
Processed by Luminess, 75001 PARIS (FR)

(19)
EP

4 
19

8 
16

0
A

1
*EP004198160A1*

(11) EP 4 198 160 A1
(12) EUROPEAN PATENT APPLICATION

published in accordance with Art. 153(4) EPC

(43) Date of publication: 
21.06.2023 Bulletin 2023/25

(21) Application number: 22832223.6

(22) Date of filing: 01.07.2022

(51) International Patent Classification (IPC):
C23C 8/20 (2006.01)

(86) International application number: 
PCT/CN2022/103430

(87) International publication number: 
WO 2023/274411 (05.01.2023 Gazette 2023/01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME
Designated Validation States: 
KH MA MD TN

(30) Priority: 02.07.2021 CN 202110751294

(71) Applicant: Zhuzhou Cemented Carbide Group Co., 
Ltd.
Zhuzhou, Hunan 412000 (CN)

(72) Inventors:  
• ZHANG, Hao

Zhuzhou, Hunan 412000 (CN)
• ZHAO, Yuling

Zhuzhou, Hunan 412000 (CN)
• XU, Tao

Zhuzhou, Hunan 412000 (CN)
• GUO, Jianzhong

Zhuzhou, Hunan 412000 (CN)

(74) Representative: Patentbüro Paul Rosenich AG
BGZ 
Rotenbodenstrasse 12
9497 Triesenberg (LI)

(54) FUNCTIONALLY GRADED CEMENTED CARBIDE, AND PREPARATION METHOD THEREFOR 
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(57) The present invention relates to a functionally
graded cemented carbide and a preparation method and
application thereof. The carbide consists of a core portion
and a surface layer of a cemented carbide matrix, the
surface layer being a gradient layer. The structures of
both the core portion and the gradient layer of the ce-
mented carbide matrix are free of carbon-depleted phase
and free graphite. The gradient layer has a thickness of
greater than 2 mm, ranging from 2 mm to 6 mm, and the
content of a binder phase within the gradient layer has a
gradient distribution. The preparation method of the car-
bide adopts a two-step carbusintering technology of
low-temperature deposition plus high-temperature car-
burization, the obtained functionally graded cemented
carbide having good comprehensive performance, which
meets the usage demand of a cemented carbide, espe-
cially a graded cemented carbide for mine rock drilling
tools, the functionally graded cemented carbide having
good market value and application prospect.
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Description

[0001] The present application claims the priority of the following patent application filed on July 2, 2021: Chinese
patent application No. CN 202110751294.1 entitled "functionally graded cemented carbide and preparation method and
application thereof, the entirety of which is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention belongs to the technical field of cemented carbides and particularly relates to a functionally
graded cemented carbide and a preparation method and application thereof.

BACKGROUND OF THE INVENTION

[0003] A functionally graded cemented carbide refers to a cemented carbide with a graded distribution of its composition
or structure. The functionally graded cemented carbide has different properties in different parts due to its special gradient
distribution changes in the structure or composition, and the product of the carbide has excellent comprehensive me-
chanical properties as a whole. The functionally graded cemented carbide can well resolve the conflict between wear
resistance and toughness in a cemented carbide of a uniform structure, thus improving the comprehensive performance
of the cemented carbide and prolonging the service life of the cemented carbide.
[0004] A high-surface-hardness/Co-depleted functionally graded cemented carbide has the advantages of a good
wear resistance of the surface and a high strength and toughness of the core and can be used as one of the materials
for mine rock drilling tools and machining tools. At present, researches on the preparation of such graded cemented
carbide using a controlled atmosphere method are most active. One of the more common approaches is to first prepare
a carbon-depleted (η-phase-containing) carbide matrix and then prepare a graded cemented carbide with a high surface
hardness, a good wear resistance, and a good core impact toughness using a carburizing atmosphere sintering method.
However, the graded cemented carbide prepared through this approach still contains a η phase in its core, which affects
the overall performance improvement of the carbide. Another disclosed approach is to first prepare a cemented carbide
material having a normal structure (which has a substoichiometric carbon content before sintering) and then prepare a
graded cemented carbide containing no η phase and having a hardened surface layer using carburizing heat treatment
(introducing a gas mixture of CH4 and H2), such as patent CN 101724760 B. Although this patent solves the problem
of there being still a η phase in the core of the gradient cemented carbide, the surface layer of the gradient cemented
carbide prepared using a one-step carburizing heat treatment method (introducing a gas mixture of CH4 and H2, per-
forming a carburizing heat treatment within the temperature range of 1260 to 1300°C where solid-phase tungsten carbide
(WC), liquid-phase cobalt, and solid-phase cobalt coexist) has a relatively-low hardness value which is only at least 30
higher than the Vickers hardness value of the inner center of the material, and meanwhile has a very small thickness of
only greater than 10 microns, which cannot meet the application requirements of a cemented carbide, especially a
graded cemented carbide for mine rock drilling tools. Additionally, the gas mixture of CH4 and H2, and especially H2,
which are introduced by the above patent as the carburizing atmosphere, should be avoided as much as possible in the
industrialized safety production of the cemented carbide industry.

SUMMARY OF THE INVENTION

[0005] In view of the defects of the prior art, the present invention provides a functionally graded cemented carbide,
and a preparation method and application thereof. The functionally graded cemented carbide has the characteristics of
high surface hardness, good wear resistance, and high core strength and toughness, the overall mechanical properties
of the carbide being excellent. The functionally graded cemented carbide has a relatively-high surface layer hardness
value and a relatively-large surface layer thickness, which meets the usage demand of a cemented carbide, especially
a graded cemented carbide for mine rock drilling tools.
[0006] For this purpose, a first aspect of the invention provides a functionally graded cemented carbide, which consists
of a core portion and a surface layer of a cemented carbide matrix, the surface layer being a gradient layer. Both the
core portion and the gradient layer of the cemented carbide matrix are free of carbon-depleted phase and free graphite.
The gradient layer has a thickness of from 2 to 6 mm, and a content of a binder phase in the gradient layer has a gradient
distribution.
[0007] Specifically, the structures of both the core portion and the gradient layer of the cemented carbide matrix are
free of carbon-depleted phase and free graphite.
[0008] In the invention, the term "carbon-depleted phase" is also referred to as "η phase".
[0009] In some implementations of the invention, the content of the binder phase within the gradient layer is gradually
increased from the outside to the inside. Specifically, from the outside to the inside, the content of the binder phase
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within the gradient layer is gradually increased from being lower than the content of a binder phase in the cemented
carbide matrix.
[0010] In some implementations of the invention, the content of the binder phase in the functionally graded cemented
carbide is firstly gradually increased from the outside to the inside from being lower than the content of the binder phase
in the cemented carbide matrix and then decreased to the content of the binder phase in the core portion of the cemented
carbide matrix.
[0011] In some implementations of the invention, the content of the binder phase on the surface of the gradient layer
is lower than the content of the binder phase in the cemented carbide matrix by 85% or below.
[0012] In some implementations of the invention, the content of the binder phase in the cemented carbide matrix is
from 2 to 20 wt%, and the balance is a carbide.
[0013] In some preferable implementations of the invention, the binder phase includes cobalt or a mixture of cobalt
and at least one selected from a group consisting of nickel and ferrum.
[0014] In the invention, when the binder phase includes the mixture of cobalt and at least one selected from a group
consisting of nickel and ferrum, that is, at least one selected from a group consisting of nickel and ferrum is used in place
of part of cobalt.
[0015] In other implementations of the invention, the carbide includes tungsten carbide or a mixture of tungsten carbide
and at least one selected from a group consisting of titanium carbide, tantalum carbide, chromium carbide, niobium
carbide, and vanadium carbide.
[0016] In the invention, the term "content of the binder phase in the cemented carbide matrix" is the average content
of the binder phase in the cemented carbide matrix, and is also referred to as "nominal composition average binder
phase content of the cemented carbide matrix".
[0017] In the invention, the functionally graded cemented carbide has a high-hardness surface layer and a high-
toughness core portion.
[0018] In some implementations of the invention, the surface layer of the functionally graded cemented carbide has
a greater hardness than the core portion, and the core portion has a greater toughness than the surface layer.
[0019] In some preferable implementations of the invention, at a force load of 30 kg, the surface layer of the cemented
carbide has a Vickers hardness value that is higher than that of the core portion by from 60 to 300.
[0020] A second aspect of the invention provides a preparation method of the cemented carbide according to the first
aspect of the invention, which comprises: providing a cemented carbide and performing carburizing heat treatment on
the cemented carbide in a furnace with a carburizing atmosphere to obtain a functionally graded cemented carbide;
wherein, the carburizing heat treatment comprises the following steps:

S1, a carburizing atmosphere of methane is introduced into the furnace, a first heat treatment is performed on the
cemented carbide to obtain a first heat treated cemented carbide;

S2, an inert gas is introduced into the furnace for gas replacement, a carburizing atmosphere of carbon dioxide is
introduced after vacuumizing, and a second heat treatment is performed on the first heat treated cemented carbide
to obtain the functionally graded cemented carbide.

[0021] In the invention, the above step S1 is referred to as a deposition process, and the above step S2 is referred to
as a carburization process.
[0022] In some implementations of the invention, the inert gas may be argon (Ar).
[0023] In some implementations of the invention, in step S1, the first heat treatment is performed at a temperature of
from 900°C to 1150°C for 60 to 180 mins with a gas partial pressure of from 500 to 1000 mbar.
[0024] In other implementations of the invention, in step S2, the second heat treatment is performed at a temperature
of from 1150°C to 1500°C for 60 to 180 mins with a gas partial pressure of from 100 to 500 mbar.
[0025] In some specific implementations of the invention, the cemented carbide is provided by the following steps that:

T1, a carbide, a binder phase, and a pressing binder are mixed, wet-milled, and dried to obtain carbide-binder phase
mixed powders;

T2, the carbide-binder phase mixed powders are pressed and sintered to obtain the cemented carbide.

[0026] In some implementations of the invention, the carbide-binder phase mixed powders have a substoichiometric
carbon content. The carbon content is relatively high, so that the carbide-binder phase mixed powder is not only free of
η phase but also free of free graphite at any temperature and time during or after the sintering step or the carburizing
heat treatment step.
[0027] In other implementations of the invention, the carbide comprises tungsten carbide or a mixture of tungsten
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carbide and at least one selected from a group consisting of titanium carbide, tantalum carbide, chromium carbide,
niobium carbide, and vanadium carbide. The binder phase comprises cobalt or a mixture of cobalt and at least one
selected from a group consisting of nickel and ferrum. The pressing binder is selected from any one of polyethylene
glycol (PEG) and paraffin.
[0028] In some specific implementations of the invention, the usage amount of the pressing binder may be 1 to 3 wt%
of the weight of raw materials.
[0029] In some specific implementations of the invention, in step T1, alcohol serves as a ball-milling medium of the
wet milling, the adding amount of the alcohol being preferably 250 to 350 ml/kg.
[0030] In other specific implementations of the invention, in step T1, the wet milling is performed at a ratio of grinding
media to material of 2:1 to 5:1 and a rotation speed of 50 to 100 rpm for 15 to 30 h.
[0031] In some implementations of the invention, the sintering and the carburizing heat treatment are carried out in a
heat cycle of the same furnace, and a carbide blank does not need to be removed from the furnace after being sintered.
[0032] In other implementations of the invention, the sintering and the carburizing heat treatment are carried out in
two separate furnaces, so that there are two separate heat cycles.
[0033] In some implementations of the invention, the sintering may be performed at 1400 to 1500°C.
[0034] In some specific implementations of the invention, the functionally graded cemented carbide is prepared spe-
cifically by the following steps:

(1) after being mixed, a carbide (tungsten carbide or a mixture of tungsten carbide with carbides of other metals),
a binder phase (cobalt powder or a mixture of cobalt powder with nickel/ferrum powder), and a pressing binder are
ball-milled with alcohol and dried to obtain uniform carbide-binder phase mixed powders;

(2) the uniform carbide-binder phase mixed powders are pressed to obtain a molded compact;

(3) the molded compact is sintered to obtain a uniform-structure (compact) cemented carbide, which is free of free
graphite and carbon-depleted phase (η phase);

(4) carburizing heat treatment is performed on the uniform-structure cemented carbide in a furnace with a carburizing
atmosphere to obtain the functionally graded cemented carbide; the carburizing heat treatment specifically comprises
two main steps, which are respectively: the first step: deposition, that is, introducing a carburizing atmosphere of
methane (CH4) in the furnace for heat treatment within a temperature range from 900°C to 1150°C for 60 to 180
mins with a gas partial pressure of 500 to 1000 mbar; and the second step: carburization, that is, introducing argon
(Ar) in the furnace for gas replacement at the end of the first step, introducing a carburizing atmosphere of carbon
dioxide (CO2) after vacuum pumping, and performing heat treatment within a temperature range from 1150°C to
1500°C for 60 to 180 mins with a gas partial pressure of 100 to 500 mbar. Subsequently the furnace is cooled to
room temperature.

[0035] The functionally graded cemented carbide obtained after undergoing two steps of carburizing heat treatment
has a cobalt-depleted (binder phase) surface layer with a cobalt content (binder phase content) being lower than the
cobalt content of a nominal composition value of a cemented carbide matrix, and the functionally graded cemented
carbide is not only free of free graphite but also free of η phase.
[0036] A third aspect of the invention provides an application of the functionally graded cemented carbide according
to the first aspect of the invention or the functionally graded cemented carbide prepared by the method according to the
second aspect in mine rock drilling tools and machining tools.
[0037] The invention has the beneficial effects that the preparation method of the functionally graded cemented carbide
described in the invention avoids H2 from the perspective of safety production and introduces a carburizing atmosphere
of CO2, the carburizing atmosphere being in a form of a combination of CH4 plus Ar plus CO2, which is more suitable
for popularization and application of industrialized safety production of the cemented carbide industry; and the method
adopts a two-step carbusintering technology of low-temperature deposition plus high-temperature carburization, that is,
the carbusintering technology is divided into two main steps (deposition plus carburization), with the carburizing atmos-
phere of CH4 selected for the low-temperature deposition process before the appearance of a liquid phase point (900°C
to 1150°C) and the carburizing atmosphere of CO2 selected for the high-temperature carburization process, by charging
CO2 within a temperature interval from 1150°C to 1500°C, carbon atoms with higher activity may be generated in a high-
temperature reaction, which is conducive to performing the carburization process and increasing the thickness of gradient
layer. The functionally graded cemented carbide of the invention prepared by the two-step carburization method is not
only free of η phase but also free of graphite phase, and has good comprehensive performance (at a force load of 30
kg, the high-hardness surface layer of the functionally graded cemented carbide has a Vickers hardness value from 60
to 300 higher than that of the core portion, and the surface layer has a thickness of from 2 to 6 mm; the service life of
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the carbide is prolonged by 30% or above), which meets the usage demand of a cemented carbide, especially a graded
cemented carbide for mine rock drilling tools, the functionally graded cemented carbide having good market value and
application prospect.

BRIEF DESCRIPTION OF DRAWINGS

[0038] The present invention will be further described below in conjunction with accompanying drawings.

Fig. 1 is a Vickers hardness distribution diagram of a functionally graded cemented carbide obtained according to
Embodiment 1 of the present invention;

Fig. 2 is a cobalt content distribution diagram of the functionally graded cemented carbide obtained according to
Embodiment 1 of the present invention.

DETAILED DESCRIPTION

[0039] In order to make the invention easier to understand, the invention will be further described below in detail with
reference to embodiments, which are illustrative only and are not limited to the scope of application of the invention.
Raw materials or compositions used in the invention can be prepared by commercial means or conventional methods
unless otherwise specified.

Embodiment 1: preparation of a functionally graded cemented carbide spherical shape bits with a cobalt content of 6% 
of the whole material of a carbide matrix

[0040] Commercially available tungsten carbide (having the Fsss of about 4.0 mm) and cobalt powders were adopted
as raw materials, 2 wt% of a pressing binder PEG being doped therein, the mixture being ball-milled with alcohol (with
the adding amount of the alcohol being 250 ml/kg, the ratio of grinding media to material being 3:1, the rotation speed
being 80 rpm; and with the wet-milling time being 20 h) and dried to prepare uniform tungsten carbide-cobalt mixed
powders (with the content of cobalt being 6 wt%, the balance being tungsten carbide, the substoichiometric carbon
content being 5.75%). A cemented carbide of a uniform structure was manufactured by pressing and sinter-hip (with the
sintering temperature being 1450°C), there being no free graphite and η phase in the carbide.
[0041] The cemented carbide of the uniform structure underwent carburizing heat treatment in a sintering furnace with
a carburizing atmosphere, the sintering step and the carburizing heat treatment step in the preparation process of the
aforementioned cemented carbide of the uniform structure being carried out in two separate furnaces. The carburizing
atmosphere introduced in the first step of carburizing heat treatment was methane (CH4), heat treatment being performed
at 900°C for 100 mins with a gas partial pressure of 600 mbar; the second step was to introduce argon (Ar) for gas
replacement at the end of the first step, the carburizing atmosphere introduced after vacuum pumping being carbon
dioxide (CO2), and heat treatment being performed at 1200°C for 90 mins with a gas partial pressure of 300 mbar. The
cemented carbide undergoing two steps of carburizing heat treatment had a gradient layer of a cobalt-depleted surface
layer, the gradient layer having a surface cobalt content of 85% lower than a nominal composition average cobalt content
of a cemented carbide matrix. There was neither free graphite nor η phase in the finally heat-treated functionally graded
cemented carbide, the high-hardness surface layer of the cemented carbide having a Vickers hardness value that is
higher than that of the core portion of the material by 80 at a force load of 30 kg, and the gradient layer of the surface
layer having a thickness of about 2.2 mm. The Vickers hardness distribution diagram of the finally obtained functionally
graded cemented carbide was shown in Fig. 1, the cobalt content distribution diagram of the same was shown in Fig.
2. Properties of the carbide before and after carburizing heat treatment were shown in Table 1. The functionally graded
cemented carbide spherical shape bits were mainly applicable to high-air-pressure drill bits for rock drilling.

Table 1: Properties of the carbide before and after carburizing heat treatment

Nominal 
composition 
average cobalt 
content

Cobalt magnetizati on 
Com, % (before 
treatment)

Coercive force Hc, 
KA/m (before 
treatment)

Cobalt magnetizati on 
Com, % (after 
treatment)

Coercive force Hc, 
KA/m (after 
treatment)

6% 5.7 13.1 5.95 11.7
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Embodiment 2: preparation of a functionally graded cemented carbide spherical shape bits with a cobalt content of 
11.5% of the whole material of a carbide matrix

[0042] Commercially available tungsten carbide (having the Fsss of about 4.0 mm) and cobalt powders were adopted
as raw materials, 2 wt% of a pressing binder paraffin being doped therein, the mixture being ball-milled with alcohol
(with the adding amount of the alcohol being 300 ml/kg, the ratio of grinding media to material being 3:1, the rotation
speed being 80 rpm; and with the wet-milling time being 22 h) and dried to prepare uniform tungsten carbide-cobalt
mixed powders (with the content of cobalt being 11.5 wt%, the balance being tungsten carbide, the substoichiometric
carbon content being 5.42%). A cemented carbide of a uniform structure was manufactured by pressing and sinter-hip
(with the sintering temperature being 1450°C), there being no free graphite and η phase in the carbide.
[0043] The cemented carbide of the uniform structure underwent carburizing heat treatment in a sintering furnace with
a carburizing atmosphere, the sintering step and the carburizing heat treatment step in the preparation process of the
aforementioned cemented carbide of the uniform structure being carried out in a heat cycle of the same furnace. The
carburizing atmosphere introduced in the first step of carburizing heat treatment was methane (CH4), heat treatment
being performed at 1000°C for 120 mins with a gas partial pressure of 800 mbar; the second step was to introduce argon
(Ar) for gas replacement at the end of the first step, the carburizing atmosphere introduced after vacuum pumping being
carbon dioxide (CO2), and heat treatment being performed at 1300°C for 100 mins with a gas partial pressure of 400
mbar. The cemented carbide undergoing two steps of carburizing heat treatment had a gradient layer of a cobalt-depleted
surface layer, the gradient layer having a surface cobalt content of 85% lower than a nominal composition average cobalt
content of a cemented carbide matrix. There is neither free graphite nor η phase in the finally heat-treated functionally
graded cemented carbide, the high-hardness surface layer of the cemented carbide having a Vickers hardness value
that is higher than that of the core portion of the material by 180 at a force load of 30 kg, and the gradient layer of the
surface layer having a thickness of 3.1 mm. Properties of the carbide before and after carburizing heat treatment were
shown in Table 2. The functionally graded cemented carbide spherical shape bits were mainly applicable to roller bits
for mines and oil fields.

Embodiment 3: preparation of a graded cemented carbide spherical shape bits with a cobalt content of 13% of the whole 
material of a carbide matrix

[0044] Commercially available tungsten carbide (having the Fsss of about 2.0 mm) and cobalt powders were adopted
as raw materials, 2 wt% of a pressing binder PEG being doped therein, the mixture being ball-milled with alcohol (with
the adding amount of the alcohol being 300 ml/kg, the ratio of grinding media to material being 3:1, the rotation speed
being 80 rpm; and with the wet-milling time being 26 h) and dried to prepare uniform tungsten carbide-cobalt mixed
powders (with the content of cobalt being 13%, the balance being tungsten carbide, the substoichiometric carbon content
being 5.34%). A cemented carbide of a uniform structure was manufactured by pressing and sinter-hip (with the sintering
temperature being 1450°C), there being no free graphite and η phase in the carbide.
[0045] The cemented carbide of the uniform structure underwent carburizing heat treatment in a sintering furnace with
a carburizing atmosphere, the sintering step and the carburizing heat treatment step in the preparation process of the
aforementioned cemented carbide of the uniform structure being carried out in two separate furnaces. The carburizing
atmosphere introduced in the first step of carburizing heat treatment was methane (CH4), heat treatment being performed
at 1100°C for 160 mins with a gas partial pressure of 1000 mbar; the second step was to introduce argon (Ar) for gas
replacement at the end of the first step, the carburizing atmosphere introduced after vacuum pumping being carbon
dioxide (CO2), and heat treatment being performed at 1390°C for 150 mins with a gas partial pressure of 500 mbar. The
cemented carbide undergoing two steps of carburizing heat treatment had a gradient layer of a cobalt-depleted surface
layer, the gradient layer having a surface cobalt content of 85% lower than a nominal composition average cobalt content
of a cemented carbide matrix. There was neither free graphite nor η phase in the finally heat-treated functionally graded
cemented carbide, the high-hardness surface layer of the cemented carbide having a Vickers hardness value that is
higher than that of the core portion of the material by 220 at a force load of 30 kg, and the gradient layer of the surface
layer having a thickness of about 4.3 mm. Properties of the carbide before and after carburizing heat treatment were

Table 2: Properties of the carbide before and after carburizing heat treatment

Nominal 
composition 
average cobalt 
content

Cobalt magnetization 
Com, % (before 
treatment)

Coercive force Hc, 
KA/m (before 
treatment)

Cobalt magnetization 
Com, % (after 
treatment)

Coercive force 
Hc, KA/m (after 
treatment)

11.5% 10.3 9.5 10.8 7.8
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shown in Table 3. The functionally graded cemented carbide spherical shape bits were mainly applicable to roller bits
for oil fields.

Embodiment 4: preparation of a graded cemented carbide spherical shape bits with a cobalt plus nickel content of 8% 
of the whole material of a carbide matrix

[0046] Commercially available tungsten carbide (having the Fsss of about 1.5 mm), tantalum carbide, niobium carbide
(having the Fsss of about 2.0 mm), cobalt powders, and nickel powders were adopted as raw materials, 3 wt% of a
pressing binder PEG being doped therein, the mixture being ball-milled with alcohol (with the adding amount of the
alcohol being 280 ml/kg, the ratio of grinding media to material being 4:1, the rotation speed being 90 rpm; and with the
wet-milling time being 30 h) and dried to prepare uniform tungsten carbide-tantalum carbide-niobium carbide-cobalt-
nickel mixed powders (with the content of cobalt being 6%, the content of nickel being 2%, the content of tantalum
carbide being 0.5%, the content of niobium carbide being 0.3%, the balance being tungsten carbide, the substoichiometric
carbon content being 5.64%). A cemented carbide of a uniform structure was manufactured by pressing and sinter-hip
(with the sintering temperature being 1410°C), there being no free graphite and η phase in the carbide.
[0047] The cemented carbide of the uniform structure underwent carburizing heat treatment in a sintering furnace with
a carburizing atmosphere, the sintering step and the carburizing heat treatment step in the preparation process of the
aforementioned cemented carbide of the uniform structure being carried out in a heat cycle of the same furnace. The
carburizing atmosphere introduced in the first step of carburizing heat treatment was methane (CH4), heat treatment
being performed at 1000°C for 70 mins with a gas partial pressure of 500 mbar; the second step was to introduce argon
(Ar) for gas replacement at the end of the first step, the carburizing atmosphere introduced after vacuum pumping being
carbon dioxide (CO2), and heat treatment being performed at 1350°C for 70 mins with a gas partial pressure of 200
mbar. The cemented carbide undergoing two steps of carburizing heat treatment had a gradient layer of a cobalt-depleted
surface layer, the gradient layer having a surface cobalt content of 85% lower than a nominal composition average cobalt
content of a cemented carbide matrix. There was neither free graphite nor η phase in the finally heat-treated functionally
graded cemented carbide, the high-hardness surface layer of the cemented carbide having a Vickers hardness value
that is higher than that of the core portion of the material by 150 at a force load of 30 kg, and the gradient layer of the
surface layer having a thickness of about 2.8 mm. Properties of the carbide before and after carburizing heat treatment
were shown in Table 4. The functionally graded cemented carbide spherical shape bits were mainly applicable to high-
air-pressure drill bits for rock drilling.

Embodiment 5: preparation of a graded cemented carbide spherical shape bits with a cobalt plus ferrum content of 20% 
of the whole material of a carbide matrix

[0048] Commercially available tungsten carbide (having the Fsss of about 12 mm), titanium carbide (having the Fsss
of about 3.0 mm), cobalt powders, and ferrum powders were adopted as raw materials, 2.3 wt% of a pressing binder
paraffin being doped therein, the mixture being ball-milled with alcohol (with the adding amount of the alcohol being 350
ml/kg, the ratio of grinding media to material being 3.5:1, the rotation speed being 36 rpm; and with the wet-milling time
being 24 h) and dried to prepare uniform tungsten carbide-titanium carbide-cobalt-ferrum mixed powders (with the content
of cobalt being 19%, the content of ferrum being 1%, the content of titanium carbide being 2%, the balance being tungsten
carbide, the substoichiometric carbon content being 5.10%). A cemented carbide of a uniform structure was manufactured
by pressing and sinter-hip (with the sintering temperature being 1480°C), there being no free graphite and η phase in

Table 3: Properties of the carbide before and after carburizing heat treatment

Nominal 
composition 
average cobalt 
content

Cobalt magnetization 
Com, % (before 
treatment)

Coercive force Hc, 
KA/m (before 
treatment)

Cobalt magnetization 
Com, % (after 
treatment)

Coercive force 
Hc, KA/m (after 
treatment)

13% 11.8 10.5 12.3 8.8

Table 4: Properties of the carbide before and after carburizing heat treatment

Nominal composition 
average cobalt plus 
nickel content

Cobalt magnetization 
Com, % (before 
treatment)

Coercive force 
Hc, KA/m (before 
treatment)

Cobalt magnetization 
Com, % (after 
treatment)

Coercive force 
Hc, KA/m (after 
treatment)

8% 5.5 19.4 6.0 17.2
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the carbide.
[0049] The cemented carbide of the uniform structure underwent carburizing heat treatment in a sintering furnace with
a carburizing atmosphere, the sintering step and the carburizing heat treatment step in the preparation process of the
aforementioned cemented carbide of the uniform structure being carried out in a heat cycle of the same furnace. The
carburizing atmosphere introduced in the first step of carburizing heat treatment was methane (CH4), heat treatment
being performed at 1150°C for 180 mins with a partial pressure of 1000 mbar; the second step was to introduce argon
(Ar) for gas replacement at the end of the first step, the carburizing atmosphere introduced after vacuum pumping being
carbon dioxide (CO2), and heat treatment being performed at 1450°C for 180 mins with a partial pressure of 500 mbar.
The cemented carbide undergoing two steps of carburizing heat treatment had a gradient layer of a cobalt-depleted
surface layer, the gradient layer having a surface cobalt content of 85% lower than a nominal composition average cobalt
content of a cemented carbide matrix. There was neither free graphite nor η phase in the finally heat-treated functionally
graded cemented carbide, the high-hardness surface layer of the cemented carbide having a Vickers hardness value
that is higher than that of the core portion of the material by 260 at a force load of 30 kg, and the gradient layer of the
surface layer having a thickness of 5.8 mm. Properties of the carbide before and after carburizing heat treatment were
shown in Table 5. The functionally graded cemented carbide spherical shape bits were mainly applicable to tools for
shield tunneling machines.

Comparative example 1

[0050] The preparation process was basically the same as that of Embodiment 1, except that a carburizing atmosphere
introduced in the first step of carburizing heat treatment was methane (CH4), heat treatment being performed at 1200°C
for 100 mins with a gas partial pressure of 600 mbar.
[0051] There was neither free graphite nor η phase in the functionally graded cemented carbide underwent two steps
of carburizing heat treatment, the surface layer of the cemented carbide having a Vickers hardness value that is higher
than that of the core portion of the material by 30 at a force load of 30 kg, and the gradient layer of the surface layer
having a thickness of about 2.3 mm. Properties of the carbide before and after carburizing heat treatment were shown
in Table 6.

Comparative example 2

[0052] The preparation process was basically the same as that of Embodiment 1, except that the second step of
carburizing heat treatment was to introduce argon (Ar) for gas replacement at the end of the first step, a carburizing
atmosphere introduced after vacuum pumping being carbon dioxide (CO2), and heat treatment being performed at 900°C
for 90 mins with a gas partial pressure of 300 mbar.
[0053] There was neither free graphite nor η phase in the cemented carbide underwent two steps of carburizing heat
treatment; the surface layer of the carbide having a Vickers hardness value that is higher than that of the core portion
of the material by 20 at a force load of 30 kg, and there being no obvious gradient layer in the carbide. Properties of the
carbide before and after carburizing heat treatment were shown in Table 7.

Table 5: Properties of the carbide before and after carburizing heat treatment

Nominal composition 
average cobalt plus 
ferrum content

Cobalt magnetization 
Com, % (before 
treatment)

Coercive force 
Hc, KA/m (before 
treatment)

Cobalt magnetization 
Com, % (after 
treatment)

Coercive force 
Hc, KA/m (after 
treatment)

20% 17.5 7.4 18.8 6.0

Table 6: Properties of the carbide before and after carburizing heat treatment

Nominal 
composition 
average cobalt 
content

Cobalt magnetization 
Com, % (before 
treatment)

Coercive force Hc, 
KA/m (before 
treatment)

Cobalt 
magnetization Com, 
% (after treatment)

Coercive force Hc, 
KA/m (after 
treatment)

6% 5.7 13.1 5.97 11.5
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[0054] It is to be noted that, the aforementioned embodiments are intended to explain the invention only and do not
constitute any limitation to the invention. The invention is described with reference to exemplary embodiments, but it is
to be understood that the words used therein are descriptive and explanatory rather than restrictive. The invention may
be modified within the scope of the claims of the invention as specified, and may be amended without departing from
the scope and spirit of the invention. Although the invention described therein relates to specific methods, materials,
and embodiments, it is not intended that the invention is limited to the particular examples disclosed therein; rather, the
invention can be extended to all other methods and applications having the same function.

Claims

1. A functionally graded cemented carbide, consisting of a core portion and a surface layer of a cemented carbide
matrix, the surface layer being a gradient layer, both the core portion and the gradient layer of the cemented carbide
matrix being substantially free of carbon-depleted phase and free graphite, the gradient layer having a thickness of
from about 2 mm to about 6 mm, and a content of a binder phase in the gradient layer having a gradient distribution.

2. The functionally graded cemented carbide according to claim 1, characterized in that, from outside to inside, a
content of a binder phase in the functionally graded cemented carbide is first gradually increased from being lower
than a content of a binder phase in the cemented carbide matrix and then decreased to a content of a binder phase
in the core portion of the cemented carbide matrix.

3. The functionally graded cemented carbide according to claim 1 or 2, characterized in that the content of the binder
phase on the surface of the gradient layer is lower than the content of the binder phase in the cemented carbide
matrix by about 85% or below;

preferably, the content of the binder phase in the cemented carbide matrix is from about 2 wt% to about 20
wt%, and the balance is a carbide;
more preferably, the binder phase comprises cobalt or a mixture of cobalt and at least one selected from a
group consisting of nickel and ferrum; and/or the carbide comprises tungsten carbide or a mixture of tungsten
carbide and at least one selected from a group consisting of titanium carbide, tantalum carbide, chromium
carbide, niobium carbide, and vanadium carbide.

4. The functionally graded cemented carbide according to any one of claims 1 to 3, characterized in that the surface
layer of the functionally graded cemented carbide has a greater hardness than the core portion, and the core portion
has a greater toughness than the surface layer; preferably, at a force load of 30 kg, the surface layer of the cemented
carbide has a Vickers hardness value that is higher than that of the core portion by from about 60 to about 300.

5. A preparation method of the functionally graded cemented carbide according to any one of claims 1 to 4, comprising:
providing a cemented carbide, and performing a carburizing heat treatment on the cemented carbide in a furnace
with a carburizing atmosphere to obtain a functionally graded cemented carbide;
wherein, the carburizing heat treatment comprises the following steps:

S1, a carburizing atmosphere of methane is introduced into the furnace, a first heat treatment is performed on
the cemented carbide to obtain a first heat treated cemented carbide;
S2, an inert gas is introduced into the furnace for gas replacement, a carburizing atmosphere of carbon dioxide
is introduced after vacuumizing, and a second heat treatment is performed on the first heat treated cemented
carbide to obtain the functionally graded cemented carbide.

6. The method according to claim 5, characterized in that in step S1, the first heat treatment is performed at a

Table 7: Properties of the carbide before and after carburizing heat treatment

Nominal 
composition 
average cobalt 
content

Cobalt magnetization 
Com, % (before 
treatment)

Coercive force Hc, 
KA/m (before 
treatment)

Cobalt magnetization 
Com, % (after 
treatment)

Coercive force 
Hc, KA/m (after 
treatment)

6% 5.7 13.1 5.76 12.7
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temperature of from about 900°C to about 1150°C for about 60 mins to about 180 mins with a gas partial pressure
of from about 500 mbar to about 1000 mbar; and/or
in step S2, the second heat treatment is performed at a temperature of about 1150°C to about 1500°C for about 60
mins to about 180 mins with a gas partial pressure of 100 mbar to about 500 mbar.

7. The method according to claim 5 or 6, characterized in that the cemented carbide is provided by the following
steps that:

T1, a carbide, a binder phase, and a pressing binder are mixed, wet-milled and dried to obtain carbide-binder
phase mixed powders;
T2, the carbide-binder phase mixed powders are pressed and sintered to obtain the cemented carbide.

8. The method according to claim 7, characterized in that the carbide-binder phase mixed powders have a substoi-
chiometric carbon content; and/or
the carbide comprises tungsten carbide or a mixture of tungsten carbide and at least one selected from a group
consisting of titanium carbide, tantalum carbide, chromium carbide, niobium carbide, and vanadium carbide; the
binder phase comprises cobalt or a mixture of cobalt and at least one selected from a group consisting of nickel
and ferrum; the pressing binder is selected from any one of polyethylene glycol and paraffin.

9. The method according to claim 7 or 8, characterized in that the sintering and the carburizing heat treatment are
carried out in the same furnace or in two separate furnaces.

10. An application of the functionally graded cemented carbide according to any one of claims 1 to 4 or the functionally
graded cemented carbide prepared by the method according to any one of claims 5 to 9 in mine rock drilling tools
and machining tools.
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