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Abstract

The oxidation of ZrB,—-SiC and ZrB,-SiC-ZrSi, ceramics of different composition has been studied experimentally at 1500 °C in pure oxygen
for up to 50h. ZrB,-SiC—ZrSi, ceramics proved to be the most oxidation-resistant at ZrSi, contents of less then 4 wt%. These ceramics were
more oxidation-resistant than ZrB,—SiC ceramics. An analytical model of growth kinetics for a multilayered scale based on an oxidation—diffusion

balance was developed and tested.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

The introduction of silicon carbide into ZrB; (20-25 vol.%)
improves its resistance to high-temperature oxidation. The
protective oxide film in the ZrB,-SiC system consists of a con-
tinuous and dense corrosion-resistant (SiO>,—B;03) glassy film
with fine grains of ZrO; scattered in it. The research has shown
that the ZrB,—ZrSi; system is characterized by a lower oxidation
rate compared with pure ZrB,.!?> Addition of silicides of Zr, Mo,
Ta, or others transition metals improve sinterability, as well as
strength and oxidation resistance of ZrB,—SiC ceramics.>8 The
disilicide additives proved to be especially efficient because they
are alternative (beside SiC) sources of silicon for SiO, forma-
tion. The enhanced oxidation resistance of ceramics with silicide
additives may be explained in the following ways: (1) the metal
oxide, for example TayOs, formed by oxidation of TaSi;, in
the borosilicate glass leads to formation of immiscible phase-
separated glasses with higher viscosity and lower permeability
to oxygen;3’9 (2) metal addition (in particular, Ta) results in
substitution of Ta onto Zr sites in ZrO,, which reduces the con-
centration of oxygen vacancies and decreases the rate of oxygen
transport through the growing scale;® and (3) in the presence of
silicides (ZrSiz, MoSiy, CrSiy), ZrSiO4 forms during oxidation
and promotes an increase in oxidation resistance.!-?
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In this paper we consider oxidation processes for UHTCs in
the ZrB>—SiC(ZrSi;) system. It is known that ZrSip additives
(2040 vol.%) promote sintering activation with formation of
dense ceramics even at 1550°C.7-!° The range of application
of such ceramics is limited due to the low melting temperature
of ZrSiy. In this study the amount of silicide additive is limited
to 14 wt%, which is enough for liquid-phase sintering of these
ceramics at 7> 1800 °C. The main goal of the current research
is the investigation of ability of a silicide additive (ZrSiy) in
ZrB,—SiC ceramics to decrease the oxidation rate at tempera-
tures above 1400 °C. In addition, a new oxidation model based
on the available experimental data is presented.

2. Materials and methods

The a-SiC powder used in the study was UF10 grade pro-
duced by the H.C. Starck Company, Germany. The ZrB, and
ZrSip powders were synthesized at the Institute for Problems
in Materials Science (IPMS) using carbothermal reduction of
the appropriate oxides. The obtained powders were character-
ized by X-ray diffraction (XRD) and chemical analyses. Typical
ZrB, powder contained 78.8 wt.% B and <0.1 wt.% O. Pow-
der batches contained up to 0.7 wt% C which corresponded to
3.5 wt% B4C. Itis known that in the system under study the boron
carbide additive promotes ceramics sintering.!! ZrSi powder
had the following chemical composition: 61.0 wt% Zr, 37.0 wt%
Si, <0.1 wt% Fe and 0.5 wt% residual solids that were insoluble
in acids. Both powders had a particle size in the range 5-20 wm.
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Sintering studies were performed in order to obtain ceram-
ics with an average grain size of about 15-20 um to minimize
high-temperature creep. Grinding of powders was carried out
using an acetone medium and ZrB; grinding balls. Grinding
balls were made from pure powders by hot pressing. The lining
of the mill was fabricated out of a caprolactone wear-resistant
polymer. The powders were ground to a starting average particle
size of ~3 um. Final milling and blending of charge compo-
nents were done in a planetary ball mill. Optimum particles
dispersions were obtained by planetary milling for 5-9 h, pro-
viding sufficiently small grain sizes for hot pressing (from 2.5
to 1.1 wm, respectively), as determined by a laser particle size
analyzer (Laser Micron Sizer, Japan).

Hot pressing was conducted using an induction heating unit
in graphite dies in the ambient atmosphere, although the pow-
ders inside the dies were presumed to be protected by the in situ
generation of a protective CO/CO; gas mixture within the die.
The temperature of isothermal sintering under load was in the
range of 1800-2150 °C, pressure—26-30 MPa, time of isother-
mal densification 15-40 min, heating rates—up to 100 °C/min.
By the end of isothermal holding the axial pressure was released,
ceramics were cooled in the die at the rate of 35 °C/min down to
1200-1500 °C. Next, ceramics together with the die were placed
in a graphite container to cool down to room temperature.

In contrast to vacuum hot pressing, sintering of ceramics
without a protective chamber takes place under conditions of
partially reducing media CO-CO3, resulting from oxidation of
the graphite dies. During hot pressing, a number of chemical
reactions occur between the residual oxide phases of the charge
(S8i07, ZrO,, B,03), boron carbide (reducing oxides), as well
as CO. The experimental data show that removal of oxide impu-
rities occurred during sintering, accompanied by generation of
a secondary ZrB, phase and a decrease in B4C content along
with a considerable evolution of volatile oxidation products
(Si0, B>03, CO3, etc.). The evolution was achieved by hold-
ing the sample isothermally at intermediate temperatures, and
by applying the maximum pressures at the final stage of the
process.

In order to study the impact of ZrSiy on the structure and
properties of ZrB,—SiC ceramics, it was introduced in amounts
up to 14 vol.%, which is greater than commonly required for
sintering additives (3-5vol.%). Compositions with 51 vol.%
(ZrBy +ZxSi) +49 vol.% SiC ceramics were chosen for the
present study of oxidation behaviour. The ZrB;:ZrSi, ratios and
the sample designations are summarized in Table 1.

The microstructure and phase composition of ceramics and
oxide scales were studied using the XRD method (HZG-4
(Germany) and DRON-4 (Russia) diffractometers with filtered
radiation of Fe and Cu anodes in point-by-point scanning mode),

light-optical and scanning electron microscopy (Superprobe
733, JEOL, Japan). The “New_Profile” XRD analysis program
package!? as well as PDF-2 database were used for qualita-
tive and quantitative phase composition analysis. The chemical
composition of the phases formed was inferred from energy
dispersive X-ray spectroscopy (EDX, Link, England).

Oxidation experiments for ZrB,-SiC and ZrB;-SiC-ZrSi;
ceramics were carried out in Tuebingen University, Germany.
Oxidation was studied in pure oxygen at a temperature of
1500°C. A computer controlled furnace (Bahr) was used for
the following heating-atmosphere cycle:

1. Heating at 10 K/min in argon up to 1400 °C;

2. heating at 2 K/min in argon up to 1500 °C;

3. exposure of samples at 1500 °C in oxygen with a flow rate
of 0.1 I/min in 40 mm tube;

4. cooling at 2 K/min in argon up to 1400 °C;

5. cooling at 10 K/min in argon to room temperature.

Samples were held at 1500 °C in flowing oxygen for0.5,3, 15,
30 and 50 h. Before the thermal treatment and after every thermal
cycle all the samples were weighed (Sartorius ultra-balance).
Thus, the change of sample mass gain was measured gravimet-
rically during high-temperature oxidation. Samples were 10 mm
by 5 mm by 2 mm.

3. Results and discussion
3.1. Structure of ceramics

In order to study the interaction of zirconium boride with
zirconium silicide, ZrB, mixed with 20vol.% silicide was
hot pressed in the temperature range of 1600-2100 °C. X-ray
diffraction analysis (not shown) revealed that small amounts of
SiC (3C) and a new phase with a cubic lattice were formed. Lat-
tice parameters of the new phase were intermediate between the
parameters of ZrC and ZrO cubic phases. In the XRD patterns
for the hot-pressed ZrB,—ZrSi,—SiC system with different com-
ponent ratios, beside the ZrB, and SiC phases, the same cubic
phase with variable lattice parameters was present (Fig. 1a). The
ZrB, lattice parameters were unchanged and, therefore, solid
solutions based on ZrB, were not formed.

The equilibrium phase diagram for the Zr—Si system!? points
out to a peritectic type of ZrSi, decomposition with the appear-
ance of a Zr-Si liquid phase at hot pressing temperatures
exceeding 1620 °C. The interaction of the Zr-Si liquid with
the basic phases of the composite, besides the interaction with
CO, leads to the formation of a new phase with the ZrC lattice
structure, and some other intermediate compounds as well as

Table 1
The ZrB,:ZrSi; ratio for ceramic composites.

Marking index

UsS-4 USS-4 USS-41 USS-42 USS-43 USS-44 USS-45 USS-46
ZrB; vol.% 100 92 96 93 86 81 76 73
ZrSip vol.% 0 8 4 14 19 24 27
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Fig. 1. (a) Lattice parameters of the cubic phase in comparison with known ones. (b) Dependence of cubic phase volume content from ZrSi, volume content in the

charge.
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Fig. 2. EDX spectrum of 3rd phase grain, as well as spectra of SiC and ZrB; grains.

enrichment of the liquid with boron. The smaller lattice parame-
ter of the new phase (Fig. 1a), compared with zirconium carbide,
and direct observations of Zr, C, and B presence in grains
(with different contrast relatively ZrB, grains) by EDX-method
(Fig. 2) are caused by formation of solid solutions in Zr(C,B)
system. The XRD data shows that the volume content of the new
cubic phase does not exceed 3% (Fig. 1b), which qualitatively
corresponds to microscopic observations. The linear dependence
between ZrSi, and Zr(C,B) contents exists only up to ~10 vol.%
ZrSi, (Fig. 1). XRD shows that in ceramics with high ZrSi, con-
tent (>10vol.%) residual Zr-Si liquid is partially crystallized

during cooling as zirconium silicide ZrSi, with higher lattice
parameters (compared to the initial state), and partially remains
in amorphous state. Thus, for small silicide additions, the lig-
uid phase is almost entirely consumed by the Zr(Hf)C(B) phase.
However, higher zirconium silicide contents lead to an excess of
Zr-Si-B—(0O) liquid, which on cooling transforms into residual
amorphous phase and modified crystalline zirconium silicide.
The microstructure of fabricated samples is presented in
Fig. 3. The porosity of US4 samples was about 4-5%, porosity
less than 1% for lower ZrSi, content (2—4 vol.% USS4-USS42),
and with porosity increase up to 6% at higher ZrSiy content

Fig. 3. Microstructure of the ceramics of different compositions: US4 (a); USS4 (b).
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100pm

Fig. 4. Cross section SEM images of oxide scale layers: layer 1 (the outer layer)—SiO; + B, 0Os3; layer 2—dense zirconia—silica; layer 3—silicon carbide depleted,
zirconia (zircon) zone with a graded increase in ZrB, content through its thickness; and layer 4—unaltered ZrB,-SiC.
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Fig. 5. Cross sectional images and elemental mapping of a typical oxidation scale.
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(USS44-USS46). In all cases grain sizes of the main phases (sili-
con carbide, zirconium boride and Zr(Hf)C(B) phase) were in the
range of 2-20 pm. The morphology of the ZrB, grains (deeply
etched boundaries) after hot pressing indicates to the interaction
of grains with the liquid phase (Fig. 3) since the consolidation
itself is a reactive liquid-phase hot pressing process.

3.2. Experimental studies

An XRD study of ZrB,—SiC and ZrB;—SiC—ZrSi; ceramics
after their oxidation did not show any qualitative differences
among phase compositions (not shown). For both systems the
oxidized surface layer contained an amorphous phase (borosil-
icate glass as indicated by the amorphous hump in the XRD
pattern) as well as crystalline silica (cristobalite), zirconium
oxide (baddeleyte), and ZrSiO4 (zircon). Therefore, the differ-
ences in the oxidation kinetics of various ceramic systems must
be analyzed to understand the quantitative differences of phase
composition and structure of scale layers.

The typical structure of oxidized ZrB,—SiC—ZrSi; is pre-
sented in Figs. 4 and 5. Elemental mapping of O, Si, Zr and
B is shown in Fig. 5. Fig. 4 shows a typical three-layer scale
formed on the surface after oxidation in oxygen for 50 h: layer
1 is borosilicate glass; layer 2 is dense zirconia—silica; layer 3 is
silicon carbide depleted zirconia that has increasing ZrB; con-
tent through its thickness; and layer 4 is the unaltered ZrB,—SiC
matrix. Outer layer is non-homogeneous in thickness with dis-
continuities where bubble formation took place due to intensive
gas emission. On the whole, the structure of surface oxidized
layers corresponds to the structure described by Chamberlain et
al.1#

Mass gain was studied gravimetrically for ZrB,—SiC and
ZrB,-SiC-ZrSi; (Fig. 6). The mass gains are characterized by
nearly parabolic rate law dependence (especially for the 2nd sys-
tem) which indicates diffusion control due to the dense oxide
film formation. It is also obvious that the addition of ZrSi, to
the ZrB,—SiC ceramics leads to a significant decrease in mass
gain (Fig. 6). For example, after 50 h at 1500 °C the mass gain
decreased from ~27 mg/cm? for ZrB,-SiC to ~9 mg/cm? for
ZrB>-SiC containing 4 vol.% ZrSi5.

The oxidation resistance as a function of ZrSi content in
pure oxygen at 1500 °C was described by a curve with a min-
imum (Fig. 7). The increase of oxidation resistance at small
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Fig. 6. Mass gain as a function of time in pure oxygen at 1500°C for
51 vol.% ZrB,-SiC (diamonds) and 46 vol.% ZrB,—4 vol.% ZrSi,—50 vol.% SiC
(squares).
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Fig. 7. The dependence of mass gain on ZrSiy content (vol.%) in charge for
oxidation at 1500 °C for 50 h in oxygen.

additions of ZrSiy (up to 2vol.%) requires additional analy-
sis. The US4 and USS41 samples have approximately the same
grain size of components but slightly different porosity con-
tents (~5% and <1%, respectively). Therefore, the differences
in oxidation rate could possibly be connected with differences
of porosity and, in the final analysis, with the sintering activa-
tion effect on the account of the zirconium silicide additions. In
addition, the Zr(Hf)C(B) phase is present in ZrB;—SiC—ZrSiy
ceramics (~3vol.%) as solitary inclusions and does not form
a continuous network. So, its presence alone should not influ-
ence the oxidation rate significantly. It may be supposed that
the reduction of oxidation rate of the triple system with small
content of ZrSi; may be also (along with porosity effect) con-
nected with the inclusions and grain-boundary layers of residual
amorphous Zr—Si-B phase that might form during ZrSi; decom-
position under the scale of borosilicate glass. The interaction of
oxygen with small amounts of amorphous phases may lead to
the formation of additional protective SiO, and zircon phases.
All these lead to the increase of ceramics oxidation resistance.

With the increase of ZrSi; content to more than 8 vol.% larger
amounts of an unstable amorphous phase are present along with
porosity along the grain-boundaries. These factors are likely
responsible for a sharp rise in oxidation rate at higher ZrSi,
contents.

3.3. Modeling

3.3.1. Model equations

The thickness and structure of the surface layers formed
in oxygen at 1500°C showed that the oxidation was
almost parabolic. The oxide scale structure in ZrB;-SiC
and ZrB,—SiC—ZrSiy systems corresponded to Chamberlain’s
model.!3 A schematic representation of the scale is shown in
Fig. 8.

The main objective of the model is to simulate growth kinet-
ics under isothermal conditions using multilayered flat scale
structure with a given order and structure of layers. The scale
is considered to be a multilayered continuum medium. Model
hypotheses are the same as in detailed analysis of such systems
by Dybkov.!3

The basic model hypotheses are:
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(1) the kinetics of scale growth are defined by chemical reac-
tions at the layer boundaries and diffusion of species to the
layer boundaries where chemical reactions take place and
layer growth occurs;

(2) the changes of concentration ¢ of diffusing substances in the
layers occur with the negligibly low local speed (dc/dt = 0);

(3) chemical reactions at the layer boundaries occur with con-

stant velocity;

layers are macro-homogeneous, and because of this dif-

fusion coefficients are constant (possibly, effective values

in the case of micro non-homogeneity) and distributions
of concentration of substances diffusing through individual
layers are linear;

“4)

(5) modeling of the kinetics of layer thicknesses changes is car-
ried out on the basis of Evans time additivity principle'!6:
the time df required for a gain of layer thickness dL is the
sum of time dt, spent for chemical transformations on the
layer boundary and time of oxygen diffusion dt, to the place
of chemical reactions: dt = dt. + dty, where dt, = dL/h,
dty = cdL /(—Dgrad c), h—layer growth rate stipulated by
chemical reaction on the layer boundary L (chemical con-
stant); c—O» concentration at the layer boundary; grad
c—the gradient of O concentration at the layer boundary;
D—diffusion coefficient of oxygen.

As it follows from these hypotheses, O, concentrations and
their values at the layer boundaries are unchanged during scale
growth i.e. these values are constant.

The main constants entering into the system of model
equations are chemical (h;) and physical (diffusion, K;) for
each ith layerls’“’: K; = Di(ci(i+1) — Citi+1))/Ci(i+1) where
D;—diffusion coefficient of oxygen in ith layer, ¢;—O> con-
centration in ith layer at the boundary with jth layer (see Fig. 8).

O, Scale surface
r Y A
L $ Sio, (B0, >
A 4
A
I L2 k ZrOg+ZrSiO4+Si02 ;
v
] ZrB,+SiC
I SiC depletion layer
3
(porous layer)
A4 A 4

non-oxidized ceramics
ZrBy+SiC  (ZrSi,)

Fig. 8. Schematic of the oxide scale structure on the surface of ZrB,-based
ceramic safter oxidation in pure oxygen at 1500 °C.
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Oxidation is accompanied by a number of physical phenom-
ena (including evaporation), which affect physical and chemical
constants of the model (K;, k;).1 Investigation of such effects is
a separate task, which is beyond the scope of this work. It should
be noted that the model implicitly takes into account such effects
since the model constants are determined from experimental
data.

If each layer of the scale is growing because of O, chemi-
cal transformations at the boundary with the next layer (more
remote from the scale surface) and reduced because of similar
transformations at the boundary with the previous layer (more
close to the scale surface), then the Cauchy problem, which
describes growth kinetics of the scale and takes into account the
uncertainties of initial oxidation period, has the form:

L1(0)=L>(0)=L3(0)=0;
(D
t>0

y3a exp(—pr)

where +—time; L; (i=1,2,3) is the layer thickness; K; >0, h; >0
are physical and chemical constants, respectively; y; <1,i=1,
2, 3—weight factors; constants o > 0 and 8 > 0 take into account
the uncertainty of the initial stage of oxidation. The parameter
o can be considered as the random peak amplitude of devia-
tion from average speed of scale growth and parameter $ as the
parameter determining the effective duration of initial stage of
oxidation. Values of « and §, probably, depend on ZrSi; addition
and evaporation as well.

The Cauchy problem (1) describes the growth kinetics of a
scale with a given structure (which is defined by experiment or
other methods based on the analysis of chemical reactions and
their order in time), and not the formation of the structure itself.

Since scale growth begins from the 3rd layer then for a sim-
plification we further assume y; =y, =0, y3=1.

For given h; > 0, K; > 0, «, pfthe solution of system (1)
defines layers thickness L;(f) at the current moment of time 7i.e.
their kinetics.

Thus, the main problem is to determine key parameters from
the experimental kinetic curves: chemical and physical constants
h; >0, K; >0 as well as parameters « and § that are coefficients in
the differential equations of the Cauchy problems (1) and define
growth kinetics of oxide scale.

3.3.2. Asymptotic analysis of model equations

Analysis as t — 0. If the condition A3 — « > 0 is assumed
then from (1) it follows that its solution at # — 0 has the follow-
ing asymptotics

Li(t) = hit, La(t) =~ (hy — h1)t, L3(t) =~ (hz — hy — a)t, )
L(t) = L1(t) + Lo(t) + L3(t) = (h3 — a)t.

It can be seen from the latter relation (2) that the condition
h3 — a > 0 defines an initial nonzero velocity of scale thickness
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L(t) growth. In addition, conditions

h1>0, hz—h1>0, h3—h2—0l>0, (3)

are conditions of formation of a three-layer scale at =0, and the
left-hand parts of these inequalities define the initial velocity of
the formation of each layer. The 3rd condition depends on a
random factor « and can be true only when h3—hy >0. From
this and from (3) the inequalities that can be deduced are: h3 >
hy > hy > 0, which have clear physical meaning and dictate
the three-layer structure of the scale. During the initial stage of
growth, chemical reactions dominate growth and their velocities
are h;, i = 1,2, 3;the growth velocity of the 3rd layer /3 should
be higher than the growth velocity of the 2nd layer 4>, which, in
turn, should be higher than the growth velocity of the 1st layer
h1. This is because the st layer is formed from the 2nd layer,
the 2nd layer is formed from the 3rd, and the 3rd layer is formed
from initial material. The parameter « can be seen as random
amplitude of variation of the velocity of layer growth and, if
inequalities (3) are true, then at sufficiently small values of o
(i.e. at small random effects and lesser uncertainty) condition
(3) will be satisfied.

Analysis att — oo. As aresult of investigation of system (1)

the following estimates for scale layers thicknesses are obtained
Li(n) = Li) < Lin), 120, @)

where functions L;(f), L;(t), i = 1,2, 3 are determined by the

equalities
- K; K; 2
Lit)=——+/|-—) +2Kit, t=0, L@
hi h;
- o
=L+ B(eXp(—ﬁt) - D, &)

La(t) = La() = L1(1),  La(t) = L3(r) — La(2)
From (4) and (5) we have the following relations useful for
kinetics analysis

L) — L) = %(1 — exp(—pt) > 0,

Ly(t) — Ly(1) = Li(t) = 0,
L3(t) — L3(1) = La(t) > 0, >0,

and asymptotic at t — oo equalities

Since from the physical point of view only positive bound-
aries should be considered in equalities (6) then from (6), the
following inequalities can be deduced

K1 < K> < Ks. (7

For the thickness of the whole scale L(¢) at > 0 from equal-
ities (5) we have estimates

L(1) < L(t) < L(), (8)

where

3
Ly =Y "Lit), L) = L3+ (exp(—p) — 1),

i=1 B
. L@ [ K| [ K>
dlim—=1 — —.
o ’—I’HOIOL(I) + K; * K3

The analysis shows that at t — oo the dominant process in
layer formation is oxygen diffusion (in relations (5) and (6)
leading role are playing physical constants K;, i = 1,2, 3).
From the model calculations follows that the outer layers (in
our approximation SiO, and ZrO; +ZrSiO4 + SiO;) are rate-
limiting step since diffusion constant K; in these layers is
significantly lower than K> for layer ZrB, + SiC (SiC depletion
layer), see also (7) and Table 2.

From (4) and (5) at sufficiently large ¢ the following inequal-
ities are obtained

Li(t) < J2Kit, L(t) < v2Kt,where L =L;+Ly+
Ly, K=WKi+JVK+ JK_3)2. These inequalities mean
that the growth of separate layers and the whole scale cannot be
above parabolic growth, i.e. kinetic growth curves of layers and
scales are below certain conventional parabolic kinetic curves
which are determined by the constants #;, K, K.

Thus, relations (2)—(8) can be used for determination of
physical and chemical constants K;, h;, i =1, 2,3, as well as
parameters « and 8 from experimental kinetic curves of growth
of oxide scale layers. The use of these relations facilitates their
search by numerical methods.

Ly() L (1)
im = =1 im <
t—o0 L1(t) t—00 Lo(t)
3.3.3. Numerical determination of parameters governing
—1_ K lim l:‘3(t) —1— K2 ()  &rowth kinetics
Ky =00 Ls(r) K3 If formation of a scale goes without volume changes or these
changes can be neglected, then Eq. (1) may be re-written in terms
Table 2
Calculated model parameters.
Ceramics Ky, mgz/cm4 h hi, mg/cm2 h K, mgzlcm4 h hy, rng/cm2 h o, mg/cm2 h B, 1/h
ZrB,-SiC 0.82 0.26 47.2 289.5 10.9 0.0036
ZrB,-SiC—ZrSip 1.75 0.93 8.16 125.9 0.29 0.0011
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of mass gain (g):

d 1 -
s _ (L8 ,

dt hy K1

g _ (1 2\ _da
dt ho K> dt’

d 1 ' dg d
C‘lgt3=< g3> —ﬁ—itz—aexp(—ﬂt)

+
hy K3

where the constants «, 8, h;, K;,i = 1, 2, 3 differ from corre-
sponding constants of (1) and have other dimensions; g;, i =
1,2, 3 is mass gain per unit of surface area of ith layer, and
g = g1 + g2 + g3 is the mass gain of the whole sample per unit
surface area.

Here we determine parameters K;, h;, i =1,2,3, «, B (see
(9)) from experimental kinetic curves of oxide scale growth.
However, in reality we have a limited set of experimental data
which is presented in Fig. 6 and these are separate points belong-
ing to kinetics curves g(f) of the total scale growth, not to growth
curves of individual layers. The structure of scale was charac-
terized at discrete time intervals. Therefore, a simple problem is
considered in which the 1st two layers are considered as, effec-
tively, a single layer with combined characteristics K1, &1. This
allows Eq. (9) to be reduced to the following Cauchy problem

dg1 _ (Lﬁ;)"
dt hy K,

dg» 1 & )71 dg)
=L I L - —Bt
dt (hz + K> dt o exp(=p1)

o 81(0) =g200)=0

(10)

Recall that in (10) function g;, K| and h; correspond to
the effective external layer and g», K> and %, then become the
properties of the 3rd layer (see Fig. 8).

Based on this combination, the function g = —(K{/h1) +

\/(Kl/hl)2 + 2Kt is a solution of the first Eq. (10) for the
external effective layer, which has a parabolic growth kinetics.
From this for definition of mass gain of internal layer g»(f) we
have the Cauchy problem

dg> 1 o\ K1 \?

— (L L8z — k(2 2Kt
dt (hz * K2> "\ ek
£(0)=0 (11)

The asymptotic analysis of solutions for Egs. (10) and (11) can
be done similar to one in the Section 3.3.2.

Eq. (11) most likely is not integrated in quadratures. Its
approximated solution can be obtained by numerical methods.
Its solution indicates that the growth of the layer is not parabolic.

A number of calculations using this model have been done to
determine model parameters and validate functional dependen-
cies. Data fitting was carried out with the least squares method
where the objective function was the sum of squares of devia-
tions of calculated mass gains from experimental ones. Initial
data for the calculation of parameters of kinetic curves were
taken from the experimental measurements of isothermal oxi-
dation for 50 h at 1500 °C:

~1/2

—aexp(—pr),

1>0, g1(0) =g2(0) =g3(0)=0, C))

Diffusion and reaction constants (K, h;, K, hy) and con-
stants taking into account uncertainties of initial oxidation period
o and B, were calculated for ZrB,—SiC and ZrB,—SiC-ZrSi, and
are presented in Table 2. Calculated kinetic curves are shown in
Fig. 6 (g = g1 + g2). The addition of ZrSi; leads to the reduc-
tion of chemical reaction rate (/) by 2.3 and effective diffusion
constant (K>) by 5.8 times, the latter points to sharp decrease
of oxygen diffusion in layer 2. These results correspond to the
analysis of Figs. 6 and 7 in Section 3.2.

4. Conclusion

The investigations indicated that ZrB,—SiC—ZrSi; ceramics
with the optimal composition (2wt% of ZrSiy), had the best
oxidation resistance for long-duration (50 h) exposure to pure
oxygen at 1500 °C. The ZrB,—SiC—ZrSi, ceramic had 3.4 times
higher resistance to oxidation compared to the ZrB,—SiC based
on mass gain. In comparison with other non-oxide ceramics,
such oxidation resistance is exceptionally high (the mass gain is
<10 mg/cm? at 1500 °C after 50 h oxidation in pure oxygen). The
oxidation process had kinetics that showed nearly ideal parabolic
behaviour for long times.

The model of growth kinetics for a multilayered scale was
proposed. The model predictions showed good agreement of
calculated and experimental oxidation kinetic curves. It was
shown that increase of oxidation resistance of triple ceramics
(ZrB,—SiC—ZrSiy) is due to decreased oxygen diffusion rate in
subsurface layer. The role of the subsurface layer is enhanced
by the fact that this layer is more uniform in thickness com-
pared with the outer layer of glass which is varied in thickness
up to discontinuity. Comparison with experimental data shows
that calculated model parameters fully correspond to physical
meaning of the oxidation process.
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