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AZ31B Mg alloy substrate was coated in aqueous sodium aluminate, sodium silicate and KOH
electrolyte using PEO method in different processing times with and without WC nano-powders.
Thickness, composition, morphology and hardness examined using eddy current, EDS, SEM and
micro-Vickers hardness tester respectively. Electrochemical corrosion tests were carried out using
potentiodynamic polarization technique. Pin on disk wear test was implemented in order to investigate
effect of added WC nano-powders in nano-composite ceramic coating on AZ31B alloy. In cross
section investigation, increase in thickness with coating time and in coating surfaces increase in
porosity percentage and mean pore diameter with coating time was revealed. In presence of nano-
powders wear rate, wear track width was decreased and roughness and COF increased. Results showed
that presence of nano-powders can modify the composition of coating and subsequently corrosion
resistance of coated samples. Also Hardness of hanocomposite coating is about 1.62 times greater than
that of ordinary coatings.
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1. INTRODUCTION

Tungsten Carbide (WC) is extensively used in hard, wear resistant coatings as a result of its
thermal stability, oxidation and wear resistance at high temperatures [1]. Recently a promising surface
treatment method, named Plasma Electrolytic Oxidation (PEO), capable of protecting valve metals and
their alloys against wear and corrosion, has been developed and is used for Magnesium based alloys.
Among surface treatment methods studied on Mg alloys, PEO is one of major interests. PEO has
developed under conventional oxidation processes category, an effective method to improve wear and
corrosion resistance of Mg alloys [2].
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PEO is introduced as most commodious and most effective surface modification method
designed to produce a ceramic coating on metals and alloys in proper electrolyte. Surface properties of
PEO coatings like, wear resistance, corrosion resistance, thermal resistance and adhesion to substrate
could be significantly improved. Conventionally a silicate based electrolyte is used and PEO coatings
on Mg are mostly consisted of MgO and Mg,SiO4, which can improve wear resistance of Mg alloys
[3].

Plasma Electrolytic Oxidation (PEO) which sometimes is called Micro Arc Oxidation (MAQ)
or Spark anodizing, is a promising surface treatment for Al and Mg alloys in replacing Cr(VI) for
corrosion protection and tribological properties [4]. PEO technology is successfully used for producing
ceramic coatings on Al, Mg and Ti, and corrosion properties of treated Mg alloys generally depend on
process parameters and chemical composition of substrate and electrolyte.

Nano-composite ceramic coatings of WC are potentially useful in improving surface wear
resistance and exhibit perfect corrosion resistance. Some deposition techniques such as arc-discharge
plasma, gas-flame spray [5], vacuum deposition methods, high temperature glass annealing and laser
surface modification [6] are used to produce nano-composite ceramic coatings on metal surfaces.
These methods require high substrate temperatures in order to achieve sufficient adhesion to substrate
through high contact forces [5]. Recent studies show that nano-composite coatings exhibit interesting
combinations of wear and corrosion resistance with mechanical strength, surface adhesion and thermal
properties. This specially applies to Mg and its alloys in aerospace and automotive applications [7].

Several studies signify that PEO coating quality depends on technical parameters such as
current density, electrolyte composition and temperature and so on. It has been reported that higher
current densities and lower temperatures are beneficial for coating growth. Ma et al Stated that oxide
film grown in silicate electrolytes possess high wear resistance, while films from phosphate base
electrolytes show superior corrosion resistance [8]. They also reported that adding NaAlO2 to
electrolyte enriches coating from MgAI204 [9]. Duan et al studied effect of phosphate, borate and
fluoride additives on coating efficiency of Mg alloys. They realized that oxide films in both borate and
fluoride have better corrosion resistances [10].

Any way studies are focused on properties, function and morphology evaluations of composite
coatings. Formation Kinetics, changes in morphology of surface and composition of nano-composite
coatings with time, current density and temperature has not been studied thoroughly yet. In this way,
aim of this study is to achieve nano-composite coatings by PEO process. Electrolyte composition has
been selected with desired properties in mind. For example dilute alkaline electrolytes with
considerable concentrations of sodium silicate for maximum growth rate and nano-composite coating
thickness are utilized. Although it has stated generally that sodium silicate increases growth rate, but
few works have studied it quantitatively. Most studies stated that thick coatings with high corrosion
resistance can form under low temperature and in specific electrolyte conditions. High concentration of
sodium silicate in electrolyte leads to higher growth rates probably due to more silicate deposition
while substrate oxidation. Moreover, addition of sodium silicate and alkalinity of electrolyte decrease
oxide dissolution and increases growth rate. Owing to significant role of coating time, this study is an
attempt to investigate time coating parameter of PEO process and presence of WC nano-powders on
characterization, electrochemical corrosion behavior, morphology and composition of WC nano-
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composite PEO coatings.

2. EXPERIMENTAL

Samples used in this study were AZ31B prepared as sheets with 2 mm thickness acquired from
Bohler with 30x30 mm?, relative composition of samples is presented in Table 1.

Table 1. Composition of AZ31B alloy used in this study.

element Mg Zn Si Mn Fe Cu Ni Al

W1t% Balance 0.6-1.4 Max 0.1 0.2 Max 0.005| Max 0.05 |Max 0.005| 2.5-3.5

Samples were cut into rectangular shape from the sheet and sample preparation included
grinding with abrasive SiC papers in 5 different meshes including 200, 800, 1200, 2500 and 4000.
Deionized water was used to wash and hot air flow was used to dry samples. In order to achieve
electrical contact, samples were drilled and screwed from smallest surface to serve as anode.

Electrolyte composition used in PEO process was based on 2 gr/L NaAlO,, 2 gr/L Na,SiO3 and
0.5 gr/L KOH concentrations and WC nano-powders manufactured by US Research Nanomaterials,
Inc. (US Nano) with dimensions less than 80 nm (Presented in Fig. 1) was added in 5 gr/L
concentration to electrolyte. Philips CM 120 TEM was implemented to determine nanoparticle sizes.
A&D-GR202 balance with £50 micro gram accuracy was used for weighting. Suspension of nano-
particles was stirred for 6 hours on magnetic stirrer in order to achieve a uniform distribution of
nanoparticles.

’__|
50nm

Figure 1. TEM image of WC nano-powders used to fabricate nanocomposite.
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PEO station included a 20 KW power supply, a current rectifier with maximum voltage of 600
V and electrolyte cooling system which maintained temperatures below 30 degrees Celsius. During
process of coating, applied current density was equal to 23.1 mA/cm?. Coating time was 5, 10, 15 and
20 minutes. After coating process, samples were brought out, washed with distilled water and dried in
warm air flow (Table 2).

Table 2. Process conditions of PEO coated samples.

Sample Code | Nano-powder | Time of Coating (min)
NP5 wC 5)
NP10 WC 10
NP15 wC 15
NP20 wWC 20
SS5 — 5
SS10 — 10
SS15 — 15
SS20 — 20

In order to study the morphology of surface, cross section and composition of coatings, WEGA
TESCAN SEM with RONTEC EDS analyzer and ZEISS SIGMA/VP SEM were used. Before cross
section studies, samples were cut using coping saw and then mounted in resin, grid and polished.
Image-J software was used to analyze SEM micrographs to calculate percentage of porosity, pore
dimension and coating thickness. According to ASTM G-3 standard, corrosion test was carried out by
using EG&G-A273 Potentiostat/Galvanostat in a standard flat cell. An area of coatings equal to 0.196
cm? was exposed to 3.5 %wt NaCl electrolyte, platinum grid was used as counter electrode and SCE as
reference electrode. All samples were in contact with electrolyte for 30 min in order to achieve
stability. Polarization test was carried out from -300 mV to 700 mV vs. OCP with 1 mV/s scan rate.
Softcorr 11l software and PARCalc analysis was implemented to extract relevant data. Surface
roughness (R,) of coatings was evaluated using Taylor Hobson Sutronic25, Stylus type surface
profilometer with + 10 nm accuracy. In order to study wear resistance and coefficient of friction of
samples pin on disk wear test was performed according to ASTM G-99 standard. In order to determine
coating thickness QnIX8500 instrument was implemented.

3. RESULTS AND DISCUSSION

During coating formation associated with sparking phenomena occurring between electrolyte
and anode (sample), in order to keep current density constant, potential between anode and cathode
(water cooling stainless steel) altered and variations of potential were measured by connecting the
anode and cathode to voltmeter linked with a computer. Fig. 2 illustrates changes of potential versus
time during coating process for samples coated for 20 minutes. Since samples coated in less coating
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times have similar results to illustrated curve, just results of samples coated in longest time, with and
without WC nano-powders have been reported here. Results are in agreement with those reported by
other authors [11] in similar studies and it can be observed that sample coated in suspension without
nano-powder shows 10 to 15 V higher sparking potentials compared to sample with nano-powders, in
other words owing to same current density for both types of samples, the amount of energy required
for creating PEO coating, in case of presence of nano-powders is lower than that without nano-
powders. This can be attributed to less porosity resulted from presence of nano-powders in coating and
consequently less resistivity of coating [12]. At initial stages of sparking, layer resistance is
considerably higher compared to later stages, so that more potential input is needed to keep current
density be constant. But after approximately 100 s, increasing rate of coating resistance is dropped and
corresponds with thickness of coating. This phenomenon is probably due to double layer structure of
PEO coating on Mg alloys in which initial thin layer, inner layer, has compact structure accordingly
much more resistance than thick outer layer that has porous structure and less resistance [13]. Also it
can be observed that slope of both diagrams is almost equal and relates to rate of increase of coating
thickness.
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Figure 2. Potential variations vs sparking time during coating process for samples coated for 20 min.
Increase of potential is due to keep current density constant. The sparking time is almost the
same coating time.

Fig. 3 shows SEM images of coatings’ free surfaces. Comparing the samples containing nano-
powders with their counterparts without nano-powder, it can be observed that area fraction of porosity
in nanocomposite coatings (coatings containing nano-powders) is lower than that in normal coating,



Int. J. Electrochem. Sci., Vol. 11, 2016 934

the fact that is consistent with reports of other studies [12, 14, 15]. Furthermore by increasing of
coating time, because of growing up the size of sparks, topmost structure of coating become coarse
gradually for both types of coatings. Table 3 presents weight variation of samples during coating
process, thickness of coatings, porosity and mean diameter of pores existing on free surface of
coatings. It can be seen that all samples have positive weight change implying that net growth of PEO
coatings is outward and rate of fabrication of coating is higher than rate of consuming of substrate.
Also weight gain of all coatings, increases by coating time. As expected, by increase of coating time
and consequently increase of size of last sparks, mean diameter of top surface pores and area fraction
of porosity increase by coating time. This results match other findings in nano-composite coatings with
PEO process [16]. As indicated by results in table 3, thickness of coatings containing nano-powders is
generally more than that of coatings without nano-powder [15]. In addition, thickness of both types of
coatings, increase by coating time. Besides, coating thickness measured by probe for all samples is

Figure 3. SEM images of free surface of coatings: a) NP5, b)NP10, c)NP15, d)NP20, e)SS5, f)SS10,
0)SS15, h)SS20. First row images correspond to nanocomposite coatings and second row ones
correspond to normal coatings. From left to right, the pancake-like structures become coarser
by coating time in both types of coatings.

Table 3. Weight, porosity, thickness and mean pore diameter of coatings.

Average

Weight | Weight | Weight Surface Probe Cross | Probe thick
Sample | . f e of hole : hick hick i ——
code efore after | variation | . Porosity | thickness | thickness | cross thick
PEO(Q) | PEO(@) | % | i | 0 | (um) (wm)
NP5 | 4.11639 | 4.12646 | 0.24463 3.95 7.14 12.89 6.77 1.90
NP10 | 4.26705 | 4.28242 | 0.36020 5.55 14.65 16.13 7.00 2.30
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NP15 | 4.67392 | 4.69409 | 0.43154 7.42 14.78 18.51 7.34 2.52
NP20 | 4.47000 | 4.49293 | 0.51297 9.34 14.83 20.69 9.60 2.16

SS5 5.22239 | 5.23423 | 0.22672 6.32 15.55 12.99 4.06 3.20
SS10 3.55093 | 3.56295 | 0.33850 8.12 18.17 15.99 4.48 3.57
SS15 5.10653 | 5.13181 | 0.49505 9.27 19.29 18.23 4.81 3.79
SS20 5.12214 | 5.15236 | 0.58999 10.22 22.17 20.03 12.99 1.54

19].

Fig. 4 shows surface images and corresponding element distribution for samples containing
nano-powders. Uniform distribution of all elements is evident in images. Since detection of carbon
element by EDS method is associated with great error, therefore in order to discover existence of WC
nano-powders in coatings, detecting of tungsten element as behalf of WC nano-powders was
performed. On the other hand, reports of other studies carried out by XRD analysis, show that
nanoparticles added to structure of PEO coating, are remained stable during fabrication of coating [18,
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Flgure 4. W, Al, Mg, O and Si element distribution map obtained from EDS analysis from free surface
of nanocomposite coatings: a) NP5. b) NP10. c) NP15. d) NP20.
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Table 4. EDS, elemental fraction results of coating surfaces.

SAMPIE | W woe) | Si(wt%) | O W%) | Mg (wioe) | Al wio)
NP5 0.99 12.10 3311 34,87 18.92
NP10 101 14.41 31.73 32.85 20.00
NP15 1.95 15.84 29.16 32.38 20.67
NP20 2.68 14.92 28.55 31.59 22.26
SS5 — 18.92 34.48 34.12 12.48
SS10 - 21.10 33.02 32.89 12.99
SS15 - 22.85 31.76 32.66 12.73
$520 - 25.01 29.51 30.28 15.20

Figure 5. SEM images from cross section of coatings: a) NP5, b)NP10, c)NP15, d)NP20, e)SS5,
f)SS10, g)SS15, h)SS20. First row images correspond to nanocomposite coatings and second
row ones correspond to normal coatings. From left to right side, the coating time is increased.

Table 4 presents EDS results of coating surfaces, showing increase in hano-powder absorption
with time in samples containing nano-powders. It should be noted that only small portion of %Al is
originated from composition of substrate and the rest is originated from electrolyte. Tungsten was
introduced into coatings from 0.99%, minimum value, for sample NP5 to 2.68%, maximum value, for
NP20 sample without any visible agglomeration. An important result should be pointed out is that rate
of embedding of nano-powders into coatings is gradually increasing by coating time, so that amount of
nano-powders embedded into sample coated for 20 min in much more than that embedded into sample
coated for 5 min; this from one side can be due to growth of spark size providing bigger pores for
infiltration of nano-powders and from other side can be due to contribution of initial dense layer to less
absorption of nano-powders. According results represented in table 4, it can be implied that absorption
of WC nano-powder can lead to change composition of coatings such that in presence of nano-
powders, formation of magnesium aluminate phase is facilitated.
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Figure 6. W, Al, Mg, O and Si element distribution map obtained from EDS analysis from cross
section of coatings: a) NP5, b)NP10, c)NP15, d)NP20, €)SS5, f)SS10, g)SS15, h)SS20. For
normal coatings, W element detection was not performed.
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This might be due to greater voltage (energy) generated for samples without nano-powder (Fig.
2) anticipated formation of magnesium silicate phase [20, 21]. Stojadinovi¢ et al [18] found out PEO
process time affects on composition of formed coating. This case also can be seen that by increase of
coating time for both types of coatings, amounts of O and Mg in the coating decrease, indicating that
more reactions between MgO and silicate and aluminate ions take place leading to formation more
amounts of magnesium silicate and magnesium aluminate.

In order to investigate coatings for more details, cross section SEM images of coatings are
presented in fig. 5. Mean thickness measured from images are listed in Table 3, once again showing
thickness increase with coating time as well as inner thin compact layer of coating.

The difference between thicknesses acquired from probe and measured from cross section
images, 1.5 to 3.5 times more value from probe, is due to porosity and uneven surface. Addition of
nano-powders seems to increase coating compactness, matching other findings in similar studies [22].
It seems that adhesion of coatings without nano-powder to substrate is higher than that of coating
containing nano-powders, this fact can realized from less cracks elongated through coating/substrate
interface for samples without nano-powder. Furthermore presence of numerous cracks in coating
structure can be originated from ceramic nature of coatings undergone quench process through
formation at elevated temperature of discharge tunnels and rapid cooling to room temperature of
electrolyte.

Fig. 6 shows EDS map of elements distributed across the coatings and as it can be seen,
elements including W, distributed uniformly in coatings and from early stages of coating formation,
embedding of nano-powders into coating layer initiates. Besides, infiltration of somewhat W beyond
the coating/substrate interface, i.e. into substrate, implies the partially destructive effect of sparks
which by piercing can lead to entering of nano-powders in substrate. It is proved that in addition to
MgO phase commonly presented in all PEO coatings, other phases such as MgAl,O4 and MgSiO, can
be generated from reaction between substrate and SiO,” and AlO, species in electrolyte [23].
According to Fig. 6 and table 4, it can be found out that in presence of nano-powders, formation of
aluminate phase in coating is preferable, and about samples without nano-powder, formation of silicate
phase is preferable.

Fig. 7 contains potentiodynamic polarization curves of coatings. Owing to presence of CI°
anion in corrosion medium, pitting corrosion is dominant mechanism of corrosion [24], accordingly
samples with nano-powders show slightly better behavior compared to those without nano-powder
caused by pore closure. Furthermore passive region can be seen for all samples which can be attributed
to formation of inner dense layer in all coating. In respect of samples containing nano-powders, by
increase of coating time, no appreciable changes in corrosion resistance can be seen; this can be due to
filling of pores by means of nano-powders for all nanocomposite coatings retarding equally penetration
of CI" ions. About coatings without nano-powders by increase of coating time, probably due to
thickening of coatings, corrosion behavior is totally improved and diagrams shifted to up and left,
more noble potential and less corrosion current density, respectively. Since presence of nano-powders
can change the chemical composition of coating and MgAl,O, can form more, therefore improvement
of corrosion resistance of nano-composite coatings can be attributed to their different chemical
compositions. Similar results in which composition of coating improves the corrosion resistance can be
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addressed at work of Zhang et al. [25]. The corrosion parameters derived from polarization curves are
presented in table 5. These data are calculated by Softcorr 111 software. As expected, regarding to icorr
addition of WC nano-powders to coatings, doesn’t improve corrosion behavior significantly and
generally increase of coating thickness has more effective contribution in decreasing corrosion current
density. Greatest icor IS for sample SS5 with lowest thickness (table 3) and without nano-powders;
moreover its corrosion potential represents most active behavior of this sample. Another point which
can be found is more cathodic tafel slopes of nanocomposite coatings compared to normal ones that
can be attributed to more susceptibility to become polarized due to either concentration or resistance.
In other words, presence of nano-powders can retard the migration of species in cathodic reaction of
coated samples.

Fig. 8 depicts changes in coefficient of friction (COF) during wear test of samples with and
without nano-powders, and Table 5 shows wear rate, hardness, wear track width, roughness and COF.
Nano-powder presence has increased coating strength and decreased wear rate. Additionally with
nano-powder introduction into coatings, coatings are roughened slightly, which seems to have no
effects on wear rate results.
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Figure 7. Potentiodynamic polarization curves (potential vs. log current density) of samples obtained
from corrosion test in 3.5 %wt NaCl electrolyte: a) samples with and b) without WC nano-
powders. The data in table 5 are extracted from these curves.
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Table 5. Corrosion parameters derived from polarization curves in Fig. 7.

Sample B.x107 B.x10° Ecorr icorr
code (V/decade) | (V/decade) | (V vs.SCE) | (nA/cm?)
NP5 71.99 182.40 -1.478 17.94
NP10 66.10 185.60 -1.466 24.79
NP15 116.10 174.40 -1.477 19.72
NP20 93.08 156.60 -1.451 10.23
SS5 69.14 320.80 -1.505 102.60
Ss10 122.20 167.40 -1.427 20.08
SS15 67.54 200.00 -1.462 37.31
SS20 188.20 223.20 -1.460 31.85

940

Wear and corrosion tests, show that even in short times of coating in presence of nano-powder,
satisfy corrosion and wear resistance demands, although NP15 sample has highest hardness. Average
COF of coatings containing nano-powders is more than that of ordinary coatings, and this is a
shortcoming because can lead to more friction and wear when coated sample contacts with other parts,
however comparing wear track width and average rate of wear in both types of coatings, the positive
contribution of nano-powders in improvement of tribological properties can be implied, the fact that is
in agreement of other authors’ results [26]. Also it can be observed that, friction behavior of
nanocomposite samples is very similar, while that of ordinary samples have very different wear
behavior, likely because of more uniformity of nanocomposite coatings and non-uniformly distribution
of pores in ordinary coatings.

As Liu et al. [27] have reported, this trend of COF variation in which there is great fluctuation
in early stages of wear test followed by relatively gently oscillation, can be attributed to composition
changes through the thickness, so that inner layers of coatings mainly comprise from MgO phase and
therefore have less fluctuations in COF vs. distance. Another important result is that generally by
increase of coating time, wear rate increases which can be explained such that by increase of coating
time, last layers of coatings are formed more loose and porous and consequently will be worn more
easily. Average hardness of coatings containing nano-powders 1.62 times higher that of ordinary
coatings indicating proper cohesion of nano-powders in the structure of coatings.

As shown in table 6, addition of nano-powders to coatings leads to increase of roughness.
Roughness of free surface of coatings is mostly originated from alternatively protuberances and holes
of pancakes [28, 29]. The holes in fact are discharge tunnels in where melting and reaction of materials
take place, nevertheless it can be concluded that during solidification of melted and reacted materials,
nano-powders act as nucleator and causes attraction and concentration of materials surrounding of
themselves and consequently vacating of aperture of hole from materials finally leads to more and
greater protuberances and holes in surface of coating.
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Figure 8. COF variations vs. distance curves of samples resulted from abrading of WC-Co pin on
surface of coatings after 1500cm distance: a) coatings with and b) coatings without WC nano-

powder.

Table 6. Wear test results: wear rate, wear test width, roughness, hardness and average of COF.

Sample Alllﬁirg?sn()f ¥¥ Zili Wear Rate Hardness roughness
code Coefficient | Width (um) | ™%/ (mN)x10" | (Hvoy) (Ra)(pm)
NP5 0.20 1291 11.86 464 1.42
NP10 0.18 1638 20.57 390 1.42
NP15 0.18 1358 31.29 650 1.68
NP20 0.18 1458 20.43 326 1.86
SS5 0.15 1819 24.58 295 0.89
SS10 0.11 1713 11.85 296 1.43
SS15 0.19 1896 28.99 271 1.36
SS20 0.13 1888 30.65 265 1.44
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Fig. 9 illustrates image and element map of NP15 sample after wear test, and EDS results show
good protection of coating. The very low content of Si and Al elements and very high content of Mg
inside of wear track shows that the substrate is inchmeal reached due to wear and noticeable amounts
of W in this EDS map confirms infiltration of somewhat tungsten into substrate during sparking stage
which has been mentioned in section of discussion about EDS from coatings. Here again it can be
observed no agglomeration of nano-powders has been occurred during coating process and the coating

Is worn uniformly.
[ w Si | o [ Mg | Al

Figure 9. W, Al, Mg, O and Si element distribution map obtained from EDS analysis from wear track
of sample NP 15 after wear test. Uniform distribution of W element in the track asserts that no
agglomeration occurred during coating process.

| element

4. CONCLUSION

In this article effect of coating time and incorporation of WC nano-particle in nano-composite
PEO coatings fabricated on AZ31B Mg alloy is studied. Samples coated in nano-particle suspension
had 10 to 17 volts lower sparking potentials. Addition of nano-particles decreased mean pore diameter
of coatings from 8.48 to 6.57 um and average porosity fraction from 18.80% to 12.85 % for coatings
without and with nano-powders respectively. There was no agglomeration of nano-powders in
structure of coatings. Time pass during coating process in samples containing nano-powders increased
nano-powder absorption from 0.99 % to 2.68%. Addition of WC nano-powders to coatings caused
only slight improvement in corrosion behavior of samples. Addition of nano-powder increases average
COF up to 0.19. Nano-powder presence not only decreases wear track width, but also decreases wear
rate from 30.65 to 20.43 mg/(m.N) for samples without and with nano-powder respectively. Particle
agglomeration or oxidation in wear track was not observed. With addition of nano-powder average
roughness increses from 1.28 to 1.60 um for samples without and with nano-powder respectively due
to nucleator role of nano-powders.
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