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t.Introduction

The defect structure of copper irradiated by neutrons or
charged particles has been examined extensively for many
years, The interest in this material is explained by that it
may serve as a model material for the investigation of the
defect structure in irradiated fcc metals, and by its
possible use in fusion reactor technology in the near future.
The defect structure of irradiated copper bhas been
investigated mainly by electrical resistivity measurements
[1-51, transmission electron microscopy [6,7] and by the
measurements of mechanical properties [8-10). Recently a
growing interest has been shown in heavy-ion irradiation
experiments [11-14]. The results extensively reveal the
advantages and Ilimitations of heavy-ion irradiation in the
simulation of neutron irradiations, although a lot of details
have not been so far clarified. The investigation of the
mechanical properties of materials irradiated by energetic
heavy ions is also in progress at the Joint Institute for
Nuciear Research (Dubna). This program is based on the U-400
cyclotron. The irradiation system- developed makes it
possible to perform ion bombardments under controlled
conditions [151, and our first results for Ne ion irradiated
nickel [16]1 have shown the possibilities of this project. In
the present work the deformation behaviour of polycrystalline
copper irradiated by energetic,Ne ions is investigated. The
main experimental resuits are presented here, and a more

detailed analysis will be made in the following paper.
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2.Experimental

The irradiation facility and the experimental procedure
have been described elsewhere [15-17]1. Therefore only the
most important things will be given here. Tensile specimens
were prepared from a 30 um cold-rolled sheet. The material
used was 99.998 wt® purity copper, containing Fe(0.0013 wt2)
and Ni (0.0004 wtX) as main impurities. The specimens were of
standard form for tensile test, with a 15 ma ‘gauge length and
3 mm width. Before irradiation these were annealed at 350 °C
for 1h in vacuo. This temperature produced an entirely
recrystallized grain structure with a mean intercept grain
diameter of S5 um. 'The irradiations were performed in air by
the accelerator Ne ion beam passing through a thin aluminium
window. The ion energy at the entry surface of the specimens
was 233 MeV. During the ion bombardment the specimens were
cooled by a room temperature air jet, so that the temperature
did not exceed 100 °C. The temperature was indirectly
controlled on special samples by measuring the changes in
length when the 1ion beam was switched on. The depth
distribution of the defect production cross—section for a Ne
projectile and Cu target is shown in fig.l. This
distribution function was calculated by a computer code [181]

using the relation
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where d(x) is the Frenkel-pair production cross-section per
atomy as a function of the projectile range; V(T) is the
damage function, that is the number of Frenkel-pairs produced
by a primary knock-on host atom of energy T; do/dT is the
di fferential cross-section for producing host atom recoil of
energy T; E4 is the effective threshold energy for a
displacement; JE;, is the maximum energy trensferred; and
®E+sO;1x) is the distribution of the projectile as a
function of energy E; and angle Qi at depth x. In the
calculations the modified Kinchin-Pease formula was used as
y(T), Lindhard's differential scattering cross-section was
taken as do/dT, E =29 eV, and @(EL.BJ,x) was the distribution
given by Bardos [18].

The inhomogeneity of defect production is not too large
throughout the specimen thickness, as we worked in the

transmission mode. Apparently, the defect production

cross-section varies in the range of 0.77-1.15-10™" cm’, as
shown in fig.1. The homogeneity of the ion beam distribution
along the gauge length of the samples was controlled by a
multifoil secondary eiectron-emission monitor system [15].
Owing to this device the inhomogeneity did not exceed 10%.
The mean defect production rate was 1.2-107 at' s (at
a beam intensity of 1.2-10™ ion cw? s ).
After the irradiations the stress-strain curve was
measured at room temperature by an Instron tensile testing
-

machine. The strain rate was 1.1-10™ s', corresponding to

a crosshead speed of 0.1 mm/win.
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Fig.1. Frenkel-pair production cross-section vs. projectile
range for 233 MeV Ne ions in copper.
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Fig.2. The stress-strain curves for copper showing their

dose dependence.

1. annealed sample

2. ot=1-10" ion ca*,
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4, Pt=6-10'° ion cal.
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3. Results and discussion

The dose dependence of some representative stress-strain
curves is shown in fig.2. to demonstrate the effect of Ne ion
irradiation. It cap be seen that there are (a) a large
increase in yield stress, (b)Y a large decrease in strain to
fracture, and <(c) the wultimate tensile strength is less
influenced by the Ne ion irradiation. -As a matter of fact,
these effects resemble the results for nickel irradiated by
energetic heavy ions of Neé (161, and the results for neutron

irradiated copper [10,201.

3.1. Change in yield stress

The yield stress, according to -the £=0.002 plastic
deformation, was determined from the stress-strain curves.
Changes in yield stress A& versus ion irradiation fluence
(Pt) are shown in fig.3. At some fluences several repeated
measurements have been per formed to demonstrate the
uncertainty in data, which does not exceed +3 MPa according
to fig.3.

The starting value of the yield stress, measured on the
unirradiated specimens, was d,=35.5 MPa.

It can be seen in fig.3 that A¢ rises monotonically
saturating at the fluence %t ~3-10'° ion cm?® .

The yield stress increase is presumably caused by
irradiation defect «clustering. These clusters prevent the

dislocation propagation according to the relation [221

>
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where & is a constant, o is the shear modulus, b is the
Burgers vector, and ¢ is the cluster density with the mean
diameter d.

Inasmuch as the yield stress obviously shows a
saturation character, it 1is worth trying to apply a simple
saturation model. Thi's model is based upon the assumption
that no new cluster is formed in the vicinity of the already
existing one within the volume v. According to the model,

the cluster concentration rate is given by
dc/d(@Pt)=6; (1-cv), 3)

where ¢ is the cluster concentration, o is the cluster
production cross section and v is the effective interaction
volume between the defect clusters. The solution of Eq.(3)
gives the dose dependence of the cluster concentration:

-qy@t).

c=1/v(l-e 4)

The dose dependence of the yield stress is determined

from Eq.(2) incorporating Eq.(4):
1\
Aa=ac1-3)t (5)

where A and B are related to physical parameters as follows:

S

a6
MPa |

50

Fig.3.

1 z . 3 a 5 s
?t*(ieisioncn—z)

The yield stresg vs. Ne ion irradiation fluence for
Cu (®). Curves 1.,2. and 3. correspond to relations

(3), (9) and (10), respectively.
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The deformation to fracture as a function of the Ne

.1ion fluence.
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Curve 1. in fig.3 demonstrates relation (5), fitted to

the experimental data. There 1is a fairly good agreement
between the datid and the mathematical curve, including the
saturation too. The parameters A and B, given by the

least-squares method are as follows:

A=351 MFa

~43

B=0.8-10"" cm”.

In order to estimate the physical reality of such a
model in our casey, the <cluster production cross—-section
without their interaction can be expressed in terms of

microscopical parameters as follows:
01=€d§’§~1/n. 8

The parameters incorporated in vrelation (B) are as follows:
G4 is the Frenkel-pair production cross-section, § is tLe
atomic density of coppery ¢t is the defect-production
efficiency, that is the vratio of defects avoiding the
subthreshold annihilation to the number which theoretically
is calculated according to the modified Kinchin-Pease

expression [13], and n is the mean number of defects in a

cluster at a low dose. To obtain an estimate of the

interaction volume v, the following actual values of the

parameters were taken: d;=10'48 cmL.j’=B.5-IOLL cn’ 5:0.5
[131, n=10. The evaluation leads toc a prediction of
v=9.4-10"° cii Assuming the spherical form of this volume we

obtain its radius to be r=3 nn.

It cannot be expected from such a simple model to
describe the fine details of the complex interaction and
annihilation processes in the high-energy (5-10 keV)
displacement cascades. Nevertheless it is hoped that the
main features are refliected. According to this model, the

saturation is explained by the decreasing ciuster

concentration rate with increasing fluence, which 1is caused
by the interaction between the already existing clusters and

the newly produced cascades. The above measurements do not

‘give information about the «concrete mechanism of this

interaction. Howevery it may be not too far from reality if
it is assumed that the focussed interstitial propagation and
the residual agitation of the lattice by the "thermal spike"
may play an important role.

As a consequence of the interaction, no new <cluster is
formed, if a new cascade arises in the vicinity of an already
existing cluster, within the interaction volume; however it
can lead to changes in the dimensions of the already existing
cluster depending on the type of ;he interacting clusters. In
extreme cases the old cluster can disappear at all. There is
experimental evidence for such annihilation of clusters [19].
In this sense the given interaction volume (9.4-10%° e’y is

physically acceptable,. but it is clear that it 1is an

effective volume resulting from more concurrent processes.



It is important to note that the model presented here
;mplies' that the mean diameter of the <clusters 1is the
function of fluence, that is d=d(¢t). However it can be

.
realised, that d(¢t) is a slowly altering function, and it is
so for d* to a greater extent. Consequently the exponential
term dominates in the yield stress changes, and it gives the
saturation character.

Some comments wmust be made at this point.

a/ The majority of khe earlier measurements for neutron
irradiated copper gave another dose dependence of the yield
stress Ao, In order to compare with our data, two of them
are given in fig.3. Curve 2 is plotted according to the

relation
"
Ac=e @) , 9)

as proposed by Seeger (211, It can be seen in the figure,
that whereas the first points are Ilying on the curve, it
rises much more rapidly than the experimental data.

The Curve 3 shown in the same figure follows from the

relation
1,
Ao =f(Pt-g)* , (10)

praoposed by Zinkle and Kulcinski [51]. A small inctubation
dose is supposed by us in formula (10), for the sake of a
better fit. It is seen that a rather good agreement <can be
obtained except for the saturation region, starting at about
3-10"% ion em? . The parameters e;f and g in expressions (9)

and (10) are constant.

10

b/ Makin and Minter [20]1 have used a model similar to the one
presented above, explainihg their measurements on neutron
irradiated pelycrystaitine copper and nickel. Their

interpretation however differs from ours.

</ The problem of incubation fluence was examined in a direct

way too. The yield stress of an unirradiated specimen was
measured by defarming it only slightly over {he yield point,
and then releasing it. In this condition the specimen was
irradiated by a ftuence of up ta 0.05-10G ion cmt , which is
tess than the incubation fluence predicted by relation (10).
The jump in stress observed at the subsequent deformation
indicates the absence of incubation. It is worth mentioning
that relatian (5) does not imply an incubation dose.

d/ The role of the already existing dislocation lines is not
considered at all, although they can influence first of all

the formation of the interstitial clusters.

3.2. 0Other parameters of the stress-strain curve

Fig.4. demonstrates the change of strain to fracture vs. ion
irradiation fluence. It can be seen that there is a rapid
decrease in data starting from £=0.1 down to £=0.03, which is
similar to the trend observed in the case of Ne ion
irradiated nickel (161.

The ultimate tensile stress has another character and
strongly differs from the behavior of that of nickel (161.
At the outset of the curve it falls, then passes through a

minimum and then slowly rises again (fig.5.).

11
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The functional form of the stress—~strain curves over the
yield point was examined too. As it is usually suggested in

the titerature,

o'=Ke™, (11)

where o and € are the plastic parts of the stress and strain,
respectively, K is a constant, and m is the work hardening
coefficient. In order to determine the coefficient m, the
Ing~Ins” piots were made, as shown in Fig.6. It consists of
straight lines which confirm the validity of

relationship (11). In the case of an unirradiated sanmple
there is a single straight line, while for the irvadiated
specimens a breakpoint is observed, that is two different
values of the work hardening coefficient m, and m, belong to

one fluence. As shown in fig.7 m, and m, behave differently

vs. fluence. At low fluences my rapidly falls, then passes
through a minimum at about 1.5-10'S ion cmt y and vrises to
the starting value. This trend resembles that of ultimate

tensile stress. At the same time, at low doses m, seems to
remain unaffected and then it starts decreasing at a fluence
of about 1.5-10" ion cm*.

The results obtained obviously demonstrate that there
are two well separated parts of the deformation of the
irradiated specimen, that 1is the mechanism of deformation
changes at a certain point of elongation. The first of them
may be associated with the propagation of the Luders band.
This assumption is «confirmed by the observation that the

stress-strain curves have a jerky character immediately above
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the yield point, which is likely to be the consequence of
inhomogeneous deformation.

At low filuences the coefficient m, remains almost
unchanged, Similar observation has been repcrted by Higgy
{101 for pure copper single crystals after a high neutron
exposure, and by Makin and Minter for neutron irradiated
polycrystalline copper [20]. As far as the ultimate tensile
stress; the deformation to fracture and the work hardening
coefficient are concerned, the wuncertainties in their
measurement are usually greater than those of the yield
point, and their features are not easy to interpret without

additional measurements.
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XaBanuak K. u op.
BnusiHne oO6siydyeHHMA MOHaAMH HeOHa
c sHepruen 233 MaB Ha MexaHHueckHe CBOHCTBA Megu

E14-87-428

Hceneposamoch paguanuMoHHOE YIIpOYHEHHE Memu, OGIydYeHHOH
HoHaMH HeoHa c sHeprueit 233 MsB. IlokasaHo, 4YTO HMeeT MECTO
BO3pacTaHHe Tpefena TeKyuecTH. [J0o30Bas 3aBHCHMOCTL HMeeT
BHIO MOHOTOHHO BoO3pacTamplel KPpuBOH C HAacChmeHHeM IIpH Oo3e
3-10! 5 pon/cM?. PesynbraThl O6BACHAWTCH HAa OCHOBE MOJIeJH ,

B KOTOpPOH mpenmojlaraeTcs Bs3auMogeilicTBHE 06pasyimpux KilacTe-—
pOB.

.

PaGora BemonHeHa B Jla6opaTOpHH AAepHHIX peakuuil OHSH.

Ipenpunt O6beNHEHHOTrO HHCTHTYTAa ANEPHBIX HCcllenoBaHuit. [y6Ha 1987

Havancsak K. et al.
233 MeV Ne Ion Irradiation Effects on the
Mechanical Properties of Copper

E14-87-428

The dose dependence of the deformation behaviour of
copper irradiated by 233 MeV Ne ions was investigated..The
experiments were carried out on an external beam of the
U-400 cyclotron. The yield stress rises monotonically
from 3-101% ion cm™® dose, saturating at $t~3.10183i0on cm—2
This saturation behaviour is described by a simple satura-
tion model, which is based upon the assumption that the
cluster concentration rate decreases with increasing
fluence. It is assumed that this is cased by the interac-
tion between the already existing clusters and the newly
produced cascades. The changes of other parameters of the
stress—-strain curve are given too.

The investigation has been performed at the Laboratory
of Nuclear Reactions, JINR.
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