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bstract

icrostructural evolution of spark plasma sintered ZrB2, ZrB2/20 vol.% SiC (ZS20) and ZrC ultra high temperature ceramics (UHTCs) during
aser heating has been investigated. Laser heating at temperatures between 2000 and 3750 ◦C for up to 300 s, in air or vacuum, resulted in extensive
ubble and crater formation on the surfaces of 10 mm diameter samples. However, even after exposure to ultra high temperatures, samples did
ot disintegrate. X-ray diffraction of exposed faces of ZrB2 and ZS20 samples laser heated in air up to 2700 ◦C detected only crystalline zirconia.

wide range of morphologies, including nodules, needles, nanofibres and lamella, were observed. The surface of ZrC samples, laser heated in

acuum up to 3750 ◦C, were characterised by dendritic and eutectic morphologies. Other features associated with melting, such as solidification
racks and trapped porosity, were also observed. A complex array of mechanisms involving solid, liquid and vapour phases led to formation of
hese various morphologies including melting, oxidation, volatilisation and liquid flow
rown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Ultra high temperature ceramics (UHTCs), owing to their
igh melting temperatures and good chemical stability at ele-
ated temperatures,1–8 are being increasingly studied because
f a growing need for materials that can operate in extreme
erothermal and nuclear power generation environments. For
xample, blunt leading edge components on the NASA space
huttle orbiter reach temperatures of around 2000 ◦C during
tmospheric re-entry.9 However, sharp leading edge hypersonic
ehicle components, owing to much greater aerothermal heating,
re expected to experience re-entry temperatures approaching
000 ◦C. As a consequence, enhanced oxidation resistance is a
ey driver in the development of UHTCs for aero-propulsion
nd hypersonic flight applications. However, oxidation mech-

nisms for ZrB2 and ZrB2/SiC UHTCs above 1900 ◦C are not
ell understood9–13 owing to their complexity and the difficulty
f achieving such temperatures using conventional laboratory
urnaces.

∗ Corresponding author. Tel.: +44 0207 59 49 745.
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In terms of high temperature nuclear power generation, tran-
ition metal carbide UHTCs, such as ZrC, are attractive because
f their low thermal neutron capture cross-section.14 For exam-
le, ZrC could potentially be used in tri-structural isotropic
TRISO) reactor fuel as a dense barrier to prevent the release
f harmful fission products whilst maximising fission transfer.
owever, in order to optimise the design of ZrC-based TRISO

uel a more complete understanding of the behaviour of ZrC at
ssion temperatures of 2000 ◦C, and above, is required. In par-

icular, knowledge of how the thermo-physical and mechanical
roperties of ZrC vary with its stoichiometry is needed.

Laser heating/melting14–18 offers several benefits over tra-
itional methods for studying refractory materials, e.g. ultra
igh temperatures are readily and rapidly achieved and large
est samples are not required. Moreover, laser surface modifica-
ion (LSM) has emerged as a flexible and convenient technique
or improving the surface properties of oxide ceramics including
f porous alumina.19–22

The objectives of this paper are to demonstrate the feasibility
f using laser heating techniques to study: (a) the oxidation char-
cteristics of ZrB2-based UHTCs in air at temperatures between

000 and 3000 ◦C; (b) the thermo-physical behaviour of ZrC
n vacuum at temperatures approaching 4000 ◦C; and (c) the
urface microstructural evolution of non-oxide ceramics, i.e.
r-based UHTCs.

All rights reserved.

dx.doi.org/10.1016/j.jeurceramsoc.2010.03.001
mailto:d.j.daniel@imperial.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2010.03.001


2 ropean Ceramic Society 30 (2010) 2279–2288

2

2

N
G
(
Z
p
r

l
l
h
f
0
Z

(
n
w
l
w
p
s
r
a
i

r
f
w
s
w

2

2

w
e
∼
(
u
5
0
i
i
3
e
i
e
d

T

F
l
t

r
w
v
r
p
i
t
w
2
p
o
t
t
t
t
e
c
t
(
s
e
o
d
l
t

2

b
i
p
t
d
b

280 D.D. Jayaseelan et al. / Journal of the Eu

. Experimental details

.1. Spark plasma sintering

ZrB2 powder (>99%, d50 ∼ 2 �m, Grade B, H.C. Starck,
ewton, MA, USA), SiC powder (�-SiC, 98.5%, d50 ∼ 0.7 �m,
rade UF-10, H.C. Starck, Newton, MA, USA) and ZrC

ABCR GmbH, Germany) were used as starting materials. Both
rB2 and �-SiC (6H) have a hexagonal structure with lattice
arameters of a = 3.17 Å, c = 3.53 Å and a = 3.08 Å, c = 15.12 Å,
espectively.

ZrC has a cubic symmetry with a rock salt structure and
attice parameter of 4.692 Å.14 This is lower than the pub-
ished value of 4.698 Å and can most likely be attributed to its
igher impurity content. The commercial ZrC powders obtained
rom ABCR GmbH contained 11.18 wt.% C, 0.16 wt.% N,
.51 wt.% O and 1.9 wt.% Hf, i.e. they were off-stoichiometric,
rC0.96.

Three systems, namely ZrB2, ZrC and ZrB2/20 vol.% SiC
ZS20) were prepared by spark plasma sintering using a fur-
ace from FCT Systems, Germany. A 40 mm diameter die, lined
ith graphite foil, was used for ZrB2 and ZS20 whereas a simi-

arly lined 20 mm diameter die was used for ZrC. Graphite dies
ere also covered with graphite felt to reduce heat loss. Tem-
erature was monitored by optical pyrometer. Samples were
intered between 1750 and 2000 ◦C for less than 5 min. A heating
ate of 100 ◦C/min was maintained to the sintering temperature
nd an applied load of ∼50 MPa was applied during sinter-
ng.

Monolithic ceramics were prepared directly from ‘as-
eceived’ commercial powders. Composite ZS20 ceramics were
abricated from appropriate amounts of ZrB2 and SiC which
ere wet ball milled and dried before sintering. Density mea-

urements were conducted using the Archimedes method in
ater.

.2. Laser heating

.2.1. Defocused laser heating
Defocused laser (DFL) heating of ZrB2 and ZS20 samples

as carried out using a 3 kW Nd:YAG laser with a 10 mm diam-
ter collimated beam capable of delivering a heat flux of up to
20 MW/m2. Sample temperature was recorded by a pyrometer

Raytek 1MH) with a measurement range of 650 and 3000 ◦C
sing a focus spot size of 1.7 mm at a standoff distance of
00 mm. The emissivity of ZrB2 ceramics was assumed to be
.73 as the actual emissivity was unknown. To obtain a close
ndication of temperature, pyrometer readings were taken at 0.2 s
ntervals (Fig. 1). After laser heating samples between 1750 and
000 ◦C for up to 300 s the laser was turned off. The pyrom-
ter reading immediately after this (TOFF) was taken as being
ndicative of the temperature during DFL heating (TON). The

xample pyrometer temperature/time chart presented in Fig. 1
emonstrates that:

ON ≈ TOFF + 450 ◦C (1)

i
e
t
Z

ig. 1. Pyrometer temperature recorded for heating ZrB2 disc sample (20 s ups-
ope then 60 s at 7.6 MW/m2). Temperature uncertainty laser on and maximum
emperature within 0.2 s of laser off was 2343 ◦C.

However the scatter in values of TON, connected with laser
adiation/pyrometer interference, at±150 ◦C, is significant. This
as estimated to be ±5% for ZrB2 and ZS20 at 2800 ◦C. To pro-
ide thermo-physical reference points, against which to compare
ecorded values of TON, samples were placed on a 0.55 mm thick
iece of tantalum (TM ∼ 3000 ◦C) on top of a porous zircon-
ca (TM ∼ 2700 ◦C) fire brick. For the DFL test corresponding
o Fig. 1 the porous zirconia fire brick was observed to melt
hereas the tantalum sheet remained solid. This indicates that
700 ◦C < TON < 3000 ◦C which is consistent with an average
yrometer value for TON of ∼2800 ◦C. Whilst estimates of TON
btained from the use of Eq. (1) are not precise they are informa-
ive, providing data that is sufficiently accurate to determine the
emperature regime experienced by UHTC samples during DFL
esting and also estimates of TON cannot be taken for granted as
he measurement <2000 ◦C since the pyrometer may be sensitive
nough to measure near accurate temperature. To avoid this dis-
repancy, TOFF is quoted as measured temperature throughout
he text. Whilst estimates of TON obtained from the use of Eq.
1) are not precise they are informative, providing data that is
ufficiently accurate to determine the temperature regime experi-
nced by UHTC samples during DFL testing. However, values
f TOFF have the advantage of being experimentally recorded
ata. Therefore, although it is probable that these values are too
ow by up to 450 ◦C, TOFF is quoted as measured temperature
hroughout the text.

.3. Laser melt testing

The laser melting apparatus used to characterise ZrC has
een described previously by Manara et al.15 Samples were held
n a graphite fixture within a pressure vessel fitted with a sap-
hire window under 0.2 MPa argon. The use of this technique
o characterise melting transition temperatures in ZrC has been
escribed by Jackson et al.14 A value of 0.6 was adopted as the
est approximation for the high-temperature emissivity of ZrC,

n accordance with typical values from the literature.23 How-
ver, scattered and conflicting data introduce uncertainty into
he reported temperatures. This was estimated to be ±1.5% for
rC at 3000 ◦C.
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.4. Characterisation

Phase analysis of laser tested heated samples was carried
ut by X-ray diffraction (XRD) unit (Philips PW7100) using
u K� radiation. Plan view and cross-sections of the polished

aser heated samples were observed under a scanning electron
icroscope (SEM) fitted with a field-emission gun (FEG, model
EO15) and energy dispersive spectroscopy (EDS) analysis was
arried out for detection of elements. Detailed microstructural
nalysis was performed out using a JEOL 2000FX transmission
lectron microscope (TEM) operating at 200 kV with an Oxford
nstruments microanalysis system on ex situ lift-out sections
repared by focus ion beam (FIB) sectioning in a FEI FIB200
perating with a gallium beam at 30 keV. Selected-area electron
iffraction (SAED) patterns were acquired using a JEOL JEM-
000FX transmission electron microscope (TEM) and solved by
he method of ratios.

. Results

.1. Sintered microstructures

Monolithic ZrB2 sintered at relatively low temperatures
∼1750 ◦C) with a holding time of 5 min attained only 92%
f theoretical density (TD) whereas ZS20 X sintered for 5 min
t 1900 ◦C attained 99% of TD and ZrC sintered for 5 min at
000 ◦C was 96% of TD. Fig. 2 shows the surface microstruc-
ure of sintered samples. In monolithic ZrB2 [Fig. 2(a)], no grain
rowth occurred on sintering but the microstructure contains
any pores (<10 vol.%) and the average grain size is ∼5.00 �m.
ig. 2(b) shows the dense microstructure of ZS20 comprising
rB2 (light phase) containing 20 vol.% SiC (dark phase). The
iC phase is interconnected and homogeneously distributed in

he ZrB2 matrix. The microstructure of chemically etched mono-
ithic ZrC is shown in Fig. 2(c) and contains few pores (<1%)
nd has an average grain size ∼10 �m.

.2. Phase analysis

XRD confirmed that no phase transformation occurred in
rB2, ZS20 and ZrC after sintering. Images of ZrB2 and ZS20
amples laser heated at a number of different temperatures
re shown in Figs. 3 and 4, respectively. Although excessive
ubble formation and melting were observed on the surface
f ZrB2 and ZS20 samples, they retained sharp edges and
emained dimensionally stable to laser heating temperatures
f ∼2400 ◦C [Figs. 3(a)–(c) and 4(a)–(d)]. However, at higher
emperatures, a porous crust formed on the surface in ZS20
aser heated at 2762 ◦C for 30 s [Fig. 4(e)]. ZS20 samples were
lso occasionally observed to spall when laser heated above
2400 ◦C [Fig. 4(f)]. XRD of laser tested ZrB2 (Fig. 5) and ZS20

Fig. 6) samples revealed that all surfaces were covered with
rystalline ZrO2 phases. The intensity of m-ZrO2 and c-ZrO2

eaks increased with laser heating temperature whereas t-ZrO2
ecreased. During laser heating, ZrB2 is known to start oxidising
o ZrO2 and liquid B2O3 at ∼600 ◦C. Subsequently the liquid

2O3 evaporates as B2O3(g) above 1000 ◦C.24 However, newly

f
e
r

onolithic ZrB2 sintered at 1750 ◦C, (b) 99% dense ZrB2/20 vol.% SiC sintered
t 1900 ◦C showing homogeneous distribution of SiC in ZrB2 matrix and (c) 96%
ense monolithic ZrC showing uniform grain size.

ormed monoclinic ZrO2 undergoes successive transformation
o tetragonal and cubic polymorphs on cooling. The unstabilised
-ZrO2 transforms to m-ZrO2 whereas fully stabilised c-ZrO2
oes not transform and hence all three crystalline forms of ZrO2
ere observed.

.3. Laser modified microstructures

.3.1. ZrB2
Typical microstructures of laser heating ZrB2 sample sur-
aces are shown in Fig. 7. After 120 s at 1781 ◦C [Fig. 7(a)],
longated grains with a diameter of ∼1 �m and an aspect
atio of 5 are observed. EDS analysis showed these to be



2282 D.D. Jayaseelan et al. / Journal of the European Ceramic Society 30 (2010) 2279–2288

atmen

Z
s

p
h

p

Fig. 3. Images of laser heated ZrB2 samples after tre

rO2. Submicro- (<1 �m) and micro- (∼2 �m) cracks were also

een.

Fig. 7(b)–(d) shows the surface morphologies of ZrB2 sam-
les after laser heating for 300 s at 1927 ◦C using a DFL beam
eat flux of 2.5 MW/m2. The entire surface appears highly

s
a
Z
s

Fig. 4. Images of laser heated ZrB2/20 vol.% SiC samples after t
ts indicated (All temperatures are TOFF - see 2.2.1).

orous. Several different morphologies were observed in a single

ample suggesting the operation of numerous oxidation mech-
nisms. Fig. 7(b) shows a porous network of highly faceted
rO2 grains with a diameter of ∼3 �m. However, Fig. 7(c)
hows that smooth, oval ZrO2 grains of a similar size were

reatment indicated (All temperatures are TOFF - see 2.2.1).



D.D. Jayaseelan et al. / Journal of the Europea

Fig. 5. XRD of laser heated ZrB2: (a) untested, (b) 1871 ◦C, (c) 1927 ◦C and
(d) 1985 ◦C (All temperatures are TOFF - see 2.2.1).

Fig. 6. XRD of laser heated ZrB /20 vol.% SiC: (a) untested, (b) 1725 ◦C, (c)
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800 ◦C, (d) 1918 ◦C, (e) 2058 ◦C and (f) 2312 ◦C (All temperatures are TOFF -
ee 2.2.1).

lso formed. Furthermore, both types of grain were surrounded
y a ‘web’ structure comprised of ZrO2 grains with a diame-
er of ∼100 nm [Fig. 7(c)]. Nanofibres of ZrO2 attached to the
aceted surfaces of ZrO2 shown in Fig. 7(b) were also observed
Fig. 7(d)].

Fig. 7(e)–(f) shows the modified surfaces of ZrB2 laser
eated for 300 s at 1954 ◦C using a DFL beam heat flux of
.8 MW/m2. A smooth dense outer layer can be seen in Fig. 7(e),
ontaining cracks which probably arose from thermal stresses
eveloped during rapid solidification on cooling. Fig. 7(f) shows
he microstructure immediately below the outer layer of ZrO2
hich consists of florets of fibrous ZrO2.
The surface of ZrB2 after laser heating for 60 s at 1985 ◦C

sing a DFL beam heat flux of 3.8 MW/m2 at low magnifica-
ion (not shown) appears to be a smooth solid layer. However at
igher magnification a highly porous ZrO2 structure is revealed
Figs. 7(g) and (h)]. Clear evidence of the formation of a eutec-
ic microstructure [Fig. 7(g)] and dendrite decoration of porous
rO2 grains was also observed [Fig. 7(h)].

Fig. 7(i) and (j) shows the outer surface features of monolithic
rB2 laser heated for 60 s at 2250 ◦C using a DFL beam heat flux
f 3.8 MW/m2. Two distinct features can be observed. Fig. 7(i)

hows rapidly solidified, smooth ZrO2 grains with inter- and
ntra-granular pores likely derived from the evolution of gaseous
roducts. Fig. 7(j) shows formation of ZrO2 needles, platelets
nd interlocking dendritic structures.

Z
i
s
Z
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.3.2. ZrB2/20 vol.% SiC
Fig. 8 shows the surface laser modified ZS20 samples. After

aser heating for 60 s at 1725 ◦C using a DFL beam heat flux
f 3.8 MW/m2, the ZS20 surface was covered with a smooth,
ontinuous dark phase containing clusters of 100 nm nanoparti-
les [Fig. 8 (a)]. EDS analysis shows that the continuous phase
onsisted of Si and O whilst the nanoparticles consisted of Zr
nd O. Fig. 8 (b) shows the surface features of ZS20 after
aser heating for 60 s at 1800 ◦C using a DFL beam heat flux
f 3.8 MW/m2. Nodular structures were observed on the sur-
ace.

The surface features of ZS20 after laser heating for 300 s
t 1918 ◦C are seen in Figs. 8(c) and (d). A highly porous
tructure of interconnected ZrO2 grains was observed in some
reas, e.g. Fig. 8(c) whereas a dense microstructure with many
acro-cracks and voids was observed in others, e.g. Fig. 8(d).
hese indicate shrinkage of the solidified melt during rapid
ooling. The average grain size of ZrO2 caused by laser refine-
ent is <1 �m. Fig. 8(e) and (f) shows two distinct surface

eatures of ZS20 after laser heating for 300 s at 1954 ◦C. The
mooth surface in Fig. 8(f) arises from melt solidification on
ooling and the rough porous surface in Fig. 8(e) is derived
rom evaporation of volatile gases whilst the melt is still liq-
id. Fig. 8(g) and (h) show the surface features of ZS20
fter laser heating for 60 s at 2382 ◦C using a heat flux of
.8 MW/m2 consisting of a smooth melted surface containing
anopores [Fig. 8(g)] and smooth grains covered by a ZrO2 web
Fig. 8(h)].

.3.3. ZrC
Figs. 9–12 show the microstructures of laser melted ZrC.

ig. 9 shows the dendritic microstructure of the as-melted sur-
ace which was heated with a laser pulse using 3 mm diameter
eam, ramped to peak power of 990 W in 50 ms, and held for
further 20 ms. The melted material was consistent with ZrC

y XRD. A liquidus thermal arrest was detected in the cool-
ng curve at 3350 ◦C, and the maximum temperature exceeded
725 ◦C. Fig. 10(a) shows a cross-section through a second sam-
le which was heated with four successive laser pulses using an
mm diameter beam, ramped to peak power of 2500–3800 W in
50 ms, and held for a further 250 ms. The top layer is the melted
urface which consists of dense, homogeneous ZrC grains with a
ubsurface layer (C) characterised by primary ZrC grains along
ith pores and large bubbles whilst the bottom layer (B) is the
n-affected ZrC.

Fig. 10(a) shows a cross-section of melted ZrC. Regions B
nd C in Fig. 10(a) are shown at high magnification in Figs. 10(b)
nd (c), respectively. No distinct features were observed on the
op surface [Fig. 10(b)]. The observation of region C at high

agnification [Fig. 10(c)] shows grains with different morpholo-
ies. Light contrast grains are ZrC surrounded by dark contrast
rC + C eutectic phase. According to the published Zr–C phase
iagram,14 no ZrC + C eutectic phase exists at equilibrium for

rC0.96. Its presence is likely the result of fast quenching inhibit-

ng homogenisation during freezing. Higher temperatures at the
urface, together with repeated melting, enabled a single-phase
rC layer to form. Bubbles and porosity are likely caused by
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Fig. 7. Surface morphologies of laser heated ZrB2 at (a) 1871 ◦C/120 s showing elongated grains and submicro- and macro-cracks; (b)–(d) 1927 ◦C/60 s showing
different features including faceted smooth grains, nano-grain webs, and nanofibres in a single sample; (e) and (f) 1954 ◦C/300 s showing a smooth grained structure
with micro-cracks and flower-like whiskers in single sample; (g) and (h) 2250 ◦C/60 s, showing eutectic, dendrites and inter-/intra-granular pores in a single sample;
(i) and (j) 2250 ◦C/60 s, showing smooth grains, needles and platelets with micro-cracks and voids in a single sample (All temperatures are TOFF - see 2.2.1).
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Fig. 8. Surface morphologies of laser heated ZrB2/20 vol.% SiC at (a) 1725 ◦C/120 showing crystalline ZrO2 grains surrounded by viscous SiO2; (b) 1800 ◦C/60 s
showing more crystalline ZrO2 grains with nodular structure and little (<10%) viscous SiO2; (c) and (d) 1918 ◦C/300 s showing two different features, highly porous
region (c) and low porosity region with cracks (d) and no SiO present but ZrO2 surface grains, (e) and (f) 1954 ◦C/300 s showing different features in a single
s ains o
s ained

s
(
f
f

t
Z
r

p
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r
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2

ample, highly porous and less porous regions and interconnected fine ZrO2 gr
mooth melted surface with nanopores and smooth grains covered with nano-gr

ubstantial oxygen and nitrogen impurities in the starting ZrC
Section 2.1). Porosity is trapped below the surface because of
reezing proceeding inward from the surface as well as outward
rom the bulk.
A bright-field TEM image of the microstructure of the eutec-
ic region is presented in Fig. 11. Lighter C-rich and darker
r-rich regions are distinguished by EDS. SADPs from the Zr-

ich regions confirm it to be ZrC, having an fcc lattice with cell

T
o
a
o

n ZrO2 surface and (g and h) 2382 ◦C/60 s showing different features such as
ZrO2 web on top (All temperatures are TOFF - see 2.2.1).

arameter 4.7 ± 0.1 Å. The area analysed by electron diffraction
onsists solely of melted material. In Fig. 12, analysis of a C-
ich region showed diffraction rings with streaks of increased
ntensity aligned linearly, indicating textured pyrolytic graphite.

he d-spacing of the streaks was 3.3 Å, close to the spacing
f graphite basal planes (3.35 Å). An underlying spot pattern
ssociated with ZrC adjacent to the analysed region was also
bserved.
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Fig. 9. Surface dendrites in laser melted ZrC at 3725 ◦C/70 ms.

. Discussion

Sintered microstructures of UHTCs confirm that there is no
ppreciable grain growth after sintering even without sintering
ids primarily because of the fast sintering rate used during SPS
rocessing. The micrographs of ZrB2, ZS20 and ZrC sample
urfaces (Figs. 3 and 7–12) illustrate the modification of the
irgin microstructures after laser heating: on the top of exposed
aces, porous or dense oxide scales have formed in ZrB2 and
S20, and melting has occurred in ZrC.

The extensive bubbles and craters formed on the surfaces
ppear similar to those of volcanic outbursts. Liquid splashed

ut through cracks in the solidified crust under the pressure of
as that was liberated from the melt. The solidified melt did not
plash out from all samples because sometimes the available

Z

ig. 10. (a) Cross-section of melted ZrC, (b) high magnification of region B showin
ight contrast primary ZrC grains surrounded by dark contrast ZrC–C eutectic.
n Ceramic Society 30 (2010) 2279–2288

mount of melt and the developed pressure of gas were only
ufficient to open the crack further and fill the resultant space.
ases dissolved in the melt are liberated at the surfaces, and

he high pressure developed in the cavity causes cracking of the
uter crust and ejection of the melt from the region that has not
et crystallized.25

Microstructures of DFL-tested monolithic ZrB2 indicate it
as poor oxidation resistance at temperatures <2000 ◦C when
ompared to ZS20 composite primarily because of rapid volatil-
sation of B2O3 from it whereas passive protection of ZS20
ccurs via highly viscous SiO2. Above 2000 ◦C, as SiO2
olatilises, SiC does not have any influence on oxidation. The
xposed surfaces of DFL-tested samples show morphologies
ormed by different mechanisms. The exposed faces in all DFL-
ested ZrB2 and ZS20 samples remained porous except in a few
egions. This is attributed to the evaporation of B2O3 and SiO2
eaving behind porous ZrO2.26 However, at this temperature, the
xidised ZrO2 grains coalesce to form a dense microstructure
hrough liquid phase sintering and hence some regions of the
xposed surface of DFL-tested ZrB2 at 1871 ◦C are denser. The
eason for the formation of smooth surfaces in DFL-tested sam-
les at temperatures above 2000 ◦C is the occurrence of molten
aterial (ZrO2) and subsequent resolidification processes.27

ores and cracks arise from escape of volatile gases and shrink-
ge on solidification at high cooling rates, respectively.

Although B2O3 evaporation is faster at high temperatures
>1800 ◦C), there is a possibility of formation of transient
rB2 + (5/2)O2 → (1 − x)(ZrO2)crytalline

+ (B2O3 + xZrO2)liquid (i)

g high density melted region and (c) high magnification of region C showing
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Fig. 11. A bright-field TEM image of the

At 1500 ◦C, the binary phase diagram28 suggests that the
ole fraction of primary zirconia is about 0.43 of the total com-

osition, and the amount of (B2O3 + ZrO2, BZ) liquid is about
.57. The BZ liquid has a composition of 13 mol% dissolved
rO2 and 87 mol% B2O3. If all the B2O3 evaporates, the pri-
ary ZrO2 would be 85 mol% and the precipitated secondary

irconia 15 mol% of the total solid ZrO2.28 Similarly, in the
ase of ZS20 >13 mol% ZrO2 dissolves in BS liquid. Undis-
olved solid zirconia thus remains at the interface with ZrB2 as
he “primary zirconia”,29 whilst the BSZ liquid flows out to the
urface, carrying dissolved zirconia. BSZ liquid can transport

he dissolved zirconia to another location, where it might pre-
ipitate as zircon or as “secondary” zirconia.29 Hence in almost
ll DFL-tested ZrB2 and ZS20 samples, fine crystalline ZrO2
articles (<1 �m) are observed on large (∼5 �m) ZrO2 grains.

ig. 12. A bright-field TEM image and SADP of ZrC–C composite showing a
extured polycrystalline pyrolytic graphite.
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ostructure of the ZrC–C eutectic region.

The formation of nanostructures such as needles, fibres, and
aceted polygonal surface grains at the DFL-tested surfaces
re a direct consequence of the rapid cooling rates associ-
ted with laser surface modification and associated effects on
icrostructure development. Whisker, needle and fibre mor-

hologies are often associated with a growth mechanisms
nvolving vapour.30 The high temperatures encountered by these
amples inevitably means that vapours are involved in the for-
ation of the microstructures. Vapour transport and liquid/solid

eposition leading to whisker/fibre/needle growth will be impor-
ant in these ceramics. When the temperatures are sufficiently
igh, i.e. recorded as >2000 ◦C (the actual temperature must be at
east 500 ◦C higher), melting of ZrO2 (presumably “secondary”
rO2) should have occurred whilst B2O3 and SiO2 volatilise.
t high temperatures (>2000 ◦C), the interface between molten
aterial on the top and bulk solid at the bottom provides the cat-

lytic nucleation sites for heterogeneous nucleation and growth
f the crystals. On further rapid cooling, they tend to grow with
ifferent morphologies. The dendritic microstructure confirms
he presence of molten material on the surface which provides
vidence that the oxidised product (ZrO2) was molten at these
emperatures confirming that the system was above the melt-
ng temperature of ZrO2 (∼2700 ◦C). Formation of nanofibres
learly indicates the involvement of vapour-phase reaction. The
resence of the ZrC–C eutectic in DFL-tested ZrC suggests
hat either the liquidus was not reached or that rapid melting
nd quenching prevented the development of a homogeneous
quilibrium phase. Formation of a dense, homogeneous surface
ayer was enhanced by higher surface temperatures and repeated

elting.

. Conclusions

Laser heating of ZrB2, ZrB2/20 vol.% SiC and ZrC to
emperatures of ∼3000 ◦C led to formation of a range of
icrostructural features with morphologies such as needle-like
anostructures, dendrites, eutectic lamellae, nano-grained web
nd multifaceted polygonal surface grains. A complex array
f solid–liquid–vapour-phase mechanisms were involved in the
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ormation of these features including melting, oxidation, volatil-
sation and liquid flow.
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