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I. Introduction

Early experiments attempting to determine the effect of radiation on
metals centered on pure materials in hopes of gaining an understanding of
basic processes without dealing with complex microstructures or phase changes.
Therefore, there exists in the literature a great number of studies on pure
metals such as copper, nickel, aluminum, iron, vanadium, etc. The methods of
irradiation include fast and thermal neutron, heavy and light ion, and
electrons. This paper consists of four sections with associated tables de-
voted to the irradiation of pure nickel with ions, electrons and neutrons, and
irradiations of Ni-Al and Ni-Si binary alloys with all types of radiation.

I[I. Heavy Ion Irradiations of Pure Nickel

Numerous heavy ion irradiations of nicke1(1'24’40) have been completed during
the past decade. A majority have used nickel ions(1'4’7’8’10'13’16'18’21'24)
as the source of damage, while others have used protons,(s’g) he]ium,(14)

selenium, (6>11) (15,19,20)

carbon, and copper.(21’22) The effect of inter-
stitial gas atoms on cavity nucleation has been studied using simultaneous
helium irradiation,(4’10) helium pre—injection,(4’7’9'11’14'16’18’40) and
hydrogen introduced during specimen preparation.(21'23) A summary of the
experiments reviewed for this report is given in Table I. Current interest in
nickel centers around the effect of non-steady state irradiation conditions.
Brimhall et a1.(1) recently completed a study of the effect of pulsed and
steady state irradiation on cavity formation in pure nickel with no inter-
stitial gas content. As noted by the data presented in Table I, the samples
subjected to a pulsed irradiation environment which forms a pre-damage micro-

structure, had a lower density of larger voids and produced swelling which was

an order of magnitude larger than comparable steady state irradiations.
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Sprague et a].(2’3’13) completed a temperature scan of void formation in
nickel irradiated with 2.8 MeV Ni ions. Sprague noted a swelling peak at
898°K which is about half the melting temperature (0.52 Tn). Subsequent work
by Sprague to high doses (25 dpa) continued to show this peak in the swelling
behavior versus temperature.

Brimhall et a].(4’8’18) have also reported results from other nickel ir-
radiations. Early work completed by Brimhall indicated dense Toop formation
with loops becoming aligned at higher irradiation temperatures and doses of 10
dpa. More recent work investigated the effect of interstitial helium atoms on
cavity formation. The comparison between pre-injected and simultaneous in-
Jection of helium atoms during heavy ion irradiation with 5 MeV nickel ions
indicates a greater swelling for pre-injected specimens over simultaneously
injected specimens for similar doses. This is due to nucleation of cavity
embryos with the pre-injection which allows growth to begin immediately upon
heavy ion irradiation.

Kulcinski et a1.(6’11) studied radiation damage produced in nickel with
Se ion irradiations to very high doses (400-480 dpa) at a high dose rate (3 x
1072 dpa/sec) and a temperature of 798°K. Extremely high swelling (~ 4%) was
observed in these irradiated samples. A void lattice structure was noted in
samples irradiated at 798°K with 6 MeV Se ions and with 6 MeV Ni ions to doses
greater than 100 dpa.

The work of Whitley et a].(20'23) introduces a unique aspect to the study
of radiation damage in metals. The cross section technique for TEM sample
preparation greatly enhances the information which may be obtained from one
sample. The irradiated specimen is studied in a plane normal to the incident

beam direction allowing the dose and dose rate dependencies of the micro-
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structure formation to be evaluated. Whitley studied the effect of irradi-
ating ion (C, Cu, Ni) and found little correlation between ion species and
damage microstructure. The effect of interstitial hydrogen atoms is also ad-
dressed by Whitley. In samples in which hydrogen had been introduced during
preparation, Whitley found copious void growth, while in samples which were
thoroughly outgassed the void formation was notably less.

III. HVEM Studies in Pure Nickel

The stability of voids growing in a pure nickel sample during electron
irradiation appears to depend upon the proximity of a local perturbation in

(64-67) indicate

the microstructure such as a dislocation. Studies by Norris
that voids grew only near dislocations in nickel. Norris noted that should a
dislocation climb away from a growing void, the void would stop growing and
eventually begin shrinking. This is an indication that in an otherwise per-
fect crystal, with an equal supersaturation of vacancies and interstitials, a
void will preferentially attract interstitials. Norris also stated that
should a crystal contain both defect types, voids and dislocations, the dislo-
cation will have the stronger bias for interstitials. Urban(68,69) found that
vacancy loops grow in the presence of straight edge dislocations which is
another confirmation of the stronger bias of dislocations for interstitials.
Harbott]e(70) found that voids could only grow in the presence of a dislo-

cation density of 109 cm™2,

The conclusion drawn from these experiments is
that a dislocation has a stronger attraction for interstitials than a void and
acts as the biased sink which facilitates void growth.

HVEM studies in general are not of great value when attempting to simu-
late displacement cascade events since only a very few point defects are pro-

duced. However, for the case of phase stability, the ability to observe the
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effects of irradiation in real time while transformations take place is of
particular interest. This is indicated in the HVEM studies completed on
nickel alloys as outlined in Section V of this paper.

IV. Neutron Irradiations of Pure Nickel

Many of the early neutron irradiations of nickel were completed by
Brimhall et a1.(25-30) shortly after the first observation of voids in stain-
less steel. Brimha11(27) was the first to observe voids in nickel. Following
this observation, numerous other neutron irradiation investigations of nickel
were performed.(31'40) The results of these experiments are summarized in
Table II. However, caution should be exercised in the comparison of these
irradiations since the accepted means of reporting the amount of irradiation
each sample encounters is the neutron fluence and not the number of displace-
ments per atom. This may lead to a discrepancy in results if the energy
spectrum of the neutron fluences to which identical specimens are exposed is
not the same. Since the displacement cross section is highly energy depend-
ent, a variation in energy spectrum may lead to completely different results
for the same fluence.

It must also be noted that knowledge of the neutron energy spectrum is
essential in determining the transmutation rates for a material. The transmu-
tation of 58Ni(n,y)59Ni followed by a (n,a) reaction can introduce helium into
a nickel specimen which is subjected to a thermal neutron flux since the
transmutation reaction has a high thermal cross section. This interstitial
helium may act to stabilize void embryos or even form helium bubbles, greatly
affecting the swelling behavior.

As noted in Table II, voids have been noted to form in neutron irradiated

nickel over a wide temperature range (533°K to 1123°K) when irradiated to a
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fluence of about 1018 n/cm2 or greater. The shapes of the voids varied from

(31) at relatively lTow temperatures to elongated or octahedral voids(31)

cubic
at high temperatures. The addition of impurity carbon by Sorensen(34) appears
to have the effect of decreasing the amount of swelling by an order of magni-
tude. This is most likely due to the trapping of point defects or disruption
of the displacement cascade which enhances recombination.

Differing results were reported by Adda(32) and Ho1mes(37) pertaining to
the effect of cold work or pre-irradiation dislocation structure on swelling.
Adda reported an increase in swelling with cold work, while Holmes noted no
effect. Since these were early studies with relatively low swelling rates it
is easy to understand how results may be misinterpreted. Current models indi-
cate that cold working provides an incubation period during which there is
little swelling. When the incubation dose is reached swelling begins and

increases linearly.

V. Irradiations of Ni-Al and Ni-Si Alloys

The stability of the Ni3X (X = A1, Si, Ti) precipitate in an irradiation
environment is of great importance since this precipitate can influence me-
chanical properties, such as hardness, of stainless steels. The segregation
of solute atoms toward or away from the material surface is of particular
interest since the behavior of different solute atoms (Al and Si) shows dif-
ferent radiation induced characteristics. The silicon solute atoms tend to
segregate toward the surface of an irradiated specimen, while the aluminum
solute atoms segregate away from the surface of the irradiated sample.

Earlier studies of the Ni-Al system irradiated with heavy ions were de-
signed primarily to characterize the microstructure formation and behavior.

Kirchner et a1.(41) completed a temperature and dose scan of a Ni-14 Al alloy
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irradiated to 20 dpa and 998°K. A peak precipitate size was noted as a
function of temperature at 898°K for 20 dpa while low dose specimens (4 dpa)
exhibited the largest precipitates overall (see Table III). Potter et
a1.(56’57’59'61) have completed a number of studies on the Ni-Al system noting
the effect of dose and temperature on the evolution of precipitate micro-
structure. The formation of precipitate free zones accompanied by the disso-
Tution and re-nucleation of y' precipitates as a function of dose has been
well documented by Potter.(59-61) Tpq precipitate free zones (PFZ's) were
associated with the nucleation and growth of dislocation loops and grew
Tinearly at a rate similar to loop growth. Potter also extensively studied the

mechanisms of radiation enhanced coarsening.(56’57)

The effect of dose rate on the re-nucleation of Ni3AT precipitates was
recently addressed by Sprague et a1.(63) This study noted that at high dose
rates (4.4 x 1072 dpa/sec) the average precipitate size decreased with in-
creasing dose and a bimodal distribution of precipitate sizes formed. This
indicates re-nucleation of precipitates in the precipitate free zones formed
by dislocation loop growth at high dose rates. For the low dose rate case
only continued coarsening of the precipitates was noted. Therefore, dose rate
is an important consideration when designing an irradiation study of phase
stability.

The effect of the y' precipitate on swelling behavior in irradiated Ni-Al
and Ni-Si alloys was recently investigated by Roarty et a].(24) A comparison
between pure nickel, Ni-Al and Ni-Si irradiated with heavy ions over the
temperature range 798°K to 998°K indicated marked suppression of swelling in
the alloys as compared to the pure nickel. The Ni-Al samples were found to

swell to a small degree, while the Ni-Si samples suppressed swelling complete-
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ly. Comparison to similar samples irradiated with fast neutrons showed dif-
ferent swelling characteristics which can be attributed to different control-
1ing mechanisms for void nucleation in ion and neutron irradiation.

Carpenter and Schulson(62) completed an HVEM study of the behavior of the
ordered Ni3Al to study the response of this phase to radiation. The results
indicated that at intermediate doses and at intermediate temperatures some
degree of re-ordering takes place in an irradiation environment. At low
temperatures and doses the ordered Ni3A1 structure is merely disordered, while
at higher temperatures thermal disordering and radiation enhanced diffusion
decrease the order parameter.

The Ni-Si alloy system has been extensively studied since the observation
by Silvestre et a1.(43) of radiation induced precipitation and radiation in-
duced solute segregation to the surface. A number of studies have been com-
pleted by Potter, Okamoto, Wiedersich and others at Argonne(42’44’46’48’50’54)
noting surface segregation of silicon using transmission electron microscopy
and Auger electron spectroscopy. Variation in temperature and irradiation
conditions allowed observations which assisted in the development of models to
describe this surface segregation.

A number of techniques have been used to study the segregation of silicon
to the surface of irradiated Ni-Si alloys. These include Auger electron
spectroscopy,(44’46’54’55) Rutherford backscatter spectroscopy,(51’53) Curie

(49) ang secondary ion mass spectrometry (SIMS).(47)

temperature determination
These studies, which are summarized in Table III, investigate surface segre-
gation, radiation induced precipitation and precipitate size distribution as a

function of irradiation dose and temperature.
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Potter and Hernandez!50) recently noted heterogeneous Ni3Si precipitation
at internal and external surfaces and determined the growth rate of Ni3Al thin
films on stacking faults within the material. The growth rates were deter-
mined via infrared (i.r.) emittance measurements as a function of dose rate
and irradiation temperature. The film growth rate was small below 673°K and
above 973°K with a peak at 823°K. This growth rate was directly proportional
to dose rate between 10°% to 1072 dpa/sec. A solute-defect coupling, as out-
lined in the Johnson-Lam mode1(71’72), is suggested as the mechanism for film
formation and growth. The temperature dependence is similar to that for void
growth in pure nickel and relates well to the temperature dependence of defect
fluxes arriving at sinks in most solute segregation models.(71-74)

The effect of solute misfit and temperature on solute segregation in Ni-
Al and Ni-Si is addressed by Rehn et a1.(55) Rehn noted that undersized
solutes such as Si segregate to the surface via interstitial diffusion mecha-
nisms. Oversized solute atoms which preferentially exchange with vacancies
will be depleted at the surface. This surface depletion was noted by Rehn for

aluminum in nickel. These effects are in agreement with the Johnson-Lam
mode].(71’72)
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