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Disordering and dissolution ofL12 orderedg8 precipitates under irradiation at temperatures between room
temperature and 623 K are investigated by means of transmission electron microscopy and field-ion micros-
copy with atom probe. The combination of both experimental techniques allows us to follow the disordering
process as well as chemical decomposition of the precipitates with atomic resolution. During room-temperature
irradiation and for increasing irradiation fluence, the concentration profiles across the precipitates show a
broadening of theg /g8 interface. The experimentally obtained depth profiles can be interpreted assuming a
dissolution process of the concentration inhomogeneities due to ballistic transport only. A correlation analysis
of the experimental data yields a mixing diffusion coefficient ofDmix/K5~0.7520.4

10.2! nm2 dpa21. Depending on
irradiation temperature, two dissolution regimes are observed. For a displacement rate of 1023 dpa s21, the
precipitates first disorder and then dissolve in a disordered state at temperatures below 540 K, while disorder-
ing and dissolution occur simultaneously at temperatures between 540 and 623 K. These results demonstrate
that disordering of the precipitates is not necessarily required for the dissolution. The results are in accordance
with recent theoretical predictions for the dissolution mechanism of ordered precipitates under irradiation.
@S0163-1829~96!07629-1#

I. INTRODUCTION

Irradiation of alloys by energetic particles may induce
substantial microstructural changes and phase transforma-
tions. Atomic redistribution of the constituents of an alloy
occurs by atomic mixing and by the defect reactions due to
the diffusion of the point defects to extended sinks or by
recombination. As these reactions are controlled by nonequi-
librium processes, they produce a radiation-induced distribu-
tion of phases which can differ significantly from that which
is expected for thermal treatments.

Heavy-ion irradiation of a two-phase precipitate/matrix
microstructure at temperatures where atomic mixing is pre-
dominant is known to cause dissolution of the precipitates
~for a review, see Ref. 1!. The theoretical models developed
to describe precipitate stability under irradiation take into
account the counteraction of the two processes of dissolution
and reprecipitation. The later is generally described by
radiation-enhanced growth and coarsening of precipitates.
Some differences exist concerning the dissolution process.
Nelson, Hudson, and Mazey,2 and Hudson3 propose a disso-
lution model based on a mechanism of recoil dissolution.
Precipitate atoms are ejected into the matrix. The evolution
of an average precipitate radius is described by a rate equa-
tion. The precipitate radius reaches a stationary value de-
pending on irradiation conditions. Abromeit4 considers the
influence of the concentration of point defects on the nucle-
ation process of the precipitates and predicts the existence of
a critical radius and of a stationary radius. If the calculated
stationary radius is smaller than this critical radius, the pre-
cipitates dissolve completely. Frost and Russell5 model the
dissolution by a term of precipitate solute deposition into the
matrix, depending on the creation rate of solute recoils and
the precipitate size. They treat the precipitate as having a
stationary interface. The steady-state value of the matrix sol-

ute concentration is calculated and the size evolution of the
precipitates is predicted.

When considering the influence of irradiation on a long-
range ordered precipitated phase, two aspects are obviously
to be considered:~i! dissolution of the precipitated phase and
~ii ! evolution of the order inside the phase. Both aspects have
been addressed in the past experimentally and
theoretically.1,6–9 The dissolution of the precipitates is gen-
erally described by resolution due to ballistic effects, which
are counteracted by radiation-enhanced diffusion promoting
transition back to the thermodynamically stable state. Sev-
eral models consider either disordering alone10–12 ~evolution
of the degree of order under irradiation! or dissolution
alone.4,5,13 Other models describe both processes under dif-
ferent assumptions. Nelson, Hudson, and Mazey2 and
Hudson3 suppose in their disorder dissolution model that or-
dered precipitates will dissolve by recoil resolution more ef-
fectively than nonordered ones, as creation of disorder will
destabilize them. Liou and Wilkes14 consider that disorder
inside of the precipitate induces an increase of free energy
which modifies phase diagrams and may cause phase insta-
bility.

All these models have the common shortcomings that~i!
the influence of the displacement cascades is only considered
to change the size of precipitates and~ii ! they do not treat the
disordering and dissolution as interdependent processes, thus
failing to consider details of the thermodynamic relationships
in an adequate way. The influence of irradiation on the con-
centration gradients, precipitate solute atom concentration,
and chemical order is not taken into account on a local scale.

Recently, two more elaborate models have been proposed,
which overcome these shortcomings and take the local varia-
tions of the atomic distribution of the alloy atoms into ac-
count. Martin and co-workers15–22use a kinetic master equa-
tion based on the Bragg-Williams approximation to evaluate
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atomic jumps at a discrete scale. The irradiation is modeled
by a forcing parameter which characterizes the different
kinds of irradiation~electron, light ions or heavy ions!. Not
only a dissolution of a concentration inhomogeneity, but also
transitions between different ordered structures are predicted
during the irradiation. These authors treated the dissolution
of B2 ordered as well as ofL12 ordered precipitates in a
disordered matrix.

A similar, but simplified approach is taken by Matsumura,
Müller, and Abromeit.23 They use the formalism of
Ginzburg-Landau differential equations to describe the spa-
tial and temporal evolutions of the order parameter and spe-
cies concentrations in a continuum. The details of the ballis-
tic jumps for the change of the concentrations and of the
long-range order parameter are neglected. Within this ap-
proximation, the evolution of the two-phase structure under
irradiation is described by coupled differential equations,
which can be solved for various microstructures.23 As in the
more sophisticated treatment of Martin and co-workers15–22

the symmetry of the precipitate shape is conserved because
the cascade effect, which consists of locally and timely cor-
related bursts of ballistic jumps, is not taken into account.
Both approaches15–23 predict the evolution of the degree of
order inside the precipitate and the concentration profile
around the precipitate as a function of irradiation parameters
and temperature.

In a recent publication, we have reported on disordering at
room temperature of theg8 phase as a function of irradiation
time by means of transmission electron microscopy~TEM!.24

In this article, we report experimental results on both disor-
dering and dissolution of orderedg8 precipitates as a func-
tion of irradiation temperature. Two experimental techniques
were used. Field-ion microscopy with atom probe~FIM-AP!
is adequate to resolve both the concentration profiles around
precipitates and the evolution of concentration gradients ad-
jacent to the interface precipitate/matrix with atomic
resolution.25–27Disordering of the ordered phase was studied
by transmission electron microscopy in the diffraction mode.

In Sec. II we introduce the experimental techniques used
in this work. In Sec. III we report results on the dissolution
mechanism of theg8 phase of the nickel-base alloy nimonic
PE16 at room temperature. Section IV is devoted to coupling
of disordering and dissolution at higher temperatures. A dis-
cussion of the dissolution mechanism depending on tempera-
ture and a comparison with theoretical models are the subject
of Sec. V.

II. EXPERIMENTAL TECHNIQUES

A. Field-ion microscopy with atom probe

The field-ion microscopy with atom probe~FIM-AP! is
suitable to resolve both the concentration profiles of all spe-
cies in the precipitate and the evolution of concentration gra-
dients adjacent the interface at a subnanometer scale.25–27

The principle of the atom-probe technique may be summa-
rized as follows. If a high voltage is applied to a specimen
having a small radius of curvature~10 to 100 nm!, the field
strength at its surface is large enough to eject atoms from the
tip surface. This field evaporation process is triggered by a
high-voltage pulse. Hence, the chemical identity of the ions
can be determined by time-of-flight spectrometry. A circular

aperture is installed between the specimen and the single-ion
detector and determines the tip area that can be analyzed.
The size of this area can be adjusted typically between 1 and
5 nm. During the experiment, the specimen is continuously
field evaporated, so that an in-depth analysis of the materials
is performed. The depth resolution of the measurement is on
the order of one atomic layer. The results of an analysis are
the data identifying the successively collected ions. From
these raw data, it is possible to deduce quantitative informa-
tion on the dissolution process, as shown in the next sections.

B. Specimen preparation and irradiation

The alloy nimonic PE16 was chosen for the investigation.
It is an Al and Ti containing FeNiCr base alloy. Proper ther-
mal treatment leads to the precipitation of spherical, coher-
ent,L12 orderedg8 precipitates within ag matrix. The speci-
mens used in the present investigation were solution
annealed at 1313 K for 2 h under argon atmosphere and
subsequently aged at 1045 K for 65 min~FIM specimens! or
24 h ~TEM specimens! to prepare precipitates of radius 3.5
and 10 nm, respectively. The volume fraction of theg8 phase
was 6–7% in both cases, in agreement with published data.28

This two-phase microstructure constitutes the initial state for
all irradiation experiments. The FIM specimens were elec-
tropolished in a solution of dilute perchloric acid in order to
obtain specimens with a radius of curvature smaller than 50
nm. The specimens were irradiated at the heavy-ion accel-
erator of the Hahn-Meitner-Institut Berlin.58Ni1 ions of 300-
keV energy with a flux of 0.8 mA m22 were employed for all
experiments. This corresponds to a displacement rate of
K51023 dpa s21 according to theTRIM code calculations.29

As the penetration depth of such ions is on the order of 100
to 150 nm, the FIM specimens were first prepared, then ir-
radiated, and finally transferred to the field-ion microscope
for analysis. More details on the irradiation facility for FIM
specimens can be found in Ref. 30. The TEM specimens
were thinned electrolytically from one side before irradiation
and, after irradiation, back polished from the nonirradiated
side until perforation occurred.

III. DISSOLUTION MECHANISM
AT ROOM TEMPERATURE

A. FIM-AP depth profiles

A FIM-AP depth profile is obtained by continuous field
evaporation of the surface atoms of the specimen and pro-
vides the composition of a cylinder of matter. As the field-
evaporated ions reach the detector atom by atom, each con-
centration point in the depth profiles~called a concentration
block! is calculated from a given number~typically 50 to
200! of sequentially collected ions. The concentration values
obtained this way are plotted as a function of analyzed depth.
The analyses were carried out with a diameter of analysis of
1.960.2 nm. Such a value is smaller than the average pre-
cipitate diameter of approximately 7 nm and allows the de-
tection of roughly 35 atoms per layer in the crystallographic
^111& direction. The depth profiles shown in the present ar-
ticle are displayed with concentration blocks containing 100
atoms. This corresponds to approximately 3 atomic layers in
the ^111& direction.
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Figure 1 displays the depth profiles of Ni, Fe, Cr, Al, and
Ti for a nonirradiated specimen, showing that theg8 precipi-
tates contain a high level of Ni, Al, and Ti, while they are
depleted in Fe and Cr. The precipitates have essentially the
stoichiometry Ni3~Al1Ti!, which is compatible with theL12
ordered structure. The aged state corresponding to the pro-
files shown in Fig. 1 is the initial state before irradiation.

Figure 2 shows the results after irradiation at room tem-
perature on the two-phase mixture. As the ratio of the pre-
cipitate concentration to the matrix concentration is approxi-
mately 40 in the case of Ti, this element is taken as an
indicator to follow the dissolution process. The concentration
of all other species are changed accordingly, i.e., the Al and
Ni levels in the particles decrease during irradiation, while
the Fe and Cr levels increase. We conclude that theg8 par-
ticles have dissolved after a fluence of 10 dpa at room tem-
perature.

B. Precipitate/matrix interface

Additional information can be deduced from integrated
profiles. In Fig. 3, the cumulative number of Al and Ti ions

counted in the detector versus the analyzed depth has been
plotted. Two examples are shown, corresponding to the ini-
tial state before irradiation and after an irradiation to 5 dpa.
In each case, a particle was crossed during analysis. Obvi-
ously the dissolution of the particles proceeds by a broaden-
ing of theg /g8 interface.

C. Microstructural parameters

Quantitative information about the dissolution process can
be deduced from the depth profiles. The nimonic PE16 alloy
contains spherical precipitates. As the measured concentra-
tion profile is a projection of the real 3D morphology, it is
necessary to apply a correction procedure to deduce size and
number density of the precipitates. We have used the geo-
metrical model developed by Blavette and co-workers.31,32

Assuming the precipitates remain spherical in shape during
the dissolution process, it is possible to deduce their number
density from the measured concentration profiles. Figure 4
shows the evolution of the number density as a function of
fluence at room temperature. It is obvious from this plot that
the number density remains constant within experimental er-
ror during the dissolution process.

FIG. 1. Concentration depth profiles of a specimen of the alloy
nimonic PE16 solution annealed at 1313 K for 2 h, quenched in
water, and aged at 1025 K for 65 min. Theg8 phase can be easily
recognized as a Ni-, Al-, and Ti-rich and Fe- and Cr-depleted phase.
Each concentration point in the profiles is calculated from 100 sub-
sequently detected atoms, corresponding to approximately three
atomic layers in the direction̂111&.

FIG. 2. Ti concentration depth profiles of specimen of the alloy
nimonic PE16 irradiated at room temperature to fluences up to 10
dpa with 300-keV Ni1 at a constant flux of 1023 dpa s21. The Ti
concentration in theg8 precipitates decreases as the fluence in-
creases.
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A characteristic of the series shown in Fig. 2 is a diminu-
tion of the amplitudes of the Ti peaks when the fluence in-
creases. The Ti concentration decreases in the precipitates,
while the concentration in the matrix increases. As precipi-
tate radius and diameter of analysis are the same as com-

pared to the nonirradiated state, we conclude that this effect
is not due to spatial convolution due to simultaneous analysis
of matrix and precipitate.33

The dissolution process can be quantified by means of an
appropriate correlation analysis.34,35 Indeed, it is obvious
from Fig. 1 that, as an example, the variations in composition
of the species Ni, Al, and Ti are correlated. The particles are
Ni, Al, and Ti rich, while the matrix is Ni, Al, and Ti de-
pleted. The correlation coefficient for the species Ni, Al, and
Ti amounts to%NiAlTi50.6860.07 for the profiles given in
Fig. 1. The value of the correlation coefficient is an indicator
of the degree of decomposition and depends mainly on the
concentration difference between the two phases for the in-
volved species. If the analyzed region is monophase, the
depth profiles are at random, and the correlation coefficient
is not significantly different from zero. More details concern-
ing the calculation of correlation coefficients from the ex-
perimental depth profiles and their significance are given in
Refs. 34–36. Figure 5 shows the evolution of some correla-
tion coefficients as a function of the fluence. The given error
bars correspond to an estimate of the 99.73% confidence
interval.34 All coefficients decrease in absolute value by in-

FIG. 3. Total number of detected Al1Ti atoms as a function of
the analyzed depth around precipitates before and after irradiation
at room temperature to 5 dpa with 300-keV Ni1 at a constant flux of
1023 dpa s21. The slopes reveal the different concentrations of Al
and Ti in the precipitates and in the matrix. The irradiation results
in a broadening of theg /g8 interface.

FIG. 4. Evolution of theg8 particle number density as a function
of fluence for room-temperature irradiation with 300-keV Ni1 at a
constant flux of 1023 dpa s21. After 10 dpa, no precipitates were
detected in the profiles.

FIG. 5. Evolution of selected correlation coefficients as a func-
tion of fluence for room-temperature irradiation with 300-keV Ni1

at a constant flux of 1023 dpa s21. The two-element coefficients are
positive or negative, indicative of a cosegregation or an antisegre-
gation of the considered elements, respectively. After 10 dpa, all
coefficients do not differ significantly from zero, demonstrating that
the concentration depth profiles also do not differ significantly from
random distributions. The given errors are estimates of the 99.73%
confidence interval.
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creasing fluence and approach zero after a 10 dpa irradiation.
This demonstrates that at 10 dpa the profiles do not differ
significantly from random distributions and confirms the idea
that theg8 particles are completely dissolved, within the ex-
perimental errors due to the employed lateral resolution.34

IV. DISSOLUTION AND DISORDERING
AT HIGHER TEMPERATURES

The upper profile of Fig. 6 is a FIM-AP concentration
depth profile of a nonirradiated specimen for comparison. All
other profiles in Fig. 6 are AP analyses of specimens irradi-
ated to 10 dpa at different temperatures. As shown previ-
ously, the precipitates dissolve after 10 dpa at room tempera-
ture. This holds for temperatures between room temperature
and 523 K. At the temperatures of 573 and 623 K, the mea-
sured profiles are not yet random. Ti-enriched regions are
clearly visible. However, the Ti level in these regions is dras-
tically reduced as compared to the nonirradiated state. The
examination of theg /g8 interface is as previously carried out

by plotting the number of detected Al1Ti ions as a function
of analyzed depth. The diagrams before irradiation and after
irradiations to 10 dpa at 573 and 623 K are displayed in Fig.
7 and show evidence for a broadening of the interface after
irradiation. The correlation coefficients%NiAlTi , %FeAlTi , and
%CrAlTi are plotted as a function of irradiation temperature in
Fig. 8. The corresponding values before irradiation are given
in the inset. It is clear from this picture that~i! in the tem-

FIG. 6. Ti concentration depth profiles of theg /g8 alloy ni-
monic PE16 before irradiation~upper profile! and after irradiation
to 10 dpa and at temperatures between 473 and 623 K. In the
nonirradiated profiles, the Ti-enriched zones clearly indicate the
presence of theg8 phase. Irradiation at the temperatures 473 and
523 K results in dissolution of theg8 precipitates. After irradiation
at the temperatures 573 and 623 K, Ti-enriched zones subsist, the Ti
content of which is smaller than in the nonirradiated state.

FIG. 7. Total number of detected Al1Ti atoms as a function of
the analyzed depth around precipitates. In the nonirradiated state
~upper diagram!, the different slopes reveal the different concentra-
tion of Al1Ti in the matrix and in theg8 precipitates. Theg /g8
transition occurs within approx. 1 atomic layer. After irradiation to
10 dpa at 573 and 623 K, the interface is broadened indicating
dissolution of the precipitates.
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perature range from room temperature to 523 K, where the
correlation values are not significantly different from zero,
the precipitates dissolve within 10 dpa, and~ii ! at the tem-
peratures 573 and 623 K, where the correlation values are
reduced as compared to the nonirradiated state, the precipi-
tates dissolve more slowly. Note that at even higher tempera-
tures, the precipitates are expected to undergo radiation-
enhanced coarsening.37

The disordering process was investigated by TEM by fol-
lowing the intensity of superlattice reflections in zone-axis
diffraction patterns. For temperatures between room tem-
perature and 523 K, an irradiation to a fluence of 0.1 dpa
causes a drastic diminution of the intensity of the superlattice
reflections. At higher fluences, weak superlattice reflections
are still visible up to 1 dpa, and disappear after a fluence of
2 to 3 dpa.12,24At temperatures above 540 K, the intensity of
the superlattice reflections is only slightly reduced after a
fluence of 10 dpa. These results, together with those of the
FIM investigation, are summarized in Fig. 9. Remember that
the initial radius of the precipitates was 3.5 nm for the FIM
investigation and 10 nm for the TEM investigation. It results
from our observations that, in the temperature range from
540 to 623 K, precipitate dissolution and disordering occur
simultaneously.

V. DISCUSSION

From the experimental results, we deduce that at room
temperature the dissolution proceeds with~i! constant num-
ber density,~ii ! variation of the concentration inside of the
precipitates, and~iii ! broadening of theg /g8 interface. We
conclude that the dissolution of theg8 precipitates is deter-
mined by diffusion-controlled transport of the precipitate at-
oms into the surrounding matrix due to a concentration gra-
dient. The experimental findings of the present study are well
reproduced by the Fick’s second equation with a constant
diffusion coefficient and appropriate boundary conditions, as
expected in the case of ballistic mixing.35,36,38

It is possible to calculate theoretical correlation coeffi-
cients corresponding to a given precipitate/matrix
geometry.34,35We have evaluated the correlation coefficients
for the different diffusion profiles in the case of ballistic
transport. When assuming that the precipitate mean radius,
number density, and composition of both phases are known
for the nonirradiated state, a fit of the model calculation34,35

to the experimental correlation coefficients yields the mixing
diffusion coefficientDmix . The results of the theoretical cal-
culation of the coefficients%NiAlTi , %FeAlTi , and%CrAlTi are
shown in Fig. 10 together with the coefficients calculated
from the experimental profiles. The calculated and measured
coefficients agree very well within estimated errors. We de-
duce the value

Dmix5~7.524
12!10222 m2 s21,

i.e., for the ratio

Dmix

K
5~0.7520.4

10.2! nm2 dpa21.

FIG. 8. Correlation coefficients%NiAlTi , %FeAlTi , and%CrAlTi at a
fluence of 10 dpa as a function of the irradiation temperature. At
temperatures below 523 K, all coefficients do not differ signifi-
cantly from zero. The atomic distribution is at random. At the tem-
peratures 573 and 623 K, the coefficients are significantly different
from zero but smaller than the respective values of the nonirradiated
state, indicating that the dissolution proceeds slower in that tem-
perature region. The given error bars are estimates of the 99.73%
confidence interval.

FIG. 9. Disordering and dissolution kinetics of theg8 precipi-
tates under 300 keV Ni1 irradiation at a displacement rate of 1023

dpa s21. The diagram shows the combined results obtained on dis-
ordering by means of transmission electron microscopy~initial di-
ameter of the precipitates 20 nm! and by field-ion microscopy~ini-
tial diameter of the precipitates 7 nm!. At temperatures below
Tc
o/d'540 K, the precipitates disorder within 0.1 dpa and dissolve

in the disordered state. At temperatures aboveTc
o/d and below

Tc
diss, dissolution and disordering occur simultaneously. These two

dissolution regimes are in agreement with theoretical predictions.
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Diffusion measurements on thin layers by means of sec-
ondary ion-mass spectrometry39–41 ~SIMS! have shown that
the diffusion profiles obtained after room-temperature irra-
diation can be interpreted in terms of a phenomenological
diffusion coefficientDmix . Table I contains values of the
ratioDmix/K for different alloys, all measured under irradia-
tion with Ni1 ions of 300-keV energy. These values are in
reasonable agreement with the value measured in the present
work. From the valueDmix/K50.75 nm2 dpa21 the number
of replacements per displacementnr /nd570 is obtained.
This number is in accordance with the assumption that the
dissolution of the precipitates is due to the displacement
cascades.6 We conclude that the kinetics of dissolution is
governed by the ballistic process which is imposed by the
displacement cascades. The initial state of long-range order
of the precipitates plays a minor role. This rules out the idea
of Nelson that the dissolution at low temperatures of initially
ordered precipitates is more effective than that of nonordered
ones.2

The models of Nelson,2 Hudson,3 and Abromeit4 describe
the effect of the irradiation by superposing the processes of
cascade dissolution and radiation-enhanced reprecipitation.
A basic assumption of these models is dissolution only via a
reduction of precipitate radius, without calculating the
changes in composition. Frost and Russell5 treat the particles
as having a stationary interface. In contrast, we have shown
in the present work that the dissolution proceeds through

chemical decomposition of theg8 precipitates, i.e., a drastic
change of their composition. Hence, the theoretical models
cited above do not describe details of the dissolution process
during irradiation at lower temperatures.

The present experimental results, however, are well de-
scribed by the recently developed theoretical descriptions by
Martin and co-workers15–22 and Matsumura, Mu¨ller, and
Abromeit.23 As local irregularities of the shape of the con-
centration profiles could not be resolved by the applied ex-
perimental technique, the basic approximation of statistically
distributed jumps induced by atomic replacements is an ad-
equate assumption. The concentration profiles determined at
room temperature are the result of a diffusion-controlled dis-
solution process with a constant diffusion coefficient. No in-
fluence of thermodynamic forces which would lead to jump
directions according to the gradient of the chemical potential
is found at room temperature.

TEM results concerning room-temperature disordering of
theg8 have been reported in a recent publication.24 The dis-
ordering process was followed in the diffraction mode by
following the decrease in intensity of the superlattice reflec-
tions. The initial radius of theg8 precipitates was 10 nm. For
the same irradiation conditions as in the present study, a
considerable diminution of the intensity of the superlattice
reflections is observed after a fluence of 0.1 dpa. For fluences
between 0.1 and 1 dpa, a residual intensity is observed. This
intensity disappears after an irradiation of 2 to 3 dpa. This
behavior is explained by supposing the precipitates to reach a
nonzero stationary value of the long-range order parameter12

and dissolve via the mechanism proposed in the present
study.

The present experimental results allow us to give a de-
tailed picture of the dissolution process of the orderedg8
precipitates. There is clear evidence thattwo different disso-
lution regimesare occuring at different temperatures.

At temperatures belowT c
o/d'540 K, the precipitates first

disorder and then dissolve. In an intermediate temperature
interval, 540 K,T,623 K disordering and dissolution occur
simultaneously. In other words, disordering of the precipi-
tatesis not a preliminary condition to their dissolution.

The two dissolution regimes observed experimentally in
the present study are also reproduced by the theoretical mod-
els of Martin and co-workers15–22on bothB2 andL12 struc-
tures and Matsumura, Mu¨ller, and Abromeit23 with a con-
tinuum description: depending on irradiation flux and
temperature, the precipitates dissolve either in a disordered
state, or dissolution and disordering occur simultaneously.

The shapes of the diffusion profiles around a precipitate
during the dissolution process at low and high temperature
must be different. At low temperature, the precipitates dis-
solve via a ballistic interdiffusion process. Supposing this
type of profile to be valid at higher temperature, the remain-
ing fraction of orderedg8 phase would be too small to ex-
plain the observed intensity of the superlattice reflections.
We conclude that the precipitate region within the composi-
tion range of theg8 phase must be broader, the interface at
this high temperature being, however, not as sharp as that of
the nonirradiated one. The precipitate dissolution consists of
a shrinkage of the precipitate size and a corresponding
change of the solute concentration profile at the front of the
interface. Typical shapes of calculated diffusion profiles cor-

FIG. 10. Fluence dependence of selected correlation coeffi-
cients. Comparison of the theoretical coefficients~solid lines!, cal-
culated by supposing the particles dissolve via the mechanism pro-
posed in this publication, with the experimental coefficients yields a
value of Dmix/K5~0.7520.4

10.2! nm2 dpa21 for the mixing diffusion
coefficient at room temperature.

TABLE I. Experimental values of the ratioDmix/K obtained
under irradiation with Ni1 ions of 300-keV energy.

Alloy Dmix/K Source

Cu45Ni47Fe8 2.2 nm2 dpa21 Ref. 30
Fe60Ni20Cr20 1.6 nm2 dpa21 Ref. 39
Fe20Ni60Cr20 0.9 nm2 dpa21 Ref. 39
Ni 1.2 nm2 dpa21 Ref. 41
Cu 0.9 nm2 dpa21 Ref. 41
Nimonic PE16 0.75 nm2 dpa21 Present investigation
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responding to the two dissolution regimes23 are shown in
Fig. 11. A more detailed analysis of the calculated profiles
by correlation analysis is expected to give a more quantita-
tive picture of the dissolution process.34,35,42

VI. CONCLUSION

We have presented an experimental investigation of the
dissolution mechanism ofg8 precipitates under cascade pro-
ducing irradiation. The main conclusions can be summarized
as follows.

~i! The precipitates dissolve via a ballistic interdiffusion
process which can be described phenomenologically by a
diffusion coefficientDmix . The kinetics of dissolution was
determined quantitatively by an appropriate analysis of the
depth profiles. The radiation-induced diffusion coefficient
normalized by the displacement rate amounts to
Dmix/K50.75 nm2 dpa21.

~ii ! Two dissolution regimes are observed. At such tem-
peratures where ballistic jumps are dominant for atomic re-
distribution, the long-range order is destroyed very effi-

ciently before a significant destruction of the precipitate/
matrix interface can be observed. The precipitates are first
disordered and then dissolved. At higher temperatures, the
dissolution process is slowed down and reordering is in-
creased. Disordering and dissolution occur simultaneously.

~iii ! These experimental findings are in agreement with
recent model calculations based on Bragg-Williams or time-
dependent Ginzburg-Landau approximations.
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FIG. 11. Dissolution process of an ordered precipitate under irradiation~Ref. 23!. Before irradiation, the interface is steplike at
r /R0561. R0 is the initial precipitate radius. During irradiation belowTc

o/d, the precipitates first disorder and dissolve by ballistic mixing
only. At temperatures aboveTc

o/d, disordering and dissolution occur simultaneously. The given numbers at the curves are relative time units.
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