University of Groningen

Microstructure and adhesion strength quantification of PVD bi-layered ZnMg-Zn coatings on
DP800 steel
Sabooni, S.; Galinmoghaddam, E.; Ahmadi, M.; Westerwaal, R. J.; van de Langkruis, J.;
Zoestbergen, E.; De Hosson, J. Th M.; Pei, Y. T.
Published in:
Surface and Coatings Technology
DOI:
10.1016/j.surfcoat.2018.12.064
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Sabooni, S., Galinmoghaddam, E., Ahmadi, M., Westerwaal, R. J., van de Langkruis, J., Zoestbergen, E.,
De Hosson, J. T. M., & Pei, Y. T. (2019). Microstructure and adhesion strength quantification of PVD bilayered ZnMg-Zn coatings on DP800 steel. Surface and Coatings Technology, 359, 227-238.
https://doi.org/10.1016/j.surfcoat.2018.12.064

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Surface & Coatings Technology 359 (2019) 227–238

Contents lists available at ScienceDirect

Surface & Coatings Technology
journal homepage: www.elsevier.com/locate/surfcoat

Microstructure and adhesion strength quantification of PVD bi-layered
ZnMg-Zn coatings on DP800 steel

T

S. Saboonia,1, E. Galinmoghaddama,1, M. Ahmadia, R.J. Westerwaalb, J. van de Langkruisb,
⁎
E. Zoestbergenb, J.Th.M. De Hossonc, Y.T. Peia,
a

Department of Advanced Production Engineering, Engineering and Technology Institute Groningen, Faculty of Science and Engineering, University of Groningen,
Nijenborgh 4, 9747 AG, the Netherlands
b
Tata Steel Nederland Technology B.V., P.O. Box 1000, 1970 CA IJmuiden, the Netherlands
c
Department of Applied Physics, Zernike Institute for Advanced Materials, Faculty of Science and Engineering, University of Groningen, Nijenborgh 4, 9747 AG Groningen,
the Netherlands

ARTICLE INFO

ABSTRACT

Keywords:
ZnMg-Zn bi-layer coatings
Microstructure
Adhesion strength
Scratch test
Finite element simulation

In this study, ZnMg-Zn bi-layered coatings with different Mg contents, a single layer ZnMg coating and a pure
zinc coating are deposited on steel substrates by physical vapor deposition (PVD) process. A set of experiments
and simulations are performed to study the microstructure, mechanical properties and adhesion behavior of the
PVD coatings. It is found that Mg2Zn11 and MgZn2 form in the microstructure of the ZnMg top layer with
increasing Mg content. MgZn2 fully covers the microstructure at 14.1 wt% Mg. Scratch tests are carried out to
quantify the adhesion strength of the coatings. It is observed that ZnMg single layer coating shows poor adhesion
to the steel substrate and the addition of a Zn interlayer is essential for enhancing the adhesion strength. It was
found that the measured critical load (LC) in scratch test is not a suitable criterion to evaluate the adhesion
strength of ZnMg-Zn bi-layer coatings with different combination of thickness and/or mechanical properties.
Instead, the Benjamin-Weaver model is modified to quantify the adhesion strength at ZnMg/Zn interface by
scratch test revealing consistent results with the BMW crash adhesion test (BMW AA-M223) currently used in
industry for adhesion qualification.

1. Introduction
In the automotive industry, protection of the car body from corrosion and degradation is critical. This ensures long-term durability of the
material, satisfies safety and aesthetic requirements and enables car
manufacturers to extend product warranty. Zinc coatings have proven
to be the material of choice for protection of steels from corrosion by
sacrificial cathodic protection and also by the formation of a superficial
barrier coating to shield the steel against corrosive environment [1].
Conventional application of zinc coatings on steel is typically deposited
by hot-dip galvanizing (HDG) and electrodeposition [1,2]. It turns out
that interfacial compound formation is always a critical issue as far as
the adhesion of the coating is concerned. In particular it is shown [3]
that the adhesion of hot dip galvanized zinc coatings on dual phase steel
can be enhanced by suppressing the formation of Fe-Zn compounds and
oxides at the interface between the zinc coating and the steel substrate.
In recent decades, many attempts have been carried out to further

improve the corrosion resistance of zinc coatings on steel substrate.
Primarily, these efforts led to the advent of zinc alloys containing relatively high amount of aluminum as Galvalume (55 wt% Al) and
Galfan (5 wt% Al) [4]. Later, it was discovered that alloying of pure zinc
with even small amounts of magnesium considerably increases corrosion resistance of the zinc coating and consequently several Mg-alloyed
Zn/Zn-Al coatings were developed [5,6]. Red rust formation of Zn-Mg
alloy coated steel was compared to several other Zn binary systems like
Zn-Al, Zn-Ti, Zn-Ni and Zn-Cr. Noticeably, It is reported that ZnMg
coating exhibited up to 24 times better corrosion performance in salt
spray test as compared to electrogalvanized steel while having only half
of the applied coating thickness of that of the electrogalvanized sample
[7]. Similar salt spray test conducted on ZnMg coated steel at room
temperature showed a roughly 5 times better corrosion performance as
compared to zinc-plated steel. With increasing test temperature (by
10 °C), the red rust formation time for magnesium-containing coating
was 10 times longer than zinc-plated steel [8–10]. Not only for salt
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Table 1
Chemical composition (wt%) of DP800 and black plate steels.

DP800
Black plate

C

Si

Mn

P

S

Ni

Cr

Cu

Fe

0.153
0.04–0.08

0.386
0.03

1.487
0.18–0.35

0.013
0.02

0.007
0.03

0.018
0.08

0.022
0.08

0.015
0.08

Bal.
Bal.

spray tests, but also during standard automotive cyclic corrosion tests,
superior corrosion performance of Mg-alloyed zinc coating was observed [11]. Various theories have been proposed to explain the role of
alloying elements in enhancing the corrosion resistance of zinc coatings. It is widely accepted that the presence of alloying elements such as
magnesium will promote the formation of simonkolleite
(Zn5(OH)8Cl2·H2O), a dense corrosion product that in Zn coatings also
known as zinc hydroxy carbonate (ZHC), in corrosive environments
[12,13].
New challenges arise for the production of ZnMg alloy coatings by
conventional processes with the development of next generation steels
(NGS) such as advanced and ultrahigh strength steels. Segregation of
the alloying elements (mostly Mn, Si and Al) on the surface of NGS
during the annealing process, leads to the formation of surface oxides
prior to HDG [14]. These surface oxides reduce the wettability and
consequently the adhesion of the Zn coating to the steel substrate is
reduced. On the other hand, the addition of high Mg content to the zinc
bath is not possible. Electroplating is also less effective due to the high
energy cost, environmental impact and also the risk of hydrogen embrittlement [15]. Physical vapor deposition (PVD) is a promising alternative method to deposit ZnMg coatings on NGS compared to HDG
or electrodeposition. PVD is capable of being performed at much lower
substrate temperatures (~250 °C). At such low temperature ranges,
detrimental interface reactions and microstructural evolutions and
other high-temperature related issues are minimized. Furthermore,
production of multilayered coatings with virtually any alloy compositions is feasible. In addition, PVD is conducted in a closed vacuum
chamber and does not involve using hazardous chemicals (as in electroplating), it fulfills strict environmental regulations [16].
Most of the studies about ZnMg coatings are mainly focused on the
corrosion resistance properties and just a few researches have been
conducted to study the adhesion performance of ZnMg coatings to steel
substrate. Lap shear and 180° bending tests were performed to study the
effect of Mg content on the adhesion behavior of single layer PVD ZnMg
coatings [17]. Coatings containing < 5 wt% Mg exhibited good adhesion with ductile fracture mode while for the coatings with higher Mg
contents, poor adhesion with brittle fracture was observed. A semiquantitative evaluation of the adhesion of ZnMg coating was conducted
by a combination of punch stretching and potentio-dynamic polarization tests [18]. It was found that the variation of corrosion potential
after deformation is closely related to the coating adhesion. The results
showed that the adhesion of ZnMg coatings to steel decreases with increasing the Mg content. The formation of brittle intermetallic compounds such as Mg2Zn11 and MgZn2 is reported to be a possible reason
for the adhesion degradation in ZnMg single layer coatings. The loss of
adhesion causes coating delamination during subsequent production
processes such as punching, bending and press forming. Lee et al. [19]
studied the effect of Al interlayer insertion on the adhesion properties of
ZnMg thin films and reported strong adhesion between Al interlayer
and ZnMg top layer due to the pure metallic bonding.
Several strategies can be used to improve the adhesion of PVD ZnMg
coating to steel substrate such as plasma pre-cleaning in vacuum, addition of a ductile interlayer and also chemical composition modification. Although a few examinations [17,19] have been done previously
to understand the adhesion behavior of ZnMg coatings, there is still lack
of knowledge about the quantitative analysis of the adhesion strength
and also the exact role of chemical composition on the adhesive properties. To fill this gap, a set of experiments and simulations were

performed in the present work to study the microstructure, mechanical
properties and adhesion behavior of ZnMg PVD coatings as a function of
Mg content. A modified Benjamin-Weaver model has been used to
calculate the adhesion strength of bi-layer coatings using scratch tests.
2. Materials and methods
Two different types of steels (DP 800 dual phase steel and black
plate steel) sheets 0.2 mm thick were used as substrates for this investigation. The chemical composition of each substrate is shown in
Table 1.
Pure zinc and ZnMg layers were produced by a thermal evaporation
PVD machine. The vacuum chamber of the machine was equipped with
two crucibles containing pure zinc and ZnMg. Before coating deposition, the surface of the steel strip is pretreated to remove surface oxides
and preheat the strip. The evaporator uses an induction coil system to
thermally evaporate the pure or alloyed melt. The metal vapor passes
through a vapor distribution box (VDB) and deposits on the surface of
the running steel strip. Pure zinc, single layer ZnMg and bi-layer ZnMgZn coatings were produced for study. All of the ZnMg-Zn bi-layered
coatings were deposited on DP800 substrate and the black plate steel
was just used to deposit pure zinc and single layer ZnMg for comparison. The ZnMg top layers are named as ZnMgx with x indicating the Mg
content in weight percent.
Grazing angle X-ray diffraction (GAXRD) was used to identify phase
constituents of the ZnMg coatings with different Mg contents. The incidence angle was selected as 2° for all the XRD experiments to discard
the effect of Zn interlayer. Phase fraction analysis was also performed
for quantification. The surface morphology and coatings' microstructure were studied by scanning electron microscopy (SEM-Philips
XL30 ESEM). In-situ SEM tensile tests (Kammrath & Weiss 5000 N
Tensile and Compression Module) were performed to evaluate mechanical properties of the ZnMg coatings. Fig. 1 shows the configuration of the in-situ stage and the tensile specimen.
Nanoindentation tests were performed using MTS Nanoindenter XP
equipped with Berkovich diamond indenter in both load control and
depth control modes. A minimum of 30 indentations were carried out
for every test to measure the hardness and the elastic modulus.
CSM Revetest scratch tester was used to evaluate the adhesion
strength of different ZnMg coatings. In this test, a diamond stylus
(Rockwell C, 200 μm in radius) is drawn along the coating with progressively increasing normal load to generate a distinct failure (continuous delamination) at a critical load (LC). The maximum load of 20 N
was used for all the ZnMg coatings, with 20 N/min loading rate and
10 mm scratch length. For the pure zinc coating, the maximum load and
the loading rate were 50 N and 50 N/min, respectively. A minimum of 5
scratch tracks were made for each coating and the average value of LC
was reported. An ion beam cryo cross-section polisher (JEOL IB19520CCP) was used to scrutinize failures in the scratch track. The
sample during ion polishing was kept at −140 °C to avoid any possible
defect induced by ion polishing on the coatings and/or interfaces. BMW
crash adhesion tests (BMW AA-M223) were also performed for qualitative evaluation of the adhesion of the coatings. This test is a bendingbased standard method currently used in industry to qualify the adhesion behavior of galvanized coatings. To pass the test, the adhesively
bonded joint should fail in the adhesive, not in the coating/substrate
interface. More information about this test can be found elsewhere
[20].
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Fig. 1. Configuration of in-situ SEM tensile test.

Fig. 2. Geometry of the FEA of the scratch test on bi-layer ZnMg-Zn coated sample.

phase contents is shown in Fig. 3b. The ZnMg layers are mostly composed of pure zinc when the Mg concentration is low (1.5 wt%). The
fraction of zinc phase decreases with increasing the Mg content and
simultaneously the Mg2Zn11 fraction increases. Further increase in the
Mg content (≥5.8 wt%) results in a full content of intermetallic compounds (mixture of Mg2Zn11 and MgZn2). The phase fraction of MgZn2
increases with Mg content and becomes the only observable phase at
14.1 wt% Mg. Different microstructures were reported in the literature
for the ZnMg coatings with high Mg content. La et al. [21] reported
amorphous phase formation during magnetron sputtering of Zn-15.8 wt
% Mg. Extended solid solubility of Mg atoms during magnetron sputtering and the resulting local lattice distortion are reported as the main
reasons for the structural change from crystalline to amorphous for high
Mg content coatings [21]. The same behavior is also reported by Lee
et al. [19] for the formation of amorphous phase in the PVD coated Zn14 wt% Mg. On the other hand, a crystalline mixture of Mg2Zn11 and
MgZn2 was observed for the electromagnetic levitated PVD Zn-15 wt%
Mg coating [17].
Since amorphous and/or crystalline microstructures are reported for
highly alloyed ZnMg coatings produced by different methods,
“Miedema thermodynamic model” [22,23] and “Egami and Waseda
model” [24] were used to predict the stability of amorphous phase in
the Zn-Mg binary alloy system. According to Miedema semi-empirical
model, the formation enthalpy of an amorphous phase consists of two
terms:

Finite Element Analysis (FEA) was used to simulate the behavior of
coated samples during scratch test. Two distinct simulations were
performed for single layer ZnMg coated and bi-layer ZnMg-Zn coated
steel substrates. Fig. 2 illustrates the geometries and sections of the
model. A dynamic explicit two dimensional (2D) plane stress simulation
was considered. The indenter was selected as a rigid body with 200 μm
radius while the substrate and the coatings were defined as deformable
homogenous solids with individual allocated properties. The mechanical properties of the ZnMg coating were obtained by nanoindentation
and implemented into the model. For the bi-layer coating, the thicknesses of zinc interlayer and ZnMg top layer were selected as 1 μm and
3 μm, respectively. The thickness of the ZnMg coating was kept constant
in the case of the single layer coating. The sample was fixed against all
rotations and displacements. The same scratch parameters (maximum
load, loading rate and scratch distance) were defined in the simulation
according to the experiments. Mesh refinement (2 × 0.4 μm) was utilized in the coating regions for a better resolution. To model the failure
mechanism of the coatings, ductile shear damage behavior was assumed. In order to avoid severe mesh distortion, Arbitrary LagrangianEulerian (ALE) mesh control was employed in accordance with the simulation steps.
3. Results and discussion
3.1. Microstructure and phase analysis

Hamorphous = Hchemical + {3.5 × 10

Fig. 3a shows the XRD patterns of PVD ZnMg layers with different
Mg concentrations in the range of 1.5–14.1 wt%. Quantification of

3

(Tmaverage )}

(1)

ΔHchemical represents the chemical contribution due to the electron
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Table 2
Parameters required for Miedema thermodynamic calculations in Zn-Mg binary
system [25–27].
Element
Zn
Mg

B in A
Hint
=

(

Tm (K)

nws1/3 (d.u.)1/3

φ⁎ (eV)

V2/3 (cm2/mol)

692
923

1.32
1.17

4.1
3.45

4.38
5.80

2 P VB 2/3

1
n ws 3

)

A

+

(n ws 1/3)B

{

(

)2 +

Q
P

(

)}

1 2

n ws 3

(7)

where φ is the work function of elements and nws is their electron
density. P and Q are constants depending on the type of elements
(P = 10.6, Q/P = 9.4 in units of eV2/(d.u.)2/3) [25].
Tmaverage is the average melting temperature of the binary compound
and is estimated as follows [26]:
⁎

Tmaverage = (XZn × TmZn + XMg × TmMg )
Zn

where Tm and Tm represent the melting temperatures of pure zinc
and magnesium, respectively. The required parameters for thermodynamic calculations are presented in Table 2.
A critical note here concerns the description of the interfacial enthalpy in terms of the differences in work functions ∆φ∗ and electron
1
density n ws 3 (see Eqs. (6) and (7)). In essence it is assumed that the
enthalpy consists of two contributions: a negative one, reflecting flow of
charge between A and B which generates a dipolar layer and a positive
one because the equilibrium charge densities in A and B become out of
equilibrium (discontinuity will raise energy). So, basically it is an ionic
rigid band model description of a metallic system, which unfortunately
provides the wrong picture. We argue that the heat of formation in
metals arises from common band formation (attractive) and a change in
bond length (repulsive). As a consequence it is cannot be described by
any ionic band model. However, it is fair to say that the Miedema model
can still be useful (not because of the correct description of the origin of
bonding in metals though). The strength of the approach rests in its
compatibility with known experimental data and its ease of applicability to a multitude of problems in alloy cohesion. Indeed, far better
physical models can elucidate the origin of bonding in metals and
(crystalline and amorphous) alloys but they do not replace phenomenological schemes. Therefore the following should be considered as a
“phenomenological” description, i.e. useful for its application to describe interface strength between heterophases, but not providing the
correct physical description of the actual cause of bond strength in
metallic systems.
Enthalpy change during the formation of the amorphous phase in
Zn-Mg binary system is shown in Fig. 4. As seen, there is no tendency
for the formation of amorphous phase when the molar fraction of zinc is
very high or very low. However, the enthalpy change for the formation
of amorphous phase is negative between 29–82 at.% Zn (i.e. 7.5–49 wt
% Mg), indicating that the formation of amorphous phase is feasible.
Egami and Waseda model [24] was also used to predict the possible
range for the formation of amorphous phase in Zn-Mg binary alloy
system and to compare with the Miedema thermodynamic model. According to this model, the minimum concentration of solute atoms for
the formation of amorphous phase can be determined by

Fig. 3. (a) XRD patterns and (b) phase content of PVD ZnMg-Zn bi-layer
coatings.

redistribution that occurs when an amorphous alloy is formed. This
term can be calculated as follows:
B in A
A in B
Hchemical = XA XB (f AB Hint
+ f BA Hint
)

(2)

where fBA and fAB show the degree to which A atoms are surrounded by
B atoms and vice versa, and are calculated by the following equations:

f BA = XBS (1 + (X AS XBS )2)

(3)

X AS =

XA VA2/3
XA VA2/3 + XB VB 2/3

(4)

XBS =

XB VB 2/3
XA VA 2/3 + XB VB 2/3

(5)

Cmin × |volume mismatch|

where X and V represent molar fraction and molar volume of elements
in the chemical composition. γ is an empirical parameter which is
considered as 5 for an amorphous phase [25].
∆HintA in B and ∆HintB in A are the interfacial enthalpy during mixing
of A atoms in B and B atoms in A, respectively, and can be calculated as
A in B
Hint
=

(

2 P VA2/3
1
n ws 3

)

A

+ (n ws

1/3)
B

{

(

Q
)2 +
P

(

)}

(8)

Mg

0.1

(9)

where Cmin is the minimum concentration of the solute atoms required
for the formation of amorphous phase. Volume mismatch can also be
calculated by

Volume mismatch =

1 2
n ws 3

RB
RA

3

1

(10)

where RA and RB are the radius of the matrix and solute atoms, respectively. In order to obtain the glass forming range for ZnMg

(6)
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as predicted by Miedema thermodynamic model (7.5–49 wt% Mg).
Although the composition range for the formation of amorphous
phase is predicted as 7.5–49 wt% Mg, no amorphous phase is detected
in the XRD pattern of the thermally evaporated ZnMg coatings of that
composition range in the present investigation. However, transition of
amorphous to crystalline microstructure has been previously reported
for the magnetron sputtered ZnMg coatings containing ~12.6 wt% Mg,
where the coatings sputtered below 50 °C exhibited a featureless
amorphous structure while a crystalline microstructure was formed by
increasing the deposition temperature to 100 °C [21]. The adhesion
strength of amorphous ZnMg to the mild steel substrate was unsatisfactory, but improved after increasing of the deposition temperature meaning that the adhesion strength of the coating improves by
crystallization of the amorphous structure [21]. Therefore, the presence
of crystalline Mg2Zn11 and MgZn2 intermetallics in the microstructure
of the produced coatings is favorable for sound adhesion. Possible
reasons for crystalline microstructure in the thermally evaporated
ZnMg PVD coatings of the present work might arise from the effect of
vacuum plasma cleaning in the PVD process, radiation heating induced
by the hot VDB and also the released heat during de-sublimation of
ZnMg vapor. In this study, the temperature of the steel strip by PVD
process reached ~260 °C, seems to be adequate to crystallize the
amorphous microstructure.

Enthalpy change (kJ/mol)

4
3
Glass forming range

2
1
0
-1
-2
0.0

0.2

0.4
0.6
0.8
Molar fraction of zinc

1.0

Fig. 4. Enthalpy change during the formation of amorphous phase in Zn-Mg
binary system.

compounds, it is necessary to consider both Zn-rich and Mg-rich regions. It is interesting to note that the glass forming range in Zn-Mg
binary system calculated based on the Egami model is exactly the same

Fig. 5. Cross sectional SEM micrograph of ZnMg-Zn bi-layer coatings with different Mg contents in the top ZnMg layer: (a) 5.8 wt% Mg, (b) 7.4 wt% Mg, (c) 10.9 wt%
Mg and (d) 14.1 wt% Mg, along with the elemental mapping of ZnMg5.8-Zn bi-layered coating (bottom row).
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Table 3
Adhesion strength of pure Zn and ZnMg-Zn coatings containing different Mg contents using scratch test.
Coating

Zn thickness (μm)

ZnMg thickness (μm)

Critical load LC (N)

Residual depth at LC (μm)

Weight factor ω

Adhesion strength (MPa)

BMW adhesion test

4.9
0.7
0.9
1.6
0.6

0
3.9
3.7
3.1
4.4

38.5 ± 1.5
18.1 ± 0.6
13.2 ± 0.7
9.3 ± 0.6
8 ± 0.6

–
4.3
3.3
2.0
1.9

–
0.16
0.27
0.80
0.31

171
129
103
54
78

Pass
Pass
Pass
Not pass
Pass

Pure zinc
ZnMg5.8-Zn
ZnMg7.4-Zn
ZnMg10.9-Zn
ZnMg14.1-Zn

Hardness (GPa)

a

8

6

4

2

0
0

3

6

9

12

15

Mg content (wt.%)

b
Strain in ZnMg top layer
segments (%)

Elastic modulus (GPa)

b 140
120
100
80
60

ZnMg5.8
ZnMg7.4
ZnMg10.9
ZnMg14.1

3

2

1

0

40
0

3

6
9
Mg content (wt.%)

12

cracking
-point

15

c 0.015

3

6
9
Global strain (%)

12

15

Fig. 7. (a) In-situ tensile stress-strain curve of different ZnMg-Zn bi-layer
coatings coated DP800 steel, (b) ZnMg top layer strain after cracking point
versus global strain calculated by images processing.

0.012

H3/E2 (GPa)

4

consisting of Mg2Zn11 and MgZn2 intermetallic compounds is clearly
visible in the ZnMg7.4 top layer. The concentration of Mg2Zn11 phase
decreases with further increase in Mg content, and the ZnMg14.1 top
layer is fully composed of MgZn2, which is consistent with the XRD
result.

0.009
0.006
0.003
0.000
0

3.2. Mechanical properties

3

6

9

12

Nanoindentation tests were carried out on the surface of the coatings to determine their mechanical properties. The obtained hardness
and elastic modulus from depth sensing indentation are presented in
Fig. 6. It should be noted that the hardness and the elastic modulus of
pure zinc PVD coating are 0.36 GPa and 56 GPa, respectively. The
hardness and the elastic modulus increase with increasing the Mg
content up to 7.4 wt% Mg due to the formation of the intermetallic
phases (Fig. 6a–b). The hardness and the elastic modulus of ZnMg7.4Zn coating are 5 GPa and 103 GPa, respectively. With further increase
of the Mg content to 14.1 wt%, the hardness and the elastic modulus of
the ZnMg coatings remain almost constant since these ZnMg coatings of
beyond 7.4 wt% Mg consist of almost fully MgZn2. A similar hardness

15

Mg content (wt.%)
Fig. 6. (a) Hardness, (b) elastic modulus and (c) H3/E2 ratio of the ZnMg-Zn bilayer coatings of different Mg contents deposited on DP800 steel.

Fig. 5 shows the cross sectional SEM micrographs of the ZnMg-Zn
bi-layer coatings with different Mg concentrations. The thicknesses of
the zinc interlayer and the ZnMg top layer for each coating are presented in Table 3. The ZnMg5.8 top layer consists mainly of the
Mg2Zn11 phase. The elemental mapping of ZnMg5.8-Zn bi-layered
coating is also presented in Fig. 5. The two phase microstructure
232
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Fig. 8. SEM micrographs of the same view area during in-situ tensile test of ZnMg7.4-Zn bi-layer coated DP800 steel at different global strains, and cross sectional
view of a crack in the coating after unloading.

Normal load (mN)

250

Lüders band region of the DP800 substrate (< 1.3% of global strain),
dividing the coatings into segments about 40 μm wide nearly perpendicular to the loading direction. Cracks opening between the segments
gets wider and wider with increasing the global strain. It was observed
that each ZnMg segment continues to stretch with further increase in
the global strain, indicating that the ZnMg top layer is still under strain
after initial partitioning (see Fig. 7b). For instance, at 15% of global
strain, 3.4% and 2.6% increase in the strain of ZnMg top layer is observed compared to the cracking point of ZnMg5.8 and ZnMg7.4
coatings, respectively. Those values are higher than the required strain
for initial cracking of the coatings (< 1.3% of global strain). However,
no further partitioning occurs in the segments until the fracture failure
of the steel substrate (Fig. 8). Therefore, it can be concluded that the
formation of Lüders band during the tensile test can locally increase the
strain, leading to the premature cracking of ZnMg coatings. As can be
seen, Zn interlayer is mostly attached on the steel substrate after tensile
test and failure occurs at the ZnMg/Zn interface, indicating that the
interfacial adhesion between Zn interlayer and steel substrate is always
higher than that of the ZnMg/Zn interface. In particular, large shear
deformation occurs within the Zn interlayer that has partially been
pulled out from/underneath the edges of segments of the top ZnMg
coatings.
Nanoindentation was also used to estimate the yield strength (σy)
and work hardening exponent (n) of ZnMg layer using the reverse
analysis algorithm put forward by Dao et.al [32]. This algorithm uses
the maximum load (Pmax), the maximum penetration depth (hmax), the
curvature of the loading part (c) and the stiffness at the onset of unloading and extracts the σy and n (see Fig. 9). Since, the average
roughness of the studied ZnMg coatings is around 0.1 μm, a seven micron thick ZnMg coating was selected for the estimation of σy and n. The
maximum load was set to 250 mN to achieve a penetration depth of
~1.8 μm, to compensate the effect of surface roughness on the loaddisplacement curve. The calculated σy and n for the coating Zn-6.8 Mg is

Pmax

200
stiffness
P= c×h2

150
100
50

hmax

0
0

500
1000
1500
2000
Displacement into surface (nm)

Fig. 9. Nanoindentation load-displacement curve of ZnMg6.8-Zn bi-layer
coating (ZnMg layer 7 μm thick) used to calculate σy and n for FEA simulation.

value (5.08 ± 0.32 GPa) was previously reported for MgZn2 [28].
The H3/E2 ratio can be used as an indication of coating resistance to
plastic deformation [29,30]. As seen in Fig. 6c, the value of H3/E2 ratio
is very small when Mg content is < 3 wt% (Zn is the main constituent
phase of the coating). The ratio considerably increases and reaches
0.011 at 7.4 wt% Mg to 0.014 GPa at 14.1 wt% Mg. Clearly, the formation of the intermetallic compounds reduces the ability of the coatings to plastically deform. It is noteworthy that the value of H3/E2 ratio
for ZnMg coatings is still much lower than the well-known hard coatings such as TiN which has a H3/E2 ratio of 0.07–0.49 [30,31].
In-situ SEM tensile tests were performed on PVD ZnMg-Zn bi-layer
coated DP800 steel samples to evaluate the tensile behavior of different
ZnMg coating alloys (see Fig. 7a). All coatings start to crack within the
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Fig. 10. Acoustic emission versus normal load recorded in scratching ZnMg7.4-Zn bi-layer coating with corresponding SEM micrographs showing the scratched
surface at different normal loads.

730 ± 60 MPa and 0.177 ± 0.012, respectively. These values were
used in the FEA simulation to investigate the effect of zinc interlayer on
the adhesion of the ZnMg coating.
3.3. Adhesion strength
Scratch tests were used to evaluate the adhesion strength of different ZnMg coatings. Fig. 10 shows the acoustic emission curve versus
normal load for the ZnMg7.4-Zn bi-layer coating on DP800 substrate
and the corresponding SEM micrographs at different normal loads.
Tensile cracks are clearly visible at 8 N. Ion beam polishing was used to
study the cross section of the observed cracks, shown in Fig. 11. The
cracks are propagated through the thickness of the top layer and
blunted at the ZnMg/Zn interface. Therefore, it can be concluded that
the tensile cracks are only through thickness and are not responsible for
the delamination of the top layer. Buckling which is a common failure
mode in scratch test is clearly observed at higher normal loads. Ahead
of each buckled area, delamination of the top ZnMg layer occurs where
the first trace of pure zinc (as interlayer) was observed at around 13 N,
which is defined as the critical load LC. This delamination-buckling
behavior continues to higher normal loads up to 20 N.
The critical loads of the pure zinc coating deposited on black plate
steel substrate and the ZnMg-Zn bi-layer coatings deposited on DP800
steel substrate, obtained by the scratch test, are presented in Table 3.
The LC for pure zinc coating is 38.5 N, which is much higher than that of
the ZnMg-Zn bi-layered coatings. The critical load decreases with increasing Mg content and drops to 8 N for the coating ZnMg14.1-Zn,
which has the highest Mg content. BMW crash adhesion test results are
also included in Table 3. The coating ZnMg10.9-Zn did not pass the
BMW adhesion test. However, its critical load is still higher than that of
the coating ZnMg14.1-Zn. It can be concluded that LC alone is not an
appropriate criterion to compare the adhesion of bi-layered ZnMg-Zn
coatings of different thickness and/or mechanical properties combinations. It is reported that the critical load depends on many parameters
which can be classified as extrinsic (loading rate, scratching speed,
radius of the indenter tip) and intrinsic parameters (mechanical properties of the substrate and/or coating, roughness and also friction). For

Fig. 11. Cross sectional SEM micrographs of the periodic tensile cracks observed in Fig. 10: (a) overview and (b) close-up showing the blunted tip of a
crack.
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Fig. 12. Finite element simulation of the scratch test prior to coating failure: (a) von Mises stress and (b) shear strain distribution of ZnMg6.8-Zn bi-layer coating on
DP800 steel; (c) von Mises stress and (d) shear strain distribution of ZnMg6.8 single layer coating coated DP800 steel. Left column: overview; Right column: close
view of the indicated region with a dashed box.

example, the LC increases with increasing coating thickness or increasing hardness of the substrate [33,34]. Therefore, it is necessary to
keep such coating parameters constant or take their effects into account
for comparing different samples. Benjamin-Weaver model [35–37] is
used to estimate the adhesion strength of ZnMg to the Zn interlayer
according to the following equation

F=

understanding that when the ratio of the thickness of the zinc interlayer
to the residual scratch depth at the critical load is large, the role of zinc
interlayer in the composite hardness would be higher and vice versa.

=

kaH
R2

a2

Hcomposite =

(11)

Lc
H

HZn + (1

) Hsteel

(13)
(14)

Table 3 shows the adhesion strength of the pure zinc and ZnMg
coatings with different Mg concentrations determined by the scratch
test based on the modified Benjamin-Weaver model. Other properties of
the coatings such as the Zn layer thickness, ZnMg layer thickness, residual scratch depth at LC, weight factor and the BMW crash adhesion
test results are also summarized in the table. As can be seen, pure zinc
has the highest adhesion strength (171 MPa) among the coatings,
comparable with the adhesion strength of hot dip Zn coating on IF steel
and TRIP steel which has been previously reported as 180 MPa and
160 MPa, respectively [38,39]. The adhesion strength between ZnMg
top layer and Zn interlayer decreases with increasing the Mg content
and drops to 54 MPa at 10.9 wt% (coating ZnMg10.9 that has a thick Zn
interlayer). In particular, although containing higher Mg content, the
coating ZnMg14.1 exhibits higher adhesion strength than the coating
ZnMg10.9, partially attributed to the effect of a thicker Zn interlayer
employed in ZnMg10.9. It is worthy to note that the results of the

where F is the adhesion strength (MPa), K is a constant (0.2), R is the
radius of the scratch tip, H is the hardness of the substrate and a the
radius of the contact circle which is determined as

a=

Thickness of zinc interlayer
Residual depth at LC

0.5

(12)

Benjamin-Weaver model is only valid for coatings having the
hardness lower than 5 GPa, which is the case of ZnMg coatings [37]. As
concluded before, the addition of pure Zn interlayer is necessary to
obtain good adhesion between ZnMg top layer and steel substrate. In
the case of the bi-layered coatings, the role of the hardness of both the
Zn interlayer and the steel should be considered in Eqs. (11) and (12) as
“H”. In order to take them into account, a weight factor was proposed as
in Eq. (13) and used to determine the composite hardness according to
Eq. (14). Definition of the composite hardness is based on the physical
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Fig. 13. Finite element simulation of coating failure in scratch test: (a) von Mises stress and (b) shear strain distribution of ZnMg6.8-Zn bi-layer coating on DP800
steel; (c) von Mises stress and (d) shear strain distribution of ZnMg6.8 single layer coating coated DP800 steel. Left column: overview; Right column: close view of the
indicated region with a dashed box.

adhesion strength estimated according to the modified model are consistent with the BMW adhesion test where, according to the test, the
coating ZnMg10.9 is not qualified. In this perspective it is interesting to
note that previous studies on the corrosion behavior of ZnMg coatings
showed that the best corrosion performance of the ZnMg coatings was
achieved for Mg concentrations in the range of 4–8 wt% which can be
10 times better than pure zinc [40]. When compared to the quantified
adhesion strength, the combined highest performance can be achieved
in the two coatings with Mg content of 5.8–7.4 wt%, which is in the
same range.
Finite element simulations of the scratch test were carried out to
further study the failure behavior of the single layer ZnMg and bi-layer
ZnMg-Zn coatings. Stress and strain distributions within the sample
before the onset of the failure for both single and bi-layer coatings are
shown in Fig. 12. As can be noticed in Fig. 12a and c, most of the stress
concentration is observed in the ZnMg layer underneath the indenter
tip in both the cases. For the bi-layer case (Fig. 12a), there is a remarkable stress concentration between zinc interlayer and the ZnMg
top layer resulting in initiation of the damage at the ZnMg/Zn interface.
According to Fig. 12b and d, the shear strain distribution in the coatings
are also found different for the two simulations. During scratching of
the bi-layer coating, most of the shear strain is accommodated in the
zinc interlayer, while it mostly spreads to the steel substrate in the
single layer case. This observation indicates the effective role of ductile
Zn interlayer to withstand the shear strain and plastic deformation
during the scratch test which results in maintaining a good adhesion.

The results of the simulation in the initial failure region during the
scratch test are given in Fig. 13. These results predict the formation of
periodic failure (delamination) in the ZnMg layer during scratching on
the bi-layer coating sample (see Fig. 13a and b). The delamination
occurs at the ZnMg/Zn interface, whereas no failure is observed at the
Zn/steel interface. The mechanism of the periodic failure of the ZnMg
top layer can be explained by the simulation result depicted in Fig. 13b.
Due to the severe plastic deformation imposed to the coating, when the
shear strain reaches to its maximum value in the Zn interlayer, the
initial failure occur in the ZnMg layer and leads to a local drop of the
shear strain in the Zn interlayer to compensate the strain raise. This
process is repeated during the scratch test and causes periodic failure in
the bi-layered coating sample. For the single layer ZnMg coating, the
delamination is not periodic, and follows by removal of the coating
material on the forward side (see Fig. 13c and d) and yet a long crack
propagates along the interface on the backward side. Furthermore, the
critical load in which the first failure occurs is obtained as 8 N and
12.5 N for the single layer and the bi-layer coatings, respectively.
Therefore, the ductile zinc interlayer can effectively detain the onset of
failure in the ZnMg coating. The same behavior is also observed even
for different ZnMg alloys having various mechanical properties and it
emphasizes that the presence of the Zn interlayer is essential for the
enhancement of the adhesion between steel substrate and the ZnMg
coatings.
As discussed before, ZnMg single layer coatings always show inferior adhesion to the steel compared to the bi-layer ZnMg-Zn. As an
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coatings with scratch test, which reveals consistent results with the
BMW crash adhesion test.
- The optimum range of Mg content for the ZnMg top layer was determined as 5.8–7.4 wt%. The adhesion strength drops at higher Mg
contents.
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example, Fig. 14a shows the BMW crash adhesion test results for the
single layer ZnMg4.5 coating deposited on the DP800 steel substrate. As
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