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Abstract

Taguchi's method was applied to investigate the effect of main high energy ball milling (HEBM) parameters: milling
time (MT), ball to powder weight ratio (BPWR), and milling speed (MS) on the CaCOj5 crystallite size. The settings of
HEBM parameters were determined by using the L9 (3°) orthogonal experiments array (OA). The as-received and
milled powders were characterized by X-ray diffraction (XRD) scanning electron microscopy (SEM), Fourier transform
infrared (FTIR) spectroscopy. The crystallite size of CaCO5 varied between 140 and 540 nm depending on the HEBM
conditions. The analysis of variance (ANOVA) was used to find the significance and percentage of contribution of
each milling parameter. It was established that the MT is the most effective parameter followed by MS and BPWR. A
confirmation test was carried out with a 90% confidence level to illustrate the effectiveness of the Taguchi
optimization method. The optimum milling parameter combination was determined by using the analysis of signal-

revolutions per minute (rpm), BPWR 50:1.

to-noise (S/N) ratio. Based on the S/N ratio analysis, optimal HEBM conditions were found MT 10 h, MS 600
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Introduction

Calcium carbonate (CaCOj3) has been widely studied due
to its chemical stability and mechanical reinforcement
ability (Chen et al. 2010 and Tanniru et al. 2005). CaCO3
is one of the cheapest commercially available inorganic
materials (Kumar et al. 2014), and therefore has
innumerable industrial applications: it is used in paints,
inks, coatings, paper products, plastics, and films (Garcia
et al,, 2002). Research has focused on the effects of min-
imizing crystallite size of CaCOj3 on different properties
(Krumpfer et al. 2013). Lately, crystallite size has taken
on importance in tailoring final properties of CaCOj3
materials (Minkowicz et al. 2021, d’Amora et al. 2020,
Safaei et al. 2021).

Small crystallite size CaCOs is usually produced by a
wet chemical precipitation technique (Tsuzuki et al.
2000 Minkowicz et al. 2021, d’Amora et al. 2020), yield-
ing precipitated CaCO3; with a needle-like crystalline
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shape. However, the technique causes considerable ag-
glomeration of particles during synthesis, requiring the
precise control of a number of operation parameters,
which determines the size, crystal structure, and morph-
ology of the particles. In addition, precipitation tech-
niques require numerous process steps while high-
energy planetary ball milling is an efficient and simple
method for the fabrication of sub-micron or nanostruc-
tured powder and leads to a better distribution of crys-
tallite and particles size (Suryanarayana et al. 2001).
Since precipitation techniques need numerous process
steps, HEBM is an efficient and simple method for the
fabrication of sub-micron or nanostructured powder ma-
terials (Suryanarayana et al. 2001). Several investigators
have explored the mechanism and limit of the grain size
refinements achievable during ball milling in materials
with different crystal structures (Suryanarayana et al.
2001, Magini et al. 1996, and Koch et al. 1996). HEBM is
a process involving a number of both independent and
interdependent variables. In the planetary ball milling,
the main factors that affect particle size reduction
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include MS, size of balls, BPWR, medium of milling,
MT, etc. (Davis et al. 1987).

The Taguchi method provides a simple, efficient, and
systematic approach to determine optimal parameters
(Gopalsamy et al. 2009). Compared to the factorial
method, instead of testing all possible combinations of
parameters available, the Taguchi method provides a
more simplified way to set up the combination of experi-
mental parameters (Ngo et al. 2018). In recent years,
statistical experimental designs have been employed to
determine optimal HEBM parameters (Radune et al,
2015). This study aimed to determine the effect of
HEBM parameters (MS, MT, and BPWR) on crystallite
sizes of CaCOj3; powder by applying the Taguchi method.

The above parameters were optimized according to
the calculated S/N ratio of parameters. Moreover, an
ANOVA is employed to determine statistically signifi-
cant parameters. Each obtained product was character-
ized using XRD, STEM, and FTIR spectroscopy.

Materials and methods

CaCO;3; micron size powder, supplied by Adacal
Mineraller LTD, was used as starting material. The
morphology of this powder is shown in Fig. 1. The
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raw CaCOj particles are micron size and irregular in
shape. CaCO3; powder underwent HEBM in a planet-
ary ball mill (Retsch PM 100, Germany) using con-
tainer and balls (10 mm diameter) made from
chromium hardened steel. The phase compositions of
the initial and milled powders were determined by
XRD using a Panalytical X'Pert Pro X-ray Diffractom-
eter with CuK, radiation (A = 0.154 nm), operating at
40 kV and 40 mA. Data collection was performed by
step scanning of the specimen over the 26 : 20-70°
angular range in steps of 0.05° with 3 s per step. The
XRD line profile parameters treated according to the
Rietveld procedure using PANalytical X'Pert High-
Score Plus v3.0e software. The crystallite sizes of the
milled powders were determined from a broadening
of XRD peaks by the Williamson-Hall (WH) method
(Williamson et al. 1953). The morphology of the ini-
tial and milling powders was examined by using
STEM (MAIA3 TESCAN) used in SEM mode. Thus,
the abbreviation SEM will be used further on. The
FTIR spectrum curves of the CaCO3; milling powders
were obtained over the wavelength of 4000-450 cm™
by using Thermo-Scientific Nicolet 1S10 in standard
KBr-based tablets formed under pressure of 3 atm.

Fig. 1 SEM images of starting CaCO3 powder
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Table 1 Process parameters and levels

Levels 1 2 3
Parameters

MT, [h] 5 10 30
MS, [rpm] 200 400 600
BPWR 10 20 50

Experimental design

Taguchi’s parameter design approach is applied for
optimization of the HEBM process variable of CaCOs.
Many parameters are used in the ball milling process.
However, the parameters that have been tested most for
optimization are the MS, MT, and BPWR (Rud et al.
2012). This indicates that these three parameters play an
important role in determining the effectiveness of the
milling. There is no conclusive evidence on the best
values of the above parameters in previous works (Surya-
narayana, 2001).

The influences of MS (200, 400, and 600 rpm), MT (5,
10, and 30 h) and BPWR (10:1, 20:1, and 50:1 on the
crystallite size of CaCOj; powder were investigated
(Table 1).

Numbers 1, 2, and 3 represent the lowest, mid, and
highest levels, respectively.

The minimum number of experiments that are re-
quired to conduct the Taguchi method can be calculated
based on the degrees of freedom approach (Eq. 1)

DOF = (P-1)F + (P-1)Q + 1 (1)
where DOF is the desired degree of freedom, F is num-
ber of independent (or) input variables, P is their chosen
levels, Q is number of interactions needed in the study
and 1 is the average. Taguchi’s methodology was applied
for the three factors selected without considering the
interaction effect between them, and, therefore, the total
number of DOF is 1+3 (3—-1) = 7. The number of

Table 2 The experimental layout of the L9 (3% OA
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experimental trials must be equal to or larger than the
DOF for performing experiments in process
optimization. The most appropriate OA in this case is
L9 (3%) (Table 2).

If the interaction effect is considered in the experi-
ment, a higher orthogonal array must be selected. The
small size of the experiments and the fact that they seem
to provide satisfactory results are the two reasons that
orthogonal arrays are preferred for experimental designs.
The verification of results comes from running experi-
ments by carrying out a confirmation test at the pre-
dicted optimal conditions.

Nine trial runs with certain factor level combinations
determined from the array were carried out randomly
and repeatedly. Qualitek-4 software was used to assist in
selecting the runs in the experimental design in random
order. The experiments were replicated three times for
statistical purposes. Thus, 9 x 3 = 27 are required. This
is far less than the 3 x (3%) = 81 experiments that would
be needed according to full factorial design.

All calculations were analyzed using Qualitek-4 software.

Results and discussions

The FTIR spectra of the raw material and typical milling
CaCOj3 powders are shown in Fig. 2. A sharp peak at
3642 cm ™ was observed in the FTIR spectrum due to
the presence of the stretching mode of OH in the raw
material (Feng et al. 2016). The absorption peaks of
CO5* appeared around 710-719, 860-871, and 1400
1410 cm™'. The presence of these bands confirmed that
each milled powder was in the form of CaCO; (Feng
et al. 2016). These findings were in good agreement with
the XRD examination, i.e., that CaCO3 did not decom-
pose during HEBM.

Each milling powder was identified as calcite or ara-
gonite (Fig. 3). No impurities were observed during the
XRD examination. The diffraction Bragg peaks are
broadened and reduced in intensity, which can be

Experiment Parameters and trial conditions Responses (raw data)

number MT MS BPWR R Ra Rs
1 1 1 1 Yia Vi Yis
2 1 2 2 Yo Y22 Y23
3 1 3 3 Y31 Y3, Y33
4 2 1 2 Yar Yar Yas
5 2 2 3 Ysi Y52 Ys3
6 2 3 1 Yo Y62 Y63
7 3 1 3 Y71 Y7o Y73
8 3 1 Ve Ys2 Y3
9 3 3 2 Yo, Yo, Yo3

Ry, Ry, and R; are response values for three replicates of each trial. The 1s, 2s, and 3s denote the levels 1, 2, and 3 of the parameters. Y; are CaCOj; crystallite sizes
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Table 3 The CaCOs crystallite size and S/N ratios (average + SD,
replicated 3 times)

Experiment number  Average crystallite size, nm S/N ratio, dB

1 504 £ 51 — 5405
2 300 + 46 — 4958
3 185 + 25 - 4533
4 215+£13 — 46.64
5 139 £ 36 — 4284
6 199 £ 27 — 4597
7 287 + 31 - 4941
8 260 + 47 — 4830
9 230 £ 35 — 4723

related to the crystallite size reduction and the internal
strain in the milling powder. WH analysis showed that
the strain of the milled powders is above 0; therefore,
the broadened peaks indicate crystallite size only. In
Table 3, the average CaCOj crystallite size, obtained in
three repeated experiments for each of nine trial condi-
tions, are presented. As compare to the average data the
measured crystallite sizes are in the range of 136-538
nm. Each sample has its own conditions (different
BPWR, MS and MT) which causes the changes in the
XRD peaks. Note that each of the selected parameters
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affects the changes in peaks in its own power, which was
analyzed employing the Taguchi procedure.

The SEM images in Fig. 4 show that the milling condi-
tions did not strongly affect the morphological property
of each product and that a similar crystal morphology
was observed.

Statistical optimization

The value of signal-to-noise ratio (S/N) was used to deter-
mine the optimal and most influential parameters to the
crystallite size of CaCO; HEBM powder. The S/N ratio
formula for the static design was divided into three cat-
egories: ‘nominal the best,” ‘larger the better, and ‘smaller
the better’ (Phadke, 1989). A “smaller the better” formula
(Eq. 2) was chosen for the analysis of the experimental re-
sults because lower crystallite size was desirable:

S/N = -10 log l% Z y?] (2)

where # is the number of experiments in the OA, and y;
is the ith measured value.

Data experiment results and the computed S/N ratio
are presented in Table 3.

The differences between obtained values were strongly
dependent on the milling conditions.

20014

1504 3. |
9"

T,%

indicate the experiment number

' I = I = I ¥ I
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A, cm™

Fig. 2 FTIR spectra curves for non-milled and milled CaCOs powders. The number 1 indicates the non-milled powder. The numbers 3, 4, and 9
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Fig. 3 XRD patterns for the HEBM CaCOs powders. The numbers from 1 to 9 indicate the experiment number

Since the experimental design is orthogonal, it is pos-
sible to separate the effect of each parameter at different
levels (Ross, 1996). The mean S/N ratio is the average of
the S/N ratio for each parameter at different levels
(Taguchi et al. 2005). For example, the effect of MS at
level 1 (MS;) (experiments 1, 4, and 7) is calculated as
follows:

1/S S S
MS ==+ 242 3
! 3<N1+N4+N7> (3)

Thedifference between maximum and minimum Table 4.
The difference between maximum and minimum S/N
ratios determines the main effect of the parameter. With
greater delta (A) values for a parameter, the effect of the
parameter on the process will correspond to a smaller

Table 4 Response table for CaCOs crystallite size

Level MT MS BPWR

1 — 49,65 —50.03 — 4944
2 — 45.15% — 4691 — 4782
3 —48.32 —46.18* — 45.86*
Delta A 4.50 3.85 3.58
Rank 1 2 3

*Optimal parameter level

variance of the output and generate better performance
of the experiment (Kiilekc, 2013). From the point of the
“smaller the better” quality characteristic, the MT (A =
4.50) has the largest effect on the CaCOj; crystallite size,
while BPWR has the smallest effect (A = 3.58).

A parameter level corresponding to the maximum aver-
age S/N ratio is called the optimal level for that parameter
(Thakur et al. 2012). Based on the S/N ratio analysis, the
optimal conditions for smaller CaCOj crystallite size are
MS; (600 rpm), MT, (10 h), and BPWR, (30:1) (Fig. 5).

Statistical analysis of variance (ANOVA)

The Taguchi method cannot judge and determine the ef-
fect of individual parameters on the entire process while
the percentage contribution of individual parameters can
be determined using analysis of variance ANOVA (Roy,
2001). Qualitek-4 software of the ANOVA module was
employed to investigate the effect of process parameters.
ANOVA results are presented in standard ANOVA ta-
bles (Tables 5 and 6).

From the results of ANOVA for CaCOj crystallite size,
the last column in Table 5 illustrated the percentage con-
tribution of each parameter. Percentage contribution is
defined as the significant rate of the process parameters
and larger values represent a more significant effect on
the crystallite size of HEBM CaCOs. Thus, the MT, MS
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Fig. 4 SEM images of HEBM CaCOs powders. The numbers from 1 to 9 indicate the experiment number

and BPWR were found to be statistically significant at a
confidence level of 90% (a = 0.1), with a contribution of
32.46%, 27.95%, and 21.09%, respectively. The S/N ratio
exhibits a similar trend and is tabulated in Table 6. The
ANOVA results closely match with the Taguchi ones.

Prediction of crystallite size under optimal conditions
The crystallite size is predicted at the optimal levels of
milling parameters: MS3, MT,, and BPWR, (Eq.4).

Uy =y, + Z (y,-—ym) (4)

i=1

where y,, is the total mean of the crystallite size y, # is
the number of main milling parameters which signifi-
cantly affect performance, and y; is the mean measured
values y for jth milling parameters corresponding to
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optimal parameter level. According to these values, the
crystallite size was computed as 77.03 nm.

The confidence interval (CI) was employed to verify
the quality characteristics of the confirmation experi-
ments. The CI for the predicted optimal values is calcu-
lated as follows (Eq. 5):

CI. = \/F,,,(l,fe)ve [ L H (5)

Hef
where

N
1+ [DOF associated in the estimate of mean responce]

(6)

F, (1, f.) is the F-ratio at 90% confidence level, f, is the
degree of freedom for error, V, is variance of the error
term (from ANOVA Table 4), R is sample size for con-
firmation experiments (R = 3), n.sis number of effective
measured results, and N is the total number of results or
number of S/N ratios. The CI at 90% confidence level is
calculated to be + 59.48. Thus, with 90% confidence
level, the estimated optimal CaCOj crystallite size is

Heff =

Table 5 ANOVA table for CaCOs; crystallite size

(77.03 + 59.48)nm—i.e., the confirmation result should
be within 17.55 and 136.51 nm.

Confirmation test

With the Taguchi optimization methodology, a confirm-
ation test is required to validate the optimized condition.
Three confirmation runs were conducted under optimal
conditions (MS3;, MT, and BPWR,). The average CaCO3
crystallite size was found to be 115 nm. This result is
within 90% confidence interval of predicted optimal
CaCOj3 crystallite size value (122.69 nm). Therefore,
confirmation tests depicted the successful optimization.

Conclusions

The Taguchi method of experimental design has been
applied to obtain optimal process parameters for CaCO;
powder using the HEBM process and was analyzed with
the Taguchi L9 orthogonal array. The optimal results
can be obtained by selecting the second level of the MT
(10 h) and third level of the MS (600 rpm) and BPWR
(50:1). It was concluded that MT is the most influential
parameter followed by the MS and BPWR. Based on the
ANOVA table, the percentage contributions of the MS,

Factor DOF (f) Sum of squares (S) Variance (V) F-ratio (F) Pure sum (S) Contribution, P(%)
MS 2 95787.16 4789358 23.82 91765.86 3246
MT 2 83014.33 41507.16 20.64 78993.03 27.95
BPWR 2 63647.94 31823.97 15.83 59626.64 21.09
Other error 20 40213.00 2010.65 18.50
Total 26 28266243 100%
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Table 6 ANOVA table for S/N ratio

Factor DOF (f) Sum of squares (S) Variance (V) F-ratio (F) Pure sum (S) Contribution, P(%)
MT 2 32.52 16.26 7.69 28.29 35.07

MS 2 24.34 12.17 5.75 20.11 2493

BPWR 2 19.58 9.79 4.63 15.35 19.03

Other error 2 4.23 211 2097

Total 8 80.68 100%

MT, and BPWR are 32.46%, 27.95%, and 21.09%, re-
spectively at 90% confidence level. In addition, the con-
firmation tests using the predicted optimal parameters
observed that the average CaCOj crystallite size is within
the expected range of the values for confidence limit,
which makes the results trustworthy.
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