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Abstract 
High-speed stirred mills are utilized to grind particles below 10mm. Grinding 
sulphide minerals to as low as 10mm achieve adequate mineral liberation for 
successful downstream mineral processing operations, such as flotation and 
leaching. Particle breakage mechanism such as fracture or abrasion, deter-
mines the morphological surface features of the product particles. It is antic-
ipated that particles, which break along grain boundaries (intergranular) pro-
duce rough surfaces, whereas particles that break across the grain boundaries 
(transgranular) possess smoother surfaces. In this study, particles are ground 
in a stirred mill and their morphological features were analyzed using auto-
mated and manual detection methods. Literature and conventional belief are 
that high-speed stirred mills break particles by attrition. This paper showed 
that fracture is also an important breakage mechanism along with attrition. 
Breakage mechanism is a factor of input stress intensity, in the form of the 
mill agitator speed, and type of mineral. It is observed that at higher agitator 
speed galena fractures along the grain boundaries, whereas quartz, abrade 
across the grain boundaries. 
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1. Introduction 

The increase of mineralogical complexity of ore bodies lead to the investigation 
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of different tools that can increase liberation which would enhance the recovery 
grade of sulfide minerals. A few ore pretreatment technologies have been studied, 
for example, microwave, ultrasonic, bio-milling, shock wave and others. Such 
technologies are showing promising results, however, they are expensive to adopt 
and energy-intensive [1]. One of the solutions that is currently employed by the 
mining industry is grinding the particles to 10 µm or less via high-speed stirred 
mills.  

The highest energy consumption in a mining operation is consumed by grind-
ing processes, to achieve fine ground products that are reasonably liberated. There-
fore, research studies are focused on fine grinding operations, such as stirred mills. 
Becker, Kwade, and Schwedes [2], studied the relationship of different forms of 
energy to stress intensity and final product particle size. Others studied mill de-
sign and stress intensity distribution [3] [4] [5] [6]. Peukert [7] studied the effect 
of the mechanical properties of the grinding media and ground material on the 
comminution process. Bu et al. [8] studied the effect of wet versus dry grinding 
on particle morphology features and their effect on the flotation process. Moo-
sakazemia et al. [9] investigated the effect of ball mill liner and operating condi-
tions, such as quartz feed size and its morphology features.  

Promoting breakage mechanism that would achieve mineral liberation at the 
lowest energy consumption is imperative to conserve comminution energy con-
sumption. Breakage mechanism that promotes intergranular breakage over trans-
granular would achieve a high level of liberation at the coarser ground product. 
According to Tromans and Meech [10] and Celik and Oner [11], intergranular 
fracture requires 10% - 14% less energy than transgranular. Promoting inter-
granular breakage by adjusting operation conditions based on types of minerals 
in the mill is the least risk-taking adjustment to the industry. Building up the 
knowledge of particle breakage features of different types of mineral rocks based 
on mill operating conditions can lead to an informative mill operation beyond 
particle size reduction and distribution.  

The focus of this study is to understand the effect of different mill operating 
parameters and types of minerals on particle breakage mechanisms. Operating 
parameters are summarized as stress intensity applied on the particles and dif-
ferent mineral physical properties. Two mineral types are selected for the study, 
which are hard/low-density minerals (quartz) versus soft/high-density minerals 
(galena). According to Blecher [5], stress intensity in stirred mill is a function of 
the density and size of the grinding media and the agitator tip speed. In this 
study, agitator speed is studied as a stress intensity control and the density of the 
ground mineral is addressed.  

Morphology is utilized in this study to evaluate the breakage mechanism of 
mineral particles. In literature, morphology is addressed both qualitatively and 
quantitatively. Qualitative analysis is a visual comparison of captured high-resolu- 
tion images via SEM, TEM and X-ray spectroscopy [12] [13] [14], others per-
formed quantitative analysis and measured morphological parameters, such as 
elongation, sphericity, and roughness, media wear [3] [12] [15] [16]. Morpholo-
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gy analysis in this study is quantitative, where an automated method using Cle-
mex software [17], and a manual point counting method were employed [18]. 

2. Experimental Work 
2.1. Material and Experimental Procedures 

The minerals chosen for the study were galena concentrate and quartz, because 
of their distinct physical properties. Galena has a distinct cleavage, compared to 
quartz. Galena has an octahedral crystal structure with a distinct cleavage of cu-
bic structure on [001] and parting on [111] and it fractures with Subconchoidal 
feature, compared to quartz that has a trigonal crystal structure with an indis-
tinct cleavage {0110} and Conchoidal fracture. However, mineral selection for 
this study was not based on cleavage and crystal structure. The focus was on 
physical properties of the minerals, hardness, and density. Mohs’ hardness value 
for galena is about 2.5 (very soft) while quartz is close to 7.0 (very hard). Galena 
is a heavy mineral that has a measured SG of 7.19, compared to the quartz, which 
has a measured SG of 2.63. Quartz and galena were studied separately. Then a 
mixture of both minerals was synthesized to simulate ore composition with dif-
ferent types and properties of minerals. The synthesized mixture of galena and 
quartz were prepared with a ratio of 1 to 6 by volume. Particle sizes of feed min-
erals (P80) were not too different, where quartz, galena and mixture were 97.4, 
96.6 and 122.8 µm, respectively. The particle size distribution of galena sample is 
wider than quartz, Rosin Rammler distribution modulus was 4.42, 1.34 and 1.46 
for quartz, galena, and mixture sample, respectively. Feed particle size distribu-
tions for quartz, galena and mixture sample are presented by the solid line in 
Figures 1-3, respectively. 

The three types of samples, quartz concentrate, galena concentrate, and mix-
ture sample of quartz and galena were exposed to grinding in 4-litre Netzsch 
IsaMill (LME4) by Xstrata Technology. Due to the wide range of densities of the 
tested minerals and to achieve a pulp density of about 45%, the percent solids 
were fixed at 14.3% by volume. The solid concentration by mass for quartz was 
30.5%, galena concentrate was 54.4% and mixed quartz and galena was 36%. The 
grinding media used was a mono size ceramic bead, (f 2 mm). The media filled 
80% the effective mill volume. 
 

 
Figure 1. Schematic diagram of experimental flow. 
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Figure 2. Quartz passing percent for (a) 1000, (b) 1500 and (c) 2000 rpm. 
 

 

Figure 3. Galena concentrates passing percent for (a) 1000, (b) 1500 and (c) 2000 rpm. 
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Three agitator speeds, which will affect stress intensity levels in the mill, were 
examined for each mineral, 1000, 1500 and 2000 rpm. The pulp flow rate was set 
at the highest setting that the machine can handle, 3.5 L/min. The highest flow 
rate is applied to achieve the lowest residence time of the particles in the mill per 
pass. The effect of residence time and the secondary breakage of the particles 
were studied by running the same mineral composition through the mill 5 times 
(5 passes), as illustrated in Figure 1. 

2.2. Particle Size Distribution 

Particle size distribution for quartz, galena, and mixed sample at the three agita-
tor speeds and feed are shown in Figures 2-4, respectively. It is observed that 
grinding limit is a factor of energy input and mineral type. Grinding limit is the 
residence time and energy input if reached, no further particle size reduction will 
occur. 

Quartz reached its grinding limit at low agitator speed (1000 rpm) with size 
reduction of only 23% after first pass. Galena on the other hand reached its 
grinding limit at highest agitator speed (2000 rpm) with 84% size reduction after 
first pass, as shown in Table 1. Size reduction of mixed sample had similar fea-
tures as pure quartz sample at low agitator speed. Mill input energy in the form 
of agitator speed affects particles breakage behavior, which is observed by size 
distribution and size reduction analysis, which is in agreement with Parry’s find-
ings [19]. 
 
Table 1. Particle size reduction. 

Grinding Speed 
(RPM) 

Particle Size Reduction % 

Quartz Galena 
Mixed 

(Quartz + Galena) 

1st Pass 5th Pass 1st Pass 5th Pass 1st Pass 5th Pass 

1000 23% 23% 48% 79% 19% 19% 

1500 23% 69% 76% 86% - - 

2000 28% 79% 84% 84% 39% 85% 

 

 

Figure 4. Mixed quartz and galena sample passing percent for (a) 1000 and (b) 2000 rpm. 
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Three size fractions were used for morphology analyses. They are referred to 
as coarse, medium, and fine. The coarse fraction geometric mean size was 63 µm, 
which is prepared by dry screening. The medium and fine fractions were produced 
using Cyclosizer, which generated products with varying particle sizes based on 
the mineral density. Therefore, the size fraction for each mineral was chosen 
based on the particle size, rather than the Cyclosizer cyclone number. The geo-
metric mean sizes for quartz, galena concentrate, and mixed quartz and galena 
samples were 34, 37 and 36 µm for the medium size fraction and 15, 17 and 18 
µm for the fine size fraction, respectively.  

2.3. Morphology Analysis 

In this study morphology is analyzed using two methods for validation; an au-
tomated method (Clemex) that identifies the basic features such as, sphericity, 
elongation and roughness, and a manual point counting method that recognize 
similar features at 5 level scale. The hypothesis in this study is based on Varinot, 
et al. [20] that fracture breakage would produce irregular shape, not rounded, 
and vice versa for abrasion breakage. 

2.3.1. Clemex Method 
Representative samples are spread on a glass sheet to produce a monolayer. The 
particles are then caught on a double graphite sticky paper that is then placed on 
a Scanning Electron Microscope (SEM) stub. High resolution 3D images are cap-
tured using the SEM. Images are then imported into the Clemex software, fol-
lowed by running a routine that identifies the particles, and calculates their main 
morphology parameters (sphericity, elongation, and roughness). The values of 
the morphology parameters range from zero to one according to Equations (1) 
to (6). Roughness is evaluated based on the ratio of hull perimeter (HP) to the 
actual particle perimeter (P), as shown in Figure 4. A roughness value of one in-
dicates a perfectly smooth particle since the hull perimeter coincides with the 
actual perimeter. Similarly, if the sphericity value is one, then the calculated pe-
rimeter based on the particle’s surface area would be equivalent to the actual 
measured perimeter. For elongation, a value of one indicates an equiaxed par-
ticle since the particle’s feret minimum width (W) is equal to its feret maximum 
length (L). Values close to zero, for all three parameters, suggest that the par-
ticles are rougher, less circular, and more elongated. Quantitative morphology 
equations are as follows [17]: 

( )Area
4

LWA π
=                       (1) 

( ) ( )3Perimeter
2 2

P L W LWπ  = + −  
             (2) 

( )Aspect Ratio LAR
W

=                    (3) 

1Elongation
AR

=                       (4) 
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( ) 2

4Sphericity AS
P
π

=                      (5) 

( )Roughness Convexity HP
P

=                  (6) 

where: L: Length, W: Width, A: Area. S: Sphericity, P: Perimeter, HP: Hull Peri-
meter, AR: Aspect Ratio. The Hull Perimeter (HP) is the measure of the contour 
of the extrude edges of the particle as shown in Figure 5 [17].  

Particles’ morphology features collected from Clemex are statistically analyzed. 
Skewness parameter quantifies the symmetrical distribution of the property un-
der study. Positive skewness would represent data that are leaning above the 
mean value, whereas negative skewness represents data leaning below the mean 
value. For example, in the case of abrasion breakage, the particles would be more 
circular, less elongated, and would exhibit smoother surfaces. The skewness val-
ues would display the following: 
 Sphericity data (Sph.) would have higher negative skewness, which suggests 

that most of the readings are inclined towards round particles.  
 Elongation (Eln.) data would be negatively skewed which indicates that most 

of the particles are equiaxed, rather than elongated.  
 Roughness (Rgh.) data would also be negatively skewed, implying the pres-

ence of smooth surface particles. 
The roughness level assessed using pre-programmed morphology software (Cle-

mex) was not precise enough for the 3D images captured by the SEM. The soft-
ware evaluated the outer contour of the particles, ignoring the 3D surface tex-
ture. Hence, the values were biased towards smooth particles. Therefore, the 
manual point count methodology was developed. Since, in this study, roughness 
is the main parameter to be assessed, manual point counting focused on rough-
ness evaluation.  

2.3.2. Manual Point Counting Method 
As an alternate method to the Clemex software, manual point counting was de-
veloped. The roughness values were set to 5 levels: R1, R2, R3, R4, and R5 [21]. 
The roughest particle was given a value of 5, whereas the smoothest particle was 
given a value of 2. The degree of roughness increased from 2 to 5. Roughness 
level 1 was given to surfaces that were round, with no sharp edges, but had ham-
mered feature. It was speculated that an R1 particle would have been exposed 
to both compressive, impact and abrasive loading. Detailed definitions  
 

 

Figure 5. Particle perimeter and Hull Perimeter (HP), Length (L) and Width (W). 
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and illustrations of roughness levels for quartz and galena are presented in Table 
2. An excel macro subroutine was designed using visual basic to assist with the 
counting process. The subroutine accumulated the counts for the roughness values 
between 1 and 5. The counter is trained on recognizing the roughness levels of 
the particles. A grid is placed on the SEM 3D-printed images to assist the coun-
ter to trace the captured images of the particles, identify and count the particles’ 
roughness levels. 

Sensitivity analysis was performed to evaluate the effect of individual coun-
ters’ perspective on the results. Three different individuals were trained on the 
manual point counting method. The three counters were given the same sample 
to count, and the results were compared. The results showed that the match among 
the counters was very close with a maximum difference of about 6%. The sensi-
tivity analysis was verified for the three types of ground minerals and different 
sample size fractions, details are presented by Roufail [18].  

3. Results and Discussion 
3.1. Clemex Results 

Detailed statistical skewness values for the morphology parameters, sphericity, 
elongation, and roughness are listed in Table 3. Almost all the parameters are 
negatively skewed. The higher the absolute skew value indicates the intensity of 
the skewness, which in turn indicates that the dominant type of breakage is  
 
Table 2. Morphology roughness level definitions and illustration. 

Roughness 
Level 

Definition 
Illustration 

Quartz Galena 

R1 
Hammered 

Round but 
hammered 
surface. 

  

R2 
Smoothest 

Round and less 
rough surfaces. 

  

R3 
Semi-Rough 

Partially round, 
partially angled 
and partially 
rough surfaces.   

R4 
Rougher 

­ For quartz: 
partially round and 
rougher surfaces. 

­ For Galena: 
square edges.   

R5 
Roughest 

Rough and sharp 
angled surfaces. 
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Table 3. Clemex-morphology skewnes values. 

Material 
1st Pass Results 4th, 5th Pass Results 

Sample Sph. Eln. Rgh. Sample Sph. Eln. Rgh. 

Galena 
Concentrate 

G1000-P1 −0.45 −0.77 −1.26 G1000-P5 −0.69 −0.78 −1.53 

G2000-P1 0.00 −0.61 −0.55 G2000-P4 −0.43 −1.22 −1.06 

Quartz 
Q1000-P1 +0.79 −0.13 −0.90 Q1000-P5 −0.18 −0.36 −1.49 

Q2000-P1 −0.20 −0.61 −2.00 Q2000-P5 −0.61 −0.91 −3.06 

Mixed Quartz 
& Galena 

Concentrate 

M1000-P1 −0.14 −0.55 −1.33 M1000-P5 −0.30 −0.60 −0.60 

M2000-P1 −0.14 −0.50 −1.36 M2000-P5 −0.29 −0.77 −1.58 

 
abrasion. The samples are identified as sample type, agitator speed and number 
of passes through the mill. For example, G1000-P1 represents, Galena sample, 
tested at 1000-rpm mill agitator speed and sample collected after first pass 
through the mill.  

Galena concentrate sample (G1000-P1) had higher negative skew values at low 
speed, implying that the lower agitator speed (1000 rpm) created abrasion brea-
kage more than the higher agitator speed (2000 rpm, G2000-P1). On the other 
hand, the initial breakage of quartz, data from pass 1, (Q2000-P1) showed an abra-
sion breakage mode at the higher agitator speed (2000 rpm), with more spherical, 
less elongated, and smoother particles. Whereas, the lower agitator speed, 1000 
rpm, (Q1000-P1) showed fewer abrasion features, since hardly any grinding took 
place at the low agitator speed as indicated by the particle size distribution anal-
ysis. As for the mixed quartz and galena concentrate sample, abrasion breakage 
was dominant for both agitator speeds (M1000-P1, M2000-P1). This is demon-
strated by similar negative skewness values for sphericity, elongation, and rough-
ness. It is speculated that the quartz in the mixed sample behaved as a grinding 
media to the galena, since quartz is a harder mineral. Therefore, galena particles 
in the mixed sample showed abrasion features at a high agitator speed (M2000-P1), 
unlike the breakage trend of the galena concentrate sample at the same agitator 
speed (G2000-P1). 

Extending residence time by increasing the number of passes of the particles 
through the mill promoted abrasion, which are identified as fewer rough par-
ticles with higher negative skew values for the three minerals. Quartz (Q2000-P5) 
showed the highest abrasion, occurring at high agitator speed and extended res-
idence time. 

Visual inspection of the particles analyzed demonstrated that there are par-
ticles that exhibit rough surfaces but was counted as smooth because Clemex 
identifies the outer wire frame of the particle and not the 3D surface quality, 
which resulted in biased analysis towards smooth particles, rather than rough. 
To confirm the effect of grinding operation and mineral type on particle brea-
kage mechanism, manual point counting is designed and implemented. 
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3.2. Manual Point Counting 

Manual point counting data were analyzed using Pearson’s time correlation. The 
same sample types used for Clemex are used for manual point counting. How-
ever, the analysis only focused on identifying the roughness levels of the particles 
which would predict the mechanism of particle breakage. Pearson’s Equation (7) 
is used for analysis, which correlates mill residence time to number of particles 
counted at different roughness levels. Pearson’s equation and variables are as 
follows:  

r: Pearson’s correlation, Xi is the residence time and Yi is the number of par-
ticles counted for each degree of roughness and X, Y are the mean values of res-
idence time and number of particles, respectively.  

( )( )

( ) ( )
1

2 2
1 1

i ii
n

n n
i ii i

X X Y Y
r

X X Y Y

=

= =

− −
=

− −

∑

∑ ∑
              (7) 

Pearson’s time correlation agreed with the Clemex results according to Roufail 
et al. [21]. Pearson correlation coefficient indicates the association and linear 
strength of two variables. Correlation values range from +1 to −1. Positive value 
closer to +1 indicates a strong linear positive relationship. Negative value, closer 
to −1 indicates an inverse relationship. A value closer to zero indicates a weak 
relationship.  

To quantify the results, rough particles that are counted as R4 and R5, were 
summed, as well as the smooth particles, R1 and R2. The cumulative percent of 
counted rough particles (R4 + R5) and the smooth particles (R1 + R2) were 
plotted against the five grinding passes as shown in Figure 6 for overall trends 
for the 3 types of minerals. Figure 7 shows the roughness levels for different size 
fractions of the same mineral (quartz). 

Overall trends represent combined size fraction results. Figure 6 shows the 
overall trend for the five passes (residence time) for galena, quartz and mixture 
of galena and quartz samples. Overall trend is the cumulative counts for all size 
fractions counted for each sample for the 5 residence times. The number of 
rough particles decreased, and the number of smooth particles increased as resi-
dence time in the mill increased. In other words, fracture and abrasion breakage 
mechanism occurrences converge as particles reside in the mill for a longer time. 
However, the trends showed that the percent of rough particles (R4 + R5) were 
consistently higher than the smooth particles (R1 + R2) at all agitator speeds. 
Results imply that breakage via fracture continues to occur even after relatively 
long residence time.  

The initial breakage (P1) of the galena concentrate sample at a high agitator 
speed (2000 rpm) generated similar amounts of rough particles at a low agitator 
speed (1000 rpm). The galena concentrate sample generated 73% rough particles 
(R4 + R5) at a high agitator speed (2000 rpm) and 71% at a low agitator speed 
(1000 rpm), Figure 6(b). Quartz, on the other hand, generated 61% rough par-
ticles (R4 + R5) at a high agitator speed (2000 rpm), compared to 78% rough  
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(a) 

 
(b) 

 
(c) 

Figure 6. Overall roughness trend. (a) Quartz; (b) Galena concentrate; (c) Mixed quartz 
and galena concentrate. 
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(a) 

 
(b) 

 
(c) 

Figure 7. Roughness trend of quartz for (a) Coarse, (b) Medium & (c) Fine fractions. 
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particles (R4 + R5) at a low agitator speed (1000 rpm), Figure 6(a). Results in-
dicated that fracture breakage mechanism, which is indicated by rough mor-
phology, occurs for both types of minerals at high and low agitator speeds, but 
with different amounts. Galena concentrate had similar dominant fracture me-
chanism as an initial breakage (P1) for both high and low speeds. Quartz, on the 
other hand, had more fracture breakage mechanism at low agitator speed com-
pared to high speed operation. 

When comparing the distribution of the different roughness levels for differ-
ent mineral types, quartz, and galena concentrate, at each agitator speed, the da-
ta revealed that the percent of smooth particles of galena concentrate (R1 + R2) 
are increasing and percent of rough particles (R4 + R5) are declining at higher 
rate than that for quartz, respectively. This relationship implies that galena, soft, 
heavy mineral, would experience abrasion breakage by increasing residence 
time, compared to quartz, which is harder, lighter mineral.  

To understand the distribution of roughness at different size fractions, the 
data for three size fractions were plotted as percent of rough (R4 + R5) and 
smooth (R1 + R2) particles against residence time (number of passes). The plots 
were prepared for the three minerals tested, quartz, galena, mixed quartz-galena 
samples. The trend lines for the three minerals were similar, therefore, in this 
paper only quartz results are presented as sample data, Figure 7. The three size 
fractions (coarse, medium, and fine) for quartz had geometric mean sizes of 63 
µm, 34 µm and 15 µm. The trend line showed that for the coarse and medium 
size fraction, Figure 7(a) and Figure 7(b), percent of rough particles decreased 
per pass (increase of residence time) and smooth particles increased. On the 
other hand, the fine fraction, Figure 7(c), trend line was flat throughout the five 
passes. The rough particles were about 65% - 80% of the total particles counted, 
whereas the smooth particles were about 10% - 20%. Coarse and medium frac-
tions, initially brake via fracture, producing relatively a high number of rough 
particles. As grinding residence time increases, abrasion breakage mode becomes 
more evident, where the count of smooth particles increases. This observation 
also indicates that the finer products, which should contain a significant amount 
of progeny particles from the coarser fractions, were consistently broken via 
fracture with no significant effect of time on the mode of breakage.  

4. Conclusions 

Stirred mill products are analyzed for their morphological features using quanti-
tatively automated (Clemex) and manual point counting methods. The particles 
were ground to fine size using a horizontal high-speed stirred mill. The parame-
ters studied were the stress intensity and type of mineral on the breakage me-
chanism. The stress intensity is evaluated by changing the agitator speed of the 
mill and the type of mineral is studied by choosing two types of minerals with 
extreme physical properties, which were galena and quartz. The breakage effect 
of the minerals on each other is also addressed by creating a mix of both types of 
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minerals galena and quartz with a ratio of 1:6 by volume. Morphological para-
meters considered were the roundness, elongation, and surface roughness of the 
particles. However, roughness is the main parameter that would indicate the 
type of particle breakages such as fracture or abrasion. Rough particles imply 
fracture breakage, along grain boundaries (intergranular), while smooth par-
ticles imply abrasion breakage, across the grains (transgranular). Operating con-
ditions would favor the breakage mechanism, which in turn will control the 
produced shape of the particles.  

The following conclusions were drawn from this study: 
 Results validate that the initial particle breakage mechanisms in stirred mills 

are dominantly fractured. As grinding residence time increases, attrition and 
abrasion breakage mechanism becomes more evident.  

 Mineral types show different breakage mechanisms at extreme agitator 
speeds. Galena concentrate had similar dominant fracture breakage along the 
grain boundaries at the initial breakage stage, at both high and low agitator 
speeds. Quartz, on the other hand, breaks via fracture at low agitator speed 
while abrading at higher speed. The breakage mechanism of selected miner-
als can be controlled by manipulating mill operation.  

 The overall trend demonstrated that the number of rough particles was con-
sistently higher than smooth particles. Rough particles suggest that breakage 
occurs along grain boundaries and fracture is the dominant breakage me-
chanism, which is contradicting the common notion that fine grinding breaks 
particles mostly via abrasion.  

 Increasing grinding residence time, abrasion breakage mechanism becomes 
dominant, which leads to more fine ground product. Fine products complicate 
downstream mineral processing operations. Therefore, avoiding long resi-
dence time and controlling mill operation parameters that achieve targeted 
mineral liberation at the coarsest possible product size is recommended.  
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