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a b s t r a c t

This study reports a “high temperature fast annealing” approach to tailor the microstructure of ZnMgeZn
bilayer coatings through a diffusion-driven phase transformation and to improve the adhesion strength
and corrosion resistance, simultaneously. Selection of the appropriate annealing condition, 250 �C for
3 min, promotes the formation of MgZn2 on the topmost surface of the coating and Mg2Zn11 at the
interface of ZnMg/Zn. This results to an increase of the adhesion strength from 65 MPa in the as-
deposited condition to 82 MPa after annealing as well as a reduction in the corrosion current density
from 0.91 to 0.52 mA/cm2, indicating enhanced corrosion resistance. The diffusion of the elements at high
temperatures is also modeled to predict the stability region of phases during the annealing treatment. An
excellent correlation is obtained between simulation and the experimental results.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Zinc is a well-known protective coating for steels as it acts as a
barrier layer and sacrificial anode against environmental corrosion
[1]. In the past decades, many efforts have been made to improve
the corrosion resistance of zinc coated steels by the addition of
alloying elements. These efforts finally led to the alloying with Mg
and/or Al [2e5] which is feasible in an industrial scale. The addition
of such elements to the pure Zn coatings promotes the formation of
a dense corrosion product, “Simonkolleite”, acting as a barrier to
corrosive environment [6]. Despite the advantage of Mg for the
corrosion resistance, it reduces the adhesion of the coating to the
steel substrate which is not favorable for practical applications [7].

Different strategies can be utilized to improve the adhesion of
ZnMg coatings to steels substrate. It includes the addition of a more
ductile interlayer [7] and the modification of chemical composition
[7]. Annealing treatment can also be considered as a potential so-
lution to improve the adhesion strength through the diffusion of
ier B.V. This is an open access arti
elements across the interface [8]. It was reported that heat treat-
ment enhanced the adhesion strength of thermal barrier coatings,
which was attributed to the effect of diffusion on the bonding
mechanism at the interface of particles [8]. The reduction of in-
ternal stress by heat treatment was also mentioned as another
reason for the adhesion improvement. However, previous re-
searches on the ZnMg coatings [9,10] did not report any positive
effect of the annealing treatment on the adhesion behavior. It was
claimed that the bi-layered or multi-layered ZnMg coatings lost
their adhesion after a heat treatment process. Different explana-
tions were put forward on the possible causes for the loss of
adhesion of ZnMg coatings during annealing, such as the formation
of brittle intermetallic compounds on the top layer [9] and the
diffusion of Mg toward the steel/Zn interface [10]. It has been
observed that during annealing of the as-deposited ZnMgeZn
coatings, the thickness of the Zn interlayer (tZn) reduces and the
thickness of the ZnMg top layer (tZnMg) increases gradually due to
the diffusion of elements across the interface [11]. It has been found
out that the annealing at 180 �C can slightly improve the interfacial
adhesion strength of the ZnMgeZn bilayer coating. However, the
reduction of tZn to less than a threshold value may deteriorate the
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Schematic presentation of the concentration profile of Zn in the multiphase
system with moving interfaces Sn, n ¼ 1, 2, 3. The positions of the left and right
boundaries (S0;4) are fixed. (b) The stability region of phases during the annealing of a
pure ZneMg bilayer coating at 180 �C along with the corresponding SEM micrograph.
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adhesion performance of the bilayer coatings during the bending
test [11]. In the present investigation, the diffusion of the elements
across the ZnMg/Zn interface is modeled to predict the possible
phase transformations and the stability region of phases during the
annealing at high temperatures. The effect of “high temperature
fast annealing” is also studied on the adhesion strength and the
corrosion resistance of ZnMgeZn bilayer coating with the aim of
improving the coating properties.
2. Materials and methods

Thermal vapor deposition technique was used to deposit a
ZnMgeZn bilayer coating containing 11 wt% Mg on a low carbon
steel substrate. This was done through evaporation and desu-
blimation of pure Zn and ZnMg alloy on a running steel strip. Prior
to the deposition, the surface of the steel substrate was cleaned by
magnetron sputtering with Arþ ions. Details of the physical vapor
deposition (PVD) setup and the deposition procedure can be found
elsewhere [4,7]. Fast annealing treatment of the as-deposited
ZnMgeZn bilayer coating was performed using a ceramic heater
with an ultrafast ramp rate up to 150 �C/s. As the diffusion rate of
elements at 180 �C is too slow [11], 250 and 280 �C were selected as
the annealing temperatures. The duration of the annealing was
considered up to 180 min.
Table 1
Characteristics of the as-deposited and annealed ZnMg11eZn bilayer coating on the stee

Coating tZn (mm) tZnMg (mm

As-deposited 1.7 2.3
Annealed at 250 �Ce3 min 1.1 2.8
Annealed at 280 �Ce3 min 0.9 3.0
Annealed at 280 �Ce10 min 0.5 3.5
The microstructure of the as-deposited and annealed samples
was investigated by scanning electron microscopy (SEM, Philips
XL30-ESEM), scanning transmission electron microscopy (STEM,
FEI Helios G4) and transmission electron microscopy (TEM, JEOL
2010F). CSM Revetest scratch tester was employed to evaluate the
“adhesion strength” of the coatings at the ZnMg/Zn interface using
the modified Benjamin-Weaver model recently developed [7,11].
The scratch tests were performed using a Rockwell C diamond
indenter with a continuously increasing normal load from 0.5 N to
20 N. The loading rate was considered as 20 N/min for all experi-
ments. The critical load of delamination (Lc) was defined as the
normal load at which a continuous delamination was observed at
the interface during the scratch test. The “adhesion performance” of
the coatings under bending was also qualified by the BMW crash
adhesion test, commonly used in industry to evaluate the adhesion
performance of galvanized coatings [10]. Clear distinction should
be made between the two terms “adhesion strength” and “adhe-
sion performance”. The former is an intrinsic property of the
interface and can be well measured by scratch test, and the latter is
more extrinsic depending on the actual loading condition.

Potentiodynamic polarization tests were performed to evaluate
the corrosion behavior of the samples. The tests were carried out in
a 3.5 wt% NaCl solution at room temperature, and the Pt foil elec-
trode was used as the counter electrode. Prior to each test, the
samples (working electrodes) were kept in the solution for 10 min
to reach the open circuit potential. To minimize the ohmic potential
drop, the reference electrode (silver chloride electrode, potential
0.210 V at 25 �C with respect to standard hydrogen electrode) was
placed close to the working electrode (ZnMgeZn coated steel). The
Tafel polarization curves were obtained at a constant scan rate of
0.5mV/s, starting from a potential of�1.4 V to�0.8 V vs. SCE. As the
surface roughness of the galvanized coatings influences the anodic
dissolution process [12], the roughness of the coatings was also
measured by atomic force microscopy (AFM, Dimension 3100).

3. Results and discussion

3.1. Diffusion-limited growth of the intermetallic phases in
ZnMgeZn bilayer coatings

In this section, a phenomenological model is formulated which
describes the diffusion-limited growth of intermetallic phases in
the bilayer coatings during annealing. The model starts with the
diffusion couple consisting of pure Mg and Zn layers (0.7 mm thick
Mg on top of 2 mm thick Zn) on steel. By annealing, MgZn2 and
Mg2Zn11 intermetallic compounds form due to the reaction of pure
Mg and pure Zn. As discussed later in section 3.2, after a short time
annealing (e.g. 3 min at 250 �C) a very thin layer of FeeZn inter-
metallic compound (~ 50 nm thick) is observed at the interface of
steel and Zn layer and remains until the full dissolution of Zn layer
into the transformed ZnMg. These observations indicate that the
rate of phase transformation at the interface between the steel
substrate and the intermediate Zn layer is slow compared to the
interdiffusion in the ZneMg system [11]. For this reason, in the
following it is assumed that the interface between the steel sub-
strate and the Zn layer is fixed. The composition profile across the
l substrate.

) Mg content (wt.%) Roughness, Ra (nm)

11 52.0
8 53.2
6.5 53.6
6 81.8



Fig. 2. (a) SEM micrograph showing the cross section of the as-deposited ZnMg11eZn
coating, (b) TEM micrograph of the ZnMg top layer and (c) surface morphology of the
as-deposited ZnMg11eZn coating.
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ZneMg system is shown schematically in Fig. 1a.
Following Darken approach, the diffusion in this binary system

is described by Zn concentration Cnðx; tÞ and the concentration-
dependent interdiffusion coefficient DnðCnÞ

vCnðx; tÞ
vt

¼ v

vx

�
Dn

vCnðx; tÞ
vx

�
; n¼1; :::;4 (1)

where n enumerates the phase layers. The positions of the moving
phase boundaries are given by

dSnðtÞ
dt

¼ 1
Cnþ1
L �Cn

R

�
Dn

vCn
vx

����
x¼SnðtÞ

�Dnþ1
vCnþ1

vx

����
x¼SnðtÞ

�
; n¼1;2;3

(2)

For the sake of simplicity Eqs. (1) and (2) ignore the variation in
atomic volumes of Zn and Mg in the intermetallic phases. In the
diffusion-controlled moving boundary problem, the concentrations
of phases in contact with each other are generally fixed by a
requirement of local thermodynamic equilibrium at the interfaces
[13]. In this case, concentrations at the interfaces equal to the
thermodynamic equilibrium values Cn

L;R as shown in Fig. 1a:

Cnjx¼Sn�1ðtÞ ¼Cn
L ; n ¼ 2;3;4 (3)

Cnjx¼SnðtÞ ¼Cn
R ; n ¼ 1;2;3 (4)

The maximum solubility of Mg in Zn is reported as 0.3 at.% at
400 �C [14]. The solubility of Zn in Mg is higher and is calculated as
2.5 at.% at 340 �C [15]. Diffusion of Zn from the left to the right side
of Fig. 1a is maintained by the concentration gradients in the
intermetallic layers. Therefore, one has to admit that Cn

L > Cn
R . The

difference between Cn
L and Cn

R is the solubility range of the phase in
the nth layer. The solubility range of the intermediate solid solution
(MgZn2) was determined as 1, 1.3, and 2.1 at.% at 250, 275, and
300 �C, respectively [16]. Using these data, the temperature
dependence of the solubility range is approximated by the Arrhe-
nius equation:

DCð3Þ ¼Cð3Þ
L � Cð3Þ

R ¼ 1490� expð�0:544eV = kBTÞ; (5)

where Cð3Þ
R ¼ 2/3 is the atomic fraction of Zn in MgZn2.

In contrast to the intermediate solid solution MgZn2, the inter-
metallic phase Mg2Zn11 is a stoichiometric compound. Therefore,
the solubility (homogeneity) rangeDCð2Þ ¼ Cð2Þ

L � Cð2Þ
R of Mg2Zn11 is

assumed to be smaller than that of the MgZn2 and is treated as a
fitting parameter in the calculations.

At the external boundaries, the zeroflux conditions are imposed:

vC1
vx

����
x¼S0

¼ 0;
vC4
vx

����
x¼S4

¼ 0 (6)

The nucleation stage is not considered here. Instead, two thin
layers of intermetallic phases are inserted between the pure Zn and
Mg layers as an initial condition to simulate the diffusion-limited
growth of intermetallic phases. The initial distribution of Zn is
simple, i.e. constant concentrations in the corresponding layers:

C1jt¼0 ¼ 1; C2jt¼0 ¼ 11
�
13; C3jt¼0 ¼ 2

�
3; C4jt¼0 ¼ 0 (7)

The initial position of the interfaces was considered according to
the initial thickness of the layers, ti:

Snð0Þ¼
Xn
i¼1

tið0Þ (8)
The testing of our model with reasonable values of diffusion
coefficients and interface concentrations for pure Zn and Mg layers
(layers 1 and 4) has shown that these parameters do not essentially
influence the growth of intermetallic layers in the ZneMg system.
The reason is low mutual solubility of Zn and Mg at moderate



Fig. 3. The stability region of phases modeled for the annealing of a ZnMg11eZn coating at 250 �C (a) and 280 �C (b). Cross sectional SEM micrograph of the annealed sample at
280 �C for 3 min (c) and 10 min (d).

S. Sabooni et al. / Journal of Alloys and Compounds 836 (2020) 1554484
temperatures, i.e.DCð1Þ ¼ Cð1Þ
L � Cð1Þ

R < 2.5� 10�3 andDCð4Þ ¼ Cð4Þ
L �

Cð4Þ
R < 2.5 � 10�2 [15,16]. The most important parameters which

influence the growth of intermetallic layers in the ZneMg system
are solubility ranges of Mg2Zn11 and MgZn2 and corresponding
interdiffusion coefficients in these phases.

Fig. 1b shows the stability region of the phases during annealing
of a diffusion couple of a pure ZneMg coating (tZn ¼ 2 mm,
tMg ¼ 0.7 mm) during annealing at 180 �C up to 150 h. It is worth to
mention that the time dependence of interface positions between
the layers was calculated using the experimental values of inter-
diffusion coefficients [17]:

DMg2Zn11
ðTÞ ¼ 7:2� 10�5 expð�1:072=kBTÞ

DMgZn2
ðTÞ ¼ 6:62� 10�5 expð�0:947=kBTÞ

(9)

and the solubility range of Mg2Zn11 intermetallic DCð2Þ ¼ 0.1%.
The thickness of the Zn layer decreases over time and the

intermetallic MgZn2 and Mg2Zn11 layers are formed due to the re-
action of the elements. The Mg layer is completely consumed after
sufficient annealing time (35 h in this case). The validity of the
developed diffusion model can be verified by the microstructure of
the 144 h annealed ZneMg bilayer system shown in Fig. 1b.

Assuming that the top layer of the coating is a ZnMg alloy
instead of pure Mg, the model described above needs some
modification considering that the initial microstructure of the top
layer can be a mixture of two intermetallic compounds before
annealing. In this case, the diffusion of Zn from the interlayer to-
ward the top layer during the annealing results in the formation of a
Mg2Zn11 layer and coarsening of the two-phases microstructure.
The interface between the newly formed Mg2Zn11 layer and the top
layer is rough. Therefore, the approximate location of the interface
can be defined as a location where the concentration of Zn is less
than the stoichiometric concentration in Mg2Zn11 by 1 at.%:

CðxÞjx¼S2ðtÞ ¼11
.
13� 0:01 (10)
The diffusion of Zn in the two-phase region is described with Eq.
(1) for the mean Zn concentration:

C¼CMg2Zn11
X þ CMgZn2

ð1�XÞ (11)

where X is the volume fraction of Mg2Zn11. The interdiffusion co-
efficient in the two-phase mixture is approximated by weighted
average:

DðCÞ¼DMg2Zn11
X þ DMgZn2

ð1�XÞ (12)

The diffusion model formulated above is solved numerically.
Using the transformation of space variable [18], the moving
boundary problem is reduced to an equivalent fixed boundary
problemwhich is solved by standardmethods developed for partial
differential equations.
3.2. Microstructure and adhesion strength

Table 1 lists the characteristics of the as-deposited and annealed
ZnMg11eZn bilayer coatings. Fig. 2 shows the cross sectional SEM,
TEM and AFM micrographs of the as-deposited ZnMg11eZn
coating. The thickness of the Zn interlayer and ZnMg top layer are
1.7 mm and 2.3 mm, respectively. The microstructure of the ZnMg
top layer is composed of a mixture of finely distributed nano-
crystalline Mg2Zn11 and MgZn2 intermetallic compounds (Fig. 2b)
[19]. The average surface roughness (Ra) of the as-deposited coating
was measured as 52 ± 3 nm (Fig. 2c).

To accelerate phase transformations during the annealing
(considering low diffusion rate at 180 �C), the temperature was
increased to 250 and 280 �C. Fig. 3a and b shows the stability region
of the phases during annealing of the ZnMgeZn coating at 250 and
280 �C, respectively, as predicted by the diffusion model. In both
cases, similar behavior is observed. However, due to higher diffu-
sion rate of elements at higher temperatures, phase trans-
formations occur faster at 280 �C than at 250 �C. As seen, the



Fig. 4. (aec) STEM and TEM micrographs of the annealed coating at 250 �C for 3 min. (d, e) TEM micrographs of the annealed coating at 280 �C for 30 min and (f) SEM micrograph
showing the cross section of the annealed coating at 280 �C for 180 min.
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thickness of the Zn interlayer decreases gradually with increasing
the annealing time while the total thickness of the ZnMg top layer
(Mg2Zn11 þ the two-phase mixture) increases simultaneously.
Fig. 3c and d shows the cross sectional SEM micrograph of the
coating annealed at 280 �C for 3 and 10 min, respectively. The
thickness of the Zn interlayer is reduced to 0.9 mm and 0.5 mm, and
the thickness of the ZnMg top layer is increased to 3.0 mm and
3.5 mm, respectively, after annealing. The result of annealing
treatment summarized in Table 1 verifies the model shown in
Fig. 3a and b. EDS analysis reveals that the average Mg concentra-
tion of the top layer is also reduced with increasing the annealing
time. TheMg concentration of the top layer after annealing of 3 and
10 min at 280 �C is lowered to 6.5 and 6 wt% Mg, respectively. This
corresponds to the stoichiometric concentration of Mg2Zn11.

In addition to the reduction of the thickness of Zn layer during
annealing, a thin layer of Mg2Zn11 forms on top of the Zn interlayer
at the early stage of annealing and extends with further annealing
until it covers the entire top layer. Fig. 4aeb shows the STEM mi-
crographs of the annealed sample at 250 �C for 3min. A thin layer of
Mg2Zn11 is formed due to the upward diffusion of Zn and the
resultant Mg concentration drop in this layer, which results in a 2.8
mm thick composite top layer and thinned Zn intermediate layer of
1.1 mm thick. More interesting is the formation of a thin and dense
outmost surface layer of MgZn2 intermetallic compound (marked
by the dashed lines in Fig. 4b). EDS analysis reveals that the average
Mg concentration of the ZnMg for the sample annealed at 250 �C
for 3 min is ~8 wt%, which is lower than the as-deposited coating
and higher than the sample annealed at 280 �C for the same
duration of annealing. In addition, a very thin layer of FeeZn
intermetallic compound (~50 nm thick) is also observed at the
interface of Zn layer and steel substrate (Fig. 4c). At longer
annealing times (�20 min at 280 �C), the Zn intermediate layer is
fully dissolved and instead, a thick layer of FeeZn intermetallic
compound containing 9 wt% of Fe (d phase) is formed at the
interface of steel/ZnMg (see Fig. 4dee). The formation and growth
of the FeeZn intermetallic consume some of the contained Zn of
the top layer. This results in the saturation of the top layer with Mg
and promotes a reverse phase transformation of Mg2Zn11 toMgZn2.
BothMgZn2 andMg2Zn11 phases are visible in themicrostructure of
the 30 min annealed sample at 280 �C (Fig. 4dee). Further growth
of the FeZn10 intermetallic is coupled with the growth of MgZn2
until it fully covers the top layer (Fig. 4f).



Fig. 5. (a) Acoustic emission curve versus normal load obtained for the as-deposited ZnMg11eZn bilayer coating during the scratch test, SEM micrographs at different normal loads:
(b) Point 1, (c, d) Point 2, and (d, e) Point 3.

Fig. 6. Interfacial adhesion strength of the as-deposited and annealed ZnMg11eZn
coatings.
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Considering the importance of the adhesion in sheet forming
process, scratch test was used to measure the interfacial adhesion
strength of the coatings, in as-deposited and annealed conditions. A
typical acoustic emission curve versus normal load obtained during
the scratch test of the as-deposited coating is shown in Fig. 5a.
Through thickness Hertzian cracks were found along the scratch
groove when the applied normal load is lower than the critical load
Lc (Fig. 5b). The ZnMg top layer starts to delaminate from the
interface of ZnMg/Zn at the critical load of ~8.9 N, possibly due to
the buckling phenomena. The Zn interlayer is clearly visible ahead
of each buckled region (Fig. 5ced). Progressive delamination of
ZnMg is observed with increasing the normal load, where the large
parts of the ZnMg top layer is delaminated from the Zn interlayer at
the normal load of 14 N (Fig. 5eef). With the same approach, the
critical load of delamination is measured as 11.6 N and 12.5 N for
the coating annealed for 3 min at 250 �C and 280 �C, respectively.
The modified Benjamin-Weaver model was then used to calculate
the adhesion strength of the coatings from the data obtained by the
scratch test. The as-deposited coating exhibits the adhesion
strength of 65 MPa. It increases to 82 and 88 MPa after 3 min of
annealing at 250 and 280 �C, respectively (Fig. 6). This corresponds
to at least 25 % increase in the interfacial adhesion strength. Both
the coatings annealed at 250 and 280 �C for 3 min pass the BMW
adhesion test. However, the annealed coatings fail the BMW
adhesion test when the thickness of Zn intermediate layer is
reduced to less than the critical thickness (as seen in Fig. 3d) or after



Fig. 7. Typical E-log(i) curve of the as-deposited and annealed ZnMg11eZn coatings.
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the complete dissolution of pure Zn and the subsequent formation
of thick FeeZn intermetallic (as observed in Fig. 4def). The FeeZn
intermetallic with a brittle structure is not able to accommodate
the shear deformation and therefore, its formation should be
avoided during annealing treatments.
3.3. Corrosion characterization

Tafel polarization tests were performed on the as-deposited and
annealed samples (250�C-3min and 280�C-3min) to understand
the correlation between the microstructure variations and the
corrosion performance. The average roughness of the as-deposited
coating (52 ± 3 nm) remains almost constant after annealing of
3 min at 250 �C and 280 �C (see Table 1). In this case, it means that
the surface roughness does not play a role in the corrosion behavior
of the tested samples. It is worth mentioning that the outmost
surface of the 3 min annealed sample at 250 �C is composed of
MgZn2 while it is covered with Mg2Zn11 after the annealing treat-
ment at 280 �C. Fig. 7 shows the typical examples of E-Log (i) curves
for the as-deposited and annealed coatings. All of the coatings
show closely similar corrosion potential; however the annealed
coatings show better corrosion resistance compared to the as-
deposited coating. The average corrosion current density of the
coatings annealed at 250 �C and 280 �C is decreased to 0.52 ± 0.23
and 0.75 ± 0.15 mA/cm2, respectively, compared to the as-deposited
condition (0.91 ±0.43 mA/cm2). Improved corrosion performance of
the annealed coating at 250 �C for 3 min can be explained by the
formation of MgZn2 intermetallic phase, containing higher Mg
content at the surface after annealing. As Mg is pretty reactive, in
principle it is expected that the relatively high-Mg content in-
termetallics should be more reactive. However, it has been pro-
posed that the anodically susceptible intermetallic phase causes
the initial formation of magnesium hydroxide corrosion product
that deposits on the surface as a protective layer [20]. Meanwhile,
the process in turn moderates the pH at local Zn-rich regions,
inducing a compacted and protective simonkolleite layer against
corrosion. With high Mg content, the process on coating surface is
more efficient and the increase in resistance is faster. In addition,
the annealed coating at 250 �C for 3min is composed of a dense and
compact outmost surface layer of MgZn2 intermetallic (Fig. 4a and
b), which is more uniform than that of the as-deposited samples (a
mixture of MgZn2 and Mg2Zn11 as seen in Fig. 2b), leading to more
uniform protections [21].
4. Conclusions

In the present study, diffusion of the Zn and Mg elements across
the interface of ZnMg/Zn was modeled for the heat treatment of
PVD deposited ZnMgeZn bi-layer coating in order to predict
possible phase transformations during the annealing treatment.
The results of the simulation are in good agreement with the
experimental observations. Phase transformations initiate with the
formation of a thin layer of Mg2Zn11 at the lower part of the top
layer and a two-phase mixture of Mg2Zn11 andMgZn2 phases at the
upper part. At the intermediate stages of the annealing, Mg2Zn11 is
the dominant phase in the top layer while the pure Zn in the in-
termediate layer is continuously consumed. Further annealing re-
sults in a complete dissolution of the pure Zn, formation and
growth of a thick FeeZn intermetallic and reverse transformation of
Mg2Zn11 to MgZn2. The “high temperature fast annealing” can be
designed accordingly to tailor the microstructure of the ZnMgeZn
coatings and achieve improved interfacial adhesion strength and
anti-corrosion performance.
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