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• Phase equilibria and diffusion coeffi-
cients in the Fe-Zn systemwere investi-
gated using Fe/Zn liquid-solid diffusion
couples.

• Seventeen reliable equilibrium compo-
sitions of the α-Fe and Γ phases be-
tween 700 and 1100 °C were
determined.

• Interdiffusion coefficients in α and Γ
were extracted over the entire solubility
range using forward-simulation analy-
sis.

• Temperature dependence of Zn impu-
rity diffusion coefficients in both ferro-
magnetic and paramagnetic α-Fe was
established.

• DFT calculations using different
exchange-correlation functionals were
performed to study Zn impurity diffu-
sion in α-Fe.
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Phase diagram and diffusion coefficients of the Fe-Zn binary system are required to predict and control the mi-
crostructure of galvanized zinc coatings and thus were systematically investigated in the temperature range
from 700 to 1100 °C using nine novel Fe/Zn liquid-solid diffusion couples (LSDCs). The equilibrium compositions
of the α and Γ phases of the Fe-Zn system were determined and agree well with the recently established Fe-Zn
phase diagram. The extracted interdiffusion coefficients in α-Fe at temperatures between 700 and 1100 °C and
in Γ at 750 and 700 °C using the forward-simulation analysis (FSA) extend the experimental interdiffusivitymea-
surements to the whole solubility range of these two phases. Three impurity diffusion coefficients of Zn in para-
magnetic α-Fe were also determined by the FSA and show good agreement with the literature data. The
temperature dependence of the Zn impurity diffusion coefficients in both the paramagnetic and ferromagnetic
α-Fe phases across the Curie temperature TC was established by analyzing the reliable experimental results as
well as by density functional theory (DFT) calculations. The newly measured phase equilibrium and diffusivity
data provide reliable inputs for future thermodynamic and kinetic modeling of the Fe-Zn system.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Iron and steel dominate the market of metallic structural materials
due to their competitive advantages including relatively low cost, high
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strength-to-weight ratio and superior prefabrication [1,2]. A main
drawback is the susceptibility to corrosion in most environments
when left unprotected. Consequently, efforts are beingmadeworldwide
and numerous technologies have been developed to protect iron and
steel from electrochemical corrosion. Among them, hot-dip galvanized
coatings fabricated by immersing iron or steel in a bath of molten zinc
appear as aneffective and economicalmethod that is predominantly ap-
plied for protection against corrosion [3–5]. During a hot-dip galvaniz-
ing process, iron reacts with liquid zinc to form a tightly bonded alloy
coating, which consists of a series of Fe-Zn intermetallic phases, such
as ζ-FeZn13, δ-FeZn7–10, Γ1-Fe11Zn40 and Γ-Fe3Zn10 [6–8]. Phase equilib-
rium relations as well as diffusivity data of the Fe-Zn system are of fun-
damental importance to predict and control the microstructure of
galvanized coatings, and thus have been extensively studied over the
past century.

Experimental studies towards constructing the Fe-Zn binary phase
diagramhave been carried out by a number of authors and the literature
data up to 1993 was carefully reviewed by Burton and Perrot [9]. Since
then, the system has been thermodynamically assessed by several
groups [10–15] using the CALPHAD (CALculation of PHAse Diagrams)
method.More recently, Han et al. [16] re-determined the phase equilib-
ria in the Fe-Zn phase diagram using alloy samples prepared by multi-
step melting and heat treatment procedures. A new Fe-Zn phase dia-
gram was established based on the results from electron probe micro-
analyzer (EPMA), energy dispersive spectroscopy (EDS), Vickers hard-
ness and thermal analysis, which shows a significant increase in the sol-
ubility range of the liquid and intermetallic phases compared to the
previous phase diagrams.

The interdiffusion coefficients in bcc Fe-Zn (α-Fe) alloys were suc-
cessively investigated by Azuma et al. [17,18], Suzuki et al. [19], Budurov
et al. [20,21] and Richter and Feller-Kniepmeier [22]. In all the studies,
vapor-solid diffusion couples (VSDCs) were fabricated by taking advan-
tage of the very high vapor pressure of Zn at elevated temperatures.
Concentration profiles were collected by performing EPMA measure-
ments across the entire diffusion region and the Boltzmann-Matano
method was utilized to analyze the diffusivity. A brief summary of the
interdiffusion coefficient data obtained by the above four groups is
made in Table 1. In addition, Richter and Feller-Kniepmeier [22] ob-
tained the impurity diffusion coefficients of Zn in bcc Fe by extrapolat-
ing the interdiffusion coefficients to pure Fe concentration. Those
experimental impurity diffusion coefficients were then well assessed
and documented in Neumann and Tuijn's handbook [23]. Based on the
experimental results reported in the literature,Wang et al. [24] recently
established the atomicmobilities in the bcc phase of the Fe-Zn system in
the CALPHAD framework.

As detailed above, the Fe-Zn phase diagram as well as the diffusion
coefficients in the bcc phase of the Fe-Zn system were frequently stud-
ied in the literature. The newly proposed Fe-Zn phase diagram [16]
clearly defined the phase boundaries of the liquid and intermetallic
phases, and thus, provides an opportunity for more accurate thermody-
namic modeling of this binary system. The impurity and interdiffusion
coefficients in the bcc phase of the Fe-Zn system were measured by
VSDC experiments and Boltzmann-Matano analysis. However, as can
be read from Table 1, the literature reported interdiffusion coefficients
in the bcc phase of the Fe-Zn system are limited in a very narrow com-
position range. The atomic mobility database established byWang et al.
Table 1
Summary of the literature reported chemical/interdiffusion coefficient data in the bcc phase of

Diffusion couple Temperature range (°C) Composition range fo

Zn/Fe 915–1000 1–12
Zn/Fe 700–980 1–20
Zn/Fe-11 at.% Zn 950–1151 11
Zn/Fe-9 at.% Zn 1105 9
Zn/Fe 575–896 0–12
[24] based on those limited experimental diffusivity data may not pro-
vide an accurate prediction of the diffusion behavior of Zn in Fe. There-
fore, more experimental interdiffusion coefficient data are still needed
to improve the atomic mobilities of the Fe-Zn system.

The diffusion couple/multiple approach [25],which enables effective
collection of concentration profiles by performing EPMA analysis across
the diffusion zone, is commonly utilized to efficiently determine phase
diagrams on the basis of the local equilibrium assumption at the phase
boundaries [26] and to rapidlymeasure concentration-dependent inter-
diffusion coefficients. Diffusion studies are usually carried out via solid-
solid diffusion couples (SSDCs) that are fabricated by bringing two or
more metals (pure elements or alloys) in intimate interface contact. In
order to design and fabricate a successful SSDC, efforts need to be
taken to avoid liquid formation in any part of an SSDC. This is especially
true when studying a system with low eutectic temperatures or con-
taining elements with low melting points. Recently, Zhong and Zhao
[27,28] developed a novel method by integrating liquid-solid diffusion
couple (LSDC) experiments with forward-simulation analysis (FSA)
[29–32]. So far, this combined LSDC and FSA approach has been success-
fully applied to extract diffusion coefficients of theMg-X (X=Al, Ca, Ce,
Gd, Mn, Sn, Y, Zn) [27,28,33] and Ti-Sn [34] binary systems, showing
great availability in determining high-temperature diffusion coeffi-
cients in alloy systems with low eutectic points or low melting point
alloying elements.

The present study intends to collect more data on the phase equilib-
ria and diffusion coefficients for the Fe-Zn binary system. Zn has very
low melting and boiling points (Tm = 419 °C and Tb = 907 °C) com-
pared to those of Fe (Tm = 1538 °C and Tb = 2862 °C). Due to the
very high vapor pressure of Zn at elevated temperatures, it is challeng-
ing to cast Fe-Zn alloys by frequently-used arc melting or induction
melting. As a consequence, a lot of effort had beenmade by previous au-
thors to prepare the Fe-Zn samples for phase equilibrium and diffusivity
studies. In the work by Han et al. [16], very skillfully but complicated
procedures involving melting, re-melting, intermediate heat treatment
and final heat treatmentwere applied to prepare Fe-Zn alloys for deter-
mining the Fe-Zn phase diagram. Since it is not feasible to prepare Fe/Zn
or Fe/Fe-Zn alloy SSDCs for high-temperature heat treatments, all the
previous diffusion studies were carried out by fabricating Fe/Zn VSDCs
[17–22]. However, the VSDC approach failed to determine the diffusion
coefficients at higher Zn concentrations. Previous work [27,28,33,34]
developed a combined LSDC and FSA approach to evaluate diffusion co-
efficients at elevated temperatures in alloy systems with low-eutectic
points or containing alloying elements with very low melting point.
The present work is to apply this combined approach to the systems
containing alloying elements with low melting point and high vapor
pressure, such as Zn. A new but much simpler geometry was designed
and used in this study to successfully fabricate the Fe-Zn LSDCs. Nine
Fe/Zn LSDCs were prepared and heat treated at temperatures from
700 to 1100 °C. Concentration profiles were collected using EPMA and
then used to extract phase equilibrium compositions (tie-lines) and dif-
fusion coefficients. DFT calculations using the Vienna Ab-initio Software
Package (VASP) [35–38] were also performed to provide a mechanistic
understanding of the impurity diffusivities of Zn in α-Fe. The data ob-
tained in this study will help to validate and improve the Fe-Zn phase
diagram and extend the diffusion coefficients of the Fe-Zn system to a
much wider composition range.
the Fe-Zn binary system [17–22].

r interdiffusion coefficients (at.% Zn) References

Azuma et al. [17,18]
Suzuki et al. [19]
Budurov et al. [20]
Budurov and Kovachev [21]
Richter and Feller-Kniepmeier [22]
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2. Approaches

2.1. Experimental

A set of nine identical Fe/Zn LSDCswere prepared to study the phase
equilibria and diffusion coefficients in the Fe-Zn binary system. The ge-
ometry of these LSDCs are schematically shown in Fig. 1(a) and (b). The
raw pure metals were Fe pieces with a purity of 99.97 wt% and Zn shots
with a purity of 99.99wt%. Fe ingots were first cast by arcmelting the Fe
pieces under an argon atmosphere using a non-consumable tungsten
electrode in a water-cooled copper hearth. The Fe ingots were ground,
encapsulated in evacuated quartz tubes backfilled with high-purity
argon and then heat treated at 1000 °C for 120 h or 890 °C for 500 h
to promote grain growth. After annealing, the Fe ingots were cut to
bricks with dimensions of approximately 8 mm × 8 mm × 16 mm.
The cutting surfaces were mechanically ground to 1200-grit SiC sand
Fig. 1. Geometry of the Fe/Zn liquid-solid diffusion couple (LSDC): schematic diagram
shows the fabrication of the LSDC (a) after encapsulation and (b) during the diffusion
heat treatment; and (c) photograph of the mounted Fe/Zn LSDC after annealing at 900
°C for 120 h.
paper to get a flat surface finish. Then the Fe bricks and Zn shots were
ultrasonically cleaned in isopropanol and dried with compressed air.

Finally, the Fe/Zn LSDCs were assembled according to the schematic
diagram shown in Fig. 1(a). Zn shots were first put into a quartz tube
(with an inner diameter of ~17 mm) until the cambered bottom was
completely covered. Then an Fe brick was carefully placed onto those
Zn shots, while the side gaps between the Fe brick and quartz tube
were subsequently filled by adding more Zn shots. Once completing
the assembly, the quartz tube containing the Fe brick and Zn shots
was sealed with 1/5 atmospheric pressure argon to prevent the Fe
brick and themelted Zn from being oxidized during the annealing at el-
evated temperatures. Following the above steps, nine Fe/Zn diffusion
couple assemblies were fabricated and annealed individually at nine
temperatures ranging from 700 to 1100 °C in steps of 50 °C. The heat
treatment temperatures and the corresponding durations are listed in
Table 2. When being annealed at a temperature above the melting
point of Zn (419 °C), the Zn shots melt quickly and form a liquid pool
surrounding the Fe brick as schematically shown in Fig. 1(b). Extensive
interdiffusion takes place between the Fe brick and the surrounding Zn
liquid, promoting the formation of Fe solid solution (α, γ or both) and
intermetallic phases adjacent to the liquid/solid interface. The liquid
Zn solidifies when the LSDC is quenched to room temperature.

After the diffusion heat treatments listed in Table 2, the quartz tubes
with the Fe/Zn LSDCs inside were quenched in water by quickly break-
ing the tubes. The LSDCs were then cut into equal halves through the
center line of each Fe brick. One half of each LSDC was mounted in
epoxy, ground and polished for further characterization by following
standard metallographic sample preparation techniques. One example
of a mounted Fe/Zn LSDC after annealing at 900 °C for 120 h is shown
in Fig. 1(c), where the solidified liquid Zn and Fe brick can be clearly ob-
served. Optical microscopy (OM) and scanning electron microscopy
(SEM) with local EDS were used to analyze the microstructure of the
diffusion region and the phase formation by interdiffusion. Quantitative
concentration profiles along the diffusion direction were measured
using a CAMECA SXFiveFE EPMA with an accelerating voltage of 15 kV
and a probe current of 20 nA. The step size of each EPMAmeasurement
was carefully selected based on EDS line scan results to enable reliable
equilibrium composition and diffusion coefficient analyses.

2.2. Computational

In recent years, first-principles calculations based on DFT have been
extensively applied to calculate impurity diffusivities of a wide variety
of substitutional solutes in dilute α-Fe alloys [39–47]. We employed
similar DFT calculations in this work to study the diffusion of Zn in fer-
romagnetic α-Fe. These calculations were performed using the VASP
with the projector augmented-wave (PAW) method [48,49]. For the
exchange-correlation (XC) functional, we employed the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)
[50] and the meta-GGA approximation SCAN [51]. The SCAN functional
includes information about the second derivative of the charge density
andwe validate its applicability to solute diffusion inα-Fe. The Brillouin
zone integration was conducted using the Monkhorst-Pack scheme
with a 4 × 4 × 4 k-point mesh [52]. The kinetic energy cutoff for the
plane-wave basis was set to 400 eV for the structural relaxations and
the nudged elastic band (NEB) calculations [53] of the migration bar-
riers. The atoms were relaxed until the Hellman-Feynmann forces
were less than 0.1 eV/Å and the energy differences were below
0.1 meV. A 5 × 5 × 5 supercell of Fe was used to reduce any possible
finite-size effects. All the calculations were spin-polarized to account
for the ferromagnetic nature of α-Fe.

To study the Zn diffusion in α-Fe, we first created an Fe vacancy in
the supercell. Then, one of the neighboring Fe atoms was replaced
with Zn to create a supercell with a Zn-V defect. The DFT energy of the
created supercell was calculated and the reference chemical potentials
for Fe and Zn were obtained from the DFT energies of pure Fe and Zn

Image of Fig. 1


Table 2
Annealing temperatures and corresponding durations of grain growth and diffusion heat treatment conditions, as well as the extracted phase equilibrium compositions from the Fe-Zn
LSDCs.

Grain growth heat treatment
conditions for pure Fe

Diffusion heat treatment
conditions for Fe/Zn LSDCs

Equilibrium phases Equilibrium compositions (at.%
Zn)

Temp. (°C) Time (h) Temp. (°C) Time (h) Phase 1 Phase 2 Phase 1 Phase 2

1000 120 1100 10 Liquid α-Fe – 23.8
α-Fe γ-Fe 5.9 –

1000 120 1050 18 Liquid α-Fe – 26.5
α-Fe γ-Fe 4.8 –

1000 120 1000 25 Liquid α-Fe – 27.0
α-Fe γ-Fe 3.7 –

1000 120 950 72 Liquid α-Fe – 29.8
α-Fe γ-Fe 1.8 –

890 500 900 120 Liquid α-Fe – 32.6
890 500 850 240 Liquid α-Fe – 36.4
890 500 800 312 Liquid α-Fe – 40.9
890 500 750 480 Liquid Γ – 73.1

Γ α-Fe 68.8 38.3
890 500 700 720 Liquid Γ – 75.4

Γ α-Fe 67.9 31.7
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to determine the formation energy (Ef) of the Zn-V defect. Next, theNEB
method in VASP was employed to calculate themigration barrier (Emig)
for the Zn atom to hop into the neighboring Fe vacancy. The total activa-
tion energy of impurity diffusion (QF) is then expressed as the sum of
the formation energy of the Fe-Zn defect (Ef) and the migration energy
for solute-vacancy exchange (Emig), i.e., QF = Ef + Emig.

3. Results and discussion

3.1. Phase equilibria of α-Fe and Γ

The Fe-Zn binary phase diagram [9,16] shows that the γ-Fe phase is
stable in the temperature range from 912 to 1394 °C and the Γ phase is
stable at temperatures below ~780 °C. Therefore, three different types of
microstructures could be expected to form in the Fe/Zn LSDCs after the
heat treatments at temperatures from 700 to 1100 °C: three phase
layers of solidified liquid, α-Fe, and γ-Fe in the samples annealed at
1100, 1050, 1000 and 950 °C; two phase layers of solidified liquid and
α-Fe in the samples annealed at 900, 850 and 800 °C; while three
phase layers of solidified liquid, Γ, and α-Fe in the samples annealed at
750 and 700 °C. Fig. 2 shows typical SEM BSE images taken from the dif-
fusion region of three representative Fe/Zn LSDCs that were annealed at
1100, 900 and 750 °C for 10, 120 and 480 h, respectively. EPMA line
scans across the entire diffusion region were performed perpendicular
to the phase interfaces. All the collected concentration profiles are pre-
sented as open circles in Fig. 3.

Based on the assumption that local phase equilibria [26] are
established at the phase interfaces in the diffusion region, equilibrium
tie-lines can be reliably extracted by extrapolating the concentration
profiles to the phase interfaces using simple straight lines. When the
Fe/Zn LSDCs were quenched to room temperature, liquid Zn solidified
into an inhomogeneous two-phase microstructure, Fig. 2. The phase
segregation in solidified liquid results in a large variation in the mea-
sured compositions using EPMA point analysis, as shown in the upper
portion of Fig. 3. It is therefore impossible to determine the exact equi-
librium composition of Zn liquid phase at equilibrated annealing tem-
peratures. Besides, in the temperature range between 950 and 1100
°C, the concentration profiles measured for Zn concentrations between
the solubility limits in γ-Fe and pure Fe are exceedingly sharp, as can
be clearly seen in Fig. 3(b). Due to the limited spatial resolution of
EPMA, usually 1 μm, composition data points obtained from these
steep concentration gradient zones are insufficient, making it difficult
to extrapolate to the local equilibrium compositions of γ-Fe accurately.
Therefore, the equilibrium composition of the Zn-rich liquid phase and
the solubility limit of γ-Fe remain unknown.
The concentration profiles obtained from the α-Fe and Γ phase
layers were extrapolated to obtain reliable equilibrium compositions.
Table 2 summarizes the seventeen extracted equilibrium compositions
of the α-Fe and Γ phases. Fig. 4 compares these equilibrium composi-
tions with the Fe-Zn binary phase diagram proposed by Han et al.
[16]. The excellent agreement demonstrates the reliability and high ef-
ficiency of LSDCs for evaluating phase equilibria at elevated tempera-
tures. In addition, the current results confirm the lowest solubility
limits of α-Fe, beside the γ loop on the left side of the phase diagram,
that were assessed by Burton and Perrot [9].

3.2. Interdiffusion coefficients in α-Fe and Γ

Based on the EPMA concentration profiles collected from the nine
Fe/Zn LSDCs shown in Fig. 3, the interdiffusion and impurity diffusion
coefficients were extracted using the FSA method. As mentioned
above, the inhomogeneous solidifiedmicrostructure of the liquid Zn re-
sults in a large variation in the measured compositions. Such scattered
liquid compositions cannot be applied directly for diffusion coefficient
evaluation. Since liquid phases usually havemuch higher diffusion coef-
ficients (on the order of 10−9 to 10−8 m2/s) than those of solid phases,
the liquid Zn should have been a homogenous single-phase liquid dur-
ing the entire diffusion heat treatment. Moreover, the liquid composi-
tion was assumed to be the equilibrium liquidus composition that
could be defined accordingly from the Fe-Zn binary phase diagram at
each annealing temperature. Considering any possible uncertainty in
the proposed equilibrium liquidus composition, FSA was performed by
intentionally shifting the liquid composition from 10 at.% above and
below the liquidus composition. It is found that the assumed liquid
composition has a negligible effect on the extracted diffusion coeffi-
cients in the solid phases. As can be seen in Fig. 3(c), the concentration
profiles become extremely steep when the Zn concentrations are below
11 at.% at 750 °C and 17 at.% at 700 °C. According to the Fe-Zn phase di-
agram [9,16], a magnetic transition happens in α-Fe at temperatures
below 770 °C. The transition compositions on the magnetic transition
line at 750 and 700 °C were acquired as ~3.3 and 11.5 at.% Zn, respec-
tively, from the Fe-Zn phase diagram. Therefore, it is speculated that
the steep concentration gradients at the two temperatures may be
due to the magnetic transition between the paramagnetic and ferro-
magnetic α-Fe phases.

A recent work by Chen and Zhao [54] comprehensively studied the
influence of concentration gradients in the measured diffusion concen-
tration profiles on the evaluated diffusion coefficients. They found the
extracted diffusion coefficients from very steep gradient regions can
be inflated by up to three orders of magnitude and recommended to



Fig. 2. Typical microstructures formed in three representative Fe/Zn LSDCs that were
annealed at (a) 1100 °C for 10 h, (b) 900 °C for 120 h, and (c) 750 °C for 480 h.
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trust the diffusion coefficients obtained from composition profiles with
concentration gradients less than 1 at.% per micron. According to our
concentration profiles at 750 and 700 °C, the concentration gradients
are found to be much larger than 1 at.% per micron when the Zn
composition is below 11 and 17 at.%, respectively, Fig. 3(c). As a result,
the extracted interdiffusion coefficients within the composition ranges
of 0–11 at.% Zn at 750 °C and 0–17 at.% at 700 °C should be subject to
large uncertainty, and are thus not reported in the present paper. Simi-
larly, as detailed in Fig. 3(b), the Zn compositions change from theupper
solubility limits of Zn in γ-Fe to about 0 at.% Zn in only 1–2 μm in the
temperature range between 950 and 1100 °C, resulting in extremely
steep concentration gradients in the γ phase. Therefore, the diffusion
coefficients in the γ phase cannot be accurately determined as well
and are not reported in the present paper.

The concentration profiles simulated by the FSA are plotted as solid
lines in Fig. 3, in comparison with the experimental concentration pro-
files (open circles). The good reproduction of the concentration profiles
indicates that the extracted diffusion coefficients are reliable. Fig. 5
(a) and (b) show the measured interdiffusion coefficients in α-Fe and
Γ, respectively, as a function of Zn concentration. As can be seen, the in-
terdiffusion coefficients in both phases increase with Zn content. It is
worthmentioning that the currently obtained interdiffusion coefficients
cover the entire compositions of the α-Fe and Γ single-phase regions,
while the existing literature data is only available in quite limited com-
position ranges, as detailed in Table 1. Fig. 6 compares the present inter-
diffusion coefficients in α-Fe with the results reported by Suzuki et al.
[19] and Richter and Feller-Kniepmeier [22] at or close to the same tem-
peratures. The experimental results from Azuma et al. [17,18] at 1000,
950, and 915 °C show much lower values than those from Suzuki et al.
and Richter and Feller-Kniepmeier, and thus are not adopted for com-
parison. It can be seen in Fig. 6 that our results agree well with those re-
ported by Richter and Feller-Kniepmeier. With the considerable
temperature difference, the overall agreement with the data reported
by Suzuki et al. is also reasonable, except for the ones at 700 °C, which
are significantly higher than our data and the data of Richter and
Feller-Kniepmeier.

3.3. Impurity diffusion coefficients of Zn in α-Fe

The impurity diffusion coefficients can also be obtained using the
FSA on the basis of the Darken equations [55], which show that the in-
terdiffusion coefficients are identical to the impurity diffusion coeffi-
cients as the composition approaches pure elements. The measured
impurity diffusion coefficients of Zn in paramagneticα-Fe are presented
in Fig. 7, in comparison with the experimental data (open symbols)
from Richter and Feller-Kniepmeier [22] as well as the data (dashed
lines) assessed by Neumann and Tuijn [23]. The excellent agreement
also gives very high confidence in the measured interdiffusion coeffi-
cients shown in Fig. 5. The impurity diffusion coefficients estimated by
extrapolating the interdiffusion coefficients of Suzuki et al. [19] to
pure Fe are also included as solid squares in Fig. 7. As can be seen, the
estimated impurity diffusion coefficient at 700 °C has a much higher
value compared to the data of Richter and Feller-Kniepmeier, and Neu-
mann and Tuijn, which again suggests their interdiffusion coefficients at
700 °C are probably less reliable.

Fig. 8 provides a direct validation for the reliability of the FSA in de-
termining diffusion coefficients from the collected concentration pro-
files. The vertical axis is the three extracted impurity diffusion
coefficients at 900, 850, and 800 °C from the present work, while the
horizontal axis is the data interpolated using the activation energy and
the pre-exponential factor values that were calculated by performing
the Arrhenius analysis on the experimental data from Suzuki et al.
[19] and Richer and Feller-Kniepmeier [22], individually. As marked by
the two black dashed lines in Fig. 8, the uncertainty in themeasured im-
purity diffusion coefficients using FSA is within half an order of magni-
tude. Similar uncertainty of about half an order of magnitude may also
exist in the measured interdiffusion coefficients in Fig. 5 using FSA
[32,56].

The temperature-dependent impurity diffusion coefficients mea-
sured in the present study together with the experimental results

Image of Fig. 2


Fig. 3. (a) Experimentally measured concentration profiles (open circles) by performing EPMA line scans across the entire diffusion region formed in the nine Fe/Zn LSDCs, together with
the corresponding profiles (solid lines) simulated using the FSA. Enlarged views are taken from the black dashed box locations in (a) to show the very steep concentration gradients (b) in
the γ phase near the α/γ phase interface at 1100, 1050, 1000 and 950 °C, and (c) in the α phase near pure Fe side at 750 and 700 °C.

6 L. Zhu et al. / Materials and Design 188 (2020) 108437
from Richer and Feller-Kniepmeier [22] allow us to perform the Arrhe-
nius analysis. As seen in Fig. 7, the impurity diffusion coefficients of Zn in
the paramagnetic α-Fe (in the temperature range between the α-γ
transformation temperature, Tαγ = 1184 K, and the Curie temperature,
Fig. 4. Comparison of the equilibrium compositions of the α-Fe and Γ phases obtained in
this study with the Fe-Zn binary phase diagram proposed by Han et al. [16].
TC = 1043 K) show a linear Arrhenius relationship:

D ¼ 4:0 � 10−2 exp −
280:3 kJ mol−1

RT

 !
m2s−1 ð1Þ

However, the Arrhenius plot of the impurity diffusion coefficients of
Zn in the ferromagnetic α-Fe (below TC) presents a downward devia-
tion from the Arrhenius relationship extrapolated from the paramag-
netic state and an upward curvature at temperatures close to TC. Based
on the basic Bragg-Williams theory of order-disorder alloys, Ruch
et al. [57] developed amodel to describe such temperature dependence
of the diffusion coefficients in the temperature range covering both the
paramagnetic and ferromagnetic α-Fe phases. The resulting model
given by Ruch et al. is:

D ¼ DP
0 exp −QP 1þ αs2

� �
=RT

h i
ð2Þ

where D0
P and QP are the pre-exponential factor and activation energy

for the diffusion in the paramagneticα-Fe phase, respectively. The coef-
ficient s is the ratio of the spontaneous magnetization at temperature T
to that at T = 0 K (reduced magnetization). The values of s have been
experimentally measured by Potter [58], and Crangle and Goodman
[59], which vary continuously between 1 at 0 K and 0 at TC in ferromag-
neticα-Fe, and s=0 for all temperatures in paramagneticα-Fe. The co-
efficientα is a solute-dependent quantity that describes the effect of the
magnetic transformation on diffusion, which can be evaluated from the

Image of Fig. 3
Image of Fig. 4


Fig. 5. Extracted interdiffusion coefficients in the Fe-Zn binary system: (a) theα-Fe phase
and (b) the Γ phase.

Fig. 7. Comparison of the impurity diffusion coefficients of Zn in α-Fe obtained in this
study with the experimental data from Suzuki et al. [19] and Richer and Feller-
Kniepmeier [22] as well as the data assessed by Neumann and Tuijn [23]. The impurity
diffusion coefficient data from Suzuki et al. were estimated in this work by extrapolating
their interdiffusion coefficients to pure Fe.
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experimental diffusivity data by rewriting Eq. (2) as follows:

T ln
D

DP
0

¼ −
QP

R
−
αQP

R
s2 ð3Þ

Thus, a linear relationship between T ln (D/D0
P) and s2 can be plotted

by substituting theD andD0
P values from the experimental impurity dif-

fusion coefficients and the s2 values from Crangle and Goodman [59],
Fig. 6.Comparison of the interdiffusion coefficients inα-Fe obtained from this study (solid
circles) with those reported by Suzuki et al. [19] and Richer and Feller-Kniepmeier [22]
(open symbols).
which enables the measurement of α and QP from the slope and inter-
cept of the linear plot. The values of α and QP were calculated to be
0.084 and 278.7 kJ/mol, respectively. It is noted that the QP obtained in
this way is in good agreement with the value evaluated directly from
Eq. (1), i.e., 280.3 kJ/mol.

Substituting the values of D0
P = 4.0 × 10−2 m2/s, QP = 280.3 kJ/mol

andα=0.084 into Eq. (2), the temperature dependence of the impurity
diffusion coefficient of Zn in α-Fe can be expressed by

D ¼ 4:0 � 10−2 exp −
280:3 kJ mol−1 � 1þ 0:084s2

� �
RT

" #
m2=s ð4Þ
Fig. 8. The three impurity diffusion coefficients obtained from this work in comparison
with those from the literature [19,22]. The literature data are interpolated using the
activation energy and the pre-exponential factor calculated according to the Arrhenius
equation since the exact temperature data are not available. The two black dashed lines
correspond to values that are either twice or half the equal values (black solid diagonal
line).

Image of Fig. 5
Image of Fig. 6
Image of Fig. 7
Image of Fig. 8


Fig. 9. Arrhenius plots of the impurity diffusion coefficients of Zn in α-Fe obtained from
experimental measurements and DFT calculations, in comparison with the experimental
results from this work and those from Richer and Feller-Kniepmeier [22]. Arrhenius plot
of the self-diffusion coefficients in α-Fe reported by Iijima et al. [60] is also shown for
reference. The pre-exponential factors used for these DFT plots were obtained by
matching the experimental diffusivity at TC.
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The Arrhenius plot from Eq. (4) is presented as a red solid line in
Fig. 9, in comparison with the experimental results from the present
work and those from Richer and Feller-Kniepmeier [22]. The Arrhe-
nius plot of the self-diffusion coefficients in α-Fe is also shown in
Fig. 9 as a black solid line, using the values of D0

P = 2.76
× 10−4 m2/s, QP = 250.6 kJ/mol and α = 0.156 given by Iijima et al.
[60]. It can be seen that the impurity diffusion coefficients of Zn in
α-Fe are about 4–7 times higher than the corresponding self-
diffusion coefficients.

According to Eq. (2), the activation energy QF for the diffusion in the
ferromagnetic α-Fe at 0 K can be written as:

Q F ¼ QP 1þ αð Þ ð5Þ

Putting the QP and α values into Eq. (5), the QF for Zn diffusion and
self-diffusion in ferromagnetic α-Fe was calculated to be 303.8 and
289.7 kJ/mol, respectively. Therefore, the increase of the activation en-
ergy in α-Fe due to the magnetic transition, i.e. αQP, is 23.5 kJ/mol for
the solute diffusion of Zn, while it is 39.1 kJ/mol for the self-diffusion.

DFT calculationswere also performed to study the impurity diffusion
of Zn in α-Fe. Table 3 summarizes our DFT calculated values of Ef, Emig

and QF using the PBE GGA and SCANmeta-GGA XC functionals together
with the QF values reported by Versteylen et al. [46] using PW91 and
PBEsol GGA XC functionals. As expected, the two GGA XC functionals,
PBE and PW91, result in almost the same values of 252.8 and
251.8 kJ/mol, respectively. However, these two GGA functionals signifi-
cantly underestimate the experimental diffusion activation energy of
303.8 kJ/mol. In contrast, the calculated QF of 288.5 and 300.1 kJ/mol
using the SCAN meta-GGA and PBEsol GGA XC functionals are much
closer to the experimental results, indicating that the inhomogeneities
in the charge density are significant for the solute diffusion and require
approximations for the XC functionals that specifically account for these
large changes in charge densities such as provided by the PBEsol and
SCAN functionals.

The total diffusion activation energy for Zndiffusion in paramagnetic
α-Fe, QP, was calculated to be 233.2 and 266.1 kJ/mol, respectively, by
substituting the obtained QF values (252.8 and 288.5 kJ/mol) and α =
0.084 into Eq. (5). The two QP values given by Versteylen et al. [46] are
228.9 and 272.3 kJ/mol, respectively. To compare the calculated diffu-
sion activation energies using the different XC functionals with the ex-
perimental data, we obtained the pre-exponential factor for the solute
diffusion by matching the diffusivity at TC. Fig. 9 compares the DFT re-
sults (dashed lines) against the experimental measurements (symbols
and red solid line). The results show good agreement for the diffusion
activation energies obtained from the SCAN meta-GGA and PBEsol
GGA XC functionals and a systematic underestimate of the activation
energies from the PBE and PW91 GGA XC functionals. This illustrates
the importance of using XC functionals that can account for the large
charge density variations during diffusion via vacancies in metallic sys-
tems to accurately determine diffusion activation energies.

4. Conclusions

The present work systematically investigated the phase equilibria
and diffusion coefficients in the Fe-Zn binary system using a set of
nine identical Fe/Zn LSDCs. The LSDCs were carefully prepared and
Table 3
Calculated energetics for the Zn impurity diffusion in both ferromagnetic (QF) and paramagnet

Formation energy,Ef

(eV)
Migration energy, Emig

(eV)
Activation energy, QF

(eV)
Activation en
(kJ/mol)

2.21 0.41 2.62 252.8
2.56 0.43 2.99 288.5
– – 2.61 251.8
– – 3.11 300.1
heat treated at the temperatures ranging from 700 to 1100 °C. Con-
centration profiles were collected from the diffusion regions by
performing EPMA line scans parallel to the diffusion direction,
which were then utilized for phase equilibrium composition extrap-
olation based on the local equilibrium assumption and for diffusion
coefficients extraction using FSA. A sufficiently large amount of new
phase equilibrium and diffusivity data was collected for the Fe-Zn
system that will help improve future thermodynamic and diffusion
mobility databases of this binary system for modeling the hot-dip
galvanizing process. The main conclusions drawn from the present
study are summarized in the following:

(1) Seventeen equilibrium compositions of theα-Fe and Γphases be-
tween 700 and 1100 °C were determined and show good agree-
ment with the literature reported Fe-Zn phase diagram.

(2) Composition-dependent interdiffusion coefficients in α-Fe at 50
°C intervals from 700 to 1100 °C and in Γ-Fe3Zn10 at 750 and
700 °C were extracted using FSA, expanding the experimental
interdiffusivity measurements to the whole solubility range of
these two phases. Three impurity diffusion coefficients of Zn in
paramagnetic α-Fe were also obtained using the FSA on the
basis of the Darken equations.

(3) Temperature dependence of the Zn impurity diffusion coeffi-
cients in both ferromagnetic and paramagnetic α-Fe was
established using the model developed by Ruch et al. The
model parameters of D0

P = 4.0 × 10−2 m2/s, QP = 280.3 kJ/mol
and α = 0.084 were calculated based on the impurity diffusion
coefficients determined in this study and those reported in liter-
ature.

(4) DFT calculations were also performed to study the impurity dif-
fusion of Zn in α-Fe, suggesting that the computed diffusion
ic (QP) α-Fe together with the computed results by Versteylen et al. [46].

ergy, QF Activation energy, QP

(kJ/mol)
α GGA XC

functional
Ref.

233.2 0.084 PBE This work
266.1 0.084 SCAN This work
228.9 0.1 PW91 Versteylen et al. [46]
272.3 0.1 PBEsol Versteylen et al. [46]

Image of Fig. 9
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activation energy is sensitive to the choice of exchange-
correlation functional. The activation energies calculated using
SCAN meta-GGA and PBEsol GGA XC functionals agree with the
experimental measurements and confirm the vacancy diffusion
mechanism for Zn in α-Fe.
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