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Double cemented (DC) carbide is a creative and new dual composite composed of 

spherical cemented carbide granules embedded in a continuous metal-matrix. This 

'composite-in-composite’ structure contributes to the special mechanical property 

combinations of DC carbide and allows more flexible composite design. In the present 

study, the relationships between microstructure and mechanical properties of DC carbide 

were investigated. For DC carbide with cobalt matrix, WC particle size and cobalt 

content within the granules strongly influence the mechanical properties. Higher cobalt 

content inside granules leads to higher toughness and flexural strength with the sacrifice 

of hardness and wear resistance. Finer WC particle achieves higher hardness and wear 

resistance with limited sacrifice of toughness and flexural strength.

Granule size is another important factor influencing mechanical properties of DC 

carbide. At the same metal-matrix content, toughness and high stress wear resistance 

increase with granule size, and there is a critical granule size at which low stress wear 

resistance is minimized. At constant total cobalt content (including both the cobalt within 

the granules and the cobalt in the metal-matrix), direct mechanical property comparison 

between DC carbide and conventional cemented carbide is possible, showing DC carbide 

to have higher toughness and high stress wear resistance, similar hardness, low stress 

wear resistance and Young’s modulus and lower flexural strength.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mean free path of metal-matrix is the main factor controlling the toughness of DC 

carbide and the most important microstructural parameter relating DC carbide to 

conventional cemented carbide. Conventional cemented carbide can be regarded as a 

special DC carbide with a very small mean free path through the metal-matrix and hence 

low toughness. In high stress wear, granule protrusion enhances wear resistance. In low 

stress wear, cobalt, both in the metal-matrix and within the granule, is preferentially 

removed, giving DC carbide no significant advantage over conventional cemented 

carbide.

iii
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CHAPTER 1

INTRODUCTION-DOUBLE CEMENTED (DC) CARBIDE 

Cemented carbide, a hard material with limited toughness, has been used widely 

in cutting tools, drilling bits and high wear resistance parts. Ever since its development 

[1], conventional cemented carbide microstructure has remained the same: carbide (WC) 

particles dispersed homogeneously in a metal binding phase (typically cobalt) as shown 

in Fig. la. More recently, several ‘dual property’ grade cemented carbides were 

developed to obtain the combinations of wear resistance and toughness not obtainable by 

the conventional microstructure [2-5].

Double cemented (DC) carbide is one of these dual property grade materials with 

a microstructure as shown in Fig. I b, with spherical granules of conventional cemented 

carbide surrounded by a metal-matrix. This ‘composite-in-composite’ structure results in 

special mechanical property combinations and makes composite design more flexible, 

which means not only the whole composite but also every component in the composite 

are designable. This composite design concept of DC carbide applies to many other 

composite systems such as cermets and polycrystalline diamond, exhibiting high 

potential for future applications.

When compared with conventional cemented carbide, DC carbide demonstrates a 

superior combination of wear resistance and toughness as shown in Fig. 2 (after [5]), 

demonstrating the great potentials of dual property composites and explaining its 

promising application in oil held drill bit inserts. In real field drilling tests, DC carbide

I
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inserts did show greater wear resistance and toughness compared to conventional 

cemented carbide inserts.

Because DC carbide is a relatively unexplored composite system, several 

important questions remain to be answered:

1. Why does DC carbide have higher toughness than conventional cemented 

carbide?

2. What is the effect of granule properties on the properties of DC carbide?

3. What is the effect of metal-matrix properties on the properties of DC carbide?

4. What are the controlling mechanisms of deformation and fracture for DC 

carbide?

Answering these questions is the main goal of the present study.
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(a) (b)

Fig. 1. Typical microstructures of (a) conventional cemented carbide and (b) DC carbide, 
showing that the granule microstructure in DC carbide is the same as in conventional 
cemented carbide.
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CHAPTER 2 

LITERATURE REVIEW

2.1. Conventional cemented carbide

2.1.1. Development o f cemented carbide system

Cemented carbide was introduced by Kari Schroter [1] as a die material to draw 

tungsten filament wire for incandescent lamps. The potential of this material for cutting 

tools was not recognized until later. As shown in Table 1 (after [6 ]), WC-Co was the very 

first cemented carbide system and is still employed widely for drilling bits and wear 

resisting parts. Because WC-Co is subject to crater wear when machining steels, other 

systems were developed to reduce the reaction between cemented carbide and iron [7-9].

Many efforts have been made to replace the cobalt matrix material with other 

metals because of this material’s high price and limited sources. Nickel, iron and even 

steels have been investigated [10-14], and some of these have yielded promising results. 

However, cobalt is still irreplaceable as a binding phase in many cases for the following 

reasons [15]:

1. The cobalt matrix forms a strong bond with the carbide grains because of the 

high solubility of WC in cobalt binding phase and prevents carbide particle pullout 

during wear. Carbide particles also form a skeleton structure that makes it difficult to 

remove cobalt by plastic extrusion.

2. The cobalt matrix contracts much more on solidification than the carbide grains 

tendency to crack.

5
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3. Cobalt can form an effective lubrication film on the cemented carbide surface, 

resulting in lower wear rates.

4. The cobalt matrix may contain very fine precipitates of WC grains, which 

results in a reduced effective mean free path and aids low stress abrasion resistance.

Table 1. The development of cemented carbide (after [6 ])
1923-1925 WC-Co
1929-1931 WC-TiC-Co
1930-1931 WC-TaC(VCjSfbC)-Co
1938 WC-Cr3C2-Co
1948-1970 Submicron WC-Co
1956 WC-TiC-Ta(Nb)C-Cr3C2-Co
1959 WC-TiC-HfC-Co
1965-1975 HIP
1965-1978 TiC, TiN, Ti(C,N), HfC, HfN and Ai20 3 CVD coatings on WC base
1968-1969 WC-TiC- Ta(Nb)C-HfC-Co
1968-1969 WC-TiC- Nb(Ta)C-HfC-Co
1969-1971 Thermochemical surface hardening
1974-1977 Polycrystalline diamond on WC-base hardmetal
1973-1978 Multicarbide, carbonitride/nitride and multiple 

carbide/carbonitride/nitride/oxide coatings
1981 Many thin coatings with AION layers
1983-1992 Sinter-HIP
1992-1995 Plasma CVD diamond coating
1993-1995 Coating complex carbonitrides
1994 Fine-grain WC/Co agglomerates in tougher WC/Co matrix
1994 Nanocrystalline cemented carbides
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2.1.2. Fabrication o f cemented carbide

The sequence of powder milling, spray drying, cold pressing, dewaxing and liquid 

phase sintering is the most common processing method for cemented carbide, yielding 

sufficient strength and nearly full density [16]. Hot pressing and hot isostatic pressing 

(HIP) [17,18] are also employed to eliminate defects and achieve better mechanical 

properties that cannot be obtained by simple liquid phase sintering. Sinter-HIP [18] 

combines vacuum sintering with HIP in a single heat cycle. During conventional vacuum 

sintering, 20-100 bar inert gas is applied to the work pieces to reach full density. The cost 

can be reduced dramatically with apparent property improvement.

2.1.3. Mechanical properties o f cemented carbide

Mean free path of binding phase and carbide particle size are two critical factors 

influencing the mechanical properties of cemented carbide and are also the main concern 

for mechanical property modeling. In fact, the two factors are related as [19]:

h  1

Da V « 1 -C
(1)

where X.p is the mean free path of matrix, Da is the mean intercept length of carbide, 

V“ and v£ are the volume fractions of carbide and binding phase, respectively, and C is 

the contiguity of carbide. The contiguity of carbide, the fraction of contact area between 

carbide grains divided by the total surface area of carbide grains if no contact occurred, 

can be expressed as [2 0 ]:

C =  S s   (2)
2SCC "^Sqa
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where Sec is the area between carbide grains and Scm is the area between carbide grain 

and matrix in unit volume.

For conventional cemented carbide, carbide particle size or mean free path of 

binding phase has an apparent effect on wear resistance, toughness, hardness and 

strength. Hardness and wear resistance of cemented carbide decrease with carbide 

particle size or mean free path of binding phase, while toughness increases with mean 

free path of binding phase. At constant binding phase content, there is a critical mean free 

path for peak strength of cemented carbide. The mechanisms of these effects are 

discussed below.

2.1.3.1. Wear mechanism

Cemented carbide is widely used for metal machining and rock drilling because of 

its high wear resistance. The wear mechanism of cemented carbide differs with service 

conditions. Upadhyaya [21] has summarized the wear mechanisms of cemented carbide 

during metal machining as abrasive wear, attrition wear and diffusion wear. Hack and 

Peters [22] found that hardness is not the only factor determining wear resistance and that 

abrasive wear resistance increases when the fracture toughness of cemented carbide 

increases. Larsen-Basse [23] summarized the wear mechanisms for rock drilling as gross 

fracture, impact spalling, impact-fatigue spalling, thermal fatigue and abrasive wear. The 

abrasion wear resistance of cemented carbide decreases with the increased binder mean 

free path.

Wayne et al. [24] investigated abrasion and erosion mechanism of cemented 

carbide with controlled microstructures and found:
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abrasion resistance' % 5 - |  (3)
»wc

and

erosion resistance (k ^ 8H i/2)~  (4)
Dwc

where Kic, H, A. and Dwc are the toughness, hardness, mean free path of binder phase and 

WC particle size, respectively. Eqs. (3) and (4) give the two most important factors 

influencing the wear resistance of cemented carbide-toughness and hardness. Factors 

increasing both toughness and hardness will increase wear resistance. Fang et al. [25] 

showed that, compared with conventional cemented carbide, DC carbide demonstrates 

greater toughness with little sacrifice of hardness, making an excellent candidate for oil 

well drilling bit inserts for high wear resistance and drilling efficiency, as proved by 

actual field drilling tests.

2.2.3.2. Toughening mechanisms

Toughening is an important aspect of cemented carbide because of its brittle 

nature. Sigl and Exner [26] defined four types of fracture paths in cemented carbide:

1 . transgranular fracture through the binder phase, B;

2. fracture close to the carbide/binder interface, B/C;

3. Inter granular fracture along carbide grain boundaries, C/C; and

4. Transgranular fracture through carbide crystals, C.

Sigl and Rschmeister [19] observed the process of crack propagation and found 

ligament bridging by the binding phase to be the main toughening mechanism of 

cemented carbide. These authors found that cracks initiate first at path (3) with the
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binding phase becoming bridging ligaments to prevent the propagation of crack, as 

shown in Fig. 3 (after [19]).

Two types of toughening models have been developed for cemented carbide. Both 

types consider the energy of crack propagation, either through both matrix and WC 

particles or through just the matrix.

The first type of ‘energy balance’ model is based on the energy consumed by the 

four possible crack propagation paths. Summing up the energies spent in the four crack 

paths, Sigl and Fischmeister [19] developed the fracture resistance R of cemented carbide 

as:

R =(r~A® + rB/cA®/c)o7 + (A£/c + A^)G“ (5)

where rB is the mean free path of the cobalt binding phase; rs/c is the dimple size of the 

WC/Co interface; <rf is the effective mean flow stress of the binding phase; G£- is the 

critical energy release rate of carbide; and A®, A®'c , A^/c and A* are the fracture 

area fractions through binding phase, carbide/binder interface, carbide grain boundary 

and carbide grains, respectively.

Ravichandran introduced a similar energy release model for toughness of 

cemented carbide [27]:

Gc = (1— )GWC +■ VfCT0^x (6)

where Gc is the critical strain energy release rate of cemented carbide; Gwc is the critical 

strain energy release rate of the brittle phase; and V& ctq, X and % are, respectively, the

volume fraction, the bulk flow stress, the mean free path and the work of rupture

parameter of ductile phase. The value of % varies from 4 to 16.
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Nakamura and Gurland [28] developed an expression of strain energy release rate 

of cemented carbide as:

where yeff is the effective binding energy of WC, Vh is the volume fraction of WC, a  is a

constant, Ac is the mean free path of cobalt binding phase, <t(e) is the flow stress of the 

cobalt binding phase as a function of strain and £f is the failure strain.

The second type of toughness model ignores the work consumed to break brittle 

WC particles and considers only the energy absorbed by the matrix. One simple model is 

expressed as [29]:

where (Xy is the in situ yield strength of binding phase, a  is a constant, A. is the mean free 

path of binding phase and Gic is the critical strain energy release rate of cemented 

carbide.

Hong and Schwarzkopf [30] developed a toughness expression for cemented 

carbide as:

where c is a constant, Ac is the mean free path of cobalt, oy is the in-situ yield stress of 

cobalt and d is the mean free path of carbide.

From all the models above, we can see the mean free path of matrix phase has a 

significant effect on the toughness. At the same binding phase content, increased mean 

free path of binding phase increases toughness of cemented carbide.

j^ r cy(£)dE (7)

<jyA = a G fc (8)

(9)
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2.1.3.3. Hardness and strength

Fig. 4a (after [31]) shows that hardness decreases linearly with the increase of 

WC grain size. The effect of mean free path on strength is somewhat complicated. When 

mean free path is low, strength increases with increased binder layer thickness (Fig. 4b; 

after [31]). The main reasons are that the increased binder layer thickness makes plastic 

flow easier, local stress concentrations are relieved and both crack initiation and crack 

propagation are impeded. When mean free path increases to a certain degree, further 

increase will reduce the strength according to dispersion strengthening theory.

Chermant and Osterstock [32] found the flow stress in compression at 0.2% 

plastic strain of WC-Co hardmetals can be expressed as:

cr02 = k ' + k " d ^ r '  (10)

where k and k" are constants and k is also a function of VCo.

Lee and Gurland [33] experimentally determined an expression for hardness and 

yield strength of cemented carbide:

H = HwcC * Vwc + H Coa  -C  • Vwc) (11 )

where H, Hwc and Hco are the hardness or yield strength of cemented carbide, WC and 

cobalt, respectively; C is the contiguity of WC; and VWc is the volume fraction of WC. 

Cobalt hardness, Hco, can be expressed as [33]:

=304+12.7*;“  (12)

where X is the mean free path of binding phase.

Considering microstructure defect and residual stress in cemented carbide leads to 

the work of Liu et al. [34]. These authors presented a more complicated strength model, 

where, for cemented carbide with a certain cobalt content, there exists a critical W C size,
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Rc, and a critical mean free path of binding phase. Me. When mean free path M is less 

than Me or WC size R is less than Rc, the crack expands mainly across cobalt binding 

phase, and fracture strength of cemented carbide is:

cr{ = 1 2ftECoK (1 — V)M 
3AV(M —2S)(1—t)2) J

y / 2

-B P CXC2 (13)

where S is the length of microstructure defect, M is the mean free path of binder, B is a 

constant, t> is Poisson’s ratio, A = I + S/R (R is radius of WC grain size), Ec0 is the 

elastic modulus of cobalt binder, K’ is a constant and V is the volume fraction of WC.

The terms <J>C, <j>t, Ci and C2 are related to microstructure defect and are given by:

D c = a —A-)A
\ l / Z 1 -f-

4A 2 4A*
1 +

A —1

.1/2

2 A 3/2

C t =
TtA

A2

- i I /2

2(A-f-2(l —V)/3V)

C2 = tan- JtA
2(A + 2(1 -  V) /3V)

- 1 / 2

(14)

(15)

(16)

(17)

P is the residual thermal stress:

P =
2EAoAT
3(1-V )

(18)

where A a is the difference of thermal expansion between binding phase and WC and AT 

is differential temperature. Eq. (18) applies only to isotropic composites and therefore can 

only give approximate values for cemented carbide because of the anisotropic nature of
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WC. Eq. (13) indicates that the strength of cemented carbide increases with WC size or 

mean free path of binding phase.

When mean free path M is larger than Me, or WC size R is larger than Rc, crack 

expands mainly through WC, and the fracture strength of cemented carbide is given by:

^_____ ^W eYwe_____ ^ _  g p
3A(1 —o 2)V(M —2S) J <>c

<Tf = 1

| >
— BP— C,C, (19)

where Ewe is the elastic modulus of WC and Ywc is the average surface energy of WC 

grains. Eq. (19) shows that the strength decreases with WC size or mean free path of 

binding phase.

The combination of eqs. (13) and (19) demonstrates that the critical WC size and 

mean free path of binding phase correspond to the peak strength, just as shown in Fig. 4b.

2.1.3.4. Young’s modulus

YoungTs modulus is the basic elastic property of cemented carbide. Both 

theoretical and practical investigations and modeling have been performed. Hashin and

Shtrikman [35] derived a general model for the composite with a matrix in which

spherical inclusions are embedded. Rather than giving the exact elastic modulus, the 

model consists the upper and lower bounds:

+ i  ^  3—  <2 0 >

K 2 - K t 3KJ+4G!

- -  3—  w >

Kt —K , +  3K2 + 4G ,
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G * = G t + ----------------^2----------------  (22)
1 , 6 ^ + 2 0 ^  K~ }

G , - G t 5Gt (3Kt +4Gj)

G ’ = + 1 [ 6(K2 4-2G ,)u~  (23)
G t - G ,  5G,(3K, +4G,)

where K ' and K j are upper and lower bounds of bulk modulus of the composite, 

respectively,; G[ and G\  are upper and lower bounds of shear modulus, respectively; Kt, 

K2, Gi, and G2 are the bulk and shear modulus of the two phases, respectively; K2 > Kt, 

and G2 > Gt; and t>, and o , are the volume fractions of the two phases.

Paul [36] presented the theoretical expressions for the elastic modulus of two- 

phase materials:

E t -h(E, — E t)ut~ 
Et -KE2 - E I)u ;/3( l - o ”3)

2/3

Ht (24)

where Ei and E2 are the Youngrs modulus of two phases, E2 > Et and and n 2 are tlte 

volume fraction of the two phases.

Doi et al. [37] measured Young's modulus, shear modulus and Poisson's ratio on 

WC-(l-30 wt.%) Co alloys by dynamic resonance method. These authors investigated the 

effects of volume fraction of WC, the carbon content and the WC size and found that 

Young’s modulus depended solely on volume fractions of WC. All the Young’s modulus 

data fell within Hashin and Shtrikman’s bounds [35] and close to Paul’s [36] model.

Jaensson and Sundstrom [38] calculated Young’s modulus and Poisson’s ratio by 

finite element method. The calculated value is just inside Hashin and Strikman’s bonds.
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Jaensson and Sundstrom [38] also investigated the effect of cracks and found that a 

reasonable number of cracks have only a small influence on Young’s modulus.

2.2. DC carbide

In a broad sense, DC carbide is a hybrid composite because one of the 

components is a composite itself. One example of such is microstructurally toughened 

composite (MTC) [39-41]. Nardone and Strife [39] fabricated an MTC consisting of 

continuous tubular 304 stainless steel toughening regions embedded in a matrix of B4C 

particle-reinforced NiAl. This MTC has higher impact resistance than the NiAl material 

alone. Nardone [40] found this kind of MTC also has higher toughness. A hybrid 

composite of Al-SiC rods surrounded by an AI matrix was also produced that had higher 

impact resistance than conventional Al-SiC composite [41,42].

Angers et al. [43] developed a new wear resistant composite material containing 

WC-Co granules in a steel matrix infiltrated with a copper alloy. In this case, WC-Co 

granules were added to the steel matrix as a dispersed second phase (30 vol.%) to 

improve the abrasive wear resistance of the steel. Champagne et al. [44] hot isostatically 

pressed a composite with WC-Co granules in steel matrix and found a thin interdiffusion 

zone forms at the interface of WC-Co granule/steel matrix. Mechanical tests showed that 

good properties were obtained in this composite containing less than 30 vol.% of WC-Co 

granules.

For cemented carbide, 'functional gradient’ approaches have been developed and 

commercialized successfully in the last 20 years [2-5]. Krall and Olsson [2] described a 

method to produce functionally graded cemented carbide, where unsintered nodules of a
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preblended hard metal powder are uniformly dispersed into unsintered nodulues of a pre­

blended hard metal composite of a second grade. After liquid-phase sintering, the overall 

properties benefit from the two grades of component.

Fang et al. [5] made a detailed investigation of typical DC carbide with WC-Co 

granules containing 10 vol.% Co and granule volume fraction varying from 62 to 77%. 

At the same cobalt content, DC carbide had higher toughness and abrasive wear 

resistance but lower flexural strength than conventional cemented carbide. The main 

reason for improved toughness is the increased mean free path between granules as 

shown in Fig. 5 (after [5]).

Table 2 (after [5]) shows directly the advantage and disadvantage of DC carbide 

compared with conventional cemented carbide of the same cobalt content, which 

indicates that DC carbide has higher toughness and high stress abrasion resistance but 

lower hardness and flexural strength.

Table 2. Comparison between DC carbide and conventional cemented carbide of the
same total cobalt content (after [5])

Property DC carbide WC-27CO
Hardness, HRC 59 60
Flexural Strength (MPa) 2 1 1 0 3040
Toughness, Kfc(MPa m1/2) 32 21

Mean Free path, X (pm) 11 1.5
High stress abrasion resistance (krev/cm3) 2 .2 l . l

An expression of fracture energy release rate for DC carbide was presented [5]:

- G ,c = R  = ( ^ A J + ^ A ; ' ! )o 7 + (A ''t +A ‘ )G ': (25)
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where superscript or subscript g stands for the granules and m stands for the matrix, rm is 

the mean size of the plastic zone, <rf is the flow stress for the matrix and A‘a is the area 

fraction of fracture path.

Based on the study of DC carbide, the following chapters are devoted to the 

investigation of the effect of granule cobalt content, granule WC particle size and granule 

size on mechanical properties of DC carbide. The relationship between mechanical 

properties of DC carbide and microstructure parameters was investigated, and the 

toughness model for DC carbide was set up necessarily.
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Fractured Zone Multiligament Zone Elastic Zone

Fig. 3. Schematic diagram of crack-tip region in cemented carbide (after [19]).
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Fig. 5. Relationship between toughness and mean free path of metal-matrix (after [5]).
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CHAPTER 3 

EXPERIMENTAL PROCEDURE

3.1. DC carbide system

In the present study, DC carbide with different cobalt matrix contents (0, 10, 20 

and 30 vol.%) and different granule cobalt contents (10, 18 and 25 vol.%), but similar 

WC particle size inside the granules (3 pm) and granule size distribution were employed 

for the investigation of the effect of granule cobalt content on mechanical property of DC 

carbide.

DC carbide with different WC particle sizes inside the granules (0.98, 1.56, 3.3 

and 5.8 pm) and different cobalt matrix contents (0 and 30 vol.%) but the same granule 

size (-80+120 mesh) and granule cobalt content (1 0  vol.%) was fabricated for the 

investigation of the effect of WC size.

DC carbide with different granule sizes but the same cobalt matrix content (30 

vol.%), granule cobalt content (18 vol.%) and granule WC size (3 pm) was used for the 

investigation of the effect of granule size.

3.2. Fabrication process

The fabrication of DC carbide includes dewaxing and presintering green granules, 

wet mixing granules and metal-matrix powder, drying and hot pressing. The raw granules 

are spherical pellets produced by spray drying, where the mixture of WC, cobalt and wax 

is heated to 200°C, at which point the wax melts and the fluid is sprayed vertically

22
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through a nozzle, atomizing the fluid to droplets. On cooling during free fall in the high 

pressure gas chamber, the mixture solidifies into spherical granules. Green granules are 

dewaxed at lower temperature (250-500°C) and presintered at higher temperature 

(1200°C) in hydrogen for future mixing with metal powder. The morphologies of granule 

and matrix cobalt powder are shown in Fig. 6 .

Ball milling with cemented carbide milling balls and heptane as a liquid medium 

is employed to mix presintered granules and metal powder. The milling time (8  hr) is 

critical because if the time too short, the mixture is not homogeneous and because if the 

time too long, the granules will be broken. Full density of DC carbide is achieved by hot 

pressing at 1250°C, which is below the Iiquid-phase sintering temperature, in a graphite 

die in vacuum; the pressure is 35 MPa.

3.3. Mechanical testing

Five mechanical tests were employed to evaluate mechanical properties of DC 

carbide, including hardness, toughness, wear resistance, flexural strength and elastic 

modulus tests. All tests were performed with loading in the hot press direction for 

consistency.

3.3.1. Hardness and toughness testing

Vickers hardness tests were performed with 100 kg load. Eight tests were made 

for each sample, and the average value and standard deviation (<7.8% of the average 

value) were calculated.
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Due to the hot press limitation for specimen size, the toughness test cannot be 

made according to ASTM standards. In this experiment, toughness (K[C) testing by using 

three-point bending of the chevron-notched bars shown in Fig. 7 was based on the 

method of Wu [45]:

K* = - ^ Y c(a 0 ,a , )  (26)

where cxo = a</W; a t = at/W; Yc is the coefficient determined by the ratio among S, W 

and B; and Pmax is the peak load during bending test. Although Wu [45] stated that Krc 

value can be obtained directly from this method, direct comparison between this method 

and the ASTM standard is not made; therefore, the ‘K q ’ is used for the toughness value 

of DC carbide only to indicate this specific test method. Five tests were made for each 

DC carbide composition. Average and standard deviation (<8 .6 % of average) were 

calculated.

3.3.2. Wear testing

Wear testing includes high stress wear test and low stress wear test. High stress 

wear tests were performed according to ASTM B6I1 as shown in Rg. 8  (after [46]) by 

using wet, coarse AI2O3 particles (about 590 pm) as the abrasive. After 1000 revolutions 

of a steel wheel (1 0 0  rpm), the mass loss of sample was measured and the wear number 

of sample was obtained by:

Wear Number = (27)
Mass Loss
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The physical meaning of wear number is the number of revolutions to remove a 

unit volume of sample. The higher the wear number, the higher the wear resistance of DC 

carbide becomes.

Low stress wear tests were performed according to ASTM G65 as shown in Fig. 9 

(after [47]), where dry quartz sand (-50+70 mesh, 212-300 pm) is employed as the 

abrasive. The main difference between the high and low stress wear tests is that in the 

low stress test, a rubber wheel is employed and SiOs (Fig. 10a), which is softer and finer 

than the AI2O3 particle (Fig. 10b) used in high stress tests, is used as the abrasive. Thus, 

the low stress wear test evaluates the wear resistance of DC carbide under a soft abrasive 

environment, while the high stress wear test evaluates the wear resistance of DC carbide 

under a hard abrasive environment. After 0.5 hr at the 200 rpm wheel rotation speed, the 

volume loss of DC carbide per 1000 revolutions is obtained as:

, r Mass LossVolume Loss = --------------  (28)
6  x  Density

Although the right number of revolutions was used in this experiment, volume loss was 

reported as one sixth of the ASTM value for comparison with other commercial DC 

carbide values.

The lower the volume loss, the higher the low stress wear resistance becomes, hi 

some cases, wear number is also used to express low stress wear resistance of DC 

carbide:

Wear Number = --------    (29)
Volume Loss

For both high and low stress wear tests, only one test was made for each DC carbide 

composition.
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3.3.3. Flexural strength and Young's  modulus test

Flexural strength is measured according to ASTM C1161 [48], employing the 

four-point-bend test.

The flexural strength is given by:

(30)
4bd

where P is breakload, L is outer (support) span, b is specimen width and d is specimen 

thickness. Five tests were made for each DC carbide composition, and average and 

standard deviation (<5.8% of average) value were calculated.

Young’s modulus of DC carbide is measured by impulse excitation of vibration 

according to ASTM E l876 [49]. As shown in Fig. 11 (after [49]), when the specimen is 

excited mechanically by a singular elastic strike with an impulse tool, the fundamental 

resonant frequency is obtained by microphone, and dynamic Young’s modulus can be 

calculated:

E = 0.9465(mff2/b)(L3/t3)Tl (31)

where E is the Young’s modulus; m is the mass of specimen; b, L and t are the width, 

length and thickness of the specimen, respectively; ff is the fundamental resonant 

frequency of specimen; and Tt is the correction factor:

Tt = 1 + 6.585(1 + 0.0752p+0.8109|A2)(t/L )2 -0 .868(t/L )4 -

8.340(1 -F0.2023p+2.173p2)(t/L)4 
1.000 + 6.338(1+0.1408[x+ 1.536pr)(t/L)2

(32)

where p. is Poisson’s ratio, which was previously determined [50]. One test was made for 

each DC carbide composition.
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3.3.4. Microstructure parameter measurement

Microstructure parameter measurement is necessary for the investigation of the 

relationship between mechanical properties and microstructure of DC carbide. For DC 

carbide, volume fraction of granule and metal-matrix, V£ and V” ; granule size, Dg; and 

mean free path of metal-matrix, Xm, are the main parameters to be measured [51,52].

3 3D = —L = -
2 * 7

4VE
2Sy g + S g/B

(33)

4Vm

(34)

where superscript g and m stand for the granules and matrix, respectively, and Sv is the 

surface area of different phases in unit volume of composite. The measurement o f Vv and 

Sv is based on eqs. (35M38) [51,52]:

V” = P ” (35)

V*=P* (36)

Sg's =2P£/g (37)

Sg' “ = 2P*'m (38)

For every parameter, 60 measurements were made to control the coefficient of

SF —
variation CV (CV = , where X is the sample mean and S.E. is the standard error of

X

the sample mean) between 0.01 and 0.05.

Scanning electron microscopy was used for microstructure, fracture surface and 

wear surface observation. An optical microscope was used for microstructure observation 

and quantitative metallography measurement.
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Fig. 6 . Morphology of (a) typical granules and (b) cobalt powder.
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Fig. 7. Chevron
-notched bar for toughness test (after [45]).
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Weight

Specimen

iuminum Oxide Slurry

Steel Wheel
Mixing Vanes
(Each Side)

Fig. 8 . High stress abrasive wear test apparatus (after [461).
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Fig. 9. Low stress abrasive wear test apparatus (after [47]).
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1mm

(a) (b)

Fig. 10. Abrasive wear particles for (a) low stress wear test (SiOj, 212-300 pm) and (b) 
high stress wear test (AI2O3, about 590 pm).
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Fig. 11. Rectangular specimen for dynamic Young’s modulus measurement with impulse 
excitation of vibration (after [49]).
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CHAPTER 4

EFFECT OF GRANULE COBALT CONTENT ON MECHANICAL 
PROPERTIES OF DC CARBIDE

In DC carbide, the granule is the reinforcement phase (>70 vol.%); therefore, the 

mechanical properties o f DC carbide are controlled strongly by the granule properties. 

Three types of granules with similar WC size (3 pm) and granule size distribution but 

different cobalt binder levels (10,18 and 25 vol.%) were selected for the investigation of 

the effect of granule cobalt content. Fig. 12 shows the typical granule size distribution for 

these three granules; the arrow indicates the upper size limit of the granules was not 

determined. The mechanical properties of three granules, which were obtained from hot- 

pressed pure granules (0 vol.% metal-matrix content) are shown in Table 3. With 

increased granule cobalt content, granule hardness decreases and toughness increases. 

The internal microstructures of granules with different cobalt contents are shown in Fig. 

13. Here, it can be seen that the mean free path of binding phase within the granules 

increases from 1 pm (10 vol.% cobalt in granule) to 3 pm (25 vol.% cobalt in granule) 

with increased cobalt content.

Cobalt was selected as the metal-matrix throughout these studies, with content 

varying from 0 to 30 vol.%. The DC carbide with 0 vol.% metal-matrix, similar to 

conventional cemented carbide, was produced for comparison by hot pressing granules 

with no intergranular cobalt. Three additional conventional cemented carbides with 30, 

40 and 50 vol.% cobalt were produced, with WC particle size of 3 pm. Fig. 14 shows the

34
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microstructure of DC carbide with different metal-matrix content. With decreased metal- 

matrix content, contiguity of granule increases and the mean free path of metal-matrix 

decreases.

Table 3. Mechanical properties of granules
Granule Co content Average WC
wt.% vol.% particle size (nm) Hardness (HV) Kjc (MPa.ml/2)
6 10 3 1659 10.9
11 18 3 1340 13.4
16 25 3 1139 16.7

4.1. Toughness

Fig. 15a shows the toughness of DC carbide with different granule cobalt contents 

as the function of cobalt metal-matrix content. Toughness increases with the increased 

metal-matrix content; at the same matrix content, tougher granules yield higher DC 

carbide toughness, as expected.

When the total cobalt content in DC carbide, including the cobalt in the metal- 

matrix as well as the cobalt in the granules, is considered, Fig. I5a transforms to Fig. 15b. 

At the constant total cobalt content, the arrow direction indicates that DC carbide has 

higher toughness than conventional cemented carbide and harder granules (lower cobalt 

content in the granules) and larger mean free path of metal-matrix in DC carbide (more 

cobalt in metal-matrix) result in the higher toughness of the overall material.

Fig. 16 shows the microstructure development from typical DC carbide to 

conventional cemented carbide in the reverse direction of the arrow in Fig. 15b. At the 

same total cobalt content, as more cobalt is transferred from the metal-matrix to the 

granules (granule size remains constant but the number of granules increases), the
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granules become tougher; however, the mean free path of the metal-matrix decreases. 

When all the cobalt in the metal-matrix is transferred to the granules, DC carbide 

becomes conventional cemented carbide with zero mean free path of intergranular metal- 

matrix and has very low toughness. Fig. 15b shows directly that DC carbide has higher 

toughness than conventional cemented carbide with the same total cobalt content. Figs. 

15b and 16 indicate the more significant effect of mean free path of metal-matrix on the 

toughness of DC carbide compared to the effect of granule toughness.

The fracture surface of DC carbide after the toughness test is basically flat (Fig. 

17), where the granules show brittle fracture and the metal-matrix shows ductile dimples, 

indicating the crack prefers to go across the granules rather than along the granule/matrix 

interface. Because of the composite nature of the granules and the strong binding 

condition between cobalt matrix and WC, it is difficult to form a weak and smooth 

granule/matrix interface, and fracture along the granule/matrix interface is not common.

4.2. Wear resistance

4.2.1. High stress wear resistance

Fig. 18a shows the high stress wear resistance of DC carbide as the function of 

metal-matrix content. At the same metal-matrix content, harder granules yield higher 

wear resistance. Increased metal-matrix content decreases wear resistance.

When the total cobalt content (granule +• matrix) is considered. Fig. 18a becomes 

Fig. 18b. At constant total cobalt content, harder granules yield higher wear resistance as 

shown by the arrow in Fig. 18b, which also demonstrates the greater high stress wear 

resistance of DC carbide over conventional cemented carbide.
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The wear surface of DC carbide in Fig. 19a and Fig, 19b is quite different from 

that of conventional cemented carbide (Fig. 19c). The DC carbide wear surface shows 

granule protrusion while the conventional cemented carbide wear surface is basically flat. 

In addition, the harder the granules, the more convex the granules and the more concave 

the metal-matrix becomes. Harder granule protrusion forms discontinuous hard facing of 

DC carbide, which enhances the high stress wear resistance of DC carbide.

4.2.2. Low stress wear resistance

Fig. 20a shows the low stress wear resistance of DC carbide as a function of 

metal-matrix content. At constant metal-matrix content, harder granules give higher wear 

resistance (lower volume loss); for each granule type, increased metal-matrix content 

decreases wear resistance. This tendency is quite similar to that of high stress wear 

resistance as shown in Fig. 18a.

Fig. 20b gives the low stress wear resistance of both DC carbide and conventional 

cemented carbide as a function of the total cobalt content. When the total cobalt content 

is over 30 vol.%, conventional cemented carbide has higher low stress wear resistance 

than DC carbide. For a total cobalt content less than 30 vol.%, DC carbide has wear 

resistance similar to the wear resistance of conventional cemented carbide. DC carbide 

has no advantage over conventional cemented carbide in low stress wear resistance, 

which is also cause by its special double structure.

Fig. 21 shows the DC carbide wear surface for the high and low stress wear tests. 

The low stress wear surface (Fig. 21a) shows more smooth granules and concave metal- 

matrix than the high stress wear surface shows (Fig. 21c). The low stress wear surface of
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granules (Fig. 21b) shows that the cobalt binding phase was removed first, increasing the 

possibility of the WC particles being pulled out, while the high stress wear surface of 

granules (Fig. 21d) shows that WC and Co were removed from the granule all together.

Fig. 2le and 2 If show further the difference between high and low stress wear 

tests with the side view, where the low stress wear surface shows more metal-matrix 

removal and fracture of granule caps (Fig. 21f) compared with the high stress wear 

surface (Fig. 21e).

Because of the double structure of DC carbide, which results in a larger mean free 

path of metal-matrix (-20-40 pm) than the path found in conventional cemented carbide 

(about several micrometers); in addition, because of the rubber wheel and SiCF abrasive 

(smaller and softer than the AI2O3 abrasive in the high stress wear test) employed in the 

low stress wear test. DC carbide is subjected to more metal-matrix and cobalt-binding- 

phase removal than conventional cemented carbide in the low stress wear test condition. 

When the metal-matrix or cobalt binding phase is removed to a certain degree, granules 

or WC particles are easily pulled out. The preferred metal-matrix removal and granule 

cap fracture are the main reasons DC carbide has no advantage over conventional 

cemented carbide in the low stress wear test.

4.2.3. Flexural strength

Fig. 22a shows the effect of metal-matrix content on the flexural strength of DC 

carbide. Flexural strength increases with the increased metal-matrix content. At the same 

metal-matrix content, DC carbide with 25 vol.% cobalt granules has the highest flexural 

strength. All DC carbides (10 to 30 vol.% metal-matrix) have higher flexural strength

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

than pure granules (0 vol.% metal-matrix). Compared with toughness of DC carbide or 

conventional cemented carbide, flexural strength of DC carbide is more sensitive to 

sample surface finishing quality, microstructure defects and test conditions. 

Microstructure defects play an especially important role on flexural strength of DC 

carbide and conventional cemented carbide, which is the main reason HEP can increase 

flexural strength to a large degree but cannot increase toughness much. Hot pressing 

below liquid-phase-sintering temperature is not an effective method to eliminate 

microstructural defects for DC carbide because of the lower hot pressing temperature 

compared with liquid-phase sintering and its lower pressure compared with HIP. The 

microstructure defects include microcracks and porosity existing mainly inside the 

granule and at the granule/granule contact area. With higher cobalt-matrix levels, 

granule/granule contact area is reduced and defect density of DC carbide is reduced: 

therefore, the flexural strength increases. (The defect size in DC carbide can be estimated 

with the equation Kc = oVfta". When the known toughness value, Kc, and flexural 

strength value, a , for DC carbide are substituted, the defect size in DC carbide varies 

from 10 to 70 pm).

When the total cobalt content of DC carbide is considered, Fig. 22a becomes Fig. 

2 2 b, which shows that conventional cemented carbide has higher flexural strength than 

DC carbide at the same total cobalt content. With increasing total cobalt content, flexural 

strength of DC carbide increases first and decreases after the peak value.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



40

Chou [53] developed the following metal-matrix-strength model for particle- 

strengthened composites:

a f =<j0 + k y(rm) ' I/2 (39)

where a 0 and ky are constants and rm is the mean free path of the matrix.

Chou’s [53] model (mean free path effect) shows the negative effect of mean free 

path of matrix, i.e., increased mean free path decreases strength of metal-matrix and the 

overall composite. The mean free path of metal-matrix for conventional cemented carbide 

is about several micrometers and for DC carbide can be as high as 40 pm, so the flexural 

strength difference between conventional cemented carbide and DC carbide is apparent 

according to eq (39). For both DC carbide and conventional cemented carbide, two 

factors contribute to the decrease of flexural strength. One is the defect (microcracks and 

pores) density and the other is the mean free path of metal-matrix. As shown in Fig. 22b, 

DC carbide strength increases with increased cobalt content at low matrix fractions when 

the defect effect plays the most important role. When cobalt content increases to a  certain 

degree, the mean free path effect becomes more important, and strength begins to 

decrease with the increased cobalt content, as is apparent in the conventional cemented 

carbide data.

Fig. 23 compares the load-displacement curves between DC carbide and 

conventional cemented carbide with similar total cobalt contents. The DC carbide curve 

(Fig. 23a) shows ductility (displacement) similar to but no greater than ductility shown by 

the conventional cemented carbide curve (Fig. 23b) at similar loading. Compared with 

DC carbide (mean free path of metal-matrix is 37 pm), the mean free path of
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conventional cemented carbide is much smaller (6 pm); therefore, the mean free effect 

leads to much higher flexural strength of conventional cemented carbide.

4.2.4. Hardness

Hardness, a basic property of materials, is often used to evaluate other 

characteristics such as wear resistance and strength. Measurement of DC carbide 

hardness is necessary for the mechanical property comparison between DC carbide and 

conventional cemented carbide.

Fig. 24a shows the effect of metal-matrix content and granule type on the hardness 

of the overall composite. For each granule type, the composite hardness decreases with 

increased metal-matrix content. At constant metal-matrix content, the harder granules 

(lower granule cobalt content) show higher composite hardness, as expected. It is also 

noticeable that the hardness difference between the curves for the hardest and softest 

granules is the greatest at the low-matrix end of the plot. This observation indicates that 

granule hardness has the greatest effect when there is little matrix and that increased 

matrix content reduces the effect of the granule reinforcement.

Fig. 24b illustrates the relationship between hardness and total cobalt content for 

both conventional cemented carbide and DC carbide. At the same total cobalt content, the 

conventional cemented carbide shows a slightly but consistently higher hardness than the 

DC carbide. This lower hardness of DC carbide is caused by the granular structure, with 

the cobalt matrix providing regions with relatively large mean free path compared to the 

conventional particulate structure.
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4.2.5. Young's modulus

Young’s modulus of DC carbide is shown in Fig. 24. Because Young’s moduli of 

pure granules (100 vol.% granule) and cobalt matrix are known, Hashin-Shtrikman 

bounds for DC carbide [35] are set up, where lower bound is

E , ~ 5 £ i _
1 3 ^ + G t

\ Km^p/(K t -K m)]^[3Vro/(3Kre^-4G ji][G""p /(G I -G JI^[6 (K m-2G JV J/[5(3K m- 4 G j G j ]  (4 0 )

V
[1/(K, -K jl+ [3V „/G K „-r4G jlJ  ^ -  [l/(G,-G„.)1+[«KB -r2Gn)VJ/[5(3K„-4Gm)G J

and the upper bound is

9K ,G ,E„ =■
3K, + G ,

sf K, -r------------------ ^ -------------------T g -+---------------------------- ^ ---------------------------- ]
P/flC, -K^I+PV, /gK, +4G ,)]| 8 [l/(G.B-G t)l-i-[6(Kt +4Gt)Gt]J (41)

V

V  [l/CK^-Kjll+pV^/GKj +4Gt)]j [l/(Gm -G ^ M ftfs +2G,)V,l/[5C3Kl +4G,)Gg ] J  

where E, K and G are the Young’s, bulk and shear moduli, respectively; V is the volume 

fraction; and subscripts g and m stand for granule and metal-matrix, respectively.

The relationships among Young’s, bulk and shear moduli for an isotropic material 

are given [54]:

G = — - —  (42)
2(1+10

K =   ----  (43)
3(1-211)

where p. is Poisson’s ratio.
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Young’s modulus of cobalt is 211 GPa [37], and Young’s modulus of the pure 

granules was measured directly. As a result, Fig. 25a shows Hashin-Shtrikman’s [35] 

upper and lower bounds for DC carbide with different granules, demonstrating that this 

model is valid for DC carbide.

When the total cobalt content in DC carbide is considered, Hashin-Shtrikman [35] 

boundaries in Fig. 25b were calculated from elastic properties of pure WC and cobalt. 

The elastic modulus data for pure WC are given by Doi et al. [37]. Young’s modulus of 

DC carbide fits well inside the Hashin-Shtrikman [35] boundaries, indicating that, 

compared with conventional cemented carbide, the double structure of DC carbide does 

not change the elastic property and that the total cobalt content is the most significant 

factor controlling Young’s modulus.

4.2.6. Relationship between toughness and wear resistance o f DC carbide

With the combination of Figs. 15 and 18, the relationship between toughness and 

high stress wear resistance of DC carbide is shown in Fig. 26, where, for both DC carbide 

and conventional cemented carbide, toughness and wear resistance are two conflictive 

properties, i.e. the gain of one property is the loss of the other, but DC carbide shows 

superior combination of toughness and high stress wear resistance over conventional 

cemented carbide. In the arrow direction in Fig. 26, the total cobalt content remains 

constant, DC carbide with harder granules Oess cobalt content inside the granules) leads 

to larger mean free path of metal-matrix, and both toughness and high stress wear 

resistance increase simultaneously.
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Fig. 27 shows the relationship between toughness and low stress wear resistance 

of both DC carbide and conventional cemented carbide. DC carbide still shows superior 

toughness over conventional cemented carbide but no better low stress wear resistance 

because of its double structure.

During the investigation of the effect of granule cobalt content, direct comparison 

between DC carbide and conventional cemented carbide was made. At the same total 

cobalt content, compared with conventional cemented carbide, DC carbide shows higher 

toughness and high stress wear resistance, as well as similar hardness, Young’s modulus 

and low stress wear resistance, but lower flexural strength. In addition, DC carbide shows 

a superior combination of toughness and high stress wear resistance compared to 

conventional cemented carbide; the harder (lower granule cobalt content) the granules, 

the more apparent this advantage becomes.
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Fig. 12. Granule size histogram and cumulative curve for the 10 vol.% cobalt granule, 
typical of the three granule types with about 3 pm WC and 10,18 and 25 vol.% cobalt.
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Fig- 13. Microstructure of granules with similar WC size (3 jim) but different cobalt 
content: (a) 10. (b) 18 and (c) 25 vol.%.
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R g. 14. Microstructure of DC carbide with (a) 70. (b) 80 and (c) 90 vol.% granule, 
granule cobalt content 10 vol.%, granule WC size 3 jxm.
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Fig. 15. Toughness of DC carbide with different granule cobalt contents but similar WC 
size (3 )un) as a function of (a) cobalt metal-matrix content and (b) total cobalt content 
(including the cobalt inside the granule and the cobalt in the metal-matrix). “MFP” in (b) 
stands for mean free path of metal-matrix. Error bars are plus/minus one standard 
deviation.
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(a) (b) (c)

Fig. 16. Microstructure development from (a) DC carbide with low cobalt content 
granules to (b) DC carbide with high cobalt content granules to (c) conventional 
cemented carbide.
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Fig. 17. Fracture surface of DC carbide with 10 vol.% granule cobalt and 3 |tm WC but 
different metal-matrix content, (a) 30, (b) 20 and (c) 10 vol.% after toughness test, always 
showing flat fracture surface for DC carbide with different metal-matrix contents.
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Fig. 18. Effect of (a) metal-matrix content and (b) total cobalt content on the high stress 
wear resistance of DC carbide with different granule cobalt content varying from 10 to 25 
vol.% but the same WC size of 3 |tm.
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Fig. 19. Wear surface of DC carbide with 30 vol.% metal-matrix but different 
granules-(a) hard granules (10 vol.% cobalt in the granules) and (b) soft granules (25 
vol.% cobalt in the granules)-and wear surface of (c) conventional cemented carbide with 
30 vol.% cobalt, showing that the harder granule protrusion is the main reason DC 
carbide has higher high stress wear resistance than conventional cemented carbide.
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Fig. 20. Effect of (a) metal-matrix content and (b) total cobalt content on the low stress 
wear resistance of DC carbide with different granule cobalt content varying from 10 to 25 
vol.% but the same WC size of 3 |tm. DC carbide has no advantage over conventional 
cemented carbide in low stress wear resistance.
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Fig. 21. Wear surface of DC carbide with 30 vol.% cobalt matrix, 10 vol.% granule 
cobalt and 3 jxm WC. (a) Low stress wear surface of DC carbide, (b) low stress wear 
surface of granule, (c) high stress wear surface of DC carbide, (d) high stress wear 
surface of granule, (e) side view of high stress wear and (f) side view of low stress wear. 
The preferred metal-matrix and cobalt-binding-phase removal and granule cap fracture 
are the main low stress wear mechanism for DC carbide and the main reason DC carbide 
has no advantage over conventional cemented carbide in low stress wear resistance.
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Fig. 22. Effect of (a) metal-matrix content and (b) total cobalt content on flexural strength 
of DC carbide with different granule cobalt content varying from 10 to 25 vol.% but the 
same WC size of 3 |xm. Error bars are plus/minus one standard deviation.
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Fig. 23. Load-displacement curve of flexural strength test for (a) DC carbide with 30 
vol.% cobalt matrix, 10 vol.% granule cobalt and 3 (im WC and (b) conventional 
cemented carbide with 40 vol.% cobalt and 3 |im WC.
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Fig. 24. Vickers hardness of DC carbide with 3 pm WC inside the granules but different 
granule cobalt content varying from 10 to 25 vol.% as a function of (a) metal-matrix 
content and (b) total cobalt content. Compared with conventional cemented carbide, DC 
carbide shows only slightly lower hardness.
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Fig. 25. Young’s modulus and Hashin-Shtrikman boundaries for DC carbide with 
different granule cobalt content (10-25 vol.%) but the same WC size (3 fun) as a function 
of (a) granule content and (b) total WC content. The Hashin-Shtrikman model applies to 
DC carbide structure.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

S.
s

(0
(0
0)c
.c
o>3

| 2
0)

o
CB

45

40 ♦  10

35 Granule Co vol.%: 1 1 8
30 Same Total Cobalt 

Content but Harder 
Granules

▲ 25
25

20

15

10
Conventional 
Cem ented Carbide5

0

0 5 10 15 20

High Stress Wear Number (krev/cm3)

Fig. 26. Relationship between toughness and high stress wear resistance of DC carbide 
and conventional cemented carbide. Although toughness and high stress wear resistance 
are two properties with opposite dependencies for both DC carbide and conventional 
cemented carbide, DC carbide shows a superior combination of toughness and high stress 
wear resistance compared to conventional cemented carbide.
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CHAPTERS

EFFECT OF GRANULE WC SIZE ON MECHANICAL 
PROPERTIES OF DC CARBIDE

For conventional cemented carbide, WC particle size plays an important role in 

mechanical properties. At constant binder phase content, mean free path of binder phase 

increases with carbide particle size according to eq. (I) [19]. Along with the increase of 

carbide particle size, hardness decreases [31], toughness increases [20, 26, 28-30] and 

flexural strength reaches the maximum at a certain carbide particle size or mean free path 

of binder phase and then decreases (Fig. 4b) [31]. For DC carbide, changing WC particle 

size inside the granules will change mechanical properties of granules and finally change 

the overall properties of DC carbide. Four kinds of granules with different WC particle 

sizes (0.98, 1.56, 3.3, and 5.8 pm) and the same cobalt binder phase content (10 vol.%) 

were selected for this investigation. The granules were sieved, and only -80+120 mesh 

was used to eliminate granule size effect. The microstructure of granules is shown in Fig. 

28, where increased WC particle size increases the mean free path of binding phase from 

less than 1 pm for granules with 0.98 pm WC to 3 pm for granules with 5.8 pm  WC. 

Cobalt was again selected as the metal-matrix, the content of which is 0 (for pure granule 

property) and 30 vol.%.

61
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5.L  Toughness

Fig. 29 shows the effect of WC particle size on the toughness of DC carbide. For 

DC carbide with pure granules, increased WC particle size increases the toughness 

slightly; however, for DC carbide with 70 vol.% granules, increased WC particle size 

increases the toughness of DC carbide even less, indicating that cobait-matrix toughening 

effect makes granule WC size effect negligible.

5.2. Wear resistance

Fig. 30a shows the effect of WC particle size on high stress wear resistance of DC 

carbide. For both pure granule and DC carbide with 30 vol.% cobalt matrix, high stress 

wear resistance decreases with the increase of WC particle size. For low stress wear 

resistance of DC carbide, Fig. 30b gives similar trends. Along with the increase of WC 

particle size, low stress wear resistance decreases for both pure granules and DC carbide 

with 30 vol.% cobalt matrix. WC particle size shows a more significant effect on pure 

granules than DC carbide with 30 vol.% cobalt matrix, so the addition of cobalt matrix 

reduces the WC size effect on wear resistance. Fig. 31 shows the high stress wear surface 

of DC carbide with different WC particle sizes. Finer WC particle results in higher wear 

resistance of granule and hence more apparent granule protrusion and stronger hard 

facing effect, which yields higher wear resistance of DC carbide. Fig. 32 shows the low 

stress wear surface of DC carbide with different WC particle sizes, where finer WC 

particle gives smoother granule surface than coarser WC particle. In this investigation, all 

the DC carbides have similar granule size (-80+120 mesh) and the same metal-matrix 

content (30 vol.%); therefore, the DC carbides have similar mean free path o f  metal-
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matrix and similar metal-matrix removal condition during low stress wear test. Finer WC 

particles inside the granule reduce the mean free path of the cobalt-binding phase, making 

the cobalt-binding-phase removal more difficult and the granule more wear resistant in 

the low stress wear test, which contributes to the increase of overall DC carbide wear 

resistance.

5.3. Hardness and flexural strength

Fig. 33a shows the effect of WC particle size on the hardness of DC carbide, 

where increased WC particle size decreases the hardness of both pure granules and DC 

carbide with 70 vol.% granules. Fig. 33b shows the effect of WC particle size on the 

flexural strength of DC carbide. The increased WC particle size increases the flexural 

strength of both pure granules and DC carbide with 70 vol.% granules. As mentioned in 

Section 4.2.3, two factors influence the flexural strength of cemented carbide, i.e. defect 

density and mean free path of metal-matrix. For pure granules, increased WC particle 

size increases mean free path of the cobalt-binding phase, which reduces the contiguity of 

WC particles and decreases the defect density (WC particle contact area is the main 

location where microcrack exists, and the main position crack first happens during 

deformation), hence increasing the flexural strength. For each WC particle size, DC 

carbide with 70 vol.% granules has higher flexural strength than pure granules because 

the addition of cobalt matrix decreases the defect density. For the 5.8 pm WC particle 

size, this increase is much less than the increase for the 0.98 pm WC particle size, 

indicating that the defect density for the pure granule with 5.8 pm WC particle size is
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already low; therefore, the further addition of cobalt matrix introduces more mean free 

path effect, which decreases the strength of DC carbide according to eq. (39).

In this chapter, the effect of WC size within the granules was investigated. For 

both pure granule and DC carbide with 30 vol.% cobalt matrix, increased WC size 

decreases both high and low stress wear resistance and hardness and has no significant 

effect on toughness but decreases flexural strength.
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(C) (d)

Fig. 28. Microstructure of granules with different WC particle sizes, (a) 0.98 pm, (b) 1.56 
(im, (c) 3.3 pm and (d) 5.8 Jim, but the same granule cobalt content, 10 vol.%. With 
increased WC particle size, mean free path of cobalt binding phase increases from sub­
micrometer levels to about 3 pm.
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Fig. 29. Effect of WC particle size on the toughness of pure granule and DC carbide with 
30 vol.% cobalt matrix, granule cobalt content L0 vol.% and granule size -80+120mesh. 
Increased WC particle size increases toughness of pure granule to a limited degree but 
has no apparent effect on the toughness of DC carbide with 30 vol.% metal-matrix.
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Rg. 30. Effect of WC particle size on (a) high stress wear resistance and (b) low stress 
wear resistance of pure granule and DC carbide with 30 vol.% cobalt matrix, granule 
cobalt content 10 vol.% and granule size -80+120 mesh. Increased WC particle size 
increases both high and low stress wear resistance of both pure granule and DC carbide 
with 30 vol.% cobalt matrix.
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(c) (d)

Fig. 31. High stress wear surface of DC carbide with 70 vol.% granule (granule cobalt 
content 10 vol.%, granule size -80+120 mesh) and 30 vol.% cobalt matrix, (a) WC size 
0.98 |xm, (b) WC size 1.56 nm, (c) WC size 3.3 |mi and (d) WC size 5.8 pm. Finer WC 
leads to harder granules and more granule protrusion, enhancing high stress wear 
resistance of DC carbide.
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(c) (d)

Fig. 32. Low stress wear surface of DC carbide with 70 vol.% granule (granule cobalt 
content 10 vol.%, granule size -80+120 mesh) and 30 vol.% cobalt; (a) WC size 0.98 
Hm; (b) WC size 1.56 Jim; (c) WC size 3.3 |tm; and (d) WC size 5.8 fun. Coarser WC 
softens granules and reduces the overall low stress wear resistance of DC carbide.
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Fig. 33. Effect of WC particle size on (a) hardness and (b) flexural strength of pure 
granule and DC carbide with 30 vol.% cobalt matrix, granule cobalt content 10 vol.% and 
granule size —80+120 mesh. Increased WC size decreases hardness while increasing 
flexural strength.
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CHAPTER 6

EFFECT OF GRANULE SIZE ON MECHANICAL 
PROPERTIES OF DC CARBIDE

When the granules or metal-matrix. content in DC carbide is constant, changing 

granule size changes mean free path of metal-matrix directly according to eq. ( 1), leading 

to the variation of mechanical properties of DC carbide. For the investigation of granule 

size effect, the granule with 18 vol.% cobalt and 3 pm WC was sieved into five size 

classes, including +80 mesh (>180 pm), -80+100 mesh (150-180 pm), -100+120 mesh 

(125-150 pm), -120+170 mesh (90-125 pm) and -170+270 mesh (53-90 pm). The 

morphologies of different size cuts of granules are shown in Fig. 34. Cobalt was again 

selected as the metal-matrix, with 30 vol.% in DC carbide. The microstructures of DC 

carbide with different granule sizes are shown in Fig. 35, where mean free path o f metal- 

matrix increases from 16 to 41 pm with the increase of granule size.

6.1. Toughness

Fig. 36 shows the effect of granule size and mean free path of metal-matrix on the 

toughness of DC carbide. At the same metal-matrix content and the same total cobalt 

content, the toughness of DC carbide increases monotonically with granule size and mean 

free path of metal-matrix. A special toughness model, discussed in Chapter 7, applies to 

the relationship between toughness and granule size or mean free path of metal-matrix 

(Fig. 36).
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Fig. 37 is the schematic microstructure development from typical DC carbide to 

conventional cemented carbide in the reverse direction of the x-axis o f Fig. 36. The mean 

free path of metal-matrix decreases (from 40 pm for DC carbide to several micrometers 

for conventional cemented carbide) with the decrease of granule size. When the granule 

size decreases to a critical point, DC carbide becomes conventional cemented carbide 

with the small mean free path and hence the low toughness.

6.2. Wear resistance

6.2.1. High stress wear resistance

The effect of granule size on the high stress wear resistance of DC carbide is 

shown in Fig. 38, where the high stress wear resistance of DC carbide increases linearly 

with granule size. Wear surface observation in Fig. 39 manifests that larger granules 

(larger mean free path of metal-matrix) yield more apparent granule protrusion, which 

leads to the hard facing effect discussed in Section 4.2.1.

6.2.2. Low stress wear resistance

For low stress wear resistance of DC carbide, there is a critical granule size 

corresponding to the lowest resistance (Fig. 40). The critical granule size in Fig. 40 is 

about 80 pm, somewhat smaller than the abrasive particle size of 212-300 pm. The wear 

surface observation in Fig. 41 shows that DC carbide with larger granules has more 

apparent granule protrusion while finer granules produce a wear surface that is 

comparatively flat. Unlike the high stress wear test, where a steel wheel and large and 

hard AI2O3 abrasive particles are employed, the low stress wear test uses a rubber wheel
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and smaller and softer SiOo particles, which means Si0 2  particles can dig deeply into the 

cobalt matrix. Especially when softer SiC>2 is broken into smaller pieces, this digging 

effect is more apparent. As discussed in Section 4.2.2, Fig. 41 shows that preferred cobalt 

removal and granule cap fracture are the two main low stress wear mechanisms for DC 

carbide. Both granule size and mean free path of metal-matrix have an important effect 

on low stress wear resistance of DC carbide. At the same metal-matrix content, larger 

granules are more difficult to be broken; therefore, low stress wear resistance increases 

with granule size. On the other hand, the mean free path of the cobalt-matrix increases 

with the granule size and the cobalt-matrix becomes more easily removed; as a result, the 

low stress wear resistance decreases with mean free path of the metal-matrix. The 

combined effects of granule size and mean free path of metal-matrix lead to the critical 

granule size or mean free path of metal-matrix for lowest wear resistance, which means 

that for a certain granule size or mean free path of metal-matrix, both granule cap fracture 

and metal-matrix removal effects are significant, leading to the lowest wear resistance.

6.3. Flexural strength

Kg. 42 shows that the flexural strength of DC carbide decreases monotonically 

with the increase of granule size or mean free path of metal-matrix. As discussed in 

Section 4.2.3, two factors have significant effect on the flexural strength of DC carbide, 

i.e. defect density and the mean free path of metal-matrix. In Fig. 41, DC carbides with 

the same granule cobalt content (18 vol.%), the same granule WC particle size (3 pm), 

and the same cobalt-matrix content (30 vol.%) are employed; therefore, the defect density 

for DC carbide, assumed to be intragranular porosity or cracks, is controlled to the similar
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level; hence, the mean free path of metal-matrix becomes the main factor controlling the 

strength, which decreases the flexural strength with the increase of itself, as explained by 

eq. (39).

6.4. Hardness

The effect of granule size or mean free path of metal-matrix on the hardness of 

DC carbide is shown in Fig. 43. Although not greatly, hardness does decrease with the 

increase of granule size and mean free path. Because all the granules have the same 

cobalt content and WC particle size and therefore the same hardness, the decreased 

hardness is mainly caused by the increase of mean free path of metal-matrix. according to 

eq. (39).

6.5. Relationship between toughness and wear resistance o f DC carbide

Fig. 44 shows the relationship between toughness and wear resistance for both 

conventional cemented carbide and DC carbide with 30 vol.% cobalt matrix, 18 vol.% 

granule cobalt, 3 pm WC but granule size varying from 55 to 133 pm. For conventional 

cemented carbide, toughness and high stress wear resistance are two properties in 

contradiction, i.e. the gain of one property leads to the loss of the other property. For DC 

carbide with the same cobalt-matrix content and granule type, increased granule size 

increases both toughness and high stress wear resistance at the same time. The main 

reason is that the increased granule size increases the mean free path of metal-matrix, 

which increases the toughness, and enhances the granule protrusion effect, which
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increases the high stress wear resistance. The larger granule is a critical DC carbide 

design concept for both toughness and high stress wear resistance.

Fig. 45 shows the relationship between toughness and low stress wear resistance 

for both conventional cemented carbide and DC carbide with 30 vol.% cobalt matrix, 18 

vol.% granule cobalt content and 3 pm  WC but with granule size varying from 55 to 133 

pm. Similarly to Fig. 44, Fig. 45 shows that for conventional cemented carbide, low 

stress wear resistance and toughness are two properties in conflict, too. For DC carbide 

with the same cobalt-matrix content and granule type, increased granule size increases 

toughness but has no apparent effect on low stress wear resistance. In Fig. 45, DC carbide 

does not show superior low stress wear resistance compared to conventional cemented 

carbide because of the preferred cobalt matrix removal during the low stress wear test.

In this chapter, the effect of granule size was investigated. At the same cobalt- 

matrix content, increased granule size increases both toughness and high stress wear 

resistance but decreases hardness and flexural strength to a limited degree. There is a 

critical granule size corresponding to the lowest low stress wear resistance. During this 

investigation, DC carbide is related to conventional cemented carbide by the concept of 

mean flee path of metal-matrix. Conventional cemented carbide can be regarded a  special 

DC carbide with very small mean free path of metal-matrix.
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(b) (c)

Fig. 34: The morphology of granules with 18 vol.% cobalt and 3 WC but different 
granule sizes, (a) +80 mesh, (b) -120+170 mesh and (c) -325 mesh.
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(c)

Fig. 35. The microstructure of DC carbide with 30 vol.% metal-matrix but different 
average granule size, (a) 130 jxm. (b) 90 jxm and (c) 60 Jim; granule cobalt content 18 
vol.% and WC size 3 pm. Decreased granule size decreases the mean free path o f  metal- 
matrix from 41 to 16 pm.
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Fig. 36. Effect of (a) granule size and (b) mean free path of metal-matrix on toughness of 
DC carbide with 30 vol.% cobalt matrix, granule cobalt content 18 vol.% and WC size 3 
jim. Increased granule size or mean free path of metal-matrix increases toughness 
monotonically.
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(a) (b) (c)

Fig. 37. Microstructure development of DC carbide from (a) large granule to (b) small 
granule to (c) conventional cemented carbide. Conventional cemented carbide can be 
regarded a special DC carbide with very short mean free path of metal-matrix and hence 
very low toughness.
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Fig. 38. Effect of granule size on high stress wear resistance of DC carbide with 70 vol.% 
granules (18 vol.% Co and 3 |im WC in granule). High stress wear resistance of DC 
carbide increases linearly with granule size.
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(a) (b)

Fig. 39. Wear surface of DC carbide with 30 vol.% metal-matrix and 3 urn WC inside the 
granule but different granule sizes: (a) large granules (133 nm, 18 vol.% Co in granule) 
and (b) small granules (57 nm, 18 vol.% Co in granule). Larger granule size makes more 
granule protrusion, leading to greater high stress wear resistance.
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Fig. 40. Effect of granule size on low stress wear resistance of DC carbide. There is a 
critical granule size (about 80 pm) corresponding to the lowest low stress wear 
resistance.
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(e) (f)

Fig. 41. Low stress wear surface of DC carbide with 30 vol.% cobait matrix, 18 vol.% 
granule cobalt content and 3 WC but different granule sizes: (a) 130 pm, overview: 
(b) 130 ^m, sideview; (c) 90 pm, overview; (d) 90 pm, sideview; (e) 60 pm, overview; 
and (f) 60 pm, sideview. Preferred cobalt matrix removal and granule cap fracture are 
two main low stress wear mechanisms for DC carbide.
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Fig. 42. Effect of (a) granule size and (b) mean free path of metal-matrix on flexural 
strength of DC carbide with 30 vol.% cobalt matrix, 18 vol.% granule cobalt content and 
3 pm WC. Increased granule size or mean free path of metal-matrix decreases flexural 
strength slightly. Error bars are plus/minus one standard deviation.
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Fig. 43. Effect of (a) granule size and (b) mean free path of metal-matrix on the hardness 
of DC carbide with 30 vol.% cobalt matrix, 18 vol.% granule cobalt content and 3 pm 
WC. Increased granule size or mean free path of metal-matrix decreases the hardness 
only slightly.
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Fig. 44. Relationship between toughness and high stress wear resistance for both 
conventional cemented carbide and DC carbide with 30 vol.% cobait matrix, 18 vol.% 
granule cobalt content and 3 pm WC but granule size varying from 55 to 133 pm. 
Increased granule size increases both toughness and high stress wear resistance at the 
same time.
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Fig. 45. Relationship between toughness and tow stress wear resistance for both 
conventional cemented carbide and DC carbide with 30 vol.% cobalt matrix, 18 vol.% 
granule cobalt content and 3 pm WC but granule size varying from 55 to 133 pm. 
Although increased granule size increases toughness, DC carbide has no superior low 
stress wear resistance compared to conventional cemented carbide.
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CHAPTER 7

WEAR MECHANISM AND TOUGHNESS MODELING OF DC CARBIDE

7.1. Wear resistance mechanism o f DC carbide

As discussed in Chapter 4, DC carbide has a unique wear mechanism because of 

its specific microstructure. Because wear resistance is a functional rather than an intrinsic 

property of materials, which means both intrinsic properties and test conditions have an 

important role in the final results, the wear mechanisms discussed here are specific for 

the high (ASTM B611) and low (ASTM G65) stress wear test conditions.

7.1.1. High stress wear mechanism

As shown in Fig. 46, during the high stress wear test, the softer metal-matrix is 

removed first by abrasive particles, producing granule protrusion. Coarse abrasive 

particles then have a greater chance to contact granules than the metal-matrix; hence, the 

granule protrusion acts as a discontinuous hard facing, which enhances the wear 

resistance of DC carbide. At the same total cobalt content (cobalt in granule plus cobalt in 

metal-matrix), DC carbide has greater high stress wear resistance than conventional 

cemented carbide because of the granule protrusion effect. Granule properties (controlled 

by WC particle size, cobalt content inside the granule and granule size) and metal-matrix 

properties both have direct influence on the granule protrusion effect and hence the wear 

resistance of DC carbide. Finer WC particles within the granules produce harder and 

more wear resistant granules; hence, the granule protrusion effect is more apparent,
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which leads to greater high stress wear resistance. At the same metal-matrix content, 

larger granules result in a larger mean free path of metal-matrix and more apparent 

granule protrusion effect, which results in higher high stress wear resistance.

7.1.2. Low stress wear mechanism

The low stress wear test employs a rubber wheel and finer and softer Si02 

abrasive particles compared to the steel wheel and coarser and harder AI2O3 abrasive in 

the high stress wear test. As shown in Fig. 47, in the low stress wear test, the abrasive 

particles can dig into the metal-matrix much more easily than in the high stress test; 

metal-matrix removal is an important wear mechanism for DC carbide. During the wear 

test, soft SiO; is easily broken into smaller particles, making metal-matrix removal easier. 

SiCb is so soft that it can only remove cobalt inside the granules and the metal-matrix 

around the granules. The WC particle inside the granules is pulled out when the cobalt 

binding phase cannot hold the particle. When the granules are worn to a certain size, 

granule fracture becomes another mechanism for low stress wear of DC carbide.

Both granule and metal-matrix properties have a significant effect on low stress 

wear resistance. Finer WC particle size or lower cobalt content inside the granules 

increases the hardness and wear resistance of the granules and consequently increases the 

low stress wear resistance of DC carbide. Granule size effect is complicated because both 

metal-matrix removal and granule fracture have an effect. For small granules, although 

the mean free path of the metal-matrix is small, the granules are easily broken; for large 

granules, although the mean free path of the metal-matrix is larger and therefore the 

metal-matrix is
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more easily removed, the granules are difficult to fracture. The combined metal-matrix 

removal and granule fracture effects cause a critical granule size or mean free path of 

metal-matrix for the lowest wear resistance.

7.2. Toughness modeling

Many efforts have been made to develop the toughness models of conventional 

cemented carbide [26-28]. Most efforts demonstrate that the mean free path of the metal- 

matrix is the critical factor influencing the toughness. Ravichandran gave a typical 

expression of the toughness for conventional cemented carbide [27]:

Gc = ( l - V f )Gm+Vfa 0Xx (44)

where Gc and G m are the critical strain energy release rates of cemented carbide and 

WC phase, respectively; Vf , a 0 and X are the volume fraction, the bulk flow stress and 

the mean free path of the metal-matrix, respectively; and x is die work of rupture 

parameter varying from 4 to 16, which accounts for the constrained flow behavior of the 

metal-matrix.

In fact, the term ttQx can be considered as the valid flow stress of the metal- 

matrix constrained by WC particles. Different models have different expressions for this 

term. Sigl and Fischmeister [19] regarded that Chou’s Hall-Petch type model [53] for soft 

phases in two-phase composites takes an important role in the flow stress of metal-matrix 

in cemented carbide:

tty = tt°  +- kyAru 2 (45)
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where cry is the flow stress of metal-matrix, and k y are constants and A. is the mean

free path of metal-matrix.

When the terms for the WC phase in eq. (44) are changed directly into terms for 

the granules in DC carbide, Ravichandran’s [27] model for conventional cemented 

carbide is transformed into the toughness model for DC carbide:

G fc = V8G£ + (46)

where G£. is the critical strain energy release rate of granule; V8 and V® are the volume

fractions of granule and metal-matrix, respectively; A. is the mean free path o f metal-

matrix; and Of is the flow stress of metal-matrix.

When both Chou's [53] and Ravichandran's [27] models for flow stress o f metal- 

matrix are considered, the flow stress of metal-matrix in DC carbide can be expressed as:

Of = o ° +  kyA_t/I (47)

Combining eqs. (46) and (47) gives

Gfc = V8G* +• V“ao°  + V“k yAr- (48)

Because the stress intensity factor of DC carbide, K,c, is already known from 

toughness testing, the critical energy release rate of DC carbide, G fc, can be calculated as 

[54]:

Gfc= K ' ( l - n a ) / H c (49)

where |xc is the Poisson’s ratio and Ec is Young's modulus of DC carbide. Here, 

isotropic elastic properties of DC carbide are assumed, Potsson's ratio comes directly
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from Koopman et al. [50], and Young’s modulus comes from experimental 

measurements in Section 4-2-5.

Every term is known in eq. (48) except and ky; therefore, multiple linear 

regression was made to determine these two constants, which yields o° =18.8 MPa and 

ky = 1.37 MNm'3/2; the coefficient of determination for this regression is 0.95, which is 

quite close to I, indicating the validity of eq. (48). For a typical cobalt phase in 

conventional cemented carbide, Sigl and Fischmeister gave o f  = 480 MPa and ky =

1.35 MNm'w  [19]. The k y value is quite close to the result of DC carbide, while the a °

value is different between DC carbide and conventional cemented carbide. The main 

reason is the high residual tensile stress existing in the cobalt matrix. Although direct 

residual stress measurement is not available at present, finite element analysis for DC 

carbide shows that the residual tensile stress of cobalt matrix is around 500 MPa [55]; 

therefore, the valid o f  value should be the difference between the value for the 

unstressed state and the residual tensile stress of the cobalt matrix. This difference is near 

zero, similar to the regression result. Table 4 compares K fc calculated from eqs. (48) and

(49) and the experimental data, demonstrating that eq. (48) is a valid toughness model 

predicting DC carbide toughness.

Fig. 48 shows the relationship between toughness and mean free path o f  metal- 

matrix. All these five curves are produced by eq. (48) at the same total cobalt content. 

The three fine curves stand for the DC carbide with the same granule cobalt content but 

different granule sizes (hence the different mean free path of the metal-matrix). The two 

coarse curves stand for the DC carbide with the same granule size but different granule
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cobalt content. The decreased mean free path of the metal-matrix decreases the toughness 

of these five curves and finally makes the curves meet at a common point corresponding 

to the toughness of conventional cemented carbide. The arrow in Fig. 48 means that at 

the same total cobalt content, harder granules lead to larger mean free path o f metal- 

matrix and yield higher toughness, which is consistent with the arrow in Fig. 15b.

Table 4. Toughness comparison between experimental data and calculation from eqs. 
(48) and (49)"______________________________________________________________
Granule Mean Free Experimental Toughness Calculated
Toughness Granule Matrix Matrix Path of Metal- Toughness from eqs. (48) and 
(MPa«mI/2) vol.% Type vol.% Matrix (itm) (MPa«mI/2) (49) (MPa«ml/2)
16.7 70 Co 30 29.4 37.9 34.5
16.7 80 Co 20 23.4 31.5 29.1
16.7 90 Co 10 16.2 22.7 23.0
13.4 70 Co 30 26.9 35.7 33.9
13.4 80 Co 20 20.9 27.7 28.1
13.4 90 Co 10 14.8 19.9 21.2
10.9 70 Co 30 37.3 34.5 36.9
10.9 80 Co 20 21.4 23.5 28.3
10.9 90 Co 10 17.9 17.6 21.3
13.4 70 Co 30 40.8 38.2 37.7
13.4 70 Co 30 32.5 34.6 35.8
13.4 70 Co 30 27.4 32.9 33.9
13.4 70 Co 30 21.9 32.1 32.0
13.4 70 Co 30 15.8 29.4 29.6
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Fig. 46. High stress wear mechanism of DC carbide.
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Fig. 47. Low stress wear mechanism of DC carbide.
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CHAPTER 8 

CONCLUSIONS

Based on the discussion in Chapters 1-7, the following conclusions can be drawn:

1. DC carbide is a promising dual composite due to both its superior mechanical 

property combination over conventional cemented carbide and the flexibility of 

composite design.

2. Mechanical properties of granule and metal-matrix are the two main factors 

controlling mechanical properties of DC carbide. WC particle size and cobalt content 

inside the granules control the mechanical properties of the granules.

3. At the same total cobalt content, DC carbide with cobalt matrix demonstrates 

higher toughness and high stress wear resistance but lower hardness and flexural strength 

than conventional cemented carbide.

4. Granule size influences mechanical properties of DC carbide by changing mean 

free path of metal-matrix. Toughness and high stress wear resistance decrease, while 

flexural strength and hardness increase with the decrease of granule size. There is a 

critical granule size or mean free path of metal-matrix corresponding to the lowest low 

stress wear resistance.

5. Mean free path of metal-matrix is a critical factor controlling the toughness of 

DC carbide and relating conventional cemented carbide and DC carbide. Conventional 

cemented carbide can be considered a special case of DC carbide with very fine granule 

size and very short mean free path of metal-matrix.
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6. Granule protrusion is the main mechanism for high stress wear resistance, 

enabling DC carbide to have greater high stress wear resistance than conventional 

cemented carbide. For low stress wear resistance, preferred metal-matrix removal and 

granule fracture are two important mechanisms.

7. Defect density and mean free path of metal-matrix are two significant factors 

influencing flexural strength of DC carbide, which makes DC carbide have lower flexural 

strength than conventional cemented carbide.
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