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Abstract

Green hydroxyapatite ceramics were obtained by cold uniaxial and isostatic pressing of hydrothermally syn-
thesized powders, pure hydroxyapatite and hydroxyapatite doped with Ag*, Cu** and Zn** ions. The ceramics
were conventionally and microwave sintered and analyzed by Fourier transform infrared spectroscopy, field
emission scanning electron microscopy, X-ray diffraction analysis, and energy-dispersive X-ray spectroscopy.
The effect of doping on the mechanical properties of the obtained hydroxyapatite/tricalcium phosphate ceram-
ics was examined by comparing their average grain size, porosity and values of the hardness and fracture
toughness. The results showed that doping with Cu®* ions caused the lowest porosity of the ceramics and the
highest values of hardness and fracture toughness. The ceramics obtained from hydroxyapatite doped with Ag*
and Zn** ions exhibited worse mechanical properties due to the higher porosity even in the case of microwave

sintering, which provide denser ceramics than conventional sintering.
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I. Introduction

Calcium phosphates constitute the inorganic part of
bones and teeth of mammals. This fact is well known
and has encouraged researchers to apply hydroxyap-
atite (HAp, Ca,,(PO,),(OH),) and a- and 5-TCP trical-
cium phosphate (TCP, Ca,(PO,),) as implant materials
[1,2]. Their similarity to the inorganic part of hard tis-
sues was confirmed [3], highlighting their biocompati-
bility and osteoconductivity and in addition bioactivity
of HAp and bioresorbability of TCP [1,4]. The biphasic
forms (BCP): HAp/8-TCP and HAp/a-TCP and tripha-
sic form HAp/B-TCP/a-TCP are of particular interest
because they have proved to be even better biomate-
rials (better bioactivity, bioresorbability, osteoconduc-
tivity and osteoinductivity) than the pure, single phase
material [4,5]. With careful processing (initial Ca/P ra-
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tio, conditions of thermal treatment, etc.), it is possible
to obtain the product with required HAp/TCP ratio, re-
gardless of whether it is a powder, compact or scaffold
[4,6-8].

Recently, HAp or BCP ceramics were prepared by
different sintering methods: microwave sintering (MW)
[9-16], conventional sintering (CS) [7,11,16-28], hot
pressing (HP) [19,29], hot isostatic pressing (HIP)
[7,30] and spark plasma sintering (SPS) [31,32]. Dense
sintered forms have suitable values of hardness (H) and
fracture toughness (K;¢) which makes them appropriate
for applications in medicine and stomatology [2,8]. Ac-
cording to the literature [7,10-18,22—-32], the maximum
values obtained for H and K;¢ for HAp or BCP ceramics
sintered at temperatures of 1000-1400 °C ranged from
2.7 to 6.1 GPa and from 0.9 to 1.58 MPa-m'?, respec-
tively. Previous investigations [14,16,17,25,33] con-
firmed that the best mechanical properties of HAp/TCP
ceramics have been obtained by CS or MW sintering up
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to 1200 °C.

Several authors reported mechanical properties of ce-
ramics obtained using HAp doped with metal ions. Gen-
erally, doping of HAp is performed in order to im-
prove its biocompatibility and/or antimicrobial activ-
ity [14,16,21,25,32,34-36]. Also, doped HAp ceramics
showed better sinterability and mechanical properties
than the ceramics made from undoped HAp. The highest
values of H for Mn-HAp [14], Zn-BCP [25] and Mg-
HAp [32] were 4.80, 3.44 and 5.10 GPa, respectively,
while the highest values for K;c were 1.54 [14], 1.43
[25] and 1.00 MPa-m'/? [32].

The aim of this study was to investigate the influence
of doping and type of sintering on the microstructure
and mechanical properties of HAp/TCP ceramics. The
ceramics were prepared from HAp powders doped with
Ag*, Cu®* and Zn?" ions whose antimicrobial activ-
ity and biocompatibility were presented earlier [34,35].
The ceramics were sintered by CS at 1200 °C and by
MW at 900 and 1200°C. The temperature of 1200 °C
was chosen to compare CS and MW sintering, while
MW sintering at 900 °C was applied in order to deter-
mine the structure of ceramics at the beginning of sin-
tering. The values of H and K¢ for the ceramics were
determined.

II. Experimental

2.1. Materials and methods

The ceramics were prepared from the following hy-
drothermally synthesized powders: HAp, Ag(0.4)HAp,
Cu(0.4)HAp and Zn(0.4)HAp [34,35], where 0.4 refers
to 0.4at.% of M (Ag, Cu, Zn) in relation to Ca. The
amount of 0.4 at.% of dopant has been chosen because
the probability of releasing these ions from ceramics is
higher than when a smaller amount of dopant is taken.
Hereinafter, the powders are labelled as HAp, AgHAp,
CuHAp and ZnHAp, respectively.

The sample preparation was described in de-
tail in our previous papers [34,35]. The pure
HAp was synthesized from appropriate quantities of
the chemicals: Ca(NO;), - 2H,0, Na,H,EDTA -2 H, 0,
NaH,PO, -2H,0O and urea. For the synthesis of the
doped HAp, in addition to the aforementioned chemi-
cals, AgNO; for AgHAp, Cu(NO,), -4 H,O for CuHAp
and Zn(NO,), - 6 H,O for ZnHAp, have been used. The
hydrothermal syntheses were performed at 160 °C for
3 h. These powders consisted of rod-like particles ag-
glomerated into a spherical shape. The dimensions of
the particles (diameter and/or length) were in the range
of a few tens of nanometres to about 1.5 microme-
ters, depending on whether they were filled or hol-
low spheres [34,35]. The powders were pressed uniax-
ially at 100 MPa using a stainless steel die into green
disc compacts with the diameter of 8 mm. In addi-
tion, the green compacts were isostatically pressed at
400 MPa for 1 min. The first group of obtained ceram-
ics was heated at 10 °C/min and conventionally sintered
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at 1200°C for 2h (ceramics are labelled as follows:
H-CS, Ag-CS, Cu-CS and Zn-CS). The second group
of ceramics was heated at 20 °C/min and sintered in
an automated microwave laboratory furnace (Linn High
Therm MHTD 1800-4,8/2,45-135) at 900 and 1200 °C
for 15 min (the ceramics of those series were labelled
with MWO09 or MW instead of CS, respectively).

2.2. Characterizations

Thermal properties of the powders were examined
from room temperature up to 1200 °C using an SDT
Q600 TGA/DSC instrument (TA Instruments). The
heating rate was 20 °C/min and the furnace atmosphere
consisted of air at a flow rate of 100 cm?/min.

Fourier transform infrared spectroscopy (FTIR) was
performed using a MB Bomem 100 Hartmann and
Braun spectrometer in the wave number range from
4000 to 400 cm™!, using the KBr pellet method.

The morphologies of the ceramics were observed by
Tescan Mira 3 FEG field emission scanning electron mi-
croscopy (FESEM). Two different surfaces of ceramics
were analysed: fracture surface and polished, thermally
etched surface (thermally etched for 15 min at temper-
atures 50 °C lower than the temperatures of sintering).
Before analysis, the ceramics were coated with Au-Pd
using a Polaron SC502 sputter coater. Average grain
sizes (AGS) of the ceramics were determined from the
micrographs of the polished and thermally etched sur-
face by a linear intercept method.

Energy-dispersive X-ray spectroscopy (EDS) of the
ceramics was performed on a Jeol JSM 5800 SEM with
a Sili X-Ray detector (Oxford Link Isis series 300,
UK).

X-ray diffraction patterns of CS ceramics were
recorded using a Bruker D8 Advance diffractometer us-
ing monochromatized CuKa radiation in the 26 angle
range from 20 to 65° with a step scan of 0.02°. X-
ray diffraction patterns of MW09 and MW ceramics
were recorded using a Rigaku Ultima IV diffractome-
ter (without monochromator) using CuKa radiation in
the 26 angle range from 20 to 65° with a step scan of
0.02°. Rietveld like analysis of the phases composition
in the ceramics were performed by Jade 6 software start-
ing from the X-ray diffraction data and by using stan-
dard reference JCPDS cards No: 74-0566, 70-2065 and
29-0359 for HAp, 5-TCP and a-TCP, respectively.

The densities of the green compacts (o) and ceram-
ics (p) were determined by measuring the dimensions
and weight.

The total porosity (in vol.%) was calculated accord-
ingto P = [(V-V,)/V]- 100, where V is the volume of
the compact and V,, is the volume of the solid phases in
the ceramics, which was calculated according to Eq. (1):

_ m'H+ m-B N m-A
TDpap TDgrcp  TDg-rcp

Vin )

where m is the mass of the ceramics; H, B and A are
amounts of HAp, S-TCP and a-TCP phases (in wt.%)
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respectively, and TDyap, TDg_rcp and TDy_rcp Wwith
values of 3.156, 3.067 and 2.863 g cm™ are the theoret-
ical densities of HAp, 8-TCP and a-TCP, respectively
[16].

The H and K;¢ values of the ceramics, previously
polished, were measured with a Buehler Indentament
1100 series, Vickers Indentation Hardness Tester. The
values of K¢ were calculated using Eq. (2) [37]:

Kic =0.0824- M - ¢? (2)
where M is the indentation load and ¢ the length of the
induced radial crack. The applied indentation load in the
tests was set at 1.0kg, with a dwell time of 5s. At least
five indentations were made on each sample to obtain
an average value of H and K.

II1I. Results and discussion

FTIR analysis (Fig. 1) showed that all characteris-
tic peaks for HAp are identified in spectra of the pow-
ders and ceramics [38]. The presence of H,O is con-
firmed by the presence of stretching and bending vibra-
tions at 3400 and 1630 cm™!. Symmetric and asymmet-
ric stretching vibrations of PO (v{(PO) and v3(PO), re-
spectively) were observed at 1090, 1045 and 962 cm!,
whereas the bending vibrations of OPO groups (v4 and
v,) were found at 602, 569 and 472 cm™. The stretch-
ing (vs) and liberation (v ) vibrations of the OH groups
were detected at 3570 and 632 cm™!, respectively. How-
ever, some of these vibrations in the spectra of ceramics
sintered at 1200 °C were broader or less visible (vibra-
tions of the OH groups), due to the transformation of
HAp into TCP during sintering [38—40].

In the spectra of the powders, as well as MWQ9 ce-
ramics (Fig. 1), the peak at around 880 cm™' represent-
ing the vz(COf’) bending mode and peaks at 1411,
1457 and 1548 cm™! representing the V3(CO32_) asym-
metric stretching mode, are clearly visible. The presence
of CO,>~ ions should be associated with a decomposi-
tion of urea, used for the powder synthesis, and these
ions were in situ incorporated in the HAp structure [41].
Most of the peaks corresponding to CO32* ions are not
visible in the spectra of ceramics, because, according to
the literature, sintering of HAp powders over 1100 °C
leads to the removal of carbonate from the samples [42].
Only a weak peak at about 880 cm™! (CO32*) could be
observed in the spectra of MW samples but not in the
spectra of CS. This is probably due to the faster MW
sintering, which does not result in the loss of all CO32‘
ions from the structure of the ceramics.

The FESEM micrographs of fractured and polished
surfaces of the ceramics are shown in Fig. 2. Both types
of ceramics contain pores that could be described as
spherical and shapeless. By comparing the micrographs
of the CS and MW ceramics, it is obvious that poros-
ity is lower, i.e. densification is better in the case of
MW sintering. Owing to characteristic volumetric heat-
ing [17], MW sintering produced denser ceramics for
much shorter time (15 min) than conventional sintering
for 2 h. As it can be observed from Fig. 2, doping with
Ag and Zn caused higher porosity of both types of ce-
ramics (CS and MW), while Cu-doping provided bet-
ter densification, i.e. lower porosity in comparison to
undoped samples. The values of AGS of CS ceramics
range from 0.56 to 1.16 um and increase in order H-CS
< Ag-CS < Cu-CS < Zn-CS (Table 1). AGS values of

OH H,0 H|zo (co;’ PO, CT);’ OH PO,"
—_———\"\/ | W ‘ ( \ HAp
w AgHAp
_ﬂ\/’ CuHAp
—-—~\\\/ ZnHAp
T~ H-CS

s ———— m Ag-CS

S

e Cu-CS

o e zn-cs

8

e N MH»MW%

g TN —— Ag-MW09

= TN — Cu-MW09
— Zn-MW09
B /| A
—~— Ag-MW
——— Cu-MW
~——_ m Zn-MwW

//
' T L/ — T ' T T T

4000 3500

1500

1000 500

Wavenumber (cm™)

Figure 1. FTIR spectra of powders and ceramics sintered at 1200 °C by CS and at 900 and 1200 °C by MW
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Figure 2. Fracture and polished (small square) surfaces of the ceramics (all figures were recorded at 10000x magnification and
the marker bars represent 5 pm)

MW ceramics, with the exception of Ag-MW, were sim-
ilar and they were about 1 wm (Table 1). The influence
of doping on the AGS values was more pronounced for
CS series than for MW series, probably due to the longer
sintering time. The fracture surfaces indicated predom-
inantly transgranular fracture, which is in accordance
with the micrometre size of the grains [19,23,43].

The EDS analyses (Table 1) of the ceramics showed
that the Ca/P ratio in all samples was less than the stoi-
chiometric ratio in the pure HAp (1.67), proving the for-
mation of TCP phases. The doped cations were also de-
tected. The atomic proportion of Ag* ions was smaller
than the atomic proportions of Cu** and Zn>* ions, in-
dicating that the latter two ions were embedded better
into the structure of apatite. According to Nightingale
[44], the crystal radii of Ca®*, Cu®*, Zn>** and Ag* are
0.099nm, 0.072nm, 0.074nm and 0.126 nm, respec-
tively, and hence, Ag* is more difficult to retain in the
HAp and TCP structure than Cu** and Zn** [35].

XRD patterns of the ceramics (Fig. 3) revealed trans-
formation of HAp into the TCP phases. It is well
known that HAp is transformed to S-TCP at tempera-
tures around 800 °C and from S-TCP to @-TCP at about

1100°C [1,4], which is confirmed by DSC analysis of
the HAp powders (Fig. 4). Although the ceramics were
sintered at 1200 °C, the transformations HAp — §-TCP
and S-TCP — a-TCP are not completed and the ceram-
ics contain all three phases (Fig. 3). The analysis of the
XRD data (Table 1) shows that the composition of the
ceramics depends on both doping and type of sintering.
By comparing H-CS and H-MW, it is obvious that mi-
crowave sintering promotes the transformation and sta-
bilization of @-TCP, as it is a case for Ag and Zn sam-
ples. Doping with Ag and Zn does not influence sig-
nificantly the composition of the ceramics, although the
content of -TCP is slightly lower than in undoped sam-
ples. On the other hand, the Cu doping stabilize g-TCP
phase and the stabilization is more pronounced in the
Cu-MW sample than in Cu-CS. Due to the small radius,
it is possible that Cu** interacts more easily with the
tetrahedron PO43* in the S-TCP, thereby stabilizing it
and suppressing the transformation in @-TCP during the
shorter MW sintering.

According to the TGA curves (Fig. 4a), the mass loss
of all powders was small during heating up to 1200 °C
and amounted to about 7%. The DSC results showed

Table 1. Average grain size (AGS), Ca/P ratio including dopant (M) content calculated from EDS results and amount of HAp,
B-TCP and a-TCP phases determined from XRD data

Sample AGS (Ca + M)/P M HAp B-TCP «-TCP
[um] [at. ratio] [at. %] [wt.%] [wt.%] [wt.%]

H-CS 0.56+0.05 1.55+0.01 - 29.9(6) 32.2(7) 37.9(8)
Ag-CS 086+0.07 153+0.02 0.09+£0.03 27.3(6) 35.6(7) 37.1(8)
Cu-CS 093+0.10 1.59+0.01 0.14+0.04 2694) 44.1(6) 29.0(5)
Zn-CS  1.16+0.18 1.60+0.01 0.14+0.03 37.3(4) 27.2(3) 35.54)
H-MW 1.06+0.22 1.60+0.01 - 24.6(4) 26.2(5) 49.2(8)
Ag-MW 0.72+0.10 1.59+0.03 0.07+0.02 30.2(7) 23.8(6) 46.009)
Cu-MW  1.03+£0.13 1.60+0.01 0.14+0.06 28.5(6) 55.6(9) 1594)
Zn-MW  1.03+£0.10 1.57+0.01 0.10+0.04 20.6(5) 36.7(8) 42.7(5)
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Figure 3. XRD patterns of conventionally and microwave sintered ceramics (the phases HAp, 8-TCP and «-TCP are indicated
with the symbols B, { and O, respectively)

endothermic peaks in the region from 774 to 800 °C,
which could be assigned to the transformation of HAp
powders into S-TCP (Fig. 4b). On further heating of
powders up to 1200°C, the B-TCP was transformed
to @-TCP at about 1100 °C. DSC curves do not show
clearly the influence of doping on the temperature of
phase transformations.

Mechanical properties, H and K¢, density and poros-
ity of the ceramics are given in Table 2. The highest val-
ues of H and Kj¢ for sintered HAp or BCP ceramics
obtained previously [7,10-18,22-32] ranged from 2.7
to 6.1 GPa and from 0.9 to 1.58 MPa-m'/2, respectively.
However, the results have been obtained at different ap-
plied loads, and cannot be simply compared. For exam-
ple, some authors used loads < 500¢g [16,17,23-25] to
avoid destruction of the samples [23,31], but higher val-

ues of H were obtained when lower loads were applied
and vice versa. In the present research, a load of 1kg
was applied and the values of H and Kj¢ for the un-
doped samples are relatively high.

The results presented in Table 2 show a clear effect
of doping and type of sintering on the mechanical prop-
erties of the ceramics. The values of H for Ag-CS and
Zn-CS samples are much lower than of H-CS, which
is consistent with much higher porosity of doped sam-
ples in comparison to undoped one. On the other hand,
the doping with Cu had a positive effect on hardness,
for both types of sintering. Although the porosity of Zn-
MW sample is significantly lower than of Zn-CS, the
hardness is not improved, as it is the case of Ag-doped
sample. Obviously, some other factors, for example size
and shape of pores, influenced the hardness values. It
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Figure 4. TG (a) and DSC (b) curves for powders: 1-HAp, 2-AgHAp, 3-CuHAp and 4-ZnHAp
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Table 2. Hardness (H) and fracture toughness (K¢), initial density (p,) and density after sintering (p), linear shrinkage (L)

and porosity (P)
H Kic Po P L P

Sample [GPa]  [MPam'?] [g/em’] [g/em’] [%] [vol.%]

H-CS 3.71+0.12 1.19+035 193 279 139 73
Ag-CS 1.72+001 125+0.12 192 225 80 253
Cu-CS 385+0.12 146+037 194 278 134 83
Zn-CS 1.71+020 1.01+0.17 196 234 53 230
H-MW  3.66+025 1.00+024  2.03 276 130 76
Ag-MW 3.61+006 134+025 189 273 118 88
Cu-MW 391£0.09 1.17+030 1.83 285 128 69
Zn-MW  1.68+£026 1.04+0.15 1.85 266 105 113

is known that elongated pores have a more negative in-
fluence on the value of H than spherical ones [18]. The
impact of P was less pronounced on the values of Kjc.
Generally, the K;c values are in accordance with the
AGS values. The best mechanical properties, the highest
values of both H and K¢, were achieved for Cu-doped
sample obtained by conventional sintering.

Hitherto, research conducted on ceramics obtained
from doped HAp showed also a clear effect of doping
on the mechanical properties of the ceramics. Veljovi¢
et al. [14] used single- and two-step microwave sinter-
ing (MWSSS and MWTSS) and conventional single-
step sintering (CSSS) to obtain ceramics from Sr- and
Mn-doped HAp. The highest values of H showed ce-
ramics sintered by MWSSS at 1200 °C, 4.80 GPa for
Sr-HAp and 4.78 GPa for Mn-HAp (Kjc: 1.24 and
1.07 MPa-m'”?, respectively). The best results for K;c
were exhibited by ceramics obtained using MWTSS at
950°C: 1.54 MPa-m'? for Sr-HAp and 1.35MPa-m'/?
for Mn-HAp (H: 3.62 and 3.78 GPa, respectively). Cur-
ran et al. [16] investigated ceramics obtained from Sr-
HAp (5 and 10 wt.% of Sr) and sintered by MW and CS
for 1 h at 1200 °C. They found that the values of H for
the ceramics with 10 wt.% of Sr were about 5 (MW) and
4.5 GPa (CS), and for the ceramics with 5wt.% of Sr,
they were about 4.3 GPa (for both MW and CS), while
the pure HAp exhibited 1.7 (MW) and 2.7 GPa (CS).
Gunawan et al. [25] studied Zn-doped BCP ceramics
sintered by CS at 1000 to 1300 °C. The maximum H and
K;c values of 3.44 GPa and 1.43 MPa-m'/?, respectively,
were achieved for the 4 mol% Zn-doped BCP samples
sintered at 1200 °C.

In order to obtain a clearer insight into the morphol-
ogy of ceramics at the beginning of sintering, the frac-
ture surfaces of the samples MW09 were recorded by
SEM (Fig. 5). Based on the Fig. 5, it is possible to con-
clude that in the Ag ceramics there are more hollow
spheres of apatite than in the H and Cu ceramics.

Spherical aggregates were formed during hydrother-
mal synthesis of HAp powders. These spherical aggre-
gates consisted of particles that had stick form, one part
of them was full, and the other part hollow. Hollow
forms could be seen in Fig. 5 (indicated by the arrows).
It could be assumed that some hollow spheres were shat-
tered due to the relatively high pressure during com-
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paction and that some pores remained in the compact
between those broken parts. Therefore, this amount of
Ag* ions during doping lead to the formation of more
pores and partially intra- and partially inter-spherical
aggregates. In addition, in the sample Ag-MW09 par-
ticles were noticeably bigger compared to those in the
samples H-MW09 and Cu-MW09, which have a similar
structure (Fig. 5).

It is probable that doping of HAp with Zn>" ions af-
fects the formation of a larger number of hollow spheres
in the apatite powder, too. In contrast to other compacts,
the transformation HAp — TCP in compact made of Zn-
HAp powders is faster during the first stage of sintering
and obtained structure consisted of weakly connected
grains formed out of the spherical aggregates and a large
volume of pores remained between them (Fig. 5). When
breaking the described ceramics structure, it is easier to
separate the grains rather than to cut grains and there-
fore in the case of Zn-MWO09 cavities originating from
the hollow spheres cannot be seen.

The porosity formed at the beginning of the sintering,
for the samples with Ag and Zn, was later hard to elimi-
nate. These samples exhibited the highest porosity at the
end of sintering and consequently the lowest values for
H (Table 2).

The samples with Cu, which were formed by com-
paction of the powder HAp doped with Cu®* ions,
showed the best stabilization of S-TCP and minimum
P among all the ceramics. Consequently, these samples
showed the best results for H and K;¢ compared to other
samples presented in this paper.

The literature indicated that the transformation HAp
— a-TCP leads to the formation of blowholes in
the structure of apatite [26]. Also, the transformation
HAp — TCP generally weakens mechanical properties
[28,45]. As already demonstrated, sintering of the ce-
ramics at higher temperatures led to a significant trans-
formation of HAp into TCP. This transformation prob-
ably contributes to a weakening of the overall mechan-
ical properties. However, these HAp/8-TCP/a-TCP ma-
terials could be very useful as implants in places where
the repair of the skeletal system does not need high me-
chanical properties but rather a rapid propagation of new
bone is essential [1]. On the site of the installation of
ceramics, the action of the doping ions could be very



7. Radovanovié et al. / Processing and Application of Ceramics 12 [3] (2018) 268-276

P Cu-MWO09
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Figure 5. Fractured surfaces of the MW09 samples series (all figures were recorded at 20000x magnification and
the marker bar is 2 pm)

important because Ag*, Cu** and Zn>" ions are antimi-
crobial agents and also the latter two ions are micronu-
trients [34-36,46,47].

IV. Conclusions

Hydrothermally synthesized powders, pure HAp and
HAp doped with Ag*, Cu** and Zn®* ions, were
used to obtain ceramics by conventional (CS) and mi-
crowave (MW) sintering at 1200 °C. The sintering led
to the spheres merging, but numerous pores between the
spheres and intra-pores in the hollow spheres remained
in materials. Ag"™ and Zn** ions have weaken densifica-
tion of ceramics through the creation of a larger number
of pores, which are more difficult to remove during sin-
tering. This significantly impaired the mechanical prop-
erties of the ceramics. On the contrary, ceramics with
Cu’* ions contained the least pores and consequently,
had the best mechanical properties. All the ceramics
contained HAp/B-TCP/a-TCP phases in different mass
ratios. The ceramics with Cu®* ions consisted mainly of
the B-TCP phase. The advantages of MW sintering were
confirmed by comparing CS and MW ceramics, through
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better densification of the samples, although the sample
Cu-CS achieved the best combination of values for H
and K¢ of 3.85GPa and 1.46 MPa-m'/2, respectively.
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