Laporan Akhir Projek Penyelidikan Jangka Pendek

Cold Spray Synthesized Hydroxyapatite-
Magnesium Bioimplants Physico-
Chemical Behaviour, Adherence and
Environmental Compatibility

by
Prof. Dr. Zuhailawati Hussain
Dr. Sivakumar Ramakrishnan
Prof. Ahmad Fauzi Mohd Noor
Assoc. Prof. Dr. Afiah Abdul Rahim
Dr. Siti Noor Fazliah Mohd Noor

2014




Project Code
(for RCMO use only)

RU GRANT
FINAL REPORT FORM

| d e

i S,

TRIVERSITT SAINS MALAYSIA

2
AL
Ll 3 ol £y

i | Title of Research:

Cold Spray Synthesized Hydroxyapatite-Magnesium Bioimplants Physico-Chemical Behaviour, Adherence
And Environmental Compatibility

Il | Account Number: 1001/PBahan/ 811224

iii | Name of Research Leader: PROF (DR) ZUHAILAWATI BINTI HUSSAIN

iv | Name of Co-Researcher:

1. Dr. Sivakumar Ramakrishnan

2 Prof. Ahmad Fauzi Mohd Noor

3. Assoc. Prof. Dr. Afiah Abdul Rahim
4. Dr. Siti Noor Fazliah Mohd Noor

v | Duration of this research:

a) Start Date : 15 Dec 2012

b) Completion Date : 14 Dec 2014
¢) Duration : 2 Years 6 months

d) Revised Date (ifany) : none

R

(An abstract of between 100 and 200 words must be prepared in Bahasa Malaysia and in English.
This abstract will be included in the Report of the Research and Innovation Section at a later date as a means

of presenting the project findings of the researcher/s to the University and the community at large)

e T Tk P

ABSTRAK

Proses semburan sejuk yang mudah dan telah diubahsuai digunakan untuk menyalut serbuk
hidrosiapatit ke atas substrat magnesium tulen yang dipanaskan kepada 350°C atau 550°C dan dihaluskan

permukaan samada 240 atau 2000 gred kekasaran dengan jarak 20 mm atau 40 mm. Prosedur ini diulang
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ima dan sepuluh kali. Satu reka bentuk faktorial pecahan (2*') telah digunakan untuk menjelaskan faktor-
faktor proses yang memberi kesan kepada ketebalan, kekuatan dan modulus elastik sampel. Analisis kaedah
tindihan digunakan untuk menentukan nilai domain yang optimum. Kemudian, kaedah kecuraman digunakan
untuk mengesah dan memindahkan nilai domain yang optimum. Sifat mekanik yang maksimum telah
diperolehi pada jarak 30mm, 926.4 gred kekasaran permukaan permukaan dan 456°C suhu pemanasan

substrat yang menghasilkan salutan optimum dengan ketebalan 49.77um, 462.61 MPa nanohardness dan
45.69 GPa modulus elastik. Lapisan hidroksiapatit tidak menunjukkan perubahan fasa pada suhu 550°C.
Daya mikroskop atom menunjukkan topografi lapisan seragam dan imbasan mikroskop elektron menunjukkan
ikatan yang baik antara lapisan bersalut dan substrat. Kajian biodegradasi mencadangkan bahawa lapisan
apatit tulang yang terbentuk di atas permukaan lapisan pada 1140 minit boleh menggalakkan ikatan tulang
dengan tisu hidup dan meningkatkan jangka hayat lapisan. Kajian kehilangan berat menunjukkan bioaktiviti
bagi sampel bersalut lebih baik berbanding dengan sampel tidak bersalut. Ujian lekatan mendedahkan
bahawa pengurangan kekuatan ikatan datang dari pembubaran lapisan kimia yang berterusan. Pada 1140
minit rendaman, kekuatan ikatan adalah 40 MPa. Ujian percepatan kakisan menunjukkan bahawa lapisan
hidroksiapatit melindungi dan mencegah daripada hakisan dalam persekitaran mengakis.

ABSTRACT

A simple and modified cold spray process was developed in which hydroxyapatite powder was coated
onto pure magnesium substrates preheated to 350°C or 550°C and ground to either 240 grit or 2000 grit
surface roughness, with standoff distances of 20 mm or 40 mm. The procedure was repeated five and ten
times. A fractional factorial design (2*") was applied to elucidate the process factors that significantly affected
the thickness, nanchardness and elastic modulus of the coating sample. The overlaid method analysis was
employed to determine trade off optimal values from multiple responses which is thickness, nanohardness
and elastic modulus of the coating. Then, steepest method was used to reconfirm and relocate the optimal
domain. The maximum mechanical properties of the coating were determined at 30mm standoff distance,
926.4 grit surface roughness and 456°C substrate heating temperature which accommodate the optimum
coating of 49.77um thickness, 462.61 MPa nanohardness and 45.69 GPa elastic modulus. The
hydroxyapatite coatings did not show any phase changes at 550°C. Atomic force microscopy revealed a
uniform coating topography and scanning electron microscopy revealed good bonding between the coated
layers and the substrates. The biodegradable study suggested that the bone-like apatite layer formed on the
surface of the coatings at 1140 minutes may promote the bone bonding with living tissues and increase the
longevity of coatings. The mass loss experiment conciuded that coated sample shows a better bioactivity
compare to uncoated sample. The adhesion test revealed that reduction of bond strength comes mostly from
the continuation of chemical dissolution of coatings. At 1140 minutes of immersion, the bond strength was 40
Mpa which satisfied the requirement for bioimplant application. The accelerated corrosion test concluded that
the HAP coating remarkably protect and prevent from the corrosion in the corrosive environment.
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Low cost and non-toxic Mg-Zn alloy that biocompatible to human bone has been discovered using powder

metallurgy route. Results proposed that this new Mg alloy is much more superior than pure Mg in terms of
mechanical strength.
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ABSTRACT

A simple and modified cold spray process was developed in which hydroxyapatite powder
was coated onto pure magnesium substrates preheated to 350°C or 550°C and ground to either 240
grit or 2000 grit surface roughness, with standoff distances of 20 mm or 40 mm. The procedure was

repeated five and ten times. A fractional factorial design (2*"

) was applied to elucidate the process
factors that significantly affected the thickness, nanohardness and elastic modulus of the coating
sample. The overlaid method analysis was employed to determine trade off optimal values from
multiple responses which is thickness, nanohardness and elastic modulus of the coating. Then,
steepest method was used to reconfirm and relocate the optimal domain. The maximum mechanical
properties of the coating were determined at 30mm standoff distance, 926.4 grit surface roughness
and 456°C substrate heating temperature which accommodate the optimum coating of 49.77um
thickness, 462.61 MPa nanohardness and 45.69 GPa elastic modulus. The hydroxyapatite coatings
did not show any phase changes at 550°C. Atomic force microscopy revealed a uniform coating
topography and scanning electron microscopy revealed good bonding between the coated layers and
the substrates. The biodegradable study suggested that the bone-like apatite layer formed on the
surface of the coatings at 1140 minutes may promote the bone bonding with living tissues and
increase the longevity of coatings. The mass loss experiment concluded that coated sample shows a
better bioactivity compare to uncoated sample. The adhesion test revealed that reduction of bond
strength comes mostly from the continuation of chemical dissolution of coatings. At 1140 minutes of
immersion, the bond strength was 40 Mpa which satisfied the requirement for bicimplant application.
The accelerated corrosion test concluded that the HAP coating remarkably protect and prevent from
the corrosion in the corrosive environment.



1. Introduction

Magnesium (Mg) stands out as a potential candidate for temporary implants in biomedical
applications due to its light weight, as well as its elastic modulus and compressive yield strength that
are compatible with those of natural bone [1]. The density of Mg is 1.738 g cm™, which is only slightly
less than that of natural bone (1.8-2.1 g cm™), while the elastic modulus of pure Mg is 45 GPa, as
compared to human bone (40-57 GPa). The use of pure Mg in bio implants has been seriously
considered [2). Magnesium participates in human metabolic reactions and is therefore non-toxic. It is
biocompatible and biodegradable in human body fluid, thus eliminating the need for a second
operation to remove a temporary implant. Use of Mg alloys is generally not advisable because most
alloying elements can be toxic to the human body (except for Ca alloys, for example). Furthermore,
preparation of these alloys adds to the cost of the implant without giving any distinct advantages. As
the main limitation of the use of Mg in medical applications is its extremely rapid degradation rate due
to corrosion, its surface must be coated with materials of high corrosion resistance. One coating
material with potential to retard the biodegradation rate of Mg in human body fluid is hydroxyapatite
(HAP; [Cao(PO,4)sOH,]), whose primary component consists of the same ions that are responsible for
the construction of the mineral part of bone and teeth. It is bioactive with bone-bonding ability, thus
making it suitable for clinical use as bone spacers and fillers. The absence of cytotoxic effects makes
HAP biocompatible with both hard and soft tissues [3].

To coat HAP powder onto highly degradable Mg substrates, any processing technique that melts
the Mg substrate or accelerates the dissolution of Mg in fluid must be avoided. Thus, this work
proposes a cold spray technique as a method that is suitable for coating HAP onto Mg substrates.
This technique is also known as cold gas-dynamic spraying, kinetic spraying, high-velocity powder
deposition or supersonic powder deposition [4]. In principle, deformable metallic particles (or other
feedstock powders) are introduced into a high-velocity, gas-dynamic stream and directed onto a
substrate surface where they impact and form a coating [5]. Cold spray technology overcomes the
shortcomings of thermal spraying, which involves melting and solidification of the coating [6] as well
as those of the dipping technique, notably the dissolution of Mg. Cold spraying has been reported to
produce coatings of proper density and adhesion with substrates such as Cu, Al, Fe, Ti, Zn, Ni and
Mg alloys [7-11]. However, to date, there have been few reports dealing with the cold spraying of HAP

powder to form a coating layer on a pure Mg substrate.



To determine the conditions that produce high-quality HAP coating on a Mg substrate, a trial
and error method is not a good option. Several factors influence the properties of the coating
prepared by the cold spray technique, so evaluation of the effects of individual factors is time-
consuming, and the process of determining the factors that would give optimum results is difficult and
erratic. Instead, the design of experiment (DOE) statistical approach, in which a mathematical model
is developed using experimental runs, can be used, as it is a powerful and efficient approach for
solving challenging quality problems [12]. In practice, DOE has been used successfully in several
industrial applications for optimising manufacturing processes. For example, DOE has been applied to
optimise the plasma spray process of yttria-stabilised zirconia coatings [13].0f the available DOE
methods, a fractional factorial design is a variation of the basic factorial design in which only a subset
of the run is used. These fractional factorial designs are among the most widely used types of designs
for product and process designs and for process improvements.

On the other hand, multiple response optimization methodology is a collection of
mathematical and statistical techniques for designing experiments, building models, evaluating the
effects caused by factors, and searching for optimum conditions for the modeling and analysis of
multiple response optimization problems. The multiple responses of interest are influenced by several
variables. The aim is to optimize these responses [14]. Frequently, the overlaid method analysis is
employed to determine the tradeoff optimal values from multiple regressive equations. If the mean of
the center points exceeds the mean of factorial points, the optimum would be near or with the
experimental design space. If the mean of the center points was less than the mean of the factorial
points, then the optimum would be outside the experimental design space and the method of the
steepest analysis should be applied. The steepest ascent method analysis is a procedure for moving
sequentially in the direction of the maximum increase in the response. If the minimization is desired,
then the technique is called the method of steepest descent [15].

This work proposes a novel approach of adapting the cold spray technique to coat
HAP onto Mg substrate at low temperature. The work evaluates the effects of several cold spraying
process variables (standoff distance between nozzle spray and substrate, surface roughness of the
substrate, substrate temperature, and number of sprays) on the properties of the HAP coating on the
heated Mg substrate. The results chosen for optimisation comprised only physical properties: coating

thickness, hardness and modulus of the coating. Fractional factorial design, which reduces the




number of experimental runs to half of that required by conventional full factorial design, is utilised to
reduce the time and cost of the experimental work. The optimised coating is then characterised using
atomic force microscopy (AFM) and scanning electron microscopy (SEM) studies.Moreover, as far as
the authors are concerned, most of published reports are limited to the effects of the process
parameters on a single response. Thus, the aim of this work is to highlight the use of overlaid contour
plots and the steepest methods to analyze multiple responses of thickness, nanohardness, and the
elastic modulus of the coating. Then, the trade-off optimal values of the responses were derived.

Despite the encouraging incentives from the design of experiment as an alternative to
typical experiment design for enhance the mechanical properties of HAP coating on Mg substrate
there are still great challenges to overcome. Since the coated samples were meant for load bearing
application where time bound healing should start before the whole implant dissolves. Thus, the aim
of this study is to find the bioactivity and biodegradation rate when the coating sample subjected to
the physiological medium like in the simulated body fluid (SBF). This work also focused on the
accelerated corrosion test to investigate the protectiveness of HAP coating in the 3.5wt% NaCl
solution towards immersion time intervals as Mg is generally known to degrade in the aqueous

environment.

2. Objectives
The main objectives of this research work are:

1. To investigate the thickness, nanohardness and elastic modulus of HAP coated pure Mg

developed using modified cold spraying technique.

2. To identify significant factors of cold spraying process factors including their interaction of the

HAP coating properties using fractional factorial design.

3. To suggest optimized cold spray parameters through the use of overlaid contour plots and the

steepest methods for multiple responses of thickness, nanohardness and elastic modulus of

the coating.



4. To investigate compatibilities of HAP coated on pure Mg substrate in term of biodegradation

in biofluids.

5. To investigate the corrosion properties of HAP coated onto pure Mg substrate in 3.5wt% NaCl

solution.

3. Methods

31 Sample preparation

Pure Mg plate provided by Xi'an Yuechen Metal Products, China was cut into 15 mm x 15 mm
x 5 mm. Before the cold spray process, the samples were pre-treated as follows: (1) the specimen
surfaces were serially ground with either 240 grit or 2000 grit SiC papers and (2) the specimens were
cleaned ultrasonically in acetone for 5 min. For HAP, Caqo(PO4)sOH, powder (Sigma-Aldrich,
Malaysia) was used as the feedstock for the cold spray process. The average HAP powder size used
in this experiment was 5 pm. The pure Mg substrate was placed inside a furnace, where it was
preheated to a temperature of either 350°C or 550°C for 1 hour, and then the HAP powder was cold-
sprayed onto the substrate. The particles were accelerated through a standard de Laval type of
nozzle with rectangular exit cross-section (aperture of 4mm x 6émm and throat diameter of 1mm). The
nozzle was positioned at either 20 mm or 40 mm from the preheated substrate with the spray angle
between the nozzle and substrate maintained at 90°. The air pressure was 1MPa and the air
temperature was maintained at room temperature. The procedure was repeated either five or ten
times. Each spray procedure takes around 10 to 15 min to be completed. The particle velocity

obtained from this procedure was 14.5 m/s.

3.2 DOE

DOE was carried out using Minitab 16 (Minitab Inc, USA). RSM was used with fractional
factorial design to obtain a mathematical correlation between standoff distance, surface roughness,
substrate heating temperature and number of sprays of HAP coated onto pure Mg substrates, to yield
the highly desirable mechanical properties (thickness, nanohardness and elastic modulus) of the

samples.



This present work used a 2*" fractional factorial design to identify factors that significantly
influence the mechanical properties of the coated samples, so that insignificant factors could be
eliminated. In this way, the thickness, nanohardness and elastic modulus of the coatings were
selected as the response variables to represent the mechanical properties and soundness of the HAP
coatings. To avoid too wide a range in the screening tests, the range of factors used was designated
as +1(high) or —1(low), as given in Table 1. The levels of the factors were chosen based on
preliminary experiments. A minimum standoff distance of 20 mm was required for convenient location
of the nozzle with respect to the sample in the furnace. Beyond a 60 mm standoff distance, the
stream of particles tended to flare. An upper boundary of substrate temperature was chosen that was
well below the melting point of Mg. A lower boundary of substrate temperature was chosen so that a
reasonable thickness of coating could be obtained. Surface roughness levels were varied from near-
smooth (2000 grit) to rough (240 grit). In the present work, a 2*' fractional factorial design was

formulated for four factors with two replications, leading to a total of 16 sets of samples.

Table 1: Levels of factors for screening

Level
Variable Notation Units
- +
Standoff Distance A mm 20 60
Surface Roughness B grid 240 2000
Substrate Heating Temperature Cc °C 350 550
Number of Sprays D 5 10

Analysis of variance (ANOVA) was used to determine the adequacy of the factorial model.
Then, optimisation experiments were performed to determine the best settings and define the nature

of curvature of the response curves.

33 Multi Regression Equation Modeling using Fractional Factorial Design

A 2*1 fractional factorial design with two replications was used to pick factors that influenced
the mechanical properties of the coating sample significantly and any insignificant ones were

eliminated to obtain a smaller and more manageable set of factors. This DOE design was carried out



using Minitab 16 (Minitab Inc. USA). To avoid too wide a range in the screening tests, the range of
factors used was designated as +1(high) or —1(low), as given in Table 1. The levels of the factors
were chosen based on preliminary experiments. Analysis of variance (ANOVA) was used to
determine the adequacy of the factorial model. Then, optimization experiments were performed to
determine the best settings and define the nature of curvature of the response curves. Lastly, the
experiments were performed along the steepest ascent and descent paths until the response did not

increase or decrease any more to find the optimal value for the responses.
34 Biodegradable study using SBF solution

The biodegradable study of HAP coated onto magnesium was evaluated in the simulated
body fluid (SBF) for 0 min, 10 min, 30 min, 60 min (1 hr), 120 min (2 hr), 240 min (4 hr) and 1140 min

(24 hr) before they were taken out for testing and analysis.

The test sample for this study was coated Mg substrate with HAP powder and uncoated Mg
substrate represented as the control sample to check the biodegradation effect of SBF on the pure
Mg substrate. Both samples were immersed in SBF which were kept up at 37°C as normal human
body temperature and subjected to a gentle shaking movement using Incubator Shaker, IKA KS 4000i

Control, China.

After different periods of immersion, the coatings were removed from the fluid, gently rinsed in
ethanol and dried overnight without heating. The solutions were then filtered out and kept for ICPOES
analysis. After the samples had been completely dried, they were analysed by SEM and EDX

analysis.
3.5 Accelerated test of degradation in 3.5wt % NaCl solution

Immersion testing was performed for observing the degradation behaviour of optimised HAP
coated on Mg and the uncoated sample to investigate the protective effect of the coating.In the
accelerated test of degradation, the high concentration of 3.5wt% NaCl solution was used to compare
the degradation rate before and after coating. The accelerated solution was prepared by dissolving
35g of NaCl in 1000ml of distilied water. The test sample for this experiment was coated Mg substrate

with HAP powder and pure Mg substrate as an experimental control. Both samples were soaked in



the 3.5wt% NaCl solution for 1, 4, 10, 14 days before they were taken out, delicately washed with

ethanol and dried at room temperature before testing and analysis.
3.6 Characterisation of HAP powder coated onto Mg substrate
3.6.1 Elemental composition by X-ray fluorescence (XRF)

Semi quantitative analysis of pure magnesium substrate was performed by X-ray
Fluorescence Spectroscopy (XRF) using RIX 3000 XRF spectrometer by Rigaku. The XRF
spectrometer equipped with rhodium (Rh) X-ray tube, 4 kW generator and interface to PC with RIX for
Windows software. The sample was ground and polish before testing. The sample was then exposed

to the primary X-ray bam for elemental analysis.

3.6.2 Particle size analysis (PSA)

The particle size distribution of hydroxyapatite powder was determined using laser diffraction
particle size analyzerMastersizer E (Malvern Instruments Ltd., United Kingdom). Calgon was used as
the dispersion medium. The particle size and volume distribution was generated directly from the
Malvern Mastersizer Version 2.15 software. The particle size distribution of hydroxyapatite powder
was expressed by span value. Span is defined as (dgo-d10)/dso, Where ds0, dso, doo Value represent the
10 50" and 90" of cumulative volume passing, respectively. The geometric mean diameter,

meanwhile, was described by the volume moment diameter (VMD).
3.6.3 Phases identification by X-Ray diffraction (XRD)

X-ray diffraction (XRD; Bruker AXS D8, USA) analysis, performed to identify phases in the
HAP coating deposited by the cold spray technique, was conducted through a range of Bragg angles
(20) of 20°~80° using CuKa radiation (A= 0.15406 nm). The voltage was set to 40 kV, with a current of
40 mA. The scan angle range was from 0° to 70° with 0.034° scan steps. The diffractograms obtained
were then analysed using X'PertHighScorePlus (XHP) software (PAN Analytical Version 2.2e) to

determine and identify the types of phases existed as the sintering temperature increased.




3.6.4 Atomic force microscopy (AFM)

The atomic force microscopy (AFM) was utilized to image the structure at atomic level on the
HAP coating. The atomic force microscope provided three-dimensional images of the samples and
surface profiles of the coatings. The model of AFM used in this analysis was NanoNavi Sll, Japan.

The mode of AFM operation during this test was non-contact model.

3.6.5 Elemental composition, phase identification and morphology conditions by scanning

electron microscopy (SEM) and energy dispersive X-ray analyser (EDX)

The surface morphology was examined with the aid of a field emission scanning electron
microscope (FESEM-Zeiss Supra 35VP-24-58) equipped with Energy dispersive X-ray (EDX). Sample
were first thin coated with gold palladium (AuPd) and were observed and imaged at a working
distance of 10 mm, with 15-kV accelerating voltage and the semi-quantitative elemental compositions
on selected spot images were analyzed using EDX. BSE (back-scattered electron) image was utilized
for distinguishing different phases while energy dispersive X-rays (EDX) provide semi-quantitative

chemical composition by peak height ratio relative to the standard.
3.6.6 Determine hardness and elastic modulus using nanoindentation test

Nanoindentation test can reveal mechanical properties within the HAP coating in term of
nanohardness and elastic modulus. In contrast with conventional microhardness, that the latter is not
able to give the elastic modulus measurement. This is because of the fact that measurements are
made after the load has been removed from the sample. The nanoindentation testing with an
appropriate instrument is one of the simplest ways to measure the mechanical properties of materials.
in this study, nanoindentation was performed using a NanoTest instrument (Micro Materials
Ltd.Wrexham, UK). This instrument was found suitable to measure the thin film coating. It is

performed by deforming the material and measuring the indentation made.

3.6.7 Determination of Mg, Ca and P by inductively couple plasma optical emission

spectroscopy (ICPOES)

inductively coupled plasma optical emission spectroscopy (ICPOES) was used to analyse

three ions concentrations of the sample which are Mg, Ca and P. The original concentration of SBF



solution was determined before in vitro test. After the sample had reached its respective immersion
time, the sample was taken out from the SBF solution and the analysed by ICPOES. For
determination of ion concentration in SBF solution after certain immersion period, all samples solution

was filtered through a syringe filter. The filtrates were dilute for 20 times, sealed in the vials, labelled

and stored at 4°C.
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Screening design of experiment
-Select design (2*" fractional factorial design)

-Determine process and levels of factors:
- Standoff distance: 20 mm and 60 mm
- Surface roughness: 240 grit and 2000 grit
- Substrate heating temperature: 350°C and 550°C
- Number of sprays: Five and ten times

-Determine the responses:
-Thickness, nanohardness and elastic modulus of the coating

Vv

Cold spray process

-Mg substrate preheated to 350°C or 550°C and ground to either 240 grit or 2000 grit

surface roughness with standoff distances of 20 mm or 40 mm and procedure was
repeated five and ten times.

v

Design of experiment

Select the significant and optimise the cold spray factors using overtaid contour plot and
steepest method

v

\ 4

Characterization testing

-Study on bonding mechanism by:
- XRF, XRD, SEM, EDX, AFM

N

Mechanical studies

-Mechanical studies by:
- Nano indentation for nanohardness and elastic modulus of the coating

\ 4 ‘1’

Biodegradable study Accelerate corrosion test
-The optimised sample and uncoated -The optimised sample and uncoated
sample was immersed in SBF sample was immersed in 3.5wt% NaCl
v
Adhesion test

-Bond strength measurement of optimised
coating after immersion

Figure 1: Flow chart for all the procedures involved
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4. Results and Discussion

4.1 Phase studies

Figure 1 shows XRD patterns of the HAP and pure Mg with the HAP coating. The XRD
pattern of the coating demonstrates the presence of HAP. The XRD patterns in Figure 1 indicate that
the cold spray process does not affect the pure HAP phase, even at a substrate pre-heated
temperature of 550°C. As the coating is thin (10-50 pm), peaks of pure Mg are seen in the XRD
pattern due to the high penetration of the X-ray radiation beneath the coating, which reveals the

presence of the substrate metal.

70004 o:Mg
I : Ca,(PO,)s(OH),
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5000
4000 +

3000+ ®
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o NIMEE

0 .
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Figure 2: X-ray diffraction spectrums for pure Mg and HAP at 550°C

3.2.  Screening factors

The properties of the cold spray coatings depend on the parameters used in the spraying
process. Establishing relationships between the properties and the processing parameters is
important for producing coatings with the desired characteristics. The results of the screening stages

of the two-level fractional factorial experimental design are presented in Table 2.
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Table 2: Experimental design and measured responses

Variables in coded levels Actual responses
Substrate Thickness Elastic
Run | Standoff Surface . Number
] Heating of Nanohardness/ | Modulus/G
No Distance | Roughness of Sprays .
A) (B) Temperature (D) Coating/pm MPa (Y2) Pa

(C) (Y1) (Y3)

1 + + + + 21.96 69.49 13.96
2 - + - + 18.73 47.58 16.81
3 - + - + 18.19 39.12 15.26

4 + + - - 13.03 36.82 9.09
5 * - + - 23.56 67.23 13.80
6 * - + - 24.43 73.60 19.30
7 * + + + 21.84 67.72 14.70
8 * - - + 20.31 64.07 13.69
9 - + + - 32.63 156.87 23.46
10 + + - - 17.48 35.01 11.08
11 - - + + 44.90 429.02 43.06
12 + - - + 21.48 65.61 16.32
13 - - + + 39.08 323.71 36.33
14 - - - - 35.09 197.65 30.73
15 - - - - 38.97 223.71 26.33
16 - + + - 25.58 156.87 23.46

3.21. ANOVA
To gain a better understanding of the role of individual and combined process parameters,

parameters. After the effects are estimated, the factors

coating are determined by performing ANOVA.

13

data are analysed statistically to relate the response variables to the independent process

affecting the mechanical properties of the



Table 3: ANOVA for thickness, nanohardness and elastic modulus

p-value (Prob>F)

Source
Thickness Nanohardness Elastic Modulus

A 0.0002 <0.0001 <0.0001
B 0.0004 <0.0001 <0.0001
Cc 0.0044 0.0002 <0.0001
D 0.9682 0.9771 0.1169

AB 0.0061 <0.0001 0.0003

AC 0.2757 0.0068 0.0071

AD 0.3660 0.5785 0.5711

A half-normal plot and ANOVA were generated using the 2*! fractional factorial design in the

screening experiment, as shown in Figure 2 and in Table 3. Figure 2 (a) shows that the factors A, B,
C and the interaction AB are positioned away from the straight line, indicating that variables A, B, C
and interaction AB are significant model terms. This finding is also supported by ANOVA, as shown in
Table 3 for thickness, which gives a p-value of the individual factors A, B, C and of the combined

factor AB as <0.005. Figures 2 (b) and (c) demonstrate that the factors A, B, C and the interactions

AB and AC are significant model terms.
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Figure 2: Half Normal Plot

The ANOVA for both responses shows that these factors are significant with p-values <0.05. From the
response results, an approximate polynomial relationship between variables and responses can be

determined and expressed as the following mathematical equations:

Y1 = 26.38-5.87*A-5.20 *B + 3.47*C + 0.036*D + 3.27*AB-1.04*AC + 0.85"AD (1

Y2 = 155.83-84.29*A-73.49*B + 46.96*C + 0.22*D + 54.21*AB-26.58"AC—4.25"AD (2)

Y3 =23.23-8.02*A-5.67*B + 4.24 *C-0.78 *D + 2.66 *AB-1.60 *AC + 0.26 *AD (3)

Factors with positive coefficients shown that the factors have to be increased and those with
negative coefficients have to be lowered for maximise the responses.
Overlaid Analysis for Multiple Regression

Response contour plots were generated from the model equations (Eq(s). 1, 2, and 3)

obtained in the regression analysis. Figure 3 shows the analysis of the contour plots for thickness ,
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which revealed that high thickness (> 40 um) was obtained at any one of the following combinations:
(a) standoff distance 20-25mm, surface roughness < 500 grit, substrate heating temperature 350°C;
(b) standoff distance 20-30mm, substrate heating temperature 440-550°C, surface roughness
240grit: and (c) surface roughness 350-700grit, substrate heating temperature 440-550°C, standoff

distance 20 mm .

The analysis of the contour plots for nanohardness revealed that high nanohardness (>
400MPa) was obtained at any one of the following combinations: (a) standoff distance 20-35 mm,
surface roughness 20-900 grit, substrate heating temperature 350°C; (b) standoff distance 20-30mm,
substrate heating temperature 490-550°C, surface roughness 240 grit; and (c) surface roughness
350-600grit, substrate heating temperature 490-550°C, standoff distance 20 mm. Meanwhile, for
elastic modulus revealed that high elastic modulus (> 40MPa) was obtained at any one of the
following combinations: (a) standoff distance 20-30 mm, surface roughness 20-600 grit, substrate
heating temperature 350°C; (b) standoff distance 20-30mm, substrate heating temperature 450-
550°C, surface roughness 240 grit; and (c) surface roughness 350-800 grit, substrate heating
temperature 460-550°C, standoff distance. Apart from these combinations, which were based on low
values of the hold variables when the other two factors were varied, other combinations based on

high and low values of the variables, can be arrived at.

Contour Plots

C*A

Thickness

Nanohardness

3 150
Elastic
Modulus o4

Figure 3: Analysis of contour plot
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The coating thickness, nanohardness, and elastic medulus were overlaid using Eq(s). 1, 2,
and 3 and the contour plot to find the feasible region (shown as the white region) having the desired -
properties (Figure 4). For overlaying, substrate heating temperature and surface roughness were
chosen as variables keeping the values of standoff distance constant at low point (Fig. 4(a)). The
desired values of all these properties could be obtained at any given combination within the optimized
region. Two more feasible regions were obtained (Fig. 4b), 4(c)). On random check the difference

between the calculated and experimental values was found to be less than 3%.

Overlaid Contour Plot of Thickness, Nanohardness and Elastic Modulus

Thickness
. 299715
...... 36.6756

Nanohardness
— 206.32
...... 304.43
Elastic ModuluT

— 27.7557
...... 35.7936

Figure 4: Overlaid contour plot

Steepest Method Analysis

To further optimize the process based on the regression equations (Eq(s). 1-3); experiments
were conducted as proposed by the steepest method. The regression coefficient of standoff Distance
(X4) in Eq. 4 was chosen as a standard because its coefficient is higher among the other coefficients
in Eq(s). 3, 4, and 5. Based on Table 1 and Eq. 4, X; is noted by A;, and the change in x; be noted by

8. The coded variables are obtained by the following formula:

X, =2=%(Eq.4)
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Whereg; (respectivelys;) is the mean (respectively the standard deviation) of the two levels of

x;. Thus,

x, + 8i = SR (Eq 5)
L

Thenéi =§

i
To the change in X,, A4 =10 corresponds the change in xy, 8, = 10/20 = 0.5 units.

. X1 X2 X3 . .
In the relation o= 52 = b3 Ve can substitute d; to x;:

51 62 0.5 82 - — * - H
o = b2 thus for X‘-E = mand 6,=0.22, so A, = 0.22*880 = 193.6 grit

05 63
For X, 221 0470

And 8; = 0.06, so Az = 0.06*100 = 6°C

Table 3 shows the resuits of steepest method experiment. According to Table 3, the increase
in response is observed through the 4" step; however, all steps beyond this point result in a decrease

in all responses. Therefore, the factors at run 4 were selected as the new optimal solution.

Table 3: Points along the path of steepest ascent and decent and observed thickness of the
nanohardness and elastic modulus of the sample at the points

Standoff Surface Substrate Thickness, | Nanohardness, Elastic
Run Distance | Roughness Heating (um) MPa Modulus,
No X4 X2 Temperature GPa
X3
Base 40 1120 450
1 Base - 70 1700.8 432 5.92 31.86 9.28
3A;
Base - 60 1507.2 438 18.04 40.4 9.96
2 24,
3 Base - 50 1313.6 444 35.38 51.31 11.21
A;
A -10 -193.6 +6
4 Base + 30 926.4 456 49.77 462.61 45.69
A
Base 20 732.8 462 47.23 422.50 42.96
5 ¥2A,
Base 10 539.2 468 45.08 419.85 42 57
6 +3A,
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Optimisation of factors

Figure 5 provides an optimal solution for the input variable combinations and an optimisation
plot. The response optimiser in Minitab suggests the following combination of input variable settings
as jointly optimising three responses: thickness (Y1) as 46.26 um, nanohardness (Y2) as 436.46 MPa
and elastic modulus (Y3) as 43.89 GPa. It also provides the trade-off values of standoff distance as
22.7 mm, surface roughness as 649.2 grit and substrate heating temperature as 495.27°C. These
parameters accommodate the optimum requirements of the cold spray process. In Figure 3, all the

responses are treated as equally important, and therefore the default value 1.0 is given for d=1.
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Figure 5: Optimisation of factors

Characterization and biodegradable assessment in simulated body fluid (SBF)

Biodegradable assessment was performed to evaluate the bioactivity of the coating and the
protection capacity of the coating to the Mg substrate. The coated and uncoated samples were
immersed in SBF for 0 min, 10 min, 30 min, 60 min (1hr), 120 min (2hr), 240 min (4hr) and 1440 min
(24hr) at 37°C. Table 4 shows the SEM micrograph, microanalysis of the substrate and ICP analysis
after immersion of uncoated samples at different time period in the SBF solution. At 0 min immersion,

the SEM microanalysis showed that the uncoated sample contain 100wt% of Mg indicating that there
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is no other element present within the Mg only sample as shown in Table 4(a). Tiny cracks were
visible after 10 min immersion in SBF solution with tiny pits formation which grew deeper with
prolonged immersion period towards the end of experiment. The uncoated sample showed significant
corrosive behaviour in the SBF as expected. SEM microanalysis showed the presence of other
elements such as O, P, Ca in varying proportions besides Mg on the surface. Layers of corrosion
product were clearly visible covering the entire surface. An electrochemical reaction mechanism

occurred as the Mg was a reactive metal with ease of degradability in agueous solution.

Table 4: SEM micrograph, microanalysis of substrate and ICP analysis of SBF solution after
immersion of uncoated samples at different time period

Time SEM micrograph SEM microanalysis ICP analysis
(min)

0

Element Wt%  At%

Mg 100.00 | 100.00
- lon Conc.
(mg/mL)
Mg 0.00
P 19.26
Ca 0.02

1 | Element Wt%  At% I lon Conc.
OK 46.40 | 56.88 (mg/mL)
MgK 5294 [42.70 Mg 1.01
PK 0066 | 0042 [ 14.74
Cak | 0000 |00.00 Ca 0.41
30 ;
Element Wi% A% lon Conc.
4532 |36.13 (mg/mL)
MgK 3239 | 4267 Mg 2.57
PK 0189 [01.20 P 12.72
Cak 0042 | 0020 Ca 0.67
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Time SEM micrograph SEM microanalysis ICP analysis
(min)
60
C 1
Etement_ W% A |1 Il e
0K 36.76 f?.lﬁ Mg 5 45
MgK 6128 [351.74 P 1517
PK 00.68 | 0045 Ca 0.49
CaK 01.28 | 00.66
l"—ﬁ" e e
120 W%  At%
42.75 [53.68
.WgK 51.00 4272 lon Conc.
PK 03.72 [ 02.41 (mg/mL)
CaK 00.95 | 00.48 Mg 9.57
P 14.95
Ca 0.63
240
: 2 Element  Wi% A%
TR 0K 42.54 [52.89 lon Conc.
53 Mgk 5124 |43.12 (mg/mL)
P& h PK 05.78 | 04.94 Mg 15.18
Ak CaK 0432 | 03.73 P 14.34
£ Ca 0.71
T L0 et il el M e |
1140
Element Wt%  At%
OK 30.54 | 27.89 lon Conc.
MgK 60.36 | 56.12 (mg/mL)
PK 05.78 | 04.94 Mg 15.75
CaK 0432 |03.73 P 3.51
Ca 0.56

The surface morphologies, chemical composition and ICP analysis of HAP coated on Mg
substrate after soaking in SBF for different period is shown in Table 5. At 0 min immersion, the HAP

layer is well distributed on the coated sample as shown in Table 5(a). The microanalysis results
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showed the presence of O, P and Ca element on the sample surface indicating that the O, P and Ca
may originate from the existing HAP layer coated on the Mg. The ICP-OES showed that the O, P and

Ca concentration present within the SBF is lower than that observed from the microanalysis results.

Table 5: SEM micrograph, microanalysls of substrate and ICP analysis of SBF solution after
immersion of coated samples for different time period

Time SEM micrograph SEM microanalysis ICP analysis
(min)
0
Element Wi%  At%
OK 30.86 | 51.01 lon | Conc.(mg/m
MgK | 0050 | 0042 L)
PK 2497 | 2095 Mg 0.00
CaK 4412 | 37.73 P 19.26
Ca 0.02
n lon | Conc.(mg/
Element Wit% A% L)
OK 31.66 | 31.01 Mg 163
MgK 01.78 | 01.09 P 13.74
PK 2397 [19.95 Ca 0.91
CaK 43.12 | 27.73
30 lon | Conc.(mg/
OK 38.65 |49.18 L)
MgK 02.12 | 01.79 ||| Mg 4.47
PK 2as |9t P 15.79
CakK 4200 [3758 || [ Ca 0.89
60 Conc.(mg/
L)
5.15
12.13
0.78
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Time SEM micrograph SEM microanalysis ICP analysis
(min)
120 Element.  Wt% A% lon | Conc.(mg/m
30.15 [ 48.01 L)
MgK 08.00 | 0839
PK 0295 | 01.88 Nl-!.,g 182; 288
CaK 38.89 | 2472 ca 0 '70
240 Element  Wit%  At% lon | Conc.(mg/m
OK 3845 | 3631 L)
MgK 08.00 | 08.39 Mg 16.37
PK 0536 | 05.00 P 17.05
CaK 4802 | 4436 Ca 0.79
1440 | (g Element Wit% A% lon | Conc.(mg/m
OK 30.52 | 27.45 L)
MgK 07.52 | 07.41 Mg 14.64
PK 10.23 | 15.26 P 3.87
CaK 5026 |47.20 Ca 057

Mass Loss as a measure of biocorrosion

Mass loss experiments are among the simplest in-vitro methods for investigating the
corrosion process of HAP coated Mg. Results obtained from mass loss tests are typically accurate,
assuming that issues involved in the removal of the corrosion layer are minimized. Additionally, a
substantial degree of corrosion is necessary for precise measurement of the mass change, which
requires multiple replicates in order to provide confidence in mass loss results. Table 6 shows the
specific mass loss for the uncoated and coated sample after immersion in SBF solution for various

time periods.

23



Table 6: Specific mass loss for uncoated and coated sample after immersion in SBF solution
for various time periods.

. . Specific Mass Loss, %
Time, min Uncoated sample Coated Sample
0 0 0
10 0.26 -0.09
30 0.30 -0.12
60 0.45 -0.27
120 0.47 -0.38
240 0.48 -0.38
1140 0.50 -0.45

Figure 6 shows the specific mass loss of specimens immersed in SBF for uncoated and coated

sample.
0.6
., 04
S
2 02
|
é 0
) 0 60 120 240 1140 —®—Uncoated sample
% -0.2 ~r=Coated Sample
)
-04
-0.6 Time, min

Figure 6: Specific mass loss of specimens immersed in SBF for uncoated and coated sample

There was a drastic mass loss of Mg substrate without coating in the first 10 min resulting
from high CI' concentration in SBF causing the Mg substrate to corrode at a fast rate (Figure 6). The
corrosion rate tends to slow-down after 60 min immersion which may be due to the Ca-P-Mg

deposition on Mg substrate that inhibits further corrosion.
Adhesion Test for HAP coated on Mg substrate

Following soaking in SBF, the bond strength of HAP coated on Mg substrate may degrade
through chemical dissolution. Adhesion of the composite coating with the magnesium substrate is one
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of the most important properties for the in vivo implantation. The interlamellar microstructure of the
coating will be weakened and the bonding at the HAP coating and the substrate will decrease. The

bond strength data measured from the adhesion tests are shown in Table 7.

Table 7: Bond strength data for HAP coated on Mg substrate for various immersion period

Time, min Bond Strength (MPa)

0 75

10 70

30 68

60 67
120 55
240 48
1140 40

Based on Table 7, average bond strength of 75 MPa is reached for the coating without soaking.
Following soaking in SBF, the bond strength of the coatings decreases. The bond strength decreased
about 6.67% following 10 min immersion. Continuous immersion into SBF up to 30 min resulted in
further reduction with a total of 9.33% reduction than the original strength. Upon reaching 60 min
immersion and up to 1140 min, the bond strength reductions tend to stabilize. The continued chemical
dissolution of the coatings may have contributed to the reduction of the bond strength between the
HAP-Mg interface through weakening of the lamella formed between the coating and the substrate
surface. Higher dissolution rate of the coating may enhance decaying of the bonding at the interface

of coating and substrate.
Accelerated corrosion test

The accelerated corrosion test in a 3.5wt% NaCl solution was performed for uncoated and
coated Mg substrate with HAP in order to examine the corrosion behaviour for both samples. Both
samples were immersing in this solution for 1, 4, 10 and 21 days.According to the SEM micrograph
and EDX results in Table 8, the dissolution reaction took place as soon as the control sample was
immersed in the NaCl solution. The surface morphology obtained showed scattered tiny pits on the

surface. The EDX analysis showed the existence of Mg and O as the main elements of the compound

formed indicating that the Mg(OH), was formed.
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Magnesium hydroxide accumulated on the Mg surface and act as a corrosion protection layer.
However, since the 3.5 wt% NaCl solutions contain high chloride concentration, this promotes

corrosion.

Table 8: SEM micrograph and microanalysis of substrate after immersion of uncoated samples for
different periods

Day SEM microanalysis
1
Element Wi%  At%
oK 4786 |38.22
NaK 0249 | 0211
MgK 4931 3948
CIK 00.34 | 00.19
4
0K 4448 | 5497
NaK 01.75 [0131
MgK 5294 | 43.06
CIK 00.83 | 00.46
10
OK 47.50 | 57.96
NaK 00.88 | 00.75
MgK 5099 | 4094
CIK 00.63 | 00.35
21
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At day 10 with increasing immersion period, similar phenomenon was observed. Many pores
had formed on the coated Mg surface. The EDX analysis showed minor changes in the weight
percentage of all elements indicating that a stable film was created on the sample surface. At the final
stage of immersion, the film started to dissociate into thin flakes and peeled off from the sample
surface. As shown in SEM micrograph, the surface degradation occurred gradually and finally leading

to complete failure of the film.

Table 9 represented the HAP coated samples degradation progress. Based on the
observation of surface morphologies and the elemental compositions, it is shown that HAP coating
remarkably prevented the substrate corrosion under a severe environment for example the 3.5 wt%
NaCl solutions. At day one immersion, the HAP coating is still present and covering the Mg surface.
The surface morphology appeared similar to the original appearance of the coatings prior to
immersion in SBF as shown by the elemental composition of Ca, P and O elements detected on the
surface. As the immersion period increased from 1 to 4 days, the HAP coating began to degrade in a
slow manner. The EDX analysis unveiled a decreased in the weight percentages of Ca and P up to
50% from the original weight. The loss of initial HAP protective layer exposed the coated Mg substrate
to the corrosive environment. Consequently, the HAP-coated Mg started to degrade via the
electrochemical reactions. The possible degradation products of the reaction were magnesium

hydroxide and hydrogen gas (Witte et al., 2008).

The magnesium hydroxide accumulated on the underlying Mg substrate as a corrosion
protection layer. At day 10, the surface morphology revealed whitish corrosion products covering the
coated Mg sample. The concentration of Ca and P elements decreased significantly while the weight
percentages of Mg and O were further increased.Increased immersion period also indicated that a
higher surface area was exposed to the corrosive environment. As the immersion period lengthen, the
adhesiveness of HAP coating became weakened resulting in higher volume of HAP to dissolve into
the solution. Less visible changes were observed for the sample surface morphology after 10 days

immersion which appear similar as those observed at day 4 (Table 9).
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Table 9: SEM micrograph and microanalysis of substrate after immersion of coated samples for

different time period

Day SEM microanalysis
1 Element Wit% Ar%
O K 34.50 53.97
NaK 01.20 01.31
MoK 00.98 | 01.01
PK 2247 | 18.16
CIK 00.62 | 00.44
CaK 4024 | 2513
4
Element Wi% A%
OK 40.01 | 54.46
NaK 00.44 | 00.42
MgK 3151 | 2823
PK 08.10 | 05.70
CIK 05.13 [ 03.15
CaK 14.81 | 08.05
10
Element Wit% Ar%
OK 4502 | 55.76
NaK 01.05 | 00.90
MgK 50.73 | 41.35
PK 0259 [01.65
CIK 00.61 00.34
CakK 00.00 | 00.00
21
Elemern:e Wr% Ar%
O K 43 .87 55.30
NaK 0052 | 0046
Mgk 3817 [ 3996
PK 00.93 | 00.61
CIK 06.17 | 03.51
Cak 0032 | 00.16

As the immersion time increased up to 21 days, more and more CI are adsorbed on the film
layer covering the surface which destroyed the dynamic balance at this period. The magnesium
hydroxide began to transform into a highly soluble magnesium chloride. The possible reaction was

Mg(OH), + 2CI' — MgCl, + 20H". Based on the surface morphologies and chemical analysis of both
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samples, it can be concluded that the HAP coating remarkably protected and prevented the corrosion

from taking place within the corrosive environment.
5. Conclusion and suggestions

The research work described in this study is about the coating of HAP powder on the Mg
substrate by a low temperature processihg method. In this study, HAP powder was sprayed using
simple modified spray at room temperature whereby the pressurized air was utilized. There was no
heated gas required in this modified technique. Thickness, nanchardness and elastic modulus of HAP
coated pure Mg was determined using this modified cold spraying technique. Four factors (standoff
distance between the nozzle and substrate, substrate surface roughness, substrate heating
temperature and number of sprays) were investigated to determine the significant factors including
their interaction in influencing the thickness, nanohardness and elastic modulus of the coating. The

experimental results were examined by the ANOVA.

Based on ANOVA, stando.ff distance, substrate surface roughness and substrate heating
temperature were determined as significant factors for all the responses while number of sprays was
determined as insignificant. The response contour plots were generated to visualize how a response
varied with changes in the factors. Based on the response contour plots, it was revealed that high
thickness (>40 pm) was obtained when standoff distance is at 20-25 mm, surface roughness at 240-
700 grit and substrate heating temperature at 350-550°C. High nanohardness (>400 MPa) obtained
when standoff distance is at 20-35 mm, surface roughness at 240-800 grit and substrate heating
temperature at 350-550°C and high elastic modulus (>40 GPa) was obtained at 20-30 mm for standoff

distance, 240-800 grit for surface roughness and 350-550°C for substrate heating temperature.

The response contour plots of these responses were overlaid to find the feasible region. Then
the optimal solution was determined by maximizing the composite desirability. All the responses were
treated equally and the default value 1.0 was given ford = 1. The response optimizer in Minitab 16
suggested the potential combination of the input variable settings that jointly optimize three responses
the thickness (Y1) as 46 pm, nanohardness (Y2) as 437 MPa and elastic modulus (Y3) as 44 GPa
and provided the trade-off values of standoff distance as 22.7 mm, surface roughness as 649.2 grit,
and substrate heating temperature as 495°C parameters that can relatively accommodate the
optimum requirement of the cold spray process.

29



To further optimize the process, experiments were conducted as proposed by the steepest
method. Based on steepest method, the optimum responses (thickness- 49.77 pm, nanohardness-
462.61 MPa and elastic modulus- 45.69 MPa)was observed at 30mm standoff distance, 926.4 grit of
surface roughness and 456°C substrate heating temperature. This optimum sample was taken for
biodegradable study in SBF solution and accelerated corrosion test.

The biodegradable study for uncoated and coated sample was performed for 0 min, 10 min,
30 min, 60 min (1hr), 120 min (2hr), 240 min (4hr) and 1440 min (24hr) at 37°C in SBF solution. The
uncoated sample after 1140 min of immersion indicates the presence of O, Mg, Ca and P on the
surface of the corroded Mg. The presence of O and Mg was consistent with a corrosion product of
Mg(OH), while the Ca and P are thought to be associated with the SBF. For coated sample, after
1440 min of immersion, the coating surface is completely covered by a dune-like layer along the
whole surface of the coating. Microcracks of tortoise-shell character appeared on the newly formed
layer, similar to the cracks formed naturally on a dry mud deposit. Therefore, the results suggested
that the bone-like apatite layer formed on the surface of the coatings may promote the bone bonding
with living tissues and increase the longevity of coatings during implanting in vivo.

Adhesion of the coating was measured after the immersion in SBF. There is only slight
variation in bond strength after 60 min of immersion. The reduction of bond strength comes mostly
from the continuation of chemical dissolution of coatings, which weakens the bonding of the lamelia in
the coating and the bonding of the interface between coating and substrate. Fast dissolution of the
coating resulted in more bonding decay at the interface of coating and substrate. However, after 1140
min of immersion in ‘SBF, the bond strength of the coating was 40 MPa which indicated that the

sample still having the desired bond strength needed for bioimplant application (35 MPa).

The accelerated corrosion test in a 3.5wt% NaCl solution was performed for uncoated and
coated Mg substrate with HAP to examine the corrosion behaviour for both samples at 1 day, 4 days,
10 days and 21 days. For uncoated sample, at the final stage of immersion, the film started to rupture
and flake away. However, the coated sample showed that HAP coating remarkably prevented the
substrate corrosion under a severe environment like NaCl solution. As the immersion time increased
more CI adsorbed on the film layer covering the surface to destroy the dynamic balance at this

period. Based on the surface morphologies and chemical analysis of both sample, it is concluded that
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the HAP coating remarkably protect and prevent the Mg substrate from the corrosion in the corrosive

environment.

Suggestions

1. Other biomaterials such as zirconia can be used using the suggested optimization design.

Moreover, mixing the zirconia and HAP powder may give better results in biodegradable

performance.

2. The mechanical characterization could be extended to include nano tribology and scratch
tests.

3. The in vitro test can be carried out with different kind of solutions. Further in vitro studied of

the HAP-coated Mg with cell lines can confirm this potential application.
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This work aims to develop a statistical model that could be used to predict density and hardness prop-
erties of biodegradable mechanically alloyed magnesium-zinc alloy since both properties relies on den-
sification of the powder during compaction and sintering. The effect of mechanical alloying parameters
(i.e., milling time, milling speed, ball-to-powder weight ratio and percentage of zinc) and their interac-

tions were investigated involving 4 numerical factors with 2 replicates, thus 16-run of two-level
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fractional factorial design. Results of analysis of variance (ANOVA), regression analysis and R-squared test
indicated the good accuracy of the model. Density of sintered Mg-Zn alloy was between 1.80 and
1.99 g/em® which closed to density of human bone. Hardness of pure Mg increased from 27 HV to
54 HV to 94 HV with the addition of 3-10 wt% Zn.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, there is a growing interest in using biodegradable
alloys in a number of critical medical applications, Mg alloys have
a potential as biodegradable metallic implants since they can be
gradually dissolved, absorbed, consumed or excreted in human
body and then disappear after bone tissues heal that could avoid
secondary operation for implant removal [1.2]. However, Mg
implants demonstrate higher biological activity which could cause
high degradation rate in human bio-environment [3.4]. Thus, alloy-
ing with other metal elements is the most effective tool to improve
mechanical properties and corrosion resistance of Mg. There are
only small numbers of elements that can be tolerated in human
body and can also retard biodegradation of Mg alloys including cal-
cium (Ca), zinc (Zn), manganese (Mn) and perhaps very small
amount of low toxicity rare earth (RE) elements such as tantalum
(Ta) and niobjum (Nb) [5,6]. Gu et al. [7] has reported that addition
of Zn mechanically improves the yield strength and ultimate ten-
sile strength of Mg with improved corrosion resistance as Zn pro-
vides the lowest hydrogen evolution rate in comparison to Al, Ag,
Si, Sn, Y and Zr alloying elements. Thus, addition of certain amount
of Zn into pure Mg matrix beneficially improves its mechanical

* Corresponding author. Tel.: +60 4 5995258: fax: +60 4 5941011.
E-mail address: zuhaila@usm.my (H. Zuhailawati).

http://dx.doi.orgi10.1016/j.jalicom.2015.04.090
0925-8388/@ 2015 Elsevier B.V, All rights reserved.

properties, corrosion resistance without giving harsh effect to
human body.

In this current work, binary Mg-Zn alloy was produced using
mechanical alloying (MA) followed consolidation process by com-
paction and sintering. MA is a unique processing method that
entirely involves a solid state process enables to produce alloy
powders with a controlled fine microstructure which occurs by
repeated fracturing and rewelding of the mixture of powder parti-
cles in a highly energetic ball mill [8,9]. By this technique, a num-
ber of defects that commonly generated from casting such as
porosity and inclusions can be minimized. However, fabrication
of mechanically alloyed Mg-Zn alloy needs detailed investigation
as its properties definitely relies on densification of the alloy pow-
der which later influences the properties of the alloy including
density and hardness.

Frequently conventional research methodology via trial and
error method is adopted to identify the significant or important
which definitely involves high cost and time consuming since lots
of experimental work need to be carried out. In order to reduce the
number of experiment, design of experiment (DOE) method can be
adopted [10]. In this work fractional factorial design (FFD) was
used because this type of design is suitable for products and pro-
cess design, process improvement and industrial/business experi-
mentation. In addition, when certain high-order interactions are
probably negligible, information on the main effects and
low-order interactions may be obtained by running only a fraction
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of complete factorial design [11]. Hence, this paper report an
attempt made to examine the interdependence of mechanically
alloying process parameters and mathematical model to predict
density and microhardness of Mg-Zn alloy using fractional facto-
rial design, analysis of variance and regression analysis.

2. Experimental work
2.1. Materials preparation and characterization

A mixture of elemental magnesium powder (99.00% pure) and zinc powder
(99.70% pure) was mechanically milled at room temperature using a high-energy
Fritsch Pulveristte P-5 planetary mill under argon atmosphere. SEM micrographs
of the starting Mg and Zn powders are shown in Fig. 1. Mg powders are
irregular-shaped and Zn powders are mostly ellipsoidal, elongated particles. The
average particle size of elemental Mg powder and Zn powder are 227.41 um and
121.65 um respectively as shown in Table 1. 20 mm-diameter stainless steel balls
were used during mechanical milling. 3% n-heptane was added to the powder mix-
ture prior to the milling process to prevent excessive cold welding of the elemental
alloy powders. Then, the milled powders were uniaxially cold pressed under
400 MPa for 2 min at room temperature to produce 10-mm diameter of green
Mg-2Zn alloy pellets and sintered at 350 °C under argon flow at 5 °C/min for both
heating and cooling rate for an hour in order to form solid bodies. Qualitative
X-ray diffraction (XRD) analysis with angular scanning range 20° < 26 < 90° was
conducted to identify the presence of element and phases. The data attained using
D8 Advance, Bruker AXS. Phase identification of stripping its K42 component is rep-
resented in form of diffractogram of intensity versus 20. APW software was used to
analyze the present phase in all samples. Internal strain was determined by the
Williamson-Hall method as shown in the following equation:

B cosf = 0'8?"

oy 2sine )

where B, is line broadening, 8 is Bragg’s angle, 4 is wavelength, D is crystallite size
and 75 is internal strain. The instrumental broadening B; was removed using
Gaussian profile

B =B - B} ©

where B is the full width at half maximum.

Microstructure of the sintered Mg-Zn alloys was studied using optical micro-
scope (OM). Density of the sintered alloys was measured by pycnometer density
equipment according to Archimedes' principle. The samples were immersed in
tap water which was placed on Sartorius electronic analytical balance with four dec-
imals accuracy. Seven readings were taken from the sample. Relative density (TD%)
was calculated according to:

TD% = (Actual Density/Densitypgy) x 100% 3)
Densityuom = PrgVmg + P20 Van (4)
VMS + Vzn =1 (5)

where pu, and pz, represent the density of Mg and Zn, respectively, whereas Vi
and Vg, represent the volume fraction of Mg and Zn, respectively, incorporated in
the alloy material. The relative density is useful for comparing the measured sintered
densities to the predicted rule-of-mixture densities. Microhardness test using
Shimadzu tester was carried out by placing samples with the 100 mm? surface area
under a diamond indenter. The test was performed under 500 gf of indentation load
with 10 s of dwell time. Ten readings were taken from the same sample,

Table 1

Particle size distribution of magnesium and zinc powders.
Element X10 (pm) X50 (pm) X90 (pm)
Magnesium 61.33 102.63 22741
Zinc 27.60 65.81 121.65

2.2. Statistical design

Statistical design of experiments has been increasingly employed by engineers
and researchers for screening out main effects and optimization matters. The ease
of obtaining data over a wide range experimental region with a fair degree of accu-
racy makes it very attractive. This approach helps to understand better how the
change in the levels of application of a group of parameters affects the response.
A combination of the levels of the parameter, which leads to certain optimum
response, can also be located through this approach [12]. The factorial design can
cover the main and interaction effects of the parameters within the whole range
of selected parameters. From the literature [8,13,14], several mechanical alloying
factors that have a significant influence on the properties of mechanically alloyed
soft metal powder were identified and they are milling time, milling speed,
ball-to-powder weight ratio (BPR), the size of grinding media, grinding media mate-
rials, geometry of mill and milling temperature. However, in order to reduce the
complexity of the milling parameters, this study focused only on the effect of
milling time, milling speed (energy), BPR and effect of Zn addition on the Mg prop-
erties as well. Factors and levels evaluated in the experiments to be conducted are
as listed in Table 2. The upper limits of milling time, milling speed, BPR and percent-
age of Zn were set at 10 h, 300 rpm, 15:1 and 10 wt% respectively according the pre-
vious preliminary study where the results were not reported in this work. The
upper limits were set to avoid excessive cold welding of powder during milling that
could hinder powder densification.

In this study, the experimental procedure was performed according to 251 frac-
tional factorial design, which is a series of experiments involving k factors, each of
which has two levels (‘low' — and ‘high’ +). It is our interest to highlight the useful-
ness of this new fractional factorial design method. Since our work involves 4 fac-
tors, fractional factorial of 2-level design was applied to minimize the number of
experimental run without sacrificing its accuracy. So that the prediction of binary
Mg-Zn alloy's properties would be economically obtained at a short period of time.
Table 3 shows the complete experimental design and actual responses of the exper-
iment used in this study. The actual responses, density and hardness were denoted
by Y1 and Y2 respectively. Since the design was constructed involving 4 numerical
factors with 2 replicates, thus 16-run of two-level fractional factorial design was
performed.

These data were used as input into the DOE for analysis to determine the model
equation. The Minitab 16 (Minitab Inc, USA) statistical software was used to per-
form statistical analysis and to develop empirical model. The adequacy of the mod-
els was further justified through analysis of variance (ANOVA), regression analysis
and R-sq test. According to the design, generator of D is equal to ABC. The alias
structures for this 24! fractional factorial design are shown in Table 4.

3. Results and discussion
3.1. Phase and microstructure analysis

Fig. 2 illustrates XRD patterns for a set of replication which was
chosen randomly. XRD pattern of all mechanically alloyed samples
produced according to the created design showed the presence of
phase o-Mg. Since samples 1, 4, 6 and 7 were alloyed with only
3wt¥ of Zn, all the added alloying element (Zn) were
solid-solved into the host Mg forming an o-Mg solid solution.

Fig. 1. SEM micrographs of elemental (a) magnesium and (b) zinc powders.

.
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Table 2

Factors and levels evaluated in the experiments,
Factor Code Unit Level

-1 +1

Milling time A H 2 10
Milling speed B Rpm 100 300
Ball-to-powder weight ratio o - 5 15
Percentage of Zn D wt¥ 3 10

According to binary diagram of Mg-Zn, the single phase in this bin-
ary alloy was solid-solution o-Mg. In this alloy system, solubility
limit of Zn in Mg phase is 6.2 wt% at 340 °C but the solubility is
very small at room temperature. Since only single a-Mg phase
existed in the Mg-Zn alloy matrix, the result clearly suggested that
Mg and Zn form a homogeneous solid solution without any diffu-
sive or combustion reaction occurring between pure metals form-
ing intermetallic compound or intermediate phase alloy
(secondary solid solution). However, the a-Mg and MgZn phase
peaks can be clearly identified in the sample 2, 3, 5 and 8. These
four samples were alloyed with 10 wt% of Zn. Since the added Zn
into Mg matrix was high, thus provided the high chances for the
formation of secondary phase of MgZn.

From the diffractogram in Fig. 2, it can be seen that most of the
peaks of sintered alloys were shifted to the left-hand side (lower
angle) associated with the a-Mg solid solution formation. During
the formation of solid solution, smaller radius of Zn (134 pm)
atoms took place as impurities in the larger Mg (160 pm) atom lat-
tice. The replacement of Zn in the host sites caused a reduction of
the Mg lattice. In addition, the shifted angles were also caused by a
reduction of crystallite size andfor the accumulation of lattice
strain during mechanical alloying as shown in Table 5. This indi-
cated that the formation of fine crystallite was typically affected
by increasing the number of collisions per unit time during milling
process [15,16].

Fig. 3 shows the optical microstructure of mechanically milled
Mg-Zn alloy which were subsequently compacted under
400 MPa and sintered at 350°C in argon atmosphere. From the
illustrations, it can be seen that the distribution of fine pores that
presented as black spots in the sintered alloy was uniformly dis-
tributed. The refinement of pore size and its homogeneous distri-
bution are good as it could increase the contact area between
grains leading to enhance densification effect, sinterability and
its properties afterward [17]. According to Table 3, experimental
result shows a relatively high density of all samples. Final density

Table 3
The 24! experimental design and actual responses of binary Mg-Zn alloy.
Run Basic design Density (gfem3)  Microhardness (HV)
#) A B C D=ABC Y2
1 - = - - 1.8024 53.76
2 + - - ¢ 1.8870 77.85
3 -+ - + 1.9938 9437
4 + o+ - - 1.8526 89.10
5 - - 4+ o+ 1.9174 7413
6 + - o+ - 1.8074 63.28
7 -+ + - 1.8106 67.02
8 + + + o+ 1.8617 65.82
9 - - - - 1.8016 54.95
10 + -~ -+ 1.8900 77.74
1 - + - % 1.9804 93.55
12 + o+ - - 1.8503 80.74
13 - - + 4 1919 73.67
14 + - ¢ - 1.8067 62.08
15 - + + - 1.8118 67.74
16 + o+ o+ o+ 1.8603 64.45
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was predicted by simple rule of mixture (ROM) model which to be
in range of 1.70-7.10 g/cm? since original density of Mg and Zn are
1.738 gfem® and 7.140 g/cm® respectively. The measured data
showed density values were in the range of 1.800-1.990 g/cm?,
Results indicated that the density was not only dependent on com-
position and starting raw materials but it was also affected by the
processing parameters studied in the present work. Density values
of Mg-Zn alloy obtained in this was considerably accepted to be
used as implant materials since the density of natural bone is
between 1.70 and 2.10 g/cm® [18].

Measurement of internal strain as a function of milling time and
percentage of Zn is shown in Table 5. Higher milling time reduced
the crystallite size since repeated deformation occurred at a higher
rate. As more energy was supplied to the powders, each crystallite
remains constrained by its surrounding crystallites and produced
stressfstrain in the alloy. Continuous deformation of the powder
throughout milling refined crystallite size, leading to continuous
accumulation of internal defects. The accumulation of the internal
defects resulted in increasing in hardness with a slight reduction of
density.

Interestingly, alloying Mg with Zn significantly increased the
hardness of pure Mg (pure Mg powder preduced according to high
level parameters and subsequently was consolidated with the
same parameter of producing Mg-Zn alloy) from 27 HV up to
94 HV. The improvement of Mg hardness is indirectly beneficial
in altering other mechanical properties including elastic modulus,
compressive strength, wear resistance and fatigue resistance [19].
According to the method developed by Oliver and Pharr [20], elas-
tic modulus might be directly determined by hardness in accor-
dance to nanoindentation load-displacement data. From the
developed equation, elastic modulus is proportionally related to
the obtained nanohardness [21]. Accordingly, the concept of the
derivative theory can be applied in this study to assume the esti-
mated elastic modulus of the alloy by saying that increasing in
hardness might increase its elastic modulus. The enhancement of
those properties must be necessarily sufficiently acceptable for
producing bio-implant in order to avoid stress shielding problem
due to mismatching of certain mechanical behaviors during
implantation duration.

3.2. Experimental design and data analysis

After data collection of the responses was completed, the
results were analyzed for its adequacy using the analysis of vari-
ance (ANOVA) technique. The ANOVA for density (Y1) and hard-
ness (Y2) are summarized in Tables 6 and 7. Statistical effect of
variables was calculated within 95% confidence interval. The
“Model F-value” of 554.59 for Y1 and 660.74 for Y2 implies that
the models were significant relative to noise. For both properties,
only 0.001% chance that the “Model F-value” this large could occur
due to noise for each case. In general, the smatller p-value, the more
significant the terms observed. In both cases of density and hard-
ness, all of study factors of A, B, C, D and interactions of AB, AC
and AD were significant as the p-values were less than 0.05.

Table 4

Aliases for 24! fractional factorial design.

Alias structure

[A) - A+BCD
(B) - B+ACD
(< - C+ABD
(D] - D+ABC
[AB] - AB+CD
[AC] - AC+BD
[AD} - AD +BC
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Fig. 2. XRD patterns of pure Mg and Mg-Zn alloys of single replication.

Table 5
Internal strain of Mg-2Zn alloy at different milling time and percentage of Zn.

Run Milling time (h) Percentage of Zn (wt¥) Internal strain (%)
1 2 3 0.03
3 2 10 0.21
5 2 10 013
7 2 3 0.06
2 10 10 0.15
4 10 3 0.17
6 10 3 0.07
8 10 10 0.09

A regression analysis was carried out to obtain the best-fit
model to the experimental data. The regression analysis for each
response was done using coded units and summarized into
Tables 8 and 9. In addition, coefficient of correlation (R-sq) test is
one of the most conveniently accepted methods which allow a
researcher to examine the fitted model to ensure that it provides
an adequate approximation to the true system and verify that none
of the least squares regression assumptions are violated [22]. R-sq
value gives a correlation between the experimental response and
the predicted response and should be high for a particular medel
to be significant. R-sq for both density and hardness were 99.96%
and 99.83%, respectively and the standard deviation for Y1 was
469 x 103 and Y2 was 0.743 which were very small in quantities.
This implies that all responses were fairly closer to the predicted
values and thus the regression equation generated in this experi-
mental study could be used in the prediction of properties of bin-
ary Mg-Zn alloy with a fair degree of accuracy. Furthermore, the
obtained data showed the predicted R-sq values were in good
agreement with the adjusted R-sq values for each case. The regres-
sion analysis suggested that the relationship between both
responses of binary Mg-Zn alloy and the four factors was best fit-
ted with a quadratic model. For each case, the coded models are
listed as follow:

Y1 = 1.877 — 0.012A + 0.024B + 0.017C + 0.045D — 0.005AB
— 0.005AC + 0.009AD

Y2 = 73.141 + 0.742A + 5.958B — 5.867C + 4.557D — 2.313AB
—4.108AC - 6.974AD

3.3. Effect of milling time, milling speed, BPR and percentage of Zn on
responses

There are many factors that affect the milling process and also
the product developed using mechanical alloying, which are
important to be considered in fabrication of homogenous materials
including alloys [13). The parameters must be seriously controlled
to ensure the mechanically alloyed product with better desired
properties could be obtained. The main effect plots of the studied
variables are presented in Figs. 4 and 5 corresponds to density
and hardness, respectively.

Milling time is one of important parameters in milling process.
Milling time depends on types of mill used, intensity of milling,
ball-to-powder weight ratio, and temperature of milling. The time
should be chosen to achieve a steady state between fracturing and
cold welding of powder particles to facilitate alloying.
Theoretically, higher milling time is preferred to since it could
increase homogeneity of powders and refine structure up to nanos-
tructured scale. However, higher milling time causes the presence
of contamination in milled powders especially for reactive metal
like titanium [23). This consideration is also applicable for Mg-
Zn alloy as Mg is one of reactive metal element.

As reported by Datta et al. [24], a homogenous alloy mixture of
Mg, Zn and Ca was formed up to 1 h of milling without any diffu-
sive or combustion reaction occurring between pure metals which
may cause increasing in density. In addition, prolonged milling
time up to 8h resulted in formation of amorphous phase.
However, in this study although the milling time was considerably
a bit longer (maximum 10 h), there was no formation of amor-
phous phase in Mg-Zn alloy which indicated no diffusive mixing
mechanism was initiated in this binary alloy system within the
milling time. Therefore, the results suggest that the milling time
used in this work is suitable in order to obtain required density
and hardness without formation of any amorphous phase or exis-
tence of contaminant.

Main effect plots shows that increasing milling time reduced
density (Fig. 4) and increased hardness (Fig. 5). It was found that
milling time gave a contradict effect on both density and hardness.
Increasing in milling time reduced the density of sintered alloys.
This result is probably related to mechanism of work hardening
or strain hardening occurred in the powder particles during
mechanical alloying of Mg-Zn powder. Hardened Mg-Zn mixture
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Fig. 3. Microstructure of Mg-Zn alloys of single replication.

Table 6 Table 7

ANOVA for quadratic model of density (Y1). ANOVA for quadratic model of microhardness (Y2).
Source Sum of squares DF  Mean square  F-value p-value Source Sum of squares DF Mean square F-value  p-value
Model 0.0488138 4 0.0122034 554.59 0.000 Model 1459.76 4 364.940 660.74  0.000
A 0.0023064 1 0.0023064 104.82  0.000 A 8.81 1 8.806 1594 0.004
B 0.0089161 1 0.0089161 40520 0.000 B 567.99 1 567.988 102837 0.000
Cc 0.0048755 1 0.0048755 221,57 0.000 C 550.72 1 550.724 997.11  0.000
D 0.0327158 1 00327158 1486.78 0.000 D 332.24 1 332242 601.54 0.000
AB 0.0004421 1 0.0004421 2009 0.002 AB 8561 1 85.609 155.00 0.000
AC 0.0003658 1 0.0003658 16.62 0.004 AC 270.03 1 270027 488,90 0.000
AD 0.0012763 1 0.0012763 58.00 0.000 AD 778.27 1 778271 1409.10 0.000
Residual error  0.0001760 8 0.0000220 Residual error 4.42 8 0.552
Pure error 0.0001760 8 0.0000220 Pure error 4.42 8 0.552
Total 0.0510739 15 Total 2598.08 15
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Table 8
Effects and regression coefficient for density (Y1).
Term Effect Coef SE Coef T P
Constant 1.87738 0.001173 1600.88 0.0600
A —0.02401 -0.01201 0.001173 -1024 0.000
B 0.04721 0.02361 0.001173 20.13 0.000
C 0.03491 0.01746 0.001173 14.89 0.000
D 0.09044 0.04522 0.001173 38.56 0.000
AB -0.01051 -0.00526 0.001173 —448 0.002
AC -0.0056 —-0.00478 0.001173 -4.08 0.004
AD 0.01786 0.00893 0.001173 7.62 0.000
$=0,00469088 Press = 0.00070414
R-Sq = 99.66% R-Sq(adj) = 99.35% R-Sq(pred) = 98.62%
Table 9
Effects and regression coefficient for microhardness (Y2).
Term Effect Coef SE Coef T P
Constant 73.141 0.1858 393.66 0.000
A 1484 0.742 0.1858 399 0.004
B 11916 5.958 0.1858 32,07 0.000
C -11.734 -5.867 0.1858 -31.58 0.000
D 9.114 4,557 0.1858 2453 0.000
AB -4.626 -2313 0.1858 -1245 0.000
AC -8.216 -4,108 0.1858 -22.11 0.000
AD ~13,949 -6.974 0.1858 -37.54 0.000
S$=0.743182 Press = 17.6742
R-Sq =99.83% R-Sq(adj) = 99.68% R-Sq(pred) = 99.32%
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Fig. 4. Main effect of studied factor on density (Y1).
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dy by Shehata et al. [26), faster milling speed
netic energy into powders and higher kinetic
sence of refined microstructure and also
distance. At higher milling speed, milling

between the particles increased thus reduced the porosity.
Reduction of porosity is good for density and hardness improve-
ment [17]. In addition, cold-worked particles provided high hard-
ness of Mg-Zn alloy and the combination effect of high density
improved hardness further. In this study, complete alloying
occurred though at milling speed as low as 100 rpm. It can be said
that, 160 rpm was sufficient to provide energy in refining the
milled grains and initiating the formation of o-Mg solid solution
during mechanical alloying and subsequent consolidation.

The ratio of the weight of the ball to the powder (BPR) is an
important variable in the milling process. The ratio is depending
on material used and certain properties and application needed
to investigate. Lower ratio as 1:1 and up to higher ratio 1000:1
have been used by researchers [23] to investigate a variety of
materials. Increasing in the BPR values can be obtained either by
increasing the weight of ball or decreasing the powders weight.
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Fig. 5. Main effect of studied factor on microhardness (Y2).

In the present work, density and hardness were reduced with the
increasing in BPR. This is because for soft and ductile Mg, excessive
heat generated during mechanical alloying process with high BPR
caused the occurrence of cold welding which then led to the for-
mation of flaky powder mixture [23]. Once the flaky powder
formed, the densification of powder and bonding between particles
were deteriorated which then resulted in high formation of poros-
ity. High porosity due to the flaky powder consequently caused a
reduction in both density and hardness.

Both Figs. 4 and 5 display that increasing the amount of Zn
increased both density and hardness. Zn was added into pure Mg
in order to improve its hardness by forming Mg-2Zn alloy. Higher
Zn content means there are more solute Zn atoms that could
restrict dislocation motion in the Mg lattice structure leading to
an improvement in hardness. From XRD analysis there were alloys
with single o-Mg solid solution while alloys with 10 wt¥ Zn con-
sisted of a mixture of a-Mg and MgZn. Adding 10 wt®% Zn was
exceeded its solubility limit in Mg matrix (6.2 wi%), thus secondary
phase (MgZn) started to form. In most cases, the presence of sec-
ondary phase needs to be avoided due to its hard and brittle prop-
erties. By referring to Table 10 that shows the effect of amount of
Zn to the relative density (TD%) of the alloys, we discover that
the existence of this phase deteriorates the theoretical density of
the alloys, which in not beneficial for mechanical properties.
Maximum relative density of Mg-10 wtk Zn (87.45 TD%) was lower
than the minimum relative density of Mg-3 wt% Zn (94.76 TD%).
The low relative density suggests the high porosity in the 10%Zn
alloy was due to the association of MgZn phase in the Mg metallic
which was supported by XRD analysis. The compressibility of soft
Mg matrix during consolidation was inhibited by secondary

Table 10

Relative density of a single replicate.
Run Percentage of Zn (Wt%) Relative density (¥TD)
1 5 94.76
4 3 97.40
6 3 95.03
7 3 95.19

2 10 82.76

3 10 87.45
5 10 84.10
8 10 81.65

metallic phase MgZn which explains the low relative density with
high content of Zn.

3.4, Analysis of responses: density and microhardness

The effects of studied principal factors and interaction between
parameters on the density and hardness of binary Mg-Zn alloy are
presented comparatively in Figs. 6 and 7, respectively. According to
the sparsity-of effects principle in factorial design, it was most
likely that main (single factor) effects and two-factor interactions
were the most significant effects, and the higher order interactions
were negligible. In other words, higher order interactions such -
four -factor interactions were very rare and the contribution to
the overall results insignificant the residual which were dispersed
randomly. As shown in Figs. 6 and 7, they were positive and
negative gradients in the interactions among the factors and that
could balance out each other. This caused the residuals were dis-
persed randomly which lead the overall higher order interactions
into insignificant or very lower contribution. For density, interac-
tion effects between milling speed-percentage of Zn and
BPR-percentage of Zn were Very low and neglected as the lines lied
in nearly parallel direction toward each other. Analysis of the effect
of principal factors showed that in the considered range parame-
ters, percentage of Zn was the most significant variable in achiev-
ing maximum density. According to the positive effect of this
parameter, increasing in Zn amount enhanced Mg-Zn alloy density
since Zn element has higher density compared to Mg.

In the case of microhardness, interaction effects between
milling speed-percentage of Zn and BPR-percentage of Zn were
very low and neglected. In the considered range parameter, princi-
pal factor of milling speed was the most significant variable in
attaining maximum hardness. High speed rotation of the vial and
revolution of the disk caused the milling balls move strongly and
violently, leading to fine grinding of alloy powder t due to genera-
tion of high ball impact energy onto the powder. The impact
energy of balls during milling is dependent on operating parame-
ters, especially, rotational speed and its direction of the vial to that
of the revolution of the disc. High impact refines powder particles
that caused increasing in densification and cold working of the
alloy powder which then increased the hardness.

Higher densification of Mg-Zn powder provided a stronger
bonding between powder particles which consequently resulted
in improvement of alloy hardness. In addition to the effect of
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densification, the existence MgZn phase (Fig. 1) has a significant
effect to the increment of microhardness as well. As shown in
Fig. 8, the peaks of MgZn compounds started to form during
milling, consequently affected the compressibility of alloy powder.
The intensity of peaks of the sintered alloy increased which then
influenced its final properties. In most cases, secondary phase that
existed in the metallic matrix provided strengthening effect due to
its inherent hard and brittle properties of intermetallic compound
[27]. However, as reported by Zhang et al. [28], formation of sec-
ondary phase in the Mg matrix commonly deteriorated machin-
ability of Mg alloys due to reduction of its elongation. In this
study, compressibility of alloy powders was reduced with the pres-
ence of MgZn compound. Thus, the addition of Zn in the present
work must be strictly controlled in order to improve its hardness
without sacrificing its ductility too much.

4. Conclusion

A reliable statistical model based on fractional factorial experi-
ment design has been developed which can be used for the opti-
mization of binary Mg-Zn alloy synthesized by mechanical
alloying. In the present work, Mg-Zn binary alloy was obtained
between 1.80 g/cm?® and 1.99 g/cm? which close to density of nat-
ural bone (ie., 1.70-2.10 g/cm?®). Microhardness of pure Mg
(27 HV) was increased with addition of 3-10 wt% Zn which was
between 54 HV and 94 HV. Experimental design using 2%~ frac-
tional factorial design enabled to establish the polynomial func-
tions that described the effects of processing condition on the
density and hardness of Mg-Zn alloy that was prepared by
mechanical alloying and followed by sintering. The statistical anal-
ysis demonstrated main factor of milling time (A), milling speed
(B). ball to powder weight ratio (C) and percentage of Zn (D) and
interactions of AB, AC and AD are significant for both responses
density (Y1) and hardness (Y2) as the p-value is less than 0.05.
The higher order interactions such four -factor interactions were
very rare and considerably negligible. The role of each milling
parameters and their interactions on varying density and hardness
of the alloy was described comprehensively.
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Cold spray deposition of hydroxyapatite
powder onto magnesium substrates for
biomaterial applications

M. Hasniyati®, H. Zuhailawati**, S. Ramakrishnan®, B. K. Dhindaw? and
S. N. F. M. Noor®

A simple, modified, cold spray process was developed in which hydroxyapatite powder was
coated onto pure magnesium substrates preheated to 350 or 550°C and ground to either 240 or
2000 grit surface roughness, with stand-off distances of 20 or 40 mm. The procedure was
repeated five and 10 times. The hydroxyapatite coatings did not show any phase changes.
Atomic force microscopy revealed a uniform coating topography, and scanning electron
microscopy revealed good bonding between the coated layers and the substrates. As the
p values were <0-05, all factors except the number of sprays were considered to be significant.
The response optimiser indicated that a 22-7 mm stand-off distance, a 649-2 grit surface
roughness and a 496°C substrate heating temperature produced good hydroxyapatite coatings of
46-3 pm thickness, 436-5 MPa nanohardness and 43-9 GPa elastic modulus. The modified cold
spray technique with substrate heating showed promising results in terms of product coating

thickness and mechanical properties.

Keywords: Cold spray, Magnesium, Hydroxyapatite, Surface response methodology. Fractional factorial design, Characterisation

Introduction

Magnesium stands out as a potential candidate for
temporary implants in biomedical applications due to its
light weight, as well as its elastic modulus and com-
pressive yield strength that are compatible with those of
natural bone.! The density of Mg is 1-738 gem™3,
which is only slightly less than that of natural bone
(1-8-2-1 gem™3), while the elastic modulus of pure
Mg is 45 GPa, compared to human bone (40-57 GPa).
The use of pure Mg in bioimplants has been seriously
considered.”> Magnesium participates in human
metabolic reactions and is therefore non-toxic. It is
biocompatible and biodegradable in human body fluid,
thus eliminating the need for a second operation to
remove a temporary implant. The use of Mg alloys is
generally not advisable because most alloying elements
can be toxic to the human body (except for Ca alloys, for
example). Furthermore, preparation of these alloys adds
to the cost of the implant without giving any distinct
advantages. As the main limitation of the use of Mg in
medical applications is its extremely rapid degradation
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rate due to corrosion, its surface must be coated with
materials of high corrosion resistance. One coating
material with a potential to retard the biodegradation
rate of Mg in human body fluid is hydroxyapatite
{HAP; [Ca;o(PO4)sOH_]}, whose primary component
consists of the same ions that are responsible for the
construction of the mineral part of bone and teeth. It is
bioactive with bone bonding ability, thus making it
suitable for clinical use as bone spacers and fillers. The
absence of cytotoxic effects makes HAP biocompatible
with both hard and soft tissues.’

To coat HAP powder onto highly degradable Mg
substrates, any processing technique that melts the Mg
substrate or accelerates the dissolution of Mg in fluid
must be avoided. Thus, this work proposes a cold spray
technique as a method that is suitable for coating HAP
onto Mg substrates. This technique is also known as
cold gas dynamic spraying, Kkinetic spraying, high
velocity powder deposition or supersonic powder depo-
sition.* In principle, deformable metallic particles (or
other feedstock powders) are introduced into a high
velocity, gas dynamic stream and directed onto a sub-
strate surface where they impact and form a coating.’
Coldspray technology overcomes the shortcomings of
thermal spraying, which involves melting and solidifi-
cation of the coating,® as well as those of the dipping
technique, notably the dissolution of Mg. Cold spraying
has been reported to produce coatings of proper density
and adhesion with substrates such as Cu, Al, Fe, Ti, Zn,
Ni and Mg alloys.”!! However, to date, there have been
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few reports dealing with the cold spraying of HAP
powder to form a coating layer on a pure Mg substrate.

To determine the conditions that produce high quality
HAP coating on a Mg substrate, a trial and error method
is not a good option. Several factors influence the prop-
erties of the coating prepared by the cold spray technique,
so evaluation of the effects of individual factors is time
consuming, and the process of determining the factors
that would give optimum results is difficult and erratic.
Instead, the design of experiment (DOE) statistical
approach, in which a mathematical model is developed
using experimental runs, can be used, as it is 2 powerful
and efficient approach for solving challenging quality
problems.'? In practice, DOE has been used successfully
in several industrial applications for optimising manu-
facturing processes. For example, DOE has been applied
to optimise the plasma spray process of yttria stabilised
zirconia coatings.'* Of the available DOE methods,
response surface methodology is the method commonly
used for mathematical modelling and analysis of pro-
blems in which a response is influenced by multiple vari-
ables.!* Response surface methodology also helps to
reduce the number of experimental runs required to
generate statistically validated results, as well as the
repetition of experiments for multiple factor experiments.
Response surface methodology coupled with a desir-
ability function is a useful method for optimising multiple
responses, enabling clarification of the functional
relationships between the independent factors across the
responses.

This work proposes a novel approach of adapting the
cold spray technique to coat HAP onto a Mg substrate
at low temperature. The work evaluates the effects of
several cold spraying process variables (stand-off
distance between nozzle spray and substrate, surface
roughness of the substrate, substrate temperature and
number of sprays) on the properties of the HAP coating
on the heated Mg substrate. The results chosen for
optimisation comprised only physical properties: coating
thickness, hardness and modulus of the coating.
Fractional factorial design, which reduces the number of
experimental runs to half of that required by conven-
tional full factorial design, is utilised to reduce the time
and cost of the experimental work. The optimised
coating is then characterised using atomic force
microscopy (AFM) and scanning electron microscopy
(SEM) studies.

Materials and methods

Materials

The substrate material was pure Mg plate (Xi’an Yuechen
Metal Products, China). The specimens were cut into
small pieces measuring 15X 15X 5 mm. The specimen
surfaces were serially ground with either 240 or 2000
grit SiC papers. Then, the specimens were ultrasonically
cleaned in acetone for 5 min. For HAP, Ca,o(PO4)sOH;
powder (Sigma-Aldrich, Malaysia) was used as the feed-
stock of the cold spray process.

Design of experiment

Design of experiment was carried out using Minitab 16
(Minitab Inc, USA). Response surface methodology was
used with fractional factorial design to obtain a
mathematical correlation between stand-off distance,
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surface roughness, substrate heating temperature and
number of sprays of HAP coated onto pure Mg
substrates, to yield the highly desirable mechanical
properties  (thickness, nanohardness and elastic
modulus) of the samples.

This present work used a 2%"! fractional factorial
design to identify factors that significantly influence the
mechanical properties of the coated samples, so that
insignificant factors could be eliminated. In this way,
the thickness, nanohardness and elastic modulus of the
coatings were selected as the response variables to
represent the mechanical properties and soundness of
the HAP coatings. To avoid too wide a range in the
screening tests, the range of factors used was designated
as + 1 (high) or —1 (low), as given in Table 1. The levels
of the factors were chosen based on preliminary exper-
iments. A minimum stand-off distance of 20 mm was
required for convenient location of the nozzle with
respect to the sample in the furnace. Beyond a 60 mm
stand-off distance, the stream of particles tended to flare.
An upper boundary of substrate temperature was chosen
that was well below the melting point of Mg. A lower
boundary of substrate temperature was chosen so that a
reasonable thickness of coating could be obtained.
Surface roughness levels were varied from near smooth
(2000 grit) to rough (240 grit). In the present work,
a 2*7! fractional factorial design was formulated for
four factors with two replications, leading to a total of
16 sets of samples.

Analysis of variance (ANOVA) was used to determine
the adequacy of the factorial model. Then, optimisation
experiments were performed to determine the best
settings and define the nature of curvature of the.
response curves.

Preparation of HAP coatings

For the present study, the cold spray technique was
modified so that the spraying ambience was at room
temperature (~24°C) in order to aid retention of the
HAP properties that usually show phase changes with
high temperature deposition. The spraying ambience in
this case was defined as the zone between the nozzle and
an ~ 10 mm distance from the sample towards the nozzle.
The pure Mg substrate was placed inside a furnace, where
it was preheated to a temperature of either 350 or 550°C
for 1 h, and then the HAP powder was cold sprayed onto
the substrate. The nozzle was positioned at either 20 or
40 mm from the preheated substrate with the spray
angle between the nozzle and substrate maintained at 90°.
The air pressure was 1 MPa, and the air temperature was
maintained at room temperature. The procedure was
repeated either five or 10 times.

Table 1 Levels of factors for screening

Level
Variable Notation  Units - +
Stand-off distance A mm 20 60
Surface roughness B grid 240 2000
Substrate heating (o} °C 350 550
temperature
Number of sprays D 5 10




Characterisation of HAP coatings

X-ray diffraction (XRD; Bruker AXS D8, USA) analysis,
performed to identify phases in the HAP coating depos-
ited by the cold spray technique, was conducted througha
range of Bragg angles (26) of 20-80° using Cu K, radi-
ation (A= 0-15406 nm). The voltage was set to 40kV,
with a current of 40 mA. An atomic force microscope
(NanoNavi SII, Japan) was used to image the structure of
the HAP coating at the atomic level. The atomic force
microscope provided two-dimensional images of the
samples and surface profiles of the coatings. The surface
morphology and the composition of the as deposited
coating were studied using a field emission scanning
electron microscope (Zeiss SUPRA 35VP, Germany)
equipped with energy dispersion X-ray spectrometry.
Energy dispersion X-ray spectrometry was carried out at
a voltage of 15kV and a working distance of 10 mm,
while morphology was studied at a 5 kV voltage and a
5 mm working distance. Coating thickness was measured
using a metallurgical microscope (MT8000 Series,
Meiji Techno, Japan).

Hardness and elastic modulus of the coating were
evaluated by nanoindentation with a nanotest instru-
ment (Micro Materials Ltd, Wrexham, UK) at minimum
and maximum loads of 10 and 300 mN. The indenta-
tions were made under load control mode, where the
loads were applied and then released after the set peak,
with dwell times of 5 s at the maximum loads.

Results and discussion

Phase studies

Figure 1 shows XRD patterns of the HAP and pure Mg
with the HAP coating. The XRD pattern of the coating
demonstrates the presence of HAP. The XRD patterns
in Fig. 1 indicate that the cold spray process does not
affect the pure HAP phase, even at a substrate
preheated temperature of 550°C. As the coating is thin
(10-50 pm), peaks of pure Mg are seen in the XRD
pattern due to the high penetration of the X-ray radi-
ation beneath the coating, which reveals the presence of
the substrate metal.

g

[ H ./
. ’ 2 Coi(PO){OH),

Intensity (connts)
®
®

H

20 ()
1 X-ray diffraction spectrums for a hydroxyapatite and
b magnesium and hydroxyapatite coatings at 550°C

Hasnlyati et al. Cold spray deposition OF HAP POWOEN LHLY My Suuduarss

Screening factors

The properties of the cold spray coatings depend on the
parameters used in the spraying process. Establishing
relationships between the properties and the processing
parameters is important for producing coatings with the
desired characteristics. The results of the screening
stages of the two-level fractional factorial experimental
design are presented in Table 2. Analysis of the
regression coefficients of the linear polynomial models
describing the relationships between the responses of
coating thickness, hardness and elastic modulus against
the four factors (4, B, C and D) is presented in the
section on ‘Analysis of variance’.

Analysis of variance

Little work has been reported in the literature that
discusses the effects on the spraying process of the
individual, as well as combined, process parameters.
To gain a better understanding of the role of individual
and combined process parameters, data are analysed
statistically to relate the response variables to the inde-
pendent process parameters. After the effects are esti-
mated, the factors affecting the mechanical properties of
the coating are determined by performing ANOVA.

A half normal plot and ANOVA were generated using
the 2%~ fractional factorial design in the screening
experiment, as shown in Fig. 2 and in Table 3. Figure 2a
shows that the factors 4, B, C and the interaction AB are
positioned away from the straight line, indicating that
variables 4, B, C and interaction 4B are significant
model terms. This finding is also supported by ANOVA,
as shown in Table 3 for thickness, which gives a p value
of the individual factors 4, B, C and of the combined
factor AB as <0-005. Figure 2b and ¢ demonstrates that
the factors 4, B, C and the interactions 4B and 4AC are
significant model terms. The ANOVA for both
responses shows that these factors are significant with
p<0-05. From the response results, an approximate
polynomial relationship between variables and responses
can be determined and expressed as the following
mathematical equations:

Y, = 2638 — 5874 — 5:20B + 3-47C + 0-036D
+3274B — 1-044C + 0-854D m

Y, = 155-83 — 84:294 — 73-49B + 46-96C
+022D + 54-214B — 26:584AC — 4254D  (2)

Ys = 2323 — 8:024 — 5-67B + 4:24C ~ 0-78D
+2:664B — 1:60AC + 0-264D 3)

Factors with positive coefficients show that the factors
have to be increased, and those with negative coefficients
have to be lowered to maximise the responses.

Optimisation of factors

The interaction effects in equations (1)~(3) show that the
combined effects of 4 and B, manifesting as interaction
coefficient AB, and those of 4 and C, manifesting as AC,
are significant and strong. Therefore, the effects of
individual variables are not linear. A special response
optimiser needs to be invoked to obtain the optimal
values for the variables. The response optimiser in
Minitab identifies the combination of input variable
settings that jointly optimises a single response or a set
of responses. It provides an optimal solution for
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Table 2 Experimental design and measured responses

Variables in coded levels

Actual responses

Substrate

Stand-off Surface heating Number of Thickness of

A B

D
E
3
3
o

distance roughness temperature sprays coating
C D

Y4/um

Elastic
Nanohardness modulus
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38-97
25-58

69-49 13-86
47-58 16-81
39-12 15-26
36-82 9-09
67-23 13:80
73:60 19-30
67-72 14-70
64-07 13-69
156-87 23-46
35-01 11-08
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65-61 16-32
323-71 36-33
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156-87 2346
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the input variable combinations, along with an
optimisation plot. Figure 3 provides an optimal solution
for the input variable combinations and an optimisation
plot. The response optimiser in Minitab suggests the
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following combination of input variable settings as

jointly optimising

three responses: thickness Y; as

46-26 pm, nanohardness Y> as 436-46 MPa and elastic
modulus Y3 as 43-89 GPa. It also provides the trade-off



Table 3 Analysis of variance for thickness, nanohardness
‘and elastic modulus

p value (Prob>F)

Source Thickness Nanohardness Elastic modulus

A 0-0002 <0-0001 <0-0001
B 0-0004 <0-0001 <0-0001
C 0-0044 0-0002 <0-0001
D 0-9682 0-9771 0-1169
AB 0-0061 <0-0001 0-0003
AC 0-2757 0-0068 0-0071
AD 0-3660 0-5785 0-5711

values of stand-off distance as 22-7 mm, surface rough-
ness as 649-2 grit and substrate heating temperature as
495-27°C. These parameters accommodate the optimum
requirements of the cold spray process. In Fig. 3,
all the responses are treated as equally important, and
therefore, the default value 1-0 is given for d= 1.

To test the validity and reliability of the response
optimiser suggestions, simple experimental work was
conducted in the laboratory using the optimum trade-off
values of stand-off as 23 mm, surface roughness as 650
grit and substrate heating temperature as 495°C.
The experimentally measured values and the values from
the optimisation procedure are listed in Table 4.

| Ngﬂ’%g.- t;g,o , %“E .0
1000 )| G20 1oz

3 Optimal solution for input varlable combinations along
with optimisation plot

Table 4 Experimental and calculated values for response

optimiser
Values
from
Response Experimental optimisation
variables values procedure
Thickness Yi/um 48-97 46-26
Nanchardness Yz/MPa 42371 436-46
Elastic modulus Ys/GPa 43-26 43-89
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The comparison between the experimental values and
values from optimisation procedure shows the
significance of these values in the comparison ¢ test for
the theoretical model and experimental work.

Characterisation

A comparison characterisation of the coatings obtained
in runs 11 and 4 (Table 2) was conducted. The surface
topography in two-dimensional images of the HAP
coating surfaces was visualised by AFM, as shown in Fig.
4, which shows the coating roughness to be uniform,
varying for sample run 11 from ~226-92 to 15455 nm
and for sample run 4 from 75-66 to 156:74 nm. The
variation in colour in different regions reflects the signal
variation with depth, which corresponds to the height
difference or roughness of the sample. The size of the
nodules is distinctly larger for sample run 11 than for
sample run 4, and varies from 50 to 200 nm for sample
run 11 and from 25 to 100 nm for sample run 4. It is
expected that the higher nodule sizes for sample run 11
arise from better bonding between the particles of HAP.

Figure 5a and b shows SEM images of the surface
morphology and chemical analysis of the HAP coating
on the samples of runs 11 and 4 respectively. As shown
in Fig. 5a, the HAP particles are well bonded, forming a
thin coating on the Mg substrate. Energy dispersion
X-ray spectrometry chemical analysis on the coated and
substrate areas shows that the main elements in the
coating are Ca, P and O, with Mg as the substrate.
Interestingly, in the sample for run 11, a few HAP
particles bonded well with each other due to sintering,
which was possibly caused by high impact velocities
onto the substrate with the elevated substrate tempera-
ture (550°C). However, the sample for run 4, whose
substrate was heated to 350°C, showed poor bonding
between the HAP particles and the Mg substrate,
suggesting that higher preheating of the substrate
improved the bonding between the HAP powder and the
substrate, as well as between the HAP particles. These
observations for samples from runs 11 and 4 are also
corroborated by AFM studies which shown that sample
run 11 has better bonding between the particles of HAP
compared to sample run 4.

Figures 6a and b shows cross-sectional views of the
coatings on the samples for runs4and 11 respectively. Asthe
spraying distance decreases, adherence of the HAP coating
increases, with the particles forming good mechanical bonds
with the substrate. The spray stand-off distance is directly
correlated with the velocity of impingement of the powder
on the substrate and, hence, on the quality of adhesion of the
coating to the substrate. Higher spray velocity is expected to
lead to breakage of the agglomerates into fine particles.
In earlier work,!>'¢ it was demonstrated that deposition
efficiency depends upon the substrate ductility. Higher
ductility leads to shear deformation, resulting in viscose flow
zones causing shear instabilities. This effect also manifests in
subsurface layers, which occur due to thermal softening. The
above conditions are conducive to better bonding and ad-
hesion of sprayed particles to the substrate. Table 5 gives the
hardness values for pure Mg' at the temperatures of 350
and 550°C, and also at room temperature.

It can be seen from Table 5 that the hardness of
Mg decreases drastically upon heating to higher tem-
peratures, especially to 550°C. Thus, the possibilities of
softening of the substrate and shear instabilities also

Surface Engineering 2015 voL00  nNOO




Hasniyati et al. Cold spray deposition of HAP powder onto Mg substrates

@

®)

IR e e e
2 10 01N ~ oy

%i‘) Aoy

226.92
[om]

154.56
[nm] 783.6894

156.74

®)

5 Scanning electron microscopy and EDX spectrum of pure magnesium substrate coated with HAP particle sprayed at a550°C

(run 11) and b 350°C (run 4)

increase significantly. The better adherence and build-up
of sprayed HAP on the Mg substrate, resulting in better
mechanical properties of the coating, corroborate the
above mechanism.

It has been shown'® that surface roughness leads to
better interlocking among the particles in the coating.
High resolution imaging studies show'® that the
adhesion is much improved between the coating and the
substrate and that the particles have better interlocking.
In the present work, AFM studies, as reported in Fig. 4,
show larger nodules at higher strength levels. On the
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contrary, on surfaces with low roughness, the first
stream of particles to hit the surface would have less area
to bind to, resulting in weaker bond strengths. Thus,
particles would have greater difficulty in adhering to the
substrate, resulting in an initial reduction in the depos-
ited mass.

This breakage of the agglomerates into fine particles,
combined with the high substrate temperature that
enhances deformation of the substrate, leads to better
adhesion and mechanical properties. However, there is
an optimum velocity beyond which the particles could
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& Cross-sectional view of HAP coating on magnesium substrate sprayed at a 60 mm (run 4) and b 20 mm (run 11)

Table 5 Hardness of pure Mg at various temperatures

Temperature/°C Hardness/kg mm™2
Room temperature 27
350 8
550 2

possibly start rebounding, thus cancelling the beneficial
effect of the higher velocity. The optimum velocity
becomes enhanced when the surface is heated. Thus,
even at higher velocities, the particles can attach to the
surface. In the present work, when the substrate is
heated, shorter stand-off distances give better coatings.
At shorter stand-off distances, less flaring of the particle
streams occurs, and so the velocity and kinetic energy of
the particles are higher.

High surface roughness and shorter spray stand-off
distance both appear to enhance the mechanical pro-
perties of the coatings. The effect of interaction between
processing variables on the coating properties brings out
some interesting observations. The interaction between
stand-off distance and surface roughness 4B shows a
positive influence on the enhancement of strength and
coating thickness. Individually, the effect of an increase in
the stand-off distance is negative. However, when it is
increased simultaneously along with the surface rough-
ness of the substrate, the effect is positive. This may be
related to the critical velocity to obtain quality coating.
In the previous work, critical velocity has been related to
the pressure of the stream of gas.'” However if the surface
roughness is enhanced simultaneously with an increase in
the stand-off distance, the interaction may result in
effectively lowering of the critical velocity. Thus, even
with the decrease in the stream velocity due to an increase
in the stand-off distance, the quality of the coating would
be enhanced as the critical velocity is also lowered. This
shows the predominant effect of the increase in surface
roughness leading to a better interlocking of the particles
with the substrate.”’

On the other hand, the negative coefficient for the
combined effect of the stand-off distance and the

substrate heating temperature 4C shows that reduction
of velocity along with an increase in the substrate
heating temperature is not able to effectively decrease
the critical velocity. Thus, the quality of the coating is
lowered.

Conclusions

1. A simple and effective modified cold spray proces-
sing method has been used to coat HAP powder
onto pure Mg substrates. An XRD phase study
showed that the HAP coatings on the substrates did
not undergo any phase changes during processing.
Results from AFM and SEM confirmed the
presence of compact HAP coatings on the samples.

9. Stand-off distance, surface substrate roughness and
substrate heating temperature were determined to
be significant parameters. A stand-off distance of
227 mm, a surface roughness of 649-2 grit and a
substrate heating temperature of 496°C were found
to be the optimum conditions for achieving the best
mechanical properties of the cold sprayed HAP
coatings on the Mg substrates.

3. 1t is noteworthy that optimising the mechanical
properties using the DOE approach identified
the variables, resulting in the modulus value of the
coating being close to that of human bone and the
hardness value close to that of the metallic state.
Characterisations of the coatings with AFM and
SEM studies showed that the coatings had large
nodules of HAP, indicating better bonding, result-
ing in high hardness and reasonable modulus
values.

4. Shear deformation of the substrate surface and
interlocking seem to be the main mechanisms in this
variant of the cold spray process.
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1. Introduction

Hydroxyapatite [Ca;o(POs)s(OH)2), (HAP), has been widely used in
dental and orthopedicimplants, due to its chemical and crystallographic
similarity with bone minerals [ 1-3]. The use of HAP coatings has a num-
ber of advantages besides improving the corrosion resistance of Mg and
Mg Alloys in the physiological environment. HAP is a major inorganic
component found in natural bone tissues, therefore using HAP as a bio-
logical coating on Mg offers a number of attractive properties [4]. A lack
of cytotoxic effects makes HAP biocompatible with hard tissues, skin,
and muscle tissues. Thus, it can be bonded directly to bone. Despite its
ideal bioactive properties, poor mechanical strength hinders the use of
HAP as a load bearing implant. As a result, the combination of bioactive
HAP coating and mechanically strong metals has become a promising
approach to fabricate surgical implants for load-bearing applications [5].

A recent study indicated that HAP was deposited onto a magnesium
(Mg) alloy to improve its biodegradable performance. Magnesium ions
present in the human body, whereby approximately 1 mol of Mg is
sorted in a 70 kg adult human body and an estimated amount of
half of total physical Mg in the bone tissue. Magnesium is also
present in human metabolic reactions and nontoxic to the human
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body. Magnesium has good biocompatibility and is biodegradable in
human body fluids by corrosion, which eliminates the need for another
operation to remove the implants. Furthermore, it has been shown that
the elastic modulus of pure Mg is 45 GPa, which is comparable to that of
natural bone (40-57 GPa) than other commonly used metallic implants.

Among HAP coating techniques, plasma spraying is by far the most
widely adopted process [6,7]. However, Moridi et al. [8] indicated that
the plasma spray technique is difficult to use with Mg because it may
convert HAP into other calcium phosphate phases ie. a- or pB-
tricalcium phosphate, tetra calcium phosphate, or calcium oxide due
to the high temperature used. These disadvantages are overcome with
the aid of a new thermal spray process known as cold spraying. Cold
spraying uses high velocity rather than high temperature to produce
coatings, which avoids or minimizes the primary deleterious high tem-
perature reactions. Cold spraying has been reported to produce coatings
of proper density and adhesion with substrates such as Cu, Al, Fe, Ti, Zn,
Ni and Mg alloys [9-13]. In the present study, the cold spray technique
was modified by using ambient air at room temperature (~24 °C) as the
spraying medium. This modification helped to retain the HAP proper-
ties, which usually show phase changes at high temperature deposition.

Prior knowledge and understanding under investigation are nec-
essary to achieve a more realistic model to produce a good HAP coat-
ing from this technique. Recently, various industries have employed
the designs of experiments (DOE) method to improve products or
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manufacturing processes [14]. Itis a powerful and effective method to
solve challenging quality problems. In practice, the DOE method has
been used successfully in several industrial applications for optimizing
manufacturing processes. For example, DOE has been applied to opti-
mize the plasma spray process of yttria-stabilized zirconia coatings
[15). Moreover, Azarmi et al. {16] applied DOE method to optimize the
atmospheric plasma spray process parameters for alloy 625 coatings.
Dyshlovenko etal. [17] used DOE to examine the effect of power densi-
ties on phase composition and microstructure of pulsed laser treatment
of hydroxyapatite coatings using plasma spraying technique. Of the
available DOE methods, a fractional factorial design is a variation of
the basic factorial design in which only a subset of the run is used.
These fractional factorial designs are among the most widely used
types of designs for product and process designs and for process im-
provements. In developing the regression equation, the test variables
were coded-according to the following equation:

X = (Zj —Zoj)/8; m

where X; is the coded value of the independent variable, Z; is the real
value of the independent variable; Zy; is the value of the independent
variable on the center point, and 4; is the step change value, The linear
model observed is expressed as follows:

where Y is the predicted response, X; are input variables that influence
the response variable Y; Bo is the intercept; and @; is the jth linear
coefficient.

On the other hand, multiple response optimization methodology is a
collection of mathematical and statistical techniques for designing ex-
periments, building models, evaluating the effects caused by factors,
and searching for optimum conditions for the modeling and analysis
of multiple response optimization problems. The multiple responses of
interest are influenced by several variables. The aim is to optimize
these responses [18]. Frequently, the overlaid method analysis is
employed to determine the tradeoff optimal values from multiple re-
gressive equations. If the mean of the center points exceeds the mean
of factorial points, the optimum would be near or with the experimental
design space. If the mean of the center points was less than the mean of
the factorial points, then the optimum would be outside the experimen-
tal design space and the methed of the steepest analysis should be ap-
plied. The steepest ascent method analysis is a procedure for moving
sequentially in the direction of the maximum increase in the response.
If the minimization is desired, then the technique is called the method
of steepest descent [19].

In this work, a novel approach by adopting the cold spray technique
to coat HAP on a magnesium substrate at low temperature is proposed.
As far as the authors are concerned, most of published reports are limit-
ed to the effects of the process parameters on a single response. Thus,
the aim of this work is to highlight the use of overlaid contour plots
and the steepest methods to analyze multiple responses of thickness,
nanohardness, and the elastic modulus of the coating. Then, the trade-
off optimal values of the responses were derived.

2. Materials and methods

2.1, Sample preparation

Pure Mg plate provided by Xi'an Yuechen Metal Products, China was
cut into 15 mm x 15 mm x 5 mm. Before the cold spray process, the
samples were pre-treated as follows: (1) the specimen surfaces were
serially ground with either 240 grit or 2000 grit SiC papers and (2) the
specimens were cleaned uitrasonically in acetone for 5 min. For HAP,
Cayo( PO4)sOHz powder (Sigma-Aldrich, Malaysia) was used as the feec.i-
stock for the cold spray process. The average HAP powder size used in

this experiment was 5 pm. The pure Mg substrate was placed inside a
furnace, where it was preheated to a temperature of either 350 °C or
550 °C for 1 h, and then the HAP powder was cold-sprayed onto the
substrate. The particles were accelerated through a standard de Laval
type of nozzle with rectangular exit cross-section (aperture of
4 mm x 6 mm and throat diameter of 1 mm). The nozzle was positioned
at either 20 mm or 40 mm from the preheated substrate with the spray
angle between the nozzle and substrate maintained at 90°. The air pres-
sure was 1 MPa and the air temperature was maintained at room tem-
perature. The procedure was repeated either five or ten times. Each
spray procedure takes around 10 to 15 min to be completed. The parti-
cle velocity obtained from this procedure was 14.5 m/s.

2.2, Multi regression equation modeling using fractional factorial design

A 24— 1 fractional factorial design with two replications was used to
pick factors that influenced the mechanical properties of the coating
sample significantly and any insignificant ones were eliminated to ob-
tain a smaller and more manageable set of factors. This DOE design
was carried out using Minitab 16 (Minitab Inc. USA). To avoid too
wide a range in the screening tests, the range of factors used was desig-
nated as +1 (high) or —1 (low), as given in Table 1. The levels of the
factors were chosen based on preliminary experiments. Analysis of var-
jance (ANOVA) was used to determine the adequacy of the factorial
model. Then, optimization experiments were performed to determine
the best settings and define the nature of curvature of the response
curves. Lastly, the experiments were performed along the steepest as-
cent and descent paths until the response did not increase or decrease
any more to find the optimal value for the responses.

2.3. Characterizations of HAP coatings

The coating thickness of the as-deposited coating was studied using
a field emission scanning electron microscope (Zeiss SUPRA 35VP,
Germany). Hardness and the elastic modulus of the coating were evalu-
ated by nanoindentation with a nano test instrument (Micro Materials
Ltd., Wrexham, UK) at minimum and maximum loads of 10 mN and
300 mN. The indentations were made under load control mode, where
the loads were applied and then released after the set peak with dwell
times of 5 s at the maximum loads.

3. Results and discussion
3.1. Fractional facton’tfl design

Optimization of parameters like standoff distance (X;), surface
roughness (Xz), substrate heating temperature (X3), and number of
sprays (X4) were investigated. In this study, the influence of various
process parameters on HAP coated onto pure Mg substrate were inves-
tigated via a screening process using fractional factorial design. Table 2
shows the results of the experiment.

The factorial analysis of variance in Table 3 indicates that the stand-
off distance, surface roughness, and substrate heating temperature were
significant factors (p value of <0.05 was used as a cutoff point for signif-
icance differences), which affects the mechanical properties of the

Table 1
Level of factors of fractional factorial design.
Variable Notation  Unit Level
- +
Standoff distance Xy mm 20 60
Surface roughness X: 240 2000
ug 2 gid  (pi—06) (Ra=011)
Substrate heating temperature X °C 350 550
Number of sprays X - 5 10
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Table2
The experimental design and measured responses.
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- Variables in coded levels Actual responses
:zn Standoff distance Surface roughness Substrate heating Number of sprays Thickness of coating, Nanohardness, Elastic modulus,
(X1) (%a) temperature (X3) (X4) ym (Y1) MPa (Y2) GPa (Ys)
1 + + + + 2196 69.49 1386
2 - + - + 18,73 47.58 16.81
3 - + - + 18.19 39,12 1526
4 + + - - 13.03 36.82 9.09
5 + - + - 23.56 156.87 23.46
6 + - + - 2443 7360 1930
7 + + + + 21.84 67.72 14.70
) + - - + 2031 67.23 13.80
9 - + + - 3263 197.65 30.73
10 + + - - 1748 3501 11.08
1n - - + + 49.77 462.61 45.69
12 + - - + 2148 65.61 1632
13 - - + + 39,08 42902 4306
14 - - - - 35.09 25592 3326
15 - - - - 38.97 32371 3633
16 - + + - 2558 156.87 23.46

coating sample and number of spray factor were found to be insignifi-
cant parameters and were maintained as a constant. A linear regression
equation could be obtained from the regression results of the fractional
factorial experiment:

Y, = 29.1—0.294X; —0.591X; +0.347X3 3)
Y, = 207—4.21X; —1.8835X; +0.47Xs )
Ys = 27.4—0.401X; —0.644X; + 0.424%s. (5)

Based on Egs. (3), (4), and (5), the standoff distance (Y;), surface
roughness (Y2), and substrate heating temperatures (Ys) have different
effects on the responses. Standoff distances and surface roughness are
negative while the substrate heating temperature is positive. This
shows that the factors with positive coefficients have to be increased
and those with negative coefficients have to be lowered for maximizing
the responses.

3.2, Overlaid analysis for multiple regression

Response contour plots were generated from the model equations
(Egs. (3), (4), and (5)) obtained in the regression analysis. Fig. 1
shows the analysis of the contour plots for thickness, which revealed
that high thickness (>40 pm) was obtained at any one of the follow-
ing combinations: (a) standoff distance 20-25 mm, surface rough-
ness <500 grit, substrate heating temperature 350 °C; (b) standoff
distance 20-30 mm, substrate heating temperature 440-550 °C, sur-
face roughness 240 grit; and (c) surface roughness 350-700 grit,
substrate heating temperature 440-550 °C, standoff distance 20 mimn.

The analysis of the contour plots for nanohardness revealed that
high nanohardness (>400 MPa) was obtained at any one of the

following combinations: (a) standoff distance 20-35 mm, surface
roughness 20-900 grit, substrate heating temperature 350 °C;
(b) standoff distance 20-30 mm, substrate heating temperature
490-550 °C, surface roughness 240 grit; and (c) surface roughness
350-600 grit, substrate heating temperature 490-550 °C, standoff
distance 20 mm. Meanwhile, for elastic modulus revealed that high
elastic modulus (>40 MPa) was obtained at any one of the following
combinations: (a) standoff distance 20-30 mm, surface roughness
20-600 grit, substrate heating temperature 350 °C; (b) standoff dis-
tance 20-30 mm, substrate heating temperature 450-550 °C, surface
roughness 240 grit; and (c) surface roughness 350-800 grit, sub-
strate heating temperature 460-550 °C, standoff distance. Apart
from these combinations, which were based on low values of the hold
variables when the other two factors were varied, other combinations
based on high and low values of the variables, can be arrived at.

The coating thickness, nanohardness, and elastic modulus were
overlaid using Eqgs. (3), (4),and (5) and the contour plot to find the fea-
sible region (shown as the white region) having the desired properties
(Fig. 2). For overlaying, substrate heating temperature and surface
roughness were chosen as variables keeping the values of standoff dis-
tance constant at low point (Fig. 2(a)). The desired values of all these
properties could be obtained at any given combination within the opti-
mized region. Two more feasible regions were obtained (Fig. 2(b), ().
On random check the difference between the calculated and experi-
mental values was found to be less than 3%.

3.3, Steepest method analysis

To further optimize the process based on the regression equations
(Egs. (3)-(5)); experiments were conducted as proposed by the
steepest method. The regression coefficient of standoff Distance (X;)
in Eq. (4) was chosen as a standard because its coefficient is higher

Table 3

Effects and regression coefficients for thickness, nanohardness, and elastic modulus of coatings.
Variable  Thickness Nanohardness Elastic modulus

Regression coefficient Estimated effect  p-Value Regression coefficient Estimated effect  p-Value Regression coefficient Estimated effect  p-Value

Constant 263843 29.774 0.000 155.830 21.237 0.000 23.2313 52317 0.000
X —~5.8720 —6.626 0.000 —84.286 —11.487 0.000 --8.0160 —18.052 0.000
Xz —5.2025 —-5.871 0.000 —-73.491 —10016 0.000 —5.6711 -12771 0.000
X3 3.4730 3919 0.04 46.955 6.399 0.000 42376 9.543 0.000
Xa 0.0365 0.041 0.968 0218 0.030 0977 —0.7803 -1.757 0.117
X X2 3.2702 3,680 0.006 54.208 7.388 0.000 2.6641 6.000 0.000
X1 X3 —1.0368 -1.170 0.276 —-26.579 —3.622 0.007 —1.5954 -3.593 0.007
X Xa 0.8493 0.958 0.366 —4.249 -0.579 0579 0.2623 0.591 0.571
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Fig. 1. Response contour plot of thickness, nanohardness and elastic modulus for (2) surface roughness vs standoff distance, (b) substrate heating temperature vs standoff distance and

(c) substrate heating temperature vs surface roughness.

among the other coefficients in Egs. (3), (4), and (5). Based on Table 1
and Eq. (4), X; is noted by A;, and the change in x; be noted by & The
coded variables are obtained by the following formula:

X = O

where X; (respectively s;) is the mean (respectively the standard devia-

tion) of the two levels of x;. Thus,

X +6i = (x_”'?ll_—xl
1

™)

Then 8i = &l

To the change in X;, &, = 10 corresponds the change in X1, & = 10/
20 = 0.5 units.

In the relation ¥ =§= &, we can substitute &; to X;:

81 = & thus for X5 = 52z and 6, = 022, 50 A;=022+880 =
193.6 grit.

For X3, 2% = gigpand b3 = 0.06, s0 Az = 0.06 » 100 =6 °C.

Table 4 shows the results of steepest method experiment. According
to Table 4, the increase in response is observed through the 4th step;
however, all steps beyond this point resultin a decrease in all responses.

Therefore, the factors at run 4 were selected as the new optimal
solution,

3.4, Effects of standoff distance, surface roughness, and substrate heating
temperature on responses

Samples at run 1 and 4 were selected for characterization as both of
the samples showed the lowest and highest value in the responses.
Fig. 3(a) shows, for sample run 1, that the standoff distance of the sub-
strate was 70 mm, surface roughness, 1700 grit, and substrate temper-
ature 432 °C suggests that short standoff distance, high surface
roughness, and high substrate temperature improved the bonding be-
tween the HAP powder and the substrate as well as between the HAP
particles. Thus thicker coating layer was observed. In Fig. 3(b) HAP par-
ticles are forms a thin coating on the Mg substrate, which was possibly
caused by high-impact velocities onto the substrate with the elevated
substrate temperatures. These observations for samples from runs 1
and 4 are also corroborated by regression analysis in Eqs. (3)-(5),
which shows factors like standoff distance and surface roughness have
to be lowered while the substrate temperature has to be increased to
find the maximum properties of the coating.

As spraying distance decreases, the adherence of the HAP coating
increases with the particles forming a good mechanical bond with
the substrate. The spray standoff distance is directly correlated
with the velocity of the impingement of the powder on the substrate
and on the quality of adhesion of the coating to the substrate. A
higher velocity will lead to breakage of the agglomerates into fine
particles. This combined with high substrate temperatures when
the deformation of the substrate is also enhanced, then it leads to
better adhesion and mechanical properties. However, there would
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Fig. 2. Overlaid Contour plot of thickness, nanohardness and elastic modulus.

be an optimum velocity beyond which the particles may start
rebounding and reverse this effect. Robert [20] assessed different
processing parameters (oxygen and fuel flow, airflow, powder feed
rate, standoff distance) on the structure and mechanical properties
of Inconel 718 coatings. Results from this study showed that shorter
spray distance increased the deposition efficiency and superficial
hardness in the Inconel 718 coatings. Moreover, Morgan et al. [21]
indicated that it is known that the particle velocity increased outside
the nozzle and that the particles may lose velocity during the flight;
however, this velocity can be further reduced due to the shock wave
resulting from the previous particles impacting the substrate. The
coating quality can be further improved by increasing the initial tem-
peratures of substrate. The reason for this is that higher initial parti-
cle temperatures result in lower critical velocities as the materials
are already softer at higher temperatures as well as less kinetic ener-
gy is needed to heat particle surface areas by plastic deformation.

Table 4

Heat conduction will be less effective due to lower temperature gra-
dients, which leave more time for diffusion and bonding. Increased
material temperatures could enhance thermal softening, which is
important for the bonding mechanism and potentiates the chemical
reactions that may induce adhesion.

Defining the initial bonding mechanism at the substrate or coating
interface becomes more important. One of the suggested theories for
the bonding mechanism of cold sprayed coatings is associated to me-
chanical interlocking of the impinging powder particles to the substrate
surface. It is reasonable to assume that increased the substrate rough-
ness would further enhance bonding as it presents a greater array of
nooks and recesses by which cold spray particles can be lodged. For sur-
faces with low roughness, the first particles to impact would have little
surface area by which to bind and result in weaker bond strengths.
These particles have greater difficulty adhering to the substrate, which
results in an initial reduction in the deposited mass [22].

Points along the path of steepest ascent and decent; and observed thickness of the nanohardness and elastic modulus of the sample at the points.

Substrate heating

Run No Standoff distance X; Surface roughness Xz temperatute X5 Thickness Nanohardness Elastic modulus
Base 40 1120 450

1 Base — 34; 70 1700.8 432 592 31.86 9.28

2 Base — 24; 60 1507.2 438 18.04 40.4 9.96

3 Bas — 4 50 13136 444 3538 51.31 11.21
Iy -10 —1936 +6

4 Base + 4 30 926.4 456 49.77 462.61 45.69

5 Base + 24 20 732.8 462 4723 422,50 4296

6 Base + 34 10 539.2 468 45.08 419.85 42,57
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Fig. 3. Cross-sectional view of HAP coating on magnesium substrate at (a) run 1 and (b) run 4.

4, Conclusions

The effects of input factors such as standoff distance, surface rough-
ness, substrate heating temperature, and the number of sprays on the
mechanical properties (thickness, nanohardness, and elastic modulus)
of the HAP coating on pure Mg have been investigated using fractional
factorial design. The model terms attained for standoff distance, surface
roughness, and substrate heating temperature were found to be signif-
icant for all responses. The overlaid contour plots from these responses
are critical to determine the tradeoff optimal values. The optimal solu-
tion has been determined by maximizing the composite desirability.
Steepest method analysis reconfirmed and relocated the optimal do-
mains. The factor levels of maximum mechanical properties of coating
were determined at 49.77 mm standoff distance, 926.4 grit surface
roughness (R, = 0.14), and 456 °C substrate heating temperature for
the cold spray process. A coating of 49.77 pm thickness, 462.61 MPa
nanohardness, and 45.69 GPa elastic modulus was achieved. SEM char-
acterization of the coatings made with optimal combination of variables
showed better bonding resulting in high hardness and reasonable
modulus.
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Abstract. In this work, the effect of the milling speed on the properties of biodegradable Mg-1Mn
alloy prepared by mechanical alloying was investigated. The magnesium-based alloy was prepared
in solid state route using a high energy planetary mill. A mixture of pure magnesium and
manganese powder was mechanically alloyed for 5 hours in argon atmosphere. Milling process was
performed at various rotational speeds in order to investigate milling speed effect (i.e., 100, 200,
300 and 400 rpm) on phase formation and bulk properties. The as-milled powder was uniaxially
compacted by cold pressing under 400 MPa at room temperature and sintered in argon atmosphere
at 500 °C for an hour. X-ray diffraction analysis indicated that a single a-Mg phase was formed in
magnesium matrix after sintering process. An increase in milling speed up to 300 rpm resulted in an
increase in density and hardness of the binary alloy. The changes of bulk properties of the Mg-Mn

alloys were correlated to the formation of solid solution phase and a reduction of porosity which led
to an increasing in densification.

Introduction

Magnesium (Mg) alloys are potentially useful as structural materials in the acrospace and
automobile industries. Mg has a density of 1.74 g/cm® which is approximately one-fourth the
density of steel and two-thirds. that of aluminium. Its specific strength is lower than Ti alloy sheet
but relatively higher than steel, aluminium and carbon fiber sheets [1]. Owing to its low density and
high specific mechanical properties, Mg-based materials are actively pursued by companies for
weight-critical applications. A number of industries are focusing on the development of this special
Mg alloys including i. aerospace application in order to minimize emission reduction and fuel
efficiency, ii. medical application due to its high biocompatibility and self-degradable in human
body and iii. electronic application since it exhibits great improvement in strength, heat transfer,
and ability to shield electromagnetic interference and radio frequency interference as compared with
current plastic counterparts [2]. The addition of alloying elements in pure Mg helps to alter its
properties. Mg is chemically active and can react with other metallic alloying elements to form
intermetallic compounds. In this study, Mg was alloyed with manganese (Mn) using mechanical
-alloying in order to increase its mechanical properties. Mn was chosen as it enables to enhance the
saltwater corrosion resistance of Mg as well. The low solubility of Mn in Mg limits the amount of
Mn incorporation in Mg. In a previous study, Gu et al. [3] reported that with addition of 1 wt% Mn
prepared by conventional casting, its corrosion rate was reduced with a low hydrogen evolution
rate. This current work focused on density and hardness of Mg-1wt%Mn that was produced at solid
state by powder metallurgy (PM) through mechanical alloying. Generally, powder metallurgy is a
useful route to the near net-shape fabrication of engineering components for a variety of
applications [4]. It allows consolidation without a melt processing step, which can be advantageous
for producing various metallic alloys and composites [5]. Mg alloys were commonly developed
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using liquid state processing especially by casting process. However, due to some defects such as
inclusions and large pores that usually found in casted alloys, thus mechanical alloying was
employed in this study. This present work aims to investigate the effect of milling speed on the
structural and properties of binary Mg-Mn alloy developed through mechanical alloying.

Experimental Procedure

A mixture of elemental magnesium powder (97.00 % pure, < 63 pm) and manganese powder
(99.00 % pure, < 90 pm) corresponding to Mg-1wt%Mn was mechanically milled at various milling
speeds of 100, 200, 300 and 400 rpm. Mechanical alloying was carried at room temperature using a
high-energy Fritsch Pulveristte P-5 planetary mill under argon atmosphere. The powder to ball
weight ratio of 1:10 was kept constant during the milling process. 20 mm-diameter stainless steel
balls were used. 3% n-heptane was added to the powder mixture prior to the milling process to
prevent excessive cold welding of the elemental alloy powders. Then, the milled powders were
uniaxially cold pressed under 400 MPa at room temperature. In order to form solid bodies, the
compacted samples then were sintered at 500 °C for an hour in argon flow. Qualitative X-ray
diffraction (XRD) analyses were conducted to identify the presence of any element and phases.
Microstructure observation of the bulk Mg-Mn alloys was studied using scanning electron
microscopy (SEM). Density of the sintered alloy was measured using pycnometer density
equipment according to Archimedes’ principle. Vickers microhardness test was carried out by
applying an indentation load of 500 gf using diamond pyramid indenter for 10 seconds dwell time.
Seven readings were taken from each sintered alloy and the values were then averaged.

Results & Discussion
XRD Analysis

As shown in Fig. 1, XRD pattern of all mechanically alloyed samples produced at different
milling speeds showed the presence of one single phase a-Mg after sintering process. In Mg-Mn
composition, solubility limit of Mn in Mg phase is 2.2 wt% at eutectic temperature (651 °C) but it is
very little at room temperature [6]. Therefore, all added Mn element was solid-solved into a-Mg.
Therefore, the formed crystal phase in the milled alloy is solid-solution a-Mg. In addition, the peaks
of Mg in the sintered alloys were shifted to the left-hand side due to solid solution formation.
During formation of solid solution, smaller radius of Mn (127 pm) atoms took place as impurities in
the larger Mg (160 pm) lattice. The replacement of Mn in the host site caused a reduction of the
lattice. In addition, the shifted angles were also caused by a reduction of crystallite size and/or the
accumulation of lattice strain during mechanical alloying [7]. This indicated that the formation of
fine crystallite which is due to the increasing number of collisions per unit time during milling
process. At low milling speed, the mixture received the least effect from incoming impact energy.
Boytsov et al. [8] have noted that increased milling speed or shock energy during mechanical
alloying may cause a decrease in crystallite size of pure particles since the higher energy transferred
to the powder with increased ball impact energy resulted in greater fracturing of the powder than
that caused by cold welding at lower milling intensity.
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Fig. 1 XRD patterns for (a) as-received pure Mg, (b) as-received pure Mn, sintered Mg-Mn alloys
those were mechanically milled at (c) 100, (d) 200, (¢) 300 and (f) 400 rpm

Microstructural Investigation

Fig. 2 shows the microstructure of Mg-Mn alloys that were milled at different milling speed.
Alloys that were synthesized at low rotational speed (100 rpm) resulted in larger size and higher
amount of pores. As the speed was increased up to 300 rpm, compacted microstructure reduced
with respect to size and distribution of pores. The reduction of pore size and its distribution at
higher speed increased the contact area between grains leading to enhance densification effect,
sinterability and its properties afterward. However, too high milling speed resulted in excessive heat
generated which caused occurrence of cold welding during mechanical alloying [9]. The increased
elimination of pores at 300 rpm compared to that at 100 rpm milling suggested that better
densification of the binary Mg-Mn alloy was achieved by mechanical alloying of the Mg-1Mn
mixture at 300 rpm milling speed, coupled with appropriate compaction and sintering processes.
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Fig. 2 SEM micrographs for (2) 100 rpm, (b) 200 rpm, (c) 300 rpm and (d) 400 tpm

Density Measurement

As the milling speed increased, the green and sintered densities of the compacted Mg-Mn
alloy increased (Fig. 3). The sintered compact exhibited a higher density than that of the green
body. This may be due to the presence of pores inside the green body since the pores were not fully
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eliminated due to plastic deformation in the powder upon consolidation. During sintering, atom
diffusion occurred and reduced the presence of pores. Hence, higher density was attained by the
sintered compact. This result can be explained by powder refinement of particles which was caused
by higher kneading during mechanical alloying, lowering the distance between particles [10]. As a
result, densification during sintering was improved. According to Fig. 3, sintered density of Mg-Mn
alloy was increased with increasing in milling speed and reached highest value of 1.7720 g/cm® at
300 rpm. A further increase in milling speed up to 400 rpm led to a decrease in the density of the
alloy. Reduction of density was mainly affected by the excessive heat generation at higher milling
speed and caused the occurrence of cold welding during mechanical alloying [11]. Then, the
compressibility of the as milled alloy reduced which resulted in the lowering of its densification
effect and its properties afterward.
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Fig. 3 Green density and sintered density of Mg-Mn compact at different milling speeds

Hardness of Sintered Compact

As shown in Fig. 4, microhardness of Mg-Mn alloy increased from 31.43 HV to 46.16 HV when
milling speed was increased from 100 rpm to 300 rpm. The increase in microhardness value of the
alloy was mainly attributed to the work hardening mechanism which took place due to severe
plastic deformation during uniaxial consolidation [12]. In addition, as milling speed increased, the
dispersion of Mn particles in the Mg matrix in order to form a single solid solution phase was also
increased during sintering and resulted in stronger bonding between alloying and matrix particles.
As a result, densification effect was improved which then enhanced microhardness of the sintered
alloys. However, up to 400 rpm of milling speed, hardness was dropped to 41.66 HV. This situation

can be explained by the reduction of densification effect due to the low compressibility of as-milled
alloy during compaction.
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Fig. 4 Hardness of compact sintered Mg-Mn alloy at different milling speeds.

Conclusion

In this paper, Mg-1wt%Mn was prepared in solid state route using mechanical alloying of Mg-
Mn powder mixture with a variation of milling speeds. XRD diffraction pattern showed the single
phase of a-Mg was formed in the mechanically milled alloy. Alloy prepared at high milling speed
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up to 300 rpm showed higher green density, sintered density and microhardness due to refinement
of mixture particle size but then reduced at higher milling speed owing to excessive heat generation
and lowering in its densification effect. The alloy milled at 300 rpm milling speed provided the

highest properties in both density and hardness which were 1.7720 g/em” and 46.16 HV,
respectively.
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Abstract. The biodegradable nature of magnesium (Mg) makes it a most highlighted and attractive to be used as implant
materials. However, rapid corrosion rate of Mg alloys especially in electrolytic aqueous environment limits its
performance. In this study, Mg alloy was mechanically milled by incorporating manganese (Mn) as alloying element. An
attempt was made to study both effect of mechanical alloying and subsequent consolidation processes on the bulk
properties of Mg-Mn alloys. 2%2 factorial design was employed to determine the significant factors in producing Mg
alloy which has properties closes to that of human bones. The design considered six factors (i.e. milling time, milling
speed, weight percentage of Mn, compaction pressure, sintering temperature and sintering time). Density and hardness
were chosen as the responses for assessing the most significant parameters that affected the bulk properties of Mg-Mn
alloys. The experimental variables were evaluated using ANOVA and regression model. The main parameter investigated
was compaction pressure.

Keywords: Mg-Mn alloys; Mechanical alloying, Hardness; Density; 2“2 factorial design.
PACS: 81.20.Ev, 87.85.J

INTRODUCTION

Magnesium alloys have been suggested for biomedical application due to their potentials to serve as
biodegradable metallic implants since they can be gradually dissolved, absorbed, consumed or excreted in human
body and then disappear after bone tissues heal [1, 2]. In comparison with stainless steel and titanium alloys,
biodegradable magnesium alloys are identified as revolutionizing biometals. Magnesium implants demonstrate
higher biological activity than conventional metals but its ability is limited by high degradation rate in human bio-
environment [3, 4]. Elastic modulus of magnesium is about 40-45 GPa which is very close to that human bone (10-
40 GPa). So it can reduce the chance of stress shielding effects observed in the case of higher modulus materials
such as titanium [5, 6]. There have been several different types of alloying elements used in Mg based materials but
a number of them will cause negative effect to human body. For example, excessive copper amounts have been
linked to neurodegenerative diseases like Alzheimerr’s and in high doses of aluminium has been shown to increase
estrogen-related gene expression in human breast cancer cell when cultured in a laboratory setting [7]. Mn is a co-
factor in the formation of bone cartilage and bone collagen. Mn is beneficial to the normal skeletal growth and
development as well [2]. Thus, in this study, Mg-Mn was produced by mechanical alloying (MA) method since it is
an effective tool to produce metallic alloys with fine microstructure [8]. MA i.e. high-energy ball milling enables
high energy impact on the charged powder by collision between the grinding media and powder particles, which
causes severe plastic deformation, repeated fracturing and cold welding of the particles leading to nanocrystalline
materials formation [9, 10, 11]. Generally, however, little information is available regarding the production and bulk
properties of Mg alloy prepared by MA technique. Hence, further investigation need to be performed in order to
produce Mg-Mn alloys with the desired properties. In this present study, density and hardness were investigated in
order to ensure the alloys produced have ranges close to that of human bones.
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. EXPERIMENTAL CONDITION

Materials Preparation

A mixture of elemental magnesium powder (99.99 % pure, < 63 pm) and manganese powder (99.99 % pure, <
90 pm) was mechanically milled at room temperature using a high-energy Fritsch Pulveristte P-5 planetary mill
under argon atmosphere. The powder to ball weight ratio of 1:10 was kept constant during the milling process. 20
mm-diameter stainless steel balls were used. 3% n-heptane was added to the powder mixture prior to the milling
process to prevent excessive cold welding of the elemental alloy powders. Then, the milled powders were uniaxially
cold pressed and sintered in order to form solid bodies. Qualitative X-ray diffraction (XRD) analyses were
conducted to identify the presence of any element and phases. Morphology of the bulk Mg-Mn alloys was studied
using scanning electron microscopy (SEM). Density of the sintered alloys was measured using pycnometer density
equipment according to Archimedes’ principle. The sample with the 10 mm? surface area was placed under the
diamond indenter. Hardness test was performed under 500 gf of indentation load with 10 seconds of dwell time. Ten
readings were taken for each sample.

Statistical Design

The experimental procedure was performed according to fractional factorial design, which is basically a series of
experiments involving % factors, each of which has two levels (‘low’ — and ‘high’ +). Six factors studied were
divided into two stages of experimental work with the objective of learning how each factor affects the density and
hardness. Three factors of mechanical alloying (i.e milling time, milling speed and percentage of Mn) and three
factors of consolidation process (i.e compaction pressure, sintering temperature and sintering time).16-run two-level
fractional factorial design was used as shown in Table 1.

TABLE (1). Factors and levels evaluated in the experiments

Factor Code Unit Level

-1 +1
Milling Time A h 2 10
Milling Speed B pm 100 400
Percentage of Mn C wt% 0.25 1.00
Compaction Pressure D MPa 100 400
Sintering Temperature E °C 300 500
Sintering Time F h 1 3

RESULTS AND DISCUSSION
Structural Analysis

XRD pattern of all mechanically alloyed samples produced according to the model showed the presence of one
single phase a-Mg as shown in Figure 1. In this alloy composition, solubility limit of Mn in Mg phase is 2.2 wt% at
eutectic temperature but it is very little at room temperature. Therefore, all added Mn element solid-solved into a-
Mg, the formed crystal phase in the powder milled is super solid-solution a-Mg. However, the peaks of sintered
alloys were shifted to the left-hand side due to reduction of crystallite. size and/qr the accumulation of lattice strain
during mechanical alloying. This indicated that the formation of fine crystallite which is due to the increasing
number of collisions per unit time during milling process.
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FIGURE 1. XRD patterns for (a) as-received pure Mg, (b) as-received pure Mn, (c) #1, (d) #9 and (e) #14

Figure 2 shows the microstructure of Mg-Mn alloys that were compacted under different pressure. Alloys that
were compacted under low pressure (100 MPa) resulted in larger size and higher amount of pores. As the pressure
was increased up to 400 MPa, compacted microstructure reduced with respect to size and distribution of pores. The
reduction of pore size and its distribution at higher pressure increased the contact area between grains leading to
enhance densification effect, sinterability and its properties afterward. Under backscattered mode, grey areas and
fine white spot regions were detected which corresponded to Mg-rich constituency and high weight fraction of Mn
respectively. Mn particles were uniformly distributed as they diffused through the Mg matrix during MA.

o= mooKx {5~ LT, et

FIGURE 2. SEM micrographs for (a) 100 MPa, (b) 400 MPa and (c) backscattered image of sample #9
Analysis of the Model

Statistical effect of variables was calculated within 95% confidence interval. Table 2 shows the lowest density
and hardness were obtained from run 4 and run 5 respectively, while the highest densit;' and hardness were achieve
at their highest levels (run 14). Final density was predicted to be in range of 1.70 g/em® to 7.20 g/em’ since original
density of Mg and Mn are 1.738 g/em® and 7.210 g/em’ respectively. However, the obtained data showed density
values mostly less than 1.800 g/cm’. It indicated that the density was not only dependent on starting materials but it
was slightly affected by the variables studied in the model. This range of density obtained was considerably
accepted to be used as implant materials since the density of natural bone is between 1.7 0t0 2.10 g/em’.
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TABLE (2). Two-level-fractional-factorial design for mechanically milled Mg-Mn alloys

Run (#) A B C D E=ABC F=BCD Y, Y.
Density Hardness
(g/em’) (Hv)
1 - - - - - - 1.5302 23.22
2 + - - - + - 1.5928 23.64
3 - + - - + + 1.5600 23.06
4 + + - - - + 1.5186 40.82
5 - - + - + + 1.5944 19.20
6 + - + - - + 1.5912 25.28
7 - + + - - - 1.5838 41.64
8 + + + - + - 1.5772 21.90
9 - - - + - + 1.7828 52.56
10 + - - + + + 1.7628 49.50
11 - + - + + - 1.7512 54.56
12 + + - + - - 1.7514 49.40
13 - - + + + - 1.7808 48.40
14 + - + + - - 1.8006 54.94
15 - + + + + 1.7644 47.94
16 + + + + + + 1.7750 5232

A normal probability of the standardized effect of factors studied at alpha =0.05 was plotted. Analysis of the
effect of principal factors showed that in the considered range of parameters, compaction pressure is the most
significant variable in achieving desired biomaterial alloy. As applied pressure was increased, the density of
compacted alloys increased due to enhancement of densification effect [13, 14]. In other words, the compaction
pressure increased the density. Theoretically, incorporating of Mn in Mg matrix reduced the original hardness of Mg
(26 Hv) since Mn has lower hardness which is 19.6 Hv. However, according to this model, hardness of the most of
samples was increased. As compaction pressure was increased, the diffusivity of Mn particles to the Mg matrix was
increased during sintering. Thus, it caused the formation of stronger bonding between those particles. As shown in
Table 2, Mg-Mn alloys which were compacted under 400 MPa provided a larger range of hardness (48.40 to 54.94
Hv) than samples which were compacted under 100 MPa (i.e 19.20 to 41.64 Hv). The hardness obtained was
considerably accepted since the hardness of natural bone is laid on 20 to 60 Hyv. Figure 4 and Figure 5 present the
normal probability plots of the residuals for both density and hardness. The data shows a consistent distribution the
points which lie close to a straight line. This plot appears satisfactory since it is approximately normally distributed.

FIGURE 3. Normal probability plot of residuals (Y;) FIGURE 4. Normal probability plot of residuals (Y;)

The factorial design can cover the main and interaction effects of the parameters within the whole range of
selected parameter. According to the sparsity-of-effects principle in factorial design, it is most likely that main
(single factor) effects and two-factor interactions are the most significant effect. In other words, higher order
interactions such as three-factor interactions are very rare. Table 3 shows an idea about linear and interaction effects
of the parameters. In general, the smaller p-value, the more significant the terms observed. From this table, it was
found that the variable with largest effect on both density and hardness was compaction pressure (main effect) with
p-value of 0.017 and 0.038, respectively. Other factors gave least effects which could be considered insignificant to
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this model. The interactions of AB (milling time-milling speed) and AD (milling time-compaction) considered to
have a significant effect on both responses. Other interactions were very low and were neglected. Thus, this implies .
that the model was influenced by main effect rather than low-order interaction effect.

TABLE (3). Effects and regression coefficients for density and hardness

Density Hardness
Variable Regression Estimated p-value Regression Estimated p-value
Coefficient Effect Coefficient Effect
Overall Average 1.65108 0.00 37.961 0.00
A 0.01738 -0.03475 0.045 0.861 -1.722 0.056
B -0.02837 -0.05675 0.168 -0.994 1.987 0.083
C 0.03235 0.06470 0.125 0.866 1.733 0.210
D 0.08255 0.16510 0.017 10.616 21.232 0.038
E 0.02320 0.04640 0.140 -1.389 -2.778 0.303
F 0.01757 0.03515 0.246 0.874 1.748 0.408
AB +CE -0.02478 -0.04955 0.036 -1.984 -3.968 0.044
AC+BE 0.01995 0.03990 0.397 0.394 0.788 0.912
AD +EF -0.01880 -0.03760 0.042 -1.426 -2.852 0.049
AE +BC +DF 0.02005 0.04010 0.395 1.129 2258 0.755
AF +DE 0.01062 0.02125 0.627 4.006 8.012 0.333
BD +CF -0.01975 -0.03950 0.401 -3.516 -7.033 0.382
BF +CD 0.01422 0.02845 0.526 1.206 2413 0.739
ABD -0.01135 -0.02270 - -0.924 -1.847 -
ABF 0.02383 0.04765 - 4.374 8.748 -

Regression equation (1) and (2) generated from the experimental data can be used to predict the properties of the
Mg-Mn alloys for both density and hardness respectively. The regression analysis of the experimental data
suggested that the relationship between all the responses of Mg-Mn alloys and the factors was best fitted with a
linear model. The model equations for all responses which described this relationship in terms of coded factors were
as follows:

Density = 1.651+ 0.018A — 0.028B + 0.032C + 0.083D + 0.023E + 0.017F-0.025AB + 0.020AC -
0.019AD+0.020AE + 0.011AF-0.020BD + 0.014BF — 0.011ABD + 0.024ABF (0]

Hardness = 37.961 + 1.722A - 1.987B + 1.733C +21.232D -2.778E + 1.748F  -1.984AB + 0.394AC -
1.426AD +1.129AE + 4.006AF- 3.516BD + 1.206BF — 0.924ABD + 4.374ABF )]

Fit quality of the above models can be checked through R? test and analysis of variance (ANOVA). These tests
are the most accepted and convenient methods which allow a researcher to examine the fitted model to ensure that it
provides an adequate approximation to the true system and verify that none of the least squares regression
assumptions are violated [15]. R? value gives a correlation between the experimental response and the predicted
response and should be high for a particular model to be significant. R? for both density and hardness were 94.64%
and 88.15%, respectively. According to R? it shows a good agreement between the model and the experiment data.

CONCLUSION

Statistically designed experiments were conducted and the parameters which influence the density and hardness
of Mg-Mn alloys were established. Density and hardness obtained showed ranges that approximately close to bone
properties which were 1.5186 to 1.8006 g/em® and 19.20 to 54.94 Hv, respectively. The statistical analysis
demonstrated that compaction pressure was the most significant factor for both density and hardness.
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Hydroxyapatite-Coated Magnesium-Based Biodegradable
Alloy: Cold Spray Deposition and Simulated Body Fluid

Studies
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A simple modified cold spray process in which the substrate of AZ51 alloys were preheated to 400 °C and
sprayed with hydroxyapatite (HAP) using high pressure cold air nozzle spray was designed to get bio-
compatible coatings of the order of 20-30 pm thickness. The coatings had an average modulus of 9 GPa.
The biodegradation behavior of HAP-coated samples was tested by studying with simulated body fluid
(SBF). The coating was characterized by FESEM microanalysis. ICPOES analysis was carried out for the
SBF solution to know the change in ion concentrations. Control samples showed no aluminum corrosion
but heavy Mg corrosion. On the HAP-coated alloy samples, HAP coatings started dissolving after 1 day but
showed signs of regeneration after 10 days of holding. All through the testing period while the HAP coating
got eroded, the surface of the sample got deposited with different apatite-like compounds and the phase
changed with course from DCPD to B-TCP and B-TCMP. The HAP-coated samples clearly improved the
biodegradability of Mg alloy, attributed to the dissolution and re-precipitation of apatite showed by the

coatings as compared to the control samples.

Keywords bioactivity, biodegradability, cold spray deposition,
hydroxyapatite, magnesium alloy, SBF study

1. Introduction

In the commonly used implant materials such as Ti-6A1-4V,
stainless steel, and Co-Cr alloys, release of toxic metal ions into
the body and their adverse effects on the host over a period of
time is well documented (Ref 1). Increased concern over the
toxicity of metallic implants led to development of biodegrad-
able implants and biocompatible coatings on implant materials.

The biodegradable implants can gradually be dissolved,
absorbed, consumed, or excreted. Magnesium has been sug-
gested as an alternative biomaterial recently due to its easy
degradability and near equivalent mechanical properties to that
of bone. The strong points in favor of using magnesium as
implant are strongly fortified by the their attractive biological
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performances (Ref 2, 3): (1) metal magnesium is biodegradable
in body fluid by corrosion; (2) Mg?" is an essential element to
the human body (the daily intake of Mg?* for a normal adult
is 300-400 mg) and hence harmless; (3) Magnesium can
accelerate the growth of new bones tissues; (4) Density, elastic
modulus, and yield strength of magnesium are closer to the
bone tissue than that of the conventional implants (Ref 2, 3).

Despite its excellent properties magnesium-based alloys
have not seen tangible applications in biomedical implant
industry (Ref 4). To date magnesium and its alloys have been
studied in the development of cardiovascular stents, bone
fixation material, and porous scaffolds for bone repair (Ref 4-
6). Nevertheless, the main limitation to the medical applica-
tion is their corrosion behavior. Corrosion occurs rapidly even
for a biodegradable material and additionally, it is not
homogenous due to the tendency for localized corrosion
(Ref 7). Another issue raised is related to the formation of
hydrogen during corrosion. In the case of high evolution of
hydrogen gas, magnesium cannot be absorbed in the body and
a balloon effect takes place. In addition, an alkaline pH shift
in the vicinity of corroding surface that is also a concern for
medical applications. Therefore, it is necessary to carry out
surface treatment or form coatings (Ref 8). The coatings
enable biodegradation at controlled rate, and hence they offer
a limited barrier function.

In order to control the degradation rate that can be extremely
rapid to Mg alloy, it is useful to coat with hydroxyapatite (HAP),
The HAP [Ca;o(P04)sOHS,] is a form of calcium apatite and is
the major component that is composed of same ions responsible
to construct the mineral part of bone and teeth. HAP is bioactive
with bone bonding ability, clinically used as bone spacers and
fillers. The lack of cytotoxic effect makes HAP biocompatible
with hard tissue and soft tissue (Ref 9). HAP helps to improve
the biodegradation rate of magnesium alloys.
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Recently, some research works were performed to slow
down the biodegradation rate of magnesium alloys, including
sol gel (Ref 1) electrodeposition (Ref 2). Among them, plasma
spraying of magnesium alloys has not been widely investigated
possibly due to the low melting temperature of magnesium.
Additionally, when HAP is plasma sprayed, it may be
converted into other calcium phosphate phases such as a- or
B-tricalcium phosphate, tetracalcium phosphate (TTCP), or
calcium oxide (CaO) and the crystallinity of HAP may also be
lowered due to rapid solidification. These alterations in
chemistry and crystallinity often interfere with the novel
bioactive properties of HAP as well as its adhesion to the
implant (Ref 9, 10).

In this study, we demonstrate a novel approach to coat the
HAP on AZ51 magnesium alloy by the modified cold spray (CS)
deposition technique. AZ51 was chosen as experimental alloy to
investigate the biodegradation of magnesium coated with HAP.
Since the coated samples were meant for specific applications
where time bound healing should start before the whole implant
dissolves, regeneration of HAP from the SBF solution was
studied in particular to examine the bioactivity of the coating.

To investigate the effect of HAP coating by the above
technique, dissolution study was conducted to find the bioactivity
when subjected to the physiological medium. The biodegradation
rate of AZ51 coated with HAP by cold-sprayed coating technique
was evaluated in the simulated body fluid (SBF).

2. Materials and Methods

2.1 Materials

The substrate material was AZ51 (5% Al, 1% Zn) magne-
sium alloy plate. The alloy was obtained from GKSS research
center, Germany. The specimens were cut into small pieces
with 15 mm x 15 mm x 4 mm. The specimens surface were
ground with 1000 grit SiC paper to ensure the same surface
roughness. Then the specimens were ultrasonically cleaned in
acetone for 5 min. HAP, CasOH(PO,); (purum p.a., 2 90%)
powder supplied by Sigma Aldrich were used as spray-dried
materials. The average particle size of powder was 4 pm. The
as-received HAP powder was characterized with Bruker AXS
D8 XRD unit using a monochromatic Cu Ko: radiation at a scan
rate of 0.04 degree/s in the range of 20°-60° angle. XRD result
of the as-received HAP powder indicated the characteristic
peaks of pure HAP (Fig. 1). The crystallographic structure of

3000

A HAP

— 2500 A

Intensity {counts

20 25 30 35 40 45 50 S5 60
20(°)

Fig. 1 XRD pattem of as-received HAP powder
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HAP was hexagonal with P63/m space group. The lattice
constant was, @ = 9.424 A and matched with the reference
pattern file no. 01-074-0565 (ICDD).

2.2 Preparation of HAP Coalings

In conventional CS technique hot gases at temperatures
500-700 °C is used as carriers of the sprayed powders while the
substrate remains at room temperature. In the present study, the
CS technique was modified by using ambient air at room
temperature as the spraying medium and heating the substrate
to 400 °C. This modification helped in retaining the HAP
properties which usually show phase changes at high temper-
ature deposition. HAP coating was prepared by placing the
AZS51 substrate inside a faurnace where it was preheated to a
temperature of 400 °C for 1 h. After the substrate was heated
for 1 h, the HAP powder was sprayed using the modified CS
deposition system. In this process the HAP powder was
deposited on preheated substrate by high pressure powder
feeder through an air spraying nozzle. The nozzle was kept
40 mm from the preheated substrate. The spraying HAP
powder was accelerated to a high velocity and deposited on
the heated AZ51 substrate. The air pressure was 10 bars and
was controlled at room temperature.

2.2.1 Characterization of HAP Coatings and SBF
Solution. The surface morphology, deposit thickness, and the
composition of as-deposited coating and test samples were studied
by field emission scanning electron microscopy Zeiss SUPRA
35VP (FESEM) from Germany, equipped with energy dispersion
x-ray spectrometry (EDX). EDX was carried out at a voltage of
15 kVand a working distance of 10 mm, while morphology was
studied at 5 mm working distance and 5 kV. Surface topography
of coatings was examined by atomic force microscope (AFM).
The AFM model was NanoNavi SII from Japan.

The hardness and elastic modulus of the coating were
evaluated by the Nanoindentation test. Nanoindentation was
performed using Nano Test Instrument (Micro Materials Ltd
Wrexham, UK). Three different loads were used: 10, 100, and
300 mN. The indentations were conducted using the load
control mode, where the load is applied and then released after
the set peak. An initial load of 0.05 mN was used for locating
the surface with Berkovich indenter. After this a loading rate of
10% of the load was applied. A dwell time of 5 s was applied at
the maximum load.

The calcium, phosphorous, and magnesium ions concentra-
tion in the solution were analyzed immediately after the
specimens were removed from SBF solution using the Perkin
Elmer 8300 inductively coupled plasma optical emission
spectroscopy (ICPOES), USA. All the SBF test solutions were
appropriately diluted in de-ionized water and subjected to
ICPOES analysis.

2.3 Studies with SBF

SBF was prepared as described by Kakubo et al. (Ref 11) by
dissolving reagent grade NaCl, NaHCO;, KCl, K,HPO43H,0,
MgCl,'6H,0, CaCl,, Na,SO,, in ion exchanged and distilled
water. The synthesized solution was buffered at pH 7.30 £ 0.05
with Tris-hydroxymethyl aminomethane, (HOCH,);CNH,, and
1 M HCL All chemicals used in this study were of analytical
reagent grade obtained from Sigma Aldrich, USA.

The volume of the SBF solution for soaking the specimen
was determined by the formula V; = S,/10 where the V; is the
volume of the SBF (M) and S, is the apparent surface area of
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the specimen (mm?) (Ref 11). The calculated volume of SBF
was put into plastic container and was heated at 36.5 °C. The
specimens were placed in the SBF after the solution attained a
temperature of 36.5 °C. Uncoated AZ51 specimens were used
as control sample henceforth mentioned as ‘Control’, to check
the biodegradation effect of SBF on pure alloy.

The control and coated AZS51 specimens were soaked in the
SBF solution for various periods of 1, 4, 10, and 14 days. The
solution pH was monitored during the immersion period using
a 3-point calibrated pH electrode (SYSTRONICS 362). After
reaching the immersion time, the specimens were taken out for
analysis from SBF solution and gently rinsed with pure water.
The experiments were carried out at 37 °C in the water bath.
The test tubes were sealed to remain sterile. The specimens
were dried in desiccators without heating. In the same test tube
it was not possible to place several samples, as the change in
the chemistry of the solution due to each sample would
interfere with the dissolution characteristics of the other
samples. Thus one sample could only be placed in one test tube.

3. Result and Discussion

3.1 Surface Morphologies and Chemical Analysis of HAP
Goatings

Figure 2(a) and (b) shows the SEM micrograph depicting
the surface morphology and the structure of HAP coating
on the samples. SEM micrograph clearly showed that a dense
HAP coating was deposited on AZ51 plate. Based on this

microstructure, the HAP particles were found to be bonded well
to each other during the CS process. Possibly higher impact
velocity of HAP particles in conjunction with the heat from
AZ51 substrate might have caused the particles to bond with
each other. Figure 2(c) shows the cross-sectional view of the
coating. The film thickness ranged 20-30 pm with an average
value of 25 um and was nearly uniform. The SEM microanal-
ysis with EDX spectra on the coating surface showed that the
main elements in the coating were Ca, P, and O with a weight
percentage in the range of HAP composition. At the interface
with the substrate Ca, P, O, and Mg were observed. Some dark
voids were seen at the interface zone. These may have formed
due to the deposition process. Since the aim of this study was
not to allow dissolution of the complete coating till the
interface, the characterization of the interface was not pursued
further.

XRD pattern of the coatings showed similar peak as placed
in Fig. 1 (not shown). This result indicated that the modified
CS technique did not change the character of the HAP phase in
the coating deposited on the heated AZ51 substrate.

3.2 Surface Topography of HAP Coatings

Surface topography of the HAP coating surface was
visualized by the AFM. Figure 3 shows the AFM image of
coating. From this figure it is seen that the coating roughness
was uniform and the size of the smallest HAP particle in the
agglomerate was about 40 to 60 nm. Agglomeration can be
seen in some areas of the topography image. The variation in
color in different regions is due to variation in signal with depth

HAP coafing

Fig. 2 SEM micrograph of HAP coating on the sample (a) low magnification, (b) high magnification, (c) cross-sectional view
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which corresponds to the height difference or roughness of
sample.

3.3 Hardness and Elastic Modulus of Coatings

The hardness of the coating using nano indenter was
determined at four points. Three different loads were applied in
these tests: 10, 100, and 300 mN. The average hardness values
obtained were calculated and plotted against load as presented
in Fig. 4(a).

Average hardness of HAP coating obtained was 0.1 GPa for
the minimum load of 10 mN. The applied load 10 mN caused
the penetration depth of 2275 nm (Fig. 4b). As the load
increased to 100 mN with penetration of 9346 nm, the hardness
obtained was comparable to that obtained under 10 mN applied
load. At 300 mN with maximum depth of 12,460 nm, the
hardness obtained was 0.09 GPa. Based on these readings, it
can be concluded that the hardness was more or less uniform
within the HAP coating. However, within the HAP coating, the
hardness slightly increased towards the surface of the coating.
Similar observations, in different system, were also reported by
Samandari et al. (Ref 12) using plasma spray process fo coat
HAP on the Ti substrate. The hardness increased from the
substrate to the surface (Ref 12).

The average elastic modulus of HAP coating was in the
range of 9 GPa as seen in Fig. 4(c). A gradual increase of
elastic modulus reading within the coating towards the surface
was observed. At the lowest load applied for indentation
coating showed the highest elastic modulus value. The elastic
modulus of HAP coating was found to be greater than
polymeric material like polystyrene but little lower than lead
(Ref 13). These values are also similar to hardness of the cold
compacted iron powder (Ref 14).

3.4 Biodegradable Behaviors of HAP-Coated Samples

In the SBF studies, dissolution and mineralization of the
coating are the two main processes that occur. It was observed
in the present experiments that the dissolution and mineraliza-
tion in the HAP coating varied with the soaking time, as well as
the changing ion concentration in SBF.

Figure 5 shows the SEM micrograph of the control sample
at different time after immersion in SBF. From the morphology
of control sample it is seen that cracks were visible after day 1
(Fig. 5a) with tiny pits formation which grew deeper with time
(Fig. 5b, c) towards the end of experiment. The control sample

Fig. 3 Two-dimensional AFM image of coated AZ51
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showed significant corrosion in the SBF as expected. Table 1
shows the magnesium content on the surfaces of the control
samples. Dissolution of Mg into the SBF in the control sample
is evident from the decreasing weight percentage (94 to 52.9%)
of Mg on the sample surface. Other than magnesium the
elements present in the surface were O, Cl, P, Ca in varying
proportions, This could mean that Mg was precipitated as
magnesium hydroxide or magnesium chloride on the surface.
Magnesium hydroxide acts as a passive protective layer under
alkaline conditions which is why the Mg does not completely
dissolute into SBF (Ref 15). The corrosion could therefore be
due to MgCl, formation which causes pit nucleation on the
surface as reported by Hornberger et al. (Ref 15).

Figure 6 shows the change in morphology of HAP-coated
test samples at different time after immersion in SBE
Figure 6(a) shows that the HAP coating on the test samples
started dissolving after the first day of immersion. The EDX
analysis of the coated test samples and the ICP analysis of the
SBF solution after immersion are given in Tables 2 and 3,

0.2 4

01 7

Hardness(GPa)

(2) Load (mN)
13000 W
12000 4

10000 1
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ElasticModulus(GPa)
o
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Fig. 4 (a) Hardness of HAP coating at different applied loads,
(b) maximum depth of penetration vs. applied load, (c) elastic modulus
of HAP coating
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respectively. Table 2 shows that there is a general decrease in
Mg and fluctuations in the weight percentage of Ca and P
elements. The ICP analysis of the SBF solution showed a
corresponding increase in Mg and fluctuating Ca and P contents
(Table 3). Aluminum did not corrode into SBF and was not
detected in ICP analysis. This is beneficial as aluminum
corrosion is reported as adverse for bone growth (Ref 3, 4) and
the AZ51 alloy shows stability with aluminum. The surface of
the coated samples became rough with some loose particles
dispersed over the surface. A similar phenomenon was reported
for HAP/Ti alloy composite coating deposited by plasma spray
on Ti-6A1-4V substrate after soaking in the SBF solution by Gu
et al. (Ref 16). It was proposed that this increase in surface
roughness of the coating provided nucleation sites and lowered
interface energy for bone apatite to anchor (Ref 16).

After 4 days of immersion, the ICP analysis of the solution
(Table 3) and the surface morphology of the sample showed
significant changes (Fig. 6b). The surface appeared porous and
the structure was different from initially seen loose particles on
the surface. ICP analysis of SBF showed that there was 10
times reduction in P content with marginal decrease in Ca
compared to the first day immersion data. This point out that
apatite nucleated on the substrate from solution, probably not
noticeable in the SEM image (Fig. 6b), even when corrosion
reaction took place.

Figure 6(c) shows the surface morphology of the coating
after 10 days of immersion. It was seen that the surface of
coated sample was covered by some newly formed layer
consisting of small granular agglomerates. The EDX analysis of

the agglomerates on the coating showed the presence of Ca, P,
0, and Mg, indicating that the granular agglomerate is apatite.
However, the weight of Ca element was low on surface and
correspondingly high in SBF solution indicating that only little
amount of apatite has formed. Chemical analysis of the solution
at this stage by ICP showed that Mg content increased over day 4
while P decreased marginally (Table 3). However the small
increase in Ca in SBF does not totally preclude the formation of
apatite in isolated areas in the film. This confirms that the
coating is bioactive, inducing apatite formation.

At the end of 14 days of immersion in SBF, the microanal-
ysis of the coating showed an increase in Ca (Table 2). ICP
analysis of the SBF solution complemented this result showing
considerable reduction in Ca and a very marginal increase in P
(Table 3). Possibly isolated precipitation of apatite on the
surface coating might be forming with dissolution still contin-
uing in some other areas. This is also visible in the SEM
micrograph as precipitated zone (Fig. 6d). There was a
significant reduction in the magnesium content in the SBF
(Table 3) meaning dissolution rate slowed down, but was still
faster than rate of apatite formation. The SEM micrograph of

Table 1 Change of magnesium concentration on control
sample surface during the period of immersion in SBF
solution (based on EDX data)

Immersion time, days 0 1 4 10 14
Magnesium on surface, wt.% 94 529 526 612 526

Fig. 5 Surface morphology of control sample showing pit formation (a) after 1 day, (b) after 4 days, (c) after 10 days, and (d) after 14 days

of immersion in SBF during in vitro test
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the surface after 14 days shows the existence of large size pores
‘and microcracks. It is speculated that the degradation process
started happening at the end that caused the damage to the
surface structure of the coating. The EDX analysis also showed
that 1.2 wt.% CI was present on the surface at this stage. This
indicated that magnesium chloride formation could have
initiated.

The pH curve (Fig. 7) shows that the final pH was 8.96 at the
end of the incubation period. In the test sample, the pH increase is
slower as compared to control sample till day 4. Control sample
reaches maximum pH (8.96) after first day of immersion
thereafter remains stable. Based on the conditions that prevailed,
it is possible to estimate what phase of calcium orthophosphate
could have precipitated on the surface, from EDX, ICPOES, and
pH data (Ref 17-19). As reported ecarlier the mechanical
properties of the CS coatings were not high enough to make
them amenable to analytical procedures including making thin
films for TEM micro-diffraction analysis, that involved intense
abrasion and cutting procedures. Thus results of EDX analysis
along with results from ICPOES were used to semi-quantitatively
evaluate the behavior of the precipitating products on the surface.
Comparison with similar other works available in the literature
were invoked to further substantiate the analysis. To evaluate the
dissolution and re-precipitation of apatite, ICPOES data
(Table 3) and EDX data (Table 2) are rationalized by calculat-
ing the Mg/Ca and Ca/P ratios respectively. The phase of
re-precipitated apatite changed through the course of the

Table 2 Change of elemental composition in HAP-coated

test samples during the period of immersion (based on
EDX data)

Time, Ca, P, Mg on surface, Molar Ca/P on
days wt.% wt.% wt.% substrate

1 0.58 2.05 64.26 0.212

4 0.82 1.89 58.73 0.325

10 0.34 3.45 51.16 0.0739

14 1.16 0.91 54.0 0.956

Table 3 ICPOES analysis of SBF solution after
immersion of HAP-coated AZ51 test samples

Ion concentration in SBF

solution, mg/L
Immersion Molar Mg/Ca
time, days Mg Ca P in solution
0 50.9 158.6 35.1 0.535
1 553 162.2 44.6 0.568
4 3906 158.7 4.4 41.02
10 4471 182.8 3.6 40.76
14 3369 149.3 4.2 37.61

Fig. 6 Surface morphology of HAP-coated samples (a) after 1 day, (b) after 4 days, (c) after 10 days, and (d) after 14 days of immersion in
SBF. Initial degradation (a, b) and isolated re-precipitation (c, d) of apatite is visible

3002—Volume 22(10) October 2013
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Fig.7 pH trend of control and test samples during the in vitro
experiment

experiment. The molar Ca/P ratio of original SBF solution before
the beginning of the experiment is 1.514 (not mentioned in
table). From the final molar Ca/P value of 0.956 on day 14
(Table 2), it can be said that the regenerated phase is possibly
dicalcium phosphate dihydrate (DCPD). But pH conditions
favor B-TCP or B-TCMP formation, which is ideally precipitated
in pH range of 5-9 and temperature range of 25-95 °C. Under the
same conditions, presence of Mg?" ions in the solution above a
ratio of 0.4 with respect to Ca*", allows biologic or synthetic
Mg-substituted TCP formation (Ref 17). The molar Ca/P value
and the Mg/Ca values as shown in Tables 2 and 3, respectively,
are 0.956 and 37.6 at a pH of 8.96. These values match the
conditions said by LeGeros et al. (Ref 18). Hence considering the
influence of mildly alkaline pH along with the molar ratios,
B-TCMP or Mg-TCP is the most probable phase formed
(Ref 17, 18). The stability of both B-TCMP and Mg-TCP in
body conditions is little low compared to HAP under physiologic
conditions (Ref 19-21), but they act as precursor to the biologic
apatite (which is associated with minor but important component
such as CO, and Mg) as they easily substitute Ca and PO, and
form calcium-deficient apatite (the naturally occurring apatite)
(Ref 17, 22). Due to their faster degradability compared to HAP,
B-TCP itself is being used as bone graft substitute and in dental
applications allowing faster natural bone growth, a problem
encountered with HAP causing prolonged bone growth periods
(Ref 18, 21). The re-precipitated phase in the present study is
possibly a suitable bioactive material for implant purpose. This is
one of the key observations of the present work. Hence with the
present rate of biodegradation and bioactivity, the material is
suitable for any biodegradable implant application including
stents and bone implants. Further in vitro studies of the HAP-
coated AZ51 alloy with cell lines can confirm this potential
application.

4. Conclusion

A simple and effective CS processing route has been used to
prepare HAP coatings on magnesium alloy samples. The
coating characterization by SEM confirmed the presence of
compact HAP coating on the sample without any phase change
during the modified processing. The average thickness of the
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coating was 25 pm. The smallest aggregates in the coating
observed were in the size range of 40-60 nm. Hardness and
elastic modulus measured by nano-indentation were found to be
around 0.1 and 9 GPa, respectively, indicating that the inter-
molecular forces in the coatings are in the high end range of
polymers and slightly below metallic lead. SBF tests carried out
using SBF solution showed that the HAP coating started
dissolving after 1day of holding and showed signs of
regeneration after 10 days. The phase of re-precipitated apatite
changed through the course of experiment due to the influence
of pH, molar Ca/P and Mg/Ca ratios in solution. At the end of
the experiment the apatite re-precipitated as B-TCMP due to
increase in pH and favorable change in molar Ca/P and Mg/Ca
ratios. The uncoated control samples showed considerable
degradation from the very first day onwards of the immersion
period. These findings show that the coated alloy is both
biodegradable and bioactive, suitable for possible use as
biodegradable orthopedic implants.
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