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A B S T R A C T

In the present study, ablation behavior and properties of BN-MAS (magnesium aluminum silicate) composites
impinged with an oxyacetylene flame at temperatures up to 3100 °C were investigated. As ablation time ranged
from 5 to 30 s, the mass and linear ablation rates increased from 0.0027 g/s and 0.001 mm/s to 0.0254 g/s and
0.087 mm/s, respectively. A SiO2-rich protective oxide layer formed during the ablation process, which con-
tributed to the oxidation resistance of the composites. Ablation products mainly consisted of magnesium-alu-
minum borosilicate glass, mullite, spinel and indialite. The thermal oxidation of h-BN during flame ablation and
scouring of MAS by high-speed gas flow were the main ablation mechanisms.

1. Introduction

Extreme environmental erosion and high aerodynamic loads on
wave-transparent thermal protection systems, e.g. antenna windows,
are extremely important to control aerospace vehicles. As these parts,
they must be able to withstand the high temperatures, high thermal
fluxes and aerodynamic pressures associated with vibrations at high
velocity launch and re-entry in Earth's atmosphere [1,2]. The harsh
service environment always requires that these materials possess cri-
tical properties including good mechanical and dielectric properties,
high chemical stability, superior thermal conductivity, good oxidation
resistance, excellent thermal shock resistance, high ablation resistance
and dimensional stability as well [3]. Conventional thermal protection
materials like fused silica [4], Al2O3 [5], Si3N4 [6], SiO2f/SiO2 [7] and
glass ceramics [8,9] do not offer properties sufficient for more harsh
and special environment.

Amongst the various structural and functional materials, h-BN and
its composites are considered to be a promising material for high
temperature applications. Similar to graphite, h-BN also consists of
stacked layers of boron and nitrogen atoms bound by strong sp [2]
covalent bonds, with the adjacent layers interacting via weak van der
Waals forces [10,11,12]. These structural characteristics make h-BN an
important protective material offering extremely high sublimation

temperature up to 3000 °C (non-oxidizing atmosphere), excellent
thermal shock resistance, good machinability, a low dielectric coeffi-
cient and loss tangent at room temperature [11,13,14,15]. Never-
theless, h-BN's inherent poor mechanical properties and low oxidation
resistance at temperatures above 900 °C [16,17] (monolithic h-BN)
have greatly limited its wide application as a thermal protective ma-
terial. To overcome this problems, composites with fused silica, A12O3,
ZrO2 and MAS (magnesium aluminum silicate) glass have been used to
enhance mechanical properties [3,18,19,20,21].

BN-based ceramics are typically oxidized to B2O3 firstly at about
450 °C. Due to its relatively low melting temperature, liquid B2O3 then
forms a continuous layer on the sample surfaces which can prevent
inward transport of oxygen below 900 °C. However, above this tem-
perature, B2O3 evaporates rapidly due to its high vapor pressure
[22,23]. The addition of metal oxides or silicides is an effective ap-
proach to enhance oxidation resistance in bulk ceramics borides
[24,25]. At high temperatures, metal cations incorporate into the bor-
osilicate glass, inducing liquid immiscibility and forming phase sepa-
rated glasses of high viscosity [26,27]. For instance, MAS glass co-melts
with B2O3 to produce a stable and viscous MgO-Al2O3-SiO2-B2O3 glass
[28,29] that acts as an effective oxygen barrier. Therefore, h-BN oxi-
dation resistance on addition of MAS should offer superior ablation
behavior.
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Monolithic h-BN ceramics used in high-speed vehicles also suffer
from signal attenuation during re-entry. H-BN exhibits a relatively low
dielectric loss from room temperature to 1000 °C at 10 GHz. However,
dielectric loss increases rapidly from 1000 °C to 1800 °C. The dielectric
loss at 1800 °C is 40 times more than that at room temperature. This
rapid increase in dielectric loss is mainly caused by boron vacancy (VB)
defects and electron hopping phenomena at high temperature [30].
Thus, signal attenuation results from the high ablation surface tem-
perature of the material [31]. Hence, efforts to reduce the surface
temperatures of h-BN represents an important research objective and
represents another motivation to use relatively low melting point MAS
glass to improve the ablation property of h-BN.

Ablation resistance is the most critical issue for high temperature
ceramics used in the aerospace industries. In ablation environments,
mechanical loads are inflicted on the materials in addition to the oxi-
dation and showed great variation compared with the sole oxidation
process [32,33]. Thus, evaluation of microstructural evolution and its
influence on ablation properties represents an important yet compli-
cated task in materials subjected to ablation. The current study is
dedicated to evaluating the ablation performance of BN-MAS compo-
sites using an oxyacetylene torch for potential applications in extreme
service environments. Ablation behavior was systemically investigated
based on changes in surface temperature, phase composition, surface
morphology and distributions of ablation depth during the ablation
process. The effect of different ablation times on the BN-MAS composite
reflecting different stages were studied corresponding to different ab-
lation environments as well.

2. Experimental

BN-MAS composite ceramics were prepared by hot-press sintering,
and the weight ratio of BN:MAS was controlled as 70:30. The MAS
(Mg2Al4Si5O18) with stoichiometric composition determined the
amounts of MgO, Al2O3 and SiO2. The starting materials were h-BN
powders (APS (average particle size) of 2.29 µm, purity> 99%,
Advanced Technology &Materials Co. Ltd., Beijing, China), MgO (APS
of 5.83 µm, purity> 98%, TianjinGuanfu Fine Chemical Research
Institute, Tianjin, China), Al2O3 (APS of 0.73 µm, purity> 98%, Showa
Denko, Yokohama, Japan), and fused quartz (APS of 3.39 µm,
purity> 98%, Guangyu Quartz Co. Ltd., Lianyungang, China).

The raw powders were mixed in a wet mode inside a 1.5 L plastic
bottle filled with Al2O3 balls (10 mm dia.) and appropriate ethanol
predissolved as mixing media for 24 h with a rotation speed of 60 rpm,
afterward dried at 80 °C in a rotary evaporator and screened through a
120 mesh sieve. The mass ratio of Al2O3 balls to powders was 6:1.
Finally, composite disks Ø 36 mm were hot-press sintered in a graphite
die with a BN release agent at 1800 °C for 60 min under a pressure of
10 MPa in 1 atm N2 atmosphere, and at a ramp rate of 20 °C/min.
Before the test, all specimens were machined into standard samples of Ø
36 × 10 mm, ground and polished with emery paper down to a 1 µm
finish.

The phase composition was identified by X-ray diffractometry (XRD;
D/max-γ B, Ricoh, Japan) using Cu-Kα radiation with scan speed of 4°/
min from 10° to 90°. The morphology and crystallographic structure
were characterized by transmission electron microscopy techniques
(TEM; Tecnai G2 F30, FEI, USA) along with energy dispersive X-ray
spectroscopy (EDS; Hitachi, Tokyo, Japan) for chemical composition
analysis using the Cu-grid as the sample holder. The TEM specimens
were prepared by cutting and grinding the sintered specimens into a
plate with a thickness of 50 µm, then dimpling and ion beam milling.
Morphologies of specimens were characterized by scanning electron
microscopy (SEM; Quanta 200FEG, 15 kV, FEI Co., USA; LYRA, 5 kV,
TESCAN Co., Czech). Energy dispersive spectroscopy (EDS) was used to
analyze the elemental composition. For SEM observations, a thin Au
layer was applied on the surface of the composites to avoid charging.
Confocal microscopy (Nanofocus μSurf) was used to measure the

surface profile of the thermal shocked specimens.
The ablation test was carried out under an oxyacetylene flame in air

following GJB323A-96 (test methods for ablation of ablators, China).
The pressures of oxygen and acetylene were controlled as 0.4 and
0.095 MPa, while the gas fluxes were 1512 and 1116 L/h, respectively.
There corresponding heat flux and flame temperature were approxi-
mately 4.2 MW/m2, and 3100 °C, respectively. [34] The ablation spe-
cimens of BN-MAS ceramic composites were Ø 36 × 10 mm and fixed
into graphite fixture, all specimens were polished with a 3000-grit SiC
sandpaper before the ablation tests. The distance between the nozzle tip
and the surface of the specimen was 10 mm, and the flame was per-
pendicular to the specimen surface. The inner diameter of the nozzle
top was 2.0 mm. The surface temperature of the sample was monitored
with an optical pyrometer with the range of 1000–2500 °C. The abla-
tion gun was ignited and adjusted first using a graphite pellet with the
same dimensions as the testing samples. Once the flame was steady the
fixture disk was turned automatically to let the torch exactly moved to
the central area of the testing sample surface for ablation, then moved
to the next one, and the ablation time were controlled as 5 s, 10 s, 15 s
and 30 s, respectively.

The mass ablation rate and linear ablation rate are calculated by the
following formulas:

= −R m m t( )/m t0 (1)

= −R l l t( )/l t0 (2)

Here, Rm, Rl mean the mass ablation rate and linear ablation rate. m0

and l0 mean sample mass and thickness before ablation. mt and lt mean
sample mass and thickness at the ablation center after ablation, re-
spectively. t means ablation test time. TG and DTA (Netzsch STA 449C,
Germany) of specimens were carried out in an atmosphere of flowing
air in alumina crucibles over a temperature range from 25 to 1400 °C at
5 °C/min.

3. Results and discussion

3.1. Oxidation properties

In the BN-MAS composites, the amorphous phase continuously
distributes in the composite, with discontinuous plate-like h-BN crystals
(Fig. 1). There are no obvious cracks or voids at the interface between
amorphous phase and h-BN suggesting good bonding. The oxidation of
h-BN in the composites depends on the diffusion of oxygen in the pores
and cracks of the matrix. Thus, it is possible that the effective combi-
nation of MAS and h-BN offers potential for good oxidation resistance.

The TG-DTA for BN-MAS composites in air is shown in Fig. 2. The

Fig. 1. STEM micrographs of the BN-MAS specimen.
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mass change can be divided into two stages: i) RT ~ 1252 °C and ii)
1252–1400 °C, respectively. There is almost no mass change in stage i,
with only a small amount of h-BN oxidation. The TG curve climbs in
stage ii, likely as a consequence of extensive oxidation. DTA shows
three exotherms. Compared with XRD results and the literatures, the
first exotherm at 490 °C arises from oxidation of h-BN to B2O3 while the
second endotherm at 1090 °C likely results from crystallization of
mullite. The last exotherm above 1400 °C can be associated with α-
cordierite crystallization.

In the initial oxidation stage, h-BN on the specimen surface oxidizes
to B2O3 and releases nitrogen. The liquid B2O3 layer formed at 450 °C
covers the sample surface uniformly and starts to volatilize at ≤
1252 °C. With further increase in temperature, B2O3 would evaporate
[22,35]. However, liquid B2O3 co-melts with MAS to form a more vis-
cous magnesium-aluminum borosilicate glass before B2O3 fully volati-
lizes, preventing severe h-BN oxidation by acting as a barrier to oxygen
diffusion. In stage ii, volatilization is enhanced as the viscosity of the
glass phase decreases, leading to the further oxidation. Thus, BN-MAS
composites shows superior oxidation resistance compared to simple h-
BN bulk ceramics.

3.2. Ablation properties

Fig. 3 shows the surface temperature evolution of BN-MAS compo-
sites as ablation time increases to 30 s. The ablation surface tempera-
ture of composites increases sharply within 4 s and then remains stable
to ~ 2080 °C (Ts). In contrast to the BN-SiO2 composites
(2450–2850 °C) [3], a dramatic decrease in ablation surface tempera-
ture is achieved due to the addition of MAS. Such temperature reduc-
tions are beneficial for wave-transparent applications as they would

reduce signal attenuation.
Fig. 4 presents the ablation properties of the specimens. The results

indicate that the mass ablation rates and linear ablation rates of h-BN
matrix composites are related with the ablation time. When the ablation
time is 5 s, the mass ablation rate and linear ablation rate of composites
are 0.0027 g/s and 0.001 mm/s, respectively. At 30 s, they are
0.0254 g/s and 0.087 mm/s, both of which increase with ablation time.
Compared with the sole oxidation process, the actual oxidation course
is quite complicated during ablation. The BN-MAS composites were
subjected to large aerodynamic loads in addition to the aerothermal.
With increase of the ablation time, the surface dense oxidation layer
will be scoured away by high speed gas and the matrix would suffer
severe oxidation. Therefore, mass loss and linear loss of the composites
showed great variation with increase of the ablation time. Compared
with other ablation resistant materials (Table 1), the BN-MAS compo-
sites exhibit more favorable ablation properties.

Fig. 5 provides the optical micrograph of the BN-MAS composites
surface at different ablation times. No catastrophic damage was ob-
served under such violent thermal shock conditions. At 5 s, no ablation
pits are observed (Fig. 5(a)). At longer ablation times, pitting could be
observed corresponding to the ablation flame impingement. There also
exists a peak in the ablation pit, which can be divided into several parts.
The translucent spherical ablation product forms at the bottom and the
periphery of the ablation pit. When the ablation time exceeds 30 s, the
spherical product becomes bigger in an irregular shape. The composites
surface also peeled off after ablation because of thermal stresses and
scouring, as indicated in Fig. 5(b)-(d). Based on the different
morphologies after ablation, the surface of ablated specimens can be
divided into three parts, namely ablation center region (marked as A),
transition region (marked as B) and heat-affected region (marked as C)
as shown in Fig. 5(d).

The 3D confocal microscopy of BN-MAS composites (Fig. 6) pro-
vides the surface profile of ablation center region. The surface layer of
center region consists of a series of small burst bubbles and potholes
(Fig. 6(a)) when the ablation time is 5 s. With increase of the ablation
time, the bubbles become bigger and the matrix becomes more rugged,
indicative of extensive erosion. In addition, no visible micro-cracks are
observed on the central region of all ablated specimens’ surface.

Fig. 2. TG and DTA curve of BN-MAS composites in the air environment.

Fig. 3. Ablation surface temperature pattern of BN-MAS composites.

Fig. 4. Ablation property of BN-MAS specimens.

Table 1
Ablation property of several ablation resistant materials [2,34–36].

Ablation time Mass ablation rate, g/s Linear ablation rate, mm/s

SiNOf/BN 0.057 (5 s) 0.132 (5 s)
SiCf/SiBCN 0.0134 (10 s) 0.0237 (10 s)
Cf/SiBCN 0.0215 (10 s) 0.0455 (10 s)
3 D C/ZrC-SiC 0.0089 (90 s) 0.0136 (90 s)
GO/ SiBCN 0.012 (10 s) 0.007 (10 s)
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3.3. Phase composition and ablation morphologies

In order to investigate the phase composition and morphologies of
BN-MAS composites after ablation, the XRD, SEM and EDS were char-
acterized. XRDs obtained from the ablation center of specimens are
presented in Fig. 7. Before the ablation, the specimens (BN-30 wt%
MAS) only consist of h-BN and amorphous MAS [36]. After ablation
testing, indialite (JCPDS No. 85-1722), spinel (JCPDS No. 73-1959) and
mullite phase (JCPDS No. 79-1455) appear on the specimen’ surfaces.
However, no B2O3 peaks are detected likely because of its low melting
point and high evaporation rate.

During the experiment, the pressures of oxygen and acetylene were
0.4 MPa and 0.095 MPa, respectively. The atmosphere applied in the
specimens was oxidizing atmosphere [37]. The flame temperature is

about 3100 °C and surface temperatures rise significantly to about
2080 °C detected by optical pyrometer. Therefore, oxidation, evapora-
tion and other physical and chemical changes normally take place on
composite surfaces. The reactions that might occur in the ablation ex-
periment are listed as follows:

BN (s) + 3/4 O2 (g) → 1/2 B2O3 (l) + 1/2 N2 (g) (3)

BN (s) + 3/2O (g) → 1/2 B2O3 (l) + 1/2 N2 (g) (4)

Mg2Al4Si5O18 (s, amorphous) → 2MgO (l) + 2Al2O3 (l) + 5SiO2 (l)
(5)

B2O3 (l) → B2O3 (g) (6)

MgO (l) → MgO (g) (7)

Al2O3 (l) → Al2O3 (g) (8)

SiO2 (l) → SiO2 (g) (9)

2MgO (l) + 2Al2O3 (l) + 5SiO2 (l) → Mg2Al4Si5O18 (s, indialite) (10)

MgO (l) + Al2O3 (l) → MgAl2O4 (s, spinel) (11)

3Al2O3 (l) + 2SiO2 (l) → Al6Si2O13 (s, mullite) (12)

The boiling points of B2O3 (l), SiO2 (l), Al2O3 (l) and MgO (l) are
1500 °C [16,22], 2230 °C [38], 2980 °C and 3600 °C, respectively. Most
of these boiling temperatures are much lower than the ablation flame
temperature (~ 3100 °C). Therefore, under such ablation condition, the
reactions above may generate gas emitting and would cause the mass
loss of the composites. Meanwhile, the evaporation of B2O3(g), SiO2(g)
and Al2O3 (g) beneficially lowers ablation surface temperatures, which
in turn can improve the ablation properties, thermal protective and
wave-transmission performance of BN-MAS composites.

Fig. 8 shows the SEM morphology of the different regions of spe-
cimen after 10 s ablation. The composite morphology consists of two
zones: porous zone and dense zone. In the ablation center region and
transition region, the matrix is porous and numerous platelet particles
are clearly visible. The composition analysis reveals that the main
elemental components in the transition region surface are Al, Si, Mg, O,
B, and N. The surface of the heat-affected region is covered with a dense
glassy layer with a few pores. The composition analysis suggests that Si
content increases from the central to heat-affected region apart from
the obviously different morphologies. Compared with the stoichio-
metric composition of MAS (Mg2Al4Si5O18), the central region and
transition region are rich in Mg and Al, while the heat-affected region is
rich in Si.

Compared with the center region, the ablation flowing gas-stream in
the transition region is parallel to the specimen surface from the nozzle

Fig. 5. Digital camera images of BN-MAS specimens under different ablation time: (a) 5 s;
(b) 10 s; (c) 15 s; (d) 30 s.

Fig. 6. Confocal microscopy images showing the surface profile of BN-MAS specimens
under different ablation time: (a) 5 s; (b) 10 s; (c) 15 s; (d) 30 s.

Fig. 7. XRD of specimens surface after ablation at difference time: (a) 5 s; (b) 10 s; (c)
15 s; (d) 30 s.
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tip to the specimen in the center region. SiO2 can not only flow to the
adjacent regions from the ablation pits but evaporate in the center re-
gion. Therefore, the transition region is constituted by a thin and re-
latively dense glassy layer. EDS reveals that the main surface compo-
nents are Si, Al, Mg and O. With temperature decreasing from the
ablation center to the edge of specimens, SiO2 viscosity increases. Based
on the thermodynamic calculation, the reactions should emit SiO (g),
SiO2 (g), B2O3 (g) and N2 (g) during ablation. Despite of the increases of
viscosity, SiO2 can still flow on the surface to seal pores. Therefore, the
ablation surface is covered by a dense SiO2-rich phase, as Fig. 8(c)
shows.

As mentioned in Section 3.2, some white spherical particles appear
in the ablation center. EDS indicates that these particles are likely
magnesium-aluminum borosilicate glass (Fig. 9(a)). Borosilicate glass
phase forms in the ablation surface which is dominated by the oxidation
reactions (discussed in Section 3.1). During ablation, the liquid glass
can be expected to form spherical particles as they offer the lowest
Gibbs free energy surface. In the transition region and heat-affected
region, larger translucent spherical particles are also observed
(Fig. 9(b)-(c)). Many irregular microcrystalline grains form from the
spherical particles matrix rich in Al and Mg. Given that the boiling
points of MgO and Al2O3 are much higher than that of SiO2 and B2O3, it
can be expected to precipitate first from the magnesium-aluminum
borosilicate glass during cooling process to form mullite or spinel mi-
crocrystal grains.

The cross-sectional morphologies of ablation center region are il-
lustrated in Fig. 10. The boundary of oxidation product and composite
matrix is indistinct, which is different from the heat-affect region. Since
the oxyacetylene torch test is a very aggressive method, the ablation
corrosion is more severe than other regions. No obvious transition
layers can be observed in the center region, indicating good ablation
resistance of the composites.

The Fig. 11 SEM shows cross-sections of ablation samples. In the
inner heat-affected region, the BN-MAS composites matrix maintains its
own morphology. There are no transition layers between spherical
particles and the matrix, which means that oxygen does not penetrate
into the BN-MAS composites. The numerous bubbles in the particles are
caused by evolution of SiO2 (g), B2O3 (g) and N2 (g) (Fig. 11(a)). Most
bubbles are not broken because the glass viscosity increases gradually
during cooling. Meanwhile, several micro-cracks are observed in the
spherical particle, ascribed to thermal stress resulting from mismatch of
the thermal expansion coefficients between the magnesium-aluminum
borosilicate glass and BN-MAS composites matrix. There is also a dense
magnesium-aluminum borosilicate glass layer of about 5 µm
(Fig. 11(b)) in the heat-affected zone. No obvious interfaces are ob-
served indicating strong adhesion. This glass layer acts as a protective
barrier against further erosion as it limits inward diffusion of oxygen.

3.4. Ablation mechanism

During ablation, BN-MAS composite ceramics are eroded by aero-
dynamic loads in addition to the aerodynamic heating. A series of
complicated physical and chemical processes take place between the
ultra-high temperature oxidative gases and BN-MAS composites
[39,40]. A probable mechanism can be suggested based on the different
surface morphologies and microstructures that form at different abla-
tion times in chronological order, as shown in Fig. 12. In the initial
stage, the specimen is under relatively low temperature. In this stage, h-
BN oxidation is the main ablation process. The ablation product B2O3

forms at this stage. N2 (g) and B2O3 gas emit from the surface, leading to
a mass loss and substantial numbers of small pits. After extent ablation
times, the surface temperature increases and B2O3 evaporates [22]. The
MAS glass melts, but its high viscosity makes it difficult to fill the pores
and cracks. However, B2O3 dissolves with MAS to form a less viscous
magnesium-aluminum borosilicate glass before the B2O3 volatilization
ends [41]. This viscous phase slows down B2O3 evaporation and pre-
vents rapid oxidation of h-BN by acting as a barrier for diffusion of
oxygen. However, only when the generation rate of oxide is higher than
the erosion rate, can the oxide layer play a positive role during ablation.

The final ablation step involves chemical and physical erosion. The
aerodynamic loads play an important part during ablation in this stage.
The liquid magnesium-aluminum borosilicate glass flows by the high
speed gas scouring under such severe ablation. Thereafter, the effective
protection is lost due to scouring and rapid volatilization of B2O3 and
N2. Moreover, the ablation flame temperature (up to 3100 °C) is higher
than SiO2 and Al2O3's vaporization temperature (2230 °C and 2980 °C).
Thus, part of SiO2 and Al2O3 can evaporate from the ablation surface in
the center region. In the final stage, the chemical and physical erosion
are severe and massive ablation pits form.

4. Conclusions

The ablation behavior of the BN-MAS composites were investigated
by exposure to an oxyacetylene torch flame with different times. As
expected, introducing MAS glass to the h-BN-matrix composites can
significantly decrease the ablation surface temperature to ~ 2080 °C.
The ablation properties of composites depend on the ablation time.
With the increment of ablation time, the mass ablation rate increases
from 0.0027 g/s to 0.0254 g/s and the linear ablation rate increases
from 0.001 mm/s to 0.087 mm/s.

In addition, the ablation mechanism of the composites has been
carefully studied based on the morphologies and phases under different
ablation time. The ablation mechanism of BN-matrix composites
ceramic includes chemical erosion and physical denudation under the
oxyacetylene torch ablation environment. During the ablation process,
five ablation actions contribute to the various ablation regions: (1)
oxidation of the matrix, mainly of h-BN; (2) evaporation of B2O3 (g), N2

Fig. 8. (a)-(c) shows the SEM morphology of ablation specimen (10 s): (a) center region (composition of region 1: 19 wt% B, 16 wt% N, 9 wt% O, 7 wt% Mg, 24 wt% Al, 25 wt% Si); (b)
transition region (composition of region 2: 3 wt% B, 4 wt% N, 13 wt% O, 12 wt% Mg, 37 wt% Al, 31 wt% Si); (c) heat-affected region (composition of region 3: 6 wt% B, 5 wt% N, 12 wt%
O, 5 wt% Mg, 14 wt% Al, 58 wt% Si).
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(g) and softening of MAS (l); (3) scouring away of magnesium-alu-
minum borosilicate glass; (4) high-viscosity SiO2-rich liquid flowing
with ablation atmosphere stream; (5) evaporation of SiO2 (l) and Al2O3

(l).
The results here point to the oxidation property, ablation behavior

and mechanism of BN-MAS composites, which can be applied to aid
materials engineering design for the development of quality assurance
and characterization assessment of durability. The BN-MAS composite
ceramics should be paid further attention for applications involving
elevated temperature dielectric materials.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Nos. 51321061, 51372050, 51225203 and
51402068); and the Royal Netherlands Academy of Science (KNAW,

Fig. 9. 9 (a)-(c) shows SEMs of the spherical particles
after 10 s ablation: (a) center region (composition of
region1: 5 wt% B, 3 wt% N, 20 wt% O, 12 wt% Mg,
31 wt% Al, 29 wt% Si); (b) transition region (com-
position of region 2: 0 wt% B, 3 wt% N, 11 wt% O,
10 wt% Mg, 69 wt% Al, 7 wt% Si; composition of
region 3: 3 wt% B, 4 wt% N, 13 wt% O, 13 wt% Mg,
39 wt% Al, 28 wt% Si); (c) heat-affected region
(composition of region 4: 2 wt% B, 3 wt% N, 19 wt%
O, 15 wt% Mg, 54 wt% Al, 7 wt% Si; composition of
region 5: 4 wt% B, 3 wt% N, 20 wt% O, 11 wt% Mg,
28 wt% Al, 34 wt% Si).

Fig. 10. Cross-section of ablation center region of specimen after 10 s ablation.

D. Cai et al. Ceramics International 44 (2018) 1518–1525

1523



Amsterdam) with grant No. 11CDP003. The authors also thank Richard
M. Laine (University of Michigan, USA) for the useful suggestions about
the experimental result analysis and improving the language use.

References

[1] S.F. Tang, J.Y. Deng, S.J. Wang, W.C. Liu, K. Yang, Ablation behaviors of ultra-high
temperature ceramic composites, Mater. Sci. Eng. A-Struct. Mater. Prop.
Microstruct. Process. 465 (1–2) (2007) 1–7.

[2] C. Zou, C. Zhang, B. Li, S. Wang, Z. Xie, Y. Song, Ablation behavior of boron nitride
based ceramic composites reinforced by continuous silicon oxynitride fiber, Ceram.
Int. 41 (3, Part B) (2015) 4768–4774.

[3] G. Wen, G.L. Wu, T.Q. Lei, Y. Zhou, Z.X. Guo, Co-enhanced SiO2-BN ceramics for
high-temperature dielectric applications, J. Eur. Ceram. Soc. 20 (12) (2000)
1923–1928.

[4] S.W. Freiman, S.M. Wiederhorn, J.J. Mecholsky, Environmentally Enhanced frac-
ture of glass: a historical perspective, J. Am. Ceram. Soc. 92 (7) (2009) 1371–1382.

[5] R.G. Munro, Evaluated material properties for a sintered alpha-alumina, J. Am.
Ceram. Soc. 80 (8) (1997) 1919–1928.

[6] J.Q. Li, F. Luo, D.M. Zhu, W.C. Zhou, Influence of phase formation on dielectric
properties of Si3N4 ceramics, J. Am. Ceram. Soc. 90 (6) (2007) 1950–1952.

[7] C.M. Xu, S.W. Wang, X.X. Huang, J.K. Guo, Processing and properties of unidirec-
tional SiO2f/SiO2 composites, Ceram. Int. 33 (4) (2007) 669–673.

[8] D.R. Salmon, R.P. Tye, Pyroceram 9606, a certified ceramic reference material for
high-temperature thermal transport properties: Part 1-material selection and
characterization, Int. J. Thermophys. 31 (2) (2010) 338–354.

[9] W.E. Lee, M.K. Chen, P.E. James, Crystallization of celsian (BaAl2Si2O8) glass, J.
Am. Ceram. Soc. 78 (8) (1995) 2180–2186.

[10] X.L. Li, X.P. Hao, M.W. Zhao, Y.Z. Wu, J.X. Yang, Y.P. Tian, G.D. Qian, Exfoliation
of hexagonal boron nitride by molten hydroxides, Adv. Mater. 25 (15) (2013)
2200–2204.

[11] Y. Meng, H.K. Mao, P.J. Eng, T.P. Trainor, M. Newville, M.Y. Hu, C.C. Kao, J.F. Shu,
D. Hausermann, R.J. Hemley, The formation of sp(3) bonding in compressed BN,
Nat. Mater. 3 (2) (2004) 111–114.

[12] X.M. Duan, Y.J. Ding, D.C. Jia, N. Jing, Z.H. Yang, P.G. He, Z. Tian, S.J. Wang,
Y.J. Wang, Y. Zhou, D.R. Yu, Ion sputtering erosion mechanisms of h-BN composite
ceramics with textured microstructures, J. Alloy. Compd. 613 (2014) 1–7.

[13] H.P.R. Frederikse, A.H. Kahn, A.L. Dragoo, W.R. Hosler, Electrical-resistivity and
microwave transmission of hexagonal boron-nitride, J. Am. Ceram. Soc. 68 (3)
(1985) 131–135.

[14] J. Eichler, C. Lesniak, Boron nitride (BN) and BN composites for high-temperature
applications, J. Eur. Ceram. Soc. 28 (5) (2008) 1105–1109.

[15] B. Komiyama, M. Kiyokawa, T. Matsui, Open resonator for precision dielectric
measurements in the 100 GHz band, IEEE Trans. Microw. Theory Tech. 39 (10)
(1991) 1792–1796.

[16] N. Jacobson, S. Farmer, A. Moore, H. Sayir, High-temperature oxidation of boron
nitride: I, monolithic boron nitride, J. Am. Ceram. Soc. 82 (2) (1999) 393–398.

[17] X.M. Duan, D.C. Jia, Z. Wang, D.L. Cai, Z. Tian, Z.H. Yang, P.G. He, S.J. Wang,
Y. Zhou, Influence of hot-press sintering parameters on microstructures and me-
chanical properties of h-BN ceramics, J. Alloy. Compd. 684 (2016) 474–480.

[18] Y.L. Li, J.X. Zhang, G.J. Qiao, Z.H. Jin, Fabrication and properties of machinable
3Y-ZrO2/BN nanocomposites, Mater. Sci. Eng. A-Struct. Mater. Prop. Microstruct.
Process. 397 (1–2) (2005) 35–40.

[19] Z.Q. Shi, J.P. Wang, G.J. Qiao, J.F. Yang, Z.H. Jin, Machinability, deformation, and
cracks behavior of pressureless-sintered Al2O3/h-BN composites: role of weak
boundary phases, J. Mater. Sci. 44 (6) (2009) 1580–1587.

[20] D.L. Cai, Z.H. Yang, X.M. Duan, B. Liang, Q. Li, D.C. Jia, Y. Zhou, A novel BN-MAS
system composite ceramics with greatly improved mechanical properties prepared
by low temperature hot-pressing, Mater. Sci. Eng. A-Struct. Mater. Prop.
Microstruct. Process. 633 (2015) 194–199.

[21] D.L. Cai, Z.H. Yang, X.M. Duan, Q. Zhang, Q. Li, Q. Li, Y.S. Sun, D.C. Jia, Y. Zhou,
Influence of sintering pressure on the crystallization and mechanical properties of
BN-MAS composite ceramics, J. Mater. Sci. 51 (5) (2016) 2292–2298.

[22] Y.G. Gogotsi, V.P. Yaroshenko, F. Porz, Oxidation resistance OF boron carbide-
based ceramics, J. Mater. Sci. Lett. 11 (5) (1992) 308–310.

[23] J.C. Han, P. Hu, X.H. Zhang, S.H. Meng, W.B. Han, Oxidation-resistant ZrB2-SiC
composites at 2200° C, Compos. Sci. Technol. 68 (3–4) (2008) 799–806.

[24] E. Eakins, D.D. Jayaseelan, W.E. Lee, Toward oxidation-resistant ZrB2-SiC ultra
high temperature ceramics, Metall. Mater. Trans. A-Phys. Metall. Mater. Sci. 42A
(4) (2011) 878–887.

[25] J. Gonzalez-Julian, O. Cedillos-Barraza, S. Doring, S. Nolte, O. Guillon, W.E. Lee,
Enhanced oxidation resistance of ZrB2/SiC composite through in situ reaction of
gadolinium oxide in patterned surface cavities, J. Eur. Ceram. Soc. 34 (16) (2014)
4157–4166.

[26] R. Riedel, L.M. Ruswisch, L.N. An, R. Raj, Amorphous silicoboron carbonitride
ceramic with very high viscosity at temperatures above 1500 °C, J. Am. Ceram. Soc.
81 (12) (1998) 3341–3344.

[27] I.G. Talmy, J.A. Zaykoski, M.M. Opeka, High-temperature chemistry and oxidation
of ZrB2 ceramics containing SiC, Si3N4, Ta5Si3, and TaSi2, J. Am. Ceram. Soc. 91
(7) (2008) 2250–2257.

[28] C.F. Yang, C.M. Cheng, The influence of B2O3 on the sintering of MgO-CaO-Al2O3-
SiO2 composite glass powder, Ceram. Int. 25 (4) (1999) 383–387.

[29] A.G.T. Martinez, M.A. Camerucci, A.L. Cavalieri, Thermal stress analysis of cor-
dierite materials subjected to thermal shock, J. Mater. Sci. 43 (8) (2008)
2731–2738.

[30] T. Zhang, M.Q. Wu, S.R. Zhang, J.M. Wang, D.H. Zhang, F.M. He, Z.P. Li, High
temperature dielectric loss of h-BN at X band and its dependence on the electron
structure, defects and impurities, Solid State Sci. 12 (9) (2010) 1599–1602.

[31] Z.H. Zeng, Elevated temperature dielectric properties of BN, Mater. Technol.
Aeronaut. Mater. 2 (1993) 17–21.

[32] Z. Wang, P. Zhou, Z.J. Wu, Effect of surface oxidation on thermal shock resistance of
ZrB2-SiC-ZrC ceramic at temperature difference from 800 to 1900 °C, Corros. Sci.
98 (2015) 233–239.

[33] S. Zhou, W. Li, P. Hu, C. Hong, L. Weng, Ablation behavior of ZrB2–SiC–ZrO2
ceramic composites by means of the oxyacetylene torch, Corros. Sci. 51 (9) (2009)
2071–2079.

[34] S.A. Chen, C.R. Zhang, Y.D. Zhang, D. Zhao, H.F. Hu, Z.B. Zhang, Mechanism of
ablation of 3D C/ZrC-SiC composite under an oxyacetylene flame, Corros. Sci. 68
(2013) 168–175.

[35] J. Wang, X. Duan, Z. Yang, D. Jia, Y. Zhou, Ablation mechanism and properties of
SiCf/SiBCN ceramic composites under an oxyacetylene torch environment, Corros.

Fig. 11. Cross-section of the inner heat-affect region
of specimen after 10 s ablation.

Fig. 12. Schematic of BN-MAS composites ablative mechanism.

D. Cai et al. Ceramics International 44 (2018) 1518–1525

1524

http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref1
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref1
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref1
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref2
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref2
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref2
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref3
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref3
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref3
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref4
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref4
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref5
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref5
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref6
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref6
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref7
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref7
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref8
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref8
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref8
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref9
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref9
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref10
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref10
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref10
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref11
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref11
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref11
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref12
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref12
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref12
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref13
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref13
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref13
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref14
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref14
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref15
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref15
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref15
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref16
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref16
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref17
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref17
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref17
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref18
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref18
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref18
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref19
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref19
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref19
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref20
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref20
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref20
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref20
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref21
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref21
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref21
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref22
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref22
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref23
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref23
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref24
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref24
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref24
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref25
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref25
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref25
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref25
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref26
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref26
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref26
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref27
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref27
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref27
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref28
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref28
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref29
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref29
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref29
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref30
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref30
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref30
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref31
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref31
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref32
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref32
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref32
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref33
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref33
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref33
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref34
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref34
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref34
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref35
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref35


Sci. 82 (2014) 101–107.
[36] D. Cai, Z. Yang, X. Duan, P. He, S. Wang, J. Yuan, J. Rao, D. Jia, Y. Zhou, Inhibiting

crystallization mechanism of h-BN on α-cordierite in BN-MAS composites, J. Eur.
Ceram. Soc. 36 (3) (2016) 905–909.

[37] X.-T. Shen, K.-Z. Li, H.-J. Li, Q.-G. Fu, S.-P. Li, F. Deng, The effect of zirconium
carbide on ablation of carbon/carbon composites under an oxyacetylene flame,
Corros. Sci. 53 (1) (2011) 105–112.

[38] P. Zhang, D. Jia, Z. Yang, X. Duan, Y. Zhou, Physical and surface characteristics of
the mechanically alloyed SiBCN powder, Ceram. Int. 38 (8) (2012) 6399–6404.

[39] L. Luo, Y. Wang, L. Duan, L. Liu, G. Wang, Ablation behavior of C/SiC-HfC com-
posites in the plasma wind tunnel, J. Eur. Ceram. Soc.

[40] G.M. Song, S.B. Li, C.X. Zhao, W.G. Sloof, S. van der Zwaag, Y.T. Pei, J.T.M.
De Hosson, Ultra-high temperature ablation behavior of Ti2AlC ceramics under an
oxyacetylene flame, J. Eur. Ceram. Soc. 31 (5) (2011) 855–862.

[41] Y. He, J.M. Guo, G.W. Zhang, X.L. Chen, J.C. Zhang, Z.L. Huang, G.Y. Liu, Q. Cai,
Preparation of glass-ceramics in the MgO-Al2O3-SiO2 system via low-temperature
combustion synthesis technique, J. Ceram. Sci. Technol. 6 (3) (2015) 201–206.

D. Cai et al. Ceramics International 44 (2018) 1518–1525

1525

http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref35
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref36
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref36
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref36
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref37
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref37
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref37
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref38
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref38
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref39
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref39
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref39
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref40
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref40
http://refhub.elsevier.com/S0272-8842(17)32252-6/sbref40

	Ablation behavior and mechanism of boron nitride - magnesium aluminum silicate ceramic composites in an oxyacetylene combustion flame
	Introduction
	Experimental
	Results and discussion
	Oxidation properties
	Ablation properties
	Phase composition and ablation morphologies
	Ablation mechanism

	Conclusions
	Acknowledgements
	References




