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The nanoindentation test is extensively used to obtain the mechanics performance of
different kinds of materials. In this study, the general process in the lapping and polishing of
Q235 steel samples for nanoindentation has been analyzed by considering the pressure
(P), rotation speed of the lapping and polishing plate (), flow rate of abrasive slurry (Qy),
and the processing time (t). It is found from the lapping experiments with a full factorial
design that the optimized processing parameters are r, of 200 r/min, P of 30N, and t of
4 min considered in this study by considering the material removal rate and subsurface
damage. The central composite design method has been used to design the polishing
experiments, and the support vector machine (SVM) method has been used to deal with
these experimental results, and it is found that the developed SVM model can accurately
predict the surface roughness under different processing parameters. Then, based on the
SVM model, the genetic algorithm (GA) method is used to obtain the optimized processing
parameters in the polishing process, and it is found from the SVM-GA study that the
optimized processing parameters in the lapping process are r, of 108 r/min, P of 33N, Q,
of 20 ml/min, and t of 3 min. Finally, a set of nanoindentation tests have been conducted to
evaluate the lapping and polishing performance, and it is found that the surface integrity
has been significantly improved after the optimization of the lapping and polishing
parameters by using the SVM-GA method considered in this study.

Keywords: lapping and polishing process, processing parameter optimization, nanoindentation, SVM-GA, Q235
steel

INTRODUCTION

With the fast development in the fabrication of structures on the functional materials used in
aerospace engineering, renewable energy engineering, and microelectronics engineering, the
characterization of material properties at the microscale and nanoscale levels must be accurately
obtained (Reggente et al., 2020; Hossain et al., 2022). Currently, nanoindentation is considered a
powerful technique used to quantitatively characterize the mechanical properties of different
kinds of materials (Das et al., 2022), and by fitting the appropriate models to the curve of force
with respect to displacement obtained from the test, the major material properties, such as the
elastic modulus, hardness, and fracture toughness can be measured at the microscale and
nanoscale (Isik et al., 2022; Song et al., 2022). Since the indentation depths are in the order of
nanometers, the surface quality of the sample has an essential effect on the nanoindentation test
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FIGURE 2 | Schematic representation of the lapping and polishing of steel samples for nanoindentation.

(Chen et al., 2014). Therefore, it is necessary to investigate the
preparation of samples with good surface integrity.

Abrasive machining technology, as one of the non-traditional
machining technologies, has been extensively used to produce
complicated structures and smooth surfaces with high efficiency
and accuracy (GeJ. etal., 2021; Cheng et al., 2022; Zhang et al., 2022),
by which the material removal is made by the successive impacts of
abrasive particles on the target surface (Hu et al,, 2022; Qi et al,
2022). The abrasive lapping and polishing techniques are often used
to realize the high surface finish of the flat target surface (Ge J. Q.
etal, 2021; Ji et al,, 2022). Li et al. conducted the investigation on the
fixed-abrasive planetary lapping technology according to a generic
model, and the lapping uniformity has been improved due to the
uniform distribution of the particle trajectories moving on the target
surface (Li et al,, 2019). By analyzing the kinematics and trajectory in
the fixed-abrasive planetary lapping process, Wen et al. explored the
effect of the rotation speed ratio of the work piece to the lapping plate
on the distribution of the particle trajectories in the machining of
interdigitated micro-channels on bipolar plates, and it is found that
the surface integrity has been enhanced (Wen et al,, 2016). Chen
et al. designed a novel driving system which was fixed on the

single-side planetary abrasive lapping machine to realize the
irrational rotation speed ratio of the work piece to the lapping
plate which can improve the surface quality in terms of the surface
form uniformity (Chen et al,, 2021). In addition, in the abrasive
polishing process, the abrasive slurry is usually used to conduct the
precision and ultra-precision polishing of the target surface with free
abrasive particles. Strey and Scandian studied the effect of the
abrasive polishing load on the surface roughness and material

TABLE 1 | Experimental results in the lapping process.

No. rp (r/min) P (N) SSD (um) MRR (mg/s)
1 100 20 1.28 0.060
2 100 30 1.10 0.088
3 100 40 1.54 0.095
4 150 20 1.35 0.099
5 150 30 1.12 0.145
6 150 40 1.80 0.153
7 200 20 1.43 0.100
8 200 30 1.39 0.167
9 200 40 1.92 0.200
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TABLE 2 | Experimental results in the polishing process.

No. rp (r/min) P (N) Q, (ml/min) t (min) R, (nm)
1 150 30 15 2.0 1.741
2 200 40 20 1.5 3.518
3 200 20 10 25 3.264
4 150 30 25 2.0 1.664
5 100 20 10 1.5 3.845
6 200 40 10 25 2.744
7 200 40 20 2.5 2.738
8 150 30 15 2.0 1.590
9 200 40 10 1.5 2.515
10 100 20 20 1.5 3.113
11 200 20 20 1.5 1.798
12 150 30 15 2.0 1.645
13 100 40 20 2.5 1.574
14 100 20 10 25 3.565
15 150 30 15 2.0 1.528
16 150 30 5 2.0 2.199
17 150 30 15 3.0 1.808
18 150 30 15 2.0 1.776
19 200 20 10 15 2.102
20 50 30 15 2.0 2.846
21 100 20 20 25 1.903
22 150 50 15 2.0 2.412
23 100 40 10 25 1.859
24 150 10 15 2.0 3.495
25 150 30 15 1.0 2.140
26 250 30 15 2.0 3.564
27 150 30 15 2.0 1.528
28 150 30 15 2.0 1.517
29 100 40 10 1.5 1.974
30 200 20 20 2.5 1.916
31 100 40 20 1.5 2.105

removal rate of hard-brittle materials, and it is found that the related
processing parameters have significant effects on the surface finish
(Strey and Scandian, 2021). By designing the ice-bonded abrasive
polishing tool, Nayak and Ramesh Babu investigated the influence of
the tool and work piece interface temperature rise on the life of the
polishing process, and this type of polishing plate could be used to
improve the polishing life and the surface quality (Nayak and
Ramesh Babu, 2020).

According to the aforementioned analysis, to improve the surface
integrity in the lapping and polishing process, the novel designs of
the lapping or polishing plate with different driving systems are
generally used; however, limited research has been contributed to the
optimization of the processing parameters involved in the lapping
and polishing process for the improvement of the surface quality,
which is the most convenient and effective way with the lowest cost
as well. Thus, in this study, the optimization in the lapping and
polishing of steel samples for nanoindentation will be investigated by
using the support vector machine and genetic algorithm methods.

EXPERIMENTAL WORK

Experimental Setup

As shown in Figure 1, in the experiment, a GP-1000 A automatic
lapping and polishing machine is used, including the abrasive slurry
feeding system, rotation speed control system, lapping and polishing

Surface Lapping and Polishing Process

TABLE 3 | Additional experimental results in the polishing process.

No. ry (r/min) P (N) Q, (ml/min) t (min) R, (nm)
1 100 40 20 1.5 2.91
2 100 30 20 1 3.00
3 150 20 10 1.5 2.45
4 150 40 20 2 1.70
5 200 30 15 3 2.57

plate, work piece fixture, and pressure loading system, in which the
range of the pressure (P) is from 5 to 60 N, and the range of the
rotation speed of the lapping and polishing plate (r,) is from 0 to
1,000 r/min. In general, both the lapping and polishing processes are
necessary for the preparation of samples for the nanoindentation
tests with high surface integrity, and the lapping and polishing
processes considered in this study are shown in Figure 2. In the
lapping process, the sandpapers with relatively large sizes of abrasive
particles are fixed on the lapping and polishing plates to achieve a
high material removal rate from the target within a given processing
time (). In the polishing process, free abrasive particles with
relatively small sizes are formed between the work piece and the
lapping and polishing plates by using the abrasive slurry feeding
system with a given flow rate (Q,) to realize the high surface integrity
on the target.

In this study, the Q235 steel is selected as the work piece, with
dimensions of 15 mm x 15 mmx5 mm, whose density is 7.85 g/
cm?, elastic modulus is 210 GPa, and its original R, and SSD are
about 300-500 nm and 9-12 um, respectively. Moreover, the PSA
Silicon Carbide sandpapers with different sizes of P800 (average
diameter of 22 pm), P1200 (average diameter of 15 um), P2400
(average diameter of 10 um), and P4000 (average diameter of
5 um) are employed in the lapping process, while in the polishing
process, the diamond and silicon dioxide abrasives with different
sizes (see Figure 2) are used from the rough polishing process to
the final polishing process. Since P, 7, Q,, and ¢ are the major
processing parameters that could affect the performance of the
lapping and polishing processes, it is required to explore the
optimized design of these processing parameters.

Experimental Design

In the lapping process, according to the previous studies, P and r,,
are the essential factors that would affect the lapping performance
in terms of the material removal rate (MRR) and subsurface
damage (SSD), and it is found that when the processing time for
each lapping process shown in Figure 2 is more than 3 min, both
of the MRR and SSD seems to be stable. Thus, in the lapping
process, three levels of P at 20, 30, and 40 N and three levels of r,,
at 100, 150, and 200 r/min are considered with a full factorial
design under ¢ = 4 min, which results in a total of nine tests (Xie
et al., 2021).

In the polishing process, P, 7,, Q, and ¢ are found to be the
important factors affecting the polishing performance in terms of
surface roughness (R,) so that three levels of P at 20, 30, and 40 N,
three levels of 7, at 100, 150, and 200 r/min, three levels of Q, at 10,
15, and 20 ml/min, and three levels of t at 1.5, 2, and 2.5 min are used
in this study. Because of the many processing parameters considered
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FIGURE 3 | (A) Evaluation of the predicting accuracy of the SVM and (B) quantitative comparison between the SVM predicting results and experimental resullts.

1 1.5 2 2.5 3 3.5 4

—%— Experimental results
@+ Predicting results

1 2 3 4 5
No. of sample

936 nm

935,945 nm

42004

wrl G'687 ‘A
00

002

C")‘
200 300 400
X: 489.5 um

i
. Roughness curve
ﬂ' 0 1 l‘| '
N I\ \ \" i "
6.0 ¥ } - [ (114 :,,'4“
sl 1 | | K“,;' (’lllll i el &
W ML W L
4.0 ] H ¥yl i V \
{f
2.0 t
0.0
0.0 100.0 200.0 300.0 400.0 pra
Parameer name Value Filter
GB/T 3505-2009
R
Ra 1.0nm Gauss filter,30pum
Rt 8.1nm Gauss filter, 80um

FIGURE 4 | Surface morphology of the Q235 steel sample after the
lapping and polishing processes at r, = 108 r/min, P = 33 N, Q, = 20 ml/min,
and t = 3 min.

previously, the traditional full factorial design would result in a large
number of tests which is not suitable for this study. The central
composite design (CCD) has been extensively used to optimize the
experimental design with the least number of tests (Imanian and
Biglari, 2022), which can not only evaluate the linear and interaction
terms but can also estimate the high-order effects. Thus, the
experimental design in the polishing process is determined by the
CCD method which results in a total of 31 tests.

Experimental Measurement

The MRR, SSD, and R, are the three essential factors that can be
used to evaluate the lapping and polishing performance. The
MRR can be calculated by measuring the mass of the work piece
with an accuracy of 0.01 mg before and after the lapping process
within the given processing time, whereas it is hard to obtain the
MRR by measuring the mass loss before and after the polishing
process because of the little material removal in this process. The
SSD can be measured after the lapping process by using the Nano
Indenter G200 with an accuracy of 0.01 nm and maximum depth
of 500 um, and again, this is hard to be obtained after the
polishing process because the limited SSD can be observed. R,
can be measured after both the lapping and polishing processes
with the assistance of the SuperView White Light Interferometer
with an accuracy of 0.002 nm. Thus, these three significant factors
are considered in this study to quantitatively evaluate the lapping
and polishing performance.

RESULTS AND DISCUSSION

Optimization of Processing Parameters in
the Lapping Process

The experimental results in the lapping process are shown in
Table 1. When P is 30 N, the depth of the SSD is the smallest
under the same r,, and the depth of the SSD increases sharply
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from 30 to 40 N, which agrees well with the existing research
results. It is attributed to the reason that the variation of pressure
in this range results in an increase in the thermal effect, thus
causing large damage to the target. It is also found from Table 1
that r, is positively correlated with the depth of the SSD, which
indicates that within the range of 100-200 r/min, the lower the
rotation speed, the better the depth of the SSD will be. In addition,
r, and P are found to be positively correlated with the MRR, and
the MRR is maximum when P is 40 N and r, is 200 r/min. Since
the results of the full factorial experiment can be directly
compared from Table 1, the combination of the optimal levels
of each factor is the optimized combination of processing
parameters without considering the interactions. From the
perspective of the SSD and MRR, the optimized processing
parameters in the lapping process are found to be r, of 200 r/
min, P of 30N, and ¢ of 4 min considered in this study.

Optimization of Processing Parameters in

the Polishing Process

According to the optimized processing parameters in the lapping
process, the original samples of the Q235 steel have been first lapped
with these optimized processing parameters, and then, they are
polished under different conditions, as shown in Table 2, where the
experimental results in the polishing process are given. Since many
combinations of the processing parameters are considered by using
the CCD method, in this study, a support vector machine (SVM) is
proposed to deal with these experimental results. The SVM is a
supervised machine learning model that uses classification
algorithms for two-group classification problems. After giving an
SVM model sets of labeled training data for each category, it can
categorize new data (Fayed and Atiya, 2021; Liang et al., 2022). Thus,
by using MATLAB software, 31 experimental data in terms of R, are
trained with the SVM method to obtain the fitness function, which

can be used to predict the R, under different processing parameters.
To evaluate the predicting capacity of the SVM method, additional
five tests have been conducted, and the results are shown in Table 3.

Figure 3A shows the evaluation of the predicting accuracy of the
SVM, where the red dots represent the training data based on the 31
experimental results, and the blue dots represent the predicting data
according to the processing parameters given in Table 3, and it can
be seen from this figure that the value of R* is 0.99415 which
indicates that by using the developed SVM model, it can accurately
predict R, under different processing parameters considered in this
study. It can be also seen from Figure 3B that the quantitative
comparison between the SVM predicting results and experimental
results show a good agreement.

Furthermore, according to the SVM fitness function, the
genetic algorithm (GA) is used in this study to obtain the
optimized processing parameters in the polishing process
(Jeyaranjani and Devaraj, 2022), and it is found from the
SVM-GA study that the optimized processing parameters in
the lapping process are r, of 108 r/min, P of 33N, Q, of
20 ml/min, and t of 3min considered in this study, and the
predicting value of R, is 1.07 nm under this condition. The
corresponding experiments have also been carried out to verify
the accuracy of the SVM-GA method, and the surface
morphology of the Q235 steel sample is shown in Figure 4,
where the R, is about 1 nm, so that it may be deduced that the
SVM-GA method has been correctly developed for use to predict
and optimize the polishing process.

Evaluation of the Lapping and Polishing
Performance for Nanoindentation

To evaluate the lapping and polishing performance after the
optimization of the processing parameters considered in this
study, a set of nanoindentation tests have been conducted to
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FIGURE 6 | (A) Hardness test results without optimization and (B) hardness test results after optimization.

measure the elastic modulus and hardness of the Q235 steel
samples. The elastic modulus test results are shown in Figure 5.
Indentation points 1 and 2 are taken from the Q235 steel sample
without the optimization of the lapping and polishing
parameters, and the remaining points are taken from the same
work piece after the optimization of processing parameters. It can
be seen from Figure 5 that with the increase of depth from the

target surface, the elastic modulus gradually reduces to be stable.
To be specific, the decreasing trend of the elastic modulus from
points 1 and 2 is lower than other test points, and the overall
values of the elastic modulus from points 1 and 2 are larger than
other test points. It indicates that although the surface hardening
phenomenon of the work piece could not be eliminated by the
lapping and polishing processes, this surface hardening
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phenomenon could be improved by the optimization of the
processing parameters to control the surface integrity (Qi
et al., 2018).

In addition, Figure 6 shows the comparison of the hardness
test results before and after the optimization of the lapping and
polishing parameters. Nine different points are selected for each
sample, and it can be seen from Figure 6A that the curves of
hardness are relatively scattered without the optimization of the
lapping and polishing parameters, which indicates that the
differences in the nine curves of hardness are mainly caused
by the non-uniform surface integrity. It is noticed from Figure 6B
that the nine curves of hardness are similar after the optimization
of the processing parameters, and the errors between each curve
are small which demonstrates that the surface integrity has been
significantly improved after the optimization of the lapping and
polishing parameters by using the SVM-GA method considered
in this study.

CONCLUSION

The nanoindentation test is extensively used to obtain the
mechanics performance of different kinds of materials, and to
accurately measure these values of mechanics, the sample is
required to have good surface integrity in terms of surface
roughness and subsurface damage. The abrasive lapping and
polishing processes are often used to prepare the sample for
nanoindentation with a good surface finish; however, many
processing parameters are related to the lapping and polishing
processes. It is necessary to optimize these parameters to perform
good machining ability with high efficiency and accuracy. In this
study, the general process in lapping and polishing of steel
samples for nanoindentation has been analyzed, and an in-
house developed automatic lapping and polishing machine has
been used to conduct the lapping and polishing tests on Q235
steel samples by considering the major processing parameters,
including the pressure, rotation speed of the lapping and
polishing plate, flow rate of abrasive slurry, and processing
time. It is found from the lapping experiments with a full
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