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Abstract

In the forthcoming, composites are progressively preferred as raw materials instead of non-reinforced materials in industrial applications due to
their high stiffness, strength, young’s modulus, and low density. One machining operation in the overall value-added chain is the grinding of
these composite material qualities, which turns out to be an inevitable step in the subtractive machining area. The reinforced structure,
constituents, and non-uniforms cause challenges in achieving the requested quality concerning accuracy and surface integrity. Hence, the essential
purpose of this paper is to provide a strategy for the quality inspection of composites, including profile and surface roughness. Depending on the
grinding processes parameters, the aim is to assess effective machining for reasonable quality characteristics demonstrated on selected reinforced

matrix composites.
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1. Introduction

One unavoidable operation in the field of manufacturing and
precision engineering of composite materials is the grinding
process. This type of material presents some difficulties for
subtractive manufacturing technologies due to their reinforced
structure, constituents, and non-uniformities, which influence
the mechanical characteristics and surface integrity of
composites.

Composite materials have an inversely-proportional
relationship between tensile strength and compressive strength.
However, compared to traditional materials, the prominent
specifications of composites present better stiffness and
strength over a broad temperature range, better young’s
modulus, better corrosion resistance, lower density, lighter
weight, better thermal and electrical conductivity, and better
wear resistance [1]. A critical characteristic of any functional
component is the surface quality, which, for composite
materials in comparison to bulk materials, tends to be lower due
to their orthotropic and fibrous nature.

2212-8271 © 2023 The Authors. Published by Elsevier B.V.

Nomenclature

MMC Metal Matrix Composites

CMC  Ceramic Matrix Composites

PMC  Polymer Matrix Composites

UV-A  Ultrasonic Vibration Assisted Grinding
ZAG  Zero Amplitude Grinding (Without UVA)
S. Arithmetical mean height of the surface
S, Maximum height of the surface

Studies [2] on machining composite materials show that
maintaining surface integrity is challenging. Grinding is the
manufacturing operation employed for obtaining a high surface
quality, and it is known to be dependent on grinding versus
fiber direction [3,4]. Studies also indicate a relationship
between the main process parameters and surface quality [5],
where peripheral tool speed, feed rate, and grinding direction
have a high impact. Fiber percentage rates also affect the
delamination and thus surface quality of composite materials
[6]. Due to difficulties obtaining a high surface quality in
composite materials, new grinding methods like UV-A
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Grinding are developed and employed in the manufacturing
process chain [7,8,9,10]. Ultrasonic vibration velocity and fiber
direction have a significant impact on the surface quality of
composite materials manufactured using these methods [11].

One crucial part of manufacturing composite material
components is quality assessment and assurance. For this
purpose, studies are being performed [12, 13, 14, 15] on using
non-destructive measurement techniques for determining the
surface quality and topology, the effects of delamination,
material defects, and fiber tearing modes. Studies on the grind
ability of composite materials [16, 17] indicate that excellent
results might be obtained with the proper selection of grinding
method, parameters, and grinding versus fiber direction.

This paper proposes using high precision, non-destructive
measurement techniques and statistical analysis for the quality
assurance of composite material components by determining
the correlation between different grinding methods, parameters,
directions, and materials and informing decisions on the best
compromise for obtaining the quality imposed by the
application. The quality assurance process is presented in Fig.
1 and starts with the computer-aided design of the part,
followed by computer-aided process planning and computer-
aided manufacturing. Quality assurance of the process is done
by subjecting the resulting components to measurements by
high precision metrology, the results of which are subjected to
statistical analysis. The design of the experiment for statistical
analysis takes as input factors the main parameters of the
grinding process and correlates them with the measurement
results in the form of mean and maximum surface roughness.

The study presented in this paper also looks at the interaction
between different process factors and their effect on surface
quality while at the same time using detailed scans obtained by
electron microscopy and focus variation microscopy to explain
the mechanism by which defects are produced, informing
decisions for strategies to mitigate the adverse effects. The
quality of surfaces processed by surface flat grinding and deep
grinding with and without UV-A are compared and could be
used to inform decisions on the choice of grinding technologies
and process parameters necessary to obtain the best surface
quality for a given material and application.
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Fig. 1. CAD/ CAPP / CAM / CAQ flow chart of production process.
2. Methods and Theoretical Parts
2.1. Manufacturing Process

A total of nine samples are prepared, three for each material
tested, CMC, MMC and PMC and are subjected to flat grinding
and deep grinding. The two grinding methods are implemented
on opposing faces of the sample in order to ensure consistent

process conditions. The proposed grinding surfaces, direction
and methods are presented in Fig. 2 and Table 1.

Table 1. Grinding surfaces, methods, and directions of composites.

Process Nr.  Surface Grinding Methods Grinding Direction
1 Top Flat Grinding Vertical

2 Top Flat Grinding 45° Diagonal
3 Top Flat Grinding Horizontal

1 Bottom Deep Grinding - ZAG Vertical

2 Bottom Deep Grinding - UVA Vertical

3 Bottom Deep Grinding - ZAG Horizontal

4 Bottom Deep Grinding - UVA Horizontal

5 Bottom Deep Grinding - ZAG 45° Diagonal
6 Bottom Deep Grinding - UVA 45° Diagonal
7 Bottom Deep Grinding - ZAG 135° Diagonal
8 Bottom Deep Grinding - UVA 135° Diagonal
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Fig. 2. Top and bottom surface of CAD models of composite and their
grinding directions.

The speed parameters used for flat grinding and deep
grinding are presented in Table 2 for each material processed.

Table 2. Operation machining flat and deep grinding speeds.

Flat Grinding Deep Grinding

Usage Material Feed Rate Speeds (m/min) Feed Rate Speeds (mm/s)

CMC 50/100/ 150 3750 /4285 / 5000
MMC 50/100/ 150 3750 /4285 / 5000
PMC 50/100/ 150 3750 /4285 / 5000

The frequency and amplitude for UV-A deep grinding in the
case of MMC and PMC materials are 40Khz and 2pm, while
the frequency and amplitude are 20Khz and 1pum for CMC.

Fig. 3. (a) Top surface - flat ground composites; (b) Bottom surface - deep
ground composites.
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Deep grinding is performed for all materials with both
ultrasonic vibration assistance and without to determine how
UV-A influences the surface quality of the processed samples.
A picture of flat grinding on the samples is available in Fig. 3a.
Processing by deep grinding on the samples is seen in Fig. 3b.
Grinding for all materials is also performed at zero amplitude
to determine the effects of UV-A grinding on surface quality.
Flat grinding is performed on a Schiitte 325 Linear [18] seen in
Fig. 4a. Deep grinding is performed using an Ultrasonic 30
Linear machine [19] seen in Fig. 4b.

Fig. 4. (a) Flat grinding machine; (b) Deep grinding machine.
2.2. Measurement Process

Surface topology and microstructure measurements are
performed using a JCM-5000 electron microscope [20] seen in
Fig. 5a. Surface roughness and topology measurements are
performed on the samples using focus variation microscopy
[21], employing an Alicona Infinite focus microscope [22],
presented in Fig. 5b. Alicona is a focus variation microscope,
and the reasonable standards for surface topography are
described in the parts of ISO 25178. With this unique
measurement process, the surface is imaged sharply by moving
the optics vertically along the optical axis. The result is a 3D
measurement with actual color or pseudo color information,
where the height values are used to calculate the roughness
values.
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Fig. 5. (a) Raster electron microscope; (b) Infinite focus microscope.

2.3. Quality Assurance

The 3D roughness parameters and measurement methods
are described and defined in the ISO 25178 [23] series of
standards. These standards are, therefore, the basis for 3D
roughness measurement technology. Principles of geometric
product specification for filtering and the master plan for the

filter standards are summarized in the 16610-1:2015 [24]
standard. Further, the basics of linear surface filters are found
in ISO 16610-60:2015 [25]. The results are in the form of mean
roughness (Sa) and maximum roughness (S,). Data analysis is
performed using the Taguchi method [26], for which the factors
are material, grinding method, grinding direction, speed and the
responses are S, and S,. Three separate Taguchi analyses are
performed for different grinding methods and parameter
combinations. The design of the experiment for each of the
analyses is presented in Table 3.

Table 3. Design of experiment — Taguchi analysis.

Evaluation Taguchi  Factors Equation

Nr. Design

1 L27 Material, Flat Grinding Speed, (372) * (2"1)
Direction

2 L36 Material, Deep Grinding Speed,  (372) * (2"2)
Grinding Methods, Direction

3 L54 Material, Deep Grinding Speed,  (373) * (2°1)
Grinding Methods, Direction

3. Results

Electron microscopy scans are performed under a high
vacuum at 10 kV with a magnification of 1000x on the 20 um
range area, and the results are presented in Fig. 6. where surface
topology and microstructure are inspected.

Fig. 6. (a) CMC — grinding along with the fiber orientation; (b) CMC —
diagonal grinding 45 degrees to the fiber orientation; (c) PMC — horizontal
grinding perpendicular to the fiber orientation; (d) MMC — diagonal grinding
45 degrees to the fiber orientation.

The results from electron microscopy corroborate the focus
variation results. Delamination on the grinding surface is
detected in detail in Fig. 6a, while fiber tearing is visible in Fig.
6¢. The results indicate less delamination and fiber tearing due
to the direction of grinding being diagonal to the fiber
orientation in Fig. 6b. The effects of cratering by abrasive
particles are presented in Fig 6d. Cratering can lead to further
fiber tearing and delamination while the processed component
is in use as a functional part and is subjected to various stress
factors.
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Surface measurement results from focus variation
microscopy in 3D areal scans are presented using specific
software in Fig. 7. The images show the expected abrasion lines
resulting from the grinding process and the direction of
grinding versus fiber orientation. Effects of fiber tearing are
evident in the case of grinding direction perpendicular to fiber
orientation, as seen in Fig 7a. For the grinding direction parallel
to fiber orientation, deep longitudinal grooves are formed due
to delamination, as detailed in Fig. 7b. In the following case of
the grinding direction diagonal to fiber orientation seen in Fig.
7c, the effects of fiber tearing and delamination are reduced.
Besides, the effect of tool runout is denoted, manifested in the
form of waviness on the processed surface in Fig. 7d. The
effects produced by the stick-and-slip phenomenon caused by
the accumulation of resin on the tool are highlighted in Fig. 7e.
while extreme fiber tearing due to the stick and slip
phenomenon is evident in Fig. 7f.
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Fig. 7. Surface Topology of Flat Ground Materials (a) CMC — Horizontal, (b)
CMC — Vertical, (c) CMC — Diagonal, (d) MMC — Horizontal, (¢) PMC —
Vertical, (f) PMC — Diagonal.

The results for S, and S, roughness values are illustrated
according to each material, grinding method, and parameter
combination in Fig. 8. The cut-off filter for surface roughness
measurements is Ac=0,8mm and is chosen according to
the16610-1:2015. The values are grouped by material, grinding
method, and speed on the X-axis, while the Y-axis represents
the measured values for S, and S,, respectively.
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Fig. 8. Measurement results (a) S, values for deep grinding; (b) S, values

for deep grinding; (c) S, values for flat grinding; (d) S, values for flat

grinding.
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The results show that MMC presents the best overall surface
quality for both S, and S, values in every combination of
grinding methods and factors.

The value plots indicate that the matrix material properties
significantly affect the quality of the processed surface.
Interactions between the matrix material and the fibers,
specifically the bonding among them, affect the behaviour of
composite materials during machining, stronger bonds leading
to lower delamination, pulling, and tearing effects on the fibers.
The bonding strength between the matrix material and the
fibers is dependent on the ability of these materials to fuse and
the depth of the interface between them. Due to manufacturing
constraints imposed by the polymer, for PMC materials, the
bonding strength between the matrix and fibers is lower,
indicated by the low overall surface quality that is inferred from
the measurement results. CMC materials stand somewhere
between PMC and MMC, indicating better fusion between
matrix and fibers than PMC but lower than MMC.

Statistical analysis is performed on the measurement result
using the Taguchi method; the results are presented in Fig. 9.
in the form of main effects plots for signal-to-noise ratio,
indicating how different factors influence the values of S, and
S.. The results indicate that the best surface quality is obtained
with the MMC material and that the diagonal grinding direction
tends to give the best results for all materials and grinding
methods analyzed.

The grinding direction versus fiber orientation also
influences delamination and fiber tearing. If the grinding
direction is parallel to the orientation of the fibers,
delamination is increased, leading to defects in the form of
grooves on the surface of the material, which negatively
impacts S, and S, values.
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Fig. 9. Main effects plot for SN ratios of S, and S,, (a) L54 Taguchi Design;
(b) L36 Taguchi Design; (c) L27 Taguchi Design.

In the case of grinding direction perpendicular to the fiber
orientation an increased fiber tearing effect is present, leading
to an increased S, value. A grinding direction that is diagonal
to the orientation of the fibers reduces these effects, the angle
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of the grinding direction and fiber orientation being the
determining factor for which effect is more predominant
between delamination and fiber tearing. The main effect plots
for the speed and grinding method show different S, and S,
values results. UV-A grinding shows a positive effect in terms
of S, values and a negative effect in terms of S, value for all
materials, speeds, and directions analyzed. The effect of
grinding speed on surface quality is more significant in the case
of surface flat grinding, while UV-A grinding shows less
sensitivity to speed. Complex interactions between the factors
of the grinding process are detected by the Taguchi analysis.
These interactions affect the surface quality and need to be
accounted for when choosing parameters. The significance of
the factor’s effects on the resultant S, and S, and the parameters
for the factors are chosen to provide the best compromise
between the S, and S, values.

4. Conclusions and Discussion

Results indicate a correlation between Grinding methods,
process parameters, materials, and surface quality. The type of
material plays a significant part in the resulting surface quality,
specifically the matrix material used. That could be a
consequence of the bonding strength between the matrix
material and the fibers. The grinding type and method are
selected for a specific application depending on which surface
quality parameter is critical. UV-A grinding has a beneficial
effect on the value for S, and a detrimental effect on S, and is
less sensitive to grinding speed. Complex interactions between
process parameters are manifested, which affect surface
quality. By using a more extensive dataset, a predictive
mathematical model can be developed and used to inform
decisions on selection process parameters and grinding
methods for specific applications.

Future studies performed to analyze the bonding strength
between the matrix material and fibers can inform
developments in the field to reduce delamination and fiber
tearing.
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