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Phase stability of decomposed Ni-Al alloys under ion irradiation
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The disordering of a decomposed Ni-12 at. %-Al alloy under irradiation with 300-kéVidiis is studied
in direct comparison to homogeneous;Ali at various temperatures. For that, the degree of long-range order
is quantitatively determined by electron diffractometry. Heterogeneous alloys disorder significantly faster than
the homogeneous intermetallic. In addition, their disordering rate depends on the precipitate size of the mi-
crostructure. At 82 K a steady state with an intermediate degree of order is reached. The experimental results
are compared with model calculation based on a Cahn-Hilliard-type continuum model. At higher temperatures
the model yields a correct description of the experiments. However, discrepancies at room temperature suggest
a direct coupling of local composition and degree of order during the collision cascade. This interpretation is
further supported by Monte Carlo simulations of overlapping cascade events.
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I. INTRODUCTION ready been investigated intensively. Fewer studies on ion-
induced disordering of the homogeneous material are
Phase stability and microstructural evolution of ballisti- reported:*'* Owing to the very heterogeneous damage pro-
cally forced alloys are a long term interest of material phys-duced by localized cascade events, one may consider irradia-
ics. Whenever a system is driven from thermodynamic equition with heavy ions as a considerably more complex case
librium, e.g., by irradiation with energetic particles, a variety than irradiation with electrons. Nevertheless, the introduced
of different phenomena may occur depending sensitively omlamage can still be quantified in terms of displacements per
the actual experimental conditidrin this case, kinetic con- atom by well established methdds®so that the competition
siderations become especially important to predict the evobetween ballistic and thermal jumps can be investigated
lution and eventual steady states of the system. Advanceguantitatively. In contrast to electron irradiation, with ion
theoretical concepts are required to develop a sufficienirradiation complete disorder of the alloy is achieved still
physical descriptioR? above room temperature, which allows us to perform experi-
Since the mechanical properties of structural materials arments at convenient temperatures.
often tailored by optimizing a heterogeneous microstructure, Ordered precipitates have been investigated already in
it is not surprising that the behavior of precipitates in irradi-two experimental studies on a Ni-based superalloy which is
ated materials has been investigated already for severatructurally very similar to binary NiAl. The chemical disso-
decaded.However, the physically very fascinating and tech-lution of precipitates was determined by atom probe
nologically important case of ordered precipitates embeddednalysis'’ Indeed, characteristic changes of the composition
in a disordered matrix attracted systematic attention only agradient at the particle interfaces with increasing temperature
the end of the last century, after a sufficient understanding ofvere found which have been interpreted by Masgtral® as
homogeneous intermetallics had been achiédedhis case, evidence supporting their theoretical result of two different
the interplay between order and local composition raises intemperature regimes regarding the sequence of disordering
teresting questions. Which of the two processes, dissolutioand dissolution. However, one must not overlook that the
or disordering, proceeds faster? Does disordering destabilizerder structure and in consequence the type of the equilib-
the precipitates, so that the ballistic mixing is in additionrium phase transition are quite different in the experimental
accelerated by thermodynamic forces? On the other hand, tiend theoretical studies. Bourdeaual.*® observed the disor-
experimental study of these phenomena is a challengindering by electron diffractometry. Because of the weak order
problem as composition and order of small precipitates otontrast of their multicomponent alloy, the order degree
nm size must be determined. could be determined only in an at most semiquantitative
For our study, we chose the binary system NiAl since thismanner.
system shows a pretty high-order contrast in electron diffrac- In this work we present a study on ion-induced disorder-
tograms. Furthermore, it forms the base of many technologiing of decomposed binary NiAl alloys by quantitative elec-
cal important superalloys so that reliable thermodynamic andron diffractometry. The experimental data are interpreted in
kinetic data are available. The disordering of homogeneouterms of actual theoretical concepts on the phase stability
NisAl by ball milling®=° or electron irradiatiof’~*? has al-  under irradiation. A direct comparison of decomposed alloys
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to homogeneous HAI reveals that intracascade effects must
be taken into account to understand the kinetics. The paper is
organized as follows: After a short description of the experi-
mental methods, experimental results on disordering of de-
composed alloys as well as homogeneougANiare pre-
sented. Then, a kinetic continuum model based on Cahn-
Hilliard-type equations is derived in order to give a first
interpretation of the data. It turns out that this model cor-
rectly describes the behavior at elevated temperatures while £, 1. park field images of Ni-12 at. %-Al using tH&00)

it is insufficient to explain the disordering of heterogeneousefiection(a) after 24 h aging at 873 K) after an additional irra-
alloys at room temperature. In a further section, we show thagiation treatment at room temperature to 0.05 dpa.

this shortcoming is due to the neglect of intracascade dynam-

ics. A kinetic Monte Carlo model is proposed, taking into sjties, where dynamical scattering has to be taken into ac-
account a partial relaxation of order inside the cascade cor@ount. In order to get reproducible results, the specimens are
which is indeed sufficient to explain the observed faster diSa|WayS oriented in 411% zone axis beam condition and a
Ordering of small precipitates. In a final discussion assumpthickness averaging is performed a|ong the Wedge_shaped
tions underlying the models and consequences of the limitegpecimens. Details of the quantitative evaluation method are

experimental accuracy are considered. described in a recent pagéon thermal reordering of NAI.
Il. EXPERIMENTAL METHODS Ill. EXPERIMENTAL OBSERVATIONS
Two different NiAl alloys with nominal 12 and Irradiation at room temperature with dose rates between

25 at. % Al were prepared from Al and Ni of 99.999% pu- 10" % dpa/s and 10° dpa/s completely destroys the long-
rity by inductance melting under Ar atmosphere. The com+ange order(LRO) in homogeneous NAl and in decom-
positions were proven to be 18 and 24t1 at. % by posed alloys as well. In the latter case, besides the homoge-
microprobe analysis. Both alloys were homogenized aheous disordering of the M\ phase inside the precipitates,
1100°C for seven days. In the Al-poor alloy, a heterogethe interfaces become rough and the precipitates start to
neous microstructure was formed consisting of sphericashrink already at very low doses, as shown in Fig. 1. On the
NizAl precipitates embedded in a disordered matrix of aboubther hand, no indications for an amorphization are observed
10.5 at. % Al. Aging at 600 °C for 3 and 24 h yielded par- in the diffraction patterns. The development of LRO is
ticle size distributions of 260.6 and 4.60.9 nm mean shown in Fig. 2 for three different initial microstructures. In
radius, respectively. Cylindrical discs of 2.3 mm diametereach case, the degree of order was normalized to that deter-
and 0.1 mm thickness were cut by spark erosion and thinneshined before irradiation taking into account the smaller or-
to electron transparency by the usual jet polishing techniquéered volume fraction of the Al-poor alloys. Within the ex-
using an electrolyte of 95 vol% acetic and 5 vol% perchloricperimental accuracy, the behavior of homogeneou®INs

acid at 15°C. well described by a simple exponential decay,
Thinned specimens were irradiated with 300-ke&i* o
ions using the implanter IONA$Refs. 19 and 20in Gat- S(P)=Sp-e 7, (1)

tingen. Besides irradiation at room temperature, a heated tar-. . . - 1 -

. e R with a disordering efficiency oé=16+0.5 dpa ~. No finite
get stage allowed irradiation also at 450 and 550°C. The . . . .
temperature stability of the stage amounts+& °C. The fest order is observed in the high dose limit. Remarkably, the

irradiation temperature is reached with a heating rate of 26j ecomposed microstructures disorder much faster than the
K/s. Subsequent to irradiation, specimens were quenched to

room temperature with a cooling rate of 2 K/s. In order to . 1.0% .
calibrate the irradiation damage, the ballistic collisions were @ o NiAl

simulated applying therim program®® A penetration depth @ 0.8 4 NiAl(r=4.6 nm) 1
of about 100 nm and a thickness averaged displacement € ¢ NiAl(r=2.5 nm)
cross section of 1.6810 *° m? is predicted. Using beam s 087 N ]
currents between 10 and 100 nAfmorresponding to a $ 04l _
damage rate of 10#—10 2 dpa/s, the specimens were irra- §’ AN

diated to maximum doses of 5 dpa. During the irradiation, 0.2 5\.1\;\ .
the ion beam was scanned across the specimen ensuring a "*».,,,,6_"1\-~..:_f.§,.‘_i:~~~.1:L ___________
laterally homogeneous damage distribution. 0000 05 050 045 obo 025 030

Owing to the very limited penetration depth of the ions,
the damaged volume inside the specimens is rather small.
Therefore x-ray diffractometry can hardly be used to deter- FIG. 2. Development of long-range order in;Nl and decom-
mine long-range order parameters. Instead, we investigatgebsed alloygNi-12 at. %-A) during irradiation at room tempera-
the damaged zone directly with electron microscopy. Theaure (@=10"* dpa/s). Solid and dashed lines represent exponential
degree of order is determined from electron-diffraction inten-decays according to Eql).

irradiation dose @ [dpa]
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1.0 " " than homogeneous M. In a preliminary discussion of part
@ oNizAl of the presented datawe argued that this effect is due to ion
S # oNiAl (r=4.6nm) mixing which takes place in addition to ion-induced disor-
2 dering. As soon as the local composition at the particle’s
€ 05 interface falls below a critical limit o€* =0.17, the ordered
5 / o9 o 1 phase becomes instable and disorders spontaneously. How-
3 e © s50°C ever, a rather large ion-mixing efficiency of«
§’ r ‘\\ /0 1 =14 nnt/dpa is necessary to obtain quantitative agreement
0.0l 450°C with the experimental data. In order to further test this inter-
0.0 20 20 6.0 pretation, the disordering kinetics must be discussed in more
Irradiation dose @ [dpal] detail.

Martin and co-workers developed a general scheme based
FIG. 3. LRO parameter during irradiation at elevated temperaon a master equation for the different Conﬁguration prob_
tures in NgAl and in decomposed alloygNi-12 at. %-A) with  apjlities in order to describe systems under external ballistic
particles of 5 nm radiusd =102 dpa/s). At 823 K, a steady state forcing. In the case oB2 ordered precipitates, they pre-
is established in both microstructures as indicated by the solid linesjicted two temperature regimes regarding the sequence of
) ) disordering and dissolutiohBut no explicit solution for pre-
homogeneous system and, furthermore, the disordering effipitates ofl 1, structure, characterized by a phase transition
ciency increases with decreasing particle size. Assuming ags first order, was given. Therefore, to get an analytical de-
exponential dependence also for the heterogeneous §¥Ster§§ription of the interaction between composition and order,
disordering efflglenmes may be quantified ée-26 dpa we follow an earlier suggestion of Martito formulate ki-
anq e=54 dpa' for part|cle§ with .4.6 a}nd .2.6 NM Mean netic continuum equations. Matsumwraal.?* were already
radius, respectively. The disordering kinetics slows downysing continuum equations to describe Ni based superalloys
significantly with increasing irradiation temperatures, see th@inder jon irradiation. However, their kinetic equations con-
data for 723 and 823 K in Fig. 3. In this case a dose rate ofyin several temperature-dependent parameters, necessary to
10~° dpa/s was chosen, to allow the efficient competitionmodel the thermodynamics of the NiAl system, which are
between thermal and ballistic jumps. The data at 823 Kyota priori known. In the following we reformulate similar
strongly suggest the existence of a steady state in the hom@yyations using a thermodynamic model appropriate to the
geneous as well as in the decomposed microstructure with1, order transition to obtain a simple analytical model with
4.6-nm particle radius. However, the stationary degree of minimum set of free parameters. Our aim is to test quali-
order of the decomposed specimens is only about half of thagively whether the observed steady state and the faster dis-
observed for homogeneous JRi. The development of the  ordering of precipitates may be understood by the continuum
particle size distribution in a decomposed system is shown iBpproach rather than to give a quantitative exact description.
particles shrink during the irradiation treatment until a mean Ro parameters may no longer be treated as position inde-

radius of 2.0 nm is reached in the steady state. pendent. Instead, they have to be introduced as field vari-
ables, which are determined by a local average on a medium-
IV. COMPARISON WITH A CONTINUUM APPROACH sized scale of several lattice constants. Allowing for

In the case of the heterogeneous system, the interpl deviations from stoichiometry, we define the LRO parameter

between order and local composition essentially controls th

dissolution of the precipitates and thus the average disorder-

ing kinetics which is determined by the experiments. Com- 1
paring the behavior of the heterogeneous system to homoge- 5==§
neous NJAl may elucidate characteristic features of the

interaction between order and alloy composition. As the )
most striking result of this comparison, our experimentsWherec andc, denotes the local Al concentration averaged

demonstrate that precipitates disorder significantly fastePn all sublattices and the Al concentration of the “corner”
sublattice which is occupied predominantly by Al atoms in

CO(
S

c

0.8 theL 1, structure. The coupling between the composition and
D dﬁé 2 cha 5/dpa LRO fields is described to first approximation by the Gibbs
< o4 free energy, although strictly the occupancy of the different
* L] configurations in thermal equilibrium is disturbed in the
0o i driven system. The most simple representation of evolution-
00 40 80 00 40 80 00 40 80 ary equations for order and composition is then given by
Radius [nm]
FIG. 4: Slz.e dl‘_s,tr?butlons of ordered_ precipitates in N|-1.2 at. ﬁ=K<iDV20+L(T,Cb)V28f(C'S’T) —HL(T,@)V“C,
%-Al during irradiation at 823 K using a dose rate df ot Jc
=102 dpal/s. 3
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FIG. 6. Phase diagram between the terminating Ni phase and

FIG. 5. Diffusion coefficient for the kinetic calculations pre- ordered NjAl. The equilibrium phase boundariesp& 0 dpals)

sented in Sec. IV. were calculated using Eq5). In the driven cases, steady-state
boundaries were calculated using the generalized potential defined
s . . af(c,sT) in Eq. (7). For comparison experimental data points Ref(flied
—=—ebs—M(T,d) . (4)  circles and the phase boundaries of the Monte Carlo méojeén
gt Js circles are shown.

Instead, we prefer a mean-field expression introduced by

Ir) the ordgr of their appearance, the t(_erms on the ng_ht—han hachaturyaff to describe the transition between disordered
side describe the ballistic mixing or disordering, their ther-A“_i and L1, ordered AlLi

mal relaxation and finally, in the case of the composition
figld, interfacial contributions«,_ T, andH are mi_xi_ng effi- f(c,8,T)=N/2c%(Vo+3V;?) + NkgT/4{c(1+3s)In[c(L
ciency, temperature, and gradient energy coefficient, respec-
tively. In general, also the kinetic equation for the order pa- +3s)]+[1—c(1+3s)]In[1—c(1+3s)]}
rameter should contain a gradient energy term taking into
account the contribution of domain boundaries. However, a +3NkgT/4ic(1-s)In[c(1-9)]
correct concept then requires the definition of the order pa- +[1-c(1-s)]In[1—c(1-5)]}. (5)
rameter as a vector variable of three independent compo-
nents, as three out of four sublattices may be occupied indéFhis free-energy representation requires only two
pendently. Thus two further kinetic equations would have tatemperature-independent parametégsandV, representing
be introduced. In order to avoid such complexity, this gradi-the Fourier components of the interaction potential to the
ent term is neglected. Probably this simplification will not spatial frequenciekggy andkgg;. As these parameters have a
cause large errors as the calculated structures do not conta#tear physical meaning, an extrapolation to nonequilibrium
any antiphase boundary. conditions probably yields still reasonable results. In a quali-
The mobility L is connected to the diffusion coefficient by tative sense, the phase diagram is predicted correctly by Eq.
the Einstein relationl.=c(1—c)D/(kT). For the sake of (5 if Vy, and V; are adjusted to 4500kg and
simplicity, the variation ofL with composition is neglected —8300 Kkg, respectively. However, the width of the phase
as the local composition varies only between about 10 anéi€lds is underestimated at low temperatures, see Fig. 6. After
25 at. %. However, the enhancement of the diffusion by ir-defining the thermodynamic potential, the gradient energy
radiation induced vacancies may have an important effect. &oefficient in Eq.(3) is adjusted toH =256 nnf J/mol in
quantitative estimate is obtained by standard rate equations.order to reproduce the experimental interfacial en&rgy
The temperature dependence of the diffusion coefficientl4 mJ/nt.
which is used to integrate the kinetic equations, is shown in The presented kinetic model allows us to predict the de-
Fig. 5. Details of the calculation of point defect supersaturavelopment of homogeneous as well as heterogeneous sys-
tion and necessary parameters may be found in Ref. 26. A€ms by simply integrating Eq€3) and(4). However, a first
diffusion and ordering are based on the same microscopiguess about the kinetics is already obtained when possible
mechanism, the mobility coefficients of mixing and orderingsteady states are considered. In the case of a homogeneous
are interconnected. By mean-field considerations as pre?hase with fixed composition, steady-state degrees of order
sented in the Appendix, we fourd = 16L/(3 c?a3), where s* are obtained regardings/Jdt(s*)=0. In addition, the
a, denotes the cubic lattice constant. conditions of stabilityds/dt(s* —e)>0 and ds/dt(s* + €)
Matsumura and co-workers used a Ginzburg-Landau rep=0 must hold. The resulting steady-state order parameter of
resentation of the thermodynamic potenfiah their kinetic ~homogeneous NAl is plotted versus the temperature in Fig.
approach to the NiAl system. As this potential was originally7 for several dose rates. The equilibrium curée=0) re-
derived for the tricritical Fe-Al system, it does not yield a produces the temperature dependence well known for a
topologically correct description of the NiAl phase diagram.phase transition of first order, distinguished by a discontinu-
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lT”" ' ' concentration [at% Al] degree of LRO
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8L pa
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FIG. 7. Degree of order of stoichiometric Jdl in the steady 0.05 /—\ 0.4 dpa
state of Eq.(4). . . . 0
025 700K | 101 =700K
ity at an upper critical temperature. By irradiation, a second, | 0.4 dpa
lower critical temperature is established, below which the g 45 | _4dpa 0.4 dp
LRO is destroyed. As the steady-state is controlled by the |16 dpa ,/12 gp
competition between thermal and ballistic atomic jumps, this i —1° o
lower critical temperature depends significantly on the dose 905
rate. By contrast, at the upper critical temperature, thermal 00 oo 100 0 Too0 o0 100
jumps dominate the kinetics. Thus the phase stability is al- ’ X[r']m] ) ) x[,;m] )

most not influenced by irradiation, if experimental dose rates

are considered. FIG. 8. Calculated development of composition and LRO pro-
For heterogeneous systems, a phase diagram describifigs across a precipitate at three different irradiation temperatures,

the existence range of the ordered and disordered phasesds 14 nn?/dpa, e= 16/dpa,® =103 dpa/s. The average composi-

necessary to understand the experiments. Neglecting interféen of the cell amounts to 9.4 at. %.

cial contributions, as is usually done in equilibrium phase

; i ume fractions of the phases. Thus it is assumed that the main
diagrams, we obtain for the steady state of &) characteristics of the process are still described correctly.
~ Similar to the experiment, equilibrium between the particle
dc Z20=V? yot— Jf -V (ﬁ) (6) and surrounding matrix is established at 823 K before intro-
at dc dc ducing the external forcing. This way, the deviation from the

experimental phase diagram is naturally taken into account.

The parametey = K<I>/L(T CI)) describes the strength of the The initial matrix composition before irradiation amounts to
external forcing, i.e., the number of ballistic displacementsabout 4.5 at. %. The total Al content is adjusted by the cell
relative to the thermal ones. According to Ef), the com-  size to about 10 at. %, somewhat smaller than the experi-
positions at the phase boundaries may be determined by theental one to correct for the reduced matrix solubility.
common tangent construction to the modified potential Simulated composition and LRO profiles across a particle
of 5 nm radius are presented in Fig. 8. Three different tem-
peratures are selected. The room-temperature calculation
corresponds to the experimental data in Fig. 2. Further tem-
peratures are chosen near to the lower critical temperature of
Phase boundaries calculated this way for systems under ethe steady-state phase diagram, 600 K just below and 700 K
ternal forcing are included in Fig. 6. Below the lower critical above the phase boundary inside the two-phase region.
temperature, where the ordered phase becomes unstable, thigerefore at the latter temperature a heterogeneous two-
two-phase region disappears and the system becomes cophase system is stabilized in the steady state. In this case, the
pletely miscible. Between 600 and 1000 K, where irradiationthermal mobility is sufficient to establish a local equilibrium
enhanced diffusion turns out to be most efficient, the soluat the interfaces as indicated by rather steep gradients of
bility of the terminating Ni phase is significantly increased order and composition profiles. Inside the precipitates a de-
by the irradiation. At high temperatures above 1000 K, thegree of order similar to that calculated for homogeneous
equilibrium remains nearly undisturbed similar, as alreadyNi;Al is quickly obtained. During further irradiation, the Al
noticed, to the order parameter of the homogeneous systermontent of the matrix increases slowly by Al diffusion from

The temporal evolution of ordered precipitates is simu-the particles towards the matrix until the irradiation en-
lated within a cell model applying periodic boundary condi- hanced solubility limit is reached. In consequence, the aver-
tions. The calculations were restricted to a one-dimensionadge order of the decomposed system in the steady-state is
geometry to reduce the computational effort. Compared to @etermined by two effects. First, the order of the precipitate
real three-dimensional process this simplification will only phase itself is reduced. In addition, the volume fraction of
retard the mixing kineticS and somewhat modify the vol- the ordered phase gets decreased by particle shrinkage which

f(TcsCD) =f(T,c,s)— = y(d)) (1-c)c. (7)
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explains the smaller degree of order in the steady state of the V. MONTE CARLO SIMULATION
decomposed system in agreement with our experimental re- OF COLLISION CASCADES
sults.

How may a direct composition dependence of the disor-

Below the lower critical temperature, the precipitates aredering efficiency as indicated by the presented analysis be

dissolved as expected from the phase diagram, Dlsordermgnderstood? Ballistic disordering by collision replacement

proceeds significantly faster than chemical mixing as the .
o Sequences does not rely on the chemical nature of the re-
former process needs only a few, short-ranged atomic jumps, L .
laced atoms so that any purely ballistic concept will cer-

whereas the latter occurs by long-ranged diffusion. Howeve tainly fail to explain such a composition dependence. How-

owing to the varying atomic mobility, details of the dissolu- . S o . .
. ver, in the case of ion irradiation, damage is predominantly
tion process depend on temperature. At 600 K, the therma L . o .
. . . - generated inside localized collision cascades. During the late
jump rate is still sufficient that the degree of order gets .

. . ._stages of so-called thermal spikes, when the average energy
adapted to the local composition, driven by the potential i

er atom falls below the order of 1 eV, the replacements will

f(c,s). Hence disordering accelerates at the interfaces be- o . . S
o i, ecome sensitive to thermodynamics again. Within a small
cause of the reduced Al content inside the transition zone. In

. : -~ volume of a few nm diameter and during a very short period
consequence, the continuum model can indeed describe

. . o of a few tens of picoseconds, the system is able to sample
faster disordering of precipitates at these elevated tempera-_ . : : .

. . Ny ) various atomic configurations, although the average thermal
tures owing to ion mixing at the interfaces.

... mobility is virtually zero at room temperatufé.Since the
By contrast, at room temperature, the thermal mobility is . . .
. : rocesses develop too fast to be investigated by experimental
frozen as is demonstrated by a recent analysis of the reorder

: L : methods, the actual knowledge about cascade mechanisms
ing kinetics™" Since L~M~0, Egs.(3) and (4) get com- oo mainly on computeﬁJ simulatiod$. Molecular-
pletely decoupled and composition and_ qrder d_evelop 'm_jedynamics(MD) studies(eg., Refs. 31 and 32f ion irradia-
pendently from each other. Each preglpltatg dlso.rders lk€ion in ordered NjAl agree in so far that equivalent tempera-
homogeneous NAI, whereas the chemical dissolution pro- y,res inside the spike core exceed the melting point of the
ceeds very slowly on a different time scale. Thus, in thématerial for a very short period of some picoseconds. The
framework of the continuum model, the disordering rates ofchemical order is largely suppressed in theltencore, but
the decomposed alloy and J4il are predicted to be identical partly recovered during the later cooling stages. Thus, during
at room temperature, in obvious disagreement to the experthe spike event, some reordering may take ﬁl%\which is
mental observation. expected to depend on the composition inside the spike vol-
In summary, we have to state that the continuum modelime. In addition, it probably depends on the atomic configu-
reproduces characteristic features of the experiments at higtation around the spike, which may become effective as a
temperatures, i.e., the establishment of a steady state withheterogeneous nucleation site for reordering.
much smaller degree of order in the decomposed systems. In order to test this concept of a partly reordering statis-
Minor discrepancies in the temperature scales are indicateérally, a Monte Carlo(MC) simulation of the irradiation
by the very low order measured in the steady-state of homaProcess was performed on a rigid lattice. The microstructural
geneous NjAI at 550 °C, which should be, according to the €volution considered in this paper is due to the collective
model, already well above the critical temperature. But suckesult of many overlapping cascade events. Therefore the

quantitative disagreements are probably explained by thE0re strict treatment by a MD approach, which was very

rough approximation of the thermodynamics or by an erroSuccessful in elucidating the characteristics of isolated cas-
ades, is still far beyond the actual computational possibili-

neously overestimated vacancy supersaturation. Very dé& . .
tailed variations of the composition profiles at the particle’st'es' Instt)ead Wehtry to reﬁ)roduhce essenc}lal fea“éfes Ef 'SOIﬁlted
interface, like the rather sharp compositional transitions preg\\llgrlfsu?{ ;c rrﬁ;neyr os\llrgrrl)a?)Sicr:lgecr:giczréleéooﬁrtehelcctiécgnﬁgogga
dicted at 700 K compared to the smooth profiles at 600 K

Id not be finall i ing to the limited microstructure. The aim of the MC study is not to provide a
could not be .'n? y proven yet, owing to the imited accu- yaiaijeq description of cascade events but to prove whether
racy of analysig’

, the concept of reordering yields a reasonable explanation of
On the other hand, the model fails at room temperaturg,o gpserved faster disordering of precipitates.

even in a qualitative sense. Disordering and dissolution are |, Fig. 9, the basic idea of our MC approach is illustrated.
described as purely ballistic processes, which do exchanggascade events are considered as well bounded spherical
atom positions randomly. Thus, when the system is no longefolumes of radiusR. The site exchanges among the atoms
allowed to scan its configurational space by thermal jumpsgaused by the ion impact are simulated by two different
any coupling between local order and composition vanishesteps. First, all atoms inside a sphere of radtuare ran-

in the modeling. As the frozen mobility at room temperaturedomly exchanged(a) ballistic mixing]. Subsequently, sev-

is proven by experiments, this shortcoming is a fundamentatral vacancies are created inside the ballistically mixed vol-
one, that cannot be overcome by a reasonable adjustment ofne by removing randomly selected atorf(d) thermal

the kinetic parameters or the free-energy representation. Thepike]. The vacancies perform a diffusional walk at a con-
deficit may only be eliminated, if the disordering efficiency stant relaxation temperature to imitate the cooling or relax-
in Eq. (4) is considered to be directly concentration depen-ation stage of the spike. When they eventually reach a dis-
dent. tance of R to the center of the event, the vacancies are
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spikes:

intensity of Fourier component

0.6 0.8 1.0 1.2 1.4
scattering vektor k [1/a.]

FIG. 10. MC simulation of the irradiation in homogeneous
NizAl at room temperature. Intensity profiles alof@D2] direction
of the reciprocal lattice centered laho,;. Fluences are quantified
by the number of spikes generated in the simulated volume.

Phase boundaries predicted by the MC model in thermal
equilibrium are depicted in Fig. 6. Although the topology of
the phase diagram is described correctly, the solubility of the
Ni matrix is still underestimated, similar as for the con-
FIG. 9. Two-stage process to describe the mixing by cascadg_nuum quel disc_:ussed before. Beside to the p_hase equilib-
events. rium, the interaction parameters were also adjusted to the
asymmetry of the vacancy energy on the Ni and Al sublattice
annihilated by placing an Al or Ni atom, randomly chosen inof the ordered structure. This practice ensures that the ratio
accordance to the average alloy composition, at the vaca®f the Ni and Al diffusion in the ordered structure is repro-
position. Outside the spike region the system is assumed tduced consistently with experimental data. This way, specific
be frozen. The generation of vacancies close to the spikiinetic properties of the system are taken into account, which
center and their annihilation by recombination with intersti-has been demonstrated in recent work by the simulation of
tials in an outer shell resembles the diluted central region anthermal ordering® Further technical details concerning the
the compressed periphery of high interstitial density, whichtMC simulation of the vacancy jumps and quantitative inter-
have been frequently observed in MD simulations. Nevertheaction parameters are stated in this publication.
less, it is important to note that the proposed reaction scheme Important irradiation parameters of the MC model are the
assuming diffusion of isolated vacancies is only introducedpallistic radiusR, the number of vacancies,,; generated
to produce the atomic arrangement subsequent to the cascagéide the ballistic zone, and the relaxation temperature. The
event. The model is by no means suitable to simulate the reéatter is kept constant at 1100 °C, as at this temperature the
intracascade kinetics, which becomes particularly clearprdering efficiency of vacancy jumps is at maximéhin
when the diffusion time required by the generated vacancie¥D calculations the radius of th@oltenzone was found to
to reach the annihilation zone is estimated. It exceeds théepend on the energy of the primary Ni ions according to
typical lifetime of a spike by one to two orders of magnitude,

b) cooling

— 1/3
indicating that also the cooling stage of the spike represents R=3a0Eion - ®)
a collective process rather than the migration of individualp tendency to form subcascades is noticed in MD simula-
lattice defects. tions already at ion energies above 5 keV, so that we cer-

Rhombohedrical volumes of 84atoms and periodical tainly have to assume that several subcascades are formed
ferent initial microstructures are consider¢d homoge- individual subcascade to be 10—20 keV, a radius ofrtioe
neously ordered NA, (i) a spherical NjAl precipitate of 5 tenzone of about 2.5 nm is quite reasonable. The number of
nm radius, andiii) eight smaller precipitates of 2.5 nm ra- generated vacancies is treated at first as a free parameter and
dius embedded in Ni matrix. With 6 at. %, the initial com- il pe discussed later.

the MC model at about 800 K. This way the total Al contentsimuylated structures is quantified by a Fourier transformation
of the simulated volume amounts to 9.3 at. % Al. The posi-of the discrete distribution function

tion of subsequent cascades are determined randomly with

homogeneous probability. The diffusional walk of the relax- 1; if Al located atx;
ing vacancies is simulated obeying thermal statistics. For C(Xj):=
that, a vacancy jump model is used which has been recently

reported to describe thermal reordering of disorderedrhe intensity at the superlattice frequengyy, is taken as a
NisAl?! Pair interactions between nearest and next-nearesbeasure for LRO. In Fig. 10 linear intensity profiles through
neighbors are used to describe the energetics of the systetthe reciprocal lattice are shown as obtained by a simulation

(€)

0; else.
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FIG. 11. Simulated disordering kinetics of homogeneousANi ) ] ) o )
for different reordering strength®i(,;=0, 50, 200, 500, and 1000 FIQ. 12. lon-induced d|sor_der|ng of stoichiometricsNi appl
The dashed lines represent exponential disordering with efficiencig¥/0 different decomposed microstructurésverage composition
V. /V=1/47 andV,/V = 1/94. Ni-9.3 at. %-A). Comparison of MC simulatiofismall symbol$

and experimentlarge symbols The dash-pointed regression lines

. - L _ indicate the average behavior of MC simulations for precipitates
of the irradiation of homogeneous 4l with n.e=200. Af- o 'e 20d 2.5 nm radius.

ter producing 200 spikes inside the simulated volume, the

intensity has already decreased below 2% of the initial oneyg| accuracy is already very weak. The initial disordering rate
During further irradiation, a steady state of short-range ordegmounts to only half of that observed for purely ballistic
is established as indicated by the very broad intensity maXidisordering, which is seen by comparing the two dashed
mum developed at the superlattice position after performingines in the figure. Thus, with this reordering strength, the
1000 spikes. The amount of this remaining order is CONproposed spike model preserves a rest order=od.5 inside
trolled by the competition between cascade mixing and reorthe core, if the spike is initiated in previously completely
dering. However, when comparing the simulation with theg,qered NAAL.
experiment, one must not neglect the finite sensitivity of the Applying the MC model to decomposed alloys, indeed a
measurement which is realistically estimated to be aboufaster disordering of precipitates is predicted if the precipi-
1/1000 of the initial intensity. A dashed line in Fig. 10 indi- 5te size is of the same order as the cascade size. Experimen-
cates this limit, evidencing that the steady-state of the simugg| results are compared with MC simulations in Fig. 12.
lated structure would be characterized by the measurement @$.cause of the heterogeneous nature of the cascade process,
completely disordered. - the simulated data show a strong statistical scattering. Re-
If the simulated disordering kinetics of Ml is compared  gyits of four to eight statistically independent runs are shown
to the experimental result, an upper limit of the number ofi, the figure. Dash-pointed lines indicate the average behav-
vacancies generated per spike may be determined. For thady of microstructures with precipitates of 5 and 2.5 nm ra-
the simulated disordering kinetics is shown for several dif-gjys. Nevertheless, the faster disordering of decomposed sys-
ferentn,e in Fig. 11. The experimental data revealed antems and the dependence on the particle size is clearly
exponential decay of LRO with increasing fluence. By predicted and compared to the experimental data, the effect
simple geometric arguments an exponential decay is also eXs found in the correct magnitude. For this comparison xthe
pected for the MC data of purely ballistic mixin@&,=0).  axis of measurement and simulation have been calibrated to
Assuming complete disordering inside the core volume, theach other using the data of homogeneougANiWe obtain

fluence dependence of the LRO should be given by the best matching between experiment and simulation for the
already mentioned reordering strengthngf, = 200.

\ﬁ As the MC model is not constructed to describe the intra-

S= E: exp(—nsVs/V), (10 cascade kinetics but to simulate the microstructural result

after the cooling stage, there is no straightforward way to
whereng, Vg, andV denote the number and core volume of compare the model parameters with microscopic results of
performed spikes and the simulation volume, respectivelyMD simulations. However, a study of cascade events in
This is indeed obtained in the simulation as indicated by theNi Al with the latter methotf revealed several tens of stable
left dashed line in Fig. 11 wheré,/V=1/47 according to Frenkel defects in the final state and the maximum number
the given geometrical situation. With increasing number ofof transient Frenkel pairs during the event is determined to
relaxing vacancies, disordering retards, the kinetics deviate®500 for a cascade energy of 5 keV. These values indicate
from the former exponential behavior, and finally a finite thatn,,; =200 is quite a reasonable number for the relaxing
steady-state degree of order is established, which becomeacancies in the MC model. In this context, it is remarkable
pretty clear for the case of,;=1000. However, the behav- that the rest order 06=0.5 predicted by the MC model
ior obtained for a reordering strength nfe;=200 is still  agrees quite well with the valug=0.6 found in recent MD
consistent with the measurements, as significant deviationsimulations of 10-keV cascades in gdi.%° In spite of its
from the exponential decay are noticed in the simulationsimplicity, the MC model seems to describe some essential
only at intensity ratios below 0.01, for which the experimen-features of the cascade mixing and disordering realistically.
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~ FIG. 13. Irradiation of an ordered precipitdte/erage composi- FIG. 14. Radial composition and order profiles determined at
tion of the simulated volume Ni-9.3 at. %-AlTwo-dimensional  the precipitate shown in Fig. 13.

composition and order maps obtained by MC simulation. The local
LRO shown in the right columns was determined at each lattice sit€roscopic cascade process is obtained by a comparatively
evaluating the surrounding sites up to the fourth-neighbor shell. simple measurement of the average order parameter, if data
of different microstructures are related to each other. We saw
The heterogeneous nature of the cascade mixing becomésat the proposed continuum model describes the experi-
pretty clear by the two-dimensional composition and ordements at sufficiently high temperatures where, compared to
maps shown in Fig. 13. To generate these maps, the simtlhe number of thermal jumps, the ballistic forcing results
lated structure containing a precipitate of 5 nm radius hasnly in a small disturbance. By contrast, significant discrep-
been projected along f01] axis. The order maps in the ancies are noticed at room temperature which, according to
right column compare to conventional dark field micrographsour present argument, cannot be avoided by a better adjust-
like those presented in Fig. 1, although the intensity scale isnent of model parameters. To overcome the shortcoming a
inverted and spread owing to the definition of the order padirect dependence of the disordering efficiency on the com-
rameter. As the size of precipitates and cascades are compgaesition has been postulated. At this point one might ask
rable, the disordering and dissolution of the precipitates prowhether this conclusion is really imperative. Are there other
ceed very inhomogeneously. Generating 100 spikes insidéeficits of Eqs(3) and(4), which might explain the observed
the simulation volume corresponds to a fluence of 0.055 dpdiscrepancy?
according to the calibration established in Fig. 12. The simu- Martin pointed out that in general, kinetic field equations
lated morphology of the particle at this stage agrees prettghould contain cross terms coupling the driving force caused
well with the experimental dark field image shown in Fig. by a variation of order to the change of composition and vice
1(b), which was obtained at 0.05 dpa. Thus the assumed sizagersa® similar as the representation of nonequilibrium ther-
of the cascade core seems to be quite reasonable. Througtodynamics introduced by Prigogifeconnects each driv-
the simulated precipitate, radial profiles of local compositioning force to the current of each species by a general mobility
and order may be calculated similar as obtained by the cormmatrix. These cross terms have been neglected in our equa-
tinuum model(see Fig. 1% Comparing the MC result to the tions without a sounded justification. Furthermore, the Gibbs
profiles of the continuum model at room temperature in Figfree energy determined as an equilibrium potential will be-
8, it becomes obvious that now the difference in dissolutiorcome increasingly erroneous with increasing deviation from
and disordering rates is not that pronounced, which is due tequilibrium conditions. However, all these objections be-
the reordering inside the cascades. Disordering and mixingome irrelevant if the thermal mobility, i.e., the number of
tend to be concomitant processes as they are strongly relatatomic jumps outside cascade events, vanishes. Since irradi-

inside the cascade core. ated specimens show no tendency of relaxation even after
several months of room-temperature storagehviously the
VI. DISCUSSION thermal mobility is frozen at room temperature. The insig-

nificance of thermal jumps is further proved by the fact that
Our experiments and their interpretation based on modehe observed disordering kinetics is independent of the dose
calculations have shown that indeed information on the mirate when plotted versus the accumulated dose. Thus we be-
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lieve that a direct composition dependence of the disorderingnfortunately, he followed an isochronous instead of iso-

efficiency in the case of heavy-ion irradiation is evident. thermal measurement scheme, so that the kinetic behavior
As a stochastic model, the MC simulations do not suffercannot be followed in detail.

from an inappropriate equilibrium potential. However, al-

though performing a statistical correct treatment, the MC VIl. CONCLUSION

model will yield wrong results if the assumed microscopic S . ) )

process is inappropriate. Regarding this aspect, our model The ion induced disordering of decomposed NiAl alloys

certainly needs considerable refining in order to obtain a reai@s studied by quantitative electron diffractometry. The ex-

quantitative description. As an Ansatz to improve the micro-Perimental results were compared to predictions obtained by

Scopic modeL the relation between the disordering and mixan analytlcal continuum model and-Monte Carlo simulations.

ing efficiencies may be compared with experimental values. At room temperature, the experiments revealed an expo-

Neglecting the reordering step, the MC model yields by geonential disordering kinetics for homogeneougAMias well
metric considerations as small N}Al precipitates. It is proven by a direct compari-

son of the data that decomposed systems disorder about two
ed=n.V,, (11 times faster than the homogeneous one. Furthermore, the dis-
ordering rate increases with decreasing particle size. Disor-
and dering gets retarded at elevated irradiation temperatures, and
at 550°C a steady state is established. Compared to their
respective values before irradiation, the steady-state degree
of LRO in the decomposed specimen is significantly smaller
_ than that of homogeneous Jail.
wheren, V., andL? denote the number of generated cas- Describing the kinetics by a continuum model, it is shown
cades per volume, the volume of the cascade core, and thilat the smaller steady-state degree of LRO in the decom-
average square jump distance of an atom inside the corgosed system is due to an irradiation enhanced Al solubility
respectively. Assuming a random redistribution of all atomsof the matrix. Further evidence for this interpretation follows

- ngV,L?

kP 6

12

inside the spherical core, we have from the experimental size distributions of the precipitates.
In the steady state, precipitates are considerably shrunk com-
P:ERZ (13 pared to the initial microstructure.
5 The continuum model fails to describe the experimental

) o ) ) . Observations at room temperature which is caused by the
so that the ratio of the mixing and disordering efficiencies isgyc|ysively ballistic ansatz used to describe the ion mixing
geometrically fixed in our simple cascade core model 0 anq disordering. Monte Carlo simulations, which model ther-

5 modynamic effects inside the cascade core, demonstrate that
K_ R_ (14) dynamical reordering inside the cascade core must be taken
e 5° into account to understand the room-temperature experi-

. . : I ments. Thus our experiments confirm the importance of the
Opwousl_y, th_e size O.f the _cascade core 1S geverely ||_m|ted b}t{hermal spike concept in order to understand ion induced
this relation if realistic ratios between mixing and d|sorder—mixing

ing should be established. Regarding this relation, the core The MC simulations suggest that the simple exponential

size used in our simulation is chosen at maximum. More,. . S : .
disordering kinetics observed in the experiment at room tem-
complex models of the cascade process must be used to over:

o . r;;I)erature is an artifact of the limited measurement accuracy.
come this limitation, as has been already proposed by Turki . . .
More exact measurements of the superlattice reflection varia-

et al® They subdivide the cascade volume into a core re-; e OS] -
) o tion with irradiation time should reveal very small finite rest

gion, where the atoms are ran_domly redistributed to an OUte(Srders in the range of 0.1-1% and the retardation of disor-

shell where complete disordering takes place but only a very o . ; i

- . : ; ering to intermediate fluences.

limited jump distance of the atoms is assumed. However,

their model is a purely ballistic one. No influence of thermo-

dynamics is taken into account, so that it is inappropriate to

explain our experiments. _ o The authors are grateful to C. Abromeit of the Hahn Meit-
According to the simulation, the dynamic reordering in-ner Institut in Berlin for many valuable discussions. Finan-

side the cascade core should result in deviations from apja| support by the Deutsche Forschungsgemeins¢B&EB
exponential disordering kinetics, which could not be provengys, s gratefully acknowledged.

by our experiments because of the limited measurement ac-
curacy. To study these effects, more accurate measurements
are suggested, which might be achieved by dedicated detec-
tor systems or imaging plates. This way, the evaluation of
micrographs of a very limited dynamical range becomes ob- As aforementioned, the mobility coefficients in the evolu-
solete. By Miier®*® measurements of the disordering of ho- tionary Eqs(3) and(4) for long-range transport and ordering
mogeneous NAI were performed utilizing imaging plates, are not independent, since both processes are based on the
which indeed indicate a very weak tendency of reorderingsame microscopic mechanism, i.e., the site exchange be-

ACKNOWLEDGMENTS

APPENDIX: KINETIC COEFFICIENTS
OF DIFFUSION AND ORDERING

224113-10



PHASE STABILITY OF DECOMPOSED Ni-Al ALLOYS . .. PHYSICAL REVIEW B 63 224113

tween atom and vacancy. In order to properly connect th&he linearization of the exponential functions required to
time scales, the relation betwebhandL is determined by a obtain the last expression is at least justified for small order
mean-field consideration assuming the same level of apdegrees where the actual concentration on the sublattice
proximation which has been used to obtain the evolutionarpnly slightly different from the average compositionPer-
equations. forming the same calculation for the Ni atoms on theub-

The sublattice structure of tHel, order suggests to sub- lattice,
divide the Gibbs free energy into four partial energies taking
into account the chemical potentials of both atom types on dNe. _

. . . . Ni N Vo(l C)

the different sublattice sites, according to TR {uli— i) (A8)

f=—[c,ud+(1—c,)ul+3caub +3(1—cyull, is obtained. Combining the definition of the LRO parameter
4 Al NETEEREA PN [Eq. (2)] with Egs. (A7) and (A8), the time variation of the
(A1) order parameter follows with a few lines of calculation:

where o denotes the corner sublattice of the ordered struc-
ture andg the three sublattices of face-centered sites which ds 4ds dc,

are identically occupied in the caselof, order. In addition dat e ot (A9)
we have “

. . . < 1 4 dNg dNR;

I —F] . ] —F! _ Al Ni

upa=En+KTInc ;  wuni=Ey+KTIN(1—c)). = |[(1=c ). 2 _ .M

A= Bl j Ni— ENi j (A2) 3N (1—c,) TR, (A10)
The atoms are performing thermal activated jumps in ran- 1 c(1-c)w
dom directions with a jump frequency determined by the =_. —0.( B s —ub+ud), (Al
energy of a particular site, so that 3c kT PR oA AN o

Ei where the number of Al and Ni atoms have to be varied
V:yoex;{—k , (A3) independently because of the vacancy mechanismcgnd
KT ~c is tacitly assumed. If the sublattice compositions in Eq.

with a suitable chosen vibration frequency. Thus the numbetAl) are expressed by the order parameter usingBqthe
of Al atoms jumping away from the corner sublattice perVariation of free energyEqg. (A1)] with long-range order is

dNg, N ¢ Eq] N E4+kTIn(c,/c) gf 3¢ 5
=—pcfexd——2|=— “ —=—(—phFua ki — N, Al12
gt = 770G exr{ | = 7 voCex T . s~ 7 (Tratpat aniT ) (A12)
(A4) : :
o . ~~ which allows to transform EqA11) into
Similar rate equations hold for the three other combinations
of atom and sublattice types. The total change rate of the Al . 4 (1= of

atoms on thex sublattice is then obtained by the balance of (A13)
jumps away from and towards the sublattice where one has

to take into account that only a third of the jumps from the . oo=M . .
three 3 lattices are directed towards the lattice, which ~Comparing this expression to E(), the mobility coeffi-
yields cient is identified. FinallyM is related toL regarding the

definition of the transport mobility

gt 902 KT as

dNXI szl (mﬁl

= ] A2 c(1-c
dt dt | dt (A9 L= V°6 : (kT ) (A14)
B+
:;VOC{QX[{ Ea klr(cﬁ/c) (N denotes the next-neighbor jump distanbg
ExtkTIn(c,/c) A6 M 8 1 L 16 1 L ALS
ex KT (AB6) _§.W. _?.Cz_acz). , (A15)
NEVLC{ B ) (A7) which was used to integrate the evolutionary equations as
4 KT WA KA stated in Sec. IV.
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