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Abstract. The formation and evolution of defect microstructures in irradiated materials is
analysed in the framework of a dynamical model for the evalution of the two fundamental defects
of trradiated micrastructures, namely vacancy and interstitial clusters, The effects of irradiation
on materials is described by dynamical equations for two mobile atomic size species (vacancies
and interstitial atoms), and two basic immobile elements of the microstructure (vacancy and
interstitial clusters). It is shown that uniform vacancy and interstitial loop distributions may
become unstable during irradiation and that they will form large-scale spatially organized
distributions, in a specific range of irradiation and material conditions. The selection and stability
of the resulting microstructures are studied in the guasi-static approximation and in the weakly
non-linear regime around the bifurcation point. It is shown that, after transients corresponding
to three-dimensional BCC patterns, the final pattern should correspond to planar wall structures
in agreement with experimental observations.

1. Intreduction

Many irradiated materials present several types of microstructures which correspond to the
spatial organization of defect populations. Well-known examples are void [1-3] and bubble
lattices [4-6], precipitate ordering [7], defect walls and vacancy loop ordering [8-10]. In
particular, the spatial erdering of vacancy dislocation loops occurs frequently in metals and
alloys irradiated at moderate doses and high temperatures [11]. The uniform distribution
of loops which are created by the collapse of cascades becomes unstable beyond some
threshold which is determined by various material and irradiation parameters (e.g., the
irradiation dose, damage rate, bias in the migration of point defects to loops and network
dislocations, and temperature). In a preceding study [12], we analysed a simplified model
proposed by Murphy [13] to describe the dynamics of defect populations in metals and
alloys under particle irradiation. This model is based on the rate theory of radiation damage
originally developed by Bullough and co-workers [14], and expanded further by Ghoniem
and Kulcinski [15] to include the dynamics of point defects in the fully dynamic rate theory.

In the models analysed by Murphy [13], and by Walgraef and Ghoniem [12], network
dislocations are assumed to have a constant uniform distribution. Furthermore, the effect
of interstitial loop formation is not taken into account and the interstitial loop density is
considered as a part of the network density. By considering the basic elements of defect
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dynamics; namely point defect creation, recombination and migration to microstructures,
the kinetic equations for defect concentrations are obtained. It was shown by us that a
pattern-forming instability occurs at a critical value of the mean vacancy loop density and
a critical wavelength. In the sink dominated regime, the comresponding threshold can be
expressed as a function of material and irradiation parameters. We showed that instability
occurs when the uniform vacancy loop density exceeds the network density multiplied by a
function of the bias B and of the cascade collapse efficiency ¢ (i.e. oL > pn/(/BJe — 1)%.
Furthermore, the critical wavelength decreases with increasing network dislocation density,
cascade collapse efficiency and damage rate. Experimental verifications of these findings
were discussed in our earlier work [12].

Since the linear analysis only determines the wavelength of the ordered microstructure
that is expected to develop beyond the instability point, but not its symmetry, a non-linear
analysis in the post-bifurcation regime is needed to discuss the selection and stability of
emerging patterns. Hence, we performed the weakly non-linear analysis of the problem
by deriving amplitude equations for the microstructures [12], In the systems considered
here, the spatial fluctuations of vacancy and interstitial concentrations evolve much more
rapidly than vacancy loop density flucwations. In such a situation the dynamics can be
reduced, through a multiple scale analysis [16] or via an adiabatic elimination of the fast
variables [17], to the dynamics of the slow mode or order parameter-like variable which
is proportional to the deviations of the loop density from its uniform value. In our earlier
analysis we showed that the stable patterns correspond to:

(i} roll or wall structures associated with spatial modulations of the vacancy loop
density in one direction. They appear via a second-order-like transition, or a supercriticat
bifurcation;

(ii) rodlike hexagonal or triangular structures appearing via a first-order-like transition
(subcritical bifurcations);

(iti) BCC lattices or filamental structures of cubic symmetry, also associated with a

subcritical bifurcation and defined similarly to hexagonal structures but with six pairs of
wavevectors,

Hence one sees that, on increasing the bifurcation parameter (e.g. the mean loop density),
one should expect a transition from z uniform distribution to BCC and finally to wall
structures. However, this analysis was performed by neglecting the time evolution of the
interstitial loop density, which may prevent the system from following the path anticipated
on the basis of the evolution of vacancy loop density alone.

The aim of the present work is to formulate and analyse a dynamical model which
considers the two major elements of irradiated microstructures, namely vacancy and
interstitial clusters. In this regard, we model the effects of irradiation on materials in the
form of dynamical equations for two mobile atomic-size species (vacancies and interstitial

atoms), and two basic immobile elements of the microstructure (vacancy and interstitial
clusters).

2. The dynamical model

In order to explicitly account for the effect of interstitial loops on the evolution of defect
populations, we propose the following dynamical model, which is based on two point-
defect equations including spatial diffusion operators and a set of equations describing the
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evolution of loops (this model is obtained from a more detailed analysis of the kinetics of
interstitial loop formation, and is given in Appendix A):

dci = K —acicy + DV — Dici(Zinon + Zivov + Zupr)
gcy = K(1 — €) —acicy + vazcv - D\'(ZVN(CV — CyN ) PN

+ Zuw(ey —cwlpy + 2o ey — EUI)PI)
9, p1 = (ZNN/]bD(DIZiICi —DyZyr(ev — Eu!))

3oy = (Ulbl"g)["K — pv(DiZvei — DyZwvley — &) O

where ¢, corresponds to vacancies and ¢; to interstitials. py is the network dislocation
density, pv the vacancy loop and p; the interstitial loop density. K is the displacement
damage rate and ¢ the cascade collapse efficiency, « is the recombination coefficient, & the
Burgers vector, r$ the mean vacancy loop radius and Z _ are the bias factors which will
be approximated by Ziy = 1 + B, Zy E2Zyv=1+B and Zy = Zyy = Zyv = 1. B
is the excess network bias and B’ is the excess loop bias (B’ > B). &y, Cyv and ¢,y are
the concentrations of thermally emitted vacancies from network dislocations, vacancy and
interstitial loops, respectively.
We shall now use the following scaling relations:

Ay = DyvZynpn D.=D,/A-v afdy =¥y P=yK/\
Py, = Pvi/PN Xy = YCip Xov = X1 = Xy
u=2ZinDi/ZyyDy = (1 + B)D;/ Dy tv = briony T = Ayt
1 = bopy /2 N D,

)

It is to be noted that while 7y is constant, t; is dose dependent through the pf term.
Equation (1) can now be written in dimensionless form.

Orxi =P —xxy+ Divzxi — px(1+ P\*J + Pik)

drxy = P(1 ~ €) — Xixy + vazxv — {xy — Xyn) — (xy — va)P't? ~ Xy — -ivL)p?

707 = [u(l + AB)x; — (Xy — Xy)]

Tydepy = €P — py (1 + ABYMG — (% — %u1)).

@)

To derive equation (3) from equation (1), we used the approximation: B’ ~ B in point
defect equations, and (1 + B)/(1 +B) >~ 1+ B — B — BB’ =~ 1+ AB in the interstitial
loop equation, where A B is the difference between the loop and network bias. In order to
gain analytical insight into the problem, we will consider here the case of a sink dominated
regime. We will therefore ignore the effects of mutual point defect recombination. This can
be viewed as the practical case of high temperature irradiated structural alloys. Generally,
structural alloys are heavily cold-worked, and recombination effects are negligible. Ghoniem
and Abromeit, however, have recently considered the effects of point defect irradiated
microstructures [18]. Our intent here is to establish the conditions for the linear stability of
the uniform dislocation loop densities (section 3), and then proceed to perform a stability
analysis in the weakly non-linear regime (section 4) in order to determine the symmetries
of the evolving microstructures. Since the point defect densities evolve much more rapidly
than the loops, they may be adiabatically eliminated from the dynamics and their evolution
related to that of the loop densities via the following relations:

o . _Pl-&-A o P

Xy — Xy = —————— X =— 4
MR LR P+ 0 + o)
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Figure 1. Normalized dislocation densities of vacancy {03) and interstitial (o) lvops as a
function of dose for typical reactor conditions (i.e. K = 108 dpa s~' and T = 500 °C). The
network distocation deasity is 10" m~2 for annealed steels and 10" m~2 for cold worked
steels.

where A = X, — Tyn.
The resulting reduced loop dynamics are approximately given by:

o 1 (P(E+AB)+A)

8.p0 = —
A2 N e

1 eP+ A
3,50 =——(eP-———-— 0). )
N I+

‘We will now define a relaxation parameter, o, given by

_{ A+PAB r;__( A+ PAB ),oN
TA\PE+AB+A Ty T \Ple+ABY+A NI

For typical material and irradiation conditions (i.e., oy = 10" em™2, N = 10% ecm™3, /0 =
1.5x 1077 cm) « is generally much larger than unity, The relationship between the vacancy
and interstitial loop densities can easily be obtained from equation (5). This is given by

oS =[eP/(a + PABR]{(1 - 1/a) + 0 — (1 - 1/a)e™t). (6)

Since o is shown to be generally greater than unity, and after a dose allowing o) to be
greater than unity (i.e. interstitial loop dislocation density of the order of the network
density), the transient term can be neglected, and the relationship can be cast in the simpler
form:

Py = [e/(e’ - e)](l + %)

where we defined ¢’ = AB+ A/P +¢
The time dependence of pf and pf is therefore given by:

pl=T+nt -1 Py =[e/(¢' —e)]yT+n7 Q)

where n = 2(PAB + A)/ty = 4n({PAB + AIND,/Bpyo.
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Figure 2. Normalized dislocation densities of vacancy (p{’,) and interstitiat (p?} loops as a
function of dose for typical low temperature accelerator conditions (ie. X = 10-3 dpa s=! and
T = 500 *C). The network dislocation density is 10" m~2 for annealed stzels and 10" m~2
for cold worked steels.
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Figure 3. Normalized dislocation densities of vacancy (p3) and interstitial (pf) loops as a
function of dose for typical high temperature accelerator conditions (Le. K = 10~ dpa s~! and
T = T00 °C). The network dislocation density is 10'> m~2 for annealed steels and 10'* m~2
for cold worked steels,

It is clearly seen from this analysis that the quasi-steady-state dislocation densities
for clustered defects will follow a /T time dependence, after transients related to either
interstitial loop nucleation, or to differences in the time constants of the two types of clusters.
The dose dependence of pff and p¥ is illustrated in figures 1-3 for 316 stainless steel in
various irradiation conditions. The relevant material and irradiation parameters are given in
table 1,



574 N M Ghoniem and D Walgraef

Table 1. Materiai parameters for 316 stainless steels.

Parameter Symbol Value Units
Vacancy formation energy Ef 1.6 eV
Vacancy migration energy ER 1.3 eV
Interstitial migration energy  E® 02 eV
Interstitial formation energy  £f 4.0 eV
Vacancy diffusion Do 0.6 em? -1
{pre-exponential factor)

Interstitial diffusion of 1073 em? 51
(pre-exponential factor)

Stacking fault energy Vit 94 % 102 ¢V cm™?
Shear modulus ufl -y 4 x 108 dyne em=2
Burgers vector b 25x 1078 em
Network bias excess B 0.1 —
Loop/network bias excess AB 0.05 —
Initial vacancy loop radius ~ r§ 15x 1077 em

10?7 % 10" cm2

Network dislocation density oy

Displacement damage rate K 10~6-10-%  dpas~!
Cascade collapse efficiency € 0.01-0.1 cm™?
Interstitial loops number N 1041016 em™3

density

3. Linear stability of the uniform density

In order to check the possibility of pattern formation in our model, we perform the linear
stability analysis of the uniform defect densities. This procedure consists of determining the
linear evolution of the inhomogeneous perturbations of the uniform state. The occurrence
of an instability would lead to the growth of such perturbations which are defined as:

8xy = x; — x? Sxy =23 — (XS — Xyp)
spv = (ot —03)/6%  8m = (o} — ) /L. ®)

Introducing these variables in the system (3) , we obtain the following equations for the
Fourier components (wave vector, g) of point-defect perturbations (the equations are still
within the approximation of fast point-defect evolution in the sink dominated regime):

1 ( 0
Sxig = — = (Py8ove + pP801)
KT ey, N S b
+ f dk 1283k (0980vg—t + P?apfq—k))
_ ®
Sxyg = — 1 ( P (028pv, + 08p1,)
vq 1+p%+pP+q2fjv 1+p(\)r+p?pvpvq plplq
+ fd-k axvlc(ps'ap\fq-k + p?aplq—k))
and its linear part may be written as:
8xig = —(p48pvq + p{8p1g) (P /1ALy Ag) a0

‘vaq = ""(P?/'Sp'Vq + plt’ap[q)(P/AVqAﬂ)
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where Ag = 14+p3+00 , Avy = Ag+42D. , Ay = Ap+q?Dy/(14B) and P = P(1—€)—A.
The linear evolution of loop density perturbations is then given by:

8:8p,, = —(eP/p3)8p,, — [1(1 + AB)bx1q — 8xuq)

0 1] = 0 o] (1 1)
ndedo, = [+ AB)x{ — (0 — £,0) |81/ + [ (1 + AB)YSxsy — 8] 1/
or
tydedovg = —[eP/py — PIT v )80y, + AIT1v 480, a
713:8p, = —(p9/0D)T1v,48p,, — [Crv.q + (€ P + A)/ Ao} 801
where
Tyvg = P(1 + AB)/Ay,Aq — P/Av, Ao (13)

The elements of the corresponding evolution matrix are time dependent. This situation
prevents us from performing the usual stability analysis. However, some insight into the
behavior of the system may be obtained within the quasi-static approximation, i.e. when the
stability of the uniform densities is evaluated by considering them as frozen or stationary at
each moment. One thus expects an instability when at least one eigenvalue of the evolution
matrix acquires a positive real part. Of course this approximation does not describe correctly
the growth rate of the perturbations, but in similar problems it seems to predict the instability
threshold quite accurately [19]. Since it may be shown (cf Appendix B) that, in the vacancy
loop dominated regime, one eigenvalue of the linear evolution matrix becomes positive when

(P Trvg > €P (14)

one expects, in this case, an instability threshold defined by

(09/40)| =2vVeB/(B+¢) (15)
92 = p° 1+ B/2/¢/B. (16)

We will define the ratio p%/Aq as an appropriate bifurcation parameter for this problem.
The bifurcation parameter, b, is then:

b= py/Ao = pY/(1+ oy + o) (17)

when b reaches its critical value, b, defined by (15), spatial instability in the vacancy
loop population sets in. The evolution of the bifurcation parameter, b, as a function of
dose, is shown in figure 4 for typical reactor conditions (i.e. K = 10" dpas~! and T =
500 °C) for both cold worked and annealed steels. It is shown that the critical state for
spatial instabifity in the vacancy loop popuiation is reached only for annealed steels. The
initial high network density of cold worked steels would suppress the transition to spatially
ordered microstructures, The critical dose for annealed steels is shown to be very small,
on the order of 1073 dpa, Similar results are obtained for higher displacement rates, as
in accelerator conditions at higher temperatures (=~ 700 °C) . At lower temperatures (=~
500 °C) and under accelerator damage conditions, the transition from uniform to spatially
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Figure 4, Evolution of the bifurcation parameter with irradiation dose for cold worked and
annealed stee] irradiated in typical reactor conditlons (ie. X = 1079 dpas~! and T = 500 *C).
The dashed lines represent the critical values of the bifurcation parameter.
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Figure 5. Evolution of the bifurcation parameter with irradiation dose for cold worked and
annealed steels irradiated in typical low semperature conditions (ie. K = 10~* dpa s~' and
T = 500 *C). The dashed lines represent the critical values of the bifurcation parametet.

ordered microstructures is achieved, even for cold worked steels, at small irradiation doses
as shown in figure 5.

Form equations (5) and (6), one can find an expression for the bifurcation parameter at

any dose. After a relatively short transient, both types of loops will grow with the same
/T time dependence. Hence, it is interesting to see that the bifurcation parameter, b(z),
tends to a constant value, given by:

b=¢€P/(eP + PAB+ A) =¢/¢. (18)

This very interesting result implies that the distance from the critical value, b, is
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fixed by material and irradiation variables, and that the nature of the dissipative periodic
microstructure is determined after the start of irradiation. The reduced bifurcation parameter,
¢ ={b — b;)/b,, is also a fixed number, and is given by

¢ = [(e/e' — 1)+ (1 = Ve/B))/2¢/B. (19)

It will be shown in the next section that this condition does not mean that once a
dissipative structure has formed (e.g., roils, BCC, etc), it will remain unchanged with dose.
In fact, the effects of increasing the dose will be manifest in the non-linearities of the
system.

4. Stability analysis in the weakly non-linear regime

It is clear from the signs of the linear evolution matrix eigenvalues that the dislocation
loops are subject to spatial instabilities, since there is at least one eigenvalue that can turn
positive leading to growth in spatial fluctuations. The presence of non-linear reaction terms
in (1) can be shown to saturate the growth of fiuctuations. In this section we will extend
our analysis to the weakly non-linear regime in order to describe the symmetries associated
with the evolution of the microstructures.

We will again simplify the problem by acknowledging the stabilizing role of
recombination {20, 21]. We will also adiabatically efiminate the time-dependence of point
defect equations, Furthermore, in the vacancy-loop dominated regime, the dynamics is given
by the evolution of the vacancy-loop density, all the other defect densities being slaved to
it. With these simplifications, we take the Fourier transform of the vacancy-loop equation
{equation (3)), which gives:

Tbyg = €Pdg0— f 0 Byg{u(l+ ABYg = (o= Bk} (20)

The symbol ~ is used for variables in the Fourier space, and 8, is the Dirac delta
function. Notice that we used the convolution property of the Fourier transform to derive
equation (20). Now, inserting (8) and (9) into {20}, we obtain

L - eP+ A
Tyfy, = €Pyo— fdk pV.q-k{ 80
(1+ ABYEip—rw &% k—k’) . ]
— dk"(u I — 3 A, 21
./;;';eo A Avy Pus @b

In equation (21), the first term on the right-hand side is & constant and corresponds to
the homogeneous solution of the vacancy-loop concentration, the second term is a single
integral over all wave vectors, &, and the third term is a double integral over & and &', Let
us now consider this double integral separately. Denoting the integral by 7, and utilizing
equations (8) and (9) again, we obtain:

. I + AB)F; fy, — % .
[ f i ¥ Pv,q-k{[u( +AB)i, (& va)o] Setrot .. _IPW_ 22)
KD An Avi
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Rewriting this equation in ascending powers of jy, and noting that when &' = £, the
first term is obtained, we get:

L4 AB)Es (e Fudo].
== dkﬁy,q—k[['u'( +A )xr.ﬂ _ (xz - XVL)O]pV,k . } (23)
70 I Vi

5 P(1+AB) B )~
=7 Jge - ... 24
L.#O Pv.g k( A dg Avidg Py k )

= — pro(P(1+ AB)Ay Ao — P/AveAd)iv.a

P(14+ AB P\, .
- f k dk( (A A ) - Av. A )vaq—kpv.k + ... (25)
fq-ﬁvku P ) ve Ao

The form of the integral, / given by equation (25), together with equation (21) will
now allow us to extract terms which contain various powers of j, ,. The linear part of the
evolution equation (21) may then be written as:

Tybyq = —(eP + A Ao)dvq + Brol PUL + AB)/ Ay Ao ~ B/AvqAolpv.q. (26)

The quadratic term can be obtained by taking the first integral in the series represented
by equation (25), i.e.

[

0
tg=R1#0

(P(l +AB) P

— BY ok PV 27
A A chAo)pV'q kPvi @n

The cubic term is similarly obtained by going back to equation (22), and substituting
terms from equations (8) which are only first order in Zv . This cubic term is then given

by:
P(1 + AB) PR o
— [k fa¥ _ o ) »

-[ f |:AH:AN;'AU AVkAVk:AD]‘O"-‘? K=k PV PV i (28)

We now introduce a definition of the order parameter, o, which will describe the
deviation of the spatial fluctuation from the uniform density.

0y = 8Bvq = (5*v, — PO)/PY- (29)

An evolution equation for o, can be written if we use the definition given by (29) and
equations (20)-(28).
Y6, = —[(eP + A/ Ap)/pY — [P(l + AB)/AjgAo — P/Aquo]ps,}aq
P(1+AB) P 0
+ f dk[ - } Tk Ot (30)
Ay Ao AviAg PuT—k

P(1+ AB P
- fdkfdk’l: d+AB) ](p%)zaq_k_kfcrkcr,:+

AnAnrAy AviAvieAo

‘We notice from equation (30} that the coefficients in the linear and quadratic terms of the
order parameter evolution equation can be positive and therefore can lead to an exponential
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growth of small spatial fluctuations. The coefficient in the cubic term, however, is negative
and will saturate the spatial instability. It can be shown that, at the critical wave-vector, g,
the coefficient of the higher order non-linear term associated with (6,,)" assumes the form:

(=10 /A PO+ ABY/ AT — PrAT]. 31

Hence, the contributions of higher order terms to the order parameter evolution equation (30)
diminish and since the coefficients of odd powers of ¢ are negative, we need not consider
terms of order above n = 3.

Close to the instability point, we may express the linear term as (see Appendix C for
details):

VD[~ bo)/be — £5(” — 22) oy (32)
where the bifurcation parameter, b, is given by

b=03/(1+ 0% + %)
and its threshold value, b; is given in Appendix B. The threshold wavevector, 4., is also
given in Appendix B. 73 and &; are constants.

In this regime, the weakly non-linear equation for o, may then be written as:

. b-0»b
0, = |: 5 < - {Oz(qz — qcz)z:IO'q + Uf dko‘q_ko‘k
e

— i f dkfdk’aq_k_krakay +... (33)
where

T = 1, = 1,(¢' + 2B)*/e PB(¢' + B)
v= P+ AB)/Asg Ao~ PjAvg Ao)oy = (¢ P/p%)E (34)
w = (P(1+AB)/A], Ao — P/AL, Ao)(0V) = (ePbc/p})T.

In real space one has:
s = [(b — be) /b — £3(V? + q?)z]a +vo? —uo’, (35)

When p cannot be neglected versus p9, the kinetic equations for the loop densities
are not decoupled. The order-parameter-like variable is, in this case, a linear combination
of Sp?;,q and Spf,’_ o Which is proportional to the eigenvector of the linear evolution matrix
associated with the vanishing eigenvalue which induces the instability. After diagonalization
of the linear part of the dynamics, the usual adiabatic elimination procedure of the stable
modes may be performed. The resulting evolution equation for the order parameter has then
the same structure as (33), the actual values of the coefficients being only modified. For the
sake of simplicity, we will restrict our analysis to the vacancy-loops dominated case, This
condition corresponds to experimental situations where (AB + A/ P) /e is small, since

1% = [(' —€)/elol/ (1 + o7). (36)
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The condition is easily achieved at temperatures below half of the melting point. Thermal

emission would be negligibie under these circumstances. Also A B is usually small, and of
the order of a few percent [22],

We thus recover the slow mode dynamics analysed in [12] but in the present case the
coefficients of the linear terms decrease with time, since they are inversely proportional
to pJ. Hence, and in the quasi-static approximation, the stability limits of the different
structures evolve in time. This is because they are proportional to v?/u « 1/09, while their

amplitudes increase and are proportional to \/p—?, well above threshold.

Let us recall that for the dynamics defined by equation (33), the stability range for
critical BCC microstructures is given by —v?/33u < (b — bo)/b. < 3v?/u, while wall
structures are only stable for v¥/u < (b —b.)/b, [12]. However, as discussed in [23], since
this dynamics is variational, BCC microstructures should be selected in the range given by
£ = =8v3/29Tu < & = (b — bo)/b. < & = 3v?/u, while critical wall structures should
be selected for & = 3v°/u < & = (b — b;)/b, . The corresponding bifurcation diagram
is schematically shown in figure 6 for a particular dose. Since the dose is continuously
increasing, and since & tends to a constant value at high doses, while v2/u decreases and
finally tends to zero, the following scenarios should be observable.

Walls

A BCCV
T b-b

.v;33;ﬁ'- i | 3 b,
812970 QN

Figure 6. Bifurcation diagram for the stationary solutions of equation (33). Solid lines represent
stable states, dashed lines represent unstable states, and heavy lines correspond to the minimum
of the associated Lyapounov functional.

(i) When (b — b.) /b, tends to a positive value, BCC structures may appear in the early
stages of the irradiation process but the final state corresponds to wall structures. This should
be the case for annealed steel in reactor or accelerator conditions. The reactor conditions are
iflustrated in figure 7 for 500 °C. In this case, one observes 2 succession of domains where
different types of microstructures may be selected. In the first one, both BCC and uniform
loop distributions are stable; then appears a domain where only uniform distributions are
stable followed by domains where BCC and wall structures are successively selected.

(il) When (b — b.) /b, tends to a negative value, the final state corresponds to uniform-
loop distributions, but BCC microstructures may still appear as transients. In this case no
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Figure 7. Pattern selection for annealed steel in typical reactor conditions (ie. K = 10~ dpas™!
and T = 300 °C) as a function of time in the quasi-static approximation, BCC structures are
selected when &) < & < & while wall structures are selected for & < £, No patterning can
occur far & < ¥,
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Figure 8. Pattern selection for cold worked steel in typical reactor conditions (K = 1079 dpas~!
and T = 500 °C}) as a function of time in the quasi-static approximation. BCC structures are
selected when £; < & < 0 while no patterning can occar for & < £,

wall structures can be formed. This shouid, for example, be the case for cold worked steel

in reactor conditions at 500 °C as illustrated in figure 8.
Hengce, one sees that 3D BCC microstructures should only appear as transient states while
the final state should correspond to uniform distributions or plane wall structures.
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5. Effects of point defect diffusion anisotropy

In the preceding section, we discussed the formation and evolution of defect microstructures
in irradiated metals in an isotropic medium, i.e. when the diffusion coefficients of point
defects are isotropic. Let us analyse here what happens when this is not the case.
The experimentally relevant case corresponds to anisotropic interstifial mobilities, and, on
assuming that this only affects the diffusive part of the interstitial evolution, the dynamical
model (1) has then to be rewritien as:

dei = K —acicy + VD"V e — Dici(Zinpw + Zivey + Zupr)
90y = K(I —€) — acicy + vazcv - DV(ZVN(CV — Eun)oN
+ Zyv(ev — Ew)pv + Zuley — En)pr) (37

o1 = (2 N/|b|)(D,Zi;ci — DyZufc, — Eu))
3w = (1/161r9)[e X — pu(DiZive — DuZov(cy — 2v)]

withm, n=x,y, 2
When interstitials have higher mobility in planes perpendicular to a well-defined
direction, say in planes parallel to the xOy plane and perpendicular to the Oz direction,
VD™V, becomes Dy(V2 + V3) + Dy V3 or Di(V? + V7)) with D; = Dy and
B > 1. When the interstitials have a higher mobility in a well-defined direction, say 0Oz,
Vi D;”””V,, becomes DyVZ+ Dy (V2 + Vﬁ) ar Di(V2 4+ gV, with D; = Dy and
g=>1
Hence, on performing the linear stability anaiysis of uniform densities, the only
modification that occurs in (14) is that A;, has to be replaced by its anisotropic counterpart
¢ = Aj, +[Dy/(1+ B))(g% + Bq?(or 7)), according to the type of anisotropy. The
critical wave vector being the one which minimizes the threshold value of the bifurcation
parameter, it is also the one which minimizes Ai, and the instability point is now defined
°T Aole 1A+ 00

byt
1[ 0 (p?) 4¢B ]
|+ N+ —5
¢ Z[pi’a o) (e +BP
g2 = o3 1+ B/2\/c/B

with g. = g.1; for easy-plane anisotropy and g. = g1, for easy-axis anisotropy.
The linear growth rate of the order-parameter-like variable is now given by (cf
Appendix C)

_ 03

(3%)

(b — be)/be ~ (g2 + V2 +x V2
in the easy-axis case, and by
(b = be)/be — (g2 + V2 + V2

in the easy-plane case.

Near the instability point, the weakly non-linear approximation for the dynamics of
defect populations may be worked out as above, and one obtains the following evolution
equation for the order parameter-like variable in the easy-plane case:

w000 (r, 1) = [(b — be) /b — (g2 + Vz)2 +&Vilo@,t) +vol(r, ) —usi(r,)  (39)
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where V? = V1 + V3 + V7 and V3 = V. + V.

From this kinetic equation, one can derive the amplitude equations for the various
patterns which may appear beyond the bifurcation point. It has to be noted that the
orientational degeneracy of the isotropic systems is lifted since the first mode to bifurcate
has his wavevector parallel to the z-axis and corresponds to & planar wall structure with
planes parallel to the planes of high interstitial mobility. The vacancy-loop density in this
case is defined by:

o(r,t) = A(r, e% + A(r, t)e ™%

where A are slowly evolving functions on space scales much larger than 2wq ! and satisfy
the following amplitude equation:

T3 A = [(b —b0) /b + 442V + V2 |A - 3uAlAR, (40)

One thus recovers here the usual amplitude equation for wall structures in anisotropic
media [24].

Since the quadratic non-linearities of the kinetic equation (39) still couple this mode
with modes having the same wavenumber but which make 27 /3 angles with it, one has to
test the stability of the planar wall structure versus these modes. The corresponding set of
uniform amplitude equations is:

708 A = A+ vBC — 3uA(A} + 2| B +2IC1H
T8 B = [(b — be)/be — %qu]g +vAC — 3uB(|B| + 2AR +2/C1) @1

1008C = | (b —b.) /b, — 3g2 |C + vAB = 3uC(|C[> + 2|A* +2|B|%)
4'c

where B and C are respectively the amplitudes of modes of wavevectors ¢ = —(g./2)1; +
(V3g./D1: and g = —(g./2)1, — (/3q./2)1.. 1 is a unit vector in the axial direction,
and 1, is a unit vector on the perpendicular plane.

The linear evolution of the modes B and C in the presence of a steady wall structure
of amplitude /(6 — b.)/b; is thus given by

0% B = —[(b ~ b5)/be + %qu]e + v/ — bo)[3ub.C
(42)
08, C = —-[(b - be)/be + %qu]c + v/(b = bo)/3ub. B

and the eigenvalues of the corresponding evolution matrix are

w = (b — be) /e — 3q2k £ v\/(b ~ be)/3ub.. (43)

Hence, the planar wall structure is always stable when « > v2/9uq§. Let us note that the
time dependence of the variables involved in this condition is such that it only depends on
materials parameters at high doses. I this condition is not satisfied, there is a window in
¢ = (b — b.)/b., defined by

L[v/3u = /v2/3u — 3g2(y — D] < B — Bk,

< 3[o/3u + v/~ g2ty - 1] e
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where the wall structure is unstable. In this regime anisotropic 3D structures may be expected
but, since this window shrinks with increasing dose, and the firal structure should consist
in planes parallel to the planes of high interstitial mobility, as is experimentally observed
{271.

In the easy axis case, i.e. when the interstitial mobility is maximum in one direction
{e.g. 0z), the discussion made above may easily be transposed. There is in this case a
circle of critical wavevectors which lies in the plane perpendicular to the direction of high
mobility and the weakly non-linear dynamics may be written as:

Tdo(r, 1) = [(b ~ be}/be — (@2 + V2)2 + lCVi]O‘(’I‘, ) 4 voi(r, £y — uo(r, 1) (43)

where V2 = V2 4+ V2 + V2. In this case, the first structure to be expected is a rodlike
hexagonal structure with the rods parallel to the z direction. O increasing the constraint,
as in the other cases discussed so far, this structure should become unstable and lead to a
planar wall structure with walls parallel to the z-axis.

6. Experimentai evidence

Experimental observations of periodic 3D microstructures have clearly shown the existence
of clusters of cubic symmetry [28,29], defect walls [30,31], as well as anisotropic
arrangements of planar aggregates of defects [32-34]. It is experimentally verified that
cascade production is necessary for the formation of 3D periodic microstructures, Irradiation
with electrons (no cascade) does not produce ordered arrays of defect clusters [11]. The
only alignments of stacking fault tetrahedra (SFT) occur along (100) directions in Cu {35, 36]
and Au [37]. However, these alignments were not observed in 3D, nor did they extend well
into the irradiated area. Periodic walls were also not observed when gas atoms, such as H
or He, were pre-implanted [38].

The temporal evolution of the spatial evolution of 3D periodic arrangements of defect
clusters has been documented recently [11]. Only in a few cases were defect clusters of
cubic symmetry observed [28]. At low doses, spatial fluctuations of cluster densities were
generally observed. However, blocks or agglomerates of defect clusters along cubic axes
were observed to disappear at higher doses in favour of planar walls parallel to {100} matrix

planes in Cu and Ni. Up to a dose of 4 dpa, no competing arrangement of higher stability
than planar walls were observed.

7. Conclusions

It has been shown that the coupling between reaction and transport induces pattern-forming
instabilities in defect distributions in irradiated crystalline materials. For example, uniform
distributions of point defects such as interstitials and vacancies in irradiated materials may
become unstable and lead to the precipitation of solid solutions, to the nucleation of voids
and of void lattices. In this framework, it is shown that vacancy-loop ordering occurs under
very general conditions in irradiated metals and alloys. It mainly results from a Turing-like
instability induced by the different mobilities and bias in the migration of point defects to
line defects such as dislocation loops or network dislocations. According to the generic
properties of such pattern forming instability, structures with different symmetries, such
as BCC lattices or wall structures, may be simultaneously stable in well-defined parameter
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ranges. However, at sufficiently high values of the bifurcation parameter, the only stable
structure corresponds to planar arrays,

Here, one has to take into account that the microstructure is continuously evolving. In
such cases, our analysis predicts that, in the case of stainless steel (or nickel) irradiated
under typical reactor conditions, the effective bifurcation parameter continuously increases
with time or irradiation dose. Hence, after an initial phase where loop clustering should
oceur in the form of BCC lattices, the system evolves towards a uniform state followed by a
transient BCC structure and finally reaches a planar wall structure, even for isotropic defect
mobilities. These structures could then be in non-parallel orientations, i.e. with a structure
different from the structure of the host lattice. This behaviour, which seems consistent with
many experimental observations. also cccurs under accelerator conditions, particularly for
an initially annealed microstructure. In the case of anisotropic interstitial diffusion, planar
structures should also be the rule, but in this case, the orientation of the walls are determined
by the diffusion anisotropy. For heavily cold worked initial microstructures, the bifurcation
parameter cannoi reach the instability threshold. However, since BCC structures may appear
subcritically, 3D toop clustering could occur transitorily, but the final defect distributions
should be uniform.

Hence, since the symmetry of the defect structures is a crucial issue in irradiated
materials, the present discussion shows that a careful study of the posi-bifurcation regime is
needed to test the relevance of particular kinetic models to the interpretation of experimental
observations. Furthermore, we believe that a coherent description of materials instabilities
that induce the spatio-temporal organization of defect populations will hopefully lead
to a deeper understanding of the behaviour of irradiated materials. Indeed, due to the
strong non-equilibrium conditions under which irradiation induced defect patterning occurs,
classical mechanical or thermodynamical considerations are not sufficient to interpret these
phenomena and we need to study them in the framework of non-linear dynamijcs and
instability theory. In particular, we showed that, despite the huge complexity of defect
dynamics, even in the case of phenomenological models, valuable information can be
obtained via the reduced dynamics near instability points leading to a realistic description
of the pattern selection and stability properties in the post-bifurcation regime. Hence, we
believe that by the combination of the results of bifurcation analysis, amplitude equation
formalism and numerical simulations, significant progress may be expected in understanding
and prediction of the effects of materials instabilities on the macroscopic behaviour of driven
or degrading solids.
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Appendix A. Defect dynamics under irradiation

The dynamics of free and clustered defects under irradiation involves the solution of
hierarchical rate equations [25], or equivalently, coupled rate/Fokker—Plank equations [26].
However, since we are not interested in the evolution of the size distribution of clustered
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defects, but rather in their spatial stability against fluctuations in point defect concentrations,
we can simplify defect dynamics in the following set of equations:

dicy = K (I — €) —aciey — Kypevea — Du[Zin{ey — En)oN

+ Zwv(oy = &) oV + Zu(ov — & )2berVa X] + Dy Vie, (A1)
dci = K —acicv — Dici{Zwon + Zvpy + 2Zi;bc;~/aﬁ)

+ Kvacvey + 28¢a — Kuef — Kzcion + DV (A2)
dicai = Ku1c? — Kiacics — 28¢5 — 2K 5,

~ Dacai Zawpw + Zawvpy + 2ZasbervVa X) + DyV2ey (A3)
&N = Kizcic0 + 2Knck (Ad)
& X = K(X)[DiZirci — DuZur{cy — Gur)] — (X — 3)8N/N. (AS)

In the equations (Al1)-(AS) the reaction rate constants between species a and b are
represented by Kgp, and are mainly dependent on the diffusivity of the mobile species.
Nucleation of interstitial clusters proceed homogeneously, at a critical size of two interstitial
atoms. Solution of equations (A1}{A4) results in the determination of the time-dependent
interstitial loop concentration. However, the time scale for nucleation of interstitial clusters
is very short (see [25]). This will greatly simplify the present model, where we can safely
assume that the total number density of interstitial loops, N, is constant. Equation (AS5)
gives the growth rate of the average interstitial loop size, where X is used for the average
number of atoms in a loop. On the basis of fast loop nucleation, the term 3 N/N drops
out, The bias factor K(X) can be strongly size dependent for very small loops [22]. An
average value, Zyy will be used in our calculations. Equation (AS5) then becomes:

3 = (1/1bD[DiZi . C; — DyZyL{Cy — Cv)]. (AG)

Since p; = 27N, we can finally write the following two equations for the dislocation
density of clustered defects.

o1 = QuN/BY[DiZiCi — DvZyL(Cv ~ Cv.)] (AT)
3oy = (1/|blrH]e K — pv(D; Zpvei — szvv(Cv - Evv))]- (AB)
As a final approximation, the effects of nucleation on C; and C, will be neglected,

which leads to the set of four equations, for free and clustered point defects, as given in
section 2.

Appendix B. The eigenvalues of the linear evolution matrix

We present in this appendix a detailed derivation of the critical eigenvalues in the quasi-

static approximation. The evolution matrix equation which corresponds to (12) takes the
form:

8:55, = M85, (B1)
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where 89, is the density perturbation vector with components 8o, , and 8p;  for the Fourier
wavevector 4.
The evolution matrix M, has the elements:

M, = =7 (eP/0% - KT v, ) ®2)
My = 7' 0Ty, (B3)
M3 = -7 (03 /0])T v, (B4)
M, = —r,'l[I‘;v,q +{eP+ A)/Aop?]. (B5)

Now if we assume that the density perturbations follow solutions of the form:
Jpvq == Avewf Bp[q = A;c"” (Bﬁ)

where Ay and A, are complex constants and w is the frequency. Substituting (B2) in (B1),

we obtain:
AvYy _ [ Ay

For a non-trivial solution of equation (B7), the determinant of the coefficients must
vanish. This condition results in the dispersion relation:

@ — o(My; + Mp) + (M Mz — MizMy) = 0. (B8)

When the cross-terms (M2Ma;) in the matrix M, are small, which is the case in the
vacancy-loop dominated regime, the fluctuations in the loop densities 8gvg, dpy, are almost
decoupled. Since this is not always attained, let us discuss the general case here. Note that
a detailed investigation of the dispersion relation (B8) is given by Ghoniem and Abromeit
(18]

Again, using the simplification that Z; = 1, the uniform distributions are unstable when
MizMay 2 MMz, ie.

€P/pd < 0Ty, (6P + A)/(€P + A+ plAoTrv,) (B9)
or
Frv, (1= [0 40/ (60]eP /e P + A)) > €P /(o) (B10)

and the critical wavevector g, is the wavevector which minimizes this threshold condition.
It is thus defined by the condition:

P(1+AB)( 1 )2_ P
1+B \Ao+q2D,/(1+B)] ~ (Ag+qiDy)*

substituting (B11) into (B9), we can obtain the following condition for the threshold
wavevector ¢.:

i_(p,?P(HAB)B)( 1 )2(1 Ay P )_0
00 1+B Ag+qiDv/(1 + B) W02 eP+A) T

(B11)

(B12)
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At this point, we introduce a bifurcation parameter, b = p0/Aq, which controls the
dispersion relationship. For values of & less than a critical quantity, b,, the system is
always stable against infinitesimal spatial fluctuations. The solution of equations (B9) and
(B12) gives the instability threshold which is defined by:

(p_‘? )2_"_? L (fg o B (B13)
Ao, pﬁ’eP+A Ag _(B+6")2
which gives
0 0 0 0N 2
oy Py l[p; (p;) de B ]
be="t = |~ o8y (L), €2 B4
T Aol, 1+p0+p0fl T 200 \/p9 (e’ + B)? B9
and

24 _ AoBNTTB  p%/T+B
qc D" = =
¢+ B 2./¢e/b

where ¢ + AB + A/P.

It is interesting to note that in the vacancy-loop dominated regime (i.e. when pf/0% «
1), equations (B9) and (B13) may be written as

(B15)

(09)’Trv, > €P (B16)

and
(p0740)|. = 2veB/(€ + B). (B17)

These equations are equivalently obtained by neglecting the off-diagonal elements of the
linear evolution matrix. In this case, the evolution of the loop densities may be decoupled
at the leading order in p7/03.

As discussed in section 3, the actual value of the bifurcation parameter tends to a
constant (5 — ¢/¢’) and the condition for instability is only related to the value of materials
parameters and becomes

/€’ > 2VeB/(¢ + B) B18)

which is equivalent to (for A/P < AB)

B>e(l+ AB/e)[l +2AB/e +/(ABlY(1 T+ AB/E)]

or

B <e(l+ AB/E)[I +2AB/J¢ — J(ABJO( + AB/E)]. (B19)

1t is also worth noting that the preferred wave number ¢, increases with time since it is
proporttional to Ap (cf (B13)).
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Appendix C. The slow mode dynamics near threshold

Close to threshold, the linear growth rate of the order-parameter-like variable o, may be
expanded in powers of (b — b, /b, and (g% - qcz). At the leading order, one obtains

(P(I+AB)_ P )0_(¢.=P+A/A0)_l[b—bc
A Ao Av,Ag /" be

e

Py z

~&3(d® —43)2]. (C1)

The coefficients 7 and £ are obtained from the threshold conditions (B14) and (B15)
and are found to be

1 Al ( , B ) 8¢ PB(c' + B)

-—= — -+ P~ C2

T A\ JITEB (€ +28)? ©
which is constant in time, and

::02 = [e (' + B)/8B(¢' + 21‘3)](.’5\,/‘49)2 (C3)

which decreases with time. Hence the band of wave numbers allowed for the spatial
patterns increases with time. The increase in g, with time would result in a shorter
preferred wavelength of the organized periodic loop structure. In addition, since the band of
wavelengths allowed for the loop structures, imperfections and a distribution of wavelengths
are expected to develop.

At the leading order in (b — b;)/b; and (g® — g2), one only needs to consider the values
of the non-linear coefficients at b, and ¢.. Using the threshold conditions (B11) and (B17)
one finds:

P(14+ AB) P ) o_ (EP+A/AY)
- = C4
( A, Avg. Ao /" Y 9
and
(P + ABY/A3, — F/A%, Ao)(6)’ = (¢P + B/ Ao)be/ o] (C3)

which leads 1o (33). )
In the anisotropic case, since A}, = Ay, + [Dv/(1 + B)1(g? + Bqi(or g2)), the linear
growth rate of the order-parameter-like variable is given, in the easy plane case, by:

(P(l + AB)/AS, Ao — ﬁ/AVqu)pE — (P + A/A)/ 00
1
= [(6 - /5 - 204 - 2]

— (1183, Avg) (P + B/A0)/ 8 + Po3/ A (18/01 + BYla2)

1
= 2| (b —be) /5 - 83(g* - 4’| - a2 (c)
with
K___[(EP-[—A/AO) f-’pf,’] 8 D e D, ©
©3 Ao J(1+ B) P(¢'+ BYAZ ~ €'(¢'+ B) 1+ B)AZ

One easily sees that, « is algebraically decreasing in time as a result of its Ay 2 dependence.
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