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I. Introduction

Copper and its alloys have been the subject of many radiation damage
studies over the years, and they have recently received renewed attention due
to fusion design studies which call for incorporation of copper and copper
alloys into future fusion reactors.(l) Many of the early fundamental studies
on radiation damage in metals were conducted on copper. This was due to the
fact that copper is an fcc metal with a well-established metallurgy, it is
conducive to fabrication and examination, and it has a large data base of its
unirradiated properties. Much of the early work on irradiated copper used
resistivity and hardness measurements as a means to detect lattice damage, and
was summarized by Corbett(2) in 1966. Recent experiments have been performed
on irradiated copper using such tools as transmission electron microscopy
(TEM), tensile tests, microhardness tests, x-ray diffuse scattering, positron
annihilation, Mdssbauer spectroscopy and Auger electron spectroscopy.

Kno11(3) surveyed the copper radiation damage literature in 1980 and sum-
marized the void and loop formation results obtained up to that time. A large
number of new investigations on the irradiated behavior of copper and copper
alloys have recently appeared in the literature. The present review contains
an extensive section on experiments examining solute segregation and phase
stability of copper alloys during irradiation. This information was not con-
tained in Knoll's review, largely because most of these studies have only re-
cently been published. The present review has incorporated all of the infor-
mation contained in Knoll's review,(3) and is therefore intended to supercede
this older report.

The 1ist of references contained herein should not be taken as being all-

inclusive. For example, this review does not address any of the numerous



sputtering or blistering experiments which have been reported for copper
and/or copper alloys. There are many additional reported copper irradiation
experiments which have not been cited simply because they are either summaries
of results which have been obtained by several other investigators, or results
which were later extended.

Recent work by several research groups has shown the displacement effi-
ciency (K) factor used to calculate dpa values exhibits a variation with re-
spect to recoil energy (see Kinney et a].(4) for a recent review.) This is in
contrast to the "standard" value of K = 0.8 used in the modified Kinchin-Pease

mode].(S) In order to better facilitate correlations between various irradi-

ating species, this review has modified the reported dpa values to bring them

into agreement with the current understanding of displacement damage: K = 0.8

for electron irradiations, K = 0.3 for fast neutron and high energy (> 500

keV) heavy ion irradiations, and K = intermediate values for light ion and low

energy heavy ion irradiations.

It is difficult to establish an exact damage level per unit fluence for
neutron irradiations due to the fact that the dpa level depends upon the
neutron energy spectrum. Only a rough comparison of the dpa level from one
study to another can be made unless the respective neutron spectra have been
fully characterized. For convenience, we have made estimates of the neutron
damage levels from reported fluences in the cases where dpa values were not
given. A fission neutron fluence of 1 x 102® n/m2 (E > 1 MeV) corresponds to
roughly 4 dpa (K = 0.3), and a moderated fission neutron fluence of 1 «x 1026
n/mé (E > 0.1 MeV) = 3 dpa (K = 0.3). The above correlations were made assum-
ing a displacement energy for copper of 29 eV and spectral averaged damage
energies of 81 keV-b and 56 keV-b for neutron’ fluences of E > 1 MeV and of E >

0.1 MeV, respective]y.(ﬁ)



The first section of this review deals with solute segregation and
radiation-induced precipitation experiments conducted in copper alloys. The
second section reviews void and loop formation studies. Data from neutron,
ion and electron irradiations are surveyed separately. The final section
briefly reviews some recent fundamental irradiation studies on copper and
copper alloys which do not fall under either of the two headings above.

II. Solute Segregation and Phase Stability Experiments

Numerous studies of segregation and precipitation in irradiated Cu alloys
have been performed. Corbett(z) surveyed the results from early resistivity
studies on irradiated copper alloys. Adda et a].(64) tabulated the experi-
mental observations of radiation-enhanced diffusion, precipitation and order-
ing effects for copper alloys in 1975, Kno]1(7) has reviewed some of the
phase stability experiments, concentrating on the data obtained from Cu-Be,
Cu-Co and Cu-Fe. Russe]l(s) has recently summarized much of the published
work on irradiation enhanced/induced precipitation and solute segregation.
The observed segregation effects in alloys are related to differences in
atomic size between the solvent and solute atoms. King(g) has published
atomic size misfit values for alloys based on precision lattice parameter
measurements. The results of solute segregation and phase stability experi-
ments for sixteen irradiated copper alloys are summarized in Table 1.

II1.A. Cu-Ag

Takahashi and co-workers(lo’ll) irradiated supersaturated Cu-2% Ag in a
650 keV HVEM. Irradiation to 10 dpa at a temperature of 523 K caused radi-
ation-enhanced precipitation near grain boundaries and the surface of the
foil. Solute enrichment peaks on either side of grain boundaries were ob-

served by EDS techniques, with a local depletion right at the grain boundary.



This was interpreted as evidence of solute segregation away from the boundary,
which was expected for oversized Ag atoms (size effect/vacancy inverse
Kirkendall effect). The Ag concentration was depleted immediately adjacent
and far away from voids which were present in the alloy. At intermediate
depths, an enhanced Ag solute concentration was observed.

I1.B. Cu-Al

Wechsler and Kernohan(12) were among the first to report on the results
of irradiation of copper-base Cu-Al alloys. They studied the effect of fast
neutron irradiation at temperatures of 35°C and =-120°C on the electrical
resistivity of a-phase Cu-Al alloys. At the higher temperature, the alloy
resistivity initially decreased, reached a minimum, and then increased linear-
ly with dose. At the lower temperature, no decrease in resistivity with dose
was found. However, the decrease appeared upon subsequent warming above
-50°C. Isothermal annealing above 150°C caused the resistivity to increase
again. They discussed several mechanisms in an attempt to explain the ob-
served effects, including short-range ordering, clustering, and solute atom-
vacancy pairing but no definitive conclusions were reached.

Other investigations(13’14) determined that irradiation enhanced the
thermal aging rate (irradiation-enhanced diffusion) and caused short range
ordering. A recent study of Cu-5% Al irradiated with 14-MeV neutrons at room
temperature by Zinkle and Ku]cinski(ls) found that the electrical resistivity
initially decreased, reached a minimum, and then increased with dose, 1in
agreement with the Wechsier and Kernohan results. This behavior was attrib-
uted to short-range ordering. Thermal annealing studies(ls) show evidence of
short-range ordering in Cu-Al1 when annealed below 670 K. Friedman et a1.(17)

studied the low-temperature thermal conductivity behavior in Cu-Al following



neutron irradiation and suggested that solute segregated around dislocations
(point defect sinks).

II.C. Cu-Au (CusAu)

Several investigations have been conducted on Cu-Au alloys, mainly deal-
ing with order-disorder transformations. (18-25)  Fenz1 et al.(26) pave ob-
served deviations from Matthiesson's rule during neutron irradiation of Cu-Au
alloys. Oleownik and schﬁle(lg) used resistivity techniques to measure
radiation-enhanced diffusion in copper-gold alloys containing 10-25 atomic
percent gold during neutron and electron irradiations. The mechanism for
ordering in CujAu during irradiation was found to change from a vacancy-type
to an interstitialcy-type with increasing degree of order. Kirk and
B]ewitt(24) performed an extensive study of the effect of neutron irradiation
on order-disorder phase transformations in CujzAu. Zee and Wilkes(19-21) and
Guinan and co-workers(ZZ) have experimentally and theoretically investigated
the effect of irradiation (electron and neutron) on long range order in CujAu.
English and Jenkins(23) used TEM to characterize displacement cascade damage
(zones of reduced long range order) in CujAu following 14-MeV and fission
neutron irradiation. A more complete discussion of the effects of irradiation
on the phase stability of CujzAu may be found in Refs. 21, 22, and 25.

II.D. Cu-Be

Several extensive studies have been carried out on the Cu-Be alloy
system, in which Be acts as an ideal undersized solute. (7,27-36,38-43) Murray
and Tay]or(27) studied the resistivity and hardness of Cu-Be as a function of
fast neutron dose at temperatures between 0°C and 40°C. They observed large
increases in the alloy resistivity and hardness, and deduced that radiation-

induced precipitation had occurred. Bystrov et a].(28) measured the resis-



tivity of quenched Cu-Be as a function of 2.5 MeV electron irradiation dose up
to ~ 107 dpa. Samples were irradiated at 20°C and then annealed. The ob-
served increase in resistivity was attributed to accelerated decomposition of
the solid solution due to an irradiation-produced vacancy/interstitial inter-
action.

Yoshida and co-workers(29'32) made a comprehensive investigation of the
effects of neutron irradiation on phase transformation in quenched Cu-Be
alloys. The normal sequence of events observed during thermal annealing of
Cu-Be is supersaturated a + Guinier-Preston (G.P.) zones * Y"' » y' + y (an
incoherent, stable precipitate). Resistivity measurements combined with TEM
indirectly indicated that the resistivity increases previously observed by
Murray and Taylor were due to enhanced formation of G.P. zones. The inter-
mediate precipitate Y' was observed in two cases.(31'32) Post-irradiation
aging resulted in enhanced formation of the v' phase from the G.P. zones. The
accelerated G.P. zone formation during irradiation was attributed to radi-
ation-enhanced diffusion and preferential displacement of the light Be atoms.
Yoshida has recently summarized these observations of radiation-enhanced G.P.
zone formation and Y' precipitation.(33) The Kyoto University report also
reviews phase stability results during irradiation of several ternary alloys
containing Cu, Be and either Mg, Co, Fe or Zn (data from Refs. 31, 32). Mg
and Zn atoms were observed to accelerate the precipitation process, while Co
and Fe atoms trapped vacancies and retarded G.P. zone formation and Y precipi-
tation.(33)

V. Lensa et a1.(34) and Bartels et al.(35) studied solute segregation in
dilute Cu-Be alloys through electrical resistivity changes. Irradiation with

3-MeV electrons at temperatures of 280-410 K caused Be to segregate to inter-



nal point defect sinks. It was estimated that one Be atom was removed from
solid solution for every 2-4 Frenkel defect pairs created by the irradiation,
indicating a strong segregation mechanism. The solute concentration was found
to decrease linearly with irradiation fluence. They attributed the observed
solute segregation during irradiation to an interstitialcy (mixed dumbbell)
mechanism.

Knoll et a].(7’36) used Auger electron spectroscopy combined with sput-
tering and cross-sectional TEM observations to monitor the segregation of Be
in the near-surface region following 14-MeV Cu ion irradiation. Irradiation
of solution-annealed Cu-Be at temperatures of 350-475°C caused strong irradi-
ation-induced segregation of the undersized Be solute, with the amount of
segregation increasing with irradiation temperature and dose. Copious pre-
cipitation of CuBe platelets was uniformly induced in the matrix throughout
the damage region in both supersaturated and undersaturated Cu-3.4 at % Be.
The precipitates had the lattice parameter, crystal structure, and precipi-
tate/matrix orientation of the y-CuBe equilibrium phase, but were situated on
habit planes expected for the yv'-CuBe intermediate phase. Post-irradiation
annealing studies proved that the precipitation was radiation-induced as op-
posed to radiation-enhanced. Precipitate-free zones were occasionally ob-
served at grain boundaries. Precipitate growth appeared to be due to Johnson
and Lam's(37) solute-drag mechanism, where Be solute atoms preferentially
segregate to nucleation sites (point defect sinks) via a strong coupling with
the interstitials. The enhanced Be segregation to the irradiated surfaces was
attributed to radiation-enhanced diffusion and to oxidation of the Be, as
opposed to the solute drag mechanism. There was no evidence of Be segregation

within the damage zone (except near the surface). It was suggested that the



presence of the precipitate sinks prevented the long-range migration of inter-
stitials,

Recent studies by Wollenberger and co-workers(38'42) have used ejther
300-keV Cu ions or 1-MeV electrons in order to investigate Cu-Be segregation
effects during irradiation. The Cu ion irradiation produced homogeneous pre-
cipitation of the equilibrium Y phase, with no evidence of the intermediate
metastable phases.(38) Conversely, electron irradiation produced a precipi-
tation sequence which was the same as that found during thermal annealing
(metastable phase formation).(39) They proposed that precipitation during ion
irradiation was due to Be-interstitial complexes segregating to cascade-
induced vacancy loops. The migration/dissociation energies of the complex
were estimated,(40) and radiation-enhanced partial diffusion coefficients were
measured using SIMS.(41'42) Some evidence of radiation-induced precipitate
dissolution via athermal cascade mixing was observed, and the dissolution rate
was estimated to be approximately equal to the defect production rate.(42)
Kno11(7) has also reported indirect evidence of precipitate dissolution in
jon-irradiated Cu-Be.

Kinoshita et a].(43) irradiated both under- and oversaturated Cu-Be
alloys in a 650 keV HVEM, They found that irradiation of supersaturated Cu-Be
reproduced the thermal precipitation sequence with accelerated kinetics --
this result was later confirmed by Wahi et al.(39) as described above. Ir-
radiation of the undersaturated Cu-Be alloy produced homogeneous precipitation
in the matrix, rather than at point defect sinks where the undersized Be
solute would tend to segregate. They proposed that segregation during irradi-
ation of the undersaturated alloy was via a interstitial-Be complex (dumb-

bell).



II,E. Cu-Co

Precipitation in Cu-Co alloys is usually in the form of homogeneous, co-
herent particles. Piercy(44) used neutron irradiation at 50°C to study the
behavior of aged Cu-Co precipitates. Magnetic saturation measurements indi-
cated that the precipitate density decreased in the specimens containing
particles smaller than ~ 2.5 nm diameter. Precipitate density increased and
the particle size decreased in specimens containing larger particles. These
changes were attributed to nucleation of new particles during irradiation.
However, irradiation of a quenched and unaged alloy did not yield any measur-

able particle nucleation. B]aise(45)

examined precipitate formation in super-
saturated Cu-1% Co during neutron irradiation at temperatures 40-210°C in
order to quantify the effects of radiation-enhanced precipitation versus pre-
cipitate dissolution. A comparison was made with non-irradiated control
samples, with the result that more precipitation was observed in the irradi-
ated specimens. The precipitate size in the irradiated specimens was essen-
tially constant over the entire temperature range, whereas the control pre-
cipitate sizes increased by more than a factor of two. The control and ir-
radiated precipitate sizes were similar at a temperature of about 170°C.
Several workers have used TEM to study radiation-induced coherency loss
of Co-rich particles in aged, dilute Cu-Co a]]oys.(7’46'48) A neutron-
irradiation study by Brown et a1, (46) found that particles larger than 30 nm
diameter had lost coherency, while smaller ones had not. A model which ana-
lyzed the energetics for coherency loss of the precipitates via creation of a
dislocation loop around the particle was found to be in rough agreement with
the above experimental results. Woolhouse and co-workers(47’48) used 450 keV

electron (HVEM){47) and fast neutron(48) irradiations to study coherency loss



in a Cu-Co alloy. The HVEM irradiation caused particles of 5 nm diameter and
larger to become incoherent due to dislocation loop migration. In the neutron
irradiation study, it was observed that the critical size for coherency loss
decreased with increasing fluence. Coherency loss during electron irradiation
was attributed to migration of irradiation-produced interstitials to the
interface followed by prismatic dislocation loop nucleation. Coherency loss
during neutron irradiation was proposed to be due to climb and glide of a dis-
location to the particle-matrix interface. Kno11(7) concluded from TEM ob-
servations that 14-MeV Cu ion irradiation at 400-475°C on aged Cu-Co caused
loss of precipitate coherency due to absorption of free interstitials at the
particle-matrix interface. All visible precipitates within the damage zone
become incoherent following irradiation to doses as low as 0.1 dpa (K = 0.3).
Loss of coherency was observed well beyond the damage region (by ~ 1 um), and
this was attributed to long range migration of free interstitials originating
within the damage zone.

II.F, Cu-Cr

Rovinskii et al,(49) investigated the microstructure of Cu-0.3% Cr fol-
lowing a CO, laser irradiation at a power density of 101! W/mz. Grain bound-
ary migration and Cr precipitate dissolution was observed to occur. A mosaic
structure formed in the matrix similar to that observed after high-temperature
deformation.

I1.G. Cu-Fe

A metastable, coherent precipitate (fcc Fe, spherical) forms initially
upon aging of copper-base Cu-Fe alloys. Upon further aging, this paramagnetic
precipitate transforms to the equilibrium ferromagnetic (bcc Fe) phase and is

incoherent. Denney used saturation magnetization techniques to study precipi-
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tate transformations during a 0.5 MeV e]ectron(so) and 9 MeV HY irradi-
ation.(51) He reported that irradiation caused a fcc-to-bcc allotropic trans-
formation in some of the precipitates, and concluded that the proton irradi-
ation caused some precipitate dissolution. Boltax(52,53) measured electrical
resistivity and magnetization changes of aged Cu-Fe specimens as a function of
neutron irradiation dose. Samples aged at 300°C (high concentration of small
precipitates) underwent a significant resistivity increase (~ 35%) following
irradiation with the greatest increase found in samples aged for the shortest
times. Samples aged near 700°C exhibited a resistivity decrease following
irradiation. Irradiation increased the saturation magnetization, with the
greatest increase corresponding to the shorter irradiation times. The resis-
tivity increases were proposed to be due to precipitate dissolution (increased
solute in the matrix) and the resistivity decreases were attributed to RIP.
The increase in saturation magnetization was suggested to be caused by coher-
ent, paramagnetic precipitates being transformed into incoherent, ferromag-
netic precipitates.

Gould and Vincent(54) used Mdssbauer spectroscopy techniques to investi-
gate the relative importance of irradiation aging versus precipitate disso-
Tution during neutron irradiation. Both processes were observed to occur,
with the dominant mechanism being strongly dependent on the initial particle
size distribution. Small clusters and large precipitates underwent enhanced
aging during irradiation. Intermediate-sized precipitates were susceptible to
dissolution, and were probably broken into small Fe clusters by displacement
cascades.

Woolhouse and Ipohorski(48) observed coherency loss in Cu-Fe alloys by

TEM methods during a 450 keV HVEM irradiation and a neutron irradiation.
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Partial or total coherency loss was observed for all particles greater than
about 14 nm diameter. Knol1(7) found that 14-MeV Cu ion irradiation at 350-
500°C of aged Cu-Fe caused loss of precipitate coherency, with results similar
to his TEM observations of irradiated Cu-Co. No significant solute segre-
gation to the foil surface was detected from Auger spectroscopy measurements.
Takeyama et al.(1°'11’55) irradiated quenched supersaturated Cu-Fe samples in
a 650 keV HVEM, Precipitation was observed near the foil surface and the Fe
solute segregated to void surfaces during a 10 dpa irradiation at 300°C. Iron
enrichment at grain boundaries and near voids was detected from EDS measure-
ments. They concluded that an interstitial-solute interaction was the source
of the observed solute segregation.

IT.H. Cu-Ge

Saka(56) has recently studied solute segregation in Cu-5.3 at % Ge during
a 1-MeV HVEM irradiation at temperatures from 300-700 K. Radiation-induced
segregation was indirectly studied by examining the dissociation width of ex-
tended dislocations using weak-beam electron microscopy. The width of ex-
tended dislocations was observed to increase dramatically at about 600 K. At
higher irradiation temperatures it decreased and approached the room-tempera-
ture value. Saka concluded that the increased width implies segregation of
the oversized Ge solute toward the dislocation sink. He proposed that a
vacancy-solute mechanism was operating due to a large vacancy binding energy,
and that the Ge solute was dragged towards sinks by the vacancies. An alter-
native explanation of the observed segregation phenomena was interstitial-

induced inverse Kirkendall effect.
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II.I. Cu-In

Rivaud et a1.(57) have investigated the phase stability of Cu-In follow-
ing a low-energy (< 3 keV) Ar* jon irradiation. Enhanced diffusion and solute
segregation toward the surface, and radiation-enhanced precipitation (REP) was
observed in the irradiated region by using SEM and Auger techniques. The
matrix concentration of In at the surface was observed to decrease during ir-
radiation due to preferential sputtering of the In solute. Radiation-enhanced
surface segregation partially compensated for the loss of In due to sputter-
ing. A high concentration of In was observed in the irradiated region, indi-
cating that the solute had saturated all of the available sinks. The width of
the compositionally altered layer was on the order of the ion penetration
range.

I1.J. Cu-Mn

Zinkle and Ku]cinski(ls) monitored the electrical resistivity change of
Cu-5% Mn during a room temperature irradiation with 14-MeV neutrons. The
electrical resistivity initially decreased, then reached a minimum with in-
creasing dose. The final neutron fluence was not sufficiently high to deter-
mine if the resistivity was beginning to increase with dose following the
minimum in resistivity. The initial decrease in resistivity was attributed to
short range ordering. Macht et a].(41’42) have used SIMS techniques to deter-
mine the partial diffusion coefficient of Cu-Mn following irradiation with 300
keV Cu ions. It was concluded that at temperatures above 450 K the dominant
Mn solute diffusion mechanism is via vacancies. At lower temperatures, solute
diffusion may take place via weakly bound complexes such as Mn-interstitial or

Mn-divacancy.
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II.K. Cu=Ni

The Cu-Ni system is single phase for all compositions, and shows complete
miscibility in the solid state at temperatures where thermal diffusion is high
enough for an observable mass transport. Schiile et a1.(58) ysed electrical
resistivity methods to study the behavior of Cu-Ni alloys during neutron irra-
diation at temperatures between 100 and 150°C. The resistivity decreased with
increasing fluence. This observation was attributed to phase decomposition
due to diffusion of irradiation-produced interstitials (interstitialcy mecha-
nism). The interstitial migration energy for Cu-55% Ni was found to be 1.1
eV,

Poerschke and WOllenberger(59'63) have carried out extensive studies of
the Cu-Ni system, utilizing resistivity, neutron diffraction, and positron
annihilation techniques to investigate the irradiated alloy behavior. Irradi-
ation of Cu-Ni with 3-MeV electrons at temperatures above 100 K caused de-
creases in the resistivity which were attributed to decomposition of the solid
solution by nickel c]ustering.(59’63) Arguments were given to show that the
clustering is due to an irradiation-induced interstitialcy mechanism. Iso-
chronal annealing and positron annihilation measurements following low-
temperature electron irradiation indicated that atomic clustering between 100
K and 250 K is due to interstitial migration. Vacancy migration and vacancy
cluster formation occurred at 200-300 K and above.(63) In addition to the
short range clustering which is observed after low-temperature electron irra-
diations, a periodic long-range ordering of the short-range ordered clusters
has recently been observed following electron irradiation at temperatures
between 100 and 200°C.(65) This long-range structure was found to be stable

against thermal annealing and irradiation, and may be an indication of radi-
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ation-induced precipitation (RIP). Bar1ow(119) had previously proposed that
G.P. zone formation may occur during HVEM irradiation of Cu-Ni at elevated
temperatures.

There have been several investigations of surface segregation in Cu-Ni
alloys during low-energy ion irradiation. Swartzfager et a1.(65) and Shimizu
et a1.(67:68) paye measured radiation-enhanced diffusion coefficients for Cu-
Ni following low-energy (2-3 keV) Ne and Ar ion bombardment, respectively.
The near surface region was found to be Ni rich compared to the bulk for high
dose rates. The width of the segregation zone was found to be as large as 1
um at 873 K along grain boundaries.(67) At Tow dose rates, Shimizu et a1, (68)
reported that the near surface region was Cu-rich, with a large Cu-depleted
zone present underneath it. Their diffusion energy measurements suggested
that the surface segregation was caused by an interstitial-type diffusion
mechanism,

Rehn et a].(69) have recently shown that point defect fluxes induced
during a 2.2-MeV Art ion irradiation can cause segregation of Ni toward the
surface of initially homogeneous Ni-Cu alloys. An analysis using AES combined
with sputtering showed a Ni-enriched surface region and a Ni-depleted region
at intermediate depths. The segregation region extended beyond the displace-
ment damage region by ~ 30 nm. A post-irradiation anneal significantly re-
duced the amount of segregation, indicating that it was radiation-induced as
opposed to radiation-enhanced. They concluded that the observed RIS could be
explained either by a "size effect" mechanism or an inverse Kirkendall mecha-
nism (fast migration of the slightly over-sized Cu away from sinks via vacancy
diffusion). Lam and wiedersich(70) have recently developed a comprehensive

kinetic model which is in good agreement with experimental observations.
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Takahashi et a].(ll) observed Ni segregation to grain boundaries and
voids following a 10 dpa irradiation of Cu-2% Ni at 523-673 K in a 650 keV
HVEM. Segregation was attributed to an interaction with interstitials. The
segregation of Ni on the voids apparently introduced a spherically coherent
strain. (76) Takeyama(71) noted that the Cu-depleted zone which was observed
at grain boundaries following electron irradiation was in agreement with size-
effect considerations.

Chountas et a].(72) studied the electrical resistivity of neutron-
irradiated Cu-50% Ni alloys at irradiation temperatures of 100-300°C. They
found that the resistivity decreased with increasing dose. This was attrib-
uted to the creation of Ni-rich domains due to radiation-enhanced diffusion.
A study of temperature effects found that the resistivity initially decreased
with increasing irradiation temperature, and reached a minimum at a tempera-
ture of 180°C. The authors attributed this effect to the onset of vacancy
migration. Zinkle and Kulcinski (15) have similarly monitored the electrical
resistivity of Cu-5% Ni during a room temperature 14-MeV neutron irradiation.
The alloy resistivity decreased, reached a minimum, then increased with flu-
ence in a manner similar to what was observed in Cu-5% Al.

Sha]aev(73) used electrical resistivity measurements to obtain radiation-
enhanced diffusion coefficients of neutron-irradiated Cu-Ni alloys for the
temperature range 400-700°C. Macht et a].(41'42) have recently employed SIMS
techniques after irradiation with 300 keV cut ions at temperatures between 300
and 700 K in order to obtain the partial diffusion coefficient for Cu-Ni. No
indication of diffusion via solute-defect complex formation was found (negli-
gible interstitial-solute binding). In addition, vacancy diffusion was

claimed to be unimportant. This led to a conclusion that diffusion of Ni in
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Cu under irradiation must be by an interstitialcy mechanism (since Cu and Ni
are of similar size), in agreement with previous proposals.

II.L, Cu-Pd

There have been several investigations of radiation-induced ordering in
Cu-Pd alloys. The following study appears to be the most comprehensive in-
vestigation to date. Zee et a].(21’74) have recently investigated the effect
of low-temperature 1.8-MeV electron and 14-MeV neutron irradiation on order-
disorder transformations in Cu-Pd along with higher-temperature ion irradi-
ation. Ordered and disordered samples were irradiated, and the results were
compared to theoretical predictions. A comparison with other irradiation
studies of ordered alloys determined that the difference in atomic size be-
tween the solute and solvent is the main factor controlling the amount of re-
ordering by interstitials (larger size difference results in smaller reorder-
ing). Electron irradiation was found to be much more effective in reordering
than neutron irradiation.

II.M. Cu-Si

Saka(56) used weak-beam electron microscopy to study RIS in Cu-5.1 at %
Si. The dissociation width of extended dislocations was found to increase
upon irradiation at temperatures near 600 K, which implies segregation of the
oversized Si solute toward the dislocations. Saka suggested that this effect
was due to the formation of a vacancy-solute complex, which would lead to
solute being dragged toward the sinks along with the vacancies. Takeyama(75)
has recently reported on the effect of 650-keV electron irradiation on the

phase stability of Cu-2% Si. Radiation-induced precipitation occurred during

irradiation to 10 dpa at 150-300°C. Depletion of Si occurred at grain bound-

17



aries. The vacancy migration energy of the alloy was found to be larger than
that in pure Cu, and a Si-vacancy binding energy of 0.24 eV was estimated.

II.N. Cu-Ti

Hillairet et a].(76) have irradiated amorphous CuggTigg specimens with
2.5-MeV electrons to a dose of 1 x 1022 e¢/m2, A slight increase in resistivi-
ty was observed following the irradiation at 20 K. This excess resistivity
annealed out between 20 K and 250 K with no clearly defined recovery stages.
At higher annealing temperatures, the resistivity increased and became com-
parable to the value for nonirradiated specimens. It was determined that no
significant short range ordering occurred for these irradiation conditions.

I1.0. Cu-=Zn

Schiile and coworkers used resistivity methods to investigate radiation-
enhanced diffusion in Cu-36% Zn following neutron{’7) and electron(78) jrradi-
ation. The diffusion rate decreased during extended irradiation, becoming
nearly temperature independent and was found to depend only on interstitials
for irradiation temperatures 50-150°C (interstitialcy diffusion). The degree
of short-range order increased during irradiation. The binding energy between
interstitials and traps was estimated to be ~ 0.1 eV.(78)

Takamura and Okuda‘79) studied order-disorder transformations in Cu-Zn
(8-brass) following a low temperature fast neutron irradiation by resistivity
methods. They assigned the observed annealing for temperatures up to 200 K
(60% recovery) to reordering produced by interstitial migration. Poerschke
and wollenberger(eo) measured the electrical resistivity of Cu-Zn (a-brass)
during 0.4-3.0 MeV electron irradiation at temperatures between 30 K and 150
K, along with isochronal annealing up to 360 K. Isothermal irradiation or

isochronal annealing above 100 K produced negative resistivity changes due to

18



an increase in short range order. This indicated atomic ordering was occur-
ring via an interstitial mechanism, due to the low temperatures involved. It
was found that the observed ordering kinetics of Cu-Zn could be consistently
interpreted by interstitialcy diffusion, in contrast to an earlier conclusion
by Damask.(81)

II.P. Cu-Zr

Hillairet et a].(76) used resistivity measurements to investigate the
effect of a low-temperature (< 20 K) 2.5-MeV electron irradiation on amorphous
Cu-Zr alloys. No significant increase in the ordering rate (above that of
thermal ordering) was detected for electron fluences up to 1 x 1022/m2 for a
Cugglrgo alloy. Results obtained from a Cugplrgp alloy were found to depend
on the thermal history of the specimens. As-quenched Cugglrgg specimens be-
haved similar to CuggZrgp, while specimens which had been aged at room temper-

ature for 1 month exhibited signs of radiation-enhanced ordering.
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TABLE 1.

Solute Segregation and Phase Stability Experiments on Irradiated Copper Alloys

Atomic Irradiating Irradiation
Solute Misfit (%)* Species Dose** Temperature Comments Ref.
Ag + 43,5 Radiation - enhanced precipitation
2 at % electron 10 dpa (K=0.8) 250°C near grain boundaries and foil 9,10
surface. Depleted solute at voids
and grain boundaries.
Al + 20.0
1-15 at % fast neutron to 4 x 1022 n/m2 - 120, 35°C short range ordering (SRO) implied | 12
(~ 1073 dpa, K=0.3)
15 at ¢ fast neutron to 3 x 10%1 n/m? 45-250°C enhancement of thermal aging rate | 13
(~ 1074 dpa, K=0.3)
15 at 3 neutron to 1 x 1020 n/m? 13 K SRO 14
(E > 0.1 MeV) (~3 x 107° qpa,
K=0.3)
5at % 14-MeV neutron | to 3 x 102! n/m? 20°C SRO (?) 15
(4 x 10°* dpa,
K=0.3)
9 at % neutron - 1-4 K solute seg. around dislocations 17
implied
Au + 47.6
10-25 at % 2-MeV electron, | 1022 e/m2, 4.6 x 60-200°C Radiation-enhanced diffusion 18
fast neutron 1020 n/m2 (~ 1073 (vacancy-type * interstitialcy-
dpa, K=0.3) type with increasing order).
25 at % neutron, ion, to 1073 dpa (K=0.3) 4-400 K Radiation-induced order-disorder 19-25
electron phase transformation.
0-2.5 at % neutron - - Deviation from Matthiesson's Rule 26




TABLE 1.

Solute Segregation and Phase Stability Experiments on Irradiated Copper Alloys

{Continued)
Atomic Irradiating Irradiation
Solute Misfit (3)* Species Dose** Temperature Comments Ref,
Be - 26.4
13.5 at % fast neutron to 3 x 1023 n/m2 0-40°C Radiation-induced precipitation 27
(~ 0.01 dpa, K=0.3) (RIP) inferred from resistivity,
hardness.
2.5% 2.5-MeV electron | to 9 x 1020 e/m? 20°C Resistivity increase (precipit- 28
(~ 1075 dpa, K=0.8) ation) - interstitial mechanism.
9.5-13 at %; fast neutron to 2 x 1023 n/m2 20~-160°C Enhanced formation of G.P. zones 29-32
also (~ 1073 dpa, K=0.3) and intermediate Y' phase. In
ternaries ternary alloys, Mg, Zn accelerate
pptn; Co, Fe retard pptn.
to 0.018 at % 3-MeV electron | to 1 x 1024 e/m? 5-140°C Be segregation to internal sinks 34,35
(~ 1072 dpa, K=0.8) interstitialcy migration). One Be
atom removed from solid solution
for 2-4 Frenkel pairs created.
3.4 at % 14-MeV Cu 0.1-15 dpa (K=0.3) 300-475°C Be segregation to surface. Little | 6, 36
seg., in damage region due to high
sink density. RIP of Y'/y phase in
damage region. Pptn. confined to
peak damage region for high temper-
ature irradiations. Ppt-free zones
occasionally observed at grain
boundaries.
1.35 at % 300-keV Cu 0.5-4 dpa (K=0.4) 325-400°C Uniform RIP of equilibrium vy phase | 38

at all doses (Be-interstitial
segregation). Some evidence for
ppt. dissolution via athermal

cascade mixing.




TABLE 1.

Solute Segregation and Phase Stability Experiments on Irradiated Copper Alloys

(Continued)
Atomic Irradiating Irradiation
Solute Misfit (%)* Species Dose** Temperature Comments Ref.
1.35 at % 1-MeV electron | to 1.8 x 1026 e/m2 325-425°C RIP of Y'', ¥' phases 39
(0.2 dpa, K=0.8)

1.35 at 2 300-keV Cu 0.1-8 dpa (K=0,4) 25-425°C RIP of v phase observed for 225- 40-42
425°C. Be segregation out of
damage region (interstitial-solute
complex).

1.3, 6.1% 650-keV electron | to 5 x 1025 e/m? 280-430°C Accelerated formation of inter- 43
mediate phases (Be-interstitial
migration).

Co - 3.78 :

2 % fission neutron |3.4 x 1023 n/md 50°C Decreased density of particles < 44

(~ 0.01 dpa, K=0.3) 2.5 nm diameter. Ppt. density
increased and particle size
decreased for specimens containing
larger particles.

1% neutron 0.5-1.5 x 1023 n/m@ 40-210°C Increased precipitation compared to | 45

(E > 1 MeV) (< 0.01 dpa, K=0.3) control samples. Irradiated ppt.
size roughly constant with temp.
while controtl ppt. size varied by
a factor of two.

lat 2 14-MeV Cu 0.3-1.7 dpa, {K=0.3) | 400-475°C Precipitate-matrix interface 7
becomes incoherent.

1-2.65% 450-keV to 1 x 1026 e/m?; 20-100°C Larger precipitates become inco- 46-48

electron; fast
neutron

0.1-1.6 x 1022 n/m2
(< 1073 dpa, K=0.3)

herent. Loss of coherency due to
interaction with interstitial loops
or free interstitials.




TABLE 1. Solute Segregation and Phase Stability Experiments on Irradiated Copper Alloys

(Continued)
Atomic Irradiating Irradiation
Solute Misfit (%)* Species Dose** Temperature Comments Ref.
Cr + 19,7
0.3% laser - ambient Precipitate dissolution 49
Fe + 4,57
2.4% 0.5-MeV¥ electron - 20°C Accelerated precipitation kinetics; | 50,51
9-MeV proton protons cause ppt. dissolution.
0.8-5.0% neutron to 2 x 1024 n/m@ 60-70°C Precipitate dissolution, RIP 52,53
(E > 0.25 MeV) (< 0.1 dpa, K=0.3) inferred from resistivity. Either
radiation-enhanced aging or ppt.
dissolution occurs depending on
- preirrad. treatment.
0.6 at % neutron 0.4-9 x 1023 n/m2 55°C Coarsening of small, large ppts; 54
(E > 0.1 MeV) (> 0.01 dpa, K=0.3) - dissolution of intermediate-sized
ppts. Very small Fe cluster forma-
tion due to enhanced diffusion.
13 450-keV electron |to 1 x 1026 ¢/m?, 20°c Precipitate-matrix interface a8
fast neutron 0.1-1.6 x 1022 n/mé becomes incoherent.
(< 1073 dpa, K=0.3)
latg 14-MeV Cu 1-5 dpa (K=0,3) 350-500°C Precipitates lose coherency. No 7
evidence of Fe segregation to the
surface.
2 at % 650-keV electron | to 10 dpa (K=0.8) 250, 300°C Fe segregation to voids, grain 10,
boundaries. 11,55
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TABLE 1. Solute Segregation and Phase Stability Experiments on Irradiated Copper Alloys

(Continued)
Atomic Irradiating Irradiation

Solute Misfit (%)* Species Dose** Temperature Comments Ref,

Ge + 27.8

5.3 at % 1-MeV electron |1 x 1026 e/m? 25-425°C RIS of Ge to dislocations implied |56
from dissociation width of extended
dislocations.

In + 79.0

3,10 at % 1-3 keV Ar 2.6 dpa (K=0.8) 30-385°C REP observed. Solute segregation 57
toward the surface.

Mn + 34,2

5 at % 14-MeV neutron to 3 x 1021 n/m? 20°c short range ordering (?) 15

(4 x 1074 dpa, K=0.3)
"sandwich 300-keY Cu - 25-425°C Mn diffuses via vacancies above 41,42
alloy” 175°C. Lower temp. diffusion via
i weakly bound complexes.
Ni ' - 8.45
35-85% : fast neutron to 1 x 1022 n/m? 100-150°C Decomposition of single phase 58
| (< 1073 dpa, K=0.3) (interstitialcy diffusion).
42-71 at % 3-MeV electron to 8 x 1022 e/m? 4 K - 325°C | Decomposition of single phase for 59-63

for irradiation above 100 K
(interstitialcy mechanism).(59’63)
Interstitialcy diffusion dominant
below 250 K, (63)
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TABLE 1. Solute Segregation and Phase Stability Experiments on Irradiated Copper Alloys

(Continued)
Atomic Irradiating Irradiation
Solute Misfit (3)* Species Dose** Temperature Comments Ref.
59 % 3-MeV electron |to 6 x 1023 e/m? 100-370°C Possible RIP for irradiation 65
between 100-200°C.
9-50 at % 2-keY Ne, - 25-600°C Radiation-enhanced diffusion 66-68
3-keV Ar {interstitial-type). Ni segrega-
tion to surface and grain
boundaries; Cu-rich surface region
for low dose rates (2.5 x 1016/m2-s)
at 600°c(68),
40, 90 at % 2.2-keY ion 5 dpa (K=0.8) 500, 515°C RIS of Ni to surface 69
2at g 650-keV electron | 7-10 dpa (K=0.8) 250-400°C Ni segregation to grain boundaries |11,71
. and voids.
50 at % fast neutron 3.6 x 1021 n/m2 100-300°C Formation of Ni-rich clusters 72
(~ 1074 dpa, K=0.3) implied.
5at % 14-MeV neutron |to 3 x 1021 n/m2 20°C SRO (?) 15
(4 x 104 dpa, K=0.3)
"sandwich 300-keV Cu, - 80 K - 425°C | Diffusion coefficients measured for |41,42
alloy" neutron(73) - 400-700°C different damage rates (inter- 73
stitialcy mechanism).
Pd + 28.0 14~MeV Cu 0.02-2 dpa (X=0.3) 20-550°C Radiation-induced ordering; elec~ 21,74
1.8-MeV electron |3 x 1074 dpa {(K=0.8) | 100 K trons more effective. Ion irra-
14-MeV neutron ~1 x 1074 (k=0.3) 4 K diation gave disordering at low

temp., reordering at high temp.
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TABLE 1.

Solute Segregation and Phase Stability Experiments on Irradiated Copper Alloys

{Continued)
Atomic Irradiating Irradiation
Solute Misfit (%)* Species Dose** Temperature Comments Ref.
Si + 5.08
5.1 at % 1-MeV electron 1 x 1026 ¢/m2 25-425°C RIS of S1 to dislocations at 56
higher temperatures.
22 650-keV electron 10 dpa (K=0.8) 150-300°C RIP observed. Si depleted at 75
grain boundaries. Si-vacancy
binding energy ~ 0.24 eV,
Ti + 25.7
50% 2.5-MeV electron 1 x 1022 e/m2 20 K no significant short range ordering 76
In +17.1
20-36% neutron - 40~150°C SRO observed (interstitialcy 77,78
(E > 1 MeV) . diffusion); interstitial-trap
2-MeV electron 2 x 1022 o/m? energy ~ 0.1 eV,
25,48% neutron 3 x 1020 n/m2 4.2 K Ordering due to interstitial 79
(E > 0.1 MeV) (~ 1075 dpa, K=0.3) migration; vacancy ordering above
200 K.
20-36 at % 0.4-3 MeV to 1 x 1023 e/m? 30-150 K SRO (interstitialcy mechanism) 80
electron (< 1073 dpa, K=0.8)
ir -
40,60% 2.5-MeV electron 1 x 1022 e/m? 20 K Possible radiation-enhanced 76

ordering in CuggZrag

* Volume size-factors from K1ng(9) in percent. A positive value denotes oversized solute.
** Neutron damage level estimated using dpa-fluence correlations {see introduction). , Damage levels for ion and electron ir-
radiations (when given) are from the original papers -- no dpa-fluence correlations were attempted for these particles.
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III. Void and Loop Studies

Copper is susceptible to void formation when irradiated to doses on the
order of a fraction of a dpa at temperatures between 200 and 550°C. Much of
the work on radiation-induced void and Toop formation was performed in the
late 1960's and early 1970's. Comprehensive reviews of loop formation in ir-
radiated copper have been presented by Rﬁh]e,(gz) wilkens,(83) and Eyre.(84)
Kno]1(3) recently updated these reviews and summarized the published TEM
studies on irradiated copper/copper alloys.

ITI.,A. Neutron Irradiations

To date, there is no known systematic neutron irradiation study which has
comprehensively investigated the combined effects of temperature, fluence,
dose rate, or transmutation products on void swelling in copper. The results
of all known void swelling studies of neutron irradiated copper and copper
alloys are given in Table 2.

III.A.1. Pure Copper Void Formation Due to Neutron Irradiation

Copper has been found to contain voids when irradiated with neutrons at
temperatures between 220 and 550°C (0.35-0.60 Tmp).(85—96) Void formation in
high purity copper has been investigated for relatively modest fast neutron
fluences ranging from 1 x 1021 n/m? to 1.3 x 1026 n/m2 (< 1074 - 4 dpa, K =
0.3). The maximum reported amount of void swelling in copper following fast
neutron irradiation is 0.51%.(92) This occurred following irradiation to a
fluence of 4.1 x 1024 n/mé (~ 0.2 dpa, K = 0.3) at a temperature of 327°C.

In high purity copper, the variation of void swelling with temperature
for neutron irradiation is similar to that in many other pure metals. Swell-
ing occurs at intermediate temperatures of about 0.35 Tmp to 0.57 Tmp’ with a

broad peak situated near the middle of this range. Voids were observed in

27



copper irradiated to a dose of 5 x 1024/m? (0.14 dpa, K = 0.3) by Levy et
a].,(86) Adda,(87) and Labbe et at,(90,91) at temperatures of 220°C to 500°C.
Peak swelling of about 0.40% occurred at ~ 340°C.(91) The mean void diameter
increased from ~ 5 nm to more than 150 nm over this temperature range, while
void concentration decreased rapidly from a maximum of 4 x 1020/m3, showing
that higher temperature inhibits nucleation but favors growth. Labbe and co-
workers(90,91) investigated the effect of a lower dose rate in shifting the
swelling maximum to lower temperatures. The peak swelling temperature was
reduced 20°C in specimens that were irradiated to the same fluence as above,
but at a dose-rate ten times lower.(91) The voids observed here and in other
work(ss’sg) were octahedra bounded by {111} planes, often truncated at the
corners,

The dependence of void nucleation and growth on neutron fluence was
studied by Brimhall and Kissinger(eg) at a temperature of 285°C. No threshold
fluence for swelling was observed, although a plot of swelling vs. fluence
suggested a threshold at doses lower than ~ 5 x 1022 n/m?. Void nucleation
continued up to doses of at least 1.2 x 1024 n/m2, but the void density began
to saturate at fluences above ~ 3 x 1023 n/m2. Below this fluence the void
density increased approximately linearly with dose. The threshold fluence for
neutron swelling has been found to be less than 1021 n/m2 (~ 4 x 107 dpa, K =
0.3) by Muncie. (93,94)

Several interesting observations of the relation between dislocation
structure and void formation during neutron irradiation have been made.
Brimhall and Kissinger(sg) noted that voids nucleated concurrently with dislo-
cation loops, but not subsequent to loop formation. The dislocation struc-

ture, which consisted of loops and tangles, increased in density as fluence
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increased, then saturated at the same dose where void nucleation ceased.
There was no spatial correlation between voids and dislocations. When dislo-
cations were introduced by pre-irradiation cold-working of specimens,(87’90)
there appeared to be an optimum dislocation density for swelling., Slightly
cold-worked specimens irradiated at 250°C swelled more than annealed specimens
but heavily cold-worked specimens swelled less. Adamson et a1.(92) observed
significant denudation of voids and dislocations at grain and twin boundaries
in copper irradiated at 327°C to a fluence of 4 x 1024 n/m2 (~ 0.2 dpa, K =
0.3).

Eldrup et a].(95) used positron annihilation techniques along with TEM to
investigate void formation in Cu irradiated at 250°C to a fluence of § x 1022
n/m? (~ 1073 dpa, K = 0.3). The average void size was found to be ~ 15 nm.
The voids annealed out at a temperature of 450-500°C. Eng]ish(94) reported
void formation in neutron-irradiated copper for temperatures 250-350°C. A
bimodal size distribution was observed in samples irradiated at 300 and 350°C.
Voids were detected at fluences as low as 1 x 1021 n/m? (< 1074 dpa) for
specimens irradiated at 250 and 300°C. Yoshida et al.(96) have tentatively
reported void formation in copper following a 400°C 14-MeV neutron irradiation
to a fluence of 1022 n/m2,

II1.A.2. Copper Alloy Void Formation Due to Neutron Irradiation

Only a few studies have been reported concerning void formation in copper
alloys following neutron irradiation. Substantial void suppression has been
observed in Cu-Al, Cu-Si and Cu-Ge alloys irradiated at 220-350°C.(87’90)
This result was attributed to a lower stacking fault energy in these alloys,
which theoretically makes void formation less favorable. On the other hand,

wolfenden(as) observed a low density of large voids in Cu-10% Al following a
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high-fluence irradiation at a temperature of 175°C, where void formation does
not occur in pure copper. This result was proposed to be due to the higher
vacancy mobility in the alloy as compared to pure Cu, which would allow void
nucleation to occur at Tlower temperatures.(87) Brimhall and Kissinger(sg)
found that Cu-Ni alloys were very resistant to void formation. This suppres-
sion was attributed to interstitial trapping by the Ni, since the alloy has a
stacking fault energy similar to pure copper. There have been several studies
of void formation in neutron-irradiated Cu-Ge al]oys.(87’90’94) Irradiation
at 250°C caused 0.1% swelling for 1 and 2.5 wt.% Ge, while measurable swelling
did not occur in 3-5% Ge alloys, which have a lower SF energy.(87’90)
Eng]ish(94) reported that Cu-Ge alloys exhibited substantial void swelling
suppression for temperatures of 250-350°C, with the void volume fraction de-
creasing with 1increasing alloy content at all temperatures. The radiation
damage was observed to be heterogeneously distributed in both the alloys and
in pure copper. The reduction of void swelling with alloy content was due to
a large decrease in the void concentration. The cause of this observation was

not discussed.

III.A.3. Pure Copper Loop Formation Due to Neutron Irradiation

Copper irradiated with neutrons in the temperature range 20-200°C has
been observed to form dislocation tangles, defect clusters, and vacancy and
interstitial loops which are predominantly formed on {111} p]anes.(97'107)

(104) 3150 observed perfect loops (b = a/2 [110]) following

Narayan and Ohr
fusion and fast neutron irradiation. The observed dislocation loops have
ranged in size from 1.0 nm to ~ 50 nm, with overall densities of 1021/m3-
1023/m3. There are indications that the smaller loops tend to be vacancy-type

while the larger loops are interstitial. (84,90,94,98) There continues to be
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considerable disagreement regarding the relative proportion of vacancy and
interstitial loops, with various groups reporting the visible loop distri-
butions to be either predominantly interstitial or predominantly vacancy.(84)
Several recent TEM studies have reported that most of the visible loops are
either vacancy,(94) interstitial,(104) or roughly equal vacancy and intersti-
tia].(los) Ghoniem et a].(106) have recently shown theoretically that the
relative proportion of vacancy versus interstitial loops varies strongly with
fluence, indicating that fluence differences may be the source of the observed
discrepancies.

Brager et a1, (107) recently used TEM to observe defect clusters in copper
irradiated with 14-MeV neutrons at room temperature. They reported that the
visible defect cluster density increased directly with neutron fluence. Both
vacancy and interstitial clusters were identified, with Burgers vectors of a/2
<110> and a/2 <111>, A survey of the reported loop size distribution data in
the literature reveals that the curves can generally be fitted by a log-normal
(skewed Gaussian) distribution. Previous analyses have attempted to use the
relation N(d) = N, exp(-d/d,) to describe the loop diameter (d) distri-
bution.(84’98’111) It has been found(ls) that good agreement between observed
TEM data and resistivity and microhardness data could only be obtained by
using a log-normal size distribution, as opposed to the alternative size
distribution mentioned above. VYoshida et al.(96) have recently reported on
loop formation on copper following a 14-MeV neutron irradiation to 1 x 1022
n/m® (~ 1 x 1073 dpa, K = 0.3). Both stacking fault tetrahedra and dislo-
cation loops were observed for irradiation temperatures below 400°C. The
dislocation loop density increased nearly linearly with fluence with 80% of
them interstitial-type, and a higher loop density was observed along dislo-

cation lines as opposed to in the matrix.
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Conflicting results regarding the effect of neutron energy on loop for-
mation have been reported. Mitchell et a1.(100,105) reported that fusion
neutrons were roughly 10 times more effective than fast neutrons with regard
to radiation strengthening and defect cluster formation for a room temperature
irradiation. Conversely, other researchers(104’109) have observed only a
factor of three difference in the cluster densities for copper irradiated with
fission versus D-Be or DT neutrons. Narayan and Ohr(1°4) found that the
nature of defect clusters in irradiated copper was similar for fusion and fast
neutron irradiations. Howe11(112) determined from positron annihilation
measurements of 14-MeV neutron irradiated copper that a variation in dose rate
of 3 orders of magnitude did not affect cluster formation, at least for flu-
ences up to 5 x 1020 n/m2,

Annealing studies of copper irradiated near room temperature indicate
that interstitial loops become unstable at ~ 325°C, and vacancy clusters or
voids form.(101) Annealing above 500°C removes all visible damage.‘lOZ) The
defect structure resulting from higher temperature irradiations has been found
to be quite different from that at room temperature. Eng]ish(94) noted that
an increase in the neutron irradiation temperature from 80 to 250°C caused the
vacancy loop concentration to decrease by two orders of magnitude. In copper
exposed to 1022 n/m2 fast neutrons at 400°C, Hulett et a].(97) found the
damage was confined to "defect regions" 10-100 mum in size, separated by appar-
ently perfect crystal. These regions contained dislocation tangles, vacancy
clusters < 20 nm diameter (possibly voids), sessile vacancy loops 10-50 nm
diameter, and large prismatic loops that were predominantly interstitial.

Several researchers have used x-ray diffuse scattering to examine defect

cluster formation in copper following neutron irradiation.(gg'los”llo) Good
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agreement with TEM measurements was obtained for loop sizes larger than about
2.5 nm, V., Guerard and Peisl(loa) investigated defect annealing following a
4.6 K neutron irradiation using this technique. Interstitial clusters were
found to collapse into loops at 30-40 K and vacancy loops formed at 150 K,
The loop size increased with annealing temperature from ~ 90 interstitials/
loop at 70 K to ~ 330 interstitials/loop at 300 K.

I11.A.4. Copper Alloy Loop Formation Due to Neutron Irradiation

Ipohorski and Brown{113) opserved that the addition of Be to copper re-
sulted in a decreased concentration of interstitial loops following neutron
irradiation. Brager et a].(107) investigated defect cluster formation in Cu,
Cu-5% Al, Cu-5%2 Mn and Cu-5% Ni following a low-dose 14-MeV neutron room
temperature irradiation. They found that the alloys containing Mn and Ni
solute had damage microstructures similar to pure copper, while the Cu-Al
alloy had roughly twice as high a visible (Toop diameter > 1.0 nm) defect
cluster density. Both interstitial and vacancy clusters were observed, and
the size distribution of the clusters were similar for all four materials. A
fast neutron irradiation of Cu-Ge at 80°C produced a homogeneous distribution
of small (< 14 nm) dislocation 1oops.(94) Most of the loops (90%) were
vacancy-type for Cu-0.1% Ge alloys. Increasing the solute concentration to 1%
Ge resulted in a doubling of the loop concentration, with 50% of the Tloops
being vacancy-type. Higher temperature irradiation (250-350°C) produced
heterogeneously distributed defect clusters whose concentration was found to

decrease with increasing alloy content and temperature.
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I11.B. Electron Irradiations

Details of the known investigations of void and loop formation in copper
and its alloys following electron irradiation are given in Table 3.

III.B.1. Pure Copper Void Formation Due to Electron Irradiation

Voids have been observed by several investigators in HVEM-irradiated Cu
in the temperature range 250-550°C,(S5s114'125) with the swelling sharply
peaked around 450-500°C depending on dose rate. One study also reported void
formation for irradiation temperatures of 100-250°C,(114) and another investi-
gation found that the peak swelling temperature for copper was 250°c. (55)
(The variance in the observed swelling temperatures may be due to gas effects,
to be discussed later in this review.) The maximum known void swelling in
HVEM-irradiated copper is 17% at an irradiation temperature of 250°C,(114)
although higher values may have been achieved.(115) High purity copper does
not appear to have any appreciable incubation dose for electron irradiations,
c.f. Ref. 55. The swelling rate has been found to be > 0.8%/dpa (K = 0.8) by
Takeyama et al.(55) Swelling saturation has been observed for doses greater
than 75 dpa by Makin.(114)

The variation of swelling with temperature has been found to be asym-
metric with respect to the peak swelling temperature;(lls'lzo) at higher
temperatures, swelling decreased abruptly, but below the peak it dropped off
more slowly and exhibited a "tail" at low temperatures (Fig. 1). There are
indications that the swelling rate increases with irradiation temperature up
to a temperature of 450-500°C. (115,119)  gapyoy(119) found that swelling was
linear with dose following an incubation period of 2-10 dpa. He observed a
maximum swelling rate of 0.5%/dpa. Leffers et at.(115) reported a maximum

swelling rate of ~ 0.6%/dpa at 450°C. The swelling rate was < 0.1%/dpa at

~
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Fig. 1.[Ref. 143] Void swelling vs. temperature in

copper irradiated with neutrons, electrons,
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Fig. 2. [Ref. 143]Effect of outgassing on void
swelling in copper.
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250°C. Bar]ow(llg) observed that the void concentration at a given tempera-
ture was roughly constant with respect to dose, whereas it varied by a factor
of five over the irradiation temperature range of 250° - 450°C.

Makin(114) observed that copper injected with argon displayed enhanced
void nucleation while retaining the same swelling behavior with dose as pure
copper at 250°C. Conversely, copper containing helium bubbles (2000 ppm) did
not form voids after 23 dpa at 250°C. The latter behavior was attributed to
the bubbles suppressing void formation by acting as efficient point defect
sinks. Barlow(llg) found that preinjected helium enhanced void formation for
low injection levels. The void density saturated for He concentrations > 50
appm, depending on the temperature. Glowinski(llg) found that high purity
copper prepared using standard techniques swelled readily, while copper that
had been degassed in high vacuum prior to irradiation showed reduced swelling
and a shift of the swelling peak to lower temperatures by about 150°C (from
500°C to 360°C). No voids formed in degassed copper specimens irradiated at
temperatures above 440°C (Fig. 2). The presence of gas was thought to enhance
void nucleation and growth by nucleating interstitial loops and stabilizing
dislocation networks that were necessary to achieve a net interstitial bias.

Buckley et a].(124) investigated the effect of the vacuum surrounding the
specimen on void nucleation at temperatures between 250 and 450°C. No effect
on void swelling was found while varying the vacuum by several orders of
magnitude during irradiation. Previous preliminary resu]ts(lzs) had suggested
that void formation in annealed copper becomes increasingly difficult with
better vacuum pressure. In the more current study, they found that the ob-
served suppression of void swelling was caused by use of foils which were too

thin. For irradiation temperatures of 250-300°C, a constant high density of
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voids was observed in foils above 500 nm thickness, while zero void density
was observed in foils of less than 450 nm thickness (independent of vacuum
pressure).

Dose rate effects on void swelling in the HVEM apparently depend on
specimen purity. G]owinski‘llB) observed a swelling maximum of 500°C in non-
degassed copper, and at 345°C in degassed copper specimens which were irradi-
ated at a dose rate of 1.3 x 1073 dpa/sec. Barlow(119,120) found that peak
swelling occurred at 450°C for a dose rate of 1 x 1072 dpa/sec.

There have been several investigations on the influence of dislocation
structure on void formation.(114,115,117,118,123) The experimental results
are best summarized by the observations of Kenik and Mitche11(117): (a) void
nucleation (i.e. void density and the dose at which voids appear) is strongly
influenced by the initial dislocation density and its subsequent behavior
during irradiation; (b) void growth is related to the average dislocation
density during dirradiation; and (c) above some dislocation density (2.5 x
1013/m2 here) dislocation motion is hindered and swelling decreases, indicat-
ing that the interstitial bias is reduced. In foils thin enough for most
dislocations to escape (< 300 nm), no voids formed at 300°C. In one
study(114) voids formed only in the vicinity of dislocation walls for irradi-
ation temperatures greater than 350°C. Glowinski(118) found that voids formed
at temperatures above 300°C only if the specimens were first irradiated at a
lower temperature (100°C) to introduce a dislocation structure. Fisher et
a].(122) observed that void formation was preceded by a rapid buildup of dis-
location loops and development of a dislocation network. The void density was
found to be linear with dose up to 10 dpa, where saturation set in. The void

size increased monotonically with dose. Leffers et a].(115’123) performed a
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comprehensive evaluation of the effect of cold-work (CW) levels ranging from 0
to 90% on void swelling in copper. Swelling was found to initially increase
with cold work level, reach a maximum around 50% CW, then decrease at the high
cold work levels. The voids were homogeneously distributed at low CW levels
and heterogeneously distributed at high CW levels.

I11.B.2. Copper Alloy Void Formation Due to Electron Irradiation

Addition of solute to copper has been found to either reduce or enhance
void formation during HVEM irradiation, depending on the nature and concen-
tration of the solute.(10,55,75,114,119,120,126) (see Table 3 for details.)
Makin(114) found that Cu-1% Ag and Cu-1% Cd (pre-injected with Ar) exhibited a
shorter incubation period and 1larger swelling relative to pure Cu when
examined after irradiation to 12 dpa (K = 0.8) at 250°C. Bartow(119) found
that Cu-0.1 wt.% Ag behaved similar to pure copper at all irradiation tempera-
tures, while Cu-1 wt.% Ag had a higher swelling rate than pure Cu at 150-250°C
due to an increased void number density. At 350-450°C, the alloy swelling
rate was the same as for pure Cu. Takeyama et al.(lo) observed that the Ag
solute was depleted in the matrix immediately surrounding the voids, with an
enriched region at intermediate distances from the voids.

The addition of Be, Fe or Ni solute to copper apparently suppresses void
swelling during HVEM irradiation. Makin(114) did not observe any void for-
mation in Cu-1% Be irradiated to 100 dpa (K = 0.8) at 250°C. No reason was
given for this void-suppressing ability of the Be solute. Takeyama et
a].(10’55) have found that the void swelling, number density and growth rate
of Cu-2 at%? Fe were smaller than the corresponding values for Cu-2 at% Ag and
pure copper for HVEM irradiation temperatures of 150-300°C. The Cu-Fe alloys

exhibited a longer transition period prior to reaching a steady-state swelling
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rate as compared to pure copper. After this transition period (3-6 dpa), the
void swelling rate for Cu-Fe was observed to be comparable to that of pure

copper. (55)

Solute enrichment was observed in the matrix surrounding the
voids.(lo) Void swelling was suppressed the most in as-quenched Cu-Fe speci-
mens. Aged Cu-Fe exhibited intermediate suppression of void formation; swell-
ing increased with increasing aging time. Voids were observed to prefer-
entially nucleate near coherent precipitates. In general, void swelling in-
creased as the amount of Fe in solution decreased.(55) 1t was suggested that
the suppressed void formation in Cu-Fe was due to enhanced solute segregation
effects, which inhibit the flow of vacancies to voids.(lo) Takeyama(75) has
observed void formation in copper alloyed with 2 at% of either Ag, Fe, Ni, or
Si following HVEM irradiation to 10 dpa at 100-300°C. No quantitative results
were given for the Cu-Ni and Cu-Si alloys, but it appears that Cu-Ag swelled
the most (6%), followed by Cu-Fe, Cu-Ni and Cu-Si.

Bar]ow(llg) and co-workers(lzo’lzs) have extensively studied loop and
void formation in Cu-Ni alloys (1, 2, 5, 10 wt.% Ni) as a function of temper-
ature and HVEM dose. They found that Cu-Ni alloys are very resistant to void
swelling, with no observation of voids for solute concentrations greater than
10Z Ni even after HVEM irradiation doses of ~ 100 dpa. Plots of swelling vs.
Ni content for different temperatures showed that swelling either decreased
immediately, or else increased initially and then decreased with Ni concen-
tration. In general, as temperature increased a greater Ni concentration was
required to suppress void swelling. They determined that the swelling resis-
tance was due to suppressed void growth as opposed to suppressed void nucle-
ation. The mean void diameter was observed to decrease dramatically as the

solute concentration was increased from 1% to 2% Ni. They attributed this
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suppression of growth to the formation of submicroscopic radiation-induced
nickel clusters which act as interstitial traps, thereby increasing point
defect recombination.(126)

III.B.3. Pure Copper Loop Formation Due to Electron Irradiation

Interstitial loops have been found in electron-irradiated copper for
irradiation temperatures below 400°C. The details of some of these investi-
gations are given in Table 3.

Makin(127) was the first to observe displacement damage in pure copper,
which occurred during a room temperature HVEM irradiation. Black spot
clusters nucleated during the first few minutes of irradiation and grew to
become mainly perfect interstitial loops. Ipohorski and Spring(lzs) and then
Fisher(116) expanded upon Makin's work by examining in detail the various
factors influencing loop formation. It was found that loop density decreased
and size increased with increasing irradiation temperature, until at 400°C
only a few large (2 1 um) loops formed. Denuded zones at surfaces (60 nm deep
at ~ 20°C) and at grain boundaries increased in width with temperature. The
loop size has been found to increase directly with irradiation time until the
loops begin to over]ap.(lzz) Recent studies have shown that the loop density
decreases slowly with increasing HVEM irradiation temperature up to about
300°C; the loop density then falls off very rapid]y.(122'129’130)
Stathopou1os(13°) measured the width of the loop-denuded zones at the foil
surfaces as a function of temperature, and found that it increased to ~ 30 nm
at 320°C. This denuded zone width is much smaller than previously reported
widths mentioned above (cf. Refs. 116, 128). Dislocation loop parameters were
measured for irradiation temperatures from 140-320°C and were found to be in

good agreement with theoretical predictions.
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Barlow(llg) observed continuous nucleation of two types of interstitial

a/3
a/2

loops during irradiation: Frank faulted loops lying on {111} planes (b

[111]), and glissile prismatic loops on variable habit planes with b
[110]. The apparent activation energy for this loop growth was measured at
0.35 eV, (126) At jntermediate temperatures, some authors have reported that
vacancy clusters occur in addition to interstitial loops. Yoshida and
Kiritani(131) found that a room temperature HVEM irradiation of copper re-
sulted in the inhomogeneous nucleation of vacancy clusters along with the
usual interstitial loops. Upon extended irradiation, these clusters began to
order and formed arrays in the <100> direction. The clusters were assumed to
be stacking fault tetrahedra (SFT) or else voids and were preferentially found
in thinner regions of the foil. A recent study has confirmed that these
ordered arrays of clusters are SFT.(132)

Kiritani et al.(133) studied the effect of an elevated temperature (720
K) HVEM irradiation on the subsequent observable radiation damage at inter-
mediate temperatures (320 K). They found that the high-temperature pre-
irradiation, which produced no observable radiation damage, caused virtually
complete suppression of interstitial cluster formation normally found during a
320 K irradiation. They deduced that submicroscopic vacancy clusters formed
during the high temperature pre-irradiation, and these clusters acted as
interstitial sinks during the subsequent irradiation, thereby inhibiting
interstitial clustering. Shimomura et al.(lzg) found that the interstitial
loop density of copper containing quenched-in hydrogen was a factor of ten
larger than the loop density of annealed copper for irradiation temperatures

between 20-150°C.
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There have been several investigations of the behavior of copper during
annealing after a low-temperature HVEM irradiation.(121’134'137) Jager et
a].(134) found that visible defect clusters form at an irradiation temperature
of 10 K for doses of 5-10 dpa. Interstitial clusters become visible on {111}
planes for lower dose irradiations (< 1 dpa) only after annealing to 50-120 K.
No additional clusters formed during annealing above 120 K until a temperature
of 470 K was reached (vacancy clusters). ohr(135) paq previously found simi-
lar results, except that he observed vacancy cluster formation after annealing
above 360 K, Ohr determined that 40% of the loops were vacancy-type at an
annealing temperature of 525 K. Ehrhardt and Sch]agheck(136) and Haubold and
Martinsen(137) determined from x-ray scattering measurements on copper irradi-
ated with 3 MeV electrons at 5 K that vacancy clusters began forming upon
annealing above 200 K. Interstitials began to cluster on both {111} and
{110} planes at temperatures above 40 K.(136)

II1.B.4. Copper Alloy Loop Formation Due to Electron Irradiation

There have been relatively few systematic studies on the effect of alloy-
ing on dislocation loop nucleation and growth in copper during electron ir-
radiation, Bar]ow(llg) and Leffers et al.(120) have studied interstitial Toop
growth parameters in Cu-Ni alloys as a function of temperature and dose fol-
lowing HVEM irradiation. Kosel and washburn(138) noted that loop growth was
induced at lower damage rates in Cu-Al alloys containing smaller solute con-
centrations, i.e., loop growth was easier for alloys having higher stacking
energies. The climb rate of these prismatic interstitial loops appeared to be
controlled by the rate of jog nucleation. Kinoshita and Mitche11(43’139) ob-
served vacancy loop formation in Cu-Be during HVEM dirradiation. Frank-type

interstitial loops were created on {111} planes in thin regions of the foil
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where Cu-Be precipitates were not present. This observation was attributed to
segregation of Be atoms to the surface during irradiation, which caused a
copper-rich region. These loops were not observed in regions thicker than
about 0.1 mm and their kinetic behavior corresponded to the case in pure
metals where surfaces are the dominant sinks for interstitial atoms. Mukai
and Mitche11(140) have recently studied the nature of dislocation loops in the
ordered alloys CujAu and CuAul following HVEM irradiation at 300°C. Loop

habit planes were identified.
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III.C. 1Ion Irradiations

There have been several investigations of void and loop formation in ion-
irradiated copper and copper alloys. The results of these studies are sum-
marized in Table 4.

III.C.1. Pure Copper Void Formation Due to Ion Irradiation

Mazey and Menzinger(141) observed void formation of copper which had been
pre-implanted with helium and then irradiated with either C, Cu or Ni ions to
doses greater than 10 dpa (K = 0.3) at temperatures from 350-450°C. No quan-
titative information was given regarding the extent of void formation.
Leister(142) observed void swelling in copper following 200-keV Cu ion irra-
diation at temperatures 400-575°C. Irradiation to a dose of 30 dpa (K = 0.4)
resulted in peak void swelling of about 2%.

A comprehensive investigation of the effect of ion bombardment on void
swelling was carried out by several French scientists in the early 1970's.
The initial results of this work were presented by Adda,(87) and the completed
work was reported in detail by Glowinski et a].(143'146) The influence of
various irradiations and materials parameters on the nucleation and growth of
voids and dislocation loops was examined for high-purity copper irradiated
with 500-keV Cu ions. Specifically, the influence of irradiation temperature,
dose rate, dose, foil thickness (effect of free surfaces), dislocation struc-
ture, and gas content was studied.

Void swelling occurred in high purity non-degassed copper irradiated at a
dose rate of 1 x 1074 dpa/sec (K = 0.4) for temperatures from 400-500°C . (144)
Void size increased from 30 to 90 nm as the temperature went from 400 to

450°C, while the void density remained the same. The maximum void swelling of
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non-degassed copper occurred at 500°C and a dose rate of 1 x 1073 dpa/sec (K =
0.4) with a value of 9% for a damage level of 15 dpa (K = 0.4).

Increasing the ion damage rate from 1 x 1074 dpa/sec to 1 x 10°3 dpa/sec
caused the swelling curve to shift upward in temperature by 50°C.(144) The
swelling peak of the high dose-rate case consisted of a lower density of
larger voids as compared to the low dose-rate case. Compared with neutron
irradiations(90) that occurred at a dose rate of 8 x 1078 dpa/sec (K = 0.3),
the peak swelling temperature for copper ion-bombarded at a damage rate of 1 x
1074 dpa/sec (K = 0.4) was increased by 115°C.

For a constant temperature and dose rate, the void density remained con-
stant and the void size increased with damage 1eve1.(145) Below a fluence of
1.5 dpa (K = 0.4), swelling as a function of fluence increased at more than a
linear rate; for fluences greater than 1.5 dpa the swelling rate was less than
linear. No voids were observed if foils of thickness < 200 nm were irradi-
ated.(144) The absence of defect clusters in the very thin foils had two
possible causes: (1) depression of point defect concentrations due to loss to
the surface, or (2) loss of dislocations to the surface. This would decrease
the dislocation density in these regions below the level required for void
formation.

Several general conclusions were reached regarding the experimental evi-
dence for the role of dislocations in void formation. First, voids almost al-
ways nucleated near interstitial loops or dislocation lines, on the compres-
sion side of the dis]ocation.(143"l45) Secondly, some minimum dislocation
density was necessary for void formation, and there was a direct correlation
between void number density and dislocation density.(145) Finally, void

growth was affected by the vicinity of a dislocation -- void size increased
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very rapidly during the early stages of void growth (at fluences < 1.5 dpa,

K = 0.3) when all voids were in the close proximity of dislocations. All the
observations are evidence that dislocations act as biased sinks absorbing
interstitials preferentially to vacancies, thereby creating an excess of va-
cancies that precipitate into voids.

A comprehensive investigation of the effect of gas on void nucleation was
also undertaken by Glowinski et a].(144’146) High-purity copper which had not
been outgassed readily formed voids at doses of 1.5 dpa (K = 0.4). On the
other hand, copper which had been partially outgassed exhibited a bimodal size
distribution (mean void diameters of 75 nm and 130 nm) along with a reduction
in the amount of swelling. Copper specimens which has been completely out-
gassed did not show any void formation even when irradiated at 450° to damage
levels of 15 dpa (K = 0.4) -- only black spots and some vacancy loops were
visible. The absence of voids was attributed to the removal of residual gas
during the high-vacuum anneal, (143-146) The initial gas content of specimens
used in Ref. 143 was not specified, but those in Refs. 144-146 contained less
than 48 ppm 0, 12.4 ppm H, 14 ppm N, and 48 ppm C.

Pre-implantation of outgassed copper specimens with helium or oxygen re-
sulted in void formation during irradiation,(144'146) thereby giving strength
to the argument that gas is necessary for void nucleation. The presence of
helium in outgassed specimens was found to enhance void swelling relative to
pure (non-degassed) copper; the magnitude of swelling increased, the swelling
temperature range was widened, and the peak swelling temperature was shifted
upwards. The behavior of swelling with respect to gas content was different
for the oxygen and helium injected specimens. For concentrations less than 30

ppm, helium was somewhat more efficient than oxygen in nucleating both voids
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and interstitial loops. At higher gas concentrations, the void density de-
creased for helium but remained constant for oxygen. This was explained in
terms of the different solubilities of the two gases in copper. It was con-
cluded that gas enhanced void formation by acting to stabilize the vacancy
clusters. A subsequent investigation of the annealing characteristics of the
voids present in the helium and oxygen-injected specimens showed that oxygen
has a very large effect on the surface energy of the voids, while helium has a
negligible effect.(147) An oxygen concentration of 100 ppm reduced the
surface energy by a factor of 1.7.

Several degassed copper specimens that were implanted with carbon prior
to irradiation contained neither voids nor dislocation networks. (146) Speci-
mens implanted with oxygen or helium in conjunction with carbon exhibited less
swelling than if the carbon was absent. This indicated that carbon inhibits
void formation by acting as a point defect trap.

Swelling did not occur in specimens that had been implanted with hydrogen
prior to irradiation.(145) Three types of samples were implanted with hydro-
gen: non-degassed, degassed, and degassed copper which was subsequently work-
hardened. None of the specimens contained voids or dislocation networks.
Either the hydrogen diffused out of the specimens, or it had no effect on
damage formation. The absence of voids in the non-degassed copper was not
explained.

One criticism which may be raised concerning the Glowinski gas effects
work is the questionable quantitative results attainable with bombarding ion
energies of 500 keV. Al1 of the TEM analysis was performed in the peak damage
region, where injected interstitial effects may be significant.‘148) At this

energy the peak damage region is located at a depth of 150 nm.(144) Therefore
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the observed results concerning void formation may be greatly influenced by
the free surface, as was previously mentioned. Buckley et a1.(124) found that
void swelling fell to zero during HVEM irradiation of copper at 250-300°C for
foil thicknesses of less than 500 nm. Further support for this argument may
be found from the fact that Glowinski et al. did not observe void formation in
(non-outgassed) high-purity copper which has been pre-injected with hydro-
gen,(145) contrary to expectations.

Kno]1(7) irradiated outgassed and non-outgassed high-purity copper with
14-MeV neutrons (peak damage region depth 2> 2 um) in an attempt to determine
the effect of outgassing on void formation. Unfortunately, no voids were ob-
served in either case following irradiation at 400-500°C to a peak damage
level of 3-10 dpa (K = 0.3). The absence of voids was attributed to the high
purity of the copper (lack of gaseous impurities), in support of the Glowinski
et al. results. A recent void nucleation calculation(l48) indicates that the
swelling regime for ion-irradiated pure copper in the absence of gas should be
from 100-250°C. Therefore, it appears that the presence of gas may simply
shift the upper range for void formation to higher temperatures; Kn011(7) may
have been at too high of an irradiation temperature to observe void formation
in copper that did not contain any gas. It appears that more basic work re-
garding the effect of gas on void nucleation is needed.

I11.C.2. Copper Alloy Void Formation Due to Ion Irradiation

There are very few known studies of void formation in ion-irradiated
copper alloys (see Table 4). Mazey and Menzinger(141) found that Cu=Nj alloys
were very resistant to void formation, in agreement with previous neutron(go)
and later HVEM(119’120’125) studies. No voids were observed in alloys con-

taining greater than 2% Ni solute for irradiation doses well in excess of 30
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dpa. They proposed that fine-scale clusters of Ni atoms were acting as point
defect traps, thereby inhibiting vacancy agglomeration into voids. This
hypothesis was later reaffirmed in an HVEM study(lzo’lzs)

Venker et al.(150) investigated the influence of fast diffusing substi-
tutional solutes on the swelling behavior of jon-irradiated Cu alloys. Alloys
of Cu-0.7% Mg and Cu-0.7% In were found to cause reduced swelling compared to
pure Cu when irradiated with 150 keV Cu ions. The maximum swelling tempera-
ture was shifted towards lower temperatures by 20-30°C for the alloys as com-
pared to pure Cu. The reduction in swelling was attributed to the idea that
some of the fast diffusing solute atoms occupy interstitial positions and
consequently there is an increased probability for vacancy-interstitial
annihilation to occur in these alloys. The shift in the peak swelling temper-
ature was explained by an elevation of the mean diffusion coefficient for the
two Cu alloys.

Kn011(7’36) has irradiated Cu-3.4 at% Be, Cu-1%Co and Cu-1%Fe specimens
with 14-MeY Cu ions to peak damage levels of 1.5-15 dpa (K = 0.3) at temper-
atures 350-525°C. No void formation was observed in the Cu-Be and Cu-Co
alloys for any of the irradiation conditions.(7) Voids were observed in a
quenched Cu~Fe specimen which was irradiated at 400°C to 1 dpa (K = 0.3). The
lack of void formation in the copper alloys was proposed to be due to lack of
nucleating agents (gaseous impurities), and also due to point defect trapping
at the interface of coherent precipitates. For the Cu-Be alloy, it was also
speculated that the absence of voids may be due to Be solute interacting with
the point defects and/or Cu-Be precipitates acting as point defect sinks.(7)

Leister(142) has recently reported the results of a thorough investi-

gation of void formation in copper alloys. Alloys containing 0.1 at.% and 1%
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of Pt, Ni, Au, Be, Ag, and Sb were irradiated with 200 keV Cu ions to a damage
level of 30 dpa (K = 0.4) at temperatures between 400 and 600°C. A1l of the
0.1% alloys exhibited enhanced swelling as compared to pure copper, with fast
diffusing solutes (Au,Ag,Be,Sb) causing slightly more swelling than slow dif-
fusing solutes. No correlation was observed between swelling and the copper-
solute misfit size or alloy electronegativity. The 1% alloys all showed
reduced swelling as compared to pure copper. The Cu-1% Au and Cu-1% Be alloys
did not exhibit void formation at any temperature. No explanation for the
observed results was proposed. An additional investigation of the effect of
Ni solute concentration on void swelling was carried out. Swelling was re-
duced with increasing Ni content, and no swelling was observed for Ni solute
concentrations greater than 10%Z. Increasing Ni content from 0.1% to 1% caused
a delay in the incubation dose and a lower steady-state void density. Swell-
ing in Cu-0.1% Ni began to saturate at a dose of 60 dpa (K = 0.4) with a value
of 10-12%. The Cu-1% Ni alloy exhibited swelling saturation at a dose of 40
dpa (K = 0.4) with a value of 3-4%. It is probably not appropriate to attempt
to extract any quantitative information out of the Leister study due to the
low energy of the ions used to create the displacement damage -- surface ef-
fects(124) and injected interstitial ion effects(148) will certainly exert a
large influence on the void nucleation and growth. However, the observed
qualitative trends may still be applicable.

A recent investigation of the effect of 14-MeV Cu ion irradiation on the
microstructure of cold-worked plus aged Cu-0.12 at.% Zr and Cu-0.8% Cr-0.12%
Zr-0.4% Mg revealed that no voids were observed following irradiation to peak
damage levels of 15 dpa (K = 0.3) at temperatures of 400-550°c . (148,149) oy -

ever, a low density of large voids was observed in an annealed Cu-Zr sample
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following irradiation to 15 dpa at 300°C. This indicates that the swelling
regime for these alloys in the absence of gaseous nucleating agents may be
restricted to temperatures less than 300°C (0.4 Tn).

II1.C.3. Pure Copper Loop Formation Due to Ion Irradiation

Loop formation in copper following ion irradiation has been studied by
several investigators.(103’151'170) Ruhle(82) pas summarized most of the
early ion-irradiation loop formation studies in copper. Heavy ion irradi-
ation-induced Toop formation in pure copper has also been recently reviewed by
Stathopou]os.(151) A summary of some of the loop formation studies in copper
and copper alloys following ion irradiation is presented in Table 4. The
general trends may be summarized as follows.

Irradiation of copper with low-energy (30-150 keV) Cu ions at ambient
temperatures has been found to produce predominantly vacancy-type loops 1.0-
9.0 nm in diameter with Burgers vector b = a/3 <111>.(157’158’160’162’165’167)
The loops were often faulted or dissociated, and were superimposed on a back-
ground of irresolvable "blackspot" clusters. The vacancy loops are formed by
collapse of the vacancy-rich core of the displacement cascade on close-packed
p]anes.(162) Few interstitial loops are formed during low-energy heavy ion
bombardment due to a high 1loss rate of interstitials to the nearby free
surface. For irradiation temperatures above ambient conditions, an increasing
percentage of the vacancy loops are found to be unfaulted with b = a/2 <110>
and stacking fault tetrahedra are also observed.(162) The loop density and
size was found to decrease dramatically for 30 keV Cut ion irradiation at
temperatures above 300°C. Stathopoulos et a1.(167) have recently observed
that the effect of a 30 keV Cut jon irradiation at ambient temperatures is to

cause exclusive formation of vacancy-type Frank loops (b = a/3 <111>) which
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were equally distributed on the four {111} planes. Their reported size
distributions appear to be well described by a log-normal curve. Kno]1(7) re-
ported the formation of scattered dislocation loops approximately 30 nm in
diameter along with dislocation tangles following a 14-MeV Cu jon irradiation
to a peak damage level of 4 dpa (K = 0.3) at 400°C.

There have been at least two investigations of the effect of ion irra-
diation temperature on loop formation over the temperature range of 90-300
K.(165'168) Schindler et al.(165) foynd that the cluster size following ir-
radiation with 30 keV Cu ions showed a step-like increase at an irradiation
temperature of about 200 K. Laupheimer et al.(168) repeated the above study
and did not observe this step-like increase -- the loop diameter was found to
be constant (d = 3.6 nm) over the irradiation temperature range 6-295 K.

Bombardment of copper with gas ions results in a different microstructure
as compared to heavy ion irradiation.(152'163) The gas atoms act as impuri-
ties in the target, which lead to interstitial loop formation often accom-
panied by small vacancy clusters. Bombardment of copper with 20-60 keV H* and
38 MeV He** was found to produce large interstitial loops and 2 nm diameter
vacancy clusters.

II1.C.4. Copper Alloy Loop Formation Due to lon Irradiation

Copper alloy loop studies have centered on the effect of stacking fault
energy on loop formation during ion bombardment. In Cu-10% Al and Cu-16% Al,
the lower stacking fault energy caused dislocation loops to dissociate more
easily into S.F. tetrahedra.(103’154) However, the basic damage structure
remained similar to that of pure copper.

Researchers at Harwell have recently extended these early results on loop

formation in copper alloys, using 30-90 keV Cu or W jon irradiations conducted
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at room temperature.(169’17°) Copper alloyed with Al, Ge, Si, Ni, Zn or Be
(low stacking fault energy alloys compared to copper) were found to have a
greater concentration of stacking fault tetrahedra due to loop dissociation.
The alloys exhibited higher visible cluster concentrations as compared to pure
copper, with the cluster concentration increasing with increasing solute con-
tent. No simple relationship was observed concerning the effect of alloying
on the cluster size distribution. It was concluded that the same cluster
formation mechanism operates in the alloys as in pure copper, i.e., athermal
collapse of the vacancies in the displacement cascade to form small dislo-

cation loops.
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IV. Fundamental Studies: Radiation Hardening and Resistivity Changes

Recent emphasis on the mechanical properties of irradiated materials com-
bined with ongoing basic studies programs have led to a resurgence in funda-
mental investigations of the effect of radiation damage on material proper-
ties. Experimental tools included in this classification are tensile tests,
hardness tests, various ductility tests (Charpy V-notch, disk bend, etc.) and
resistivity measurements. The following summarizes some of the work reported
in the literature during the past few years.

IV.A. Pure Copper

There have been several recent studies of the effect of neutron irradi-
ation on the yield strength and hardness of copper and copper
a]]oys.(15’105’107’171'175’186) Mitchell et a1_(105) used tensile tests to
determine the extent of radiation hardening in copper following a room temper-
ature 1l4-MeV neutron irradiation. The increase in yield strength appears to
vary linearly with the fourth root of neutron fluence, which would indicate
that the defect cluster density was proportional to the square root of flu-
ence.(15) Higgy(172’173) examined radiation hardening in copper and Cu-Al
following a 70°C fast neutron irradiation by using tensile tests. A large
increase in the critical shear stress due to irradiation to 7 x 1023 n/m? was
observed. The critical resolved shear stress increased and the work hardening
coefficient (n) decreased dramatically during irradiation for strain levels
less than 20%.

E1-Shanshoury and Mohammed(171) and Mohamed et a].(174) measured the
Brinell hardness and yield strength of copper irradiated at 40°C with fast
neutrons to fluences of 8 x 1023 n/m2, After an incubation period of <1 x

1021 n/m2, the hardness of copper was observed to continually increase up to
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the maximum fluence. In both studies, the change in the yield strength
plotted vs. (¢t)1/2 and (¢t)1/3 was linear up to a fluence of 2 x 1022 n/m2,
At higher fluence levels, the rate of radiation hardening decreased and the
yield strength began to approach an asymptotic value (Aoy > 300 MN/mz).

Brager et a1.(107) apq Zinkle and Kulcinski(15,186) paye measured the
Vickers microhardness (VHN) of copper following a low fluence (< 8 x 1021
n/m2) room temperature 14-MeV neutron irradiation. Brager et al. found that
the increase in the VHN was linear with the square root of neutron fluence
with no incubation period. Zinkle and Kulcinski observed that the change in
the VHN was proportional to (¢t)", n = 1/4 ~ 1/2, with an incubation fluence
of ~ 3 x 1020 n/mé. The conclusions from the latter investigation are some-
what uncertain due to the Tow indenter load used to make the measurements (10
g).

Gonzalez and Bisogni(175) found that the increase in yield stress of
copper following irradiation with fast neutrons at 77 K up to a maximum flu-
ence of 7 x 1020 n/m2 was proportional to (¢t)1/2. A tendency for saturation
was noted for doses > 5 x 1020 n/m2. (This may be an indication that the flu-
ence dependence of radiation hardening is changing to ~ (¢t)1/3.)

Blewitt et al.(176) recently monitored the change in yield strength (Aoy)
of copper irradiated at 4 K with fast neutrons. They observed a large change
in yield strength, and this radiation hardening remained essentially constant
during an anneal to 600 K, Since dislocation loop formation 1is strongly
temperature dependent, they concluded that radiation hardening must be due to
some other type of barrier. Other researchers have indirectly shown that dis-
location loops are responsible for radiation hardening in copper,(15’107) con-

trary to Blewitt's conclusion. Resistivity and microhardness predictions for
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dislocation loop density using existing theoretical models were found to be in
good agreement with the observed TEM cluster density following a room tempera-
ture 14-MeV neutron irradiation.(15) Ghoniem et a1, (106) have recently theo-
retically investigated the effect of dislocations and dislocation Toops on
radiation hardening. The model predictions agreed well with experimental ob-
servations.(107)

Pletnev and Platov(178) have developed a model for dislocation loop size
distribution which is in very good agreement with experimental TEM observa-
tions. Konstantinov et a].(201) have recently monitored the microstructure
and yield strength of copper irradiated with 23-MeV protons at 220°C. They
experimentally found Acy ~ (ndwcp)l/2 and that the loop density (n) was
proportional to (¢t)0-7,

There have been several recent HVEM investigations to determine the dis-
placement energy of copper.(179’180) It is observed(179’181’182) that the
minimum displacement energy (Ed) is strongly dependent on temperature, de-
creasing by a factor of 2 as the temperature is increased from 70 K to 500 K.
Urban and Yoshida(179) indicated that the dependence on temperature was proba-
bly due to low-energy PKA's in the <110> directions. Therefore, the tempera-
ture dependence is expected to be much weaker for high-energy irradiations, in
agreement with experiment.(183)

Several resistivity experiments have been performed at low temperatures
in order to determine irradiation damage energies of different neutron
spectra. This quantity is important for calculations of displacement damage
levels (dpa correlations between fission and fusion neutrons). Results have
been obtained for d-Be neutrons,(184) 14-MeV neutrons(185,188) ang fast fis-

sion neutrons. (6,185,187) It was found that the high energy neutrons produced
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3-3.5 times as much damage in copper as fast fission neutrons, in good agree-
ment with damage energy calculations. (6)  14-Mev neutrons were about 15% more
effective in producing defect damage than d-Be neutrons per unit fluence.

As was mentioned in the introduction of this review, there have been
several recent investigations on the effect of incident particle energy on the
resultant displacement damage.(4’6’189'192) The damage efficiency is gen-
erally determined by measuring the radiation-induced resistivity increase at
liquid helium temperatures. Previously, the "standard" value of the displace-
ment efficiency factor was taken to be K = 0.8, regardless of the mass or
energy of the irradiating partic]e.(5) Measurements on irradiated copper
indicate that K = 0.25 for high energy neutrons.(4’6) Resistivity studies of
copper irradiated at low temperature with either high energy‘proton,(189’190)
a]pha,(189) or carbon(189) jons or 23%y fission fragments(lgl) found that the
observed damage energy of the ion bombardments was the same as for fast
fission neutrons (K = 0.25). Averback et a1_(192) measured damage efficien-
cies for various ion species incident on copper. They found K ~ 0.8 for pro-
tons, but then the damage efficiency decreased rapidly with increasing pro-
jectile mass. The efficiency became relatively constant for projectiles
heavier than Ne with a value of K ~ 0.3 for copper.

Investigation of the fluence dependence of defect production during low
temperature fast neutron irradiation has shown that the resistivity increase
with fluence is less than linear (see Nakagawa(lss) and references therein).
This effect is caused by the overlap of Frenkel defects at high doses leading
to enhanced recombination (radiation annealing), and recent experimental re-
sults have been found to be in reasonable agreement with existing theory.(188)

Omar et a].(190) found that the resistivity change of pure copper irradiated
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with 10-16 MeV protons at 17.5 K varied linearly with dose. It is possible
that they were at too low of a dose to be affected by radiation annealing.
Birtcher and Blewitt(191) observed that the resistivity and length changes of
ion irradiated copper were linearly related to each other, even when defect
clustering was expected to occur. They concluded that the resistivity change
per defect is unaffected by defect clustering. This conclusion is in sharp
disagreement with previous clustering studies(193) (also see discussion on
clustering in Ref. 194),

Isochronal annealing studies following low temperature irradiation have
found that the amount of recovery occurring in stage I (interstitial migra-
tion) increases with dose while the amount of recovery in stage III (vacancy
migration) decreases with dose. (188,195,196) The temperature where stage III
recovery occurs also shifts to a lower va]ue.(188’196)

Maurer(197) has recently given a thorough review of radiation-induced
resistivity experiments for copper both with and without magnetic fields. The
neutron irradiation temperatures ranged from 4-330 K, with most of the studies
concerned with the lower temperatures (relevant for superconducting magnet
stabilizers). The maximum fluence was given as 4.5 x 1023 n/m?, Chaplin and
Co]tman(lgg) recently studied resistivity changes in copper due to defects and
transmutations during a reactor neutron irradiation near room temperature.
For a room temperature irradiation the resistivity change due to defects is
known to saturate at high fluence,(lgg) while the resistivity change due to
transmutations increases linearly with fluence. The transmutation contribution
was found to exceed the defect contribution at a fluence of ~ 4 x 1023 n/m2 (~
0.02 dpa, K = 0.3).(198) Therefore, from an engineering point of view it was

concluded that transmutation resistivity increases were more important than
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defect resistivity increases since a typical copper magnet in a fusion reactor
will experience doses much larger than 0.02 dpa during its lifetime.

Lehmann et a1.(195) investigated the effect of temperature on damage rate
during a high-energy ion irradiation of copper. They found that the initial
damage rate at 80 K was 25% of the damage rate found for irradiation near 4 K.
The damage production rate was determined to be intermediate between values
for electron and fast neutron irradiation.

Theis and WOllenberger(Zoo) used resistivity techniques to calculate the
number of interstitials which escape correlated (in-cascade) recombination
during fast neutron irradiation. This quantity is important for radiation
damage modeling. The irradiation was conducted at temperatures between 50 K
and 170 K, where the interstitial is mobile but vacancies are not. They esti-
mated that 15% of the total cascade interstitials escaped correlated recombi-
nation. Using a similar analysis, Zinkle and Ku]cinski(ls) estimated that 1l1-
16% of the defects created during a 14-MeV neutron irradiation of copper at
room temperature escaped recombination events.

Narayan et a1.(166) have examined copper samples in cross-section in an
electron microscope following irradiation with various energetic ions. The
fraction of displaced ions which were retained in visible defect clusters was
computed, and the theoretical depth distribution of damage was compared to TEM
observations. The range of 1-MeV protons was in good agreement with LSS
theory, whereas LSS theory was found to underestimate the peak damage region
for Cu and Ni ions incident on copper by 5-25% depending on the ion energy
(greatest disagreement for low energy ions). Kn011(7) observed similar re-
sults during a cross-section investigation of 14-MeV Cu ion irradiation of

copper alloys. It was determined by Narayan et al.(166) that electronic stop-
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ping of Cu and Ni jons in copper is not proportional to the ion velocity as
predicted by LSS theory.

IV.B. Copper Alloys

The effect of alloying on radiation-induced microhardness and yield
strength changes in copper following neutron irradiation at or near room tem-
perature has been recently studied by several investigators.(15’107’171'
174,186) Conflicting results have been obtained on the relative importance of
solution hardening versus radiation hardening. For example, addition of Al
solute to copper has been reported to have either a large(107’171) or an
insignificant(174’185) effect on the unirradiated strength. Copper alloys
containing A1, Ni and Si solutes have generally been found to exhibit radi-
ation hardening similar to that of pure copper.(107’171’174) Addition of 2
at.%Z Mg or Sn to copper resulted in a 200-300% increase in the unirradiated
yield strength, and also somewhat larger radiation hardening compared to pure
copper.(174) This was attributed to the lower stacking fault energy of these
alloys. Mohamed et a].(174) also reported that Al, Ge, Mn, Ni and Si solutes
had only small effects on both the unirradiated strength and on radiation
hardening. Two independent investigations of Cu-5 at.# Mn have resulted in
opposite conclusions: Brager et a].(107) found that Mn increased the unir-
radiated strength of copper and had an insignificant effect on the subsequent
radiation hardening. Zinkle and Kulcinski (15,186) reported that the unirradi-
ated strength of Cu-Mn was similar to that of pure copper, while the irradi-
ated strength was substantially larger due to a shortened incubation fluence
for radiation hardening in the alloy.

The fluence dependence of radiation hardening in copper alloys is similar

to that reported for pure copper -- various reports have found that radiation
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hardening in the temperature range 20-70°C is proportional to (¢t)1/2, (pt)1/3
or (¢t)1/4. Some of the variance in dose dependence may be due to the fluence
range 1investigated. Several results indicate that the radiation hardening
rate changes with fluence, and saturation may start occurring for fluences ~ 3
x 1022 n/p? (171,174) 14 4 uncertain whether there is an incubation fluence
prior to the occurrence of observable radiation hardening in copper alloys,
since most investigations have not examined very low fluence behavior. Zinkle
and Kulcinski(15,186) found that the addition of 5 at.Z A1, Mn or Ni solute to
copper decreased the incubation fluence for observable radiation hardening
from 3 x 1020 n/m2 to less than 1 x 1020 n/m2. This was attributed to short
range ordering effects.(lss) In general, the slope of the radiation hardening
versus fluence curves appear to be roughly the same for pure copper and all
single phase copper alloys. This may be an indication of equivalent damage
production rates in all of these materials.

Resistivity measurements have been conducted on dilute copper alloys in
order to identify nonpurity atom trapping/detrapping mechanisms and to measure
solute atom-point defect capture radii.(182’202'206) These quantities are
important for the determination of solute atom enhancement of point defect
recombination. The capture radii of impurities were found to decrease with
increasing irradiation temperature in the range 50-170 K. This was attributed
to radiation-induced detrapping.(zoz) The capture radii of most impurities
became zero at about 110 K. Solute trapping energies as large as 0.24 eV have
been observed.(148) Thorough reviews of this subject may be found else-

where., (182’ 204)
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V. Concluding Remarks

As 1is evidenced by the preceding sections, a rather large volume of
experimental data has been published on radiation effects on copper and its
alloys. Table 5 1lists the number of radiation damage studies presented in
this review according to irradiating species and observed radiation effect.
Dislocation loop formation following irradiation was not fully reviewed in
this report due to the presence of several extensive reviews available in the
literature (in particular, following neutron irradiation).(82'84’151)

Examination of the radiation damage literature reveals that there is
presently no known high-fluence neutron data for copper or copper alloys (see
Table 6 below). It is known that pure copper swells readily at very low
neutron doses (< 0.1 dpa). However, the steady-state swelling rate can not be
determined without higher fluence data. Charged particle studies indicate
that the incubation dose for void swelling is from 0 to ~ 5 dpa, and the
linear swelling rate is similar to that observed in stainless steel (Table 6).
For copper alloys, it generally appears that low amounts of solute (< 0.1%)
enhance void swelling while large amounts (> 1%) suppress swelling.

The authors of this report are aware of several extensive fast neutron
irradiation programs which are currently being conducted on copper and copper
alloys. Details of the materials being irradiated and the irradiation con-
ditions are available in Refs. 207-210. High-fluence irradiation data from
these investigations at temperatures of 400-515°C should become available by
the end of 1985,
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Table 5. Number of Experimental Studies of Radiation

Effects in Copper and Copper Alloys

Solute Segregation

Electron
Ion

Neutron

*partial listing

24
11

28

63 (16 alloys)

Yoid

12
10
12

34

Loop*
15
21

53

Table 6. Summary of General Loop and Void Observations in Irradiated Copper

Irradiating Loop
Species Character
Electron Interstitial
Ion Vacancy
Neutron i,v mix

Max. Dose for
Void Swelling

Swelling
Rate

95 dpa
(K = 0.8)
> 30 dpa
(K = 0.3)
0.2 dpa
(K = 0.3)

82

0.5-0.8%/dpa
(K = 0.8)

0.2
(K

-O.

?

6%/dpa
0.3)

Max. Observed
Swelling

14%
17% (Ar preinject)

9%
14% (He preinject)

0.5%
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