ten per irradiation capsule along the

longitudinal axis of the reactor. The desired elevated temperature

was achieved through nuclear heating using helium gas gaps between

each specimen and its support to control radial heat conduction

(Fig. 1). Low-aelting metals and alloys and silicon carbide were

used as temperature indicators.1 The melt wire materials used were

Cu-30.7 Mg, Mg-23.5 Ni, Zn-5 Al, and Zn. The Irradiation tem-

perature was determined to be 430 - 25°C.

Irradiation and test parameters are given in Table 2. Damage

levels were calculated using the method recommended by the IAEA

working group-* based on previous dosimetry measurements, with

the addition of the displacements produced by recoiling iron nuclei

in the 5%i(n,a)5^Fe reactions.'4 Helium levels were calculated

Tests were performed at the irradiation tem-

perature of 430"C. Specimens were subjected to

a fully reversed triangular strain versus time

program beginning with compression at a strain

rate of 4 x io'r3 „-!

from a relation based on experimental data.5

2.3 Fatigue testing

The tests were performed on a servo-

hydraulic closed-loop controlled testing system

installed in a radiation hot cell. The system

has a four-column load frame capable of 220 kN

It is equipped with an ultrahigh vacuun system

pumped by a turbomolecular pump capable of

pressures of 10"^ to 10~* Pa during elevated-

temperature testing. Specimen heating is

accomplished by RF-induction with a load coil

surrounding the specimen. Strain is measured by

a diametral extensooeter which fits between two

For low-cycle fatigue

windings of the load coil.

> 0.5Z), tests were controlled on the basis

of axial strain computed by a strain computer

from diametral strain, measured directly at the

minimum gage section. For high-cycle tests, the

same strain control was used until a stable

hysteresis loop was achieved at which time con-

trol was shifted to load. At the same time the

Table 2. Irradiation and Test Parameters

Speci-
men

PS3
PX3
PX2
PX4
PX6
PS4
PS5
PS6
PX1

Temperature.

Irradiation

430
430
430
430
430
430
430
430
430

i °C

Test

430
430
430
430
430
430
430
430
430

Fluence
(x 1026 n/m

2)

(E > 0.1 MeV)

0
0
0
0
0.96
0.96
0.96
0.80
0.68

dpa

8.8
9.1
8.8
7.4
6.3

Helium
(at. ppm)

940
1000
940
730
560

Total
Strain
Range

<Z)

2.0
1.0
0.6
0.35
2.0
1.0
0.6
0.35
0.30

Cycles
to

Failure

2,294
45,463

316,057
>10,043,048

727
1,297

22,134
142,264

1,534,755

Cycles
to

Crack

Nf

43,000
303,600

650
790

Maximum
Stress
ta/2 MX
Nf/2

(HP*)

790
630
550
310
830
800
550
320
276



frequency was increased by a factor of 10 to

reduce the test duration. Specimens were cycled

to complete separation in order to perform frac-

tography, except in cases where an apparent

endurance limit was observed. All specimens,

both irradiated and unirradiated, were loaded

remotely using the same procedure In order to

avoid differences in alignment. Specimens aged

at 430°C for the duration of the irradiation

were not tested; however, aging type 316 stain-

less steel at 430°C showed no effect In previous

tests.

3. RESULTS

Nlmonic PE-16 initially exhibited slight

cyclic hardening followed by very slight soften-

ing prior to establishing a steady-state

hysteresis loop, The irradiated specimens were

observed to have significantly higher cyclic

strengths than the unirradiated ones above a

strain range of 0.5% (Fig. 2). This behavior

was also observed at 430°C in 20%-cold-worked

type 316 stainless steel. However, the Nimonic

PE-16 is a stronger alloy and appears to exhibit

higher cyclic work hardening than does type 316

stainless steel.
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FIGURE 2

Cyclic stress-strain curves for HFIR-irradiated
and unirradiated Nlmonic PE-16. Each point
represents an individual specimen. The stress
range was measured at half the specimen life.

The results of the fatigue tests are

presented in Table 2 and appear In graphical

form in Fig. 3. The curves in Fig. 3 were

established by a least squares fit to a power

law equation commonly used for fatigue data.

For unirradiated material the following equation

was derived:

A&,. - 0.023N"0*12 + 0.39N"0'46 .

For the Nimonic PE-16 Irradiated to 6 to 9 dpa

containing 560-1000 at. ppm He, the following

equation was found to fit the data:

A&j, - 0.015 N"0*12 + 0.491T0'60 ,

where A&j, - total strain range, Nf » cycles to

failure.

For the unirradiated alloy, the test was

discontinued at 10' cycles where no failure was

observed at a total strain range of 0.35Z. How-

ever such an apparent endurance limit was not

observed In the irradiated material where even

at a total strain of 0.30Z, failure was observed

in 1.5 x io6 cycles.

430 "C
O— *t .0
• — 4t • 0.68-0.96 x 10M n/m*

PE-16
— — AISI 316. IRRADIATED
— - — AISI 316. UNIRRAOlaTEO

10* 107

CYCLES TO FAILURE

FIGURE 3
Total strain range as a function of cycles to
failure for HFIR-irradiated (6-9 dpa, 560-
1000 at. ppm He) and unirradiated Niaonic PE-16.
Dashed curves are for similarly irradiated and
unirradiated 20Z-cold-worked type 316 stainless
steel.



The fracture surfaces wire examined by scan-

ning electron microscopy (SEM) to aid in deter-

mining the fracture mechanism. The unirradiated

specimens displayed primarily intragranular duc-

tile rupture. However, the primary mode of frac-

ture in the irradiated specimens appeared to be

intergranular. In addition to intergranular

fracture, some "cleavage-like" intragranular

fracture was observed. Decreasing the strain

range and therefore increasing the length of the

test appeared to increase the tendency toward

";leavage-like" fracture.

4. DISCUSSION

The cyclic hardening curves reflect the phe-

nomenon of irradiation hardening which was

enhanced in the precipitation-hardened

Nimonic PE-16 over AISI type 316 stainless

steel.

The greater strength of Niaonic PE-16 is

also evidenced in the fatigue life curves of

Fig. 3. Here it is seen that Niaonic PE-16 has

a slightly longer fatigue life in the high-cycle

regime but a similar or possibly shorter life in

the low-cycle regime, a characteristic of

stronger alloys.

It is somewhat surprising that the fatigue

behavior of the two alloys at 430°C was as simi-

lar as was observed since the fracture modes

were quite different. Figure 4 is an array of

fractographs arranged according to fluence and

strain range on a reverse scale; thus, length of

test increases to the right. The unirradiated

specimens are seen to have fractured by ductile
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FIGURE 4
An array of SEM fractographs arranged according to fluence and strain range for Nimonic PE-16 irra-
diated and tested at 430'C. Duration of test increases to rhe right. The scales are nonlinear and
numbers align with the center of corresponding fractographs.



rupture, but the irradiated specimens chibited

varying degrees of intergranular fracture. In

AISI type 316 stainless steel, no intergranular

fracture was observed at 430*C. At lower strain

range Iwnlr,, flat cleavage-like fracture is

observed in both materials. Although the frac-

ture mechanism remains to be determined by

further study, it might involve separation along

twin boundaries or possibly along persistent

slip bands resulting from the cyclic stress.

The intergranular mode of fracture has been

observed previously in tensile-tested high-

nickel alloys such as Nimonic PE-16 following

irradiation.6 It is not clear that this is an

effect of helium, but helium appears to be a

significant factor in embrittlement in many

cases.' The intergranular fracture observed in.

fatigue is believed to result from the same

embrittling mechanism active in tensile testing

of irradiated high-nickel alloys which may

involve segregation, precipitation, or helium.

5. CONCLUSIONS

Significant intergranular fracture was

observed in irradiated Nimonic PE-16. Nonethe-

less, fatigue life was not severely shortened by

its presence. This mild reduction in life was

observed even though the alloy contained helium

levels as high as 1000 at. ppm which might have

enhanced the intergranular separation.

Although higher strength usually results in

longer life in high-cycle fatigue, the absence

of an endurance limit in Nimonic PE-16 following

irradiation perhaps makes the overall high-cycle

performance worse than that of type 316

stainless steel. Since the low-cycle fatigue

behavior is similar in the two alloys, Nimonic

PE-16 offers no advantage over AISI 316 in

fusion reactor service.
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This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
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mendation, or favoring by the United States Government or any agency thereof.
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