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The stability of the ¥’ phase of the nickel-base alloy Nimonic PE16 under irradiation with Ni™ ions of
300-keV energy is studied by means of transmission electron microscopy. The disordering of the y’
phase could be followed as a function of fluence. The main finding is the observation of weak but
measurable superlattice reflections between 0.1 and 1 dpa after irradiation at room temperature. The su-
perlattice reflections disappear in two steps. Their intensities decrease considerably within a fluence of
0.1 dpa, while weak intensities are observed up to a fluence of 1 dpa. These reflections disappear com-
pletely after a fluence of 2 dpa. The results are discussed within a model which considers both disorder-
ing and dissolution of precipitates under cascade producing irradiation.

L. INTRODUCTION

Irradiation with energetic particles influence the mi-
crostructure of materials significantly. Processes such as
precipitation of new phases, dissolution of equilibrium
phases and the production of defect structures limit the
stability of a material in a radiation environment and are
therefore investigated in many different systems. In the
case of ordered precipitates, mainly two processes deter-
mine the stability of the precipitates under irradiation: (i)
the disordering of the ordered phase and (ii) the dissolu-
tion of the precipitates by atomic mixing. The investiga-
tion of both processes is therefore necessary for an under-
standing of radiation effects in such materials and for a
prediction of the microstructural evolution under irradia-
tion.

The stability of ordered precipitates under ion irradia-
tion was studied earlier"? for the y /7’ technical alloy Ni-
monic PE16 by means of transmission electron microsco-
py (TEM). The decrease in intensity of the superlattice
reflections, which indicates a decreasing degree of order
in the specimen, was taken to estimate the dissolution
rate of the y' phase. The authors proposed a disorder-
dissolution model for the dissolution of ordered precipi-
tates based upon certain assumptions about the coupling
of the disordering and dissolution processes. However, as
no direct measurement of the changes in the concentra-
tion profile around the precipitates existed, the disorder-
ing process could not be distinguished from the dissolu-
tion one.

Recently, Martin and co-workers®>~® have proposed a
more detailed theoretical description of the evolution of
ordered precipitates under irradiation, which allows to
calculate simultaneously the degree of order and the con-
centration profile around a precipitate as a function of ir-
radiation parameters in the case of ordered B, and L1,
structures.>® They predict significant differences between
the respective stability in the degree of order inside the
precipitate and the concentration profile around the pre-
cipitate, respectively.

This paper deals with the experimental investigation of
the disordering and dissolution mechanisms of precipi-
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tates under ion irradiation. L1,-ordered y' precipitates
are irradiated with Ni* ions of 300-keV energy at room
temperature. The evolution of the order in the y’ phase
as a function of irradiation time was followed by observ-
ing the changes in the intensities of superlattice
reflections by means of TEM. As the dissolution of the
precipitates could be studied by field-ion microscopy with
atom probe (FIM-AP) independently of the state of order
of the y’ phase, the disordering and the dissolution pro-
cesses could be investigated separately.

In Sec. II we report on the specimen preparation and
on the experimental technique for imaging of the y'
phase with TEM. The results of the irradiation experi-
ments are given in Sec. ITI. The discussion of the experi-
mental results and the comparison with model calcula-
tions are presented in Sec. IV.

II. EXPERIMENTAL TECHNIQUES
A. Specimen preparation

The technical alloy Nimonic PE16 is a nickel-base al-
loy containing mainly Fe (34 at. %), Cr (16 at. %), Al
(2.7 at %), Ti (1.5 at. %) and Mo (2 at. %). An appropri-
ate thermal aging following solution treatment leads to
the precipitation of spherical ¥’ precipitates, the volume
fraction of which lies between 3 and 10%. Both the y’
phase and matrix y phase have a face-centered-cubic
structure with lattice constants of 0.359 15 and 0.359 25
nm at room temperature, respectively. The y’ precipi-
tates are coherent with the ¥ matrix. The lattice distance
misfit amounts to about 0.03%.

The small quantities of C and N (less than 0.2 and 0.02
at. %, respectively) present in the alloy lead to the pre-
cipitation of carbides and nitrides. Their volume fraction
is less than 1%.

The kinetics of precipitation of carbides and ¥’ phase
under thermal treatment has been investigated in detail in
previous works by means of various complementary ex-
perimental techniques: field-ion microscopy with atom
probe, small-angle neutron scattering and transmission
electron microscopy with energy-dispersive analysis.’
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The evolution of particle size and particle number density
has been investigated in a broad range of aging tempera-
tures and times. Therefore, the precipitate size and num-
ber density appropriate for the present investigation tech-
niques could be adjusted accordingly.

The alloy Nimonic PE16 was delivered by Glossop Su-
peralloys Limited. The specimens were solution annealed
at 1313 K for 2 h under argon atmosphere and quenched
in water. A precipitate diameter of 19+4 nm was
prepared by subsequent aging at 1025 K for 24 h under
argon atmosphere. The obtained volume fraction was
0.0610.02. These data are in good agreement with those
of Degischer et al.” obtained under similar thermal treat-
ment.

The TEM specimens to be irradiated were electrolyti-
cally thinned to a thickness of 10 um in a solution of di-
lute perchloric acid. After irradiation, they were back
polished from the unirradiated surface until perforation
occurred.

B. Detection of the ¥’ phase by TEM

The y’ phase is ordered with a L1, structure (Cu;Au
type). Hence the y' precipitates can be easily imaged in
dark-field mode with a superlattice reflection. Figure 1
shows a dark-field image of the ¥y’ phase imaged with a
{210} superlattice reflection. We have also used a
bright-field technique to image the precipitates. The
nonirradiated y’ precipitates can be imaged using a con-
ventional bright-field imaging technique.” We however
found thickness contrast imaging® of the precipitates to be
more sensitive. If the thickness of the foil increases as
the distance from the foil edge increases, then thickness
fringes, which correspond to successive minima and max-
ima in the intensity, will appear. As the ¢’ phase is rich-
er in Al content as compared to the y phase, its extinc-
tion distance is larger than that of the matrix. The pres-

FIG. 1. Dark-field image of the ¥’ phase after solution an-
nealing at 1313 K for 2 h and subsequent aging at 1025 K for
24 h. A {210} superlattice reflection in the {(211) reciprocal
plane was used for imaging. The mean diameter of the precipi-
tates and the volume fraction of the y’ phase are 19+4 nm and
0.06£0.02, respectively.
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ence of a ¢’ precipitate in the changing thickness region
of the foil therefore results in a change locally of the
effective thickness of the foil. As a consequence, the y’
precipitates will be imaged alternately in dark and bright
contrast differently from the matrix.® The contrast will
be stronger at places where the intensity varies rapidly
with the foil thickness. The contrast observed experi-
mentally is shown in Fig. 2.

The knowledge of the foil thickness is, on the one
hand, necessary for the determination of the volume frac-
tion of the precipitates, and, on the other hand, it is of
great importance for investigating the irradiation effects,
because of the limited range of the ion damage. The foil
thickness can be determined from convergent beam
diffraction patterns.9 However, this procedure could not
be used in the case of irradiated specimens because of the
high density of radiation-induced defects (dislocation
loops, small voids, etc.) in the specimens. Therefore, we
used the method proposed by Reed,!® which is based on
the property that the intensity of the x-rays produced in
the specimen by the electron beam bombardment is a
function of the foil thickness. Using the energy disper-
sive x-ray analysis attachment to the TEM, the intensity
of the x-rays for different foil thicknesses was calibrated
for a nonirradiated specimen. The corresponding foil
thickness was measured using the convergent beam tech-
nique. The foil thicknesses in the irradiated specimens
were then determined by measuring the x-ray intensity
and using the calibration curve of x-ray intensity vs foil
thickness.!!

An important feature of the Nimonic PE16 alloy is the
small volume fraction of the ¥’ phase, which is due to the
low Al and Ti content in the alloy. This feature is obvi-
ously favorable for a theoretical treatment, as the precipi-
tates can be treated as being isolated in the matrix. On
the other hand, this fact precludes any quantitative deter-
mination of the degree of order of the precipitates, as the
intensity of the superlattice reflections is correspondingly
small. In the present investigation, we will report on the

FIG. 2. Bright-field image of the y' phase with a thickness
contrast. The y’ precipitates have a larger extinction distance
than the matrix and are imaged alternately in bright and dark
contrast.
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qualitative evolution of the intensity of the superlattice
reflections in the (211) reciprocal plane as a function of
fluence.

I1I1. IRRADIATION EXPERIMENTS

The irradiation experiments were performed by using
8Ni* ions of 300 keV. The specimens were irradiated
across an area of 2 mm diameter with a beam current
density of ®=5X10" m~2s™!. The total cross section
o, for recoils above the displacement energy of 40 eV
was evaluated with the use of the simulation program
TRIM.!? The damage between the surface and a depth of
100 nm varies only slightly. The mean total cross section
amounts to 0, =2X10"" m%!® The resulting displace-
ment rate K in displacements per atom and per second
(dpas™!), is given by K=0,% and amounts to 1073
dpas™!in the present investigation.

All irradiation experiments included in this paper were
performed at room temperature. The fluence varied be-
tween 0.001 and 2 dpa. Figure 3 shows a dark-field image
of the ¥’ phase after irradiation with a fluence of 0.05
dpa. Small dark areas can be seen within the precipitates
showing local influence of the displacement cascades.
Dark-field imaging of the y' precipitates at higher
fluences was not possible due to the very low intensity of
the superlattice reflections. The precipitates could, how-
ever, be imaged even after irradiation with fluences of 1
and 2 dpa using the thickness contrast imaging technique
as described in the previous section. Examples of such
images are shown in Figs. 4(a) and 4(b). A qualitative
comparison shows that the size of the precipitates is un-
changed when compared to the nonirradiated state.

The disordering kinetics of the ¥’ phase was followed
by comparing the intensity of the superlattice reflections
in (211) zone axis diffraction patterns in specimens irra-
diated to different degree. The observed decrease of the

FIG. 3. Dark-field image of the ¢’ precipitates after irradia-
tion with Ni self-ions at room temperature with a displacement
rate of 1073 dpas™! to a fluence of 0.05 dpa. A {210} superlat-
tice reflection in the (211) reciprocal plane was used for imag-
ing.
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intensity of the superlattice reflections after irradiation
with increasing fluences is illustrated in Fig. 5. Figure
5(a) shows a diffraction pattern from (211) zone axis
from specimen in the aged state before irradiation (see
Fig. 1). The superlattice reflection is clearly visible and
its intensity is fairly strong. Figure 5(b) demonstrates the
decrease in the intensity of the superlattice reflections
after irradiation with a fluence of 0.1 dpa. Between 0.1
and 1 dpa, only a very weak residual intensity can be ob-
served [Fig. 5(c)]. However, as the intensity of the super-

(a)

FIG. 4. Bright-field image of the y’ precipitates after irradia-
tion with Ni self-ions at room temperature with a displacement
rate of 107> dpas™! to fluences of (a) 1 dpa and (b) 2 dpa.
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FIG. 5. Diffraction patterns of ¥’ containing specimens (a)
before irradiation and after irradiation with Ni self-ions at room
temperature with a displacement rate of 107° dpas™! to
fluences of (b) 0.1 dpa and (c) 1 dpa.

lattice reflections is very weak, a quantitative evaluation
was not possible. The intensity vanishes after an irradia-
tion of 2 dpa. The same qualitative behavior of a two-
step process was observed for the displacement rates of
10"* dpas™! and 1072 dpas™ !, i.e., a first rapid reduc-
tion of the intensity of the superlattice reflections within
0.1 dpa and its disappearance with fluences larger than 1
dpa.

From the qualitative analysis of dark-field images,
bright-field images and of diffraction patterns, we can
conclude that at room temperature (i) the ¥’ phase disor-
ders for the most part already after a fluence of 0.1 dpa;
(ii) a residual intensity of superlattice reflections is ob-
served up to fluences of 1 dpa; (iii) after a fluence of 2
dpa, the superlattice reflections disappear while the pre-
cipitates can yet be imaged in bright field.

IV. DISCUSSION

The detection of the degree of order by measuring the
intensities of superlattice reflections is a common tool in
transmission electron microscopy. However, deciding
which type of order is present in the specimen, e.g., a
homogeneous state of long-range order, fluctuations of
the long-range ordered state on a mesoscopic scale or on
a nanometer scale as may be expected under cascade pro-
ducing irradiation, or short-range order, is a more
difficult task. A detailed determination of the shape of
the intensity peaks in the diffraction pattern and of the
diffuse scattering contributions should be carried out.!*
In the present work, this was not possible due to the
small volume fraction of precipitates in the alloy. For the
purpose of this investigation, we restrict ourselves to the
discussion of the evolution of the intensity of the super-
lattice reflections and attribute the decrease from an ini-
tially complete long-range order into a lower ordered
state in terms of the order parameter S. We show in the
following that this assumption allows us to resolve the
basic processes of disordering and dissolution operating
under irradiation.
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A. Disordering

The disordering rate of ordered phases depends on the
type of irradiation and on the temperature, e.g., irradia-
tion experiments with electrons with energy of typically
1 MeV show that an ordered phase will disorder, at
sufficiently low temperature, after about 1 dpa,’>~'7 while
ion and neutron irradiations induce disordering much
more effectively: significant disorder is already created
after 0.1 dpa.»1> 13

An important question is obviously how large the de-
gree of an average state of order S, is, which can be ob-
tained after very high fluences, i.e., for steady-state condi-
tions. At very low temperatures the irradiation induces a
totally disordered state. A residual degree of long-range
order was observed below room temperature in many in-
termetallics [Ni;Al, NiAl, FeAl (Ref. 19)] under electron
irradiation, whereas in the case of ion or neutron irradia-
tion, complete disordering is generally reported. In par-
ticular, Nelson, Hudson, and Mazey1 reported a com-
pletely disordered state of the ¥y’ phase in the Nimonic
PE16 alloy after irradiation at room temperature with 3-
MeV nickel ions to a fluence of 0.1 dpa.

If the disordering process occurs randomly, then the
time dependence of the order parameter is simply given
by S(¢)=Syexp( —eKt) where € is a parameter character-
izing the effectiveness of the disordering process. Its
magnitude depends on the type and temperature of irra-
diation. Experimentally, it is extracted from the initial
disordering rate and has values of typically 1-3 dpa™'
for electron irradiation'*!” and 10-100 dpa~! for ion or
neutron irradiation.'>!® The parameter € was estimated
to be about 15 in the case of 3-MeV Ni* ion irradiation
of the compound Ni;Si at room temperature.”’ Hence a
fluence of 1 dpa of heavy ion irradiation would reduce the
order parameter by more than six orders of magnitude,
according to the above exponential expression. This is in
contrast to the present results, as in our experiment a re-
sidual intensity is observed up to fluences as high as
1 dpa. Although the present results seem to be at vari-
ance with earlier experiments,' they have been confirmed
for the alloy NiyAl recently.?! Under the same irradia-
tion conditions as used for the present investigation, non-
vanishing intensities of superlattice reflections were ob-
served at room temperature up to a fluence of S dpa,
indeed indicating a residual degree of order S, > 0.

A nonvanishing degree of order for high fluences can
only be understood if a significant reordering occurs dur-
ing irradiation. Several processes are proposed in the
literature.> The main locally operating reordering mech-
anism is the direct restoration during the production of
the damage itself, i.e., annealing of a cascade, replace-
ment sequence or uncorrelated recombination of vacan-
cies and interstitials. In heavy ion irradiation the dom-
inant process of atomic redistribution is connected with
the production and annealing of defects (i.e., antisites, va-
cancies and interstitials) inside cascades,?? which can be
described in the framework of a thermal-spike model.??

In addition to the local reordering by cascades, there
will be reordering by long-range migration of point de-
fects. For this mechanism the reordering rate depends on
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the product of the concentration and the jump frequency
of the point defects.?*

Reordering by vacancy migration is well understood
and discussed in many ordered systems under thermal
conditions and under irradiation, for example in Cu;Au
(Ref. 25) or in Ni;Mo.!” The contribution of vacancies
to the reordering of the y’ phase at room temperature is
assumed to be negligibly small, as the vacancies become
mobile only above 400 K.2%?” The estimated migration
energy is 1.35 to 1.38 eV in the Ni-Al system including
Ni;AlL

The effect of interstitial diffusion on the ordering kinet-
ics needs a more detailed discussion. We have estimated
the influence of interstitials on the reordering kinetics in
the ion-irradiated L 1, structure. The reordering rate was
calculated using a simple rate equation approach for the
evolution of the interstitial concentration as a function of
irradiation time.?® As no stationary state is established at
room temperature at a fluence of 1 dpa, the radiation-
induced order-disorder transformation had to be calculat-
ed with a time-dependent reordering rate. We used for
the calculations the migration energies estimated by
Dimitrov et al. from recovery curves in Ni-Al alloys, i.e.,
E} =0.16-0.28 eV for different Ni-Ni dumbbell intersti-
tial configurations.?%?’ Using a fractional production of
freely migrating interstitials of 0.01 and ¢, =107 for the
defect sink concentration,'>? a significant reordering by
long-range interstitial migration would indeed be predict-
ed, when assuming the interstitials to order as effectively
as vacancies. This is, however, not likely to be the case
for the following reasons: (i) according to molecular-
dynamics calculations, the interstitials in Ni;Al migrate
mainly via Ni-Ni dumbbells on the Ni lattice, which do
not contribute to reordering; (ii) no significant recovery
stage was observed between 190 K and room temperature
indicating that the reordering process is not likely to be
caused by a long-range diffusion of interstitials;?%?7 (iii)
the experimental results of the evolution of the state of
order in initially completely ordered Ni;Al under elec-
tron irradiation below room temperature'®3° cannot be
understood if it is presumed that the efficiency of intersti-
tial ordering is similar to vacancy ordering. The data for
Ni;Al by Liu and co-workers'>* show a completely
disordered structure for temperatures 7' < 190 K, and an
increasing steady-state value S, for temperatures
T >190 K, which are well below the temperature of va-
cancy migration.?% If the interstitials would contribute to
reordering as vacancies, only a small reduction of the ini-
tially completely ordered structure is predicted for a
fluence of 1 dpa and temperatures as low as 150 K. This
is at variance to the experimental findings of Liu and co-
workers.!*30

We can therefore conclude that a long-range migration
of point defects cannot account for the residual degree of
order observed in this investigation after ion irradiation
at room temperature.

A nonvanishing value S, of the order parameter of an
ordered phase after long irradiation times can be under-
stood in the framework of a thermal-spike induced disor-
dering.” Molecular-dynamics calculations have shown
that this concept indeed can be applied to ordered al-

16 209

loys.?>3"33 The concept of disordering by cascades using
the thermal spike is based on the idea of a localized depo-
sition of high-energy density in the cascade region. In the
volume of the cascade an effective temperature can be
defined which determines the ordered state in that
volume. It depends on the rate of energy dissipation in
the cascade whether the disordered volume is quenched
in.32 A quantitative application of this concept to the ex-
perimentally measured size of disordered zones in Ni;Si
as a function of matrix temperature has shown that
significant reordering happens at room temperature.?® A
fit of the model to results obtained on Ni;Si irradiated by
3-MeV Ni" ions at 350 K (Ref. 20) indicates that the
maximum disordered volume shrinks during reordering
by 20%. This would correspond to a nonvanishing order
parameter of S, ~0.2 in that case. The time evolution
of 2t3he mean order parameter of the y’ phase is then given
by

S, (1)=8,+(So—S Jexp(—eKt) , (1)

where S, depends on the temperature. S, is small for
low temperatures and increases for higher temperatures.
The residual value of the intensity of the superlattice
reflections observed between 0.1 and 1 dpa can be under-
stood qualitatively in the framework of Eq. (1) with the
parameters €=15 and S, =0.2. Work on the mono-
phase Ni;Al intermetallics is under progress to get a
more quantitative information.?!

B. Dissolution

In the case of a two-phase alloy, a cascade producing
irradiation at low temperatures may cause the dissolution
of a precipitated phase by atomic mixing. The dissolu-
tion of the ¥’ phase in the alloy Nimonic PE16 at room
temperature has been studied by FIM-AP.>*"%7 It was
shown that this process can be described by a diffusion-
controlled transport process of the solute atoms into the
surrounding matrix. The second Fick’s equation

dc(r,t)
ot

determines the temporal evolution of the radial concen-
tration c(r,t) where D is a constant diffusion coefficient
and r is the spatial vector having its origin at the center
of the spherical precipitate. With appropriate boundary
conditions, the solution of Eq. (2) for increasing diffusion
times is shown in Fig. 6. The radiation-induced diffusion
coefficient normalized by the displacement rate
D /K =0.75nm’dpa”! was estimated by a quantitative
analysis.>> This value agrees well with published data of
mixing diffusion coefficients.*® It is obvious from this pic-
ture that at the beginning of the dissolution, the concen-
tration inside of the precipitate remains constant, while
the concentration at its boundary falls quickly.
Reordering of a disordered volume by cascades is gen-
erally expected only if the local concentration inside of
the precipitates allows the formation of the ¥’ phase. In
order to estimate the precipitate volume in which reor-
dering of a damaged volume is possible, we assume that
the local concentration of Al and Ti must be larger than a

=DV?(r,t) )
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FIG. 6. Calculated diffusion profiles modeling the dissolution
of the y' precipitates under irradiation. The value of the
diffusion coefficient normalized by the displacement rate is 0.75
nm?dpa”!. ¢, and ¢,, are the precipitate and matrix concentra-
tion of the diffusing species, respectively.

given concentration c);;,. The limiting concentration of
the ¥’ phase in the phase diagram of Ni;Al may be taken
as an approximation of cy,,. If during diffusion the local
concentration of Al and Ti becomes smaller than cy,,
then reordering of the damaged volume is not possible.
The critical radius R (¢) of a precipitate in which the
concentration is above c¢y;;,, and which can therefore reor-
der, is then given by the implicit equation

¢(Ry (1),8)=cyy - (3)

The dependence of the critical radius Ry, on fluence is
shown in Fig. 7 for an initial precipitate radius of 10 nm,
a dissolution rate given by D /K =0.75 nm?dpa™! and a
limiting concentration ¢y, =0.24. The fast decrease of
Ry, at smaller fluences corresponds physically to the fast
reduction of the concentration gradient at the
matrix/precipitate interface. As already pointed out, the
concentration inside the precipitate remains practically
constant at the beginning of the dissolution process.

Furthermore, the above discussed disordering process
and the dissolution process have time constants which
differ by about two orders of magnitude: whereas most of
the disordering is completed after a fluence of 0.1 dpa,
dissolution of precipitates with an initial diameter of 20
nm needs fluences of more than 5 dpa. Therefore, we
may introduce an effective order parameter S.(¢) as the
product of a dissolution term, which describes the
remaining fraction of ordered y’ precipitate volume, and
of the order parameter S,.(t) inside the y' phase [see Eq.
M]:

N,(8) R, ()

S t)=—-—
S ATy R}

S,.(1) . )

In Fig. 8, the order parameter S, and the effective order
parameter S are plotted as a function of the fluence
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FIG. 7. Calculated critical radius above which the composi-
tion of the precipitates does not yet correspond to the composi-
tion of the y’ phase. The initial radius of the precipitates is 10
nm. The values were calculated assuming the dissolution mech-
anism displayed in Fig. 6 with a critical concentration
cim(Al+Ti)=0.24 and a dissolution rate of D/K=0.75

nm*dpa~!.

again for precipitates with an initial diameter of 20 nm,
with the parameters e=15, S =0.2, and a dissolution
rate D /K =0.75nm?*dpa~'. In this plot, we have taken
into account that the precipitate number density N,
remains constant during irradiation.’*3’ The curve
S.4(t) reproduces in a qualitative way (i) the fast disor-
dering of the ¢’ phase within 0.1-0.2 dpa, (ii) the plateau
value of the intensities of the superlattice reflections ob-
served between 0.1 and 1 dpa, and (iii) their final disap-
pearing due to the dissolution of the precipitates.

The fact that, after a fluence of 2 dpa, the precipitates
have disordered although they are still present in concen-

1 T T T T
B~
Q
g |
Q
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~ \

\u

E 1 ‘\\ S”" -
g ]
°© Sefr

0 T T T T
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FIG. 8. The order parameter S, of a single ¥’ phase material
and the effective order parameter S of ¢’ precipitates taking
into account the dissolution process are calculated as a function
of the fluence according to Egs. (1) and (4). The plotted curves
were calculated assuming a dissolution rate D/K
=0.75 nm’dpa”!, a limiting concentration cy,(Al+Ti)
=0.24, a disordering parameter e =15 and a stationary value of
the order parameter S, =0.2.
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tration, [see Fig. 4(b)] allows us to conclude that, for a
heavy ion irradiation at room temperature, the y’ precip-
itates first disorder and then dissolve. This sequence of
disordering dissolution is in general agreement with the
results of detailed numerical investigations of the
radiation-induced destabilization of the ordered B, and
L1, structures by Martin and co-workers.> -6

The irradiation temperature influences the observed
two-step process. The consequences of increasing the
temperature are (i) a reduction of the disordering
efficiency and (ii) an increase of long-range diffusion by a
vacancy mechanism. We will discuss irradiation experi-
ments at higher temperatures in a forthcoming paper.*®

V. CONCLUSION

We have reported in this paper results concerning the
disordering and dissolution of ¥’ precipitates under cas-
cade producing irradiation. The disordering of the ¥’
phase at room temperature was investigated by following
the intensity of superlattice reflections on diffraction pat-
terns as a function of irradiation fluence. A rapid de-
crease of their intensity within 0.1 dpa was observed.
The main finding is the existence of weak but measurable
intensities between 0.1 and 1 dpa. Above 1 dpa, no su-
perlattice reflections were detected, while the precipitates

16 211

could be still imaged in bright field after 2 dpa.

The following conclusions can be drawn:

(i) under cascade producing irradiation, the initially
ordered ¥’ phase does not disorder completely after irra-
diation to a fluence of 1 dpa at room temperature;

(ii) the vanishing of the superlattice reflections for a
fluence of more than 2 dpa is caused by the dissolution of
the y’ precipitates;

(iii) the introduced effective order parameter S al-
lows a consistent description of both the disordering and
the dissolution process.

The above conclusions demonstrate that, at room tem-
perature, the precipitates first disorder and then dissolve.
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FIG. 1. Dark-field image of the y’ phase after solution an-
nealing at 1313 K for 2 h and subsequent aging at 1025 K for
24 h. A {210} superlattice reflection in the {211) reciprocal
plane was used for imaging. The mean diameter of the precipi-
tates and the volume fraction of the y' phase are 19+4 nm and
0.0610.02, respectively.



FIG. 2. Bright-field image of the ¥’ phase with a thickness
contrast. The ' precipitates have a larger extinction distance
than the matrix and are imaged alternately in bright and dark
contrast.



FIG. 3. Dark-field image of the ' precipitates after irradia-
tion with Ni self-ions at room temperature with a displacement
rate of 10~ dpas ™' to a fluence of 0.05 dpa. A {210} superlat-
tice reflection in the {211) reciprocal plane was used for imag-
ing.



FIG. 4. Bright-field image of the ¥’ precipitates after irradia-
tion with Ni self-ions at room temperature with a displacement
rate of 10 * dpas ™' to fluences of (a) 1 dpa and (b) 2 dpa.



(c)

FIG. 5. Diffraction patterns of ¥’ containing specimens (a)
before irradiation and after irradiation with Ni self-ions at room
temperature with a displacement rate of 107 dpas™' to
fluences of (b) 0.1 dpa and (c) 1 dpa.



