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Abstract

In the cemented carbide industry, there are increasing demands to grotjsten
carbide WC) tools with higher cutting speedandimproved wear and corrosion
resistance. Currently there are concentrated research efforts to find an alternative
binder to cobalt (Co) in WL o alloys, due to its toxicity, availabilitand strong

price fluctuations. Iron (Fe) and nickel (Ni) binder gare envisaged as suitable
replacements for Co, and are currently only used in very limited applications, which

still warrants further research

Mossbauer spectroscopic studie=e performedn 10wt% Fe and Fe alloy binder
cemented carbides (WEe, WGFe/Ni and WCFe/Mn) to determine the Fe charge
state, Fe complexes and hyperfine interaction parameters with the aim of
understanding the role of different phases, structural changes and magnetic effects

of the binder alloy.

The materialsveresinteredat three different temperatures (134%) 1430°C and
1510°C), andare within thedesiredstoichiometric range for the Fe based cemented
carbides as indicated by-pdy diffraction (XRD) and magnetic saturation results
except for the W&-eMn grade sintetkat the lowest temperaturéhis material
containedasub t oi ¢ hi o mephas¢dae tgpoidasor of $¢amhples prior to
sintering. X-ray diffraction resultsndicateonly WC and the metal binder phase
present in the materials. The \WIOFe grade hathe highestVickers hardness
measured using a 30 kg lgadnging from 1282 to 13200, across the different
sintering temperature3.he hardness of the WEeNi grade sintered at 1430 °C,
1250 H\k, is similar to a WELOCo grade sintered at the same terajure.

Transmission M ssbauer SpecFkepesdioaly (TMS)
the milled powders with a hyperfine magnetic fieldd88 T. There is no evidence

of iron oxide phases in the milled powdesgggesting thato oxidation takes place

during the powder processing process€onversion Eect r on M™ ssbau
Spectroscopy (CEMS) on the sinterddC-Fe gradeshow two magneticfields

present with hyperfine fiekof 433 T andal7 T. These fields can be assigned to

UFeWand (FeW)Qphasesrespectively.




Abstract

The CEMS spectrum for the lowest temperature (1330FeNi binder sample
shows a paramagnetic doublét{ 0.08 mm/s anddq = 0.00 mm/s) occupying
65% of the total area, and a weak magnetic {iekd7 T). The doublet was assigned
to o-FeNi and the magnetic componentx@FeNiW)C. At the higher sintering
temperaturg the paramagnetic doublet is suppresseib#b of the total areand

the remainder of the BSsbauer spectrum is characterised by a distribution of
magnetic fields (33 T,2T and 9 T). These magnetic fields are tentatively assigned

to o-FeNi and multiple phases of FeNiW.

Thed-phasepresenin the WGFeMn material sintered at 134Q is identified by

XRD as FeW:C, and is observed as a paramagnetic single line in tssidier
spectrumwith a positive isomer shift of 0.23 mm/s. Thé&ddbauer spectrum also
shows a distribution of magnetic components having a range of magnetic fields
(32.5 T, 31.3 T and 30.2 T). Thesextetsoccupy 97% of the total area, and are
possiblyU-FeMn (32.5 T) and}FeMnW phases. Th&crease irmagnetic fields

(Bht = 35.3 andBnt = 34.0 T)for the WGFeMn sample sintered at the highest
temperatureof 1510 °C, could be the result ofomplex phases of disordered
UFeMn (W)present in the material

The findings of this study confirm that fbased binder systems have better
hardness properties than Co binders in cemented carbide alloys. In addition,
Conversionkectron M ss b avasutilise8 psenevt invessgatie p y
tool to obtain informatiof Fe based complegghasesn the materials under study
which are not easily detected by other spectroscopic techniques ®Rgy X
Diffraction. The CEMS results can heseful in elucidating information on the
fabrication proces and/or material design of fbased cemented carbides.

composition of the material and sintering temperature.
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Chapter 1

Introduction

1.1Background

Tungsten carbid@/NC) based hardmetals or cemented carlidesist of very hard
WC particles embedded in a ductile metal binder, typically cobalt (Gonented
carbides areisedextensively in applications requiring high wear resistance, such
as metal ctiing, drilling, wire drawingandmetalforming. The high hardness and
moderate toughnessf the composite materigdrovidesexcellent wear resistant
properties Since the early development of WC hardmetals in 1923Co has
always beenthe preferred metal binder because of its unique properfiesse
qualities includegood wettingbehaviour[2], favorablesolubility with WC, and
good mechanical propertigSther metalsspecifically nickel (Ni) and iroFe) are
also used as bindgin very limited andspecialise@pplications where hot hardness
(hardness of the materialelevatedemperaturs), thermal resistance and corrosion

or oxidation resistance are requirgq.

The limitations ofCoas a metal binder in cemented carbides incitsdew melting
temperature and relatively low hot hardnegsich result in rapid degradation
during high speed machining operatiohise hardness ofVC-11Co having a grain
size of 1.3um [4], decreaseffom 15 GPa at room temperature to 7 GPa at about
900 °C. In industry,thereis constanfpressure for increaseuitting speeds which
result in harsher machining conditionberetemperatures in excessd00°C are
generatedAs WC-Co cutting tools have a low hot hardness at these temperatures,
they fail prematurely as a result of increased chemical Wednalt binders aralso
corrosive and oxidise in drilling and in high speed cutting applicationehere
lubricants are used, and where high temperatures are gen@uatbedt.is also toxic

[5], and as a politically strategic material, it can be subject to significant price

fluctuations and availability

At the 18" Plansee Seminar in 2013, Norgrenal. [6] presented a paper dhe
global trends in the dvder Metallurgy Hardmetals industry, which identified
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alternate binders t6oas one of the focus areas which required further research and
development due tioealth risks related to these of Co in théardmetals industry.

The new European Community Regulation on chemicals and sade tsereof,
known as the REACH programme has classified Co as very toxic for human health.
In addition the United StatesNational Toxicology Program (NTP) suggests that
hardmetal (W@Co) dust is more toxic than either cobalt or W@is has resulted

in an increasef activity to find alternatives to th@o binder in hardmetals.

Metal binders such as Fe and &lioys were identified as potential replacements

for Co, however further developmeat alternate binderarerequired tocompete

with Co binders in its wide rangef applications and production advantagEse
following issues have been identifiedRe kased binder systemga) the difficulty

in controling the carbon balance for achieving defect free structyt®sthe
tendency of Fe to form martensite and other phases (phase transformations) during
cooling, (c) a lowertransverse rupture strength arid) problems associateit

using conventional production amstandard quality controtesting methods

(magnetic saturation for example)

1.2 Literature Review

1.2.1Phase Equilibria

Thermodynamic modelling6] is used for the furemental understanding and
development of new carbide gradésis based orcalculation ofthe Gibbsfree
energy of individual phases which is implemented into software packages used for
phase diagram calculations. In hardmetal systems, the softwageams provide
predictionssuch asstability regions, melting ranges, carbon balarase$recipes

The carbon balance in cemented carbide production is crucial for obtaining a

stoichiometric composition after sintering.

1.2.1.1 WGCo system
In hardmetals, WCo-C phase equilibria is the most extensivahalysedsystem

both experimentallyand by thermodynamic calculatiof4,7]. For W/C atomic
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ratios that areclose to 1, the stable phases are YW, whereb = Co metal binder
with anfcc crydal structure The favourabletwo-phaseregion, WC + b only exist

in a narrow carbon windowetween 5.@ and 5.55 wt% C as indicatéxy thered
lines inFigure 1.1. This window is the desired stoichiometdompositionrange
which is targeted for optimal propertiés. lower carbon concentrations, the brittle
etap h a s-phas€¢) ds formedn the 3phase regi on Th&6ub + D
stoichiometric etgphase can exist in a variety of compositioard theseare
generally grouped into two families or classes, namely,.28 and MC

(MC = metal carbide)in the WGCo system, MC includesCosWsC and CeWsC
phase composition3he formation of ther ternary phases of @@ will only occur

at much lower carboreVels or very low Co content. At W/C atomic ratios below
1, primary carbon (graphite) will precipitate and remain in equilibrium with the WC
and b i n s oThisisthef3-phasd regidr | WCy s+ .Gréphitd to the
right of the stoichiometriconposition WC  Hfcch as shown in Figuré.l.

1500
WC + liquid WC +
+ MgC. liquid.
1400
WC + liquid
_ WC+ + graphite.
@ MC.
3 1300
s} WC + B
€ + MeC. WC +
2 f
& 1200 B (fec
w
a
=
=
WC+ B
1100 WC+ B + graphite.
+M,,C.
1000

.00 425 4.50 475 5.00 5.25 5.50 5.75 6.00
MASS PERCENT C

Figure 1.1: Vertical section of the CeW-C phase diagram calculated for 1
wt% Co [1].
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1.2.1.2 WGFe system

The phase relationships in the-KMé-C system[7] seem to be very similar to the
W-Co-C systemA vertical section of the WFe-C system is shown in Figute2
for a10 wt% Febinder concentratianThe stoichiometric phase field is shifted to
the rightin comparison to the Co system (Figure With the minimum carbon
level at 5.55 wt%Unlike cobalt, iron is a carbide formp] andhencea carbon
rich composition is nexssarywhichis still difficult to control through thearrow
two-phase stoichiometric regioron has a magnetif7] bcc crystal structure
(U-Fe) that can only dissolve@1 wt% C at 9D °C. For thetemperature range
912°C - 1400°C, a phase transformatiaf Fefrom bcc(U-Fe)to fcc p-Fe)take
place The o-Fe phase is nomagneticwhich can dissolvesignificantly more
carbon, up to 2.14t% at 1146°C.

1500
1400 WC +
liquid
2 WC+ B
@ 1300 + MgC |
5 6 wes
= 4- liquid
g +grap
2 .
& 1200
a
s WC
] WC + we+ B + B
moo| MeC +MeC (fcc)f WC+
B+
grap.
1000

4.00 425 4.50 475 5.00 5.25 5.50 5.75 6.00
MASS PERCENT C

Figure 1.2: Vertical section of the WFe-C phase diagram calculated for 1
wt% Fe [1].

In Fe binder system@], tungsten as an alloying elemdatilitates martensitic
transformatiorduring cooling particularlyin the presence of Ni and MHowever,
the solubility of WC inFeis much lower at its eutectic temperature of 12€3
compared t&Cowhich has autectic temperature of 132G.
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1.2.1.3 WGFe-Ni system

Thermodynamic calculatiorf8] as a function ofemperature and composition of a
20 wt% FeNi binder show a general increas¢hia eutectic temperatuvehen the

Ni ratio is increased. Thiavourable stoichiometrifield [10] fcc + WCoccurs at
lowercarbon contentselating tothe stoichiometric compositiaas shown in Figure
13. In a 3:1 Fe:Ni ratio, NC phases form at 135@ even in a stoichiometric
composition. Although the alloy woulgacha stable twephase field (WC + fcc)
on cooling, the MC precipitates remain in a metastable state suggesting that
highercarbon conterf 5.1wt% is requiredo avoid MsC precipitation. For lower
binder contents, 1@t% FeNi, the twephase (stoichiometric region) field becomes
narrower.Increasing the Fe content in the binder displaces thephase field to

higher carbon contents and lowers the liquidus teatpes.
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Figure 1.3: Vertical section of the FeNi-W-C phase diagram calculated fo
20 wt% 1:1 FeNi[10].

1.2.1.4 WGFe/Mn system

Cemented carbides with #én binders are reported2] to have similar
characteristics to Co bindguertainingto melting temperature, crystal structure and

9 (fcc) © U(hcp) phase transformation on cooling. Manganese is an austenite
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stabiliser and~e-Mn binders containing 13.5 wt% Mn can reté&ully or partially
austenitic §) structuresat room temperaturéStudiesby Maccioet al [8] of the
Fe-Mn-W-C phase diagrarshow that MC formation during sintering is a major
challenge as WC + fcc field is enclosed by a thplease fieldof WC + liquid +
MeC as shown in Figuré .4 for a 20wt% binder (FeMn) composition. Tls
suggests thasinteringparameters such asmperature and cooling rate must be
carefully controlledo prevent the formation dfC. Cementite (MC) is predicted
[8, 11]for slightly higher carbon contents.
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Figure 14: Vertical section of the FeMn-W-C phase diagram calculated fc
20 wt% Fe-Mn [8].

1.2.1.5 WGCNi system

The structure and properties of[{I2] are similar to obalt and the lattice parameter
of fcc Ni is marginally lowerthan fcc Co. To obtain satisfactory densification,
higher sintering temperatures are required for sinteringNWélloys even though
the melting point of Ni (1455°C) is lower than that of Cq1495 °C).
Thermodynamic calculation of the X@-Ni phase diagram show that the width of
two-phase field (WC $€) is similar to that of WC-Co, however the field is shifted
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towards lower carbon contents as shown in FiguBe During sintering he
stoichiomnetric compositiorof WC-Ni is within the twephase field but graphite
precipitation occursn cooling This situation is opposite to Fe binders, and hence

FeNi binders are considered more favourable in obtaining stoichiometric
composition.
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Figure 15: Vertical section of the WENI-C phase diagramcalculated for 1C
wit% Ni [4].

1.2.2Production of cemented carbides

The production of cemented carbides invelvihe processes of powder
consolidation and liquid phase sintering. The powder consolidation process
includes milling, dryingor granulation and powder compactionthe selected
composition WC grain size, binder content and additiedgshehardmetal power
aredependenotn the application of the sintered matef@l In generalCois used

as the binder metal and additives such as V@C{and TiC are addedsgrain

refinerswhichimproves selected properties of the sintereddmetal.
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1.2.2.1 Powder consolidation

Milling is carried outby conventional ball milling(which is the most common
procesy attritor milling, or vibratorymilling [4, 9]. The objectives of millingapart

from breakingdown agglomerates and reducing WC particle sizt echieve a
homogeneous mixture of all the componeams ensure that carbide particlesar
covered with cobalt metaDrganic liquids such as acetone or ethanol are used as a
milling liquid to prevent kat generation leading to the oxidation of the carbide
particlesWax or organic lubricants such as pelyylene glycol (PEG) is added to

the mill charge. This aids in the pressing of green bodies during compaction of the
milled powders. Cemented carbiol@ls are used as milling medand the powders

are milled for 24 to 48 hours, or until the desired grain size is achieved.

The milled powder is granulat@d] using a spray dryer. In the spray drying process,
the carbide slurrys sprayed into a stream of preheated inert(gaogen)which

is dried at the same timat temperatures between 1710to 210°C. The granules
obtained using this proceasesphericaland uniform in sizemaking it easieand

more economical for comp#on.

The granulated powdef8] are then compacted into shapes using uniaxial pressing,
cold isostatic pressing (CIP), extrusion and injection moulding. The green compacts
should have sufficient green strength to allow handing even machining of the
components. Typical compaction pressures of 21 to 42 ké/axen usedfor

pressing greenompactg4].

1.2.2.2 Liquid phase sintering

Theprocess of sinteringemented carbiddd] is knownas liquid phase sintering
although50% of the densification takes place below itinting temperature ira
process known asolid state sinteringlThe stages of sintering af4, 9]; i) solid
state sinteringj) initial flow stage in which particle rearrangenteakes placaii)
solutionreprecipitation stage, and iv) final coalescence in which full densification

occurs The different sintering stagaseshownschematicallyn Figurel.6. During
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the initial stage of heating< 400 °C), the organic lubricant PEG is decomposed
into gaseous species such as CO,,GHO0 and CH. As the pores are still open,

the gases are allowed to escape however, some carbon is lost in this process.

At 800 °C [9] shrinkage of the compact takes place, and at about’IDabe Co
metal starts diffusing on to the WC surfaces. Solid state sintering of the WC grains
(WC-WC bonding) takes place at around 1280where the capillary forces the
wetting liquid pulls the WC grains together. This rearrangement in the structure

increases the densification process.

Initia| state

Mixed powders
Solid state

Additive
Pore
Rearrangement

Solution-reprecipitation

.n,

Final densification

@

Figure 1.6: Schematic showing the structural changes that occur durir
different stages of liqud phase sintering[9], which include i) solic
state sintering, i) particle rearrangement, iii) solution
reprecipitation, and iv) final coalescence and densification.

At the next sintering stage, the surfaces of the WC gramsliasolved by fresh

liquid and theras a net transport from smaller grains to larger grains. Over time the
larger grains grow at the expense of the smaller grains in the process known as
solutionreprecipitation. When the liquid reaches saturation, sinbonds develop
between solid grains giving the compact a rigid skeletal structure with liquid

dispersed between the spaces. Further densification occurs slowly during the final
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sintering stage and external gas pressure is used to close any residuallperes

process is known as hot isostatic pressing (HIP).

1.2.3 Properties of cemented carbides

The physical properties of cemented carbides are determined by the binder content
(wt% Co), WC grain sizandbinder chemistryThese parameters ardluenced

by the carbon content and additives (VCz@r TiC). The basicmechanical
properties include hardness, fracture toughness, strength and elastic moduli.
Magnetic properties such as magnetic saturation and coercivity are used mainly as
process ontrol parametersThese measuremen{43] are quick, simple and

sensitive to small chemal and microstructural changes in the sintered compact.

1.2.3.1 Magnetic properties

Magnetic saturatioomeasurementprovide information on théinderchemistry
and composition of the ferromagne@o. The carbon level in the sintered compact
can beestimatedoy magnetic saturation measuremeiiise technique is used to
determine whether the material is within the falase field (stoichiometric
composition) after liquid phase sinterifig]. It is very sensitiveto change# the
carbon level othe sintered compacivhen theras a carbon deficiencyd-phase)

or carborerrichment (free carbon) as shown in Figaré.
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Figure 1.7: Effect of carbon content on magnetic saturation and Curie poir

[4].
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For materials within the stoichiometric range, increasing or decreasing tungsten in
solid solution with theobalt binder is indicated by magnetic saturation vallies.
magnetic saturation for pure Co is 2Q&m*kg [12], and decreases to
1507 155uTm®kg whenthe level oftungsten in solutioms 15% This effect is

much greater in Ni binders where a decrease in magnetic saturation from
68 uTm3/kg to 20uTm/kg is observed for 16% W in solution for AXDNIi. A list

of magnetic saturationl§) values for some ferromagnetic metals anchpounds

taken from the Sigmameter instrumentation mafiLélaregiven in Table 11.

Table 1.1: Magnetic saturation values for selected metals and compounds [14].

Nickel 54.5 685 pm
Cobalt 160 201 pm
UFe 217 275 pm
U-FesC 132 166 p 1
0-Fex0s3 80 1005 pm
FesOa4 92 1155 pn
1G.cnmilg= Z T.m%kg

Coercivity measurements are structure sensitive and information on the degree of
sintering, cobalt dtribution, WC grain size and internal stress component of the
sintered hardmetal can be obtaing. Excess carbon and higher sintering
temperatures leado WC grain growthand hence aecreasen the coercivity

values of thematerial.
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Figure 18:. Effect of grain size on coercive force for cemented carbid
containing 7 and15 wt% cobalt [4].
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The addition of additives (VC, €2) which act as grain growth inhibitors increase
the coercivity values. The relationship between coercivity and WC grain size is
shown in Figurel .8 for different cobalt grades.

1.2.3.2 Mechanical properties

The combination of the hard, brittle WC partidS] together withthe soft, ductile

metal binder matrix gives cemented carbide its unique mechanical propEnges.

high hardness and strength of the covalent carbide @&i@)led with the toughness

and plasticity of the metal binder (Co, Ni, Fe) make them outstanding as tool
materials in the manufacturing industry. The metal cutting industry accounts for
67% oftheir total use, followed by mining (13%), wood and plastics (11%) an
construction (9%).Generally, a decrease in WC grain size results in an increase in
hardness, compressive and bending strength, but reduces impact strength, rupture
strength and fracture toughness the cobalt contenis increased, the hardness,
moduls of elasticity, and compressive strengthperties are reducedowever,

thebending strength and fracture toughrassincreased

The hardness of W.Co alloys[4] dependmainly on the average grain size and
cobalt content. fie effect of WC grain size and cobalt content on the hardness
property is shown in Figur&9.
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Figure 1.9: Effect of WC grain size and cobalt binder content on the hardne
property [13].
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A property map showing the effect of cobalt content on hardness, compressive
strength and transverse rupture strength (TRS) for a given WC grain giag (2
shown in Figurel .10.
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Figure 1.10: Effect of cobalt content on hardness, compressive strength a
TRS for 2 um grain size WGCo hardmetals[4].

In general, there is an inverse relationship between hardness and fracture toughness

as shown in Figure 1.1In WC-Co alloyg4], the fracture toughness @ increases
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Figure 1.11: Fracture toughness as a function of Co volume fraction ar
microstructural parameters for WC -Co alloyswith different WC
grain sizes [4].
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as the cobalolumefraction, WC grain size and Co mean free path are increased,

while an increase in carbide contiguity causes a decrease.in K

Cobalt is the main binder for conventional cemented carljidesnd is widely
used for most applicatis. However, cobalt has poor hot hardness and
oxidation/corrosion resistan¢&6]. Therefore, in certain applicatiossich aghe
chemical and food industry, Fe and Ni bindesused Early studie$17] indicated

that Fe and Ni binders have inferior mechanical propectesparedo Co. The
difficulty in controlling the carbon balance in Fe binders resulted in the formation
of the unwanted]-phase or free graphif@2], thereby causing geductionin the
mechanical propertiehardness, toughness and strengbre of the reasons for
the reduced mechanical strength of Ni bind&}ss the higher stacking fault energy
which makes work hardeningnky moderateAlso, Ni binders are sintered at higher
temperatures making them prone to WC grain growth wtecisesa reduction of
strength and hardness properties. Improvements in the processing and sintering
technologiesas well asthe addition of graimefiners such as VC and TiC, have

shown matching or exceeding mechanical propej@ies].

Chang et al [17] compared the properties of Wk&Ni alloys to WCECo for
different sintering temperaturesand showed that the optimum mechanical
properties were obtained at 1490 for WG-FeNi alloy and 1350C for WC-Co.
The mechanical properties for the WIGFeNi alloy are given a85.3 HRA
(920 HV) for hardness, 2524.5 MPa for ruptisgength ad 15.1 MPa.n¥ for
toughness, whilst the WWC5Co alloy returned values of 84.4 HRA (8B),
2471.2 MPa (TRS) and 10.®Pa.ni* (Kic). The WGFeNi alloy showed a
significantimprovement inmechanical properties compared to V\ZG. However,
Uhreniuset al [10] repored that the hardness value of 20 wt% FeNi binder
(890HV) was1007 150HV lower than that of W&0Co (1030HV). The study

of the mechanical properties of WKDFeNi by Gonzalezt al [18] reported
hardness values of 1638/ and 1200HV for grain sizes of 1 and 6 um grages
respectivelysimilar to WG10Co grades. The fracture toughness of the J9EeNi

alloy showed a slight increase after heat treatment without sacrificing the hardness

property.

14
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Shonet al [19] showedthat Fe binders have a higher hardness compared to Co and
Ni binders. Hardness values of 181¥, 1776HV and 1750V were reported for
WC-10Fe, WG10Co and WELONI, respectively,with a grain size of 0.5 pum.
Studies by Hanyaloglet al [1] on cemented carbides contaigp Fe-13.5Mn
bindersrevealedthat the FeMn binders have improved hardness and toughness

compared to Co binders. Tderesults are summarised in Tahlg.

Table 1.2: Fracture toughness and hardness values for W€o and WC-FeMn
hardmetals determined by Hanyalogluet al [1].

15Co 7-8 11
25Co 14-17 8
15FeMn 15 15
25FeMn 20 14

1.2.4 M"ssbauer spectroscopy

In 1957, RudolpiMéssbaued i scovered the recoill ess
absorptionby atomic nuclei in solidspow known as thé&l6ssbaueeffect This
effect is crucial to the success of the technique referred to @sshhuer

spectroscopy20].

Mossbauespectroscopy20] can be applied to many areas of science including
Physics, Chemistry, Biology and Metallurgyhe techniqudas able toprovide
information about the chemical, structural, magnand timedependenproperties

of a material. The most commomdssbauetsotope is®’Fe, and resonance only
occurs when the transition energy of the emitting and absorbing nacteas exact
match Thus the application of the technique may be suitable for hardmetals with
Fe or Fe alloy binders. The electronic, structural and magnetic properties of the
binder alloys can be measured udih@issbauespectroscopy to obtain information

on the Fe charge $&s, Fe phases and the hyperfine interaction parameters.
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During the drilling process dfon and other ores, the common wear process of
WC-Co tools are abrasion and cracking due to impacts and thermal fatigue.
Banganayi antulabaBafubiandiet al [21, 22]used Xray diffraction (XRD) and
Mossbauer spectroscopy ézaminethe role of Fe oxidation on W.Co drill bit
inserts. In their investigations powderswere producedusing high energy ball
milling of hematite(U-F&03) orewith Co, WC and WGCo powdersAfter 15 rs

of milling UFe0s with WC (50:50) the Mdssbauer spectveere fitted with the
following spectral components: (@)magnetic sextetwvith a magnetichyperfine
field (Bnr) of 51.4 T, an isomer shiftli) of 0.37 mm/s and quadrupole splittifagEo)

of -0.17 mm/s and (b) a paramagnetic doublewith U = 0.39 mm/s and
aEq = 0.46mm/s.The sextet component wassignedasbulk crystallinelJ-FeOs
which was mostlyunaffected by the millingprocess The central doublet was
attributedto the smaller (superparamagnetic) particdd® nm. The observed
distribution of magnetic fields and/or doubleds ascribetb amorphous iron oxide
phasesvhich werenot detected by XRD.

Wanget al [23] synthesied WC powders by high energy ball milling tungsten and
activated carbon powder(50:50 ratio) The powders with anticipated Fe
contamination from extended milling was analysed ustige M ssbauer
spectroscopy. The WC phase wiasectedising XRDonly after 170 Ins of milling

and after 310 his, the material comprised predominantly of WC. Théskbauer
spectrum for this material was fitted with a sintjtee with = 0.16 mm/s, and
two sextés with magnetic hyperfine fields of 3Band 20.5 T respectivelyThe
singleline component was assigned FesWsC (d-phase) and the two sextets

U-Fe and FeC, respectively

Mercadoet al [24] also used high energy ball milling to produceWeC by
milling Fe, W and C powdergfter 30 h of milling two paramagnetic phases were
detectedn the M™ssbauer speatm corresponding to BE&/sC and FeWsC. The
paramagnetic phases were fitted with two doublets (D1 and D2) with
0 = 0.169 mm/s ana@kq = 0.594 mm/sfor D1, andd = 0.079 mm/sand

a&Eq = 0.342 mm/s for D2n addition,a magneticomponenwith a hypefine field

of 37.7 Twas fitted and was tentatively assigriied tungsten iron oxide phase.
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Sufianu[25] and Ibwangd26] evaluated W&0Fel10Co and WR0Fel0Co6TiC
alloys, respectively using Msbauespectroscopy for their MSc Dissertations at
the University of the Witwatersrand in 2016. Thé ddbauer spectrum for the
WC-20Fel0Co alloy25] was fitted with two sextets with magnetic hyperfine fields
of 33.6 and 35.1 ,Tresgectively. These fields were correlated ad-e-rich cobalt
phase and a E&€0so phaserespectivelyTwo sextets, a doublet and a singR§]
gave satisfactory fiteor the WG20Fe10Co6TiGpectrumThe hyperfine fields for
thetwo sextets were 37.2 and 35.@dspectivelyand wasassignedo two different
phases of FeCadlhe doublet withhyperfine parameters af = 0.28 mm/s and
aEq = 0.54 mm/s was attributed to a FeWC phase, and the dinglevith
U=0.026 mm/<orrespondetb a TiFephase

1.3 Motivation

There is aneedin the cemented carbide industry to find an alternative binder to
replace Co in W&o alloys.This is due tathe toxicity of Co,and huge price
fluctuations and availality of Co[5, 6]. Fe and Ni bindersave beeidentified as
suitable replacemen{8] for Co, however, it is difficult to control the carbon levels

in Fe and Ni based binderSherefore, more research work is required on alloy
design and quality control for Fe binder systems. The control of carbon in the
fabrication process is critical to the binder phase composition and WC grain size
control, which affect the properties of thiateredmaterial

The properties of metals and allare determined bineir fabrication procesand

post fabrication treatments such as heat treatment, cooling rates (fast or slow),
alloying, mechanical deformati@ndageing27]. All thesefactorscould influence

the arrangement of atoms and thus their interaction propeatidshence would
influence the electri@al or heat conductivity, magnetism, elasticity, density and
reactivity of the material under studilossbauer sproscopyis auseful tool for
investigating metals and alloys since teehniqueis sensitive to changes
electron density, electric field gradient and magnetic fi€lte technique is also
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sensitiveto changes of the mean square displacement (D@kaller factors) of the

Mossbauer isotope

The metdic binder systems being investigatadhis studyare Febased making

it suitable for®>Fe Mossbauer spectroscopy investigatiofisere are limited
Mossbauestudies on milled WC, Fe and Co powd@s, 22] Literature searches

do not show anypublishedstudies on sintered WC hardmet&ls.our knowledge,
only recentlyhaveM™ ssbauer investigations been carried out at the University of
the Witwatersrand on sinteredarddmetals[25, 26] containing 20Fel0o and
20Fe10Co6TiC binder3he curreninvestigationgxpands the scope of dsbauer

spectroscopy to other Hmsed binder systems.

1.4 Aim and objectives of this study

The purpose ofthis study is to ascertain whetherore information on the
arrangement of atoms and their interaction properties irRF&ONCGFe/Ni and
WC-Fe/Mn cemented carbidesan be obtainedoy employing Méssbauer
SpectroscopyThiswill provide a betteunderstanding of thstructural,electrical

and magnetic properties of the materials under study. The objectives of the project

are:

1 To assess the microstructures of Fe and Fe alloy binders and identify the
phases present usin@ptical microscopy ©QM), scaning electron
microscopy(SEM) andenergy dispersive spectrome(BDS).

1 To determine the phases present in the milled powders and sintered
materials components using XRD analysis.

1 To measure the density, magnetic properties and hardness of the materials.
To investigate the Fe charge states, Fe phases and hyperfine interactions
using Mossbauer Spectroscopy on the milled powders and sintered
structures.

1 To understand thiermationFe complexes.
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1.5 Dissertation outline

The current chapter provides the background and comprehensive literature review
on conventional (Co binders) and new grades (alternate binders) of cemented
carbides, andlsorelevant M ssbauer investigations. Chapter 2 describes the basic
principles of Xray diffraction magnetisnand the M ssbauer effectncludingan
overview ofhyperfine interactionsi he experimental details avatlinedin Chapter

3 whichincludes powder preparation (milling), consolidatiand sintering of the
materials. The analystechniques used to evaluate the sintered compareatso
described. Téseinclude density measurements, magnetic property (magnetic
saturation and coercivity), hardness measurements, microstructural assessment,
X-ray diffraction and MssbauespectroscopyDataanalyss and interpretation of
results are presented and discussed in Chaptér gummary of the project,

including recommendatiorfer further studyends the dissertation @hapter 5.
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Chapter 2

Principles of X-Ray Diffractionandthe M~ ssbauer Ef

2.1 Introduction

Powder Xxr ay di ffraction and M ssbauer spectrHt
analysis used in this work. This chapter describes the basic principles of these
techniques. A brief introductio powder Xray diffraction covering the unit cell,

crystal lattices, Miller indices and the Bragg equation will be presented. The basic
principles of magnetism are discussed, which include the different types of
magneti sm. The M™ s sWed,uneludingetietheocytof gamimh| b e r
ray emission and absorption, and hyperfine interactions. These hyperfine
interactions include the electric monopole interaction, electric quadrupole

interaction and magnetic dipole interaction.

2.2 Theory of Powder Xray Diffraction

Powder Xray diffraction[28] is widely used for phase analysis and for solving the
crystal structures in solid state materialis. addition, his technique isalso
employedfor evaluating structural imperfections, and accurately measuring unit
cell dimensions. Tharrangemenbf atoms in crystal structures is the basis for

understanding materials.

2.2.1 The Unit Cell and Crystal Lattice

Crystalline material§29] are characterised by their chemical composition and the

regular arrangement of atoms in three dimensions. A unit cell is the smallest unit

that contains the structural and chemical information that uniquely defines the
material[30]. The atoms in a cryst§Bl] can be mathematically represented as

points in a three dimensional real space latii¢benthe points arassembledh a

periodic fashion then real spaoasevectorsa, b andc, and the angles U
can be defined as shown in Figure 2.1. The distance between the two nearest

neighbour atoms in the y andz axes are represented by the vecttsandc.
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v;h 4

o b

a
X
Figure 2.1: Unit cell in a simple cubic lattice with atoms at each corner [31].

In crystallography[30] there are 6 crystal families, 7 crystal systems, 5 centering
positions, 14 Bravais lattices and 32 crystal clasBes.unit cell carbe divided

into 6 families lased on the angles and length of the axes .sittes 6 crystal
families are cubic, hexagonal, tetragonal, orthorhombic, monoclinic and triclinic.
The hexagonal familgan also appear ddgonal, and thus is divided into two
systems giving 7 crystal systems for the 6 families. A crystal system can only have
5 rotation axes;-fold, 2-fold, 3-fold, 4-fold and 6fold which allows unit cells to
grow uniformly without any opening between them. This crystallographic
restriction resus in 32 classes or point groups classified by symmetric operations,
which are rotation, reflection and inversidrhe combination of lattice type and
crystal systenis known as the Bravais latticEhe cubic systerfB1] for example

has three Bravaikttice types which are face centred cubic (FCC), body centred

cubic (BCC) and the primitive or simple cubic system.

2.2.2 Crystal Planes and Direction

A lattice pland31] is defined by passing through three ramilinear lattice points.
The vector that is perpendicular to the plane gikiesotientation of a plane. If two
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vectors » and » connects two lattice points as shown in Figure 2.2a, the cross
product of the vears is given as

CH "H °H

. H H "H
W W o— ; ;
T

@ a

8

P

A general shorthand notation [u v w] is used to specify a translation direction in a
lattice [32]. In a cubic latticg31] where» = ua and » = vb, represents a plane
consisting of» and » is in thexy-plane (Figure 2.2b). The direction of the plane

IS

OH OH O

> >

c¥

along thez-direction and is enclosed in a square bracket [uvw].

L)

L) =vb

T Y

,{’\/

X

(a) (b)

Figure 2.2: (a) Diagram showing the cross product of two vectorsrandrzin a
plane. (b) Example of a xyplane with its direction along the z
direction.

The Miller indiceshkl specify the direction of the plan€he directionis obtained
by three intercepts on thxey andz-axes in terms of the lattice constaaté andc
(a/x, bly andc/z). The reciprocals of these three numlz@eseduced to the smallest
by b kl). AWhea @ plane n

i nteger mul tiplying
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intercepts thex, y and z-axes at 1, landHb, the reciprocals are 1, 1 and O,

respectively. Hencthe Miller indices are (110) as shown in Figure 2.3.

For a cubic system
a=b=c

Figure 2.3: Schematic diagram showing the (110) plane in a cubic lattice.

Lattice plane$33] aredefinedby their orientation in a crystal and their interplanar

distance od-spacing. In a cubic system where b = ¢, the interplanar distance is

~

P Q Q a &
Q H S
therefore,
. H
Q ———— 38 8
Mo Q o

A typical X-ray diffraction patter34] from a materialusually contains many

distinct peakswith eachpeakmatchinga different interplanar spacind,
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2.2.3 Braggbds Law

The Bragg equatiofB5] is the easiest access to structural information in powder
diffraction. X-ray diffractioncan be described by the Bragg equatioa eeflection

of X-rays by a set of lattice planasth the same indicethatare equally spaced,
andseparated by the distanday. When a incident beam of Xays is reflected by
different planesthe beam reéicted by the lower plane trasan extra distance than

that reflected by the upper plane as shown in Figure 2.4.

Figure24:. Geometric il lustration used

In Figure2.4, the beameflected by the lower plamaust travel the extra distance
PN + NQfor the two beams to continue travelling adjacent and parallel. The extra

distance is
Y 0. .1 <¢oO. C®
whereY is the path difference.
In triangle MPN,
0. QOEB &

The path difference is

e
n-
Q
(@}
m\
T

&
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whered is the interplanar distance, andig the diffraction angle. If the two planes
are to scatter in phase, then & nmust equ
Thus giving the Bragg equation

£l CQOEF cay
whereni s an i ntegr al number (0, dspacidg 3¢€.)
canbe determined from the Bragg angle which allofes the calculation of the

lattice parameters, b and c which contan vital structural mformation Also,

unknown structures can be resolved in powder diffraction usingr$ipacings.

2.3 Types of magnetism

An atom contains a nucleus in its centre with negatively charged electrons orbiting
the nucleus, which consists of positively chargemtons and neutrons which have

no chargg36]. A magnetic field is produced by electrons orbiting the nucleus, and
the direction of the magnetic field is determined by the direction of the electron spin
and orbit. The strengthf the magnetic field is called the magnetic moment. When
two electrons are spinning and orbiting the nucleus in opposite directions, the
magnetic field strength is zero as the opposite spins of the electrons cancel their
magnetic fields. If an atom hasi@her number of electrons spinning in a clockwise
compared ta lower number of electrons spinning in an -ahtickwise direction,

then the atom has some magnetic field strength. Electrons that occupy the same
orbital of an atonwith orbit and spin in oposite directions are known as paired
electrons. A single electron that occupies an orbital is called an unpaired electron.
The general types of magnetism obtairm@ diamagnetism, paramagnetism,

ferromagnetism and aArromagnetism.

2.3.1 Diamagnetism

Materials that are weakly repelled to a magneamexternal magnetic field are
known as diamagnetic materid§]. These materials have all paired electrons, and
thus have no net magnetic moment or magnetic field strendtenWiamagnetic

materials are placed in an external magnetic field, the magnetic moment inside the
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diamagnetic material is less than the magnetic moment in the air surrounding the
material. Superconductors are considered as diamagnetic materials ashthity ex
both perfect conductivity and perfect diamagnetism at low temperatures.

2.3.2 Paramagnetism

Materials that are slightly attracted to a magnet are called paramagnetic materials.
These materials are weakly magnetised when they placed in the prefsast®ng
external magnetic fielf36]. There are more unpaired electrons in paramagnetic
materials. In pure paramagnetic materials, the magnetic moment or magnetic field
strength of the electrons do not interact with eablerptand are randomly aligned

in the absence of a strong external magnetic field as show in Figure 2.5. The
resultant net magnetic field is zero. When a strong external magnetic field is
applied, the magnetic moment of the electrons are aligned in tletiatiref the
magnetic field, and hence the direction of the magnetic field strength is in the
direction of the applied external magnetic field. Paramagnetic materials lose their

magnetism when the strong external magnetic field is removed.

Absence of external Presence of external
magnetic field magnetic field

/ \/ BERR
\\/ RERR

Figure 2.5: The magnetic moments of electrons in the absence of an exter
magnetic field (randomly aligned), and in the presence of a stro|
external magnetic field[36].

2.3.3Ferromagnetism
Ferromagnetic materials are strongly magnetised when placed in a strong external

magnetic field. These materials continue to hold magnetism even in the absence of
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a strong external magnetic fidlg6]. Individualatoms of a ferromagnetic material
exhibits permanent magnetic moments or magnetic field strength of its own due to
unpaired electrons. The magnetic moments interact with each other in a way that
the magnetic moments of a group of atoms align themselvesanparticular

direction, referred to as a magjic domain, as shown in Figure 2.6.

Absence of external Presence of external
magnetic field magnetic field

IRRR
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T
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Figure 2.6: Magnetic domains for a ferromagnetic material in the absence ar
presence of a strong external magnetic fielfB6].

2.3.4 Anti-ferromagnetism

In antiferromagnetic materials, the magnetic moments of the neighbouring
electrons point in opposite directiof&6]. Therefore, the net magnetic moment is
zero. The alignment of the magnetic movement of the atoms are combinations of

parallel and ariparallel, as shown in Figure 2.7.

—_— — —
«— —> —
—_— — —
«— —> —
— — —>
— —> —
— > — —>
«— —> —
— — —>

Figure 2.7: The alignment of the magnetic domains in antferromagnetic are
both parallel and anti-parallel [36].
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2.4 Mossbauer Spectroscopy

Mossbauer spectroscopy isisefultechnique viich is caphle of proking the local

environmenton an atomic scaleThis provides useful information on the lattice

sites, symmetry, charge states, magnetic interactions and dynamic prothsses.

success of the techniq{@7] stems from theliscovery of recoilless emission and
absorption of gamma rapetween nuclei observed by Rudolpidwig Mdssbauer
in 1957, now commonly referred to as Méssbaueeffect. The 1961 Nobel Prize
in Physics was awarded to Rudolpli $dbauer for this discovemyherehe first
observed resonant absorptionl@® keVo-ray using®r [38].

24.1 The Mossbauer Effect

Early attempts to detecesonant emission and absorptafngamma rayslid not

succeedecause of nuclear recoil by the free nucld@ie nucleus recoildue to

the conservation of momenty20], similar to the recoil action @& gun when firing
a bullet The recoil of a free nucletrgvinga recoil energy oEr is shown in Figure
28.

Emitter Absorber
E,
«— s
By */\/\/'. L5
Figure 2.8: Recoil of free nucl ei d-tay.i n

The nucleus of madd [27] moves with velocityd in an opposite direction of the

o-ray emission and takes up kinetic recoil energy

0O 200 8 &

Due to the conservation of momentum,
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. . O
n n -y P T
wheren is the momentum of the nucleup,i s t he mo meraytanden o f t
is the velocity ofrayisi ght. The energy of
0O 0O 08 P p

As the nucleus hadarge mass, the recoil energy may be writtennoraelativistic
approximatioras
n O

‘O Tw 1) v
cO b

PG

Should emissionccur wherthe nucleus is moving at velociy, as atoms in a gas

are ne@er at rest, the-photon of energys, receives a Doppler ener@y where

0
0O X 08 ¢Cp o
This Equatioris added tde,
O O ©O 08 P T

The Doppler broadening of the transition li@ecan be calculated from
0 0 ¢com o ! P

whereEx is the mean kinetic energy of all moving nuclé is taken over all
angles « betweenr) and 0 . The Doppler broadéng of the emission and

absorption lines overlap in a small energy region due to the low probability of

resonance.
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RudolphMéssbauediscovered that when atoms aund ina solid matrix of mass

Ma [39], the effective mass of the nucleus bound in a solid is much greater than the
mass of a free nucleusThus, the loss in energydue to recoil bemmes
infinitesimally small, resuling in the possibility ofrecoil free emissiorand
subsequentbsorption by asimilar nucleus (same number of protorg) @nd
neutrons I{)) in its ground state whereby transitions to the excited Etavecurs.

This process is referred to as nuclear resonant absorptmragé as depicted in

Figure 29.

AFE
Nucleus P
in Excited S
state
—~I~ el /y
Nucleus P
in Ground @-__-__g a4 v
state y-ray Resonant  Resonant
emission absorption fluorescence

Figure 2.9: Representation of nuc | -eagsranc
nuclear resonancdluorescence.

24.2 Recoil Free Fraction

In a solid matrix, nearly albf the recoil energ¥r [27, 40]is transferred to the
lattice vibrational systenwhich dissipate by heating the lattice surroundings.
There is a certain probability factbthat no lattice excitation takes place during
emission or absorption, known as the zghonon process. The reciée fraction

f repregnts the fraction of nuclear transitions without recoil and is given as

N p QWO P o
where & Ois the mearsquare displacement of the nucléughex-direction andk
is the propagation vector. Sin&2 & OL p,

Q0 Ag@pQdan 08 P X
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The recoifree fraction anfurther be calculated in the Debye solid model as

7

Ad> QR
g A p

wherekg is the Boltzman constant amd is the Debye temperature, which is a
measure of bonds between atoms.this casef (T) is generally known as the

DebyeWaller factor, or the LamiM™ ssbauer factor, and equation1@. can be

further reducedo

QY A@b o o ¥ ATl h P w
Qg ¢ g - 9 °
oy ..
04 A@D %—g A0 g 8 & T

The equations above show tli@icreases with decreasing temperature. This is the
reason that Rudolph Msbaueunexpectedlybserved an increase resonance,

while attempting to reduce the resonance effect by decreasing temperature. The
DebyeWaller factorf, also increases with decreasing recoil energy, and increases
with increasing Debye temperatge.

2.4.3 Natural Linewidth and Spectral Lin eshape

The energy levedf an atom in the excited staf& having amean lifetimeJ c ann o't

be measured to a precise value due to the \pavticle duality of the nucle 40].
Thisenergy | evel spreads B andcorrdatesvaththeai n r a
measure of unce(rd& aedy y whinchime i ven by

uncertainty relation

Yoys o & p

wherek=h/ 2 ~ histhePd anckds constant. The profil e
would be observed as a distribution on a graph within a finite range, while the

lifetime Uof the ground state has zero uncertainty in energy. All possible energies
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wi t hi n t hEarerirvalvgdf27] torf nuckear transitions from an excited
state (e) to the ground state (g). The transition intensity as a function of the transition
energyl (E), producesa spectral line centereah the most probable transition
energyEo as shown in Figure 20. Weisskopand Wigneif40] have shown that

3t 2 & ¢

wherell = a&E is the full width of the transition spectral line at half maximum. The
spectral line has been found to be Lorentzian or B¥gner form[27, 40]which

IS expresseds

0 37¢L & o
O © 37¢ ¢

where¥ (E) is the probability function, an® is the mean value of the emitted

gamma ray.

(5}

ly/2

E E

Figure 2.10: Intensity | (E) as a function of the transition energy E.

The mean lifetimdJof the excited state determiné®twidth of the transition line
[27]. Lifetimes of excited nuclear states ranging from £4.@ ~ 10''s are suitable

for MdssbauelSpectroscopy. Too narrow transition lines are obtained for longer
lifetimes and the emission and absorption lines would not overlap sufficiéatly.

small Doppler velocities o& um.s! are necessaryor the longer lifetimes. The
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transition lines for fietimes shorter than s are too broad and the resonance
overlap between them will be smeared and no longer be distinguishable from the

baseline of the spectrum.

Maximum absorption only takes plasdenthe spectral line for the emission and
absorption processes appear at the same energy po$tiolhe resonance

absorption cross section is given by another form of the-Brfgher formula

, , 3
» O 710 © & 1
where
O
» — Oc., P o) P cg& v
q ¢O p | p

is the maximum absorption cross sectibiand g are the nu@ar spin quantum
numbers of the excited and ground Satespectivelyp-is the wavelength of the
o-ray andUis the internal conversion coefficiewhich for 5Fe U = . Bfter2 1
resonant-ray absorption,hte nucleus remains in the excited statethe mean

| i f e .tThemacleushen undergoeatransition back to the ground statethg

e mi s s i eray or@dnvesionklectrons due to internal convensioich is the
transferof energyfrom the nucleus to the electron shélhis process isfown as

nuclear resonance fluorescence.

2.4.4 Doppler Shift

A Doppler shiff41] in phobn energy occurs when there is relative motion between
the emitter and absorber. The energy of at@mas given by the Lorentz
transformation

Qe g ¢
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whereb = v/c, c is the speed of ligh, is the energy of the emitted photqn,is

the momentuny is the relative velocity betweehd emitter and absorber aitate

is the resulting Doppler shifted photon energy. The change in photon energy due to
motion is given by the first order binomial expressionffar 1 as

YO Ce O O 0 8 & X

>l C

By varying the relative velocity between the emitter and absaabange of phon
energies can be scannddhe absorption rate as a function of velocity is measured
andcan be converted to energy shift.

2.5 Hyperfine Interactions

A nucleus interacts with its surrounding environmpgHd] through electric and
magnetic fields which perturb the nuclear energy levgisse interaction0, 42]
are minuteand are in the order of @ 108 eV, in compaisonto the energy levels
of the nucleus. The limiting resolutiethe natural linewidtlwhich isthe average
lifetime of the excited state before it decays by emitirgammaray. The most
commonMadssbauetsotope,®’Fe, has alinewidth of 85x10° eV and an energy
ratio givenbyEa / G = p &, whichtogether with thdldssbauegammaray
energy of 14.4 keVprovidesan exceptional resolution of 1 in *0 This is the
necessaryequirementto detect hyperfine interactions in the nucleusyperfine
interaction either shift or lift the degeneracy of the energy leVéks.$ifts in the
nuclear energy levelsreobserved in electric monopole interactioe®) (27]. The
degenerate nuclear levelee splitinto sublevels without shifting the centroid of the
multiplet andis observed in the electric quadrupole interacte) &nd magnetic
dipole interactionrfil). Electric dipole interactionsl) do not exst because of
symmetry arguments, and interactions of a higher ¢qni&re4, etc.) are negligible.

The energy of the nucleus is described by the Hamiltonian

O O O ¥ o 8 8 Y
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where 'O refers to all the terms of the Hamiltoniarexcept the hyperfine
interactions,0 representshe electric monopole interactipd is the magnetic

dipole interaction an® is the electric quadrupole interaction.

25.1 Electric Hyperfine Interactions

The electrostatic interactiof27, 43] between a nucleus with charge and its

surroundings has a total Coulomb interaction energy

O "1 67T AT 8 w

O is the nuclear charge density at a point with coordinates
r=(9,9,d)and6 "l isthe electrical potential at a pomt (3,3, d). As the

where

nuclear diaeter is smalin comparsonwith the distance of the outside electric
charge producing V{, the Taylor expansion can be used to approximate the

potential near the origin. At a point 0,

. To p h6
C

1%

By substituting Equation (2.29) into Equation (2.28) gives

o 6 | Az = 0 Ioht
P T8 5 oAt 8 & p
G IRZR%

The first term in Equation (2.31s the interaction energy with the potential if the
nucleus is considered as a point charge. The second term describes the electric
dipole moment which is zero due to symmetry arguméiits. ermshigher than

the third order are negligible, thus onlyistherm Ez3) is of interest and can be

expressed as a sum of the two contributions,
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O P 6 B"I " LAt P 6 1 ¢® ¢
C Y @
where,
1 o®@ 71 " LAt ®&o
is the nuclear quadrupole moment tensor, and
6 ' 6 &1
TOTD ¢

is the electric field gradient (EFG) tensor at the nucleus. Thecbreribution in
Equation (2.32is the electric monopole interaction enegused bythe finite
volume of the nucleusThe quadrupole interaction energg the second

contribution

25.1.1 Electric Monopole Interaction: Isomer Shift

The electric monopole interactipf4] is the Coubmb interaction between protons
and electrons (mainlg-electrons) penetrating the nuclear field. Hwirce §)
material (e.g>’Co) isusuallydifferent to the absorbeAj material (e.g’Fe) under
study. Due to these differencethe electron densities set up by sklectrons

(1s, 2s, 3s, etc.) of the electronic shells are different at the nuclei of the source and
the absorbelherefore thelectric monopole interactions are different in the source
and the absorbehence thenuclear ground and excited state lewaais affectedo

different extent.

The simplest coordinate system arises where the coordinate axes point along the
principal direction of the EFG tensor. In such a syq@#shwith x, y, zas the EFG

tensor principle aaswhere6 is diagonaljtst r ace i s given by Pois

6 6 6 ™" T C® L
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where” T ¥ 1S, is the electron charge density at the originUHf
represerdthe first term inEquation (2.3% andwhenadded to Equation (2.35t
becomes

Wogmiw ms 610 & o
whered! Os the mean square radius of the nactharge distribution giveby

U V- Y I AT8 .
A & X

61 O

The nuclear volumg27] and quantitydl Oaredifferent for each excitation state
resulting in different electrostatic shsfiE for each nu@ar stateshown in Figure
2.11 where the excited and ground ssaee shifted to different levels.

(a) (b)
Figure 2.11: (a) Shifts in nuclear energy due to electric monopole interactio

and (b) Schematic of the rest

The energy43] of the emitted-ray by a source is
O O 170 710 B Y
and resonant absorption can only occur ifdnay energy is

0O O 70 10 8 B w
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The shifttiin the peak position in the Msbauer spectrum (Figurel2b) is known
as the isomer shiftyhich isthe difference bi@veen Equations (2.38) and (2)39

SH
o

) 0O © AL ns g ms 2010 81O 8 m
whered1 O arethe mean square radii. If the atomic nucle considered to be
uniformly charged sphesen the ground state with radiug,Ror with radius Rin

the excited statehen thecharge densitieare given by

: A4 A A
10" 2 1X0" 2

The mean squares of the radfl O and 61 O can e evaluated using

Equation (2.37), hence Equation (2.4@comes

T _ y2 . .
1 G“:@:AZ 7Y’n | Y 8 p

whereyY2 2 2 , R=2 2 /2. Thisindicatesthat the isomer shiftl is

directly proportional to&”” 1t with Uas the calibration constant. Equatiord(3.
demonstrates that the isomer shifbasicallya measure of the difference in the
s-electron charge densitiesthe nuclei in the source and absorf@dre calibration
constantUmay be positive or negatiy43], and for’’Fe,Uis negative. The isomer
shift U i s very s mal)lwhich corresgoras t¢ &n.eBergy shift of
4108 eV. This small amount of energy can only be detected by the Mdssbauer

effect.

The information[27] obtained from the isomer shift includes the oxidation state,
spin states (high spin or low spin), electronegativity of ligaadd character of
bonds. The isomer shift depesdon the s-electron densitiefas a sum of
contributions from alé-electron shellshoweverit is ofteninfluenced by shielding
effects fromhep-, d- andf-electrong45], which areunable to penetratbe nuclear
field. The 3 electrond34] partially shield the nuclear charge from tlsselectrons

in the case of Fe. Increasing the number dfeRctrons at thé’Fe atom will
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therefore increa® the shielding, thereby reducing thelectron density at théFe

nucleus and causing a positive isomer shift.

2.5.1.2 Electric Quadrupole Interaction: Quadrupole Splitting

Electric quadrupole interactiof0] arises whenthere isa detectiblenuclear
quadrupole moment and a norzdfFG at the nucleus. This is the extemt
deviation of thecharge distribution from spherical symmetry and tian
uniformity of the electric field. The quadrupole moment is given inzagis of

symmetry as
1 = Tod 1 A8 8 ¢

Only nuclear statd27] with spinl > %2 have nofspherical charge distributions and
can thus interact with an inhomogeneous electric field. The interaction splits the
energy level of a nucleus state with spim %2 into (2 + 1) sublevels. The Eigen

values of these sublevels are given as itis¢ drder perturbation matrix from the

Hamiltonian,
0 AL oo i 8 o
TOCO p P P o C
wherel ‘@ 'O ptB 'O pandl is the nuclear spin quantum numiaed—

is the asymmetry parameter of the electric field given by
6 6 8
6

In the case of'Fe withl = 3, a pure electric quadrupole interaction splits the excited

14.4 keV state into sublevels of Eigen values,

(o} TEAB p — 8 c8& T
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The electric quadrupole interaction YFe with | = 3yin the 14.4keV state and
| =%2in the ground state is shown in Figur&22.

A my T AE
5 2
A A i%’/z : 1
=3 1
! —<’} AF, !
g \“\\ v i ];é : E
L : :
—_— 1 '
i 11 .
I=% + % Cost
i+ 0 _
0 v
(@) (b)

Figure 2.12: Effects of the electric quadrupole splitting in the energy levels (¢
and (b) the resultant M ssbau

Quadrupole splitting is the energy differeradeég corresponding t@ebetween the
two resonant linesThis is importamin thechemical applications of the sbauer

effect as itprovidesinformation associated withbond properties, molecular and
electronic structure.

2.5.2 Magnetic Hyperfine Interaction: Magnetic Splitting

The magnetic dipole interaction oréfean effect is the interacti¢a7] between a
nonzero magnetic dipole momentwith a magnetic field at the nucleus in the

energy stat&, and having a quantum spin number0. This effects described by
the Hamiltonian

( e Cr & v

whereC is the nuclear Laréfactor, Ro/2Mc is the nuclear magneton (where

M is the mass of the nucleus). The Eigen val@esto ( are obtained by
diagonalising the first order perturbation matrix,
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C1 (I 8 §: 0

The nuclear Zeeman effect splits the nuclear state with spin nunder2 + 1
substates characterised by the magnitude of the nuclear magnetic spin quantum
numberd . Theinfluenceof the magnetic dipole interaction e is shown in
Figure 2.B, wherel =3 level splisinto four substates, and the ground state with

= %2 into two substates. The selection rules for magnetic dipole transition are
ad= 1 maAQq + lgresulting in six allowed transitions f8Fe (Figure 2.3b).
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Figure 2.13: (a) Magnetic dipole interaction leads to splitting of nuclear enerc
levels into 21 + 1 substates. (b) Example of®dFe magnetically spli
M™ ssbauer spectrum.
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The effective magnetic field acting on the nucleus is determined from the magnetic
hyperfire splitting. The most important sources contributing to the effective
magnetic field are the Fermi contact field(ldrising from a net spinp or spin

down s-electron density, an anisotropic contributiorttom the orbital motion

of valence electronwith quantum numbel, and a spin dipolar contribution {H

due to the norspherical distribution of the electron spin density.

Magnetic dipole splitting40] givesinformation onthe spin interaction processes.
This information relats to electron configuration, magnetic relaxation, magnetic

moment, spin value, magnetic transition temperature and spin flop processes.
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Experimental Details

3.1Introduction

Tungsten carbide (WC) and metal binder powders are ball milled to achieve a
homogeneous mixture. The milled powders are pressed into compacts and vacuum
sintered to achieve the hardmetamposite. The powder processing stages, which
include milling, drying and pressing are described, as well as the sintering cycle.
After sintering, the densities of the materials were measured, and the stoichiometry
of the sintered materialsereassessedsing magnetic saturation;pay diffraction

and microstructural examination. Coercivity and hardness measurements were
carried out to monitor structural changes in materials resulting from the different
sintering temperatures. The microstructures eweranined using optical and
HRSEM (High Resolution Scanning Electron Microscopy), and the elemental
compositions were determined using energy dispersirayXanalysis (EDS).
Transmission Mssbauer Spectroscopy (TMS) wased to investigatthe milled
powders,whilst the sintered materials were analysed using Conversion electron
M~ ssbauer Spectroscopy (CEMS). The powder processing, sintering and the
routine quality control testing of the sintered hardmetals was carried out using the

facilities at Pilot Tools () Ltd, Johannesburg

3.2Powder Preparation

3.2.1Starting powder and material compositions

The WC powder was obtained from Pilot Tools (Pty) Ltd, and the metal powders
(Fe, Ni and Mn) were obtained from Sigma Addii The purity and grain size of

the garting powders are given in Table 3.1.
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Table 3.1: Starting powder purity and grain size.

|_Powder [ Purity (%) [ Grain Size im) |
WC 99.9 2-4
Fe 99.5 1
Ni 99.9 2
Mn 99.9 1

The compositions of the tungsten carbide hardmetals selected for this work are
summarised in Table 3.2. The mass of WC was kept constania®®@tor all the
grades, whilst the balance was made up of one or a combination of the binder metals
listed in Table 3L.

Table 3.2: Compositions of the tungsten carbide hardmetals.

90 10 = =
90 7 3 =
90 8.5 = 15
90 = 10 =

The metal binder ratios of Fe/Ni and Fe/Mn were selected to retain austenitic

structureg1] of the binder at room temperature after sintering.

3.2.2Milling Procedure

Powder batches of 100 g each were ball milled in a laboratorg bedl mill as
shown in Figure 3.1. The purposé ball milling is to achieve a homogeneous
mixture of the powderf46] and to break up particle agglomerat€be steel pot
used in the ball milling process is 70 mm in diameter&hmm in length. Sintered
WC-Co balls, approximately 10 mm in diametsas used as the milling mediad

the ballto-powdermassratio usedvas3:1. As the energy of the milling process is
considerably high, a protective liquid is used to minimise teatpee rise and
prevent oxidation. Hencehe powders were wet milled using ethanol to prevent
heat generation and oxidation of the powddéf]. The quantity of ethandhat is

added to the mixs 18 wt% of the powder mass. A wax lubricant, polyethylene
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glycol (PEG),wasalso added to theixtureto facilitate compaction of the milled
and dried powders. The mass of PEG added to the slurry is 2 wt% of the powder

mass.

The slurry consisting of th@owders, solvent and lubricant was milled using

sintered WECo balls for 20 hours at a speed of 140 rpm.

Milling media

Figure 3.1: Laboratory scale ball mill.

3.2.1Drying and pressing of the powders

After milling, the slurry was dried using a Rotary Vapour Dryer, mdd&l

HB 10. The apparatus ishown inFigure 3.2. The solvenvas dried off at a
temperature of 40C usinga rotation speed of 60 rpm for 30 minutes. The drying
temperature (40C) is lower than the boiling point of ethanol (7€) to prevent
oxidation of the powdergl7]. The dried powder was then screened through a 150
pum sieve, and pressed into green compaicéspressure of 140 MPa. The size of

the presgdcompacts were approximatelyX2 mm by 6 mm thick.
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> Condensing
@ unit Drying flask

Heated
water bath

Figure 3.2: Rotary Vapour Dryer used for drying the slurries after ball milling.

3.3Sintering

The green compacts were vacuum sintered at thifeeent temperatures, 134G,
1430°C and 151CC, using an ULTARTEMP SinterHip furnace at Pilot Tools

(Pty) Ltd. Standard production sintering cycles weraployedto sinter the
materials and @ example of a typical sintering cycle is shown in FegBI3. The

first stage of the sintering cycle is dewaxing or removal of the RE®iIs initial

stage, lhe furnace is heated under vacuum to 2ZGnd dwelled for 65 minutes.
Hydrogen gas is introduced to allow the dewaxing process to occur. The dewaxing
process igchievedn four steps at a series of temperatures (from’£0 450°C)

and dwell times to allow complete removal of the PEG.

The next stage of the cycle is carbon control. The furnace is heated under vacuum
from 450°C to 1000°C. At 1000°C the vacuum pumps are switched off and a
combination of methane and hydrogen gasses are allowed to flow through for
2 hours for carbon correction. Thereafter, the furnace is once again heated under
vacuum to the required sintering temperatareg dwelled for 90 minutes at the

sintering temperature. The last stage in the sintering cycle is hot isostatic pressing
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(HIP) for a further 20 minutes at the sintering temperature under argon atmosphere,
at a pressure of 640 psi to eliminate all surfa@esity[48].

Furnace Cycle
1600

Sinterin
1400 E

(°c)

T 1200 Cooling

800 Dewaxing \ /
600

./\ Carbon
400 correction

200

=
o
=]
(=]

Temperature

0 5 10 15 20 25 30
Time (hrs)

Figure 3.3: Example of a typical sintering cycle.

3.4 Characterisation of the sintered materials
3.4.1Density measurements

The densities of cemented carbi@48] were measured to determine the levels of
porosity in the sintered material. As density is sensitive to compopijioihvaries

due to levels of porosity for a fixed compositi@ensity isanimportantparameter
usedto ascertairthe effectiveness of thsintering temperaturd he idealsituation

is to achieve a 100% dense material after sintering, however in cemented carbides,
densities of 99.5%reacceptableDensity measurements were carrged using a
SHIMADZU AY120 density balanceThe apparatus shown in Figure 3.4.
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Beaker
(water)

Figure 3.4: SHIMADZU AY120 density balance.

Density is measured using tiechimedesprinciple and is covered by an I1ISO

standard, ISO 336®0]. The real density is calculated from the equation

? T oP

where” is the density of distilled watedi, is the weight of the sample in air and

a is the weight of the sample in distilled water. The theoretical density is
calculated from the mass and density of the individual components. The theoretical
density” of the individual material constituents ugedthis work is given in Table

3.3.

Table 3.3: Theoretical densities of the individual components.

Density (g/cn?) 15.7 7.9 8.9 7.2

The theoretical density of the sintered hardmetal can therefaad#dated by the

following equation
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As an example, the theoretical density for VWEe/3Ni can be calculated as follows
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3.4.2Magnetic properties
3.4.2.1Magnetic Saturation

Magnetic saturation or specific saturation magnetisatioprovides information

on the composition of the ferromagnetic d@n phase of the cemented carbide. It
gives an indication of the amount of tungsten dissolved in the bj#€lerand an
indirect indication of the carbon levelgl]. When a ferromagnetic material
encountersa magnetic field14], it is magnetised and tHevel of magnetisation
increases with the field until it reaches a maximum. The specific saturation
magnetisation, is a ratio of the maximum magnetic moment and mass of the
material. The magnetic moment is determined by moving the sample out of a
magnetic field and measuring the induced e.m.f. in a ddie integral is
proportional to the value of the samplaiventhat it was saturated in the field.
The microprocessor oféireading unit integrates the eamddoes the required data
processing. It calculates the valuesgher the, or the content of the ferromagnetic

phase.

The sintered materials were measl using a SETARAM Sigmameter 3035
(Figure 3.5) at Pilot Tools (Pty) Ltd. A pure Ni standards used to check the
calibration of the instrument. The magnetic saturation of Ni is 54.5 @cm
therefore,samples produced with Mt% Ni (WC-10Ni) shouldreturn values of

5.4 G.cni/g if there is no tungsten in solutioliring the sintering process
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Magnetic coil

Sample
holders

il
Figure 3.5: SETARAM Sigmameter 3035 used for measuring the magne
saturation of the sintered samples.

3.4.2.2Coercivity

Coercivity measuremenfd] provide information on the degree of sintering, binder
distribution and WC grain size in sintered carbides. The coercive field strepgth H
is measured in a magnetic cfBll], in an open magnetisation circuit. The sample
is magnetised to saturation in thkz coil, and the polarisation is measured by
fluxgates (probes). An opposing field is built up until the polarisation is zero, and
the strength of thepposing field at which the sample polarisation is zero is the

coercive field strengthic.

The samples were measured using a Dr Foerster KOERZIMAT affje&ratuss
shown in Figure 3.6. Internal sintered carbide standards were used to check the
calibrationof the instrument, and the coercivity values are an average of the positive

and negativédc values.
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Magnetic coil

Figure 3.6 Dr. Foerster KOERZIMAT 1.095 apparatus used for measuring th
coercivity of the sintered samples.

3.4.3Sample preparation of the sintered carbides

The sample were cut using electidischarge machining (EDM cutting). A 1 mm
thick slice was cut from each sample and polished for CEMS investigaliba
oppositesections were also polished for microstructural examination and further
structural analysis. The csictions werérst hot mounted in Bakelite using a Leco

PR-32 hot mounting press (Figure 3.7).

|- W C
Sample
piston stand

Heating

Pressure
gauge

Pneumatic
lever

Figure 3.7: Leco PR-32 hot mounting press.
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The mountedsamples were ground ammblished to remove the surface damage
from EDM cutting, and to obtain a smooth surface finish necessary for
microstructural examination. The grinding and polishing operations were
performed using a Struers LaBol 5 polishing machinelhe apparatus shown

in Figure 3.8. Grinding was performed using mé@ahded diamond discs, Struers
Piatto 220 and 1200 grit sizélkhe sampds were plishedusing AKASEL (Plaran,
Daran and Napal) polishing clotlhising Diamaxx diamond slurries, @m, 3 um

and 1um. The grinding and polishing parameters are given in Table 3.4.

R

Polishing
| wheel

Figure 3.8: Struers Labo-Pol 5 polishing machine.

Table 3.4: Grinding and polishing parameters.

rough Piatto 220 water 300 30 10
fine Piatto 1200 water 300 30 10
rough Plaran Diamaxx- 9um 300 30 10
medium Daran Diamaxx- 6um 200 20 5
fine Napal Diamaxx- 3um 200 20 3
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3.4.4Hardness

Hardness is defineds the resistance of a material to plasteformation by
penetration52]. Hardness is not an intrinsic property of a material but rather a
characteristic property. It is an important propeofycemented carbidethat
provides information on the composition and strretof the materigd]. Vickers
hardnessHV) was measured using a 30 kg load on sintered and polished surfaces
of the samples, using a Mitutoyo AVBO hardness tester (Figure 3.9). The test
procedure is covered by ISO33[B3].

Ocular
unit

Sample
stand

Diamond
indentor

Hydraulic
piston

Figure 3.9: Mitutoyo AVK -CO (Vickers) hardness tester.

The Vickers hardnessvolvesindenting the materiainder studywith diamond
pyramid indenter which has an angle of 18eétween the opposite facg2]. A

load is applied for 15 seconds and the diagonals are measured as shown in the
schematic diagram in Figure 3.10. The Vickers hardness number is obtained by

dividing the load by the area of thelentation as givehy
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whereF is the load in kgf, and is the mean of the diagonals.

C@ER° (PCJ

(6 R

Test load

Diamond indenter

./‘/ (quadrangular pyramid

=

LN

~
specimen

Length of diagonal

¢=

Figure 3.10: Schematic of the Vickers hardness test [53].

3.4.5Microstructural examination

3.4.5.10ptical Microscopy

o8

The macro structural feature®reassessed on the polished specimens using a light

or optical microscope to detame whether there are defects such as porosity,

etaphase or graphite present in the sintered materials. The samples were examined

using a Zeiss AX10 metallurgical microscoffeéigure 3.11)at magnifications

rangingfrom 100x to 500x. To evaluate whieer there is etphase present, the

samplesverel i ght |l y et ched
of 10% KCNQ and 10% NaOH), cleaned with distilled water ated with

ethanol.

for

5

t o

10

seconds
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Image

Ocular

Figure 3.11: Zeiss AX10 metallurgical microscope.

3.4.5.2Scanning Electron Microscopy

The microstructures were examined using a Zeiss Sigma high resolution scanning
electron microscope (HRSEM) at the School of Chemical and Metallurgical
Engineering, University of the Witwatersran8l photograph of the HRSENs

shown in Figure 3.12. The samples were examat@ah accelerating voltage 10 kV
usingbothsecondary and backscattered imaging mog@lee microstructures were
examinedat various ragnifications ranging frons00x to 20000x to assess the
quality of the sintered materials The microstructural assessment includes
homogeneity of the structure, WC contiguity, binder pool size and distribution, and
morphology of the WC grains. Energy dispive Xray spectroscopy (EDSyas

also utilised for determiring the elemental compositions of the materidibis
technique was also used to determine whether there were any contaminants in the

sintered materials.
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Figure 3.12: Zeiss Sigma high resolution scanning electron microscope.

3.4.6X-ray Diffraction

X-ray diffraction (XRD) measurements were carried to determine the phase
compositions of the milled powders, and the sintered components usinder B

D2 Phaser desktop system (Figure 3.13) at thmyXDiffraction Unit at Wits
University. The basic principles of the techniquere discussed in Chapter 2.
Measurements were performed on the polished sections of the sintered samples at
30 kV using acobalt source. The samples were scanned frdno20002d angl e s

at a 0.026 step size.

Figure 3.13: D2 Phaser desktop Xray diffractomer.

56



Chapter 3 Experimental Details

3.4.7M"~ ssbauer Spectroscopy

The milled powder samples were investigated using Transmissioeshauer
Spectroscopy, whilst the sintered materials were investigated using Conversion
electron M ssbauer Spectroscopy (CEMS) at the WITSsbbauer Laboratorgt

the School of Physic$n both approactse®Fe M ssbauer was used.

3.4.7.1Decay scheme of'Co

In M” ssbauer spectroscopy, the source and absorber are isotopes of the same atom
as discussed in Chapter 2. The source fgetie measurements within this project

is radioactive’’Co, embedded ia rhodium (Rh) matrif54] with a halflife (t.;) of

270 days and an activity of 50 mGFigure 314 shows how’Co undergoes
spontaneous electron capture transition to give a metastable st&e wafhich in

turn decays to the ground state through the emission of gamma rays with an energy
of 14.4 keV. This is the radiation energy requirecPfbe M ssbauespectroscopy

The spin and parity for the first excited state i%, and ¥ for the grouad state

[45, 55]

t, =270 days

Electron capture 99%

5/ 136.5 keV (8.9 ns)
91%
9%
3/, * __ 14.4 keV (98 ns)
] |7~—"—> gammaray
/2 0
57Fe (stable)

Figure 3.14: lllustration of the decay scheme forP’Co [54].
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3.4.7.2Transmission M ssbauer Spectroscopy (TMS)

The basic elements for the“N§kbauerspectrometef27] consists of a source,
absorber (sample), detector and a motorised drive to impart the Doppler velocity to

the source as depicted in Figure 3.15.

Source Detector
l Sar{:Ie \l

Fava o W W J
Y ¥

+
A\ J
Miosshauer Function
Drive Unit Pre-Amp Generator
| t
iy ) Detector Input
@
Energy/Output [
Velocity
Transducer & HYinput
[j Start Output CHA
— ®
T T PC (for
Data
Storage
~ . Y and
- - U Display)
HV Supply Amplifier
Input
HY Output @@ A
Output
Output.

Figure 3.15. Schematic layout of the experimental setip for Transmission
M ssbauer Spectroscopy [57].

The system is connected to a jaraplifier, amplifier, single channel analyser
multichannel channel analysand acomputerfor visuals anddatastorage The
function[56] of the components forFe M ssbauer are as follows:
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a)
b)

c)

d)

9)

h)

j)

Sourcei radioactive’’Co embedded in a Rh matrix.

Absorberi sample containing’Fe in powder form, thin foil or transparent
solid.

Detectori a gas proportical counterfilled with Xe, Kr or Ar gasused to
detect gamma rays. The detector generates pulses of a size proportional to
the energy of the incident gamma ray.

PreAmplifier i conditions the pulses from the proportional counter so that
they can be applie the input of the ampilifier.

Amplifier i enhances the amplitude of the pulses as required for input into
the PulseHeight Analyser, and shapes the pulses to improve the gmgnal
noise ratio.

Multi-Channel Analyser (MCA)i an electronic board in the de®p
computer that receives the analog pulses from the proportional counter and
amplifier. The board contains a Puldeight Analyser (PHA) for producing

a gamma ray histogram. The board also contains a Stiglanel Analyser
(SCA) with upper and lower sicriminators, and a MulChannel Scaler
(MCS) that generates a histogram of counts versus time.

PulseHeight Analyser (PHA) a unit which produces an energy spectrum
by quantifying the height of the pulses from a particle detector by counting
the numbenpof pulses at each height, and recording each number in a bin or
channel that corresponds to the pulse height. THaxi¥ of the resulting
histogram represents the number of counts, and theis<is proportional

to the energy.

Discriminatorg pulse heightomparators on the MCA card with upper and
lower threshold adjustments to select pulses with amplitudes either above
or below the preset limits.

SingleChannel Analyser (SCA) produces a logic pulse whenever the
gamma energy falls within the energy wivd defined by the PHA
discriminator thresholds.

Linear Motor (Drive)i an air bearing motor that translates the axial position
of a shaft with a mount for th€Co source. The motor is programmed to
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reciprocate in a triangular velocity profile and generagulse once each

cycle in order to trigger a sweep of the Mu@ihannel Scaler.

The setup of the Transmission Msbauer system used for the analysis of the

milled carbidemetal powders is shown in Figures 3.16a and b.

Function
Generator

7
B amplifier

(b)

absorber

Figure 3.16. Arrangement of the source, sample (absorber) ar
detector in transmission mode (a), and the electronics (|

A high voltage of 2100 kV is used for TMS. Pulses from the detector are first pre
amplified, then amplified througdin amplifier, and passed through a maliannel
analyser. The data acquisition module used is a CM&®@, and is controlled using
Wissoft 2003 softwargs7]. Datais first acqured in PulseHeight (PHA) mode
which analyses #analog pulses. A spectrum representing the stochastic frequency
of each pulse height is collected between 0 and 10 volts. When an input pulse is
detected, its height is digitally determined and the pulse is allocated to a certain
channel number correspding to its height. A data acquisition window can be set

in Wissoft 2003 which results in the data acquisition module CN66@discarding

all input pulses outside of this window. Only input pulses with amplgwaéhin

the set window range a@bwer Level(LL) andUpper Level (UL) are stored. A full
pulseheight spectrum for’Fe M ssbauer shows peaks at 6 keV, 14.4 keV and
21 keV as shown in Figure 3.17. Only the 14.4 keV line is selected in PHA mode
for Méssbauer spectroscapy
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[Ti Wissoft 2003 (D \Ligrow detrienPHA korrigiert win)

T 144keV

Figure 3.17: PHA spectrum of °’Co showing the different energy lines, and tt
selection of the 14.4 keV line [58].

The mode is then switched to Muthannel Scaling (MCS) wheithe analog
pulseswhich arefed from the main amplifier tahe i ADCO0 (anal ogue
converter) of the CMCA50 arghenconverted to digital values. In the MCS mode

only pulsesthat haveheights in the selected voltage range are couriadh

velocity value appears twicaudng a channelvgeep and hence duringcgcle of

source motionThespectrunis doubled as a reswhdthus the spectruns folded

around its symmetry point at about hatfthe total number of channels givirtet

final M~ ssbauer spectrum.

3.4.7.3Conversion Electron M ssbauer Spectroscopy (CEMS)

M~ ssbauer investigation of the sintered cemented carbides were carried out using
the CEMS technique. Thenversion electroor backscattering technique is used

in the surface characterisation of solid mater[&R]. It is a surface sensitive
technique as conversion electrons used in CEMS have a small range, 200 to 300 nm
with the®’Fe isotopg59]. In this technique, it is natrays but conversion electrons

that are detected.
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The absorbing nucleus will be in an excited state after resonant absorption of the
14.4 keV M ssbauer-rays emitted from the sourd89]. The energy that the
absorber gains oabedischargeceither in the form of a photon or by transfer to an
outer electron. Those electrons which are ejected from the outer shell in this manner
are known agonversion electronsAs these electrons are predominantly ejected
from the Kshell, theconversion electrons are known ascénversion electrons.

The isotope’Fe is particularly suitable for use in CEMS as the process of-inner
electron conversion occurs far more frequently than the decaying nucleus through

the emission of a-quantum59].

The process of innezlectron conversionould be followed by the emission of an
Auger electron. The resulting energies of these electrons are 5.3 keV and 6.3 keV
for KLL and KLM-Auger electrons, respectively. The term KLM megents those
electrons emitted from the dghell and whose energy is transferred to them by
electrons from the ishell. In addition to primary electrons (Auger and conversion
electrons), secondary electrons may also be emitted. The Compton and photo
elections that are produced by the electronic absorptiorradiiation with energies

of 14.4 keV, 122 keV and 136 keV, lead to the presence of additional background
when using the CEMS technique. A schematic of the CEMS processes are shown

in Figure 3.8.
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Non-resonant Emitted following
_ photo electrons resonant absorption
/ Compton electrons conversion electrons
’Co /,/ | photons K 7.3keV
\ ’ L 13.6 keV
M 14.3 keV
Fe \ 136.3 keV

bt

Auger electrons

KLL 5.4 keV
LMM ~0.6 keV
MMM <15eV

shake-off electrons

14.4 keV

SOURCE

14.4 keV y-rays
ABSORBER

X-rays, various energies

Figure 3.18: A schematic diagram showing the decay scheme f&iCo and the
various back-scattering processes for’Fe [61].

The efficiency of electrodetectionas well agjood signato-noise ratio are crucial

to improve the count rate in the CEMS technique, which depends on the design of
the detector. A parallgllate avalanche detector (PPAD) is used which consists of
flat-plate electrodesoated withgraphite The samp#is mounted onto the electrode

as shownin Figure 3.19.The counting gas that is used can by arganic
polyatomic gashoweveracetone gass preferred In the detector, the sample and

the emitted electrons are in an electric fid@]. When conversion electrons are
emitted, they accelerate towards an anode with an electric potential on it. As
electrons move towards the anode, they strike other atoms, ionising them which
results in further electron emission. This processticoas until an electron
avalanche eventually strikes the anode causing a measurable spike in voltage. This
small spike is amplified and measured to proportionally calculate the energy of the

original conversion electron.
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Gas Inlet
“O” ring
Insulation
Nylon studs,
Negative High spacers and nuts
Voltage connection
Perspex detector
housing
Graphite
layer on
Sample Perspex
layer
Ground
HV Cable to connection
BNC or LEMO
connector
— Stainless steel screw

Figure 3.19: Schematic diagram of a typical PPAD [57].

The PPAD used for the CEMS investigation of the sintered carbide materials is
shown in Figure 3.20. The housing of the detector and parallel plates are
manufactured from Perspekae parallel plates are coated with conductive graphite
paint, and the sample is mounted to the cathode using carbonTtepevhole
detection system (PPAD) is covered with aluminium foil and connected to a tank
(gas reservoir), which is pumped to achiaweacuum in the tank and the detector.

The system is then pressurised with acetone gas to a pressure of 20 to 25 mBar. The
detector is then connected to the-preplifier of the M ssbauer spectrometer using

a lemo connection as shown in Figure 3.21. Tketadnics for the CEMS system

is similar to the transmission system described in Section 3.4.7.2.
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Parallel plates

Figure 3.20: PPAD used for CEMS measurements of the sintered materials

LEAD SHIELDING

Figure 3.21: Setup of the PPAD for CEMS.
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3.4.8 Summary of techniques

The experimental techniqudsscribed in this chapter wartli sed tomanufacture

and characterise the different carbide gradés summary ¢ the analytical
techniquesusedfor the milled powders and sintered materials are presented in
Table 3.5.

In Table 3.5, Ax0 indicates the analytic
material grades. Note that the W\ material does not contaireFhence there are
no Mdssbauer investigations for this material. The results derived from each

technique are presented and discussed in Chapter 4.

Table 3.5: Summary of analytical techniques used focharacterising the milled
powders and sintered materials.

Powder - - - - X -
Sintered 1340 °C X X X X X X
Sintered 1430 °C X X X X X - X
Sintered 1510 °C X X X X X - X

Powder - - - - X X -
Sintered 1340 °C X X X X X - X
Sintered 1430 °C X X X X X - X
Sintered 1510 °C X X X X X - X

Powder - - - - X X -
Sintered 1340 °C X X X X X - X
Sintered 1430 °C X X X X X - X
Sintered 1510 °C X X X X X - X

Powder - - - - X - -
Sintered 1340 °C X X X X X - -
Sintered 1430 °C X X X X X - -
Sintered 1510 °C X X X X X - -
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Results and Discussion

4.1 Introduction

The resultsobtainedfor the milled powders and sintered cemented carbides are
presented and discussed in this chaftke milled powdersvere assessed using
X-ray diffraction and transmission Mdssbauer spectrosdagihniques The
standard cemented carbide quality control testsrepertedfor the sintered
materials. These tests include density, magnetic property (magnetic saturation and
coercivity) andVickers hardness measurements. The measurements provide an
indication on the quality of powder preparation (milling) and sintering of the
materials. The microstructures of the materials were assessed using optical
microscopy and high resolutistanning electromicroscopy HRSEM). Phase
identification (XRDresultg of the powders and sintered materials are discussed,
followed by the results ofttéF e M~ ssbauer i nfindnggwhget i ons .
applicable, are comparedgith results fromliterature forthe different material

compositions and the various sintering temperatures.

4.2 Sintered carbide quality control tests

4.2.1Density measurements

The densies ofsinteredcomponents were determined using a density balance and
the results are presentedTable 4.1. Theeported valueare an average of three
measurements, and the calculated theoretical densities are given for comparison
against the measured valuds example of theheoretical densgytcalculation is

given in Chapter 3, Section 3.4.1.

Table 4.1: Density results for the various carbide grades at the different
sintering temperatures.

1419+ 0.01 | 14.19+0.07| 14.25+0.03 14.27
14.24+0.03| 14.26+0.01| 14.28+0.01 14.37
1426+ 0.07 | 14.43+0.05| 14.33+0.05 14.24
13.58+ 0.10 | 14.54+0.01| 1453+ 0.6 14.58
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The ratio between thactual (measured) and the theoretical densitysgikie

% densification of the material after sinteringeapressedty

6% AT OF £E OFEAT OADEARO U&
A RKESERT o P B

The %densification for the sintered materials at the different sintering temperatures
arepresentedn Table 4.2.

Table 4.2: Variation of densification for the different sintering temperatures.

The densification results show that the Fe/Mn binder grades have densifications
higher than 100%. This is likely due to losses in manganese (Mn) during vacuum
sintering resulting in changes to the material composition as indicated by EDS
analysiswhich will be discussed laterManganese volatilises during vacuum

sintering and is usually sintered under an argon pressure of 8 mbar, and in a Mn
vapoursaturated environmeft, 2]. The loss of Mn would result in compositional

differences in the sintered components compared to the nominal starting

composition, hence the theoretical density calculations warlg

The WCNIi material sintered at 134@ is only 93% dense which is indicative of

the presence of open porosity. The terapee (1340°C) is too low to achieve
maximum density for a nickel bindgr2], which is usually sintered at temperatures
between 1450C and 1500°C. The density values for the W0 gradessintered

at 1430 °C and 1510 °C are acceptable. Maximum densities of 99.36% and 99.78%
are obtained for the WEe/Ni and WGFe gradesrespectively, at the highest
sintering temperature of 152C. Thesevalues are similar tthe results obtained

by Changet al. [17], whoachieved a maximum density of 99.68%dd/C-15FeNi

alloy vacuum sinteredt 1400°C. The sintemg temperature df400°C would be
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consistent for sintering a higher binder content (15 wt%) carbide compaitesl to

higher temperatures used in the current study for 10 wt% binder contents.

4.2.2Magnetic Saturation

Magnetic saturatiodataprovide information on the stoichiometry of the sintered
carbidesln cemented carbidede stoichiometry49] is determined by the carbon

level which affects the dissolved tungsten in the metal binder as discussed in
Chapters 1 and 3. The magnetic saturation results for the sintered materials are
shown in Table 4.3. The different binder grades ampared individually for the
different temperatures as the magnetic saturation limits differ for each metal, and

the solubility of tungsten in each metal varasswell

Table 4.3: Magnetic saturation results for the sintered carbides.

19.5+0.10 19.1+0.11 17.1 +0.05
11.7 £ 0.07 13.6 £ 0.05 11.9+0.45
15.1 +£0.05 15.9+0.20 15.3 + 0.05
4.0+ 0.20 4.4 +0.05 4.5 +0.05

The results are shown graphically in Figure ZHe magnetic saturatioraluesfor
the WG10Fe materialglecrease with increasing temperatsgggesting possible
increasing tungen levels in the Fe binderhis is similar to WECo alloys where
the magnetic saturation decreases linearly with increasing tungsten in sglffion
The highest magnetic saturation values for the-M¢@li and WCFeMn materials
are obtained at 143€C, indicating that thisould potentiallybe the optimum
sintering temperature for these binder allolise WC-Ni gradehas a maximum
magnetic saturatiovalue of 4.5 Gaussm®/g at 1510°C, which is consistent with

theliterature[12] where Ni binders are sintered at 15@
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Magnetic Saturation
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Figure 4.1: Graph of magnetic saturation results forthe different sintering
temperatures.

4.2.3Coercivity (Hc)

As the samestarting WC grain siz€2i 4 um) was used with a constant binder
content (10 wt%) for all the gradebe coercivity values provide information on
thesintering quality The structural parameters that would influence tbeddults
are WC grain sizdistribution binder pool size and structural defects (porosity,
inclusions andj-phase).The coercivity result@are shown in Table 4.4. ThecH

values are an average of thespiwe and negative fields for the sintered samples.

Table 4.4: Coercivity (Hc) results for the sintered samples.

80+3 86 +2 69+ 2
40+ 4 49+1 45+5
108 + 1 77+2 781
47 +£12 38+4 37%1

The H results ar@alsoshown graphically in Figure 4.2. In general, there is a distinct
difference in K values between the Niinder materials (W&@i and WGFeNi)

and the binders without NWC-Fe and WGFeMn). The materials containing Ni
binders have much lower coercivity valug&his variationis explained by théow
Curie temperature of Ni (37&) compaed to Co which is 1123C[12]. The Curie
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temperature of Ni binders is further suppressed to°20By tungstenin solution
which result in a decrease in magnetturation Daoushet al [61] found similar
trends for Co and Ni binders in (WT)materialsTheseauthors reported ¢values
of 74 Oe and 38 Oe for 10 wt% Co and Ni binders, respectively, vangdimilar

to the results obtaindd this work.

Coercivity (H)

120

100
‘g 20 —e— WC-10Fe
Z o WC-7Fe/3Ni
S —e— W(-8.5Fe/1.5Mn
8 10 \“\‘ —A— WC-10Ni

20

0

1300 1350 1400 1450 1500 1550

Sintering temperature (°C)

Figure 4.2: Graph of Coercivity (Hc) results for the sintered carbide grades

At the lowestsintering temperature of 134Q, there are anomalies in the tésults

for the WCGFeMn and WENI gradesThe higher than expectedtMalues obtained

for these grades are due to structimgderfections in the materials as verified by
microstructural examinatiogivenin Sections 4.3.1 and 4.3.2. Theusually high

Hc value for the WE&FeMn grade sintered at 134Q is due to the presemof
d-phase in the material. The coercive field strefi@#his affected by obstacles that
impede the movement of Bloch walls between the magnetic domains. In cemented
carbides, the WC grains and mixed carbide phemsbsding d-phase are regarded

as these obstacleBhe high H value for the WENI grade sintered at 134C can

be attributed to the presence of porosity in this material as indicated by the density

results(Section 4.2.1and confirmedy the microstructural observatiofSection
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4.3.2).The other grades (WEe and WGEFeNi) sintered at 134%C have slightly
lower Hc values than at 143 which is likelydue to théarge binder pools present
in the structurevhich will be discussed in Séion 4.3.2.

In the WG10Fe gradethe highest i value(86 Oe) is obtained at 143C, and a
significant decrease iklc is observedor the highest sintering temperatusé
1510°C, which is indicative of WC graigrowth in the structureat the higher
temperature Reports inthe literature [4] show that coercivity decreaseswith
increasingWC grain size.The WGFeNi and WCNi grades also show a small
decreasén Hc as the temperature is increased from 143@o 1510°C, resulting

from WC grain coarsening

4.2 .4Hardness

Hardnessmeasuremen] is a critical and sensitive quality control parameter in
the production of tungsten carbide hardmetals. The hargngsarty in hardmetals
is affected bythe WC grain size, porosity and structural variations in a material

havinga constant composition.

Vickers hardnesHV) measurements were determined on the polished sections of
the sintered materials using a B§ loadas per the 1ISO3878 gredureg53]. The
hardness results are summarised in Table A.Eeference cobalt binder grade,
WC-10Co, was measured for comparison against alternate binder grades. The
cobalt grade was sintered 143D, which is the optimm sintering temperature for

this grade. A comparative hardness graph for the various materials is shown in

Figure 4.3.

Table 4.5: Vickers hardness results for the various binder grades.

1282+14 | 13119 1320+ 6

1230+ 13 | 12504 1139+ 14

1525+ 4 1337 +£9 1257 £5

534 + 20 1132+ 4 1132+ 4
= 1250+ 4 =
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Hardness
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Figure 4.3: Graph of hardness (HV30) for the various binder carbide grades

The hardness results for the materials sintered at tresstemperature of 134TC
show anomalies for the WEeMn and WENi grades. TIs is due to thesame
microstructural defects responsible for the anomalies in the coercivitiodétase
grades. The unusually high hardness value for-Wé®In grade is due to the
presege of the brittled-phase in the material, whilst the presenceonbgity in the
WC-Ni grade would result in the very low hardness valsighe material is not fully

dense

The hardnessgaluesfor the WGFe grade is consistent throughout the temperature
range. Generally, the W(COFe grade has the highest hardness valmepaedto

the other metal binder grades, including the referenceGt/G@naterial. Similar
trends were shown iareview of WGbased hardmetals bonded with Fe alloys by
Ojo-Kupolusi et al [11]. Vickers hardness values of 1814776 and 1750 are
reportedfor WC-10Fe, WG10Co and WELONI, respectively with an average WC
grain size of 0.4%m. Thehigherhardness valudbat were reportedre due tahe

fine WC grain size in these materials compared-#iopy2n grain sizeusedfor this

work.
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The WGCFe/Ni grade has an optimum hardness at 1930 followed by a
significant decrease at the highest temperature of A510his suggests slight WC
grain coarsening. The hardnesgueof the WGFe/Ni gradg1250HV 30) is similar
to the reference WE0Co grade at 143C. This is consistent with wordonducted
by Prakashet al. [63] where hardness values of 9B for WC-16Fe4Ni, and
1000HV for WC-20Co were reported. The lower hardness vahieslO00HV
compared to the current study (1230), is due to the higher binder content used
(20 wt%).Changet al [17], measuredRockwell hardness (HRAQn WC-15Fe/Ni
(50/50) and WEL5Cogrades with a WC grain size ofZLum. A slightly higher
hardness/alue of 85.3HRA (920HV) was reportedor the WC-15Fe/Nigrade
compared to 84.8IRA (860HV) for the WC-15Cograde.Gonzalezet al [18],
performed studiesn WC-10F€Ni (90/10)alloys with various WC grain sizesd
reportedhardness valuesH{/z0) of 1603, 1380 and 1200 for 1, 4 andufn,
respectively. Thaigher ratio of Fe in the 90/10 Fe/Ni binders would rasutigher
hardnessvalues compared tthe currentwork where theFe/Ni ratio is 70/30
Results in literature suggest that WE/Ni hardmetals have similar or slightly

higher hardness valuesmpared t&WC-Co alloys.

The hardnessf the WGFeMn grade at 1430C decreases from 133V3o to
1257HV 3o as the sintering teperature is increased to 15%D. This islikely due

to WC grain coarsening at 15I°C. Hanyalogluet al [1], conducted hardness
measurements on WGFeMn and We0FeMn grades having a WC grain size of
1-3 pum and reported improved hardness valued5#9 HVso and 1429HVsy,
respectively, compared to WCo alloys.These resultsvere found to be higher
thanliteratue valuesreported folWC-15Co and W&0Cq which are 1130HV

and 80CHV, respectivelyfor a similar grain size.

The WG10NIi gradehas the lowest hardness compared to the other binder grades
An optimum hardnessf 1132HV 3o is achievedt sinteringemperatures between
1430 and 1510C. In general WC-Ni alloys have appreciably lower hardness and
lower strength than W{Co alloysfor similar composition$64]. A hardness value

of 87.5 HRA (115(HV) wasreported by Mirand$65] for a WG10Ni hardmetal

74



Chapter 4 Results and Discussion

having a grain size of 84 um. This isconsistent witlthe value obtained in this

work (1132HV30), which has a similar composition and grain size.

4.3 Microstructural Examination

4.3.10ptical microscopy

The macro structures were examined using a light microscope on the polished
section of the samples at magnifications ranging from 100 to 500x to access any
porosity present in the materials. The optical images at 500x magnification are

shown inFigures 4.4 to 4.7.

WC-Fe — 20 um

1340°C 1430°C 1510°C

Figure 4.4: Optical micrographs of the WC-Fe sintered structures at 500x.

There is no porosity observed in the W€ and WGFe/Ni grades for all the
temperature ranges (Figures 4dd 4.5). The features observed in the sample
sintered at 1510C appears tbe Fe-Ni binder lakes surrounding large WC grains
associatedvith abnormal WC grain growth occurring at the highest sintering

temperature (Figure 4.5). This is only observesatated areas of the structure.
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WC-Fe/Ni — 20 um

1340°C 1430°C 1510°C

Figure 4.5: Optical micrographs of the WC-Fe/Ni sintered structures at 500x

A combination of porosity and a darker phase, possHpiliase, is observed ftire
WC-Fe/Mn grade at the losst sintering temperature of 134 as shown in
Figure 4.6. Themicrostructure at 1430C appears tbe homogeneous, arat the

highest sintering temperature (1510), slight irhomogeneitiesvereobserved

WC-Fe/Mn — 20 um

1340°C 1430°C 1510°C

Figure 4.6: Optical micrographs of the WC-Fe/Mn sintered structures at 500

A high volume of open porosity is observed for the WiCgrade atthe lowest
sintering of 1340C (Figure 4.7), which is consistent with low densifica for this
temperature. The sample sintered at the higher temperature ranges do not contain
porosity.
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WC-Ni — 20 um

1340°C 1430°C 1510°C

Figure 4.7: Optical micrographs of the WC-Ni sintered structures at 500x.

The samples were |lightly etched for 30
re-examined to determine the presence oframporsub-stoichiometric phase$he

etching process did not reveal any new phases other than the structures observed in
theun-etched samples.

4.3.2Scanning Electron Microscopy

A more detailed examination of the microstructures was carried out using a High
Resolution $anning Electron Microscope (FFEM). Energy Dispersive -Xay
analysis (EDS) wasmployedto give an indication of the elemental ratios of the

material compositions.

The microstructures of the various grades are typical of cemented carbide
structures. The grey angular and blocky grains are the WC grains, and the darker
(black) phase surrounatj or cementing the WC grains is the binder matrix as
shown in Figure 4.8 for a W{Ee sample. The microstructural evolution of the
different carbide grades over the various sintering temperatures are given in Figure

4.9 at 5000x magnification using backiseeed imaging (BSE).
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WC

Binder (Fe)

2pm Mag= 20.00 KX Signal A=NTSBSD  Date :14 Mar 2016 e
WD = 8.4 mm EHT =20.00 kV Time :12:34:27 S

Figure 4.8: Typical microstructure of a sintered sample (WGFe) at 20000
magnification.

The microstructures of the WEe alloys sintered at the different temperatures are
shown at5 000x magnification in Figure 4.9. At the lestsintering temperature

of 1340°C, the microstructure of the WEe grade has binder pools, 2 tar in

size, and clustering of fine WC grains as shown in Figures 4.9 and 4.10. A more
homogeneous structuris observed as the temperatures increases to 1@30
(Figure 4.9), both with the distribution of the metal binder and WC grain size. At
the higlrest sintering temperature (15EC), there is a general coarsening of the
WC grain sizadue to the dissolutin of the fineVC patrticles into the metal binder,

and re-precipitaton on exi sting WC grains through
ripening [66]. The evolution of the microstructures (homogeneity and WC grain
morphology) withincreasing temperature are shown at different magnifications
(2000 x and 10000 x) in Appendix.Arhere is no abnormal grain growith the
materials sintered at the highesmnperatur¢1510°C), rather a uniform coarsening

of the WC grain structure.
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1. WC-Fe

1340°C 1430°C 1510°C

Figure 4.10: SEM micrographs of the WC-Fe sintered structures a
5000x.

10pm Mag= 200KX Signal A= SE2 Date :23 Nov 2015 g
WD = 84 mm EHT =20.00 kV Time :11:01:22 S

Figure 4.9: Secondary electron image of the W&re sintered at 1340 °(
showing some of the porosity (red circles) and binder pools (bla
circles) at 2000x.

The microstructures of the WEe/Ni materials show similar trends to the W€
materials for the different temperatures. The size of the metal binder pools are
however larger, up to 10m in size, than those observed in the \ME&materials,

with slightly more WC grain coarsening at 1510 (Figure 4.11). The distribution

of the phases (WC and metal binder) appears to be more homogeneous at the highest
temperature.
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2. WC-Fe/Ni

zex
ENT =200k Teve 123141 WO 84mm ENTS2000W  Time:112620

1340°C 1430°C 1510°C

Figure 4.11: SEM micrographs of the WC-Fe/Ni sintered structures at 5000x

The WGFe/Mn microstructures at the different sintering temperatures are shown
in Figure 4.12.The microstructure at 134T contains a combination of metal
binder pools and porosity (Figure 4.13), as well as a possiblstsidhiometric
phase (d-phase) shown in Figure 4.14. The microstructures are more
homogeneously distributed at the higher sintgtemperature of 1430 (Figure

4.12). The presence dfphase in the W&e/Mn material sintered at 134G could

be the reason for the very high coercivity and hardness values obtained for this
grade.Thed-phasas a hard, brittle phadd] and is usually associated with carbon
deficiency in the material. The morphology of the WC grains is more rounded

which is usually associated with the presencg-plhaseas shown in Figure 4.14.

3. WC-Fe/Mn

1340°C 1430°C 1510°C

Figure 4.12: SEM micrographs of the WC-Fe/Mn sintered structures at 5000»
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20 pm Mag= 200KX Signal A = SE2 Date :24 Nov 2015
WD = 84 mm EHT = 20.00 kV Time :11:53:28

Figure 4.13: Secondary electron image of the Wd~e/Mn sintered at 1340 °(
showing porosity and binder pools at 2000x.

wcC

n-phase

binder

5 ZEISS
WD = 84 mm EHT =20.00 kV Time :11:58:20

'1_Fi'" ‘Mag= 10.00KX Signal A=NTSBSD  Date :24 Nov 2015

Figure 4.14: Microstructure of the WC -FeMn sample sintered at1340 °C
showi ng t he -ghase ¢darkec grey phlase) dn
matrix of WC (light grey phase) and metal binder (dark phase
at 10000x.
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As the carbon levels wensistent in all the materialand the differengrades
were sintered in the same fureatin at 1350C, thelikely reason for the presence
of d-phasan the WGFe/Mn grade igiven by Shuberet al [2] asoxidation of the
FeMn binder in the pressed powder3he authors[2] found d-phasein the
WC-FeMnalloys when th@ressegowders were sintered a few days later. In this
work, the low temperature (135C) sintering run only occurred 3 weeks after
pressing the powders as a full furnace load had to be built up for the poaduct
The typical sintering temperatures used at Pilot Tools for production is’C48@
1510°C, so the WGEFeMn grades sintered at these temperatures were not affected
The increased oxidation of the \WkeMn pressed powdersntered atl340°C
would result ina carbon deficiency during sintering leading to the formation of
d-phase.

The WGNi samplesintered at the lowest temperature of 13380s not fully dense
and contains high volume of open porosity as shown in Figur®&4The samples
sintered at the higher temperatur@dgl30°C and 151C°C) are fully dense with

uniform microstructuresas shown irkigure 4.16

30 pym Mag= 1.00KX Signal A = SE2 Date :25 Nov 2015 [
s | ZEISS
WD = 85mm EHT =20.00 kV Time :10:43:50

Figure 4.15. Secondary electron image of the WENi sintered at 1340 °(
showing the presence of porosity in the sample at 1000x.
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4. WC-Ni

Figure 4.16: SEM micrographs of the WC-Ni sintered structures at 5000x.

The elemental compositions of the samplesagdetermined using ED® ascertain
thepresence of contaminants in #ieteredmaterials. Analysis was performed over
an area of 500 x 60@m on each sample, and themiquantitative analysigesults

are presented in Table 4.6.

Table 4.6: EDS results showing the elemental compositions for the various
grades.

1340 82.4 7.0 10.6 - = -
1430 82.4 7.8 9.8 - - -
1510 82.8 7.5 9.1 = = 0.6 Co
1340 81.5 8.1 7.4 3.1 = =
1430 82.2 7.0 7.1 3.2 - 0.5 Co
1510

1340 85.1 6.9 7.4 = 0.6 =
1430 84.1 7.1 8.7 - 0.1 -
1510 84.0 8.3 6.9 = 0.2 | 0.6 Co
1340 79.3 8.8 = 10.8 = 116G
1430 83.0 7.0 - 10.0 - -
1510 82.0 7.5 0.5 9.3 = 0.7 Co

Generally, the EDS results reflect the nominal metal binder compositions for the
various grades, except for the WRe/Mn grades, where the Mn appears to have
volatilised duringsintering resulting in much lower concentrations than the nominal
composition. The vapour pressure of mangafies?] is very high at temperatures
above 1000°C and volatilises during the vacuum sintering of \W&Mn
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hardmeals. Manganese losses can be minimised by sintering in a manganese
vapour environment.

The nominal composition foWC-FeMn grade contains 1.&t% Mn, and only

0.6 wt% Mn as detectedby EDS in the material sintered at 134D. The materials
sintered athe higher sintering temperatures contain 0.1 toM®2 Mn. Evidence

of Co contamination are observed in some materials which is probably due to cross
contamination during milling and/or sieving procedures. The presence of oxygen in
the WGNi sample sitered at the low temperature of 134D can be attributed to

contamination due to the high levels of porosityhie material.

4.4 X-ray Diffraction (XRD)

The phase compositions of the milled powders and sintered materials were
determined using XR@nalysis. The XRD results are summarised in Table 4.7 and
the corresponding XRD patterns are shown in Figurestd.4.20. The results for

the milled powders reflect the nominal compositions of the different gradhésh

are WC (hcp) and the metddinder phase Both metal binder constituents are
detected in the mixed binder grades whichlaFe and-Ni in the WGFeNi grade

and U-Fe andJ-Mn in the WGFeMn grade.The mixed metal binderorm solid
solutiors after sintering which aréesNi> and Fe@.gsMno.osfor the WGFeNi and
WC-FeMn grades, respectively.

Evidence of a sutoichiometricd-phase, F&V-2C, is observed in the WE€e/Mn
grade sintered at 134C as shown in Table 4.7 and Figure 4.19. This confirms the
microstructural observations (Sectidi3), and explains the high hardness and
coercivity values obtained for this sample (Sections 4.2.3 and 4.2.4). The
WC-Fe/Mn grades sintered at 1430 and 1510C are stoichiometric, consisting

of WC and the liquid binder phase. Similar phasbservations for WEe and
WC-Fe/Ni alloys were found by Fernandasal [67], where the binder phases were
identified as)-Fe andb-FeNi, respectively.
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Table 4.7: Summary of the phase compositions determined using XRD for the
various grades.

Powder WC ; UFe
Sintered 1340C WC ; UFe
Sintered 1430C WC ; UFe
Sintered 1510C WC ; UFe
Powder WC ; UFe ; Ni
Sintered 1340C WC ; FesNiz
Sintered 1430C WC ; FesNiz
Sintered 1510C WC ; FesNiz
Powder WC ; UFe ; Mn
Sintered 1340C WC ; Fey.9dMno 05; F&EW,C
Sintered 1430C WC ; F&y.9Mno 05
Sintered 1510C WC ; F&.9dMno 05
Powder WC ; Ni
Sintered 1340C WC ; Ni
Sintered 1430C WC ; Ni
Sintered 1510C WC ; Ni
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Figure 4.17: XRD patterns for the WC-10Fe milled powder (a), andsintered
materials, (b) 1350 °C, (c) 1430 °C and (d) 1510 °C.
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Figure 4.19: XRD patterns for the WC-10Fe/Ni milled powder (a), and sintere
materials, (b) 1350 °C, (c) 1430 °C and (d) 1510 °C.
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Figure 4.18 XRD patterns for the WC-10Fe/Mn milled powder (a), anc
sintered materials, (b) 1350 °C, (c) 1430 °C and (d) 1510 °C.
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Figure 4.20: XRD patterns for the WC-10Ni milled powder (a), and sintere:
materials, (b) 1350 °C, (c) 1430 °C and (d) 1510 °C.

Some minor unidentified peaks are observed in all the XRD patterns an87

51.9 24 angles.These minor peaks appear to be part of the WC phase as the same
peaks were detected in the starting WC povesdeshown in Figure 412 As these
unidentified peaks are still present in the sintered materials, it is unlikely to be the
normal contaminants (Co, Fe, Zn, Si, Al, Na, K, O,aiTi) found in WC powders

at ppm levels These contaminants would alloy with the metal binder during
sintering, and not be preseat a single component thereafter. The supplier
specification for WC powder is given as 99.9% (Table 3tlgould be therefore
related to the structure tie WC powder.
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Figure 4.21: XRD pattern of WC starting powder.
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4.5Mdssbauer Spectroscopy

4.5.1Calibration of °’Fe Mossbauer spectra

Calibrationof the Missbauer spectias carried out usingFe foil having a purity
of 99.99% and a thickness of u#n in orderto determine the zereelocity and
calibration constantn the Mjssbauer spectruni68]. This is achieved by

determining theonstant<C andz so that
U 0 Qa &

whereC is the calibration constang, is the zero velocity andis the channel

number A reasonable spectrum is obtained for the Fe foil affemehours.The
spectrum is recorded twice in the 512 channels of the MCA as the source velocity
sweeps through the positive and negative velotitg total set of datgp7] of the

M~ ssbauer spectrum has a symmetry pansundthe middle. Folding the data
around the symmetry point reduces the number of channels in half (256 channels),
thus improving the statistics of the measuremarsix-line patternis obtained for

UFe, with the peak positions as supplied by théssbauer Effect Data Center
(MEDC) aregivenas-5.31,-3.08,-0.84, 0.84, 3.08 and 5.31 mm/s as shown in
Figure 4.2.
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A °Fe Mdssbauecalibration spectrm with good statisticds generated after

~3 hours in transmission mode (TMS), and about 24 hours using the CEMS
technique. The data analysis and fittiofgthe spectra is carried out using Vinda
software developed by H.P. Gunnlaugsfe#i. Vinda is an Addn for Microsoft

Excel and contains a summary of various models to give reasonable results. A

summary of the fitting prockire and data analysis is given in Appendix B.

The calibration spectrum for the Fe foil using TMS is shown in Figu 4rtl the
CEMS calibration is shown in Figure 4.2n the transmission mode, the Zeeman
splitting has a 3:2:1:1:2:3 peak ratio, whilse backscatter mode ha8:4:1:1:4:3

peak ratio. The data obtained for the Fe folil is fitted to a theoretical spectrum of
U-Fe having a magnetic hyperfine fieBhf) of 32.9 T, a quadrupole splittingo)

of zero mm/s and an isomer shif) of zero mm/s. The hyperfine parameters for
Fe foil are in good agreement with previous stud®f 70] where values of

Bnr = ~33.0 T,0 = zero anaxdEq = zerowere cited.
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Figure 4.23: TMS spectrum for Fe foll.
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Figure 4.24: CEMS spectrum for Fe foll.

4.5.2TMS results for the milled powders

TransmissiorM 6ssbaueiSpectroscopyTMS) measurements were performed on
the milled powders containing Fe in the binder composition, namely10Fe,
WC-7Fe3Ni and WEB.5Fel.5Mn alloys. For each powder sample, measurements
were carried out over a period of 72 hoursg @he corresponding tsbauer

spectra are shown in Figure 8.2
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Figure 4.25. TMS spectra for the WC-Fe, WC-FeNi and WC-FeMn milled
powders.

Best fits to the Mssbauer data for each spectrum were acHievgh one
Lorentzian sextet (S1) component with a linewidith, = 0 . 2The hyperfine
parameters are summarised in Table At spectral components fitteathe data
will be identified in terms of the binder composition due to the different binder

metals investigated e.§lre refersto a sixline pattern for WGFe.

Table 4.8: Hyperfine parameters for the milled powders.

Sle 0.00(2) | 0.004) | 33.0(1)
Sleeni 0.00(4) | 0.00(4) | 33.1(2)
Sleemn 0.002) | 0.003) | 33.0(1)

The hyperfine interaction parameters determined from the fits to the data for all

milled powder samples ar&nt = ~33.0 T andi = 0 mm/s andeEqg = 0 mm/s
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similar to the values determined fdtFe from the calibration spectra. The
Mdssbauer results are consistent with the XRD data for the milled powders which
show the presence of the-pbase in the powders &Fe (Table 4.7 and Figures
4.18 to 4.20). This suggests that the laboratory scale ball milling procedure
described in Section 3.2.2 is a gentle process mainly used to homogenise the powder
mixtureswith no mechanical alloying taking place. In contrast, the high energy ball
milling process which is a 8d state processing technique results in mechanical
alloying or mechanosyntheg3, 24]of the powders where phase transformations
occur in the powders during extended milling times. Wetrg. [23] achieved the
formation of WC by high energy ball milling tungsten metal and activated carbon
with stainless steel ballsingmilling times up to 310 hours. The authors observed
two sextets with magnetic fields of 33.0 T and 20.5 T, whieleworrelated to

UFe and FeC, respectively.

4. 5.3CEMS results on sintered carbides

CEMS measurements were performed on ~1 mm thick, cut and polished sections
of the WGFe, WGFeNi and WCFeMn materials sintered at temperatures of
1340°C, 1430°C and 1510C. For each sample, data was collected over a period
of ~12 days. All spectra were characterised by broadendihsipatterns. Several
models utilising different spectral components were initially fitted using the Vinda
package however bedits to the data were achievesith a distribution of
Lorertzian sextets with varying magnetic fields, as well as quadrigmie

doublets and single lines where applicable.

4.5.3.1WC-10Fe

The Mossbauer spectra for the \WKDFe materials sintered at feifent
temperatures are shown in Figure6!.Zhe CEMS spectra were fitted with two
magnetic fields $1re and S2r¢) and hear hyperfine parameters are given in
Table 4.9.
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Figure 4.26: CEMS spectra for the WC-10Fe material sintered at 1340 °(
1430 °C and 1510 °C.

Table 4.9: Hyperfine parameters for WC-10Fe materials sintered at different

temperatu res.
Slre 33.4(5) | -0.01(7) | 0.00(2) 84 (3)
S2re 16.8(5) | -0.16(5) | 0.05(9) 16 (2)
Sk 33.8(6) | -0.03(8) | 0.00(2) 85 (3)
SZ 185(3) | -0.13(3) | 0.23(6) 15 (2)
Sk 346(8) | -0.02(1) | 0.05(2) 70 (3)
SZ 187(2) | -0.15(2) | 0.07 (5) 30 (2)
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The spectral features for all the \WIOFe samples sintered at the different
temperatures are very simildfor the 1340°C sample, the hyperfine interaction
parameterdSlre ) determined from the fits to the data ar@n = 33.4(5) T,

d= 0.01 (7)mm/s andDEq = 0.00 (9) mm/s andis assigned to ab}Fe phase
which is also indicated by the XRD results shown in Table 4.7. It is likely that the
UFe phase contains dilute W in solution as a result of liquid phase sintering.
Idczak et al [71] reported asimilar magnetic field of 32.9 T for a Faloy
containing <1% W. Comparableparameters were obtained for the 143D
spectrum howevera slightly highermagnetic fieldof 34.6(8) T was obtained for
the 1510°C spectrum which can be explained in terms of the higher sintering
temperature where an increase of W in solution is expg¢d8dasdiscussed in
Section 4.2.2In the spectra for the W-Ee materials sintered at 134C and
1430°C, the spectral componesfre dominates the spectra contributing ~85% of
the spectral area witB2re having the remaining fraction. For the material sintered
at 1510°C, the area fraction &2reincreases to 30% with a corresponding decrease
of ~15% for theS1re component.

The magnetic componer82re, present in these samples with magnetic fields
rangingfrom 16.8 T to 18.5 T¢an beassigned to the formation of a (FeW)C phase.
During sintering some W and C dissolve into the Fe bindence lowang the
hyperfine magnetic field. A similar magnetic field was observed by
Mercadoet al [24] after 5 hrs of high energy ball milling of Fe, W, and C powders.
These authors fitted the acquiredd$dbauer spectrum for the milled powders with
a distribution of sextet©ne of the sextetsad similathyperfine parametets S2re

with valuesof Bns = 17.3 T,0 = 0.06 mm/s andEg = 0.27 mm/sand the other
sextetgeported had magnetic fields26.9 T and 10.9 T.

45.3.2WC-7Fe3Ni

The Mossbauer spectra for the \AR&Ni materials sintered at different
temperatures are showin Figure 4.Z, and the hyperfine parameters are
summarised in Table 4.10. Thebssbauer spectrum for tlsample sintered at the

lowesttemperature 1340C is fitted with a paramagnetic doubletl@dan) and a
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weak magnetic field (S3n). The hyperfine parameters extracted Bdireni are

U= 0.08 mm/s andsEg = 0.00 mm/s and for S3eni are Bne = 15.7 T,

U= 0.28 mm/s andkEg= 0.14 mm/s. The spectral componBxiken; dominates

the spectrum with aarea fraction of 65%. The XRD results shown in Table 4.7
indicates the formation of &FesNi2 phase after sintering. AbdEltahet al [72]
investigated FNi alloys using Missbauer spectroscopy and reported a single line
with, = 0.08 mm/s assigned teFeNi for a 70/30 Fe/Ni ratio. At a higher Fe/Ni
ratio (65/35), theseuthors also observed a sexBat = 16.3 T,= 0.03 mm/s
corresponding to high spmFeNi, thereforethe spectral componeBt3-n; in this

work cantentativelybeassigned to same phase

WC-FeNi
4
» Experimental Data === Simulation S3reni
= Dlpey = Slpeni SZreni
351 T SAreni R

w
L

N
w

Relative Absorption {arb. units)

(=]

1,5

Velocity (mm/s)

Figure 4.27. CEMS spectra for the WC-FeNi materials sintered at 1340 °C
1430 °C and 1510 °C.
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Table 4.10: Hyperfine parameters for WC-FeNi materials sintered at different

temperatu res.
Dlreni - 0.08 (2) 0.00 (3) | 65 (2)
S3eeni 15.7(7) | -0.28(10) | -0.14(15) | 35(1)
Sleeni 334(4) | 0.10(5) -0.05(9) | 33(2)
SZeni 25.4(5) | -0.26(6) | 0.00(10) | 30(2)
Sheeni 8.8 (5) -0.32(7) | 0.13(10) | 31(2)
Dlreni - 0.29 (5) 0.003) | 6(1)
Sleeni 316(7) | 0.26(9) 0.18 (12) | 30 (2)
SZeni 247(4) | 033(5) 0.42(8) | 43(3)
Steeni 8.9 (6) 0.14 (8) 067 (2 | 22 (1)
Dlreni - 051(7) | -022(12) | 5(1)

The Mossbauer spectra for the \AE&Ni samples sintered at 1430 and 1510C

were fitted with a distribution of magnetic fields €&4, SZeniand S4eni). For the

higher sintering temperaturel340°C, the magnetic hyperfine field components
dominate the spectra occupying ~95% of the spectral area whilst the paramagnetic
doublet D1reni) decreases from a fraction of 65% to 5%. The magnetic field
Slreni (33.4 T and 31.6 T)s consistent withU-FeNi phase as observed by
AbdelFatahet al [72]. The slightly lower magnetic value (81T) for the sample
sintered at the highest temperature could be due to increased W in solid solution
with FeNi. The magnetic fields f@Zeni (25.4 T and 24.7 T) are similar to the high
spina-FeNi phase observed by Abegehtahet al [72], for a FesNio.3salloy. The

weak magnetic field of ~8.8 T f@4reniis tentativéy assigned to the formation of

a o-(FeNiW)C phase with increased levels of W in solutiéositive isomer shift

(0.29 mm/s and 0.51 mm/r the paramagrie doubletincreases with increasing
temperaturewhich is possibly due to increased electron density caused by
s-electrons of Ni and W at the Fe nudlés].

4.5.3.3WC-8.5F¢e/1.5Mn
The CEMS spectra for th&/C-FeMn alloys are shown in Figure 8.2nd the

hyperfine parameters are summarised in Table FH4 Mossbauer spectra for the
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WC-FeMn alloys sintered at different temperatures are characterised by magnetic
split components with the exception of the cfpem at the lowest sintering
temperature of 1348C where a single line component is also obserkeshould

be noted that in the initial analysis of the spectra collected at°taad 1510C,

an additional quadrupole doublet was included in the aerggion, however, this
component was excluded from the fits due to poor statistics and warrants future
investigations.The isomer shift for the singlet, Stelin was determined as
0.23 mm/sand is provisionally assigned to thgphase (FaV2C) as indicated by

the XRD results in Table 4.7. For this sintering temperature, three sextefgn(S1
SZevnand S#ewvn) Were fitted to the data. The spectral compon®idemn with a
hyperfine field 0f&433.0 T corresponding t-FeMn was observed at alhgering
temperatures. The XRD results for these materials indicated that the binder phase
is U-Fen.98MNo.os

WC-FeMn

* Experimental Data  ====Simulation — Slremin

52Femn S3reMn SUremin

— S4renin

[¥8)

Relative Absorption (arb. units)
N

Velocity (mm/s)

Figure 4.28. CEMS spectra for the WC-FeMn materials sntered at 1340 °C
1430 °C and1510 °C.
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Table 4.11: Hyperfine parameters for WC-FeMn materials sintered at
different temperatures.

Slremn 32.5(1) | 0.00(2) | 0.04(4) | 44(7)
SZeemn 31.3(2) | -0.09(2) | -0.19 (5) | 30 (4)
S3remn 30.2(3) | 0.22(4) | 0.35(7) | 19(3)
SLIremn - 0.23 (3) - 7 (1)
Slremn 33.6 (1) | -0.03(1) | -0.06(3) | 61(5)
SZ:emn 31.4(4) | -0.05(4) | -0.16 (8) | 21(2)
SAremn 34.5(4) | -0.17(6) | 0.33(9) | 18 (1)
Slremn 34.0(1) | -0.05(1) | -0,.04 (3) | 54 (2)
S4eemn 35.3(1) | -0.01(1) | 0.02(3) | 46(2)

The magnetic fields foSZ-emn and SFemn were determined to be 31.3 T and
30.2 T, respectively which are most likely dueddeMn phases and can be
explained in terms of the increasing solid solution of Mn and/or W in the Fe binder.
Similar observations were made by Idceakl [71] for dilute Febased alloys. The
authors studied the effect of w@us dilute metals in iron (including Mn and W)
using Missbauer spectroscopy, and reported a magnetic field of 32.8 T for
Fen9sMno o alloy. The authors also cited a decreast@hyperfine magnetic field

with increasing concentration of the alloyingrlent. The magnetic field decreased
from 32.8 T for 1%Mn in solution to 31.5 T for 8%Mn.

The spectrum for 143T was also fitted witl®lremn andSZremn but the third sextet
component $4remn) has been extracted with a hyperfine field of 34.5(4) T. The
1510°C spectrum was fitted with two sexte®lremn and S4remn With a hyperfine
value 0f35.3 (S4remn), hereSZ-emn is not evident. Idczakt al [71] observed that
themagnetic fieldirst decreased when th contentin theFe-alloy was increased
from 1% to 3% concentratiomowever,the magnetic fieldncreased as th&/
concentration wafurther increasetb 5% These observations were explained as
the formation of multphases at higher concentrations, not just a singid sol
solution of the two components. This may be a contributing factor to the high
magnetic fields >34.5 T obtained 84remn for the WGFeMn alloy sintered at the

two highest temperatureblowever, there would be a certain threshold for the
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increase in solte atoms, beyond which would result in the decreasBniras

observed by the presence of the weaker magnetic fields in all the spectra.

At the lowest sitering temperaturehe single line (SLdemn) contributes amall
fraction (7%) of the total areaand the remainingraction is dominated by the
magnetic componentsSlremn, SZemn and S3Femn). For the other sintering
temperatures, the spectra are dominated by the contributions fromatjrestic
componentshowever no discernible trends exist for the population of the various

magnetic sites.
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Conclusions andRecommendations

5.1 Conclusions

Cemented carbides with fmsed binders were investigated usingskbauer
spectroscopyThe aim wado determine whether the technique can be used to
provide a better understanding of the structural and magnetic propwttibe
materials to aid the research and development of new binder grades. The grades
selected for this studwere WC-10Fe, WG7Fe3Ni, WCG8.5Fel.5Mn and WC

10Ni. The Ni grade is a commercialised grade and was selected as a reference
material. Powder batels of the various compositions were produced and vacuum
sinteredat different temperatures (134G, 1430°C and 151C0C) in a production
furnace at Pilot Tools (Pty) Ltd. The sintered materials were evaluated using the
routine cemented carbide quality ¢ah testing methods which includes density,
magnetic propeigs, and hardness measurements. The materials were examined
usng optical and SEM techniqueand investigated using XRD anddssbauer

spectroscopy.

Generally, the carbidgquality controlresultsindicate that the optimum sintering
temperature for the Heased binder materials is 1430. The WC10Ni grade is
known inthe literature to have a higher sintering temperature of 1%¥D0The
hardness results (1282 HV, 1311 HV and 1320 HV) for the-M®: grade is
similar for the different sintering temperatures, indicating a wide sintering
temperature window (range), provided the C balance is controlled tightly during the
sintering process. This wide sintering window makes the material production
friendy. The lower coercivity value (69 Oe) for the AR grade sintered at the
highest temperature (152C) would usually indicate WC grain growth, which is
confirmed by the microstructures (Append®, and result in a decrease in the
hardness property. Theardness however, is maintained at the highest sintering
temperature and is possibly due to solid solution strengthening of the binder with
increased W and C in solution as indicated by the magnetic saturation results. The
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magnetic saturation results drispm 19.1 Gauss.cffg to 17.1 Gauss.cify as the
sintering temperature is increased from 123@o 151¢°C. The Missbauer spectra

for the WC-Fe materials were fitted with two magnetic fields with the dominant
magneticfield beingU-Fe or more likelyU-FeW (433 T) and a field assigned to
(FeW)C aid17 T. At the highest sintering temperature the dominant component has
a magnetic field of 35.3 T which could be due to a highly disorde+ee lattice

and/or the presence of multiple phases eY\F€.

The WC-7Fe3Ni grade has the same hardness value (125¢) B&/a conventional
WC-10Co grade sintered at the optimum temperature of 1@3Uhese results are
confirmed by reported literature data for various grades off®Ri and WCCo
hardmetal$17, 18, 63] The CEMS spectrum for the lowest temperature (2830
FeNi binder sample shows a paramagnetic douhlet ( 0.08 mm/s and
akEq = 0.00 mm/s) occupying 65% of the total area, and a weak magnetdic fiel
(15.7 T). The doublet was assignedat&eNi and the magnetic component to
2-(FeNiW)C. As the sintering temperature is increased, the paramagnetic doublet is
reducedio ~5% of the total area and thremainderof the Mossbauer spectrum is
characterised by distribution of magnetic fields (33 T, 25 T and 9 T). These
magnetic fieldsaretentatively assigned to-FeNi and multiple phases of FeNiW.
The XRD results show a single solid solution phase aNEkdor all the FeNi
binders. The moregensitive Missbauer results indicate that the FeNi binder may
have multiple phases with different concentration levels of W, Ni and C in solution
with Fe.

Attempts to produce a W8.5Fel.5Mn were not successful as most of the Mn
metal volatilised duringhe sintering process. The resultant sintered materials
contained 0.6 wt%, 0.2 wt% and 0.1 wt% for the samples sintered at°C340
1430°C and 1510C, respectively as indicated by EDS analysis results (Table 4.6).
Also, the sample sintered at 1320 contained the undesirabiephase due to
oxidation of the Mn metal in the green compact which was only sintered a few
weeks after pressing. The presence-phase makes the material hard and brittle,

as indicated by the high hardness value (1525H4dr this sample compared to a
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hardness value of 1337 Hyfor the FeMn binder material sintered at 1480 The
d-phase is identified by XRD as #¥.C, and is observed as a paramagnetic single
line in the Mossbauer spectrum with a positive isomer shifo@&3 mm/s. The
Mossbauer spectrum also shows a distribution of magnetic components having a
range of magnetic fields (32.5 T, 31.3 T and 30.2 T). These magnetic fields occupy
97% of the total area, and are assigned-F@Mn (32.5 T) and:FeMnW phases.

The magnetic fields for the W€eMn sample sintered at the highest temperature
areBns = 35.3 andBns = 34.0 T could be the result of mufihases of disordered
UFeMn(W). The combination of issues in the manufacturing the Mé®In alloys

would not make this material production friendly, as the FeMn binder alloy requires
a Mn vapour environment during sinteridg 2], and has to be sintered immediately

after pressing.

5.2 Recommendations

Febased binder systems, specifically Fe and FeNi, are regarded as suitable
replacements for Co binders in cemented carbide alloysfiddiags of this study
confirms that Fe and FeMindershave similaror betterhardnesgropertieshan

Co binders. Mssbauer spectroscopy was used as a new investigative tool for these
materials and more work is required to understand some oftbsiduer hyperfine
parameters and collaborate the results. This may include theoretical modelling of
the atom arrangement (Niy and C) around th&’Fe nucleito extract hyperfine
interaction parameters by investigating the stability of the lattiogh resolution
transmission electron microscopy (HRTEM) may be useful in verifying the
presence of mulphases within the metalrger as indicated by the distribution of
magnetic fields present in thedgsbauer spectra. The HRTEM technique may also
provide a better understanding for the increase in the magnetic hyperfine field
(Bnt >34.0 T) for the materials sintered at thghtest temperature of 152C.

Annealing experiments at different temperatures to relieve residual stresses after

sintering would be useful to determine how the hyperfine parameters, specifically
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a&Eq, will be affected. High temperature annealing (>80 could possibly affect
the compaitions of some of theomplexphases present in the binder.
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Microstructures

The microstructures dhe carbide alloys sintered at 1340, 1430 and 1510 °C are
shown at various magnifications (2000 x and 10000x) in Figures A.1 to A.4. The
images at 2000x magnification give an indication of the homogeneity of the phase
distributions, whilst the morphology the WC grains can be obsenatdthe higher
magnification (1000 x)

1340°C 2000x i AiSGR . S8 1340°C  10000x |

10m Mag= 200KX Signal A=NTSBSD  Date :25 Nov 2015 e 2pm Mag= 10.00KX Signal A=NTSBSD  Date :25 Nov 2015
WD = 85mm EHT = 20.00 KV Time :11:44:57 ] WD = 85 mm EHT = 20.00 KV Time :11:47:31

1430°C 2000x 1430°C 10000x

Mag= 200KX Signal A = NTS BSD Date :23 Nov 2015 F 1 Mag= 10.00 KX Signal A = NTS 8SD Date :23 Nov 2015
WD = 84mm EHT =20.00 kv Time :10:30:49 WD = 84 mm EHT =20.00 kv Time :10:40:32

1510°C 2000x e : 1510°C 10000x

Tgm: SOTRE Signal A=NTSBSD  Date :25 Nov 2015 T Mag= 10.00KX Signal A=NTSBSD  Date :25 Nov 2015
WD = 8.6 mm EHT =2000kV Time :12:18:10 = WD = 8.6 mm EHT = 20,00 kV Time :12:20:25

Figure Al: BSE images of WCFe alloys sintered at 1340, 1430 and 1510 °C
2000 x and 10000 x magnifications.
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The evolution of the microstructures with increasing sintering temperature cab be
observed in Figures Al to A4 for the different binder grades. There are more large
metalbinder pools at the low sintering temperature of 1°%L0rhe number of large
binder pools is significantly reduced at the higher sintering temperatures of
1430°C and 1510C. The metal binder is more uniformly distributed at the higher
temperatves. The microstructures show no evidence of abnormal WC grain growth
at the highest sintering temperature of 18CQ which may be detrimental to the

material properties.

Figure A2: BSE images of WCFeNi alloys sintered at 130, 1430 and 1510 °
at 2000 x and 10000 x magnifications.
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