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Abstract: Since the particle size, shape, specific surface area, and purity of the ground calcium car-
bonate (GCC) decide its usability in the paper, paint, and plastic industries, the effect of grinding is 
important. However, the effect of stirred and ball mill grinding on the particle shape of GCC by 
dynamic image analysis (DIA) is still lacking in the literature. Therefore, the aim of this study is to 
compare the aspect ratio at the same fineness (d97 = 50 μm) and evaluate other properties such as 
color, and surface area of GCC particles by stirred and ball mill grindings. DIA results showed that 
particles produced by the ball mill had higher aspect ratio values than those by the stirred mill. This 
was attributed to the impact, and attrition breakage modes produced by the ball and stirred mill, 
respectively. This conclusion is supported by XRD and SEM. Finally, the results related to physical 
properties such as aspect ratio, surface area, and whiteness are discussed depending on the usage 
area of GCC. 
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1. Introduction 
Grinding, which is used for fine-size reduction of materials in a broad range of mod-

ern industries such as minerals, pharmaceuticals, cement, and pigment production, has 
been reported to symbolize a global market value of US$ 400 billion for the mineral in-
dustry [1]. Since the concepts of energy savings and ecological awareness are the main 
issues nowadays, less energy consumption for grinding means more reductions in costs 
and fewer harmful effects on the environment. In the mineral industry, energy is needed 
for grinding ore and minerals to reduce the particle size. Moreover, more energy-efficient 
technology for grinding is of prime interest [2] because the energy required for the grind-
ing process depends not only on the demanded fineness but also on the type of mill em-
ployed. In addition, it is known that the size, density, and shape of grinding media, mill 
speed, feed size, slurry density, and hardness have great impacts on product size and 
grinding efficiency. Therefore, the mill type, as well as the feed size and strength of the 
material to be ground should be considered for energy consumption in grinding, which 
aims to decrease particle size and increase the surface area [3]. In this context in the last 
several decades, stirred mills have been commonly used for fine grinding in several in-
dustries such as minerals, ceramics, pharmaceuticals, chemicals, cosmetics, paints, and 
papers because they have higher energy efficiency than ball milling, and the ability to 
produce fine products [2,4–7]. Moreover, it is well known that stirred mills provide a re-
markable improvement in energy savings due to the small size of the grinding media and 
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the ability to mix at higher speeds [8], with higher media loading compared to ball milling 
when finer particles are desired [9–12]. 

Fillers, which provide unique attributes to paper, plastics, and paint, are predomi-
nately pigment particles that are yielded mostly from natural minerals such as calcium 
carbonate which increases opacity, brightness, and color [13]. It is known that the effect of 
mineral addition to paints and coatings depends on the size and aspect ratio of the min-
erals as well as mineralogy, oil absorption, brightness, pH, chemical inertness, refractive 
index, purity, soluble salts, and volume fraction in the matrix. For example, the particle 
size and shape of fillers change the light scattering [14] and filler entanglement density 
[15]. 

Calcite or ground calcium carbonate (GCC), which has a Mohs hardness value of 3, 
a refractive index value of about 1.70, and a density of nearly 2.7 g/cm3, is a cheap and 
valuable industrial mineral commonly utilized as the ground form in many industries 
such as paper, paint, and plastic [16]. Since the d97 term (97% passing size) is the fineness 
value usually looked at in GCC production [17], it is well-known that dry GCCs with a 
d97 value of 74–45 μm are among the cheapest known white fillers [18]. Vast tonnages of 
calcite mineral particles are produced each year by grinding around the world since calcite 
is used as filler in the industry when it is micronized and has a hydrophobic property, and 
a high level of whiteness [19]. It is reported that the market for both GCC and precipitated 
calcium carbonate (PCC) keeps on growing day by day due to the increases in the prime 
markets of paper, plastics, paint, rubber, and adhesive sealants. Therefore, the consump-
tion of calcium carbonate augmented from 74.3 Mt in 2011 to 81 Mt in 2015 [20]. The U. S. 
Geological Survey [21] reported that the world limestone production in 2018 was recorded 
as 420 million metric tons because it is widely preferred in paints, paper, and plastics 
thanks to its low cost, abrasion, oil absorption, moisture and resistance to weathering, 
high brightness and purity, and easy dispersion [22]. Moreover, the mineralogical purity 
and white color required for GCC to be used as a filler in these industries can only be 
achieved by controlling the size, shape, surface area, and liquid absorbency of the grains 
[18]. Since the process and end-use behavior of GCC not only depends on the particle size 
or specific surface but is also influenced by the particle shape [23], particle morphology 
control of GCC is crucial for industrial applications. For instance, particle size, shape, and 
surface area are critical properties of papermaking filler derived from GCC [24]. Gaber 
[25] has emphasized that shape and size are important factors affecting GCC features such 
as consistency, oil absorption, and hiding power. It has been reported that the typical par-
ticle shape of GCC ranges from irregular to blocky, while the aspect ratio and surface area 
vary between 1 to 1.5 and 5 to 12 m2/g, respectively. On the other hand, the particle shape 
of GCC is often rhombohedral, which provides a porous surface on the paper [26–29]. 
Furthermore, it is known that the light scattering of a coated layer of paper is influenced 
by mean sizes, size distribution, and shape of the pigment particles [30]. 

However, particle shape is an overlooked parameter in the characterization of fine 
particle systems. Fine particles must be broadly characterized by their size, size distribu-
tion, and shape. Therefore, using an accurate, and quick analysis to predict the product 
characteristics and control the processes for the best conditions is significant. Recently, a 
novel technique called dynamic image analysis (DIA), which is capable of measuring the 
shape parameters of particles while they are moving, provides valuable information to 
guess the behavior of products for improving the quality and performance of a material. 
Thus, it is widely regarded as the most recent, advanced and accepted technique that pro-
vides statistically significant characterization of a huge number of particles [31]. 

Since the morphological characteristics, specific surface area, size, and purity of the 
GCC to be used as a filler are important [32], the appropriate mill using an appropriate 
breakage mode can produce the particle size, size distribution, and shape desired for these 
industries such as paper, paint, and plastics. Previous works have focused on the effects 
of ball and stirred milling on particle size and other physical properties of GCC. Only one 
study in the literature investigated the relationship between the applied stress intensity 
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and the shape of the particles produced by a ball and stirred mill using an optical micro-
scope [23]. Similarly, only a few works deal with the effect of grinding by ball and stirred 
mill on the shape of the particles by using SEM. For instance, the morphological analysis 
of galena and quartz minerals ground by stirred mills was studied by Roufail [33]. In ad-
dition, Alex et al. [34]  studied the evolution of gibbsite morphologies with milling time 
using stirred media mill and SEM. Moreover, particle shape analysis of South African 
platinum group mineral ore called UG2 milled in a laboratory ball mill and stirred mill 
was conducted by using Auto-SEM-EDS [35]. The influence of ball mill grinding on the 
color and particle size properties of talc and smectite from white bentonite was studied 
and compared with fine-grained calcite from chalk [36]. However, measuring a very small 
number of particles (usually less than 100) with visual techniques such as SEM, which 
depends on the user’s experience for shape characterization of flat particles and yields 2D 
results, can be misleading as the 3rd dimension is neglected. Moreover, sample prepara-
tion is tedious and time-consuming, and images must be manually modified to ensure 
that each particle is clearly seen and without overlapping with other particles. These fac-
tors make the quantification process more subjective and less appealing than faster meth-
ods [37]. On the other hand, DIA exhibits exceptional accuracy and reproducibility over a 
very broad measuring range for the quality control of particle materials. However, quan-
titative shape analysis by dynamic image analysis of calcite minerals ground by conven-
tional ball mill and stirred mill and comparison of the product shape are still lacking in 
the literature. Since the particle size, shape, specific surface area, purity, and whiteness 
degree of the fillers that affect the properties of the final products in the paper, plastic, and 
paint industries are important and these industries use both conventional ball mills and 
stirred mills to produce fine calcite products by operating at closed circuits with separa-
tors and filtering them. This study aims not only to quantify specific surface area, mor-
phology, size, and whiteness properties of calcite particles ground by stirred mills and 
conventional ball mills at the same fineness (d97), but also aims to evaluate the suitability 
of the mill products as GCC fillers in the paint, paper, and plastic industries by comparing 
their physical properties. 

2. Theoretical Background: Aspect Ratio Parameters Based on Different Models Used 
in DIA 

Aspect ratio, which is one of the globally used shape parameters expressing the ratio 
between length and width for the characterization of industrial minerals, is the simplest 
solution to consider non-spherical shape characterization. For example, cubes or spheres 
have a 1:1 aspect ratio whereas blocky particles have a 2:1 to 4:1 aspect ratio and platy 
particles have a 20:1 [22]. Dynamic imaging provides greater particle detail regarding var-
ious shape parameters including aspect ratio compared to static imaging. Thus, three dif-
ferent aspect ratio measures based on three different shape models of DIA were selected 
in this study. They are provided as follows: 

2.1. Elliptical Aspect Ratio (EAR) 
It is described based on the ellipse model and equal to the ratio of equivalent elliptical 

area length to equivalent elliptical area width (Figure 1a). 
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Figure 1. Particle characterization models used in dynamic image analysis (a) Ellipse model (b) Rec-
tangle model (c) Irregular model [38]. 

2.2. Bounding Rectangular Aspect Ratio (BRAR) 
It is described based on the rectangle model, which is defined as a rectangle of the 

smallest area surrounding but not crossing the object generally for non-fiber-shaped par-
ticles. In other words, it can be best described as the ratio of length (the larger side of the 
bounding rectangle) to width (the smaller side of the bounding rectangle) (Figure 1b). 
Figure 2 shows changes in different BRAR values measured by DIA for differently shaped 
calcite particles. It should be noted that while the ideal lower value of BRAR for spherical 
particles is 1.0 (Figure 2d), the value of BRAR increases as the shape of the particle deviates 
from spherical (Figure 2a). On the other hand, BRAR values for ground particles are al-
ways greater than 1.0 since there is no perfectly spherical particle after breakage. 

 
Figure 2. Variation of different BRAR values measured by DIA for different shapes of calcite parti-
cles. (a) very high BRAR (b) high BRAR (c) moderate BRAR (d) very low BRAR 

2.3. Feret Aspect Ratio (FAR) 
It is described based on an irregular model and can be calculated as the ratio of Feret 

length (Feret max) to Feret width (Feret min), which are the smallest and largest possible 
spacings between two parallel lines that contact but do not cross the particle, respectively, 
as shown in Figure 1c [38]. In other words, they can be considered “caliper dimensions”. 

3. Materials and Methods 
3.1. Sample 

As shown in Table 1, pure calcite samples (CaCO3) having a density of 2.70 g/cm3 
were studied in this study from Mikron’S Company (Niğde, Türkiye). Since calcite prod-
ucts were manufactured by both ball and stirred mills of the company, the aim of this 
study is to compare the particle shape of both stirred and ball-milled products at the same 
fineness value. Therefore, the term d97, ref. [17] was selected as the targeted size in this 
study, since the d97 value of the GCC is generally desired to be between 74–45 μm in the 
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calcite industry [18]. The particle size distributions of the calcite sample fed to the stirred 
mill and the ball mill are provided in Figure 3. It is seen that it is suitable for the material 
and media size to be fed to the mills used in this experimental study. 

Table 1. Chemical composition of the calcite sample used in this study [39]. 

Compounds CaCO3 SiO2 MgO Fe2O3 Al2O3 SrO P2O5 SO3 Cl Na2O 
% 98.824 0.489 0.388 0.100 0.065 0.052 0.022 0.025 0.020 0.015 

 
Figure 3. Particle size distributions of feed for calcite grinding by the stirred mill and ball mill (mod-
ified from [39,40]. 

3.2. Grinding Procedure 
3.2.1. Stirred Milling 

Laboratory grinding tests were conducted in a laboratory batch-type vertical stirred 
ball mill (Nimak Makina, Niğde-Türkiye) having a motor power of 3 kW with a tank vol-
ume of 1200 cm3 (including shaft) running at 3000 rpm (Figure 4a). The diameter of the 
pin-type stirrer arm was 8.5 cm, and the number of stirrer arms was 5. Grinding tests were 
performed for each parameter at a constant grinding time. Alumina balls (spherical beads) 
with a density of 3.60 g/cm3 and with 4 mm diameters were used as the grinding media 
(Figure 5a). Since grinding aids usually act as dispersants that prevent particles from ag-
glomerating, glycol-based commercial liquid grinding aids at the dose of 700 g/t were also 
utilized in all grinding tests as it is commonly used in calcite grinding. After each test, all 
of the media and ground samples were removed from the mill and the media were sepa-
rated from the products by sieving. The detailed experimental conditions for stirred mill-
ing are provided in Table 2. 
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(a) (b) 

Figure 4. Mills used in this study (a) stirred mill [39], (b) ball mill [40]. 

 

 

(a) (b) 

Figure 5. Grinding media used in this study (a) alumina balls used for stirred mill grinding, (b) 
cylpebs used for ball milling tests [40]. 

Table 2. Experimental conditions for stirred mill and ball mill followed in this study [40]. 

Parameters Stirred Mill Ball Mill 
Stirrer speed (rpm) 2250 - 

Mill Speed (% of critical speed; Nc) - 70 * 
Ball filling ratio (J) 0.60 ** 0.35 *** 

Interstitial filling (U) 1.00 **** 1.00 ***** 
Media type alumina-spherical steel-cylpebs 

Media size (mm) 4 40 (10%), 32 (10%), 20, (40%) 12 (40%) 
Media density (g/cm3) 3.60 7.65 

Grinding aid dosage (g/t) 700 2000 
Grinding time (min) 0.78 60 

* Calculated from Nc = 42.3/(D − d)1/2, rpm (D, d in m). ** Calculated from J = [(mass of balls/ball 
density)/(mill volume)]/[1.0/0.64]. *** Calculated from J = [(mass of balls/ball density)/(mill vol-
ume)]/[1.0/0.60]. **** U = fC/0.36 J. ***** U = fC/0.40 J. 
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3.2.2. Ball Milling 
For conventional ball milling, a laboratory-scale stainless steel ball mill (without 

lifter) having a dimension of 200 mm × 200 mm and a volume of 6283 cm3 with a 0.37 kW 
variable speed motor was utilized (Figure 4b). Since cylpebs, which are heavily rounded 
cylinders, are known to produce faster breakage rates, especially for the coarse size frac-
tions (100 μm × 1000 μm) [41], in this study stainless steel cylpebs (Figure 5b) having a 
density of 7.65 g/cm3 and with various diameters (40 × 40–32 × 32–20 × 20–12 mm × 12 mm) 
were used as the grinding media. Glycol-based commercial liquid grinding aids were also 
utilized to prevent agglomeration in ball mill grinding tests at the dose of 2000 g/t as in 
stirred mill grinding tests. The detailed experimental conditions for conventional ball 
milling were provided in Table 2. 

3.3. Particle Size Analysis 
Wet Laser Diffraction Particle Sizer Malvern 2000 Ver. 2.00 with the Hydro 2000 MU 

insert (Malvern Co., Ltd., England), which was based on Mie theory [42], was used for the 
surface area and aspect ratio, as well as particle size analysis of the feed and milled prod-
ucts. 

3.4. Dynamic Imaging of Particles 
DIA, which means that particle images are captured and analyzed while particles 

flow in front of a digital camera, employs random orientation to allow the analysis of all 
dimensions of the particles and recirculation of the sample to assure the best representa-
tion of the sample for more accurate data as shown in Figure 6. The dynamic turbulent 
flow route provides a three-dimensional random orientation, a direct view of the flowing 
particles within the detection region [43]. 

 
Figure 6. Principle of dynamic imaging of particles. 

About 1 g of the ground representative samples taken by rotary riffler was placed in 
a 25 mL beaker with distilled water and kept in an ultrasonic bath for about 2 min to 
provide sufficient dispersion for image analysis. Particle shape characterization of the cal-
cite samples ground by ball and stirred mill was carried out by using the DIA instrument 
(Particle Insight, Micromeritics® Instrument Corp., Norcross, GA, USA) [44]. At least 
10,000 particles were measured for each mill product to provide high statistical accuracy. 
The average values of three consistent measurements were used in each measurement to 
reveal the differences in the shapes of the calcite particles ground in the stirred mill and 
conventional ball mill. 
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3.5. SEM Analysis 
Tescan MIRA3 XMU model SEM operating at 10 kV, was used for the visual shape 

comparison of the microphotographs for the particles by ball and stirred milling. In SEM 
analysis, the samples were coated with gold to increase surface conductivity. 

3.6. XRD Analysis 
After the dry samples were prepared as pellets, the mineralogical compositions were 

determined by using X-ray (Panalytical Empyrean) analyses of the feed, and products of 
stirred and ball milling at 45 kV and 40 mA. Then, the data obtained by the X-ray detector 
provides a spectrum for the samples that were evaluated by a software called HighScore 
to match them with the cards available in its library for the determination of the sample 
contents. 

3.7. Color Analysis 
Color property as well as particle size and shape of mineral fillers is of significant 

importance because it affects the properties of the end products [45]. Optical properties 
such as brightness, whiteness, and L, a*, and b* color space values were evaluated using 
Datacolor ELREPHO (Datacolor Inc., Lawrenceville, NJ, USA), spectrophotometer (Figure 
7b) in this study. It is a widely accepted instrument, which uses a diffuse/0° optical geom-
etry and automated, adjustable, ISO 2469 compliant UV filter for analysis of color, bright-
ness, opacity, diffuse reflectance factors, yellowness, and whiteness of pulp, paper, and 
chemicals. 

 

 
(a) (b) 

Figure 7. Color analysis instrument used in this study (a) CIELAB color diagram (b) and color spec-
trophotometer instrument [46]. 

Color management software basically utilizes versions of the color space described 
by the Commission International de ľéclairage (CIE). XYZ is a mathematical edition of the 
RGB model, which was designed for mapping whole colors visible to humans employing 
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various wavelengths of red (R), green (G), and blue (B) light and it expands the RGB space 
and avoids negative numbers by using three set primaries. 

The CIELab space (or CIEL*a*b*), which means the space between mapped colors 
corresponds to their visual differences, expresses colors according to L, a, and b values, 
where they are defined as lightness, from black (0) to white (100), amount of green (−) to 
red (+), and amount of blue (−) to yellow (+), respectively. In the diagram illustrated by 
Figure 7a, visible colors broaden evenly along the two-color axis to make chromatic at-
tributes easy to view. CIELab theoretically covers visionary colors that are beyond the 
scope of human sensing [46]. 

In addition, (Ry) whiteness, which is defined as brightness or reflectance degree can 
be obtained by measurement [19]. For the calcite sector where color differences are critical 
for micronized particles, Ry, L, a, and b values for coated calcite particles are favorable 
when Ry ≥ 96, L ≥ 98, a < 1, and b < 1, respectively, [47]. 

4. Results and Discussion 
4.1. DIA Results 

Size analysis by wet laser diffraction analysis of stirred mill and ball mill products is 
provided in Figure 8. Since this study aims to investigate whether stirred mill, which is 
the best alternative to the conventional ball mill that can produce finer particles with less 
energy consumption, produces a suitable particle shape for GCC. It was found that both 
product sizes have almost the same fineness (d97 = 50 μm) to compare their aspect ratio 
values by DIA. 

 
Figure 8. Particle size distributions of products for calcite grinding by stirred mill and ball mill. 

Based on this result, detailed DIA measurements of the GCC products ground by ball 
and stirred mills in terms of three aspect ratio parameters, such as EAR, BRAR, and FAR 
along with statistical parameters (ECAD, the minimum, the maximum, the mean, and the 
standard deviation values) by counting more than 10,000 particles per each measurement 
are listed as Tables A1–A6 in the Appendix A. The equivalent circular area diameter 
(ECAD) parameter used in DIA, represents the diameter of a sphere that would have a 
volume close to the actual volume of the particle. It should be noted that the ECAD values 
given in the tables are almost the same to compare the aspect ratio values of particles for 
each sample. 

Figure 9 summarizes three different aspect ratio parameters, EAR, BRAR, and FAR, 
based on the bounding rectangle model, the Ellipse model, and the Feret model, as meas-
ured by DIA for Stirred mill and ball mill products, respectively. As seen from Figure 9a, 
EAR values ranged from 1.421 to 1.415 for stirred milled calcite particles, while they var-
ied from 1.523 to 1.497 for ball milled particles. In addition, BRAR values ranged from 
1.419 to 1.423 for stirred-milled calcite particles, whereas they varied from 1.504 to 1.533 
for ball-milled particles (Figure 9b). Finally, FAR values ranged from 1.553 to 1.560 for 



Minerals 2023, 13, 99 10 of 21 
 

 

stirred milled calcite particles; on the other hand, they varied between 1.636 to 1.677 for 
ball milled particles (Figure 9c). The same trend was found for all three different aspect 
ratio parameters measured for grains of calcite products ground in two different mills. 
Overall results revealed that the higher aspect ratio values were obtained by the ball mill 
compared to the stirred mill, indicating that the particles ground by stirred mill have 
lower elongated particles. The results have shown that every data point in the plots rep-
resents more than 10,000 counted particles measured by three consistent repetitions to 
provide high statistical accuracy since at least 6400 particles for each measurement are 
required at a 99% confidence level as stated by British Standard 3406 [48] and Allen [49]. 
Ulusoy and Yekeler [50] also measured EAR, BRAR, and FAR values for 0.250 + 0.045 μm 
ball milled calcite as 1.664, 1.665, and 1.765, respectively. The differences in the results of 
the two different studies are attributed to the particle size and purity of the calcite material 
used. It was concluded that ball milled particles had a higher aspect ratio in terms of the 
EAR, BRR, and FAR than stirred milled particles. 

Differences in product shapes are attributed to the different grinding methods used 
in this study as the quality of the particles depends on the breakage modes of mills in 
terms of their size, size distribution, and shape [35,51]. In other words, it was found that 
the stirred-milled particles had a more rounded shape compared to the ball milled parti-
cles since the stirred mill grinding relies on attrition breakage [34,51–54]. On the other 
hand, a conventional ball mill, which works based on more impact and less abrasion and 
chipping mechanisms [55], produced more elongated particles than stirred mill products. 
It has been suggested that under impact stress, the fragmentation mechanism may be due 
to essentially simultaneous rupture and fracture, which produce particles of nearly round 
shape and uniform size during fragmentation. On the other hand, it has been reported 
that the main mechanism of fracturing by attrition is primarily the rupture of grain joints 
leading to the dissociation of crystallites, and secondly, the chipping and the breakage of 
these crystallites [23,56]. 

Moreover, it is thought that the use of grinding media with different surface areas, 
bulk densities, and contact mechanisms in the two different mills used in this study is also 
responsible for the difference in the aspect ratio values. As a matter of fact, cylpebs grind 
in the form of line contact and area contact [57]. 

(a) (b) 
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(c) 

Figure 9. Comparison of different aspect ratio parameters for the calcite particles ground by the 
stirred mill and ball mill by dynamic image analysis: (a) EAR (b) BRAR and (c) FAR. 

Figure 10 illustrates the images from the DIA for the calcite samples tested in this 
comparative study. It can be clearly seen that the shape of most particles is non-spherical. 
Figure 10b indicates ball milled particles have a more elongated shape, whereas Figure 
10a shows more rounded particles obtained by stirred milling. This is in good agreement 
with the previously reported study [24,35,58]. 

Cheng et al. [59] have stated that the particle shape of GCC particles is important for 
the paper and paint industries, especially cubic particles which may also lend high electric 
insulation and a high elasticity modulus to composites. In this case, the stirred mill which 
produces less elongated particles, may be preferred over the ball mill. On the other hand, 
it can also be argued that ball milling is more suitable as it is widely acknowledged that 
pigments with a higher aspect ratio typically offer greater qualities including increased 
coverage and gloss for the paint industry [60,61]. Similarly, Gupta [62] has proposed that 
plastics prefer elongated reinforcements such as fibers over granular shapes due to the 
fact that plastics need high impact strength and not high tensile strength. In this case, the 
ball mill, which produces more elongated particles, may be preferred over the stirred mill. 

  
(a) (b) 

Figure 10. Images recorded during DIA measurement (a) particles produced by the stirred mill and 
(b) particles produced by the ball mill. 
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4.2. ANOVA Results 
Table 3 shows the mean BRAR values selected as a sample statistical evaluation 

of the 1st measurements related to the stirred and ball milled particles to test their 
significance by analyzing the “Compare means” function in the ANOVA test using 
IBM® SPSS® Statistics version 23.0. When the “Sig.” value (significance level) in Table 
3 is less than 0.05, there is a significant difference between the groups with a confi-
dence level of 95% [63]. Based on this rule of thumb, the “Sig.” (significant level) 
values of the test of homogeneity and multiple comparisons of ANOVA tests were 
less than 0.05 (see red marked). The ANOVA test has shown that there is a significant 
difference between BRAR values of stirred and ball milled particles and it can statis-
tically be reported as “F(1,20053) = 346.356, p = 0.000”. It was concluded that BRAR 
mean values of both milled particles are significantly different in the confidence level 
of 95%. The average of the 10,000 particles after three repetitions has shown the net 
difference along with high statistical accuracy. Thus, all three aspect ratio values of 
particles by the ball mill are higher than particles by the stirred mill. 

Table 3. Statistical evaluation for the significance of the BRAR measurements. 

Descriptives 
BRAR 

 N Mean Std. Deviation Std. Error 

95% Confidence Interval 
for Mean 

  

Lower 
Bound 

Upper Bound Minimum Maximum 

Stirred mill 10,039 1.4192 0.31126 0.00311 1.4131 1.4252 1.00 5.56 
Ball mill 10,016 1.5042 0.33519 0.00335 1.4976 1.5107 1.00 4.33 

Total 20,055 1.4616 0.32620 0.00230 1.4571 1.4661 1.00 5.56 
Test of Homogeneity of Variances 

Levene Statistic df1 df2 Sig.      
66,651 1 20,053 0.000      

ANOVA         

 
Sum of 
Squares 

df Mean Square F Sig.  
Sum of 
Squares 

df 

Between Groups 36.231 1 36.231 346.356 0.000 Between 
Groups 

36.231 1 

Within Groups 2097.679 20,053 0.105   Within Groups 2097.679 20,053 
Total 2133.910 20,054    Total 2133.910 20,054 

4.3. SEM Results 
SEM images illustrated in Figure 11 clearly shed light on the differences in particle 

shapes of ground calcite samples by stirred and ball mills, i.e., particles by stirred milling 
are mostly blocky and rounded (see Figure 11a) whereas ball mill particles are generally 
elongated as clearly seen from Figure 11b. 
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(a) (b) 

Figure 11. SEM micrographs of the (a) particles from the stirred mill and (b) particles from the ball 
mill (magnified at 10,000×). 

4.4. Size and Surface Area Results 
Table 4 summarizes the size parameters, surface area, and aspect ratio values of the 

samples of both mill products by laser diffraction technique. The same fineness (d97 = 50 
μm) values were obtained for both milling products in order to compare the surface area 
and particle shape in terms of the aspect ratio of the products milled by the stirred mill 
and ball milling, and this is in agreement with the results in Figure 8. In addition, when 
the thickness and aspect ratio values were examined in parallel with the DIA measure-
ments, similar differences were also observed in the laser diffraction measurements. In 
other words, particles ground in the stirred mill have a larger specific surface area than 
particles ground in the ball mill, which is compatible with lower d10 and d50 values. 

Table 4. Comparison of the particle size and surface area of the stirred and ball milled by laser 
diffraction. 

Calcite 
d10 

(μm) 
d50 

(μm) 
d97 

(μm) 
d100 

(μm) 
Surface Area 

(m2/g) 
Aspect 
Ratio Thickness 

Stirred milled 1.07 7.58 50.64 106 3 1.16 6.53 
Ball milled 1.87 11.45 50.15 90 2.11 1.31 8.74 

The results related to the surface area are in good agreement with the previously 
reported literature. While Jeong et al. [64] have found a value of 2.18 m2/g for untreated 
GCC, Toraman et al. [65] have found the surface area of calcite as 2.85 m2/g by stirred 
milling using glycol grinding aids. Lin and Somasundaran [66] and Lin et al. [67] have 
also found appropriate findings, i.e., the stirred milling produces higher specific surface 
area, and modifies other physicochemical properties than conventional ball milling. 

The difference in the measured surface area is also attributed to the grinding media, 
which have a different surface area, bulk density, and contact mechanisms in grinding 
action, i.e., cylpebs balls grind in the form of line contact and area [57]. Although products 
with equivalent d97 dimensions have been examined, there are differences in the d10 di-
mensions of the products due to the difference in the grinding mechanism of the two mills. 
This is also evident from the difference in surface area values. 

Therefore, the magnitude of the specific surface area values depends on the feed size, 
ball size, and ratio, as well as the grinding time. In addition, it is obvious that it will in-
crease even more when the particle size is reduced further. It should be noted that the mill 
product’s fineness requires more energy input. Moreover, the main aim of this study is to 
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compare the aspect ratio at d97 = 50 μm and evaluate other properties such as color and 
surface area for the intended use of GCC. 

This research article aims to compare the physical properties such as aspect ratio, 
surface area, and whiteness of GCC products produced by different grinding processes. 
It has been concluded that two GCC products with the same size but different values of 
aspect ratio, surface area, and color property, produced by stirred and ball mill grinding 
are obtained. Therefore, it can be said that one of the grinding systems is better than the 
other for one of these properties desired in one of the industries such as paper, paint, and 
plastic. 

For example, GCC particles with a higher surface area due to their particle shape will 
have a better contact interface with the polymer matrix due to their larger specific surface 
area when used as polymer filling material. Furthermore, it is well known that with the 
addition of a GCC filler, the most desirable mechanical properties for the plastics industry 
are the tensile strength and impact resistance of the polymer. It has been reported that as 
the filler aspect ratio increases, their mechanical properties increase [45]. Since rubber re-
inforcement is known to require granular particles [62], stirred mill products are more 
favorable than ball mill products because the elongated particles tend to form a grain pat-
tern that can cause the rubber to tear more easily along the alignment direction. In addi-
tion, high surface area fillers provide an increased surface area for contact, which increases 
their capacity to strengthen rubber links. Moreover, particles with a planar shape have 
more surface available for contacting the rubber than spherical particles with an equiva-
lent average particle diameter [18]. Therefore, stirred mill products are also favorable in 
the rubber industry. 

In the paper industry, since loading higher filler content is always desired by the 
paper manufacturer due to reduced costs and increased optical properties, aspect ratios 
and surface areas of the particles to be used as fillers become important, e.g., it is known 
that the filler’s particle size and shape have the biggest effects on how the light scatters 
[14]. Furthermore, the specific surface area of filler particles is of crucial importance since 
there is a direct correlation between the specific surface area of the filler and the internal 
sizing agent demand in papermaking [25]. Moreover, higher composite stiffness is sug-
gested to be caused by a higher particle aspect ratio and a higher modulus since the size 
and shape of the GCC particles used in paper coating provide the gloss properties of the 
system. It is also well known that platy particles of uncoated GCC fillers decrease porosity 
and improve printing performance by enhancing the smoothness and gloss of the papers 
[45]. Thus, the ball mill is favored for the paper industry compared to the stirred mill. 

In paint making, the surface area is important for hiding power properties. While 
hiding power increases with an increase in the surface area of the GCC extender for the 
rheological properties of the fluid paint [68], the filler’s intrinsic high surface area causes 
it to debond fibers when employed to generate brightness and opacity [69]. Therefore, the 
stirred mill is preferred in the paint industry compared to the ball mill. 

These discussions are also compatible with the literature. For example, the surface 
area values obtained by stirred and ball mills in this study are suitable for the paper and 
plastic industries according to the reported study by Ercan et al. [70]. 

4.5. XRD Results 
Figure 12 shows the XRD results of the XRD patterns of feed and product samples 

for stirred and ball mills. It is clearly seen that the result of the feed is accorded well with 
the content of major elements obtained from analysis in Table 1. Looking at the strongest 
diffraction peak of the CaCO3 in Figure 12, it is clearly seen that the peak positions are the 
same, but the peak intensities are different. This is attributed to the different shapes of the 
powders [71,72]. In other words, the highest peak intensities were found for ball mill cal-
cite products which produced particles having a higher aspect ratio, whereas the lowest 
peak intensities were found for stirred mill products, which produced a lower aspect ratio 
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of particles. In addition, different proportions of these crystal faces may be directly related 
to particle shape since different XRD peaks represent different crystal faces. 

 
Figure 12. XRD patterns of feed and product samples for stirred and ball mill. 

4.6. Color Analysis Results 
It is known that whiteness is caused by the scattering of light by pigment. In addition, 

light scattering is the mechanism that contributes to hiding and can be explained by opti-
cal theories. White pigments are unique in that the appearance of white is due only to 
scattering [73]. Hubbe and Gill [24] have claimed that modification in particle shape may 
lead to a higher relative bonded area between products and fibers compared to other PCC 
particle shapes having a comparable light-scattering ability. In addition, Grönfors [13] has 
stated that the size and shape of the filler particles affect the amount of light scattering as 
well as the refraction index of filler and the quantity of pigment-air interfaces available in 
the product. Moreover, a higher surface area and higher whiteness are important for the 
composite polymer filler due to its superior mechanical properties [74]. Because the com-
mon use of GCC depends on its cheap price and its high whiteness and brightness, the 
comparison of color analysis results for both mill products examined in this study can be 
seen in Table 5. Results are in agreement with a previous study, i.e., Lourenço et al. [58] 
have reported that the unmodified GCC samples have greater brightness R457 (%) values 
than 84.8. Furthermore, Toraman et al. [65] have also found similar results (L = 98.39; a = 
−0.03; b = 1.02) with the stirred milling of calcite using glycol grinding aids. 

While the stirred mill product has a higher degree of whiteness than the ball mill 
product, the result that the ball mill product has higher yellowness than the stirred mill 
product can also be said when the b values in Table 5 are taken into account. Considering 
Ry, L, a, and b values for coated calcite particles are favorable when Ry ≥ 96, L ≥ 98, a < 1, 
and b < 1, respectively [47,75], Table 5 reveals that, stirred mill product is better than ball 
milled product. 

Considering the Ry values, which are counted as the brightness indicator in Table 5, 
both mill products are suitable, as it should be at least 90% for paper pigment fillers. How-
ever, it is clear that the Ry values of the stirred mill product are higher than the Ry values 
of the ball mill product. Since the minimum L value required for GCC with a d97 value of 
50 μm used in the paint (exterior paints, latex coatings, and polymer-based) industry is 
97.5 [17], it can be said that the stirred mill products are better than the ball mill products. 
As a result, according to the results of the color analysis, both mill products were found 
to be suitable for the paper, plastic, and paint industries where calcite is predominantly 
used. The color difference in products of the stirred mill and ball mill may be attributed 
to the particle size and steel media used. 

Table 5. Color analysis of stirred and ball-milled calcite. 

Sample Ry R547 
DIN 6167  

Yellowness 
E313  

Whiteness 
E313  

Yellowness L a b 
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Stirred milled 95.46 94.21 1.82 91.33 1.82 98.22 0.09 0.94 
Ball milled 91.33 89.6 1.98 86.52 1.98 96.55 −0.08 1.08 

5. Conclusions and Future Recommendations 
The following conclusions can be drawn from the present study: 
According to the particle size analysis, the particles of the stirred and ball mill prod-

ucts (d97 = 50 μm) have the same fineness. However, according to the DIA results with 
the same ground products, it is revealed that the shapes of the particles of the calcite prod-
ucts ground in two different mills are not the same. This means that they will undoubtedly 
behave differently in subsequent processes or applications. 

In addition, ANOVA tests revealed that the mean shape (EAR, BRAR, and FAR) val-
ues obtained by DIA, which became a recently popular technique for shape characteriza-
tion, are significant at a confidence level of 95%. In other words, the values for the aspect 
ratio of calcite powders ground in a stirred and ball mill, found by counting at least 10,000 
particles in each measurement and taking the average of three consistent measurements, 
are not the same. 

Furthermore, these results are supported not only by DIA and SEM images but also 
by the difference in XRD peak intensities. 

Based on the DIA, XRD, and SEM results, stirred mill products have a lower aspect 
ratio than ball mill products. 

Since the breakage modes in mills determine the quality of the particles in terms of 
particle size, particle size distribution, and particle shape, and also the control of particle 
shape and morphology of calcite is important for industrial applications, where GCC is 
preferred as a filler, it has been shown in this study that more rounded (blocky, even) 
particles with a higher degree of whiteness and gloss can be obtained for pigment industry 
using a stirred mill, which has an attrition-based breakage mode. 

According to the industry in which GCC will be used, one product can be preferred 
over the other according to the purity, size, surface area, particle shape, and whiteness 
properties of the particles ground in the ball and stirred mill. In other words, it was deter-
mined that the ball mill is favored in the paper industry due to its higher aspect ratio 
properties. On the other hand, stirred mills are preferred in order to produce GCC prod-
ucts with a larger surface area, and higher whiteness properties for the paint and plastics 
industries. 

However, this study, which examines the effect of two different grindings performed 
according to the grinding parameters (mill speed, ball filling ratio, ball size distribution, 
powder filling ratio, and grinding aids, etc.) with optimum values on the particle shape 
and the usability of the grinding products in the industries, will shed light on future stud-
ies in which the effects of these parameters on grain shape are examined separately. 
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Appendix A 

Table A1. BRAR values determined by DIA measurement of stirred-milled calcite. 

Stirred Mill 1. Measurement 2 2. Measurement 3. Measurement Average  
ECAD Mean (μm) 12.2 12.5 12.9   
Counted particles 10,100 10,047 10,067   
Minimum 1.000  1.000  1.000   
Maximum 5.555 3.391 3.428   
Mean 1.419 1.423  1.423 1.422 1 
Std. dev. 0.285 0.285 0.284  
Number percentiles 10.00% 1.120 1.126 1.123  
Number percentiles 25.00% 1.215 1.219 1.218  
Number percentiles 50.00% 1.373 1.375 1.377  
Number percentiles 75.00% 1.580 1.582 1.584  
Number percentiles 90.00% 1.800 1.813 1.810  

Representative shape    
 

1 The values reported are averages of three independent measurements. 2 Used for the ANOVA Test. 

Table A2. EAR values determined by DIA measurement of stirred-milled calcite. 

Stirred Mill 1. Measurement 2. Measurement 3. Measurement Average  
ECAD Mean (μm) 12.2 12.5 12.9   
Counted particles 10,039 10,003 10,016  
Minimum 1.000  1.000  1.000   
Maximum 3.264 3.391 3.428   
Mean 1.415 1.421 1.421 1.419 1 
Std. dev. 0.276 0.282 0.282  
Number percentiles 10.00% 1.119 1.125 1.123  
Number percentiles 25.00% 1.214 1.218 1.218  
Number percentiles 50.00% 1.372 1.373 1.376  
Number percentiles 75.00% 1.576 1.580 1.582  
Number percentiles 90.00% 1.792 1.808 1.805  

1 The values reported are averages of three independent measurements. 

Table A3. FAR values determined by DIA measurement of stirred-milled calcite. 

Stirred Mill 1. Measurement 2. Measurement 3. Measurement Average  
ECAD Mean (μm) 12.2 12.5 12.9   
Counted particles 10,042 10,004 10,018  
Minimum 1.000  1.000  1.000   
Maximum 3.701 3.581 3.498   
Mean 1.553 1.559 1.560 1.557 1 
Std. dev. 0.269 0.273 0.278  
Number percentiles 10.00% 1.259 1.264 1.259  
Number percentiles 25.00% 1.351 1.357 1.354  
Number percentiles 50.00% 1.511 1.515 1.517  
Number percentiles 75.00% 1.687 1.687 1.700  
Number percentiles 90.00% 1.899 1.900 1.920  

1 The values reported are averages of three independent measurements. 
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Table A4. BRAR values determined by DIA measurement of ball-milled calcite. 

Ball Mill 1. Measurement 2 2. Measurement 3. Measurement Average 
ECAD Mean (μm) 12.4 11.1 11.3  
Counted particles 10,196 10,201 10,167  
Minimum 1.000  1.000  1.000   
Maximum 4.482 4.334 7.274  
Mean 1.504 1.533 1.517 1.518 1 
Std. dev. 0.340 0.328 0.333  
Number percentiles 10.00% 1.135 1.181 1.169  
Number percentiles 25.00% 1.251 1.293 1.278  
Number percentiles 50.00% 1.445 1.484 1.461  
Number percentiles 75.00% 1.684 1.716 1.691  
Number percentiles 90.00% 1.965 1.970 1.952  

Representative shape    
 

1 The values reported are averages of three independent measurements. 2 Used for the ANOVA Test. 

Table A5. EAR values determined by DIA measurement of ball-milled calcite. 

Ball Mill 1. Measurement 2. Measurement 3. Measurement Average 
ECAD Mean (μm) 11.1 11.3 12.4  
Counted particles 10,016 10,006 10,065  
Minimum 1.000  1.000  1.000   
Maximum 4.334 3.574 3.549  
Mean 1.523 1.508 1.497 1.509 1 
Std. dev. 0.319 0.319 0.332  
Number percentiles 10.00% 1.180 1.168 1.134  
Number percentiles 25.00% 1.290 1.275 1.249  
Number percentiles 50.00% 1.477 1.455 1.440  
Number percentiles 75.00% 1.700 1.676 1.673  
Number percentiles 90.00% 1.946 1.927 1.946  

1 The values reported are averages of three independent measurements. 

Table A6. FAR values determined by DIA measurement of ball-milled calcite. 

Ball Mill 1. Measurement 2. Measurement 3. Measurement Average 
ECAD Mean (μm) 11.1 11.3 12.4  
Counted particles 10,018 10,007 10,068  
Minimum 1.000  1.023 1.000   
Maximum 4.377 3.799 3.632  
Mean 1.677 1.660 1.636 1.658 1 
Std. dev. 0.315 0.316 0.328  
Number percentiles 10.00% 1.306 1.296 1.269  
Number percentiles 25.00% 1.448 1.427 1.390  
Number percentiles 50.00% 1.627 1.608 1.584  
Number percentiles 75.00% 1.855 1.835 1.822  
Number percentiles 90.00% 2.093 2.086 2.081  

1 The values reported are averages of three independent measurements. 
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