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Abstract

Project Code: MRG6180026

Project Title: Hydroxyapatite-White Portland cement Coating on Metal (Stainless Steel)
for Bone Substitute Materials

Investigator: Asst. Prof. Teerawat Laonapakul

E-mail Address : teerla@kku.ac.th

Project Period : 2 years

Abstract: Hydroxyapatite (HAp) is an ideal material for artificial bone. While the
mechanical properties of bulk HAp have been found to be unsuitable for load bearing
applications such as orthopedics, HAp/CK (Calcined kaolin) and HAp/WPC (White
Portland cement) composites are the alternative choices to achieve a combination of
properties and also to incorporate the best characteristics of each of the component
materials. In this study, the methods to prepare the HAp/CK and HAp/WPC composites
were studied. The mechanical properties before and after in vitro test, physical
properties and in vitro bioactivity tests of HAp/CK and HAp/WPC composites were
investigated for used as bone substitute materials. In addition, HAp coated on metal
implants have become widely used for orthopaedic and dental applications since it can
provide a good biocompatibility with excellent mechanical properties. Plasma spraying is
one of the commercially accepted methods to produce HAp coatings for biomedical
applications. Unfortunately, disadvantages of the plasma spray process are relative high
cost and complexity of process. The extremely high temperature of plasma spray is
cause of decomposition of the coating, instability of coating-substrate interface and the
unstable duration of coating under body fluids and varying local loading. In this study, a
simple modified cold spray process in which the stainless-steel substrate was sprayed
with WPC using high pressure cold air nozzle spray was designed to get the coatings
thickness of 100-200 1Um. The main focuses of this study are 1) the development of the
novel spray tool and process of HAp-WPC coating on stainless-steel substrate 2) the
preparation and characterization of HAp-WPC powder 3) the HAp-WPC coating on

stainless steel substrate.

Keywords: Bone substitute materials, Coating implant, Biomaterial testing



Executive Summary
This research started from the synthesis of hydroxyapatite calcium phosphate bio-
ceramic powder from the CaCO; and CaO (produced from golden apple snail shells)

and dibasic calcium phosphate dihydrate (CaHPO,+2H,0, DCPD) by using Solid-state

reaction and mechanical activation. Hydroxyapatite (HAp) with a small quantity of B-
TCP could be produced from the mixed CaCO;+DCPD and mixed CaO+DCPD powders
using dry mechanical activations combined with a solid-state reaction at a temperature
of 1,100 °C. The methods to prepare the HAp/CK and HAp/WPC composites had been
studied. In vitro bioactivity tests of HAp/CK and HAp/WPC composites with various
mixing ratios were investigated for used as bone substitute materials. The mechanical
property before and after in vitro test was conducted. The curing time and temperature
significantly affected the compressive strength of HAp/CK samples, while there was no
interaction between curing time and curing temperature. The highest compressive
strength, 37.8 MPa (HAp/CK:25/75), was realized by curing the sample at 80 °C for 28
days. The optimal process was curing HAp/CK at 60 °C for 14 days to achieve a high
compressive strength. The compressive strength of both WPC and HAp/WPC pastes
increased with longer curing periods in water. The compressive strength of WPC and
HAp/WPC (50:50) pastes was 51.88 and 25.67 MPa, respectively, after curing in water
for 28 days. The addition of HAp into CK or WPC decreased the compressive strength
of the sample. The strength of HAp/CK samples decreased with increasing the
immersion periods in liquid solution after in vitro testing. On the other hand, the strength
of HAp/WPC samples seem to increase with increasing the immersion periods in liquid
solution. It was found that apatite formation took place on the surface of both samples,
HAp/CK and HAp/WPC, after immersion in liquid solution for in vitro testing. The cold
spray and processes of HAp/WPC coating on stainless steel substrate were developed.
The primary study on the optimum parameters to achieve the coating thickness of 100-
150 Mm were investigated by using pure WPC. The results showed that the nozzle of
1.2 mm with the speed of the sample moving pass through the nozzle of 600 cm/min
produced good surface condition and satisfying distribution of coating area on coated

sample. In addition, a distance between the nozzle of 20 cm with twice coating times,

was the optimum condition created 132 [lm of coating thickness of the coated sample.



Objective

1. To study the synthesis of hydroxyapatite calcium phosphate bio-ceramic powder
from the CaCO; and CaO (produced from golden apple snail shells)

2. To study the optimum conditions to prepare of the HAp/CK and HAp/WPC
composites

3. To study and evaluate the use of the HAp/CK and/or HAp/WPC composite
materials for medical application.

4. To develop the cold spray tool and process of HAp-WPC coating on stainless-
steel substrate.

5. To study parameters that affect white Portland cement coating on 316L stainless
steel using the cold spray technique in order to achieve 100-150 lm of coating

thickness.

Research methodology

1. Raw material preparation and characterization

_ R . To prepare HAp, CaCQO,_ and DCPD powders
Raw material preparation Hydroxyapatite '
o were mixed using a ball mill for 24h and then
and characterization (HAR)
heat treated at a temperature of 1,100°C for 1 h.

To prepare calcined kaolin, kaclin powder
was calcined at 600°C for 6 h.

I Calcined kaolin

— White Portland cement (WPC)

Material characterization

- The crystalline phases of samples were identified using XRD.

- Microstructure and average particle size were evaluated using SEM.

- Elemental composition of samples was analyzed using an energy

dispersive spectroscope (EDS).




2. The preparation and characterizati

materials

on of HAp/CK and HAp/WPC composite

The preparation and characterization of

HAp/CK and HAp/WPC composite materials

The study optimum weight ratio

weight ratio of 0 %, 25 %, 50 %, 75 %, 100 % of CK of WPC.

- Mixed paste sam

- HAp/CK was cured at 60°C and 80°C for 3, 5, 7 and 14 days.
- HAp/WPC was cured in a water bath at 23°C and 37°C for 3, 5, 7 and 14 days.

The study optimum setting condition

ples were cured at different conditions

- Simulated body fluid (SBF) was used used for an in wiro test to evaluate

The study bioactivity test

Mechanical properties characterization

- Density and Porosity test.

Investigation of apatite precipitation

- Compressive strength test according ASTM standard C109 -The apatite precipitation was investigated using scanning

will be tested before and after immersed in SBF solution electron microscopy (SEM) energy disperse spectroscopy

{(EDS) and X-ray diffraction (XRD) technigues.

3. The development of the novel spray processes of HAp-WPC coating on stainless-steel

substrate and characterization.

- Design and construction the cold spray tools.

- Design the preparation of stainless steel

substrate surface.

- Study HAp-WPC coating on stainless-steel substrate

WPC Distill water

Mixing
|

Set up spray process

Substrate I—|—L ——————— i

- Prassure
- Distance

- Speed
- Angle

Mechanical properties characte

- Density and Porosity test will be tested.
I

rization

-The apatite precipitation will be investigate

Investigation of apatite precipitation

electron microscopy (SEM) energy disperse spectroscopy
{EDS) and X-ray diffraction (XRD) techniques.

d using scanning




Research plan and future research

Activities

Year 1:

Month 1 — 8

Raw material preparation and characterization

The preparation of CaCO; and CaO from golden apple snail shell

The preparation of hydroxyapatite (HAp) from CaCO; and CaO

The preparation and characterization of HAp/CK and HAp/WPC composite
materials

- The study optimum weight ratio

- The study optimum setting and curing condition

- Mechanical properties characterization

Writing up the manuscript

Submission of the manuscript to the expected journal

Year 1:
Month 9 — 12
and

Year 2:
Month 1 - 12

The preparation and characterization of HAp/CK and HAp/WPC composite
materials (Cont.)

- The study bioactivity test

- Investigation of apatite precipitation

The development of the novel spray processes coating on stainless-steel
substrate and characterization

- Design and construction the cold spray tools.

- Design the preparation of stainless steel substrate surface.

- Study WPC coating on stainless-steel substrate

Writing up the manuscript

Submission of the manuscript to the expected journal

Continue

Research

The study of the HAp/WPC spray coating on stainless-steel substrate and
characterization

- Mechanical properties characterization

- Investigation of apatite precipitation

Writing up the manuscript

Submission of the manuscript to the expected journal




Results
The preparation of CaCO, and CaO from golden apple snail shell

Figure 1 shows the results of thermogravimetric analysis (TGA) of shell samples.
The TGA curves for both types of shells were similar with three distinct stages of weight
loss, as shown in Figs. 1. In the initial stage (I) at temperatures below 600 °C, the
weight of both shell samples decreased slightly by 2-3%. In the second stage (ll) at
temperatures between 600 and 800 °C, the weights decreased rapidly until they had lost
44% of their weight. In the final stage (lll) at temperatures above 800 °C, the weight of
shell samples remained almost constant. From the results, calcination temperatures of
600, 700, 800 and 900 °C were selected to investigate the changes in elemental
composition and transformation of the crystalline phases of shells. To study the
influence of holding period on phase transformation, four different holding times, 1, 2, 3
and 4 hours, were used.

Golden apple snails (Pomacca canaliculata) are very serious invasive freshwater
pests. They cause damage to agricultural products, especially rice and aquatic plants,
leading to huge economic losses. It has been estimated that in Thailand, golden apple
snails cause losses of at least 3,000 million US dollars annually. Nonetheless, they
have been used as a protein source in animal feeds and human foods. The large
consumption of blood cockle and golden apple snails results in a considerable amount
of shell by-products that is now treated as waste. The three common mineral forms
found in various shells are the aragonite, calcite and vaterite phases of calcium
carbonate (CaCOQj;). These shells are composed of 97-99% of CaCO5; with some minor
compounds, viz., MgO, Al,O; Fe,0O; SiO,, CasP,0g, CaSO,, proteins and
mucopolysaccharides. Additionally, trace amounts of Sn, Mo, Mn, Cd, Ti, B, Pb, Au, Ag,
Ni, Co, Bi, Cu, Sr, Rb and As are present.
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Fig. 1 TGA patterns of golden apple snail shell




Nowadays, research on the utilization of calcium compounds from seashells has
attracted much interest. Numerous studies have been done with the aim of using
alternative sources of CaCO; and CaO from various shells. However, insufficient
information exists about the influence of calcination temperature and holding time on the
phase transformations of CaCO; in shells that have a direct effect on the purity of the
CaCO; and CaO phases. In the present study, transformations of the calcium phase of
fresh water golden apple snail (GAS) shells were studied. The results showed that the
pure CaCO; and CaO can be produced. Figures 2 (a-d) show XRD patterns of shells
after calcination at temperatures of 600, 700, 800 and 900 °C and 1-4 hour holding

times.
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Fig. 2 XRD patterns of golden apple snail shell after calcination at (a) 600 °C (b) 700 °C
(c) 800 °C and (d) 900 °C for various holding times

The XRD patterns of shells calcined at 600 °C at all holding periods showed
only the sharp characteristic peaks of a calcite phase, as shown in Figs. 2(a). For the
samples calcined at 700 °C, the single sharp characteristic peaks of a calcite phase was
observed for GAS shells after a holding period of 1-2 hours, as depicted in Figs. 2(b).
For the GAS shells calcined at 700 °C for 3 and 4 hours, calcite co-existed with calcium

oxide (CaO). This suggests that the phase transformation of CaCO; to CaO started at a



temperature between 700 and 800 °C. The characteristic peaks associated with
complete disappearance of the CaCO; phase after calcination at 800 °C for all holding
durations are shown in Figs. 2(c). When the calcination temperature was 900 °C for all
holding periods, only the characteristic peaks associated with CaO phase were
observed, as shown in Figs. 2(d). This result indicated that amorphous CaCO;
(aragonite) was completely transformed to crystalline CaCO; (calcite) and CaO at
temperatures of 600 °C and 800 °C, respectively. The XRD results thus indicated that
both calcination temperature and holding time were important for the phase
transformation of CaCOgsin shells.

Figures 3 shows scanning electron micrographs of shells that were calcined at
600, 700, 800 and 900 °C for 1 hour. After calcination at 600 °C, surface shells showed
non-uniform irregular surfaces consisting of units up to 10-15 ym, as shown in Fig. 3(a).
Increasing the temperature to 800 °C and 900 °C resulted in the formation of uniform
micro-granules and fine grains (approximately 3-5 ym) of calcium compounds, as shown
in Figs. 3(c, d). This change in surface morphology resulted from a transformation of the

calcite phase of CaCO; to CaO, releasing CO, during high temperature calcination.
G e T v - . — i

b) Golden apple s

S,

¢) Golden apple snail shell calcined at 800°C ,ﬂ& d) Golden apple snail shell calcined at 900°C

Fig. 3 SEM micrographs of surface morphology of golden apple snail shell after

calcination at (a) 600 °C (b) 700 °C (c) 800 °C and (d) 900 °C

Many products, especially pharmaceutical materials and those for surgical
implants (e.g., hydroxyapatite and beta tricalcium phosphate) require materials that are

relatively free of heavy metal elements. Further investigation of the amount of As, Cd,



Hg, and Pb heavy metal elements was thus required. The presence of elements was
quantitatively determined using inductively coupled plasma/mass spectroscopy (ICP-MS)
on shell powders. The results, as shown in Table 1, indicate that the amounts of these
elements in both raw and calcined shells (600 and 900 °C) are very low. The GAS
shells contained As, Cd, Hg or Pb concentrations exceeding the levels established by
ASTM F1185-03 and ASTM F1108-04a required for ceramic hydroxyapatite and beta

tricalcium phosphate for surgical implants derived from natural sources.

Table 1. Concentrations of heavy metal element in raw and calcined blood cockle and

golden apple snail shells at 600 and 900 °C for 1 hour

Golden apple snail shell ASTM F1185-03 and
Elements (ppm) ASTM F1108-04a
Raw | 600 °C | 900 °C (ppm)
Arsenic (As) 0.049 | 0.137 0.145 5
Cadmium (Cd) ND ND ND 3
Lead (Pb) 0.065 | 0.056 | 0.051 30
Mercury (Hg) ND ND ND 5

* ND = Not Detected

The preparation of hydroxyapatite (HAp) from CaCO, and CaO

Calcium phosphate bioceramics, HAp and B-TCP in a powder form, have been
widely studied and applied in biomedical applications, such as prosthetics and coating
implants. In last two decades, biogenic structures and materials have been widely
studied and used to produce calcium phosphate bioceramics (HAp and B-TCP) made
via various synthesis techniques. Natural materials such as eggshells, seashells, animal
bones and corals have been investigated as potential raw materials. The use of
biogenic materials is an interesting approach to preparing calcium phosphate powders.
They not only use biogenic resources, but economic and environmental benefits are
obtained through waste recovery. Additionally, these studies have been motivated by
constraints in generating synthetic materials. Previous study reported that the golden
apple snail shell has significant potential for use as a raw calcium source in the
synthesis of calcium phosphate powders.

In the present study, calcium carbonate and calcium oxide from golden apple
snail shells and dicalcium phosphate dihydrate were used as the starting materials. This

study aims at producing calcium phosphate bioceramics from golden apple snail shells



using a solid-state reaction or a mechanical process combined with a solid-state
reaction. Calcium carbonate (CaCO;) and calcium oxide (CaO) powders from calcined
golden apple snail shells and dibasic calcium phosphate dihydrate (CaHPO,*2H,0,
DCPD) (> 98%, Sigma-Aldrich, USA) were used as the starting materials. Appropriate
amount of the mixture ratio of calcined golden apple snail shells (according to the
calcium composition in calcined shells) to dibasic calcium phosphate dihydrate was
carefully adjusted to obtain 100 g mixtures with the desired theoretical stoichiometric
molar ratio (1.67) for HAp. The elemental compositions of CaCO; and CaO from
calcined shells and raw shell were determined by using X-ray fluorescence. The results
are presented in Table 2. The high proportions of calcium in shells calcined at 600 and
900 °C (96.2 and 98.3%, respectively) were presented. Other minor elements viz., Na,

Sr, Cl, Si, Mg, S, Fe, Al, K, Mn and Ba were also presented.

Table 2 Elemental composition in raw and calcined golden apple snail shells at 600 and

900 °C for 1 hour

Element | CaO | Na,O | SrO | CI | SiO, | MgO | SO; | Fe,03 | ALO; | K;O | MnO | BaO
(%ow)

Raw 944 19 |04 |0.7] 06 | 0.3 | 0.2 0.1 03 | 05| 01 0.4
CaCO; | 96.2 | 14 | 02 |06| 05 | 0.2 | 01 0.1 02 | 01 ] 01 0.3
Ca0O 983 | 08 | 03|02 01 0.1 | 01 - 0.1 - 0.1 0.1

Fig. 4 shows the XRD patterns of the starting powders (CaCO;+DCPD and
CaO+DCPD), manually mixed using a mortar and pestle (M-M) and mechanically mixed
using a ball mill (B-M) without a liquid medium. As can be seen from Figs. 4 (a) and (b),
the characteristic peaks of the starting powders were observed in M-M CaCO;+DCPD
and M-M CaO+DCPD mixed powders. The characteristic peaks of DCPD, CaO and
calcium hydroxide (Ca(OH),) were observed in M-M CaO+DCPD mixed powders. The
peak intensity of the starting powders (CaCO3;+DCPD) subjected to 24 hours of ball
milling is presented in Fig. 4 (c). The decreasing and broadening of peak intensities of
DCPD and CaCO; were observed compared with those of the starting powders mixed in
a mortar and pestle (M-M CaCO5;+DCPD) (Fig. 4 (a)). This corresponds to the
conversion of the starting materials to an amorphous form during ball mill. It is
postulated that a slight reaction took place between starting materials after ball milling
for 24 hours. The high intensity peaks of DCPD and CaO vanished from CaO+DCPD

starting powders after being subjected to 24 hours of ball milling, as shown in Fig. 4 (d).




Weak and broad peaks corresponding to the HAp phase were clearly observed. This
observation indicates that HAp had formed when the interfaces of the solid surfaces

were in close contact during ball milling.
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Fig. 3 The XRD patterns of the starting powders manually mixed using a mortar and
pestle (a) M-M CaCO,;+DCPD (b) M-M CaO+DCPD and mechanically mixed during ball
milling (c) B-M CaCO3;+DCPD (d) B-M CaO+DCPD without a liquid medium (ICDD No.
09-0432 for HAp and ICDD No. 09-0077 for DCPD)

The XRD patterns of powders (CaCO5;+DCPD and CaO+DCPD) manually mixed

using a mortar and pestle (M-M) and ball milled (B-M) followed by calcination at
1,100 °C for 1 hour are shown in Fig. 4. The high intensity peaks characteristic of B-

tricalcium phosphate (B-TCP, Ca;(P0O,),) were primarily observed in the powders mixed
with a mortar and pestle (M-M), as shown in Figs. 4 (a) and (b). In addition, the minor
phase of HAp was also observed along with B-TCP phase. The high intensity peaks
characteristic of HAp can be clearly seen on both patterns of the B-M CaCO5;+DCPD
and B-M CaO+DCPD mixed powders after calcination at 1,100 °C for 1 hour. In addition
to the peaks characteristic of HAp, those characteristics of B-TCP were also observed,
as is shown in Figs. 4 (c) and (d). No peaks characteristic of the starting materials was
found in any of the patterns.

As a result, it might be concluded that products derived from the mechanical

activation and solid-state reactions of CaCO; or CaO + DCPD powders (Ca/P=1.67)

were composed entirely of HAp crystals with a small quantity of B-TCP crystals. An



increase in the amount of Ca/P starting ratio may result in an actual stoichiometric Ca/P

molar ratio.
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Fig. 4 The XRD patterns of the starting powders manually mixed using a mortar and
pestle (a) M-M CaCO;+DCPD (b) M-M CaO+DCPD and mechanically mixed during ball
milling (c) B-M CaCO5;+DCPD (d) B-M CaO+DCPD without a liquid medium and then
calcined at a temperature of 1,100 °C for 1 hour (ICDD No. 09-0432 for HAp and ICDD

No. 09-0169 for [3-TCP)

The study showed that B-TCP with a small amount of HAp was produced by
manually mixed using a mortar and pestle (M-M) between CaCO; or CaO and DCPD
and a solid-state reaction at 1,100 °C. The biphasic calcium phosphate (HAp/B-TCP)
was produced by mechanically mixing during the ball milling (B-M) and the solid-state

reaction at 1,100 °C.

The preparation and characterization of HAp/CK and HAp/WPC composite materials
(Strength and bio activity test)

Hydroxyapatite (HAp) is an ideal material for artificial bone because it has
excellent biocompatibility, bioactivity and osteoconductivity. Unfortunately, low strength
and brittleness of HAp restrict its application only to bone repair. Calcined kaolin (CK) is
one of several source materials used as a starting material to obtain a high strength in
geopolymers. White Portland cement (WPC) is also a preferred choice to improve
mechanical properties. While the mechanical properties of bulk HAp have been found to
be unsuitable for load bearing applications such as orthopedics, HAp/CK and HAp/WPC

composites are the alternative choices to achieve a combination of properties that is not



displayed by any single materials, and also to incorporate the best characteristics of
each of the component materials. In this study, the methods to prepare the HAp/CK and

HAp/WPC composites were studied.

The HAp/CK

The CK powder used in this study is mainly composed of 59.7% SiO, and
34.1% AlLO;. HAp and CK powders with HAP:CK weight ratio of 1:0(HAp100),
3:1(HAp75), 1:1(HAp50), 1:3(HAp25) and 0:1(HApO) were prepared. Sodium hydroxide
and sodium silicate with a weight ratio of 1:1 were prepared to use as a liquid binder.
The ratio of 1:1 between mixed powder and liquid binder was used to prepare the
HAp:CK paste samples. Paste samples were cast for compressive strength tests in
25x25x25 mm acyclic cube molds and for bioactivity test in 10 mm diameter and 2 mm
thickness acyclic disc molds. Compressive strength tests were conducted on cube
samples according to ASTM C109. Bioactivity tests were conducted on disc samples by
immersion in simulated body fluid (SBF) in order to observe apatite precipitation on their
surfaces.

Table 3 compares compressive strength of cured samples after storing at 23°C
for 7 days. The compressive strength of samples increased with the addition of an
increased proportion of calcined kaolin (CK) into the HAp. The formation of cube and
disc samples was not successful when the proportions of HAp were 75% and 100%. A
higher compressive strength was observed for samples cured at 60°C, when compared
to those cured at 23°C, for the same mixing conditions. For example, the strengths of
HAp 25 cured at 23°C and 60°C were 32.19 MPa and 32.93 MPa, respectively. The
addition of CK in HAp increases the amount of amorphous SiO, and Al,O; in the
system. The high amount of CK results in improvement of compressive strength due to
the dissolution of silica and alumina species, subsequently promoting the
polycondensation phenomena and the formation of polymeric binder, which results in
the formation of C-S-H that acts as nucleating sites for geopolymer formation and
accumulation. Therefore, the unformable HAp75 and HAp100 result from the less

amount of silica and alumina species in sample.



Table 3 Compressive strength of the HAp-CK samples.

Compressive strength (MPa)

Curing temperature
HAp100 HAp75 HAp50 | HAp25 | HApO
23°C 2.23 32.19 | 47.28
Not formation | Not formation
60°C 5.79 32.93 | 50.48

Surface morphology of disc samples for HApO, HAp25 and HAp50 before and
after immersion is SBF for 28 days were observed under an SEM, as show in Figure 5
(a-c). Figure 5 (a1, b1 and c1) show good flat surface morphology for all types of
sample before immersion in SBF. The surface density of samples was found to
decrease with increasing HAp weight ratio. Significant difference in surface morphology
was not found between before and after immersion of HApO samples cured at 23°C and
60°C (Figure 5 (a1-a3)). The EDS spectrum of HApO cured at 60°C after immersion in
SBF for 28 days (Figure 5 (a4)) clearly shows the main spectrum peaks of aluminum
(Al) and silicon (Si), which corresponds to the element composition of CK. The EDS
spectra detected from samples cured at 23°C and 60°C after immersion in SBF show a
similar pattern for each mixing ratio. It is seen from Figure 5 (b2, b3 and c2, c3) that the
surface morphology of HAp25 and HAp50 samples changed its appearance from flat
surfaces to small spherical particles after immersion in SBF for 28 days. The small
spherical particles became dense with increasing weight ratio of HAp in CK. EDS
spectra of HAp25 and HAp50 samples cured at 60°C after immersion in SBF (Figure 5
(b4 and c4)) clearly show the spectrum peaks of calcium (Ca) and phosphorus (P) with
Ca/P molar ratio of 1.225 and 1.616 respectively. The Ca/P molar ratio of these
samples after immersion in SBF for 28 days was close to that of bone-like apatite
(1.67). These results suggest that apatite precipitates in sample surfaces, as seen from

Figure 5 (b2, b3 and c2, c3).



a4

c _Ms P Ca
Hapl 60°C curing, Ca/P=0.813
[ )
%

M
£l ml s

Hap25 60°C curing, Ca/P= 1225
» G ed)
S

Al
ol #i

HépS0 60°C cuting, CaP = 1.616

. b £ 05
23°C, curing after 28 days in SBF

Befor immersion in SBF 60°C; curing after 28 days in SBF

Fig. 5 SEM micrographs and EDS analysis of samples before and after immersion in

SBF for 28 days (a) HApO (b) HAp25 and (c) HAp50

To confirm the result of apatite precipitation, the phase compositions on the
surface of disc samples HApO, HAp25, and HAp50 cured at 60°C before and after
immersion in SBF for 28 days were investigated using XRD analysis. The results are
shown in Figures 6 and 7. As seen from Figures 6 (a) and 7 (a), the XRD patterns of
HApO show the characteristic peak of the silicon dioxide (SiO,) phase, which
corresponds to the CK. The characteristic peak of the HAp phase was not observed on
both HApO samples before and after immersion in SBF. The XRD patterns for the
HAp25 and HAp50 samples cured at 60°C before immersion in SBF are shown in
Figure 6 (b and c). It is seen from the Figure that both samples composed of SiO, and
HAp phases co-exist with the B-TCP phase. After immersion in SBF for 28 days, the
high peak intensity of HAp was clearly observed on HAp50 sample and the peak
intensity was lower on the HAp25 sample. However, the characteristic peak of the co-
existing phase of B-TCP was not observed on HAp25 and HAp50 samples after
immersion in SBF for 28 days, as seen from Figure 7 (b and c). The disappearance of
B-TCP could result from the dissolution of B-TCP. An increased peak intensity of HAp
phase after 28 days of immersion would suggest apatite precipitation in the sample

surfaces.
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Fig. 7 XRD patterns of samples cured at 60°C after immersion in SBF for 28 days (a)
HApO, (b) HAp25 and (c) HAp50

The maximum compressive strength obtained from an HAp:CK mix at a ratio of
1:3 was 32.9 MPa when cured at 60°C for 48 hours. This HAp:CK material exhibited
good bioactivity after immersion in simulated body fluids for 28 days. However, varying
curing time and temperature may have substantial effects on the ultimate properties of
the final product. This study investigated the improved strength of HAp mixed with CK in
terms of the curing regime used. The effect of curing time and temperature on the
compressive strength of the HAp:CK final product was also investigated. Statistical
analysis was done to determine the level of influence of each factor. SPSS was used
assuming a normal distribution. Two-way ANOVA and Duncan’s multiple range tests
were used in the statistical analysis.

In this study, two factors were varied, curing temperature and time, to
investigate their effect on the compressive strength of HAp/CK 25. Three curing
temperatures, 40, 60 and 80°C, and five curing times, 2, 7, 14, 21 and 28 days, were
evaluated. Compressive strength tests were conducted on three cubed samples per each

condition and the results were reported in the average values according to ASTM C109.



The statistical methodologies were employed to analyze the level of each factor using
SPSS Version 19.0. This analysis began with checking the adequacy of the model by
testing the normality of the parameter value distributions for all treatments using the
Shapiro-Wilk’s test (p-value>0.05), since there were less than 50 data points. Then, two-
way analysis of variance (ANOVA) at a 95% confidence interval (0l=0.05) was
employed to test the differences between the mean values. Duncan’s multiple range test
was used to compare the means of the five levels of curing times (2, 7, 14, 21 and 28
days) and the three levels of curing temperature (40, 60 and 80°C).

The average compressive strengths of samples cured at 40, 60 and 80°C with
various curing times are shown in Fig. 8. These three different curing temperatures
were selected from observations of kaolin-based geopolymers, indicating that heat is
beneficial for strength development and curing at temperatures below 100°C, and that it
has a significant contribution to the geopolymeric reaction in kaolin. The curing times of
2,7, 14, 21 and 28 days were selected to allow sufficient time for the geopolymerization
process. From Fig. 8, it can be seen that the strength of the samples increased with
increasing curing time at all temperatures. The strength linearly increased with
increasing curing time for the samples cured at 40°C, whereas the strength of samples
cured at 60 and 80°C increased slightly over 7 days of curing. The highest strength,
37.8 MPa, was observed from samples cured at 80°C for 28 days, while the
compressive strength of cancellous bone is 2-45 MPa. From these results, it can be
concluded that the appropriate curing conditions are a temperature of 80°C for at least 7
days for strong development of HAp/CK 25. This range of strength is potential for
cancellous bone graft substitute. Statistical analyses were used to elucidate the

influence of curing time and temperature on the strength of HAp/CK 25 samples.
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Fig. 8 Average compressive strengths of HAp/CK 25 samples after curing at 40, 60, and

80°C for various curing periods



A two-way analysis of variance (ANOVA) at a 95% confidence interval was
employed to investigate the effects of curing temperature and time on the compressive
strength of HAp/CK 25. The factors were considered separately and in aggregate. The
results are shown in Table 4. The ANOVA results reveal that both curing time and
curing temperature significantly affected (p-value<0.05) the compressive strength of
HAp/CK 25, while the interaction between curing time and curing temperature had no
significant effect (p-value>0.05) on the compressive strength of HAp/CK 25, as shown in
Table 4. the Pearson correlation coefficient (Table 5) shows that the effects of curing
time and temperature on compressive strength are related in a positive linear sense.
The correlation value between curing time and compressive strength was 0.660 and
between curing temperature and compressive strength was 0.359. This means the
compressive strength of HAp/CK 25 increased with increasing curing time. Also, at a
higher curing temperature, the compressive strength was greater than at a lower curing
temperature. Moreover, it was found that the correlation between curing time and
compressive strength was much stronger than that between curing temperature and

compressive strength (0.660>0.359) as is shown in Table 5.

Table 4. Two-way ANOVA test of the effects of curing temperature and time on the
compressive strength of HAp/CK 25
Tests Factor Interaction Effects

Dependent Variable: Strength

Type Il Sum of Mean
Source Squares df Square F Sig.
Corrected Model 114.905° 14 8.207 6.335  0.000
Intercept 58459.475 1 58459.475 45124.159  0.000
Day 88.604 4 22.151 17.098  0.000
Temp 20.622 2 10.311 7.959 0.002
Day * Temp 5.680 8 0.710 0.548  0.811
Error 38.866 30 1.296
Total 58613.246 45
Corrected Total 153.770 44

a. R? = .747 (Adjusted R? = .629)



Table 5. Pearson correlation of curing time and curing temperature with the

compressive strength of HAp/CK 25

Correlations

Day Temp  Strength

Day Pearson Correlation 1 0.000 0.660

Sig. (2-tailed) 1.000 0.000

N 45 45 45

Temp Pearson Correlation 0.000 1 0.359

Sig. (2-tailed) 1.000 0.016

N 45 45 45

Strength  Pearson Correlation 0.660 0.359 1
Sig. (2-tailed) 0.000 0.016

N 45 45 45

Duncan’s multiple range test was then used to compare the range of a subset of

the compressive strengths of HAp/CK 25 based on curing time and another range of a

subset of the compressive strengths of HAp/CK 25 based on curing temperature. The

results are shown in Table 6.

Table 6. Duncan’s multiple range test of curing temperature and curing time on the

compressive strength of HAp/CK 25

Cured Subset Cured Subset

time N 1 2 3 temp. N 1 2
2.00 9 33.4027 40.00 15 35.1339

7.00 9 36.0889 60.00 15 36.2379
14.00 9 36.4551  36.4551 80.00 15 36.7573
21.00 9 36.7342  36.7342 Sig. 1.000 0.221

28.00 9 37.5342
Sig. 1.000 0.266 0.066

N — Sample size; Sig. — significance

The compressive strength of HAp/CK 25 increased significantly with increased

curing time. However, there were no significant differences in the compressive strengths

of HAp/CK 25 after 7, 14 and 21 days of curing at a 95% confidence interval. The

highest compressive strength, 36.7 MPa, was observed after 21 days. Moreover, after



14, 21 and 28 days of curing, there were no significant differences in the compressive
strengths of HAp/CK 25 at a 95% confidence interval. The highest compressive
strength, 37.5 MPa, was after 28 days.

The compressive strength of HAp/CK 25 increased significantly with increased
curing temperature. There were significant differences in compressive strength of
HAp/CK 25 with curing at 40°C among all pairs of curing temperatures at a 95%
confidence interval. However, there were no significant differences in compressive
strength of HAp/CK 25 with curing at 60°C and 80°C with a 95% confidence interval.
The highest compressive strength, 36.8 MPa, was observed after curing at 80°C. From
these results, it can be concluded that curing at 60°C for 14 days represents the optimal

curing conditions to achieve the maximal compressive strength of HAp/CK 25.

The HAp/WPC

The starting materials used in this research were commercial white Portland
cement (WPC) and hydroxyapatite (HAp) powders. The WPC powder used in this study
had chemical composition consisting of 14.67% SiO,, 1.93% Al,Oj3, 78.77% CaO,
0.328% Fe,03, 0.31% MgO, 0.04% Na,O, 3.22% S0O3, and 0.13% TiO. In this research,
pure WPC (denoted as WPC) powder and mixed of WPC and HAp (denoted as
HAp/WPC) powders with a weight ratio of 1:1 were prepared. The mixed powders were
blended with distilled water in a solid to liquid ratio of 2:1 by using mechanical mixing
machine to prepare pastes of the samples. These pastes were cast into cubic molds (25
mm?) for compressive strength testing, and disk-shaped molds (diameter 10 mm, 2 mm
thick) for bioactivity testing. Then, they were vibrated for 10 seconds to remove
entrapped air. All samples were wrapped in plastic sheets to control moisture loss and
were stored to set in controlled room at a temperature of 23 °C for 24 hours before
testing.

The samples cured in pure water for 28 days and were immersed in SBF and in
pure water for 3, 7, 14, and 28 days. Compressive strength tests were conducted
according to ASTM C109. After setting under controlled conditions, disk-shaped paste
samples were removed from their molds and cured in pure water at 23 °C for 28 days.
These samples were then immersed in a SBF solution at 37 °C for 7 days. The SBF
solution had an ion profile and concentration close to that of human blood plasma.
Bioactivity tests were conducted by observing the formation of bone-like apatite on the

sample surfaces.



The results of compressive strength development of WPC and HAp/WPC pastes
during water curing and during immersion in a SBF solution are shown in Fig.1. As the
length of time for water curing was extended, the compressive strength of both types of
samples increased (Fig. 9 (a)), as cement hydration was gradually accomplished. When
WPC reacted with water, it underwent a hydration process forming ettringite, calcium
silicate hydrate and calcium hydroxide, all of which contributed to the strength
development seen in the WPC samples. After curing in water for 28 days, the
compressive strength achieved by the WPC and HAp/WPC samples was 51.88 and
25.67 MPa, respectively. The addition of HAp to WPC affected the hydration of WPC
resulting in a deceased compressive strength. Both of these sample types have
potential for use in cancellous bone applications as their compressive strengths are
within the range of that of cancellous bone (2-45 MPa).

After curing in water for 28 days, both samples types were immersed in SBF for
3, 7, 14 and 28 days and then subjected to compression testing. The results are shown
in Fig. 1 (b). It can be seen from this figure that the compressive strength of WPC and
HAp/WPC samples gradually increased to 59.02 and 28.06 MPa, respectively, after four
weeks of immersion in SBF solution. The increased strength of WPC after immersion in
SBF solution may have been due to continued hydration of the samples. The increasing
compressive strength of the WPC samples was greater than that of HAp/WPC samples
based on the purity of WPC. However, the increased strength of these specimens after
immersion in SBF solution is a good indicator that they can be used as a bone

substitute material for implantation in a physiological environment.
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Fig.9 Compressive strength of the WPC and HAp/WPC samples



Fig. 10 shows the XRD patterns of the as-cured WPC and HAp/WPC samples
and those of these samples after immersion in SBF solution for 7 days. The XRD
patterns of the as-cured WPC and HAp/WPC samples are shown in Fig. 10 (a). The
major crystalline phases detected in both samples were calcite, portlandite and
ettringite, which are the crystalline phases found in hydrated cement. Excluding the
crystalline phases of hydrated cement, the characteristic peaks of the HAp phase were
detected on the HAp/WPC sample due to the addition of HAp during the sample
preparation. The XRD patterns of the WPC and HAp/WPC samples after immersion in
SBF solution for 7 days are shown in Fig. 10 (b). Changes in the phase composition of
both samples were observed. The peak intensity of the portlandite phase disappeared
after 7 days of immersion, whereas those of calcite and ettringite phases decreased
after immersion in SBF solution for 7 days. From the results, it can be concluded that
these three phases dissolved in the SBF solution.

An increasingly broad peak intensity of a HAp phase was observed at about 20
= 25.8° and 31-33° on WPC samples after 7 days of immersion, as shown from Fig. 10
(b). The peak intensity of the HAp phase of HAp/WPC changed its appearance from a
sharp to broad peak intensity after 7 days of immersion. These results implied that the
amorphous phase of bone-like apatite was precipitated on the surfaces of both samples.
The composition of the dissolved of phase of WPC increased the degree of
supersaturation in the SBF solution by increasing the ionic activity of apatite and

accelerated bone-like apatite nucleation on the surfaces.
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Fig. 10 XRD patterns of samples (a) as-cured and (b) after immersion in SBF for 7 days

for WPC and HAp/WPC

Fig. 11 shows the morphological changes observed on the as-cured WPC and
HAp/WPC sample surfaces. Fig. 11 (a) displays a homogeneous structure showing the
compacted surface of the WPC sample before immersion. Irregularly shaped WPC

particles were observed on its surface. For the HAp/WPC before immersion, irregularly



shaped WPC particles were mixed with round HAp particles as shown in Fig. 11 (b).
EDS analysis of the WPC and HAp/WPC surfaces before immersion in the SBF solution
are shown in Fig. 11 (c) and (d), respectively. The presence of calcium (Ca), silicon (Si),
magnesium (Mg) and aluminum (Al) was observed. An aurum (Au) peak intensity was
detected due to the Au coating applied prior to SEM observations. Phosphorus (P) was
detected on the HAp/WPC surfaces due to the HAp present in this type of sample. A
low intensity peak of P was detected and was difficult to observe due to the small
amounts of phosphate compounds. The peak intensity of P was nearly equal to that of
Au.
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Fig. 11 SEM/EDS micrograph showing morphological changes on sample surfaces of
the as-cured WPC and HAp/WPC samples: (a) SEM micrograph of the WPC sample,
(b) SEM micrograph of the HAp/WPC sample (c) EDS analysis of the WPC sample,
and, (d) EDS analysis of the HAp/WPC sample

Fig. 12 shows the morphological changes of WPC and HAp/WPC surfaces after
immersion in SBF solution for 7 days. The surface texture of the WPC and HAp/WPC
samples changed so that it had highly porous surfaces with tiny spherical particles, as
presented in Fig. 12 (a) and (b). The spherical particles on the HAp/WPC surfaces were
larger than those on the WPC surfaces. Fig. 12 (c) and (d) show the EDS spectra of the
WPC and HAp/WPC surfaces after immersion in SBF solution for 7 days. A high
intensity peak of the P spectrum was clearly observed in addition the Ca, Si and Mg
spectra. A stronger intensity peak of P spectrum was observed in the HAp mixed

sample. The SEM observations, EDS and XRD analysis confirmed precipitation of a



bone-like apatite on the WPC and HAp/WPC sample surfaces during immersion in the

SBF solution.
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Fig. 12 SEM/EDS of surface morphological changes of WPC and HAp/WPC after
immersion in SBF solution for 7 days: (a) SEM micrograph of a WPC sample, (b) SEM
micrograph of a HAp/WPC sample, (c) EDS analysis of a WPC sample, and, (d) EDS
analysis of a HAp/WPC sample

The development of the novel spray processes coating on stainless-steel substrate
and characterization

This research aims to study parameters that affect white Portland cement
coating on 316L stainless steel using the cold spray technique in order to achieve 100-
150 um of coating thickness. The evaluation parameters, which were studied are: 1)
speed of the sample moving pass through the spray nozzle 2) size of the spray nozzle
3) distance between the coating nozzle and sample surface 4) coating repetition. After
the cold spray process, the thickness of the specimen is analyzed using an optical
microscope.

The stainless steel grade 316L is material that is widely used in surgery due to
its good corrosion resistant and the ability to be compatible with human tissue.
However, the stainless steels may corrode inside the body under certain circumstances
in a highly stressed and oxygen depleted region, such as the contacts under the screws
of the bone fracture plate. Therefore, this materials is suitable to use only in temporary

implant devices. To improve their bioactivity, stainless steel usually coated with



hydroxyapatite (Hap), which has been widely used in medical applications due to their
favorable biocompatibility and osteoconductivity. Therefore, a bioactive HAp coating on
stainless steel surface would be one of the most promising implant materials of a good
combination of coating biocompatibility and substrate strength. The plasma spraying is
now widely accepted method for HAp coating because it gives tight adhesion between
HAp and metal substrate with a coating thickness about 100 to 150 ym.Unfortunately,
disadvantages of the plasma spray process are relative high cost and complexity of
process. Moreover, The extremely high temperature of plasma spray is cause of
decomposition of the coating, instability of coating-substrate interface, thermal
expansion mismatch, residual stress in coating layer and unstable duration of coating
under body fluids and varying local loading. Therefore, novel cold spray coating is an
interesting technology need to be studied to obtain surface coating. This technique may
offer several technological advantages over thermal spray, for examples, tensile residual
stress, thermal decomposition and instability of coating-substrate interface may be
avoided. However, the formation of HAp coating on the metal substrate at low
temperature is a limitation. In order to solve this restriction, White Portland cement
(WPC) is the prefer choice to study since its setting behavior and strength development
are essentially the same as that expected in gray cement. WPC based materials have
been proved non-toxic and feasibility of obtaining biocompatibility and bioactivity. It has
potential to promote bone healing and bone tissue engineering application. Moreover,
WPC has also been proved the feasibility of obtaining bioactivity for bone tissue
engineering application. In addition, white color of WPC seems to be suitable source
material for bone substitute materials.

The principal objective of this study to develop the novel spray tool and process
of WPC coating on stainless-steel substrate and to evaluate the optimum parameters to
achieve the coating thickness at 100 - 150 um. The evaluation parameters, which were
studied are: 1) spray nozzle size 2) speed of the sample moving pass through the spray
nozzle 3) distances between coating nozzle and sample surface 4) coating repetition.

The SUS 316L was cut to a shape of rectangular with a size of 10x3x20 mm.
They were then sand-blasted in order to get average roughness (Ra) of 3-6 um. The
WPC powder was sifted through a 100-mesh screen and then mixed with distilled water
at a ratio of 1: 0.5 by weight before spraying. Fig. 13 shows schematic design of cold
spray coating equipment, which is compose of: 1) air compressor 2) spray gun with
three different sizes of nozzle 3) coating table, which can adjust the speed of sample

moving and coating distance and 4) coating repetition. In this study, these parameters



were selected to study the suitable coating condition to achieve optimum coating
thickness of 100-150 um, as follow: 1) sizes of the spray nozzle of 1.2, 1.7 and 2.0 mm.
2) speeds of sample moving pass through the spray nozzle of 600, 1,200 and 1,800
cm/min 3) distances between the spray nozzle and sample of 15, 20, 25 and 30 cm.
and 4) coating repetition of 1, 2 and 3 times. For each condition, the air pressure from

compressor was fix at appropriate pressure of 0.3 MPa.
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Fig. 13 Schematic design of cold spray coating equipment

After spraying, the coated samples were leaved at ambient temperature for 1
hour and cured in water for 24 hours to allow the coating layer setting. The coated
samples were then mounted into resin and allowed them to solidify at room temperature
for 24 hours. The mounted samples were polished with sandpaper and diamond powder
to get the mirror surface. The coating thickness was examined by measuring average

thickness from 5 points using an optical microscope (OM), as shown in Fig 14.
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Fig. 14 Measuring points of the coating thickness of the sample

In order to find the proper size of spray nozzle and moving speed of sample
pass through spray nozzle, the air pressure from compressor and the spraying distance
were controlled at 0.3 MPa and 20 mm, respectively. The SUS 316L substrate was not

moved. The three diameter sizes of the spray nozzle, 1.2, 1.7 and 2.0 mm, and the



three moving speeds of sample, 600, 1,200 and 1,800 cm/min were selected to
evaluate the appropriate spraying area and apparent of the coating surface.

Figures 15 and 16 show the schematic of the distribution of spray area and the
coated surface of specimens from different size of nozzle. From the results, they were
found that the size of 1.2 mm diameter of the spray nozzle created the suitable spraying
area and the uniform coating surface on the SUS 316L substrate. The nozzle size of 1.2
mm then was used to determine the suitable moving speeds of sample. Coated
surfaces of samples from different moving speed are presented in Fig. 17. The coating
speed of 600 cm/min condition shows the good result of the surface of coating

according to the smooth and uniformity of the coating surface.
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Fig. 15 The distribution of spray area from different size of nozzle
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Fig. 16 Coating surface of different size of the spray nozzle
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Fig. 17 Coated surface of samples from different moving speed pass through the spray

nozzle



Other two parameters that might affect the coating thickness are the coating
distance between spray nozzle and sample and the coating repetition. The coating
distance of 15, 20, 25 and 30 cm and the coating repetition of 1, 2 and 3 times were
selected to conduct. The 100-150 um coating thickness is the target of this study.

Figures 18-21 show the profiles of the coating thickness along the samples after
sprayed on the SUS substrate with different coating distance and repetition. The coating
thickness was increased with increasing coating repetition for all coating distance. The
coating distance of 15 cm shows a bit over target result after the first time of coating, as

shown in Fig. 18.
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Fig. 18 Coating thickness of samples after sprayed with a coating distances of 15 cm

and repetition of 1, 2 and 3 times

The optimum parameters to achieve the coating target were the coating distance
of 20 and 25 cm with the repetition for 2-3 times, as shown in Figs. 19 and 20. From
the result in Fig. 21, the optimum coating thickness form these conditions (30 cm

coating distance, 1-3 spray repetition) was not succeeded.
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Fig. 19 Coating thickness of samples after sprayed with a coating distances of 20 cm

and repetition of 1, 2 and 3 times
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Fig. 20 Coating thickness of samples after sprayed with a coating distances of 25 cm

and repetition of 1, 2 and 3 times
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Fig. 21 Coating thickness of samples after sprayed with a coating distances of 30 cm

and repetition of 1, 2 and 3 time

The coating thickness results of each coating condition were summarized in
Table 7. From the desired thickness of 100-150 um, the conditions that can be used for
preparing the WPC coating sample are as follow: 1. the coating distance of 15 cm and
repetition of 1 time (average coating thickness, 139 um). 2. The coating distance of 20
cm and repetition of 1 and 2 times (average coating thickness, 110 and 132 pm
respectively). 3. The coating distance of 25 cm and repetition 1 time (average coating
thickness, 103 pm). 4. The coating distance of 30 cm and repetition 2 times (average
coating thickness, 142 um)

From the observation on the coated sample sprayed with the coating distance of
15 cm and 30 cm, the coating surfaces were not be uniform. On the other hand, the
samples from the coating distance of 20-25 cm, the surface of the sprayed samples was
complete and more consistent. Figure 22 shows the coating layer of the sample coated

from the coating distance of 20 cm with 2 times repetition.



Table 7. The coating thickness results of each coating condition

Distance | Repetition Point of measuring thickness Mean
1 2 3 4 5
30 1 80.3 | 95.6 | 88.0 | 80.7 | 80.7 | 85.1
2 131.8 | 135.6 | 149.7 | 149.5 | 145.2 | 142.4
3 153.9 | 149.6 | 136.1 | 158.2 | 149.3 | 149.4

25 1 103.4 | 102.7 | 105.3 | 98.1 | 107.7 | 103.4
142.3 | 146.7 | 163.9 | 149.6 | 152.4 | 149.0
223.1 | 190.0 | 173.9 | 170.0 | 183.2 | 188.0
20 1 122.6 | 102.0 | 99.5 | 112.5 | 115.9 | 110.5

w [N

2 140.9 | 126.0 | 133.2 | 129.4 | 133.7 | 132.6
3 248.0 | 241.8 | 243.8 | 257.7 | 263.0 | 250.9
15 1 136.1 | 124.1 | 137.1 | 130.8 | 171.7 | 139.9
2 200.5 | 174.6 | 207.3 | 199.1 | 219.3 | 200.1
3 270.0 | 256.8 | 256.8 | 261.6 | 265.9 | 262.2

Fig. 22 The coating layer of the sample coated from the coating distance of 20 cm with

2 times repetition

Conclusion

From the results of:

- Raw material preparation and characterization

- The preparation and characterization of HAp/CK and HAp/WPC composite materials

- The development of the novel spray processes coating on stainless-steel substrate and
characterization

4 papers were published as attached in appendix.

The study of the HAp/WPC spray coating on stainless-steel substrate and characterization is now

under the experiment and developing a manuscript.
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Abstract. In this study, the effects of curing white Portland cement (WPC) and hydroxyapatite mixed
with white Portland cement (HAp/WPC) pastes in water and the in vitro biological environment on
the compressive strength and bone-like apatite formation were examined. The compressive strength
of both WPC and HAp/WPC pastes increased with longer curing periods in water. The compressive
strength of WPC and HAp/WPC pastes was 51.88 and 25.67 MPa, respectively, after curing in water
for 28 days. The compressive strength of both samples continuously increased during in vitro testing
in a simulated body fluid (SBF). After 4 weeks of immersion in a SBF, the strengths of cured WPC
and HAp/WPC samples were 59.01 and 28.06 MPa, respectively. It is due to continued hydration of
WPC. The addition of HAp to WPC decreased the compressive strength of the sample. Alternatively,
it enhanced bone-like apatite formation on the surface of the samples.

Introduction

A number of substitute materials have been developed as alternatives for bone repair,
augmentation and substitution. A bone substitute material often has a negative influence on patients
after surgery. It may produce inflammation, infection and incompatibility between the material and
the patient. The implications of bone implant materials on the host body are important factors that
determines the success or failure of the developed materials. Therefore, a thorough understanding of
the correlation between the material properties and biological effects is necessary. A simulated body
fluid (SBF) solution has an ion profile and concentration similar to that of human blood plasma. It has
been widely applied for in vitro evaluations of the artificial bone biomaterial bioactivity. Currently,
most of the research studies on bone implant biomaterials use a SBF solution to assess the bioactivity
of bone substitute materials by examining bone-like apatite formation on the surfaces of these
materials during immersion in the solution [1-3].

Hydroxyapatite (HAp), which has a chemical composition of Cajo(PO4)s(OH)2, is one of the
calcium phosphate based bioceramics. It has been use in medical and dental applications as a bone
substitute material for 30 years since it has excellent biocompatibility, bioactivity and
osteoconductive properties as well as chemical and structural similarity to human bone minerals [4].
In various biomedical applications, such as prosthetic and coating implants, HAp is normally used in
powder form [5-7]. Unfortunately, the low strength and brittleness of HAp limits its application to
only bone repair. White Portland cement (WPC) is the preferred choice to improve the strength of
HAp, since its mechanical properties and setting mechanism are similar to those of gray cement. WPC
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based materials have been proven non-toxic and feasible for obtaining biocompatibility and
bioactivity. They have the potential to promote bone healing and in bone tissue engineering
applications. Moreover, WPC has also been shown to be bioactive in bone tissue engineering
applications [8-11]. Additionally, the white color of WPC seems makes it a suitable source material
for bone substitute materials. While the mechanical properties of bulk HAp have been reported
inappropriate in load bearing applications such as orthopedics, HAp/WPC composites are an
alternative choice to achieve a favorable combination of properties, and incorporating the best
characteristics of each material.

In this study, in vitro biological testing of WPC and HAp/WPC samples was conducted in SBF to
investigate bone-like apatite formation characteristics. The compressive strengths of both samples
before and after bone-like apatite formation were investigated and reported in this work. The
compressive strength of samples was determine according to ASTM standards. Bone-like apatite
precipitation was investigated using scanning electron microscopy, energy disperse spectroscopy
(SEM/EDS) and X-ray diffraction (XRD) techniques.

Materials and Methods

Sample Preparation. The starting materials used in this research were commercial white Portland
cement (WPC) and hydroxyapatite (HAp) powders. The WPC powder used in this study had chemical
composition consisting of 14.67% SiO», 1.93% Al>O3, 78.77% CaO, 0.328% Fe,O3, 0.31% MgO,
0.04% NaxO, 3.22% SOs3, and 0.13% TiO. HAp powder was synthesized from calcium carbonate
(CaCO3) and dibasic calcium phosphate dehydrate (DCPD) powders using a mechanochemical
method [12]. The calcium/phosphorous molar ratio of the mixed powders was 1.67, which is equal to
the desired theoretical calcium/phosphorous molar stoichiometry of HAp. In this research, pure WPC
(denoted as WPC) powder and mixed of WPC and HAp (denoted as HAp/WPC) powders with a
weight ratio of 1:1 were prepared. The mixed powders were blended with distilled water in a solid to
liquid ratio of 2:1 by using mechanical mixing machine to prepare pastes of the samples. These pastes
were cast into cubic molds (25 mm?®) for compressive strength testing, and disk-shaped molds
(diameter 10 mm, 2 mm thick) for bioactivity testing. Then, they were vibrated for 10 seconds to
remove entrapped air. All samples were wrapped in plastic sheets to control moisture loss and were
stored to set in controlled room at a temperature of 23 °C for 24 hours before testing.

Compressive Strength Testing. After setting under controlled conditions, the cubic paste samples
were removed from their molds and then cured in pure water at 23 °C for 3, 7, 14, 21 and 28 days. To
stop hydration after curing, the cubic cement samples were immersed into acetone for 1 day and then
dried at 40 °C in an incubator. These samples were cured in pure water for 28 days and then they were
immersed in SBF for 3, 7, 14, and 28 days. After immersion, the samples were taken out of the
solution, gently washed with distilled water and then dried at 40 °C for 24 hours in an incubator.
Compressive strength tests were conducted according to ASTM C109 [13] on cubic samples using a
hydraulic testing machine at a loading rate of 2 kN/s after curing in water and immersion in SBF
solution. The average failure stress values of three samples subjected compressive test were reported
for each sample.

Bioactivity Testing. After setting under controlled conditions, disk-shaped paste samples were
removed from their molds and cured in pure water at 23 °C for 28 days. These samples were then
immersed in a SBF solution at 37 °C for 7 days. The SBF solution had an ion profile and
concentration close to that of human blood plasma. It was prepared according to the procedure of
Kokubo [14]. After the immersion period, the samples were gently washed with distilled water and
dried using blow drier then kept in a desiccator. Bioactivity tests were conducted by observing the
formation of bone-like apatite on the sample surfaces. The formation of bone-like apatite and the
elemental composition on the sample surface were observed and analyzed using a scanning electron
microscope/energy-dispersive X-ray spectroscopy (SEM/EDS, LEO model 1430). The crystalline
phases of samples were identified using X-ray diffractometer (XRD, Bruker D§). The XRD analysis
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was carried out with CuKa radiation operating at 40 kV and 40 mA at a scanning rate of 2.4° 26/min
in increments of 0.02°.

Results and Discussion

Compressive Strength Testing. The results of compressive strength development of WPC and
HAp/WPC pastes during water curing and during immersion in a SBF solution are shown in Fig.1. As
the length of time for water curing was extended, the compressive strength of both types of samples
increased (Fig. 1 (a)), as cement hydration was gradually accomplished. When WPC reacted with
water, it underwent a hydration process forming ettringite, calcium silicate hydrate and calcium
hydroxide, all of which contributed to the strength development seen in the WPC samples [9]. After
curing in water for 28 days, the compressive strength achieved by the WPC and HAp/WPC samples
was 51.88 and 25.67 MPa, respectively. The addition of HAp to WPC affected the hydration of WPC
resulting in a deceased compressive strength. Both of these sample types have potential for use in
cancellous bone applications as their compressive strengths are within the range of that of cancellous
bone (2-45 MPa) [15].

After curing in water for 28 days, both samples types were immersed in SBF for 3, 7, 14 and 28
days and then subjected to compression testing. The results are shown in Fig. 1 (b). It can be seen from
this figure that the compressive strength of WPC and HAp/WPC samples gradually increased to 59.02
and 28.06 MPa, respectively, after four weeks of immersion in SBF solution. The increased strength
of WPC after immersion in SBF solution may have been due to continued hydration of the samples.
The increasing compressive strength of the WPC samples was greater than that of HAp/WPC samples
based on the purity of WPC. However, the increased strength of these specimens after immersion in
SBF solution is a good indicator that they can be used as a bone substitute material for implantation in
a physiological environment.
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(a) Curing in water (b) Immersion in SBF
601
504
401

304

zo-»/"'/—‘\M
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Fig.1 Compressive strength of the WPC and HAp/WPC samples

Bioactivity testing. Fig. 2 shows the XRD patterns of the as-cured WPC and HAp/WPC samples and
those of these samples after immersion in SBF solution for 7 days. The XRD patterns of the as-cured
WPC and HAp/WPC samples are shown in Fig. 2 (a). The major crystalline phases detected in both
samples were calcite, portlandite and ettringite, which are the crystalline phases found in hydrated
cement. Excluding the crystalline phases of hydrated cement, the characteristic peaks of the HAp
phase were detected on the HAp/WPC sample due to the addition of HAp during the sample
preparation. The XRD patterns of the WPC and HAp/WPC samples after immersion in SBF solution
for 7 days are shown in Fig. 2 (b). Changes in the phase composition of both samples were observed.
The peak intensity of the portlandite phase disappeared after 7 days of immersion, whereas those of
calcite and ettringite phases decreased after immersion in SBF solution for 7 days. From the results, it
can be concluded that these three phases dissolved in the SBF solution.

An increasingly broad peak intensity of a HAp phase was observed at about 20 = 25.8° and 31-33°
on WPC samples after 7 days of immersion, as shown from Fig. 2 (b). The peak intensity of the HAp
phase of HAp/WPC changed its appearance from a sharp to broad peak intensity after 7 days of
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immersion. These results implied that the amorphous phase of bone-like apatite was precipitated on
the surfaces of both samples. The composition of the dissolved of phase of WPC increased the degree
of supersaturation in the SBF solution by increasing the ionic activity of apatite and accelerated
bone-like apatite nucleation on the surfaces [16].
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Fig. 2 XRD patterns of samples (a) as-cured and (b) after immersion in SBF for 7 days for WPC and
HAp/WPC

Fig. 3 shows the morphological changes observed on the as-cured WPC and HAp/WPC sample
surfaces. Fig. 3 (a) displays a homogeneous structure showing the compacted surface of the WPC
sample before immersion. Irregularly shaped WPC particles were observed on its surface. For the
HAp/WPC before immersion, irregularly shaped WPC particles were mixed with round HAp
particles as shown in Fig. 3 (b). EDS analysis of the WPC and HAp/WPC surfaces before immersion
in the SBF solution are shown in Fig. 3 (c) and (d), respectively. The presence of calcium (Ca), silicon
(Si), magnesium (Mg) and aluminum (Al) was observed. An aurum (Au) peak intensity was detected
due to the Au coating applied prior to SEM observations. Phosphorus (P) was detected on the
HAp/WPC surfaces due to the HAp present in this type of sample. A low intensity peak of P was
detected and was difficult to observe due to the small amounts of phosphate compounds. The peak
intensity of P was nearly equal to that of Au.
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Fig. 3 SEM/EDS micrograph showing morphological changes on sample surfaces of the as-cured
WPC and HAp/WPC samples: (a) SEM micrograph of the WPC sample, (b) SEM micrograph of the
HAp/WPC sample (c) EDS analysis of the WPC sample, and, (d) EDS analysis of the HAp/WPC
sample

Fig. 4 shows the morphological changes of WPC and HAp/WPC surfaces after immersion in SBF
solution for 7 days. The surface texture of the WPC and HAp/WPC samples changed so that it had
highly porous surfaces with tiny spherical particles, as presented in Fig. 4 (a) and (b). The spherical
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particles on the HAp/WPC surfaces were larger than those on the WPC surfaces. Fig. 4 (¢) and (d)
show the EDS spectra of the WPC and HAp/WPC surfaces after immersion in SBF solution for 7
days. A high intensity peak of the P spectrum was clearly observed in addition the Ca, Si and Mg
spectra. A stronger intensity peak of P spectrum was observed in the HAp mixed sample. The SEM
observations, EDS and XRD analysis confirmed precipitation of a bone-like apatite on the WPC and
HAp/WPC sample surfaces during immersion in the SBF solution.
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Fig. 4 SEM/EDS of surface morphological changes of WPC and HAp/WPC after immersion in SBF
solution for 7 days: (a) SEM micrograph of a WPC sample, (b) SEM micrograph of a HAp/WPC
sample, (¢) EDS analysis of a WPC sample, and, (d) EDS analysis of a HAp/WPC sample

Conclusions

The effects of hydroxyapatite mixed with white Portland cement on the compressive strength and
bioactivity of these samples after immersion in an in vifro environment (containing SBF) were
examined. It can be concluded that:

1. The compressive strength of WPC and HAp/WPC increased continuously during in vitro
testing.

2. Addition of HAp to WPC decreased the compressive strength of these samples. After 28 days of
immersion in a SBF solution, the compressive strengths of the WPC and HAp/WPC samples were
59.02 and 28.06 MPa, respectively.

3. Addition of HAp into WPC samples improved bone-like apatite formation on the surfaces of the
samples.
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Cold Spray Parameters for White Portland Cement Coating
on Stainless Steel
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Abstract: This research aims to study parameters that affect white Portland cement coating on 316L
stainless steel using the cold spray technique in order to achieve 100-150 um of coating thickness. The
evaluation parameters, which were studied are: 1) speed of the sample moving pass through the spray
nozzle 2) size of the spray nozzle 3) distance between the coating nozzle and sample surface 4) coating
repetition. After the cold spray process, the thickness of the specimen was analyzed using an optical
microscope. From preliminary experiments, the results showed that the nozzle of 1.2 mm with the speed
of the sample moving pass through the nozzle of 600 cm/min produced good surface condition and
satisfying distribution of coating area on coated sample. In addition, a distance between the nozzle of
20 cm with twice coating times, was the optimum condition created 132 pum of coating thickness of the

coated sample.

Keywords: White Portland cement, Stainless steel costing, Cold spray

1. Introduction

The stainless steel grade 316L is material that is widely
used in surgery due to its good corrosion resistant and the
ability to be compatible with human tissue (Gopi et al,
2013). However, the stainless steels may corrode inside the
body under certain circumstances in a highly stressed and
oxygen depleted region, such as the contacts under the
screws of the bone fracture plate. Therefore, this material
is suitable to use only in temporary implant devices. To
improve their bioactivity, stainless steel is usually coated
with hydroxyapatite (HAp), which has been widely used
in medical applications due to their favorable biocompat-
ibility and osteoconductivity (Baptista et al 2016, Dey et
al, 2009). Therefore, a bioactive HAp coating on stainless
steel surface would be one of the most promising implant
materials of a good combination of coating biocompatibility
and substrate strength. The plasma spraying is now widely
accepted method for HAp coating because it gives tight
adhesion between HAp and metal substrate with a coating
thickness about 100 to 150 um. Unfortunately, disadvantages
of the plasma spray process are relative high cost and
complexity of process. Moreover, the extremely high
temperature of plasma spray is cause of decomposition of
the coating, instability of coating-substrate interface,
thermal expansion mismatch, residual stress in coating
layer and unstable duration of coating under body fluids
and varying local loading (Ishikawa, et al., 1997; Lu et al,
2004). Therefore, novel cold spray coating is an interesting

* Corresponding Author: teerla@kku.ac.th, +66 859 160 505

technology need to be studied to obtain surface coating.
This technique may offer several technological advantages
over thermal spray, for examples, tensile residual stress,
thermal decomposition and instability of coating-substrate
interface may be avoided. However, the formation of HAp
coating on the metal substrate at low temperature is a
limitation. In order to solve this restriction, White Portland
cement (WPC) is the prefer choice to study since its setting
behavior and strength development are essentially the same
as that expected in gray cement. WPC based materials have
been proved non-toxic and feasibility of obtaining biocom-
patibility and bioactivity. It has potential to promote bone
healing and bone tissue engineering application. Moreover,
WPC has also been proved the feasibility of obtaining
bioactivity for bone tissue engineering application
(Chaipanich and Torkittikul, 2011; Gallego, et al. 2008;
Coleman, et al. 2007; Abdullah, et al. 2002; Torkittikul and
Chaipanich, 2009; Torkittikul and Chaipanich, 2012; Pang-
daeng et al.,2015.). In addition, white color of WPC seems
to be suitable source material for bone substitute materials.

The principal objective of this study to develop the
novel spray tool and process of WPC coating on stainless-steel
substrate and to evaluate the optimum parameters to achieve
the coating thickness at 100 - 150 um. The evaluation
parameters, which were studied are: 1) spray nozzle size
2) speed of the sample moving pass through the spray
nozzle 3) distances between coating nozzle and sample
surface 4) coating repetition.
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2. Materials and Methods

2.1 Materials preparation

The materials used in the research are stainless steel 316L.
(SUS 316L) plate and commercial grade white Portland
cement (WPC). The chemical composition of WPC is
shown in Table 1. The SUS 316L plate was cut to a shape
of rectangular with a size of 10x20x3 mm. They were then
sand-blasted in order to get average roughness (Ra) of 3-6
um (Dey et al, 2009). The blasted plates were then washed
in acetone for 30 minutes using ultrasonic machine to re-
move grease and remaining sand on the samples. The WPC
powder was sifted through a 100-mesh screen and then
mixed with distilled water at a ratio of 1: 0.5 by weight
before spraying.

R&K

2.2 Spray coating parameters and sample preparation
Figure 1 shows schematic design of cold spray coating
equipment, which is compose of: 1) air compressor 2) spray
gun with three different sizes of nozzle and 3) coating table,
which can adjust the speed of sample moving and coating
distance. In this study, four spraying parameters were se-
lected to study the suitable coating condition for achieving
optimum coating thickness of 100-150 um, as follow: 1)
sizes of the spray nozzle of 1.2, 1.7 and 2.0 mm. 2) speeds
of sample moving pass through the spray nozzle of 600,
1,200 and 1,800 cm/min 3) distances between the spray
nozzle and sample of 15,20, 25 and 30 cm. and 4) coating
repetition of 1, 2 and 3 times. For each condition, the air
pressure from compressor was fix at appropriate pressure
of 0.3 MPa.

Table. 1 Elements of Portland Cement White. (Pangdaeng et al., 2015.)

Material Chemical composition (%)
SiO, Al O, CaO Fe O, MgO Na,O SO, TiO
WPC 14.68 1.93 78.77 0.33 0.31 0.04 322 0.12

1) Air compressor

2) Spray gun

3) Adjust the distances
between the spray nozzle and

sample moving pass
through the spray nozzle

Fig. 1 Schematic design of cold spray coating equipment

After spraying, the coated samples were leaved at
ambient temperature for 1 hour and cured in water for 24
hours to allow the coating layer setting. The coated samples
were then mounted into resin and allowed them to solidify
at room temperature for 24 hours. The mounted samples
were polished with sandpaper and diamond powder to get
the mirror surface. The coating thickness was examined by
measuring average thickness from 5 points using an optical
microscope (OM), as shown in Fig 2.

b 23 459 <+— Resin
el +— WEC
<+— SUS 316L

Fig.2 Measuring points of the coating thickness of the
sample

3. Results and discussion

3.1 The size of the spray nozzle and moving speed of
sample pass through the spray nozzle

In order to find the proper size of spray nozzle, the air
pressure from compressor and the spraying distance were
controlled at 0.3 MPa and 20 mm, respectively. The SUS
316L substrate was not moved. The three diameter sizes
of the spray nozzle, 1.2, 1.7 and 2.0 mm were selected to
evaluate the appropriate spraying area. After selected a
proper nozzle size, the three moving speeds of sample, 600,
1,200 and 1,800 cm/min were selected to evaluate the good
speed condition for spraying.

Figures 3 and 4 show the schematic of the distribution
of spray area and the coated surface of specimens from
different size of nozzle, respectively. From the results, they
were found that the size of 1.2 mm diameter of the spray
nozzle created the suitable spraying area and the uniform
coating surface on the SUS 316L substrate. The nozzle size
of 1.2 mm then was used to determine the suitable moving
speeds of sample. Coated surfaces of samples from differ-
ent moving speed are presented in Fig. 5. The coating speed
of 600 cm/min condition shows the good result of the
surface of coating according to the smooth and uniformity
of the coated surface.
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on Stainless Steel

!‘_ Sizes of spray nozzle

“-“—Size of distribution

SUS
Conveyer

2.0 mm

Fig.3 The distribution of spray area from different size of nozzle

1.2 mm

1.7 mm

2.0 mm

Fig. 4 Coating surface of different size of the spray nozzle.

600 cn/min
Fig. 5 Coated surface of samples from different moving speed pass through the spray nozzle

3.2 The coating distances between spray nozzle and
sample and the coating repetition

Other two parameters that might affect the coating thick-
ness are the coating distance between spray nozzle and
sample and the coating repetition. The coating distance of
15,20, 25 and 30 cm and the coating repetition of 1,2 and
3 times were selected to conduct. The 100-150 um coating
thickness is the target of this study.

Figures 6-9 show the profiles of the coating thickness
along the samples after sprayed on the SUS substrate with
different coating distance and repetition. The coating thick-
ness was increased with increasing coating repetition for
all coating distance. The coating distance of 15 cm shows
a bit over target result after the first time of coating, as
shown in Fig. 6.

——1 82 ——3

3000 1 270.0

256.8 256.8 261.6 265.9

250.0 - o3
200.5 2073 199.1

200.0 174.6 1717

(micron, pm)
—
7
o
o

136.1 1241 137.1 130.8

100.0 -

50.0 -

0.0

1 ‘ 2 ‘ 3 ‘ 4 ‘ 5
Fig. 6 Coating thickness of samples after sprayed with a

coating distances of 15 cm and repetition of 1, 2
and 3 times

1200 cm/min

1800 cm/min

The optimum parameters to achieve the coating
target were the coating distance of 20 and 25 cm with the
repetition for 1-2 times, as shown in Figs. 7 and 8.

From the result in Fig. 9, the optimum coating
thickness form these conditions (30 cm coating distance,
1-3 spray repetition) was not success.

—_——] 2 ——3
300.0 -
263.0

248.0 2418 243.8 »77

2500 | e T e

200.0

1409 1332 1337
1500 | 12256 126.0 1294 1337
100.0 \—.—_’__‘_—_,

50.0 -

(micron, jum)

0.0

1 ‘ 2 ‘ 3 ‘ 4 ‘ 5
Fig.7 Coating thickness of samples after sprayed with a
coating distances of 20 cm and repetition of 1, 2

and 3 times



36 Auttachai Jantasang, and Teerawat Laonapakul

——1 2 —3
300.0
250.0 223.1
g b 1900
E 2000 | 173.9 170.0 1832
g 1423 1467 1339 1496 1524
£ 1500 -
£ 103 102.7 105.3 98.1 107.7
= 1000 | — — e
50.0 -
0.0 . : : :
1 2 3 4 5

Fig 8. Coating thickness of samples after sprayed with a
coating distances of 25 cm and repetition of 1, 2
and 3 times.
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Fig 9. Coating thickness of samples after sprayed with a
coating distances of 30 cm and repetition of 1, 2
and 3 times.
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The coating thickness results of each coating
condition were summarized in Table 2. From the desired
thickness of 100-150 um, the conditions that can be used
for preparing the WPC coating sample are as follow: 1. the
coating distance of 15 cm and repetition of 1 time (average
coating thickness, 139 pm). 2. The coating distance of 20
cm and repetition of 1 and 2 times (average coating thick-
ness, 110 and 132 um respectively). 3. The coating distance
of 25 cm and repetition 1 time (average coating thickness,
103 um). 4. The coating distance of 30 cm and repetition
2 times (average coating thickness, 142 um)

From the observation on the coated sample sprayed
with the coating distance of 15 and 30 cm, the coating
surfaces were not be uniform. On the other hand, the
samples from the coating distance of 20 and 25 cm, the
surface of the sprayed samples was completion and more
consistency when compared to those sprayed with the
coating distance of 15 and 30 cm. Figure 10 shows the
coating layer of the sample coated from the coating distance
of 20 cm with 2 times repetition.

4. Conclusion

The cold spray and processes of WPC coating on stainless-
steel substrate were developed. The optimum parameters
to achieve the coating thickness of 100-150 pum were
summarized as follow:

Table 2 The coating thickness results from each coating condition

Distance Repetition Point of measuring thickness Mean
1 2 3 4 5

30 1 80.3 95.6 88.0 80.7 80.7 85.1
2 131.8 135.6 149.7 149.5 1452 1424
3 153.9 149.6 136.1 158.2 1493 1494
25 1 1034 102.7 105.3 98.1 107.7 1034
2 142.3 146.7 153.9 149.6 152.4 1490

3 223.1 190.0 173.9 170.0 183.2 188.0

20 1 122.6 102.0 99.5 112.5 1159 110.5
2 140.9 126.0 133.2 129.4 133.7 132.6

3 2480 241.8 2438 257.7 263.0 250.9

15 1 136.1 124.1 137.1 130.8 171.7 1399
2 200.5 174.6 207.3 199.1 2193 200.1
3 270.0 256.8 256.8 261.6 2659 2622

Fig 10. The coating layer of the sample coated from the coating distance of 20 cm with 2 times repetition
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1. The nozzle size of 1.2 mm and coating speed of
600 cm/min created the suitable distribution of spray area
with uniform coating surface on the SUS substrate.

2. The optimum parameters to achieve the coating
target were the coating distance of 20 and 25 cm with the
repetition for 2-3 times. The coating distance of 20 cm with
2 times repetition has an average thickness 132um which
is the desired thickness range (100-150pum).

3. The coating thickness increased with decreasing
the coating distance and increasing the spraying repletion.
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ABSTRACT: Research on the utilization of calcium compounds from seashells has attracted much interest in diverse
applications. However, the optimum temperature and time for preparation of calcium compounds from shells remains
unknown. These factors have a direct effect on the purity of the obtained calcium phases. In this study, the influence of
calcination temperature and holding time on the phase transformations of CaCO, from sea shells and freshwater shells,
i.e., blood cockle and golden apple snail shells, was studied. High purity and crystalline CaCO, and CaO was produced
from both types of shells by calcination at 600 °C and 800 °C, respectively. Overall both blood cockle and golden apple
snail shells could be used to produce calcium compounds with 95-98% pure calcium with trace amounts of As, Cd, Hg,
and Pb. Phase transformation of CaCO, depends on calcination temperature and holding time. The calcium content in
CaCO, and CaO from golden apple snail shells was higher than that from blood cockle shells. This result also indicated
that the calcium compounds from blood cockle shell were easier to grind than those from golden apple snail shells
primarily due to an early transformation of the calcium phase of golden apple snail shells.

KEYWORDS: CaCO,, CaO, phase transformations, calcination

INTRODUCTION protein source in animal feeds and human foods*~”’.

The large consumption of blood cockle and golden

Blood cockles (Anadara granosa) are a type of bi-
valve mollusc, which are commonly found at muddy
seashores. Blood cockle farming is quite extensive
on the eastern and southern coasts of Thailand. The
annual production of blood cockles in Thailand be-
tween 2009 and 2016 ranged from 40-81 thousand
tonnes!. It is one of the most popular seafoods
in Thailand and is a good protein source. Golden
apple snails (Pomacca canaliculata) are very serious
invasive freshwater pests. They cause damage to
agricultural products, especially rice and aquatic
plants, leading to huge economic losses®. It has
been estimated that in Thailand, golden apple snails
cause losses of at least 3000 million US dollars
annually®. Nonetheless, they have been used as a

apple snails results in a considerable amount of shell
by-products that is now treated as waste.

The three common mineral forms found in vari-
ous sea shells are the aragonite, calcite and vaterite
phases of CaCO,. These shells are composed of 97-
99% of CaCO, with some minor compounds, viz.,
MgO, AIZOB, Fe,O,, SiO,, Ca,P,0,, CaSO,, pro-
teins and mucopolysaccharides. Additionally, trace
amounts of Sn, Mo, Mn, Cd, Ti, B, Pb, Au, Ag, Ni, Co,
Bi, Cu, Sr, Rb and As are present®. Another source
of calcium, CaO, is obtained from the calcination
of limestone or CaCO,”'. Normally, dolomite,
limestone and magnesite from sedimentary rocks
are the common natural sources for the production
of CaCO, and CaO. Nevertheless, large scale mining

www.scienceasia.org
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of raw materials, such as limestone, results in exten-
sive deforestation and top soil loss. This contributes
to environmental damage and the high costs for
environmental compliance incurred.

Nowadays, research on the utilization of cal-
cium compounds from seashells has attracted much
interest. Numerous studies have been done with
the aim of using alternative sources of CaCO, and
CaO from various sea shells. This calcium has
been widely used in diverse applications. It is
notable that this approach uses shell by-products in
an economically feasible manner and has the envi-
ronmental benefits of waste recovery. For example,
CaCO, from oyster, mussel, cockle, clam and bivalve
shells has been applied as fillers in environmentally
friendly thermoplastic composites!!~!3, substitute
materials in the production of plastering cement and
construction materials ' suitably used in plant
fertilizer and as reagents for efficient phosphate
removal from wastewater'”'® and in biomimetic
designs of ceramic/polymer and ceramic/polymer/-
fibre composites'?. Additionally, CaCO, extracted
from blood cockle shells has been used as a bio-
material for tissue engineering applications, drug
delivery systems, bone tissue and bone grafts?°-22,
CaCO, can be prepared from shells with and without
calcination. A temperature of 500 °C with various
holding times from 15 min to 5 h was used to
produce CaCO,. CaO obtained from the calcina-
tion of shells has been used in various applications
such as a renewable catalyst for biodiesel produc-
tion?>2°, a material to absorb CO,, for air cleaning
applications?®27 and an initial substrate to produce
hydroxyapatite ceramic biomaterials?®. Various cal-
cination temperatures from 600 °C to 1000 °C with
holding times from 30 min to 4 h were applied to
shells to obtain CaO. Insufficient information exists
about the influence of calcination temperature and
holding time on the phase transformations of CaCO,
in shells that have a direct effect on the purity of the
CaCO, and CaO phases.

In the present study, transformations of the cal-
cium phase of seawater blood cockle and fresh water
golden apple snail shells were studied. Calcination
temperatures ranging from 600 °C to 900 °C with 1-
4 h holding periods were used to investigate the
effects of these parameters on their transformation
and elemental composition. This information will
be useful in understanding of the effects of cal-
cination temperature and holding time. Effective
calcination method to obtain the required calcium
compounds from shells could thus be developed.

www.scienceasia.org
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MATERIALS AND METHODS
Material preparation

The blood cockle (BC) shells used in this study were
collected from seafood restaurants in Khon Kaen
province. These restaurants are supplied by pro-
ducers from the coastal areas of Eastern Thailand.
Golden apple snail (GAS) shells were collected from
paddy fields in Khon Kaen province, Thailand. First,
the collected GAS shells were broken into pieces
with sizes similar to those of BC shell, the average
size of shell was 3 x4 cm?. The broken GAS and
the BC shells were then cleaned with a brush in tap
water to remove dirt and then boiled in hot water
for 20 min. After cleaning, they were air-dried for
24 h and oven-dried at 60 °C for another 24 h. The
prepared shells were stored in a desiccator at a room
temperature of 25-29 °C.

Material characterization

To study the weight loss and thermal behaviour of
these calcium products, the prepared shells were
separately crushed into fine powders using a porce-
lain mortar and pestle. Thermogravimetric analysis
at ambient temperature (25-29°C) to 1100°C at a
heating rate of 5°C/min under an O, atmosphere
was done on the samples using a thermogravi-
metric analyser/differential scanning calorimeter
(TGA/DSC1, Mettler).

To study the influence of calcination tempera-
ture and holding period on the transformation of
the crystalline phases in BC and GAS shells, the
prepared shells were separately calcined at four dif-
ferent temperatures, viz., 600, 700, 800, and 900 °C
for 1, 2, 3, and 4 h using a heating rate of 5°C/min.
After calcination, they were crushed in a porcelain
mortar into fine powders. The crystalline phase
composition of these powders was investigated us-
ing X-ray diffraction (XRD, Bruker D8) at a scan rate
of 2.4° 20/min in 0.02° 20 increments with CuKa
radiation. The elemental composition of raw shells
and shells calcined at 600, 700, 800, and 900 °C for
1 h were determined using wavelength dispersive X-
ray fluorescence (WDXRE Axios mAX). Microstruc-
tural observations of shell samples were carried
out using scanning electron microscopy (SEM, LEO
1450). 100 g of shell samples calcined for 1 h
were ground and analysed for their particle size
distributions using a particle size analyser (HORIBA,
LA-950). The trace (heavy metal) elements (As, Cd,
Hg, and Pb) in shell powders were also analysed us-
ing inductively coupled plasma/mass spectroscopy
(ICP/MS, AGILENT 7500C).
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Fig. 1 TGA patterns of (a) blood cockle shell, (b) golden apple snail shell, and (c) blood cockle and golden apple snail

shells between 600 and 800 °C.

RESULTS AND DISCUSSION
Thermogravimetric analysis of shells

Fig. 1 shows the results of thermogravimetric

sis (TGA) of shell samples. The TGA curves foi
types of shells were similar to three distinct ¢

of weight loss, as shown in Fig. 1a,b. In the

stage (I) at temperatures below 600 °C, the w

of both shell samples decreased slightly by :

In the second stage (II) at temperatures bet

600 and 800 °C, the weights decreased rapidly

they had lost 44% of their weight. In the
stage (III) at temperatures above 800 °C, the

of shell samples remained almost constant. F
shows a comparison of shell weight losses in

II. The weight loss of BC shell was slightly s

than that of GAS shell. From the results, calcir
temperatures of 600, 700, 800, and 900 °C were
selected to investigate the changes in elemental
composition and transformation of the crystalline
phases of shells. To study the influence of holding
period on phase transformation, four different hold-
ing times, 1, 2, 3, and 4 h, were used.

Transformation of the crystalline phases during
calcination

The XRD patterns of raw BC and GAS shells are
shown in Fig. 2. The broad peak patterns of both
shells corresponded to an amorphous (poorly crys-
tallized) aragonite phase of CaCO,. This is in
agreement with previous reports of the presence of
an aragonite phase in bivalve shells?® and cockle
shells°.

Figs. 3 and 4 show XRD patterns of shells after
calcination at temperatures of 600, 700, 800, and
900°C and 1-4 h holding times. The XRD patterns
of both shells calcined at 600 °C at all holding pe-
riods showed only the sharp characteristic peaks
of a calcite phase, as shown in Figs.3a and 4a.

e CaCO; (aragonite)

‘ . Goldnpplesail e
5 MM ‘IWW Ww WIW WWWIMWM
20 30 40 0 ®0

2 Theta (degree)

Fig. 2 XRD patterns of raw blood cockle and golden apple
snail shells.

For the samples calcined at 700 °C, the single sharp
characteristic peaks of a calcite phase was observed
for BC shells after a holding period of 1-3 h and
for GAS shells after a holding period of 1-2 h, as
depicted in Figs. 3b and 4b. This finding is in good
agreement with previous XRD results for patterns of
aragonite and calcite of CaCO,*'. The initial stage
of weight loss observed in TGA analysis was due to
the removal of water from shells and phase trans-
formation of amorphous aragonite into crystalline
calcite. Bischoff3? reported that this transformation
occurred at low temperatures due to the instability
of the aragonite phase. For the BC shells calcined
at 700°C for 4 h and 800°C for 1 h, as well as the
GAS shells calcined at 700 °C for 3 and 4 h, calcite
co-existed with CaO as shown in Figs.3b,c and
4b. This suggests that the phase transformation of
CaCO, to CaO started at a temperature between 700

www.scienceasia.org
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Fig. 3 XRD patterns of blood cockle shell after calcination at (a) 600°C, (b) 700°C, (c) 800°C, and (d) 900°C for

various holding times.

and 800 °C. The characteristic peaks associated with
complete disappearance of the CaCO, phase after
calcination at 800 °C for 2 h for the BC shells and
after all holding durations at 800 °C for GAS shells,
are shown in Figs. 3c and 4c. The phase change in
the BC shells was slower than for the GAS shells
since the BC shells were thicker. This result is con-
sistent with TGA analysis showing that the weight
loss of the BC shells was slightly slower than for the
GAS shells. When the calcination temperature was
900 °C for all holding periods, only the characteristic
peaks associated with CaO phase were observed,
as shown in Figs. 3d and 4d. This result indicated
that amorphous CaCO, (aragonite) was completely
transformed to crystalline CaCo, (calcite) and CaO
at temperatures of 600°C and 800 °C, respectively.
The XRD results thus indicated that both calcination

www.scienceasia.org

temperature and holding time were important for
the phase transformation of CaCO, in both shells.

Surface morphology observation during
calcination

The surface morphologies of raw shells and calcined
shells at 600, 700, 800, and 900°C for 1 h were
observed under SEM and the results are shown
in Figs.5-7. The surfaces of BC shells contained
parallel cleavages (Fig. 5a) similar to a prismatic
structure with prominent and uniformly distributed
pores. The structure was well connected and
composed of fine grains (approximately 2 ym) of
calcium compounds, (Fig. 5b). Alternatively, the
surface of GAS shells was relatively smooth (Fig. 5c)
consisting of small compact and connected homoge-
neous fine grains (approximately 1 pm) of calcium


http://www.scienceasia.org/2019.html
www.scienceasia.org

ScienceAsia 45 (2019)

e CaCO; (calcite)
a) )

Golden apple snail shell 60C

° ° e
Ao AN

b_

’5; Golden apple snail shell 60C
< ° ° ° . oo
— b4 A A A AN
)
‘D
5
= Golden apple snail shell 600
- ° ° o o (] oo
A », A A A A

Golden apple snail shell 60(
° o oo
A A AN

=3

SR
.

- o

T
20 30 40 50
2 Theta (dearee)

+ CaO
c) 1
l Golden apple snail shell 80C
I +
+
—~ LGolden apple snail shell 80C
S I +
©
> A i
é 4+ L Golden apple snail shell 5320
= |
A L
Golden apple snail shell 80(
—+ —+
) \
T e T T
20 30 40 50

2 Theta (dedree)

Intensity (a.u.)

Intensity (a.u.)

14

e CaCO; (calcite) + CaO

+
b) L4 Golden apple snail shell 700°C, 4h
+
°

LI L S WS
+ Golden apple snail shell 7£0°C, 3h
3

° . oo J
A A d

Golden apple snail shell 700°C, 2h
° ° %o °

Golden apple snail shell 700°C, 1h
(]

] %o
b MR Y P ¥ *
T T T
20 30 40 50 60
2 Theta (dearee)
+ CaO
d +
) J Golden apple snail shell 900°C, 4h
+ 1
s
1’ Golden apple snail shell ?:JO°C, 3h
+
J Golden apple snail shell 900°C, 2h
+
| ]
* Golden apple snail shell 900°C, 1h
+
| |
20 30 40 50 60

2 Theta (degree)

Fig. 4 XRD patterns of golden apple snail shell after calcination at (a) 600 °C, (b) 700 °C, (c) 800°C, and (d) 900°C

for various holding times.

compounds (Fig. 5d).

Figs.6 and 7 show scanning electron micro-
graphs of shells that were calcined at 600, 700, 800,
and 900°C for 1 h. After calcination at 600 °C, the
surface morphologies of both shell types changed
quite noticeably. In the BC shell, the parallel cleav-
ages were not present. Both shells showed non-
uniform irregular surfaces consisting of units up
to 10-15 pm, as shown in Figs.6a and 7a. The
surface showed an agglomerated phase of a sintered
matrix that was due to the removal of water and or-
ganic material from the raw shells. The amorphous
aragonite phase of CaCO, in raw shells was trans-
formed into a crystalline calcite phase of CaCO,
after calcination at 600 °C. This finding concurs with
the results of XRD analysis. After calcination at
700 °C, the surfaces became more uniform with the

presence of many small units (approximately 3-
5 um) of a calcium compound, as shown in Figs. 6b
and 7b. In these figures, the microstructure of
both raw shells calcined at high temperatures of
800 and 900°C were markedly different from the
shells calcined at 600 and 700°C. Increasing the
temperature to 800°C and 900°C resulted in the
formation of uniform micro-granules and fine grains
(approximately 3-5 ym) of calcium compounds, as
shown in Figs. 6¢,d and 7c,d. This change in surface
morphology resulted from a transformation of the
calcite phase of CaCO, to CaO, releasing CO, during
high temperature calcination. The surface densities
of GAS shell were higher than those of BC shells at
all calcination temperatures.

www.scienceasia.org
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Fig. 5 SEM micrographs of surface morphology of (a) raw blood cockle shell, (b) high magnification of raw blood
cockle shell, (c) raw golden apple snail shell, and (d) high magnification of raw golden apple snail shell.

Elemental composition in shells during
calcination

The elemental composition of raw and calcined BC
and GAS shell powders at all calcination temper-
atures for 1 h was determined using X-ray fluo-
rescence. The results presented in Table 1 show
that raw BC and GAS shells were comprised of
93% and 93% CaO by weight, respectively. These
findings show that a high amount of calcium was
present in both shells. Other minor elements, viz.,
Na, Sr, Cl, Si, Mg, S, Fe, Al, K, Mn, B and Ba,
were also present and their levels decreased with in-
creasing calcination temperature. Awang-Hazmi>3
and Bharatham?* studied the mineral and physio-
chemical properties of raw cockle and molluscan
shells and their potential for use as a biomaterial for
bone repair. They found that cockle shells contain
more than 90% calcium. This finding is similar to
reported literature values. Other elements present
were Na, Mg, B K, Fe, Cu, Ni, B, Zn, and Si. The
proportion of CaO in BC and GAS shells calcined at
900°C was 97% and 98%, respectively. This was
higher than that of those shells calcined at 600 °C,
95%, and 96%, respectively. The calcium content of

www.scienceasia.org

GAS shells was higher than that of BC shells. This
result is mainly due to a higher content of Na,O in
BC shells. The influence of environmental factors
(seawater and freshwater) affects the composition
of shells in surficial sediment®. The large amount
of CaO is associated with the presence of calcium
compounds, which was confirmed by the XRD re-
sults. The XRF and XRD analysis indicated that
highly pure CaCO, and CaO can be produced from
BC and GAS shells.

Grindability of CaCO, and CaO

CaCo, (calcite) was obtained after calcination of
shells at 600°C for 1 h, while CaO was obtained
after calcination at 900 °C for same time. The shells
calcined at 600 and 900°C for 1 h were used to
test material grindability. 100 g of each type of
calcined shell was manually ground for 10 min in
a porcelain mortar using a pestle. The particle
size distribution of shell powders was characterized
using a particle size analyser (HORIBA, LA 950).
Fig. 8 presents the particle size distributions of these
shells. The BC shells showed finer particles than
the GAS shells. For shells calcined at 600 °C, the
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d) Blood cockle shell calcined at 900°C

Fig. 6 SEM micrographs of surface morphology of blood cockle shell after calcination at (a) 600°C, (b) 700°C,

(c) 800°C, and (d) 900°C.

Table 1 Elemental composition of raw and calcined blood cockle and golden apple snail shells calcined for 1 h.

Element Blood cockle shell (%w) Golden apple snail shell (%w)
Raw 600°C 700°C 800°C 900°C Raw 600°C 700°C 800°C 900°C

Cao 93.23 95.43 95.45 95.98 97.19 93.26 96.22 96.81 96.90 98.29
NazO 3.77 2.67 2.91 2.20 1.64 1.75 1.40 1.46 1.29 0.77
SrO 0.52 0.04 0.41 0.42 0.39 0.28 0.19 0.27 0.25 0.25
Cl 0.49 0.43 0.35 0.21 0.20 0.37 0.60 0.38 0.27 0.19
SiO2 0.35 0.40 0.28 0.17 0.14 2.33 0.53 0.23 0.18 0.10
MgO 0.21 0.22 0.16 0.13 0.13 0.16 0.24 0.18 0.12 0.06
SO, 0.13 0.12 0.11 0.08 0.08 0.22 0.09 0.07 0.06 0.04
Fe203 0.13 0.14 0.09 0.06 0.06 0.12 0.10 0.06 0.05 -
A1203 0.12 0.30 0.10 0.05 0.06 1.10 0.20 0.20 0.05 0.07
K,0 0.79 0.05 0.06 0.59 0.08 0.05 0.06 0.03 0.52 -
MnO 0.05 0.04 0.05 - 0.07 0.08 0.08 0.08 0.08
PZO5 0.03 0.03 0.02 - 0.02 0.04 — 0.03 0.03 -
BaO 0.16 0.12 - 0.11 - 0.23 0.29 0.18 0.20 0.14

average particle sizes of BC and GAS shells were 7
and 10 pm, respectively. These values were 22 and
30 pm, respectively, for shells calcined at 900 °C.
The particle size of shells calcined at 900°C was
greater than that of 600°C due to the increased
hardness of CaO obtained from a higher calcination
temperature. This result indicates that the calcium

compounds obtained from BC shells were easier to
grind than those of GAS shells. The GAS shells were
slightly more difficult to grind as a result of continue
heating after the phase change was completed due
to the early transformation of the calcium phase and
the surface density of the calcined shells.

Scanning electron micrographs of CaCO, (cal-
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Fig. 7 SEM micrographs of surface morphology of golden apple snail shell after calcination at (a) 600 °C, (b) 700 °C,

(c) 800°C, and (d) 900°C.

7
A
6 i AP
s 9
5- . :
. *
4 flanl 1
8 SArk e
S 31 Fly ta|x
Ele A el
2 .A....«Alv .'. \*\'
P *
1 /* *
/ *
0 T T
0.1 1 10 100 1000

Diameter (um)
— m— Blood cockle shell 600°C, 1h  — A— Golden apple snail shell 600°C, 1h

—@— Blood cockle shell 900°C, 1h  —*— Golden apple snail shell 900°C, 1 h

Fig. 8 Particle size distribution of blood cockle and golden
apple snail shells after calcination at 600 °C and 900 °C.

cite) and CaO from shells are shown in Fig. 9.
The SEM micrographs of CaCO, (calcite) (Fig. 9a,b)
show highly crystallized particles with dense sur-
faces and irregular morphology. The morphology
of CaO was different than CaCO,. For CaO, small

www.scienceasia.org

round particles were agglomerated at the surfaces,
as shown in Fig. 9c¢,d.

Trace (heavy metal) element in blood cockle
and golden apple snail shells

Many products, especially pharmaceutical materials
and those for surgical implants3®37 (e.g., hydroxya-
patite and beta tricalcium phosphate) require mate-
rials that are relatively free of heavy metal elements.
Further investigation of the amount of As, Cd, Hg,
and Pb heavy metal elements was thus required.
The presence of elements was quantitatively deter-
mined using inductively coupled plasma/mass spec-
troscopy on shell powders. The results, (Table 2),
indicate that the amounts of these elements in both
raw and calcined shells (600 and 900°C) are very
low. Neither BC nor GAS shells contained As, Cd,
Hg, or Pb concentrations exceeding the levels es-
tablished by ASTM F1185-03 and ASTM F1108-04a
required for ceramic hydroxyapatite and beta trical-
cium phosphate for surgical implants derived from
natural sources. These results are in agreement
with a study on cockle and three other shells for
used as a material for bone implants®*. The levels
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Fig. 9 SEM micrographs of CaCO, (calcite) powders from (a) blood cockle shell, (b) golden apple snail shell, and CaO
powders from (c) blood cockle shell, and (d) golden apple snail shell.

Table 2 Concentrations of heavy metal element in raw and calcined blood cockle and golden apple snail shells at 600

and 900°C for 1 h.

Element Blood cockle shell (ppm) Golden apple snail shell (ppm) ASTM standard”
Raw 600°C 900°C Raw 600°C 900°C (ppm)

Arsenic (As) 0.093 0.881 0.533 0.049 0.137 0.145 5

Cadmium (Cd) ND' 0.032 0.051 ND ND 3

Lead (Pb) 0.219 0.633 0.399 0.065 0.056 0.051 30

Mercury (Hg) ND ND ND ND ND 5

T ASTM F1185-03 and ASTM F1108-04a; ND = Not Detected.

of heavy metal elements in BC shells were higher
than those in GAS shells. This may result from the
influence of environmental factors. Seawater can
be highly polluted as a result of domestic and in-
dustrial wastewater discharge, sea traffic, accidents
and wastewater from port services.

CONCLUSIONS

The influences of calcination temperature and hold-
ing time on the transformation of the crystalline
phases in seawater blood cockle and fresh water
golden apple snail shells were investigated. The el-
emental composition, heavy metal element content

and physical characterization of both shells were
determined. The main conclusions are as follows.
(1) Thermal gravimetric and XRD analyses
showed three distinct stages of crystalline phase
transformation in both shells. In Stage I, weight of
shells slightly decreased during heating from ambi-
ent temperature to 600 °C. An amorphous aragonite
phase of CaCO, was transformed into a crystalline
calcite phase of CaCO,. In Stage II, the weight of
shells rapidly decreased in the temperature range of
600-800 °C. Here, the calcite phase of CaCO, was
transformed into CaO. In Stage III, weight of shells
was constant at temperatures higher than 800 °C. At

www.scienceasia.org


http://www.scienceasia.org/2019.html
www.scienceasia.org

19

this point, CaCO, in shells were completely trans-
formed into CaO. Both calcination temperature and
holding time were important for the phase transfor-
mation of CaCO, in each of these shell types. The
phase transformation in golden apple snail shells
was faster than that of blood cockle shells due to
the thickness of their shells.

(2) The elemental composition of blood cockle
and golden apple snail shells can be altered by cal-
cination. Fine particle and highly crystalline CaCO,
(calcite) and CaO with some minor elements, Na,
St, Cl, Si, Mg, S, Fe, Al, K, Mn, B and Ba, can be
produced from blood cockle and golden apple snail
shells. The calcium content in the form of CaCO,
and CaO from fresh water golden apple snail shells
was higher than that of seawater blood cockle shells.
The influence of environmental factors (seawater
and freshwater) may have affected the chemical
composition of the shell products.

(3) The average particle size of calcium com-
pounds (CaCO, and CaO) obtained from blood
cockle shells was finer than from golden apple snail
shells by about 3-8 um. This resulted from con-
tinued heating after the phase transformation of
calcium in golden apple snail shells and the surface
morphology of these shells.

(4) The content of heavy metal elements (As,
Cd, Hg, and Pb) found in raw and calcined blood
cockle and golden apple snail shells was much less
than the requirements of ASTM standard specifica-
tions for producing ceramic hydroxyapatite and beta
tricalcium phosphate for surgical implants.
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ABSTRACT: In the current study, improvement of HAp/Calcined kaolin (CK) strength as a function of its curing
regime was studied. The influence of curing temperature and time on the compressive strength of hydroxyapatite
combined with calcined kaolin (HAp/CK) samples was investigated using statistical analysis. Curing temperatures were
ranged 40, 60, 80°C and curing times were 2, 7, 14, 21, 28 days, respectively. Prolonged curing time and increased
curing temperature improved the compressive strength of the samples. The curing time and temperature significantly
affected the compressive strength of HAp/CK samples, while there was no interaction between curing time and curing
temperature. The highest compressive strength, 37.8 MPa, was realized by curing the sample at 80 °C for 28 days. The

optimal process was curing HAp/CK at 60 °C for 14 days to achieve a high compressive strength.

KEYWORDS: compressive strength, bone substitute materials, calcium phosphate bioceramics, geopolymer

INTRODUCTION

Nowadays, a number of bone substitute materials
including metals, polymers, and ceramics have been
developed as alternatives for bone repair, augmen-
tation or substitution!. The aim of development
of bone substitutes is into create materials that
have mechanical and chemical properties closest to
those of human bone. Due to their bioactivity and
biocompatibility, Ca,(PO,), bioceramics, such as
hydroxyapatite (HAp) and P-tricalcium phosphate
(B-TCP), have been widely employed for bone re-
pairs, fixing defects or filling voids. These are
available in various forms, such as powders, porous
scaffolds, blocks, or beads®™*. Unfortunately, low
strength, fracture toughness and brittleness of HAp
and B-TCP have limited its application to just bone
repairs or low weight bearing monolithic implants.
Geopolymer is a three-dimensional aluminosilicate
polymeric structure, which consists of Si-O-Al bonds
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a chemical reaction between SiO, and Al,O, under
highly alkali conditions®. The materials that are
currently attracting interest as bone substitutes or
fillers are geopolymers and synthetic aluminosili-
cates®?. Calcined kaolin (CK) is an aluminosilicate
material that can be used as a starting material to
obtain high strength geopolymers!%'3. To produce
biomaterials, clean source materials with minimum
contamination are needed. The white coloured CK
seems to be the best source material for this purpose.

On a review of literature, the property that
is most often used to characterize the mechanical
behaviour of bone substitute is their compressive
strength. The compressive strength of porous hu-
man bone varies between 2 and 42 MPa for cancel-
lous bone and between 100 and 230 MPa for cortical
bone '* 15, From previous research, mixtures of HAp
with CK were investigated for their strengths and
apatite formation'®. The maximum compressive
strength obtained from an HAp:CK mix at a ratio of
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1:3 was 32.9 MPa when cured at 60 °C for 48 h. This
HAp:CK material exhibited good bioactivity after
immersion in simulated body fluids for 28 days.
However, varying curing time and temperature may
have substantial effects on the ultimate properties
of the final product. This study investigated the
improved strength of HAp mixed with CK in terms
of the curing regime used. The effect of curing
time and temperature on the compressive strength
of the HAp:CK final product was also investigated.
Statistical analysis was done to determine the level
of influence of each factor. SPSS was used assuming
a normal distribution. Two-way ANOVA and Dun-
can’s multiple range tests were used in the statistical
analysis.

MATERIALS AND METHODS
Preparation of starting materials

Hydroxyapatite (HAp) and calcined kaolin (CK)
powders were used as the raw materials in this
study. For the preparation of HAp powder, calcium
carbonate (CaCO,) produced from golden apple
snail shell (calcined at 600°C for 3 h'7) and dical-
cium phosphate dihydrate (CaHPO,, - 2H,0, DCPD,
Sigma Aldrich) were mechanochemically mixed at
a theoretical stoichiometric Ca/P molar ratio (1.67)
to produce HAp. This was done in a ball mill for
24 h. Then the material was heat-treated at a tem-
perature of 1100°C for 1 h. The crystalline phase
of prepared HAp powder was identified using an X-
ray diffraction equipment (XRD, Bruker D8). The
XRD analysis was carried out with CuKa radiation
operating at a scanning rate of 2.4°C 26/min in
0.02°C 26 increment.

Calcined kaolin (CK) was prepared by calcina-
tion of metakaolin at a temperature of 600°C in
an electric furnace. The metakaolin used as the
starting material was obtained from the eastern
region of Thailand. Chemical composition of CK was
determined using an X-ray fluorescence (WDXRE,
AXios mAX). NaOH (10 M) and sodium silicate
(15% Na, O, 33% SiO,, and 52% H,0) with a mass
ratio of 1.0 were used as a liquid activated binder
for the HAp and CK powders.

Material preparation and evaluation

Hydroxyapatite (HAp) and calcined kaolin (CK)
powders with an HAp:CK mass ratio of 1:3
(HAp/CK 25) was selected to study the influence
of curing time and temperature on the compressive
strength of the synthesized samples. This ratio was
selected due to the high compressive strength and
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good bioactivity of samples prepared at this ratio '°.
The HAp/CK 25 powders were mechanically mixed
with an activated binder solution using a planetary
mixer for 5 min. The resulting sample paste was
then rapidly poured into a 25X 25x25 mm? acyclic
cube mould, and then mechanically vibrated for 10 s
to remove entrapped air. Samples were carefully
wrapped with a plastic film to prevent moisture
loss. The cast samples were then separately cured
in electric ovens.

In this study, two factors were varied, curing
temperature and time, to investigate their effect
on the compressive strength of HAp/CK 25. Three
curing temperatures, 40, 60, and 80°C, and five
curing times, 2, 7, 14, 21, and 28 days, were evalu-
ated. The samples cured for less than 28 days were
removed from their moulds, wrapped in a plastic
film and then stored at 23°C until the 28 days. It
has been reported that the temperature curing of
2 days produced geopolymer with a sufficiently high
strength 2%, Hence the strength test at 2 days was
performed in this experiment. Compressive strength
tests were conducted on three cubed samples per
each condition and the results were reported as the
average values according to ASTM C1092!. The
statistical methods were employed to analyse the
level of each factor using SPSS version 19.0. This
analysis began with checking the adequacy of the
model by testing the normality of the parameter
value distributions for all treatments using Shapiro-
Wilk’s test (p-value > 0.05), since there were less
than 50 data points. Then two-way ANOVA at a 95%
confidence interval (a = 0.05) was employed to test
the differences between the mean values. Duncan’s
multiple range test was used to compare the means
of the five levels of curing times (2, 7, 14, 21, and
28 days) and the three levels of curing temperature
(40, 60, and 80°C).

RESULTS AND DISCUSSION

Characterization of starting materials

Fig. 1 shows the XRD pattern of the synthesized
HAp powder. It was found from the figure that
the major component of powder was HAp with a
small amount of B-TCP in a crystalline phase. A
similar behaviour was observed for HAp produced
via a mechanochemical reaction??2%, Chemical
composition of CK showed that it was composed
mainly of 59% SiO,, 36.71% Al,O, 1.43% TiO,, 1%
Fe, 0, 0.25% CaO 0.07% MgO and 0.03% SO,.
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Fig. 1 XRD pattern of the hydroxyapatite synthesized
from golden apple snail shell.

Compressive strength

The average compressive strengths of samples cured
at 40, 60, and 80°C with various curing times
are shown in Fig. 2. These three different curing
temperatures were selected from observations of
kaolin-based geopolymers, indicating that heat is
beneficial for strength development and curing at
temperatures below 100°C and that it has a sig-
nificant contribution to the geopolymeric reaction
in kaolin?®. The curing times of 2, 7, 14, 21, and
28 days were selected to allow sufficient time for
the geopolymerization process. From Fig. 2, it can
be seen that the strength of the samples increased
with increasing curing time at all temperatures. The
strength linearly increased with increasing curing
time for the samples cured at 40°C whereas the
strength of samples cured at 60 and 80 °C increased
slightly over 7 days of curing. The highest strength,
37.8 MPa, was observed from samples cured at
80°C for 28 days, while the compressive strength
of cancellous bone is 2-45 MPa'%!>, From these
results, it can be concluded that the appropriate
curing conditions are a temperature of 80 °C for at
least 7 days for strong development of HAp/CK 25.
This range of strength is potential for cancellous
bone graft substitute. Statistical analyses were used
to elucidate the influence of curing time and tem-
perature on the strength of HAp/CK 25 samples.

Statistical analysis

The compressive strength of HAp/CK 25 was inves-
tigated using 15 treatments; five levels of curing
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Days

Fig. 2 Average compressive strengths of HAp/CK 25 sam-
ples after curing at 40, 60, and 80 °C for various curing
periods

Table 1 Statistical data and Shapiro-Wilk’s test of com-
pressive strength of HAp:CK 25 using 15 treatments to
test for normality.

Day Temp Shapiro-Wilk
Statistic df Sig.

Strength 2_40 0.952 3 0.578
2 60 1.000 3 1.000

2 80 0.996 3 0.873
7_40 0.980 3 0.729

7 60 0.864 3 0.278

7 80 0.864 3 0.278
14 40 0.797 3 0.108
14 60 0.999 3 0.935
14 80 0.970 3 0.670
21 40 0.945 3 0.549
21 60 0.967 3 0.654
21 80 0.827 3 0.181
28 40 0.947 3 0.558
28 60 0.999 3 0.956
28 80 0.935 3 0.506

time and three levels of curing temperature. Three
replicates were made for each treatment and they
were analysed statistically. The model adequacy
was investigated using Shapiro-Wilk’s test to verify
data normality. The results show that the com-
pressive strength data of HAp/CK 25 was normally
distributed (p-value > 0.05) (Table 1). The results
indicated that these data were adequate for further
statistical analysis, assuming a normal distribution.

A two-way ANOVA at a 95% confidence interval
was employed to investigate the effects of curing
temperature and time on the compressive strength
of HAp/CK 25. The factors were considered sep-
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Table 2 Two-way ANOVA test of the effects of curing
temperature and time on the compressive strength of
HAp/CK 25. Tests factor: interaction effects; depen-
dent variable: strength

Source Type III SS df Mean Square F Sig.
C'Model  114.9° 14 8.2 6.3 0.0
Intercept 58459.5 1 58459.5 45124.2 0.0
Day 88.6 4 22.2 17.1 0.0
temp 20.6 2 10.3 8.0 0.0
Day Temp 5.7 8 0.7 0.6 0.8
Error 38.9 30 1.3

Total 58613.3 45

C' Total 153.8 44

2 R? = 0.747 (Adjusted R? = 0.629). Type III SS = Type
III sum of squares. C' = corrected.

arately and in aggregate. The results are shown
in Table 2. The ANOVA results revealed that both
curing time and curing temperature significantly
affected (p-value < 0.05) the compressive strength
of HAp/CK 25, while the interaction between curing
time and curing temperature showed no significant
effect (p-value > 0.05) on the compressive strength
of HAp/CK 25, (Table 2).

Furthermore, the Pearson correlation coefficient
(Table 3) showed that the effects of curing time and
temperature on compressive strength are related
in a positive linear sense. The correlation value
between curing time and compressive strength was
0.660 and between curing temperature and com-
pressive strength was 0.359. This means the com-
pressive strength of HAp/CK 25 increased with
increasing curing time. Also, at a higher curing
temperature, the compressive strength was greater
than at a lower curing temperature. Furthermore, it
was found that the correlation between curing time
and compressive strength was much stronger than
that between curing temperature and compressive
strength (0.660 > 0.359) as shown in Table 3. Many
studies on geopolymers conformed that curing tem-
perature and curing time significantly influence the
compressive strength !%20:26,27,

Duncan’s multiple range test was then used to
compare the range of a subset of the compres-
sive strengths of HAp/CK 25 based on curing time
and another range of a subset of the compressive
strengths of HAp/CK 25 based on curing tempera-
ture. The results are shown in Table 4.

The compressive strength of HAp/CK 25 in-
creased significantly with increased curing time.
However, there were no significant differences in
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Table 3 Pearson correlation of curing time and curing
temperature with the compressive strength of HAp/CK 25.

Day Temp Strength
Day Pearson correlation 1 0.000 0.660
Sig. (2-tailed) 1.000 0.000
N 45 45 45
Temp Pearson correlation 0.000 1 0.359
Sig. (2-tailed) 1.000 0.016
N 45 45 45
Strength Pearson correlation 0.660 0.359 1
Sig. (2-tailed) 0.000 0.016
N 45 45 45

Table 4 Duncan’s multiple range test of curing temper-
ature and curing time on the compressive strength of
HAp/CK 25.

C'time N Subset C'temp. N  Subset

1 2 3 1 2
2.00 9 334 40.0 15 35.1
7.00 9 36.1 60.0 15 36.2
14.0 9 36.5 36.5 80.0 15 36.8
21.0 9 36.7 36.7 Sig. 1.0 0.2
28.0 9 37.5
Sig. 1.0 03 0.1

N = Sample size, Sig. = Significance. C" = cured.

the compressive strengths of HAp/CK 25 after 7, 14,
and 21 days of curing at a 95% confidence interval.
The highest compressive strength, 36.7 MPa, was
observed after 21 days. Furthermore, after 14, 21,
and 28 days of curing, there were no significant dif-
ferences in the compressive strengths of HAp/CK 25
at a 95% confidence interval. The highest compres-
sive strength, 37.5 MPa, was after 28 days.

The compressive strength of HAp/CK 25 in-
creased significantly with increased curing temper-
ature. There were significant differences in com-
pressive strength of HAp/CK 25 with curing at
40°C among all pairs of curing temperatures at a
95% confidence interval. However, there were no
significant differences in compressive strength of
HAp/CK 25 with curing at 60°C and 80°C with a
95% confidence interval. The highest compressive
strength, 36.8 MPa, was observed after curing at
80°C. From these results, it can be concluded that
curing at 60°C for 14 days represents the optimal
curing conditions to achieve the maximal compres-
sive strength of HAp/CK 25. Future research is
required to evaluate the bioactivity and other me-
chanical and physical properties, such as bending
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strength, porosity, surface morphology of HAp/CK
25 under optimal curing condition.

CONCLUSIONS

The effects of curing time (2, 7, 14, 21, and 28 days)
and temperature (40 °C, 60 °C and 80 °C) of hydrox-
yapatite combined with calcined kaolin (1:3 mass
ratio) were investigated. Statistical analyses were
used to determine the level of influence of each
factor. The conclusions of the current study are as
follows.

(1) The compressive strength of the HAp/CK 25
increased significantly with increasing curing
temperature and curing time.

(2) The highest compressive strength of HAp/CK
25, 37.8 MPa, was achieved after curing the
sample at 80 °C for 28 days.

(3) Statistical analyses revealed that both curing
temperature and curing time significantly af-
fected compressive strength, while there were
no interactions between these two factors.

(4) The optimal curing conditions for HAp/CK 25
to achieve its highest compressive strength was
60 °C for 14 days.

(5) The combinations between HAp/CK 25 pro-
vided suitably high compressive strength for the
bone substitute material.
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