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@ Fe-Cr-Al alloys are an alloy class typically deployed within industrial
applications where high temperature oxidation resistance is needed.

@ Development of nuclear grade, iron based wrought Fe-Cr-Al alloys has been
initiated for LWR fuel cladding to serve as a substitute for Zr-based alloys
with enhanced accident tolerance (after Fukushima, 2011).

@ An inclusion of Cr and Al is crucial for enhancing resistance to oxidation at
high temperatures (formation of protective layers on the material’s surface).

@ The quantity of Cr and Al additives must be carefully balanced to achieve the
desired surface protection and prevent the formation of brittle phases (o-FeCr
or o/-Cr) — strengthening and brittleness.

@ Neutron-irradiation of FeCrAl alloys results in radiation-induced hardening by

o’-precipitates and dislocation loops growth (radiation-enhanced diffusion and
the clustering of defects).
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Model: formalism & evolution equations

A & D subsystems: x, = N, /N, pn = {Fe, Cr, Al}, Z‘L xp =1;¢q9 = Ng/N,d = {i,v}.
CALPHAD formalism

Gibbs energy functional:

G=vy! / [Gtot + Gy ]dr (1)
v

Alloy components Defects

Energy density:  Grot = Giecrar + Gbcral + Chocral + Z Gf +G + Giim]

Alloy constituents: G;“eefCrAl = Z GO wXu, G FeCrAl =RT Z Xy In X

%
= Z XpXvLp,w
pAV

Defects: Gf = Z 0Gf *, Gid = RTeq Incq,

ex
GFeCrAl

Gmt _ Cd Z X/_L(Gcoh + Gf,#)/

Gradient energy: Gy = Z “ (Vxp)? + Zd 4 (Veq)?

Reference energies (GY) and interaction coefficients (L) are taken from SG‘TE)‘ J
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Stage 1: Precipitation of nano-particles of o/-Cr (target preparation)

Point defects are homogeneously distributed initially. Periodic boundary conditions were
applied.
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Figure 1: Phase diagram of the alloy Fe — Cr — Al at different values of the annealing temperature

The fastest-growing mode ko sets the initial precipitate size; modes above ke remain stable.
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Stage 1: Precipitation of nano-particles of o/-Cr (target preparation)

Fe-30%Cr-5%Al, L = 64ap during thermal treatment of solid solution at T = 710 K

time =30 hours time = 35 hours time = 100 hours time = 200 hours

a6

Figure 2: Snapshots of a) precipitation of a’-Cr phase in Fe-30%Cr-5%Al system, at T = 710 K,
I = 64ag; b) o’-precipitates and distribution of Al; ¢) o’-precipitates and equilibrium vacancies; d)
a’-precipitates and equilibrium interstitials

Ostwald ripening: large precipitates absorb Cr from the matrix, small ones dissolve.
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Stage 2: Modeling ITP — data analysis

Short dr = ag — phase separation (PS): precipitates grow larger, fewer in number.
Large d. = 5ap — composition patterning (CP): partial dissolution and many new
precipitates form — microstructure fully reconstructed.
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Figure 3: Evolution of the microstructure (a) of the system Fe-30%Cr-5%Al (annealed during 200 hours),
L = 64ag during irradiation at K = 10_6dpa/s and T = 710 K. Plot b and c¢ relate d; = ag and d; = 5ap
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Stage 2: Modeling ITP — data analysis

Local point-defect fields at 3 dpa — same two scenarios as before.
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Figure 4: Microstructure of the system Fe-30%Cr-5%Al: Chromium o’-phase precipitates and
distribution of Aluminum field (left column); Chromium o’-phase precipitates and distribution of
non-equilibrium interstitials (center column); Chromium a’-phase precipitates and distribution of
non-equilibrium vacancies (right column) at L = 64ap, T = 710 K, dose 3.0 dpa during irradiation of
annealed alloy at dr = ag (plot a) and at d; = 5ag (plot b)

Interstitials cluster at high-curvature precipitate sites; vacancies localize at phase
boundaries — a signature of defect recombination.




Dislocation loops dynamics and hardening change

From local defect fields to mechanical response — loop growth and the resulting

hardening.
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Figure 6: Hardening caused by precipitates
evolved under different conditions (during phase
decomposition and composition patterning from
different initial microstructures) and dislocation
loops

Figure 5: Dose dependencies of dislocation loop
densities (loops number density and loop radii are
shown in inset) at T = 710K, K = 10~ %dpa/s.
Solid and dash curves relate to (111) and (100)
loops, respectively

CP (dr = 5ag) hardens more than PS (d. = ap) despite smaller precipitates: number
density beats size.
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1clusions

@ Linear stability analysis predicts three irradiation-induced stability domains: phase
separation (PS), composition patterning (CP), and solid solution (SS), determined
by temperature, dose rate, and atomic relocation distance.

@ Depending on the atomic relocation distance, irradiation leads either to growth of
existing Cr-rich (a’) precipitates, or to their partial dissolution and the formation
of numerous new precipitates, resulting in a complete reconstruction of the
microstructure.

@ Dislocation loops rapidly reach saturation and dominate the irradiation hardening;
the composition patterning scenario produces stronger hardening despite smaller
precipitates, due to the much higher precipitate density.

@ The main conclusion of this work is that composition patterning is not merely

suppressed precipitate growth, but a distinct irradiation-driven transformation
mechanism that reconstructs the microstructure and enhances hardening.
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Thank you for your attention!
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Model: formalism & evolution equations (continue)

Evolution equations for atomic subsystem

Alloy constituent concentrations:

8txu = 6txth + O Xbal'

=v. X:MWVE

ﬁt‘xzal = r(<X#>w = Xu),
———

balistic mixing

Ballistic mixing: (xpu)w = fw(r —1r)x,(r)dr’, w(r) = ﬁge_r/dr,

dr/ag ~ 1, T = KNrT Airr
Governing set of equations:

JY
Byx, =V - ZMWv& (%), — Xu)s
%,_/
balistic mixing

Radiation enhanced diffusion: My, , = My, (M) X)), My = DRED /RT
DRED Dy + Dy(c >+Di(Ci>
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Model: formalism & evolution equations (continue)

Evolution equations for defect subsystem

Point defect concentrations

0G .
Oycq =V - Ldvg +Ra(cv, ¢i; Knrr, T, k3 (oL, N, Ags Rp)) - (4)
d

reactions

Reactions: Rq = Kq — deg(pL,pN, Ag; Rp)ca — arcicy

Sinks of point defects (dislocations, loops, GBs, precipitates): pg“, PN )\GB, Rp, Np
k2 — Zd P i Zd<100>p5100> + Zd<111>pflll> +7 (Rp)Np e ZGB)\
pdlr — 2ﬂ_Rd1rNd1r7 Zdl!‘ — der(Rdlrr).

GB>

q . ’CNRT(]- _ Er)Eg bRdir
bOR{™ = g(R{™) <ZiLDi<Ci> — ZEDu(ev) + prep QN;T BN

i 5
Knrr(l — &r)ef - Ngir  bDy(cy)Ngr )

AN = AR (025 2RI
m((2/3)RL7(0))*b 10 (2/3)RArQY

Limitation by LE cellular dislocation structure:

8(RL) = 1 — 2Re+/(pF "> + p7 ") /La(pw)
Some relations are known (ORNL): NS> /N<100> g R <100> /R <I111> (] 625 — 1.3)
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