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SYNOPSIS 

Inductively coupled plasma-optical emission spectroscopy was used to measure the concentrations of 

cobalt, tantalum, titanium, vanadium and chromium in solutions of tungsten carbide. The main 

advantage of the method described here lies in the speed, convenience and effectiveness of the 

dissolution procedure. Aliquots ofpowdered tungsten carbide are dissolved in 5% aqua regia in 30% 

hydrogen peroxide. Complete dissolution was usually achieved within 10 minutes. The accuracy and 

precision of this novel method was assessed by the analysis of certified reference materials, 

secondary reference materials and matrix spiking. The method was successfully applied to 

commercial type samples with differing compositions. 

 
 
 



SAMEVATTING 

Induktief gekoppeIde plasma-optiese emissie spektrometrie is gebruik om die konsentrasie van kobalt, 

tantaal, titaan, vanadium en chroom in oplossings van wolframkarbied te bepaal. Die hoofvoordeel 

van die metode wat hier beskryf word, is die spoed, gemak en doeltreffendheid van die monster

voorbereiding. Verpoeierde wolframkarbied monsters het gewoonlik binne 10 minute opgelos na die 

byvoeging van 'n mengsel bestaande uit 5% aqua regia in 30% waterstofperoksied. Die akkuraatheid 

en presisie van hierdie nuwe metode is ondersoek deur gesertifiseerde verwysingsmateriale en 

sekondere verwysingsmateriale te ontleed, asook deur matrysbyvoegings. Die metode is suksesvol 

toegepas op kommersieele monsters met verskillende samestellings. 
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CHAPTER 1 

INTRODUCTION 

1.1 BACKGROUND 

In the early 1900's, it was found that the outstanding machining properties ofhigh-speed steel 

were due to the presence ofvery hard carbide particles, notably tungsten carbide, in the steel 

matrix (Brookes, 1979). Because tungsten carbide-cobalt, next to diamond, is one of the 

hardest materials known, t is used in masonry drill bits, saw blades, cutting discs, sanding 

blocks, files, metal-cutting tools, mining tools and other hand tools. One of the main uses for 

tungsten carbide-cobalt is in rockdrilling bits for geological purposes. Tungsten carbide 

compounds are also known as hardmetals. 

The properties ofhardmetals are affected by the cobalt concentration and the impurities present 

in the material (Luyckx, 1997). Other metals, such as tantalum, titanium, vanadium and 

chromium are added to the tungsten carbide for various reasons, but mainly to inhibit grain 

growth (Brookes, 2001). Grain growth describes the merging ofthe tungsten carbide particles 

during sintering ofthe pressed product. Grain growth is undesirable because it may weaken the 

product, especially that ofcutting tools (Luyckx, 1997). According to Piippanen ( 1997a), used 

materials are also recycled and the composition is of importance in deciding the most suitable 

use ofthe material. In a powder metallurgy research environment, the concentrations ofthese 

metals must be accurately known to predict the physical properties ofthe finished product. 

Various analytical methods have been used for the measurement ofmetallic elements in tungsten 

carbide (Brookes, 1979; Chen, Shao, 1986; ISO 1983, 1985; Kinson, Knott, Belcher 1976; 
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matching techniques are applied. Another problem with the dissolution method is a tendency for 

tungsten oxides to precipitate out ofthe acid solution and co-precipitation ofthe elements under 

investigation (Piippanen et aI, 1997a). 

The official method of chemical analysis of metallic elements in hardrnetal powders is by 

dissolution in nitric acid and hydrofluoric acid and measurement by flame atomic absorption 

spectrometry (FAAS), using the method of standard additions (ISO, 1983, 1985). This 

method is very time-consruning, involving instnnnent set-up for each element and measurement 

of five different solutions of each sample. If replicate dissolutions are done, five different 

solutions ofeach replicate must be measured. 

1.3 HYPOTHESIS 

The purpose of the study was to provide an alternative, faster and less expensive method of 

dissolving tungsten carbide-cobalt powder by the use ofnitric acid, hydrochloric acid, hydrogen 

peroxide and tartaric acid. In this manner, no additional metallic elements would be introduced 

into the sample matrix and the use ofhydrofluoric acid will be avoided. 

An efficient way to prevent the precipitation of tungsten oxides will also be investigated. The 

effect of tartaric acid, instead of phosphoric acid, as a stabilising agent was studied. This 

research differs from previous published methods for the chemical analysis oftungsten carbide 

mainly in the dissolution procedure for the tungsten carbide-cobalt powder prior to analysis by 

rep-OES. 

The experimental work included the investigation ofthe most efficient measurement procedure 
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for cobalt, tantalum, titanium, vanadium and chromium by inductively coupled plasma-optical 

emission spectrometry (ICP-OES). Slightly more emphasis was placed on the measurement of 

vanadium, since no information on the measurement of this element in solutions of tungsten 

carbide by ICP-OES could be found. Investigation ofthe interference effects in the sample was 

essential for accurate results which are comparable to other published analytical methods. 

1.4 OBJECTIVES 

This study was undertaken to show whether: 

a) an alternative, rapid dissolution method which avoids the use of reagents that have the 

potential to complicate the analysis could be found 

b) the ICP-OES measurement technique is suitable for the measurement of cobalt, tantalum, 

titanium, vanadium and chromium in a tungsten carbide solution, and 

c) accurate and precise results can be obtained with such a technique. 

1.5 SPECIFIC AIMS 

This treatise investigates the dissolution of tungsten carbide powder in a solution of 5% aqua 

regia (I part nitric acid and 3 parts hydrochloric acid, v/v) in hydrogen peroxide. The efficiency 

of the dissolution procedure was evaluated by the use of certified or secondary reference 

materials and by matrix spiking. A visual examination of the solution to determine the 

effectiveness ofthe solvent is not always conclusive, since a slight precipitate which is invisible to 

the eye may result in significant error. Further, there are often particles of free carbon present 

which may lead to false conclusions. The only practical way to evaluate the effectiveness ofthe 

dissolution procedure was to compare the results of the ICP-OES measurement to the certified 

or theoretical concentrations of cobalt, tantalum, titanium, vanadium and chromium. 
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Further research on the most suitable ICP-OES analytical wavelengths and the effect of the 

complex sample matrix on the mea..;;urement ofthe elements ofinterest was undertaken. These 

effects are not very well described in the literature (piippanen et aI., 1997a; Thompson and 

Walsh, 1983; Townshend et al, 1995) and not at all for vanadium in tungsten carbide by ICP

OES. The only study ofthe measurement ofsome ofthe metallic elements in tungsten carbide 

by ICP-OES was published by Piippanen (l997a). 

In order to investigate the effect of each of the elements that may be found in a solution of 

tungsten carbide on each other, acidic solutions containing each element, in the concentration 

range expected for actual samples, were prepared and the ICP emission measured at the 

chosen analytical wavelengths. These elements were tungsten, cobalt, tantalum, titanium, 

vanadium and chromium. Since tungsten was not assigned as an analyte, it was evaluated purely 

as a potential interferent Each of the potentially interfering elements were added in tum to a 

solution of the element under investigation and the change in emission at the same wavelength 

recorded. In this manner, it could be determined which of the chosen analytical lines were 

suitable for quantitative analysis. Ifno interference-free wavelengths for some of the analyte 

elements could be found, the need for matrix-matching ofthe calibration reference solutions with 

the interfering element could also be evaluated. 

In addition to being faster and less expensive, the results must be shown to be accurate. In 

order to properly evaluate the results, certified reference materials and! or secondary reference 

materials were dissolved and the solutions analysed by ICP-OES. In certain cases, materials of 

the appropriate composition were not available. Spiking ofa tungsten carbide solution in which 
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the specific element was not present was employed, and the recoveries calculated to ensure 

accuracy. 
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CHAPTER 2 �

ANALYTICAL MEmODS FOR TUNGSTEN CARBIDE POWDERS �

2.1 INTRODUCTION 

A considerable amount of work has been done on the physical properties of hardmetals 

(Brookes,1979; Fry, 1982; internet: http://www.infim.ro/1/190/result.htm;Luckyx. 1997), such 

as density, hardness, transverse rupture stress, etc. Whole volumes have been issued on the 

microstructure oftungsten carbide (internet: http://www.in:fimroIl1190/result.htm) but very little 

has to date been published on the chemical analysis ofthe metallic elements in hardmetaIs. 

2.2 SAMPLE PREPARATION 

Inmost of the published work (ISO, 1983, 1985; Piippanen et ai, 1997a, 1997b), hardmetal 

powders are dissolved in nitric and hydrofluoric acids. When hydrofluoric acid is used it is 

necessary to complex it with boric acid before analysis to avoid etching the glass parts ofthe 

analytical instrumentation. The addition ofa metaI1ic element like boron to the already complex 

matrix necessitates an investigation into its effect on the measurement ofthe elements ofinterest, 

in addition to the effects of the other elements already present in the matrix. Piippanen et al 

(1997a, 1997b) experimented with phosphoric acid as a complexing agent for tungsten. The 

main difficulty with both these dissolution methods is that tungsten trioxide (W03.xHzO) iseasily 

precipitated from the solution at pH < 1.5 (Townshend et ai, 1995). It has been found by 

Piippanen et aI (1997a) that some co-precipitation of the analyte elements can occur. The 

dissolution procedure is also lengthy (longer than 45 minutes per sample) and difficult. 
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Older methods ofdissolution were based on the fusion ofpowdered samples with potassium 

nitrate, extraction ofthe melt with hot water and acid dissolution ofthe insoluble fraction (Naish 

et, aI, 1953). W03 and Si0 2 were removed by filtration. This method takes several hours to 

perform, and co-precipitation is a serious problem. 

2.3 ANALYTICAL TECHNIQUES 

Techniques which have been used for the chemicaI measurement ofmetals in tungsten carbides 

include spark emission spectrometry (Thomson, 1995), x-ray diffraction spectrometry (Chen et 

aI, 1986), titrimetry (Vasilescu et aI, 1980), x-ray fluorescence (Kinsonet aI, 1976), neutron 

activation (Kubsch et aI, 1975) and atomic absorption spectrometry (ISO, 1983, 1985; 

Piippanen et ai, 1997b). Only one published account ofanalysis by ICP-OES could be found 

(Piippanen et aI, 1997a). 

2.4 COMPARISON OF TECHNIQUES 

3.4.1 Spark Emission 

Spark excitation sources use a current pulse (spark) between two electrodes to vaporise 

and excite analyte atoms ([issue, 1995-2000). The electrodes are either metal or 

graphite. If the sample to be analysed is a metal, it can be used as one electrode. Non

conducting samples are ground together with a graphite powder and placed in a cup

shaped lower electrode. Spark sources can excite atoms for atomic emission 

spectrometry or ionise atoms for mass spectrometry. According to Townshend et aI, 

(1995), spark sources have been largely phased out in favour ofplasma and laser sources 

but are still widely used in the metals industry. 
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2.4.5 Neutron Activation 

Neutron activation is a powerful nondestructive multielement technique (Townshend, 

1995). It can be applied to over sixty elements in a broad range of matrices and no 

sample dissolution is required. The sample is activated in a source ofneutrons, followed 

by ?-ray spectrometty to identifY and quantifY the induced activity. The basis of this 

method is the fact that most elements have one or more stable isotopes that can be made 

radioactive on interaction with neutrons. A neutron source is required, the most commonly 

used one is the nuclear reactor (a core ofuranium enriched in 235U). A 14 MeV neutron 

generator, or a 252ef or AmlBe source may also be used. 

2.4.6 Atomic Absorption Spectrometry (AAS) 

Matter can capture electromagnetic radiation and convert the energy of a photon to 

internal energy. This process is called absorption. Energy is transferred from the radiation 

field to the absorbing species. The energy change of the absorber is described as an 

excitation :from a lower energy level to a higher energy level. Since the energy levels of 

matter are quantized, only light of energy that can cause transitions from one level to 

another will be absorbed. The type ofexcitation depends on the wavelength ofthe light. 

In atomic absorption, as used in analytical chemistty, the absorption spectrum is that of 

light and is a function ofwavelength (Tissue, 1995-2000). 

Several methods of atomisation are in use, the most common being a flame, using 

air/acetylene or nitrous oxide/acetylene. A light source ofa specific wavelength is required 

and the most widely used source is the hollow-cathode lamp (HCL), in which the cathode 
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is lined with the element to be detennined (Haswell, 199 I). Electrons are released from 

the cathode when a striking potential is applied. The electrons cause impact ionisation of 

the background noble gas, and acceleration of the noble gas cations to the cathode 

causes vaporisation of the cathode lining. An atomic vapour is produced and excitation 

occurs. Emission from the lamp passes as a beam though the flame. The beam then 

passes through a monochromator to a photomultiplier tube, and the photons are 

converted to an electrical signal. A readout in absorbance units is obtained. Atoms in the 

flame absorb energy, provided it is of a suitable wavelength, from the beam, which 

registers as an increase in absorbance units (the logarithmic function oftransmission). The 

technique is quantitative since the absorbance ofan absorbing species is proportional to 

its concentration (Beer's law). 

2.4.7 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) 

The electrons in atoms, ions or molecules that are excited to high erergy levels can decay 

to lower energy levels by emitting radiation (emission or luminescence). For atoms excited 

by a high-temperature energy source this light emission is called atomic or optical 

emission. The emission intensity ofan emitting substance is linearly proportional to analyte 

concentration, provided that all other parameters stay constant, and is used to quantity 

emitting species (Kawaguchi, 1995; Moore, 1989; Thompson & Walsh, 1983; Tissue, 

1995-2000; Townshend et aI, 1995). 

A full description ofinductively coupled plasma-optical emission spectroscopy is included 
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under Section 5.2. 

2.5 CONCLUSIONS 

Although a minimwn of sample preparation is needed, the XRD technique cannot be 

considered a quantitative method. XRD spectrometry is primarilyused to characterise amaterial 

and to study internal defects in the atomic arrangement in crystalline material (Townshend, 

1995). 

With spark emission, the amount ofsample introduced into the spectrometer cannot be easily 

controlled, necessitating the use ofan internal standard. The detection limit is generally poor 

and strong matrix effects require that a large bbrary of solid reference materials is available 

(Tissue, 1995-2000; Townshend, 1995). 

The use oftitrimetry for the measurement ofmetals in tungsten carbide solutions is rather limited 

Although titrimetry is a highly accurate and specific method and requires relatively inexpensive 

equipment, conditions such as pH may have a large influence. Essentially, only one element can 

be measured at a time, making this a time-consuming method ifa nwnber ofelements are to be 

measured. Vasilescu et al (1980) applied titrimetric analysis only to cobalt and iron, which were 

present as impurities due to machining and sintering. The preparation method was an extraction 

procedure with hydrochloric acid, rather than a complete dissolution ofthe metal carbide matrix. 

Neutron activation is a sensitive method which can produce very accurate results if properly 

applied. It is also rapid, since no sample preparation is required and it is very useful for the 
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analysis ofsubstances that do not dissolve easily. However, this technique is not as well used as 

most of the others mentioned, possibly because the most common neutron source is a nuclear 

reactor (Tissue, 1995-2000). It is relatively expensive to buy and access to a reactor is needed. 

It also requires a high level of operator skill. 

XRF spectrometry, AAS and ICP-OES can all be used as quantitative techniques. However, 

as already mentioned, quantitative XRF analysis requires a reference material of known 

composition that is close to that of the sample. These standards are not always available and 

may be relatively expensive ifthey can be obtained. Another disadvantage ofthe method when 

applied to hardmetal samples, is that the samples must be fused with Li-La tetraborate and then 

briquetted with graphite (Kinson et al, 1976). 

Atomic absorption spectrometry (AAS) has been shown to be very accurate but in most cases, 

only one element (one wavelength) can be measured at a time, after which the hollow cathode 

lamp must be changed. On older instruments the operating parameters should be re-optimised. 

This makes the technique very time consuming. With AAS the ability to compensate Dr 

interferences is limited and in some cases the method of standard additions must be applied, 

which makes the method more time-consuming (ISO 1983, 1985). In general the calibration 

curves are linear at low absorbance values but exhibit an increased curvature at higher 

concentrations (Haswell, 1991). The sample concentrations must therefore fit a much narrower 

measurement range than for ICP-OES. 

ICP-OES is a technique which can measure multiple elements in the same solution, either 
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sequentially or simultaneously. This is a great advantage over AAS. The same element can be 

measured at several different wavelengths, which is helpful in eliminating interferences. The linear 

range ofICP-OES is also over several orders ofmagnitude. This means that elements present in 

different concentrations in the solution can be measured without the need to make several 

dilutions (Moore, 1989). 
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CHAPTER 3 �

THE PRODUCTION OF TUNGSTEN CARBIDE �

3.1 INTRODUCTION 

To understand why the analysis ofcertain metals in tungsten carbide is important, it is necessary 

to briefly describe the process of tungsten carbide production. 

Prior to 1945, tungsten carbide was prepared by melting tungsten, carbon black and metal 

oxides at a temperature of2000 °C but the tools made from this metal were found to be far too 

brittle for industrial use. Today, tungsten carbide tools are made by pressing the tungsten 

carbide powder in a die to produce a green compact, which is then sintered in a vacuum oven. 

The process, known as powder metallurgy, was introduced by Karl Schroter in 1914 

(Brookes, 1979; Luyckx, 1997) and is used because: 

Tungsten carbide decomposes before melting 

The component materials retain their original properties 

It can be used to produce a large number ofsmall parts (for example bolts) which require 

close tolerances and minimum finishing, and is economical 

There are no stresses on the finished product (so that they are shock-resistant), in contrast 

to brazed tools which suffer from stresses left by the process and which can cause :fractures 

The technique has certain limitations: 

design 

requires a high press capacity 

the powders must have certain properties or the density will not be uniform 
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furnace has the advantage by exposing all the particles to the hydrogen atmosphere. If the 

tungsten oxide is too coarse, layers of tungsten will form around the particles and prevent 

reduction of the oxide in the centre. 

Several changes may take place during the reduction process. These are summarized in Table 

3.2. The changes are due to changes in the stability ofthe oxides, relative to the stability ofthe 

water with changing temperature (Luyckx, 1997). 

400 Green-blue W04 +W4OII 

500 Intense blue W04 +W4OII 

550 Violet W40 JI 

575 Purple-brown W40 11 +W02 

600 Chocolate brown W02 

650 Brown-black W02 +W 
700 Grey-black W 
800 Grey W 
900 Metallic grey W 
1000 Coarse metallic W 

3.4 CARBON POWDER 

The carbon used in hardmetals is usually pressed lampblack, of which the ash content should 

not exceed 0.2%. 

3.5 COBALT POWDER 

Cobalt metal powder is obtained by the reduction ofcobalt oxide in hydrogen, at temperatures 

of between 600 and 7000C, according to the following reaction: 

 
 
 
















































































































































































































































































