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A B S T R A C T

The oxidation-reduction method is widely used in the recycling of cemented carbides because it offers
advantages of a relatively low production cost, high recovery rate, and easy control of particle size. In this
work, WC and Co in waste YG8 hard alloy were converted into WO3 and CoWO4 by oxidation. Subsequently,
anhydrous alcohol, which was used as the reductant as well as the carbon source, was injected into the reaction
system. A core-shell structured precursor synthesized by chemical vapor deposition method from pyrolyzed
anhydrous alcohol was directly subjected to reduction and carbonization. Through thermodynamic calculations,
the possible reactions in the carburization process were proposed. The influences of the reaction temperature
and reactive time during the formation of WC–Co powder were investigated. The effects of temperature on the
particle morphology and size were also analyzed. Further, the possible reaction mechanism involved in the
reduction and carburization processes was proposed on the basis of transmission electron microscopy and X-ray
diffraction analyses. The results showed that the waste YG8 hard alloy was completely oxidized at 850 °C for 1 h.
Pure WC-Co composite powder was synthesized at 800 °C with a holding time of 10 h, and the average particle
size was ~190 nm. The coarsening rate of particles increased markedly with relatively high activation energy
when the carburization temperature was higher than 850 °C.

1. Introduction

Because of the high hardness, high strength, good anti-corrosion
performance, and long service life of WC–Co hard alloys, they are
extensively used as materials of tools, such as those used in mining,
machining, cutting and boring [1]. The refractory metal tungsten and
the rare metal cobalt are recognized as distinctly important strategic
resources for modern society because they have been demonstrated to
be crucial and have significant impact on economic strength and
military competitiveness [2]. However, tungsten is becoming scarcer
with the growing demand for cemented carbides. For example, China
consumes ~27,000 tons of tungsten annually. Therefore, achievement
of a 40% recovery rate of cemented carbide scraps in China would be of
great significance to the establishment of resource security systems and
promoting circular economy development [3,4].

In recent years, recycling of cemented carbides in industrialization
has attracted increasing attention and emphasis worldwide.
Accordingly, numerous recycling methods are presently applied as part
of industrialization. These methods can be classified as follows accord-
ing to the recycling principle on which they are based: hydrometallur-

gical method [5–7], zinc melting method [8,9], mechanical method
[10], electro-chemical method [11], and oxidation reduction method
[12,13]. A number of hydrometallurgical processes have been applied
to the recycling of waste WC–Co cemented carbide scrap. The most
hydrometallurgical method involves either disjunction of WC and Co by
acid leaching, or oxidation followed by alkali leaching. Subsequently,
valuable elements are extracted from solution containing impurities.
However, this method has certain disadvantages such as its high cost,
and adverse influence on the environment owing to the use of a large
amount of chemicals. Another important recycling method is the zinc
melting method, in this method, cemented carbide is immersed in a zinc
bath which results in the formation of a ZneCo intermetallic com-
pound. Subsequently, zinc is removed from the melt by vacuum
distillation, which separates the carbides and Co metal. However, this
method has a few shortcomings, e.g., new impurity elements can easily
mix into samples, and high-temperature treatment will lead to volati-
lization of Co, which would decrease its recovery rate. Electro-chemical
recovery of WC and the Co binder phase via the use of waste cemented
carbides as the anode material in acid solution has also been reported.
The main advantage of this process is that it yields high purity WC and
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Co. Nevertheless, this method requires a relatively large amount of
energy and is time consuming, which together lead to an increase the
recycling cost. The oxidation-reduction method is an ideal candidate for
a recycling method and is widely used in industry, because it is a short
recycling process with a relatively low production cost and a high
recovery rate and because it facilitates control of particle size [14]. It is
known that WC–Co cemented carbides can be easily converted into
WO3 and CoWO4 by oxidation and mechanical milling processes [15],
which are beneficial for the subsequent reduction and carbonization
reactions. Gu et al. [16] investigated a dry recycling method involving
complete isothermal oxidation at 900 °C for 3 h for the synthesis of
reusable oxidized powder composed entirely of WO3 and CoWO4.
However, when the samples were mechanically fragmented into many
pieces in liquid nitrogen, the fragmented samples were fully oxidized at
900 °C within just 1 h, which improved the oxidation efficiency
considerably.

Previous investigations have shown that a reduction of the grain
size is beneficial for improving material strength and hardness as well
as increasing material ductility and toughness [17,18]. Thus, research
on preparation of homogeneous ultrafine and nano-sized WC–Co
composite powder has gained momentum in recent years. Song et al.
[19] synthesized ultrafine WC–Co composite powder by in situ reduc-
tion and carbonization using the carbon black as carbon source at
1050 °C. The composite powder had a homogeneous particle size
distribution, with an average particle size of ~300 nm. However,
WC–Co powder is conventional synthesized using carbon black as a
carbonization agent in the mechanical alloying process, which is based
on a solid state reaction controlled by diffusion and phase transforma-
tions [20]. This conventional synthesis method requires a high carbo-
nization temperature and long holding time [21], and these conditions
lead to particle coarsening. Recently, core-shell structured precursors
with a carbon shell have attracted much interest [22]. Kodambaka [23]
reported a carbothermal reduction method that employed a carbon-
coated WO3 precursor to prepare nano-sized WC powder. Lin et al. [24]
prepared a carbon-shell precursor by the hydrothermal method and
subsequently obtained a uniform nanostructured WC–Co powder
through in situ reduction and carburization.

In the present work, waste hard alloy scrap was fully transformed
into the WO3 and CoWO4 phases at 850 °C for 1 h in an oxygen-
enriched, wet environment and under the rotary tube condition.
Subsequently, anhydrous alcohol, which was used as the carbon source,
was injected into the reaction system. A core-shell structured precursor
synthesized by the chemical vapor deposition (CVD) method was
subjected to reduction and carburization. WC–Co compound powder
with an average size of ~190 nm was obtained at 800 °C. This recycling
method of cemented carbide scraps yielded an improved contact area
between the raw material and carbon, and a higher reaction rate, it also
lowered the reaction temperature and shorted the reaction time.
Therefore, this method has advantages of being inexpensive and rapid.

2. Experimental procedures

Anhydrous alcohol, sodium hydroxide and phosphorous acid (85%)
were purchased from Beijing Chemical Reagent Company. Waste YG8
hard alloy was purchased from Jiangxi Rare Earth and Rare Metals
Tungsten Group. Waste hard alloy samples were washed with sodium
hydroxide solution and phosphorous acid sequentially in order to
remove oil and rust from the alloy surface. Subsequently, the samples
were dried in a vacuum drying oven for 1 h. The samples were directly
oxidized after drying and the oxidation experiments were performed in
oxygen-enriched, wet environments in a rotary tube furnace. The
influences of oxygen flow rate, flow velocity of distilled water, reaction
temperature, reaction time and furnace rotation speed on the oxidation
treatment of YG8 cemented carbide scrap were investigated. In a typical
synthesis, oxygen flow rate was 0.16 m3/h and the flow velocity of
distilled water was 0.3 ml/min. The furnace rotation speed was

controlled to 15 r/min at 850 °C for 1 h. The oxidized composite
powder was dispersed by ball milling for 36 h. The ball to powder
mass ratio was 5:1 and the milling speed was 350 r/min. Anhydrous
alcohol as the carbon source was injected into the reaction system at a
rate of 0.1 ml/min by means of a peristaltic pump (LSP01-1A), and
argon with a flow rate of 200 ml/min was used to transport the
anhydrous alcohol to the heating zone. The coated precursor was
prepared by cracking anhydrous alcohol gas in the heating zone via
CVD at 800 °C. The coated oxide precursor (15 g) was subjected to
reduction and carburization reactions at a temperature of 800–950 °C
for 2–10 h in high purity argon (99.99%).

Thermogravi-metric analysis and differential thermal analysis
(TG–DTA) were performed on an STA-1500/DSC-SP thermogravi-
metric analyzer at a temperature of 20–900 °C with a heating rate of
5 °C/min under oxygen flow. The morphologies and microstructures of
the samples were investigated by field emission scanning electron
microscopy (FESEM; Hitachi S4800) with a working voltage of 15 kV.
X-ray diffraction (XRD) analysis was performed on a Rigaku D-max
2500 diffractometer using Cu Kα radiation at a voltage of 40 kV and
current of 200 mA. The diffraction data of fine powder samples were
recorded in the 2θ angles of 10°–90°. The particle size of the composite
powder was measured by the linear intercept method applied to a series
of SEM images by using the Nano Measurer 1.2 software.

3. Results and discussion

3.1. Thermodynamic analysis of cemented carbides oxidation

To understand the characteristics of complex reaction processes as
well as those of produced phases, thermodynamic calculations are
performed on a series of possible reactions for which fast and economic
conditions can be induced to obtain a stable phase. In this work,
thermodynamic calculations were performed using FactSage software
for predicting of the oxidation reactions. Several reactions may occur
when WC–Co cemented carbides and oxygen are heated to a certain
temperature, this leads to the formation of different intermediate metal
oxides and gases. The WO3 and WO2 phases, the CoO and Co3O4 phases
are possible oxidation products of the WC and Co phases, respectively.
In addition, CO2 gas can be produced as a by-product of the oxidation of
WC. The decomposition reactions can be expressed as follows:

WC + 5 2O (g) = WO + CO (g)2 3 2 (1)

WC + 2O (g) = WO + CO (g)2 2 2 (2)

Co + 1 2O (g) = CoO2 (3)

Co + 2 3O (g) = 1 3Co O2 3 4 (4)

Co O + WO = 2 CoO + CoWO + 1 2O3 4 3 4 2 (5)

Co O + 3WO = 3CoWO + 1 2O (g)3 4 3 4 2 (6)

CoO + 3WO = 3CoWO3 4 (7)

Values of the change in the Gibbs free energy (ΔG) for the above
reactions at standard pressure at different temperatures can be calcu-
lated by using FactSage thermodynamic software [25]. Generally, ΔG,
is used to ascertain the spontaneous direction of a process [26]. When
ΔG = 0, the system exists in an equilibrium state; the initial reaction
temperature can be obtained when ΔG < 0. Fig. 1(a) shows the
corresponding ΔG-T curves of the reactions in Eqs. (1)–(7). We can
see that the ΔG values of all reactions except for that in Eq. (5) are
lower than zero, implying that these reactions can occur according to
the criterion of the reactions. However, the reaction in Eq. (5) can occur
at a temperature higher than 580 °C. The ΔG value of the Eq. (1) is
obviously lower than that of Eq. (2), which indicates that the solid
reaction product is WO3 when the oxygen concentration is sufficient.
Similar to the ΔG value of Eqs. (1) and (2), when the temperature is

B. Liu et al. International Journal of Refractory Metals & Hard Materials 67 (2017) 74–81

75



https://isiarticles.com/article/162083

