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2. LITERATURE REVIEW

2.1 WC-Co sintered alloys

Cemented carbides were developed in the 1920’stHferproduction of wire
drawing dies [1-4]. WC based cemented carbideshard and brittle materials
used mainly for cutting tools, structural compoiserrock drilling inserts and

wear parts and are the most widely used compositerial [1-4].

2.1.1 Manufacture of WC-Co

WC-Co alloys are produced by powder metallurgy méphes. This involves a
sequence of manufacturing activities, which aremafiortant to the final product
[1]. The final product consists of hard and abnasiesistant particles of tungsten
carbide cemented by tough metallic cobalt [1,4guFé 2.1 shows a typical
microstructure of the final product of a WC-12wt%@ade. WC is produced by
mixing tungsten metal and carbon black, which entbarburized at temperatures
between 1400 and 2650°C [1,2,&he cobalt powder must be very fine to allow
excellent dispersion in the tungsten carbides. [&bestage of the manufacturing
process is sintering which is done at high tempeeat from around 1350°C for
alloys containing around 30 percent cobalt to adod®50°C for less cobalt
content alloys [1]. Particles of tungsten carbigestly dissolve in the molten
cobalt during sintering [1]. During sintering poitgsmust be eliminated as this
affects the mechanical and physical propertieshef alloy. Figure 2.2 is a

schematic flow chart of how WC-Co cemented carbidgsoduced.
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Figure 2.1: Typical microstructure of WC-12wt%Cdelgrey angular particles

are hard WC grains and the dark material betweenWt(C grains is Co.
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Figure 2.2: Schematic flow chart for the manufaetaf WC-Co alloys [1].
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2.1.2 Properties of WC-Co

The properties of WC-Co cemented carbides depemayran the WC grain size,
Co weight percent and ability of Co to wet WC. Thegve, amongst others,
excellent properties of high hardness with goodjtmess and wear resistance [1-
5]. This section summarizes the properties and kiosy are affected by the

composition and microstructure.

2.1.2.1 Cobalt binder phase and mean free path

The cobalt structure is closed-packed hexagomplaf temperatures below
approximately 400°C and face-centered cubicdt temperatures above 400°C
[3,5]. The cobalt in the WC-Co components is comipdiound at its low
temperature phase (hcp - brittle). TheCo phase is more brittle and more
susceptible to crack formation [3]. Other bindeagds can be used with WC but
cobalt is usually preferred mainly because of isedlent wetting of WC and its

ductility that so allows some plastic deformatiarthe structure [3,5].

The mean free path is known as the measure of #snrdistance between WC
grains i.e. mean thickness of cobalt layers betviee®WC grains [6,7]. The mean
free path increases with the cobalt content. Ireingaboth the cobalt content and
the mean free path lowers the hardness of the W@i@gs but improves the

fracture toughness [4,6-9]. The relationship betwd®e mean free path, mean

WC grain size and the hardness is given in theteansabelow:

Hueoco = 410022.3(A /2dY? +1]7 -130 [10],

H = Hardness of WC-Co

WC-Co
A = Mean free path in Co,

d = Mean WC grain size
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2.1.2.2 Tungsten carbide

WC grains in WC-Co are single crystals with a ctbpacked hexagonal structure
[3,4,5]. WC is a hard phase with high young modyRis The hardness of the
WC-Co alloys varies from below 1300HV to above 2300 which depends
mainly on the WC grain size, which may range frdinaufine (<0.5um) to extra
coarse (>5.Am) [1,2]. The hardness of WC varies from 1300HV2@00HV
depending on the crystal orientation. The finer gin@ins, the harder the alloy.
Another phase that may form in cemented carbid&¥,{S, which is harder than
WC [3, 11]. The WC phase is formed during sintering at high tempeest if the
material is carbon deficient and can easily be peed by decarburization of

tungsten [3].

2.1.2.3 General properties

Figure 2.3 by Mills [12] is a schematic ternarygt@m of how different phases
contribute to the properties of cemented carbi8esne cemented carbide grades
can contain other carbides like TiC, NbC and TaG@ictv are mainly used for
cutting steels. The metal binder contributes wishductile behavior to improve
the toughness of cemented carbides while hardrfetsee WC contributes to the

high wear resistance [4].
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Figure 2.3: Ternary diagram showing effect of cosipon on mechanical,

chemical and thermal properties of cemented cab[dée].

Fracture toughness is another important propertyaterials, which depends on
the microstructure. It is established that fractdoeighness increases with
increasing cobalt content, increasing WC grain aize increasing mean free path
[6,9,11]. In general high wear resistance is aadey increasing the hardness of
the alloy [7,13,14].

2.1.2.4 Thermal propertiesof WC-Co alloys.

WC-Co hardmetals have good thermal conductivityictviis approximately twice
that of unalloyed steel [3]. Thermal conductivifyumalloyed steel ranges from 20
to 48 W/mK. Thermal properties directly influencdet thermal shock
characteristics of the material. Their thermal prtips vary based on their
composition and structure. In general thermal prige of cemented carbides
vary according to the Co content and WC grain s&z@des with large WC grain
size are known to have a higher thermal condugtiian grades with fine grain
size [3]. Typical values of thermal conductivitynge from 50 to 120 W/m.K for
WC-Co alloys. Figure 2.4 is a graph of thermal earitbity versus Co content;
the values are scattered because thermal condyatives not depend only on Co

content but also with the WC grain size [1]. Thelrmapansion is another
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important property, which increases when increaslogcontent and temperature

(see Figure 2.5).

Table 2.1 lists thermal properties of WC, Co anddheetal grades that differ in
cobalt content and WC grain size [2]. The rocklidgl grade has a higher thermal
conductivity than the other 2 grades, implying thaat travels faster through this

grade.
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Figure 2.4: Thermal conductivity of WC-Co hardmstgl].
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Figure 2.5: Thermal expansion coefficient of WC-Rardmetals. a) at room
temperature and b) at 20-860. Typical values ranges from 4.5 to &5.0°%K
between 0 and 8011].

Table 2.1: Thermal properties of WC, Co and differé/C-Co grades. i) rock
drill grade has 6wt%Co and/n WC, ii) hot rolling grade has 15wt%Co and
4/m WC, and iii) a multi purpose grade with 11wt%Ca&,5m WC [2].

Density Thermal expansion | Thermal Heat
g/em™ coefficient  (1x10e- | conductivity ?;%f)ity
6/K) (W/mK)
Pure WC 15.7 3.8 170 0.18
Pure Co 8.9 12.5 100 0.42
i) Rock drill| 14.8 4.9 122 0.22
grade
i) Hot rolling | 13.9 5.8 106 0.24
grade
iii) Multi | 14.4 5.6 95
purpose grade

Table 2.1 confirms that the thermal expansion ddefit increases with
increasing Co content and that the thermal condtictiloes not depend only on

Co content.
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2.2 Abrasive wear of WC-Co alloys

The abrasive wear of WC-Co alloys has been stuftiednany years. Abrasive
wear may involve plastic flow and/or brittle framu[2,14]. Plastic flow implies
removal of material by plastic deformation, whiciincbe defined as ploughing
[14]. Plastic deformation is usually followed byveee fragmentation of WC
grains that is accompanied by gradual extrusiorthef cobalt binder [15,16].
During wear by brittle fracture the abrasives slioeer the WC-Co sample

without severe indentation of the surface [17].

In a study by Larsen-Basse [16] on the sliding welalWWC-Co alloys it was
suggested that Co binder extrusion is an importethanism in abrasive wear of
cemented carbides. The author explained that bimdémusion weakens the
surface layer since it results in micro-crackingtted WC.During cooling from
the high sintering temperatures Co contracts mioae WC which puts WC in
compression in the WC-Co alloys; this lowers thegiaility of crack formation in
the WC grains [14,16]. During abrasive wear, thepessive stresses on the WC
grains are reduced as the Co binder is extrudeu fine surface which makes WC
vulnerable to crack formation followed by fragmdita. WC-Co alloys have
high abrasion resistance due to their hardnessedaby the hard WC phase.
Below are some of the factors affecting the abrasgsistance of WC-Co alloys;

which are: microstructure, hardness and surfacghess.

Microstructure and composition

The microstructure and composition which include @o mean free path, WC
grain size, cobalt content and porosity, affects wear rate of the hardmetals.
Figure 2.6 shows the relationship between abrassistance and cobalt content
and mean free path for hardmetal grades with varWWC grain sizes. Abrasion

resistance decreases with increasing cobalt coatehincreasing mean free path

1C
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and increases with decreasing WC grain size. Ehizecause cobalt is less hard

than WC and therefore more prone to removal dusiegr.
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Figure 2.6: Graphs of abrasion resistance versysc@balt content and (b) mean

free path for different grain sized alloys. The \§@in size is designated by UF
(0.6 um), F(1.1um), M (3um) and C (5.1um) [6].

Har dness

Hardness is the resistance to indentation or eagist to plastic deformation
[4,6,18]. Hardness of WC-Co alloys depends maimiycobalt content, WC grain

11
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size and mean free path as mentioned in Sectia@.2.4nd 2.1.2.2. Figure 2.7
shows a graph of abrasion resistance versus harfimedifferent WC grain sized

alloys, and it show that abrasion resistance isg®gavith increasing hardness.
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Figure 2.7: Graph of abrasion resistance versusdmass of different grain sized

alloys [6].

Surface roughness

Surface roughness causes mechanical interlockitvgele@ the specimen and the
abrasive body. Therefore the wear rate increasdh wicreasing surface
roughness. Unevenness of the material due to padiace finish during

manufacturing, sample preparation or anything tizat alter the surface of the

specimen can lead to increase in the wear rate [19]

12
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2.3 Thermal shock

Thermal shock is due to a sudden change in temperathich may result in the
formation of surface cracks [20-25]. Due to itsliapito generate surface cracks
some authors refer to it @sack induction[23]. Cracks may be generated by the
combination of high temperature and rapid cooling vilater or other fluids.
Surface cracks are caused by differences in theexydnsion and contraction
between the interior and the surface of the madt§2ia-25]. The resistance of
metals to thermal shock depends mainly on themthéconductivity and on the
strain due to thermal expansion [2,21]. High Yowngiodulus materials can
withstand small strains and are susceptible tontaershock; low Young's
modulus materials that can withstand larger straires more able to absorb
thermal shock [2]. WC-Co alloys have a high Youngisdulus and therefore
they are susceptible to thermal cracks. As WC-Quysalare highly wear resistant
materials the effect of thermal cracks on the weaponse is important. Table 2.2

lists some of the properties that influence thershalck of WC-Co alloys.

Some of the thermal surface cracks generated bynteshock are also referred
to as snake skin or reptile skin cracks. They ame ftracks that can easily
propagate through a material [2,22]. These craektgelly occur on cemented
carbide rock drill bit inserts, hot rolls and sealgs [2,22,26,27]. They may be
avoided by increasing both the WC grain size aeddb content but this can lead
to a high wear rate as the hardness will be deedef@s 4].

13
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Table 2.2: Thermal and mechanical properties for V@@d Co binder that

influences the thermal shock [24].

Coefficient of| Young's | Poisson’| Tensile | Thermal
thermal linean modulus | s ratio | strength| conductivity

expansion (K) | (GPa) (W/mK)
Hard phase (WC) |  3.84 x 1¢ 696 0.22 392 170
Cobalt 12.3 x 18 206 0.31 256 100

2.3.1 Thermal stresses caused by ther mal shock

Thermal stresses are induced by thermal shock $24Thermal stresses occur
when a material is subjected to heat and differegtons of the material have
different coefficients of thermal expansion [2328, High thermal stresses may

cause surface cracks in some materials like WCHOgsa[24,25].

Figure 2.8 [25] shows the relationship between rtfarstresses induced by
thermal shock and distance from the cooled surfdwen a specimen is quenched
in water. This graph confirms that high thermaksses are caused by thermal
shock at zero distance i.e. at the surface ofgbeisien. The thermal stresses then
decrease gradually in magnitude as the distanca fhe cooled surface to the
core increases. The figure shows negative thertmedssimplying contraction at
the core, unlike tension occurring at the surfat¢he specimen indicated by
positive thermal stress.

Thermal stresses due to thermal shock increasehesheating temperature
gradient is increased [25]. The stresses decregisensreasing distance from the
surface (see Figure 2.8). Ishihara et.al [25] itigated thermal stresses at
different specimen height and different cooling me@oom temperature-water
and silicon oil, see Figure 2.9) [25]. The increas¢hermal stresses resulted in

more damage or cracks on the surface of the spacame this will result in high

14
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wear rate during abrasion applications. Tokomotal 23], who investigated the
thermal shock resistance of cemented carbides, dfotvat thermal shock
resistance increases with the thermal stress aes#sti.e. higher thermal stresses

in the material will result in lower thermal shaasistance (see Figure 2.10) [23].
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Figure 2.8: Distribution of thermal stresses inddcley thermal shock near the
cooled surface with time when the specimen is cwexhin water, the material

tested had 8,Am WC grain size and 10wt% Co [25].
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Figure 2.9: Maximum thermal stresses during therstabck as a function of the
heating temperature. The specimen tested hada8\WC grain size and 10wt%
Co [25].
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Figure 2.10: The relationship between thermal streesistance and thermal

shock resistance [23].

It was reviewed above that thermal stresses imniierial increase as the heating
temperature gradient increases, thus damage onrsutface of the material
increase [25]. Here the effect of increasing thelber of thermal shock cycles on
thermal stresses in a material is reviewed. Regeh&rmal shock is common in
the operation of rock drilling [1, 2]. This is berse the cooling is not continuous

during drilling operations.

It has been observed by Ishihara et.al [25] thatctiack density (number of micro
cracks per unit area) increases as the numbereointi shocks increase which
suggest that higher thermal stresses are inducettheashermal shock cycles
increase [24]. The crack density is measured bwidalines on micrographs of
the samples having micro-cracks on the surface @nohting the cracks that
intersect the lines [24,27]. Figure 2.11 showslatianship between crack density

and number of thermal shocks.

16
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Figure 2.11: Number of cracks per area with incriegsnumber of thermal

shocks [25].

2.4 Thermal shock fracture and wear

No publications have been found on the direct ieahip between thermal shock
and abrasive wear of WC-Co alloys. Many authorglistll observed thermal
shock effects during rock drilling with cementedhude [2,20-22,29,30]. High
temperatures could be generated by friction durouk drilling. It is difficult to
study the effect of thermal shocks during drilliag this is combined with wear,

and so it is difficult to study the synergy betwdlearmal shock and wear.

The following section reviews the failure mecharsswbserved during rock
drilling since thermal shock is one of the factoositributing to the failure of rock

drilling buttons. This is followed by a general i~ of the wear of WC-Co

alloys during rock drilling.

17
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2.4.1 Failure mechanismsduring rock drilling

The life of WC-Co drill bits depend on how much evél is lost during rock
drilling by wear or fracture [2,20,21]. Thus thentact in this case is between two

hard materials with WC-Co having superior hardness.

Figure 2.12 shows typical rock drill faces withléae of buttons in B shown
schematically in Figure 2.13. The drill bits amledded with WC-Co buttons
(or inserts) of different grades depending on §petof rock to be drilled. The

steel crown shown in Figure 2.12 is used to supmohibld up the drill face.

Figure 2.12: Typical rock drill face embedded WifC-Co buttons. A is unused

and B is used. Some of the buttons in B are fractor worn [2].

Figure 2.13 is a schematic of the macroscopic llifdting factors of inserts

during rock drilling [2]. The first button (A) isnworn, B is worn as a result of
drilling on hard rocks and C lost a large portiohnoaterial by catastrophic

fracture, which may be generated by inclusionsectsf stress concentrations or
micro-cracks in the material. Button D is partly mvp the change of shape
introduces stress concentrations as shown by twawarin Figure 2.13. These
stress concentrations can lead to catastrophit¢ufiacButton E shows surface

cracks that are the result of thermal stressesséltozacks can also lead to

18
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catastrophic fracture and can propagate throughmntaterial unnoticed. These
thermal cracks are mainly a result of thermal shogkich induces thermal

stresses as explained in Section 2.3.

Figure 2.13: Schematic of a life limiting process#sdrill buttons where A ~
Unworn, B ~ Worn, C ~ catastrophic fracture, D ~a@ual wear, E ~ Snake skin

cracks [2].

242 Wear of WC-Coin rock drilling

There are general rock drilling types used in mgnimdustries such as percussive
drilling, rotary drilling, percussive-rotary dritlg and cutting. All these are used
selectively depending on the nature of the rocR7TR, Normally, rock drilling
WC-Co grades are manufactured to have a large V@ gize and a high Co
binder content depending on the rock type [2]. égawed previously in section
2.2, binder extrusion is considered to be one efvilear rate controlling factors
during rock drilling [2,15,16].

Beste [2] carried out the most comprehensive ingasbn into the wear of rock

drills and found that the main wear mechanismshradollowing:

1. Crushing of WC grains and release of fragments; dlecurs from buttons
exposed to hard rocks. Crushing occurs as the rbumipacts the rock
repeatedly with less indentation.

2. Detachment of WC grains. May occur when the drilf lscratches the

rock

18
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3. Crushing of drill bits inserts may occur due to auofs against the rock

4. Scrapping and pounding off of corroded or oxidizagers on the WC.
Occurs from less hard rocks that leave a polishggearance on the
buttons after wear.

5. Detachment of fragments occurring from buttons eeplao repeated high
loads. This behavior occurs due to the formatiosusface cracks or inter-

granular cracking.

Crushing of WC grains and then removal of fragmeats happen when there are
voids between the WC grains caused by binder egtrusvhich exposes the WC
grains to abrasive wear. Jonsson [22] observedatieats of binder phase could be
lost from the surface during drilling either by sian or being hollowed out.
Detachment of whole grains and composite-scalarfeangs result from repeated
loading [16].

2.5 Oxidation behavior of WC-Co

When WC-Co is used for rock drilling and high-speetting, temperatures at the
interface with the work-piece or the rock can gasslach as high as 1000°C [31-
33]. Thus, oxidation of the cemented carbide casilyedappen because it is
reported that the oxidation of WC-Co starts at teratures as low as 500°C [31].
This section reviews the oxidation of WC-Co, th&eeff of temperature and the
swelling due to oxidation. The oxidation behavia ieviewed since the

hardmetals in this project have been exposed tpeemures between 600°C and
1000°C prior to quenching.
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2.5.1 Effect of cobalt content

Cobalt in WC-Co alloys accounts for the high oxidatresistance of the material
i.e. increasing the cobalt content of the matewdl lead to a decrease in
oxidation [31,32]. Figure 2.14 shows the effectbafder phase on the oxidation
behavior of WC-Co.
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Figure 2.14:Weight gain per unit area vs. time graphs for 696 42%Co WC-
Co samples oxidized at 800°C in S&DAr for 15 min [31].

2.5.2 Effect of temperature and oxygen

Basu et.al. [31] investigated the oxidation behawd WC-Co under various
oxygen atmospheres. They observed an increasesimath of oxidation as the
oxygen content of the atmosphere increased as shpwigure 2.15. The surface
showed an oxide layer of WiOwhich was highly porous and cracked. Cracking
was due to the generation of CO and,@@ring oxidation. Apart from WC peaks
the only peaks observed by the XRD in Figure 2r£6/d0; and CoWQ[31].
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Figure 2.15:Weight gain per unit area vs. time plots for WC-&3a6xidized at
800°C in Ar-Q mixtures of varying oxygen contents of 10%, 30% 20%0 at a
total flow rate of 1.1 mif{31].
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Figure 2.16: XRD pattern from a WC-12wt%Co sampleliaed for 15 min at
800°C in 50Q/50Ar. It shows the formation of Wénd CoWQ[31].
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Figure 2.17: Effect of heating temperature on thxéation of a sample of WC-
6wt%Co [31].

Figure 2.17 shows a weight gain versus time graplaf6wt%Co grade oxidized
at 600°C, 700°C and 800°C in 19@0Ar for 15 minutes [31]. The figure shows a
rapid increase in weight gain at 800°C, implyingigher amount of oxidation at
800°C than at 700°C and 600°C.

Another possible result of oxidation beside themfation of oxides is the
decarburization of WC which happens when oxygertsesith C in WC and
forms a volatile carbon oxide, which is then lesaving WC poor of C to form
W-,C [32]. Below are some of the reactions that carubas a result of oxidation
of WC [32]:

WC + 20 —-> W03+ CO

WC+0O —->WO,+C

2WC + G —- W,.C + CO

There is a significant strength loss, which is agpanied by swelling after
oxidation of WC-Co alloys [34-36]. WC oxidizes imtdiately in oxygen forming
WO; which is brittle and porous. Then the oxygen diffsl through the W{o
form carbon dioxide at the interface of WC(\§/@&o which then forms cavities
which grow until the formation of open porosity édeigure 2.18) [34]. This cause

changes in the specimen shape as seen in Fig@e 2.1
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Figure 2.18: Schematic model of the oxidation of-@Lalloys accompanied by
swelling [34].
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Figure 2.19: Swelling of WC-6wt%Co after exposwrexidation at 700C for
570 minutes [34].
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