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Abstract

The present work was designed on producing
nanohydroxyapatite layers using electrophoretic
deposition (EPD) on 316L stainless steel
substrate. The EPD coatings were prepared by
the deposition of hydroxyapatite (HA)-chitosan
nanocomposites on different substrate roughness
(polish surface, 220 grit SiC grind, and sand blast
surfaces). Depositions were performed using the
suspensions of HA nano particles (3 g/L) in the
mixture of alcohol and distilled water (ethanol, 5
vol. %water and containing 0.5 g/L of chitosan
dissolved in 1 vol.% acetic acid. Coatings were
achieved on the cathode at constant voltage, time
and temperature (90 V, 5 min and 40 °C
respectively); the pH value was performed and
fitted at 4. After deposition, the coated samples
were dried at room temperature for 24 h. The
surface topography of coatings was analyzed
using atomic force microscopy (AFM). SEM was
used to postulate both the surface and the cross
section morphology of the coatings.  The
adhesion bonding between the deposited coatings
and substrate were measured using tape tester to
evaluate the adhesion bonding between the
coating and substrate. The results showed the
deposited coatings on sand blasted substrate has
less porosity compared with the polish surface
and 220 emery paper SiC grinding substrate
respectively. The coating on the sand blasted
substrate showed higher nanoroughness (122 nm),
better adhesion bonding (removal area 15%) and
higher thickness layer (12 um) than that of the
polish substrate and 220 emery paper SiC
grinding substrate.
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Hydroxyapatite; ~ Nanocomposite;  Chitosan;
Adhesion

1. Introduction

Coatings of hydroxyapatite (HAP), Cajg (POys)s
(OH) , have been utilized many years ago. They
were developed in order to increase the
bioactivity of the implant surface. It possesses
similar chemical, structural and biological
properties with that of the human bone tissue [1].
It leads to be osseointegration. It has many
advantageous, but the main one associated with

28

Revised: 20-Aug.-2017  Accepted: 05-Nov.-2017

nano HAP coatings is that the nanoparticles are
similar to that of inorganic molecules of the
human bone [2]. It was used as a bioceramic
material in implant coatings studies because of its
behavior of bioactivity. It deposits onto the metal
implant and has good compatibility with the
human composition of bones [3]. Generally, HA
has relatively poor and weak mechanical
properties [3,4]. It has been used as coating on
the surface of metallic materials in order to
combine the strength and toughness of the
substrate with the bioactivity of HA [5,6]. There
are many coating methods have been utilized in
order to prepare hydroxyapatite coatings, like
chemical solution deposition, plasma spraying,
sputtering coating, dip coating, biomimetic
coating and electrophoretic deposition [4-7].

Electrophoretic Deposition (EPD) was found
to be an active method to prepare ceramic
coatings from powder suspension. It was
considered as an easy process to achieve
nanostructure deposits from colloidal solution.
EPD has demonstrated the possibility to realize
unique nanostructures as well as novel and
complex materials having combinations in a
variety of macroscopic shapes, dimensions and
arrangements [8]. It has an ability to control the
thickness and morphology of the deposited layer
via controlling the electrochemical parameters. It
also shows higher deposition rates compared with
most coating processes and the low cost of
equipment purchase [9]. The process was
considered as the ceramic particles suspend in a
liguid media, migrate in an electric field and
deposit on an electrode. The deposit layer
(coating) is produced via two steps [10-12]. In
the first step an electric field is applied between
two electrodes and produces charged particles
suspend in a suitable liquid that moving toward
the oppositely charged electrode (electrophoresis).
In the second step the particles accumulate at the
deposition electrode; it creates compact, porous
and homogeneous layer (deposition).

Parameters that determine the characteristics
of EPD process are those related to the suspension
and the process. These are including physical
parameters such as the electrical nature of the
electrodes and the electrical conditions
(voltage/intensity relationship, deposition times,
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etc.) [13]. In order to achieve a high density
material, the ceramic deposits obtained by EPD
are required sintering process at high
temperatures. To avoid the sintering step in many

applications which can lead to possible
degradation and microstructural damage of the
coating, e.g. phase changes and

dilatation/contractions, the addition of polymers
in combination with the ceramic components
were effectively forming organic/inorganic
composite coatings [14]. However, there are
many studies employed to demonstrate the effect
of different parameters affecting the deposition of
hydroxyapatite layer, no detail study was
performed to postulate the effect of substrate
roughness. The most important studies were
concentrated on analysis the effect of processing
conditions [6,15,16]. The effect of voltage,
alternating current (AC) and direct current (DC)
fields were also investigated [15-18]. The other
relevant work was concentrated on determining
the stability of suspension on the quality of layers
formed [1,19,20].

The aim of this study is concerned on the
effect of surface roughness on the coating
roughness, porosity and deposition rate. It also
aims to obtain a good bonding between substrate
and coatings, since this bonding have an
important role in biomedical applications
especially in bone replacement applications.

2. Experimental work

It is very important to determine the effect of
substrate roughness on the reliability of coatings
to prepare the stable aqueous suspension and the
final outputs. The HA aqueous suspension
consisting of 3 g/L HA powder (Aldrich) and 0.5
g/L of chitosan was dissolved in 1 vol.% acetic
acid and 5 vol.% distilled water in ethanol alcohol
(purity of 99.9%). The pH value was selected
and fitted at 4. After stirring for 5 hours, the
suspension was further dispersed ultrasonically
for 30 min by using ultrasonic processor. The
substrate used is 316L stainless steel having three
different reliable surface finishing. These
finishing were obtained with alumina polishing,
grinding with 220 emery SiC paper and sand
blasted.  The dimensions of the samples were
20x 10x 2mm’. The area exposed for the
deposition for all samples was 100 mm® The
samples were cleaned by ethanol alcohol
ultrasonically. The distance between the two
electrodes was kept constant at 1 cm in EPD cell.
EPD was performed at constant voltage, time and
temperature (90 V, 5 min and 40 °C respectively).
These variables were selected after detail
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experimental evaluation. The deposited coatings
were then dried in air for 24 hours.

Tablel: Values of thickness, porosity and
roughness of coating deposited on different
surface roughness.

sample Thickness, Por;)SIty, Ra, nm
pm Yo

220 grit gr!nd 6 4.3 134

sample (grind)

Polished sample 6.7 3.63 56.7

(smooth)

Sand blast sample 12 2.37 122

Optical and scanning electron microscopies
were used to study cross section and morphology
of coating layers. Atomic force microscopy was
used to characterize surface nanoroughness and
variant distribution for coatings. In order to
clarify the coating bonding with substrate, tape
test method was used. Detailed description of
experimental procedures can be found other else
[21].

3. Results and discussion

Microhardness of the substrate is an important
key factor in EPD process especially in bone
replacement applications. It is covered the
requirement for application of implants. It is
related directly with bonding between the implant
and host bone which accelerates the fixation of
this implant when founded in human body.
Table 1 shows that the deposited coatings on
sand blast substrate have less porosity compared
with the polish and 220 grit SiC grinding
substrates.  On the other hand, the roughness of
the coat deposited on the sand blasted substrate
was higher than that of polish and 220 grit SiC
grind substrates.  This is related strongly to the
changing of electrophoretic characteristic during
the process. Changing the roughness of the
substrate affects the resistivity of the substrate
which is contributed highly to the final state of
electrophoretic hydroxyapatite deposited layer.
Fig. 1 explains the effect of surface roughness on
thickness, porosity and roughness values. This
figure demonstrates clearly that the best results
were obtained after sand blasted. This interesting
observation is believed to be due to the changing
of resistivity which increasing with increasing the
roughness of the substrate (Fig. 2). Increasing the
deposition rate is consequently increasing the
roughness, but surprisingly reducing the volume
fraction of porosity.  This is very interesting
point needs to be analyzed experimentally and
theoretically.
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Figure 1: The effect of surface roughness
substrate on (a) thickness, (b) porosity (c)
roughness of coated layers.
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(©) -
Figure 2: Cross section images of coating layers
(a) polished surface, (b) 220 grit grind surface and
(c) sand blast surface.

The size of particle deposited on the low
roughness substrate is very fine. This is related
directly to the low deposition rate (Figs. 3 and 4).
The distribution and homogeneity of the particles
are relatively uniform at high roughness substrate
for grind and sand shoot blast substrates. It was
found that the substrate roughness plays an
important role in the uniformity of the coatings.
The high aglomoration of particles on the
polished substrate is due to the low surface
tension and secondary physical bonding between
particles.
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Figure 3: SEM micrographs of HA-chitosan
coatings on stainless steel 316L (a) sand blast
surface (20 um), (b) 220 grit grind surface (20
um), (c) polish surface (20 pum) and (d)
agglomeration particles of HA on polish sample
(5 pum).
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Figure 4: EDS by SEM of HA-chitosan coatings
on SS 316L (a) sand blast surface, (b), 220 grit
grind surface, (c) polish surface and (d)
agglomeration particles of HA on polish sample.

The roughness analysis was also showed that
220 grit grind substrate has less agglomeration. In
both cases (polished and grit ground substrates),
many deep porous or holes were found. This is
due to the positive charges of the surface which is
similar to the particles charge; it leads to a bigger
particles size. This is resulted in producing
agglomeration of particles which cause evicts the
particles during stirring process. There are also
many vacancies on the surface resulting in
increasing the agglomeration with polished
surface as shown in Fig. 3.  Energy dispersive
analysis (EDS) was wused to identify the
percentage value of each element composition.
The upper surface of the coatings shows that the
ratio of Ca/P for sand blast sample is
approximately 1.76 which is near to the
stoichiometric ratio of Ca/P (1.67) (Fig. 4).
Therefore, the sand blast finishing of surface
should be selected for HA deposition coatings.
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AFM test was also confirmed that the highest
nanoroughness was presented in the sand blast
substrte (122 nm) as shown in Figs. 5 and 6.
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Figure 5: Surface roughness showing Ra, (a)
sand blast surface, (b) 220 grit grind surface and
(c) polish surface.
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Figure 6: Three-dimensional image from AFM
showing particle density of EPD HA coatings (a)
sand blast surface, (b) 220 grit grind surface (c)
polished surface.

Particle size analysis of the coatings shows the
advantage of sand blasted finishing to obtain
lower average size distribution (Tables 2 to 4).
Charts of granularity accumulation distributions
are shown in Fig. 7. This is believed mainly due
to the absence of agglomeration which enhances
the fine distribution.

Table 2: particle size distribution for coating deposited on sand blast surface.

Avg. Diameter: 100.28 nm
<=50% Diameter: 90.00 nm

<=10% Diameter: 40.00 nm
<=90% Diameter: 160.00 nm

Diameter | Volume | Cumulation | Diameter | Volume | Cumulation | Diameter | Volume | Cumulation
(nm)< (%) (%) (nm)< (%) (%) (nm)< (%) (%)
40.00 7.88 7.88 100.00 8.50 55.04

50.00 3.29 11.17 110.00 7.47 62.51 i?ggg gg? gggg
60.00 5.48 16.66 120.00 6.51 69.02 180.00 3.36 95.68
70.00 10.08 26.73 130.00 6.37 75.39 190'00 2.88 98.56
80.00 11.03 37.77 140.00 4,73 80.12 200'00 1'44 100‘ 00
90.00 8.77 46.54 150.00 4.18 84.30 ' ' '
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Table 3: Particle size distribution for coating deposited on 220 grit grind surface.
<=10% Diameter: 50.00 nm

Avg. Diameter: 107.94 nm
<=50% Diameter: 100.00 hm

<=90% Diameter: 170.00 nm

Diameter | Volume | Cumulation | Diameter | Volume | Cumulation | Diameter | Volume | Cumulation
(nm)< (%) (%) (nm)< (%) (%) (nm)< (%) (%)
40.00 5.22 5.22 110.00 7.74 57.18
50.00 2.42 7.64 12000 | 7.69 64.86 ol I orbe
60.00 5.31 12.95 130.00 6.10 70.97 200'00 1.82 96.41
70.00 8.11 21.06 140.00 457 75.54 210'00 1'91 98.32
80.00 9.41 30.48 150.00 4.94 80.48 220'00 1'54 99.86
90.00 9.41 39.89 160.00 4.38 84.86 230'00 0'14 100' 00
100.00 9.55 49.44 170.00 3.49 88.35 ' ' '

Table 4: Particle size distribution for coating deposited on polished surface.
Avg. Diameter: 144.20 nm <=10% Diameter: 50.00 nm
<=50% Diameter: 110.00 nm <=90% Diameter: 280.00 nm

Diameter | Volume | Cumulation | Diameter | Volume | Cumulation | Diameter | Volume | Cumulation
(nm)< (%) (%) (nm)< (%) (%) (nm)< (%) (%)
40.00 5.95 5.95 240.00 1.19 85.37
50.00 2,03 7.99 25000 | 1.4 86.61 P ool IO outt
60.00 5.65 13.64 260.00 0.84 87.45 460.00 0'25 98.41
70.00 8.83 22.47 270.00 1.49 88.94 470'00 0‘15 98.56
80.00 8.04 30.51 280.00 0.89 89.83 480.00 0‘20 98.76
90.00 6.20 36.71 290.00 1.04 90.87 490'00 0‘25 99'01
100.00 6.05 42.76 300.00 0.84 91.72 510'00 0‘10 99'11
110.00 5.06 47.82 310.00 1.24 92.96 520'00 0‘15 99.26
120.00 511 52.93 320.00 0.60 93.55 540'00 0'05 99'31
130.00 5.21 58.13 330.00 0.64 94.20 550'00 0'05 99.36
140.00 3.42 61.56 340.00 0.55 94.74 560.00 0'10 99'45
150.00 3.67 65.23 350.00 0.30 95.04 570'00 0'10 99'55
160.00 2.68 67.91 360.00 0.20 95.24 580.00 0'10 99.65
170.00 3.22 71.13 370.00 0.55 95.78 590'00 0'05 99‘70
180.00 2.78 73.91 380.00 0.69 96.48 GO0.00 0‘05 99'75
190.00 2.53 76.44 390.00 0.40 96.88 GS0.00 0'05 99.80
200.00 1.93 78.37 400.00 0.15 97.02 GQ0.00 0'10 99'90
210.00 2.38 80.75 410.00 0.30 97.32 700'00 0'05 99'95
220.00 1.69 82.44 420.00 0.15 97.47 SG0.00 0'05 106 00
230.00 1.74 84.18 430.00 0.20 97.67 ' ' '

Granuarity Cumutation Distribution Chat Granuarity Cumutation Distribution Chat
. | T ! ,I
g B & § £
(3.) Diametarinnm) (C) Diameterinm)
Granudarity Cumutation Distribution Chast
____________________________________ Fig. 7. Charts of granularity accumulation for
3 coating particles of (a) sand blast surface, (b) 220
grit grind and (c) polished sample.
----- The contribution of the most three features of
_ | the deposit layers (thickness, % porosity and
3 g g : roughness) are correlated collectively by adhesive
) s tape bonding test. However, this test was used

widely to evaluate EPD deposition qualitatively
rather than quantitatively, but still reliable to
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evaluate the adhesive bonding. In order to
evaluate the qualitatively of bonding between the
coating layer and the 316L stainless steel
substrate, the adhesive tape test method was used.
Fig. 8 demonstrates clearly the advantage of sand
blasted finishing on the bonding between
substrate and EPD layer.  There was an
improvement of bonding within more than 100%
compares with polish and grind finishing because
the percentage of removal area reduced from
37.7% and 41.09 to 15%. This is simply meant
that the coating on the sand blast surface was the
best and strongest adhesion. This is a clear
indicator that there is a good bonding between
coating layer and the sand blast substrate.

(b) %41.09 %

g

(c) 15%
Fig. 8. Optical images for removal area coatings
of single layer on (a) 220 grit grind surface, (b)
polished surface and (c) sand blast surface.
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4. Conclusions

1- It is vital to introduce shot blased finshing to
316L stainless steel substrate to achieve reliable
high rate deposition, high roughness and lower
porosity for EPD of HA.

2- It is impossible to achieve a reliable EPD of
HA on low roughness of 316L stainless steel
substrate using polishing or ground finishing.

3- High improvement of adhesive bonding
between substrate and hydroxyapatite coating was
achieved for the sand blasted surface finishing.
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