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a  b  s  t  r  a  c  t

The  hybrid  method  of  PEO  and  hot-dipping  aluminum  (HDA)  was  employed  to  deposit  composite  ceramic
coatings  on  the  surface  of Q235  steel.  The  composition  of the  composite  coatings  was  investigated  with
X-ray diffraction  (XRD)  and  transmission  electron  microscopy  (TEM),  respectively.  The cross-section
microstructure  and  micro-hardness  of the treated  specimens  were  investigated  and  analyzed  with
scanning  electron  microscopy  (SEM)  and  microscopic  hardness  meter  (MHM),  respectively.  The  wear
resistance  of  the  ceramic  coatings  was  investigated  by a self-made  rubbing  wear  testing  machine.  The
results  indicate  that  metallurgical  bonding  can  be  observed  between  the  ceramic  coatings  and  the  steel
substrate.  There  are  many  micro-pores  and  micro-cracks,  which  act as  the  discharge  channels  and  result
EM
ardness
ear resistance

of quick  and  non-uniform  cooling  of  melted  sections  in  the  plasma  electrolytic  oxidation  ceramic  coat-
ings.  The  phase  composition  of the  ceramic  coatings  is  mainly  composed  of  amorphous  phase  and  crystal
Al2O3 oxides.  The  crystal  Al2O3 phase  includes  �-Al2O3, �-Al2O3 and  �-Al2O3.  The  grain  size  of  the �-
Al2O3 crystal  is  quite  non-uniform.  The  hardness  of  the  ceramic  coatings  is  about  HV1300  and  10  times
higher  than  that  of  the  Q235  substrate,  which  was  favorable  to the  better  wear  resistance  of  the  ceramic
coatings.
. Introduction

Plasma electrolytic oxidation (PEO), or micro-arc oxidation
MAO), is a novel electro-chemical surface treatment process
or generating oxide coatings on valuable metals such as Al,

g,  Ti and their alloys [1–3]. It can be employed to produce
hick (e.g. 50–150 �m),  hard ceramic coatings, with improved
hermo-mechanical, wear and corrosion resistance properties
ompared with conventional anodizing technique [4–8]. How-
ver, the technology is hard to be directly applied to steels,
hich are the most widely used materials in engineering struc-

ures, since steels do not have the same characters as the valve
etals.
In order to employ the advanced surface modification technol-

gy for steel surface, researchers have tried to use indirect ways
o get ceramic coatings on steels, Shen and Wu et al. got ceramic
oatings by a hybrid method of hot-dipping aluminum on steels

nd micro-arc anodizing the hot-dipped aluminum [9,10].  Gu and
okhmurskii et al. got ceramic coatings by method of micro-arc
xidation after arc spraying aluminum on steels [11,12]. Compared
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with arc sprayed aluminum layer, hot-dipped aluminum layer has
higher bonding strength to the steel substrates due to the met-
allurgical bonding between the aluminum layers and the steel
substrate. So the hybrid method of micro-arc oxidation after hot
dipping aluminizing (HDA) is very promising to be used to pre-
pare this kind of protective composite ceramic coatings on steel
surface.

In this paper, aluminum layer was  firstly prepared by HDA on
Q235 steel substrate, and then ceramic coatings was deposited
on the aluminum layer using PEO. The phase composition, the
microstructure, the wear resistance of the composite coatings
and the cross-section micro-hardness of the treated samples were
investigated. Particularly, transmission electron microscopy (TEM),
which was used by Nie et al. to investigate the cross-sectional
microstructure of the PEO coatings on a magnesium engine AJ62
alloy [13], was firstly used to analyze the phase composition of the
ceramic coatings in this paper.

2. Experimental
Rectangular coupons (25 mm × 10 mm × 2.5 mm)  made of Q235 steel (C
0.14–0.22%, Mn  0.30–0.65%, Si 0.3%, S 0.05%, P 0.045%, Fe balance) were used as
the initial substrates. An industrial pure aluminum L1 (Cu 0.01%, Fe 0.16%, Fe + Si
0.26%, other impurities 0.03%, Al balance) was used as the hot-dipping material. The
main parameters of the hot-dipping process, i.e. temperature and time, are 2 min  at

dx.doi.org/10.1016/j.jallcom.2011.08.103
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sdj217@ysu.edu.cn
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Fig. 1. Schematic drawing of the aluminum hot-dipping equipment. 1 – Thermo-
couple; 2 – furnace shell; 3 – asbestos insert; 4 – resistance wire; 5 – gray porcelain
tube; 6 – firebrick; 7 – molten aluminum; 8 – aluminum melting pot; 9 – quartz
tube; 10 – temperature controller for resistance furnace.
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Fig. 3. The schematic of the equipment for the wearing experiment. 1 –electrical
source; 2 – autotransformer; 3 – engine; 4 – cast iron; 5 – clamp nut; 6 – output
axis; 7 – sample; 8 – stationary sleeve; 9 – sliding axle; 10 – curved lever; 11 –
dynamometer; 12 – eccentric wheel.

mission electron microscopy (TEM). The electron acceleration voltage was 200 kV.
Fig. 2. Schematic drawing of the PEO equipment.

10 ± 10 ◦C. The pretreatment procedures are sand-paper grinding, alkaline clean-
ng, picking and alcohol scrubbing prior to the hot-dipping process. The device used
or hot-dipping here is a well-type self-made crucible resistance furnace as shown
n  Fig. 1.

The PEO process to prepare ceramic coatings on the aluminized steel sur-
ace was  carried out with a built in-house asymmetric AC power supply of

 kW as shown in Fig. 2. An aqueous electrolyte containing KOH (8 g/l) and

a2SiO3 (10 g/l) in distilled water was used as the electrolysis environment.
he coatings deposition conditions were preset at 10 min  and 1.5 A/cm2 for the
rocessing time and processing current density, respectively. Throughout the
ntire PEO experimental process, the electrolyte temperature was  maintained

Fig. 5. The cross sectional microstructure (a) and surfa
Fig. 4. Cross-sectional SEM morphology of the composite coatings on Q235 steel.

at  40 ± 2 ◦C constantly using a heat exchanger. After PEO processed, the sam-
ples  were rinsed thoroughly with water and then were dried in air at room
temperature.

The surface morphology and cross-sectional microstructure of HDA-PEO treated
samples were examined by a KYKY-2800 scanning electron microscope (SEM). The
phase composition of the ceramic coatings was investigated with an H-800 trans-
The TEM samples were prepared by dipping the PEO samples into 3% HCl solu-
tion to corrode and remove the Q235 steel and aluminum substrates. Then the
pure  ceramic flakes were used for TEM observation. D/MAX-rB X-ray diffraction
(XRD) with Cu K� radiation was used to determine the phases present in the

ce SEM morphology (b) of the ceramic coatings.
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Fig. 6. XRD spectra of the ceramic coatings on Q235 ste

◦ ◦
oatings. And scans were performed with 0.01 step size in 2� range of 15–100 .
he electron acceleration voltage was 40 kV and the current was 60 mA.  The cross-
ectional micro-hardness of the treated samples was measured using an AVS-1000
icroscopic hardness meter (MHM)  at a load of 1.96 N and for a loading dura-

ion of 10 s. The wear resistance of the ceramic coatings was investigated by a

Fig. 7. TEM information for multi-crystal
amorphous phase; K: �-Al2O3; �: �-Al2O3; �: �-Al2O3.

#
self-made rubbing wear testing machine, as shown in Fig. 3. A heat treated 45
steel coupon (25 mm × 10 mm × 2.5 mm)  with 840 ◦C quenching and 150 ◦C tem-
pering was used as the compared body. The weight loss of the PEO and heat treated
45# steel samples was determined by a TG328A electric-light analysis balance
(ELAB).

 areas in the PEO ceramic coatings.
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. Results and discussion

.1. Cross-sectional microstructure and surface morphology of
he composite coatings

Fig. 4 shows the scanning electron micrograph of the typical
ross-section of the HDA-PEO coated specimen. It can be seen that
he specimen is covered with a composite coatings which consists
f three layers. They are Fe–Al alloy layer next to the steel sub-
trate, aluminum layer near the Fe–Al alloy layer, and oxide ceramic
ayer as a top exterior layer. Obvious wavy jagged interface can be
bserved between all the linked two layers or between the Fe–Al
lloy layer and the steel substrate, which is reasonable as a result of
he chemical or electro-chemical reaction between each of the two
ayers described above. So metallurgical bonding has become the
nterface character among them, including the whole composite
ayer and the steel substrate.

The cross-sectional microstructure and surface morphology of
he ceramic coatings are shown in Fig. 5. As can be seen, the ceramic
oatings exhibits a typical PEO porous structure. Fig. 5a shows that
here are many micro-cracks in the PEO ceramic coatings. It is
ssumed that the development of such defects in the PEO coatings
s attributed to the thermal stresses during the coatings evolu-

ion, which are resulted from melting–solidifying and discharging,
nd some other fast heating–cooling processes all over the growth
rocess of the ceramic coatings. Fig. 5b shows the fabrication of
oatings from numerous, fused and dense-packed particles whose

Fig. 8. TEM of �-Al2O3 single crystal ar
mpounds 512 (2012) 57– 62

size varied within 5–10 �m because of the quick re-melting and
solidification of the particles in local zones. And it also demon-
strates numerous and quite non-uniformly distributed globe-like
pores showing the density, size and spacing of discharge channels
during the coatings growth. Through the discharge channels the
Al and Al3+ from the substrate were likely ejected onto the coat-
ing/electrolyte interface during the plasma-caused melting, then
combined with the O2− generated by OH− in the electrolyte, and
finally sintered and deposited on the coating surface, contributing
to the coating growth. With the processing time of PEO prolonged,
some of discharge channels were plugged by the particles. These
particles would be molten and buried by later oxidation mass, and
become parts of the coatings finally. Unlike the cross-sectional mor-
phology, there are no obvious micro-cracks besides micro-pores on
the surface morphology images of the PEO ceramic coatings.

3.2. Phase composition of the ceramic coatings

Typical XRD pattern of the composite ceramic coatings on Q235
steel is shown in Fig. 6. The coatings is partly crystallized and
mainly composed of amorphous alumina, a proportion of above
80%. The result may  come from the quite fast cooling rate of molten
alumina. Krysmann considered that the temperature in micro-arc

zones could reach 8000 K within 10–15 �s [14]. Therefore, cool-
ing rate could be up to 106 K/s for melting alumina due to the fact
that the melting point of alumina is above 2300 K and the tem-
perature of the solution around the specimens is about 300 K. The

eas in the PEO ceramic coatings.
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Fig. 9. TEM of the amorphous areas

Table  1
d-Spacing values from the test results and the ASTM card data.

d-Spacing
values from the
test (Å)

Some d-spacing values of Al2O3 in ASTM
card (Å)

�-Al2O3 �-Al2O3 �-Al2O3

4.326 4.50 4.50 4.45

r
a
d
s
t
t
v

s
q
i
(

F

the wear resistance is. The wear resistance of PEO samples and the
heat treated 45# steel samples with 840 ◦C quenching and 150 ◦C
2.222 2.24 – 2.24
1.468 1.45 1.45 –

est phase composition of the ceramic coatings is �-Al2O3, �-Al2O3
nd �-Al2O3. Among them, the content of �-Al2O3 is the least. The
ensity of the Al diffraction lines in the typical XRD pattern is far
tronger than that of the alumina ceramic phase, which implies
hat the X-ray diffracted layer is composed of elemental Al from
he hot-dipped Al substrate, therefore the ceramic coatings is not
ery thick, which is about 40 �m measured with micrometer.

TEM results for the compact layer of the ceramic coatings are
hown in Fig. 7. As seen in Fig. 7a, the coatings are composed of

uite non-uniform crystal particles. The size of some smaller grains

s less than 100 nm and some others is over 500 nm or even bigger
Fig. 8a), so that single crystal diffraction pots can be observed from

ig. 10. Abrasion weight-loss curves of the coatings and the heat treated 45# steel.
 in the PEO ceramic coatings.

these areas where bigger grains stand, such as diffraction pots of
�-Al2O3 shown in Fig. 8b.

Fig. 7b shows the polycrystalline character and even amorphous
rings of the coatings. Both d-spacing values from the test results and
ASTM card data are listed in Table 1.

Besides amorphous phase, as shown in Table 1, the phase com-
position of the ceramic coatings also contains �-Al2O3, �-Al2O3 and
�-Al2O3, which is consistent with the previous XRD results. The
TEM bright field photograph and corresponding diffraction pat-
tern of the typical amorphous zone are shown in Fig. 9a and b,
respectively.

3.3. Wear resistance and cross-sectional micro-hardness of the
composite coatings

The abrasion weight loss was used to measure the wear resis-
tance of the samples. The less the abrasion weight loss is, the better
tempering are shown in Fig. 10.  It is clear that the wear resistance
of the PEO samples is better than that of the heat treated 45# steel

Fig. 11. Hardness distribution along the cross-section of the HDA-PEO coated sam-
ple.
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amples. When the wearing sliding distance is 70 m,  the weight loss
f the heat treated 45# steel samples is about 3 times higher than
hat of the PEO samples, which implies that the wear resistance
f the PEO samples is about 3 times higher than that of the heat
reated 45# steel.

The high hardness of the coatings was favorable to the bet-
er wear resistance. Moreover, the dense structure of the layer
Fig. 5(a)) might considerably improve the load-bearing capacity
f the coatings. The cross-section micro-hardness of the HDA-PEO
oated sample was shown in Fig. 11.  It can be seen that the hard-
ess of the ceramic coatings composed of �-Al2O3, �-Al2O3 and
-Al2O3 is about HV1300, which is the highest among the cross-
ection hardness of the HDA-PEO coated sample, about 10 times
igher than that of the Q235 substrate.

. Conclusions

Hot-dipping aluminum process and plasma electrolytic oxida-
ion process were carried out separately and the composite ceramic
oatings on Q235 steel were obtained with the hybrid method.

The conclusions from the characteristics and wear resistance of
he composite coatings investigation are as follows:

1) There are many micro-pores and cracks in the plasma
electrolytic oxidation ceramic coatings, which result in the dis-
charge channels all over the ceramic coatings.

2) The phase composition of the ceramic coatings is mainly amor-
phous phase and crystal Al2O3 oxides. The crystal Al2O3 oxides
include �-Al2O3, �-Al2O3 and �-Al2O3. The grain size of the �-
Al2O3 crystal is quite non-uniform. The smallest ones was  less
than 100 nm and the biggest ones was more than 500 nm or
even larger. So that the single crystal diffraction pattern of the

�-Al2O3 can be obtained.

3) The hardness of the ceramic coatings is about HV1300 and 10
times higher than that of the Q235 substrate, which was favor-
able to the better wear resistance of the ceramic coatings. When

[

[

mpounds 512 (2012) 57– 62

the wearing sliding distance is up to 70 m, the wear resistance
of the PEO samples is about 3 times higher than that of the heat
treated 45# steel.
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