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Abstract: In the conversion coatings, some uniformly distributed micro surface cracks always occur but the surface cracks behavior

is rarely studied due to the frequent initiation in the real test conditions. In this work, computer simulation of micro surface cracks

behavior and internal stresses generated in the anhydrous chemical conversion coating was carried out using the finite element

method with the help of ABAQUS software. The Mises stress distribution, S, stress variation, and the stress-time curves were

obtained. The results show that the internal stresses generated in the conversion coating increase obviously with increasing time, and

the stresses at the center and boundary of coating pieces are bigger than the ones in other areas while the S); stresses around the

center are bigger than the ones near the boundary. The cracks at the interface of coating pieces develop gradually and are as V-type

cracks finally. The width of crack mouth opened is different since the contraction degree of each coating piece is different.
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Corrosion resistance of magnesium alloy can be
effectively improved by the anhydrous chemical rare-earth

1-3]

conversion coatings | However, experimental results

show that some uniformly distributed micro surface cracks

U8 These cracks

always occur in the conversion coatings
may cause the coatings surface discontinuity and decrease
the accuracy of the electrochemistry test result 6~9 ',
Furthermore, they may weaken the adhesion ability of
coating-substrate interface and affect the capability of
coatings!"*'¥. It is therefore necessary to study the behavior
of coating surface cracks initiation and development and
thereby ameliorate this situation.

It is difficult to investigate the initiation and development
of the coating micro surface cracks during the coating
formation in real test conditions. However, computer
simulation may give the possibility to learn it and to
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understand the relationships among various parameters and
makes it possible to select the proper solution!"*"*). In this
paper, there are several factors which have effect on surface
morphology and the change of internal stresses with the
conversion coating during the cracking, including water
evaporation rate, chemical composition and the thickness of
conversion coating. The simulation results reflect the micro
conclusion which cannot be given in the experiment and
provide a theory basis for cracking and controlling of flaws
of conversion coating. Thus, the development of computer
simulations has significant meaning on the application and
the optimization of conversion coatings.

In this paper, computer simulation of micro surface
cracks and internal stresses generated in the conversion
coating was carried out in ABAQUS environment, which
has a stronger ability of contact analysis, using the FEM
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(Finite Element Method) method"®'®.
1 Experiment

1.1 Preparation of samples

The AZ91D magnesium alloy of size 15 mm>10 mmx10
mm was used as substrate material in the present study. Its
chemical composition (wWt%) is: Al 8.5~9.5, Zn 0.45~0.9,
Mn 0.17~0.4, Si < 0.05, Cu < 0.025, Ni <0.001, and Fe <
0.004 and Mg in balance. The conversion coating was
obtained on the matrix of die-cast AZ91D. The substrate
was polished using water proof abrasive paper from 360#
grits to 2500# grits, then fine polished using diamond paste
of 3.5 pum, rinsed with acetone and deionized water and
dried with hot air. The conversion coating was formed on
AZ91D by immersion of samples for 20 min in the
solutions.
1.2 Model description

SEM was used to reveal the morphology of the conversion
coating. One of the experimental results is shown in Fig. 1,
where, it can be seen that different polygon shaped micro
crack pieces are uniformly distributed on the whole in the
conversion coating in Fig.1a. Most of the crack pieces are
about 10 um in diameter and 2~3 pum in thickness. The
average thickness of the conversion coating layer is 2~3 pm
and the maximum value reaches to 5 pm in Fig.1b. It can be
seen that the maximum ratio of diameter of the crack pieces
and the thickness of the conversion coating layer is 5:1.

According to the experimental results, the model of
coating layer and substrate is set and shown in Fig. 2. When
creating a model, select an irregular layer composed of a
hexagonal mosaic as conversion coating layer was selected,
in order to promote the operation of simulation. The
hexagon conversion coating layers were patched and crack
would initiate at the interface of coating layers. The
boundaries between hexagons were crack sources, and
connected on hexagonal planes. The border length of the
hexagon layers is 2, and the thickness of the layers was 0.4,
the number of the length and the thickness were set
according to the proportion of actual conversion coating
size, and the basic unit can be considered meter, based on
the subsequent setting of physical and chemical parameters.
Since the actual thickness of the AZ91D magnesium alloy
substrate is much thicker than that of the conversion coating,
cracking conversion coating had no effect on the
magnesium alloy surface. Hence, the model geometry value
of Mg alloy substrate can be set discretionarily.

The properties of the conversion coating and the
substrate based on the actual situation were set in the model.
AZ91D magnesium alloy was the substrate, and conversion
coating composition which is much more complex than
substrate was given priority to oxide and hydroxide. Values
were derived from nature of the magnesium oxide, and the
manual was found to get the performance parameters of the
conversion coating and the magnesium alloy substrate.
Hexagon layers, which contacted each other, cracked along
the contacting surface; moreover partial spalling is occurred
in some conversion coating and substrate. Therefore
contacting properties layers and
coating-substrate interface need to be determined under

of each hexagon

further analysis and calculation. The necessary parameters
(properties of coating and substrates materials, bond
stiffness of hexagon layers border and coating-substrate
interface) for finite element analysis are shown in Table 1
and Table 2, respectively.
1.3 Simulation analysis

It was found that the surface cracks in the coating initiated
and developed when the moisture of coating vaporized in the

Fig.1 Crack pieces in conversion coating: (a) coating surface and

(b) coating section
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Fig.2 Model of coating layer and substrate

Table 1 Property parameters of conversion coating layer and magnesium alloy substrate

Parameter E/GPa v plkgm™ C/1-(kg°C)™! k/W-(m-°C)’* a/x10°m-(m-°C)"!
Conversion coating 5.5 0.3 3580 877.8 30 8.0
Magnesium substrate 450 0.3 18200 1050 72 25

Note: E-Young's modulus; v-Poisson's ratio; p-density; C-specific heat; k-heat conductance; a-expansion coefficient
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Table 2 Bond stiffness of hexagon layers border and coating

substrate interface

Stiffness Knn Kss Ktt
Hexagon layers border 100 100 100
Coating-substrate interface 200 200 200

Note: K-bond stiffness, Knn-normal stiffness, Kss-hexagon layers
in the plane, Ktt-coating-substrate interface stiffness in the plane

air and it induced the change of internal stresses. The
stresses induced by the heat transfer both between the
coating with substrate, and the coating with air was
therefore taken into account in the FE model. In fact, the
moisture and composition of coating may be different in
different areas of the same coating, since the precipitates
may be different during the conversion coating-forming
process. Besides, moisture of the top surface contacted with
the air vaporized faster than the one of inner area of coating.
The upper coating
contractive and micro cracks thus occurred. Consider all

surface therefore showed more
above situations, three layers of the conversion coating A, B,
and C with different temperature were set in the model (Fig.
3a), where the temperature was 27, 23, and 25 °C,
respectively; the substrate was 27 °C, and the
circumambience air was 23 °C. The heat convection was set
as natural convection and the convection coefficient was 10.
Fig. 3 shows the condition setting and the finite element
model mesh used to simulate the internal stresses.

Computer simulation of internal stresses generated in the
conversion coating and magnesium alloy substrates was
carried out in ABAQUS environment, using the FEM
method. In order to get more veracious result, the
calculation time was set as 36000 s, and 29 steps were
performed.

2 Results and Discussion

The Mises stress distribution obtained from computer
simulation is shown in Fig.4. Fig.4a gives the stress map at
the beginning of simulation, and Fig.4b shows the result at
the first step, Fig.4c is the stress distribution map at step 16,
and Fig.4d gives the simulation result at the last step. Fig.
4e is the staff gauge of stress variation. From Fig.4a, it can
be seen that all stresses are in the same level since no heat
transformation occurs at the beginning of simulation. Some
stress variation at the interface of coating layers can be seen
in Fig.4b and it also can be seen that the stresses in layer B
are bigger than the ones in A and C. There is no crack split
in the coating pieces. In Fig.4c, namely, at step 16, the
stress variation at the interface of coating layers increases
obviously and a slight crack split at the interface of coating
layers B and C can be seen. At the last step (see Fig.4d), it
is evident that stresses uniformly distributed in all the three
layers increase more obviously. The three cracks have

developed obviously and have been being as V-type cracks
at the interface of coating layers. Since the contraction
degree of each coating layer is different, the width of crack
mouth is different accordingly.

From the stress distribution map at different steps, the
internal stress variation and the crack initiation and
development situation in coating can be clearly understood.
The Mises stress distribution and the stress-time curves
from the center to the boundary of coating layer C are
shown in Fig.5a and 5b, respectively. That is in agreement
with the result in Fig.5b, where, stresses of point 1 (at the
center) and 6 (at the boundary) are bigger than other ones.
The stress of point 3 is smaller than others. The curves of
all points change in the same trend and conform to the law
of correlation. It can be seen that stresses are concentrated
at the center and at the boundary. The §;; stress (along the
direction of x-axis) variation and the stress-time curves
from the center to the boundary of coating layer C along the
x-axis are shown in Fig.5c and 5d, respectively. From Fig.
Sc it can be seen that the stress around the center is bigger
than that near the boundary. Fig.5d shows that stresses of
point 1~4 increase quickly at first and then the values
become zero at about 6000 s; after that, they move toward
the negative direction along the x-axis and the absolute
values increase continually. Whereas, the absolute stress
values of point 5 and 6 are different from those of point 1~4
obviously. The stress of point 1 is bigger than others, and
the point 4 is reverses. It is in agreement with the result of
Fig.5c, namely, the stresses around the center are bigger
than the ones near the boundary. It also suggests that
stresses of coating C are restricted by not only the surface
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Fig. 3 FE model of crack pieces in conversion coating:

(a) condition setting and (b) FE-mesh
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Fig.4 Mises stress distribution in conversion coating: (a) beginning simulation stress map, (b) first step result, (c) stress distribution map

at step 16, (d) last step result, and (e) staff gauge of stress variation
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Fig.5 Stress distribution (a, ¢) and stress-time curves in coating C (b, d): (a, b) Mises stress distribution; (c, d) S); stress variation
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