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ABSTRACT

This work was done to select a possible replacemertoloalt as a binder through a phase
diagram approach using selected WCsystems. The study was in two parts; experimental
and calculations using Thern@alc. Potential binders were identified by searching for solid
solution formation, a similar melting pati to cobalt, and a small solubility for WC as main
requirements, from phase diagrams. The experimental samples were designed to be 50 at.%
WC and 50 at.% binder for easy manufacturing and analysis, even though this is not an
optimum amount for applicationfwelve different alloy compositions were prepared and
were analysed in both asst and heat treated conditions. The samples were annealed at
1000°C for 168 hours under vacuum. Microstructure characterization was carried out on two
scanning electron mioscopes with EDXand Xray diffraction was done Two set of
calculations were made, with one comprising the same composition studied experimentally
(50 at.% WC and 50 at.% binder), and a more realistic composition compggiat}% WC

and 10 at.% binder The latter was done to give a better understanding to the experimental

microstructures

Most of the WC decomposed intgGAithis was attributed to the high temperature of the arc
meler and should not occur on normal hardetal preparation. Most of theompositions
calculated had solid solution binders and WC. Thefadc could not predict the
decomposition of the carbide phase at high temperature. Some phases identified were similar
in both the experiments and calculations. Samplg:GAtNiysV; had the binder phase
initially solidifying as (Ni) but transformed into ~\M on cooling; it was identified as the

most likely alloy to replace cobalt but will still need further work such as preparing a more
realistic composition, manufacturing by sintering, damomparing properties such as
hardness with W&o. Thus, the binder composition was selected from theé binary

system.
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CHAPTER 1

1.0. Background

For many years, the cemented carbides industry has been interested in substhaings
the binder metal. The reasons include price fluctuation of cobalt, and especially the health
implications of the powdered cobalt used for manufactytif§2Trd, since the powder can

be carcinogenic (cancer causing).

One of the most importargroups of cutting tool materials at present is tungsten carbide
based cemented carbides, owing to their high hardness and abrasion reg\stimast.70%

of the cutting toolsn useare cemented carbides, a significant portion of those areG&/'C
based1991Bha].The main constituents of cemented carbides are tungsten carbide (WC) and

cobalt (Co), as shown in Figure 1.1.

Figure 1.1. SEM micrograph of WE12 wt% Co showing light WC and dark Co phases
[2003Sud].

The WC phasenmiparts the alloys with the necessary strength and wear resistance, whereas
Co contributes to the toughness and ductility of the all®¢ker carbides are added to the
WCi Co for various purposes. For example, vanadium carbide can be added to the binder to
restrict local tungsten carbide crystal grain growth, which improves the strength of the
material [1998Bro].The cemented carbides WCo are typically used as drilling or cutting



tools and wearesistant tools because of their excellent hardness and egesianceTheir

major usage is as cutting tools, for example, turning, facing and milling operations; glass
cutting; swaging dies, drawing dies, and other megbrmation applications, such as cold
heading and Sendzimir mill rolls, and tools for miniogerations such as oil well, coal

mining and tunnel boring [TAYih].

Besides Germany being recognized for major breakthroughs [1958Lan], a great deal of work
in the development of WACo also took place in USA, Austria, Sweden, Japan and other
countries[1998Upa]. Presently, the largest producer of carbides is the Swedish company
SandvicCorporation [1998Upa]. Much work hatso been done in South AfricBhroughout

the development of tungsten carbide, there have been consistent attempts in savimgehe sca
tungsten by introducing other tigition metal hard carbides [1995Bro

WC-Co alloy is mainly produced by powder metallurgy and sintering, as shown in Figure 1.2
[1998Bro]. The powders are mixed and pressed, then sinterdge liquid cobalt phase a
appoximately 13001500°C [199600q 1998Bro, 2001And Due to their differences in
thermal expansion coefficientin general,the WC grains are under compression, while

binder is under tension [1990Latr].



Tungsten ore
I

Refine
Carbon Tungsten Metal oxides
black metal
| I
_ Carburise
Carburise
Tungsten Carbide Alloy carbides Cobalt
Mix and mill

Grade powders

Press

Presinter
Shape

Sinter

Sintered carbides

Figure 1.2. Schematic flow chart for W&o production [1998Bro].

A lot of work has been done on the WED cemented carbides, including attempts to replace
cobalt as a binder through various approaches (e.g. conventional sintering and nano
synthesis) [1992Tra].



The current research was to a large extent limited to phase diagram studies on the different
combination of binders that have not been used, in order to select or identify the best possible
candidates. In this project, the emphasis wasglentifying the properties necessary for the
selection of the best binder candidate to replace Co with the aid of phase diagrams. The main
criteria used in selecting the binder alloys for this study were:

U sintering temperature (melting point range fotesiimg cobalt),

U solid solutions composition for binder alloys, and

U reasonable solubility for of the binders for WC to allow reprecipitation.

This dissertation is structured in the following manner: Chapter 1 is the introduction where
the motivation forthe research is explained. Chapter 2 is the literature survey that reviews
WC-Co system, briefly discusses the concept of binders and discusses alternative binders
already described in the literature. Chapter 3 describes the rationale for the choiee of ne
binders and Chapter 4 gives the experimental techniques.eXperimentalresults are
presented in Chapter, &nd calculated resultsn Chapter 6since both parts were large

Chapter 7 is the discussiand Chapter 8 provides thenclusions and recommeations.



CHAPTER 2
LITERATURE REVIEW

2.0 Introduction
This section reviews the WCo system, briefly discusses the concept of binders and the

alternative binders to Co that exist in literature.

2.1 Cobalt
Two allotropic modification®f cobalt areknowrnt theclosep acked hexagonal f ol

at temperature below 400°C and the faeatredcubic form, which is stable at high
temperatures. Hexagonal conversiorthe cubic form at temperatures in the region of the
magnetic transformation (1100Y@150C) is uncertain. This is largely attributed to

interstitial impurities.

The temperature of the al fteleson pupty and ontharats f or me
of temperature change, but for the highest purity material (about 99.998%) and slow
tempeature changes, the transformation temperature is 421.5°C [1982Bet], while other
sources claim 417°C [1952Hes]. Free energy changes accompanying the transformations are

|l ow, about 500 J/ mol f or UUhsxpainsdhe sluygishries 3 6 0 .
in the changes and its sensitivity to experimental conditidine stability of the two

allotropes is affected byrgin size with finer grain size opting fothe cubic form. Cobalt

powder and orevaporated thin films or flawsiay maintaina mainly cubicstructure at

ambient temperaturé proportion of the metastable cubic phase will always be present when

solid cobalt is subjected to some deformation, subsequently annealed, and slowly cooled to
normal temperature. This allows the structure to not bademnal. Hexagonal cobalt amounts

increases up to 100%udng milling of the cobalt powder,in a typical mixture of the

hexagonal and cubic phases [1961Hin, 1965Fis].

Cobalt used as a binder for WC has a cubic lattice which téentbansformed by annead.

This isascribedto mechanical constraints; due to the stabilization of cubic modification by
dissolving tungsten and carbon [1979Fre]. The mechanical strain was confirmed by studies
carried out by Gardoset al. [1989Gar],who studied the binder phasé WCi Co cemented
carbide using chemical spectrometry. Three different grades ofC@/Cemented carbides



with 8%, 15% and 20% Co were investigated by Yi and Singhui [1988Ho]. They observed
that during heating, the transformation temperature of the hcyit dmbder phase to fcc was
around 442°C, 777°C and 821°C for grades of 8%, 15% and 20% Co i@d\f€spectively
[1988Ho0]. They concluded that the transformation temperature of cobalt mainly depends on
the tungsten content, contained within the cobalt; drighngsten content in the cobalt phase

gives higher transformation temperature.

2.2CoC

Dissolved carbon in cobalt masks or depresses the solidification temperature. Liquid cobalt

di ssol ves about 3 wt % c &codalorataing &t 1% carbomenl t i n g
solution at t h e ecabaltercgtaphite, at 1M0DICc[1982Bet). rThessolid)
solubility falls with decreasing temperature. The temperature range of stability for the
formation of metastable GG and CgC, both exhibiting orthdrombic crystal structures, by
carburization of solid cobalt was not established [1982Bet]. They both decompose gradually
to (UCo) with stacking faults and graphite;
469AC and 491AcC, r e(slp@ax)t i maerltye n sTife) ocCuts@toa) n szf o
a relatively low temperaturdhe M temperaturas lowered by addition ofarbon whereas

thereduction or absence of carbonreass As [1985Has].
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Figure 2.1. CoC phase digram [1982Bet].

Figure 2.1 shows the equilibrium diagram [1982Bet]. Hansen and Anderko [1958Han]
compiled quantitative data on the system. The thermodynarhtbe Curie temperature {T
variation with carbon content are also studied by Wagner [19Wag]. Data on
thermodynamic analyses were reported by Schmid [1980Sch] and Gabriel [1984Gab]. Ohtani
et al.[19840ha] and Hasebe [1985Has] reported experimental data on solubility of carbon in
the fcc phase and subjected the whole@@hase diagram to alysis. Their findings
differed slightly from earlier results [1958Han]. They suggested a smaller effect on the
carbon content on the Curie temperature [19840ha, 1985Has]. Guillermet [1987Gul] made
some thermodynamic estimations on the@gystem and hisonclusions were similar to
those of Ohtaniet al. [19840ha] and Hasebe [1985Has] regarding the composition
dependence of ;I Other analyses of GG system are by Ishida and Nishizawa [1991Ish],
Rudet al.[1987Rud] and Kajiharat al.[1986Kaj].

23 CoW

The CeW phase diagram in Figure 2.2 shows the liquidus passing through a local maximum

at 1505AC and 10 at. % W. A eutectic exists
Co,Ws. There is a peritectic reaction at 1689°C involving the liquid phasengbasition 32

at.% W and (W) of composition 99.1 at.% W forming, @/ (48.5 at.% W) [1967Neu]. The
CoWgphase has a rhombohedr al crystal Sstruct
maximum solubility of 17.5 at.% W. The @& phase is formed as a resafta peritectoid

reaction at 1093°C at 25.3 at.% W and has a hexagonal crystal structure. Finally, a solid

solution (W) has a maximum solid solubility at 0.9 at.% Co at 1689°C.

The assessed phase diagram (Figure 2.2) is similar to that of Hansen arkbAh888Han]

and Kuab6s calcul ated phase diagram [ 1978Kual]
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Figure 22. Coi W phase diagram [1990Mas].

24 W-C

There are three main carbides in theGAsystem, WC , WC 1W@,¢ Ladder and
Gemer [1958Lan] st ud\Ws€dndtstablishedadexagonalaype,Caln o f
structure and lattice paraers ofa = 29.992nmgc = 47.21nm,a/c = 15.758nm, and three

atoms in the unit cell, by electron diffractiatOB0But].

Arbuzor and Kayerko used neutron diffraction to show that WC has a structure group P612
Ds3n [1971Arb]. The lattice parameters of,@/are shown in Tabl21.

Structure Lattice Parameter (nm) | Coordination number
a=2.992 6
W,C (hexagonal) al3a = 5.18]|6
c=4.721
W,C (rhombic) a=4.721 4
b =6.030 4
c =5.180 2

Table 21. Lattice parameters and coordination numbers in@/structures [1967Tel].



The position of carbon atoms in ) was reported by Yvoret al. [1968Yvo]. They
established that the structurestb&é carbides quenched from high temperat(Z100°C

2400°C) were ordered but not completdy. Tungsten monocarbide, WC, has a hexagonal
structure with an AAAé. met al atom | ayer pa

metals, this is due to the prese of planes of carbon atoms.

A key observati on ,@ bdraphiterdactwis apnimaw Cedisriblibon of

the hexagonal planes. Transformation of the simple hexagonal structure to a close packed
structure occurs when there is segregationasbon atoms during the conversion of WC to
W,C [1967Gol] as inEquation 2.1

WC Z ,CW grphite Eq. (2.1)
A C A C A C¥@BY’cAY*cBY?C + graphite

Westgren and Phargmen [1926Wes] studied the structure of WC and reported that the
tungsten atoms werlocated at the nodes of a simple hexagonal lattice, while thencarbo

atoms take positions {1, |, |

In addition to the hexagonal form of WC, which is stable at a temperature range of 2500°C to
2750°C[1965Sar, 1967Kra] is a faggentredc u b i ¢ TWErstable above 2525°C
[1958Lan,1967Kra,1967Rud]. Cubic WC shows a similar structure to NaCl with a wide
homogeneity rangeiWCamwd tihs 0d ®s xr iOb e0d. 4als (Mmear
There is a considerable reduction in the range, of homogeheayi WCh at lower
temperatures; this decreas® two compositions at the eutectics [1965Sar]. A rapid
guenching met hodWats mam tamperapne bysetectric spark discharge

was reported by Willens and Behier [1965Wil].

The maximum salbility of carbon in tungsten with temperature dependence can be

represented by a straight line shown in Buation 2.2 [1966Geb]

In C max= 4.67 15.0 *1G/ T Eq. (2.2)
where:

C max= Maximum carbon concentration



The maximum solubility of carbon in tungsten is &.%6 at the eutectic temperature 2710°C
[1966Geb]. Hultgrenet al. [1973Hul], Nagakur and Oketani [1968Nag] and Holleck
[1981Hol] studied thermodynamic properties and reviesteuctural data. Goldschmidt and
Brand [1963Gol], Gebhardit al.[1966Geb] and Kuhlmann [1973Kuh] reported solubility of
carbon in the bcc phase, at 1400°2640°C. Values of the Gibbs energy of formation of WC
were calculated by Glaiser and ChipmaBg2Gla] and Coltters and Belton [1983Clo]. The
accepted phase diagram of theG\system is largely based on the work done by Raicht
[1966Rud]. They reported a saturated carbon composition-@ Meltsat high temperature
[1966Rud].

Becker [1928Bec] aported lattice parameters of @/ asa = 29.8nm andc = 47.1nm.

Anot her phase was discovered, and wasi consi
WC [1928Bec], wWWiCavhen subjecteceto meshartical wddking, indicating
the instiwdility of b

Three modifications of \WC are [1967Rud]:
1. diW,C: a disordered hexagonal modification stable between 2450°C and the melting
point.
2. biWC: an orthorhombic modi f i-Eedttype shbleon sub
between 2100°C and 2400°C.
3. U W,C: hexagonal ordered or pseutiexagonal gtype structure, stable at 2100°C
T 1250°C (eutectoid temperature).

Sara [1965Sar ] descr i b eWwcC, lzesidssetltecsimple hexagbmaf i c at
l attice knowrnWE][a926Wes) £9540fa, 1962Pdre T WMC whs observed

to crystallize in a cubic lattice and was stable above 25a288€ quenching the alloys in tin,

and also after electrospark erosion, [1967Rud]. Annealing of the specimen at 900°C for 1
hour helped the disappearance of the fcc W@ i transformation to hexagonal carbide
[1968Fil].

Figure 2.3 shows a revised WC equilibrium diagram [1990Mas] (with different symbols from
above). There are three forms of tungsten carbide that havestablishedthe hexagonal

W.C has three modifitionswhich crystallises inthe formPbQ, FeN, and Cdj types,

representeds Nj n ahjre§pectively, Wgy cubicsubc ar bi de denoted by 9
crystallises in the NaCcCl structure and 0 whi

1C



range is exhibited by YC between 25.5 at.% and 34 at.% C at 2715°C. This phase melts
congruenthat 2785 AC. The system is charbB\Nierized
andbdj (W) + U at temperatures 2535A@hasead61AC
be obtained at room temperature by extremely rapid cooling, for example in a plasyed spra

layers [1994Tel]. The phases oL,@/stoichiometry are obtained as intermediate products

during WC production [1994Tel].
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Figure 2.3. WC equilibrium diagram [1990Mas].

2.5Properties of WECo

The final composition and sicture of sintered W&o significantly determines its properties

[ 1981Sar]. Any undesirable phase, nphaseal | vy
is avoided by the control of carbon, especially around the stoichiometry level in WC. These
phasegontribute considerably to degrading of mechanical properties and cutting
performances of the cemented carbide. Therefore, carbon content is maintained within a
narrow limit to obtain the desired composite with optimum properties [1992Tra].

Two types ofg-phase phases are well known in this systém,C (CaWeC) of substantially
constant composition, and¢® which varies in composition within a range oL, @AQC to
Caos.2W-.gC. During the sintering processs®ltype nucleates and grows; this is possible
beause MC is in equilibrium with the liquid phase. It embrittles the structure by replacing

the binder phase with a brittle phase and also reduces the effective contribution of the WC to
the strength of the compositéonverselyduring solid state coolind/,.C type is formed

with small grains distributed all over the matrix; it is effectively less embrittling [1992Tra].

12
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Figure 2.4 shows an isothermal section of W& phase at 1425°C [1994McH], giving
information in the sintering range of commercial WG cermets, i.e. the overall cermet
composition has to lie in the @&C two-phase field. Depending on the application, different

amounts of cobalt are us€elhble 2.2provides smecemented carbide gradesth their

propertied1989ASM.

Figure 24. Isothermal section of the W{Co system at 1425°C [1994McH].
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Cemented Room Modulus | Transverse Coefficient | Thermal Density
carbide |temp, of rapture of thermal | conductvity | (g/cnT)
hardness | elasticity | strength expansion | (W/m-K)

(HV) (GPa) (MPa) (10°/K)
WC-20 1050 490 2850 6.4 100 13.55
wt% Co
wcC 1625 580 2280 5.6 110 14.50
10wt%
Co
WC-3 1900 673 1600 5.0 110 15.25
wt% Co
WC-10 | 1500 510 2000 6.1 40 11.40
wt% Co
22wt%
(Ti, Ta,
Nb)C

Table 22. Propertiesof representativegrades of cemented carbid@989ASM.

2.6 Concept of binder

The binder meltcompatibility with the refractory carbide at the sintering temperature is an
essentialpreconditionto liquid phase sinteringsroup VI metal carlide (tungsten carbide)
hasoutstandingwettability with iron group transition metals, compared with group IV or V
transition metal carbidesChemical bindings fornmthe basis of theexplanation to the
outstanding wettability]1984Upa]. The above reasoninglso explains the otubility of
carbide phase in the binder melthich is critical parameter for efficient liquid phase

sintering

The liquid phase sinterability criteria were discussed Gwyrman [1985Ger] from the
viewpoint of phase equilibria, and thenditions proposed were:

(1) The additive should have high solubility for the base component, rather than vice versa,

14



(2) The temperature difference between the base component melting point and the eutectic
should be as high as possible,

(3) The liquidusand solidus should decrease drastically in order to give rise to additive
segregation at the interparticle interfaces, so as to enhance sintering.

W(C/cobalt (Co), the most commigrusedhardmetal, isisuallyreferred to as straight grades.
Cois the mospreferred binder metal andhas a good wettability and favourable solubility

with WC, producing good mechanical properties [1985Ger].

There are toxicity concerns, especially at higher levels, wraegt called for its replacement
Additionally, Co hasrecently been in scarce supply, resulting in price increase, and the
unstable pric¢2001Han.

2.7 Alternative Bndersto Cobalt

In the attempt to replace or reduce cobalt, various svbdee partially or completely
substituted cobalt by nickel, iron é@rother alloys [1988Upa, 1992Tra]. This has normally
resulted in composites with high ductility, but with a significant reduction in hardness.

2.7.1 Ni Systems

Cobalt has been a traditional and the most predominant binder metal for tungsten carbide
(WC). Nickel can be a plausible candidate to replace Co [1992Tra], but for somewhat
confused reasons, nickel has remained commercially not viable, probably due to its inferior
mechanical properties. Cobalt has supedommnunition characteristics, which makes at
preferred binder to nickel [1988Upa].

Solubility of WC in nickeland cobaltdiffers. At high temperaturegobalt dissolves more

WC than nickel [1964Edw] but is vice versa at low temperaturf936Tak]. However,
many researchers disagree, claimingt tholubility in cobalt at high temperaturesaisnost

the same for nickel, especially in tBristenceof excess carbomnyithin the specific range for

hard metal composition [1964Cha]. Nickel is believed to be more susceptible to the formation
of brittle double carbides of the type ,M¥,C, than cobalt, particularly when the -M-C
system is deficient in carbon [1954Whi, 1975Batr].

15



(a)

Atomic Percent Tungsten

(b)

Figure 25. Ternary WNIi-C system, a) liquidus projection, and b) isothermal section at

1300°C [195Fie].

The first work on the Ni-C system is credited to Fiedle and Stadelmaier [1975Fie], who

reported the liquidus projection and an isothermal section at 1300°C shown in Figure 2.5.

Three main ternary phases were seen by quenching the alloy frod €300 t we cubi ¢
carbides, NiW,C and N§WeC, and a hexagonal-carbide NiWC [1975Fie].

Gabrielet al.[1986Gab] presented a partial isothermal section at 1500°C. They observed that
solubility of WC in the liquid varied more with the tungsten content tha carbon content.

At 1445+5°C, a peritectic reaction: liquid +®1z WC + f cc was observed.
of the fourphase reaction between liquid, fcc, WC and graphite was also found to be 1340°C

and termed peritectic [1986Gab]. They further rewe#tat the solubility of WC is lower in

16



nickel than in cobalt, and the lowest temperature at which liquid forms in iNe @/system

is higher than in the YCo-C system [1986Gab]. A thermodynamic study of\WWC systems
reported by Gustafoet al.[1987Gu$ gave a calculated isothermal section of the system at
1300°C and a liquidus projection. They gave parameters describing the Gibbs energy of each
individual phase. However, the thermodynamic description led to higher tungsten content of
the liquid in equibrium with graphite and WC and also a greater slope in the liquid / WC
isothermal line than in experimental data [1987Gus]. A thermodynamically calculated

vertical section at 10 wt % Ni was pegded by Guillermet [1989Gui].

2.7.2 Fe as a binder

Over tle years, the WFe-C system has had experimental and theoretical investigations.
Uhrenius and Harvig [1977Uhr] used a capsule technique to control carbon activity and
comprehensibly studied the equilibria involving carbides and ferrite or austenite a€1000°
They reported carbon activities ranging from 0.012 to 0.97 iMaveC, W-Fe-C and Mo

FeC systems. In the ternary Yae-C system, they observed equilibria between ferrite and

MgC; austenite and BC; austenite and WC and finally, austenite and cementite

Subsequentlythe carbide / austenite equilibria was studied at 900°C, 1000°C and 1100°C in
the quaternary WFe-Cr-C system byJhrennius and Frondell [1977UhiThe M:3Cs carbide

is destabilized, in comparison with the®carbide, and MCgs carbide wien the W/Cratios

is increased. The MCs phasdas metastable in the ternary-¥ae-C system in this temperature

range. This observation confirmed the work by Kuo [1953Kuo] at 700°C.

Greenbanl{1971Gré researched carbon activities in ternary austenge) (h the WFe-C
system at 1100°C and 1175°Cakeda studied auilibria involving the liquid phase
[1931Tak, 1931Tak2] and also was studiedShevchuket al. [1978She] and Jellinghaus.
[1968Jel]. The four carbide phases that have been reported in-BeeGA\system are WC,
MeC, M12C and MsC.

An isothermal section at 1000°C of-R&C (Figure 2.6) was presented by Pallock and
Stadel mai er [ 1970Pal ] whi ch i n<cdbdesedV;Ct hr e e
and FeWeC, and a hexagonal Fe@. Pallocket al. [1970Pal] reported a small compamit

range for MC and little or no homogeneity range for;J@ around the stoichiometric

composition, compared with earlier reports of a wide homogeneity range reportegdor M
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[1998Upa]. Also, no FgW,Cs phase was found, as usually seen [1970Pal]. Through
metallography, XRD and electron microprobe analyses, Bergstram [1977Ber] revealed t
homogeneity r egcadides (FOWCs anch (EeWpGvoatd 1250AC. Tt
carbides were stable in a similar homogeneity range to Paboc&l [1970Pal] and
Jellinghaus [1968Jel]. The homogeneity range was reported to be displaced towards higher

tungsten content [1977Ber].

h FeaW FesWg
Fe 20 40 60 80 w
Atomic Percent Tungsten

Figure 2.6. W-Fe-C isothermal section at 1000°C [1970Pal].

2.7.3 Fe-Ni as binder

Agte [1959Aqt] and Moskowitet al.[1977Mos] indicated that excess carbonrNtébonded

hard metals with optimum pperties could be produced. Moskowt al. [1977Mos]
reported the optimum nickel content in-Rebonded hardmetals alloy to be around 10 wt%.
Austenite was stabilized by higher nickel content. The useful rangeNi-Eebinders could

be enlarged throdgthe use of cobalt as an additional alloying element. Co acts as solid
solution binder and most often raises. Mlhis means Co increases the martensite in the
binder phase [1967Tan]. In the binder during cooling, the temperature at which the
transformaion of austenite to martensite begins;\M depressed by both nicked and carbon.

This is said to be equivalent to stabilization of austenite.
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In spite of the superior transverse rupture strengths (aR&brasive wearesistancef Fe
Ni-bonded WC matrials comparedto cobaltbonded WC, it is yet to be applied
commercially. Although theabrasion resistance is good, therdness (4128460 MPa)is
even higher However the former property is more significanfor potential industrial
application [1970Ms].

Upadhyaya and Bhaumi k [ 1988Upalj reseafrched
10 wt% Co hardmetal by partially, or completely, substituting the cobalt binder with nickel or
iron. They concluded that complete cobalt substitution in18@vt% Co hardmet by NiFe

binder imparts better properties compared with substitution by either iron or nickel alone.
They also found that the grain size of the carbide phase increased with increased nickel
content in the binder. The oxidation resistance of-¥0Cwnt% Cohardmetal decreased on
substitution of the cobalt binder by nickel. The densification and mechanical properties of
submicron WE10 wt% Co hard metals deteriorated on increased substitution level of cobalt
by nickel, as shown in Figures 2.7 and 2.8.

2500
% X
15001 B 5
A2 EaN 1Py
1000} - \\H‘\“£*--4pff’/fd ,z’”// X
500 | | i I I | L 1 |
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T.R.S., MN/m?

1600

1200

Sintered Hardness, HV-30

x 1400°C
800 | 1 | I

| | | ] ] |
Co 25 50 75 100 Co 25 50 75 100 Ni 25 50 75 100

Mass % Ni Mass % Fe Mass % Fe

Figure27. Vi cker sd6 har dnes<s@wtl (CaNi-Fehsrd pettals,t s of WC
sintered at 1350°C and 1400°C for 1 h in dry hydrogen [1988Upa].

19



15.0

o - 1350°C
x - 1400°C

N~

100

5.0¢

%> Sintered Faorosity

(=]

__.
bl
o

14.0

o
o

Sintered Density
Mg/ m3

12.0 1 ]

Densification
Parameter
(o]
Qo
T
I
1

| 1 | | | | [
Co 25 50 75 100 Co 25 50 75 100 Ni #5' 50 75 100
Mass % Ni Mass % Fe Mass % Fe

Figure 2.8. Properties of WELO wt% (CeNi-Fe) hard metals, sintered at 1350°C and
1400°C for 1 h in dry hydrogen [1988Upa].

Kakeshita and Wayman [1991Kak] prepared WC cermets awhetastable austenitic
Fe23Ni-1.5Cbinder. X-ray measurements showed that the cermet consisted of two phases:
WCandapotcrystalline austenitic phase (fcc).
and were hexagonal and/or rectangular, as determined by SEM and THEYy X
measurements also showed that the binder #hsirdsredandhot-isostaticallypressed
cermets expandedespite the constraint of the WC phase. The constraint is derived from the
thermal stress produced by the difference in thermal expansion coefficients of the binder and
WC phases. Thermally and deformatioduced martensites were both formed. Thefdd

the thermally induced martensite was about 253K accordinglifferential scanning
calorimetric PSC) measurements, which is ~80K higher than for martensite forming in a
bulk FeNi-C alloy of the binder composition. The difference may also be a consequence o
thermal stress [1991Kak].

The WG(Fe-Ni-C) fracture toughness was ~23 MP#, which was much higher than for a
conventional WE&Co cermet, although there was no significant difference in hardness on

comparing the two. It was thought that the fractureggtmess may be further improved by
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suitable heat treatment and/or by changing the volume ratio of the binder phase. The increase

in fracture toughness arises from transformation toughening from the martensite.

TEM revealed many dislocations in the bindbage, probably arising from relaxation of the
thermal stress, as found by Kakeshita and Wayman [1991Kak]. The morphology of the
thermally induced martensite was thin plates with internal transformation twins, which was
different from the deformatiemduced martensite with dislocations. In the deformed
cermets, stacking faults were observed in WC; these play an important role in stress
relaxation and increasing the toughness. Analytical transmission electron microscopy showed

no precipitates in or near tikeramiemetal interfaces [1991Kak].

2.7.4 Fe-Co-Ni as a binder

Figure 2.9 shows a liquidus surface projectiooffFe-Ni [1995Vil], with two different
solid solutionsurfaces(Fe(HT1)) andCo(HT),Fe(HT2).Ni).The major phase wake Ni-
andCo-rich (CoHT),Fe(HT2).Ni).

Co-Fe-Ni Fe liquidus projection

(Fe(1111)) 89Gui

+ 1 CoFeNi

calc
0.5
at.% conv

Figure 2.9. Liquidus projection for CeFe-Ni [1995Vil].
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Prakash [1977Pra] researched the properties of WC hardmetals with 20 v@%Nteas a

binder. These hardmetals were found to have more superior baraime abrasion resistance,

with slightly inferior TRS to conventional WCo hardmetals. The strength of the martensite
phasewas increased by increasing the carbon content and at the same time stabilized the
softer austnite phase [1977Pra, 1978Pra].

2.75 Fe-Ni-Cr as a binder

Chromium has been employed in limited amounts to regulate grain growth and improve
oxidation and corrosion resistance [1988Pen]. Both Fe anba@ea strong affinity for
carbon, resuling in carbide formation, encouraging brittleetaviour and impairing
mechanical properties. To date, a systematic study of thermal reactivity between metallic
elements employed in partial or total substitution of cobalt and tungsten carbide has yet to be

achieved to control brittle phases.

Fernandeset al. [2009Fer] studied the thermal reactivity between WC and Cr/Fe/Ni with
different carbon affinities. They used conventional powder preparation techniques and a
coated powder process by sputteating WC particles. In their samples, they replaced 10
wt% Co with different compositions of Adi-Cr.

Fernandeset al. [2009Fer] concluded that no carbide phases were detected for the
conventionally prepared cermet with 10 wt% Fe after the thermal treatment at 1400°C. The
WC, bcc ferrite iRe (F&) (en therefftreaubstistonosdb e

wt % Fe by Ni stabi | i Zoerthtion di the GCucarhiide was tndugced Fe (0
by introducing3.3 wt% Crto the binder composition. The formation of the (Fe@h)W)sC

etaphase, instahof CrC carbides was as a results of redudimg Cr content in a spett

coated powderwhich may contain all the metallic elemenfm excess of 3.6 wt% Cr

relative to the stoichiometric carbon was addedtbiremove the et@hase.This completely

inhibited the carbide formation and led to themationof the moredesiredau st eni t e, Fe
phase. This cermet had good chemical, structural and microstructural characteristics, giving
high hardness from WC phase, high toughness from the austenitic and high oxidation and
corrosion resistance from the Cr content and the austestiticture. The uniform binder
distribution, due to the sputtepated process, and the controlled final grain size, due to Cr

addition were also beneficial.
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Figure 2.10 shows aolidus projection forNi-Fe-Cr [1995Vil], with two different solid,
(Cr,FeT1)) and (FEHT2),Ni), and a twephase fieldbetween themObviously, a two

phase binder may be pilematic

1 Fe solidus projection

88Ray

{. GO
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7.8 ,’,(
iR e
6o / /@ Age; 125N
A Nk 13,
’ ’ 0
' i
‘ (Fe(HT2),Ni)
§ N \ \ 20
: R \
s ) /10
YN //
7N =
a0 40 50 70 8o 90 Ni

60
(Cr.Fe(HT1N )+ [FelHT2) N1

Figure 2.10. Solidusprojectionfor Ni-Fe-Cr [1995Vil].

2.7.6 Fe-Mn as a hinder

Figure 2.11 is an assessed pjndiagram ¢ Fe-Mn [1993Kat] The Mnrich end of the Fe

Mn binary phase diagram htsee different solid solutismwhich were (U M) (b Mand

(G MnThe (0 M)existsat high temperatusf1138°C to 1246°Cand within a composition

range of about 888 Mnto1 00 at . % Mn. The (bBbMn) which tra
had a maximum temperature of adatmodthelsang20 AC. B

composition rangeabove 69 at.% Mn

The Ferich endwas composed f (4 Fe) a n d) folmaibetyeerl4dOPCand ( U F e
1538°C within acompositionrangeof 100 at.% Fe tabout 11 at.% 86 at.% Fe.
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There was a compl ete misMn)biwhitogh i mararl d wed ofp
Feat 912°Cto about 30 at.% Fe at 400°C. The complete mistjbsdinge was vergmall at
the Mn rich end (1138°C to 1100°C).
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Figure 2.11. Fei Mn phase diagran{1990Mag.

The Fel3.5 wt% Mn alloy demonstratesomparablecharacteristics to cobalt, such as

melting temperature, crystalstc t ur e and a o9(fcc) Y UO(hcp) ph
[2001Han]. Manganese steel ({E814 wt% Mn -1-2 wt% C) is known for high wear
resistance, which would be advantageous when employed as a binder -irasatC
hardmetals. Addibnally, the FeMn, is a less expensivalloy anda goodalternative to Co
bindersbecause it is netoxic. Mn stalilizes the austenite just likgi, but when alloyed with

Fe, it isalmosttwice as effective aBli. The Fel3.5 wt% Mn alloy possesses full or partial
austeniticstructure atambienttemperature, whereas a-Re alloy takes about 30 wt% Ni

[1986Sch, 1978 Shi] for a similar structure. Also, Mn is cheaper than Ni and has no reported
health hazard.

Hanyalogluet al [2001Han] studied the WC/Rdn system and to prodad bonded WC
hardmetals with a fully stoichi onpbase)and mi cr

with toughness and hardness values close to those of simiaor@ed hardmetals. Ae8.5
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wt % Mn bonded WC hardmetals with a fully austenitic bindease were produced with a

good enouglsintering temperature range of 135602€30°C.
hardmetals were produced, which showed potential as alternatives to WC/Co alloys.

Highperformance WC/Revin

Moderate Vickers hardness values ofi 13 GNm? were obtainedand Palmqvistype

cracks of nearly identical lengths formed. They also observed that as the binder proportion

increased, the hardness and fracture toughness values decreased.

After sintering under strongly carburising atmospheres, the microstructureowgmsed of

angular WC grains in austenitic ifdn, and was free of thd-phase. Failure to maintain

sufficient carbonresultedm pr onounced tphasecarhidey. t o f or m

2.7.7 FeAlas a binder
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Figure 2.12. Fei Al W phase diagram [1993Kat].

Figure 2.12is an assessed binary phase diagram for tHeeAdystem. This is largely based
on the work of Dix [1925Dix], Gwyer and Philips [1927Gwy], Lee [1960Lee], Rocquet,

Jegaden and Petit [1967Roc], Allen and Cahn [1975Kbkester and Goedecke [1938}],

Schuermann and Kaiser [1980Sch], Griger [1986Gri] and Wachtel and Bahle [1987Wac].

The FeAl system was yet to be completely and precisely determined [1993Kat]. More work
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needs to be done on the reaction temperatures hasgepboundaries, even though the

existence of the equilibrium intermediate seems to be reliably established.

Over the last decade, iron aluminide {B@Al) based on the ordered B2 structures have been
investigated for a possible application in higimperature structural ntarials [1997Mun,
1996Sto]. Theron aluminide can bpotential binder phase for hard ceramic particles such as
WC, Ti, TiB, and ZrB. Iron aluminide is generally known for high oxidation and sulfidation
resistance, high strength, ladensity, igh work hardeningandalso comprises inexpensive

raw materials [1997Sch]. Excellent wear resistance oF&R&l was obtained by the high
oxidation and corrosion resistance with a high strength and work hardening combination
[1989Ant, 1989Fle]. bw tensile ductility and fracture toughness are the major shortcomings
of B2-FeAl intermetallic compoundsjthough these are not as essential for wear applications
as they are for structural applications [1996Sto, 1989Ant]. In wear applications, hardness,

strength and work hardening ability are the more critical properties [1989Ant].

B2-iron aluminide with 40 at.%.Al was shown to possess a significant level of ductility when
it is a matrix in a composition with hard ceramic phases like WC [1997Sch]. thisuspuld
be a potential binder.

Mosbahet al. [2005Mos] compared of the abrasive wear behaviour of -W0%6 FepAl 40
composites and WACo hardmetals to understand the role of the binder material in composite
abrasive wear resistance. They found thatRbAl with 40 at.% Al was a superior matrix
material than Co metal, based on the abrasive wear conditions they used-dpimrm wear
testing). Secondly, the W@0% FegiAl4 composites and W0%Co with similar grain
sizes exhibited comparable strength aimfasive wear rates, when tested under identical

conditions.

26



CHAPTER 3
RATIONALE FOR THE NEW BINDERS

3.1 Introduction

A number of binders (elements and alloys) have been used in an attempt to replace cobalt as
binder to WC as discussed in Chapter 2erEhwere some key requirements for selection of
the new binder alloys used in this project and they are described in this section. They are:

U formation of solid solution,
U small solubility with tungsten and carbon,
U melting point range near cobalt,

U novelty.

3.1.1 Solid solution

Solid solutions occur when foreign atoms are incorporated into a crystal structure of other
solid el ements as in Figure 3.1. A crystal
mechanisms. An interstitial solid solution igrfied when the solute atom is small enough to

fit into spaces between larger atoms comprising the solvent crystals. Hydrogen, nitrogen,
carbon and boron are some of the only solute atoms small enough to typically fit into
interstices of metal crystals. Mast the elements dissolve in different solid metal crystals by
replacing atoms of the solvent at lattice sites to form substitutional solid selit@&85Mar].

Solid solution compositions from binary phase diagravere chosen for all binder alloys

used n this study, since single elements have been tried, e.g. Ni [1975Fie], Fe [1971Gre].

3.1.2 Small solubility with tungsten

Solid solubility can be unlimited or limited. Solute and solvent are mutually soluble in all
proportions when unlimited solid solliby occurs, an example is @i or W-V. In these
instances, the HumRothery rules [1969HumM] are met, resulting in a complete solid solution.
The rules are:

U Therelativesize ratio for thewo elements shoulde belowapproximatéy 15%.

U the crystal strature must be the same,
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U electronegativity difference must be within + 0.4 e.u., and

U their valencies must be the same

OO 0O e 0.000
e QO O OO0.0
OO e (O e O0.00
O e Oe (O OO0.0
QO e 9 0O Q0 0O

(O 4 atoms (O 4 atoms

@ B afoms @ B otoms

Figure 3.1 Mechanisms for solid solution formation (a) substitutional (b) and interstitial
[1973Bar].

Limited or partial solid solubility occurs when there is a limit to how much of the solute can
dissolve in the solvent before saturation is achieved, e.gSnPir W.Co systems. These

systems normally do not obey the HuRethery rules and the result isitiple phases.

In the choice of new binders for this study, considerable solubility between WC and the
binder alloys was a factor. A very high solubility between the soft binder phase and the hard
carbide phase may result in inferior mechanical propedfethe target alloy in terms of
hardness [1998Upa]. Copper has very low solubility for WC [1975Hup], and was alloyed
with elements like nickel, zinc and manganese whickiehaeen reported to improve
solubility of copper for WC [2003Gua, 2003Cos]. Thustermediate solid solubility is

required, as well as good wettability.

3.1.3 Melting point range

Another key requirement considered for selection of new binder alloys was melting point
range. All selected binders have their melting point in the rangenwitie range of the
sintering temperature for cobalt. This was considered with the aim of achieving similar
properties and maintaining current manufacturing procedures forC@/QVianufacturers
would be unwilling to change their current process too muahhagher temperatures would
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not be popular. This is because more power would be necessary, and would increase cost, and

the current sinténg equipmenmight have temperatures limits.

3.1.4. Novelty

Novel binders were selected; the replication of bindkeady in use was avoided. Literature
was checked at the outs# the study, and revealed that no work has been published on the
binders selected here to replace or reduce the amount of cobalt.

The binder phase should be ductile enough and possiblydshotiform a eutectic in the
binder phase, since it can negatively affect the ductility of the binder, as a eutectic acts like a
composite. Additionally, eutectics usually have a more limited melting range than solid

solutions, which could compromise thimder.

3.2.PotentialNew Binder §stems

3.2.1. CeMn System

The CoeMn phase diagran(Figure 3.2)[1990Mas]is primarily based on the work of
Hellawell and HumeRothery [1957Hel], Tsioplakat al [1971Tsi] and Hasebet al.
[1982Has]. The phases inde liquid terminalsolid solutios andt h e U, whpch farms
at about 50 at.% Mrand below 545°C The solid solutionsare: hcp (U G Mp-rich bee
( U MAD3( b Mandicomplexc u b i ¢ bélow MIDOC

The peritectic reacti oredhy HelawelUabdHumBothgryb Mn)  w
[1957Hel] to occur at 1161°C, which is in agreement with 1160°C determined by Tsieplaka

al. [1971Tsi]. There is aminimum in the liquidus and solidusat @out 63 at.% Mn and

1160°C [1957Hel]. According to Tsioplakdal., t he peritectic L + (UM
1190°C [1971Tsi], but Hellawell and Hurotherygave~1185°C [1957Hel], although the

current phase diagrafh990Mas]gives 1185°C.
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Figure 3.3. Cu-Ni assessed phase diagram [1990Mas].

30

10 20 30 40 50 60 70 80 90 100
1800 T T | | | | | | |
150011495°C L L
1246°C
o 1200 1161°C ~1185°C (6Mn)
‘5 1121°C ~59/ /62 1138°C
o \ 1100°C
o \
[ N (yMn)
2 N\ (aCo)
\
g 9004 \ L
5 .
it N (BMn)
\\\\\
Y 727°C
NS
600 NN L
(N 545°C
R o BREN
AR it R
¢ N \
422°C EE o) NN | \
%‘ R Lo \
N RUREAN [T v (aMn)
300 “““\‘\“\““““‘\“‘“““\\‘““““\““"““‘\“‘“““‘\““‘““‘\““““‘\““““‘\““““‘
0 10 20 30 40 50 60 70 90 100
Co Atomic Percent Manganese Mn
Figure 3.2. Assessed phase diagram for-®mn [1990Mas].
3.2.2 CuNi System
Weiocht Percent Nickel
10 20 30 10 50 60 70 f0 90

e T s

[

. 354.4°C




The liquid phase and the fcc (Cu,Ni) phase make up most of théi €quilibrium phase

diagram (Figure 3.3). The liquid phase has high stabdity complete miscibility in all
proportions down until the melting point of Cu at 1084.87°C. A separation of the solid
(Cu, Ni) phase is encounter ed;amdth[195Cha).Th&¢C and

U phase changes from the paramagnetic stedeférromagnetic state below [L991Cha].

The accepted liquidus and solidus are based on the work by Bastow and Kirkwood
[1971Bas], Feest and Doherty [1971Fee], and Schurmann and Schulz [1971Sch] for melting
of Cu at 1084.87°C and Ni at 1455°C.

Meijering predicted a miscibility gap that closes at 177°C based on thermodynamic analysis
[1957Mei] and below 334.5°C the phase equiibvere thermodynamically calculated by
Chakrabarti [1991Cha].

3.2.3 NtV System

The major part of the Niich end of the NV assessed diagram (Figure 3.4) is credited to
Pearson and HurARothery [1952Pea], whereas therigh end is largely credited to Stevens
and Carlson [1970Ste].
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Figure 34. Assessed NV binary phase diagram [1990Mas].
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Addition of V decreases the Curie temperature of (Ni) [1937Mar] (Figure 3.4). Tgve Ni
phase was identifieéds having ordered fct stoichiometry; this was done using electrical
resistivity and electron diffraction techniques by Moreéml.[1971Mor]. This phaséorms

by an ordedisorder reaction from the solid solution of theridh end.

The Nir i ch boundary of the G phase-poorfboumdarg pl ac
above 65 at. % V at high temperatures by Pea
ferromagnetic at lower terepatures by Nevitt and Beck [3SNev], and at 64.2 at.% V was

found to have a Curie temperatures of 52K.

Enough evidence of the existence of a phase with an ideal stoichiometry pivis\found
[1989Smi], but with a Vrich stachiometry. The Ni\4 phase crystallises with the £Si-type
structure [1988mi]. The formation of this phase may be influenced by factors such as
kinetics or impurities; this is because not all investigators find this phase. This disagrees with

thermodynart calculations [1988mi].

The (Ni) solid solution range was observed to extend to ~43 at.% V, with no detectable
difference within the range of the cooling rates of the rates of the experiments @@
°C/s).

3.2.4 NiZn System

The asessed Ni¢n diagram (Figure 36 conf or ms t o Hansenods p I
[1936Han]. The (Ni) boundary is based on the work of Schramm [1938Sch] and Budurov and
Nenchev [1974Bud]. The single phase region
combining the ;f{l99Nas] (nass regons.almversion aminase domain

(IAPD) structure is seeninthedii ch porti on of the o0 phase r €

Ni goes into solution in (Zn).

The magnetic transformation is from 354.2°C in pNreand about 19.1 at.%8n at room
temper atur e. T he c-tygeitransfdims pohttee AeGu v h e ChiClvas b
revealed by metallographic andray examination [1972Lia]. The alloys quenched in water
or liquid nitrogen revealed a martensitype transformation. Murakanet al. [1984Mur]
studied this transformation by optical and electron microscopy iy alloy and found

martensite on quenching, and massive transformation on slow cooling.
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Figure 35. Ni-Zn assessed phase diagram [1990Mas].

3.2.5 CuZn System

The current assessed Zn phase diagranfFigure 3.6 [1990Mas] is a modification from
Hansends work [1936Han] tailored with reviev
[1922Ima], Genders and Bailey [1925Gen], Bauer and Hansen [1QR Mazer and Kremers
[1929Rue], Schramm [1935Sth1935SchPand Massalski and King [1962Mas]. There is a

slight difference between phase boundaries of the assessed and those of Hansen [1936Han]
and that of Raynor [1944Ray]. Due to the marginal differerafethe phase boundaries
[1936Han, 1944Ray], other work [1994Mio] focused on clarifying the siamige order in

the U phasdeéi,sorller otdamsfor mati on in b, pol
structure of t he a p h as eble data ons the hnaadensitice s u | t

transformation in the b phase.

The liquidus curve of the assessed diagram is credited largely to Buaer and Hansen
[1927Bau], Ruer and Kremers [1929Rue], and Schramm [19358dh¢h are accurate
within £33 UC wi t h R a8 {1946Ray]. Bauer enrsdHartsen determined the liquidus
from 54 at.% Zn to 100 at.% Zn [1927Baul].
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A monoclinic and triclinic pphasetodquidntragen r epor
temperatures [1962Kun], and an orthorhombic cell for an alloly 88t3 at.% Zn quenched

from 840°C [1963Jol] and various metastable tetragonal phases were found [1959Hor].

AtOomIic Fercent Al

r

Temperature

: 419.58°C

Figure 3.6. Assessed Gidn phase diagram [1990Mas].

3.2.6 MnV System

Figure 3.7[1990Mas] shows an assessed pldiagram for MnV , where Waterstr:;
was the basis [1962Wat], with small modifications from Hellawell and HRotbery

[1957Hel]. Lugscheider and Ettmayer [1971Lug] established the existence of a complete
series of solide| uti ons between bcc V and 0Mn. The ¢
known [ 1991Smi]. The st rtype this is eornmlfy obxseived il i s
transition metal systems. There is some uncertainty regarding phase equilibra above 85 at.%

Mn, although Lugscheider and Ettmayer [1971Lug] suggested a possible existence of two
additional intermediate phases.
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Figure 3.7. Assessed MiV phase diagram [1990Mas].

ThroughXr ay scattering us itatguas@bledddifferentibie hetwieemn , Wa
the V and Mn species in the bcec

trays.Mheg h have
observed CsGlype superlattice lines in as¥aMny7 galloy that had been quenched from

1150°C, crushed, and annealed faeared time. The ordelisorder temperatures a

function of composition eredetermined by Suzuki and Hagiwara [1975Suz] using specific

heat measurements and differential thermal analyses.

The presence of a congruent transformation of the high teraperat ( V, tMn) sol i d

the | ow temperature tetragonal G phase nea

Waterstrat [ 1962Wat ] . phbse fiellisaatcertain [Le8tig xt ent of
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CHAPTER 4
MATERIALS AND EXPERIMENTAL PROCEDURES

4.1 Preparation of alloy

Selected alloy sample components were weighed individually, to give a final button of ~3g,
and were argnelted under an argon environment, on a water cdwdadth. The melting
process was repeated at least three times, aiming at etemplxing. The asast button

samples were then sectioned into two halves using diamondviltes

4 2 Microstructure examination

The ascast half of the samples were hot mounted and polished on 320, 400, 600, 800, 1000
and 1200 grit paper followed 18, 6, 3 and finally 1 micron polishing on diamond media.
The samples were then polished using 50% StruefrS @#spension in water (as a lubricant),

on a Struers AfZhem cloth. The samples were examined in a light microscope to make sure
they were well pashed.

4.3 Scanning electron microscopy

The samples were examined on a XL30 ESEM Philips SEM (University of Botswana) and
LEO 1525 SEM (NMISA, Pretoria), both with EDX. 20 kV accelerating voltage was used

in both SEMs. Imaging wadonein backscattexd and secondary electron modes. Phase
composition analyses were undertaken using energy dispersiag 3pectroscopy (EDX)

using pure element standards, and in some instances, no standards. A minimum of five
analyses were collected per phase in mostscasdess otherwise indicated. Averages and
standard deviations were calculated for all phase analyses. Typical overall readings were
taken in from areas of 0.4 x 0.4mm in size and specific phase analyses were mostly collected

from spots where phases wenere than 3um across.

4.4 X-ray diffraction

The samples were taken out of the resin mount and analysed using a Philips PW 1710 and a
D2 PHASER XRD. A continuous scan was done f
step size of 0.02° and a dwell time®f. 5 s , using Cu KU radiation.
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on the Philips, and 12 minutes on the D2 PHASER. XRD was used to confirm phases and

identify phases in some samples.

Braggodos diffraction is the key conceobd t hat
rays is used to irradiate a crystalline material; reflections occur from various lattice planes in

the crystal and are characteristic farspecific crystal structureThe X-ray beams are

governed by the relationship

ne=2d sin d

where

& = w ahvoétheenoident radiation

d = interplanar spacing

d = incident angle of radiation with the pl a

n = a small integer.

XRD phase identification of the samples was done by matching the experimental peaks to
standard patterns, which have been providedbyrternational Crystallography Diffraction
Database (ICDD).

4.5 Heat treatment

The other half of the sectioned sample was sealed in a silica glass tube under vacuum. This
was done to avoid the samples being oxidized. A horizontal tube furnace wat® unsed
treat the samples at 1000°C for 168 hrs (7 days). The samples were water quenched and

prepared metallographically for SEM and XRD analyses.
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CHAPTER 5
EXPERIMENTAL RESULTS

During the aremelting of the samples, thick smoke was observed whersamples were
heated. The upper chamber of the arc melt was covered witHikeogiowder after the
melting process. This could be carbomngdost from the samples, causing carbon deficiency

which resulted in ~\AC compositions

5.1 Microstructure charaterizationcast samples

5.1.1 W5:Cu5:Nig7.5V 2.5 (at.%)

The Ws5:CosNig75Vae s sample had two distinct phases and a eutectic. The facetted light
contrast ~WC dendrites were in different orientations. The bulk of the alloy comprised
medium dark contst dendrites ~NV which were cored (Figure 5.1). There was a eutectic
comprising the light and dark phases. There were contrasts differences between the medium
dark ~NgV dendrites (Figure 5.2and the darker ~N)V component of the eutectic. The
darker etectic phase contained carbon and with less W than the medium dark phase,

although this was probably due to pigi of the carbide component of the eutectic.

W,C

3 ‘ B | NisV (mediim dark)

-
\ s £ = .
g : \ e
§ . LY .
A
i
v

~, :AocV Spdt Ma‘gn
‘6 200KV 54 500x k

Figure 5.1. SEM-BSE image of nominal Ws:Cs5:Ni475V25(at.%) in the ascast condition
showing: light ~W,C dendrites surrounded by medium dark ~Nidendrites and ~\AC
(light) + ~Ni3V (dark) eutectic.
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Figure 52. SEM-BSE image of nominal Ws.C,5:Nis75V2s (at.%) in ascast condition
showing: light ~W,C dendrites surrounded by medium dark ~Ni dendrites and ~\AC

(light) + ~Ni3V (dark) eutectic

Table 5.1 gives phase analyses of nominaé@s:Nis75V2 s (at.%) using standards made

from elements from which the samplsre prepared. The light phase showed large errors

for W and C. The dark phase was less than 3um across, but a few readings were taken to
observe the trend of differences from the other phases. The medium phase had very low

vanadium content, even thougwias identified as ~NV.

Table 5.2 has analyses taken without standards; they had large errors. Both EDX results from
UB were dissimilar. The analyses without standards had higher carbon contents in all phases
than the analyses with standar@iable 5.3shows analyses done at NMISA in Pretoria. The

phaseanalyses had very high carbon contents and large errors which made them doubtful.

These analyses were ignored
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Phase Phase
description |W C Ni V deduced
Overall 18.8+0.2 |13.8+0.5 63.6+0.6 |3.8+01 -

Light 72.4+4.2 |23.8+5.3 29+0.7 0.9+£0.7 ~W,C
Medium 17.2+£0.6 | 0.0+£0.0 78705 |(4.1+0.1 ~NizV

Dark 12.6£0.3 |13.3+0.4 69.0+0.9 |5.1+05 ~NizV
Eutectic 18.8+0.2 |9.9+0.8 67.7+0.7 |3.6+x0.1 ~W,C +~NiV

Table 51. EDX phase analyses for nominal ¥/C,s:Ni475V2 5(at.%) in the ascast

condition using standards derived from elements which samples were prepared (done at

University of Botswana, UB).

Phase Phase
description | W C Ni V deduced
Overall 16.5£0.3 | 33.7£0.8 469+06 |29+0.1 -

Light 57.2+9.1 |39.8+£9.9 2.1+ 0.6 0.9+0.2 ~W,C ?
Medium 145+£23 |21.6+11.7 |[60.8+£89 |3.1+05 ~NizV ?

Dark 10.8+£0.3 |33.8+1.6 51.6+1.4 |3.8+0.5 ~NizV ?
Eutectic 17.2+25 |28.2+99 51.8+7.3 |28+04 W,C +~NiV ?

Table 52. EDX phase analyses for nominal WC.sNisz5Vos (at.%) in the ascast
condition analysed without standards (done at University of Botswana, UB).

Phase Phase
description |W C Ni V deduced
Overall 242+ 2.4 |525+0.9 21.5+2.1 1.8+£0.1 -

Light 23.5+3.1 | 75.0£2.7 1.2+1.1 0.3x0.1 ~CW ?
Medium 55+0.8 62.8+5.5 30.2+ 4.3 1.5+0.3 ~CoNi ?

Dark 7.0+ 0.6 56.1+3.4 34.8+2.4 2.1+0.3 ~CoNi ?
Eutectic 106+0.9 |42.2+3.8 444+ 3.2 2.8+0.1 ~CoW+~GNi?

Table 53. EDX phase analyses for nominal WC,s:Nis75V2s (at.%) in the ascast
condition using preloaded standards (done at NMISA).

Since there was so much differermtween the ER analyses, XRD was used to verify the
phases. XRD patterns confirmed the two phases from Table 5.1; this is shown in Figure 5.3.

The XRD had a good pattern with sharp peaks and low background.

The solidification sequence was as follows:

L ¥V W
L VY (Ni)
L ¥ € WNi).
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It was thought that the (Ni) formed before the eutectic because of fast cooling. Subsequently,
(Ni) transformed to ~NV in the solid state. XRD showed that (Ni) had transformed to

~NisV after solidification.
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Figure 5.3. XRD pattern of nominal Ws.C2s:Ni47 5V25in as-cast condition, showing ~\WC

and ~NiV peaks

5.1.2 Nominal W5C25Ni43:V7 (at.%)

The ascast W5 Cos: Nigs V7 (at.%) sample showed two distinct phases: light dendrites and
cored ~NpV medium dark dendrites which formed the bulk of the alloy (Figure 5.4). There
was a dark phase which was between the cored (Ni) medium dark dendrites (Figure 5.5),

which was much more visible at higher magnification.
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Figure 54. SEM -BSE image of nominal asast Ws.Cos:Nisz V7 (at.%) showing ~WC
dendrites and cored medium dark ~Ni.

N|2V (dark) —— '

Ni,V (medium dark)

Oxide

Acc.V S|:l|70;trfrv1-élrgnr [A)Ae{WD Exp M _ A20um>“
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Figure 55. SEM-BSE image of nominal asast Ws Cus:Nisz V7 (at.%) showing ~WC
dendrites, coed ~NkLV medium dark dendrites and oxides (black).

EDX data could not be collected on the light dendritic phase (Table 5.4) which could be due a
software problem on the EDX, but it was suspected to bgC-bésed on the similar XRD

pattern to WsC,s5:Nis75V2 5 (at.%). Both samples had same elements, but with different

proportions.
EDX analyses (Table 5.4) also showed that the interdendritic dark phase (Figure 5.5) between

the medium ~NIV phases was also the same phase, but with slight differences in

composition, as seen in the previouscast sample W Csys:Niszs5V2 5 (at.%) (Figure 5.2).
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There was carbon, which was probably pickgdrom the surrounding phases, due to fact

that they were less than 3um across. There were a few dark oxide pantittiethe oxygen

peak being clearly seen in the spectrum. These were analysed, although the EDX analyses
wereset to ignore oxygen in ordéw obtain the other element values. The oxide contained

1.5 at.% aluminium.

Phase Phase

description | W C Ni V deduced

Overall 19.1+04 [ 8.4+0.7 62.0+0.9 [105+0.1 -

Medium 10.1+0.2 | 7.1£0.3 73.1+04 [9.7+0.1 ~NiV

Medium

dark 8.1+0.7 |6.8+£0.6 71.9+0.6 |13.2+0.9 ~NiV
Could not

Light - - - - analyse

Dark Oxide
w C Ni V Al
0.6 +0.3 0.0 58+2.2 92.7+24 |[15+0.1 Oxide

Table 54. EDX phase analyses for nominal 3/C,s:Ni3:V7 (at.%) in ascast condition
using standards derived from the elements from which samples were prepared (done at
University of Botswana, UB). B. O was ignored in the oxide analysis.

Table 5.5has analyses taken without standards. The results for carbon and nickel were
different from analyses done with standards. The light phase could not be analysed using
standards, but it was analysed withdbe standards. Using EDS, the light phase was
analysed as ~WC (Table 5.5), but the major peaks in the XRD wes€.~W

Phase Phase

description | W C Ni V deduced

Overall 165+3.2 | 26.1+14.7 |49.3+9.8 |8.1+1.7 -

Medium 8.2 0.2 295+08 |552+0.7 |71+£0.1 ~Ni,V ?

Dark 6.8+04 |289+16 |[547+12 |(9.6+£0.8 ~Ni,V ?

Light 49.7+2.7 (458+27 |25+04 20+0.1 ~WC/~W,C ?
Dark Oxide

W C Ni \ Al

26+1.8 0.0+£00 |73%x27 89.1+ 4.0 1.0+ 0.5 Oxide

Table 55. EDX phase analyses for nominal 3/C,s:Nis3:V7 (at.%) in ascast condition
without standards (done at University of Botswana, UB). N.B. O was ignored in the oxide
analysis.
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Tables 5.6 and 5.7 were phasalgges taken at NMISA. Table Shas data analgsl using a
carbon standard derived from vanadium cabé&hd Table 5.6vas done using preloaded
standards. The cash content was high in Table 5.6ut even higher in the analyses done
using the carbon standard from VC. The oxide had oxygen, but theloaergontent

aluminium was ignored.

Phase Phase

description | W C Ni V deduced

Overall 225+13 |47.1+11 |283+16 |21+£0.7 -

Medium 6.4+06 |602+1.7 |31.2+£08 |22+£05 ~CoNi?

Medium

dark 59+0.7 |60.1+15 |31.9+08 |21+£05 ~CoNi ?

Light 31.2+25 |66.7+3.0 |1.3+£05 0.8+0.3 ~CW ?
Dark Oxide

W C Ni Vv O

6.1+0.7 419+1.2 |6.2+£0.9 39.7+24 [(6.1+£0.1 Oxide

Table 56. EDX phase analyses for nominal 3/C,s:Ni3:V7 (at.%) in ascast condition

using preloaded standards (done at NMISA).

Phase Phase

description | W C Ni V deduced

Overall 1.7+0.1 91.1+0.5 52124 2025 -

Medium 0.9+0.0 |90.5%+0.9 75+0.7 1.1+0.1 ~CpoNi ?

Medium

dark 0.7+ 0.1 89.9+0.1 8.4+0.1 1.0 £0.04 ~CpNi ?

Light 3.8+04 |958+0.7 0.3+0.1 0.1+0.01 ?
Dark Oxide

w C Ni Vv O

0.1+0.7 90.6+1.2 | 0.2+0.9 7.7+24 1.4+0.1 Oxide

Table 57. EDX phase analyses for nominal 3/C.,s:Ni43:V7 (at.%) in ascast conditon

using a carbon standard derived from vanadium carbi@®ne at NMISA).

The solidification sequence was as follows:

L Y
L Y

The phases @re confirmed by XRD (Figure 5.6The background was low and the pattern
was good with sharp peaks. &n~NpV was found rather than (Ni), it shows that the (Ni)

€& W
( Ni) .

transformed after solidification.
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Figure 5.6. XRD pattern of nominal Ws:C,s5:Ni43:V7 (at.%) in ascast condition, showing
~W,C and ~NpV peaks

5.1.3 Nominal Ws:Cs:Ni42.5:ZNn7 5 (at.%)

As-cast W5 Cys:Nigz5Zn75 (at.%) had different regions with varying proportions of the
carbide (Figure 5.3). Both regions had two phases, and the bulk of the smaller region
comprised ~WC formed in globules, with a medium dark mpatand a small amount of

eutectic (Figre 5.74).

The medium dark phase surrounding the light;€EVglobules phases formed the bulk of the

larger region and had much more eutectic thasmaller region (Figures B.and c).
There was no discernablenz from the EDX analysis which could be due to evaporation of

the low melting point zinc during the high temperaturerastting. The matrix is believed to

be (Ni) and showed a large solubility for carbon.
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Figure 5.7. SEM-BSE images of nominal \34C2sNiss5Zn7 5 (at.%) in ascast condition:
showing a) overview of the sample with different regions, b) dense area withC-ilight)
globules, mediundark matrix (Ni) and with small areas of ~¥C (light) + (Ni) (medium
dark) eutectic, and c) less dense area with 8\(light) globules, mediurrdark matrix (Ni)
and with much more ~WAC (light) + (Ni) (mediumdark) eutectic.

Table 5.8 shows phase analyses for the nominrahsissample W Cys:Nige52Zn7 5 (at%),
and large errors were observed in the overall analyses. Carbon had larger errors, especially in
the light phases in both separate regions, while W had large errors in only the light phases

Tables 5.9 and 5.10 were analyses dameMISA. Analyses ifmable 5.10vere done using a
carbon standard from VC; it had overestimated carbon content in all the phases, while
analyses in Table 5.9 were done from preloaded standards. The carbon contents were
relatively high. The analyses were different from tbglts in Tables 5.9 and 5.10ollected

in UB. However, the results from UB were confirmed by XRD.
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Phase Phase

description | W C Ni Zn deduced
Higher proportion area

Overall 60.1+5.1 | 21.6+3.3 18.3+7.7 - -

Medium 16.3+0.3 |11.3+1.2 724 +1.1 - (Ni)

Light 73.3+1.3 |[24.1+1.8 26 +1.0 - ~W,C
Lower proportion area

Overall 21.0£04 |14.7+19 64.3+1.6 -

Light 69.4+ 2.7 |28.2+2.9 2.4+ 0.5 - ~W,C

Medium 156+05 |11.5+1.9 729+1.6 - (Ni)

Eutectic

overall 22.3+24 |129+1.7 64.8+ 2.6 - ~W,C + (Ni)

Table 58. EDX phase analyses for nominal M/C,s:Ni425Zn75(at.%) in ascast condition
using standards made from the elements from which samples were prepared (done at
University of Botswana, UB).

Phase Phase

description | W C Ni Zn deduced
Higher proportion area

Overall 26.9+1.1 |535+1.2 19.6 +3.1 - -

Medium 9.3+ 0.5 57.1+ 3.5 33.6+4.1 - CoNi ?

Light 313 £2.0|67.3+24 1.4+0.8 - CW ?
Lower proportion area

Overall 185+0.3 |604+24 21.1+2.0 - -

Light 21.1+29 |77.6+1.9 1.3+1.1 - CW ?

Medium 77204 |584+28 33.9+2.6 - CoNi ?

Eutectic 11.2+1.7 |48.4 +5.3 |40.4%£3.9 - C,W + GNi ?

Table 59. EDX phase analyses for nominal M/Cys:Nis25Zn75(at.%) in ascast condition
using preloaded standard¢done at NMISA).

Phase Phase

description | W C Ni Zn deduced
Higher proportion area

Overall 3.3+0.1 955+0.2 1.2+0.1 - -

Medium 0.5+£0.3 95.4+ 1.6 41+14 - ?

Light 29 +03 |97.0+x04 0.1+0.01 - ?
Lower proportion area

Overall 1.6£0.3 92.4+0.5 6.0£0.3 - -

Light 1.9+0.8 97.8+ 0.7 0.3+0.2 - ?

Medium 0.9+ 0.1 93.9+1.0 52+0.8 - ?

Eutectic 1.1+0.1 93.7+1.1 52+1.1 - -
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Table 510. EDX phase analyses for nominal M/C,s:Niss5Zn7s (at.%) in ascast
condition using a carbon standard derived from vanadium carbi@®ne at NMISA).
The solidification sequence was:

L ¥ W
L Y (Ni)
L Y ,€ WNi).

XRD analyses confirmed (Ni) and & phases. Figure 5shows the XRD pattern for the
nominal ascast sample W.CysNigpsZnys (at.%). The pattern was good, with low

background and sharp peakad had one unmatchedak (Table 5.1)1
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Figure 58. XRD pattern of nominal Ws:C,5Nis25:Zn75 (at.%) in ascast condition,
showing ~WC and (Ni) peaks.
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Table 511. Unmatched XRD peak from nominal WCys5Nis5Zn75 (at.%) in as-cast
condition.

5.1.4 Nominal Ws:Cs5:Niss:.Zns (at.%)

As-cast sample W:Cys:NiysZns had two phases: light globular dendrites and a medium dark

phase. There vgaa eutectic in the sample (Figuse€) . The sampleds micr
similar to ascast Ws.Cos:Nigo5Zn7 5 they both had similacomponents but in different
proportions, and this sample was fairly homogenous. There was no zinc found in the EDX

data which could be due to its evaporation duringraedting.

Table 5.12(UB) shows the phase analyses for nomingk:®@és: Niss:Zns (at.%). The errors

were larger for W and Ni in the eutectic; it could be due to contribution from the surrounding

phases.

The light phase was assumed to be,EWas in the previous sample, because of its similar
morphology and XRD pattern. The medium dark phase was confirmed to be (Ni)XREhe
(Figure 5.10 analysis.

1 & ®
— @ - & P
AccV SpotMagn Det WD Exp pb————————] 50 um
200kv53 650x CL 92 1

Figure 59. SEM-BSE image & nominal W,s5.C,5:Ni4s.Zns (at.%) in the ascast condition:
light ~W,C; (Ni) medium grey; eutectic ~¥C + (Ni).
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Phase Phase

description | W C Ni Zn deduced

Overall 246+04 |7.2+05 68.2 + 0.5 - -

Dark 17.2+£0.2 |6.4+£0.2 76.4+0.3 - (Ni)

Eutectic 25.1+1.2 |9.7+0.6 65.2+14 - (Ni) + ~W,C
Could not be

Light - - - - analysed

Table 512. EDX phase analyses for nominal M/C,s:NigsZns (at.%) in the ascast
condition using standards made from the elements which saaplere prepare@one at
University of Botswana, UB).

The results obtained from samples analysed without atdadare presented in Table 5.13
indicated some similarities in the tungsten compositions of results presented irblable
which were anlgsed with standards. Table 5.15&d much higher carbon content, whereas the
nickel contets were lower than in Table 5.12

Phase Phase
description | W C Ni Zn deduced
Overall 20.8+1.1 |28.6%+3.9 50.6+2.8 |0.0+0.0 -
Dark 14.0+0.2 |29.3+1.1 56.7 + 09 0.0+ 0.0 (Ni) ?

Ni) +
Eutectic 19.0+0.8 | 37.7+1.8 43.3+£2.0 |0.0+0.0 SV\)C/~W2C?
Light 53.4+20 [454+25 1.2+0.9 0.0+£0.0 ~WC/~W,C?

Table 513 EDX phase analyses for nominal M/C,s:NigsZns (at.%) in the ascast
condition without standard¢done at UB.

Table 5.14has results of the SEM at NMISA. Thearvall composition in Table 5.1drom

NMISA) was different from the results in Table 5.1@Jniversity of Botswana) but had
similar tungsten content. Carbon temts were high in all the phases in results from NMISA;

and the eutectic did not reflect an average of the light and dark phases. These results were

ignored.

The XRD pattern (Figure 5.10) was good, had sharp peaks and relatively low background.
The niclel peaks slightly shifted, indicating a solid solution.
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Phase Phase
description | W C Ni Zn deduced
Overall 22.0+0.8 | 60.9£2.1 171+14 |0.0+0.0 -
Dark 12+02 |76.6+0.9 22.2+0.7 |0.0+£0.0 NiC, ?
Eutectic 76+04 |60.7+1.3 31.7+16 0.0+£0.0 ?
Light 154+21 |83.7+1.3 0.9+0.5 0.0+£0.0 ?

Table 514. EDX phase analyses for nominal M/C,s:NigsZns (at.%) in the ascast

condition using preloaded standards (done at NMISA).

The solidification sequee was deduced as:

L ¥V W
L Y (Ni)
LY L€ WN).

The solidification before the eutectic was probably due to the fast cooling afteekiug.
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Figure 5.10. XRD pattern of nominal WsCo.sNigsZns (at.%) in ascast condition,

Position [A2Thet a]

showing ~WC and (Ni) peaks.
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5.1.5 Nominal Ws:C2s:C030:Mn 2 (at.%)

The ascast Ws.Cos:Coz0:Mny sample was much more complex than the other previous
samples. The sample had four different contrasts: they were the light, medium, medium dark
and dark contrasts. Theample comprised medium contrast flakes forming the bulk of the
alloy with lighter dendrites. The dendrites were ~WC (Figutd 8), and were found with

the medium flake phases forming on the outside. There was a peritectic relationship between
the carbile and the medium contrast phase, followed by direct solidification of the medium
phase. The composition of the medium phase showed it to be a ternary phase. It was either
~CoWs with C, or ~(Co,W)C. The ~(Co,W)C phase could not be matched on the XRD
patern, since it was not availabla the (ICDD) database [1991IG@DHowever, CeWs
matched very well on the XRD, the phase was assume@/with C, ignoring the low

content of Mn in the phase.

Acc.V Sput Magn Det WD Exp pb——— 20um
200k kV43 1000x CL 100 1
5 = .

é 12 -4&: lg j 5’ 2

Figure 5.11. SEM-BSE images of nominal & C,s:Coz0:Mnyo in as-cast condition:
showing a) the major medium flakes, b) light dendrites enclosed by flakes in dark cored
matrix and c) dark phases in matrix at higher magnification.
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The matrix (Figure 5.14) was cored (O and the differences were only visible fagh
magnification (Figure 5.X). The very dark component was less far less than 3um across,
and a few analyses were taken to observe the differences with the other pabk=s5.15

and 5.16give EDX analysesrom NMISA and UB respectively. The light phase from UB

was ignored, but the medium phase analyses from both EDX sources were close to each

other.

XRD also confirmed the WC and (Co) pkasthis is shown in Figure 5.1Phe XRD pattern
had a high backgraind but had sharp peaks. All the unmatched pdakble 5.17)were

patterns from the plasticine (Appendix A).

Phase Phase
description W C Mn Co deduced
Overall 23.2+06 |236+17 |6.8+0.2 |46.4+0.9 -
Light 51.8+0.7 |454+03 |0.6+05 |22+01 WC
CO7W6With C
Medium 30.2+0.9 |291+11 |56+03 |351+£0.7 |/(CoW),C
Dark 7.9+04 19.8+04 |16.8+0.6 |[55.5+0.4 | (Co) cored
Darker 79 +26 [21.6+35 |16.0+£8.3 |545+3.1 |(Co) cored

Table 515. EDX phase aalyses for nominal Ws.Cy5.C0o30:Mnyo (at.%) in ascast
condition using preloaded standards (done at NMISA).

Phase Phase
description W C Mn Co deduced
Overall 27.1+08 |185+15 [6.9+0.2 [475+0.7 -

WC assumeq
Light 845+143|122+141|1.0+0.2 |23+Q2 from NMISA

CoWeg with C
Medium 359+1.4 |197+3.0 |3.7+02 |40.7+1.6 |/(CoW),C
Dark 120+1.1 |20.2+1.6 |[85+0.3 |59.3+1.3 | (Co)cored
Darker 9.1+0.8 23.4+31 |136+1.6 |[53.9+1.9 | (Co)cored

Table 516. EDX phase analyses for nominal 34/Cs:C0osp:Mn 5 (at.%) in ascast
condition without standards (done at University of Botswana, UB).

Solidification sequence was deduced to be:
L Y ~wC

L + ~ WGWe¥nith@d (Co,W)C

L+ CoWgwithC/(CoW),C Y ( Co) .
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Figure 5.12. XRD pattern nominal Ws:C2s:C030:Mn 2 (at.%) in ascast condition showing
~WC (Co) and ~Ce/s.

Peak No |2d (degirdspaci ng |Relativeintensity (%)
1 20.71 4.28 9.13
2 21.85 4.06 7.17
3 26.75 3.45 4.70

Table 517. Unidentified XRD peaks in nominal W.C,s5:Coz0:Mny (at.%) in as-cast
condition.

5.1.6 Nominal Ws.C,5:.C0125Mn 37 5(at.%)

The ascast sample \A4C,s5.Co125Mn375 (at.%) had two different regions, less amabre

dense areas (Figure 5)13he denser area was made up of particles, mainly due to the
sample noimelting thoroughly (Figure 5.34The less dense area looked much coarsér, bu
there were some cracks too (Figure 5.1%hich would be detrimental in service. Both
regions had two phases: the light carbide phase was identified to be ~WC, while the dark

phase was a solid solution of Mn Wwidissolved C and W (Figure 5)15
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Figure 513, SEM-BSE image of nominal W Cys5Co0125Mn3ys (at.%) in ascast
condition, showing the two different regions of the sample with cracks in the dark phase of
the less dense carbide portion.
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Figure 5.14. SEM-BSE image of nominal Wk.C,5.C0125Mn 375 (at.%) in ascast condition
showing: the denser region with light carbide particles and dark matrix.
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Figure 515. SEM-BSE image of nominal W5Cys5:Co125Mnsys in as-cast condition

Acc.Y SpotMagn Det WD Exp |—| 50m‘n

200 kV 4.3

500x

CL 1001

showing the less dense area with cracks, ~WC light phase and dark (Mn).

Tables 5.18 and 5.1¢lve the EDX phase analyses of thecast sample from NMISAusing
preloaded standards and UB, without standakdslysis was restricted the less dense area
because the particles in the denser area were far less than 3um across, and so could not be
analysed accuratelylable 5.19are results from the UB SEM; they were not too different

of NMI SADOG s theSligh¥iphasé loaked mbre likeE D X
~W,C than ~WC. XRD confirmed the presence of ~WC, agreeing with the results from UB.

from

anal yses

Phase Phase
description | W C Mn Co deduced
Overall 223+0.3 |282+08 [38.0+04 |11.5+0.7 -
Medium 6.8 + 09 176 +0.7 |47.904 27.7+£0.7 |( b Mn)
Light 52.8+0.3 |40.3 +1.0 [4.4+0.9 25+0.3 ~WC

Table 518. EDX phase analyses for nominal M/C,5Co0125Mn375 (at.%) in ascast
condition using preloaded standards (done at NMISA).

Phase Phase
description | W C Mn Co deduced
Overall 29.7+04 |245+13 [38.0+0.7 |7.8%+0.7 -
Medium 1.3+0.2 21.0+55 |51.7+28 |26.0+3.1 |( b Mn)
Light 58.2+2.1 |37.5+£0.9 3.2+1.4 1.1+0.9 ~W,C?

Table 519. EDX phase analysedor nominal W,s:C25:C0125Mn375 (at.%) in ascast

condition without standards (done at University of Botswana, UB).
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Figure 5.16shows the XRD pattern for the nominab/C,5:C012 5 Mn37 5(at.%) sample. The
phases (Mn) and ~WC were confirmed by XRD,retteough the EDX for (Mn) fell slightly

out of the (Mn) range on the @dn binary phase diagram. However, this is not surprising
because the phase also had W and C. The pattern looked good with low background and had
sharp peaks. All (Mn) peaks were slighshifted and broadened, indicating it was a solid

solution.Table 5.20 gives an unmatched XRD peak.
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Figure 516. XRD pattern nominal WsC,5C0125Mn375 (at.%) in ascast condition
showing ~WC and (Mn).

Peak No 2d (degrd-spaci ng |Relative intensity (%)
1 29.39 3.03 0.57

Table 520. Unidentified XRD peak in nominal \4:C55.C0125Mn 375 (at.%), in ascast
condition.
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5.1.7 Nominal Ws.C25.Cuyz.5:Ni7.5 (at.%)

The ascast sample W:Cys:CupsNizs (at.%) had four completely different regions,
indicating the sampl was inhomogeneous (Figure 5.8nd had not melted properly. There
was a very light single phase region comprisinty &V (labelled 1 in Figure 5.}7indicating
that W did ot completely melt. There was another single phase region with a darkexrston
(labelled 2 in Figure 5.7 comprising the (Cu,Ni) solid solution. Nearby, was aifase
region with light carbide particles in (Cu,Ni)atnix (labelled 3 in Figure 5.37The last
region (labelled 4 in Figure 5.1 had two phases, with the bulk being the light globular
dendrites in a sparse (Cu,Ni) medium dark matrix (Fedulg.

; potMagn Det WD Exp p—— 200 um
Okvag 120x CL 102 1

Figure 5.17. BSEESEM image of nominal Ws.C,5:Cus25Nizs (at.%) in ascast condition
showing different regionssingle phase W [1], dark (Cu,Ni) single phase [2], dark and
lower carbide proportion [3] and the high proportion carbide region [4].

58



5

T
S
.3
£ ’.‘-@f‘%
=
)

,,;:;
Bhig

\{JI

R
e
‘)

>

Tod 2 1

DG \
28

2
'
3

S P
o8

G

Acc.V  Spot Magn
¥ 00kY 47 800x CL 101 1
-'_ I P e a1 - K Y

Figure 518 BSESEM image of mminal W.s5:C,5:Cugz 5Niv7 5 (at.%) in ascast condition:
light and medium dark phases

Table5.21 gives phase analyses of nominajs¥,s:Cus 5Ni7 s, (at.%). The error was large

for W in the overall analyses. Only one reading was done on the smallaNTa (Cu,Ni)
medium matrix in the Weich area had no dissolved W and a small amount of carbon (3.5
at.%). The light dendritic phase contained no Ni according to the EDX analyses. The analyses
showed that carbon content in the light carlpth@se (labedld 2 in Figure 5.1)7was very

low, assuming that it ¥C.

Phase Phase
description | W C Cu Ni deduced

WC rich area
Overall 50.8+2.6 [8.3+0.4 33.6+1.2 |7.3+x04 -
Medium 0.0+0.0 35+14 81.6+3.0 |14.9+2.2 | (Cu,Ni)
Light [4] 87.1+0.8 [10.5+14 24+1.3 - ~W,C ?
Light [1] 100.0 W

Cu-Ni area

Medium | - | - 835+0.1 [16.5+0.1 | (Cu,Ni)

Table 521. EDX phase analyses for nominal /C,s5:Cus5Nizs (at.%) in ascast
condition using standards made from the elemgrftom which samples were prepared
(done at University of Botswana, UB).

XRD confirmed the W and ~YC phases. Pure Cu was used in place of the (Cu,Ni) phase
since the ICDD database had no (Cu,Ni) data, and the solid solution was atrtble €hd of

59



Cu-Ni binary phase diagram. Copper gave a very good match, but the peaks were slightly
shifted, which implied the phase was a solid solution, agreeing with the EDX results. Figure
5.19 shows the XRD pattern for samples\@,s:Cu, 5Nivs (at.%). The patterndd sharp

peaks and a very low background as well. There was b snidentified peak (Table 5.22
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Figure 519. XRD pattern for nominal Ws.C,5:Cus25Nizs (at.%) in ascast condition
showing W, ~WC and (Cu).

Peak No 2 ddedree) d-s paci ng |Relative intensity (%)
1 36.35 2.47 1.10

Table 522. Unidentified XRD peak in nominal A4 C.s5Cus5Nivs (at.%), in ascast
condition.

5.1.8 Nominal Ws:C2s:Cuase:Ni1o (at.%)

The ascast sample W Cos:.Cuyo:Nisg (at.%) showed a similar trend to the previous sample,

containing copper (W CysCuzsNizs (at.%)), because of the inhomogeneity. There were
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three different regions, and incomplete melting of the sample. There were two large two
phase region§Figure 520, labelledA and B),with portion B showing porosity. These two
phase regions had more of the light carbide,€EWhase with the second phase (dark)
showing only at f[yher magnification (Figure 5.21The last region was single phase (Cu,Ni),
and was darkn contrast (Figure 5.20abelledC and Figure 5.2Pand had some porosity.

Acc.V SpotMagn Det WD Exp p———— 500 um
200 kV 43 50x CL 103 1

L5

Figure 520. BSESEM image of nominalW,s.C,5.Cuyo:Nio (at.%) in ascast condition
showing different regionstwo large mainly cabide twephase regions [A,B] and the dark
(Cu,Ni) single phase region [C].

ACD.V”SputMagn Det WD Exp [—| 10 um
2 200kv 43 2500x CL 103 1

Figure 521 BSE-SEM image of nominalW,s:C,5:Cuse:Nip (at.%) in ascast condition
showing the light ~WC carbide and dark (Cu,Ni).
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Figure 522. BSESEM image of nominalW,s.C2sCus:Nigp (at.%) in ascast condition
showing the dark (Cu,Ni) single phase region with porosity and a portion of the light
carbide.

Table 5.23gives phase analyses of thecast sample W Cys:Cuo:Ni (at.%). A few
analyses were taken at the tplase regions to observe a trend only, since the carbide grains
were less than 3um across. Tte-phase regions had very largeors, especially in portion

A. This was due to the small sizes of fiieases. The single (Cu,Ni) dark phase had no W,
this could be poor solubility of Cu for W and poor melting. The carbon content in the

medium (Cu,Ni) phase was high.

XRD identified ~WC and (Cu). The (Cu,Ni) phase was not available on the ICDD database.
The peaks were sharp and the pattern had a low background. Figure 5.23 shows the pattern
for nominal Wss:Cos:Cugo:Nisg (at.%). There were some unididied peaks shown in Table

5.24
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Phase Phase

description | W C Cu Ni deduced
Two-phase region [A] Figure4.20

Overall 50.7+16 |7.7+3.6 36.6+22 |50+04 -

Light phase |48.7+15.033.3+14.3 |7.0+5.0 11.0+£5.9 |~W,C

Medium 0.9+0.9 16.3+10.0 | 74.3+8.3 |8.5+29 (Cu,Ni)
Two-phase region [B] Figure 4.20

Overall 57242 |7.1+£7.3 31.4+35 4.3+0.6 -

Light phase |[76.6+7.6 |7.4+6.8 12.7+10.4 |3.3+£0.8 ~W,C

Medium 0.6 +0.5 21.2+54 70.3+£6.6 |7.9+1.9 (Cu,Ni)
Single phase region [C] Figure 4.20

Overall - 244406 |67.6+0.6 [8.0+0.1 [(Cu,Ni

Table 523. EDX phase analyses for nominal 3/C.s:Cu,o:Ni1o (at.%) in ascast condition
using standards made from the elements from which samples were prepared (done at

University of Botswana, UB).

Peak No 2d (degird-sspaci ng |Relative intensity (%)
1 26.52 3.36 4.11
2 36.48 2.72 3.85

Table 524. Unidentified XRD peaks in nominal W:C,5Cus5Nivs (at.%), in ascast

condition.
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Figure 5.23. XRD pattern nominal Ws:Cs5:Cusz 5Ni7 5(at.%) in as-cast condition showing
~W,C, Cu and some unidentified peaks.

5.1.9 Nominal Ws:C,5:Mn 25:V 25 (at. %)
Two different varying proportions of light dendrites were seen in theasts sample
Ws5.Cos:MN2s: Vs (at.%), indicating the sample was inhomogeneouwth Begions had two

phases. The light\-C dendrites phase formed the bulk of the sample in both regions (Figure
5.249).
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Figure 5.24. SEM-BSE images of nominal W34 C25:Mn 25 Vs in as-cast condition showing:
a) overall viav of the sample, light ~C and dark (V) phase, b) higher magnification view.

Table 525 gives the EDXanalyses of the asast sampleMissing in the analyses was
manganese; this can be attributed to evaporation of lower melting pointing of manganese by

the aremelting.

XRD identified \,C and confirmed the (V) phase as intdéchby EDX analysis. Figure 5.25
shows the pattern for sampledC,s:Mn,s:Vos (at.%). The (V)peakswere slightly shifted
from the pure vanadium values, and were very broad, whasha good indication for a solid
solution. However, the XRD pattern was poor, showing few high intensity peaks
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Phase Phase
description W C Mn V deduced
Low carbide proportion
Overall 315+1.0 |25.6+1.3 - 429+ 0.7 -
Light 39.5+05 |26.4+09 - 34.1+05 | ~V,C
Dark 57+0.2 13.3+ 0.3[0.2+0.2 [79.8£0.6 | (V)
High carbide proportion
Overall 29.0+0.2 |24.2+0.7 - 46.8 + 0.9 -
Light 489+09 |21.7+0.5 - 29.4+0.6 |~V,C
Dark 6.1+0.2 125+ 0.5 - 80.4+1.0 | (V)

Table 525. EDX phase analyses for nominal 4/C.s:Mn,s:V s (at.%) in ascast condition,

without standards (done at University of Botswana, UB).
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Figure 525. XRD pattern nominal Ws:C2s5:Mn 25 Vs (at.%) in ascastcondition showing
~V,C and (V).
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5.1.10 Nominal Ws.Co5:Cus7.5:MN 5 5 (at.%)

The ascast sampl&V,s.Cys:Cuyz s M3 5 (at.%)was inhomogeneous and in layers, indicating
improper melting. There were three notably different regions. A single medium da& pha
(Cu,Mn) with a low carbide distribution formed a ring around a-plaseregion ( in
Figure 5.26 and had a cr&cand some porosity (Figure 5)28The twoephase region
comprised a light phase which formed the larger proportion and a dark phase, asrshow
Figure 5.5 [region 2]. Figure 5.28hows a higher magnification of thergion labelled 2 in
Figure 5.26 This twophase region also formed a ring around the innermosphase region

in the centre. The innermost tvphase region had a lower propont of the light phase and

also a substantial amount of round porosity.

Acc.V SpotMagn Det WD Ep —— 1mm
200 kv 44 25x CL 100 1

Figure 5.26. SEM-BSE image of nominal agast Ws:Cys.Cus75Mn, s(at.%) showing the
three different areas in the sample, (Cu,Mf], the impropely melted light carbide grain
region [2], and the innermost twphase regior3].
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Figure 527. SEM-BSE image of nominal agast Ws.Cu5:.CuszsMn 25 (at.%) showing
middle twephase regiorn([3] in Figure 5.26) comprising coed carbides.

Acc.V SpotMagn Det WD Exp b——— 20um
20.0kV 43 1000x CL 10.0 1

Figure 5.28. SEM-BSE image of nominal agast Ws.Cos:Cus7.5Mn, 5(at.%) showing the
outermost dark single phase regidfi] in Figure 5.26) with a crack (top), few carbide
patches and porosity.

Overall EDX analyses were taken at the carbide regions surroundingtilicportion (2 in

Figure 5.2, due the small phase sizes which were less than 3um across. The EDX analyses
of the nominal sample WC,5:Cwy7sMn, 5 (at.%)are given in Table .26. The errcs were

huge in the analyses taken in the innermostpvase region, due to the small phase sizes.
The carbides in the innernmtaggion were cored (Figure 5)26vhich also explains the large

errors. The overalls for the two twahase regions were simila
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Phase Phase
description | W C Cu Mn deduced
Two phase region([2] in Figure 4.27)
Overall |447+1.6 | 314427 [206 +2.2 [33+08 | -
Two phase region([1] in Figure 4.27)
Overall 402+3.7 [325+65 [252+28 [21+04 -
Light phase |63.2+8.7 |325 +8.8 |4.3+21 - ~W,C
Medium 106+7.0 |52+7.6 79.3+12.9 | 4.9 +0.6 (Cu,Mn)
Single phase regior{[3] in Figure 4.27 Cu,Mn)
Overall | - 1188406 | 75.0+0.6 [6.2+0.7 | (Cu,Mn)

Table 526. EDX phase analyses fonominal Wss5.Cys:.Cuszs5Mnos (at.%) in ascast
condition without standards (done at University of Botswana, UB).

Figure 5.2%hows the XRD pattern for the nominal samplg;8ss:Cw7.5Mn; 5(at.%). XRD
peaks matched very well with @@ and give a goodftfifor (Cu) after shifting. There was an
unmatched peak (Table 5.27). The XRD pattern had very sharp peaks and looked good, with

a low background. All the peaks were fairly brpmdicating the presence afsolid solution.
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Figure 529. XRD pattern of nominal Ws.Co5.CuszsMn, s (at.%) in ascast condition
showing WC and (Cu).

Peak No

2d

(degi

d-spacing (A)

Relative intensity (%)

1

36.21

2.48

1.39

Table 527. Unidentified XRD peak in nommal W.s5.Co5.Cusz5Mn 25 (at.%), in as-cast

condition.

5.1.11 Nominal Ws.C25.Cugs.Zns (at.% )

The ascast sampléV,sCys:.Cws:Zns (at.%) did not melt properly and the largest portion

which seemed to have melted better was selected, sectioned andpfeparsalysis. This

was a single carbide phaséh much porosity (Figure 5.30
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Figure 530. SEM-BSE image of nominal agast Ws.Cys5Cuys.Zns (at.%) showing the
single carbide phase and irregular porosity.

Table 528 gves phase analyses for nominajsi,s: Cws.Zns (at.%). Although there was no
discernable difference in the microstructure, the EDX analyses showed two different
compositions: ~WC and ~¥. The different readings were thercoeded separately in the

Table5.28 and werdabelledl and 2. The errors were large, indicating coring.

Phase Phase
description | W C Cu Zn deduced
Overall 1 71.9+56 |28.1+5.6 - - ~W,C
Overall 2 526+1.3 |474+13 - - ~WC

Table 528. EDX phase anajses for a portion of nominal \:C,s:.Cuss.Zns (at.%) in as
cast condition without standards (done at University of Botswana, UB).

The XRD pattern (Figure 5.3tonfirmed the presence of ~@& and had a few WC peaks as
well. The XRD patternhad relativelywide peaks, indicating coring. There was a very small

unidentified peak as shown in Table 5.29.
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Figure 531 XRD pattern nominal Ws:C,5:Cugs.Zns (at.%) in ascast condition showing

Position
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both ~WC, ~WC and somesmall unidentified peaks.

Peak No

2d

(degi

dspacing

Relative intensity (%)

29.49

3.23

1.34

Table 529. Unidentified XRD peak in nominal \Cos5CussiZns (at.%) in as-cast

condition.

5.1.12 Nominal Ws:Cs5:Cuag.Zn 1o (at.%)

The naninal Was:.Cos:Cusg:Zngg (at.%) samplein the ascast condition had tw different
regions (Figure 5.32 indicatingincompletemelting (not melting uniformlyor the sample
being inhomogeneoys The middle part of the sample was a {@lase region with theuitk

being light ~WC carbide particles in a dark (Cu,Zn) matfbigure 5.33. Surrounding the

two-phase region was a dark single phase comprising a solid solution of copper and zinc as

shown in(Figure 5.31h The sample had round porosity.
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Figure 532. SEM-BSE image of nominal agast Ws.Cos:Niso:Zno (at.%) showing an
overall view, and the two phasegion in the middle surrounded by the dark (Cu,Zn)
phase.
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Figure 5.33. SEM-BSE images of nominal annealed W C,s5:Ni40:Zn1o(at.%) showing: a)
light carbide phase in a dark matrix, b) a dark single phase with some round porosity.

Overall EDX analyses were taken of both regions. The light phase in thghtvge region
was too smallfor accurate analyses, hence the measurements were restoicteerall

analyses. TablB.30gives the phase analyses of theast sample.

73



Phase

Phase
description | W C Cu Zn deduced
Dark single phase region
Overall | ] | - 197.3+0.4 [27+0.1 |(Cu,Zn)
Two-phase region
Overall 160.8+4.3 [346+43 [44+08 [02+04 [~W.C

Table 530. EDX phase analyses for a portion of nominal M\C2s:Cuse:Znip (at.%) in as
cast condition without standards(done at University of Botswana,)UB

Figure 5.34 shows the XRD pattern for samples\@bs.Cus:ZNn;o (at.%). The pattern had
sharp peaks with very low background. There were small peaks which could be not identified

(Table 5.31)
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Figure 534. XRD pattern nomiml Wys:Czs:Cua0:Zn 1o (at.%) in ascast condition, showing
~W,C and (Cu) peaks.

Peak No 2d (degirnd-spaci ng |Relative intensity (%)
1 39.00 3.23 1.34
2 77.67 1.20 1.01
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Table 531. Unidentified XRD peaks in nominal W:Cys:CussiZnyy (at.%) in ascast
condition.

5.2 Phase analysis of alloyisannealed at 1000C for 168 hours

5.2.1 Nominal Ws:Cs5:Niys:V2 5 (at.%)

The microstructure of the alloy 3/Cy5:Nis75V2s (at.%) after annealing for 168 hours at
100°C (Figure 35) was slightly different to the asast structure (Figure 5.1). The sample
showed two ditinct phases and had more eute(ds shown in Figure 5.3@)an the asast

sample and it had coarsened.

Mag = 1.00 KX WD = 12mm EHT =2000 kW Signal A = RBSD

Figure 535. SEM-BSE image of nominal W.CosNiszsVas (at.%) after annealing at
1000°C for 168 hours: light ~\AC dendrites surrounded by medium dark ~Niand ~W,C
(light) + ~Ni,V (dark) eutectic.

Some of the light dendrites had another phase on the outside; this could be a ternary phase.
The ~NpV dark phase was cored, but the eutectic component was not mliffei@ntrast, as

seen in the asast (Figure 51
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Figure 536. SEM-BSE image of nominal W.Cos:NiszsVas (at.%) after annealing at
1000°C for 168 hours, showing large amounts of eutectic.

Table 5.32gives the EDX phse analyses of the annealeds¥W,sNis75V 25 (at.%) sample
and the errors were reasonable, except for the medium edges of the dendrites. These regions

were too small to analyse accurately.

The presence of ~Y and ~NjV was identified using RD; thisis shown in Figure 5.37
which had a good pattern with sharp peaks and low background. The main carbide peak was

slightly shifted; this could be due twher dissolved elements in it.

The EDX results from the different conditions -@@st and annealed) gmally looked

slightly different. The tungsten content in the overall in theast (18.8 £ 0.2t.%) was

slightly higher than in the annealed sample; carbon content in the overall was much higher in
the annealed sample (2%3.9 at.%)than in the agast sample which was 13.8 + (&%

Nickel content in the overall of the -aast sample wa63.6 + 0.6 at.%, which was much
higher than in the annealed sample, whereas carbon and vanadium formed 3.8 £ 0.1 at.% of
the overall composition in the-&@ast samle and was 1.0 + 0.1 at.%gher than the annealed

sample.
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The carbon contents in all the phases in the annealed condition were relatively higher than in

the ascast samples. EDX results for-east and annealed samples were taken from different

SEMS.

Phase Phase

description | W C Ni V deduced

Overall 16.3+0.3 |29.3+0.9 51.6+0.7 |28 £0.1 -

Dark 12.3+0.1 |30.5+1.3 54.4+06 |28+0.3 ~NiV

Light 48.3+£0.2 |476+09 |3.7+0.1 04+0.1 ~W,C

Medium

(edges of Ternary

dendrites) |21.5+5.9 |33.6+7.6 43.5+17.1 |14+14 phase?
~NiV+

Eutectic 13.0 +24 [ 296 £+0.7 |545+0.8 | 29+0.1 ~W,C

Table 532. Phase analyses for nominal M/C.s:Nis75V2 5(at.%) after annealing at 1000°C
for 168 hours using prdoaded standards (done at NMISA).
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Figure 5.37. XRD pattern of nominal Ws.Cys5:Nis75V2 s (at.%)
showing ~WC and ~NpV peaks

in annealed condition,
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All peaks were identified in the asst condition, whereas some smallkzea the XRD
pattern in the annealed samplere not identified (Table 5.33The major XRD peaks in the
annealed sampl@igure 5.37)were fewer than in the a=st and the annealed sample had a
lower background and a higher intensity than theass. he peaks were for ~W and
~NigV in the ascast sample, while the annealed sample had.C-\&hd ~NjV. The
unmatched peaks are likely to be peaks of the ternary phase.

PeakNo |2d ( de g1 d-spacing (A) Relative intensity (%)
1 22.05 4.03 1.67
2 29.62 3.01 1.66
3 32.89 2.72 1.41
4 36.27 2.47 1.20
5 41.77 2.16 1.13
6 45.52 1.99 0.84
7 47.21 1.92 0.97

Table 533. Unidentified XRD peaks in nomial W,5.Cy5:NissVs (at.%) in annealed
condition.

5.2.2 Nominal Ws:.C5s5:Ni43: V7 (at.%)

Alloy W ,5.Cos: Nigz: V7 (at.%) in theannealed condition (Figure 5)3&as very differenfrom

the ascast alloy (Figure 5.4). The annealed sample had an apparent hase; @ new
medium contrast phase had formed as coarse needles and light precipitates were found in
both the medium and dark medium matrices. The light spots were too small to analyse. The
light dendrites were much broader and had darker cinéidges ashown in Figure 5.39

There were some darker needles which might have formed on cooling.
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Light precipitates

U

Medinm needles |::>
W,C

<——— Dark (Ni)

Figure 538 SEM-BSE image of nominal Ws:C,s:Niss:V7 (at.%) in annealed condition
showing ~WC dendrites, medium needles, lighrecipitates and dark (Ni)

Figure 5.39. SEM-BSE image of nominal Ws.C2s5:Ni43:V7 (at.%) in annealed condition
showing ~WC dendrites with medium contrast dendrite edges (see arrow) and

precipitation of a light phase (~\AC).

Table 5.34gives phase analyses of the annealeg @¥s:Nis3V7 (at.%) sample. The medium
and dark contrast regions had similar analyses, although they had distinct morphologies. The
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