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In this paper, B-containing MAX phase of Nb,SB ceramics with high purity of 96 wt% (4 wt% NbB impurity)
was successfully synthesized using the molar ratio of Nb: S: B = 2: 1.3: 1 by spark plasma sintering at
1350 °C under 30 MPa. The reaction path, microstructure, physical and mechanical properties were sys-
tematically studied. It is found that the formation of Nb,SB is from the combination of Nb, NbS,, and NbsBg,
or NbB and NbS. The full dense sample (RD 99.7%) possesses the fine grains about 6 pm in length and 3.6 pm
Keywords: in width. The grains of Nb,SB show a layered structure, which is same to other MAX phases. The thermal
ND,SB expansion coefficient is 7.1 x 10 K™! in the range of 24-1100 °C. In the temperature range of 25-800 °C, the
thermal diffusivity of Nb,SB ceramic increases from 5.58 mm?/s to 7.07 mm?/s. At 25 °C, the heat capacity is
0.36 J-g K", the thermal conductivity is 13.79 W-m™.K™!, and the electrical conductivity is 1.17 x 10°
Q.m™'. Additionally, the obtained Nb,SB ceramics exhibit excellent mechanical properties of Vickers
hardness of 11.89 GPa (10 N load), flexural strength of 249 MPa, fracture toughness of 4.76 MPa-m'/?, and

Spark plasma sintering
Reaction path
Microstructure
Physical properties

Mechanical properties

compressive strength of 1157 MPa.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In the past 20 years, M;-;AX,; (MAX) phases, in which M are
transition metals, A are IIIA to VIA group elements, and X is carbon
or nitrogen, have attracted many attentions of materials scientists
due to their unique and excellent properties [1-3]. The MAX phases
crystallize in P63/mmc space group and have the hexagonal struc-
ture (symmetry number 194), and their crystal cells have highly
symmetrical characteristics [4]. In the unit cells, MAX phases exhibit
layer to layer microstructure, in which strong covalently bonded M-
X carbides or nitrides layers are interlaced with weakly bonded “A”
atom layers (alternative layers of MgX octahedral and A atoms)
[5-9]. These special structure features of MAX phases make them
combine the characteristics of ceramics and metals, such as high
elastic modulus, high strength at elevated temperature, excellent
machinability, good thermal shock resistance, good oxidation
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resistance, good irradiation resistance, and high thermal and elec-
trical conductivities, etc. [10-15]. Especially, some MAX phases, for
example, Ti3SiC,, could withstand creep, mechanical fatigue, and
damage tolerance under extreme conditions [16]. Thus, MAX phases
have been considered as promising candidates as electrode brush
materials, chemical anticorrosive materials, protective coatings, high
temperature components, and friction and wear components
utilized in the high temperature fields [17,18].

Until 2019, only one kind of new MAX phase containing B ele-
ment at the X site was firstly synthesized by Rackl et al. [19]. He
synthesized the MAX phase boride Nb,SB powder using the micro-
wave reactor through two steps. The first step was to fabricate Nb-S
compounds in the sealed argon-filled silica tube and then the second
step was to sinter the mixture of Nb-S and B powders at 1200 °C for
65 h and repeat for 5 times. The black powders with purity of
92-99 wt% could be obtained. Lately, Rackl et al. discovered two new
boride MAX phases: Zr,SB and Hf,SB [20]. The synthesis time was
also very long up to 22 h and only very small amount powders could
be achieved. Therefore, to date, no dense bulk Nb,SB ceramics with
large dimension have been prepared and the physical and mechan-
ical properties are still unknown now.
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In this work, in order to clearly understand the properties of
Nb,SB ceramics, spark plasma sintering (SPS) method was utilized to
prepare high purity dense bulks. It has been successful to fabricate
the high purity Nb,SB bulks within 2 h. Under the conditions of
short sintering time and high pressure, fine grains could be obtained
in the dense samples, which was beneficial for the good mechanical
properties [21]. The reaction path, microstructure, physical and
mechanical properties were systematically characterized and com-
pared to other S-containing MAX phases of Ti,SC and Zr,SC [22-29].

2. Experimental procedure

Commercial element powders of Nb (300 mesh, 99.9%,
Qinhuangdao ENO High-Tech Material Development Co., LTD.,
China), S (5pm, 99.0%, Qinhuangdao ENO High-Tech Material
Development Co., LTD., China), and B (5um, 99.0%, Qinhuangdao
ENO High-Tech Material Development Co., LTD., China) were utilized
as raw materials to synthesize Nb,SB ceramics through a spark
plasma sintering (SPS) furnace (SPS-20 T-10, Chenhua Technology
Co., Ltd., China). The powder mixtures with different molar ratio of
Nb: S: B were ball milled using zirconia balls in plastic jars at a ro-
tating speed of 50 rpm for 12 h. The reaction path was systematically
investigated in order to determine the optimized molar ratio and
sintering parameters. The powder mixture was put into a graphite
mold and compacted with a 30 MPa uniaxial pressure in the SPS
furnace. The temperature was raised to 700 °C at a rate of 50 °C/min
firstly, and then the temperature was increased to the designed
temperature with a heating rate of 10 °C/min and held for 10 min.
After sintering, the temperature was reduced to 900 °C at a rate of
50 °C/min and then cooled down to room temperature naturally. The
whole sintering process was carried out in vacuum. The carburized
layer on the surface of bulk sample was removed by a diamond
grinding wheel. The phase compositions of all samples were ex-
amined and analyzed by an X-ray diffractometer (D8 ADVANCE,
Bruker, Germany) with Cu Ko radiation (A =1.54178 A). It was con-
firmed that the optimized molar ratio of Nb: S: B was 2: 1.3: 1 and
the optimized sintering parameters were 1350 °C, 30 MPa pressure,
and 10 min holding.

The density of synthesized high purity sample was measured
using the Archimedes’s method in deionized water. The diffraction
pattern data of Nb,SB ceramic was refined by the Rietveld method to
obtain the diffraction plane (hkl), 26, and d. The Rietveld refinement
was calculated by using the GSAS-II software (free use). The fracture
and etched surface (etched by a mixed acid with volumetric fraction
of HNO3 : HF : H,0=1:1:1) of high purity bulk Nb,SB ceramic were
observed by a field emission scanning electron microscopy (FSEM)
(Inspect F50, FEI, US). Based on the etched SEM images, at least
thirty grains of Nb,SB were collected to calculate the mean
grain size.

Thermal expansion coefficient (TEC) of Nb,SB ceramic was mea-
sured using a thermal expansion analyzer (L75HD1600C, NETZSCH,
Germany) in the temperature range of 24-1100 °C in nitrogen at-
mosphere, and the heating rate was 20 °C/min. The size of the test
sample was 5x5x5 mm> A laser thermal conductivity meter
(NETZSCH LFA467, Selb, Germany) was used to measure the thermal
properties in vacuum in the temperature range of 25-1100 °C. And the
dimension of the test sample was ©@12.7x3 mm?. The electrical
conductivity of Nb,SB sample at room temperature was measured by
a resistivity tester (FT-300A1, Ningbo Rooko Instrument Co., Ltd.,
China), and the size of the sample was 1x1x 10 mm°.

Vickers hardness of Nb,SB ceramic was measured through a
micro-hardness tester (HVS-1000ZA, Wanheng Corp., China) under
loads of 1-3 N and a Vickers hardness tester (HVS-50, Lianer Corp.,
China) under loads of 10-300 N. At each load, 5 points were induced

Journal of Alloys and Compounds 878 (2021) 160344

2

&

mu

-~ )

gz = s o~

a a2 ENC) =@ s 2
= »3 = 8 5o = 9
= o0, = S &3 an @
a Zo 8 a 28, g, 5
(@)% i g2 FL s
Z | z z L% £

kN

QLLJJ

Il l 'l l 1 l il l il l 1 [ '} l 'l l il l 'l ' '} l '}
10 15 20 25 30 35 40 45 50 55 60 65 70

20 (degree)

Fig. 1. X-ray diffraction (XRD) patterns of synthesized samples (Nb: S: B=2: 1: 1) by
spark plasma sintering at different temperature: (a) 850 °C, (b) 1050 °C, (c) 1250 °C,
(d) 1350 °C, (e) 1450 °C, and (f) 1650 °C. XRD pattern of Nb,SB calculated is shown in
Fig. 1(g) for comparison.

Table 1
Phase compositions of samples sintered at different temperature.

Temperature (°C) Phase composition

850 Nb, NbS,, NbsBg

1050 Nb, NbS,, NbsBs, NbB,

1250 Nb, NbS,, NbsBs, Nb,SB, NbB, NbS
1350 Nb,SB, NbB

1450 Nb,SB, NbB, NbS

1650 Nb,SB, NbB, NbS

and measured. A universal testing machine (YC-100KN, Yice Corp.,
China) was used to measure flexural strength, fracture toughness,
and compressive strength of Nb,SB ceramic. For each measurement,
three samples were tested. The dimensions of specimens were
15x2x18 mm> (GB/T 6569-2006), 2x4x18 mm> (GB/T
23806-2009), and 4x4x8 mm? (GB/T 8489-2006), respectively.
The flexural strength was evaluated by a three-point bending
method, and the fracture toughness was measured using a single-
edge notched beam (SENB) method with the notch of 2 mm in length
and 0.3 mm in width. When testing the flexural strength and frac-
ture toughness, the span was set to be 16 mm and the cross-head
speeds were 0.5 and 0.05 mm/min respectively. For the compressive
test, the descent speed of the cross-head was set to be 0.5 mm/min.
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Fig. 2. XRD patterns of samples synthesized with different molar ratio at 1350 °C: (a)
Nb: S:B=2:1:1,(b)Nb: S: B=2:1.1: 1,(c)Nb: S: B=2: 1.2: 1, (d) Nb: S: B=2: 1.3: 1,
(e) Nb: S: B=2: 1.4: 1, and (f) Nb: S: B =2: 1.5: 1. XRD pattern of Nb,SB calculated is
shown in Fig. 2(g) for comparison.

(2)

-Nb,SB(002)
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Fig. 3. XRD spectra of samples synthesized with different ratio at 1350 °C: (a) Nb: S: B

=2:13:1, (b) Nb: S: B =2: 1.3: 0.9, (c) Nb: S: B =2: 1.3: 0.8, and (d) Nb: S: B =2:
13: 0.7.
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Fig. 4. Comparison between the observed (black cross x) and calculated XRD (red
line) patterns of Nb,SB. The blue line indicates the difference between the observed
and calculated XRD patterns. The green and purple vertical short lines below the
patterns represent the peak positions of Nb,SB and NbB phases, respectively.

3. Results and discussion
3.1. Synthesis of Nb,SB ceramics

Fig. 1(a)-(f) show the X-ray diffraction (XRD) patterns of the
samples (Nb:S:B =2:1:1) sintered by spark plasma sintering at
850-1650 °C. The theoretical XRD spectra of Nb,SB ceramic used for
comparison is shown in Fig. 1(g). The phase compositions of samples
sintered at the different temperatures are summarized in Table 1. It
is seen that at 850 °C the formed phases are NbS, and NbsBg
(Fig. 1(a)), thus, the reaction equations could be described as:

Nb + 25 = NbS, (1)
5Nb + 6B = NbsBg 2)

Here, because B and S are relatively light elements, they could not
be detected in the XRD pattern. When further increasing the tem-
perature to be 1050 °C, more NbS, and NbsBg appear and NbB, phase
was also detected with the consumption of Nb (Fig. 1(b)). The re-
action might be:

Nb + 2B = NbB, 3)

Interestingly, it is observed that at 1250 °C Nb,SB has been fab-
ricated with the decreasing content of Nb, NbS,, and NbsBg. Also,
NbB, phase was consumed, and other phases of NbB and NbS were
formed (Fig. 1(c)). The formation reactions could probably be:

4Nb + 3NbS, + NbsBg = 6 Nb,SB (4)
Nb + NbB, = 2NbB (5)
Nb + NbS, = 2NbS (6)

When sintering the sample at 1350 °C, all of the Nb, NbsBg, and
NbS, phases disappear and only Nb,SB and NbB phases exist in the
sample (Fig. 1(d)). Therefore, the formation reaction might be:

NbB + NbS = Nb,SB (7)

However, at the sintering temperature above 1450 °C, new im-
purity of NbS phase was examined and more NbB phase appears
(Fig. 1(e)), which should be ascribed to the decomposition of Nb,SB.
The decomposition equation is:

NDb,SB = NbS + NbB (8)
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Table 2
Calculated and observed data of reflections, 26, d-spacing, and intensities of Nb,SB.

(hkl) 20ca. (°)  200bs. (°)  dca () dobs. (A)  Iflocar (%) Iloobs. (%)
(002) 15.329 15.342 5.776 5.771 4522 3.321
(100) 30.935 30.927 2.888 2.890 30.186 34.239
(004) 30.941 30.968 2.888 2.885 12.781 13.934
(101) 31912 31.906 2.802 2.803 24.995 24.060
(102) 34.697 34.696 2.583 2.583 0.035 0.325
(103) 38.949 38.955 2.310 2.310 100 100
(104) 44320 44334 2.042 2.042 10.270 7.968
(006) 47170 47.213 1.925 1.924 8.269 8.937
(105) 50.550 50.573 1.804 1.803 1.784 2.077
(110) 55.023 55.008 1.668 1.668 27.647 26.230
(112) 57474 57.464 1.602 1.602 0.872 0.361
(106) 57.481 57.514 1.602 1.601 8.443 7.342
(200) 64.469 64.451 1444 1.445 3.518 4.027
(114) 64.472 64.474 1.444 1.444 9.545 9.652
(008) 64.482 64.544 1.444 1443 1.356 1.295
201) 65.032 65.015 1433 1433 3.244 2.820
(107) 65.042 65.085 1433 1432 11.271 10.311
(202) 66.707 66.694 1401 1401 0.017 0.050
(203) 69.454 69.445 1352 1352 17.209 17.458
(204) 73.220 73.218 1.292 1.292 2.221 1.614
(108) 73.230 73.284 1.291 1.291 0.947 1.360
(116) 75.340 75.361 1.260 1.260 12.065 13.304
(205) 77.956 77.962 1.225 1.225 0.487 0.650
(109) 82.105 82.173 1173 1172 4.066 4.247
(206) 83.637 83.653 1155 1155 2917 2.600
(0010) 83.649 83.738 1155 1154 1.446 1150
(210) 89.756 89.728 1.092 1.092 3.023 3.519
(118) 89.768 89.812 1.092 1.091 3.520 3.535

Even at the temperature of 1650 °C, Nb,SB phase still exists
(Fig. 1(f)), indicating that it is a candidate to be used in the high
temperature field.

Based on the XRD analysis, it is determined that the optimum
sintering temperature of Nb,SB ceramic is 1350 °C because only NbB
impurity coexists in the sample. Similar to Ti,SC [25], the formation
of Nb,SB is from the combination of Nb, NbS,, and NbsBg, or NbB
and NbS.

In order to fabricate high purity Nb,SB ceramics, more sulfur was
added to compensate the loss during the sintering because the
melting point of sulfur is only 112 °C which leads to the evaporation
at high temperature. Fig. 2(a)-(f) display the XRD spectra of Nb,SB
samples sintered at 1350 °C with the different molar ratio of Nb, S,
and B. It can be clearly seen that when the molar ratio of Nb: S: B is
2:1.3: 1 the synthesized Nb,SB sample has the least impurity of NbB,
corresponding to the weakest diffraction peak intensities of (110),
(111), and (130) planes (Fig. 2(d)). Therefore, the optimized molar
ratio to obtain high purity Nb,SB is Nb: S: B =2: 1.3: 1.

Furthermore, in order to remove the impurity of NbB, the B
content in the initial mixture powders was also changed. Fig. 3(a)-
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Fig. 6. The temperature dependence of thermal expansion measured in nitrogen from
24°C to 1100 °C.

(d) show the XRD patterns of sintered Nb,SB samples prepared by
using the different B additive. It is found that with the decreasing B
content the impurities of Nb-S compounds such as Nby;Sg, Nb4Ss,
and NbS, appear more. So, it is not a wise way to reduce boron
content. Finally, the optimized synthesis parameters of high purity
Nb,SB ceramics sintered by spark plasma sintering are determined
as Nb: S: B =2:1.3: 1,1350 °C, 10 min holding, and 30 MPa pressure.

Since the discovery of Nb,SB phase, no full set of XRD data was
given in the published paper [19]. Here, it is necessary to clearly
describe the diffraction data to make this compound understood
more. Fig. 4 shows the XRD pattern and Rietveld refinement result of
high purity Nb,SB ceramic. The Rietveld refined accuracies are
Rwp=7.75 and R,=5.63, high enough to supply the credible data.
Additionally, it was calculated that the sample contained 96 wt%
Nb,SB and 4 wt% NbB, suitable to be characterized for physical and
mechanical properties. The refined crystal parameters are a = 3.336/;\
and c=11.541 A, which are close to the reported values (a= 3.335A
and ¢ = 11.551 A) [19]. Table 2 summarizes the calculated and ob-
served data of diffraction plane, 26, interlayer spacing d, and peak
intensity of Nb,SB.

3.2. Microstructure characterization

The density of bulk Nb,SB sample was measured using the
Archimedes’ principle, which is 6.84 g/cm?, corresponding to the
high relative density of 99.7%. The scanning electron microscope
(SEM) image of the polished surface after etching is shown in

Fig. 5. Scanning electron microscope (SEM) micrographs of (a) etched and (b) fracture surface of Nb,SB ceramic.

4
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Fig. 7. Thermal diffusivity of Nb,SB ceramic measured in vacuum from room tem-
perature to 800 °C.

Fig. 5(a). It is seen that the grains of Nb,SB grow randomly in all
directions, and no texture microstructure could be observed. The
laminar microstructure of individual grain exhibits the typical layer
character, similar to those of other MAX phases of Ti,SC and Zr,SC.
The calculated mean grain size is about 6 pm in length and 3.6 um in
width, showing the fine microstructure. Additionally, by observing
the fracture surface of Nb,SB ceramic, it is found that transgranular
fracture is the main damage mode and nearly no layered character of
grains could be observed (Fig. 5(b)), which means that the as-
prepared Nb,SB ceramic would probably exhibit the high brittleness.

3.3. Physical properties evaluation

Fig. 6 displays the thermal expansion curve of Nb,SB ceramic
measured from 24 to 1100 °C. After linear fitting, an equation versus
temperature was obtained and drawn as a straight line. The equation
of atec1100°c =—0.01984 + 0.000739 T with a R-square of 0.9989 could
be achieved. The mean thermal expansion coefficient in the range of

26
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24-1100°C was calculated as 7.1x107® K™!, which is lower than
those of Ti,SC (8.4-9.3 x 10°° K1) [30] and Zr,SC (8.8 x 106 K1) [27].

Fig. 7 shows the temperature dependence of thermal diffusivity.
The result exhibits that the thermal diffusivity of Nb,SB ceramic
increases from 5.58 mm?/s to 7.07 mm?/s in the temperature range
of 25-800 °C. It seems that although the thermal diffusivity of Nb,SB
increases with the increment of temperature, the thermal diffusivity
is still a low value.

The heat capacity and thermal conductivity of Nb,SB ceramic are
shown in Fig. 8. As the temperature rises from room temperature to
800°C, the heat capacity shows an upgraded tendency from
0.36])-g7-K™! to 0.49]-g7-K™!, which fits a third-order polynomial
[31]. At the same temperature range, the thermal conductivity in-
creases from 13.79 W.-m 'K to 23.59 W-m™.K"'. The heat capacity
and thermal conductivity of Nb,SB ceramic at room temperature are
lower than those of Ti,SC (0.57-0.59]-g -K™!, 53.4-60 W-m™'.K™1)
[22,25,30], and also lower that those of Zr,SC (0.4]g LK,
38 W-m .K™") [27] at 100 °C.

In addition, the electrical conductivity of Nb,SB ceramic was
measured as 1.17 x 106 Q"":m™! at room temperature. In comparison
with that of Ti,SC (1.85-1.92 x 106 Q" -m™), the conductivity value of
Nb,SB is smaller.

3.4. Mechanical properties evaluation

The physical and mechanical properties of Nb,SB ceramic are
listed in Table 3 and compared to other typical S-containing MAX
phases of Ti,SC and Zr,SC. It is seen that the flexural strength of
Nb,SB ceramic is 249 + 17 MPa, lower than both of Ti,SC (394 MPa)
[25] and Zr,SC (275 + 10 MPa) [27]. The fracture toughness of Nb,SB
is 4.76 + 0.36 MPa-m"/2, which is close to that of Ti,SC (4-6 MPa-m"/
2y [22,25,30]. The measured compressive strength of NDb,SB is
1157 + 73 MPa, which is greatly higher than that of Ti,SC
(736 MPa) [25].

The hardness and damage tolerance of Nb,SB ceramic were
evaluated by measuring Vickers hardness as a function of indenta-
tion load, as shown in Fig. 9. At a low indent load of 1N, the Vickers
hardness of Nb,SB has a high value of 13.34 GPa. With the increasing
load, the hardness value decreases correspondingly to approach a

0.55

24 -

Thermal conductivity (W-m™"-K')

12 1 " 1 " 1

0.50

0.40

Heat capacity (J -g"-K")

0.35

1 1 1 1 0.30

400

600 800

Temperature (°C)

Fig. 8. Temperature dependence of thermal conductivity and thermal capacity of Nb,SB ceramic measured in the temperature range of 25-800 °C.
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Table 3

Comparative analysis of physical and mechanical properties of Nb,SB, Ti,SC, and Zr,SC.
Properties Nb,SB Ti,SC [22,25,30] Zr,SC [27]
Molecular weight (g/mol) 228.67 139.8 226.5
Density (g/cm?) 6.84 4.60-4.62 -
Vickers hardness (GPa) (10N) 11.8 £ 0.37 6.7-8 6.4
Flexural strength (MPa) 249 + 17 394 275+ 10
Fracture toughness (MPa-m'/?) 4.76 + 0.36 4-6 -
Compressive strength (MPa) 1157 £ 73 736 -
Electrical conductivity (x106 Q"'-m™) (25 °C) 117 1.85-1.92 -
Thermal expansion coefficient (x1076 K™') 71 8.4-9.3 8.8
Heat capacity, C, (J.g"-K™") (25°C) 0.36 0.57-0.59 0.5 (100 °C)
Thermal conductivity (W- m™- K1) (25 °C) 13.79 53.4-60 38 (100 °C)

Vickers hardness (GPa)

Load (N)

Fig. 9. Vickers hardness as a function of indentation load. Inset image is an indent
induced at 300 N.

constant, presenting the typical rule of Indentation-Size Effect (ISE)
[32-36]. At the load of 10N, the Vickers hardness of Nb,SB is
11.89 + 0.37 GPa, higher than those of Ti,SC (6.7-8 GPa) [22,25,30]
and Zr,SC (6.4 GPa) [27]. In addition, the indent induced at 300N is
shown in the inset image, which has a square shape. No grains
pushing-out, grains crushing, and delamination can be observed and
at the diagonals the cracks appear. It is concluded that Nb,SB
ceramic has the strong bonding in the crystal structure, resulting in
the high hardness.

4. Conclusions

High purity B-containing MAX phase of Nb,SB ceramic has been
successfully fabricated by spark plasma sintering. The reaction path,
microstructure, physical and mechanical properties were system-
atically investigated. The obtained conclusions are listed as follows:

(1) The optimized molar ration to synthesize high purity Nb,SB
ceramic is Nb: S: B =2: 1.3: 1, and the optimum sintering para-
meters are 1350 °C, 10 min holding, and 30 MPa pressure. The
formation of Nb,SB is from the combination of Nb, NbS,, and
NbsBg, or NbB and NbS. The obtained dense Nb,SB ceramic has
the high purity of 96 wt% and high relative density of 99.7%. The
mean grain size is about 6 pm in length and 3.6 pm in width.

(2) The measured thermal expansion coefficient of Nb,SB ceramic in
the range of 24-1100 °C is 7.1 x 107 K™'. The thermal diffusivity
of Nb,SB ceramic increases from 5.58 mm?/s at 25°C to
7.07 mm?/s at 800 °C with the increment of temperature. The
heat capacity and thermal conductivity at 25 °C are 0.36]-g'-K"!

and 13.79W-m "K', respectively. And the electrical con-
ductivity at room temperature is 1.17 x 10® Q"'.m™.

(3) The measured flexural strength and fracture toughness of Nb,SB
ceramic are 249 MPa and 4.76 MPa-m'/?, respectively. The com-
pressive strength of Nb,SB is 1157 MPa and the Vickers hardness
is 11.89 GPa. The excellent physical and mechanical properties
endow Nb,SB ceramic as the good candidate utilized in the high
temperature fields as structural-functional integrated materials.
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