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Highlights

Impact of Ni alloying on Fe-C martensite ageing: an atomistic investigation

Paul Eyméoud,Liangzhao Huang,Philippe Maugis

o Computational investigation combining first-principles and Kinetic Monte-Carlo approaches.
o Ni alloying lowers migration energies and force dipole tensor components associated to an interstitial C in a-Fe.

o Ni alloying accelerates ageing kinetics.
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We propose a computational investigation of Ni-alloying impact on Fe-C martensite ageing, at the
atomic scale. Using the Climbing Image Nudged Elastic Band technique, we showed the repulsive
nature of Ni-C pairwise interactions in @-iron, and demonstrated that Ni alloying lowers the migration
energies and force dipole tensor components associated to an interstitial carbon in a-iron. Computed
values of pairwise interactions, migration energies and dipole components were used to implement
a Kinetic Monte-Carlo approach. We found that Ni alloying: (i) has negligible impact on martensite
thermodynamical stability, (ii) accelerates ageing kinetics, by increasing carbon diffusivity.

Thermal ageing induces important changes on ferrous
martensite properties [1], such as hardness [2, 3, 4], strength
[5, 6], and thermal expansion [7, 8]. Numerous experimental
and theoretical works carried out to understand these changes
revealed that carbon redistribution on octahedral interstitial
sublattices (0.i.s.) is one of the major driving forces of the
ageing process [9, 10, 11, 12, 13, 14].

This carbon redistribution during martensite ageing can
be biased by several factors, not only applied stresses [10,
15], grain structure [16] and crystal defects [17], but also
alloying elements. In this sense, the case of Ni-alloying is
of particular interest, notably for maraging steels conception
[18]. Although numerous ageing studies were performed on
both non-alloyed [19, 20] and Ni-alloyed martensite [13, 21,
22, 23], few studies have compared the two cases, except as
concerns tetragonality changes [24, 25, 16, 26]. By compil-
ing those experimental data on martensite ageing, it appears
difficult to separate what depends or not on Ni alloying.

To shed light on the matter, the present work aims at eval-
uating the impact of Ni alloying on martensite ageing, by
combining first-principles and Kinetic Monte-Carlo (KMC)
computational approaches. Although close computational
investigations have been already performed for other alloy-
ing cases, such as Fe-Si-C [27], Fe-Cr-C [28] or Fe-Nb-C
[29], the project appears as new for Fe-Ni-C system.

The study falls into two parts. First, we realized a bi-
partite first-principles study of the impact of Ni addition on
interstitial carbon dipole tensors and migration energies: in
the dilute limit, and for 25at%Ni alloying. Second, using the
previously computed first-principles data, we implemented
a KMC procedure, validated it on Mean-Field (MF) calcu-
lations, and used it to study the impact of Ni alloying on
martensite(a’)-ferrite(e) transition and carbon diffusivity.

First-principles calculations have been performed with
VASP code [30, 31], with generalized gradient approxima-
tion [32] with projector augmented wave method [33] and
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Perdew-Burke-Ernzerhof exchange-correlation functionals [34,
35], spin polarized approximation, 400 eV energy cut-off,
4 %X 4 x 4 Monkhorst-Pack scheme [36] for k-points meshes
construction, 10~ eV energy convergence criterion for elec-
tronic self-consistency. As concerns ionic relaxations, RMM-

o3
DIS algorithm [37] was used with 0.001eV /A" ionic relax-

ation criterion, except for FeqgNi3, C; supercells (0.0075eV/ A3).
To reproduce carbon migration paths, Climbing Image Nudged
Elastic Band (CI-NEB) methodology has been used for fixed
lattice volume and geometry (only internal relaxations were

allowed), with 9 intermediary images, and 0.05eV / 10%3 ionic
relaxation criterion. To simulate 25at%Ni alloying (Fe-Ni
disorder on host sublattice), we have built a FegNi3, Special
Quasirandom Structure [38] (SQS), using the mcsgs module
[39] of ATAT code [40]: calculation of the correlation func-
tions has been performed on clusters containing atomic pairs

shorter or equal to \/gao. Additional information on DFT
numerical implementation and results are given in Supple-
mentary Material (SM).

In order to understand the impact of Ni on carbon mi-
gration, we started with the influence of dilute Ni alloying
on interstitial carbon. First of all, we determined the neigh-
boring concentric shells of octahedral and tetrahedral sites
surrounding a substitutional Ni (cf. Fig. 1, top left). For
each possible carbon position, the Ni-C pairwise interaction
energy is defined as [41]:

V(Nl - C) = E(F6127Ni1C1) + E(Fel28)

—E(Fep;Niy) — E(Fey,5Cy)

wherein all supercells are taken at the fixed lattice volume
and shape of the Fe;,;Ni; equilibrium one. Such formu-
lation enables the calculation of elastic dipoles associated
with C atoms (relaxation due to C ordering will be inte-
grated later, in the thermostatistical study). For the octahe-
dral (resp. tetrahedral) cases, Fe ,3C; and Fe;,;Ni;C; su-
percells were computed by performing internal relaxations
(resp. CI-NEB procedure). The results, presented in Fig. 1,
top center, reveal that : (i) Ni-C octahedral-type pairs are
strongly repulsive up to second neighbors and negligible be-
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Figure 1: Top left: neighboring shells of octahedral and tetrahedral interstitial sites surrounding a substitutional Ni atom. Top
center: associated values for V' (Ni-C) pairwise interaction, with Ni-C interatomic distance after internal relaxations. Bottom left :
energetic profiles of carbon migration along the O, — T, — O, paths (energy reference: carbon on O6). Top right: associated
migration energies. Bottom right: associated dipole components for C located on tetrahedral and octahedral sites.

yond, (ii) Ni-C tetrahedral-type pairs are negligible (partic-
ularly, T; pair is widely less repulsive than O, and O, ones).

In a second part, we have computed by CI-NEB approach
the migration energy profile associated to each tetrahedral
site and its two nearest octahedral neighboring sites. The
results, presented on Fig. 1, bottom left and top right, re-
veal that Ni reduces migration energy E' (i.e., energy dif-
ference between saddle point energy and initial stable state
energy) by about 20% for the first and second neighboring
shells (paths Oy — T} — O, and O, — T, — O3),
and this effect vanishes for higher order neighboring. Asso-
ciated force dipole tensor components, presented in Fig. 1,
bottom right, reveal the strong impact of Ni for O, O, and
T; (reduction by 20%) and less important impact beyond.

In order to evaluate the effect of 25at%Ni alloying on
C migration, we have applied the CI-NEB methodology to
construct the O — T — O migration paths related to ten tetra-
hedral sites randomly chosen in the FeggNis, SQS. After
averaging the paths (arithmetical average on SQS, see Ref.
[15]), in both back and forth directions of migration (see Ref.
[42, 27]), we got the migration energy and force dipole ten-
sor components presented in Fig. 2. It gives a rough esti-
mate of Ni-induced lowering, by combining both strong E}
lowering induced by O, O, configurations, and weaker Eg’
lowering induced by higher order neighboring shells (O5,
O,, etc.). This procedure reveals that 25at%Ni alloying low-
ers migration energy (resp. force dipole tensor components)
by about 25% (resp. 40%).

Moreover, the Ni-induced lowering of migration energy
and dipole components are coherent with experimental data

| 0at%Ni  25at%Ni |

a, (R), C-free lattice 2.831 2.851
C,, (GPa), C-free lattice  282.7 189.5
C,, (GPa), C-free lattice ~ 148.7 119.1
C,, (GPa), C-free lattice 99.7 114.4
P, (eV), Cin o.is. 9.1 4.9

P. (eV), Cin o.i.s. 18.2 11.8

P, (eV), Cin t.is. 14.3 9.8

P. (eV), Cin t.is. 5.0 2.75

E" (eV) 0871  0.665

Table 1

Parameters computed in the framework of DFT. Elastic con-
stants have been computed using the VASP parameterization
from [46] on a two-iron atoms body-centered cubic unit cell
for Ni-free case, and our usual VASP parameterization on a
Fe ,Ni, SQS supercell for Ni-alloyed case.

plotted on Fig. 2. Experimental values of dipole compo-
nents for C atom in octahedral sites have been computed us-
ing formulas (7,8) from Ref. [26], wherein 6, and 6, values
have been extracted from X-ray diffraction data of [43] (resp.
[44, 45]) for Ni-free (resp. Ni-alloyed) case.

In order to evaluate the impact of Ni-alloying on marten-
site ageing, we used the parameters resulting from our DFT
investigation, to implement a KMC approach.

In this KMC approach, we applied the residence-time al-
gorithm on 2 X 323 bec sites simulation box with periodic
boundary conditions. 25at% Ni-alloying was reproduced by
a random distribution of Ni on host lattice. About 1000 C
atoms were inserted in the simulation box (corresponding to
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Figure 2: Migration energy profile versus reaction coordinate
(top), and associated variation of dipole components (bot-
tom): blue (resp. red) for Ni-free (resp. Ni-alloyed) case.
Experimental data extracted from [47, 48, 49, 43, 44, 45].

1.5at% of C), and allowed to jump during the simulation. For
jump frequencies, we employed the following expression:

T, = voexp( — (E' — PTi = P%) 1 £)/(kgT)) (1)

where € denotes the homogeneous strain tensor induced by
the carbon atoms on octahedral positions (pure dilatation in
ferrite, tetragonal distortion in martensite), Pl (resp. POi)
the dipole tensor associated to carbon atom (considered as
independent of the chemical environment) in t.i.s. (resp.
0..s.), Ej the migration energy of undeformed crystal, and
vy the attempt frequency. This last one is assumed to be: (i)
strain-independent, (ii) the same in Ni-free and Ni-alloyed

cases, since alloying-induced elastic modulus variations (about

20-30%) generates minor variations of v, (about 10-20%)
(50, 51]. In the Ni-alloyed case, the quantity Ef' is given
by the pairwise approximation:

E!"(Ni-alloyed) = E"(Ni-free)+ > PA

i€ neighboring T sites

17 Ni-C

- Z Z. Vi )

i€ neighboring O sites

where z; denotes the number of Ni atoms at the shell i of the
considered C atom, E'(Ni-free) is contained in first column
of Table 1, and VI\"H_C are plotted on Fig. 1, top center. Such
technique allows us to take into account the local Ni envi-
ronment of C, instead of working with the approximated mi-
gration energy of Table 1, column 2, obtained by averaging.

To estimate the Zener order parameter, carbon interstitial
occupancies were measured after each atomic jump (associ-
ated lattice parameters were then deduced from Eq. (4,5)).
After the system reached equilibrium, 100 measurements of

17 Ni-C

the mean squared displacement (MSD) of carbon atoms after
3% 107 atomic jumps (i.e., a total of 3x 107 carbon jumps for
each simulation) were performed to compute the tracer dif-
fusion coefficients. The relative convergence of the obtained
C diffusivities was taken within +1% with these settings.

Tracer diffusivity D; (i = x, y, z) is related to the MSD
(Rlz) along the x, y, z directions during a period of time =
via the Einstein-Smoluchowski equation (Rlz) =2D;7. The
MSD is given by:

N 2 N
<Ri2> = ( Z Rn,i> =/ < Z Ri,i) )
n=1 n=1

where N is the total number of jumps in the period of time =
and R, ; is the displacement of a C atom along the i-direction

due to the n-th jumps. <(E,]1V=1 eru.)) is the uncorrelated MSD
corresponding to the random diffusion path, and f; is the
correlation factor characterising deviation between the tracer
diffusion and a random walk.

From the thermodynamical point of view, our KMC ap-
proach allowed us to deduce the thermal evolution of Zener
order parameter # = (¢; — (¢, + ¢3)/2)/C (wWhere ¢y, ¢,, ¢3,
respectively denotes carbon fraction on x, y, z oriented o.i.s.,
and C = ¢; +c¢, +¢3) to describe ordering transition between
martensite o’ (7 ~ 1: C atoms preferentially located on z —
0.i.s.) and ferrite « (# = 0: C atoms evenly distributed on
the three o.i.s.). Associated variations of lattice parameters,
presented on Fig. 3, top left were then inferred from [53]:

alay, = 1+2C[K—0-r/]/(3a(3)) (@)
c/ag = 1+2C[k+20-1|/(Ba) 5)

withk = (8] +25)(P.+2P,)and 0 = (S| —So)(P.—
P,), where S|, S|, (resp. P,, P,) denote the compliance
(resp. dipole) tensor components. Formula (4,5) were also
used to compute the € strain tensor appearing in Eq. (1).

From the kinetical point of view, our KMC approach led
to the Arrhenius plots of total diffusivity D = D, + D, + D,
presented on Fig. 3, top right.

Before analyzing our KMC results, we have first vali-
dated the KMC model in the Ni-free case, by comparing it to
the calculations performed using Maugis’s mean-field elas-
tochemical model [53, 54], implemented with the parame-
ters from left column of Table 1.

This MF model starts from the following expression of
the elastic part of the energy of the crystal (per iron atom)
containing a population of point defects (namely, interstitial
carbon atoms), submitted to an homogeneous strain € rela-
tive to carbon-free lattice [53]:

Eel=a3[Ce:£—P:£]/4 (6)

wherein C, P, € respectively denotes stiffness, volume den-
sity of force dipole, and homogeneous strain tensor, and a
is the equilibrium lattice parameter of carbon-free lattice. In
this framework, under zero-stress, equation (6) leads to the
energy at mechanical equilibrium E¢ = —hyC?5? wherein
hs =2(S1, — S|P, — Pa)z/(3a(3)) is the strain-energy pa-
rameter. It then can be shown that the a’-a equilibrium Zener
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Figure 3: Effects of 25at%-Ni-alloying on: (i) thermodynamics: evolution of tetragonality ratio c/a with temperature (top left),
(ii) kinetics: Arrhenius plots of total diffusivity (top right), anisotropic diffusivities (bottom left), correlation factors (bottom
right). Calculations performed in MF and KMC, using C = 1.5at% and v, = 149THz [52].

order parameter # at temperature T is governed by the im-
plicit equation (see Eq. (18) from Ref. [53]):

3Chgn + kgTIn((1 +2n)/(1 — 1)) =0 7

By solving Eq. (7), one can then infer the lattice parameters
through Eq. (4, 5). Concerning the kinetical aspects, the MF
anisotropic diffusivities are deduced using Eq. (1), and the
following equations [52] (¢, a deduced from Eq. (4,5)):

2 Iy 2 Iy
p=—p=24 31l 12 c 31113

= — . = 8
x M) I N 2202+, ®)

Comparing our KMC and MF results in Ni-free case, we
got the superimposed blue plots in Fig. 3 top left, top right
and bottom left, which validates our KMC procedure.

After this validation, we have compared our KMC results
in Ni-free and Ni-alloyed case.

From the thermodynamical point of view, considering
Fig. 3, top left we conclude that Ni-alloying: (i) has negligi-
ble impact on a’-a transition temperature, (i) increases the
tetragonality ratio at low temperature. This second point, co-
herent with experimental data from [16, 24], is linked to the
Ni-induced host lattice softening, noticeable on C; J- values
from Table 1 (see Ref. [26] for detailed justification).

From the kinetical point of view, considering the Arrhe-
nius plots of total diffusivity in Fig. 3, top right (result-
ing from the anisotropic diffusivities from Fig. 3, bottom
left), we conclude that Ni-alloying increases carbon diffu-
sivity: by a factor 5.7 at 300K (a’ domain), and a factor
8.7 at 700K (@ domain). Such particular behavior contrasts
with C diffusivity decreasing modeled in Fe-Cr [28] or Fe-
Si [27] alloys. What is more, we can notice on Fig. 3, bot-
tom right the strong changes on correlation factors induced
by Ni-alloying, particularly in «’ domain. Those correlation

factors slightly differs from 1 in non-alloyed case, since a C
atom is not allowed to jump on a site which is already oc-
cupied by another C atom. We also realized a comparative
approximated Ni-alloyed MF modeling (red curves on Fig.
3): it is not quantitatively valid, since it does not take into
account neither local chemistry, nor kinetic correlations.
To conclude, we have shown by first-principles calcula-
tions that: (i) Ni-C pairwise interactions are strongly repul-
sive up to second neighboring, (ii) Ni-alloying lowers mi-
gration energy and force dipole tensor components associ-
ated to interstitial carbon in ferrite and martensite. Imple-
menting numerical values of those energetic parameters in
a KMC procedure (validated on MF calculations in Ni-free
case), allowed us to see the Ni-alloying impact on marten-
site ageing. Thermodynamically, Ni-alloying has negligible
impact on martensite stability, since a’-a transition temper-
ature remains quite unchanged. Kinetically, Ni-alloying ac-
celerates ageing kinetics, by increasing carbon diffusivity.
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