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ABSTRACT

A giant Zn segregation transition is revealed using CALPHAD-integrated density-based modeling of segregation into Fe grain boundaries (GBs). The results show
that above a threshold of only a few atomic percent Zn in the alloy, a substantial amount of up to 60 at.% Zn can segregate to the GB. We found that the amount
of segregation abruptly increases with decreasing temperature, while the Zn content in the alloy required for triggering the segregation transition decreases. Direct
evidence of the Zn segregation transition is obtained using high-resolution scanning transmission electron microscopy. Base on the model, we trace the origin of
the segregation transition back to the low cohesive energy of Zn and a miscibility gap in Fe-Zn GB, arising from the magnetic ordering effect, which is confirmed
by ab-initio calculations. We also show that the massive Zn segregation resulting from the segregation transition greatly assists with liquid wetting and reduces
the work of separation along the GB. The current predictions suggest that control over Zn segregation, by both alloy design and optimizing the galvanization and

welding processes, may offer preventive strategies against liquid metal embrittlement.

Liquid Metal Embrittlement (LME) is a major safety concern in struc-
tural engineering. For Zn-coated steels, LME leads to severe limitations
in manufacturing and related designs in the automotive industry [1,2].
Extensive research has been devoted to understanding the underlying
mechanisms of LME (see for instance [3-5] and references therein). Em-
bedded in several analyses, wetting of grain boundaries (GBs) has been
proposed as a leading mechanism in promoting crack initiation and
propagation in Zn welding regions [6,7]. The extent and significance
of wetting are argued to depend on the solubility of the embrittling
metal in the base alloy [8]. Another mechanism repeatedly discussed
for LME is stress-assisted diffusion, promoting the formation of a Zn-
penetration-zone and thus cracking [9,10]. Recently, it has also been
proposed that LME can be driven by the formation of brittle Zn-rich T’
precipitates that further create stress heterogeneities in the uncracked
GBs [11].

As a common point of departure in various mechanisms, the interac-
tion between Zn and Fe atoms at GBs is of fundamental importance: In
particular, one can ask if, prior to wetting or GB precipitation, the segre-
gation of Zn could play a critical role on a much smaller scale? Indeed,
careful investigations revealed that Zn-rich precipitates form along the
GB far ahead of the crack tip [11,12]. Furthermore, atom probe tomog-
raphy has revealed significant elemental segregation along GBs [13].
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These observations brace Zn segregation as a precursor for LME, weak-
ening the GB and accelerating interfacial wetting and precipitation prior
to crack initiation. Even for the mechanism of stress-assisted diffusion,
the enlargement of the so-called Zn-penetration-zone should be studied
in conjunction with the GBs’ segregation response. For these reasons
and because of its potential for preventive design against LME, it is
highly desirable to explore and understand Zn segregation and related
GB phase behavior.

In the bulk Fe-Zn phase diagram, the BCC solid solution shows a
miscibility gap over a significant range of temperatures and composi-
tions, see Fig. S1 in the Supplementary Material (SM). Although often
neglected in the usual Fe-Zn phase diagram (due to the assumption of
an equilibrium formation of the Zn-rich I" phase), this miscibility gap
has important implications for the Zn segregation behavior: In fact, the
presence of such a miscibility gap can lead to a segregation transition
phenomenon as demonstrated in other alloy systems [14-16]. Further-
more, due to the small cohesive energy of Zn, the driving force for any
Zn segregation is expected to be high, i.e., the energy of an Fe GB can
be dramatically reduced with Zn segregation. To capture these two ma-
jor features, density-based Gibbs free energy formalism for describing
GBs is considered [14]:
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Fig. 1. Grain boundary (GB) phase diagram. (a) The GB miscibility gap (circles) computed utilizing the CALPHAD-integrated density-based method. Thermo-Calc
TCFE11 database was used. The miscibility gap of the parent a (BCC) bulk phase is shown for comparison in the background. The superscripts B and GB refer
to bulk and grain boundary compositions, respectively. (b) GB segregation isotherms computed for various temperatures using CALPHAD-integrated density-based
method. The abrupt jump in each isotherm indicates the segregation transition. (c) The complete density-based GB phase diagram is obtained, combining the results
in panels (a) and (b). At each given temperature, the transition line (squares) marks the critical alloy (bulk) composition at which the segregation transition occurs. A
massive Zn segregation transition is predicted for alloy compositions and temperatures changing from the left to the right side of the transition line. The segregation
transition at 7 = 623 K is marked, as an example, to link the results in panels (b) and (c). (For interpretation of the colors in the figure(s), the reader is referred to

the web version of this article.)

G(T’ p’XZn) = XFEGFe(T’ P) + XZnGZn(T’p)

+p*AH® (T, X,,) -TAS® (T,X,,) 1

with G(T, p) = p* EE + p (GE(T) — EP). Here, the dimensionless atomic
density p defines the parent bulk phase when p=1 or a GB when p< 1.

All other terms are bulk thermodynamic properties available from
CALPHAD databases: The Gibbs free energy GI.B and potential energy
EP of the pure i substance, the mixing enthalpy AH® and the mixing
entropy ASB —the superscript B denotes bulk properties throughout
this paper. Compared to its original formulation [14], in this study, we
omit the gradient energy contributions in the free energy and, instead,
focus on the temperature and composition dependence of the Zn segre-
gation phenomenon.

The density-based approach has been successfully applied for mi-
crostructure and alloy design in a broad range of materials [17-21]. The
key strength of this method is its natural capacity to be integrated with
the CALPHAD framework and atomistic simulations, providing in-depth
multi-scale insights into the phase behavior of GBs. We study a proto-
typical GB with p =0.92 motivated by atomistic simulations of BBC-Fe
GBs. For the calculations, we use the Thermo-Calc TCFE11 database.
The computational details and input parameters are given in Appendix
A and B in the SM.

Fig. 1(a) shows the computed GB miscibility gap (solid lines with
circles). Compared to the parent bulk phase (red curve in the back-
ground), the GB miscibility gap slightly shrinks and shifts, however, it
still covers a broad range of temperatures and compositions. Applying
the equal chemical potential condition [14], one can study the coexis-
tence of the GB and bulk. This gives the segregation isotherms shown in
Fig. 1(b). The isotherms reveal a segregation transition, i.e., an abrupt
increase (jump) in the GB Zn segregation with increasing Zn content
in the bulk solid solution. This corresponds to the miscibility gap of
the GB. We found that the amount of Zn in the GB massively increases
during the segregation transition, markedly exceeding the previously
observed large segregation transitions in iron alloys [15]. For instance,
at T =623 K, about 60 at.% Zn segregate to the GB if only 4 at.% of Zn
are added to BCC-Fe.

The critical alloy compositions, corresponding to the segregation
transitions, can be obtained from segregation isotherms, i.e., the solid
black line with squares in the left corner in Fig. 1(c), referred to as the
transition line. With this critical information, the GB phase diagram is
complete: Fig. 1(c) illustrates that for alloy compositions and tempera-
tures to the left side of the transition line, low segregation of Zn to the
GB is expected. In contrast, shifting to the right side of the transition
line induces massive Zn segregation, in which the GB composition dra-
matically increases, crossing its own miscibility gap. This corresponds to
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Fig. 2. GB energy from DFT calculations. The energy of a £5 [100](013) GB
is computed for various levels of Zn coverage (C: coverage), with and without
the magnetic ordering effect. The black curves connect the GB energies for the
end-members with no and full coverage. In the paramagnetic state, Zn favorably
dissolves in the GB (convex) while in the ferromagnetic state, the GB shows a
miscibility gap (concave).

the high-segregation branch in the segregation isotherms, Fig. 1(b). The
results in Figs. 1(b) and (c) show that the magnitude of the segregation
transition (the height of the jump) and the degree of segregation signifi-
cantly increase with decreasing the temperature. Such low temperatures
and temperature decreases can occur during the cooling stages in gal-
vanization and welding processes.

The origin of the miscibility gap in the Fe-Zn bulk system has been
attributed to a magnetic ordering effect, i.e., the presence of different
magnetic states [22,23]. Using the density-based thermodynamic ap-
proach, here we show that this magnetic miscibility gap of the bulk is
inherited by the GB and plays a central role in governing the segregation
transition. To verify the existence of such a magnetic miscibility gap for
GBs, we have performed DFT calculations of Zn segregation in a £5 GB,
with and without the consideration of magnetic disorder. The computa-
tional details are given in Appendix C in the SM. Fig. 2 reveals that the
strong segregation for Zn to GBs discussed in previous DFT calculations
[24,25] is only present in the ferromagnetic case. Without magnetic or-
dering (paramagnetic state), the segregation of Zn only reduces the GB
energy up to a coverage of 50%, i.e., the energy curve is convex. In the
presence of a magnetic ordering (ferromagnetic state), the GB shows
a concave energy curve, indicating that the Zn-segregated GB becomes
thermodynamically unstable. This demonstrates that the miscibility gap
due to the magnetic ordering effect is inherited by the GB; thus, above
a certain composition, the GB prefers to decompose into Zn-rich and
Zn-poor segments, confirming the results of density-based model.

In fact, recent studies have revealed that such chemical decompo-
sition at the GB is direct evidence of a segregation transition [15,20].
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To examine this for the Fe-Zn system, we performed high-resolution
transmission electron microscopy of a £5 GB in a Zn-coated BCC-Fe
bicrystal. Fig. 3(a) shows a HAADF scanning transmission micrograph
and the corresponding STEM-EDS elemental Zn map and line profile for
the GB. Experimental details are given in Appendix D in the SM. We
found that with only 5 at.% Zn in the bulk, the Zn strongly segregates
to the GB and decomposes into rich and poor patches. The existence
of the Zn patches along the GB reveals an interfacial phase decompo-
sition, as previously demonstrated [15,20], and confirms the existence
of the segregation transition in the Fe-Zn system. The concentration of
Zn patches reaches 40 at.% which is in the range of predicted values
in Fig. 1(b). We note that an additional effect of gradient energy terms
is neglected in the current calculations that can be responsible for the
spread of Zn in the grain boundary region in Fig. 3(b). Co-segregation
with other elements is also evidenced to reduce the Zn segregation at
the GB [26]. The cross-validations from the DFT calculations and the
experiment confirm the density-based modeling predictions of the seg-
regation transition in the Fe-Zn system.

Given the complex temperature profiles experienced during the pro-
cessing of Zn-coated steels [27], the alloy compositions and experienced
temperatures fall easily beyond the transition line in the GB phase di-
agram (Fig. 1(c)). Once the Zn supply into the alloy is available via
diffusion into the grain interior, the GB segregation transition can be
triggered. This can also happen during the cooling stage, as the required
amount of Zn in the grain to trigger the segregation transition is low and
further decreases with decreasing the temperature. The experimental
results shown in Fig. 3(a) reveal such segregation transition occurring
during the cooling after a heat treatment process. Interestingly, our cal-
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Fig. 3. GB segregation transition and related wetting. (a) High-angle annu-
lar dark-field (HAADF) imaging in the scanning transmission electron micro-
scope (STEM) showing a £5 GB (scale bar 7 nm). Both grains are oriented along
the [001] axis. The corresponding elemental Zn map and line profile along the
GB, obtained by STEM energy dispersive spectroscopy (STEM-EDS), reveal in-
terfacial spinodal decomposition with localized Zn-rich patches, which is the
signature of a segregation transition. (b) Schematic sequence of a segregation
transition assisting the formation of the liquid phase in the GB. (c) Bright-field
scanning transmission micrograph (scale bar 1 um) evidencing Zn-rich wetting
along a GB after a spot welding process. Further experimental details are given
in Appendix D in the SM.
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Fig. 4. Segregation-induced liquid formation at the GB. (a) Free energies
of GB (thin curves) and liquid Fe-Zn solution (thick curves) for different tem-
peratures. The intersections of two free energy curves are also marked with
triangles. For GB compositions beyond the intersection point, the liquid phase
becomes stable, i.e., AG < 0. GB compositions right before and after the seg-
regation transition are marked on the GB free energy curves with unfilled and
filled circles, respectively. (b) AG as a function of temperature are shown for
the two sets of GB compositions marked in panel (a). The same markers are
used as in panel (a). The arrow in panel (b) indicates that the massive segrega-
tion transition dramatically decreases the barrier for the formation of the liquid
phase from segregated GBs.

culations show that the Zn segregation becomes much stronger with
decreasing the temperature.

The significant amount of Zn in the GB, originating from the seg-
regation transition, can dramatically affect the course of GB wetting,
as schematically shown in Fig. 3(b). Experimentally, we observed this
in the welding process of a steel specimen, giving the thick Zn solu-
tion layer shown in Fig. 3(c). Although the segregation might not be
the sole origin of wetting (e.g. stresses may play a significant role),
the segregation transition is expected to dramatically boost it. To un-
derstand this influence, we studied the barrier for the formation of
the liquid phase from a Zn-enriched GB, AG = G — G9B. Here the
free energies of the liquid solution GX(T,X,,) and the segregated
GB, G98 = G(p = 0.92,T,X,,) are obtained from CALPHAD database
TCFE11 and through Eq. (1), respectively.

Fig. 4(a) shows the free energies of the GB and the liquid solution
for various temperatures. The intersections of the two free energies cor-
responding to AG =0 are marked (triangles). On the GB free energies,
we also marked the GB compositions at the segregation transition, and
the low and high values at the jump (circles). We computed AG values
for these two sets of GB compositions to specifically reveal the effect of
segregation transition. Fig. 4(b) reveals that the barrier for the forma-
tion of the liquid phase significantly increases with a decrease in the
temperature. The results show that both compositional and energetic
barriers for the formation of the liquid phase are greatly reduced by the
Zn segregation transition. Further applying the density-based model for
intermetallic phases, we found that the segregation transition enables
the formation of the Zn-rich I' phase ahead of the crack tip. This is thor-
oughly discussed in Ref. [12].
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Fig. 5. GB’s work of separation. The work of separation of a £5 [100](013)
GB for various levels of coverage with Zn, with and without magnetic ordering
effect.

Prior to the liquid formation, the massive Zn segregation can also
have great significance for promoting an easy crack initiation by weak-
ening the GB. We studied the work of separation of a 5 GB as a
function of Zn coverage, using DFT calculations. The results in Fig. 5
show that the segregation of Zn dramatically reduces the GB’s work
of separation. These confirm the results from previous works [24-26].
We found that compared to the paramagnetic state, the GB exhibits a
slightly reduced work of separation and weaker dependence on the Zn
content in the ferromagnetic state. Nevertheless, in both cases the over-
all reduction in the work of separation is significant. In fact, for 50%
Zn coverage, the work of separation for the GB reduces almost by half.
These results suggest that once the Zn segregation transition occurs,
GB weakens dramatically. Such a weakened GB ahead of a crack tip is
highly prone to opening, thus promoting embrittlement in the material.

To summarize, we reveal and explain a giant segregation transition
occurring during Zn segregation into Fe GBs using CALPHAD-integrated
density-based modeling. Two central insights of the model are that it
shows the GB in the Fe-Zn system can have a large miscibility gap and
this is of a magnetic origin. The magnetic origin of GB miscibility gap
is also confirmed by DFT calculations. The segregation transition is ev-
idenced by our HAADF-STEM exprimental measurements, revealing an
interfacial phase decomposition (formation of Zn-rich patches) along
GB. Our results shed light on the origin and mechanisms of LME in
Zn-coated steels and its strong dependence on temperature and alloy
composition. In particular, we found that the amount of segregation
dramatically increases with decreasing the temperature, while the re-
quired amount of Zn in the alloy to trigger the segregation transition
decreases. These emphasize the significance of the cooling stage during
processing. We show that the segregation transition markedly assists
with the formation of an interfacial liquid phase and weakens the GB
by reducing the work of separation. The strong temperature and compo-
sition dependence of the Zn segregation transition implies that LME in
the Fe-Zn system should be preventable via alloy and processing design
strategies that suppress the revealed segregation transition. Follow-
up density-based phase-field simulations and guided experiments are
planned to explore the detailed influence of alloying and processing pa-
rameters.
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