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Abstract Self-supported zircon (ZrSiO,4) coatings have
been deposited by means of atmospheric pressure plasma
spraying, a high growth rate deposition method. However,
it is well known that ZrSiO, dissociates into ZrO, and SiO,
in the high-temperature plasma torch during plasma
spraying, the rapid quenching preventing reverse combi-
nation of both components into ZrSiO4. Usually, high-
temperature annealing (1,600-1,900 K) is applied to
recombine SiO, and ZrO, into ZrSiOy. In this contribution,
we investigate an attractive technological alternative to
recombine SiO, and ZrO, into ZrSiO,4 by laser treatment
with a scanning continuous wave CO, laser. By carefully
adjusting the CO, laser treatment parameters (laser power
density and scanning velocity), we show that the SiO, and
71O, phases indeed recombine into ZrSiO4, however, with
a very low recombination rate. Thus, we have investigated
the addition of SiO,-rich glassy particles to the plasma
spray powders to facilitate the recombination of ZrO,, and
SiO, into ZrSiO, during the laser treatment. Furthermore,
the beneficial role of the glassy particles addition to sub-
stantially lower the annealing temperature during classical
heat treatments has been studied. Available evidence
indicates that the glassy particles melt during heat treat-
ment, and thus favor the mobility and availability of silica
at the ZrO, grains, which results in a lowering of the
reaction temperature and an enhancement of the reaction
kinetics.
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Introduction

Zircon, ZrSiOy, is highly chemically inert at both low and
high temperatures [1]. It shows excellent thermal shock
resistance, very low thermal expansion coefficient (5.3 x
107° K~! from 300 to 1,773 K), and low thermal conduc-
tivity (6.1 Wm™" K~' at 373 K and 40 Wm' K™' at
1,773 K [2—4]). Its mechanical strength does not alter even at
temperatures higher than 1,673 K [5, 6]. Although difficult,
the preparation of high-purity ZrSiO,4 has already been the
subject of a great number of research papers [7-11].

The phase diagram of the SiO, and ZrO, binary system
[12] shows only zircon as an intermediate phase (Fig. 1).
Below 1,949 K, crystalline ZrO, and amorphous SiO, tend
to react to form the stable zircon phase [13]. In general, the
preparation of zircon by solid-state reaction requires a ther-
mal treatment at 1,673-1,873 K in air [14, 15]. It has been
reported that zircon is formed at temperatures as low as
1,473 K, essentially from amorphous silica and tetragonal
zirconia (t-ZrO;) [11]. Formation of zircon predominates
over the transformation of amorphous silica to cristobalite in
the mixture. Zircon preparation by means of sol-gel syn-
thesis from alkoxide precursors [7, 16] and the hydrothermal
synthesis was also investigated. As early as 1957, Frondel
and Colette [17] showed that zircon can be obtained from
gelatinous zirconia and silica by hydrothermal treatment at
673 K for 168 h at 1,000 bar. Several studies have been
carried out by varying the synthesis parameters (tempera-
ture, time, pH) [18, 19]. More recently, Valéro et al. [8] have
synthesized porous zircon from basic fluorinated synthesis
gels at 423 K under autogenous pressure (about 5 bar).
Furthermore, Shoyama et al. [20] examined the formation
process of zircon in the sol—gel derived SiO, - ZrO, gels
added with different kinds of lithium compounds. The
addition of lithium ions to the SiO, - ZrO, gels was found to
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Fig. 1 Phase diagram of ZrO,-SiO,

be very effective to produce zircon at temperatures as low as
1,073-1,173 K and ambient pressure.

Plasma spraying is a convenient method to produce
large-area coatings with high-growth rates, necessary for
many applications [21]. ZrSiO, is among the cheapest
spraying materials for refractory applications. However,
ZrSi0,4 is thermodynamically unstable above 1,949 K,
when it starts dimixing into zirconia and silica. Hence,
ZrSi0, dissociates in a thermal plasma into ZrO, and SiO,,
the rapid quenching preventing reverse combination of
both components [22, 23]. The large difference between
melting points of ZrO, and SiO, causes first crystalline
metastable ZrO, to precipitate from the melt and only then
the glassy phase of SiO, solidifies. The plasma-sprayed
ZrSi0O4 material consists therefore of pores, glassy-phase
SiO,, and finely dispersed crystalline ZrO, [22]. When
zircon as a final product is desired, usually high-tempera-
ture annealing is applied.

In the past few years, laser surface treatment has proved
to be an efficient technique for the surface modification of
refractories [24-27]. A zircon refractory was surface mel-
ted with a pulsed Nd:YAG laser to introduce AIN
nanoparticles with the aim of improving its surface density
and modifying its corresponding microstructure [28]. In an
earlier study, the same authors also treated a zircon
refractory, that time by CO, laser surface melting [4].
Laser melting treatment led to the decomposition of ZrSiO,
into ZrO, and SiO,. In the present contribution, laser

treatment is expected to produce the opposite, namely to
recombine ZrO, and SiO, present in the plasma-sprayed
coatings (since ZrSiO, dissociates in a plasma into ZrO,
and Si0O,) into ZrSiO4. For many applications, it might be
an advantage to avoid high-temperature annealing up to
1,900 K for several hours. Thus, laser annealing might
offer an attractive technological alternative to recombine
71O, and SiO, into ZrSiO4. The results of such a treatment
are presented in this contribution. It will be shown that the
addition of the glassy particles strongly stimulates the
combination of SiO, and ZrO, into ZrSiO,. Furthermore, it
is shown that the presence of glassy particles in the coating
also results in a lowering of the reaction temperature to
recombine ZrO, and SiO, into ZrSiO, during classical heat
treatments.

Experimental

The materials used in this investigation were commer-
cially available ZrSiO4 powders with a particle size
distribution ranging between 22 and 45 pm (Medipure
Powder). The commercial powder certificate indicates
following impurities: HfO, (level not indicated), 0.2 wt%
Al O3, <0.1 wt% TiO,, <0.1 wt% Fe,03, <0.1 wt% CaO,
<0.1 wt% MgO. The coatings were deposited by atmo-
spheric plasma spraying [21] using a Sulzer Metco plasma
torch. The powder was injected radially downstream from
the nozzle exit at a constant feeding rate (20 g/min). The
carrier gas flow rate was adjusted in such a way that the
mean particle trajectory within the plasma jet was opti-
mized to enhance the particle treatment during its travel
within the plasma. However, the main plasma parameters
(plasma gas, arc current, spraying distance) were not
optimized to obtain a high level of incorporated ZrSiOy4 in
the final coating.

The addition of SiO,-rich glassy particles (particle size
distribution between 1.5 and 50 pm) to the ZrSiO4 powders
has also been investigated. These glassy particles are
mainly composed of 36 £ 2 wt% B,0;, 31 + 2 wt%
Si0,, 16.7 £ 0.8 wt% Na,O, 7.6 + 0.4 wt% CaO, and
3.6 £ 0.2 wt% MgO, as well as Al,O3, ZnO, Fe,03, TiO,,
and K,O which are below 1 wt%. Their softening tem-
perature is 983 K. The powder mixture was injected
through an injector located close to the nozzle exit in the
plasma plume.

The as-deposited coatings presented open porosities
ranging between 16% and 20% depending on the compo-
sitions of the mixtures. For this study, two coatings were
fabricated and subsequently submitted to laser treatments:
the first coating, approximately 350-pum thick, did not
contain any glassy particles at all, whereas the second
coating, approximately 300-um thick, contained 30 wt%
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glassy particles. Both coatings were removed from their
aluminum substrates and were placed on highly thermally
insulating supports made of very porous (porosity &~ 90%)
nanostructured materials before the laser and classical heat
treatments.

The laser treatments were carried out using a continuous
wave CO, laser operated in the monomode TEMOO con-
figuration, hence presenting a Gaussian surface profile. The
laser beam was focused on the sample surface by means of
a ZnSe converging lens with a focal distance of 150 mm.
The distance between the lens and the sample surface was
varied, leading to different beam sizes and power surface
densities. The Gaussian radius (o) at 1/e of the laser irra-
diation at the sample surface was measured experimentally
for each optical configuration. The scanning velocity v was
varied between 0.005 and 0.05 mm s~ '. The incident laser
power P; at the sample surface was maintained at the value
of 8 W. The equivalent power density “entering” the
sample (¢;) has been defined as (1 — R)-¢;, where ¢; is the
equivalent power density “arriving” at the surface and R
the intensity of the hemispherical reflection coefficient
before laser treatment. R = 0.07 for both kinds of samples
(samples containing or not the glassy particles). ¢;, the
equivalent power density “arriving” at the surface, is
defined as:

®; :Pi/naz,

with P;: incident laser power on the sample (8 W) and ¢ the
Gaussian beam radius at 1/e.

Thus the equivalent power density “entering” the sam-
ple is

o= (1 — R)Pi/noz.

Three  different laser treatment experiments,
corresponding to three different values of the couple
(o, v), were performed on the coating without glassy
particles’ and one laser treatment experiment was
performed on the coating containing glassy particles. The
laser process parameters (o, v) of these four experiments
are summarized in Table 1.

Table 1 Laser process parameters, such as Gaussian beam radius (o),
lateral distance (s) between scanning lines, power density “entering”
the sample (¢s), and scanning velocity (v), as well as the concentra-
tion of glassy particles in the sample

Treatment Glassy 4 s @5 v

no. particles (mm) (mm) W cmfz) (mm s~ 1)
(Wt%)

1 0 1.5 0.5 105.2 0.05

2 0 1.5 0.5 105.2 0.005

4 0 2 0.75 59.2 0.01

9 30 2 0.75 59.2 0.01
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Some of the plasma-sprayed coatings have been airan-
nealed in a furnace at different temperatures: 1,173, 1,373,
1,573, and 1,773 K to compare the efficiency of our laser
treatment to the one of a conventional heat treatment in
terms of recombination of ZrO, and SiO, into ZrSiO,4 and
also to investigate the efficiency of glassy particles’ addi-
tion on the lowering of the recombination temperature.

The film structures were studied using X-ray diffraction
(XRD) on a BRUKER D5000 diffractometer equipped with
a copper anode (Cu Ko, »). The coatings were hand milled
prior to analysis. It may be shown by very simple heat
conduction arguments that the temperature within the
coating thickness is quite homogeneous; therefore, the
XRD spectra of the milled coatings are representative for
the surface as well as for the back side crystalline struc-
tures. Phase indexing requires the removal of background
signal; hence, the XRD diagrams shown in this work do not
account for small amounts of vitreous phases as glassy
SiO;.

The morphology of the samples has been observed
before and after laser treatments by optical microscopy. For
this purpose, the samples have been embedded in a resin
and polished on their cross-section side.

Film microchemistry was studied by Electron Probe
MicroAnalysis (EPMA) on a CAMECA SX50 equipped
with four wavelength dispersive spectrometers (WDS). The
samples have been prepared with an epoxy resin, polished
on their cross-section side, and carbon coated prior to
analysis. To visualize the distribution of the glassy particles
before and after heat treatment at 1,573 K, X-ray maps of
various elements (Zr, Si, O, B, Na, Ca, Mg, C) were
recorded over a square approximately 500 pm in size with
2 pum resolution.

Results and discussion

Figure 2 shows the XRD diagrams of five samples sprayed
in identical conditions (without adding glassy particles to
the ZrSiO, powder), but with different treatments after
deposition. The bottom curve presents the XRD profile of
the as-deposited sample. The next two curves from the
bottom present the XRD diagrams of laser-treated samples
with a laser power density of 105 W cm™2 and different
scanning velocities (treatment 1: scanning velocity of
0.05mm s~ '; treatment 2: scanning velocity of
0.005 mm s~ '). For comparison, the two upper curves of
Fig. 1 present the XRD diagrams of samples which have
been annealed at 1,773 K in a furnace for 6 and 12 h,
respectively. The bottom curve of Fig. 1 reveals the pres-
ence of tetragonal ZrO, peaks; however, no ZrSiO, is
observable. This is in agreement with earlier studies on
plasma-sprayed ZrSiO, [22], where dimixion of ZrSiO,
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Fig. 2 XRD diagrams of the sample without addition of glassy

particles. Bottom curve: as-deposited; next two curves from the

bottom: after laser treatment (power density of 105 W cm 2,

scanning velocity of 0.05 mm s~' (treatment 1) and 0.005 mm s~
(treatment 2), respectively; top curves: after heat treatment in a
furnace at 1,773 K during 6 h and 12 h, respectively

into SiO, and ZrO, has been observed during plasma
spraying. Whether the crystalline ZrO, will be cubic,
tetragonal, or monoclinic depends on the quenching rate
[22]. After laser treatment with a power density of
105 W cm ™2 and a scanning velocity of 0.05 mm s~ ', the
tetragonal ZrO, transformed to the monoclinic ZrO, phase;
traces of zircon are also observed. When decreasing the
scanning velocity (0.005 mm s~ '), the zircon peak slightly
increases, indicating a beginning of recombination of ZrO,
and SiO, into ZrSiO,4. For comparison purposes, the heat
treatment at 1,773 K for 6 and 12 h yielded a much larger
amount of zircon. However the monoclinic ZrO, phase is
still present, as well as a cristobalite tetragonal SiO, phase.
It has already been shown that a total retransformation
to zircon can be achieved using a high-temperature treat-
ment (usually between 1,600 and 1,900 K) by the
following solid-solid reaction between the crystalline zir-
conia (c-ZrO,) and the amorphous silica (a-SiO,) [29]:

a-Si0, + ¢-Zr0, — ZrSi0y,. (1)

The authors have also shown that the limiting
phenomenon for zircon formation is the diffusion of
silicon through a zircon layer, from an external either
continuous or granular silica phase to the surface of the
zirconia grains. They evaluated an apparent coefficient for
this diffusion (10.6 x 107'®* m* s™" at 1,673 K). This very
low value is consistent with the very low reaction kinetics
observed with our plasma-sprayed coatings. The formation
kinetics of the zircon phase has been represented by Weng-
Cheng J. Wei and R. Adams in a transformation-
temperature-time diagram [30]. This diagram shows
transformation curves with a maximum reaction rate near

1,873 K. It typically takes several hours to form the zircon
phase with a 50-70% transformation rate at heat
temperatures between 1,723 and 1,923 K. This is in quite
good agreement with our observed reaction rates during
conventional heat treatment in a furnace.

As seen in Fig. 2, the laser treatment employed in this
study does not produce substantial amount of recombined
7Z1Si04. We have estimated the temperature reached within
the coating during laser exposure with the help of a sim-
plified heat transfer model, taking into account radial
thermal conduction, heat deposition from the laser beam,
and radiative heat exchanges with the environment. The
estimated temperatures are between approximately 1,400
and 1,900 K, depending on different model assumptions
and laser parameters. These temperatures are consistent
with the temperatures during which reaction (1) generally
occurs. However, the duration during which a point of the
surface is exposed to the laser beam is approximately only
1 min; hence, such low ZrSiO, concentrations might be
expected. Decreasing the scanning velocity—and hence
increasing the laser treatment duration—actually increased
the ZrSiO,4 phase concentration within the coating (treat-
ments 1 and 2). As deduced from the simplified thermal
model, the temperature in the coating is in both laser
treatment cases approximately the same; however, when
decreasing the scanning velocity from 0.05 to 0.005 mm
s~!, the treatment time is increased by a factor of 10, which
might explain the increase in the zircon concentration.

Increasing the temperature level reached during the laser
treatment by increasing the laser power density might
possibly increase the ZrSiO, concentration. However,
Wang et al. have shown [4] that high laser energies lead to
the dissociation of zircon, much like during plasma
spraying. Their CO, laser power density was approxi-
mately 8 kW cm_z, compared to our 0.1 kW cm 2.

With the aim to enhance reaction kinetics, we have
investigated the benefit of a laser treatment combined with
additives in the coating. We have studied whether the
addition of glassy particles—mainly composed of SiO,,
B,0;, and Na,O—to the plasma spray powder increases
the reaction rate of zirconia and silica into ZrSiO,4 during
the laser treatment. To this end, another sample has been
deposited with glassy particles added to the plasma spray
powders. The two samples have then been laser treated
(treatments 4 and 9) with identical laser parameters (power
density of 59 W cm 2, laser scanning velocity of
0.01 mm s~ '). Once again, only traces of zircon are
detected in the sample without glassy particles’ addition, as
observed in Fig. 3. The XRD profile of the sample con-
taining 30 wt% glassy particles after laser treatment 9 is
compared to the sample without glassy particles after laser
treatment 4 (bottom curve: without glassy particles’ top
curve: 30 wt% glassy particles). This comparison shows
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Fig. 3 XRD diagrams of two laser-treated samples (power density of
59 W cm™2, scanning velocity of 0.01 mm s~'). Bottom curve:
sample without addition of glassy particles (treatment 4); top curve:
sample with addition of 30 wt% glassy particles (treatment 9)

that the addition of the silica-rich glassy particles strongly
stimulates the reaction of zirconia and silica into zircon.
The diagram recorded on the sample containing glassy
particles shows clear intense zircon peaks, whereas the
sample without glassy particles and laser treated in the
same conditions only reveals a very low amount of zircon.

Figure 4 depicts the XRD diagrams of three glassy
particles’ (30%) containing samples: an as-deposited
sample (bottom curve), a laser-treated sample (treatment 9,
middle curve), and a sample annealed during 6 h at
1,773 K in a furnace (top curve). The XRD diagram of the
as-deposited sample is very similar to the one of an
untreated sample without addition of glassy particles
(bottom curve of Fig. 1). The coating contains tetragonal
ZrO, and amorphous SiO, (not observable in the XRD
diagram due to background removal). The diagram of the
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Fig. 4 XRD diagrams of the sample with addition of glassy particles
(30 wt%). Bottom curve: as-deposited; middle curve: after laser
treatment (power density of 59 W cm™2, scanning velocity of
0.01 mm s, treatment 9); top curve: after heat treatment in a
furnace during 6 h at 1,773 K
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laser-treated sample exhibits very intense zircon peaks.
Finally, the XRD diagram of the sample containing 30%
glassy particles and annealed at 1,773 K for 6 h is very
similar to the one of the laser treated sample, indicating
that the laser treatment is as efficient as a heat treatment at
1,773 K during 6 h for glassy particle containing samples.

To get an insight into the coating morphology, the cross-
sections of the samples before and after the laser treatments
4 and 9 have been observed by optical microscopy (Figs. 5
and 6, respectively). Before laser treatment, the sample
(without glassy particles) exhibits a homogeneous distri-
bution of pores and a lamellar microstructure in which
partially melted particles or unmelted ones are embedded.
After laser treatment 4, the morphology of this sample is
hardly modified. The morphology of the glassy particles
containing sample is quite different: the lamellar micro-
structure is hard to distinguish, while the glassy particles
appear as gray flattened spots on the top image (before
laser treatment) of Fig. 6. The size and the concentration of
these spots correspond to the size and the concentration of
the added particles’ while their flat shape is attributed to
the flattening effect when the glassy particles impinge the
substrate surface, commonly observed in plasma-sprayed
coatings. The morphology of this sample is strongly
modified after laser treatment 9: spots with a large size
distribution are now observed with an irregular shape from
small branch-like features to very large zones up to 200 pm

Fig. 5 The cross-section observed by optical microscopy of the
sample without glassy particles before and after laser treatment
(treatment 4). The sample has been embedded in a resin and polished
on their cross-section side before observation
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sy particles, after laser treatment 9

Fig. 6 The cross-section observed by optical microscopy of the
sample containing 30% of glassy particles before and after laser
treatment (treatment 9). The sample has been embedded in a resin and
polished on their cross-section side before observation

in size. As will be shown below by EPMA, a treated
sample containing glassy particles is predominantly com-
posed of Zr, O, Si, and a small amount of Mg and Ca.

We also investigated the role of these particles during
conventional heat treatments in air. Figure 7a shows the
XRD diagrams of a plasma-sprayed ZrSiO,4 sample without
adding glassy particles to the ZrSiO, powder and with
different heat treatments after deposition. The bottom
curve presents the XRD profile of the as-deposited sample.
Then, the upper curves of Fig. 7 present XRD diagrams of
samples which have been annealed at 1,173, 1,373, 1,573,
and 1,773 K in a furnace for 6 h, respectively. The bottom
curve (as-deposited sample) and the top curve (annealed at
1,773 K during 6 h) are identical to the ones of Fig. 2.
They have been added to Fig. 7a for comparison. After
1,173 and 1,373 K annealing, the XRD diagram only
shows tetragonal ZrO, peaks like the diagram of the as-
deposited sample. After annealing the sample at 1,573 K,
zircon peaks of very low intensity appear, indicating a
beginning of recombination of ZrO, and SiO, into ZrSiOy,.
Finally, the heat treatment at 1,773 K yielded a much
larger amount of zircon.

The sample containing 30% glassy particles has also
been annealed at different temperatures during 6 h in
identical conditions as the sample of Fig. 7a. The XRD
profiles before and after heat treatment are shown in
Fig. 7b. The XRD diagrams of the as-deposited sample and
the one annealed at 1,773 K are identical to those of Fig. 4.
They have again been added for comparison purpose. After
annealing at 1,173 K the 30% glassy particles containing
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Fig. 7 (a) XRD diagrams of the sample without addition of glassy
particles before and after annealing at various temperatures during
6 h. (b) XRD diagrams of the sample containing 30 wt% of glassy
particles before and after annealing at various temperatures during 6 h

sample reveals already ZrSiO4 peaks. For comparison, no
ZrSi04 peaks have been detected in the sample without
glassy particles’ addition after the same heat treatment at
1,173 K. Then after 1,373, 1,573, and 1,773 K annealing a
high amount of zirconia and silica has reacted into zircon.
By comparing the two samples (without glassy particles
and the sample with 30% glassy particles’ addition), it
becomes again obvious that the addition of the glassy
particles strongly enhances the reaction of zirconia and
silica into zircon, as already observed after laser treatment.
Furthermore, it is clearly shown that the reaction becomes
possible at lower annealing temperatures.

Electron probe microanalysis investigations have been
carried out on a sample containing 30% glassy particles to
visualize more in detail the distribution of the glassy par-
ticles before and after heat treatment at 1,573 K. The X-ray
maps of various elements (Zr, Si, O, B, Na, Ca, Mg, C)
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were recorded over a square approximately 500 pm? in size
with 2-um resolution, before (Fig. 8) and after (Fig. 9)
annealing at 1,573 K. In Fig. 8, the zirconium X-ray map
of the as-deposited sample containing 30% glassy particles
shows green and red spots indicating the presence of this
element. The dark spots may either be attributed to
porosities or zones containing glassy particles (since they
do not contain Zr). The porosity of this coating may be
visualized by the red spots of the carbon X-ray map, since
the carbon originates from the epoxy resin which has
penetrated into the sample during preparation. The location
of glassy particles in the sample is visualized in the B, Na,
Ca, and Mg maps, since these elements originate pre-
dominantly from the glassy particles. As seen in the top left
corner of the O, B, Na, Ca, and Mg maps, there is an
approximately 100-pm large zone which may be attributed
to a glassy particle embedded in the coating. In addition, on
the Si, Mg, and Ca maps, some further spots are observable
having a higher concentration of these elements (red spots)
and a lower concentration of B and Na than the large glassy
particles zone identified on the left top corner. This indi-
cates that two types of glasses are incorporated in the
coating, which might be attributed to a partial

decomposition of the glassy particles in the plasma torch.
Silicon and oxygen are present both in the glassy particles
and in the SiO,—ZrO, matrix. Silicon is distributed quite
homogeneously in the whole coating except the porosities,
while the concentration of oxygen is higher in the glassy
particles than in the SiO,—ZrO, matrix. The size distribu-
tion of the glassy particles embedded into the plasma-
sprayed coating is quite large, from approximately 10 um
to more than 100 pm in size. Most of them appear as
flattened spots on the O, B, Na, Ca, or Mg maps.

After annealing at 1,573 K of the sample (containing
30% glassy particles) (Fig. 9), the Zr, Si, and O X-ray
maps indicate that these elements are distributed much
more homogeneously in the coating than before annealing,
probably corresponding to the ZrSiO, matrix. This is in
agreement with the XRD measurements, where a high
amount of ZrSiQy is observed after annealing of the sam-
ple. Dark spots, with a large size distribution from few
microns to more than hundred microns, may be attributed
to porosity, since there is no evidence of any of the mea-
sured elements at these locations. It is quite surprising, that
no sodium has been detected after annealing and only small
traces of boron. Ca and Mg, originating from the glassy

Fig. 8 Electron probe
microanalysis X-ray maps of
various elements (Zr, Si, O, B,
Na, Ca, Mg, C) recorded on the
as-deposited sample containing
30% glassy particles before
annealing
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Fig. 9 Electron probe
microanalysis X-ray maps of
various elements (Zr, Si, O, B,
Na, Ca, Mg) recorded on the
sample containing 30% glassy
particles after annealing at
1,572 K

particles’ are now more homogeneously distributed in the
coating than before annealing.

Besides SiO, and B,O3, the glassy particles also contain
alkali and earth alkali compounds (Na,O, CaO, MgO),
which might play a role in lowering the reaction temper-
ature. Shoyama et al. [20] have found that the addition of
lithium compounds to ZrO, - SiO, gels was very effective
to produce zircon at low temperatures. They have discussed
several plausible mechanisms for the mineralizing effect of
additives on the zircon formation:

1. The addition from liquid phase in the voids between
loosely contacted SiO, and ZrO, particles’ through
which Zr** and Si** ions counterdiffuse to form zircon
more easily.

2. Among additives, lithium compounds react with SiO,
to produce Li,Si,Os, with which ZrO, reacts to form
zircon. Li,Si,05 might be an important intermediate
compound to synthesize zircon.

3. Shoyama et al. [20] have found a metastable com-
pound just before the precipitation of zircon and have
assigned it to LiySiOy4. They interpreted their results by
a substitution of Li* for Zr** ions to form ZrSiO,.

In our case, the role of lithium might be replaced by a
similar role of Na. For example, an important intermediate
compound could be Na,SiO;, since the following reaction
scheme

Na,SiO3 (1) + ZI'OQ(S) — 718104 + NaQO(l)

has already been proposed by Balek and Trojan [31] at
temperatures above 1,173 K. However, as seen below,
we tend to attribute the observed reaction boost to
mechanism 1.

As observed in the microprobe analysis X-ray maps
(Figs. 8 and 9), the microstructure of the coating has
completely changed after annealing at 1,573 K. Further-
more, the comparison of the Ca and Mg maps before and
after annealing shows that Ca and Mg are distributed more
homogeneously in the sample after heat treatment at
1,573 K. This is attributed to diffusion of these elements all
over the sample during annealing. Two different concen-
tration levels of Ca and Mg are observable in Fig. 9, which
may be attributed to microprecipitates rich in these ele-
ments (red spots in the Ca and Mg maps of Fig. 9) and
most probably to traces of these elements incorporated in
the ZrSi04 network (blue zones in the Ca and Mg maps of
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Fig. 9). However, Na and B are no longer or hardly
detectable after the heat treatment. The melting point of
Na,O (melting point of 1,193 K, followed by decomposi-
tion) [32] and B,O3 (melting point of 723 K and boiling
point of 1,523 K) [32] are lower than the applied heat
treatments at 1,173-1,773 K. Hence, these oxides have
melted and then decomposed and evaporated during
annealing of the sample. Some of the liquid phase might
also have penetrated into a very porous substrate holder
during annealing.

The Ca and Mg elements allow us to trace the glassy
particles distribution during annealing. The more homo-
geneous distribution of Ca and Mg within the coating after
annealing might again indicate that the liquid phase, which
contains these elements (since they are embedded in the
glassy particles’) has penetrated into the voids between
loosely contacted SiO, and ZrO, particles. As observed
after laser exposure, a treatment duration of only 1 min or
so is sufficient to complete the reaction between SiO, and
ZrQ, into ZrSiO,4. Such a fast formation of ZrSiO, can be
explained by an enhanced diffusion due to the occurrence
of the liquid phase, as compared to the characteristic time
of a solid-state reaction. Thus, we tend to interpret the
observed lowering of the reaction temperature when adding
glassy particles by the presence of a liquid phase through
which Zr** and Si** ions may counterdiffuse to form zircon
more easily.

Conclusions

When depositing a zircon coating by means of atmospheric
pressure plasma spraying, ZrSiO, dissociates in the plasma
plume into ZrO, and SiO,. We have shown that, by low-
energy CO, laser treatment, the inverse reaction occurs.
However, the zircon concentration is very low (as analyzed
by XRD). We have demonstrated that adding low softening
point glassy particles (mainly containing B,0s3, SiO,, and
Na,O) within the coating results in a strongly enhanced
recombination into ZrSiO4. We have also demonstrated
that the presence of these glassy particles in the coating
results in a lowering of the reaction temperature to
recombine SiO, and ZrO, into ZrSiO,.

The EPMA of the as-deposited sample reveals that the
glassy particles are incorporated in the coating with a large-
size distribution from approximately 10 pm to more than
100 pm. After annealing, the morphology of the coating
has completely changed. Some of the elements, such as Ca
and Mg, are distributed more homogeneously within the
coating, indicating that these elements have been trans-
ported all over the sample and have been partially
incorporated in the ZrSiO,4 network. However, Na and B
are no longer or hardly detectable after the heat treatment;

@ Springer

they have probably decomposed and evaporated during
annealing of the sample. The lowering of annealing tem-
perature to recombine silica and zirconia into zircon by
adding glassy particles has been interpreted in the follow-
ing way: due to the low softening point of the glassy
particles’ they melt during annealing and thus penetrate
into the voids between loosely contacted SiO, and ZrO,
particles. Thus, Zr** and Si** ions may then counterdiffuse
in the liquid phase to form zircon more easily.
In conclusion, we have shown that:

(1) the reaction of silica and zirconia into ZrSiO,4 during
laser treatment can be altered by the activity of added
glassy particles into the coating. The adjunction of
glassy particles results in a production of a substantial
amount of recombined ZrSiO,4 with the laser param-
eters used. Thus, the laser treatment with additives
may provide technological benefits over other heat
treatment techniques.

(2) the presence of these glassy particles in the coating
also results in a lowering of reaction temperatures to
recombine SiO, and ZrO, into ZrSiO4 during classi-
cal heat treatments.
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