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The crystallisation behaviour of calcium phosphate glass containing vanadium oxide was studied. Glass with a molar ratio
of [CaO]/[P;0s] = 1.13 and a V,O;s content of 8 mol.% was prepared for the experiments. The crystallisation of bulk glass
samples was performed under isothermal conditions at T = 650-820°C. The surface crystallisation mechanism of studied
glass with dendritic growth of the primary a-Ca,P,0; phase was observed. In all crystallised samples, B-Ca,P,O; and VP,0;
appeared as the secondary phases. In the investigated temperature range, crystal growth rates 9 X 10° - 2.14 x 10" m/s were
determined. The temperature dependence of the crystal growth rate makes possible to calculate activation energy E, = 407
+ 30 kJ/mol of crystallization. The experimental data were compared with those estimated by using a theoretical model of the
crystal growth rate and good agreement between the results was found.

INTRODUCTION

Among different materials for medical use as im-
plants in dental, orthopaedic and bone surgery, glasses
and especially glass-ceramics based on the CaO—P,Os
system have become very important, because of their
bioactivity and biocompatibility [1,2] .

It has been reported earlier that calcium phosphate
glass-ceramics can be obtained conventionally by con-
trolled crystallisation of the parent glass or by the
simultaneous sintering and crystallisation of fine glass
powders [3]. However, most phosphate glasses do not
fulfil the criterion required for controlled crystallisation
due to their specific structure. Metaphosphate glasses
the structure of which consists of metaphosphate chains
or rings formed by Q* groups, do not tend to phase sepa-
rate [4,5].

The structure of phosphate glasses can be modified
by introducing other metallic oxides that lead to
changes in crystallisation behaviour. By increasing the
content of modifying oxides, polyphosphate glasses
(invert phosphate glasses) with P,O;5 < 50 mol.%, can be
obtained. These glasses tend to crystallise much more
rapidly due to their structure - very small molecular
structural groups (orthophosphate groups) 6 .

James et al. [7] have investigated the crystallisation
behaviour of the binary CaO-P,0s system, and only the
surface crystallisation mechanism was observed. Wata-
nabe et al. [8] have shown that the addition of Al,O; to
glass with a molar ratio of (CaO)/(P,Os) < 1 enables its

volume crystallisation. Tosic et al. have detected that
the addition of TiO, and AlO; to glass with the molar
ratio (Ca0)/(P,0;) = 0.88 caused a change in the crys-
tallisation mechanism from a surface to a volume one
[9]. Hosono ef al. [10] registered volume crystallisation
by using TiO, as an additive in glass with a molar ratio
(Ca0)/(P,O5) > 1. To promote the volume crystallisation
of the glasses with (Ca0O)/(P,Os) 2 1, Nan ef al. [5] and
Reaney ef al. [11] used TiO, and AlO; as effective
nucleating agents.

Depending on the (CaO)/(P,Os) ratio, different
crystalline phosphate phases can be precipitated in the
glass matrix during crystallisation. Mostly, one of the
polymorphic forms of the Ca, P, O, phase (¢, B, ) could
be observed as the primary phase that crystallised [12].
The content and properties of each phase strongly
define the properties of the multiphase system obtained.
Glass ceramics containing calcium pyrophosphate (B -
Ca, P, O;) are reported to be biocompatible [13].

Tosic et al. registered the presence of o - Ca, P, O;
as the primary phase and of - Ca, P, O, and VP,0; as
secondary ones in surface - crystallised calcium phos-
phate glasses containing 5 to 13 mol.% vanadium oxide
[14]. As reported, the content of V,0;s strongly deter-
mined the content of f - Ca, P, O, in the crystallised
glass. The aim of the current investigation was to study
in detail the crystallisation behaviour of an invert cal-
cium phosphate glass of the composition 49Ca0-43P,0s-
‘8V,05 (mol.%). The experiments were performed on
bulk glass samples under isothermal conditions.
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EXPERIMENTAL

Reagent grade CaO, V,0; and an aqueous solution
of orthophosphoric acid (85 wt.% H;PO,) were used to
prepare the mixture for glass melting .The preparation
procedure involved: a) mixing and homogenisation of the
solid components, b) the addition of distilled water and a
solution of H;PO, with constant mixing of the mixture,
¢) drying of the suspension obtained in an electric fur-
nace at 200°C, d) pulverisation of the dried precipitate.

Glass melting was performed at 7' = 1200°C for
¢t =60 min in an electric furnace using a Pt-crucible. The
melt was cast on a steel plate and cooled in air. The
molten sample solidified as homogenous black glass.
The powder samples for the experiments were prepared
by crushing and milling the compact glass in an agate
mortar and then sieving it to an appropriate grain size.
Bulk samples of the dimension of 1x1x1 cm, were pre-
pared by cutting a glass block with a diamond saw.

The chemical composition of the glass was deter-
mined by AAS and UV/VIS spectrometry. AAS
PERKIN ELMER 703 and PHILIPS UV/VIS 8610
spectrophotometer were used.

The crystallisation behavior of the glass under non-
isothermal conditions was analysed using a DTA-Netzch
STA 409 EP device with Al,O; powder as the reference
material. Glass powder samples of 0.50-0.63 mm
(100 mg) were heated at a rate of v = 2-20°C/min up to
1100°C.

The glass transition temperature (7,) and dilatomet-
ric softeting temperature (7,,) were determined using a
Bahr Geratebau GmbH, Tip 8025 dilatometer in accor-
dance with ISO 7884-8 [15].

Isothermal crystallisation experiments on compact
glass samples were performed in an electric furnace
with automatic regulation and a temperature accuracy of
+ 2°C. The samples were heated at crystallisation tem-
peratures in the range 7, = 650-820°C for different
times ¢, = 20-6000 min and then subjected to X-ray
powder diffraction (XRD) and scanning electron
microscopy (SEM).

The phase composition of the crystallised samples
was analused by the XRD method using a Philips PW-
1710 automated diffractometer with a Cu Ko radiation
tube operating at 40 kV and 32 mA. Data were collect-
ed from 5 to 70° 20, with step size of 0.02° and a count-
ing time of 1s per step. The quantitative amounts of the
crystalline phases in the glass sample were determined
using the full structure matching mode of the Rietveld
refinement technique [16], using the FULLPROF pro-
gramme [17].

Selected compact samples were chosen for investi-
gation of the microstructure by SEM analyses (Jeol JSM
840 A). The samples were gold sputtered in Jeol JFC
1100 ion sputter. Micrographs of the exterior and inte-
rior (fracture) surfaces of the crystallised samples were
recorded.

RESULTS AND DISCUSSION

Chemical composition of the glass

Table 1 shows the initial composition of the glass
and its chemical analysis.

It may be seen from Table 1 that a glass with the
ratio (CaO)/(P,Os) = 1.13 was obtained. The low con-
tent of V,0s (8.05 mol.%) enables this glass to be con-
sidered as a binary glass. The vanadium ion can exist in
different valence states in glasses, so it may be attrib-
uted the role of modifier or network former [18].
Regarding its low content in this glass, the role of modi-
fier chosen for this ion as well as for the Ca* ion.
In this case the glass was treated as a binary glass
0.57Me0-0.43P,0s [(MeO) = (CaO) + (V,0s)] having
the ratio (O)/(P) = 3.165. Consequently, this glass
belongs to polyphosphate glasses, the structure of which
consists of phosphate chains containing Q* tetrahedra
(two bridging oxygen atoms) and terminated Q' tetra-
hedra (one bridging oxygen atom). For binary glasses
xMeO:-(1 - x)P,Os with the molar fraction x of 0.5 <x <
< 0.67 , the fraction of Q' and Q’ tetrahedra are given as
QY)Y =(2x-1/(1 -x)and f(Q*) =(2 - 3x)/(1 - x) and
the average tetrahedron chain length (L,,) is given as
L, =2(1-x)/(2x - 1) [6]. Accor-dingly, /' (Q") = 0.326,
f(Q>) =0.674 and L,, = 6.14 were calculated for this
glass.

Regarding the values obtained, it may be conclud-
ed that the structure of this glass consists of phosphate
chains containing six tetrahedra, where four of them
contain two bridging oxygens, and two terminal tetra-
hedra with one bridging oxygen. The modifier ions are
placed in the cavities between tangled phosphate chains.

Table 1. Composition of the glass.

oxides CaO P205 V205 (Cao)/(P205)
(mol %)

initial 49 43 8 1.

analysed 48.86 43.09 8.05 1.13

Non- isothermal crystallisation

The DTA curves were recorded at different heating
rates of 2-20°C/min. Three notable features of such
DTA curves are: (i) an endothermic shoulder correspon-
ding to the glass transition temperature, 7, (ii) one exo
peak in the temperature range of 670-723°C represent-
ing the crystallization of glass and (iii) one broad
endothermic peak in the range of 870-928°C, indicating
the melting of crystals, as the liquidus temperature 7, is
approached. The DTA curves recorded at heating rates
of v=>5 and 10°C/min are presented in Figure 1. The sig-
nificant peak temperatures are summarized in Table 2.

The dilatometric curve is presented in Figure 2. A
glass transition temperature of 7, = 540°C and dilato-
metric softening temperature of 7,,, = 572°C were deter-
mined.
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Isothermal crystallisation of the bulk glass

Bulk glass samples, isothermally heated in the tem-
perature range of T = 650-820°C for different times
t. = 20-6000 min, were subjected to XRD analysis.
The diffraction pattern of the glass sample heated at
T = 650°C for ¢t. = 100 h was shown that three crys-
talline phases were formed in the glass matrix during
crystallisation: o-Ca,P,0; [19], B-Ca,P,0, (JCPDS
33-0297) and VP,0; (JCPDS 44-0066). a-Ca,P,0, was
formed as the primary phase, followed by B-Ca,P,0,
and VP,O, as secondary ones. A Rietveld profile
matching mode fitting plot of this sample is presented in
Figure 3, while the results of the fitting are shown in
Table 3. These phases appeared in all the glass samples
isothermally treated at different temperatures and times.

SEM analysis

The evolution of microstructure of selected bulk
glass samples, crystallised under the conditions present-
ed above, was investigated by scanning the glass sur-
faces. Some characteristic micrographs are shown in
Figures 4, 5 and 6.

Table 2. The significant temperatures determined by DTA.

Run T, (°C) T, (°C) 71 (°C)
DTA,v = 5°C/min 539 683 890
DTA,v = 10°C/min 540 690 892

The SEM micrograph (Figure 4) of the interior
(fracture) surface of a fully crystallised glass sample at
T=650°C for t = 60 h shows a needle-like crystal struc-
ture. The surface crystallisation mechanism of the glass
studied is clearly seen in the micrograph, Figure 5. As
may be seen, the crystallised layer is formed by crystal
growth on the faceted crystal-melt boundaries inward
from the external surface of the glass sample annealed
at T = 650°C for t = 5 h. A typical directional crystal
growth (dendritic morphology) is obvious in Figure 6.

Crystal growth kinetics

The SEM data were used to calculate the crystal
growth rate. Accordingly, the crystal layer thickness
was measured for each temperature and time of crys-
tallisation.

The time dependence of the crystal layer thickness
at selected temperatures 7' = 650 and 700°C is shown
in Figure 7. A linear relation between the crystal layer
thickness and the growth time was obtained. The slopes
of the lines define the growth rate of the crystallised
layer at denoted temperatures. The temperature depend-
ence of the growth rate of the crystallised layer is pre-
sented in Figure 8, which revealed that up to 7, =
750°C, the growth rate of the crystal layer was slightly
changed. An abrupt change of the growth rate was
noticeable in the temperature range 7, = 750-820°C.

Table 3. The most important crystallographic parameters for crystalline phases, obtained from Rietveld refinement of XRD pat-

tern.
Unit cell parameters Reliability factors Quantitative
Phase a(A) b (A) ¢ (A) B (%) RB(%) RF(%) Volumg/f;actlon
0
o-Ca,P,0, 12.637(2) 8.527(1) 5.3105(8) 90.17(1) 12.1 6.30 52.59
B-Ca,P,0, 6.688(2) 6.688(2) 24.146(4) 90 12.8 8.52 27.23
VP,0;, 10.982(2) 10.982(2) 4.2790(7) 90 11.4 8.17 20.18
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Figure 1. DTA curves recorded at 5 and 10°C/min for a sample
particle size of 0.5-0.63 mm.
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Figure 2. Dilatometric curve of the glass.
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Figure 6. SEM micrograph of a glass sample annealed at 7' =

Figure 3. Rietveld refinement plot of a glass sample annealed ~ 050°C for =10 h.

at 7'=650°C for =100 h.

Tc =650°C

— T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
£(10% )

—

Figure 4. SEM micrograph of a glass sample annealed at 7=

Figure 7. Crystal layer thickness vs. growth time at selected
650°C for ¢ = 60 h.
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Figure 5. SEM micrograph of a glass sample annealed at 7’ =

650°C fort=5 h.
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Figure 8. The experimental (u.,,) and calculated (u..) curves

of the crystal growth rate.
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As reported earlier, the molar entropy of fusion of
Ca,P,0, crystals is AS,, = 62.015 J /mol K [20]. Using
the Jackson criterion, AS,, > 4R, the most closely packed
interface planes should be smooth on an atomic scale,
so that the screw dislocation growth mechanism of o-
Ca,P,0, can be considered. Accordingly, the crystal
growth rate can be presented using an equation of the
form [21]:

u =K (AT exp (-E./RT) 2)

where u is the crystal growth rate; 0 < € < 1 and the
parameters €, K and E, are independent of 7, and AT =
= T,- T, where T, is the liquidus temperature.

The growth rate data (Figure 8), and the liquidus
temperature (7; ), previously estimated from the DTA
curve, can be fitted by the least-squares method to
Equation (2) in the form:

In [ul(AT)= In K - EJRT A3)

The activation energy of crystal growth £, was cal-
culated from the slope of the line obtained by plotting
In [u/(AT)}] vs. /T (e =0).

To compare the experimental results with theoreti-
cal considerations, the curve of the crystal growth rate
was calculated by using an equation of the form [22]:

u=fvy[l - exp - AG/RT] 4)

where f'is the fraction of preferred growth sites; v - the
frequency factor for transport at the crystal-liquid inter-
face; 7 - the distance advanced by the interface (usually
taken as the molecular diameter ); AG - the thermody-
namic force for crystallisation, i.e the difference
between the free energies of the undercooled melt and
the crystalline phase per mol, T - the absolute tempera-
ture, R - the universal molar gas constant.
Parameter f'was calculated using the equation:

f=AT2nT,=(1-T)/2n ®)

where AT = T, - T (undercooling); T,=T7/T,; T, - mel-
ting temperature
The value of may be expressed as:

v = v, exp (-AG,/RT) (6)

where v, is the vibrational frequency of the growth con-
trolling atoms; AG), - the activation free energy for dif-
fusion across the interface.

Taking that the molecular mobility necessary for
crystal growth is similar to the transport of molecules in
the bulk melt, the Stokes - Einstein relation between the
effective coefficient of diffusion and the viscosity can
be used. Accordingly, AG, = AG, = AH, - T AS,, where
AG, is the activation free energy for viscous flow. This
relation enables the estimation of v by using the visco-
sity data. The viscosity of glass melts can be well
described by the empirical Vogel-Fulcher-Tamann equa-
tion (VFT):

logn=A4A+B/(T-Ty) @)

where 4, B and T, are empirical parameters. This equa-
tion corresponds to the temperature dependence of the
activation energy of viscous flow in the form:

n = 1o exp (AG,/RT) (®)
where:
N = kT/P Vo (9)

When taking Equations (7-9), Equation (6) can be
expressed as:

v=kT/P10* - exp [-2.3 B/ (T - T))] (10)

where k is the Boltzman constant; / - the P-O bond
length.

Neglecting the difference of the specific heats of
the crystalline and liquid phases, by using the Turnbull
linear approximation for AG [23], AG/RT can be written
as:

AG/RT = AS, (1/T, - 1); AS, = AS,/R (11)

The replacement of Equations (10) and (11) into
Equation (4) yields the following equation for the crys-
tal growth rate:

(5 N ool 75 ool )

(12)
Equation (12) was used to calculate the crystal
growth rate u in the temperature range 7 = 620-900°C.

The parameters utilized for the calculation are present-
ed in Table 4.

Table 4. Data used for the numerical calculation of crystal
growth rate u.

k=1.38059 x 10> J/K A¥* =-47969
*=158x10"m B** =4321.7
A=5x10"m Ty**=558.9
Ty=1163.16 K AS,, = 62.015 J/mol K

* bond length bridging P - O [24]
**logn=A+ B/(T-T, fitted using temperatures T, ,T,, and T,
experimentaly determined by DTA and dilatometry.

The calculated curve of the crystal growth rate is
also presented in Figure 8. As can be seen in this figure,
the curves match at 7'< 700°C. For T > 700°C, a differ-
ence appeared between the experimental and calculated
curves. Such a discrepancy could be explained by
experimental error in the crystal growth rate determina-
tion. Moreover, the crystallisation experiments were
carried out at temperatures above 7, (the dilatometric
softening temperature), so that at 7 > 700°C the glass
sample dimensions changed markedly, which influen-
ced the measurement of the crystal layer thickness.
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Based on all the growth rate data obtained, the acti-
vation energy for crystal growth E, was determined
from the plot in Figure 9. The obtained values of £, are
presented in Table 5.

Table 5. Activation energy of crystal growth.

Crystal growth rate E, (kJ/mol)
Uexp 407 + 30
Ucal, 454 + 10

The obtained values for E, are in agreement with
the activation energy determined for the crystal growth
of B-Ca,P,0; in calcium phosphate glass doped with
ALQ; and TiO, [25]. For this glass values of E, = 452
+ 17 kJ/mol and E, = 421 + 16 kJ/mol were determined
for isothermal and non - isothermal crystallisation con-
ditions respectively. These results indicate, that the for-
mation of calcium phosphate crystalline phases governs
the whole process of crystallisation of calcium phos-
phate glass doped with V,0s.

NN
N o
1 1

In [u/(ATY?]
g %

T -28
_30_
-32 T T T T T T T T T T T T
088 092 096 1.00 1.04 108 1.12
——  1000/T (K"

Figure 9. The plot of In [u/(AT)*] vs. 1/T.

CONCLUSIONS

The crystallisation behaviour of invert phosphate
glass with a molar ratio of (CaO)/(P,Os) = 1.13 and a
V,0;s content of 8 mol.% was studied. The surface crys-
tallisation mechanism of this glass was determined to be
dominant .

Three crystalline phases were formed during crys-
tallisation in the glass matrix, whereby o-Ca,P,0; was
formed as the primary phase, followed by B-Ca,P,0,
and VP,0; as secondary ones with the volume ratio esti-
mated as 52.59, 27.23 and 20.18 respectively. A den-

dritic morphology of the crystal growth of the primary
a-Ca,P,0; phase on faceted crystal-melt boundaries was
observed. Accordingly, the model of the screw disloca-
tion mechanism of the growth of the o-Ca,P,0; phase
was considered. The kinetic parameters of crystal
growth obtained from the experimental data are in good
agreement with those determined by the theoretical
model. Also, there was good agreement between the
experimental data of the glass studied and the results
previously obtained for the crystallisation of the
B-Ca,P,0; phase in the calcium phosphate glass con-
taining Al,O; and TiO,.

References

Ju—

Hench L.L.: Ceramurgia 5, 253 (1977).

2. Zhang Y. Santos J.D.: J. Non-Cryst.Solids 272, 14 (2000).

3. Dias A. G., Tsuru K. , Hayakawa., Lopes M. A., Santos
J.D., Osaka A.: Glass Technol. 45, 78 (2004).

4. Vogel W., Holand W., Angw: Chem.Int.Ed.Engl. 26, 527
(1987).

5. NanY., Lee W.E., James P.F.: J.Am.Ceram.Soc. 75, 1641
(1992).

6. Brown R.K.: J.Non.Cryst.Solids 263/264, 1 (2000).

7. James P. F. |, Igbal Y. , Jais U. S., Jordery S., Lee W.E.:
J.Non.Cryst.Solids 219, 17 (1977).

8. Watanabe A., Mitsudou M., Kihara S, Abe J.: J.Am.
Ceram.Soc. 72, 1499 (1989).

9. Togi¢ M.B., Dimitrijevi¢ R.Z., Mitrovié M.M., Blagojevi¢
N.S.: J.Mater.Sci. 37, 4369 (2002).

10. Hosono H., Zang Z, Abe Y.: J.Amer.Ceram.Soc. 75, 1587
(1989).

11. Reaney L.M., James P.F, Lee W.E.: J.Am.Ceram.Soc. 79,
1934 (1996).

12. Webb N.C.: Acta Crystallogr. 21, 942 (1966)

13. Ryu H.S., Youn H.J., Chang B.S., LeeC.K., Chung. S.S.:
Biomaterials 23, 909 (2002).

14. Tosi¢ M.B., Zivanovi¢ V.D., Blagojevi¢ N.S.: Phys.Chem.
Glasses 45, 160 (2004).

15. International standard ISO 7884-8:1987 (E)

16. Rietveld H.M.; J.Appl.Cryst. 2, 65 (1969).

17. Rodriguez-Carvajal J.: Users guide to program
FULLPROF, 2004-LLB-JRC (Laboratorie Ledn Brillouin,
CEA-CNRS, Centre d'Etudes de Sacaly, Gif sur Yvette,
France).

18. Vogel W.: Glashemie, 2™ ed., VEB , Leipzig, 1983.

19. Calvo C.: Inorganic Chemistry 7, 1345 (1968).

20. Hsc Chemistry.: (Outokumpu Research O4 , Finland,
1993).

21. Hillig W.B., Turnbull D.: J. Chem.Phys. 25, 914 (1956).

22. Kingery W.D., Bowen H.K., Uhlmann D.R.: Introduction
to Ceramics, Wiley, New York 1976

23. Turnbull D.: J.Appl.Phys. 21, 1022 (1950).

24. Hope U., Walter G., Bartz A., Stachel D., Hannon A.C.:
J.Phys.Cond.Matter 10, 261 (1998).

25. Tosi¢ M.B., Dimitrijevié R.Z., Mitrovi¢ M.M.: J.Mater.

Sci. 38, 1983 (2003).

Ceramics — Silikaty 5/ (2) 112-118 (2007)

117



Zivanovic V. D., Tosi¢ M. B., Blagojevi¢ N. S., Gruji¢ S. R., Mitrovi¢ M. M.

KRYSTALIZACE SKLA FOSFORECNANU VAPENATEHO
S OBSAHEM OXIDU VANADICITEHO
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NIKOLA S. BLAGOJEVIC*, SNEZANA R. GRUJIC*,
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Zkoumalo se krystalizaéni chovani skla fosfore¢nanu
vapenatého obsahujiciho oxid vanadicity. Pro experiment bylo
ptipraveno sklo s molarnim pomérem (CaO)/(P,Os) = 1,13 a
obsahem V,0s 8 mol.%. Krystalizace velkych vzorka skla
probéhla za izotermickych podminek pii 7 = 650-820°C. Byl
pozorovan mechanismus povrchové krystalizace zkoumaného
skla se stromeckovym rdstem primarni faze o-Ca,P,0,. Ve
vSech zkrystalizovanych vzorcich se jako sekundarni faze
objevil B-Ca,P,0; a VP,0;. Ve zkoumaném teplotnim intervalu
byl zjistén riist krystalti o rychlosti 9 x 10° - 2,14 x 10 m/s.
Teplotni zavislost na rychlost rlstu krystald umoziiuje vypoci-
tat aktivacni energii krystalizace £, = 407 + 30 kJ/mol. Experi-
mentalni data byla porovnana s daji vypoétenymi podle teo-
retického modelu rychlosti krystalového rustu a mezi vysledky
byla zjisténa vysoka troven shody.

Book review

MULTIPHYSICS MODELLING WITH FINITE
ELEMENT METHODS

William B. J. Zimmerman

World Scientific Publishing,
New Jersey/London/Singapore 2006
422 pages, hardcover, price: 41.- GBP
ISBN 981-256-843-3

Finite element methods for approximating partial
differential equations that arise in science and engineer-
ing analysis find widespread application. Numerical
analysis tools make the solutions of coupled physics,
mechanics, chemistry, and even biology accessible to
the novice modeler. Nevertheless, modelers must be
aware of the limitations and difficulties in developing
numerical models that faithfully represent the system
they are modelling.

This textbook introduces the intellectual frame-
work for modelling with Comsol Multiphysics, a pack-
age which has unique features in representing multiply
linked domains with complex geometry, highly coupled
and nonlinear equation systems, and arbitrarily compli-
cated boundary, auxiliary, and initial conditions. But
with this modelling power comes great opportunities
and great perils.

Progressively, in the first part of the book the
novice modeler develops an understanding of how to
build up complicated models piecemeal and test them
modularly. The second part of the book introduces
advanced analysis techniques. The final part of the book
deals with case studies in a broad range of application
areas including nonlinear pattern formation, thin film
dynamics and heterogeneous catalysis, composite and
effective media for heat, mass, conductivity, and disper-
sion, population balances, tomography, multiphase

flow, electrokinetic, microfluidic networks, plasma
dynamics, and corrosion chemistry.

As a revision of Process Modelling and Simulation
with Finite Element Methods, this book uses the very
latest features of Comsol Multiphysics. There are new
case studies on multiphase flow with phase change,
plasma dynamics, electromagnetohydrodynamics,
microfluidic mixing, and corrosion. In addition, major
improvements to the level set method for multiphase
flow to ensure phase conservation is introduced.

About the author

William B. J. Zimmerman CEng FIChemE is the
Professor of Biochemical Dynamical Systems in Che-
mical and Process Engineering at the University of
Sheffield. His research interests are in fluid dynamics,
reaction engineering, and microfluidic biotechnology.
He is the author of Process Modelling and Simulation
with Finite Element Methods (2004), the earlier version
of this book, and the editor of Microfluidics: History,
Theory and Applications (2005). He has previously cre-
ated modules entitled Chemical Engineering Problem
Solving with Mathematica, Modelling and Simulation
in Chemical Processes, Numerical Analysis in Chemical
Engineering, and FORTRAN programming. He has
been modelling with finite element methods since 1986.
He has authored over eighty scientific and scholarly
works. He is a graduate of Princeton and Stanford
Universities in Chemical Engineering, past Director of
the MSc. in Environmental and Energy Engineering,
originator of the MSc. in Process Fluid Dynamics, and
a winner in US and UK national competitions of five
prestigious fellowships.
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118

Ceramics — Silikaty 5/ (2) 112-118 (2007)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


