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Abstract

TiC and Mo were introduced into B4C-based ceramic nozzles, which were obtained by hot-press sintering. The effect of TiC content
on mechanical properties and erosion behavior of B4C-based ceramic nozzles were analyzed. XRD analysis showed that chemical
reactions took place during the sintering process, which resulted in B;C/Mo/TiB, ceramic nozzle with high density and improved
mechanical properties compared with B4C/Mo ceramic nozzle. The sintering temperature was decreased from 2150 °C for B4C/Mo
ceramic nozzle to 1950 °C for B4C/Mo/TiB, ceramic nozzle. Results of erosion wear tests indicated that the hardness and toughness
were the key factors influencing the erosion rate of B4C/Mo/TiB, ceramic nozzle. Analysis of the eroded bore surfaces of B;C/Mo/TiB,
ceramic nozzle showed that the entry bore section exhibited a brittle fracture induced material removal process, and the center bore
section showed plowing and polishing of material removal. Fracture and plowing of material removal occurred at the exit bore section.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Sandblast is widely applied in the field of mechanical
engineering, chemical industry, etc. Nozzle is one of the key
components affecting the sandblast process. B4C has an
excellent hardness, a high melting point, low specific weight
and good chemical inertness at room temperature [1,2].
Especially, B4C is best recognized for its high hardness and
erosion resistance, making it a promising candidate for wear
resistance component. Abrasive air-jet nozzles made of boron
carbide with high relative density and excellent wear resistance
provides a longer life compared with those made of other
materials [3,4]. However, it is difficult to sinter pure B4C close
to theoretical density due to the low diffusion of B,C.
Researchers have attempted to accelerate the sintering process
of B4C and improve its mechanical properties by incorporating
second phases such as TiB,, (W,Ti)C, SiC and Al,O/TiB, into
B,4C, and many interesting results have been obtained [4-6].

There commonly exists in commercial B4C powder a few
impurities (B>0O3), forming a compact layer in the sintering
process and restraining the sintering of B4C-based ceramics.
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Carbon is regarded as an effective additive to accelerate the
densification of B4C by eliminating the detrimental role of
B,Os;. The addition of carbon in B4C ceramic, however,
decreases its mechanical properties. Hence we try to find an
approach to eliminate B,O3; without the addition of carbon
in our studies.

Although there are considerable interests on the erosion of
ceramic materials, little work has been reported on the
erosion behavior of B4C/Mo/TiB, ceramic nozzles. In this
paper, B4C/Mo/TiB, ceramic nozzles with different contents
of TiC were prepared by hot-pressing. TiC was expected to
eliminate B,O5 and accelerate the densification of B4C based
ceramic nozzles. The mechanical properties and microstruc-
tures of the nozzles were investigated. Furthermore, erosion
experiments were carried out for testing the erosion behavior
of B4C/Mo/TiC ceramic nozzles.

2. Experimental procedure

The grain sizes of B4C, Mo and TiC were 3-5 pm, 0.5 pym
and 3 um, respectively. B4C/Mo (mass ratio 18:1 ) was used
as the base material. The mixtures of B,C and Mo were
homogenized with ethanol in vibratory ball mill for 60 h
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Table 1

Starting compositions, mechanical properties, preparation parameters of B4C/Mo based ceramic nozzles.

Samples Compositions Hardness (GPa) Fracture toughness Bending strength ~ Relative density = Preparation parameters
(Wt %) (MPa .m'?) (MPa) (%)
Temperature (°C)  Time (iin)
SA00 100%(B4C+Mo) 21.0+1.3 331+0.6 450 + 30 94.6 +0.5 2150 60
SA05 95%(B4C+Mo)+5%TiC 225+ 1.2 40+0.5 445 + 28 96.0+0.3 1950 60
SA10 90%(B4C+Mo0)+10%TiC 243+ 1.1 43+04 525+ 36 98.5+0.5 1950 60
SAILS 85%(B4C+Mo)+15%TiC 243+ 1.0 32+04 530 +25 98.6 +0.2 1950 60
SA20 80%(B4C+Mo)+20%TiC 23.1+1.0 3.14+0.5 430 + 30 98.14+0.3 1950 60

using cemented carbide balls. TiC was added to B,C/Mo
mixtures according to the combinations listed in Table 1 and
was ball milled for 60 h to obtain a homogeneous mixture.
The container with an internal diameter of 150 mm is made
of cemented carbide, rotating with a speed of 100 r/min. The
average particle size of the final milled powders was less than
1.5um. Then the mixtures were washed in 10% (mol.)
hydrochloric acid to remove metal impurities.

Six samples, chosen from one nozzle with the same
compositions, were used for measuring the density and
mechanical properties at room temperature. Test samples were
cut with dimension of 3 mm x 4 mm x 30 mm for measuring
mechanical properties. Three-point-bending mode was used to
measure the bending strength using an electronic universal
experimental instrument with a span of 20 mm at a crosshead
speed of 0.5 mm/min (produced by Jinan TEST Co., Ltd.).
Vickers hardness was measured on polished surface with a
load of 9.8 N for 5s with a micro-hardness tester (MH-6).
Fracture toughness measurement was performed using the
indentation method with a hardness tester (Hv-120). The
density of samples was determined by the Archimedes method.
For hardness and fracture toughness, the average of twelve
indentation results for each sample was adopted in order to
minimize data scattering and decrease the relative error.

Erosion wear tests were conducted with a GS-6 abrasive air-
jet machine, and the schematic diagram of the equipment is
shown in Fig. 1. Nozzles were washed by ultrasonic in ethanol
for 30 min after erosion, and weight loss was tested by an
electronic balance. The compressed air pressure was set at
0.4 MPa. The erodent abrasives were silicon carbide (SiC)
powders with grain size of 165-185 um, hardness of 32.8—
34 GPa and density of 3.15 g/em®. The phases of the fabri-
cated B4C based ceramic nozzles were determined using XRD
(D/max-2400). Microstructures and eroded surfaces of the
fabricated nozzles were examined with a scanning electron
microscope (HITACHI S-570).

3. Result and discussion
3.1. X-ray diffraction phase analysis

Fig. 2 shows the XRD analysis of SA10 sample sintered
at 1950 °C for 60 min. There were B4C, TiB,, Mo phases in
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Fig. 1. Schematic diagram of the abrasive air-jet machine tool (1. ceramic
nozzle, 2. blasting gun, 3. sand hopper, 4. flow meter, 5. air supply tube, 6.
control valve, 7. pressure gage, 8. filter, 9. air compressor).

the sample and no trace of TiC was found. TiB, may be
formed by the following reaction:

B4C+2TiC - 2TiB,+3C (1)

Based on the thermodynamic analysis of chemical
reactions [7,8], the value of the Gibbs free energy (AG%)
of Eq. (1) was less than zero, which indicated that the
equation could occur during the sintering process. Simul-
taneously, C was produced as shown in Eq. (1), which may
contribute to enhance the densification of B4C based
ceramic nozzles, as C can eliminate boron oxide impurity.
The following reaction took place during the hot-press
sintering process: [9]

B,0;+7C - B,C +6CO )

Some C formed as shown in Eq. (1) eliminated boron
oxide impurity, accelerating the densification of B4C based
ceramics, and the left C in SA10 sample may be too small
to be determined by XRD.
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Fig. 2. X-ray diffraction analysis of the SA10 sample.

3.2. Mechanical properties and microstructures of the
nozzles

The relative densities and mechanical properties of B4C
based ceramic nozzles are shown in Table 1. The relative
densities of all samples with TiC addition sintered at
1950 °C were higher than 95%, while that of the sample
without TiC addition sintered at 2150 °C was only 94.6%.
The relative density increased with the increase in the TiC
content, and the sintering temperature was lowered from
2150 °C for B4C/Mo ceramic nozzle to 1950 °C for B4C/
Mo/TiC ceramic nozzle. The improved relative density
may be mainly due to the elimination of boron oxide
impurity and the quantity of heat produced as shown in
Eqgs. (1) and (2). Being produced by chemical reaction and
distributed homogeneously in the nozzle, the in-situ
formed TiB, had more surface energy than those directly
incorporated into B4C based ceramic nozzles, which could
be another reason that contributed to accelerate the
sintering of B4C/Mo/TiC ceramic nozzles.

It could be seen from Table | that B4C/Mo/TiC ceramic
nozzles showed better overall performance, with respect to
B4C/Mo ceramic nozzles fabricated at a higher sintering
temperature. The hardness raised from 21 GPa to
24.3 MPa as TiC content increased from 0 to 10 wt%.
The trend of the bending strength and fracture toughness
were similar with that of the hardness. The hardness,
fracture toughness and bending strength of SA10 sample
reached 24.3 GPa, 4.3 MPa m'? and 525 MPa respectively,
which were enhanced by 15.7%, 30.3% and 16.7%,
respectively, with respect to SA00 sample.

SEM photomicrographs of fracture surfaces for SA00
and SA10 sample are shown in Figs. 3 and 4. In Fig. 3, the
dark area was identified by EDX analysis to be B4C and
the light area to be Mo. The dark area in Fig. 4 was also
B4C and the light area was TiB,. The grain shapes were
irregular and some porosity appeared in SAO0 sample as
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Fig. 3. SEM photograph of fracture surface of SA00 sample.
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Fig. 4. SEM photograph of fracture surface of SA10 sample.

seen in Fig. 3. These pores served as fracture origins and
led to the degradation of strength and fracture toughness.
In addition to this, there existed a transgranular cleavage,
which could decrease the fracture toughness of SA00
sample. SA10 sample had a more homogeneous micro-
structure and few pores existed, which may contribute to
the improved bending strength and fracture toughness.
The fracture mode of SAO0 sample was mainly transgra-
nular failure, while the pull-out of grains was observed in
SA10 sample, so the fracture mode turned to the combina-
tion of transgranular failure and intergranular failure for
SA10 sample. Some researchers considered transgranular
fracture for B4C based ceramics denoting low rapture
energy and mixed fracture mode meaning high rapture
energy [5,10,11]. Therefore, the variation of fracture mode
contributed to the enhanced mechanical properties for
SA10 sample. Higher relative density, more uniform
microstructures, mixed fracture mode associated with the
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reduction of porosity may be the main reason contributed
to the improved hardness, fracture toughness and bending
strength of B4C/Mo/TiC ceramic nozzles [3,8]

3.3. Erosion behavior of B,C/Mo/TiC ceramic nozzles

Fig. 5 illustrates the cumulative mass loss of B4C/Mo/
TiC ceramic nozzles in abrasive air-jet. It was noted that
the cumulative mass loss continuously increased with the
erosion time, and SA10 sample showed the best erosion
resistance under the same test conditions. The worn nozzle
entry and exit bore diameter variation with the erosion
time are shown in Fig. 6. It was shown that for both entry
and exit the bore diameter increased linearly with the
erosion time and enlarged fast up to 90 min operation, and
then it enlarged gradually for the following 150 min of
operation, which indicated that the erosion rate in the
entry and exit reached a maximum from 0 to 90 min
operation. The reason that resulted in this phenomenon
may be that erosion rate of B4C/Mo/TiC ceramics
increased with the increase in the impact angle [12]. Within
further 150 min operation, the relation between bore
diameter variation and the erosion time changed owing
to the decreased impact angle. The entry and exit bore
section of SA10 sample after 240 min operation is shown
in Fig. 7. The entry bore section was severely worn, while
the exit bore was slightly worn, indicating that the impact
angle in the entry bore was bigger than that in the exit bore
section.

The erosion rates of the nozzles are shown in Fig. 8. The
values of wear rate were 1.95, 1.422, 0.845, 1.059 and 1.4
for SA00, SA05, SA10, SA15 and SA20 respectively.
Erosion rates of samples with in-situ formed TiB, were
lower than that of sample without TiB,. Many researches
showed that erosion properties of nozzle were significantly
affected by their mechanical properties [3,4,6,12]. Therefore
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Fig. 5. The cumulative mass loss of B4C/Mo/TiC ceramic nozzles.
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Fig. 6. The entry and exit bore diameter of SA10 sample variation with
the erosion time.

the erosion resistance of B4C/Mo/TiC ceramic nozzles was
enhanced may be mainly due to the in-situ formation of
TiB,, which can contribute to the improved mechanical
properties of the nozzles.

The following equation can express the relationship
between mechanical properties and volume erosion rate
Ey[11,13]:

1

EV oC —H5/2K1C

3)
where H denotes the hardness, and K;- denotes the
fracture toughness. Ej is plotted as a function of the
hardness and fracture toughness, as shown in Fig. 9(a).
It was seen that £y increased logarithmically with increase
in the reciprocal of product for fracture toughness and 2.5
times hardness. The fracture toughness of SA20 was lower
than that of SA05 (Table 1), while the erosion rate of SA05
(with lower hardness) was higher than that of SA20 (with
higher hardness), indicating that the hardness of B4C/Mo/
TiC ceramic nozzles influenced their E, greatly. E,,
decreasing logarithmically with the increasing of hardness,
was plotted as a function of hardness in Fig. 9(b). With the
same hardness, however, SA10 and SA15 had different
erosion rates (Table 1 and Fig. 8), which showed that
fracture toughness would play a key role in influencing the
erosion behavior of B4C/Mo/TiC ceramic nozzles with the
same hardness.

Fig. 10 shows SEM micrographs of the worn inner bore
surfaces of SA10 at different areas after 240 min. There
existed differences among the erosion surfaces of entry,
middle and exit of B;C/Mo/TiC ceramic nozzles. A lot of
obvious cavities were located on the entry surface, indicat-
ing that it suffered from severe impacting, which exhibited
the character of fracture induced material removal
(Fig. 10(a)). It was relatively smooth at the middle surface
by contrast with the entry surface, and some plowing
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Fig. 7. Bore sections of worn SA10 sample after sand blasting: (a) entry section and (b) exit section.
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Fig. 8. Erosion rates of B4C/Mo based ceramic nozzles.

features characteristic could be observed (Fig. 10(b)). The
appearance of exit surface showed obvious small pits and
scratches, which indicated that material removal of frac-
ture and plowing occurred (Fig. 10(c)).

It is well known that the plastic deformation and the
fracture induced material removal are two mechanisms of
material removal. The plastic deformation usually appears
for ductile material, displaying maximum erosion rate at
low impact angles, while the fracture usually appears for
brittle material, displaying maximum erosion rate at
normal impact angle [14]. Both types of material removal
may occur simultaneously for the variation of local stress
state, which is influenced significantly by the impact
angle. Fig. 11 shows the interaction model of particles
with nozzle in sand blasting process. A brittle fracture
induced removal in the entry surface may be caused by a
large impact angle almost up to 90°. The entry surface

suffers from severe abrasive impact, which may cause
lateral cracks in the subsurface and facilitates the
removal of the material ships [15]. Most of the particles
travelled parallel to the nozzle wall at middle section,
which indicated that the abrasive particles hit the nozzle at
low angles. Erosion at the exit surface was slighter than
that at the entry surface, and was severer than that at the
middle surface, since the impact angle at the exit surface
was smaller than that at the entry surface, and was larger
than that at the middle surface. The larger the impact
angle was, the severer the erosion would be. It was
concluded that the material removal mode of fracture at
the entry surface may attribute to the stress at the entry
surface almost up to the strength of B;C/Mo/TiB, ceramic
nozzles, and that of plowing at the middle surface may
attribute to the far away lower stress than the strength of
the nozzle.

4. Conclusions

B4C/Mo/TiC ceramic nozzles with different content of
TiC were fabricated by hot pressing. The sand erosion
performances of B4C/Mo/TiC ceramic nozzles in abrasive
air-jet machining were analyzed. The following conclusions
were obtained:

1. Chemical reaction between B4C and TiC took place and
resulted in B4C/Mo/TiB, composite with high density
and improved mechanical properties compared with
B4C/Mo ceramic nozzle. The sintering temperature
was lowered from 2150 °C for B4C/Mo ceramic nozzle
to 1950 °C for B4C/Mo/TiB, ceramic nozzle.

2. The hardness of B4C/Mo/TiB, ceramic nozzles had
an important influence on the erosion rate in sand
blasting. The nozzle materials with higher hardness
showed lower erosion rate. By having the same hard-
ness, the fracture toughness would play a key role in
influencing the erosion behavior of B4C/Mo/TiB, cera-
mic nozzles.
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Fig. 9. Effect of (1/(H**K;c)) and hardness of the erosion rate of B4C/Mo based ceramic nozzles: (a) (1/(H**Kic)) and (b) H.

20pm Electron Image 1

Fig. 10. SEM micrographs of the worn inner bore surfaces of SA10 sample at different areas after 240 min operations: (a) entry, (b) middle and (c) exit
surface.

3. Analysis of the eroded bore surfaces showed that the The material removal mode of fracture at the entry
entry bore surface exhibited a brittle fracture induced surface may be attributed to the stress at the entry
removal process, while the center bore surface showed surface almost up to strength of B4C/Mo/TiB, ceramic
plowing and polishing type of material removal nozzles, and that of plowing at the middle surface may
mode. Fracture and plowing of material removal be due to the far away lower stress than strength of the

model seemed to be occurred at the exit bore surface. nozzle.
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Fig. 11. Interaction of particles with nozzle in sand blasting process.
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