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Abstract: This study investigates the influence of feed rate on the surface integrity of silicon carbide (SiC) machined by
the diamond wire sawing (DWS) process. SiC is a ceramic material extensively used in strategic applications due to its
high hardness, chemical stability, and thermal resistance; however, it poses significant challenges in machining, often
resulting in severe surface damage. The experiments were performed using a precision endless diamond wire saw with
controlled cutting parameters. The cutting speed and wire tension were kept constant at 17 m/s and 20 N, respectively,
while the feed rate varied at 0.5, 1.0, and 1.5 mm/min. Surface morphology was analyzed by scanning electron
microscopy (SEM), and surface roughness was measured using a contact profilometer. The results showed that lower
feed rates favored the ductile removal regime, leading to surfaces with better quality, lower roughness (Ra = 0.42 um),
fewer microcracks, and more uniform morphology. In contrast, higher feed rates promoted brittle fracture mechanisms,
resulting in higher roughness (Ra = 1.21 pm), deeper grooves, and a significant increase in microcracks and surface
defects. The functional roughness parameters (Rs and Ryy) confirmed the topographical degradation at higher feed rates,
with negative skewness indicating the predominance of valleys from intergranular fractures and high kurtosis reflecting
sharp topographical features. The study highlights that controlling the feed rate is crucial for optimizing the balance
between productivity and surface integrity in SiC machining by DWS.
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1. INTRODUCTION

Silicon carbide (SiC) is a ceramic material widely recognized for its exceptional combination of mechanical, thermal,
chemical, and electronic properties. Due to its high hardness, excellent thermal conductivity, low thermal expansion, high
chemical stability, and wide bandgap, SiC is extensively employed in strategic industries such as aerospace,
semiconductor manufacturing, high-power electronics, and precision optics (Goel et al., 2015; Kimoto, 2014).

Despite its desirable properties for functional applications, SiC presents significant challenges from a manufacturing
standpoint. Its high hardness and brittleness result in poor machinability, leading to extensive tool wear, surface damage,
and the risk of subsurface cracks during conventional machining processes (Bifano et al., 1991; Klocke, 2008).
Consequently, the development of optimized machining strategies for SiC is essential to ensure the dimensional accuracy,
surface quality, and mechanical integrity required in high-performance components.

Among the available techniques, diamond wire sawing (DWS) has emerged as an efficient and precise method for
machining hard and brittle materials such as SiC, sapphire, and monocrystalline silicon. DWS utilizes a metal wire coated
with diamond abrasive grains, which performs material removal through micro-cutting and micro-fracture mechanisms.
Compared to conventional slurry-based wire saws, the DWS process offers higher cutting efficiency, reduced
environmental impact, and better control of surface quality (Wu, 2016; Bidiville et al., 2010; Yu et al., 2012; Knoblauch
etal., 2017; Costa, 2019).

The machining of SiC is governed by two predominant material removal regimes: the ductile regime, characterized
by plastic deformation and smoother surfaces, and the brittle regime, dominated by crack initiation, propagation, and
material fragmentation (Bifano et al., 1991; Gao et al., 2004). The transition between these regimes is strongly influenced
by process parameters such as cutting speed, feed rate, and abrasive grain size. Specifically, the undeformed chip thickness
plays a critical role in determining whether the material undergoes plastic deformation or brittle fracture (Yan et al., 2016;
Wu, 2012).

Previous studies have demonstrated that maintaining the cutting conditions below the critical depth of cut favors the
ductile regime, resulting in higher surface integrity with minimal microcracks and subsurface damage (Goel et al., 2015).
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Conversely, higher feed rates and insufficient control of tool-workpiece interaction often lead to a transition toward brittle
fracture, severely compromising surface quality (Wu, 2016).

Given the industrial demand for SiC components with high surface integrity and tight dimensional tolerances, it is
crucial to understand how DWS process parameters influence surface quality. While several studies have focused on
diamond wire sawing of silicon for photovoltaic applications (Bidiville et al., 2010; Yu et al., 2012; Wu, 2016), and others
have addressed the fundamentals of DWS applied to monocrystalline silicon and the technological evolution of wire saw
systems (Knoblauch et al., 2017; Costa, 2019), fewer investigations have systematically explored the machining of silicon
carbide under varying process parameters, particularly feed rate.

In this context, the present study aims to investigate the influence of feed rate on the surface integrity of SiC during
the diamond wire sawing process. The research focuses on evaluating surface morphology, damage mechanisms, and
roughness evolution under different feed rates conditions, providing insights into the optimal machining parameters that
promote a transition to the ductile regime and minimize surface degradation. The findings contribute to the scientific
understanding of DWS applied to SiC and offer practical guidelines for industries seeking to improve productivity while
maintaining stringent surface quality requirements.

2. MATERIALS AND METHODS

This section describes the materials, equipment, and experimental procedures employed in this study. The cutting
setup, machining parameters, sample preparation, and surface characterization techniques are detailed in the following
subsections to ensure the reproducibility of the experiments and the reliability of the obtained results.

2.1 Diamond Wire Saw Machine

The experiments were carried out at the Precision Mechanics Laboratory (LMP) of the Federal University of Santa
Catarina (UFSC), employing an endless diamond wire saw specifically designed for high-precision machining of hard
and brittle materials. The machine was developed by Knoblauch et al. (2017), based on the prototype proposed by
Stoeterau (1999), and features high structural rigidity and dimensional stability.

The equipment is powered by a 370 W motor and allows for the adjustment of cutting speed between 7 and 26 m/s
and a feed rate starting from 0.08 mm/min. The cutting system consists of two main axes (A and A”), guided by Teflon
pulleys that ensure precise wire alignment. The wire motion is driven by an electric motor controlled via a frequency
inverter, enabling stable speed regulation.

The auxiliary axis (A’) is supported by an air-bearing system that reduces friction and enhances the smoothness of
linear motion. Wire tension is maintained by a pneumatic actuator combined with a spring system, ensuring constant
tension during operation. Feed movement is performed by the Y-axis, with a maximum stroke of 400 mm, while thickness
adjustment is performed via the Z-axis, which uses a micrometric adjustment mechanism with a maximum range of 65
mm. A schematic of the machine setup is shown in Fig. 1.

S

Figure 1. Diamond wire saw machine used for cutting silicon carbide samples.

| Diamond wire |

2.2 Cutting Tool

The cutting tool consists of an endless diamond wire with a nominal diameter of 450 um, supplied by ENSOLL. The
wire is electroplated with nickel (Ni), which binds diamond abrasive grains with an average size of approximately 45 pm
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uniformly distributed along its surface. This configuration provides an optimal balance between cutting efficiency and
tool durability, particularly when machining hard and brittle materials such as silicon carbide (SiC).

A detailed view of the wire’s surface, obtained by scanning electron microscopy (SEM), is presented in Fig. 2,
highlighting the abrasive grain distribution and bonding characteristics.

N x100 1 mm
Figure 2. SEM image of the diamond wire surface, showing the distribution of abrasive grains.

2.3 Workpiece
The material used in this study was a silicon carbide (SiC) block with an initial hexagonal geometry. The workpiece

was sectioned using the diamond wire saw to produce samples with final dimensions of 10 mm x 7 mm x 2 mm, as
illustrated in Fig. 3.

SiC sample before cut SiC sample after cut

.

Figure 3. (a) Original silicon carbide sample marked for cutting; (b) Sample after the cutting process.

The preparation process was conducted to ensure high dimensional accuracy and minimize surface and subsurface
damage. This step was essential to guarantee the reliability of subsequent morphological and surface quality analyses.

2.4 Surface Characterization

The surface characterization of the machined silicon carbide samples was carried out through qualitative and
quantitative analyses. This procedure aimed to evaluate both the morphological features and the topographical quality of
the surfaces generated under different machining conditions. The adopted methods provided a comprehensive
understanding of the material removal mechanisms and their influence on surface integrity. The following subsections
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detail the techniques used for morphological evaluation by scanning electron microscopy (SEM) and the quantitative
assessment of surface roughness parameters through profilometry.

2.4.1 Morphological Analysis

Surface morphology was assessed using scanning electron microscopy (SEM) to investigate the effects of different
feed rates on the topography and damage mechanisms of the machined SiC surfaces. The analysis focused on identifying
surface features associated with brittle and ductile material removal regimes, including grooves, microcracks, craters, and
fracture patterns.

The SEM analyses were conducted using a Hitachi TM-3030 microscope operating at an accelerating voltage of 15
kV, with magnifications of 500x, 1500x and 2000x. All samples produced under the various cutting conditions were
analyzed under identical parameters to ensure comparative consistency.

2.4.2 Roughness Measurements

Surface roughness measurements were performed using a Taylor Hobson Talysurf profilometer, offering a lateral
resolution of 0.1 um and a vertical resolution of 0.01 um. Each sample underwent three measurements, taken over a scan
length of 5 mm, with the arithmetic mean used for data analysis.

The MountainsMap software was employed to process the 2D profiles, following the ISO 16610-31 standard. The
data processing included:

o  Gap filling by interpolation of missing data;
e Form removal via linear detrending to flatten the baseline;
e  Waviness filtering with a Gaussian filter and a cut-off wavelength of 0.8 mm to isolate the roughness component.

The extracted roughness parameters included:

e R, (arithmetical mean roughness),
e Ry (root mean square roughness),
o Ry (skewness), and

o Ry (kurtosis).

These parameters enabled a detailed evaluation of the surface quality and allowed correlation with the material
removal mechanisms under different feed conditions.

2.5 Experimental Design

The investigation was structured to systematically evaluate the influence of cutting parameters on the surface integrity
of silicon carbide during the diamond wire sawing process. The primary objective was to isolate the effect of feed rate
while maintaining other parameters constant. This section presents the cutting conditions applied and the organization of
the experimental matrix used to ensure the reliability and reproducibility of the results.

The experiments aimed to evaluate the effect of feed rate (vi) on the surface integrity of silicon carbide during the
diamond wire sawing process. The cutting speed (v¢) was fixed at 17 m/s, and the wire tension (Twire) Was maintained at
20 N. The feed rate was varied at three levels: 0.5 mm/min, 1.0 mm/min, and 1.5 mm/min.

All experiments were performed under dry conditions to eliminate the influence of lubrication. For each condition,
three repetitions were executed, totaling nine cutting tests. The cutting parameters are presented in Tab. 1.

Table 1. Cutting parameters applied in the experiments.

Condition Cutting Speed (vc) (m/s) Wire tension (N) (Twire) Feed rate (vi) (mm/min)
A 17 20 0.5
B 17 20 1.0
C 17 20 15

The experimental design consisted of varying the feed rate while maintaining constant cutting speed and wire tension,
allowing the isolated analysis of its effect on surface morphology and roughness.

A total of nine cutting operations were carried out, with one replica and one triplicate for each condition. For the
surface characterization, three roughness measurements were performed per sample, resulting in a total of 27
measurements.
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The complete experimental matrix comprised:

e 9 cutting tests, corresponding to the process performance evaluation,
e 27 surface roughness measurements, for assessing the surface integrity.

This approach ensured high reliability in evaluating the influence of feed rate on the diamond wire sawing of silicon
carbide, providing statistically significant results for correlating machining parameters with surface integrity outcomes.

3. RESULTS AND DISCUSSION

This section presents the influence of feed rate on the surface integrity of silicon carbide (SiC) machined by
diamond wire cutting. The analysis is based on SEM images and surface roughness measurements, focusing on the
material removal mechanisms and resulting surface quality.

3.1 Surface Morphology

This analysis is divided into the evaluation of surface morphology and roughness to understand how feed rate affects
surface integrity.

The analysis of the surface morphology of the silicon carbide (SiC) specimens after the diamond wire sawing process
is presented in Fig. 4, which shows the surface conditions obtained for different feed rates (vs), under constant cutting
speed (ve=17 m/s) and wire tension (Twi=20 N).

500x 1500x 2000x

0,5 mm/min

Vi=

1,0 mm/min

V=

1,5 mm/min

V=

Vi

Figure 4. Surface morphology of silicon carbide under varying feed rate (V), with constant cutting speed (V). Vector
axes indicate the directions of Vi and V..

The scanning electron microscopy (SEM) images reveal the presence of parallel grooves aligned with the feed
direction of the diamond wire, a phenomenon also reported by Bidiville et al. (2010) and Yu et al. (2012). A noticeable
variation in the predominance of material removal mechanisms, ductile or brittle, is observed depending on the feed rate
applied. At the lowest feed rate (vi=0.5 mm/min), the surface morphology exhibits feature typical of the ductile removal
regime, characterized by reduced damage, low microcrack density, and well-defined grooves. This behavior is attributed
to maintaining the average undeformed chip thickness (hcu) below the critical depth (heu.critn), promoting localized plastic
deformation rather than fracture.
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In contrast, the brittle removal regime leads to surfaces with significant asymmetry (negative R), a high concentration
of valleys, and sharp height distributions (high Rk.), which compromise surface integrity. This degradation is not limited
to surface roughness; it also involves the formation of microcracks, subsurface damage, and the generation of residual
tensile stresses, all of which can reduce the mechanical reliability of the component. In brittle materials such as silicon
carbide, a surface dominated by valleys often results from grain detachment and intergranular fracture, which act as stress
concentrators. These features may serve as crack initiation sites under thermal or mechanical loading, increasing the
likelihood of failure during service, especially in applications requiring high structural integrity, such as electronics,
aerospace, or optics.

At lower feed rates, ductile removal mechanisms such as plastic deformation and material smearing are present,
contributing to smoother surfaces and limited subsurface damage. When the feed rate is increased to 1.5 mm/min, the
surfaces present features associated with the brittle removal regime, including an increase in microcrack density, the
formation of craters, and topographical irregularities. This surface degradation is related to the increase in cutting energy
and abrasive grain penetration depth, which exceeds the critical depth of cut. As a result, material removal occurs
primarily through crack initiation and propagation, leading to fracture-driven surface formation, as reported by Wu
(2012).

Furthermore, Fig. 4 emphasizes the influence of the feed rate on groove formation. As the feed rate increases, both
the critical depth and sharpness of the machining grooves increase significantly. This behavior results from the reduced
overlap between consecutive abrasive grain paths, a consequence of the higher linear displacement per unit of feed.

Figure 5 provides detailed views of the damage progression. At 500% magnification, a mixed behavior is observed,
with regions showing both brittle fracture and ductile removal, suggesting non-homogeneous material-tool interaction at
higher feed rates. The 1500x magnification highlights a significant increase in surface microcracks and craters of varying
sizes, indicating residual stresses generated during the process and localized material removal by fracture mechanisms.

x1.5k 50 um

A x500 200 um
Figure 5. SiC surface morphology images highlighting brittle fracture, ductile material removal (500x), and surface
cracks (1500x).

At lower feed rates, the grooves are shallower, smoother, and more evenly distributed, enabling more stable and
controlled material removal. In contrast, higher feed rates lead to deeper and more pronounced grooves, coupled with
greater variability in the effective cutting depth, severely compromising surface quality and geometric accuracy,
particularly critical for applications requiring high-precision finishes.

3.2 Surface Roughness (Ra Rq, Rsk, and Rku)

The evolution of surface roughness as a function of the feed rate is presented in Fig. 6, which displays the mean values
of R, (arithmetical mean roughness) and Rq (root mean square roughness) with their respective standard deviations.
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Figure 6. Comparative graph of roughness parameters (Ra and Rq) for different feed rates (Vf=0.5, 1.0, and 1.5
mm/min).

The results reveal a progressive increase in both R, and Rq with increasing feed rate. Specifically, Ra increases from
0.42 pm at v+=0.5 mm/ min to 1.21 um at v.=1.5 mm/min. Similarly, Ry rises from 0.57 um to 1.88 um under the same
conditions. The total roughness follows a similar trend, ranging from 0.49 um to 1.54 pm.

This behavior directly reflects the impact of the average cutting depth (hcu) on the removal mechanisms. Lower feed
rates maintain the cutting process below the critical depth threshold, promoting ductile material removal, which results in
smoother surfaces with fewer defects. In contrast, higher feed rates surpass the critical depth, leading to brittle fracture
removal characterized by increased roughness, microcracks, and crater formation, corroborating the findings of Bifano et
al. (1991).

From a practical perspective, the results highlight the importance of strict control over the feed rate to achieve high-
quality surfaces. Although lower feed rates reduce process productivity, they are indispensable for high-value applications
such as semiconductor manufacturing and precision optics, where surface integrity is paramount.

The functional roughness parameters, presented in Fig. 7, provide a deeper understanding of the topographical
characteristics resulting from the diamond wire sawing process.

Cutting Conditions:
[ v¢ = 0.5 mnymin
[l v = 1.0 mnymin
. V¢ = 1.5 mmymin
*Tho=20N

Cutting Tool:
* Diamond Wire
* @ =450 um

Material:
* Silicon Carbide

[um]

° |
Rl‘tu Rslk
Roughness Parameters
Figure 7. Comparative graph of functional roughness parameters (Rw, and Rs) for different feed rates (V= 0.5, 1.0, and
1.5 mm/min).
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The kurtosis parameter (Ry,) exhibited consistently high values across all tested conditions, indicating surfaces with
sharper distributions characterized by extreme peaks and valleys. This behavior results from the abrasive interaction
between the diamond wire and the SiC material, whose high hardness and low fracture toughness promote severe surface
discontinuities.

The skewness parameter (Rsk) showed negative values under all conditions, reflecting the predominance of valleys
over peaks in the surface profile. This is typical of materials subjected to intergranular brittle fracture, a common
phenomenon in the machining of ceramic materials such as SiC. The negative skewness further indicates that material
removal occurs preferentially through the detachment of grains or localized fracture.

This interpretation is consistent with the findings of Yang et al. (2024), who investigated the material removal
mechanisms of polycrystalline silicon carbide machined by diamond wire sawing. Their study revealed that the machined
surface exhibits both ductile and brittle features, with material removal dominated by mechanisms such as dislocation
slip and intragranular amorphization. Notably, SEM and FIB-TEM analyses showed evidence of brittle fracture and grain
detachment, supporting the presence of valley-dominated surface profiles characterized by negative skewness..

Moreover, an increase in the feed rate directly correlates with an increase in the overall roughness, indicating that
higher feed rates produce rougher surfaces. This is attributed to the accelerated wear of the diamond wire and the reduced
ability of the process to maintain stable material removal under elevated feed conditions. In summary, the functional
parameters analysis confirms that the ductile removal regime is associated with smoother surfaces, featuring lower R, and
Rq values, R values close to zero, and moderate Ry, values. In contrast, the brittle removal regime leads to surfaces with
significant asymmetry (negative Rs) a high concentration of valleys, and sharp height distributions (Rk,), severely
compromising surface integrity.

4. CONCLUSIONS

This study provided a comprehensive assessment of the influence of feed rate on the machining of silicon carbide
(SiC) using the diamond wire sawing (DWS) process, with a focus on understanding surface integrity and the prevailing
material removal mechanisms. The results demonstrated that lower feed rates (v~0.5 mm/min) promote the ductile
material removal regime, leading to surfaces with superior quality characterized by lower roughness, reduced occurrence
of microcracks, and higher morphological uniformity. These conditions are ideal for applications requiring high surface
precision and minimal subsurface damage, such as in the semiconductor and optical industries.

In contrast, higher feed rates (vi=1.5 mm/min) induce a transition to the brittle removal regime, which is characterized
by a significant increase in surface roughness, the formation of deep grooves, higher density of microcracks, and the
appearance of craters. This degradation occurs due to the exceeding of the critical depth of cut, promoting fracture-
dominated material removal. The analysis of functional roughness parameters (Rsk and Ryy) further corroborated the
topographic degradation associated with higher feed rates. Negative skewness values reflected the predominance of
valleys formed by intergranular fracture, while high kurtosis values indicated the presence of sharp peaks and valleys,
both strongly correlated with the brittle removal regime.

In conclusion, this study highlights the critical role of feed rate in balancing productivity and surface integrity during
the diamond wire sawing of silicon carbide. Lower feed rates, although less productive, are crucial for achieving superior
surface quality with minimal defects. Future work should explore the influence of additional process parameters, including
abrasive grain size, wire wear, and the use of lubrication or cooling systems. Moreover, investigating subsurface damage,
residual stresses, and possible phase transformations will further advance the understanding and optimization of the DWS
process for ceramic materials like SiC.
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