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EFFECT OF PULSED !RRIJl!ATION ON VOIO SWELLING IN NICKEL 

J. L. Brimhall, L. A. Charlot, E. P. Simonen 

Pacific Northwest Laboratory 
Richland, Washington ,gg35z 

This study has cor..pared the void microstructure in nickel induced by a pulsed ion 
bci:ibarcl'nent to that induced by a ste~cy-state irradiation. Pulse cycles of 10 sec
onds on and 10 seconcs off produced no l:'Easurable difference in the void grovth and 
swelling in the ter.iperature range 775 to g15 K compared to continuous irradiation at 
the same instantaneous dose rate. Voia annealing during the pulse annealing· period 
was minimal Oue to the large void sizes which were obtained in these irradiations. 
Hence no measurable effect of pulsing on void growth was observed. 

l • INTROOUCTI ON 

This experimental study has compared the micr0-
structural aamage induced by pulsed irradiation 
to damage induced by steady state irradiation. 
The pulsed operation of proposed fusion reac
tors dictates that the radiation damage to the 
first wall materials will not build up in a 
continuous manner. Radiation damage accumu
lates overtime throuqh the interaction of radi
ation proauced defects which results in such 
microstructural features as voia swelling. 
Periodic interruptions in the irraoiation can 
lead to alteration of the microstructural ae
velopment through annealing of the aefect 
structure or changes in the aefect nucleation 
behavior when the raoiation begins again. A 
limited number of experiments have shown mea
surable effects of pulsing on void swelling.[!) 
However, the results have been contradictory· 
ana a consistent picture of pulsed raoiation 
damage has yet to emerge. 

In this initial study, the effect of a pulsed 
irraoiation on the void swelling in nickel was 
evaluated utilizing high energy, heavy ion bDll'
bar()nenl. More specifically, the voia growth 
(or shinkage) was aetennined as a function of 
aose for both pulsed and steady-state conoi-
t ions. This voia growth behavior was evaluated 
for three different temperatures. The experi
mental oata were then comparea with kinetic be
havior expected from a model based on annealing 
of the point defects and microstructure during 
the off cycle. The results provide insight in
to the mechanisms of void growth in a pulsea 
irradiation ·environment. 

2. EXP ER !MENTAL PROCEDURE 

The irradiation induced void microstructures 
were analyzed using transmission electron mi
croscopy (TEM). Specimens suitable for TO\, 
t.e., 3 am dia by O.l am thick disks, were 
punched from high purity nickel foil obtained 
from the Johnson-"lathey Co. The TEM disks were 
mechanically polished, electrolytically 

polished and given a vacuum anneal for 2 hat 
1000 K prior to ion bombardment. 

The specimens were irradiated at the PNL Tan
dem Accelerator Facility using 5 HeV Ni++ ions. 
Jon currents were selected to give a dose rate 
of 5 x 10-3 dpa/s at the region of observation 
(0.5 um from the surface).[2) Control speci
mens were irradiated to 2 dpa and 10 dpa under 
steady state conditions. The pulsed irradia
tion specimens were first continuously irradi
ated to 2 dpa to nucleate an established void 
population. The beam was then periodically in
terrupted so that the irradiation was 10 sec
onds on and 10 seconds off. The pulsing was 
continued until a total dose of 10 dpa was ac
currulated so as to study effects of pulsing on 
voia growth. The instantaneous dose rate re
mained constant for both continuous and pulsed 
experiments. Specimens were irraaiated at tem
peratures of 775, goo and g15 K. During pulsed 
irradiation of the nickel, beam heating to some 
specimens caused fluctuations in the test tem
perature. The maximum fluctuation observed ex
tended from 865 K to go5 K. One specimen was 
also irradiated at 775 K t~ 10 dpa in the 
pulsed mode with no prior continuous 
irradtat ion. 

A reiroval of approximately 0.5 um of the ton 
bombarded surface was made prior to observation 
in the electron microscope. Void size was 
a'easured with a calibrated eyepiece for small 
voids or a Zeiss particle analyzer for lar~ 
voids. Foil thickness was measured by stereo 
techniques. 

3. RESULTS 

The principal result was that a pulsed irradia
tion, after an initial steady state Irradia
tion, produced approximately the same micr0-
structure as the continuous irradiation. 
Typical mtcrostructures of both pulsed and con
t inuously irradiated specimens are compared in 
Figure l for the three irradiation t~era
tures. The results of the TEM analysis of the 
irradiated nickel in terms of void size, number 



Figure 1 

.. 

: , ·. 

1. Continuous Irradiation to 10 dpa 2. Continuous Irradiation to 1.dpa 
And Pulsed Irradiation to 10 dpa 

Void appearance in (1) continuously irradiated or (2) pulse<! irradiated nickel 
at {a) 775, (b) 900, and {c) 975°1;. Jn each micrograh the foll no,....,1 1s 
near [llO) • 
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density and volume fraction are given in 
Table I. Also shown are the ICM and high val
ues measured from different areas of the spec
imen. Several regions were measured on each 
specimen, and data from duplicate specimens are 
shown where available. Table J also includes 
data from one test where pulsing was initiated 
with no prior steady state irradiation. Jn 
this case, there was also no significant in
fluence of pulsing on the microstructure. 
There was, however, a greater variation in the 
void number density from region to region. Jn 
all the tests, the swelling did increase with 
oose. · 

It should be emphasized that due to inherent 
problems in TEH analysis and the nature of the 
microstructure in irraoiated nickel, small ef
fects can be missed. At the higher radiation 
temperatures, there was a large variation from 
region to region in the void number density, 
particularly in the pulsed specimens. The var
iation was due, in part, to the void size which 
was comparable to the thickness of the foil ex
amine<!. Jn aoaition, a considerable variation 
in the void parameters in nickel specirrens pre
sumably irradiated under identical steady state 
conditions has also been reported by Packan 
et al.[2) The void sizes reported here at 
10 dpa are larger than those reported by Packan 
et al.[2] at 2 opa. Our re>ults are consistent 
with those of Packan et al. when this differ
ence in dose level is accounted for. As a re
sult of these wide variations in the measured 
values, a rather large perturbation in the oe
fect state would have to occur in the pulsed 
microstructure before meaningful differences 
could be detected between pulsed and continu
ously irradiated specimens. 

4. DISCUSSION 

There have been several theoretical treatments 
which have analyzed radiation damage evolution 
during pulsed irradiation.[l,4-6) From these 

analyses, there appears to be two basic mecha- · 
nisms that can affect void growth rate during 
pulsing. One is the decrease in the void 
growth rate due to thenr.al annealing during the 
off cycle. The other is an increase in the 
gr°"th rate due to vacancies released from the 
dissolution of vacancy loops, i.e., collapsed 
depleted zones, during the off period. The 
first mechanism would be predominant at high 
ter.peratures and the second r.echanism at lower 
ter..peratures. 

The feasibility of a particular mechanism can 
be evaluated by calculating the rate of change 
of a particular defect structure during the off 
cycle in a pulse<! experiment. The calculated 
change in concentration of vacancies and sizes 
of vacancy loops and voids as a function of 
annealing time is shown in Figure 2. The nor
malized vacancy concentration is equal to exp 
(-Dvkv2t). The void and loop dissolution rate 
is estir..ated from d(dv)/dt • (2DvCvefdvl 
exp(-y!!/kTdvl· 

where 

Dv • 1.g.10-5 exp(-l.38/KT)m2/sec 

eve • exp(l.5) exp(-l.3g/KT) 

Ky2 • 2wdvov 

" • 6.8xlo-5 ev·m-2 

n. l.09xlo-29 m-3 

The loop (depleted zone) dissolution rate is 
estimated by assuming an initial size of 
0.8 nm. The curves indicate cor:iplete vacancy 
but no void annealing during the 10 second off 
time for the void sizes observed in this study. 
Schiffgins et al. reached the same conclusion, 
i.e., void annealing during pulsing was only 
pronounced for the very small voids.[6] 
The annealing time for vacancy loops, Figure 2, 

TABLE J. Void Size (dvl, number density (o) and volume fraction (%) in Irradiated Nickel 

Temp., K Condit ion 0 (nm) o (m-3 ) AV/Vt 

775 Steady 2 Opa 43 to 44 4.3-4.8 x 1020 1.8 to 2.1 
775 Steady 2 dpa 43 3.8 x 1020 1.6 
775 Steady 10 dpa 45 to 64 1.4-5.5 x 1020 1.9 to 4.8 
775 Stea11y 10 opa ·JG to GO 2. 1 •. i;.e 11 1oio ! ,") t.o ~.O 
775 Steady 2 opa 46 to 63 1.7-3.2 x 1020 1.7 to 2.2 

+ pulse to 10 dpa 
2.3-8 )( 1020 775 Pulse 10 dpa 45 to 56 2.1 to 3.8 

900 Steady 10 dpa 138 to 200 5_g_g.1 x io18 1.3 to 4.2 
900 Steady 2 dpa 178 to 210 5-17 x 101 2.4 to 5.3 

• pulse to 10 dpa 

g15 Steady 10 dpa 170 to 260 5-26 x io18 5.1 to 11 
g15 Steady 2 dpa 270 3 x 101 3.3 

• pul~r to 10 ape 
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Figure 2 : Change in vacancy concentration 
and size of depleted zones ana voids as a 
function of annealing time 

ts less than the pulse times so a contribution 
to void growth could be possible from this 
source. Ghoniem and Kulcinski have analyzed 
some data of Potter et al. on pulsed bombara
ment of nickel ana shown that the increase in 
vota size and swelling during pulsing observed 
by Potter et al. can be explained by absorption 
of vacancies which come from·the dissolution 
of vacancy loops.[5) If we use the values of 
vacancy absorption and emission reported by 
Ghoniem and Kulcinski and apply them to the 
current study, the dissolution of vacancy loops 
-.ould only cause a 50 nm dia void to increase 
to 52 nm for a void number density of 3 x Jo20 
m-3. Such a change in void size would be dif
ficult to detect within the broad range of ob
served void sizes. Therefore, such a phenomena 
might be occurring b~t would not be detected. 

Contrary to our experimental results and those 
of Potter et al.[5), Powell and Odette (4) 
reported a decrease in void size and swelling 
iri an Fe-Cr-Ni alloy, electron bombarded in a 
HVEH under pulsed conditions. There was no 
pre-steady irradiation to a sig.n1ficant void 
concentration before pulsing in those experi
ments hence void nucleation would be an impor
tant factor. The model of Powell and Odette 
does show a decrease in the swelling rate dur
ing pulsing. 

Jn our study and unlike Powell and Odette, no 
significant mtcrostructural changes were noted 

in the pulsed nickel specimen in which there 
was not pre-steady-state irradiation. Void 
nucleation is not well understood, so there 
could be differences in void nucleation behav
ior between an Fe-Cr-Ni alloy and pure nickel 
which may account for the contradictory 
results. Void nucleation is generally quite 
easy in pure nickel and it is possible that 
during the first JO second pulse there was 
already a large void concentration developed 
in the nickel. So even with no deliberate 
pre-irradiation, we may still be observing void 
growth effects. The rather wide variation in 
results from the·few pulsinQ studies reportea 
does indicate a need for better unoerstanding 
of pulsed effects on irradiation induced 
microstructures. 

5. CONCLUSIONS 

• Void growth and swelling in nickel were not 
measurably altered by a pulsed irradiation 
(10 sec on/10 sec off) as compared to a 
continuous irradiation in the temperature 
range 775 to g15 K. · 

•The results are consistent with models 
which show the pulse time too short for 
significant void annealing. 

•.Void gro.<th due to dissolution _of vacancy 
loops is possible but probably not detect
able within the wide scatter of the data. 
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