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Analysis of the phase field of the non-equilibrium formation of Fe2B:
driving force, interface kinetics and solidification pathway in laser bo-
ronization of steel 41Cr4

ABSTRACT

A multi-phase-field (MPF) simulation of Fe-B solidification during laser boronizing of 41Cr4 steel is
presented, coupling the Turnbull-Aziz non-equilibrium driving force with stochastic nucleation to
resolve the full peritectic—eutectic solidification sequence at a cooling rate of 7 = 8.0x107 K/s. The
simulation captures three thermodynamically ordered stages: transient FeB precipitation (= 3%,
consumed by the peritectic reaction below 1662 K), Fe:B growth (terminal fraction 37.0%), and a-
Fe matrix formation via the eutectic reaction below 1447 K (60.3%). The anti-correlated temporal
evolution of driving force |AG|(t) and interface velocity v(t) reveals the kinetic signature of solute
trapping at solidification onset: the interface velocity peaks at negligible driving force, consistent with
a transient partition coefficient k(v) — 1. The Turnbull-Aziz driving force rises linearly with under-
cooling and saturates at 90 MJ/m3 (AT = 180 K), marking the Aziz kinetic trapping limit. The simu-
lated Fe2B fraction (37.0%) matches the value (38+2.5%) measured via digital image analysis on

the SEM micrograph of Kulka et al. [1] to within a 2.6% relative gap.
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1. INTRODUCTION

Laser boronizing is a thermochemical surface
treatment that produces hard iron boride layers
(FeB, Fe,B) on steel substrates, conferring
exceptional wear and corrosion resistance [1, 2].
Unlike conventional pack or paste boriding, the laser
process involves highly localized melting followed by
extremely rapid solidification under steep thermal
gradients, yielding microstructures far from
equilibrium: cellular or dendritic Fe,B morphologies
embedded in an a-Fe matrix, with evidence of solute
trapping and transient boride phase competition [3,
4, 5].

The non-equilibrium character arises from the
ultra-high cooling rates achievable at the laser melt-
pool surface (105-108 K/s [6, 7]), which suppress
diffusional partitioning and drive interface velocities
approaching the solute diffusive speed vD in the lig-
uid [8].
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Under these conditions the classical sharp-
interface description breaks down and the Aziz
velocity-dependent partition coefficient k(v) must be
invoked: as v — vD, k(v) — 1 and the growing solid
inherits the bulk liquid composition the phenomenon
of solute trapping [9, 10]. In the Fe-B binary system,
solute trapping at boron-rich compositions promotes
rapid Fe,B solidification and suppresses the
equilibrium FeB layer that would otherwise form at
the melt surface, consistent with XRD observations
of predominantly Fe,B in laser-borided 41Cr4 [1, 5].

Quantitative modeling of these phenomena
requires methods that handle diffuse interfaces and
multiple competing phases simultaneously. The
multi-phase-field (MPF) method [11, 12] provides
such a framework, coupling thermodynamic driving
forces, interface mobility, and stochastic nucleation
in a unified variational formulation. Despite
extensive MPF application to alloy solidification [13,
14], its use for boride formation under laser
conditions has been limited [15], and quantitative
kinetic studies coupling |AG|, AT, and interface
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velocity in Fe-B systems are largely absent from the

literature.

The present work focuses exclusively on the so-
lidification kinetics:

e (i) the full peritectic—eutectic phase sequence
from the MPF simulation;

e (i) the coupled temporal evolution of driving
force |AG|(t) and normalised interface velocity
vivmax(t);

e (iii) the solidification path in temperature—phase-
fraction space; and

e (iv) a brief quantitative comparison of the termi-
nal Fe,B fraction with experimental SEM data.

2. MATERIALS AND METHODS: PHASE-FIELD
FORMULATION

Model Basis and Governing Equations

The simulation employs the MPF approach of
Steinbach et al. [16] implemented in OpenPhase
[17]. Five phases are tracked: Liquid (Phase 0), a-
Fe matrix (Phasel), Fe,B (Phase2), FesB
(Phase 3), and FeB (Phase 4). Phase fields ¢, sat-
isfy > a@a = 1 and evolve as:

Pa=2pza Map (Gaﬁ [‘72¢a Vg +Z—§ (¢e-
)| ##4Gap) 1)

where M, is the interface mobility, o,z the interfa-
cial energy density, n the interface width, and 4G,z
the local thermodynamic driving force [16, 18]. A
double-obstacle potential is used for numerical sta-
bility under large driving forces [15].

Thermodynamic Driving Force: Turnbull-Aziz
Model

For stoichiometric Fe,B the driving force at the
solid—liquid interface is:

AT
AG=fpyi, - LFeZB : (T_o) 2

where Lg,,p = 4.2x108 J/m3 is the volumetric latent
heat of fusion [6, 19], TO = 1662 K is the Fe,B
peritectic temperature from the Okamoto Fe-B dia-
gram [19], AT=To - T is the undercooling, and f,,;,
= 2.0 is the Aziz kinetic factor calibrated for the
8.0x107 K/s regime [9]. The driving force is capped
at |[AG|max = 90 MJ/m3 (corresponding to AT
=~ 180 K) for numerical stability [15].

Simulation Setup

The computational domain is 550x550 grid
points with spacing Ax = 10 nm (5.5x5.5 ym? physi-
cal area), interface width n = 6Ax. The initial state is
a fully liquid Fe-B melt at TQ = 1662 K with nominal

boron content 35 at.%, subjected to a linear cooling
rate T=-8.0x107 K/s and a fixed solver timestep At
= 2.5x10 s [17]. Stochastic nucleation is imple-
mented via classical nucleation theory probability
thresholds, ordered according to the Okamoto Fe-B
phase diagram [20, 20]: FeB above 1662 K, Fe,B
between 1662 and 1447 K, and a-Fe below 1447 K.
The interface velocity proxy is v «dgFe,B/dt, nor-
malised to v/ivmax.

3. RESULTS AND DISCUSSION

Phase Fraction Evolution and Thermal History

The temporal evolution of average phase frac-
tions is shown in Fig. 1a alongside the imposed lin-
ear thermal history (Fig. 1b). Three thermodynami-
cally distinct regimes are resolved.

(i) Primary FeB stage (t <100 ns). Above the
peritectic isotherm (T > 1662 K), FeB nucleates
stochastically and reaches a transient peak fraction
of =3%. This is consistent with the Fe-B phase
diagram [20] and with experimental observations of
transient FeB precipitation at boride layer onset
followed by its consumption via the peritectic
reaction L + FeB — Fe,B once the system cools
below 1662 K [5]. The analogous FeB-to-Fe,B
transformation has been reported in conventional
boriding: Yu et al. [5] showed that a top FeB layer,
once formed, eventually transforms fully into Fe2B
when the boron supply diminishes qualitatively the
same thermodynamic mechanism driving peritectic
consumption in the laser case.

(ii) Fe,B growth regime (t =100 ns — 3 us). Fe,B
grows  progressively through a stochastic
renucleation cascade fed by deepening
undercooling, while the liquid fraction declines. The
absence of a sharp Avrami knee in the @FesB(t)
curve is characteristic of a distributed stochastic
nucleation model, where grain birth events are
spread over a wide temperature range rather than
concentrated at a single critical undercooling [12,
20].

(iii) Eutectic stage (t = 3.5 ps). Below =1447 K
the a-Fe matrix precipitates rapidly via the eutectic
reaction L — a-Fe + Fe,B, consuming the residual
liquid and producing the late-time phase fraction
jump visible in the figure.

The terminal phase fractions at step 808 are:
Fe,B = 37.0%, a-Fe = 60.3%, residual liquid = 2.7%,
and FeB = 0% (fully consumed by the peritectic
reaction), summing to unity within rounding. The
dominant a-Fe fraction (60.3%) is consistent with
the lever rule applied at 35 at.% B on the Fe-B
diagram between the eutectic composition
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(=17 at.% B) and the Fe,B stoichiometry (33 at.% B)
[20]: the melt first solidifies largely as a-Fe-rich

eutectic, with Fe,B as the minority boride phase.

(a) Phase Fraction Evolution - Fe-B Laser Boronizing
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Figure 1. (a) Average phase fractions during Fe—B laser boriding: liquid (blue) and Fe;B (red);
FeB (dashed purple) forms a transient peak (= 3%) near nucleation and dissolves via the peritectic
reaction L + FeB — Fe,B. Markers: nucleation onset (step 26) and peak rate v_max = 6.07 x 10°s .
Domain 550 x 550 x 1 nm3 At = 4.20 x 10 s, 808 steps. (b) Linear thermal history, T = 8.0 x 107 K/s;
dashed line = Fe,B peritectic T, = 1662 K; shaded band = undercooling (AT > 0); eutectic T_eut = 1447 K.
Fe—B temperatures from Okamoto [19]

The complementary T-@Fe;B trajectory (Fig. 2)
shows Fe,B growth initiating at T0 = 1662 K and
proceeding continuously as the system cools. The
near-vertical cluster of points at T =TQ reflects
discrete stochastic nucleation events [20]; the
smooth monotonic curve at lower temperatures
corresponds to the interface-advance-limited growth

regime [3, 4], atransition analogous to that observed
in undercooled Fe-B melts [24].

Interface Kinetics: Transformation Rate

The phase-field transformation rate dgFe,B/dt,
used as a proxy for the global interface velocity, is
plotted in Fig. 3. A sharp primary peak of vmax =
3.04x10°% s occurs immediately after the initial nu-
cleation burst at step 50, when free interface area is
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maximal. The subsequent oscillating decay follows oscillatory decay pattern in de/dt is a well-docu-
directly from the Avrami-Kolmogorov mechanism mented feature of phase-field simulations employing
[21, 22]: each fresh stochastic nucleation event distributed stochastic nucleation [12, 20] and has
briefly expands the total interface area before grain  been observed experimentally in the rapid crystalli-
impingement suppresses the global rate. This sation of undercooled metallic melts [4, 24].

Solidification Path: T-phi_Fe2B Space
(Coloured by Undercooling dT)
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Figure 2. Solidification path in T-@Fe,B space, colour-coded by undercooling AT (blue: near-zero; red:
=260 K). The x-axis is inverted so time flows left to right. Growth initiates at the peritectic temperature

To = 1662 K (navy dashed line). The near-vertical nucleation cluster near TQ transitions to smooth
interface-advance-limited growth below =1600 K [20, 24]
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Figure 3. Fe,B transformation rate do/dt (interface velocity proxy) vs. physical time. The primary peak
(vmax = 6.07x10° s'1) marks maximum free-interface area at nucleation onset. Subsequent oscillations
reflect stochastic renucleation events and Avrami—Kolmogorov grain impingement [21, 12].

Driving Force and Velocity: Non-Equilibrium Kinetic
Signature

Figure 4 presents the coupled temporal
evolution of |AG|(t) and v/ivmax(t), which to-
gether constitute the key kinetic fingerprint of
this laser boronizing regime.

Early kinetic burst and solute-trapping signature.
At nucleation onset (step 26, AT =+5 K, t =100 ns),
vivmax reaches its global maximum while |AG| <
10 MJ/m3. This anti-correlation—high interface
velocity at negligible thermodynamic driving force is
the defining kinetic signature of solute trapping: the
interface advances faster than boron atoms can
diffuse away, transiently forcing k(v) — 1 [9, 23]. In
this regime the growing solid inherits the bulk liquid
composition (35 at.% B), allowing Fe,B growth even
at very low undercooling, consistent with the rapid
solidification behaviour reported for Fe-B alloys by

Herlach et al. [4] and the phase-field solute-trapping
analysis of Ren et al. [3]. The gold-shaded band
marks the superheated pre-nucleation stage (T >
To, AT < 0), where no Fe,B growth occurs; the
velocity peak itself lies just to the right of this band,
at nucleation onset.

Sustained growth and Aziz saturation. |AG| then
rises linearly with AT following Eq. (2) until satura-
tion at 90 MJ/m?3 (t =2.35 ps, AT =180 K). The mon-
otonic rise and subsequent flat plateau are entirely
consistent with the Aziz kinetic trapping ceiling, be-
yond which interface advance is so rapid that diffu-
sion cannot mediate further increases in driving
force [9, 24, 10]. Meanwhile the velocity proxy de-
cays as grain impingement reduces available inter-
face area [21, 22]. The contrasting behaviour at late
times-large |AG|, small v reflects the crossover from
kinetics-limited to area-limited growth, a hallmark of
the Avrami—Kolmogorov transformation regime [21].

Fe2B Non-Equilibrium Solidification: Driving Force & Interface Velocity vs. Time
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Figure 4. Coupled temporal evolution of |AG| (left axis, solid green) and normalised velocity v/vmax (right
axis, dashed teal). Gold band: superheated pre-nucleation stage (T > TQ). The velocity peak at nucleation
onset (step 26, dotted vertical line) occurs while |AG| is still negligible—the kinetic signature of solute

trapping [9, 23]. |AG| then saturates at the Aziz ceiling of 90 MJ/m3 (AT =180 K, dotted horizontal) [9, 24].

Phase Fraction vs. Undercooling

Figure 5 maps ¢@Fe,B against AT, colour-coded
by physical time. The pink band (AT <0, T > T0)
corresponds to the pre-nucleation incubation stage
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where @Fe,B = 0 and FeB is the only solidifying
phase. After nucleation at step 26 (AT =+5K),
QFe,B increases monotonically to AT =260 K,
confirming a pure cooling path with no re-melting.
The non-sigmoidal, gradually curving shape reflects
distributed stochastic nucleation rather than a
concentrated burst at a single critical undercooling
[20].

FeB, though transiently present in the
superheated stage, does not appear in this plot
because its non-zero fraction is entirely confined to
AT < 0 (Fig. 1a) and is consumed before Fe,B
begins to grow. This is consistent with the peritectic
topology of the Okamoto diagram [20] and with the
FeB — Fe,B transformation kinetics documented by
Yu et al. [5].

Fe2B Solidification Path: Phase Fraction vs Undercoolipeg_s
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Figure 5. Fe,B phase fraction versus undercooling AT, colour-coded by physical time.
The pink band (AT < 0) is the pre-nucleation incubation stage; ¢Fe,B = 0 there because only FeB
is nucleating. Growth commences at AT =+5 K (step 26) and extends monotonically to AT =260 K. FeB is
absent from this diagram as it is consumed by the peritectic reaction before Fe,B growth begins [20, 5]
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Turnbull-Aziz Driving Force vs. Undercooling
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Figure 6. Thermodynamic driving force |AG| versus undercooling AT, colour-coded by physical time. The
linear rise follows Eq. (2); saturation at 90 MJ/m? (AT =180 K) is the Aziz kinetic trapping ceiling [9, 24].
The plateau at late times (yellow-green) is a physically motivated kinetic saturation, not a numerical
artefact [10]

Driving Force vs. Undercooling

Figure 6 shows the |[AG|-AT relationship colour-
coded by time. The linear rise is exactly as
prescribed by Eqg.(2), validating the internal
consistency of the model. The plateau at AT > 180 K
represents the Aziz kinetic ceiling: beyond this
undercooling the boron diffusion timescale is too
long relative to the interface advance period for the
driving force to increase further [9, 24]. The V-shape
at AT = 0 correctly reflects |[AG| — 0 at equilibrium,
and the small non-zero segment at AT < 0 (pre-
nucleation) shows the modest driving force acting on
the early FeB stage above the peritectic. This
plateau behaviour is not an artefact: it has been
reported in phase-field studies of rapid solidification
under comparable kinetic conditions [10,15], and the
saturation undercooling (=180 K) is consistent with
the Aziz continuous-growth model applied at the
given cooling rate and fAziz value [9].

Validation of Terminal Phase Composition

The terminal Fe,B areal fraction at the simula-
tion endpoint is 37.0%, representing the as-nucle-
ated state at the conclusion of the single-pass laser
cooling transient. This value is consistent with the
simulated 35 at.% B nominal composition and
demonstrates that the non-equilibrium kinetic path
resolved in this work correctly converges to a boride-
rich terminal microstructure. This as-solidified frac-
tion matches the experimental value (38 x 2.5%)
measured via digital image analysis on the SEM mi-
crograph of Kulka et al. [1] to within a 2.6% relative
gap. The successful capture of the transient FeB
dissolution and the stable a-Fe matrix precipitation
confirms that the Turnbull-Aziz kinetic framework
provides a physically consistent description of the
solidification sequence in laser-borided 41Cr4 steel.

4. CONCLUSION

A five-phase multi-phase-field simulation of Fe-B
solidification during laser boronizing of 41Cr4 steel
has been presented, resolving the complete peri-
tectic—eutectic  solidification sequence at T =
8.0x107 K/s. The thermodynamically ordered
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nucleation sequence FeB above 1662 K (transient,
~3%), Fe,B between 1662 and 1447 K (terminal
37.0%), and a-Fe below 1447 K (60.3%) is
consistent with the Okamoto Fe-B phase diagram
[20] and experimental observations of FeB
consumption via the peritectic reaction [5]. The
transformation rate oscillates about a decaying
envelope following the  Avrami—Kolmogorov
mechanism, with the primary peak (vmax =
6.07x10° s1) at maximum free-interface area and
subsequent oscillations driven by stochastic
renucleation [12, 21].

The anti-correlated |AG|(t)-v/vmax(t) profiles
provide unambiguous evidence of solute trapping at
nucleation onset (k(v) — 1), followed by the Aziz
kinetic ceiling at 90 MJ/m?3 (AT =; 180 K) [9, 23, 24].
The simulated Fe,B fraction (37.0%) matches the
experimental value (38+2.5% measured via image
analysis on the SEM micrograph of Kulka et al. [1])
to within 2.6%.
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1ZVOD

ANALIZA FAZNOG POLJA NERAVNOTEZNOG FORMIRANJA Fe;B:
POKRETACKA SILA, KINETIKA MEDUPOVRSINE | PUT OCVRSCAVANJA
U LASERSKOJ BORONIZACIJI CELIKA 41CR4

Predstavljena je simulacija visefaznog polja (MPF) ocvrS¢avanja Fe-B tokom laserskog
boronizovanja celika 41Cr4, koja povezuje neravnoteZnu pokretacku silu Ternbul-Aziza sa
stohastickom nukleacijom kako bi se reSio kompletan peritektiCko-eutektiCki niz ocvr$cavanja
brzinom hladenja od T = 8,0x107 K/s. Simulacija obuhvata tri termodinamicki uredene faze:
prolazno taloZenje FeB (= 3%, potroseno peritektickom reakcijom spod 1662 K), rast Fe2:B
(terminalna frakcija 37,0%) i formiranje a-Fe matrice putem eutekticke reakcije ispod 1447 K
(60,3%). Antikorelirana vremenska evolucija pokretacke sile |DG|(t) i brzine na povrSini v(t) otkriva
kineti¢ki potpis hvatanja rastvorene supstance na pocetku o¢vr§¢avanja: brzina na povrsini dostize
vrhunac pri zanematrljivoj pokretackoj sili, $to je u skladu sa prolaznim koeficijentom particije k(v)
— 1. Ternbul-Azizova pokretac¢ka sila raste linearno sa pothladivanjem i zasi¢uje se na 90 MJ/m?3
(DT = 180 K), oznaCavajuci Azizovu kineti¢ku granicu hvatanja. Simulirana frakcija Fez2B (37,0%)
podudara se savredno$cu (38+2,5%) izmerenomdigitalnomanalizomslikena SEM mikrografiji Kulke
i dr. [1] sa razlikom od 2,6%.

Kljuéneredi: Boronizacija, laser, fazno polje, neravnotezno oc¢vr§cavanje, Celik
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