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ABSTRACT

This dissertation reports systematic work aimeddatermining the plastic
deformation mechanisms that led to strains at dracas high as 4.7% in WC-Co
alloys at 1000°C when subjected to 3-point bendiests. The three grades
investigated have a Co content of 15wt% and WCngsaes of 1.3, 0.35 and

0.3um respectively and were received after they westetein bending.

Fractography, macrostructural and microstructuraéstigations were carried out
in attempts to identify the mechanisms leadingh® liarge strains. Techniques
used included light microscopy, scanning electromroscopy (SEM), field

emission scanning electron microscopy (FESEM),@ndispersive spectroscopy

(EDS) and guantitative image analysis.

Through comparisons of the results from the thraelgs at various temperatures,
it was possible to establish that the large steairl000°C are mainly due to
cracking and cobalt drift. During the fractograpmeestigations it was found that
the grades which contained VC as a grain refinbitéted steps on the WC grains
and that fracture propagated preferentially aloig tstepped WC grain

boundaries.
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1 INTRODUCTION

Tungsten carbide cobalt (WC-Co) alloys are the maistely used cemented
carbides, which are a range of very hard, refrgcteear-resistant alloys made by
powder metallurgy techniques. WC-Co alloys consisthard but brittle WC
grains bonded by tough cobalt as the binder. Thw#tistanding properties, such as
hardness, wear-resistance and corrosion resistdeed, to their wide and

continuous usage in different applications.

One of the main applications of WC-Co is cuttingl$p which can reach
temperatures of up to 1000°C in service. At sudyjhhiemperatures, WC-Co
undergoes plastic deformation. The deformation raeisms and microstructural
changes at high temperatures are not yet completetierstood. Therefore, a
study of WC-Co samples that were tested at higlpéeature is important and

may lead to improvements in the material.

S. Luyckx [Luyckx et al., 1998] and Yu. V. MilmaM[iman et al., 2002] carried
out 3-point bending tests on WC-Co alloys with eliént compositions at
temperatures of up to 1000°C. They reported thatleg with a high cobalt
content (15wt%) exhibited a strain at fracture @0A°C of up to 4.7%. This
implies that substantial plastic deformation mustenhoccurred. The specimens
tested by Luyckx and Milman are examined in thisjgut in the attempt of
determining the plastic deformation mechanismstaedole of each phase (WC

and Co) in the deformation.

Light microscopy and scanning electron microscopgluding field emission

SEM were used in the examination of the outer facekthe fracture surfaces of
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specimens that exhibited the highest strains. Témepouter faces of the samples
were examined in an attempt to identify grain baugdliding and other changes
in the microstructure. The fracture surfaces wexamgned in an attempt to

observe plastic deformation in the binder and, ipbgsn the carbide.

The dissertation has the following structure. Thativation for this research is
presented in this chapter. Chapter 2 reviews bl#si@ture on WC-Co and in
particular results from other researchers on WQi€ormation mechanisms. The
literature survey is followed by Chapter 3 where thethod, the samples and the
techniques are described. In Chapter 4, the resblizined are reported and in

Chapter 5 the results are discussed and concluarerdrawn.
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2LITERATURE SURVEY

2.1 Sructure, Propertiesand Manufacture of WC-Co

2.1.1 Introduction

Cemented carbides (or hardmetals) are a range d& dward, refractory,
wear-resistant alloys made by powder metallurgieahniques [Brookes, 1998].
From a technical point of view, cemented carbidesame of the most successful

and most widely used composite materials at pré¢&amier, 1979].

WC-Co (tungsten carbide cobalt) alloys are the maistely used cemented
carbides. WC-Co alloys are sintered materials stingi of brittle tungsten
carbide crystals bonded by a tough cobalt-basedebifLuyckx, 2000]. Fig. 2.1

shows a typical microstructure of WC-Co.
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1378 28KV 18¢m. WDTE

Fig. 2.1: A typical microstructure of WC-12wt%Cohd white angular particles
are WC grains and the dark material between thegvd@s is cobalt.

2.1.2 Structure and Applications of Tungsten

Tungsten (W) is defined as the element whose nadeuntains 74 protong<74).
Tungsten has a stable BCC (body-centered cubioytete with two atoms per
unit cell [Yih, 1979].

Unalloyed tungsten is widely used in electrical afettronic applications.
2.1.3 Structure and Properties of Tungsten Carbide

It is well established that tungsten forms two lyewaal carbides, the monocarbide
WC and the subcarbide . Only the monocarbide of tungsten is suitable for

making satisfactory hardmetals [Exner, 1979].
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Tungsten monocarbide WC prevails in cemented cashés the hard phase. More
than 98% of the hardmetals contain WC and more B of those hardmetals

are pure WC-Co alloys. [Exner, 1979]
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TEMPERATURE, °C
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CARBON CONTENT OF WC

T T T T T T
5.4 5.3 5.2 5.1 5.0 4.9 d
CARBON CONTENT OF ALLOY (84% WC-16% Co)

Fig. 2.2: Vertical section through ternary diagraMCo-C at 16 wt% Co.
[Gurland, 1954]

WC has a very small range of homogeneity. Fig.i2 2 vertical section through
the ternary diagram at 16 wt% Co. The theoreticatbon content of
stoichiometric WC is 50 at% or 6.12 wt%. ‘Etg) (phase’ can be found in
substoichiometric WC-Co (carbon content less thd 6vt%). ‘Eta phase’ is a
complex carbide of tungsten and cobalt having trenfila Ca.W3.xC, with X
ranging from 0 to 1 [Johansson, et al., 1978]. pheperties of ‘eta phase’ are
different from those of WC and Co. In a scanningcbn microscope (SEM),
‘eta phase’ could be recognized by its less regehape and other characteristics,
e.g. cobalt deficiency and micropores surroundeddiggolution steps in WC,
which are steps parallel to crtstallographic plafié® ‘eta phase’is a possible site

of fracture initiation [Luyckx, 1981]. If the carhocontent is higher than 6.12
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wt%, graphite clusters appear, which may be weaktpdn the material as well

[Luyckx, 1967].

Tungsten carbide, WC, has a simple hexagonal sijcvitha = 0.2900nm and

= 0.2831nm, i.ec/a = 0.976. In the simple tungsten atoms lattice, dhgbon
atoms are either all at 1/3, 2/3, 1/2 or at 2/3, 1/2 void positions [Luyckx,
1967]. There are two atoms per unit cell, as shawrig. 2.3. The shape of
equilibrium crystals is shown in Fig. 2.4. The ¢&ys are prisms which have a
triangular shape, two equilateral {0 0 0 1} facesl ahree {1 01 0} prismatic
sides and truncated corners. The reason why therieva sets of three equivalent
(1 01 0) planes rather than six equivalent (1L @) planes is that the different
spacing of the tungsten and carbon planes in th@ 110] direction causes the

crystal planes of (1 @ 0)-type to be highly polar prism [Exner, 1979].

AC
da
< |
b |
8|
B o
o i \‘ N 82
Do —{-——3—
// N
a4

ce W atoms
om C atoms

Fig. 2.3: Structure of WC and the position of Cnaso Heavy lines outline a unit
cell [Exner, 1979].
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Fig. 2.4: Schematic shape of equilibrium WC crysfé&ixner, 1979].

The slip system of WC is {1L 0 0}<1 1 2 3, i.e. slip occurs along the {1 0 0}

planes [Luyckx, 1970](which usually happens in lgoal crystals with ratio

c/al [Luyckx, 1967]) and inthél 1 2 3> directions.

The microhardness of WC is different when measured different
crystallographic planes. The hardness of the {01} Planes and the {11 0 0}
planes is about 2200HV1 and 1100HV1 respectivelyyfkx et al., 1992].
Different hardness data can be obtained when thénéss is measured on the

remaining planes.

On polycrystalline WC samples, the hardness sasisfie Hall-Petch relationship:
Hwe = Howe + Kowcd ™ 1)
WhereHwcis the hardness of polycrystalline W€js the mean grain size of the
randomly oriented WC grainblowc is the average hardness of a WC crystal (over
all possible crystallographic planes), akgwc is the Hall-Petch coefficient,
related to the ease of slip transfer across WC/W&ingboundaries. At room

temperatureHwc = 1330 kgfmrnif[Luyckx, 2000].
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WC has an extremely high modulus of elasticEy§96 GN ), second only to
diamond. The highe of WC, accompanied by the high thermal condugtivit
(1.2 J crit s* K™ and a low coefficient of thermal expansion ¢.a@°K™), are

advantages of WC compared to most other matexisdr, 1979].

Fig. 2.5 shows the classification of WC grain size8VC-Co alloys according to
the Fachverband fur Pulvermetallurgie, which iseljdaccepted and regarded as

an effective standard [Brookes, 2005].

Grainsize ' Designation’
soam . o N
02 05le T Ultraﬂne ;
05 08um - Submicron
0.8-13um S Eine
13-25Um  Medium
iZ5eb Qim0 Codroe g
>60pm - ! _Ext_ra_toér_sé* o

Fig 2.5: Classification of WC grain sizes accorditty the Fachverband fir

Pulvermetallurgie [Brookes, 2005].

2.1.4 Sructrue and Properties of Cobalt

The binder phase of cemented carbides is the roetaponent which binds the
carbide grains. The metals are selected from gi\llipin the periodic table
[Almond, 1983] and the most common metal used dmsnder is cobalt (Co),

followed by nickel (Ni) and iron (Fe) [Exner, 1979]

In cemented tungsten carbides, cobalt is used &lexakisively and accounts for

more than 95% of production. Its excellent wettiagd adhesion with its
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advantageous mechanical properties explains itallpoty [Exner, 1979]. The
cobalt content in commercial grades of WC-Co iswieen 5 and 25 wt-%,
corresponding to 8.5-37.2% vol.-%Co [Gurland, 1970]

Cobalt powder used in cemented carbides is usymalhguced by hydrogen
reduction of cobalt oxide. Powders are produceddiypetallurgically [Brookes,
1998]. The typical particle shape of Co is a cHaie-arrangement of small
rounded particles sintered during reduction. Thacgl cobalt specific surface
area is in the order of 15" with a crystallite size of approximately 50nm [Exn

1979].

Cobalt has two kinds of allotropic modificationsdifferent temperatures. Below
417°C, cobalt has a HCP (hexagonal close pack)ctsne; while at higher
temperatures up to the melting point (1495°C) doisastable with a FCC (face

centered cubic) structure [Luyckx, 1967].

In sintered alloys containing WC, the cobalt bingdsase has mostly a cubic
lattice, even at room temperature. The cubic ktig not transformable by
annealing. Because cobalt in the WC-Co alloy isobd ssolution containing

2-10wt% tungsten depending on the carbon contedtpaocessing conditions
[Gurland, 1970], the reason for the cubic structarthat dissolved tungsten and

carbon can stabilize the cubic modification [LuyckQ67].

The hardness of pure cobalt has been reported toetveecen 140 and 240HV
[Luyckx, 2000]. The data varies due to differenttioels of sample preparation.
Depending on the composition, a solid solution Withand C in cobalt can be up
to 100% harder than pure cobalt. The hardnesseatdbalt binder in WC-Co also

satisfies a Hall- Petch type relationship:
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Hco = Hoco + Kocol 2
where Heo is the hardness of the cobalt,is the thickness of the cobalt layer,
usually called ‘the cobalt mean free patHyc, is the mean hardness of cobalt,

andKoc, is the Hall-Petch coefficient, related to the eafsslip transfer [Luyckx,

2000].
2.1.5 Manufacture of WC-Co Alloys

Fig. 2.6 shows the process of WC-Co production.

Tungsten
ore
—

Refine
|

Carbon Tungsten i Metal !

black metal oxidesl| J

i HT|

Carburise Carburise

Alloy l Cobalt
carbides | 2

Tungsten
carbide

o d
~ Mix and mill

‘ Grade
powders

Press

Presinter
Shape
|

Sinter

M
Sintered
carbides

Fig. 2.6: Schematic flow chart for WC-Co product[@nookes, 1998].
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2.1.6 WC-Co and its Properties

Since WC is brittle and hard while cobalt is softl @uctile, neither of them alone
satisfies tool materials requirements. However, rwltombining these two
constituents, WC provides hardness and wear rasestand cobalt contributes to

the necessary toughness. Therefore WC-Co is bothamal tough.

2.1.6.1 Interaction between WC and Co

As mentioned above, WC is soluable in Co at highperatures and its solubility

affects the properties of Co in WC-Co. Co, howeigenot soluble in WC.

At high temperature in the reaction W + C = WC,r¢hseems to exist an
equilibrium constant, which represents a recipraedationship between the
dissolved tungsten[W], and the dissolved carbon[@] cobalt, i.e.

[W] + [C]=constant. The amount of tungsten dissolvecbinat is greatly reduced
when WC precipitates during cooling from the simgrtemperature, especially
during slow cooling. Besides the cooling rate amel ¢arbon content, the size of
the cobalt domains also determines the tungsteterbrn the cobalt binder

[Exner, 1979].

2.1.6.2_Main Properties of WC-Co

In tool materials, hardness is a measure of registéo penetration and abrasion,
and toughness is the ability to absorb energy dgra®tion without cracking.
Hardness in WC-Co is mainly contributed by WC amgighness mainly by cobalt
[Gurland, 1970].
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2.1.6.2.1Hardness

There are many factors affecting the hardness ofG¥CThe cobalt content and
the WC grain size are the most important ones.&rdrness of WC-Co can be
varied from about 800HV to more than 2000HV witlffedent combinations of
cobalt content and WC grain size.The hardness of-G@Cdecreases with
increasing cobalt content at all carbide grainssiaed decreases with increasing

grain size at all cobalt contents [Luyckx, 2000].

Lee and Gurland expressed the relationship betweemardness of WC-Cao, its
microstructure and its composition by the equation:

Hwe-co = CVwveHwe + (1 —CVac) Heo )
whereHwc-co is the hardness of the alloyywc and He, are the hardness of the
WC and Co phases, which can be obtained from emsafil) and (2)Ywc is the
volume fraction of the WC phasg, is the ‘contiguity’, which is defined as the
ratio of the grain boundary area and the totalaserfarea of the carbide phase.
CVwc =V, andV, is the ‘continuous carbide volume’ or ‘volume fiaa of the
carbide skeleton’. The definition &% is the volume fraction occupied by that part
of the WC grains which are involved in forming mifely long chains of
connected particles. Those grains which are totsllgrounded by the cobalt
binder do not contribute t&.. Equation (3) agrees with experimental results

[Luyckx, 2000].

Makhele-Lekala et al. worked on the relationshipiMeen the hardness, grain size
and mean free path of WC-Co further. They obta@meempirical formula and a

theoretical model, both of which did not reprodingh hardness WC-Co values.
They then modified and derived the following semmpdrical formula for the

hardness of WC-Co:
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1 1/2 -1
Hwc.co= 4100 {kI[Wj +1} -130 4)

wherek’ = 22.3 mm*, fitting all the results well [Makhele-Lekala dt,2001].

The contiguityC decreases with increasing cobalt content. It déstreases when
increasing sintering time and sintering temperatuf¢ constant sintering
conditions, contiguity is independent of carbidgstal size. When varying both
cobalt content and sintering conditions, Exner regabthe following relationship:
d=1(1-C) (1 -Vco) / Veo ®)
whered is the mean linear size of WZjs the mean linear intercept of Ods, is

the volume fraction of the binder phase &ad= 1 —Vic [Exner, 1979].

The effect of temperature on hardness is impotiactuse in most applications
WC-Co is used at temperatures up to 900-1000°C.Khbevledge of this effect

contributes to suitable materials selection ancenedtproperties improvement.

According to Milman et al., the hardness of WC-Ger@ases with increasing
temperature and the hardness of WC-Co with coansen size decreases more
rapidly than that of finer grain size grades [Mimat al., 1997]. At all
temperatures, the following Hall-Petch type relasioip between hardness and
grain size has been found:

HW(;.(;0=H0+Ky d-llz (6)

where
Ho=HowcVwcC+Hocd 1-VwcC) (7)
and

Ky=KowcVwcC+Kocd 1-VincC)B 2 (8)
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with
B=(1-Vwc)/[Vwc (1-C)] 9)

since from equation (5):

4= (1 =Vwc) d/[Vwc (1 -C)]
The softening of WC-Co with increasing temperatarexpected to be due to the
intrinsic softening of the component phases (WC @aJ up to about 600°C
while above 600°C the softening is expected todmgrolled by the ease of slip
transfer across grain boundaries (WC/WC, Co/Co, ®@&¢[Milman et al., 1999].
Above +800°C other mechanisms may contribute to the dsereahardness, e.g.

grain boundary sliding.

Other factors, such as grain size distributiongdbincomposition, carbon content,

porosity may affect the hardness of WC-Co in déferways.

2.1.6.2.2Strength and Toughness

“Strength” generally means fracture stress in tamsir bending. Toughness is
regarded as a measure of the energy absorbed Wedatare. In the case of
cemented carbides, these two concepts are oftehinteechangeably. In practice,
the transverse bend test (TRS) has been widely tosedaluate both strength and

toughness of cemented carbides [Gurland, 1970].

The fracture toughness of WC-Co is increased bgingithe Co content and

increasing the WC grain-size [O’Quigley et al., @P&ee Fig. 2.7).
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Fig. 2.7: Fracture toughne&s: of commercial WC-Co hardmetals as a function
of cobalt content. The scatter is mainly due taateims in grain size [Brookes,

1998].

Compressive strength and yield stress vary sirgileol hardness, i.e. decrease

with increasing cobalt content and WC patrticle size

When the WC grain size is constant, the transvergture strength and tensile
strength increase with increasing cobalt content ssach a maximum value,
which depends on grain size [Gurland, 1970]. Whendobalt content is fixed,
the transverse rupture strength also shows a maxiatuntermediate grain sizes

(see Fig. 2.8).
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Fig. 2.8: Effect of grain size on transverse ruptstrength of cemented tungsten

carbide [Yih, 1979].

In order to express the effect of both cobalt cointend WC particle size, the
mean free path in cobalt is often used. ‘Nomina¢am free path is the average

distance in the cobalt between carbide particles:

A =d-Yeo
1-V,,

(10)
where, is the ‘nominal’ mean free path,is the mean linear intercept particle
size of WC, and/, is the volume fraction of cobalt. Fig. 2.9, whigfesents the
transverse rupture strength as function of coba&amfree path, describes this
relationship. The ‘nominal’ mean free path is basedan idealized structure in
which all particles of WC are regarded as non-guaus. It is related to the ‘true’

mean free path by:

sz 9 Voo

1-C 1-V,,
which takes the contiguit@ into account [Gurland, 1970]. The ‘true’ mean free
path describes the material more precisely becauggactice WC grains are

contiguous.
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Fig. 2.9: Transverse rupture strengthmean free path [Gurland, 1970]

2.1.6.2.3Relationship between Hardness and Fracture Toughnes

When keeping the WC grain size constant, the celakiip between hardness and
fracture toughness is linear:

Hwc-co = —a(d)Kic + b(d) (11)
wherea(d) andb(d) are functions of the WC grain size [O’Quigleyatt 1996].
When the WC grain size also changes, the recipnatationship between the

hardness and the toughness of WC-Co is more corflplgxkx, 2000].

2.1.6.3 Relationships between Some Microstrucaahmeters

The relationship betweet 1, C and the cobalt volume fractioft, (see equation
5), indicates that each of the four parameters ripeon the other three
parameters. However, Luyckx and Love [Luyckx and/¢,02003] found that
and thed are directly proportional whevk, is constant and

m=1/d=0.214 — 0.69Vc, + 5.975Vcs (12)

with m a dimensionless function of Co content. Erume(5) can be rewritten as:

_ VCo =1- VCO
L=V, )A/d (1-V,,)(0.214- 0.69V,, +5.975/.%)

(13)
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Therefore equation (12) and (13) allow one to betrhicrostructural parameters

of a WC-Co alloy of known composition by measuramgy one parameter.

2.1.7 Applications

The manufacture of tips and inserts for cuttinggas by far the most important
part of the hardmetal industry. Cutting tool apgtiens include turning, facing,
milling, boring, reaming, threading, filing, broaef, shearing, and glass cutting
[Yih, 1979]. Metalcutting utilizes perhaps two-tiér of hardmetal production.
Almost every kind of tool can be obtained with ¢debcutting edges [Brookes,

1998].

Apart from metalcutting; mining, oil-industry andasonry tools represent up to a
guarter of hardmetal tonnage for the purpose ok-trdling and stone-cutting.
Hardmetals are also used for metalforming toolg. @arbide rolls), pressing dies
(e.g. wire-drawing dies, blanking and shearing ,daiss for the production of
synthetic diamond or cubic boron nitride manufaeturetc.), structural
components (e.g. rotating seals, compressor plandgthe jaws, boring bars,
grinding spindles, pulverizing pins and bearingrj@ls), wear parts (e.g. nozzles,
guides, plungers, balls, etc.) and abrasive g8isce World War I, tungsten
carbide has been used in projectile cores for api@cing weapons [Brookes,

1998].
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2.2 Plagtic Deformation and Fracture M echanisms of WC-Co

2.2.1 Plastic Deformation of WC

The study of plastic deformation of WC started e tmid 1960s. The
observations of slip bands and dislocation networknations proved wrong the
assumption that WC was as brittle as ceramics.nArast crystalline materials,
there is dislocation movement in WC during pladiformation [Ostberg, 2005].

WC grains deform by slip and as introduced in secf.1.3, the slip system of

WCis{1'100}<11 2 3,i.e. slip occurs along the {1 0 0} planes and in the

<11 2 3 directions [Luyckx, 1970]. Dislocations and stakifaults may be

introduced during the milling process and surviwetgh the sintering treatment

[Roebuck and Almond, 1979].

2.2.2 Plastic Deformation of Co

In WC-Co the Co-based binder phase has a heawviliteth FCC structure
[Almond, 1983]. Partial dislocation movement is theost important plastic
deformation mechanism [Rettenmayr et al., 1988p Trtersections of stacking

faults in the cobalt binder are possible void nu@&l and Fischmeister, 1988].
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2.2.3 Plastic Deformation and Fracture of WC-Co at Room Temperature

2.2.3.1 Plastic Deformation at Room Temperature

At room temperature, plastic deformation of WC-Guler tensile or compressive
conditions was studied by means of bending testentation tests and scratch
tests [Bartolucci and Schldssin, 1966]. All thessts show plastic deformation of
WC grains in the form of slip lines. Cracks wer@@mted at the intersections of
slip planes in WC grains or of slip planes and WC/\terfaces, which led to

transgranular or intergranular cracks.

2.2.3.2 Fracture Propagation

Apart from the initiation of cracks as a resultstip, fracture often starts from
pores, inclusions or ultra-large WC grains at roemperature [Luyckx, 1975].
These flaws lead to stress concentrations in th@wwsoding area and are always

the most possible fracture origin location.

After the initiation of cracks in either WC grains at WC/WC grain boundaries,
or from flaws, ductile tearing of cobalt occurs. Y00 alloys of different
composition and different WC grain sizes fractureilarly [Hong and Gurland,

1983].

There are four possible fracture paths [Almond,3198
a) transgranular fracture of WC;

b) fracture across Co binder region;

c) interfacial fracture along WC/Co boundary;

d) interfacial fracture along WC/WC boundary.
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A schematic crack tip region in WC-Co is shown ig.R2.10.

fractured zone multiligament zone elastic zone

Fig. 2.10: A schematic crack tip region in WC-CagJ&nd Fischmeister, 1988].

The cleavage or debonding of WC grains puts thalcpihase under tensile stress
and therefore the cobalt stretches. Since the tgblime is constant and cobalt
is continuous with the WC grains, cobalt ligamesastract during the elongation
process. In the mean time, the crack tip blunts\emdis form inside the ligament.
With the increasing stress, the blunted crack tig the internal voids gradually
grow and coalesce. The cobalt ligament finallytinees and the crack moves on.
The crack tip region in Fig. 2.10 is divided intode zones: elastic zone where
materials suffer only elastic deformation; the nighment zone, where ligaments
have formed but not yet fractured and fracturedezehere the cobalt ligament
have fractured. The multiligament zone is a steadge where the cobalt

ligaments bridge the crack path [Sigl and Fischtegi4988].
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2.2.3.3 Fractographic Features

WC grains that undergo transgranular or intergr@amnisacture look different on a
fracture surface. The transgranularly fractured \Y@ins may exhibit river
patterns, which are typical of cleavage fracturée Tintergranular cracks or
debonding of WC/WC boundaries show smooth non-nragc/C grains on each

side of the fracture surfaces [Hong and Gurlan831.9

WC-Co fracture may propagate in a stable or unstatdnner. Stable fracture

surfaces from fatigue or high stress static loadiests are characterized by
step-like features in the cobalt, as shown in Bigl. These features seem to be
due to brittle rather than ductile fracture. Theg believed to be the result of

FCC — HCP transformation in cobalt under stress andetabrombination of

cleavage microcracks [Erling et al., 2000].

Fig. 2.11: Scanning electron micrograph of the Istalbacture surface of a

WC-10wt%Co sample tested in 4-point bending fatiggtréng et al., 2000].
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Ridges and dimples in cobalt are the charactesistfounstable fracture surfaces
(see Fig. 2.12). Ridges result from a microscomcking process in the cobalt
layers after cracks initiated. Thus ridges on orextfire surface should be
matched by ridges, not grooves, on the matingudracsurface. Dimples appear as
microscopic hollows outlined by ridges and corregpdo dimples on the
matching fracture surface. Dimples indicate thesenee of microvoids. Void
nucleation is the controlling factor in dimple deyement [Sigl and Fischmeister,
1988] and results from possible cavitation duringtesing, possible cavities
around solute particles and volume changes in FECGHCP in cobalt under

stresses [Luyckx, 1977].

Fig. 2.12: Scanning electron micrograph of the afmist fracture surface of a
WC-10wt%Co sample. The binder exhibits a large remdf dimples (as “D”
indicated) and ridges (as “R” indicated) [Erlingaét 2000].

At a macroscopic level, WC-Co fracture surfacegr#xhibit fracture mirrors,

which are smooth, circular areas surrounding tlaetdire origins under tensile

conditions [Luyckx and Sannino, 1983]. Hong and lend studied the fracture
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process of WC-Co alloys, classified and compareal ftiacture appearances
according to different compositions and WC grairesi [Hong and Gurland,

1983].

2.2.4 High Temperature Performance of WC-Co

2.2.4.1 High temperature performance of WC

Plastic deformation of single WC grains at roomgenature and at 1000°C was
studied by means of micro-indentations [Hibbs gt1#83]. It was concluded that
at room temperature, the WC slip system is the sasrgesented in section 2.2.1.
It was also concluded that at 1000°C, the slipesysdf WC is the same as that at

room temperature.

Rowcliffe further studied the indentation damagetfmnbasal plane of WC single
crystals at increasing temperatures (from room &gatpre to 1000°C) and under
increasing loads (up to 450N). His results agredth whose of Hibbs's and

showed the hexagonal pattern of slip lines caugegldstic deformation above
room temperature instead of the triangular pattdrtained at room temperature

[Rowcliffe, 1983].

According to Mari [Mari et al., 1999], few dislo@gats have been found in the

WC grains at 900°C, even in deformed ones, butishi®t the general case.

2.2.4.2 High Temperature Performance of Co

Partial dislocations bordering stacking faults, etlhéire common in cobalt at room



temperature, become mobile above about 600°C. H#wkisg faults shrink and
the network becomes loose. At high temperatur@mbined perfect dislocations

make up the cobalt microstructure [Mari et al., 9]99

Compression testing at temperatures between 11dQ200°C was carried out to

study the high temperature plastic flow in a Co-9@By (see Fig. 2.13).
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Fig. 2.13: Stress-strain curves in the Co-9WC sebdltion alloy at an initial

strain rate of 2.% 10* s* [Lee, 1996].

It was suggested that the deformation in a Co-9W4Y & this temperature range

is controlled by a single deformation mechanisrstodiation creep [Lee, 1996].

2.2.4.3 High Temperature Hardness of WC-Co

High temperature hardness, defined as the resest@nplastic deformation, is a

useful property to provide information on high tesrgture plastic deformation.

The hardness of polycrystalline WC, WC-Co, anded#ht surfaces of WC single

crystals was investigated [Lee, 1983] and the tesue shown in Fig. 2.14.
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Fig. 2.14: High temperature Knoop hardness curvegpadycrystalline WC,
WC-Co, and different faces of WC single crystaB(N test load). LD refers to

Load Direction [Lee, 1983].

As shown in Fig. 2.14, the hardness of differenfames of single WC crystals
decreases in a similar way with increasing tempeeat The hardness of
polycrystalline WC is higher than that of WC-Co.clin also been noticed that

polycrystalline and single WC crystals soften witftreasing temperature at

different rates.

Co rich W-Co-C alloys were also investigated (24.5).
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Fig. 2.15: High temperature Vickers hardness ofhaer W-Co-C alloys with
varying compositions (9.81 N test load) [Lee, 1988]hen the amount of

tungsten increases, the hardness of the ternasaticreases.

Milman et al. measured the hardness of WC-6wt%Cthéntemperature range
-196 to 900°C [Milman et al., 1997]. Their residtgee with those of Lee’s. They
further suggested that below 600°C, the softersnduie to the softening of WC
and the binder phase, while above 600°C, the ehs#potransfer across grain

boundaries plays a major role [Milman et al., 1999]

2.2.4.4 High Temperature Strength of WC-Co

The transverse rupture strength behavior of WC-%®a was investigated by
3-point bending in the temperature range 25 to 100@\cchar et al., 1999].

Results are shown in Fig. 2.16.
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Fig. 2.16: Transverse rupture strength (fracturength) of WC-10wt%Co as a

function of temperature [Acchar et al., 1999].

As seen in Fig. 2.16, below 600°C, the TRS is @mstwhile above 600°C,
severe decline of TRS occurs with increasing teatpee. At 1000°C, the TRS is
only about one seventh of that at 600°C. Fractducamnalysis showed
significant oxidation at high temperature, whichynwntribute to the strength

degradation [Acchar et al., 1999].
Luyckx et al. and Milman et al. carried out a breohvestigation on the TRS of

different grades with different cobalt content atitferent WC grain size. Fig.

2.17 and Fig. 2.18 are the TRS results:
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Fig. 2.17: A comparison of the TRS values obtaifresm S (micron) grades,
whose grain size is 1.8m, and NB grades (submicron, grain size (r85and

containing 0.4wt%VC) at increasing temperature fthxyet al., 1998].
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Fig. 2.18: A comparison of the TRS values obtaifiech NB grades (submicron,
grain size 0.3dm and containing 0.4wt%VC) and NA grades (submicigrain

size 0.3@m and containing 0.8wt%VC) at increasing tempegafuuyckx et al.,

1998].
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The TRS values decrease slowly with increasing &ratpre up to 600°C and
decrease more rapidly at higher temperatures. R Vialues of the S and NB
grades are comparable (Fig. 2.17) while the TRSegmbf the NA grades are
lower than that of the NB grades (Fig. 2.18).

The ductility at fracture of the S and NB gradeshswn in Fig. 2.19, and of the
NA and NB grades in Fig. 2.20.
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Fig. 2.19: A comparison of the ductility at fractuof the S and NB grades
[Luyckx et al., 1998].
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Fig. 2.20: A comparison of the ductility at fractuof the NA and NB grades
[Luyckx, et al., 1998]

From Fig. 2.19 and Fig. 2.20, it is shown that abalout 600°C, the amount of
plastic deformation increases rapidly and at 100@R€ finer the grain size, the

higher the ductility at fracture.

The samples of the N15A, N15B and S15 grades irablive figures are those

investigated in current project.

2.2.4.5 High Temperature Plastic Deformation of WE-

Apart from the plastic deformation of the WC graam&l Co binder phase, WC-Co
is expected to deform plastically at high tempeetbhy means of a) grain

boundary sliding and b) diffusion [Ostberg, 2005].

Grain boundary sliding (GBS) is defined as “plastiearing of a grain in relation

to another grain, parallel to the interface pland # the interface is comparably
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thin the grains can be considered as two rigid Kdaf materials gliding against
each other” [Ostberg, 2005]. GBS occurs at tempegathigher than 0.4;Tand
always occurs with grain boundary migration (GBNhdalislocation movement
[Ostberg, 2005]. There are three ways in which GBS be accommodated (see

Fig. 2.21).

Tractions
~ A

5 \"‘ 1 L # ,‘; - A '.
/ i //:// /////
(c) Diffusional /

Fig. 2.21: lllustration of the different accommadat processes for grain
boundary sliding. A shearing stress is applied Thg resulting movement is first
elastically accommodated (b). At higher temperauaecommodation can be
achieved by diffusional movement of material alotige boundary from
compressive to tensile regions (c). Accommodatiay aiso occur by plastic flow

through movement of lattice dislocation (d) [Sutsord Balluffi, 1995].

Efforts have been put into detecting grain bounddiding of WC-Co at high

temperatures. One successful example is a phatgifphic technique applied by
Mari et al. [Mari et al., 1992]. A very fine chronm grid was deposited on the
surface of the samples. The samples were thenctetjeo 3-point bending tests
at 900°C. The examination afterwards detected W&ngdebonding (see Fig.
2.22) and grain boundary sliding (see Fig. 2.23)ngans of the grid lines

displacements. No deformation of the WC grainsou@0°C was observed.
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Fig. 2.22: An example of the debonding of the W@img. The grit lines are
0.5um. Debonding of the WC grains is detectable throgrifhdisplacement [Mari
et al., 1992].

Fig. 2.23: Example of grain boundary sliding. Thdisg of the upper and lower
grain boundaries of the WC grain A can be obsefMati et al., 1992].
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According to Schaller [Schaller, 2000], the britteductile transition temperature
in WC-Co is associated with grain boundary slidiag,well as dislocations and
faults. According to Ostberg, diffusion, whose ratereases with temperature,
including interstitial diffusion, substitutional fflision and grain boundary

diffusion, play an important role in assisting GE®tberg, 2005].

2.2.5 Plastic Deformation M echanisms of WC-Co

Three temperature domains have been defined by &¢adrding to the different
mechanical behavior of WC-Co [Mari et al., 1999]:

a) domain I: T <800K (527°C), the deformation is &lgs

b) domain II: 800K (527°C) < T < 1100K (827°C), limitglasticity occurs;

¢) domain IlI: T > 1100K (827°C), extended plasticalefation is observed.

According to Mari, in domain |, the material is tid and the deformation is
elastic, although other researchers have obsetastiqgpdeformation in WC-Co at
temperatures <800K [Luyckx, 1968]. In domain Il imdicated in section 2.2.4.2,
partial dislocations in cobalt become mobile. Thslo¢ation density of WC
grains in deformed WC-Co does not seem to incre@aseh in domain Il. In
domain Ill, grain boundary sliding (GBS) occurs. &Bakes place with the
assistance of grain boundary diffusion and lattii#usion. Cobalt seems to
contribute to increasing the WC skeleton straire ratt low stress because the
infiltration of cobalt atoms into the grain bounear enhances GBS. While at

higher stresses, GBS is accommodated by WC defmmatari et al., 1999].

Milman et al. [Milman et al., 2002] also suggesthree temperature ranges for



WC-Co with different plastic deformation mechanisriibe temperature ranges

are similar to those defined by Mari:

a) low temperature range: t < 600-800°C, only Co hinglastic deformation
possibly takes place;

b) middle temperature range: 600-800°C < t < 1000%h Co binder and WC
skeleton deform plastically;

¢) high temperature range: t > 1000°C (or t >800°Csfdsmicron grades), GBS

is the plastic deformation mechanism.

Ostberg studied the plastic deformation of WC-Co hagh temperature in
tool-cutting. A model from Ostberg (see Fig. 2.243lps to visualize the
mechanisms of deformation of WC-Co at high tempeeatin an area under stress,
tensile or shear stresses can be induced accdalthg orientation of WC grains.
WC grains slide over each other under shear sgemsaeparate under tensile
stresses. Since it is generally energetically fablar for WC grains to form two
WC/Co boundaries rather than two free surfacesaltdiiffuses into the boundary
at the same time as the WC grains separate. Thigation of Co may be
explained by the geometry in Fig. 2.25. At high pematures (above 1000°C),
where “diffusion” happens fast, the binder phask edasily penetrate along the

WC boundaries [Ostberg et al., 2005].
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Fig. 2.24: A schematic model for visualizing thenf@tion of a binder phase layer

between two WC grains [Ostberg et al., 2005].
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Fig. 2.25: Geometry of a model for grain boundanitration by binder phase in
a boundary subjected to a tensile stress at higheaeature [Ostberg et al., 2005]

Cobalt, as layers and as pockets, was observedabiyatlinterfaces between WC

grains (see Fig. 2.26). This agrees with the figsliof Ostberg. However, Mari

did not show that the layers and pockets werehwsetbefore deformation.
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Fig. 2.26: SEM micrograph of a WC-17wt%Co afteratefation at 1000°C. A Co
layer and pockets between WC grains are indicayeatiows [Mari et al., 1999]

Movement of WC grains is made easier with fullypartly infiltrated cobalt and
GBS occurs under shearing and tensile stressdser@silso points out that lattice
diffusion in adjacent WC grains or dislocation mannt is required to

accommodate GBS [Ostberg et al., 2005].

The major controlling mechanism of WC-Co plasticfodemation at high
temperature is proposed to be infiltration of colaald dissolution of WC grains,
which assist GBS [Ostberg et al., 2005]. Ostbeayided some evidence for both,

although the evidence for cobalt infiltration waxt totally convincing.
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2.3 Formation of Stepson WC Grains

The addition of a small amount of VC is effectieeimhibit the grain growth of
WC in WC-Co alloys. It has been found that there fare faceted interfaces or
multistep formed along the WC-Co interfaces when Y& added. This
phenomenon has been shown to be due to the paticpiof (V,W)C particles at

the WC/Co interfaces [Egami et al., 1993] [Laylet2001].

Fig. 2.27: A typical WC grain having a multistep terface in
WC-12wt%Co-0.5wt%VC [Jaroenworaluck et al., 1998].

Apart from the addition of VC, carbon content madsoaead to changes in the
WC grain shape. Faceted steps were reported byeKah (Fig. 2.28) [Kim et al.,
2003]. WC-30wt%Co was the fundamental compositionwhich different

amount of carbon (from 0.1wt% to 1.0wt%) was added steps on WC grains
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were observed at the lower carbon contents.

Fig. 2.28: The morphology of WC grains of the WGa8%Co alloys with

different C contents of (a) 0.1%, (b) 0.3%, (c)%,7and (d) 1.0% [Kim et al.,
2003].

Dissolution steps were reported (see Fig. 2.29)y¢kw, 1984] on the inner
surface of a large pore in a material containirey @tase, i.e. with low carbon

content, which confirms the results of Kim et al.
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Fig. 2.29: Scanning electron micrograph of the irswgface of a pore in a WC-Co
sample. Many WC grains exhibit dissolution stepke Teatures indicated by

arrows are micropores, i.e. small empty cavitiasyftkx, 1984].

During sintering, the outer layers of WC grainssdlse in the liquid cobalt, with
the formation of dissolution steps. The dissolusteps disappear when W and C
in cobalt reprecipitate as WC at decreasing tempers If carbon content is
substoichiometric, the W and C react with cobaltféaom “eta phase” and

dissolution steps are left on the grains [Luyck3g4].
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3METHODS MATERIALSAND TECHNIQUES

Details of the experimental procedures, materiggghniques and apparatus

applied in the project are presented in this cliapte

The purpose of the current project was to explaa large strain of the three

grades at 1000°C (see Table 3.1 and Fig. 3.1)sfraen could be due to:

a) plastic deformation in the WC grains;

b) plastic deformation in the Co, considering thatawt% Co, the WC skeleton
is not continuous;

¢) sliding of the WC grains relative to each other.

In order to look for possible evidence of the abplienomena, the outer surfaces
of the specimens were first examined by using lightroscopes at low
magnification. Depending on the flatness of thdas@s, reflected light or stereo
microscopes were chosen. After the macrostructtine, fractography and
microstructure were studied by means of electrorcrascopy at high
magnification. When cobalt movement was discovetidugh fractography,
gualitative analysis of the elements was done b$ Elilcroanalysis in different
areas. Microstuctural parameter (such as cobalnnfree path) measurements
were also carried out as an attempt to explaindgi®rmation phenomena by

means of linear analysis.

3.1 Materials

This project continues the research of Luyckx [Lkxyyet al., 1998] and Milman
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[Milman et al., 2002] on submicron and micron WC-@ades. Table 3.1 lists the

three grades investigated in the current projedt some of the information and

results obtained by Luyckx and Milman.

Table 3.1: Co content, grain size, VC addition atrdin at fracture of the three

WC-Co grades investigated in this project.

134

Grades | Co contentWC grain size VC content| Strain at fracture
(Wt%) (um) (Wt%) %(at 1000°C)

S15 15 1.30 0 2.9

NYA15 | 15 0.30 0.8% 4.7

NYB15 | 15 0.35 0.4% 4.3

The specimens with the original size: 8%.5x 1.2 mnf were subject to 3-point

bending tests at temperatures ranging from 20 @)D [Milman et al., 2002].

Fig. 3.1 shows the temperature dependence of thm st fracture. At 1000°C,

the strains at fracture of all the three gradeseweuch higher than those at lower

temperatures and the finer the grain size, theehighe strain at fracture (not

always at lower temperatures).
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Fig. 3.1: The temperature dependence of the satafiractured and the plasticity

characteristi®y for the grades investigated in this project. Ridggtcharacteristic

on is determined by the hardness measurement methdsathe ratio of the

plastic deformation during indentation to the tadaformation [Milman et al.,

2002].04 will not be discussed here.

After bending, most of the specimens were brokdn two or more pieces.
Different surfaces of the fragments were investidafor different purposes. A
sketch of a specimen fragment with surface named imsthis project is shown in

Fig. 3.2.
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Tensile Surface
Fracture Surtace

Compressive Surface Side Surtace

Fig. 3.2: Surface names defined for the specimetisis project

3.2 Specimen Prepar ation

3.2.1 Specimen Cleaning

Specimens without mounting, especially for fractsvefaces observations were
immersed in acetone and cleaned in the BRANSONICOBEMT ultrasonic

cleaner for at least 15 minutes. Specimens weredin a desiccator before use.

3.2.2 Metallographic Specimen Prepar ation

Specimens were prepared for optical microscopygtrele microscopy and X-ray
microanalysis investigations in the metallurgibdratories. Side surfaces (see
Fig. 3.2) were prepared for the purpose of cradntidication, microstructural

parameter measurement, cobalt concentration igeag&th and microstructural



observation. Microcracks and other features magdmeealed by grooves on the
surfaces of the specimens and can not be identifigdout metallographic
preparation. The apparently flat side surfaces wewe microscopically flat

enough for microstructural analysis.

The specimens were first mounted in a thermoseliaigelite resin in the LECO
PR-25 heat and pressure mounting press. Prelimig@anging was carried out
manually after the specimen was removed from tlesgrThe specimens were
then ground on silicon carbide paper followed bgcgsgsive grinding on Struers
80, 120, 220, 1200 pans in the Struers PEDEMAXi@dgng machine to obtain
flat surfaces. The specimens were ground on eaatiegof pans until all the
scratches from the preceding operation had beeovesin Running water was
applied throughout the preliminary grinding stagegmove debris and avoid heat
accumulation. Polishing was done by holding thecispen against a rotating lap
on the BUEHLER METASERV Universal Polisher. IMRuin synthetic diamond
spray with lubricant fluid was used for polishirignally, the specimens were
cleaned under running water, then with alcohol &ndlly wiped with cotton
wool. The specimens were blown dry quickly to aveidining and stored in a

desiccator.
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3.3 Light Microscopy

An investigation of a specimen usually starts witv magnification by a

reflected light optical microscope.

3.3.1 Reflected Light Microscope

Light microscopes were used first to observe thecispen surfaces at low
magnification. Since WC-Co is opaque, the materiakt be examined under a
microscope with light incident from above [Bradbwyd Bracegirdle, 1998], i.e.
in a “metallurgical microscope”. A “metallurgical ionoscope” differs from a

microscope with transmitted light in having the esitjve to act as its own
condenser [Bradbury and Bracegirdle, 1998]. A Caeiss Axiotech 25HD

binocular reflected light microscope (see Fig. 3:2)s used to observe the flat
specimen surfaces. Those flat specimen surfacksglmthe side surfaces, as well
as some flat tensile and compressive surfacesHigee3.2) of samples tested at
low temperatures. A Carl Zeiss AxioCam MRcolouritdigcamera is installed on
the microscope and digital pictures can be takehaalyzed with the software

AxioVision 3.1.2.1 linked to the microscope.
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Fig. 3.3: The reflected light microscope used is fitoject
The reflected light microscope was used only far $urfaces because its depth of
field is small. The fracture surfaces are rough &add to focus and some

specimens were fractured and bent after bendintg, teaberefore a stereo

microscope was used to observe these rough surfaces

3.3.2 Stereomicroscope

The stereomicroscope produces a 3-dimensionalrpidfuthe object. It has a long

working distance and considerable depth of field.
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A Nikon SMZ 1500 stereomicroscope with a Nikon tigicamera DXM 1200
was used in this project (see Fig. 3.4). The digi#enera is linked to a computer

and digital pictures were taken by the softwaredNiRCT-1 (Version 2.20).

Fig. 3.4: The stereomicroscope used in this project

For strain calculations, digital pictures weretfitaken in the stereomicroscope.
Then the pictures were copied to the computer tinke the reflected light
microscope, calibrated and measured by the Axiowissoftware mentioned

above.
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However, the stereomicroscope does not have the pamer of magnification or
resolution possessed by the ordinary light micrpscflribe et al., 1975]. The

investigation of rough surfaces at high magnifativas carried out by SEM.

3.4 Electron Microscopy

In light microscopy, the depth of field is unsastbry, especially at high
magnification. The stereomicroscope provides goadh8nsional images but the
magnification that one can get is very low (belo@02 in practice). The SEM
permits nearly 3-dimensional representation of élect on a 2-dimensional

picture over a wide range of magnifications.

Specimens of all grades were investigated in dietadlectron microscopy.

3.4.1 SEM (Scanning Electron Microscope)

The SEM has been designed after the TEM (transomssectron microscope) for
direct examination of fractures and other surfaséthout a need for replica
techniques. Since the depth of field is improve@ 8fes, the resolution at least
ten times and magnification is much higher thathelight microscope, the SEM
is a powerful instrument in physical and chemicadearch for examination of

rough fractures and other surface contours [Ohesang Holm, 1978].

A JEOL JSM-840 SEM (see Fig. 3.5) was used inphigect. Fig. 3.6 shows the

schematic cross section of it.
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Fig. 3.5: The JEOL JSM-840 scanning electron mawpe [Gabriel, 1985].
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Fig. 3.6: Schematic cross section of the JEOL J8BI-8EM [Gabriel, 1985].

The SEM fundamentally composes of four parts [Gab1985]:

1)

2)

3)

4)

The illuminating/imaging part: comprises an eleotrgun (produces the
electron beam) and an imaging system (includesrakeweagnetic lenses to
direct the electron beam onto the sample);

The information part: consists of the specimenhwlifferent signals resulting
from the interaction between the imaging beam dmel gpecimen) and
different signal detectors for different data sigha

The display part: includes the screen of a CRT h@m-ray tube) for
observing and a camera for photographing;

The vacuum part: consists of equipment for obtginand maintaining
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necessary vacuum environment in SEM.

A tungsten hairpin filament is used in the JEOL J&\0 SEM as the electron gun.
A Nikon F-301 camera is connected to the SEM tonekthe image.

When the electron beam produced by the electron(cgited “primary electron

beam”) hits the specimen, interactions between theour and different signals
are generated (see Fig. 3.7). In one case, thepyrialectron beam may strike an
electron in the orbit of a specimen atom and krtbekorbital electron out of the
atom. This collision reduces the energy of thedant beam electron therefore it
is a type of inelastic scattering. The specimertetas which are close to the
surface of specimen, liberated by inelastic sdatiezscape from the material and
are known as secondary electrons (SE). Alternatiedypbeam electron may strike
the nucleus of a specimen atom and rebound withppteciable energy loss
(elastic scattering). The same beam electron eatet®xits the specimen, so it is

called a backscattered electron (BSE) beam.

Final lens

BSE detector

X-ray detector

Secondary electron detector || |

Excitation
volume

CL detector

Photons

2°e
BSE

27

X-rays

Specimen

[
Fig. 3.7: Different signals originated from thedrdctions between electrons and

the material [Gabriel, 1985].
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Since the secondary electrons are close to thacaidf the specimen, the SE
imaging reveals the topography of the specimenvaasl suitable for observing
rough surfaces (especially for the morphology @icture surfaces) in current
project. BSE imaging distinguishes components fiédint atomic number within
an alloy material because of different contrasell@aach component shows. The
probability of a backscattering event from a hightrmic number component is
higher than lower atomic number component. So htgmic number components
release more BSEs and in consequence appear bripare from low atomic
number components. So BSE imaging provides bothog@gphic and

compositional information.

3.4.2 FESEM

Since some of the grain sizes of the materialssinya&ted in this project are very
fine (classified into “ultrafine” or “submicron” gdes), SEM with tungsten
filament as electron gun is not always adequateréfbre a LEO 1524 FESEM
(Field Emission Scanning Electron Microscope) wasdufor higher resolution

and higher magnification.

In the FESEM, to improve the quality of the SEM @geathe electron gun has
undergone considerable development so as to dttaitnighest resolution. The
process of field emission overcomes some disadgastaf thermoionic emission
[Chapman, 1986]. Fig. 3.8 shows the schematizaifoa field emission electron
gun [Goldstein et al., 1981]. An extremely fine gie crystal tungsten rod tip
(100nm diameter or less) is needed. By means efyahigh electric field (at least

10" V/m), which is generated between the tip and tret &node, electrons are

74



drawn from the tip, without the filament heatingdarconventional electron gun.
The potential difference between the second anoddte tip then accelerates the

electrons down the column, in the same way asconaentional SEM.

SECOND ANODE —=

?/ .

FIELD EMISSION TIP ﬁ—- e
VD
FIRST ANODE ’

Fig. 3.8: Schematization of a field emission el@etgun [Goldstein et al., 1981].

The electron gun brightness (current density péd smgle unit) [Ohnsorge and
Holm, 1978] is about 1000 times higher than thatao€onventional tungsten
hairpin filament. In a SEM, the brightness is anpartant measure of the
resolution obtainable because the higher the bréds, the higher the current
density. The very bright source allows very smalieam spot sizes and in turn

improved depth of field and higher resolution.

With the improvement of quality, ultrahigh vacuugstem (1CG°Pa or lower) is

needed for contamination prevention and stablesoms
3.4.3 EDS (Energy-disper sive Spectroscopy)
When the electron beam strikes the surface of tecismen, a number of

interactions between electrons and the materialro¢see Fig. 3.7). Besides

secondary electrons (SE) and backscattered elsc{BBE) mentioned above (in



section 3.4.1), there is also some emissions ofays;r lightphotons
(cathodoluminescence), etc. The X-rays generatedvery useful because by
measuring their characteristic energy, one carncgetpositional information on

the specimen.

During the interactions, an incident electron méyah atom and eject one of its
inner-shell electrons. An out-shell electron thalsfinto the vacancy to balance
ground potential again and the atom emits an Xarhigh has equal energy to the
energy difference between the two shells. Sinceetigegy of the emitted X-ray is
related to the difference in energy between thgualy defined levels of the atom,
it is called a characteristic X-ray. By measurihg energy or the wave-length of
the X-rays, it is possible to qualify and quantifiye element. The X-ray
microanalysis used in this project in conjunctiothwSEMs is energy-dispersive
spectroscopy (EDS), while electron microprobes dgfty associate with

wavelength-dispersive spectroscopy (WDS) [Goldsteial, 1981].

In EDS, a Si(Li) solid state detector converts ¥ieay quanta to voltage pulses
whose weight is proportional to their energy. Thpaéses are further amplified
and passed to a multichannel analyzer (MCA). Affleme time counting, the
energy spectrum of the characteristic X-ray ofeéments present in the area hit

by the electron beam is obtained [Ohnsorge and Hb&W8].

A beryllium (Be) window EDS X-ray detector connette® the JOEL JSM-840
SEM was used in microanalysis in this project. B@ shows a typical EDS
spectrum obtained in the project. It needs to tfwde absorption of the X-rays in
the Be window degrades the spectrometer resolati@mergies below 0.7 keV, so

an element having a lower atomic number than sodiiimnis not detectable.
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Fig. 3.9 A typical EDS spectrum obtained with catrapparatus.

In addition to characteristic X-rays, noncharasteri X-rays, which forms a
“continuum”, are emitted as well. Noncharacteristicrays arise from
deceleration of beam electrons in the nuclear fiéldn atom. Their energies are
independent of elemental composition and are displaas background in a
spectrum [Gabriel, 1985]. Characteristic X-ray pebé above the background so
that the background must be subtracted when evdutdie intensity of the peaks.
Here, the background was approximately substrasyedrawing a straight line
through most of the mean heights of background peakigh keV, as shown in
Fig. 3.10.
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Fig. 3.10 Method to subtract the background usddigproject when evaluating

the relative intensity of the characteristic peaks.

Since the EDS detector has virtually constant iefficy (near 100%) in the range
3-10 keV, the relative peak heights observed ferfdmilies of X-ray lines are
close to the values expected for the signal as igenerated in the sample

[Goldstein et al., 1981].

In the current project, some fracture surfaces sithel surfaces were analyzed by

EDS:

1) to examine the fracture surfaces, after an ultiasacetone bath. General
spectra in areas near tensile and compressive, satlé)(x magnification,
were obtained.

2) to examine the side surfaces after specimens wexpaped according to
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section 3.2.2. Different areas on the side surfaoetiding corners near the
tensile and compressive surfaces and areas fartierinacture surfaces, were
analyzed, at 500magnification as well.

after subtraction of the background, the heightthefW L3 peaks and the Co
Ka (see Fig. 3.9) peaks were measured. The ratittedfeights of the Co and
W peaks (Co/W) were calculated. The Co/W ratioshenfracture surfaces of
specimens tested at different temperatures werepasd in order to
determine possible changes in cobalt concentraiionthe fracture surfaces
during bending tests and its temperature dependdiee Co/W ratios were
also compared with the ratios obtained from the sigrfaces of bulk material,
to investigate whether cobalt moved from the buwlkthie fracture surfaces

during testing.

3.5 Microstructure Parameter M easur ement

Cobalt mean free path is an important microstrattparameter. In this project its

variation at different locations may be valuableassess the high temperature

cobalt deformation. The cobalt mean free path wasioed by linear analysis.

Specimens were prepared metallographically, sidéases were exposed and

polished. Micrographs were taken in the JOEL JSMI-8EM using secondary

electron (SE) images. A WACOM sensitive pad integth with a desktop was

used to analyze the images. Data was generatedfanaed and manipulated in

Microsoft Excel. The cobalt mean free paths werleutated and data from

different areas on the side surfaces were compared.
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4RESULTS

This chapter starts with the description of thecspens studied in the project.

Macrostructure and microstructure observation tedallow.

4.1 Specimen Description

This project continues research carried out byu§ckx [Luyckx et al., 1998] and
Yu. V. Milman [Milman et al., 2002] which investigad bending behavior of
WC-Co alloys with different compositions in increagtemperature. Only part of

the specimens used in the previous research wetiedtin the current project.

As described in the previous chapter, three grafispecimens have been studied,
namely: S, NYB and NYA. The cobalt content of eaghde is 15wt%. The
average grain size is: S: 1,80, NYB: 0.3um, NYA: 0.3um, respectively. The
specimens were subjected to 3-point bending testisffarent temperatures: 20,
200, 400, 600, 800 and 1000°C [Milman et al., 2002pr convenience,
specimens in this project are numbered for exampl®llows: NYB15-1000C-*,
where NYB is the grade, 15 is the cobalt conte@OLC is the temperature at

which the specimen was tested and * is the numiigsecsample.

According to Milman et al., the original size ottBpecimens were approximately
35x 4.5x% 1.2 mm. After bending, most of the specimens vibeo&en into two or
more pieces. Some specimens tested by Milman a teonperature were not

available. The details of all the specimens avélaloe in Table 4.1:
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Table 4.1: Summary of specimens studied in thigepto

Grade| Temp. of Numbers off Fragments| Matching | Piece(s) | Specimens
testing Specimen(s) of  each| of missing | fragments name i
received specimef | fragments this text
or not
2 Yes None S15-200C-1
S15-200C-2
200°C 2
2 Yes None S15-200C-3
S15-200C-4
S15 2 Yes None S15-1000C-1
S15-1000C-2
1000°C 2 >4 Partly’ >1 S15-1000C-3
S15-1000C-4
S15-1000C-5
>3 No >1 NYB15-200C-1
NYB15-200C-2
200°C 2
>3 No >1 NYB15-200C-3
NYB15-200C-4
2 Yes None NYB15-400C-1
NYB15-400C-2
NYB 400°C 2
>4 No >2 NYB15-400C-3
NYB15-400C-4
>3 No >1 NYB15-530C-1
NYB15-530C-2
530°C 2
>3 No >1 NYB15-530C-3

NYB15-530C-4
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Grade| Temp. of Numbers off Fragments| Matching | Piece(s) | Specimens
testing Specimen(s) of  each| of missing | fragments name i
received specimef | fragments this text

or not
>3 No >1 NYB15-600C-1
NYB15-600C-2
600°C 2
>3 No >1 NYB15-600C-3
NYB15-600C-4
2 Yes None NYB15-800C-1
NYB15-800C-2
NYB 800°C 2
>3 No >1 NYB15-800C-3
NYB15-800C-4
2 Yes None NYB15-1000C-1
NYB15-1000C-2
1000°C 2
2 Yes None NYB15-1000C-3
NYB15-1000C-4
>3 No >1 NYA15-20C-1
20°C 1
NYA15-20C-2
3 Yes None NYA15-200C-1
NYA15-200C-2
NYA15-200C-2n
200°C 2
NYA 3 Yes None NYA15-200C-3
NYA15-200C-4
NYA15-200C-4m
2 Yes None NYA15-400C-1
400°C 2 NYA15-400C-2
>6 No >1 NYA15-400C-3
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Grade| Temp. of Numbers off Fragments| Matching | Piece(s) | Specimens
testing Specimen(s) of  each| of missing | fragments name i
received specimef | fragments this text
or not
>3 Partly 21 NYA15-600C-1
NYA15-600C-2
600°C 2 3 Yes None NYA15-600C-3
NYA15-600C-4
NYA15-600C-4m
NYA >3 No 21 NYA15-800C-1
NYA15-800C-2
800°C 2
2 Yes None NYA15-800C-3
NYA15-800C-4
N/A N/A None NYA15-1000C-1
1000°C 2
N/A N/A None NYA15-1000C-2
Note:
1. “Numbers of Specimen(s) received” is the numberciviiiad been subjected

to bending tests;

“Fragments of each specimen” is not how many fragmeeceived in this

project, but is the number of specimen fragmentsrdened according to the

matching of fracture surfaces. If two fracture ages do not match, at least

one fragment between the two fracture surfacesssing;

“Piece(s) missing” is determined by subtracting tkal fragment number

from the estimated number of fragments;

“Fragments partly match” means some fragments aissimg but some

fracture surfaces of the available fragments match;
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5. When a specimen was fractured into three fragmemdso piece was missing,
the middle fragment is named such as “NYA15-200C;2mmere “m” refers
to “middle”;

6. The two NYA15-1000C specimens were not fractured fracture surface

matching is not applicable.

The investigation was focused on the lowest antidsgtemperature specimens
because the difference may reveal the impact okasing temperature on the
fracture mechanisms. However, intermediate tempeFatspecimens were also

studied.

4.2 NYA15-1000C-1 L ength M easurement

As described above, the specimens of NYA15-1000¢ rdit fracture during
3-point bending tests (one example in Fig. 4.1 $pecimens underwent large
strain during bending and retained the bent shdtge eooling down to room
temperature. The length measurement of NYA15-1000@as important for

further investigations.
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Fig. 4.1: Photograph of the NYA15-1000C-1.

Digital pictures of the specimen were taken inegiesimicroscope (Fig. 4.2). Then

the pictures were analyzed and calibrated in thevace AxioVision 3.1.2.1.
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Fig. 4.2: Stereomicrograph for length measuremembwig the curved
NYA15-1000C-1 specimen. The unfractured parts veeteoff and the lengths of

the tensile edge and compressive edge were measured

A digital image is made up by pixels. First theilwation bar was measured in
pixels and the ratio microns per pixel was cal@dads follows:

1mm = 210 pixels— 1 pixel = 4.76um.

Then the tensile edge and compressive edge wersuneglawith pixel numbers.

The pixel numbers were finally translated to micragain.
The length of the tensile edge was found to be 288m, the length of the

compressive edge 42402,08. Therefore the tensile edge was 78QrB83onger

than the compressive edge.
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4.3 Macroscopic Observation

Specimens of each grade were first observed iera@hicroscope and a reflected
light microscope. The tensile surfaces, compressivdaces and side surfaces
were studied. The fractographic analysis, i.e.abservation of fracture surfaces
from low magnification to high magnification wasrgad out as well and the

results are reported in section 4.4.

4.3.1 Side Surfaces

The side surfaces of S, NYA and NYB grades wereestigated under both
stereomicroscope and reflected light microscope dHhoice of microscope was
determined according to the flatness of the susfaged the magnification

required. The results are shown below.

4.3.1.1 Side Surface of NYA15 Grade

Macrocracks, defined in this project as those @ackose opening is wider than
about 3um, were found on one side surface of NYA15-1000@€ttectable even
in a low magnification stereomicroscope (see Fig).4This sample was received

unfractured.
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Fig. 4.3: Stereomicrograph showing macrocracks o @ide surface of

NYA15-1000C-1 (as indicated by arrows).
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Fig. 4.4: Stereomicrograph: the appearance ofdheescracks shown in Fig. 4.3,

when observed from the tensile surface of NYA15a1DqQ.

The macrocracks on the side surface of NYA15-10Q0@&ere further observed
under a reflected light microscope at higher maggtions. The high
magnification made the measurement of the crackinge possible (see Fig. 4.5).
The total width of the macrocrack openings on oride ssurface of

NYA15-1000C-1 is 100.1@m. Details of this measurement are given in Appendi
A
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Fig. 4.5: Reflected light micrograph: crack openimigith measurement on one

side surface of NYA15-1000C-1. A macrocrack widam 5@um can be seen.

Fig. 4.6 is the stress-strain curve of the NYA grdtbm which strains due to

plastic deformation and due to elastic deformatiene determined.
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Fig. 4.6: The stress-strain curve of NYA gradeselE is the extrapolation of the
elastic section of NYAL5, to determine the Youngsdulus of the grade. Line S
allows to determine the strain at facture of theA¥ grade, which is 4.7%. Line
P is parallel to line E and was introduced to eatuthe elastic recovery (by

courtesy of Yu. Milman).
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It can be read from the points of intersectionirefs P and S with the strain axis
in Fig. 4.6 that the strain due to plastic defoiorais 4.3% and the elastic strain

is 0.4%.

Since the order of magnitude of the strain dugacks is 16um (section 4.3.1.1)

and the total length of the sample is of the omfe#x10’um (section 4.2), the

1x107 zm

= 0.25%
4x10" zm

strain due to crack openirg

Considering the 0.25% strain due to macrocracks0bdt3% total plastic strain
of NYA15-1000C, it is concluded that the macrocgaokly account for less than
10% of the total strain. The major strain must be do other factors, mainly

plastic deformation of the material.
It was found that in NYA15-1000C-1, on one sidefate (as reported above)

there are fewer but wider cracks, while on the o#iide surface, the cracks were

more numerous but narrower (see Fig. 4.7).
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Fig. 4.7: Reflected light micrograph: the widestonoerack observed on a side
surface of NYA15-1000C-1. All the other cracks bistside surface are narrower

than 2um.
Macrocracks are observable in light microscope®rdtare also microcracks on

the side surfaces, but because of the roughnesbeospecimen surface, the

microcracks are not easy to identify (see Fig..4.8)
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Fig. 4.8: Reflected light micrograph: microcracks {ndicated by arrows) on one

side surface of NYA15-1000C-1.

When the side surface was polished, both the mesrks and microcracks were

more easily recognized (see Fig. 4.9).
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Fig. 4.9: Reflected light micrograph: one macrokraad some microcracks on

the polished side surface of NYA15-1000C-2.

After polishing, it is easier to observe the cragenings and more microcracks
appear, but the crack openings at the intersebitween the tensile face and side
face had been damaged. For this reason, the messntseof crack openings were

done on unpolished surfaces.

The side surfaces of 20°C, 200°C, 400°C, 600°C8t@itC specimens of NYA15
grade were investigated. No cracks were identifiddwever, the rough side

surfaces may conceal microcracks, if there arepaegent.



4.3.1.2 Side Surface of NYB15 Grade

Macrocracks were also found on the side surfadé¢Yd15-1000C-3. There were
macrocracks very near (see Fig. 4.10) and not aothe outcrop (see Fig. 4.11)

of the main fracture.

Fig. 4.10: Reflected light micrograph: a macrocréak indicated by an arrow)

close to the fracture outcrop of NYB15-1000C-3.
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Fig. 4.11: Reflected light micrograph: two macraks (indicated by arrows) on

one side surface of NYB15-1000C-3.

No cracks were observed on the polished side sudablYB15-1000C-4.

No cracks were found on the side surfaces of NYBcispens tested at

temperatures lower than 1000°C.

4.3.1.3 Side Surfaces of S15 Grade

Few macrocracks could be seen even near the feactutcrops on the side

surfaces of the S15 grade (see Fig. 4.12).
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Fig. 4.12: Stereomicrograph: one narrow crack ¢atdid by an arrow) near the

fracture outcrop on the side surface of S15-1000C-1

No crack was found on the side surface of S15-2¥¢imens.

4.3.2 Tensile Surfaces and Compressve Surfaces

No cracks were observed on the tensile surfacecamgpressive surfaces of all
the three grades. However, the same macrocrackshenside surface of
NYA15-1000C-1 (Fig. 4.3) can also be noticed on teasile surface of
NYA15-1000C-1 (Fig. 4.4). This stereomicrographtad tensile surface (Fig. 4.4)

is reported in 4.3.1 because it is related to theks on the side surface.
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4.4 Fracture Surface (Fractography) Observation

During the bending test, the area where the sperfractured was subjected to a
high stress concentration. Observations of fractswefaces should help to
understand the fracture mechanism. Fractographgraedisons started from low
magnification under stereomicroscope and opticar@scope and continued at

high magnification under SEM and FESEM.

4.4.1 Low Magnification

Fracture surfaces of S, NYA and NYB grades wereenlesi and compared under
a stereomicroscope. The comparisons can give anaflthe difference between
different grades of WC-Co alloys. The comparisores shown from Fig. 4.13 to

Fig. 4.19.

It must be noted that some fracture surfaces ofpleeimens were contaminated
during the bending tests. Before observation, sl specimens were cleaned
following the cleaning procedure described in ggc8.2. Stains, however, could
not be completely removed. Stains can be noticecbah low and high

magnification and their existence has been provedEDS analysis (section

4.4.2.2).
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Fig. 4.13: Stereomicrograph: fracture surfaces ¥BMN5-200C-4 (above) and
NYA15-200C-3 (below). “T” represents “tensile”, andC” represents
“compressive”. “T” and “C” indicate the tensile andmpressive surfaces of each
specimen. The fracture surface of NYA15-200C-3 sedmatureless while the
fracture surface of NYB15-200C-4 is rough. The ftuae origin of
NYB15-200C-4 can be easily identified, while theacture origin of
NYA15-200C-3 cannot.
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Fig. 4.14: Stereomicrograph: fracture surfaces ¥BMN5-400C-4 (above) and
NYA15-400-2 (below). The fracture surface of NYA460-2 is not as featureless
as that of NYA15-200C-3 but still not as rough lzet of NYB15-400C-4.
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Fig. 4.15: Stereomicrograph: fracture surfaces ¥BMN5-600C-3 (above) and
NYA15-600C-3 (below). Both fracture surfaces areugly with steps near

compressive sides.
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Fig. 4.16: Stereomicrograph: fracture surfaces ¥BMN5-800C-3 (above) and
NYA15-800C-2 (below). The fracture surface of NYA80C-2 seems rougher
than that of NYB15-800C-2. The fracture origin o¥AL5-800C-2 is easier to
identify, too. The stains on the surfaces could b®tremoved by cleaning and

must be due to liquids that stained the materiehdibending tests.
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Fig. 4.17: Stereomicrograph: fracture surfaces ofBM5-1000C-1 (top) to
NYB15-1000C-4 (bottom). No NYA15 specimen was ftaetl, so no fracture
surface of NYA1l5 is available. The compressive aedsile sides were
determined according toheory of Elasticity“In considering the upper or lower
sides of the bar it is evident that while the ctuva of these sides after bending is
convex down in the lengthwise direction, the cwatin the crosswise direction

is convex upward.” [Timoshenko and Goodier, 1970]
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Fig. 4.18: Stereomicrograph: fracture surfaces ¥BMN5-200C-1 (above) and
NYA15-20C-1 (below).The fracture surface of NYA18& is not compared to a
NYB15-20C because no NYB15-20C specimen was aveilabhe fracture
surface of NYA15-20C-1 is even more featureless ttieat of NYA15-200C-3
(see Fig. 4.13).

It can be noticed that the fracture surfaces ofestow temperature (20°C, 200°C,

400°C) NYA specimens are more featureless tharetlodNYB specimens and

those of high temperature NYA specimens.
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Fig. 4.19: Stereomicrograph: fracture surfaces @b-300C-1 (above) and
S15-1000C-1 (below) were compared. Both of them ratggh, but the high
temperature fracture surface is much rougher thardow temperature one. Note

that these samples were chamfered.
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4.4.2 High Magnification

Fracture surfaces of S, NYB and NYA specimens hasen examined in an
electron microscope. Since the grain sizes of NMA BYB grades are ultrafine
(about 0.am), a FESEM was used to achieve the required megtifn and

resolution. FESEM images are shown in this section.

Wherever the fracture origin could be identifiedjcnographs were taken
assuming that interesting features would be founetet because fracture always
occurs at a point of high stress concentration ehmastic deformation is most
likely to occur. In some cases, when the fractuigiro could not be identified,
corners and some other spots near the tensileosidiee fracture surfaces, where

fracture most likely started from, were examined.
Some fracture surfaces were contaminated and wevered by stains. The
specimens were cleaned before use in order tadgef these stains. However, the

stains could not be removed by ultrasonic cleamirggetone or methanol bath.

The results are divided by features observed, whiehe steps on WC grains,

layers and evidence of cobalt drift.
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4.4.2.1 Steps on WC Grains

Steps on WC grains on fracture surfaces were obdeat all temperatures in the
NYA15 grade and in some specimens in the NYB15 gr@dYB15-1000C-3,
NYB15-800C-3 and NYB15-400C-3). No steps were foondNC grains on the

fracture surfaces of S15 grade specimens.

All the areas examined in the NYA grade were onftheture surfaces near the

tensile side, where the material was subjectedgto tensile stresses.

NYA15-20C-1:

The fracture origin could not be identified, soeadifferent areas were observed

on the fracture surface of NYA15-20C-1. The threeaa are indicated in the

sketch below (see Fig. 4.20).

Cormnerl Mid Pomnt Corners
pE R
@

Fracture Swrface of IIY A15-2000-1

Fig. 4.20: Sketch of NYA15-20C-1 fracture surfacethwthe three areas
investigated. “T” represents “tensile” and “C” repents “compressive”. “T” and
“C” indicate the tensile and compressive surfadgsows point to where the
investigated areas were located (near tensilesgishear compressive side) on the

fracture surface of the specimen.
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Fig. 4.21: FESEM micrograph of an area of Cornenlttee fracture surface of
NYA15-20-1. Several steps on different grains @atitd by arrows) can be seen
in this small area which is only several micronsgoDetails of the steps on grain

A and B are shown in Fig. 4.22. The right partte$ tmicrograph (area S) seems

to be covered by stains.
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Fig. 4.22: FESEM micrograph: details of the stepg@in A and B in Fig. 4.21.
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Fig. 4.23: FESEM micrograph of another area of €dkron the fracture surface
of NYA15-20-1. Steps on different grains (indicatbg arrows) can be seen.

Details of the steps are shown in Fig. 4.24.
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Fig. 4.24: FESEM micrograph: details of the big W@in in the center of Fig.
4.23.
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Fig. 4.25: FESEM micrograph of an area of Cornen2ttee fracture surface of

NYA15-20C-1. Steps can be easily identified (intBckby arrows).
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Fig. 4.26: FESEM micrograph: the grain A in Fig23L. At higher magnification,

more steps can be identified (as indicated by sowar
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Fig. 4.27: FESEM micrograph of another area of €&ron the fracture surface

of NYA15-20C-1. Arrows point out the steps.
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Fig. 4.28: FESEM micrograph of a WC grain in Cofhearea at high

magnification (higher than 200,080shows clear steps.
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Fig. 4.29: FESEM micrograph of an area of the MaihPon the fracture surface

of NYA15-20C-1. Steps are indicated by arrows. Thiea seems to be
contaminated.
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NYA15-200C-3:

The fracture origin of NYA15-200C-3 could not besidaidentified. Two areas

(see Fig. 4.30) near the tensile side on the fracurface were observed.

FPosable Fracture Origin Comer

N\ b

i} 1]

Fracture Surface of NYA15-200C-3

Fig. 4.30: Sketch of NYA15-200C-3 fracture surfagth the areas investigated.
When comparing this sketch to Fig. 4.13, it can deen that these two

investigated areas were contaminated. Fig. 4.3Figo 4.35 also prove the

contaminations.
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Fig. 4.31: FESEM micrograph of an area of the pesdracture origin on the
fracture surface of NYA15-200C-3. The arrow indésat step. Area S is clearly a

stained area.
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LPSSIC-2 Wag = 7089 KX EHT = 20,00 kv Detector = InLens

Fig. 4.32: FESEM micrograph of another area ofgbssible fracture origin on
the fracture surface of NYA15-200C-3. Under staiasstep on a WC grain

(indicated by an arrow) still is recognizable.
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LPSSIC-2 Wag = 250 KX EHT = 20,00 kv Detector = InLens

Fig. 4.33: FESEM micrograph: the low magnificatiappearance of the Corner

on the fracture surface of NYA15-200C-3. Arrowsnido stained areas.
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LPSSIC-2 Wag = 5108 KX EHT = 20,00 kv Detector = InLens

Fig. 4.34: FESEM micrograph of an area of the Coamethe fracture surface of

NYA15-200C-3. A step is indicated.
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Fig. 4.35: Another FESEM micrograph of the sameaas Fig. 4.31. A step is

indicated by an arrow.

Both areas in Fig. 4.34 and Fig. 4.35 seem coveyexthin layer.

Fewer steps were found on the fracture surface ¥A18-200C-3 than

NYA15-20C-1.
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NYA15-400C-2:

The fracture origin of NYA15-400C-2 could be idéietl at the corner near the

tensile side on the fracture surface.

LPSSIC-2 Wag = 30 B3 KX EHT = 2000 kv Detector = InLens

. > - .
Fig. 4.36: FESEM micrograph of the fracture origiea on the fracture surface of

NYA15-400C-2.
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Mag = 73.09 KX EHT = 20.00 kv Detectar = InLens
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Fig. 4.37: FESEM micrograph of the same area as EBi§6 at higher

magnification. More steps on different WC grain® dg identified (arrows) at

this magnification.
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Fig. 4.38: FESEM micrograph of another area in fhecture origin of
NYA15-400C-2. A step was found (arrow) despitestans.
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NYA15-600C-3:

The fracture origin of NYA15-600C-3 could be idéetil on the fracture surface.

It was located at a corner near the tensile side.

LPSSIC-2 Mag = 80.86 KX EHT = 20.00 kv Detector = InLens

Fig. 4.39: FESEM micrograph of the fracture origiea on the fracture surface of

NYA15-600C-3. The arrow points to a step.
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LPSSIC-2 Wag = 5081 KX EHT = 20,00 kv Detector = InLens

Fig. 4.40: FESEM micrograph: another step (indiddtg an arrow) in the fracture

origin area on the fracture surface of NYA15-60QC-3
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LPSSIC-2 Wag = 30 28 KX EHT = 20,00 kv Detector = InLens

Fig. 4.41: FESEM micrograph: another step

(indidalbyy an arrow) near the
fracture origin area on the fracture surface of N¥/600C-3. All the surfaces in

Fig. 4.39, 4.40 and 4.41 are covered by contanainati
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NYA15-800C-2:

The fracture origin of NYA15-800C-3 was locatedaatorner near the tensile side

(see Fig. 4.42) on the fracture surface.

5

Mag = 560X EHT = 20.00 kv Detectar = InLens §

RS AR AR T

Fig. 4.42: FESEM micrograph: the low magnificatiappearance of the fracture
origin of NYA15-800C-2. The arrow points to the drare origin. See Fig. 4.43
for more detail. Comparing this image to the steneooscope image Fig. 4.16,

the surface, especially the fracture origin aredaidly contaminated.
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Fig. 4.43: FESEM micrograph of the fracture origiea on the fracture surface of
NYA15-800C-2. Arrows point to steps on WC grainsieTcontamination on the

surface of this area interferes the resolutiorydeahe steps beneath vague.
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Fig. 4.44: FESEM micrograph of an area near theilerside on the fracture

surface of NYA15-800C-2. This area seems cleanfla®dof stains. Steps can be

easily identified.
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Fig. 4.45: FESEM micrograph: higher magnificationtliee same area as in Fig.
4.44.

Steps were more frequently observed in 20°C and@8fpecimens than in 200°C,
400°C and 600°C ones. The phenomenon that fewes stere observed in these
middle temperature specimens may be due to theawomation on the fracture

surface.
In the NYB grade, different areas on the fracturdases of the specimens were

studied. Steps were only observed on the fracuunfaces of the samples tested at

400°C, 800°C and 1000°C.
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NYB15-400C-3:

Two areas, the fracture origin near the tensile sidd a compressive side corner,

on the fracture surface of NYB15-400C-3 (see Fig6¥were studied.

Fracture Crigin

= i1

o

&,

Compressive Corner

Fracture Surface of HYB15-400C-3

Fig. 4.46: Sketch of NYB15-400C-3 fracture surfashowing the areas

investigated.
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LPSSIC-2 Mag= 3027 KX EHT = 2000 kY Detector= InLens
s ]

Fig. 4.47: FESEM micrograph of the fracture origiea on the fracture surface of

NYB15-400C-3. Two steps were indicated by arrows.

In the area near compressive side, steps werdfiddras well.
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_ LPSSIC-2 = Mag= 1047 KX EHT =2000 Ky

Fig. 4.48: FESEM micrograph of the Compressive €oon the fracture surface

of NYB15-400C-3. Arrows indicate the steps.
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200nri LPESIC2 W= 3mm Mag= 3084 KX EHT =2000 kv Detectar = InLens

Fig. 4.49: FESEM micrograph: a higher magnificatminthe same area as Fig.

4.48. Two arrows indicate two grains with steps.
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NYB15-800C-3:

Mag = 180K X EHT = 2000 kv Detectar = InLens 1

- H ‘
PR N TR A Y [ PRLED T S I DA R s . TR R

Fig. 4.50: FESEM micrograph: the appearance of ftheture origin at low

magnification. Pores were probably the cause eEstconcentration, which led to

failure.
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LPSSIC-2 EHT = 20.00 Ry Detector = InLens

- Y v =

Fig. 4.51: FESEM micrograph of the fracture origiea on the fracture surface of

NYB15-800C-3 at higher magnification. A clear stefindicated by an arrow.
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Fig. 4.52: FESEM micrograph of an area near terssile on the fracture surface

of NYB15-800C-3, showing re-solidified cobalt.
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NYB15-1000C-3:

Corner] Fracture Ongm Comer?
! ¥
Z

Fracture Suface of NYE15-1000C-3

Fig. 4.53: Sketch of NYB15-1000C-3 fracture surfadth the areas investigated.

LPSSIC-2 WO = 2mm Mag = 1085 K EHT = 20 00 kv Detector = InLens

- B 7 ST G TTUlEw S s s _
Fig. 4.54: FESEM micrograph of the fracture origiea on the fracture surface of

NYB15-1000C-3. Steps are indicated by arrows. énsethat Co droplets, which

appear as bright round shapes on the surface, dodongng fracture.
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LPSSIC-2 Mag = 2875 KX EHT = 20 00 kv Detector = InLens

Fig. 4.55: FESEM micrograph of the fracture orignea with steps (indicated by
an arrow) on the fracture surface of NYB15-1000CABC grains seem to be
covered by contamination and the white lines akbveggrains are probably related

to contaminations.
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Fig. 4.56: FESEM micrograph of Cornerl near thesitenside on the fracture

surface of NYB15-1000C-3. It looks similar to thea of the fracture origin (Fig.
4.54 and Fig. 4.55).
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LPSSIC-2 WO = 2mm Mag = 2839 K% EHT = 20 00 kv Detector = InLens

o

Fig. 4.57: FESEM micrograph of the corner2 neartéimsile side on the fracture
surface of NYB15-1000C-3. Besides the steps, dedtion in a single WC grain
(indicated by the arrow) in the form of slip linean be identified. Contamination

in this area seems to be less.

Besides the 400°C, 800°C and 1000°C specimensteps svere found on the
fracture surfaces of the NYB15 grade specimengtardemperatures. Even on
the fracture surface of 400°C, 800°C and 1000°Cispens, fewer steps were
observed in comparison with those found on thetdirecsurfaces of NYA15 grade.
As shown before, the fracture surfaces of the NYBi&de are contaminated.

Contamination maybe prevents exposure of the stpife.
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4.4.2.2 Layers on the Fracture Surfaces

On most of the fracture surfaces of the NYB15 aiY& N5 grades, layers of some
materials have been observed. Efforts have beer maidvestigate whether they

are contaminations or layers of WC-Co components.

Specimens of the NYB15 grade tested at differenperature were examined.

LPSSIC-2

Fig. 4.58: FESEM micrograph of an area covered ayer at a tensile corner on
the fracture surface of NYB15-1000C-3. The rectdeng@area surrounded by
black lines is the area analyzed by EDS. The ED&tgpm and approximate

composition are given in Fig. 4.59 and Table 4.2.
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Full Scale 100 cts Curgor: 0.000

Fig. 4.59: EDS spectrum of the area analyzed in £§8. W, Co and C were

detected.

Table 4.2: Approximate composition of the area yresd by EDS in Fig. 4.58.

Element | Weight% | Atomic%

C 14.04 61.78
Co 22.18 19.89
W 63.78 18.33
Totals 100

The C content is much more than the amount expeotafC, therefore it is
partly due to some kind of contamination. The Catent is higher than the
15wt% of the alloy, therefore the layer in Fig. &i8 thought to be a thin Co-rich
layer. It is thought to be thin because of thedaagnount of W detected from

under it.
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Mag = 260 K3 EHT = 20.00 kv Detector = InLens

Fig. 4.60: FESEM micrograph of an area covered bgyar at a compressive
corner on the fracture surface of NYB15-1000C-3e Térea in the center
surrounded by the rectangular black line is the dog EDS investigation. The

EDS spectrum and results are shown in Fig. 4.61Tabtk 4.3.
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Full Scale 243 otz Curgor: 0,000 keY

Fig. 4.61: EDS spectrum of the area analyzed in£&£gp. W, Co, C, as well as Ca

and O were detected.

Table 4.3: Approximate composition of the area yed by EDS in Fig. 4.60.

High carbon content and a small amount of Ca weteatied.

Element (Weight% |Atomic%
C 39.29 79.69
@] 6.99 10.64
Ca 0.92 0.56
Co 7.56 3.13
W 45.24 5.99
Totals 100

The high C content, the O and the Ca suggest tmatldyer consists of
contamination. The layer is expected to be thickabee of the small amount of

Co and WC detected.
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Fig. 4.62: FESEM micrograph of another area covdrged layer at the same
compressive corner as in Fig. 4.60 on the fracturdace of NYB15-1000C-3.
The EDS investigation was focused on the layem@isated by rectangular black

line). The EDS spectrum and approximate composai@ngiven in Fig. 4.63 and

Table 4.4.
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Full Scale 201 ctz Cursor; 0.000 kev

Fig. 4.63: EDS spectrum of the area analyzed in&#2. W, Co, C, and O were

detected. The carbon peak is very high.

Table 4.4: Approximate composition of the area stigated by EDS in Fig. 4.62.

Carbon content is very high and some oxygen isjptes

Element | Weight% | Atomic%
C 58.39 90.61
@] 3.55 4.14
Co 6.48 2.05
W 31.58 3.2
Totals 100

This layer is expected by to an organic, thick tafpe the same reasons as given

above.

On the fracture surfaces of the other NYB15 speesnkayer were also found and

investigated. Results are reported below:

15C
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Fig. 4.64: FESEM micrograph of an area covered layar near the compressive
side on the fracture surface of NYB15-800C-3. Téetangle indicates the EDS
investigation area. The EDS spectrum and compasé#tie given in Fig. 4.65 and

Table 4.5.
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Full Scale 1271 cts Curgor; 0.000 keY

Fig. 4.65: EDS spectrum of the area analyzed in &ig4. Apart from W, Co, C,

and O, V was also detected.

Table 4.5: Approximate composition of the area stigated by EDS in Fig. 4.64.
Vanadium was detected as 0.41wt%, which agreesthélvanadium addition of

0.4wt% in NYB15 grade.

Element | Weight% | Atomic%
C 19.1 63.08
@] 5.28 13.1
\Y 0.41 0.32
Co 15.91 10.71
W 59.3 12.8
Totals 100

The C and O content suggest the presence of datyen of contamination. The
layer is thin because the W, Co and V content tkddeis the content expected in

the NYB15 grade.
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LPSSIC-2 Mag= 503 KX EHT =20.00 K\ Detector = InLens

Fig. 4.66: FESEM micrograph of an area covered kayar near the tensile side
on the fracture surface of NYB15-600C-2. Two argaand B) were investigated.

Comparisons of EDS spectra and approximate conipasiare given in Fig. 4.67

and Table 4.6.
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Spectrum 1

Full Scale 9735 cts Cursor: 0.000

Spectrum 1

Full Scale 595 cts Cursor: 0.000

Fig. 4.67: EDS spectra of the areas (A) and (B)yaed in Fig. 4.66. The spectra

look similar.
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Table 4.6: Approximate composition of the areasdAd (B) analyzed by EDS in

Fig. 4.66. The content of each element is close.

Element | Weight%(A) | Weight%(B) | Atomic%(A) | Atomic%(B)
C 21.08 17.44 67.43 62.94
O 4.47 4.03 10.74 10.93
Co 14.15 15.25 9.22 11.21
w 60.3 63.28 12.6 14.92
Totals 100 100

The two areas have the composition expected in NbYBanadium is also visible
as a very small peak at about 5 keV. The excessdGhe O may come from the

atmosphere in the microscope or in the high-tentperdesting equipment.

LP8SIC-2 EHT=2000 Ky Detector = InLens

Mag = 291 K3

Fig. 4.68: FESEM micrograph of an area near thepcessive side on the fracture
surface of NYB15-530C-1. The surface is obvioushyared by a layer. The

rectangular area was analyzed by EDS.
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Full Scale 631 otz Cursor: 0,000 kev

Fig. 4.69: EDS spectrum of the area analyzed in #i§8. Apart from the high

peak of O, Cl was also detected.

Table 4.7: Approximate composition of the area yed by EDS in Fig. 4.68.
High content of oxygen and the existence of cheoane the characteristic in this

area of NYB15-530C-1.

Element | Weight% | Atomic%
C 12.28 33.78
@] 20.52 42.37
Cl 6.64 6.19
Co 17.78 9.97
W 42.78 7.69
Totals 100

The high O and CI and the low W suggest that this ilayer consisting of

contamination.
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Mag= 265 KX EHT = 20.00 K\ Detector = InLens

Fig. 4.70: FESEM micrograph of an area near theilerside on the fracture
surface of NYB15-400C-1. Two areas (A and B) aralymed and compared in
Fig. 4.71 and Table 4.8.
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Spectrum 1

Full Scale 1245 cts Cursor: 0.000 ke

Spectrum 1

Full Scale 1026 cts Cursor: 0.000 ke

Fig. 4.71: EDS spectra of the areas (A) and (B)yaed in Fig. 4.70. Vanadium
was found in (B) but not in (A). The peaks of eatdment in (A) and (B) look

different.
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Table 4.8: Approximate composition of the areasdAd (B) analyzed by EDS in

Fig. 4.70. The (A) area seems to be covered byex laf W-rich material and the

Co content in (B) area is much higher than thgAdfarea.

Element | Weight%(A) | Weight%(B) | Atomic%(A) | Atomic%(B)
C 15.92 18.71 68.17 64.42
@] 1.82 157 5.84 4.07
\Y 0 0.44 0 0.36
Co 5 27.93 4.37 19.6
w 77.26 51.35 21.62 11.55
Totals 100 100

The results of this comparison are surprising siaEsa A was expected to be

richer in Co than area B.

t b
By
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v = 3 = "I 3

Fig. 4.72: FESEM micrograph of an area covered layar at the fracture origin

on the fracture surface of NYB15-400C-3. The brigthge was investigated.
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Table 4.9: Approximate composition of the area yared by EDS in Fig. 4.72. It
can be concluded that the ridge is Co-rich and@® aidge formed during plastic

deformation and fracture.

Element| Weight% | Atomic%
C 20.04 58.23
0] 1.45 3.16
\Y 0.66 0.45
Co 58.12 34.41
W 19.73 3.75
Totals 100

LPSSIC-2 Mag = 10.00 KX EHT =20.00 K\ Detector = Inlens

Fig. 4.73: FESEM micrograph of an area near thepcessive side on the fracture

surface of NYB15-200C-4. The central area was aealy
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Full Scale 318 cts Curzor: 0.000 ke

Fig. 4.74: EDS spectrum of the area analyzed in£&i{8. Cl was again detected.

Table 4.10: Approximate composition of the aredyaea by EDS in Fig. 4.73.

Element (Weight% |Atomic%
C 26.13 64.4
@] 10.39 19.22
Cl 1.58 1.32
Co 14.9 7.49
W 47 7.57
Totals 100

The area investigated appears to be covered hygerndé contamination.

As can be see at low magnification in a stereorswope (Fig. 4.13-Fig. 4.18),
the fracture surfaces of the NYA grade are contatath Fig. 4.75 shows the
fracture origin of NYA15-600-3. EDS investigatiom dhe fracture surface of
NYA15-800C-2 was carried out to find what elememt® present in the

contamination (Fig. 4.76).
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LPSSIC-2 EHT =20.00 K\ Detector = Inlens

Fig. 4.75: FESEM micrograph of the fracture origiea on the fracture surface of
NYA15-600-3. This area is covered by some mateviath looks darker than the
WC-Co.
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EHT= 2000 kY Detector = InLens

Fig. 4.76: FESEM micrograph of a layer covered loa fracture origin area of
NYA15-800C-2. EDS analysis was carried out in #agtangular area.

Full Scale 1073 cts Cursor: 0.000 ke

Fig. 4.77: EDS spectrum of the area analyzed in£&ig6. Vanadium was detected
in NYA15 grade.
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Table 4.11: Approximate composition of the areayaeal by EDS in Fig. 4.76.

High oxygen content was detected.

Element | Weight% | Atomic%
C 36.19 72.2
(@] 12.27 18.37
\Y 0.37 0.17
Co 9.34 3.8
W 41.84 5.45
Totals 100

On the fracture surfaces of the NYB15 grade testedlifferent temperature,
oxygen was always found, accompanied by calciunN¥B15-1000C-3 (Fig.
4.61), chlorine in NYB15-530C-1 (Fig. 4.69) and N¥8200C-4(Fig. 4.74).
These elements, as well as some high carbon cdntenome cases (e.g. Fig. 4.61
and Fig. 4.63) seem to be components of some camdon. EDS confirmed the
existence of a cobalt ridge (Fig. 4.72) and a dolagler at least in two cases.

These cobalt features form during fracture.

Contamination can be observed in a stereomicroscop@e fracture surfaces of
the NYA15 grade. EDS investigation provides infotim@on the high carbon and

oxygen content in the layers at high temperature.
The visible contamination in the NYA15 grade ance tBEDS confirmed
contamination in the NYB15 grade could not be reatbwy cleaning in an

ultrasonic bath with chemicals such as acetonarattianol.

The general present of oxygen and high carbon enfificture surfaces is

expected to be due to the atmosphere in whichehdibg tests were carried out.
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4.4.2.3 S15 Fracture Surfaces and Co Drift

The fracture surfaces of the S15 grades look viigreint from those of the NYA
and NYB grades. No steps were found on the WC gr&iear evidence of cobalt
movement could be observed on the fracture sudé&15-1000C. Dimples and

ridges around WC grains appear on the fracturaserdéf S15-200C.

S15-200C-1:

~ /

A LPESIC-2 Mag= 506 KX EHT = 2000 ky Detector=InLens
S z

Fig. 4.78: FESEM micrograph of the fracture origiea on the fracture surface of
S15-200C-1. Fractured WC grains exhibiting rivettgras as well as cobalt

dimples and ridges are clearly visible.
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Fig. 4.79: FESEM micrograph of an area near conspresside on the fracture

surface of S15-200C-1. Similar typical featureschsas fractured WC grains,

cobalt dimples and ridges, as those near the ¢esisié have been observed.
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Fig. 4.80: A higher magnification FESEM micrograpithe same area as in Fig.

4.79. Fractured WC grains can be observed.
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S15-1000C-1:

Areas investigated on the fracture surface of SIWC-1 are shown in Fig. 4.81.

Tensile Corner Tensile Pomt

- T

o

Compressﬂe Corner

Fracture Surface of 315-1000C-1

Fig. 4.81: Sketch of S15-1000C-1 fracture surfaith the areas investigated.

WD= 3mm Mag= 500K X EHT = 2000 kY Detector= InLens

= 7

Fig. 4.82: FESEM micrograph of the Tensile Poimte(§ig. 4.81) on the fracture
surface of S15-1000C-1 at relatively low magnificat (5000<). At this
magnification, the surface seems to be denudedlwdlt; which is proved not to

be true by the following micrographs.
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—_— LPSSIC-2 WD= 3mm Mag= 1490 K X EHT = 2000 kv Detector= InLens

Fig. 4.83: FESEM micrograph of the Tens

ile Pointtbe fracture surface of
S15-1000C-1 at high magnification (156Q0Lava-like Co (see Fig. 4.84) around
WC grains indicates Co movement during fracture tig® (indicated by arrows)

seem to form during fracture then be rounded afiene:

16¢



Fig. 4.84: Example of frozen lava around a Hawaic&no [terragalleria.com].
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m LPESIC-2 Mag= 3053 K X EHT = 2000 ky Detector=InLens

T

Fig. 4.85: FESEM micrograph of cobalt around WGrggan the fracture surface
(in the area near tensile surface) of S15-1000€the same area as Fig. 4.83 at
higher magnification (30009. Lava-like Co movement and a Co ligaments tips

can be more easily observed.

171



e

e il
the fractur

LPESIC-2

Fig. 4.86: FESEM micrograph of the Tensile Corrsere(Fig. 4.81) on

surface of S15-1000C-1. Similar appearance asahétte Tensile Point can be

observed.
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Fig. 4.87: FESEM micrograph of the Compressive €oon the fracture surface

of S15-1000C-1 at relative low magnification (5890
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LPSSIC-2 WD= 3mm Mag= 1532 KX EHT = 2000 kY Detector= InLens

Fig. 4.88: FESEM micrograph of the Compressive €oon the fracture surface

of S15-1000C-1. Co movement and Co ligaments tipwvigible.

The fracture surfaces of S15 grade look differeninf those of NYA15 and
NYB15 grades. Besides the difference between differgrades, the fracture
surfaces of S15-1000C and S15-200C specimen asimia. The lava-like

cobalt features on S15-1000C strongly suggestsltcdbi# during fracture at

1000°C. The features on S15-200C are typical anghwan in WC-Co [Erling et

al., 2000].
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45 Co/W Ratioson the Fracture Surfacesof NYB Grade

The cobalt layers found on the fracture surfaceslB15 (see Fig. 4.52) grade
imply possible cobalt movement during bending. E@lysis of NYB15 grade
was carried out to compare the amount of cobattgmtenear the compressive side
to that near the tensile side on the fracture sagfaHeights of the CoKpeaks
and W L3 peaks were measured then Co/W ratios were cadclulatt least three
measurements were made in different areas on #Hwufe surface of each
specimen tested at different temperatures. Thedtseate summarized in Table

4.12 and illustrated in Fig. 4.89.
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Table 4.12: Summary of the Co/W ratios on areabetensile and compressive
sides of the fracture surfaces of the NYB15 grade temperatures are those at

which the NYB15 samples were tested.

Areas on Average
Temperature Standard
fracture Co/W
(°C) deviation
surfaces ratios

1000 1.55 +0.17

800 2.17 +0.22

Near tensile 600 2.08 +0.24

edge 530 2.18 +0.19

400 1.94 +0.22

200 2.13 +0.13

1000 1.94 +0.13

800 2.28 +0.14

Near
600 2.23 +0.35
compressiv
530 25 +0.30
edge

400 2.28 +0.41

200 2.4 +0.46
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Fig. 4.89: Co/W ratios on the fracture surfacethefNYB15 grade, as reported in
Table 4.12.

Despite the large standard deviation, Fig. 4.8%catds that the Co/W ratios on
the compressive side of the fracture surfaces oBMNbrare consistently higher

than those at the tensile side.

The Co/W ratios on the side surfaces of NYB15-16@0&hd NYB15-200C-2

were also calculated. Three different areas osithee surfaces were investigated:

a) areas far from the fracture surface which repretbenbulk material;

b) an area very near the tensile side and the fracuwieop on the side surface,
i.e. the tensile corner on the side surface;

c) an area very near the compressive side and theifeaoutcrop on the side
surface, i.e. the compressive corner on the sidacal

The results are listed in Table 4.13 and illusttateFig. 4.90:
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Table 4.13: Co/W ratios on the side surfaces of NY¥B000C-4 and
NYB15-200C-2.

Areas on Average
Temperature Standard
side surfaces Co/W
(°C) _ deviation
ratios
Bulk 1000 2.31 +0.14
material 200 2.25 +0.13
Tensile 1000 2.25 +0.17
corner 200 2.37 +0.15
Compressive 1000 2.14 +0.07
corner 200 2.17 +0.11
2.6
2.5 -
S 24 I -
©
04
5 2.3 =
S 22 I -
2.1 i ) i
2
1000 200
Temperature(°C)
@ Bulk Material® Tensile Corned Compressive Corn«%r

Fig. 4.90: Co/W ratios of the three areas on tble surfaces of NYB15-1000C-4
and NYB15-200C-2, from the data in Table 4.13.

On the side surfaces of both NYB15-1000C-4 and N¥-BQ0OC-2, the Co/W

ratios at the tensile corners seem to be highen thase at the compressive

corners, which would be consistent with the measergs on the fracture
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surfaces because it would indicate that more calbréited towards the fracture
surface on the compressive side of the sample ifigathe region below the
surface poorer of cobalt) than on the tensile skieping in mind the large
standard deviation, the measurements from the fudigest that the Co/W ratio

was originally+2.3.
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4.6 Microstructure Observation

4.6.1 Side Surfaces

The side surfaces of NYA15-1000C-2, and NYA15-20@#e examined in a
FESEM and S15-1000C-2 in both a FESEM and SEMderoto look for features
similar to those observed by Ostberg [Ostberg, PB0Geformed cutting tools, i.e.
widening of gaps between grains (or microcracka®d)\&C grain dissolution. The

results are reported below.

4.6.1.1 NYA15 Grade

The results from the examination of NYA15-1000Ct2 ahown in Fig. 4.91 to
Fig. 4.95.
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LPSSIC-2 Mag= 849X EHT = 2000 kv Detector = RESD |

Fig. 4.91: FESEM micrograph of an area near thesileensurface of
NYA15-1000C-2 at low magnification. The edge betwé®e side surface and the
tensile surface can be seen at the north-eastrcditme applied stress direction is
shown in the micrograph. The two arrows indicatesile stress. Microcracks can
be seen perpendicular to the tensile surface. Somecracks were found to
originate within the material but did not propag&tethe edge. These cracks

suggest that at 1000°C the material had almostdhsistency of clay.
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EHT = 2000 kv Detector = RESD

Fig. 4.92: FESEM micrograph of an area near thesileensurface of

NYA15-1000C-2 at high magnification. The appliedess direction is shown. At
higher magnification, more microcracks or widenempg) between grains are
clearly seen. These features are consistent witketlobserved by Ostberg, who
interpreted them as being widened gaps. The miacsrand widened gaps lie

perpendicular to the stress direction.
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LPSSIC-2 Mag= 47BKX EHT = 2000 kv Detector = RESD

Fig. 4.93: FESEM micrograph of an area near the pressive surface of
NYA15-1000C-2. The edge between the side surfadettan compressive surface
can be seen at the southwest corner. The apptiessatirection is shown in the
micrograph by white arrows. A long microcrack abab60° to the compressive

surface is indicated by three black arrows. Thjzeaps to be a shear crack.
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2N LPSSIC-2 Wo= 11 mm Mag = 22 84 KX EHT = 2000 kY Detector = RBSD

Fig. 4.94: FESEM micrograph of another area nearcdbmpressive surface of

NYA15-1000C-2. White arrows indicate the compresssiress direction. The
dark areas in this micrograph (as indicated bykbéacows) seem to be debonding
of WC grains or thickened cobalt layers formed uncempressive stress. They

lie at about 30° or less to the stress direction.
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LPSSIC-2 Mag = 3144 KX EHT = 2000 kv Detectar = RESD

Fig. 4.95: FESEM micrograph of an area near the pressive surface of
NYA15-1000C-2 at higher magnification. White arroimdicate the compressive
stress direction. A black arrow points to anotheangple of debonding of WC

grains or thickening of the cobalt layer.

The results from the examination of NYA15-20C-2 sinewn in Fig. 4.96 and Fig.
4.97.
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LPSSIC-2 Mag = 1503 KX EHT = 20.00 kv Detector = RBSD

LPSSIC-2 Mag = 3550 KX EHT = 20.00 kv Detector = RBSD

Fig. 4.96: FESEM micrograph of an area near thsileeside of NYA15-20C-2 at
low magnification (a) and at high magnification .(Myhite arrows indicate the

tensile stress direction.
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LPSSIC-2 Mag= BOOKX EHT = 20.00 kv Detector = RESD

LPSSIC-2 Mag = 1518 KX EHT = 20.00 kv Detector = RBSD

Fig. 4.97: FESEM micrograph of an area near the pressive side of
NYA15-20C-2 at low magnification (a) and at high gndication (b). White

arrows indicate the tensile stress direction.
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By comparing the microstructure of NYA15-1000C-2an¢he tensile side with
those near the compressive side, differences inditeetion of microcracks or
thickened cobalt layers can be observed. On thsiléeside, the cracks or
thickened cobalt layers were perpendicular to ¢nsite stress direction, while on
the compressive side the same features were pamltbe compressive stress
direction or at angles<90°. The side surface miaplys of NYA15-20C-2 show
no obvious differences between the tensile and cesspve sides. Besides, by
comparing Fig. 4.91 and Fig. 4.97(a), one notidet &t 20°C there were no
cobalt “pockets” observed at 1000°C, thereforedbigalt “pockets” must be due
to cobalt drift (or infiltration) at the high temizeure.

Note: the microstructure investigation reportedvabaas done on NYA15-1000C
and not on NYB15-1000C because NYA15-1000C didfraatture; therefore the
effects of cobalt drift were expected to be mosible. On the contrary the
investigation described in section 4.5 was dong onl NYB15-1000C because

no NYA15-1000C fracture surfaces were available.
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4.6.2.2 S15 Grade

Since the WC grain size of S15 grade is larger, Skibtographs were suitable
for cobalt mean free path measurement (the regiltsobalt mean free path
measurement are listed in section 4.6.4). Micrasiine observation results from

FESEM and SEM are reported from Fig. 4.98 to Figj04.

4.6.2.2.1Rounded WC Grains

{bn WD14

Fig. 4.98: SEM micrograph of an area very neartéimsile side and about 2%
away from the fracture outcrop on the side surt#c815-1000C-2. This area was

under tensile stress during testing. Arrows paintunded grains.
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Fig. 4.99: SEM micrograph of another area near témesile side on the side

surface of S15-1000C-2, approximately f@0away from the fracture outcrop.

Arrows indicate rounded WC grains.

Fig. 4.100: SEM micrograph of an area very nearftheture outcrop and the
compressive side on the side surface of S15-1000Th& area was under
compressive stress during testing. Arrows pointexamples of rounded WC

grains.
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6678 20KV

Fig. 4.101: SEM micrograph of an area very nearfitheture outcrop and about

20um away from the compressive side on the side seid&S15-1000C-2. This
area was under compressive stress during testimgwa point to rounded WC

grains.

It can be concluded from the SEM micrographs tlwh lthe areas subjected to
tensile and compressive stresses show rounded VE@sgrMajority of the
rounded WC grains were found near the fractureroptclThe number of rounded
WC grains decrease as one moves away from theufeacutcrop. It was also
observed that the majority of the rounded graingewamall and practically

isolated, i.e. completely surrounded by Co binder.

191



4.6.2.2.2Microcracks

LPS§SiC-2 Mag= 74X EHT = 20.00 kv Detector = InLens

Fig. 4.102: FESEM micrograph of the tensile coroer the side surface of
S15-1000C-2. The fracture outcrop can be seen emight side and the tensile
edge can be seen on the upper part of the micrbgidgere are many black lines
observed near the fracture outcrop and inside tienmal which are interpreted as
being cracks. Their general direction is perperdicto the tensile edge. The

details of the rectangular area are shown in Fi3!
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LPSSIC-2 Mag= 3.08 KX EHT =20.00 K\ Detector = InLens

Fig. 4.103: FESEM micrograph of the rectangulamareFig. 4.102. The tensile
edge can be seen on the upper part of the micrbgiidpe white angular grains
are WC grains and the grey material between WCngr& Co binder (as
indicated). The black areas (pointed out by arrobefween WC grains are

microcracks.
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LPSSIC-2 Mag= 396X EHT = 20.00 kv Detector = InLens

Fig. 4.104: FESEM micrograph of the compressiveneoon the side surface of
S15-1000C-2. The fracture outcrop can be seen enright side and the
compressive edge on the bottom part of the micpsgrMicrocracks can also be
observed near and parallel to the fracture out¢aspindicated by an arrow), but

no microcracks were observed when moving away tit@nfracture outcrop.

The microstructural observation on the side surfaic&15-1000 grade reveals
that microcracks formed parallel to the fracturéconp near the tensile side and
along the fracture outcrop. The contrast on theogm@phs suggest that the black

areas between WC grains are microcracks and néty€o widening.
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4.6.3 Mean Free Path and Contiguity Calculation

The contiguity and cobalt mean free path of theeasived NYA15, NYB15 and

S15 grades, i.e. prior to 3-point bending, werewated by using the equations
given in section 2.1.6.3. The results of these osicucture parameter calculations,
listed in Table 4.14, will be compared to the restrom the cobalt mean free path

measurements (section 4.6.4) and will also be dgemliin chapter 5.

Table 4.14: Contiguity and cobalt mean free path flar each grade.

Grade \Volume Percentag};@rain Size| Mean Free Contiguity
of Co (Vco, %) (um) Path (1m)

S15 23.74 1.30 0.50 0.20

NYA15 23.44 0.30 0.12 0.20

NYB15 | 23.59 0.35 0.13 0.19

According to Luyckx and Love [Luyckx and Love, 2Q0the carbide skeleton in
WC-Co is continuous only when the contiguity ish@gthan 0.25-0.3. Therefore
in these grades the carbide skeleton is not comtiswand the applied stress is

carried by the cobalt as well as the carbide.
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4.6.4 Mean Free Path M easurements

The cobalt Mean Free Path measurements were castiecdby using linear
analysis on the side surface of S15-1000C-2 inraeerify claims by Ostberg
that under stress at 1000°C cobalt infiltrates\W@/WC boundaries. Areas close
to the fracture outcrop, both near the tensile side near the compressive side
were investigated (see Fig. 4.105). Both the cahatin free paths in the direction
perpendicular and parallel to the tensile and cesgive faces of the specimen

were measured. Table 4.10 summarizes the results:

Position: Tensile/Outcrop

Fracture

[ ]
/ Outcrop

Side Surface

[» |

Position: Compressive/Outcrop

Fig. 4.105: Sketch of the areas investigated in ¢bbalt mean free path

measurement on the side surface of S15-1000C-2.

Table 4.15: Summary of the cobalt mean free pattasomement results.
“Position” is shown in Fig. 4.105. “Parallel” anghérpendicular” mean parallel

and perpendicular to the tensile and compressiesfa

Position Co MFR Co MFP| WC grain

(parallel) | (perpendicular) size

Tensile/Outcrop 0.56t£0.45 | 0.68+0.56 1.33¥0.91

Compressive/Outcrop0.73+0.67| 0.85+0.59 1.3@0.94
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On the tensile side the cobalt layers perpendidolahe applied stress direction
(“perpendicular”) appears to be larger than thoaglfel to the stress, which
would be consistent with cobalt infiltration wherams are pulled apart. On the
compressive side one would expect the cobalt lgyensendicular to the applied
stress direction (“perpendicular” MFP) to be nareowhan those parallel to the
stress. However when pushing the grains close hegethe cobalt may be
squeezed into all layers available, as discusse@léysen et al. [Clausen et al.,
2006]. However the standard deviations are so lrgethese results cannot lead

to definite conclusions.
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5 DISCUSSIONS AND CONCLUSIONS

In this chapter the results are discussed. Frosethesults and from relating the
findings of this investigation to the results ohet investigators, the main high

temperature deformation mechanisms have emerged.

As given in section 3.1, the plastic strain at tinae at 1000°C reported by
Milman et al. [Milman et al., 2002] was 4.7% foretNYA grade, 4.3% for the
NYB grade and 3% for the S grade. This investigatias shown that the strain at
1000°C is due to cracks, cobalt flow with consequadiding of the WC grains
(although WC grain sliding has not been proved his tinvestigation) and
deformation of WC grains (i.e. slip, which was sefd observed in this
investigation, because it would not generally bectable on fracture surfaces or
outcrops polished after deformation). It was fouhdt the contribution of the
cracks to the total strains was at most 10%. Thezahost of the strain appeared
to be due to deformation and particularly to coblaitt. The evidence of cobalt
drift is the following:

a) cobalt layers on fracture surfaces (e.g. Fig. 4.52)

b) cobalt features indicating that cobalt drifted ¢y to volcanic lava (e.qg. Fig.
4.82-Fig. 4.88);

c) Co/W ratio on fracture surfaces being consistehitiyner on the compressive
than on the tensile side, with the value in theklading intermediate (section
4.5);

d) Co/W ratio on fracture outcrops appearing to bédiign the tensile side than
on the compressive side (section 4.5);

e) evidence of Co pockets and widening of Co layeruag at 1000°C (e.qg.

Fig. 4.91-Fig. 4.95).
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The evidence of Co drift not only confirms the fesof Ostberg [Ostberg, 2005],
but strengthens them because the evidence proviged is more direct,

particularly in the case of the “lava-like” featar@ Fig. 4.82. In the case of the S
grade, cracks contributed to the strain less thatihe NY grades, but in the S
grade the plasticity of cobalt during fracture waere obvious as seen on the
fracture surfaces. The higher plasticity of coldialting fracture in the S grade is
expected to be due to the larger mean free pdtwiay Co more freedom of

movement. In the NY grades, Co movement was morest@ned but it is

expected that grains could slide over each othaereasily on account of their
smaller size, which must have contributed to tighdi total strain than in the S
grade. The contiguity of the WC in the three gradd.20 (section 4.6.3), which
is not high enough to have a continuous WC skelfitagckx and Love, 2006].

Therefore the cobalt carried much of the stresmrdeed and grains moved with
it, sliding over each other. Grain sliding was potved here, but evidence that it

happens at high temperature was provided by Maali [@lari et al., 1992].

Widened gaps between grains (and/or microcracke® abserved (Fig. 4.91-Fig.
495 and Fig. 102-Fig. 103). These features arglasino those observed by
Ostberg [Ostberg, 2005], who reported that 10%efwC grain boundaries were
separated and infiltrated by Co, and are also aintdl the cobalt layers or cobalt
pockets observed at interfaces between WC grainddyet al. (Fig. 2.26). The

widened gaps (and/or microcracks?) lie perpendidolahe applied tensile stress

direction both in our material and in Ostberg’s.
The rounded WC grains observed in the S15 gradgs 48-Fig. 4.101) also

agree with Ostberg’s results (Fig. 2.25). The raehdVC grains result from

dissolution of WC into the cobalt phase at highgernature, since the solubility of
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WC in cobalt increases with temperature.

The NYAL5 grade did not fracture at 1000°C becaatsthat temperature it was
the toughest of the three grades. This is expdatdxt due to the fine grain size
which allowed easy grain sliding. Also, as revieviedection 2.2.4.3, a lower W
content in the NYA grade binder, which results frtma higher addition of VC,

makes the material more ductile at 1000°C. The toagks that did not propagate

up to fracture show the high toughness of NYA &1QrC.

The deformation of WC grains was seldom observeg. £57 is a possible
example of a WC grain with slip lines. Few exampédVC grain deformation
were reported by Mari et al. and by Ostberg. This be explained by the stress
having been partly carried by the soft Co phasethadiifficulty in observing slip

lines on fracture surface or repolished surfaces.

During the investigation of the fracture surfaceeps were observed on WC
grains, which are not slip steps because theynaansistent with the slip system
of WC. Fractography revealed that steps on WC graiere present at all
temperatures in the NYA15 grade and in some spednte the NYB15 grade
(NYB15-1000C-3, NYB15-800C and NYB15-400C-3). Neys were found on
the WC grains on the S15 fracture surfaces. Orb#ses of the TEM evidence
provided by Egami et al. [Egami et al., 1993] ayd_hy et al. [Lay et al., 2001],
the steps are interpreted as due to the precguitaif (V,W)C particles at the
WC/Co interfaces. The formation of (V,W)C preventbd reprecipitation of W in
solution and the “filling up” of steps formed wh&iC went into solution. The
NYA15 grade contained 0.8wt%VC, the NYB15 graden®4 VC, while no VC
was added to the S15 grade [Luyckx et al., 1998¢ Aigher VC content in the
NYA15 grade produced the higher amount of (V,W)ipkes and so led to the
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higher density of steps compared to the NYB15 gradéhe S15 grade, without
VC addition, no steps were found. The step fornrmatias been reported to be
possibly due also to carbon content, as explainezbction 2.3, but no evidence

of differences in C content between NYA, NYB and/&s available.

In conclusion, this investigation has provided clirevidence that WC-Co grades
with 15wt%Co and grain sizes ranging from 0.3 t8ufih, undergo large plastic
strains when tested in bending at 1000°C and beastrains can be accounted for
mainly by cracking, Co drift and movement of WCigsa This investigation has
also provided direct evidence that additions of tdGNVC-Co causes the presence
of steps on the WC grains and that the incidenctapfs increases with increasing
VC content. Previously, these steps had been afdeowly by transmission
electron microscopy, but fracture surfaces showedsteps clearly because the
(VW)C particles formed along the WC boundaries,akened the WC-Co

interfaces and made them an easy path for fraptopagation.
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APPENDI X: M acrocracks Opening M easur ement

All macrocracks whose opening displacement was mtidgn about 3m on the

side surface of NY15A-1000C-1 (named from No.1 m8) were measured and

are presented in Appendix A.

Fig. A1l: Macrocrack No.1 which is 7.@81 wide on the side surface of

NY15A-1000C-1
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Fig. A2: Macrocrack No. 2 which is 4.8 wide on the side surface of

NY15A-1000C-1

Fig. A3: Macrocrack No.3 which is 5.0 wide on the side surface of

NY15A-1000C-1
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Fig. A4: Macrocrack No.4 which is 3.9 wide on the side surface of

NY15A-1000C-1

Fig. A5: Macrocrack No.5 which is 2.9 wide on the side surface of

NY15A-1000C-1
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Fig. A6: Macrocrack No.6 which is 50.0mM wide on the side surface of

NY15A-1000C-1

Fig. A7: Macrocrack No.7 which is 16.2/ wide on the side surface of

NY15A-1000C-1
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Fig. A8: Macrocrack No.8 which is &fh wide on the side surface of

NY15A-1000C-1

The widths of the openings of macro cracks fromINo.No. 8 were summed up

in Table Al. The total width of opening is 100ub®.

Table Al: Sum of the opening displacements of No.Mo.8 macrocracks on the

side surface of NY15A-1000C-1

Crack No. | Width of the openingui)
1 7.98

2 4.83

3 5.04

4 3.99

5 2.94

6 50.97

7 16.24

8 8.20

Sum 100.19
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