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(57) Abréegée/Abstract:

A method for manufacturing functionally graded cemented tungsten carbide with hard and wear-resistant surface and tough core
IS described. The said functionally graded cemented tungsten carbide (WC-Co) has a surface layer having a reduced amount of
cobalt. Such a hard surface and tough core structure is an example of functionally graded materials in which mechanical properties
are optimized by the unigue combination of wear-resistance and toughness. WC-Co with reduced-cobalt surface layer may be
fabricated through a carburization heat treatment process following conventional liquid phase sintering. The graded WC-Co thus
obtained contains no brittle n phase.
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(57) Abstract: A method for manufactur-
ing functionally graded cemented tungsten
carbide with hard and wear-resistant sur-
face and tough core is described. The said
functionally graded cemented tungsten car-
bide (WC-Co) has a surface layer having a
reduced amount of cobalt. Such a hard sur-
face and tough core structure 1s an example
of functionally graded materials i which
mechanical properties are optimized by the
unique combination of wear-resistance and
toughness. WC-Co with reduced-cobalt
surface layer may be fabricated through a
carburization heat treatment process fol-
lowing conventional liquid phase sintering.
The graded WC-Co thus obtained contains
no brittle n) phase.
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FUNCTIONALLY GRADED CEMENTED TUNGSTEN CARBIDE
WITH ENGINEERED HARD SURFACE AND THE METHOD FOR
MAKING THE SAME

BACKGROUND OF THE INVENTION

This application relates to functionally graded cemented tungsten carbide materials
that contain a cobalt gradient. These materials may be abbreviated as WC-Co materials.
Such materials may be used for metal cutting tools, rock drilling tools for oil exploration,
mining, construction and road working tools and many other metal-working tools, metal-
forming tools, metal-shaping tools, and other applications. For background information,

the reader should consult U.S. Patent Application Publication No. 2005/0276717.

As explamed in the prior patent publication noted above, it is desirable to construct
a cemented tungsten carbide material ("WC" material) that includes an amount of cobalt.
These materials are referred to as WC-Co materials. It is desirable to construct a WC-Co
material that has a combination of toughness and wear-resistance.

Cemented tungsten carbide (WC-Co), consisting of large volume fractions of WC
particles in a cobalt matrix, is one of the most widely used industrial tool materials for
metal machming, metal forming, mining, oil and gas drilling and all other applications.
Compared with conventional cemented WC-Co, functionally graded cemented tungsten
carbide (FGM WC-Co) with a Co gradient spreading from the surface to the interior of a
sitered picee offers a superior combination of mechanical propertics. For example, FGM

WC-Co with a lower Co content in the surface region demonstrates better wear-resistance

performance, resulting from the combination of a harder surface and a tougher core.
Though the potential advantages of FGM WC-Co are easily understood, manufacturing of
FGM WC-Co 1s however a difficult challenge. Cemented WC-Co is typically sintered via
iquid phase sintering (LPS) process in vacuum. Unfortunately, when WC-Co with an
mitial cobalt gradient 1s subjected to hquid phase sintering, mugration of the liquid Co

phase occurs and the gradient of Cobalt 15 easily eliminated.
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BRIEF SUMMARY OF THE INVENTION

The present embodiments relate to a new method of forming a WC-Co composite
that has a hard and wear resistant surface layer and tough core. A material with a hard
surface and a tough core may be one 1n which the hardness of the surface 1s higher than
that of the center of the interior by at least 30 Vickers hardness number using standard
Vickers hardness testing method under 10 to 50 kilogram load. 1In a preferred
embodiment, the hard wear resistant surface layer 1s comprised of the WC-Co with graded
cobalt content. The cobalt content at the surface 1s significantly lower than that of the
nomial composition of the bulk. The cobalt content increases as a function of the depth
from the surface and can reach and even surpass the nominal composition of the composite
at a certam depth. The interior of the composite beyond the surface layer, that 1s the bulk
of the material, has a nommal cobalt composition. The method for making such a
functionally graded composite mvolves heat-treating a pre-smtered WC-Co in a carbon
rich atmosphere. The heat-treating can be accomplished by either as an added step to the
standard sintering thermal cycle 1 the same sitering run, or a separate thermal cycle after
the smtermng 1s completed. The heat treatment must be carried out within a temperature
range m which the tungsten carbide WC coexists with hiquid as well as solid cobalt. The
base WC-Co composite has a nominal carbon content that 15 sub-stoichiometric before
heat treatment. The carbon content of the base WC-Co composite 18 high enough such that
there 1S no n-phase m the composite at any temperature at any time during the smtering
and heat treatment process, or after sintering and heat-treatment.

The present embodiments mclude a method of preparing a functionally graded
cemented tungsten carbide material, the method comprising preparing a WC-Co powder,
compacting the powder, sintering the powder, and heat treating the smtered body within a
specified temperature range m a furnace having a carburizing atmosphere, wherein the
material, after the heat treating step, comprises a surface layer with lower Co content than
that of the nominal value of the bulk of the material. The WC-Co powder before sintering
has sub-stoichiometric carbon content. In other embodiments, the WC-Co powder has

sub-stoichiometric carbon content that 1s higher than the carbon content that would result

in the formation of n-phase m the material at any temperature at any time during or after
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sintermng and/or heat treatment. In further embodiments, the atmosphere 18 a carburizing
ogas mixture, preferably formed by a methane-hydrogen mixture with the partial pressure
ratio of (Pm)”/Pcms ranging from 1000 to 10, preferably within the range of 600 to 100.
Other embodiments may be designed in which the sintering and heat treating are conducted
in one furnace run without removing the material from the furnace after the sintering step.
The heat treatment step may be performed at a temperature of 1300 °C. In other
embodiments, the heat treatment step may occur between 1260 and 1330 °C. Additional
embodiments are designed m which the temperature range for carburizing heat treatment 18
the range 1 which solid tungsten carbide WC, hiquid cobalt, and solid cobalt coexist. Yet
further embodiments are designed in which the sintering and heat treating are conducted n
two separate furnaces, i.e. two separate thermal cycles.

Additional embodiments are designed m which the functionally graded WC-Co
comprises a harder surface layer and tougher core. In some embodiments, the cobalt
content of the surface layer has 1s less than 90% of the bulk mterior or the nominal average
value of the composite. Other embodiments are designed in which the cobalt content of
the composite mcreases as a function of the depth from the surface until 1t reaches or
surpasses the nominal average cobalt content of the composite. The surface layer may
have a thickness greater than 10 micrometers. Other embodiments may have the surface
layer have a thickness less than 10% of the over thickness or relevant dimension of the
component. Further embodiments are designed mn which the WC-Co powder contains one
or combmations of the following eclements and/or of theirr carbides: titanmuum, tantalum,

chromimum, molybdenum, niobium, and vanadum.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In order that the manner m which the above-recited and other features and
advantages of the mvention are obtammed will be readily understood, a more particular
description of the mvention briefly described above will be rendered by reference to
specific embodiments thereof which are 1illustrated m the appended drawings.
Understanding that these drawings depict only typical embodiments of the mvention and
arc not thercfore to be considered to be lmmiting of its scope, the mvention will be
described and explained with additional specificity and detail through the use of the

accompanying drawings i which:
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Figure 1 1s a graph showing cobalt content in the surface region of a WC-Co
sample, indicating the formation of surface layer with reduced cobalt content, the material
being formed at 1300 °C, for 60 minutes with an atmosphere (Pu)*/Pcm= 200;

Figure 2 1s a vertical section of a ternary phase diagram of W-Co-C system with 10

wt% Co:

Figure 3 shows the cobalt distribution profile of sintered 10Coc, specimen before
and after atmosphere treatment at temperatures of 1400 °C, 1300 °C and 1250 °C with
oas ratio of (P)”/Peme= 200 for 60 min.;

Figure 4 1s a SEM micrograph of cross sections of the bulk samples of 10Coc, (a)
before atmosphere treatment; (b) treated at 1300 °C by atmosphere: (Py,)*/Pca= 200 for
60 min., wherein the surface 1s to the left of the image;

Figure 5 shows the cobalt distribution profile of 10Coc) specimen which was heat
treated by atmospheres with varied H,/CH,4 ratios and holding at 1300 °C for 60 min.;

Figure 6 18 a graph showing the cobalt distribution profiles of specimen 10Coc,
which were treated with atmosphere of (Pw)”/Pcas= 200 at 1300 °C and holding for 15,
60, 120 and 180 minutes; and

Figure 7 1s a schematic diagram showing the carbon content distribution and the

distribution of volume fraction of liquid Co during carburization atmosphere treatment at

1300 °C.

DETAILED DESCRIPTION OF THE INVENTION

The presently preferred embodiments of the present mvention will be best
understood by reference to the Figures, wheremn like parts are designated by like
numerals throughout. It will be readily understood that the components, steps, etc. of
the present invention, as generally described herein and illustrated in any applicable
drawings, could be arranged and designed m a wide variety of different configurations.
Thus, the following more detailed description of the embodiments of the present
invention, as represented mn Figures 18 not mtended to Iimit the scope of the invention, as
claimed, but 1s merely representative of presently preferred embodmments of the
mvention.

The present embodiments mvolve constructing WC-Co materials using hquid phase

smtering, which are prepared according to standard methods, and an uniquely designed
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heat treatment process. Such methods mclude preparing a WC-Co powder (which
includes a mixture of WC, W, C, and cobalt powders), compacting the powders
together. In some embodmments, the powders will be compacted using known
techniques, such as usmg uniaxial cold dies pressing methods. After compaction, the
powder may then be sintered according to standard sintering procedures, such as at 1400
°C under a vacuum. As 1s known in the art, such sintering processes produce a
homogencous WC-Co material, with the amount of Co mn the WC matrix being equal
(homogenous or substantially homogenous) throughout the entire sample.

In the present embodiments, however, an additional step must be performed to
produce desired functionally graded (FGM) WC-Co composite. This step 1s a "heat
treatment” step. This heat treatment step 1s conducted either m the same smtering
furnace run without removing the sample from the furnace, or mn another furnace mn a
separate thermal cycle, 1.¢. heat treatment run. The desred FGM WC-Co has a high
hardness and wear-resistant surface layer and a tough core.

In a preferred embodiment, the hard wear resistant surface layer 1s comprised of
the WC-Co with graded cobalt content. The cobalt content at the surface 1s significantly
lower than that of the nominal composition of the bulk. Nominal composition 1s the
average composition of the material regardless whether 1t 18 homogeneous or graded.
The cobalt content increases as a function of the depth from the surface and can reach
and cven surpass the nomual composition of the composite at a certam depth. The
interior of the composite beyond the surface layer, that 1s the bulk of the material, has a
nomimal cobalt composition. The cobalt content at the surface 1s less than 90% of the
nommal composition. The depth of the surface layer, defined as the thickness from the
surface to the depth at which the cobalt composition gradually rises up to equal that of
the bulk interior, 1.¢. the nommal composition, must be great than 10 microns.

To manufacture the said preferred product, the following method 1s described.

WC-Co powder mixtures are prepared according to standard manufacturing
procedures as used m the industry:.

The WC-Co powder must have a carbon content that 1s sub-stoichiometric, or
carbon deficient relative to stoichiometry as 1t 1s known 1n the mdustry. Stoichiometric
carbon content of WC by 1ts formula 1s 6.125% by weight. After cobalt 1s added, total

carbon content will decrease proportionally depending on the cobalt content. The
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stoichiometric carbon content of a WC-Co composite, designated as Cgcomp, Can be
expressed as Cqeomp = 6.125x(1-wt%Co0/100). For example, 1t the cobalt content of a
WC-Co 18 10wt%, then the total stoichiometric carbon content of the composite 1s
5.513wt%. According to this mvention, the carbon content of the starting powder
mixture of WC-Co must be smaller than Cg_ o

Another aspect of the mvention regarding the carbon content of the starting
material 1s that 1t must be high enough such that there 1s no n-phase m the composite at
any temperature at any time during the sintering and heat treatment process, or after
smtering and heat-treatment. n-phase 1s an undesired brittle complex carbide of W and
Co with a typical formula of CosW5C, that forms when the total carbon content 1s
excessively low. The mmmimum carbon content m smntered WC-Co with no n-phase,
designated as C,, will decrease with increasing cobalt content. For example, 1f the cobalt
content of a WC-Co 15 10wt%, then the mmmmum total carbon content of the composite
1S 5.390wt%. Theretore, for a WC-Co with 10wt% Co, the total carbon content of the
starting WC-Co powder mixture should be within the range of 5.390 to 5.513 wt%. In

other words, according to this mvention, the total carbon content of the starting WC-Co

powder mixture should be greater than C,, and smaller than Cg_comp.

Another aspect of the mvention 1s that the heat treatment must be carried out
within a temperature range m which the solid tungsten carbide (WC) phase coexists with
liquid as well as solid cobalt phase, 1.e. a three phase coexisting range. This 18 an

important factor to mnsure that significant cobalt gradient can be obtamed. Typically the

temperature for heat treatment 18 between 1250 to 1330 °C. When carbides of other
transitional elements such as V, Cr, Ta, Ti1, and Mo, are added, the temperature will
trend lower because the temperature range for the three phase region will be lower.

Another aspect of the mvention 1s that the heat treatment must be carried out 1n a
carburizing atmosphere, which may be chosen from a large variety of gases and gas
mixtures at a pressure ranging from higher than 1 atm to lower than 10 torr. If the
mixture of methane and hydrogen is used, the value of (Pw)/Pcms, which is inversely
proportional to the carburizing ability of this gas mixture, needs to be not larger than
1000.

Yet another aspect of the invention 1s that the heat treatment process can be carried

out as an added step to the standard sintering cycle without removing the specimens
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from the furnace. In other words, the desired FGM WC-Co material can be produced 1n
one thermal cycle from powder. This 1s possible because of the kinetic rate of the cobalt
oradient formation 1s sufficiently fast. A separate treatment procedure may also be used
1f so desired due to other non-technical reasons.

The principles of the present invention are further elaborated as follows.

Figure 2 1s a vertical section of a ternary phase diagram of W-Co-C system with
10wt%Co. As indicated on the Figure, there 1s an area that 1s a three phase region in
which WC, liquid cobalt, and solid cobalt co-exist. For a given temperature within the
three-phase equilibrium range, the volume fraction of the liquid 18 a function of the
carbon content. For example, at 1300 °C, the volume fraction of liquid phase at point H
1s 100%; whereas at point L, the volume fraction of the liquid approaches zero. Thus, 1f
there 18 a carbon content gradient in a WC-Co material that traverses the range from
point L to H, there will also be a gradient of the volume fraction of the liquid, which
would give rise to the migration of the hiquid cobalt phase. In this study, the carbon
oradient 15 established by heat treating a fully sintered WC-Co specimen 1n a carburizing
atmosphere. The WC-Co material should have an initial carbon content that 1s less than
Cy, and preferably less than C;, as shown i Fig. 2. During the carburizing heat
treatment, a small increase in carbon content near the surface will lead to a carbon
oradient between the surface and the interior and a significant increase of hiquid Co
volume fraction near the surface. The increase of hquid Co m the surface region breaks
the balance of hiquid Co distribution and induces the migration of Co from the surface
region with more hquid Co towards the core region with less liquid Co. Therefore, a
contiuous Co gradient with lower Co content near the surface 1s created with the

carburizing heat treatment.

Examples

In many embodiments, WC-Co powders with 10% Co by weight were used as
examples. It should be noted that this mmvention and the principles outlined herein apply
to other WC-Co materials with differing nominal percentages of cobalt. For example,

the same gradient and procedures may be used for WC-Co materials having a nominal
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cobalt percentage ranging from 6 to 25%. It should also be understood that Co can be
substituted m part or in whole by other transition metals such as nickel (N1) and/or (Fe).

The composition of WC-Co used for demonstration 1s histed i Table 1, where
10Coc. mndicates that the total Co content 18 10wt% and the total C content 15 sub-
stoichiometric. Tungsten powder was added to commercial WC powder and cobalt
powder to reduce the total carbon content. The powder mixtures were ball milled mn
heptane for four hours n an attritor mill. The milled powders were dried in a Rotovap' " at
80 °C and then cold-pressed at 200 MPa into green compacts of 2x0.5x0.7 ¢cm’ in
dimension. The green compacts were sintered in vacuum at 1400 °C for one hour.

Carburizing heat treatments of sintered samples were conducted in atmospheres of
mixed methane (CH,) and hydrogen (H,). The heat treatments were conducted at three
temperatures - 1400 °C, 1300 °C and 1250 °C. As pointed out earlier, 1300 °C is selected
because the carburization conducted n a three-phase region is expected to create desired
Co gradient, while the other two temperatures (1400 °C and 1250 °C) outside the three-
phasc rcgion arc choscn for comparison. 1400 "C is the typical liquid sintering
temperature m the WC-Co(l) two phase region, while at 1250 °C, the system is
completely at solid state. The cffect of time 1s investigated by holding at 1300 °C for 15
minutes to 180 minutes. To study the effect of carburizing atmosphere, gas mixtures of
varied H,-to-CHj, ratios with ( Pm)z/'Pc[M mn the range of 150 to 300 were used.

The treated samples would be compared with un-treated samples to examine the
effect of atmosphere. To analyze the samples, the cross-sections of specimens were
polished and etched with Murakami’s reagent for 10 seconds to determine if there was

any Cos;W;C (n phase) present. Cobalt concentration profiles perpendicular to the

surface were measured using the Energy Dispersive Spectroscopy (EDS) technique.

Fach data point of the cobalt content 1s an averaged value obtamned by scanning a 10 pm
by 140 um rectangular area on the polished surface. The standard variation of the data is

less than 10% of the measured cobalt content.

Table | Compositions of WC-Co used for this study

Sample [nitial total Co content, wt% Initial total C content, wt%

10Coc, | 10.0 5.425

Note: stoichiometric C content 18 5.513 wt% for WC-10wt%Co.

Effects of temperature on the formation of Co gradient
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As described herein, sintered specimens were heat treated at three temperatures
1400 °C, 1300 °C and 1250 °C. Figure 3 shows the effect of temperature at a fixed
atmosphere with (Pm)/Pens= 200. Holding time at the treatment temperature was 60
minutes.

As shown in Figure 3, for the specimen treated at 1300 °C, there is a continuous
Co gradient as a function of the depth, while the Co content profile of the specimen
without treatment 1s flat. It 1s shown that within a depth of approximately 80 um the Co
content increases from 4% to 12%. Deeper mto the specimen, the Co content gradually
reaches nominal Co% 1n the interior portion of the specimen.

Before heat treatment, the microstructure of the smtered sample (Fig.4a) was
uniform and there was netther free carbon nor n-phase. After the heat treatment at 1300
°C, a gradient structure (Fig.4b) was developed from the surface inward. This is
demonstrated by the microstructure in the surface region than that of mner part,
suggesting lower cobalt content m the surface region. Free carbon was not observed,
indicating the carburization process was not excessive.

However, as shown in Figure 3, the formation of Co gradient 1s not seen m the
specimens treated at 1400 °C and 1250 °C. When the specimen was treated 1400 °C (the
liquid phase sintering temperature) in the same atmosphere as those treated at 1300 °C,
significant amount of free carbon was formed near the surface while no gradient of Co
was observed. Furthermore, when the specimen was treated at 1250 °C in the same
atmosphere, the microstructure showed little change from 1ts mitial condition. There was
neither a Co gradient nor a free carbon phase.

This result indicates that the Co-gradient structure without formation of free
oraphite or n phase 1s developed by a carburizing heat treatment at the temperature at
which liquid-Co and solid-Co coexists. A temperature of 1300 °C 1s thus selected for
demonstrating the effects of other factors on the formation of a Co-gradient.

Effect of gas ratio of atmosphere on the formation of Co gradient

Because the liquid phase migration 1s mmduced by the gradient of carbon content
from the surface to the mterior of the specimens, the chemical potential of carbon 1 the
atmosphere with respect to that of the specimen 1s logically an important factor. To

study the effects of carbon potentials, the heat treating atmospheres are controlled by
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varying H,/CH, ratios with (P,)"/Pcms ranging from 300 to 150. The sintered specimen
was heat treated at 1300 °C for 60 minutes.

Figure 5 shows the Co gradients developed under varied atmosphere conditions
exhibiting a similar trend but with differences i the depth and amphtude of the cobalt
oradient. It should be noted that there was no free graphite phase found m any of the
treated specimens as a result of the carburizing atmosphere. The amplitude of Co
oradient 1s defined as the difference between the highest Co content and the lowest Co
content 1n each continuous Co concentration profile. With increasing volume fraction of
CH,4 1n the mixed gas, the gradient of Co 18 formed m greater depth from the surface and
also with larger amplitude. For specimens that were treated using atmosphere with
(Pi)"/Pcra of 300 or 200, the Co content increases steadily from the surface with the
depth into the core of the specimen until the cobalt content approaches the nominal
value. While for the specimens that were treated using (Pip)*/Pcus of 175 and 150, the
Co content increases gradually from the lowest Co content at the surface to a peak value
that 1s significantly higher than the nominal value of the bulk as noted m Figure 5; the Co
content then decreases gradually to the nominal Co content. It 1s believed that the “build
up”’ of cobalt above the nominal content 1s dictated by the kinetic rate of concurrent
processes of carbon diffusion and hiquid migration. The results obviously show that the
H,/CH,4 ratios i atmospheres have significant effects on the formation of Co gradient.
With (PHZ)Z/PCH4 = 150, the Co content changes from about 4% to 20% withm a depth of
approximately 350 microns.

Effects of holding time on the formation of Co gradient

The heat treatment time effect 18 also an important aspect of the Co gradient
formation. In this study, the specimen were heat treated mn a fixed atmosphere with
(PHQ)Q/PCH4 = 200 at a fixed temperature of 1300°C. The heat treatment time varied from
15 minutes to 130 minutes.

A Co gradient 1s observed m each of the treated specimens as plotted mn Fig.6.
Smmilar to the trends that were described in previous sections, the Co content increases
steadily with the depth from the surface mward until Co content approaches the nominal
value. Moreover, 1t was found that both the depth and the amplitude of the Co gradient

increase with heat treatment time.

_10-



CA 02736589 2011-03-09
WO 2010/062649 PCT/US2009/062369

The results outlined herem clearly demonstrated that a Co-gradient at the surface
region can be created by carburizing heat treatment of pre-smtered WC-Co. Although
not being limited or bound by this theory, 1t 1s hypothesized that the formation of the Co
oradient are the results of two processes: (1) carbon diffusion due to the gradient of
carbon content, and (2) hquid Co migration induced by the gradient of volume fraction
of iquid phase as a function of carbon content. The mechanism of the Co gradient
formation 1s discussed herein.

The experimental results m this study clearly demonstrated that a Co-gradient at
the surface region can be created through carbonization heat treatment of pre-sintered
WC-Co. This appears to be similar to what occurs during the DP carbide fabrication
process according to US Patent Nos. 5453241, 5549980, and 5856626.

In the DP carbide process, m phase 1s required. It exists before and after
carbonization heat treatment during while the n phase reacts with carbon to form WC
and cobalt. The reaction releases a lot of liquid Co which causes a transient increase of
cobalt content 1n the local region that migrates and forms a layer with cobalt gradient. As
pointed out earlier, n phase 1s undesired m WC-Co composites because of its brittleness,
especially 1t 18 detrimental in the final product. In order to mitigate its embrittlement
cttects to the entire composite, the surface layer must be made sufficiently thick, which
in turns lmit the effectiveness of the layered structure. The product according to DP
carbide process 18 a hard surface with an harder and more brittle core. The product of
this invention, however, 1s a hard surface with softer and tougher core. In addition, the
product of this mmvention does no require the surface layer to be significantly thick. In
fact, to achieve best wear-resistance and toughness combimation, the thickness of the
surface layer with graded cobalt composition should be less than 10% of the overall
thickness or relevant dimension of the components.

Furthermore, the current mvention requires that the carbon content of the starting

powder mixture to be higher than C, and the composite contains no m phase at any
temperature at any time during or after the smtering and heat treatment process.
Furthermore, the current mvention requires that the carburizing heat treatment to
be carried out within the three-phase temperature range, while the DP carbide technology
relies on heat treatment at liquid phase sintering temperature which 1s in the two-phase

temperature range.

-11-
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The present invention may be embodied n other specific forms without departing

"

om 1ts structures, methods, or other essential characteristics as broadly described
heremn and claimed heremafter. The described embodiments are to be considered m all
respects only as illustrative, and not restrictive. The scope of the invention 18, therefore,

indicated by the appended claims, rather than by the foregoing description.
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CLAIMS

1. A method of preparing a functionally graded cemented tungsten carbide
material, the method comprising:

preparing a WC-Co powder;

compacting the powder;

fully sintering the powder to form a completely sintered powder; and

heat treating the completely sintered powder in a furnace having a carburizing
atmosphere, wherein the material, after the heat treating step, comprises a surface
layer with lower Co content than that of the nominal value of the bulk of the material,
wherein the temperature range for the heat treatment step is the range in which solid
tungsten carbide, liquad cobalt, and solid cobalt coexist, and wherein the WC-Co
powder has sub-stoichiometric carbon content that is higher than the carbon content
that would result in the formation of n-phase in the material at any temperature at any

time during or after the sintering step or the heat treatment step.

2. The method as in claim 1, wherein the carburizing atmosphere is a carburizing
gas mixture formed by a methane-hydrogen mixture with a partial pressure ratio of

(PH2)2/PCH4 ranging from 1000 to 10.

3. The method as i claim 1, wherein the carburizing atmosphere is a carburizing

gas mixture formed by a mcthane-hydrogen mixture with a partial pressure ratio of

(PHz)z/Pcm within the range of 600 to 100.

4, The method as in claim 1, wherein the sintered powder is heat treated at a

temperature range between 1250 and 1330 °C.

5. The method as n claim 1, wherein the sintering and heat treating are conducted in

one furnace run without removing the material from the furnace after the sintering step.

0. T'he method as in claim 1, wherein the sintering and heat treating are

conducted in two separate furnaces such that there are two separate thermal cycles.

- 13 -
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7. The method as mn claim 1, wherein said WC-Co powder contains one or
combinations of the following elements and/or of their carbides: titanium, tantalum,

chromium, molybdenum, niobium, and vanadium.

8. The method as 1 claim 1, whereimn said WC-Co powder contains nickel and/or

iron, which substitute cobalt 1n part.

9. A tunctionally graded cemented tungsten carbide material, the material being
a product formed by a process comprising:

preparing a WC-Co powder;

compacting the powder;

fully sintering the powder to form a completely sintered powder; and

heat treating the completely sintered powder in a furnace having a carburizing
atmosphere, wherein the material, after the heat treating step, comprises a surface
layer with lower Co content than that of the nominal value of the bulk of the material,
wherein the temperature range for the heat treatment step is the range in which solid
tungsten carbide, liquid cobalt, and solid cobalt coexist, and wherein the WC-Co
powder has sub-stoichiometric carbon content that is higher than the carbon content
that would result in the formation of n-phase in the material at any temperature at any

time during or after the sintering step or the heat treatment step.

10.  The functionally graded cemented carbide material as in claim 9, wherein the
carburizing atmosphere is a carburizing gas mixture formed by a methane-hydrogen

mixture with a partial pressure ratio of (PH2)2/PCH4 ranging from 1000 to 10.

11. The functionally graded cemented carbide material as in claim 9, wherein the

WC-Co powder has sub-stoichiometric carbon content and the sintered powder is heat

treated at a temperature between 1250 and 1300 °C.

12. The functionally graded cemented carbide material as in claim 9, wherein the
functionally graded WC-Co comprises a surface layer and a core, in which the hardness of
the surface 1s higher than that of the center of the interior by at least 30 Vickers hardness

number using standard Vickers hardness testing method under 10 to 50 kilogram load.

- 14 -
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13.  The functionally graded cemented carbide material as in claim 12, wherein the

cobalt content of the surface layer 1s less than 90% of the nominal average value of
the cobalt amount in the material.

14. The functionally graded cemented carbide material as in claim 12, wherein the
cobalt content of the composite increases as a function of the depth from the surface

until 1t reaches or surpasses the nominal average cobalt content of the material.

15. The functionally graded cemented carbide material as in claim 12, wherein the

surface layer has a thickness greater than 10 micrometers.

16. The functionally graded cemented carbide material as in claim 12, wherein the

surface layer has a thickness less than 10% of the overall thickness of the material.

17. The tunctionally graded cemented carbide material as in claim 9, wherein the

functionally graded cemented carbide material is free of n-phase.

- 15 -
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