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The use of metal-based composite materials, especially aluminum composites, has found wide
applications in various industries such as automotive, aerospace, military, etc., due to their
favorable mechanical properties, high strength-to-weight ratio, and high wear resistance and
hardness. On the other hand, these mechanical properties and high hardness and wear resistance,
which is due to the presence of reinforcing particles such as silicon carbide in these composites,
makes them difficult to machine, so that only special tools and blades, such as polycrystalline
diamond tools, can machine these composites optimally. The findings from this study can be
valuable in optimizing the turning process of aluminum-based metal matrix composites.

In this study, the effects of four input parameters - cutting speed, feed rate, feed force in the X
direction, and feed force in the Z direction - on the output parameter of tool wear rate in the dry
turning process of A359 aluminum alloy metal matrix composite reinforced with 20 vol.% of
silicon carbide particles using polycrystalline diamond tools were investigated.

The numerical investigation of the effect of each of the four input parameters on the output
parameter was done using the E-fast statistical sensitivity analysis method, which has high speed
in quantitative and qualitative data analysis. The results showed that the parameters of feed force
in X direction, feed rate, feed force in Z direction, and cutting speed have 88%, 8%, 3%, and 1%
effect on tool wear, respectively.

Extended Abstract

1. Introduction

etal matrix composites (MMCs) have gained significant attention in various industries, particularly in
automotive and aerospace applications, due to their desirable mechanical properties. Among the most

popular MMCs are

aluminum alloy composites reinforced with ceramic particles, which offer

advantages such as lower cost, higher strength, hardness, and fatigue resistance [1, 2]. However, machining these
composites is more challenging due to their improved mechanical properties. Consequently, only polycrystalline
diamond (PCD) tools are cost-effective for machining these composites [3]. However, due to the high cost of these
tools, proper tool condition monitoring is crucial to determine the optimum tool replacement time. For tool
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condition monitoring, two methods, direct and indirect, are commonly employed [4]. Direct methods measure tool
wear directly (e.g. by measuring the distance between the tool tip and the workpiece). Due to continuous tool-
workpiece contact, wear measurement is challenging and sometimes nearly impossible due to the presence of
coolant. In indirect methods, tool wear is estimated by measuring and processing various signals such as force,
temperature, tool vibration, etc. [4]. The authors reviewed various studies that investigated tool wear in machining
MMCs using different methods, including multiple regression analysis (MRA), generalized radial basis function
neural network (GRBF), neuro-fuzzy systems, multi-layer perceptron (MLP) neural network, and fuzzy-neural
inference systems. The results of these studies indicate that indirect methods, particularly those based on neural
networks, are more effective and accurate in predicting tool wear compared to direct methods. Additionally, the
feed force was found to be a more reliable indicator of tool wear compared to the cutting force [5, 6]. The authors
also discussed the importance of selecting appropriate activation functions and the number of neurons in the hidden
layer of neural networks for achieving optimal performance in tool wear prediction [7]. Other studies demonstrate
the potential of various methods, including ANNs, FEA, and regression analysis, for predicting machining process
outputs such as residual stress, wear, surface roughness, and cutting force. The findings highlight the importance
of identifying the key machining parameters influencing these outputs for different material combinations. Further
research could explore more advanced machine learning techniques and investigate the effect of additional
machining parameters on process outputs [8-11].

The study presents several examples of successful wear prediction using ML and statistical methods. Warsh
Kumar et al. [12] developed an ANN model to predict the wear behavior of aluminum matrix composites
reinforced with TiO2 particles. The model demonstrated good accuracy in capturing the influence of sliding
distance, reinforcement weight percentage, and applied load on wear depth. In another study, Taheri and Faraji
[13] employed Sobel's global sensitivity analysis to investigate the effect of various parameters on wear and
dimensional deviation in wire electrical discharge machining (WEDM). The results revealed that pulse off-time,
pulse on-time, servo gap voltage, wire tension, and peak current were the most significant factors influencing wear
and dimensional deviation, respectively. Tahmasebi et al. [14] combined statistical and experimental methods to
study the effect of spindle speed, feed rate, depth of cut, and reinforcement particle percentage on surface
roughness and material removal rate (MRR) in aluminum composite milling. The authors employed response
surface methodology, Sobel's global sensitivity analysis, and the Derringer desirability function optimization
algorithm to analyze the data. Spindle speed was found to have the most significant impact on surface roughness,
followed by feed rate, depth of cut, and reinforcement particle percentage. Feed rate, spindle speed, depth of cut,
and reinforcement particle percentage, in that order, had the most pronounced effect on MRR. Das et al. [15]
investigated the wear of cutting tools and cutting force components during dry turning of AI7075 composite
reinforced with 15 wt% SiC particles. The authors fabricated the composite using vortex stir casting and T6 heat
treatment, and employed regression analysis based on the analysis of variance (ANOVA) to model the
relationships between tool wear, cutting parameters, and cutting forces. The results showed that tool wear increased
with increasing cutting speed, feed rate, and depth of cut, with cutting speed being the most influential factor. Zare
Chavoshi [16] studied the effect of cutting parameters on the wear of tungsten carbide and polycrystalline diamond
(PCD) tools in CNC turning of Al7075 composite reinforced with 10 wt% SiC particles. The author developed
two models, an ANN and a combined ANN and fuzzy inference system (CANFIS), to predict tool wear. The ANN
model demonstrated superior performance, with average relative prediction errors of 1.03% and 1.7% for tungsten
carbide and PCD tools, respectively. Fuzzy logic systems (FLS) can be used to predict optimal cutting parameters
(speed, feed rate, depth of cut) for achieving a desired surface finish while minimizing tool wear. Elsaddig et al.
[17] developed an FLS with 90% accuracy for surface roughness and 80% accuracy for tool wear prediction in
turning aluminum nanocomposites. Regression analysis can be used to model the relationship between machining
parameters and process outputs like tool wear and surface roughness. Prakash et al. [18] used this technique to
predict tool wear behavior in machining aluminum composites reinforced with silicon carbide particles.Geometric
models can be used to predict tool wear based on tool properties and machining conditions. Lo and Zhang [19]
developed a model for predicting tool wear rate in machining aluminum composites with polycrystalline diamond
tools. Their model considers factors like tool rake angle and grain size but not the tool nose radius.

This study delves into the impact of cutting parameters on tool wear during dry turning of aluminum matrix
composites (AMCs) by employing E-FAST statistical sensitivity analysis. The investigation utilizes an A359
aluminum alloy reinforced with 20% SiC particles and polycrystalline diamond (PCD) cutting tools. The four input
parameters considered are cutting speed, feed rate, and feed force in X-direction, and feed force in Z-direction.
The output parameter is tool wear.
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2. Modeling

Aluminum matrix composites (AMCs) are widely employed in various industries due to their superior
properties, including high strength, hardness, fatigue resistance, and wear resistance. Consequently, analyzing the
impact of machining process parameters on these composites is crucial. This study delves into the effect of input
parameters: cutting speed, feed force in X-direction, feed force in Z-direction, and feed rate on the output
parameter, tool wear (TW), using E-Fast statistical sensitivity analysis. The objective is to identify the parameter
with the most significant impact on TW. The machining process employed in this study is dry turning without any
coolant. The cutting tools are polycrystalline diamond (PCD) of the TPG322 COMPAX 1500 grade. The
workpiece composite is A359 aluminum alloy reinforced with 20% SiC particles of average diameter 8/12
micrometers, produced by Ingot Metallurgy. The feed forces in X and Z directions were monitored using a 3D
piezoelectric force dynamometer. The ranges of the input parameters are: cutting speed 300-700 m/min, feed rate
0.1-0.4 mm/rev, and feed forces in X and Z directions between 20-100 N.

2.1 Sensitivity Analysis:

Variance-based methods are widely used in sensitivity analysis. These methods calculate the sensitivity index
(SI) as the contribution of each parameter to the overall output variance. Sensitivity analysis is typically conducted
in four steps:

1. Define input parameters and their distribution types
2. Generate samples for input values
3. Calculate model output for each set of input samples
4. Determine the effect of each input parameter on the output
300 m/min <V < 700 m/min @
0.1mm/rev<F < 0.4 mm/rev .
Defining the range of
R ’l Select the
20N <F,<100N > changes of <
parameters
parameters
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v {xi x% x’l x11”|i=1.2....M
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Figure 1. General algorithm of sensitivity analysis

2.2 E-FAST Method

E-FAST is a statistical sensitivity analysis method that is faster than Sobol but less accurate. It is based on
variance and independent of any assumptions of linearity or uniformity between input and output parameters. This
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method transforms multidimensional integrals into one-dimensional integrals by defining a transfer function,
simplifying the calculation of sensitivity indices [21, 22].

To employ E-FAST, the input parameter X; is defined in Equation 1.

1 1
x; = Gi(sin(w;s + @) = 3 + Esin‘l(sin(wis + @) (1)

Where the frequency associated with x; is defined as @; and ¢, as the starting point of the curve. S is also a

variable in the interval — 7z to 7 .

1 (" 1 (" < S
F= Ef_ f2(s)ds — [Ef f(s)ds] ~ Z (A?+B?) — (A3 +B}) ~ 22(,412 +B?) @)
U - i =1

j=—o0

The represent transfer functions,G,, G, and G,, represent Fourier coefficients. Additionally, is introduced as in
Equation 3:

f(s) = f(G1(sin w1 (5)). Go(sin w5 (5)). ... Gp(sin wy (s))) ©)]
Finally, the partial variance is obtained from Equation 4:
Fi= Z (Atzwi + ngi) =2 Z(AIZWW + ngi) Q)]
pez° p=1
3. Results

In this section, we further explore the initial conditions for self-walking by linearizing the system's equations
around its equilibrium state. By considering the state variables immediately after contact with the inclined plane
and the state variables at the beginning of a new step, we combine these relations to establish an eigenvalue
problem. This problem helps determine the stability of the robot's locomotion. We depict the relationship between
the generalized coordinates at the end of the old step and the beginning of the new step.

3.1 Effect of Cutting Parameters on Tool Wear
3.1.1 Cutting Speed

The effect of cutting speed on tool wear is analyzed in Figure 2. The results indicate that cutting speed has a
minimal impact on tool wear. This suggests that the range of cutting speeds employed in this study does not
significantly influence tool wear.

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Tool wear (mm)

300 400 500 600 700
Cutting speed (m/mim)

Figure 2. The effect of cutting speed on the amount of tool wear

3.1.2 Feed Rate

Figure 3 presents the effect of feed rate on tool wear. The results show that increasing feed rate generally leads
to a slight decrease in tool wear. This reduction in tool wear can be attributed to the increased heat transferred
from the cutting zone to the workpiece. The workpiece softens, causing the SiC reinforcement particles to be
embedded in the workpiece or pushed forward on the machined surface, thereby reducing tool wear.
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Figure 3. Effect of advance rate on tool wear rate

3.1.3 Feed Force in X-direction:

Figure 4 illustrates the effect of feed force in X-direction on tool wear. The results clearly demonstrate that
increasing feed force in X-direction leads to a significant increase in tool wear compared to the other parameters.
This can be explained by the increased irregular impacts of high-speed SiC reinforcement particles on the tool
surface as feed force in X-direction increases. The substantial increase in tool wear due to changes in feed force in
X-direction compared to feed force in Z-direction can be attributed to the larger tool movement range in X-
direction (tangential to the workpiece surface) and the resulting higher number of collisions with SiC reinforcement
particles compared to the smaller tool movement range in Z-direction (perpendicular to the workpiece) and the
resulting lower number of collisions with reinforcement particles.
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Figure 4. The effect of advancing force in the X direction on the amount of tool wear

3.1.4 Feed Force in Z-direction:

Figure 5 shows the effect of feed force in Z-direction on tool wear. The results indicate that increasing feed
force in Z-direction leads to a slight increase in tool wear. This increase in tool wear due to changes in feed force
in Z-direction is attributed to the increased irregular impacts of high-speed SiC reinforcement particles on the tool
surface. The smaller impact of this parameter (feed force in Z-direction) on tool wear compared to feed force in
X-direction is due to the smaller tool movement range in Z-direction (perpendicular to the workpiece) compared
to the tool movement range in X-direction (tangential to the workpiece) and the resulting lower number of
collisions between the tool surface and SiC reinforcement particles.

Tool wear (mm)

Advancing force in Z direction (N)

Figure 5. The effect of advancing force in the Z direction on the amount of tool wear
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3.1.5 Application to Dry Turning of AMCs:

The E-FAST method was applied to investigate the influence of cutting parameters on tool wear in dry turning
of AMCs. The results revealed that feed force in X-direction is the most significant factor affecting tool wear,
followed by feed rate, feed force in Z-direction, and cutting speed. This information can be utilized to optimize
machining conditions and minimize tool wear, leading to improved machining performance and product quality.

3.2 Quantitative Comparison of Input Parameter Effects:

Figure 6 illustrates the quantitative comparison of the impact of input parameters on tool wear. The results
reveal that feed force in X-direction is the most influential parameter, accounting for 88% of the total effect on
tool wear. Feed rate, feed force in Z-direction, and cutting speed follow with contributions of 8%, 3%, and 1%,
respectively.

3% 1%

Tool wear (mm)

m Cutting Speed (m/min)

m Feed Rate (mm/rev)

m Feed Force X (N)

m Feed Force Z (N)

Figure 6. Quantitative comparison of the effect of input parameters on tool wear

4. Conclusion

Sensitivity analysis provides a powerful tool for understanding the relationship between output parameters and
their corresponding input parameters. It enables the quantification and qualification of the influence of input
parameters, facilitating the identification of critical parameters for optimization and the elimination of insignificant
parameters for model simplification.

In this study, E-FAST statistical sensitivity analysis, a computationally efficient method, was employed to
investigate the effect of four input parameters: cutting speed, feed rate, feed force in X-direction, and feed force
in Z-direction, on the output parameter, tool wear.

The results demonstrate that tool wear can be monitored non-intrusively by measuring machining forces.
Additionally, feed force in X-direction emerges as the most influential parameter, contributing 88% to tool wear.
Feed rate, feed force in Z-direction, and cutting speed follow with effects of 8%, 3%, and 1%, respectively.
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