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Abstract

Functionally graded materials (FGM) were fabricated for bio-medical application, especially for implant application, and the
effect of gradient structure was evaluated. The titanium/hydroxyapatite (Ti/HAP) and other FGM implants with the concentration
changed gradually in the longitudinal direction of cylindrical shape were fabricated by powder metallurgy to optimize both
mechanical properties and biecompatibilities or change bioreactivity in each region. Concentration gradient was formed either by
sedimentation in solvent liquid or by packing dry powders into mold, followed by compressing and sintering. Electric furnace
heating, high frequency induction heating and spark plasma sintering (SPS) methods were used for sintering. SPS could make the
stable Ti/HAP FGM. The Brinell hardness decreased gradually from Ti part to HAP part, which contributes for stress relaxation in
the implanted region of bone. Tissue response and osteogenesis in animal implantation tests were evaluated from histological
observation by optical microscopy and from elemental mapping by EPMA and XSAM (X-ray scanning analytical microscope).
Maturation of bone is more advanced in the HAP rich region. The gradient functions in both mechanical properties and bio-
chemical affinity to osteogenesis contribute to the efficient biocompatibility, These results demonstrated that the tissue reaction
occurred gradiently in response to the graded structure of FGM, which implies the possibility to control the tissue response through
the gradient function of FGM.
© 2003 Elscvier Ltd. All rights rescrved.
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ical implants lay more weight on strength, toughness,
torque in mechanical properties and the specific prob-
lem of tribology and abrasion resistance in artificial
Joint. Dental implant is usually much smaller and used
to reconstruct the masticatory function, when tooth
root 1s completely lost or extracted. It is set in the jaw-
bone in the manner to penetrate from the inside to the
outside of the bone. The function is, therefore, quite

1. Introduction

For implants the materials need to satisfy the all-
round properties of biocompatibility, strength and cor-
rosion resistance. Titanium (Ti) is one of the best bio-
compatible metals and used most widely as implant [1].
Hydroxyapatite (HAP), main component of bone and
teeth, has bioactive properties for new bone formation

[2-4]. Glass [5-7] ia also one of the materials for bio-
medical use,

Implant may be classified to “implant” as artificial
bone for medical use and “dental implant™ as artificial
tooth for dental use, The specified properties are slightly
different depending on their use. The implants in
orthopaedics are used mostly as structurally enforced
artificial bone which is inserted inside the corpus. Med-
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different at the inside of bone, outside and at their
boundary. In the inside of jaw bone, bone affinity and
stress relaxation are important and in the outside of
bone, that is, in oral cavity, the sufficient strength is
necessary.

The current dental implants composed of a single
material, sometimes with a coating layer, are, however,
essentially uniform in composition and structure in the
longitudinal direction. The conception of FGM (func-
tionally graded materials} [8-18]) may be suitable to
apply for implant. In Fig. 1 the expected properties of
functionally graded dental implant were shown. The
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Fig. 1. Expected properties of functionally graded dental implant.

upper schema shows FGM implant and the lower shows
the conventional uniform implant. The properties are
shown in the middle. For the case of uniform implant
the properties such as strength and biocompatibility are
constant throughout the implant material. Meanwhile,
the implant with the composition changed from the
biocompatible metal, Ti, at one end (left in the figure),
increasing the concentration of ceramics, HAP, toward
100% HAP at the other end (right), could control the
functions of mechanical properties and biocompat-
ibility, depending on the necessity of each part of
implant, without the abrupt change due to the forma-
tion of discrete boundary. The implant was designed to
provide more titanium for the upper part where occlusal
force is directly applied and more apatite for the lower
part which is implanted inside the jaw bone.

In the followings FGM implant with the structure
changed, for example, from pure Ti at one end to Ti-
20%HAP at the other end is expressed as Ti/20HAP
and the specific region with the composition Ti-
20%HAP [19] inside FGM is expressed as Ti-20HAP.
Ti/HAP means Ti/100HAP and sometimes the general
term for FGM composed of Ti and HAP.

The function of implant may develop further in future
to contrel various bioresponse for the use as a small

artificial internal organ. The biomaterials with the con-
ception of FGM structure would serve most properly
for this purpose. In the present study the animal
implantation tests into both soft tissue and hard tissue
were done to investigate the tissue reaction to the
gradient composition of FGM structure.

The FGMs of Ti/20HAP [10-12}, Ti/100HAP [16-18]
and Ti/100Co [14,15] were fabricated by powder metal-
lugy, using the different sintering methods. Ti/ZrQ,, Ti/
8i07 [9,10], Ti (N)/HAP using surface-nitrided Ti which
is expressed as Ti (N), and TiN/HAP were also made
and investigated. The other pure metal implants of Ti,
Zr, Hf, V, Nb, Ta, Re [1], Ni, Fe, Cu [20-22], Ag and
alloys of Ni~Ti, SUS304, SUS316 [22], 12%Au-Ag-Pd-
Cu dental alloys were also used for animal experiments
for comparison. Laser welded biimplants, composed of
combined equal length of metal cylinders, were also
investigated in the system of Ti|Zr, TilHf, T:|V.

Another type of application, the polymer-ceramics
FGM, was also done for dental core and post which is
used for the case where most of tooth crown is lost and
root is still remained [23,24]. Post is inserted in root
canal after endodontic treatment and a crown made of
metal or other materials is set on the core part to restore
the mastication function. Photo-polymerization type
composite resin with ceramics filler in polymer resin
matrix was used as material. Functionally graded core
and post was fabricated by laser lithography, one of the
photo-curing type CAD/CAM systems, for stress
relaxation at the tooth root by decreasing the filler
content ratio from core part down to the apex of post.

In the present paper we focus the main attention on
Ti/HAP FGM implant since this is the most interesting
and promising for clinical application. This system is,
however, not easy to fabricate since the optimum con-
ditions of sintering for Ti and HAP is very different and
the sintering condition for their mixture is obliged to
make compromise. In the following some of the
accomplishments are shown on fabrication, imaging as
cvaluation, mechanical properties, animal implantation
tests and their problems of FGM as well as uniform
metals, alloys and biimplants,

2. Experimental procedure
2.1. Implant materials

Table 1 summarizes the specimen preparation meth-
ods for uniform, biimplant and gradient implant speci-
mens used in this study. FGM implants were prepared by
powder metallurgy, changing gradually the concentration
along the longitudinal direction either by dry method or
wet method. In the dry method the mixed powders with
the varying concentration of 99.98% Ti or Ti hydrate
(Sumitomo Sitix) and HAP (Sumitomo Osaka Cement)
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Table 1
Specimen preparation methods for uniform, biimplant and gradient
implant specimens

Gradient Formation

Dry: Powder packing
Wet: Sedimentation

Condensation + Sintering

CIP (Cold Isostatic Press: 400-1000 MPa)+EF (Electric Furnace
heating: 1300 °C}

CIP (400 MPa)+HF (High Frequency Induction Heating: 1200 °C)
SPS (Spark plasma sintering: 20-80 MPa, 850 °C) LW (Laser Weld-
ing: Nd-YAG, pulse mode, for biimplant).

or 99% Co were packed into the mold. In the wet
method [14], two kinds of Ti powders (<45 pm and
<150 pm} and two kinds of HAP powders (<20 pm
and 20-45 pm) were mixed and stirred in methanol.
After the mixture was poured into the tube of 4 mm in
an inner diameter and left for sedimentation, the super-
natant was removed and dried at 40 °C.

Electric furnace heating [10-15), high frequency
induction heating [9-12] and spark plasma sintering
(SPS) methods [16-19] were used for sintering. In the
electric furnace heating, powders were packed into the
thermo-contractive tube with a 0.25 mm thickness.
After the heat treatment of a tube at 60 °C, Ti/20HAP
and Ti/Co were compressed by CIP (Cold Isostatic
Press) at 800-1000 MPa. The implants of the miniature
cylindrical shape 2x7 mm or 3x7 mm were then made
by sintering in vacuum of 10~2 Pa at about 1300 °C for
pure Ti, Ti/20HAP, Ti/100HAP FGMs and at 1100 °C
for Ti/Co FGM.

In the high frequency induction heating, powders
were packed into the thermo-contractive tube or silicone
rubber impression mold with the shape of dental
implant. After CIP the compacts were sintered at above
1300 °C in Ar gas atmosphere. Ti/20Zr0,, Tij208i0,
were also prepared.

For SPS (IZUMITECH) the mixed powders of Ti
hydrate (SUMITOMO SITIX) and HAP were packed
in graphite mold of 200x(7-14) mm with the gradient
composition ranged from pure Ti to 100%HAP in the
height direction and sintered at 850 °C under the pres-
sure of 40 or 80 MPa. After sintering, the square rods of
Ix1x(7-10) mm, 3x3x7 mm and 2x2x14 mm were
cut out for animal implantation test, compression test
and three point flexural test, respectively, and mechani-
cally polished up to #2000 on the surface. The various
FGM specimens were also prepared: Ti/50HAP, 20HAP/
SOHAP, S0HAP/80HAP, 20HAP/R30HAP, 50HAFP/
100HAP, Ti (N)/HAP and TiN/HAP.

The uniform implants and biimplants were also pre-
pared for comparison in animal experiments. For pure
metal implant the wire of 10x10 mm of 99.9%Ti was
used other than Ti rod prepared by powder metallurgy.

The wire of 10x7 mm was used for 97%HI, 99.9%Nb,
99.95%Ta, 99.97%Re and the square rod of 0.5x2x10
mm was used for 99.7%Ni. The alloys of Ni-Ti,
SUS304, SUS316, 12%Au-Ag-Pd-Cu dental alloys
were also used. Bi-implants were prepared by welding
the equal length of metal cylinders for the system of
TilZr, Ti|Hf, TiV using the dental laser welder
(TANAKA LaborLaser TLL7000PLUS),

2.2. Mechanical tests

Specimens prepared and evaluation methods used in
this study are listed up in Tables 2 and 3, respectively.
Brinell hardness was measured in each region inside
the Ti/HAP FGM. Compression test was done with the
specimens of 3x3x7 mm and the three point flexural
test in gauge length 14 mm [6,7] was done with the
specimens of 2x2x14 mm, using the universal testing
machine (Instron 4204).

2.3. Animal implantation test

FGM implants as well as uniform implants and
biimplants were inserted into hard tissue, bone marrow
of femora of rats or tibia of rabbits, for 1-8 weeks and
into subcutaneous soft tissue in the dorsal or ventral
thoracic region for 1-2 weeks. Pure Ti was implanted in
every case for comparison.

2.4. Observation and analysis

To observe the implant surface and mechanically
polished cross section before implantation and to eval-
uate the tissue response and osteogenesis after implant-
ation, the observation by optical microscopy (Olympus
Vanox-S, Zeiss Axioskop 50), scanning electron micro-
scopy (SEM/Hitachi S2380N, S4000), and elemental line
analysis, mapping by EPMA (electron probe micro-
analysis/JJEOL JXA8900) and XSAM (X-ray scanning
analytical microscope/Horiba XGT2000V) [20-22] were
performed. After the tissue blocks were fixed, they were
dehydrated, embedded in resin or paraffin, sectioned to
the thickness 100 pm in hard tissue and 5 um in soft tissue,
respectively, and stained. These specimens were served for
histological observation by optical microscopy. The
unstained, thick specimens with only one side polished
were used for compositional image by SEM and elemental
mapping by EPMA and XSAM. The spatial resolution
of mapping is about ! um in higher magnification by
EPMA and 100 um by XSAM.

3. Results

Fig. 2 is the SEM image of the cross section of Ti/
20HAP FGM implant around the region biased toward
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Table 2
Prepared specimens
Materials Preparation method Ref,
Pure metals, alloys, composites (uniform composition)
Ti, Zr, HE, V, Nb, Ta, Re [
Ti, Ni, Fe, Cu [20,21)
Ti, Ni, Fe, Cu, TiNi, SUS304, SUS316 [22]
Ag, 12%Au-Ag-Pd-Cu
Ti-HAP SPS [19]
Biimplant
TiiVv, Ti|Zr, TilHf LW
Functionally graded implant
Ti/20HAP, Ti/Co CIP+EF [14,15]
Tif208i0,, Ti/20Zr0,, Ti/30HAP CIP-+HF [9,10,12]
Ti/30HAP, Ti/50HAP, Ti/HAP (Ti/100HAP) SPS {16,17,18]
SOHAP/100HAPF, 70HAP/100HAP SPS
20HAP/S0HAP, S0HAP/80HAP, 20HAP/B0HAP SPS
TiN/HAP, Ti {N)/HAP SPS

Ti—20HAP in the right end. The implant has the minia-
Table 3 ture cylindrical shape of 20x7 mm. The distribution of

Evaluation methods for uniform, biimplant and gradient implant
specimens

Imaging
Visual
OM (optical microscope)
Reflection
Transmission (histopathological observation of implanted tissue)
SEM (scanning electron microscope)
EPMA (electron probe microanalysis)
XSAM (X-ray scanning analytical microscope)

Spectroscopy

WDS (wavelength dispersive spectroscopy)-EPMA
EDS (energy dispersive spectroscopy)-XSAM
Raman spectroscopy

Mechanical test

H.. (Brinell hardness)

o, (compressive strength)-compression test
o, (flexural strength)-three point flexural test

Biocompatibility test
Implantation in hard tissue and in soft tissue of rat

HAP particles could be recognized inside the Ti matrix.
Most of HAP particles are less than 100 um and their
density was increased toward the right.

Fig. 3 shows the Ti (a), P (b) and Ca (c) mapping
images by XSAM of Ti/100HAP FGM prepared by
sedimentation method. The content of Ti decreases
toward the right end and that of Ca, component of
HAP, decreases toward the left end. The contrast looks
complementary for Ti and Ca. At each end the compo-
sition is nearly pure Ti and HAP. However, the chang-
ing manner of concentration in P mapping is not the
same as that of Ca (Fig. 3b). In the direction from right
to left P content was abruptly decreased to nearly null in
the center-right, approximately quarter sized region of
the whole length and reappeared with lower concen-
tration in the left-half region.

Fig. 4 shows the Ti/HAP FGM after Brinell hardness
test observed in profile imaging mode by reflection
electrons in SEM. FGM was made by dry method with
electric furnace sintering at 1300 °C. The size of round

Fig. 2. SEM image of the cross section of Ti/20HAP FGM implant around the region biased toward Ti-20%HAP (right side).
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2 mm

Fig. 4. Ti/HAP FGM after Brinell hardness test observed in profile imaging mode by reflection electrons in SEM where the size of round indenta-

tions made by testing in each region indicates the change of hardness.

indentations made by testing expresses the change of
hardness from region to region.

Brinell hardness changed with HAP content in the Ti/
HAP FGM corresponding to Fig. 4 is shown in Fig. 5a
(dotted line). The hardness was about 70 in both Ti and
HAP region, and low in the center region where Ti and
HAT were mixed with comparable content. There
occurred the delayed expansion, followed by sponta-
neous destruction, after 1 month in this specimen.

Fig. 6 shows the various FGM specimens composed
of Ti and HAP, made by SPS method. In the right
direction HAP content is increased. Fig. 6a is Ti/S0OHAP,
b is 20HAP/50HAP, ¢ is 50HAP/80HAP, d is 20HAP/
80HAP and e is S0HAP/I00HAP. Ti/lI00HAP made by
SPS is shown later in Fig. 12a. All these specimens pre-
pared by sintering at 850 °C under 80 MPa using SPS
method are stable and endurable to the process of
machining, animal implantation and evaluation process.

Fig. 5b (solid line) shows the change of Brinell hard-
ness with HAP content in the Ti/IOOHAP FGM made
by SPS corresponding to Fig. 12a. Ti/HAP FGM is
composed of eleven layers with the composition differ-
ence by every 10%. Brinell hardness decreased from 61
in pure Ti to 15 in pure HAP, which is the different
tendency from Fig. 5a.

The dependence of compression and flexural strength of
Ti/HAP FGM on SPS pressure was investigated. For SPS
pressure 40 and 80 MPa, compression strength increased
increased from 47 to 88 MPa and flexural strength
remarkably from 7 to 36 MPa. The fracture in flexura!

test occurred inside the single layer situated in the center
for 80MPa as scen in Fig. 12a. For 40 MPa fracture
occurred, deviated from center, in the weaker HAP-rich
side and the value (7 MPa) is shown for reference.

Fig. 7 is the external appearance (left) and cross-section
(right) of Ti/20HAP FGM dental implant. The upper part,
which situates inside the mouth and needs the mechanical
properties, is composed of pure Ti, while in the lower part,
which situates inside the jaw bone, the content of HAP
increases toward the lower up to 20% apatite in the end to
provide more biocompatibility.

Fig. 8 shows the subcutaneous soft tissue of rat
around Ni after 2 week implantation. Ni implant had
been inserted in the hole situated in the center. Obser-
vation by optical microscopy (2) and Ca (b), Fe (c), Ni
(d} mappings by XSAM were compared. The severe
inflammation, hemorrhage and necrosis were induced
around Ni implant (Fig. 8a). The inflammatory area
observed by optical microscopy (Fig. 8a) corresponds
well to the dissolved region of Ni revealed by Ni
mapping of XSAM (Fig. 8d). The dissolved concen-
tration of Ni was in the level of 100 ppm [22] and
decreased as a function of distance from Ni surface.
There was a good relation between the gradient con-
centration of dissolved Ni and the degree of degenera-
tion of tissue. The region of hemorrhage which looks
black in the optical microscopic image (Fig. 8a) corre-
sponds well to the distribution of Fe in Fig. 8c which
was contained in hemoglobin. It looks that there was
the enrichment of Ca, surrounding Ni implant.
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Fig. 5. Change of Brinell hardness with HAP content in Ti/HAP FGM, a is corresponding to FGM of Fig. 4, sintered by electric furnace heating at

1300 °C; b is corresponding to Fig. 12a, sintered by SPS at 850°C.

Fig. 6. Various FGM specimens composed of Ti and HAP, made by
SPS method (right: HAP rich region): a: Ti/S0HAP, b: 20HAP/50HAP,
c: SOHAP/SOHAP, d: 20HAP/80HAP, e: S0HAP/10GHAP.

Fig. 9 shows the comparison of tissue reaction to Ni '

(a), Ti (b), Fe (c), Ag (d), NiTi (e) and SUS316 (e) after
1 week implantation in the dorsal thoracic region of rat.
Implant had been situated in the upper space of cach
photograph. Fibrous connective tissue was formed

around Ti, Fe and Ni-Ti, and under the forming pro-
cess in Ag and SUS316, while necrosis occurred around
Ni. In Ni the expansion of capillary vessels was
observed and tissue was in necrosis and in degeneration
in the distant region. Ti showed the formation of fibrous
connective tissue surrounding implant from the carlier
stage and the most sound reaction from histopathologi-
cal view point. In Fe, tissue had little inflammation and
the formation of fibrous connective tissue surrounding
implant was observed at this stage. NiTi is similar to Ti.
The well stained nuclei of fibroblasts were observed
more inside the fibrous connective tissue than Ti, which
suggests the slightly longer time would be needed to be
in the same condition as pure Ti. In both Ag and
SUS316 the formation of fibrous connective tissue was
not completed yet and was in the process on the way.
The comparison makes noticeable the difference of bio-
compatibility among these metals sensitively.

Fig. 10 shows the Ti/Co FGM specimen and its effect
in the soft tissue after 2 week implantation in the sub-
cutaneous tissue of dorsal part of rat. The left side in
Fig. 10a is pure Ti and the right is pure Co. The con-
centration of Co increases from left to right along the
longitudinal direction. Fig. 10c shows the histological
observation of the fibrous connective tissue formed
around implant. The implant which was removed from
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Fig. 7. Tif20HAP FGM dental implant. External appearance is shown
in the left and cross-section in the right.

soft tissue had been situated in the upper side of the
photograph Fig. 10c. The thickness of the fibrous con-
nective layer was small in the pure Ti region in the left
side and increased toward the right side as the concen-
tration of Co increased along the longitudinal direction
of FGM. In the right end the tissue was inflammatory
and necrosis occurred in some parts,

The elemental mapping of S, P, Ca, Ti and Co was
done for the specimen of Fig. 10 by XSAM. S, Ca and P
whose concentration was low enough, of the order of
100ppm in soft tissue, were detected by XSAM and
showed the distribution in the whole area of soft tissue.

The Ti mapping showed no trace of Ti dissolution. The
mapping of Co (Fig. 10b) revealed that the dissolution
of Co into the surrounding soft tissue was prominent
around the right part of implant. The changing concen-
tration of dissolved Co along the implant toward the
right is well coincided with the increase of thickness of
tissue layer and the degree of inflammatory response in
Fig. 10c.

The wires of Ti, Hf, Nb, Ta, Re implanted in rats
showed no inflammatory reaction in soft tissue and in
hard tissue. They have enough biocompatibility with a
slight difference in new bone formation around implant
1.

Fig. 11 is the histological observation of bone forma-
tion and resorption around Ti{V biimplant inserted in
the tibia of rabit for 4 weeks. In Ti part (a) new bone
was formed directly contact to implant, while cortical
bone looked absorbed in the part contacting to V and
juvenile immature bone was formed with separation
from V (b). Ca mapping by EPMA showed that the
density of Ca in new bone around Ti is nearly the same
as the cortical bone. On the other hand Ca enrichment
was inferior in new bone formed around V. In the Ti|Zr
and T|Hf biimplants new bone was formed directly
contact to metal surface on both sides of biimplants and
Ca enrichment was nearly equivalent to the cortical
bone.

Fig. 12a shows the Ti/HAP functionally graded
implant (left: Ti, right: HAP) made by SPS under the
sintering pressure of 80 MPa after three point flexural test.
The 11 layers with the composition difference by every
10% can be recognized. The fracture occurred inside the
one layer in the center. Fig. 12b and c are the Ca and Ti
mappings by EPMA for Ti/HAP FGM after 8 week
insertion in the bone marrow of femora of rat. Ca as
representative element of HAP is gradually increased in
the longitudinal direction to the right inside the implant.
Ca, also as representative element of bone, showed the
new bone formed surrounding the implant. Lower-left
region is cortical bone. Ti (Fig. 12¢), inversely and
complementarily to Ca, decreased to the right direction.

Fig. 13 is the histological image around the Ti side (a)
and the HAP-rich side (b} in the Ti/HAP FGM implant
(I) inserted in the bone marrow (BM) of femora of
rat for 16 weeks. New bone (NB) was formed with
the thicker but wavy external form, less contact to the
implant surface, in the Ti rich region, while with the thin
and smooth form, directly contact to the implant in
the HAP rich region.

Fig. 14 is the enlargement of new bone formation
around the HAP rich region (Ti-80HAP) of Ti/HAP
FGM shown in Fig. 13. In Fig. 14 a is HAP matrix, b is
Ti particles, ¢ is new bone. Non-transparent Ti particles
(b) are dispersed in the semi-transparent HAP matrix
(a). Transparent new bone (c) is formed in direct con-
tact on the surface of implant material. New bone
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Fig. 8. Subcutaneous soft tissue of rat around Ni after 2 week implantation. Observation by optical microscopy (a) and Ca (b), Fe (c), Ni (d)

mappings by XSAM.

showed the lamella structure as a result of bone remo-
deling, which is the feature of maturation of bone.

4. Discussion
4.1. Fabrication of FGM implant

Ti and HAP is a difficult combination to make FGM
by powder metallurgy. The optimum sintering conditions
are very different. HAP is stable in the oxidizing atmo-
sphere, while Ti needs the vacuum or reducing atmo-
sphere since Ti is easily oxidized. As sintering
temperature HAP needs more than 1150 °C and Ti needs
more than 1300 °C. HAP which contains OH™ and 3-PO4
becomes unstable in vacuum and decomposed under the
coexistence with Ti particles. Dephosphoration occurs
as one of the decomposition phenomena.

XSAM mapping of Ti/HAP FGM prepared by sedi-
mentation method in Fig. 3 showed the gradual
decrease of Ca toward the left end. However, the chan-
ging manner of concentration in P mapping is not the

same as that of Ca (Fig. 3b). Both Ca and P are the
main component elements of HAP, therefore both
should show the similar concentration gradient. P con-
tent was, nevertheless, abruptly decreased to nearly null
in approximately one quarter of the whole length to the
left direction and reappeared with lower concentration
in the center-left region. This suggests the decrease of P
content, much lower than that expected from the nom-
inal composition in HAP. Micro-area X-ray diffraction
showed the formation of CaTiO; (Perovskite) in HAP-
rich Ti mixed region. In the reducing atmosphere or
vacuum at high temperature HAP is unstable when Ti is
coexistent and dephosphoration might occur. In this
sedimentation method to make the composition gra-
dient, Ti particles sedimented faster at bottom side with
its larger density and HAP particles sedimented more
slowly due to smaller density. There is also a size dis-
tribution in Ti and HAP particles. The larger Ti parti-
cles sedimented faster and formed the bottom part, that
is, the left end in Fig. 3. The finer Ti particles tended to
sediment more slowly and exist more in the supernatant
side, that is, HAP rich side in the right. Finer Ti



