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Abstract

Correlation between process parameters and milling
efficiency

Anna Johansson

An experimental ball-milling study was performed to compare the deagglomeration
behavior and the evolution of the particle size distribution with increasing milling time
of two relatively coarse WC powders used for the production of cemented carbide
cutting tools. The WC-powders were found to have distinctly different particle size
distributions and particle morphologies prior to milling.

Lab-scale WC samples were made using a range of different process parameters and
milling times. These were then analysed by means of microscopy, laser light scattering,
gas adsorption BET analysis and X-ray powder diffraction, XRD, to attain particle size
distribution, specific surface area and a mean crystal size, respectively.

The results suggested a linear relation between log(particle size) and log(milling time)
between 10 and 80 hours milling. The viscosity was shown to have a minor effect on
the milling efficiency. Both the number of collisions of milling balls per unit time as
well as the kinetic energy of the milling ball affected the size reduction; more
collisions or higher energy resulted in a higher milling efficiency.

The evaluation of the effect of the process parameters on milling efficiency was
facilitated by the use of simple scaling factors. For example, all milling curves for
samples with different WC amounts coincided when rescaling the milling time using a
scaling factor based on the weight of the WC and milling balls. The same scaling factor
could be used with success for rescaling the results from different trials obtained with
laser light scattering, gas adsorption and XRD.

The results of this work are useful for future work on modeling of the milling process
which should lead to more accurate predictions of the outcome of milling unit
operations.
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Populärvetenskaplig sammanfattning 
Samband mellan processparametrar och maleffektivitet för volframkarbid  

Detta examensarbete hade som mål att, med hjälp av laboratorieexperiment, ge underlag för ett 

samband mellan maleffektiviteten för volframkarbid och olika processparametrar såsom exempelvis 

viskositet, det vill säga hur trögflytande blandningen är.  

För att man ska kunna borra eller skära i hårda material såsom exempelvis metall krävs att verktygen 

som används för det arbetet är ännu hårdare, för att inte slitas ner på en gång. Ett vanligt material i 

verktyg för skärande bearbetning, t. ex. borrar, skär eller svarvverktyg, är hårdmetall. Hårdmetall består 

av hårda partiklar inbäddade i en mjukare metall. Ju hårdare ett material är desto sprödare blir det, 

därför krävs att de hårda partiklarna omges av ett mjukare material för att verktyget ska bli så hållbart 

som möjligt. Det vanligaste materialet i dessa hårda partiklar är volframkarbid, och den vanligaste 

omgivande metallen är kobolt.  

I framställningen av hårdmetall mals pulver av volframkarbid tillsammans med kobolt och vattenlösliga 

kulor av polymer i en blandning av vatten och etanol.  Detta sker vanligtvis i en så kallad kulkvarn, en 

cylindrisk kvarn med kulor gjorda av hårdmetall. Efter malning torkas blandningen till ett pulver som 

sedan pressas och värms för att framställa ett kompakt verktyg. Egenskaperna hos verktyget kommer till 

stor del att bero på storleken hos volframkarbidpartiklarna efter malning. Om en förutsägelse av 

storleken och storleksskillnader hos kornen efter malning vore möjlig skulle en jämn kvalitet på de 

tillverkade verktygen kunna garanteras.  

I dag vet man, baserat på tidigare erfarenheter, hur långa maltider som behövs för olika 

volframkarbidråvaror. Detta betyder att maltider bara kan förutsägas för råvaror som man har tidigare 

erfarenhet av. Nya råvaror och sammansättningar kräver omfattande och dyra försök för att bestämma 

den optimala maltiden. Detta examensarbete hade som mål att ge underlag för ett samband mellan 

maleffektiviteten och olika processparametrar för att minska mängden sådana försök. Maleffektiviteten 

är här definierat som ett mått på storleksminskningen hos volframkarbidpartiklarna för olika maltider. 

Det praktiska arbetet utfördes i labbskala genom att små satser volframkarbidråvara maldes olika lång 

tid. Pulvret analyserades med fyra olika metoder för att få fram bland annat storleken på 

volframkarbidpartiklarna. Två olika sorters volframkarbidråvaror maldes för att undersöka om 

malresultatet skiljde sig åt. Försök gjordes även med olika innehåll i kvarnarna, till exempel ändrades 

den totala mängden volframkarbid och malkulor i kvarnen. Ett försök gjordes även med en större storlek 

på malkulorna. Dessa försök visade vilken eventuell effekt viskositeten hos blandningen och energin hos 

malkulorna har på maleffektiviteten. Energin hos malkulorna kommer att öka då malkulornas storlek 

ökar. Energin kommer även att öka då färre malkulor används. 
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Resultaten visade ett linjärt förhållande mellan log(partikelstorleken) och log(maltid) mellan 10 och 80 

timmars maltid. Viskositeten hade ingen större inverkan på maleffektiviteten. Antal kollisioner av 

malkulor per tidsenhet och energin hos malkulorna påverkade däremot; fler kollisioner eller högre 

energi per kollision ger större maleffektivitet. 

För att kunna jämföra resultaten från försök med kvarnar med olika innehåll arbetades 

omräkningsfaktorer fram. Dessa faktorer baserades på mängden volframkarbid, alternativt mängden 

malkulor. Samma omräkningsfaktor visades kunna användas i alla mätmetoder. 
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1. Introduction 
Cemented carbides are mainly used for cutting purposes. Inserts with this composition are the ones 

most frequently used in metal cutting applications. Cemented carbides have the advantage of being able 

to withstand high temperature without deformation and be abrasion resistant. The material is superior 

to high speed steel in high quantity production because it allows faster machining, and the hard metal 

tools will maintain a sharp edge longer.1  

Cemented carbide, also known as hard metal, is a composite material, consisting of hard carbide grains 

bound together by a metal matrix. The more ductile metal binder phase surrounding the hard and brittle 

carbide grains gives the material a comparably high mechanical toughness. Co is the most commonly 

used binder metal, but Ni or Fe alloys are also used. The main carbide used in hard metal is tungsten 

carbide, WC, but other carbides, such as TiC, TaC, NbC, Nb2C or nitrides are sometimes added to reduce 

grain growth in the sintering process and to produce materials that are stable at higher temperature and 

more resistive to oxidation. 

Cemented carbide is produced through powder metallurgy. Powder of tungsten carbide and cobalt are 
milled together with organic additives in a mixture of ethanol and water to a homogenous slurry. The 
slurry is dried in a spray drier which generates solid spherical agglomerates with identical composition, 
so called granules.  
 
Many powders that consist of more than one component, like hard metal powder, have to be 

agglomerated in order to improve pressing properties and to ensure a homogenous component. Hard-

metal powder is always agglomerated to granules, to make the small and irregular carbide particles 

easier to handle. The carbide grain sizes typically range between 0.5 and 3 µm. One grain constitutes a 

few percent of the total granule size, typically around 100 µm.  

The granules are pressed into a so called green body which has the same shape as the final product. The 

pressed green body is then subjected to temperatures exceeding the melting temperature for the 

binding metal, a process known as liquid phase sintering. In the sintering step the organic additives are 

removed and the porosity of the green body decreases until a dense body of durable material is 

obtained. This method has the advantage of little finishing work being required which minimizes the 

material waste.  

Tungsten is highly soluble both in solid and liquid Co. The mechanical properties of the final hard metal 

product will depend on the ratio between binder and carbide, on the composition of the binder phase, 

i.e. the amount of dissolved W and on the size of the carbide grains. Smaller grains will yield a harder 

material and the more tungsten is dissolved, the more rigid the binder will be, which yields a harder but 

more brittle final product. The properties of the final material are also influenced by the presence and 

relative amount of other carbides, e.g. TiC.  
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The sintered product is often coated which makes it possible to modify the properties of the product 

simply by changing the composition of the outermost layer. These factors make it possible to adapt the 

properties of the final product depending on the application.2 

The performance of cemented carbide tools is to a large extent determined by the microstructure of the 

hard metal substrate obtained by sintering. Milling generates a starting point in terms of WC grain size 

distribution, which has a large impact on the final microstructure. Therefore, if the outcome of milling 

operations can be made more predictable, the reliability of the cemented carbide production would 

increase.  

 

2. Aim 
The main goal of this work is the experimental determination of correlations between milling efficiency 

and a selection of material and process parameters. Well established correlations will increase the 

chances of making more accurate predictions of the outcome of milling unit operations given a specific 

set of milling and material parameters. Improved accuracy of predictions will help to decrease variations 

in the properties of powders made in the powder production at Seco Tools, thereby increasing the 

reliability of the produced cemented carbide tools. 

The material parameters will be investigated by comparing two tungsten carbides, produced at different 

sites, milled under the same conditions. The process parameters most relevant for ball milling will be 

examined in this study. More specifically, the effect of varying the WC content in the slurry, and the size 

and amount of milling balls will be systematically investigated. These process parameters have a large 

effect on the slurry viscosity and the impact forces that control the evolution of the particle size 

distribution in the milling process. 

The experimental work will be limited to lab scale tests, and the milled powder will be analysed with 

different techniques: gas adsorption (BET), laser diffraction, X-ray diffraction and two microscopy 

techniques, SEM and light microscopy. The result generated by these methods will give information 

about the milling efficiency, which in this work is defined as the change in particle size distribution with 

increasing milling time.  
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3. Theory  
The following paragraphs will give a short description of the production of hard metal tools and the 

different analysis methods used to evaluate the milling efficiency.  

3.1. Production of hard metal tools 
The process by which hard metal tools are produced consists of many steps. In Figure 1 the main steps 

are presented shortly and then further explained in the paragraphs below.  

 
Figure 1: Schematic picture of the process steps for the production of hard metal tools.  

The carburization process will produce tungsten carbide of a certain grain size. The milling step serves to 

adjust the particle size and size distribution of the WC i.e. to deagglomerate and reduce the carbide 

grain sizes, but also to mix the ingoing components to a homogenous slurry.  The spray drying produces 

a macroscopically homogenous powder by forming spherical granules of the slurry, where each granule 

will consist of hundreds of WC grains. The sieving serves to optimize the granule size distribution. The 

larger size of the granules, compared to the WC particles, and the narrower size distribution of these 

granules attained through sieving, give the powder the improved flowability needed for dry pressing. 

Finally the spray dried powder is pressed to near final shape and sintered to full density.  
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3.1.1. Carburization  

To produce WC, tungsten metal is milled to a desired particle size, mixed with carbon black and 

carburized in a high temperature furnace. The finer the ingoing tungsten particles are, the finer the grain 

size of the produced carbide will be. The environment in the furnace will also have a large impact on the 

resulting carbide grain sizes. If the tungsten is carburized at low temperature and with an excess of 

hydrogen as annealing gas the resulting WC grains will be fine. A high temperature and moist 

environment will instead generate coarse WC grains.  

3.1.2. Milling  

WC powder is mixed with cobalt powder, polymeric pressing additives in the form of polyethylene 

glycol, PEG, and grinding liquid, a mixture of ethanol and water, in a cylindrical ball mill and milled to a 

homogenous slurry using spherical milling balls, see Figure 2 below. The milling balls are made from 

sintered hard metal to avoid contamination of the powder during milling.   

   
Figure 2: General setup of a ball mill as used in Seco Tools AB, adapted from ref [2] 

The relative amounts of the components in the slurry vary depending on the hard metal grade. The 

pressing additive helps to form granules in the spray drying process and lowers the friction in the 

pressing. Water is added to the grinding liquid to help dissolve the PEG. Ethanol will reduce oxidation of 

the powder as new surfaces are constantly formed and exposed during milling. Another advantage with 

ethanol additives is that it will lower the energy consumption when drying the slurry, compared to using 

only water, due to its lower boiling point. Cobalt is normally used as the metal binder due to its 

extraordinary wetting capability. The wetting capability will enable the cobalt to distribute itself evenly 

around the WC grains and completely fill the pores in the sintering process, thereby generating a 

microscopically homogenous powder.  

In wet milling both the speed of rotation and the milling time will affect the result. When the mill is 

rotated with an appropriate speed, the balls will be lifted by friction against the cylinder wall and fall 

towards the bottom of the cylinder, crushing the WC grains against other milling balls or the cylinder 

wall, as seen in Figure 2 above. Smaller balls and/or higher rotation speed of the mill, will give abrasion 

and chipping as opposed to crushing of the particles.2 Crushing has the advantage of having a higher 

milling efficiency, the rate with which the grains are reduced in size. Ideally, crushing will lead to one 

particle being divided into many like sized particles. 
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The milling efficiency decreases with increased milling time as the particles become smaller. It is 

assumed to subside completely when the grain size reaches a critical value. This is a consequence of the 

force applied to the slurry as two milling balls approach one another, causing a slurry flow away from 

the balls prior to collision, as seen in Figure 3. The smaller the particle, the more likely it is to be caught 

in the slurry flow.  

 
Figure 3: A schematic illustration of the slurry flow and forces applied to a particle between two approaching 

milling balls.  
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3.1.3. Spray drying and sieving  

After milling, the homogenous slurry is dried to spherical granules, consisting of hundreds of carbide and 

metal particles, using a spray drier. The slurry is pumped through a nozzle at the bottom of a drying 

chamber and is encountered by a flow of hot inert N2 gas, as shown in Figure 4 below.  

 
Figure 4: Schematic picture of a spray drier. Adapted from ref [2]

 

The gas flow serves both to dry the droplets, i.e. to evaporate the milling liquid, and to scatter the 
upcoming droplets towards the sides of the drying chamber in order to prevent collision and fusion of 
liquid or semidried droplets. The size of the granules will be affected by e.g. the temperature, viscosity 
and composition of the slurry, the temperature of the gas and the relation between the speed of the gas 
and the slurry.  
 
Sieves with well-defined mesh sizes are used to narrow the granule size span of the dried powder. Both 

the too large and the too small granules are separated from the approved powder and recycled. The 

same mesh sizes are used regardless of the single grain sizes of the WC, that is, only the granule size 

distribution is adjusted in this step. This is done to achieve a good flowability of the powder, to ensure a 

proper filling of the pressing cavity that determines the shape of the green body in the pressing step.  
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3.1.4. Pressing and sintering 

The powder is uniaxially pressed to a green body. The pressure during pressing is high enough to 

decrease the overall porosity and enable handling of the green bodies. The reduction of pore size within 

the green body is important as large pores will be stable during sintering i.e.  

it will be impossible to achieve a dense product.  

The powder is microscopically inhomogeneous after drying, i.e. the granules consist of small particles of 

different substances. In the sintering process the organic pressing aids will be thermally degraded, while 

the Co will melt and distribute itself throughout the compact which generates a homogenous 

microstructure.  

The grain size and grain size distribution as obtained by milling will have a large impact on the grain sizes 

after sintering. The driving force for grain growth in the sintering process is the surface energy. Small 

particles have a larger specific surface area than larger particles which will, in accordance with the 

Ostwald process, make the smaller particles dissolve in the Co melt and precipitate on the surface on 

the larger ones, thereby generating a general growth. A risk with a broad grain size distribution is that 

there might occur abnormal growth of some grains as a consequence of the fact that larger grains are 

more stable, due to their relatively smaller surface area. To avoid this, a uniform grain size distribution is 

desired for the ingoing particles, most easily obtained or corrected in the milling process. 
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3.2.  Analysis methods  
The analysis methods used in this work predominantly served to evaluate the size of the WC grains. By 

analysis of powder milled different amounts of time, information about the grain size reduction with 

time, i.e. milling efficiency, was obtained. By adjusting material or process parameters in different trials, 

the effect of these on the milling efficiency was investigated.  

Most particle size measurements only generate a mean particle size and use simplifications, e.g. 

approximating the particles to a spherical shape and are normally based on just one property, for 

example the projected area. Different methods will use different simplifications and the specific 

instrument used will also have an effect on the final result. To enable quantitative comparison of results 

generated from different techniques, an empirical relation must be established. This was not done in 

this thesis but the trends in grain size reduction revealed by different methods were compared to 

evaluate the credibility of the results. The effects of the specific instrument used, and simplifications in 

the calculations, were assumed to be the same for all measurements made in each method. This 

allowed comparison within a method without having to consider the effect on the result of these 

inaccuracies.  

 

3.2.1. Polarized light 

Copper baking is a method for visualizing agglomerates and heterogeneities in a WC powder by 

embedding it in copper and studying the sample with a light microscope using polarization filters. The 

filters will create a difference in contrast between WC grains with different orientations, thereby 

visualizing the single grains in agglomerates.  

A plane polarized beam reflected on an optically anisotropic material, e.g. a WC crystal which is 

hexagonal, will result in the field vector being divided into two perpendicular components. In the 

hexagonal case the direction of the two oscillations will be parallel and perpendicular, respectively, to 

the direction of the main axis’ projection in the surface. The dominating optical anisotropy for metals 

consists of a difference in the crystals’ ability to reflect the two oscillating directions, depending on its 

orientation relative to the beam. The difference in reflection will create a difference in magnitude 

between the two perpendicular vectors. Depending on the alignment of the polarization filters, different 

amounts of light from the two components respectively, will be seen by the observer.3 
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3.2.2. Laser diffraction  

In laser diffraction the particle size is determined by evaluating the resulting scattering patterns, after 
having focused a laser beam on the sample. The scattering patterns are assessed in terms of the 
scattering angle and the intensity of the scattered light at this angle. Small particles will scatter the light 
in a wider angle than large particles would, whereas light scattered from larger particles will have a 
higher intensity, see Figure 5. The scattering angle is, apart from the size difference of the particles, also 
influenced by the nature of polarization of the incident light, surface roughness of the particle and 
optical properties of the particle and the media.4 

 
Figure 5: Schematic figure of a laser light scattering instrument. Adapted from ref [4] 

The particle size distribution is obtained by fitting the light scattering data using a fitting algorithm based 

on the Mie solution of general scattering of electromagnetic radiation by small particles larger than the 

wavelength. 

The instrument output consists of a frequency plot of the size distribution and size parameters D10, D50 

and D90. The size parameters represent the particle sizes where 10%, 50% and 90% of the volume of the 

analysed sample consists of particles smaller than stated value. The instrument also generates a 

parameter describing the width of the particle size distribution, called span. The span is defined as

50

1090

D

DD

.   

The size determination in the software is based on a simplification that approximates the real particle 

size with the volume equivalent size of a sphere. This is true for spray dried granules whereas the  

WC grain have a more prismatic shape.  

When too much powder is in the measuring cell, multiple scattering may occur, leading to a wider 

scattering angle and thereby a smaller apparent particle size. Even when using a proper amount, the 

apparatus cannot separate an agglomerate of smaller particles from one large homogenous particle. 

When using weight or volume fraction, a few larger particles will have a larger impact on the result than 

many smaller. 
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3.2.3. Gas adsorption 

Gas adsorption measurements yield a value of the specific surface area by calculation of the amount of 

adsorbed gas, at equilibrium, over a range of pressures on a degassed surface.5 By plotting the volume 

of the gas against the pressure, a measurement of the total surface area of the sample is generated. The 

surface area of closed pores, however, cannot be detected.  

BET-theory is an extension of the Langmuir theory taking into consideration multiple adsorbed layers, 

whereas the Langmuir equation will apply to each layer. For the first layer the heat of adsorption may 

have a unique value whilst it for the following will have the same, the heat of condensation of the 

adsorbate. The evaporation and condensation of atoms can only occur from exposed surfaces.  

The BET equation is as follows:    

where, V is the volume of adsorbed gas at pressure P, P0 is the vapor pressure of the gas at the applied 

temperature, Vm is the volume of the gas required to form a monolayer and C is a constant associated 

with adsorption energy. 

Vm and C can be obtained from the intercept and slope of the straight line best fitted to a plot of 

 vs. . By knowing the cross-sectional area of the adsorbate molecule, the total surface area to 

which the gas is adsorbed can be calculated.6 

 

3.2.4. X-ray diffraction 

X-ray diffraction, XRD, can among other things be used to calculate the mean crystalite size of a powder.  

The size of the crystals will affect the peak width in the resulting diffractogram. For an ideal crystal with 

no instrumental broadening, the peak width is the angle at which the diffracted beams from the first 

and the last crystal plane are totally out of phase. The larger the crystal, i.e. the more crystal-planes it 

consists of, the more narrow the width of the peak. Small crystals will cause broadening of the peak at 

angles near the Bragg-angle because there are not enough crystal-planes to cancel out diffracted beam 

from previous planes, i.e. not enough destructive interference. For infinitely large perfect crystals and 

no instrumental broadening, the peak would consist of one single line at a well-defined angle.  

By using Scherrer’s formula the mean crystal size, D, of the powder can be calculated from the peak 

width at half maximum: 

   

where the constant 0.9 is for spherical crystals with cubic symmetry, β is the full width at half maximum, 

λ is the wavelength and θ the Bragg angle.7 
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4. Experimental 
The following paragraphs will give a short description of the materials and equipment used. In addition, 

a brief summary of the milling experiments and some sample preparation and apparatus specifications 

are provided.   

4.1. Raw material 
Two WC powders, produced at different sites but of the same grade, were examined. One WC had been 

produced at Holmen, a subdivision to Seco, hereafter named “Seco WC”. The other had been produced 

at Wolfram Bergbau Hütten, WBH, in Austria, a subcontractor to Seco, hereafter named “WBH WC”. The 

Seco WC was used to investigate the impact of process parameters on the milling efficiency. The two 

raw materials were compared to see the effect of material properties.  

The grade used was chosen because previous studies had indicated large size differences in the raw 

material from the two production sites. Figure 6 below shows two SEM pictures of the unmilled powders 

taken with the same magnification with the Seco WC to the left and the WBH WC to the right. Standard 

measurements had also indicated that the mean grain sizes after sintering in the two materials were 

almost identical, the Seco-WC, to the left in the picture, being only slightly larger. This indicates that 

there might be significant differences in milling behaviour between the two powders.  

     
Figure 6: Survey picture of the two raw materials, Seco WC to the left and WBH WC to the right. The pictures were 

taken with the same magnification.  
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4.2. Mills  
All mills used in this thesis are lab-scale cylindrical ball mills. They have an internal volume of about 3.5 

dm3, with a height of just over 1 dm and a diameter of almost 2 dm, see Figure 7 below. The upper part 

of the cylinder, about 0.5 dm, is designed for securing the lid.  

 
Figure 7: Schematic picture of a lab-scale ball mill 

4.3. Milling balls 
Two types of milling balls were used in the separate trials, the standard milling ball and one with a larger 

size, see Figure 8 below. The reason for using the larger balls was to study whether the force of impact 

or the number of impacts is the most crucial for the milling efficiency.  

The influence of the force of impact was also investigated in trials using a smaller amount of milling 

balls. In the day-to-day lab trials at Seco, 12 kg milling balls are used which make up for about half the 

volume of the mill. This means that when using a smaller amount of balls, the remaining balls will fall a 

longer distance before collision and thereby attaining more kinetic energy. With fewer balls in the 

system there is also a smaller risk for the falling milling ball to loose energy as a consequence of 

interactions with other milling balls before crushing a WC particle. This will lead to more milling balls 

having the maximum available kinetic energy in collision with a WC particle, per unit time. 

  

 

 

 

Figure 8: Comparison of the standard and large milling ball, measurements are given in mm. Note the span in 

dimensions (see text) 

50 large milling balls were weighed and the average mass of one ball was found to be 14 g. When doing 

the same for the standard balls, but weighing twice as many, the average mass was found to be 4.4 g, 

that is, about a third of the mass of a large ball.  

  



- 13 - 
 

Large balls are not used in the everyday work and all large balls used in the trials were therefore unused 

and of about the same weight and size. The smaller milling balls are used in all lab trials and get worn 

down with time; this is the reason for the large size variations seen in Figure 8.  

After each milling, the slurry is emptied through two sieves, one coarse and one fine. The coarser sieve 

has a mesh size of approximately 4mm. Milling balls that have been reduced in size enough to fall 

through these holes, will be caught between the two sieves and thus removed from the mill without 

contaminating the slurry. At regular intervals the total mass of the milling balls in the mills are weighed 

and, when needed, additional balls are added to attain a total mass of 12 kg of milling balls per mill. This 

is the same procedure as in the production which is why these milling balls, with a large size range, were 

used, as opposed to only using new balls of the same size. This option was not available for the larger 

balls as there were no worn balls at hand.  

4.4. Milling experiments 
The milling times chosen to be analysed range from 1 to 300 hours. For the investigated WC grade, this 
range not only covers but also exceeds by a large margin the equivalent milling times typically used in 
production mills. The short milling times were chosen to investigate whether there was a difference in 
milling efficiency in the beginning contra the end of the milling process. The longest milling times were 
chosen to see if the milling effect would subside. 
 
In order to keep the conditions as constant as possible throughout the milling process, one mill per 

chosen milling time was used. A total of 12 mills were available and different mills were used for 

different milling times. Some methods require quite large amounts of sample per analysis, the 

extraction of which would inevitably change the milling conditions and thereby the milling efficiency 

throughout the process. It was assumed that the difference between mills would not have as grave an 

impact on the result as the varying conditions during milling.  

In the day-to-day lab trials at Seco Tools 4 kg WC is milled with 12 kg milling balls. This was set as the 

standard and these amounts were used for the comparison of the two WC types and for the trial using 

the larger milling balls. Based on this setup, the amounts of WC and milling balls were changed 

systematically to investigate their impact on the milling efficiency. These process parameters have a 

large effect on the slurry viscosity and the impact forces of the milling balls that control the evolution of 

the particle size distribution in the milling process. 
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In Table 1 below the different trials are presented. The milling times performed for each trial are marked 

with an x. All trials, except the last, uses standard milling balls. 

Table 1: Milling experiments.  

Sample specification\Milling time [hrs.] 1 2 5 6.5 8 10 15 20 40 80 150 300 

WBH WC (4 kg WC, 12 kg milling balls)  x x x x x 
 

x x x x x 

Seco WC (4 kg WC, 12 kg milling balls)  x x x x x 
 

x x x x x 

Seco WC (3 kg WC, 12 kg milling balls)  x x     x x x x       

Seco WC (2 kg WC, 12 kg milling balls)  x x     x   x x       

Seco WC (2 kg WC, 6 kg milling balls)  

  
    x   x x x 

 
  

Seco WC (4 kg WC, 6 kg milling balls) x x x     x   x x x x   

Seco WC (4 kg WC, 12 kg large milling balls)    x         x x x x x  

 

After milling, the entire slurry batch was emptied in a tray and dried in a fume cupboard. Powder 

samples for the different analyses were taken from the dried powder. All batches were analysed with 

laser diffraction, gas adsorption and X-ray diffraction.  

Pictures were taken with SEM to visualize the total milling effect for each powder sort, so that only 

pictures of the unmilled powder and of powder that had been milled for 300 hours were taken.   

Due to time limitations a selection of milling times for the two standard trials, i.e. 4 kg WC milled with 12 

kg milling balls for WBH and Seco WC, were selected for analysis with light microscopy. Three additional 

samples from the trial using the large milling balls were also analysed. Table 2 below show which 

samples were chosen for analysis; the milling times chosen are marked with an asterisk (*).   

Table 2: Samples analysed with light microscopy. 

Sample specification\Milling time [hrs.] 0 2 5 6.5 8 10 15 20 40 80 150 300 

WBH WC (4 kg WC, 12 kg milling balls) * * *    
 

*  * * * 

Seco WC (4 kg WC, 12 kg milling balls) * * *    
 

*  * * * 

Seco WC (4 kg WC, 12 kg large milling balls)  
 

* 
     

*   * 
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4.5. Additives 
To avoid extensive sample preparation prior to analysis the cemented carbide was milled in 99.5% 

denatured ethanol without organic additives or Co.  

Cobalt has to be removed from the powder prior to laser diffraction measurements as the apparatus will 

not be able to distinguish the cobalt from the cemented carbides, thereby giving an average particle size 

of a combination of WC and Co. Previous trials have shown that the removal of Co will not affect the 

milling efficiency of WC.  

The organic additives will affect the BET results as they will adsorb on the surface of the grains which will 

generate a slightly larger surface area. Apart from this, organic additives might cause complications in 

the degassing step as they may damage the vacuum pump.  

It is assumed that the only influence that the organic additives will have on the milling efficiency is 

altering the viscosity. The impact of viscosity on the milling efficiency will instead be investigated by 

changing the total amount of WC in the mills.  

The powder was dried by evaporating the milling liquid in a fume cupboard. Evaporation of pure ethanol 

is much quicker due to its lower boiling point compared to water, explaining why this was used. The 

main purpose of the water, apart from economic and environmental reasons, is to help dissolve the PEG 

which had been excluded in these trials. Water and ethanol have about the same viscosity, so the milling 

efficiency should be similar when using pure ethanol. 
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4.6. Analysis methods 
The different analyses used in this thesis, required different amounts of sample and different sample 

preparation. The subsequent paragraphs will give a short description of sample preparation and some 

apparatus specifications for the methods used. 

4.6.1. Microscopy  

Two microscopy methods were used to visualize the powder, SEM and light microscopy. The two 

following paragraphs will give a short description of the sample preparation for each method. 

4.6.1.1.  SEM 

Because WC is not conductive, a requirement for SEM measurements, the powder is mounted on a 

graphite tape prior to analysis. The pictures were taken with a secondary electron detector.   

4.6.1.2. Light microscopy 

The dispensable graphite crucibles used for sample preparation for light microscopy have a smaller well, 

about 0.5cm in diameter, drilled in the bottom which constitutes the analysing area, see Figure 9 below.  

 
Figure 9: Schematic picture of a graphite crucible. 

For this WC grade, about 1.8 g of WC was put into the crucible which was then filled to the top with 

about 4 grams of Cu. The amounts are determined to ensure a sufficient amount of WC grains in the 

analysis area and enough copper to separate them. The crucible was then put into a graphite boat in a 

high temperature furnace, and heated to a temperature of 1200°C, with H2 as purge gas. The WC 

powder was thereby infiltrated by copper without being subjected to dissolution or grain growth.  

The sintered Cu/WC sample was mounted in Bakelite before being ground and polished using diamonds 

as abrasive material to get a perfectly flat, oxide-free surface.  

The ~0.25cm2 sample area was analysed using a microscope with a Xe-lamp and polarization filter set at 

80-85°. The total area was scanned and all heterogeneities in the WC powder, such as agglomerates, 

were noted in different categories with a global value, e.g. some, many or uncountable. These values of 

heterogeneities were then used for comparison between batches.  
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4.6.2. Laser diffraction 

In the laser diffraction measurements, three samples were taken from the dried WC batch, 

approximately 1 gram each. The samples were mixed with 45 ml of 1% block copolymer-water solution 

in a test tube. The dispersions were treated with ultrasound and stirring to ensure a well dispersed 

sample. Three samples from each test tube were taken for analysis. Figure 10 below is a schematic setup 

of the sampling. The amount of sample required for analysis was determined by an obscuration window 

defined in the software.  

The apparatus was set to make 5 sequential measurements per added sample. A series of consecutive 

measurements will give an indication as to whether the sample has a tendency to flocculate or settle in 

the time frame of the measurement series. If so, the resulting particle distribution of the first and last 

measurement would differ. In this thesis, only the first result from each series was used in the results 

part to avoid any false trends due to flocculation or sedimentation. A total of forty-five measurements 

per batch were generated, of which nine “first” measurements were used to calculate an average for 

the batch. This average was used for comparison between batches. 

  
Figure 10: A schematic setup of the sampling prior to laser diffraction measurement.  

4.6.3. Gas adsorption 

Dry powder with a surface area corresponding to approximately 10 m2 was weighed in, into a Florence 

flask. The powder was degassed using a degassing program in the apparatus.  The flask was lowered into 

liquid nitrogen during the measurement to ensure a constant temperature throughout the analysis and 

adsorption of the adsorbate, N2.  

2 samples per batch were analysed for which the software calculated a BET area used for comparison.  

4.6.4. X-ray diffraction 

Sample holders were filled with powder and flattened to ensure a level surface. The sample holders 

were not rotated during the measurements as this could have caused scatter of the WC powder and 

contaminated the equipment. 2 θ was measured from 35° to 135°, step size 0.05°, with a step time of 15 

seconds in a θ-θ arrangement. The radiation used was Cu Kα.  

Only one sample per batch was analysed due to time restraints. To get a reliable result the step time 

was set to 15 seconds which led to a total measurement time of about 9 hours per sample. The 

crystallite sizes were calculated from half-width parameters found by profile fitting of the diffractograms 

assuming a Lorentzian peak profile. The diffractograms were corrected for zero point and sample 

displacement.   
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5. Results and discussion 
The following paragraphs will present the discussion and results obtained in this thesis, divided into two 

sections, one regarding material parameters and one regarding process parameters.  

5.1. Material parameters 
This section will present results regarding the material properties divided according to the different 

analysis techniques.  

5.1.1. Microscopy 

Two different types of microscopy methods were used to analyse the samples, scanning electron 

microscopy, SEM, and light microscopy.  

5.1.1.1. SEM 

SEM was used to compare the raw material from WBH and Seco, and to investigate if any particle size 

reduction was distinguishable when comparing the raw material with the sample that had been milled 

for 300 hours.  As can be seen in Figure 11 and Figure 12, there is a large difference in raw material. A 

distinct size reduction can be seen for both materials when comparing the raw material and the sample 

milled for 300 hours, i.e. the right and left picture in each figure.  

  

 

 

 

 

Figure 11: SEM pictures of Seco WC with 20’000x magnification - unmilled to the left and 300 hours milled to the 

right 

  

  

 

 

 

Figure 12: SEM pictures of WBH WC with 20’000x magnification - unmilled to the left and 300 hours milled to the 

right.  

When comparing the rightmost photos in Figure 11 and Figure 12 above, i.e. the two different powders 

that have been milled for 300 hours, they are impossible to tell apart. This is probably a result of the 

grains approaching the smallest grain size achievable under the given conditions, giving a decreased 

probability for further size reduction for the smaller grains.  
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5.1.1.2. Light microscopy 

The pictures from light microscopy, Figure 13 and Figure 14 below, show the raw material with different 

magnifications. The leftmost photos are Seco WC; the upper picture is taken with a lower magnification 

and underneath is an example of an agglomerate taken with a higher magnification. The rightmost 

photos are WBH WC; the upper picture is taken with a lower magnification and underneath is an 

example of an agglomerate taken with a higher magnification. What can be seen is that there is a large 

difference in agglomeration and in the structure of agglomerates between the raw materials of the two 

WC types. The Seco WC, to the left, has a wider grain size distribution and is more agglomerated.  

  
Figure 13: An overview of unmilled Seco WC to the left and WBH WC to the right, taken with the same 

magnification. 

  
Figure 14: A close-up of agglomerates found in unmilled Seco WC to the left and WBH WC to the right. The pictures 

were taken with the same magnification  
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The agglomerates in the unmilled Seco WC consist, to a large extent, of a core of fine fraction 

surrounded by a shell of coarser grains as can be seen in Figure 14. As the milling proceeds the shell 

seems to loosen, leaving the closer areas of fine fraction intact whereas the coarser grains from the shell 

will distribute themselves more evenly throughout the sample area as can be seen in Figure 15 below.  

Many agglomerates in the Seco WC seem to be microporous; an example can be seen in the left picture 

in Figure 15 below. There are lighter spots in the agglomerates suggesting vacancies both within and 

between grains. It cannot be determined whether the lighter spots in the agglomerates consist of Cu, 

thereby suggesting an open porosity, or if they are underlying grains from the same agglomerate shining 

through. As these agglomerates exhibit many flaws, they are expected to be reduced in size very quickly.  

   
Figure 15: To the left is an example of how the agglomerates in the Seco powder have changed appearance after 2 

hours of milling. To the right is an example of a microporous agglomerate found in the Seco WC 
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5.1.2. Laser diffraction 

The results generated in the particle size measurements consists of parameters D10, D50 and D90 which 

represent the particle sizes where 10%, 50% and 90% of the volume of the analysed sample consists of 

particles smaller than stated value. 

The results show an approximately exponential relation between the particle size and the milling time of 

the type , where C and k are constants. This will result in a linear relation of log(d) vs. log(t) 

used in all figures for the result of analysis method. This relation was seen for all trials regardless of the 

relation between milling balls and WC or the type of milling balls.  

The milling efficiency is not as good for the WBH WC as for the Seco WC, as the size distribution for the 

WBH is narrower in the beginning and coinciding with the Seco WC at long milling times, as seen in 

Figure 16 below. This indicates that, for sufficiently long milling times, the same size distribution will be 

obtained regardless of the size distribution of the ingoing raw material.  

Figure 16: The resulting particle size for Seco WC and WBH WC, measured with laser diffraction. The codes D~ 

represent a fractionation of the powder size (see section 3.2.2.) 

The difference in results between the WC produced at different sites for short milling times is explained 

by the fact that this kind of measurement generates a particle size distribution and, as seen when 

comparing the microscopy pictures in Figure 13 and Figure 14, the Seco powder is much more 

agglomerated. A likely theory is that it will require less energy to deagglomerate than to crush a particle, 

thereby generating the steeper grade, i.e. higher milling efficiency, for the Seco WC for shorter milling 

times, compared with the WBH WC.  

After around 6.5 hours of milling there is a trend break in the milling efficiency, and the grade changes in 

the resulting curve for the laser diffraction measurements seen in Figure 16 above. Even though the 

grade for the shorter milling times of the WBH powder is smaller, the grade change in this curve appears 

after 6.5 hours as for the Seco WC. This indicates that the largest agglomerates have been reduced 

enough in size after this amount of milling to change the milling efficiency, perhaps by the probability of 

particle size reduction getting a larger impact due to smaller agglomerates.    
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There were some difficulties measuring the samples with shorter milling times, predominantly for the 

Seco WC. The reliability of the results is determined by looking at the five subsequent measurements 

made by the apparatus per analysed sample. The first result is considered reliable when at least the 

second measurement coincides with it which was not always the case for the samples with shorter 

milling times. However, in the light microscopy measurements many agglomerates with sizes ranging 

between 31 and 49 μm were found for the unmilled Seco WC in the analysis area. For the sample milled 

for 2 hours there were still an uncountable amount of agglomerates with sizes ranging between 31 and 

49 μm. This indicates that the first measurement point for the Seco WC in the laser diffraction 

measurement in Figure 16 might be reliable.  

Larger particles will have a larger impact on the result than the fine fraction because the evaluation of 

the laser diffraction measurement calculates a volume based median value. This would be the reason 

why the D10 value for the Seco WC, seen in Figure 16, is not as much lower than the D10 value for the 

WBH as would be expected when comparing the amount of fine fraction in the two powders seen in the 

light microscopy pictures of the unmilled powders, Figure 13 and Figure 14.   
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5.1.3. Gas adsorption 

As for the laser diffraction measurements, there is an exponential relation between the surface area and 

the milling time of the type   for the BET results which will result in a linear relation of 

log(specific surface area) vs. log(t), where m and n are constants. This relation was seen for all trials 

regardless of WC type, the relation between milling balls and WC or the type of milling balls. 

Mostly, the two measurements made on the same batch overlap to the extent that only one measuring 

point is seen, but for some samples the difference is quite large. One example of this can be seen in 

Figure 17 below for the 300 hr. milled WBH WC. These deviating measurements are the reason for using 

all measuring points for comparison, as opposed to calculating an average.  

Unlike the results generated in the laser diffraction measurements the surface-area trend is similar for 

the two WC powders as seen in Figure 17 below. Apart from the unmilled powder, the WBH WC has a 

slightly smaller surface area throughout the milling. This is explained by the fact that a large fine fraction 

or a broad size distribution will generate a larger specific surface area compared to a narrower span with 

the same mean grain size. The microscopy pictures, in Figure 13 and 14 and the D10 values in Figure 16 

indicate that the Seco powder has a larger fraction of finer grains than the WBH WC which also seems to 

have a more defined grain size, i.e. a more narrow size distribution.  

 
Figure 17: The generated surface area for Seco WC and WBH WC.  
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The frequently occurring agglomerates in the Seco WC, an example seen in Figure 14, do not seem to be 

totally dense. This might enable the adsorbate to penetrate them in the BET analysis even though they 

are sticking together, giving cause to one large particle in the laser diffraction measurements. The light 

microscopy images, seen in Figure 15, show that already after 2 hours of milling the coarser shell of the 

agglomerates has dissolved and exposed the fine fraction which is not densely packed but seems highly 

penetrable. The microporous agglomerates found in the Seco WC, also seen in Figure 15, might contain 

closed pores thereby being treated as one dense particle in the BET measurements as well as in the laser 

diffraction measurements, the impact of which does not seem to be significant in these results.   

The reason for the very minor increase in surface area for the WBH WC during the first two hours of 

milling seen in Figure 17, might be the result of mainly deagglomeration occurring during the first two 

hours of milling for the WBH WC. The agglomerates found in the WBH seem to consist of grains with a 

uniform grain size with a mean size slightly larger than the mean grain size of the powder, an example 

seen in Figure 13 and Figure 14, indicating that the increase in surface area per deagglomeration will be 

small.  
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5.1.4. X-ray diffraction 

For all trials using X-ray diffraction, the crystallite size reduction is smaller for short milling times, and 

after 150 hours of milling. A plausible explanation for the less efficient crystallite size reduction in the 

beginning might be that all energy is consumed by deagglomeration. This presumption is based on the 

fact that the particle size reduction of the Seco WC, seen in in the laser diffraction measurement in 

Figure 16, is more effective for the shorter milling times, thereby indicating deagglomeration. After long 

milling times the remaining particles are so small that the milling efficiency will subside due to 

hydrodynamic forces, something discussed more at length in the theory part.  

The results of some measurements were not considered reliable as the background grew with increasing 

diffraction angle. These results were discarded and a second measurement was done to get a more 

reliable result. The only powder for which the second measurement also displayed an increasing 

background was the 150 hours milled Seco sample. As seen in Figure 18, below, the Seco powder shows 

a slight increase in mean crystallite size between the 150 and 300 which is highly unlikely. When 

comparing the two measurements for the other batches with an increasing background, a clear trend of 

underestimating the crystallite size with a growing background can be seen, which would explain the 

trend break. The origin of the increasing background is unknown but it is not expected to come from the 

powder but rather from sample preparation. Interestingly, the calculated crystallite size for the two 

measurements on the 150 hours milled Seco WC sample, only differed with 0.2nm. This would indicate 

that the background generates the same fault in the software calculation.  

The Seco WC displays an almost linearly decrease in crystallite size between milling times ranging from 5 

to 80 hours when logging the milling time, as seen in Figure 18  below. The WBH powder does not have 

an as easily explained trend but decreases more in the beginning after which the milling effect subsides 

gradually.  

Figure 18: The resulting crystallite size for Seco WC and WBH WC. 
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There seems to be a fault in the results for the short milling times of the WBH powders as the sample 

milled 6.5 hours has a larger mean crystallite size than the sample milled for 5 hours. As the value for 

the WBH WC milled for 5 hour is below the Seco WC sample milled for 5 hours, this is probably the more 

incorrect of the two. This assumption is based on the fact that for the WBH samples milled 2, 6 and 8 

hours have a larger mean crystallite size than the Seco samples.  

The XRD results indicate that WBH has a coarser mean crystallite size for milling times up to 10 hours, 

thereafter the Seco WC has a coarser mean crystallite size up to 80 hours of milling after which they 

coincide as seen in Figure 18. This is the opposite behaviour compared to the particle size 

measurements as seen in Figure 16 where the interception, after which the WBH has a larger particle 

size, comes after 20 hours for the D50, the median particle size for the batch. The light microscopy 

measurements indicate that that there are still some agglomerates in the sample area for the Seco WC 

after 20 hours of milling whereas there are none in WBH sample. This might explain the larger particle 

sizes for the Seco WC for short milling times despite the crystallite sizes being smaller. The Seco WC has 

a larger mean crystallite size for milling times between 10 and 80 hours as seen in Figure 18. This may be 

the result of the collision energy being consumed to a larger extent by deagglomeration in the Seco WC, 

while the WBH WC, being deagglomerated, will use all available energy for crystallite size reduction.  
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5.2. Process parameters 
This section will present the results regarding the process parameters obtained from the different 

analysis techniques divided into sections for the different trials. Only the Seco WC was used to 

investigate the process parameters.  

5.2.1. Different amounts of WC 

The following sections will present the results gained for the trial with different amounts of WC. This 

trial was designed to investigate the impact of viscosity on the milling efficiency, where a larger amount 

of WC will result in a higher slurry viscosity. 

5.2.1.1. Laser diffraction  

As can be seen in Figure 19 below the milling efficiency is highly correlated to the amount of WC when 

keeping the amount and size of the milling balls constant. When reducing the amount of WC by half 

from 4 kg, half the milling time is required to attain the same particle size distribution. Here the milling 

times for the trial with half the amount of WC have been rescaled accordingly. The same correlation is 

true for the 3 kg WC batch, when using a factor  for rescaling. The shortest milling times were excluded 

from this figure so that only the results with reproducible consecutive measurements remain.   

The clear relation between amount of WC and milling time indicates that the slurry viscosity does not 

have a large impact on the milling efficiency. Therefore it can also be concluded that the decrease in 

milling efficiency with time, does not come as a consequence of an increase in slurry viscosity, but as a 

consequence of the smaller particle sizes decreasing the probability for further particle size reduction.  

Figure 19: Resulting particle size for trials with different amounts of Seco WC. The milling times have been 

adjusted according to amount of WC and uncertain results have been excluded from the graph.  
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5.2.1.2. Gas adsorption 

The trials using different amounts of WC overlap nicely with the standard milling trial when using the 

same rescaling factor for the milling time as used in the laser diffraction trials, i.e. 2 and , respectively, 

as seen in Figure 20 below. This confirms that there is indeed a clear correlation between the amounts 

of WC and milling efficiency.  

Figure 20: Resulting surface area for trials with different amounts of Seco WC using rescaled milling times.  

5.2.1.3. X-ray diffraction 

As can be seen in Figure 21 below, the curves resulting from the X-ray diffraction for the different 

amounts of WC follow the trend of the standard trial quite nicely when rescaled using the same 

rescaling factors as in the previous techniques. The measurement for the 3 kg WC with a rescaled milling 

time of 20 hours has a somewhat larger calculated grain size than the succeeding sample with a longer 

milling time. This point deviates more from the trend when looking at the resulting curve, therefore this 

is presumed to be less accurate measurement.  

Figure 21: Resulting grain size for trials with different amounts of Seco WC.  
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5.2.2. Different amounts of milling balls 

The following sections will present results gained from the different analysis techniques for the trial with 

different amounts of milling balls. This trial was designed to investigate the impact of frequency of 

collisions and collision energy on the milling efficiency. 

5.2.2.1. Laser diffraction  

When adjusting the amount of milling balls, keeping the amount of WC constant, the results show that 

fewer milling balls will generate less particle size reduction. This is what can be expected as there will 

not be as many collisions per unit time that crush the WC grains.  

The correlation between numbers of collisions is not as exact as different amounts of WC. When using a 

scaling factor 0.5 for rescaling of the milling time, the same as the relation of milling balls between this 

and the standard trial, the results indicate a slightly narrower particle size distribution for the trial with 

fewer balls, as seen in Figure 22 below. This indicates that the milling efficiency is larger for the trial with 

fewer milling balls, when rescaling to achieve the same number of collisions per unit time. This is 

probably the result of the increased kinetic energy of the balls at impact as discussed in section 4.3.  

Figure 22: Resulting particle size for trials with different amounts milling balls, measured with laser diffraction. The 

milling times for the trial with reduced amount of milling balls have been rescaled with a factor 0.5.  

The difference between the trial with a reduced amount of milling balls and the standard trial is larger in 

the beginning, until, after about 40 hours of milling, the D50 values overlap, as seen in Figure 22. This is 

an indication that primarily the agglomerates are influenced by the increased kinetic energy. This 

assumption is based on the results from the light microscopy analysis indicating that after 20 hours of 

milling only a few agglomerates remain, and after 80 hours the powder is as good as totally 

deagglomerated. The more efficient size reduction for short milling times is displayed in the broader 

particle size distribution for the two first measuring points in Figure 22, indicating that the particles are 

being more reduced in size, per collision, compared with the standard trial. From this, the conclusion 

can be drawn that at sufficiently small particles, the force of impact is not as crucial at the probability for 

the particles to stay in between the approaching balls.  
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The milling efficiency for WC milled with a reduced amount of milling balls seems to be more or less the 

same throughout the milling process and does not exhibit the breakpoint after 6.5 hours as the standard 

trial did. The lack of a breakpoint is probably a result of higher kinetic energy of the milling balls giving a 

more effective deagglomeration. The deagglomeration will be completed within an equivalent milling 

time that roughly corresponds to three hours for the trial using a reduced amount of milling balls, 

thereby explaining the absence of the change in slope. 

5.2.2.2. Gas adsorption 

The results acquired for the gas adsorption trial with rescaled milling times using the same factor as in 

the laser diffraction trials, 0.5, coincide with the standard trial, as seen in Figure 23 below. The trial using 

fewer balls will give a slightly larger surface area, confirming the slightly narrower particle size 

distribution seen in the laser diffraction measurements in Figure 22.  

The results do not indicate a larger deviation from the standard trial for shorter milling times as was 

observed in the results generated in the laser diffraction measurements, as seen in Figure 22. It is thus 

likely that the agglomerates are permeable to the adsorbate. Therefore, the increase in 

deagglomeration rate, as observed for the trial with a reduced number of milling balls in the particle size 

measurement, is not observed when measuring the surface area.  

 
Figure 23: Resulting surface area for trials with different amounts of milling balls.  
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5.2.2.3. X-ray diffraction 

The samples milled for 1, 2 and 5 hours with 6 kg milling, seen in Figure 24, have a larger mean 

crystallite size than the unmilled powder, which has an approximate mean crystallite size of 0.13 μm as 

seen in Figure 18.  As three samples have a larger calculated mean granular size, it is most probable that 

the value of the unmilled Seco WC is incorrect instead. This would explain the large difference in mean 

crystallite size of the two raw materials. When instead comparing the unmilled WBH WC with the 1 hour 

milled sample for the trial with the reduced amounts of milling balls, a difference of 0.1 μm in the mean 

crystallite size is found, the WBH raw material being slightly larger in size. 

When disregarding the results for samples with shorter milling times for the trial with a reduced amount 

of milling balls in Figure 24, the same trend can be seen as in the graphs generated by the laser 

diffraction measurements in Figure 22, i.e. that the mean crystallite size is smaller compared with the 

standard trial for milling times between 5 and 40 hours, after which they coincide. As discussed before, 

the deagglomeration is more efficient the higher the impact energy is. When the powder is 

deagglomerated all energy will be consumed by the crystallite reduction process, giving a more efficient 

crystallite size reduction.  

 
Figure 24: Resulting mean crystallite size for trials with different amounts milling balls. The milling times for the 

trial with reduced amount of milling balls have been rescaled using a factor 0.5.  
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5.2.3. Reduced amounts of WC and milling balls 

The following sections will present results gained from the different analysis techniques for the trial with 

reduced amounts of WC and milling balls. This trial was designed to investigate if any additional trends 

would occur when reducing both the amount of WC and the number of milling balls, keeping the same 

relation as for the standard trial. 

5.2.3.1. Laser diffraction 

When reducing both the amount of WC and the number of milling balls the results are very similar to 

the standard trial without rescaling of the milling time, as can be seen in Figure 25 below. This indicates 

that the reduction in milling efficiency due to a reduced number of balls is almost cancelled out by the 

increase in milling efficiency due to reduced number of WC. This is what can be expected as a factor 2 

and 0.5 respectively were used to rescale the two trials to fit the standard.  

A difference not seen in the trial with only a reduced number of milling balls, in Figure 22, is that the 

D10 fraction differs more than the D50 and D90, i.e. that there is a larger fine fraction for the trial with 

reduced amounts of both WC and milling balls, compared with the standard trial, while the D50 and D90 

coincide nicely with the standard trial. The results show a broader size distribution throughout the 

milling process.  

Figure 25: Resulting particle size for the standard trial and the trial with reduced amounts of both WC and milling 

balls, as measured with laser diffraction. 
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5.2.3.2. Gas adsorption 

As seen in Figure 26 below, the specific surface area is larger for the trial with reduced amounts of both 

WC and milling balls, compared with the standard trial. This can be explained by the results generated 

by the laser diffraction measurements, seen in Figure 25 above, which show that the trial with the 

reduced amounts contain a larger fine fraction compared with the standard trial, i.e. the D10 fraction of 

the trial with reduced amounts is lower compared with the D10 of the standard trial. This is a 

consequence of the larger force of impact of the milling balls when fewer balls are in the system.  

Figure 26: Resulting surface area for the standard trial and the trial with reduced amounts of WC and milling balls.  

5.2.3.3. X-ray diffraction 

As can be seen in Figure 27 below, when using half the amount of WC and milling balls compared with 

the standard trial, the mean crystallite size for shorter milling times, is slightly smaller than for powder 

milled with the standard setup. The shorter the milling time the larger the difference will be. This is the 

same trend as in the BET measurements, seen in Figure 26, and the D50 (representing the median 

particle size) in the laser diffraction measurement, Figure 25. It is probably the result of the increased 

amount of fine crystallites generated per collision in this trial compared with the standard setup due to 

the increased force of impact. The XRD will calculate a number based mean size, while the laser 

diffraction calculates a volume based median value where the larger particles will have a greater 

influence than in the XRD. This will lead to the D10 in the laser diffraction measurements having a larger 

impact on the XRD results.  

Figure 27: Resulting crystallite size for the standard trial and the trial with reduced amounts of WC and milling 

balls. 
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5.2.4. Different ball sizes 

The following sections will present results gained from the different analysis techniques for the trial 

using different sizes of the milling balls. This trial was designed to investigate the impact of collision 

energy on the milling efficiency. The same total weight of milling balls was used in both trials. There is a 

difference with a factor three between the mean mass of the two balls, i.e. the trial with the larger 

milling balls had about a third the amount of milling balls, compared with the standard trial. 

5.2.4.1. Laser diffraction 

Because of the reduced number of balls in the trial using larger balls there will be fewer collisions per 

time unit, explaining why in Figure 28 the sizes represented by D50 and D90 are larger for the trial with 

the larger milling balls. The D10 fraction for the trial with the larger milling balls is throughout the milling 

process closer to that of the standard curve confirming the hypothesis that the powder particles will be 

more reduced in size by these lager balls due to an increase in collision energy.  

Figure 28: Resulting particle size for trials with different amounts milling balls, measured with laser diffraction. 

A similar slope can be detected for curves generated by the results from the trial with the large milling 

balls, as those for the standard trial, as seen in Figure 28 above. The first grade for the trial with the 

larger milling balls is very uncertain as it is only based on one measuring point. This value is uncertain as 

the consecutive measurements made differed quite a lot.  

The resulting curves corresponding to D50 and D90 for the trial with the large milling balls exhibit the 

same trend as that for the trial with half the amount of milling balls when using the recalculated milling 

times, i.e. the deviation from the standard curve decreases with milling time, but not at all as clearly. 

This can be seen in Figure 29.  This might, as previously said, be the result of larger particles being more 

affected by the increase in collision energy.  
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Interestingly, rescaling the milling time for the trial using the larger milling balls using a rescaling factor 

, roughly corresponding to the number of milling balls, does not lead to the results coinciding more 

with the result from the standard trial, as seen in Figure 29 below.  

Figure 29: Resulting particle size for trials with different ball sizes with a rescaled milling time using a factor  for 

the trial with the large milling balls.  

From the particle size distribution generated in the laser diffraction software seen in Figure 30 below, 

the results almost coincide when using a factor 0.5 to rescale the milling time for the larger milling balls. 

In the figure below the sample milled with large balls for 40 hours is compared with a sample milled 

with standard balls for 20 hours. This would indicate that there is a large difference in milling efficiency 

when changing the size of the balls, the larger milling balls having a more effective crystallite size 

reduction due to higher energy at impact.  

 
Figure 30: Particle size distribution as generated by the software, for 40 h milling time with the large balls and 20 

hour milling for the standard balls.  

The fact that the size distribution curves seen in Figure 30 above are so similar indicates the same 

milling process. According to theory, smaller milling balls might cause abrasion and chipping as opposed 

to crushing of the particles. The larger balls generate a larger fine fraction per collision, as indicated by 

the laser diffraction results seen in Figure 28. Therefore it can be stated that the standard balls are not 

small enough for chipping or abrasion to be the main process. 
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5.2.4.2. Gas adsorption 

The real milling time for the trial using large milling balls agrees better with the results generated by the 

gas adsorption measurements for the standard trial than they would have if using the rescaled values 

for the milling time. This is consistent with the fact that the D10 values gained in the particle size 

measurements coincide better with the standard trial for the unscaled milling time, as seen in Figure 28 

and Figure 29. This verifies that the smaller particles have the largest influence on the surface area.  

Figure 31: Resulting surface area for trials with different milling ball sizes.  

An indication that the milling behaviour differs when using larger balls is that the surface area of the 

powder milled with large milling balls without rescaling of the milling time is quite similar for the 

samples milled for 5 and 300 hours, compared with the standard, while the milling times in between are 

all slightly below that of the standard trial, as seen in Figure 31 above. The agglomerates in the Seco WC 

are, as has been stated before, probably permeable to the adsorbate, explaining the coinciding results 

for the 5 hours milled samples. The trial with the larger milling balls, having approximately a third of the 

number of milling balls than the standard trial, will generate fewer collisions per unit time which 

explains the smaller surface area for all intermediate milling times. After 300 hours of milling, the 

powder will have acquired the same surface area due to the fact that the grains are so small that the 

probability for further grain size reduction is low. As a consequence, powder with an initially broader 

size distribution will be able to attain a similar final size distribution.  
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5.2.4.3. X-ray diffraction 

The powder milled with larger milling balls has a slightly larger mean crystallite size compared with the 

standard trial without rescaling of the milling time, as can be seen in Figure 32 below. This is consistent 

with the results from the gas adsorption measurement in the previous section.  

The almost coinciding results in this measurement between the trial with large balls and the standard 

trial when using the real milling times, despite the large difference in D50, seen in Figure 28, can be 

explained using the same reasoning as for the result from the trial with reduced amounts of WC and 

milling balls; the XRD data yields a number based mean size, while the laser diffraction calculates a 

volume based median value where the larger particles will have a larger influence than in the XRD 

results. This will lead to the D10 fraction from the laser diffraction measurements having a larger impact 

on the XRD results. As can be seen when comparing Figure 28, the D10 values obtained in the laser 

diffraction measurements are almost coinciding when using the real milling times.  

Figure 32: Resulting mean crystallite size for trials with different ball sizes.  
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6. Conclusion  
The milling process can, according to lab scale test results from typical analysis methods (microscopy, 

PSD, BET and XRD), be divided into three characteristic stages; 

1st stage –  deagglomeration of the tungsten carbide.   

2nd stage –  linear particle size reduction for a log(particle size) vs log(milling time) relation until 

a critical milling time is reached.   

3rd stage – successively decreasing milling efficiency with time 

Both the material properties and process parameters were found to have a large influence on the milling 

efficiency. 

For this investigated grade, the linear particle size reduction was found to take place for milling times 

ranging between 10 and 80 hours regardless of amount of milling balls, WC or size of the milling balls. If 

the same relation is found to be valid in production mills, prediction of the outcome with high accuracy 

is feasible when staying within the equivalent time range for production trials.   

The difference in milling efficiency between different raw materials was most apparent for short milling 

times and is predominantly a consequence of a difference in agglomeration and agglomerates. The 

agglomerates found in the Seco WC have a core-shell structure, with coarse grains in the shell and fine 

grains in the core. This structure will be easier to deagglomerate than the denser and more homogenous 

agglomerates found in the WBH WC, thereby generating a higher milling efficiency.  

The results have shown that the number and frequency of collisions between milling balls and WC 

particles and the kinetic energy of the milling ball at collision are much more important for the size 

reduction of WC than the viscosity of the slurry.  

The impact on the milling efficiency as a consequence of frequency of collisions and different amounts 

of WC could be compensated for by rescaling the milling time using a scaling factor based on the 

amount of WC and milling balls. The same scaling factor can be used with success for rescaling the 

results from different trials obtained with PSD, BET and XRD, indicating that the scaling factors are valid.  

Rescaling became less successful when a change in process parameters led to a change in the kinetic 

energy of the milling balls at impact. This was observed when changing the amount of milling balls and 

when using larger milling balls. An increased kinetic energy will result in a more effective 

deagglomeration and a wider particle size distribution. The difference in milling efficiency was not 

substantial when using the same size of milling balls and rescaling the milling time. The difference 

decreased with increasing milling time. When using larger milling balls the impact of the larger collision 

energy became more significant and a scaling factor has to be determined for accurate predictions of 

the outcome.  

As expected, when reducing both the amount of milling balls and WC in proportion, no rescaling is 

necessary. However, a larger amount of fines will be generated as a consequence of the increase in 

kinetic energy for the range of milling times investigated.  
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7. Future outlook 
For a more accurate model of the milling process to be possible further investigations are necessary. 

Below follow a few suggestions for continued research: 

 A trial using different grades, i.e. different grain sizes  

 A trial using the same number of standard and large milling balls  

 Trials milled with all “normal” additives and analysed with the same methods after removal. 

 Sinter samples from trials milled with all additives and analyse the grain size after sintering with 

o Electron backscatter diffraction 

o Coercivity 

 Perform similar trials in the larger production mills to determine scaling factors.   
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