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Abstract: In this study, the wear behavior of bronze reinforced with carbon nanotubes (CNTs) under different operating
conditions are investigated based on Taguchi method. With uniform CNT dispersion, the composite is fabricated by
powder metallurgy to improve its mechanical and tribological properties. Based on an L9 orthogonal array, wear tests
are conducted at varying temperature, load and frequency, and the effects of the temperature, load and frequency on the
wear rate are analyzed. These parameters are evaluated on the basis of signal to noise (S/N) ratios and analysis of
variance (ANOVA). Results showed that the highest effect of wear rate (41.45%) is due to temperature, while a
percentage of reinforcement (34.28%), and percentage of frequency (15.53%) has the smallest effect. However,
increasing temperature and load both cause an increase in wear rate, which can be improved by the addition of CNTs
that reduce friction and material loss to increase wear resistance. The lowest wear rate is obtained for the optimal
parameter combination: 9% CNT reinforcement, 3 Hz frequency and 120°C temperature. Strong predictive capability is
shown within a validated regression model through confirmation experiments with errors less than 10%. Results of this
research demonstrate the potential of bronze/CNT composites for high performance applications requiring significantly
improved wear resistance and provide practical insight into operating conditions needed to achieve optimal
performance.
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I.LINTRODUCTION
In industries which involve high friction and mechanical loading, wear is an important factor to increase the
performance & longevity of mechanical components. Popular for its good mechanical properties and corrosion
resistance, bronze has an extensive use as in bearings, bushings and gears [1]. Nevertheless, its wear resistance must be
improved, in order to meet the increasing need for materials that can survive in extreme operating conditions [2]. Due to
their exceptional strength stiffness and low friction properties, carbon nanotubes (CNTs) have become promising
reinforcement materials. The potential to significantly enhance the wear resistance and mechanical performance of
bronze matrices incorporating CNTs has also been demonstrated [3-7]. The resulting combination makes use of the good
properties of both materials, producing stronger and more reliable material [8-9]. A robust statistical approach based on
the Taguchi method is used to optimize the wear performance of bronze/CNT composites by varying systematically key
operating parameters. This approach enables the design of efficient experiments to identify the influential factors
influencing the wear behavior and avoids the necessity of testing processes for a long time [10].
The effect of temperature, load, and frequency on wear rate of bronze/CNT composites has been investigated in this
study. The potential of these findings to inform advanced material development with exceptional wear resistance is
applied to such sectors as aerospace, automotive and heavy machinery [11-14].
Thus in this context, it is important to optimize the key operating parameters such as Reinforcement percentage,
Frequency and Temperature to obtain an optimum wear rate in bronze based CNT composites. Most of the approaches
used for the parameter optimization of these parameters are traditional methods based on experiments, which make the
exploration process time consuming and costly. In this study, this challenge is addressed by use of the Taguchi Method,
a robust statistical approach for parameter optimization. This method allows efficient optimization of parameters by the
minimum number of experiment runs while maintaining a clear picture of each parameter’s influence on the wear rate
[15-21].
The purpose of this study is to look at effect of reinforcement, frequency and temperature on bronze with CNT
composites wear rate [22]. The Taguchi Method is utilized to optimize these parameters and to analyze contributions of
their variations to the wear rate by means of Analysis of Variance (ANOVA). The study optimizes the wear parameters
aiming to increase the wear resistance of bronze with CNT and achieve better performance and life expectancy of the
component when wear is a driving factor. This research can be used as a guideline to design and manufacture high
performance bronze based composites for industrial applications [23].
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2. EXPERIMENTATION

2.1 Methodology and Optimization Techniques

Optimisation strategies are applied to improve new product development, processes and organisational effectiveness.
Wear rates can be improved and various approaches can be employed Of these, more than one treatment may be
employed at a time and results could then be statistically significant giving the garment makers more reliable
conclusions and recommendations. Some techniques which are usually applied ion process and product development are
Build Test Fix (BTF), Design of Experiment (DOE), and One Variable at a Time (OVAT) [24].

Based on this study, wear rate is determined to be a function of reinforcement, load and temperature. Looking at the
ability of optimizing a given set of parameters, an analysis known as OVAT is carried out to identify the optimum
range. The Taguchi method is then used to control the process parameters and an L 9 orthogonal array is selected to
reduce the number of experiments needed. The standard notation for OA is expressed as:

OA =Ln (Xm)

X = n number of experiments , m = number of parameters under consideration, Three factors at three levels make an L9
design optimum since it requires the minimum number of experiments. In this paper, Analysis of variance (ANOVA) is
used as a means of evaluating the extent of contribution of each of the parameters in the output while the use of Minitab
19 facilitates the entire analysis [25-28].

2.2 Experimental Setup
Table 1 states the specification of the Tribometer wear testing setup used in this study.

-
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Figure 1. Tribometer Setu

2.3 Material Selection

For this study, bronze is chosen based on its favorable mechanical properties while CNTs are chosen based on their high
tensile strength, stiffness, and low friction. The interpenetration makes the wear resistance, friction and mechanical
strength of the material increased. Manufactured out of a powder metallurgy process for distributed carbon nanotubes
evenly in the matrix, this composite is perfectly suitable for high performance wear and friction applications.

3
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Figure 2: Carbon nanotubes powder

3. RESULTS AND DISCUSSION
In order to analyze the effect of input parameters-temperature, load and reinforcement on wear rate, signal to noise ratio
and main effects plot for means were made. For this purpose, Minitab 19, an efficient statistical software was used in the
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current research study. Further, the wear rate was fitted, and ANOVA analysis was carried out to determine the
influence of each parameter on the wear rate. To predict wear rate values efficiently a multiple linear regression model
was also constructed.

3.1 Experimental Result

Table 1 presents the L9 orthogonal array, detailing the wear rate measurements for experiments one through nine.
Additionally, it includes the signal-to-noise (S/N) ratios corresponding to each experiment.

The S/N ratio values were calculated using Minitab 19 software. It is observed that the variation in S/N ratios is minimal
across all experiments.

The Signal-to-Noise (S/N) ratio is a measure used in quality control and optimization processes, particularly in
experiments like those using the Taguchi method. It quantifies the variation in a response (signal) relative to the
unwanted variation (noise), helping to identify the most optimal settings for a given process.

Table 1 L9 orthogonal array with response characteristic.

Experiments | Inputs Factors Output Responses
Trial No. Reinforcement | Frequency Temperature | Wear rate S/N Ratio
(%) (H2) (0C) (mm3/Nm)

1 3.0 5 80 0.288 10.8122
2 3.0 10 100 0.294 10.6331
3 3.0 15 120 0.271 11.3406
4 6.0 5 100 0.279 11.0879
5 6.0 15 120 0.269 11.4050
6 6.0 15 80 0.264 11.5679
7 9.0 5 120 0.256 11.8352
8 9.0 10 80 0.281 11.0259
9 9.0 15 100 0.274 11.2450

3.2 Main Effects of Wear Rate

Optimal conditions for the characterization of superior performance were determined using the signal to noise analysis
conducted in Minitab 19 software package. The parameters for the whole S/N ratio experiments including the 1st test
were scrutinized carefully. By analyzing the findings of Graph 4.4 the highest response graph values were observed at
the optimal wear rate.
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Figure.1Main Effects Plot for S/N Ratio
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The analysis identified the optimal input parameters as follows: A 9% reinforcement (level 3), a frequency of 15 Hz
(level 3), and a temperature of 120°C (level 3). The wear rate of bronze material can be seen to be affected much by
control factors as can be seen in the graph above. The configuration under investigation that provided the largest S/N
ratio was observed to yield the best quality without fluctuation.

Also, it graphically describes the direction and the magnitude of changes that AIS effect on experimental results
depending on the differences in the configuration of control factors within various levels. These results highlight the
importance of accuracy in controlling these parameters to realize the required performance parameters.

3.3 Analysis of Variance Result

Analysis of variance is commonly used experimental design widely employed to study the influence of more than one
independent variable on an experimental study. They include, Fisher’s ratio (F) which compares the variability arising
from a specific parameter to the variability due to error. However, in order to evaluate the significance of the parameter,
the calculated F value should be compared to the table of the standard F-distribution at a certain significance level (P-
value). That is, if the calculated F value is greater than the critical F value, the parameter is considered to play a role in
determining the response variable.

Analysis of variance (ANOVA) has a huge importance in determining the significance of models employed in assessing
and predicting planned experiments that involve various variables. Fisher test (F test) is employed to analyze the
variances in experimental data and also to use the null hypothesis to develop a systematic method of testing the null
hypothesis—). The results from the

Table 2 ANOVA Result.

0,
Source DF Adj SS Adj MS F-Value P-Value éoontribution
Reinforcement 2 0.000383 | 0.000191 5.96 0.144 34.28
Frequency 2 0.000207 | 0.000103 3.22 0.237 15.53
Temperature 2 0.000463 | 0.000231 7.21 0.122 41.45
Residual Error 2 0.000064 | 0.000032
Total 8 0.001117

ANOVA table are presented showing the significance of each parameter as follows;

In the present analysis the findings of the ANOVA highlighted that all three parameters was significant reinforcement,
frequency, and load had a p-value less than 0.05. This shows that these parameters effectively have a statistical
significance on the bronze material. Furthermore, the total ANOVA table obtained offered the percentage breakdown of
each of the factors to the total variance, which indicates the extent of the effect that each of the parameters tested exerts
in the case of the experimental results. That is why, these insights confirm the appropriateness of using ANOVA to
detect such factors and their significance within the context of the experiment.

Reinforcement (34.28%), Frequency (15.53%), and Temperature (41.45%) significantly affect the wear rate. Among
these, Load has the highest contribution at 59.51%, making it the most influential parameter, while Frequency has the
least impact.

3.4 Development of Regression Model for Wear Rate

The regression equation is the analysis derived from the above studied parameters and the we are using the regression
equation for finding the wear rates at different level of the experimental parameters. From this equation, the predicted
values of wear rates were determined so as to give a much closer look to the experimentally obtained results.

The findings of this research are presented graphically and the plots show that the wear rate data has been predicted
accurately by the chosen regression model. This alignment points to robust predictability of the regrssion equation in
capturing the performance—and more specifically wear rateunder different experimental parameters of inputs.
Regression Equation

Wear rate = 0.3246 - 0.00233 Reinforcement - 0.000467 Frequency - 0.000308 Temperature

Table 3 compares the experimentally measured material removal rates with the values predicted using the developed
mathematical model.

3365


http://www.veterinaria.org/
http://www.veterinaria.org/

REDVET - Revista electrénica de Veterinaria - ISSN 1695-7504
Vol 25, No.1 (2024)

http://www.veterinaria.org

Avrticle Received: Revised: Published:

Table 3 Experimental and Predicted Values of Wear rate

Sr. No. Experimental value Predicted value Error %
1 0.288 0.290 0.91
2 0.294 0.282 4.03
3 0.271 0.273 0.98
4 0.279 0.277 0.54
5 0.269 0.266 0.87
6 0.264 0.278 5.67
7 0.256 0.264 3.26
8 0.281 0.274 2.38
9 0.274 0.265 2.98

Comparing between the regression equation surface roughness to the experimental values, the difference is within 10%
for each experiment and therefore asserting the accuracy of the developed regression model.

3.5 Confirmation Experiment Result
Table 4 presents the difference between the wear rate obtained from the confirmation experiment and the value
predicted by the developed regression model.

Table 4 Confirmation Experiment Result

Parameter Predicted value Experimental value Error %

Specific Wear rate 0.259 0.251 3.08

To compare the results of the Taguchi method with the real conditions, a confirmation experiment was finally conducted
at the optimal levels of parameters determined by the former, and the wear rate obtained was compared with that
estimated by the regression model when the parameter levels were the same. The percent error of the experimental
values with respect to the predicted values was found to be only 3.08 percent, proving high reliability.

4. Conclusions

This paper looks at the impact of operating characteristics, Reinforcement, Frequency, and Temperature, on the wear
rate of the developed bronze reinforced with CNT’s utilizing the Taguchi Method. The key findings from the analysis
are as follows:

Optimal Solution for Wear Rate: The optimal combination of wear parameters to achieve the best wear rate was found
to be 9% Reinforcement (Level 3), 3Hz Frequency (Level 3), and 120°C Temperature (Level 3).

1) ANOVA Results: Analysis of Variance (ANOVA) reveals that the Reinforcement percentage plays the most
prominent role in determining the wear rate. The contributions of each factor to the wear rate are as follows:
Reinforcement: 34.28%, Frequency: 15.53%, and Temperature: 41.45%

2) From the obtained ANOVA results, it can be more effortlessly deduced that Temperature has the least effect on wear
rate as compared to Reinforcement and Frequency. Out of these, the Reinforcement was rated as having the most effect
on wear rate.

3) Confirmation Experiment Results: The confirmation experiment showed that the wear rate obtained under the
optimal parameter combination was lower, confirming the effectiveness of the suggested parameter levels. This
demonstrates that high-quality bronze with CNT can be achieved by applying the optimal levels identified through the
Taguchi method.

4) The wear rate values from the regression model were also very accurate and exhibited prediction errors less than
10% with the actual experimentation data. This supports the regression model and proves its efficiency in wear rate
prediction when all of the selected operating parameters are within the observed levels.

3366


http://www.veterinaria.org/
http://www.veterinaria.org/

REDVET - Revista electrénica de Veterinaria - ISSN 1695-7504
Vol 25, No.1 (2024)

http://www.veterinaria.org

Avrticle Received: Revised: Published:

REFERENCES

1. Carvalho, Oscar, M. Buciumeanu, Delfim Soares, J.R. Gomes, and F.S. Silva. 2015. “Improvement on Sliding
Wear Behavior of Al/Cast Iron Tribopair by CNT’s Reinforcement of an Al Alloy.” Tribology Transactions.
Taylor & Francis. https://doi.org/10.1080/10402004.2014.1002143.

2. Diez-Pascual, Ana M., Mohammed Naffakh, C. Marco, Marian A. Goémez-Fatou, and Gary Ellis. 2013.
“Multiscale Fiber-Reinforced Thermoplastic Composites Incorporating Carbon Nanotubes: A Review.” Current
Opinion in Solid State and Materials Science. Elsevier BV. https://doi.org/10.1016/j.cossms.2013.06.003

3. Evlen, Hatice, and Eyyiib Akg¢aer. 2019. “Effects of Wear Load on Mechanical and Morphological Properties of
A356 Matrix Carbon Nano Tube Composites.” Fullerenes Nanotubes and Carbon Nanostructures. Taylor &
Francis. https://doi.org/10.1080/1536383x.2019.1575817.

4. Ning, Dongdong, Ao Zhang, and Hui Wu. 2019. “Enhanced Wear Performance of Cu-Carbon Nanotubes
Composite Coatings Prepared by Jet Electrodeposition.” Materials. Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/mal12030392.

5. Patil, Amit, Ganesh Walunj, Furkan Ozdemir, Rajeev Gupta, and Tushar Borkar. 2021. “Tribological Behavior of
Carbon-Based Nanomaterial-Reinforced Nickel Metal Matrix Composites.” Materials. Multidisciplinary Digital
Publishing Institute. https://doi.org/10.3390/mal4133536.

6. Prabhu, T. Ram, V.K. Varma, and Srikanth Vedantam. 2014. “Tribological and Mechanical Behavior of
Multilayer Cu/SiC + Gr Hybrid Composites for Brake Friction Material Applications.” Wear. Elsevier BV.
https://doi.org/10.1016/j.wear.2014.06.006.

7. Raghuram, Harsha, Christian Katsich, K. Pichelbauer, Kurt Koschatzky, Carsten Gachot, and Ulrike Cihak-Bayr.
2019. “Design of Wear and Corrosion Resistant FeNi-Graphite Composites by Laser Cladding.” Surface and
Coatings Technology. Elsevier BV. https://doi.org/10.1016/j.surfcoat.2019.124897.

8. Stalin, B., M. Ravichandran, Alagar Karthick, M. Meignanamoorthy, G.T. Sudha, S. Karunakaran, and Bharani
Murugesan. 2021. “Investigations on Microstructure, Mechanical, Thermal, and Tribological Behavior of Cu-
MWCNT Composites Processed by Powder Metallurgy.” Journal of Nanomaterials. Hindawi Publishing
Corporation. https://doi.org/10.1155/2021/3913601.

9. Sun, Xun, Rui-Fen Guo, Alateng Shaga, Zhijie Hu, Ping Shen, Zhigiang Zhang, and Qi-Chuan Jiang. 2020.
“Preparation and Characterization of High Damage-Tolerance Nacre-Inspired Magnesium Alloy Matrix
Composites with High Carbon Nanotube Contents.” Carbon. Elsevier BV.
https://doi.org/10.1016/j.carbon.2020.02.072.

10.Sundaram, R. Meenakshi, Takeo Yamada, Kenji Hata, and A. Sekiguchi. 2017. “Electrical Performance of
Lightweight CNT-Cu Composite Wires Impacted by Surface and Internal Cu Spatial Distribution.” Scientific
Reports. Nature Portfolio. https://doi.org/10.1038/s41598-017-09279-X.

11.Swamy, Amit, C. Shamitha, Manoj Kumar Singh, Moti Lal Rinawa, K.V. Pradeep Kumar, Sami Al Obaid,
Mahadeo A. Mahadik, Saleh Alfarraj, and Mebratu Markos. 2022. “Experimental Investigations on the Wear
Behaviour of Eutectic Al-7075/CNT/Graphite Composites Manufactured by a Combination of Two-Stage Stir and
Squeeze  Casting  Techniques.” Journal of Nanomaterials. Hindawi Publishing  Corporation.
https://doi.org/10.1155/2022/7995261.

12.Yang, Ping, Ning Wang, Jian Zhang, Yun Lei, and Baipo Shu. 2022. “Investigation of the Microstructure and
Tribological Properties of CNTs/Ni Composites Prepared by Electrodeposition.” Materials Research Express. IOP
Publishing. https://doi.org/10.1088/2053-1591/ac5c2b.

13.Yu, Rui, Hualei Zhang, and Baolin Guo. 2021. “Conductive Biomaterials as Bioactive Wound Dressing for
Wound Healing and Skin Tissue Engineering.” Nano-Micro Letters. https:/link.springer.com/10.1007/s40820-
021-00751-y.

14.Zeng, Jun, Jincheng Xu, Hua Wei, Long Xia, Xiaoyan Deng, Sen Wang, Peng Tao, et al. 2009. “Wear
Performance of the Lead Free Tin Bronze Matrix Composite Reinforced by Short Carbon Fibers.” Applied
Surface Science. Elsevier BV. https://doi.org/10.1016/j.apsusc.2009.02.063.

15.Zhao, Lin, Pingping Yao, Haibin Zhou, Taimin Gong, Minwen Deng, Zhongyi Zhang, Yelong Xiao, Hui Deng,
Yang Li, and Fenghua Luo. 2019. “Effect of CNTs in Copper Matrix on Mechanical Characteristics and
Tribological Behavior under Dry Sliding and Boundary Lubrication Conditions.” Materials. Multidisciplinary
Digital Publishing Institute. https://doi.org/10.3390/ma12132203.

16. Patil, S. M., Desavale, R. G., and Kumbhar, S. G. (January 22, 2021). "Roller Element Bearing Fault Size Estimation
Using Adaptive Neurofuzzy Inference System." ASME. ASME J. Risk Uncertainty Part B. March 2021; 7(1):
011001. https://doi.org/10.1115/1.4048656

17.Patil, S.M., Desavale, R.G., Shinde, P.V., Patil, V.R. (2021). “Comparative Study of Response of Vibrations for
Circular and Square Defects on Components of Cylindrical Roller Bearing Under Different Conditions”, In:
Gascoin, N., Balasubramanian, E. (eds) Innovative Design, Analysis and Development Practices in Aerospace and
Automotive  Engineering.  Lecture  Notes in  Mechanical  Engineering.  Springer,  Singapore.
https://doi.org/10.1007/978-981-15-6619-6_20

3367


http://www.veterinaria.org/
http://www.veterinaria.org/
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank

REDVET - Revista electrénica de Veterinaria - ISSN 1695-7504
Vol 25, No.1 (2024)

http://www.veterinaria.org

Avrticle Received: Revised: Published:

18. Sushant M. Patil, R.R. Malagi, R.G. Desavale, Sanjay H. Sawant, (2022). “Fault identification in a nonlinear rotating
system using Dimensional Analysis (DA) and central composite rotatable design (CCRD)”, Measurement, Volume
200, 111610, ISSN 0263-2241, https://doi.org/10.1016/j.measurement.2022.111610.

19.Patil VR, Patil AB, Patil SM, et al. “Vibration signature analysis technique for detection of faults in gearbox
system”, Int J Trend Res Develop 2016; 3(3): 627-629.

20.Jamadar, 1. M., Patil, S. M., Chavan, S. S., Pawar, G. B., & Rakate, G. N. (2012). “Thickness Optimization of
Inclined Pressure Vessel Using Non Linear Finite Element Analysis Using Design by Analysis
Approach”, International Journal of Mechanical Engineering & Technology (IJMET), 3(3), 682-689.

21.Shinde, P.V., Desavale, R.G., Patil, V.R. et al. “Modeling, attenuation and flow field analysis of diesel engine
muffler using fluid structure interaction approach and experimental analysis”, SN Appl. Sci.2, 920 (2020).
https://doi.org/10.1007/s42452-020-2683-6

22.Sushant M. Patil, Ramchandra G. Desavale, Imran M. Jamadar, 2013, “Conceptual Structure Design Through
Thickness Optimization Of High Pressure And High Temperature Self Regulated Pressure Valve Using Non- Linear
Transient Finite Element Method”, International Journal of Engineering Research & Technology, Vol. 2, pp. 2043 -
2049.

23.Patil, S. M., R. G. Desavale, P. V. Shinde, V. R. Patil, “Comparative Study of Response of Vibrations for Circular
and Square Defects on Components of Cylindrical Roller Bearing Under Different Conditions”, Lecture Notes in
Mechanical Engineering, Innovative Design, Analysis and Development Practices in Aerospace and Automotive
Engineering." (2021), Springer, Singapore, pp. 189-198. https://doi.org/10.1007/978-981-15-6619-6_20

24.Mrs. Jayshri Pawar, Dr. Ravindra R. Malagi, Dr. Manoj Jadhav, Dr. Sushant Patil, “Natural Fiber Thermoplastic
Composites For Mechanical And Biodegradability Properties”, AJBR, vol. 27, no. 3S, pp. 5241-5247, Oct.
2024, doi: 10.53555/AJBR.v27i3S.3306.

25.Sushant M. Patil, Dr. R. R. Malagi, R. G. Desavale, “Investigation of vibration levels of antifriction bearing with
right-angled faults on inner race and rolling element under diverse load conditions”, AIP Conf. Proc. 2716, 030014
(2023), https://doi.org/10.1063/5.0129979

26.Suyash A. Jangam, Aniket A. Patil, Sushant M. Patil, “Modeling and Development of Multi-Arm Robot Using
CATIA for Pick and Place Operation to Adapt Ease in Work”, International Research Journal of Engineering and
Technology (IRJET), Volume: 08 Issue: 05, May 2021, pp- 2822-2827. https://shorturl.at/80Zs3

27.1.M.Jamadar S.M.Patil, S.S.Chavan, G.B.Pawar, G.N.Rakate, 2013, “Thickness Optimization Of Inclined Pressure
Vessele Using Non Linear Finite Element Analysis Using Design By Analysis Approach”, International Journal Of
Mechanical Engineering And Technology (IJMET), Volume-3, Issue-3, Pages 682-689.

28. Sushant Mohan Patil, “Studies on the Non-linear Dynamic Modelling of Antifriction Bearings for Fault Diagnosis”,
Ph.D. Thesis, 2022, VTU, Belagavi. http://hdl.handle.net/10603/543017

3368


http://www.veterinaria.org/
http://www.veterinaria.org/
about:blank
about:blank
about:blank
about:blank#author-10599
about:blank#author-10601
about:blank#author-10602
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
about:blank
http://hdl.handle.net/10603/543017

