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Abstract 

The Taguchi method's robust design 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 𝑇𝑖𝑂2 crystallite 
size (CS). The experiment used the 𝐿16(43) orthogonal array (OA). The as-received and milled powders were 
characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The CS of 𝑇𝑖𝑂2 varied between 3.48 
and 73.70 nm depending on the HEBM conditions. The optimum milling parameter combination was determined by 
using the analysis of signal-to-noise (S/N) ratios. Based on the S/N ratio ana-lysis, optimal HEBM conditions were found 
to be MT 100h, MS 400rpm, BPWR 50:1. The analysis of variance (ANOVA) was used for indicating the significance of 
each milling parameter and their effect on CS. Statistical analysis by S/N and ANOVA established that the MT is the most 
influential parameter, followed by MS and BPWR. The results of the parameter optimization experiment were validated 
by a confirmation test at a 90% confidence level. The confirmation test showed that there is a good agreement between 
the experimental and statistical data. 

Keywords: High-energy ball milling; Titanium Dioxide powder; Taguchi technique; Orthogonal array; Signal-to-noise 
ratio ANOVA; Confidence interval; Nanoparticle 

1. Introduction

In the search for modern and innovative construction materials and technologies, their durability, aesthetics, and 
environmental impact are very important factors [1, 2]. Concrete is the most commonly used material in civil 
engineering. The choice is justified not only by the resulting durability and aesthetics of buildings; its properties, which 
actively support environmental protection, have also become one of the most important arguments for the application 
of this material. The incorporation of nanosized particles of titanium dioxide (TiO2) into cementitious materials further 
enhances the ecological value of concrete [3]. The use of cement with 𝑇𝑖𝑂2 additives in the composition of the concrete 
mix reduces harmful compounds present in the air surrounding the concrete buildings, as well as enabling removal of 
impurities which occur on the concrete surfaces over time. It is worth emphasizing that in addition to reduced air 
pollution by active surfaces of concrete made with cement including 𝑇𝑖𝑂2, concrete also has self-cleaning properties. 
According to research [4], concrete triggers the degradation of almost all organic substances liable to come in contact 
with it. 

Some factors that affect physical and chemical 𝑇𝑖𝑂2 properties are its crystalline structures, specific surface area, 
crystallite size (CS), and particle size [5, 6]. The factors affecting the properties of 𝑇𝑖𝑂2 can be modified by preparation 
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methods such as pulsed laser ablation [7], sol-gel [8], solvothermal synthesis [9], precipitation [10], and plasma 
spraying [11, 12]. 

The mechanical ball milling technique is well known as a simple and low-cost method for the production of submicron 
or nanostructured materials with the possibility of obtaining large quantities [13-15]. Ball milling is used for grinding 
all kinds of materials [16, 17]. High-energy ball milling (HEBM) is a process involving a number of independent and 
interdependent variables. Many parameters have been tested to optimize the ball milling process, such as milling speed 
(MS), milling time (MT), ball sizes, ball-to-powder weight ratio (BPWR), and the milling medium [18-25].  

However, there is currently no conclusive method to determine the best parameters applied to the ball milling process 
to transform macro-size materials to nano-scale particles. Hence, identifying the parameters contributing to the desired 
particle sizes and crystal structures of the milled powder is important.  

The traditional experimental design methods are too complex, time-consuming, and complicated to apply. Many more 
experiments must be carried out as the number of process parameters increases. Statistical experimental designs 
provide an easier and more efficient approach to optimize functional variables. The Taguchi method is one of the robust 
designs widely used in the field of engineering to determine the optimum process parameters [26-29]. Compared to the 
factorial method, which requires testing all possible combinations of available parameters, the Taguchi method 
provides a more simplified way to set up the combination of experimental parameters [30, 31].  

This study aimed to determine the effect of HEBM parameters (MS, MT, and BPWR) on the CS of 𝑇𝑖𝑂2 powder by applying 
the Taguchi method. These parameters were optimized according to the calculated S/N ratio of parameters. Moreover, 
ANOVA was employed for evaluating the statistical significance and relative contributions of these HEBM parameters. 
Each milled powder was characterized using XRD and SEM. 

2. Materials and Methods 

𝑇𝑖𝑂2 powder (99.9% purity, Sigma Aldrich) was used as the starting material. The morphology of this powder is shown 
in Figure 5.1. The raw 𝑇𝑖𝑂2 particles were micron size and irregular in shape. The 𝑇𝑖𝑂2 powder was milled by HEBM in 
a planetary ball mill (Retsch PM 100, Germany) using a container (250 ml volume) and balls (10 mm diameter) made 
from chromium-hardened steel. The milling was performed at room temperature and followed different milling 
parameters (see Table 4.1). 

 

Figure 1 Diagram depicting the preparation of 𝑇𝑖𝑂2 nanoparticle powder by design optimization 

-The structural evolutions and phase analysis of the milled powders were characterized by XRD testing (Panalytical 
X’Pert Pro X-ray diffractometer) with 𝐶𝑢𝐾𝛼 radiation (𝜆=0.154 nm), operating at 40 kV and 40 mA. Data collection was 
performed by step scanning of the specimen over the 2𝜃 ∶ 20 − 70∘ angular range, in steps of 0.05∘ with 3 sec per step. 
The XRD line profile parameters were fitted with Rietveld refinement, using the PANalytical X’Pert HighScore Plus v3.0e 
software. The CS of the milled powders were determined by a broadening of XRD peaks using the Williamson-Hall (WH) 
method [32]. 
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The morphology of the initial and milled powders was examined using STEM (MAIA3 TESCAN). The Taguchi 
experimental design was used to find the optimal level of the main milling parameters and their effect on the CS of 𝑇𝑖𝑂2 

powder. Fig. 1 depicts the process optimization through the HEBM process. 

2.1. Taguchi Method 

The Taguchi method which was used in this study is briefly described below. 

The signal factor (S) and noise factor (N) accompanied by the relevant level are selected. Signal factors are input 
parameters which can be changed in order to achieve optimal conditions in laboratory experiments, by identifying 
selected levels for the experiment matrix. Noise factors refer to all those that cause changes in the conditions; they were 
assumed to be constant during our experiment. 

The loss functions (L) are calculated to determine modifications of the experimental results to approach the optimal 
values. Depending on the circumstances, these functions are calculated using the following equations:  
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where 𝑛 is the number of experiments in the orthogonal array (OA), 𝑦𝑖 is the 𝑖𝑡ℎ measured value, and 𝑦0 is the optimal 
nominal size. 

The total value of S/N can be calculated for each parameter based on the following equation: 

10logS N L  ,…………..(4) 

The S/N ratio is calculated for each level of the parameters. In the Taguchi method, parameters with the highest S/N 
ratio (regardless of the type of loss functions) are introduced as optimal levels. 

The significance of each parameter is determined using ANOVA. 

2.2. Experimental Design 

The Taguchi parameter design approach was applied for optimization of the process variables in the HEBM of 𝑇𝑖𝑂2. 
Many parameters are used in the ball milling process. However, the parameters tested most often for optimization are 
the MS, MT, and BPWR [33]. This indicates that these three parameters are known to play an important role in 
determining the effectiveness of the milling. Yet previous work has shown no conclusive evidence for their optimal 
values [34]. Hussain reported that BPWR is recognized as one of the most influential parameters, along with ball mill 
working capacity and rotation speed [35]. Zhang et al. believed that the volume of milling medium is the most influential 
parameter, followed by the rotation speed [35]. Moreover, the BPWR used by previous works clearly varied; although 
most ratios were in the range from 10:1 to 20:1 [36], some studies used much higher ratios, up to 100:1 [37]. Higher 
BPWR helps increase the particle size reduction rate. However, when the ratio is too high, there is a possibility of 
contamination resulting from the collision of grinding balls with the inner wall of the milling vial. There is no conclusive 
decision on the best BPWR. Some researchers reported the best result at 20:1 or 15:1, while others recommended a 
lower BPWR of 10:1, or a higher BPWR of at least 50:1 [38, 18]. Therefore, the BPWRs used in our research were 10:1, 
20:1, 30:1, and 50:1. Hajalilou et al. [39] claimed that the duration of mechanical alloying is one of the fundamental 
parameters usually exploited to achieve a steady state between the breaking and rewelding (cold-working) of powder 
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particles. The refinement of mean particle size during a milling process can be stated as follows, with this relationship 
applying a simple model for the refinement of nanocrystalline particle size [34]: 

2

3D Kt


 …………(5) 

where t is the milling time, D is the particle size, and K is the constant.  

However, as mentioned by Suryanarayana [34] earlier, since a number of process variables could influence the achieved 
particle size, more systematic experiments are needed before solid explanations can be made. For our purposes, four 
milling times were chosen: 5, 30, 50, and 100h. Another parameter that has high influence on milling effectiveness is 
the MS. Almost all researchers used high MS of more than 100 rpm. In fact, a milling speed as high as 2000 rpm was 
used by Bilgili et al. [40]. Higher milling speed provides higher impact energy exerted by the grinding balls on the 
materials, resulting in more effective milling [19]. In the current research, all four speeds of the ball mill were used: 200, 
300, 400, and 600 rpm. Table 1 shows the parameters selected and the levels for each parameter. 

Table 1 Process parameters and their levels 

             Levels 

Parameter 

1 2 3 4 

MT[h] 5 30 50 100 

MS, [rpm] 200 300 400 600 

BPWR 10:1 20:1 30:1 50:1 

The Taguchi method uses an orthogonal array (OA) to design the experiments. From the parameter design-OA selector 
shown in Table 2, the selected array was 𝐿16(43). 

Table 2 Parameter design orthogonal array selector [41] 

Number of Level 
 Number of parameters (P)  

2 3 4 5 6 7 8 9 

2 4 4 8 8 8 8 12 12 

3 9 9∗ 9 18 18 18 18 27 

4 ’16 ’16 ’16 ’16 ’32 ’32 ’32 ’32 

5 25 25 25 25 25 50 50 50 

The 𝐿16(43) array parameter configuration is shown in Table 3, while the experimental parameters and levels for each 
experiment in 𝐿16(43) array are shown in Table 4. 

Table 3 L16(43) OA 

Experiment Number Parameter 1 Parameter 2 Parameter 3 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 1 4 4 

5 2 1 2 

6 2 2 1 

7 2 3 4 

8 2 4 3 
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9 3 1 3 

10 3 2 4 

11 3 3 1 

12 3 4 2 

13 4 1 4 

14 4 2 3 

15 4 3 2 

16 4 4 1 

 

Table 4 The experimental layout of the 𝐿16(43) OA 

Experiment Number MT, [h] MS, [rpm] BPWR 

1 5 200 10:1 

2 5 300 20:1 

3 5 400 30:1 

4 5 600 50:1 

5 30 200 20:1 

6 30 300 10:1 

7 30 400 50:1 

8 30 600 30:1 

9 50 200 30:1 

10 50 300 50:1 

11 50 400 10:1 

12 50 600 20:1 

13 100 200 50:1 

14 100 300 30:1 

15 100 400 20:1 

16 100 600 10:1 

The Taguchi methodology was applied for the three factors selected, without considering the interaction effects 
between them. If the interaction effect is considered in the experiment, a higher OA must be selected. The small size of 
the experiments, and the fact that they seem to provide satisfactory results, are two reasons that orthogonal arrays are 
preferred for experimental designs. Sixteen 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 a random order. The experiments were replicated three times for statistical purposes. Thus, 16 
⋅ 3 = 48 were required. This was far less than the 3 ⋅ (43) = 192 experiments that would be needed according to a full 
factorial design. 

The verification of results was achieved by running experiments as confirmation tests at the predicted optimal 
conditions. 

All calculations were analyzed using Qualitek-4 software. 
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3. Results and Discussion 

The typical morphologies ultrasonically dispersed in the starting and milled powders are presented below. 

 

Figure 2 SEM image of starting 𝑇𝑖𝑂2 powder 

Unmilled (as-received) 𝑇𝑖𝑂2 powder (Fig. 2 above) consisted of particles with various shapes (spherical, elongated, and 
irregular). The SEM images of the typical milled 𝑇𝑖𝑂2 powders are shown in Fig. 3 below. Particle sizes significantly 
decreased after HEBM of 5 h, MS 600 rpm and BPWR 50:1 (Fig. 3(4)), yielding fine particles that formed agglomerates. 
To explain this phenomenon, one can consider the fact that the ball milling process leads to the refinement of particle 
size by breaking and rewelding the powder particles; and after a certain (critical) energy is transferred to the particles, 
they stick together and become agglomerated. Particle size after prolonged treatment and greater MS and BPWR 
remained almost constant, whereas the level of agglomeration increased considerably (Fig. 3 (7-13)). 

 

Figure 3 SEM images of milled 𝑇𝑖𝑂2 powder. The numbers indicate the experiment 
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The XRD patterns of the milled powders, obtained by applying the 𝐿16 OA in the Taguchi design, are shown in Figure 4. 
The Bragg diffraction peaks were shown to be broadened and reduced in intensity, which can be related to the crystallite 
size reduction and the internal strain in the milling powder. WH analysis showed that the strain of the milled powders 
was above zero (0-0.37%); therefore, the broadened peaks indicated crystallite size only. Originally the milled powder 
was identified as rutile. Following the HEBM, part of the rutile’s phase remained as rutile and part of it was transformed 
into a mixture of rutile, anatase and Ti3O5 phases, depending on the intensity of the milling conditions. Additionally, the 
milled powder contained a significant fraction of Fe and (Ti, Fe) O which originated from the steel grinding medium. 
The position of these peaks did not change with milling. 

 

Figure 4 XRD patterns of milled 𝑇𝑖𝑂2 powder. The numbers from 1 to 16 indicate the experiment number 

The average crystallite sizes of 𝑇𝑖𝑂2, obtained in three repeated experiments for each of the sixteen trial conditions, are 
presented in Table 5. They are in the range of 3.48-73.70 nm. Each sample had its own conditions (different BPWR, MS, 
and MT) which caused changes in the XRD peaks. Note that each of the selected parameters affected the changes in 
peaks independently, which was the number analyzed in the Taguchi procedure. 

Table 5 The 𝑇𝑖𝑂2 average crystallite sizes and S/N ratios (replicated 3 times) 

Experiment Number Average crystallite size, nm S/N ratio, DB 

1 73.7 -37.35 

2 49.81 -33.95 

3 8.63 -18.72 

4 6.78 -16,63 

5 29.68 -29.45 

6 16.10 -24.14 

7 6.58 -16.37 

8 9.46 -19.52 

9 70.70 -36.99 

10 6.70 -16.52 

11 3.48 -10.83 
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12 6.17 -15.81 

13 3.87 -11.76 

14 3.88 -11.78 

15 8.02 -18.08 

16 6.3 -15.99 

3.1. Statistical optimization 

The value of signal-to-noise ratio (S/N) was used to determine the optimal and most influential parameters relating to 
the crystallite size of TiO2 HEBM powder. In this experiment, the S/N was used to identify the control factors that reduce 
the variability of the results by minimizing the effects of uncontrollable factors. The S/N ratio formula (Eq. 4) for the 
static design was divided into three categories: ‘nominal is best’, ‘larger is better’, and ‘smaller is better’ [42]. Because 
lower crystallite size was desirable, a ’smaller is better’ formula (Eq. 6) was chosen for the analysis of the experimental 
results: 
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The computed S/N ratios are presented in Table 5. As shown in Eq. 6, from the qualitative objective of ‘smaller is better’, 
which is to minimize the CS, a greater S/N ratio corresponds to a smaller variance of the output characteristic around 
the desired value. The differences between obtained values were strongly dependent on the milling conditions. Since 
the experimental design is orthogonal, it was possible to separate the effect of each parameter at different levels [42]. 
To do this, the mean S/N ratio was determined for each parameter and level. The mean 𝑆/𝑁 ratio is the average of the 
S/N ratio for each parameter at different levels [43]. For example, the effect of MS at level 1 (𝑀𝑆1 ; experiments 1, 5, 9, 

and 13) was calculated as follows: 
1
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. The results are tabulated in Table 6, also known as the 

S/N response table. 

Table 6 Response table for 𝑇𝑖𝑂2 crystallite size 

Level MT MS BPWR 

1 -26.66 -28.89 -22.08 

2 -22.37 -21.60 -24.32 

3 -20.04 −16.00⋆ -21.75 

4 −14.40⋆ -16.98 −15.32⋆ 

Delta Δ 12.26 12.89 9.01 

Rank 2 1 3 
⋆ Optimum parameter level. 

The difference between maximum and minimum 𝑆/𝑁 ratios (Δ) determines the main effect of the parameter. With 
greater (Δ) values, the effect of the parameter on the process will correspond to a smaller variance of the output, thus 
generating better performance in the experiment [44]. From the point of the 'smaller is better' qualitative characteristic, 
the MS had the largest effect (Δ = 12.89) on the TiO2 CS, while BPWR had the smallest effect (Δ = 9.01). 

A parameter level corresponding to the maximum average S/N ratio is the optimal level for that parameter [45]. Based 
on the 𝑆/𝑁 ratio analysis, the optimal conditions for smaller TiO2 CS were: 𝑀𝑆3 (400 rpm), 𝑀𝑇4 (100 h) and 𝐵𝑃𝑊𝑅4 

(50:1) (Fig. 5). Table 7 summarizes the optimum parameters calculated. 
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Table 7 Optimum parameters 

Parameter Level Description 

MS 3 400rpm 

MT 4 100h 

BPWR 4 50:1 

 

 

Figure 5 Main effect of process parameters on 𝑆/𝑁 

3.2. Statistical analysis of variance (ANOVA) 

The Taguchi method cannot judge and determine the effect of individual parameters on the entire process, but the 
percentage contribution of individual parameters can be determined using analysis of variance (ANOVA) based on the 
F-statistics test (Eqs. 7-12) [46]. The primary purpose of applying ANOVA is to investigate which design parameters 
significantly affected the qualitative characteristic. Thus, it can be decided which independent factor dominated another, 
and the percentage contribution of that particular independent variable. The analysis measures the sum of the squared 
deviations from the total mean S/N, to determine which parameters significantly affected the crystallite size of the TiO2 
milling powder. The F-ratio is the ratio of the mean square error to the residual error and is traditionally applied to 
determine the significance of a factor [47]. 
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where ‘SS’ is sum of squares, ‘DF’ is degree of freedom, ‘N’ is total observations, and ‘𝑛𝑖’ is size of the population. 

Qualitek-4 software in the ANOVA module was employed to investigate the effect of process parameters. ANOVA results 
are presented as standard ANOVA tables, and the results for the CS and S/N are given in Tables 8 and 9 respectively. 

Table 8 ANOVA table for 𝑇𝑖𝑂2 crystallite size 

Factor DOF 

(f) 

Sum of 

Squares(S) 

Variance (V) F-Ratio (F) Pure Sum (S) Contribution, 

P(%) 

MS 3 1795.49 598.50 1.78 789.37 9.25 

MT 3 3762.82 1254.27 3.74 2756.71 32.31 

BPWR 3 962.30 320.77 0.96 0 0 

Other error 6 2012.23 335.37 - - 58.44 

Total 15 8532.85 - - - 100 

Table 9 ANOVA table for 𝑆/𝑁 ratio 

Factor DOF 

(f) 

Sum of 

Squares(S) 

Variance (V) F-Ratio (F) Pure Sum (S) Contribution, 

P(%) 

MS 3 313.26 104.42 2.35 179.98 15.33 

MT 3 414.37 138.12 3.11 281.09 23.94 

BPWR 3 179.88 59.96 1.35 46.60 3.97 

Other error 6 266.56 44.43 - - 56.76 

Total 15 1174.08 - - - 100 

The F-value for this condition, with 90% confidence, is 3.1 [48]. The results showed that only the MT had significant 
effect on the CS. The F-value of this factor was greater than the extracted F-value from the table, at a 90% confidence 
level. Hence, the variance of this factor was significant compared with the variance of error. The F-values for MS and 
BPWR were less than 3.1, which were not statistically significant factors (at least not in the range under study). Since 
the model’s F-value was less than the extracted F-value from the table at a 90% confidence level, this model was not 
meaningful. In order to obtain a meaningful model, a pooled ANOVA was performed. Taguchi’s rule for pooling requires 
starting with the smallest main effect and successive inclusion of larger effects. The values of the ANOVA for the CS and 
S/N after pooling of the MS and BPWR are shown in Tables 10 and 11. 

Table 10 Pooled ANOVA table for 𝑇𝑖𝑂2 crystallite size 

Factor DOF 

(f) 

Sum of 

Squares(S) 

Variance (V) F-Ratio (F) Pure Sum 
(S) 

Contribution, 

P(%) 

MT 3 3762.82 1254.27 3.74 2756.71 32.31 

Other error 12 4770.02 397.50 - - 67.69 

Total 15 8532.85 - - - 100 
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Table 11 Pooled ANOVA table for 𝑆/𝑁 ratio 

Factor DOF 

(f) 

Sum of 

Squares(S) 

Variance (V) F-Ratio (F) Pure Sum (S) Contribution, 

P(%) 

MT 3 414.37 138.12 3.11 281.09 23.94 

Other error 12 759.76 63.31 - - 76.06 

Total 15 1174.13 - - - 100 

The ANOVA results closely matched the Taguchi ones. The F-value for pooled condition at a 90% confidence level is 2.7 
[48]. The model F-values 3.74 and 3.11 for CS and S/N, respectively, implied that the model was significant.  

3.3. Prediction of CS under optimal conditions 

The crystallite size was predicted at the optimal levels of milling parameters: MS3, MT4 and BPWR4 (note that MS and 
BPWR are pooled factors) (Eq.13): 

 0
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where 𝑦𝑚 is the total mean of the CS 𝑦, 𝑛 is the number of main milling parameters which significantly affect 
performance, and 𝑦𝑗 is the mean measured value for 𝑗𝑡ℎ milling parameters corresponding to the optimal parameter 
level.  

Under these conditions, the predicted CS was computed as 6.68 nm. 

Since Eq.13 is a point estimation, which is calculated by using experimental data to determine whether or not the results 
of the confirmation experiments are meaningful, the confidence interval (CI) must be evaluated. 

The CI was employed here to verify the qualitative characteristics of the confirmation experiments. The CI for the 
predicted optimal values was calculated as follows (Eq. 14): 
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where 𝐹𝛼 (1, 𝑓𝑒) is the F-ratio at a 90% confidence level, 𝑓𝑒 is the degree of freedom for error, 𝑉𝑒 is variance of the error 
term (from ANOVA Table 10), and 𝑛𝑒𝑓𝑓 is the number of effective measured results. The CI at a 90% confidence level is 
calculated to be ±16.38. Thus, the optimal TiO2 crystallite size was estimated with 90% confidence as (6.68 ± 16.38) 𝑛𝑚. 

3.4. Confirmation Test 

With the Taguchi optimization methodology, a confirmation test is required to validate the optimized condition, 
including the optimal process parameters, in order to show how closely the respective prediction corresponded with 
the real experiment. The confirmation test is highly recommended by Taguchi to verify the accuracy of the optimal 
process parameters that have been selected. Three confirmation runs were conducted under the predicted optimal 
conditions (𝑀𝑆3, 𝑀𝑇4, and 𝐵𝑃𝑊𝑅4). The average TiO2 crystallite size was found to be 3.25 nm. This result was within a 
90% CI for the predicted optimal TiO2 crystallite size value. Therefore, the confirmation tests indicated successful 
optimization. 

4. Conclusions 

The Taguchi method was applied to investigate the effect of HEBM parameters on the CS of TiO2 powder. The HEBM 
process was analyzed with the Taguchi 𝐿16 OA. Results obtained from the Taguchi method were analyzed using S/N 
ratios for identification of optimal parameters. The optimal results were obtained as selected as 𝑀𝑇4 (100h), 𝑀𝑆3 (400 
rpm), and 𝐵𝑃𝑊𝑅4 (50:1). It was concluded that MT is the most influential parameter, followed by MS and BPWR. It was 
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revealed that MS and BPWR were not statistically significant factors, at least in the range under study. Based on the 
ANOVA table, the contribution percentages of the MT, MS, and BPWR were 32.31%, 9.25%, and 0%, respectively, at a 
90% confidence level. In addition, the confirmation tests using the predicted optimal parameters demonstrated that the 
average TiO2 CS was within the expected range of the values within confidence limits, which identified the results as 
trustworthy. 
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