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Abstract: The NbMo solid solution (denoted as (Nb, Mo)ss hereinafter) matrix ceramic composites reinforced with 15 vol%, 30
vol%, 45 vol%, and 60 vol% ZrB2 particles were fabricated by hot-pressing sintering at 2400 °C. The effect of the ZrB2 content on
the isothermal oxidation resistance and the oxide scales microstructure evolution at 800, 1000, and 1200 °C was investigated. The
results show that both temperature and ZrB2 content have an influence on the oxidation behavior. The oxidation resistance of
ZrB2-(Nb, Mo)ss composites increases with increasing ZrB2 content and decreases with increasing oxidation temperature from the
view point of parabolic rate constant. The oxide scales at 800~1000 °C contain special film-like Nb2Zr6O17, acting as a barrier
against oxygen diffusing inwards and leading to low parabolic rate constant. However, no Nb2Zr6O17 layer is observed at 1200 °C
because the volatile MoO3 and the volume effect of ZrO2 damage the Nb2Zr6O17 protective layer which results in severe spallation
and poor oxidation resistance. Possible oxidation mechanisms at different temperatures with varying ZrB2 contents were discussed
according to the observed oxide morphologies and the results above.
Key words: metal matrix ceramic composites; ZrB2; oxidation behavior

Niobium-based alloys are attractive as one of the most
promising refractory metals for space, nuclear and aircraft[1-3]
in terms of their low density, good ductility and high melting
point. However, the use of niobium-based alloys is restricted
by the poor oxidation resistance and the low high-temperature
strength[4-6]. The strength of niobium decreases substantially
above 900 °C[4] and “pest oxidation” occurs above 600 °C. As
a result, various approaches have been utilized to improve its
oxidation resistance and strength including solid solution
strengthening[7,8], composite strengthening with intermetallic
compounds such as Nb3Al, Nb3Ir and Nb5Si3[9,10], and
composite strengthening using carbide phase[11-13]. In the
previous work[13], it is found that adding Mo into niobiumbased alloy can form NbMo solid solution and improve the
yield strength. The maximum solid solution effects can be
achieved when the Nb/Mo atom ratio is around 1. It is also
proved that adding Mo into Nb can reduce the solubility of
oxygen in niobium-based alloy and improve oxidation

resistance. Tan et al[4] observed that the introduction of
ceramic particle second phase such as ZrC, can improve high
temperature strength and oxidation resistance of niobiumbased composites.
Zirconium diboride has received much attention because it
offers low density (6.09 g/cm3), high melting point (3040 °C)
and good thermal shock resistance[14,15]. The oxidation of ZrB2
or ZrB2-based composites, such as ZrB2-SiC, leads to the
formation of crystalline ZrO2, liquid B2O3 and silicate glass.
Amorphous boron oxide or silicate glass on the exposed
surfaces can protect the substrate from oxidation[16]. Therefore,
ZrB2 based materials possess excellent oxidation resistance[17].
However, few studies have focused on NbMo solid solution
matrix composites reinforced with ZrB2 particles.
In order to increase high temperature strength and oxidation
resistance of niobium-based composite, NbMo solid solution
matrix composite reinforced with ZrB2 particles were
fabricated by hot-pressing sintering in our previous work[18,19].
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The results showed that ZrB2-(Nb, Mo)ss composite exhibited
excellent mechanical properties. Its highest room temperature
strength reached 1635.91 MPa and the high temperature
strength was also excellent[19]. However, the effect of the ZrB2
content on the isothermal oxidation resistance of ZrB2-(Nb,
Mo)ss composites have not been clarified yet.
In the present paper, isothermal oxidation behavior of (0
vol%~60 vol%)ZrB2-(Nb, Mo)ss at 800, 1000 and 1200 °C
was investigated. The oxidation kinetic curves were acquired,
and the phase constitution and microstructure evolution were
also analyzed and the influence of ZrB2 content on oxidation
mechanisms was also discussed in detail.

1

Experiment

The (0 vol%~60 vol%)ZrB2-(Nb, Mo)ss composites were
prepared by hot-pressing sintering according to the nominal
composition given in Table 1. In the present paper, all the
composition will be given in volume fraction unless specially
emphasized. Commercially available ZrB2 (23 µm, purity>
99.9%), Nb and Mo (18~25 µm, purity>99.95%) were
supplied by Beijing Gold Crown New Material Technology
Co. Ltd, China. A two-step fabrication schedule including
powder compaction process[20] and high temperature sintering
was used based on 2400 °C sintering temperature and 35 MPa
uniaxial pressure. The details were shown in Ref. [18]. The
specimens of 0 vol%, 15 vol%, 30 vol%, 45 vol%, and 60
vol%ZrB2-(Nb, Mo)ss were denoted as NM, NM-15Z, NM30Z, NM-45Z, NM-60Z, respectively.
Isothermal oxidation tests were conducted at 800, 1000, and
1200 °C using a zirconia tube furnace (SK-6, Fuensen furnace
Co. Ltd, Beijing, China). The oxidized samples were weighed
using a Mettler Toledo balance with a sensitivity of 0.000 1 g.
A Rigaku D/max-rA X-ray diffractometer with Cu Kα
radiation, between 2θ angles of 10° and 90° at a scanning rate
of 8°/min was used to identify the main phases. Morphology
studies were performed using scanning electron microscopes
(FEI Quanta 200F) equipped with an EDAX genesis xm-2
X-ray spectrometer (EDS).

2

Results

2.1 Microstructure before oxidation test
In our previous work, the relationship between microstructure and mechanical properties of ZrB2-(Nb, Mo)ss
composites were investigated [18,19] . As already reported
before[19], the main phases of ZrB2-(Nb, Mo)ss composites
consist of NbMo solid solution and ZrBx particles including
Table 1

Nominal composition of ZrB2-(Nb, Mo)ss
composites (vol%)

Sample

NM

NM-15Z

NM-30Z

NM-45Z

NM-60Z

Nb

50

42.5

35

27.5

20

Mo

50

42.5

35

27.5

20

ZrB2

0

15

30

45

60
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ZrB2 and ZrB. The influence on the oxidation behavior of
other phases such as Nb3B2, NbB, and Mo2Zr can be neglected
because the quality of them is small. Fig.1 shows the SEM
images of the polished surface of the hot-pressed ZrB2-(Nb,
Mo)ss composites before oxidation test. As the arrow pointed
out, the dark gray area is Nb-rich (Nb, Mo)ss and the light
gray area is the Mo-rich (Nb, Mo)ss[18]. It should be noted that
the shape of Nb-rich (Nb, Mo)ss changes from irregular shape
to dendrites shape and the Mo-rich (Nb, Mo)ss and the round
ZrBx phases tend to distribute around the dendrites when ZrB2
content increases from 15 vol% to 60 vol%. As shown in Fig.1,
the location of ZrBx can be divided into two types. In NM-15Z,
most ZrBx particles distribute in the Mo-rich (Nb, Mo)ss while
in NM-30Z, NM-45Z and NM-60Z, ZrBx particles distribute
along with Nb-rich (Nb, Mo)ss. This phenomenon has a great
influence on the oxidation behavior and the reasons will be
discussed in the following sections.
2.2 Oxidation kinetic curves from 800 °C to 1200 °C
Fig.2~4 shows typical isothermal oxidation kinetic curves
of the ZrB2-(Nb, Mo)ss composites oxidized at 800, 1000 and
1200 °C for 40 h. The kinetics curves change from linear law
to parabolic characteristic when ZrB2 content exceeds 45%.
The relationship between mass gain and oxidation time can be
expressed as[21-23]:
(1)
∆w=kptn
-2
where, ∆w is the mass gain per unit area (mg·cm ), kp is the
oxidation rate constant (mg·cm-2·h-n), t is the oxidation time (h)
and n is the time exponent that describes the time dependence
of oxide growth. NM, NM-15Z and NM-30Z expand a lot
after several hours of oxidation because of poor oxidation
resistance resulting in interruption of oxidation test. The time
exponents of ZrB2-(Nb, Mo)ss composites fitted based on
Eq. (1) are shown in Table 2. The parabolic law assumes the
transport of either vacancies or interstitials of ions through a
uniform oxide film. In fact, many defects (pores, cracks, and
grain boundaries) exist in the real oxide films that may affect
the effective diffusivity, resulting in a deviation in the time
exponent from the parabolic law (n=0.5)[24]. In the study of the
oxidation behavior of ferritic-martensitic steel in supercritical
water reported by Zhu before[25], the time exponent for P92
samples exposed to SCW at different temperatures changes
from 0.42 to 0.47. However, the actual oxidation kinetics that
P92 samples followed is parabolic law. As shown in Table 2, it
can be reasonably speculated that a parabolic time dependence
of the mass gain is followed by NM-30Z at 800 °C, by
NM-45Z and NM-60Z at both 800 and 1000 °C. The kinetic
curves exhibit linear characteristics (n=1) for NM at all three
different temperatures. A transition from parabolic law to
linear law is observed in NM-15Z and NM-30Z at both 1000
and 1200 °C and in NM-60Z at 1200 °C. These findings
suggest that both oxidation temperature and ZrB2 content have
an influence on the oxidation behavior.
The fitted linear equations between the mass gain (∆w) and
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SEM back-scattered electron images before oxidation test: (a) NM, (b) NM-15Z, (c) NM-30Z, (d) NM-45Z, and (e) NM-60Z
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Oxidation kinetic curves of ZrB2-(Nb, Mo)ss composites
exposed at 800 °C for 40 h in static air
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Oxidation kinetic curves of ZrB2-(Nb, Mo)ss composites
exposed at 1200 °C for 40 h in static air

Table 2

80

Time exponent (n) of ZrB2-(Nb, Mo)ss composites from
800 °C to 1200 °C

Sample

NM

NM-15Z

NM-30Z

NM-45Z

NM-60Z

800 °C
1000 °C
1200 °C

1
1
1

1
0.77
0.79

0.44
0.73
0.69

0.47
0.41
-

0.47
0.42
0.72

60
40
20
0

Fig.3
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Oxidation kinetic curves of ZrB2-(Nb, Mo)ss composites
exposed at 1000 °C for 40 h in static air

the square root of the oxidation time (t0.5), and the corresponding parabolic rate constant kp (mg2·cm−4·h−1, considering
the parabolic formula of ∆w2=kp2t [26]) are shown in Table 3.
The data of the other composites (not mentioned in Table 3 as
compared with Table 2) are not calculated because the kinetics
curve of them exhibits linear characteristics or a transition
from parabolic to linear characteristics rather than parabolic
characteristics. The kp of NM-60Z is lower than those of other
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Table 3

Fitted linear equations and parabolic rate constant
2

−4

−1

kp values (mg ·cm ·h ) for the oxidation of ZrB2(Nb, Mo)ss composites from 800 °C to 1000 °C
Sample (temperature)

Equation

NM-30Z (800 °C)

y=11.86x

0.5

R2

kp

0.9589

3.44

y=6.45x

0.5

0.9367

2.54

NM-60Z (800 °C)

y=4.77x

0.5

0.9441

2.18

NM-45Z (1000 °C)

y=5.26x0.5

0.9739

2.29

NM-60Z (1000 °C)

0.5

0.9614

2.13

NM-45Z (800 °C)

y=4.55x

investigated composites, by approximately 14%~37% at 800
°C, and by 7% at 1000 °C, demonstrating that the higher the
ZrB2 content, the better the oxidation resistance from the
viewpoint of parabolic rate constant kp.
2.3 Phases of the oxides from 800 °C to 1200 °C
Fig.5 shows the XRD patterns of oxidation products of NM
and NM-60Z. As indicated by Fig.5a, the oxide scales of NM
from 800 °C to 1200 °C contain NbO2, Nb2O5 and MoO3. The
oxidation products of NM-15Z, NM-30Z, NM-45Z is similar
to those of NM-60Z. As shown in Fig.5b, oxidation products
of NM-60Z at 800 and 1000 °C include B2O3, NbO2, Nb2O5,
MoO3, ZrO2 and Nb2Zr6O17. However, the B2O3 phase cannot
be detected at 1200 °C in NM-60Z.
NbO2 and Nb2O5 were previously observed for the oxidation of niobium alloyed[27]. The formation of ZrO2 and B2O3
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♥
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NM-800 °C

80

are due to the oxidation of ZrBx distributed in the NbMo solid
solution matrix. As reported by several researchers before[28-30],
the oxidation of ZrB2 results in two phases ZrO2 and B2O3,
and the distribution of the phases in the scale varies with
temperature. At lower temperatures (≤1000 °C), a glassy B2O3
film is observed on top of the (ZrO2+B2O3) scale, while this
external boric layer is absent at higher temperatures (1200 °C)
because of the evaporation of B2O3. As a result, no B2O3 phase
is detected after oxidation test at 1200 °C in this paper. Minor
peaks of MoO3 are also identified. In general, Mo is usually
oxidized selectively and preferentially to form MoO3 due to
lower oxygen partial pressure in those alloys or compounds
containing Mo[31,32] and the MoO3 starts vaporizing above 500
°C[33]. In this paper, MoO3 was also vaporized during high
temperature oxidation and then deposited on the surface of
oxide scales during cooling. The white powders on the surface
of the oxide scale (Fig.12) can be regarded as the evidence of
the existence of MoO3. The peaks corresponding to Nb2Zr6O17
phase are also detected and its formation results from the
simultaneous oxidation of niobium and zirconium diborides.
According to the phase diagram[34] presented in Fig.6, Nb2O5
can react with ZrO2 to form Nb2Zr6O17, as demonstrated in
Eq. (2):
Nb2O5+6ZrO2=Nb2Zr6O17
(2)
2.4 Morphologies of the oxides from 800 °C to 1200 °C
The oxidation products of NM from 800 °C to 1200 °C are
similar so that morphology at 800 °C is displayed as a
representation. As shown in Fig.7a and Table 4, it can be
concluded that the lath-like phase is Nb2O5. The broken
bubbles at the lath-like phase may be caused by the volatility
of MoO3[15,16,35]. MoO3 are known to adversely affect the
densification of the oxide scale and they usually degrade the
oxidation resistance in those alloys or compounds containing
Mo[32,33].
The morphology of oxidation products of ZrB2-(Nb, Mo)ss
composites with varying ZrB2 contents exposed at 800 °C for
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the location of holes are in accordance with Mo-rich
(Nb, Mo)ss as shown in Fig.1c. As illustrated in Fig.8, it can
be observed that the amount of Nb2Zr6O17 increases with
increasing ZrB2 content. Only a few Nb2Zr6O17 form in
NM-15Z and NM-30Z resulting in a lot of unhealed holes.
However, with increasing ZrB2 content up to 45 vol% and 60
vol%, the film-like Nb2Zr6O17 can cover the surface of the
cracks and holes acting as a barrier against oxygen diffusing
inwards. The morphology of oxidation products of NM-45Z
and NM-60Z exposed at 1000 °C is in good agreement with
the oxidation kinetics curves obtained in 1000 °C which also
indicates that the higher ZrB2 content in ZrB2-(Nb, Mo)ss
composites results better oxidation resistance.
The morphology of oxidation products of ZrB2-(Nb, Mo)ss
composites with varying ZrB2 contents exposed at 1200 °C for
40 h is shown in Fig.9. The lath-like Nb2O5 and the holes
existed in NM-15Z and NM-30Z after oxidized at 1200 °C are
very similar to those observed at 800 and 1000 °C. The most
difference in the morphology is that no obvious film-like
Nb2Zr6O17 can be observed after oxidation at 1200 °C in NM-

40 h is shown in Fig.7b~7e. It can be seen that the oxidation
of niobium results in evaporation-resistant refractory oxide
Nb2O5 that forms a porous skeleton[36] and the growth of
lath-like Nb2O5 is restricted by a film-like phase observed in
NM-45Z and NM-60Z. According to the EDS results in Table
5 and XRD analysis in Fig.5, it can be concluded that the
film-like phase is Nb2Zr6O17. The film-like Nb2Zr6O17 covered
at Nb2O5 can heal the interspaces between Nb2O5 to inhibit the
diffusion of oxygen into the inner part of the composites. As a
result, more Nb2Zr6O17 forms resulting in the better oxidation
resistance of ZrB2-(Nb, Mo)ss composites. This result is in
accordance with the oxidation kinetic curves.
Fig.8 illustrates the morphology of oxidation products of
ZrB2-(Nb, Mo)ss composites with varying ZrB2 contents
exposed at 1000 °C for 40 h. It can be seen that a lot of holes
and interspace are observed in NM-15Z and NM-30Z which
provide diffusion channels for oxygen to further oxidation.
However, the cracks and holes are healed by film-like
Nb2Zr6O17 in NM-45Z and NM-60Z. The holes in NM-30Z
are speculated to be caused by the volatility of MoO3 because
a

b

A

1 µm

20 µm

20 µm
d

c

e

B

2 µm

10 µm

10 µm

Fig.7

10 µm

SEM secondary electron images of the cross-section morphology of NM (a), NM-15Z (b), NM-30Z (c), NM-45Z (d), and NM-60Z (e)
exposed at 800 °C for 40 h
Table 4

EDS results of spot A in Fig.7a

Element

OK

Nb L

Mo L

wt%
at%

24.83
65.82

57.21
26.12

12.08
5.66

Table 5
Element
wt%
at%

EDS results of spot B in Fig.7d

OK
26.49
67.43

Zr L
41.54
18.55

Nb L
31.97
14.02

Mo L
0.00
0.00

45Z and NM-60Z. As reported by Xiao et al[36], MoO3
evaporates severely above 1155 °C. As a result, the vaporization
of MoO3 may damage the Nb2Zr6O17 layer during oxidation
test. This phenomenon is also observed in the study of
oxidation behavior of novel Co-Al-W-Ta-B-(Mo, Hf, Nb)
alloys which found that the vaporization of MoO3 may
damage or remove the continuous Al2O3 layer formed earlier.
Without the protection of Nb2Zr6O17, the oxidation resistance
of NM-45Z and NM-60Z decreases and the oxidation kinetics
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SEM secondary electron images of the cross-section morphology of NM-15Z (a), NM-30Z (b), NM-45Z (c), and NM-60Z (d) exposed at
1000 °C for 40 h

a

b

10 µm

20 µm

c

d

10 µm

Fig.9

10 µm

SEM secondary electron images of the cross-section morphology of NM-15Z (a), NM-30Z (b), NM-45Z (c), and NM-60Z (d) exposed at
1200 °C for 40 h

curves show a transition from parabolic characteristic to linear
characteristic as displayed in Fig.4. In addition, the shape of
ZrO2 changes from dense cuboid in Fig.10a to polyhedron
with many cracks on the surface in Fig.10b. The cracks are
demonstrated to be caused by volume effect during crystal

transition[37] and also act as the diffusion channels for oxygen
diffusing towards the substrate.

3

Discussion
The data in Table 2 and 3 suggests that the oxidation
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a

5 µm
b

10 µm

Fig.10 SEM secondary electron images of ZrO2 formed at different
temperatures: (a) 1000 °C and (b) 1200 °C

resistance of ZrB2-(Nb, Mo)ss composites is related to the
ZrB2 content. The NM-60Z with the highest ZrB2 content 60
vol% gets the lowest parabolic rate constant at 800 °C (2.18
mg2·cm-4·h-1) and 1000 °C (2.13 mg2·cm-4·h-1). The good
oxidation resistance is mainly due to the formation of
Nb2Zr6O17 protective layer acting as a barrier against oxygen
diffusing inwards. However, when the ZrB2 content is lower
than 45%, such as 30% and 15% in this paper, the completed
Nb2Zr6O17 protective layer cannot be formed and oxidation
kinetics curves show the linear or near-linear characteristic
indicating poor oxidation resistance. Apparently, the oxidation

b

100
Intensity/cps

a

resistance of ZrB2-(Nb, Mo)ss composites increases with
increasing ZrB2 content.
In addition, the temperature also has an influence on the
oxidation resistance and the oxides microstructure, especially
in NM-45Z and NM-60Z. To better understand the oxidation
step, the cross-section SEM images and elemental distribution
of the oxide scale of NM-60Z at 1000 °C are shown in Fig.11.
The oxygen content decreasing to nearly zero from the
external layer to substrates indicates that the oxygen diffusion
is restricted after the initial oxidation at the surface. The Mo
content increases to the maximum value at the substrate/oxide
interfaces but decreases apparently at the oxide scales,
suggesting that MoO3 volatilizes at the external layer and that
Mo diffuses from substrate to surface during oxidation process.
At the beginning of oxidation process, the diffusion of the Mo
from inner part to the surface leads to the formation of MoO3
and Nb is oxidized into Nb2O5 at the same time. The volatility
of MoO3 provides diffusion channels for oxygen diffusing
inwards to further react with ZrB2 particles to form B2O3 and
ZrO2. Then, the formed ZrO2 reacts with Nb2O5 to form
Nb2Zr6O17. As presented in Fig.7 and 8, film-like Nb2Zr6O17
can heal the cracks caused by the volatility of MoO3, restrict
the diffusion of oxygen and inhibit the free growth of Nb2O5.
The diffusion of both oxygen and metal ion changes into
diffusion of metal ion. As a result, the oxidation rate reduces
and the oxidation kinetics displays a near-parabolic law as
shown in Fig.2 and 3.
In addition, the film-like Nb2Zr6O17 covered on the surface
of Nb2O5 inhibits the oxygen diffusion and reduces the oxygen
partial pressure resulting in the formation of sub-oxide NbO2
(Fig.5). As reported before, the pilling-bedworth ratio (PBR)
of Nb2O5 (2.74) is high enough to make the oxide scale
separate from the substrate[38]. When the free growth of Nb2O5
is restricted, the inner stress of oxide scales is reduced, and the
oxidation layer becomes adherent to substrate.

80

Zr
Nb
Mo
B
O

60
40
20
0
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Distance/µm

3000
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Fig.11

SEM secondary electron image (a) and elemental distribution (b) of the oxide scales of NM-60Z exposed at 1000 °C for 40 h
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exfoliation of the oxide products and damage the protective
Nb2Zr6O17 layer, resulting in severe spallation and poor
oxidation resistance of ZrB2-(Nb, Mo)ss at 1200 °C.
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Micro-morphology of NM-60Z exposed at 1200 °C for 40 h
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The oxidation resistance and oxides microstructure of NM45Z and NM-60Z at 1200 °C are different compared to those
at 800~1000 °C which is mainly due to the severe evaporation
of MoO3 above 1155 °C[36]. As reported before, during the
period of increasing temperature, the MoO3 oxide forms and
its vapor pressure rises sharply from 10-2 Pa to 102 Pa as
temperature increases up to 1000 °C[33]. This suggests that an
increasing temperature enhances the vaporizing rate of MoO3.
MoO3 may damage the Nb2Zr6O17 layer and the cracks and
pores caused by the evaporation of MoO3 provide more rapid
diffusion channels for oxygen and enhance oxidation, which
may be the reason why the NM-45Z and NM-60Z exhibit poor
oxidation resistance at 1200 °C. As reported by previous
study[39], the ZrO2 can recrystallize into a dense coherent
subscale, which can protect the underlying ceramics from
catastrophic oxidation. However, in this work, the cracks on
the ZrO2 grains caused by volume effect also provide rapid
diffusion channels for oxygen and degrade the oxidation
resistance of ZrB2-NbMo composites at 1200 °C. When
cooled down from 1200 °C to room temperature, the crystal
structure of ZrO2 changed from the tetragonal (t-ZrO2, space
group P42/nmc) to highly distorted monoclinic (m-ZrO2, space
group P21/c) with 5%~7% volume expansion[37] and generated
the inner stress of oxidation layers. As a result, the cracks
could be observed on the surface of ZrO2 and the oxide scales
tended to spall off from the substrate as shown in Fig.12. The
spallation of oxide scales makes the substrate to be exposed in
air and also degrades the oxidation resistance.

4

Conclusions

1) The oxidation resistance of ZrB2-(Nb, Mo)ss increases
with increasing ZrB2 content. The kinetics curves change from
linear law to parabolic characteristic when ZrB2 content
exceeds 45% at 800~1000 °C.
2) The oxidation of (45~60 vol%)ZrB2-(Nb, Mo)ss at
800~1000 °C leads to the formation of film-like Nb2Zr6O17
which can heal the cracks caused by the evaporation of MoO3
and protect the substrate from further oxidation.
3) The volume effect of ZrO2 and the severe evaporation of
MoO3 weaken the adhesion of the oxide scale, enhance the
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