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Mechanical alloying processes were carried out in a Spex mixer/mill to synthesize W–2wt% B4C–xwt% C
(x = 0, 0.25, 0.5, 1) powders for durations of 1 and 9 h in argon atmosphere. Mechanically alloyed powders
were consolidated into green compacts by uniaxial cold press under 500 MPa and solid phase sintered at 1770 ◦C
under hydrogen and argon atmospheres for 1 h and 5 h. Effects of milling duration as well as C addition on the
microstructural and mechanical properties of the sintered W–2wt% B4C–xwt% C composite samples were investi-
gated. The microstructural and mechanical characterizations of the sintered samples were carried out by scanning
electron microscope, energy dispersive X-ray spectroscopy, X-ray diffraction, and Vickers hardness analyses. Den-
sity measurements and hardness measurements of the sintered samples were also carried out.
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1. Introduction

Tungsten (W) has the highest melting point (varies
between 3387 ◦C and 3422 ◦C) of all elements except car-
bon. With a density of 19.25 g/cm3, W is also among the
heaviest metals. W matrix composites reinforced with
carbide, boride, and oxide particles are quite attractive
for different structural applications and for some nuclear
applications at high temperatures and at severe service
conditions [1–6].

Tungsten borides such as W2B, WB, and W2B5 have
high hardness, heat resistance, and wear resistance which
makes them attractive candidate materials for severe ser-
vice conditions [7, 8]. High energy mechanical milling is
a very effective process for synthesis of metal/ceramic
composite powders and for producing powders with na-
nocrystalline structures [9]. W–B4C–C systems can be
utilized to synthesize tungsten borides. Boron carbide
(B4C) is a ceramic material which has strong covalent
bonds. Consequently, it is extremely hard, with low den-
sity, high elastic modulus, and low sinterability [3].

The aim of the present investigation was to study the
effects of carbon rate on the properties of mechanically
alloyed and sintered W–2wt% B4C–xwt%C (x = 0, 0.25,
0.5, 1) composites. Laser diffraction size analysis, na-
nosizer, X-ray diffraction (XRD), and scanning electron
microscopy (SEM) were used to characterize the powders
and density and microhardness measurements were made
on sintered composites from these materials.
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2. Materials and method

Elemental tungsten (W) powders (Eurotungstene™,
99.9% purity, 42 µm average particle size) as the matrix
of the powder composite and boron carbide (B4C) pow-
ders (Alfa Aesar™, 99.9% purity, 7 µm average particle
size) reinforcing particles were utilized in this investiga-
tion. Moreover, 0–0.25–0.5–1wt% graphite powders (Alfa
Aesar™, 99.9% purity, 21 µm average particle size) were
added to each batch as a process control agent (PCA)
to eliminate cold welding between powder particles and
thereby to prevent agglomeration.

W, B4C, and C powders were blended to constitute the
compositions of W–2wt%B4C–xwt%C (x = 0, 0.25, 0.5,
1) which were mechanically alloyed for 1 and 9 h. High-
energy milling experiments were carried out in a Spex™
DuoMixer/Mill 8000D using a tungsten carbide (WC)
vial and WC balls (6.35 mm in diameter) as milling me-
dia. The ball-to-powder weight ratio (BPR) was 10:1.
To avoid oxidation during mechanical alloying (MA), the
vials were sealed inside a Plaslabs™ glove box under Ar
gas (99.995% purity). Mechanically alloyed powders were
cold-pressed at a pressure of 50 MPa in an APEXTM™
3010/4 uni-action hydraulic press. Pressed samples were
sintered in a Linn™ high temperature hydrogen furnace
at 1770 ◦C under inert Ar (introduced between room tem-
perature to 600 ◦C and 1100–1770 ◦C), and reducing H2

(introduced between 600 and 1100 ◦C) gas flowing condi-
tions for 1 h and 5 h.

Morphological characterizations were carried out using
JEOL™ JCM-6000 Neoscope Benchtop scanning electron
microscope attached with JEOL™ WX-36210DPP EDS
unit (energy dispersive spectrometer) with an accele-
rating voltage 15 kV. Microstructural characterizations
were carried out using a Bruker™ D8 Advance XRD
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(Cu Kα radiation) and SEM. Sintered densities were me-
asured by using the Archimedes density method. The
Vickers microhardness tests were conducted on sintered
samples using a Shimadzu™ microhardness tester under a
load of 500 g for 15 s. Microhardness test result for each
sample is the arithmetic mean of at least 10 successive
indentations and standard deviations.

3. Results and discussion

Table I shows that the compositions and relative Ar-
chimedes density of the W–2wt%B4C–xwt%C (x = 0,
0.25, 0.5, 1) composites. Relative Archimedes density va-
lues generally increase with increasing MA durations. At
the same time relative Archimedes density values increase
with increase of sintering time. Maximum relative Archi-
medes density value shown inW2B0.5C–MA9h–S5h com-
posite, while minimum relative Archimedes density va-
lues shown W2B0.25C–MA1h–S1h composite (Table I).

Fig. 1. XRD patterns of the sintered bulk composites:
(a) 1h MA 1770 1h, (b) 9h MA 1770 5h.

X-ray diffraction patterns of W–2wt%B4C–xwt%C
(x = 0, 0.25, 0.5, 1) sintered bulk composites for diffe-
rent milling times are shown in Fig. 1a and b. The XRD
patterns of sintered composites reveal the presence of the
characteristic peaks of the W and W2B phase. W2B and
W peaks can be seen and characteristic peaks of B4C and
C do not appear. With increase in milling timeW2B peak
intensities reduced, excluding 1 h MA’d and 1 h sintered
composites. With increase C rate W2B peak intensities
reduced drastically, especially include 1wt% C composi-
tes. With increase of C rate and sintering time increased
B and C solubility in the W matrix WC peaks do not
appear, probably, due to the low amount. As seen in
Fig. 2a–d, increase of milling time caused the dispersion
of the carbide phases more homogeneously. However, af-
ter 1 h MA time, microstructures are very heterogene-
ous and porous. After 9 h MA duration, microstructures
have homogeneous phases. After 5 h sintering time, mi-
crostructures are more homogeneous and dense than 1 h.
EDS point analysis used to figure out the B and C pha-
ses dispersed in W matrix which can be seen in Fig. 2e–
h and Table II. This analysis supported decarburization
and formation of W2B phase. At grain boundaries, even
so B4C and WC phases present, B4C decarburized on a
large scale. Increasing with weight percent of C, decar-
burization rate decrease.

Fig. 2. SEM microstructures and EDS point analy-
ses of the sintered composites: (a) W2B0.5C–MA1h–
S1h, (b) W2B0.5C–MA1h–S5h, (c) W2B0.5C–MA9h–
S1h, (d) W2B0.5C–MA9h–S5h, (e) W2B–MA1h–S5h,
(f) W2B1C–MA1h–S5h, (g) W2B–MA9h–S5h, (h)
W2B1C–MA9h–S5h.

Fig. 3. Hardness of the sintered composites.
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In Fig. 3, the results of microhardness values are gi-
ven. The minimum hardness values are obtained after
1 h milling time for the W2B0.25C–MA9h–S1h sintered
composite. Hardness values are proportional to the mil-

ling time and increase of C rate, but at 0.25wt%C it
decreases, then starts to increase again. The hardness
values of W2B0.5C–MA9h–S5h and W2B1C–MA9h–S5h
are similar to each other.

TABLE IThe composition [wt%] and relative density [%] of the studied W–2wt%B4C–xwt%C (x = 0, 0.25, 0.5, 1)
composites.

Material code W B4C C MA time [h] Sintering time [h] r.d.
W2B-MA1h-S1h 98 2 – 1 1 73.35
W2B-MA1h-S5h 98 2 – 1 5 92.82
W2B-MA9h-S1h 98 2 – 9 1 83.45
W2B-MA9h-S5h 98 2 – 9 5 90.01

W2B0.25C-MA1h-S1h 97.75 2 0.25 1 1 72.38
W2B0.25C-MA1h-S5h 97.75 2 0.25 1 5 83.76
W2B0.25C-MA9h-S1h 97.75 2 0.25 9 1 82.44
W2B0.25C-MA9h-S5h 97.75 2 0.25 9 5 85.04
W2B0.5C-MA1h-S1h 97.5 2 0.5 1 1 78.25
W2B0.5C-MA1h-S5h 97.5 2 0.5 1 5 94.10
W2B0.5C-MA9h-S1h 97.5 2 0.5 9 1 84.48
W2B0.5C-MA9h-S5h 97.5 2 0.5 9 5 99.95
W2B1C-MA1h-S1h 97 2 1 1 1 78.69
W2B1C-MA1h-S5h 97 2 1 1 5 88.89
W2B1C-MA9h-S1h 97 2 1 9 1 85.23
W2B1C-MA9h-S5h 97 2 1 9 5 94.63

TABLE IIEDS point analyses of the 5 h sintered W–2wt%B4C–xwt%C (x = 0, 0.25, 0.5, 1) composites.

EDS W2B-MA1h-S5h W2B1C-MA1h-S5h W2B-MA9h-S5h W2B1C-MA9h-S5h
point [wt%] [at%] [wt%] [at%] [wt%] [at%] [wt%] [at%]

B 0.78 6.92 5.02 26.17 12.92 50.56 1.25 10.54
1 C 5.62 44.56 10.19 47.82 8.93 31.46 5.71 43.31

W 93.60 48.52 84.79 26.0 78.14 17.98 93.05 46.15
B 2.22 16.37 9.31 33.39 7.44 33.26 1.41 13.78

2 C 6.67 44.18 15.74 50.81 11.29 45.39 3.60 31.63
W 91.11 39.45 74.95 15.80 81.27 21.35 94.99 54.58
B 12.24 37.81 9.40 41.67 – – 1.73 11.37

3 C 17.79 49.47 9.30 37.13 14.03 71.41 9.20 54.29
W 69.98 12.72 81.30 21.20 85.97 28.29 89.07 34.34
B 12.92 50.56 1.72 9.76 8.17 50.22 19.14 47.32

4 C 8.93 31.46 12.04 61.47 8.70 30.65 19.67 43.78
W 78.14 17.98 86.24 28.76 83.13 19.13 61.19 8.90

4. Conclusion

1. Relative densities are proportional to the milling
time. Increase of milling time also increases the
relative densities.

2. In sintered composites, W2B phases intensity de-
creases with increase of C rate and sintering time,
excluding 0.25wt%C composite.

3. Carbon rate has an important effect on decarbu-
rization, while increasing C rate, decarburization
rate decreases.

4. Carbide phases located at the grain boundaries
which can be seen according to the SEM/EDS ana-
lyses. B and C phases dispersed more homogene-
ously in W matrix, increasing with MA duration.

5. EDS analysis proves that increasing milling time
is very important to have homogeneous mechanical
properties after sintering.

6. After 9 h MA duration, W2B1C–MA9h–S5h has
the highest hardness values (3.4 GPa), while
W2B0.25C–MA9h–S1h has the least (1.65 GPa).
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