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Abstract. To address the issue of exit delamination and burr defects during the drilling of carbon-fiber-
reinforced plastics (CFRPs), this study employs rotary ultrasonic-assisted drilling (RUD) technology. A three-
factor, three-level drilling experiment was designed using the Box–Behnken method to analyze the morphology
of drilling-induced defects. Based on response surface methodology (RSM), the influence of process parame-
ters on exit defects was quantitatively evaluated, the interactions among process parameters were investigated,
and the RUD parameters were optimized. The results indicate that delamination damage and burr defects are
prone to occur at the drill exit. Increasing the spindle speed (7000 r min−1) effectively suppresses delamina-
tion, while reducing the feed rate (30 mm min−1) and using a coarse-grit tool (60 grits) significantly minimize
fiber tearing and burr formation. The optimal parameter combination (7000 r min−1, 30 mm min−1, 60-grit tool),
obtained through multi-objective optimization, was experimentally validated. The delamination factor and burr
height coefficient were reduced to 1.047 and 0.016, respectively, consistent with the model predictions. This
study provides a process strategy for high-precision drilling of CFRP that enables synergistic control of multiple
defects.

1 Introduction

Carbon-fiber-reinforced plastics (CFRPs) are widely used in
the fields of aerospace and transportation due to their excel-
lent properties (Barile et al., 2022; Papa et al., 2019). Drilling
is one of the common machining processes used to achieve
assembly connections between CFRP components (Xu et
al., 2023). Owing to the laminated structure, anisotropy, and
long-fiber reinforcement characteristics of CFRP laminates,
major defects such as delamination damage, burrs, and fiber
pull-out tend to occur at the exit side during drilling. These
defects not only reduce the assembly tolerance and surface
quality of the holes but also compromise the mechanical per-
formance and load-bearing capacity of the overall structure.
Therefore, it is necessary to optimize the drilling process to
suppress these defects (Xu et al., 2022; Zadafiya et al., 2021;
Zhu et al., 2022).

To enhance the quality and efficiency of drilling CFRP
laminates, researchers have developed improvements upon
traditional drill bits primarily by optimizing structural pa-
rameters such as the nose edge (Lazar and Xirouchakis,
2011), point angle (Durão et al., 2010), stepped cutting edge
(Xia and Mahdavian, 2005), or double-point angle (Hener-
ichs et al., 2015). These modifications aim to control the
axial force below the critical threshold, thereby suppress-
ing exit-side delamination damage. Building on this, Pri-
arone et al. (2017) investigated the performance of a core-
less diamond core drill based on the concept of “drilling
by grinding”. It was concluded that this approach signifi-
cantly reduces axial force and temperature, effectively mit-
igating machining damage in composites; however, its ma-
chining efficiency remains relatively low. Studies by Lv et al.
(2021) and Lotfi et al. (2022) indicated that rotary ultrasonic-
assisted drilling (RUD) enables high-frequency vibration of
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the tool during grinding, which periodically removes mate-
rial and alters the material removal process. The studies by
these two researchers primarily focus on the advantages of
ultrasonic-assisted machining, with a relatively singular re-
search objective. However, in actual machining processes,
optimizing and improving a single defect make it challeng-
ing to identify the optimal process parameters. Shard et al.
(2023) conducted ultrasonic-assisted drilling experiments on
CFRP using a twist drill and a diamond core drill. The re-
sults demonstrated that under ultrasonic assistance, the use
of a diamond core drill significantly reduced delamination
defects compared to non-ultrasonic drilling. Similarly, Geng
et al. (2020) performed ultrasonic-assisted drilling experi-
ments on CFRP with a diamond core drill and found that the
hole quality at both entry and exit sides was superior with
ultrasonic assistance, leading to better overall hole machin-
ing quality. Evidently, compared with conventional drilling
processes, RUD offers distinct advantages, including reduced
axial force, lower grinding temperature, improved chip evac-
uation, suppressed delamination, better surface roughness,
and higher drilling accuracy.

On the other hand, the drilling process itself is a criti-
cal factor influencing machining quality. Scholars have con-
ducted experimental studies on drilling processes to inves-
tigate their effects on drilling-induced defects, explore the
underlying mechanisms of defect formation, and further en-
hance the quality of holes in CFRP composites by employ-
ing intelligent optimization algorithms to optimize process
parameters (Cao et al., 2022; Xu et al., 2021; Zhang et al.,
2020). Mudhukrishnan et al. (2019) investigated the influ-
ence of drilling parameters on exit delamination in CFRP
composites based on a full factorial design. A correlation
model between drilling parameters and responses was estab-
lished, revealing that the delamination factor increases with
feed rate and decreases with spindle speed. Liu et al. (2023)
employed an orthogonal experimental design to compara-
tively analyze exit burr formation under three processes: con-
ventional drilling (CD), ultrasonic-assisted drilling (UAD),
and ultrasonic-assisted peck drilling (UAPD), across varying
parameters. Shard et al. (2023) employed rotary ultrasonic-
assisted drilling (RUD) to machine CFRP composites and
conducted a comparative analysis with rotary drilling and
conventional drilling. Experiments were performed to study
the influence of different drilling parameters on cutting force,
temperature, torque, surface roughness, material removal rate
(MRR), and micro-cracks at the hole edge. Slimane et al.
(2019) experimentally investigated the combined effects of
vibration amplitude, tool rotation speed, and feed rate on cut-
ting forces during the rotary ultrasonic machining (RUM) of
CFRP composites. Optimal cutting force values were iden-
tified, leading to the optimization of process parameters.
Zhang et al. (2023) studied the effects of process parame-
ters in ultrasonic-vibration-assisted helical grinding (UVHG)
on hole wall surface roughness and exit defects. The re-
sults demonstrated the significant effectiveness of the UVHG

method in reducing surface roughness and suppressing exit
defects. A process parameter optimization model was de-
veloped, and the multi-objective optimization problem was
solved using the NSGA-II algorithm to obtain the optimal
parameter set.

Existing research indicates that the drilling quality and ef-
ficiency of carbon-fiber-reinforced plastic (CFRP) compos-
ites are simultaneously influenced by tool geometry and ma-
chining parameters. Process optimization based on machin-
ing experiments can effectively reduce thrust force, minimize
defects, and enhance hole quality (Sanda et al., 2016; Wang
et al., 2023). Current research in ultrasonic-vibration-assisted
grinding drilling primarily focuses on the influence of pro-
cessing parameters on a single type of defect under ultrasonic
assistance. However, drilling defects in CFRP composites are
diverse. Studies on the improvement mechanisms for a single
defect struggle to achieve the optimal selection of both tool
structure and machining parameters. Therefore, distinguish-
ing itself from existing research, this paper not only intro-
duces the tool grit size as a key variable into the response sur-
face methodology (RSM) model alongside spindle speed and
feed rate but also employs a three-factor, three-level Box–
Behnken experimental design. This approach quantitatively
evaluates the effects of various parameters and their interac-
tions on two types of defects: exit delamination and burrs.
With the objective of minimizing multiple defects, RSM is
utilized to achieve the multi-objective optimization of both
the grit size of the diamond core drill and the machining pa-
rameters, aiming to identify superior machining process pa-
rameters.

2 Experimental procedures

2.1 Experimental sample

Square CFRP laminates are used as the drilling specimens in
this experiment. The upper and lower surface layers of the
laminates consist of a 0 and 90° carbon fiber plain weave,
while the internal structure comprises 0 and 90° cross-ply
carbon fiber layers, with a total of 33 plies. The carbon
fiber prepreg is first cut into 300× 300 mm squares. The cut
prepreg sheets are then laid into a mold in a specific sequence
of 0 and 90° cross-ply orientation. Subsequently, the mold is
closed and cured in a hot press. Finally, the cured panel is
demolded, trimmed, and cut into the 100× 100 mm CFRP
workpieces used in this study, with a final specimen thick-
ness of 5 mm.

2.2 Experimental equipment

The hole-making equipment used was a Chuang Sheng Teer
vertical machining center. The work travel of the X, Y , and
Z axes of this machine tool is 800× 500× 550 mm, with a
table area of 500× 1000 mm2. The spindle speed can reach
up to 12 000 r min−1. The experiment employed an ultra-
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sonic vibration device developed by the Nanjing Univer-
sity of Aeronautics and Astronautics, which consists of three
parts: a generator, a primary coil, and a tool holder. The coil
was fastened to the spindle with screws; the generator and
the primary coil were connected via a power cable. The tool
used in the experiment was an electroplated diamond core
drill, whose structure comprises a drill head, chip flutes, and
a shank. The base material is tool steel, and the drill head is
bonded with diamond abrasive grains through an electroplat-
ing process. The tool length is 50 mm, with an outer diameter
of the drill head of 6 mm and an inner diameter of 4.5 mm.
The abrasive grain size is 250 µm. The tool was mounted onto
the ultrasonic tool holder using a collet chuck and a locking
nut. The machining setup is shown in Fig. 1.

2.3 Testing methods

The experiment employed a scanning electron microscope
(SEM) to observe microscopic defects on the hole’s inner
wall and utilized a HIROX RH-2000 3D video microscope
to examine machining defects at the entrance and exit of the
CFRP hole. The size of the damage zones was precisely mea-
sured through microscopic images.

Existing research indicates that larger defects on the hole’s
inner wall are primarily concentrated at the hole’s entrance
and exit, manifesting mainly as delamination defects and burr
defects, which require quantitative analysis (Luo et al., 2019;
Xu et al., 2020).

The quantitative evaluation method for delamination de-
fects in drilling of CFRP laminates is as follows:

Fd =
Dmax

D
. (1)

In the equations, Fd represents the delamination factor,Dmax
is the maximum defect diameter, and D is the preset hole
diameter.

The burr area is adopted to evaluate the burr defect in the
drilling of CFRP laminates, and the expression is given as
follows:

Cb =
Ab

An
. (2)

In the equations, Cb represents the burr factor, Ab is the total
burr area, and An is the predesigned area of the hole. The
measurement method is shown in Fig. 2.

2.4 Design of experiments based on response surface
methodology

The core concept of response surface methodology (RSM)
is to establish an RSM function Y = f (x), which approx-
imates the mapping function y = f (x) with maximum ac-
curacy (Box and Wilson, 1951). RSM employs various ex-
perimental design models, such as central composite design
(CCD), Box–Behnken design (BBD), and uniform design.

Table 1. Levels of experimental factors.

Level Factors

A: Spindle speed B: Feed rate f C: Grit
n (r min−1) (mm min−1) number S

1 3000 30 60
2 5000 50 90
3 7000 70 120

Among these, the Box–Behnken design (BBD) is preferred
due to its spherical structure (Spahiu et al., 2022), where de-
sign points are located on a sphere of a fixed radius, corre-
sponding to the midpoints of the edges of a cube. This design
offers greater efficiency in the number of required experi-
mental runs while demonstrating higher accuracy in evaluat-
ing the nonlinear effects of factors. The design principle is
illustrated in Fig. 3, where A denotes the spindle speed, B
represents the feed rate, and C indicates the tool grit number.
Based on relevant references (Zhu et al., 2025) and the typi-
cal operating range of diamond core drills, the experimental
levels are shown in Table 1. In this study, a three-factor, three-
level experimental scheme was designed using the BBD ap-
proach, with five replicated experiments at the center point.
Each experimental group was repeated three times, and the
average value was taken. To ensure consistency in tempera-
ture, tool wear, and vibration stability, all experiments were
conducted under uniform environmental conditions. A new
tool was used for each experimental group, and the ultrasonic
vibration frequency and amplitude were fixed at 23.2 kHz
and 7 µm, respectively. The experimental order was random-
ized to avoid noise interference. The BBD experimental pa-
rameters are listed in Table 2.

An RSM model can be established based on the response
results, with the following general form:

Y = β0+

n∑
i=1

βixi +

n∑
i=1

βiix
2
i +

n∑
i=1

n∑
j>1

βijxixj + ε. (3)

In the equations, Y is the response variable; n is the number
of design variables (n= 3); β0 is the regression intercept; βi ,
βii , and βij are the linear coefficient, quadratic coefficient,
and interaction coefficient, respectively; and ε is the normal
random error.

An analysis of variance (ANOVA) of the experimental re-
sults was conducted using Design-Expert software. The sig-
nificance of the constant term, linear terms, quadratic terms,
and interaction terms in the regression equation was evalu-
ated. The reliability of the established model is demonstrated
by a significance test with P > 0.05. The goodness of fit of
the model is examined using the coefficient of determination
R2. R2 has an inherent drawback in that its value tends to in-
crease with the number of independent variables; therefore,
it is adjusted to the adjustedR2

adj. The predictive capability of
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Figure 1. Experimental setup. (a) Schematic of the experimental principle, (b) machining machine tool, (c) ultrasonic vibration device, and
(d) machined specimen.

Figure 2. Measurement method for exit defects. (a) Delamination defect, (b) burr defect.
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Table 2. Experimental results.

Standard Run Spindle speed Feed rate f Grit number Delamination Burr factor
order order n (r min−1) (mm min−1) S factor Fd Cb

1 7 3000 30 90 1.172 0.024
2 15 7000 30 90 1.115 0.03
3 2 3000 70 90 1.248 0.061
4 12 7000 70 90 1.181 0.097
5 5 3000 50 60 1.145 0.025
6 10 7000 50 60 1.089 0.024
7 3 3000 50 120 1.268 0.039
8 17 7000 50 120 1.198 0.064
9 9 5000 30 60 1.054 0.02
10 6 5000 70 60 1.149 0.033
11 14 5000 30 120 1.21 0.02
12 11 5000 70 120 1.282 0.104
13 8 5000 50 90 1.162 0.038
14 16 5000 50 90 1.186 0.043
15 4 5000 50 90 1.179 0.044
16 13 5000 50 90 1.181 0.042
17 1 5000 50 90 1.167 0.0437

Figure 3. Schematic of the Box–Behnken design (BBD) principle.

the model for new data is assessed by the predicted R2
pred.

These three metrics vary within the range [0, 1]. A value of
R2

adj closer to 1 indicates a better fit of the model to the cur-
rent data, while a value of R2

pred closer to 1 signifies stronger
predictive ability for new data (Jian et al., 2023). Their ex-
pressions are as follows:

R2
= 1−

SSE
SST

, (4)

R2
adj = 1−

((
1−R2) (n− 1)
n−p− 1

)
, (5) PRESS=

n∑
i=1

(
y(i)
− ŷ(i))2

R2
pred = 1− PRESS

SSE

. (6)

In the equations, SSE is the sum of squared errors (the sum of
squared differences between the experimental values and the

model-predicted values), SST is the total sum of squares (the
sum of squared differences between the experimental values
and the mean of experimental values), n is the number of
samples, p is the number of independent variables, y(i) is the
experimental value with the ith observation deleted, and ŷ(i)

is the predicted value with the ith observation deleted.
Subsequently, residual plots are generated using the exper-

imental design software for diagnostic purposes. The good-
ness of fit between the model and the data is evaluated by
analyzing the absolute values of the residuals. Standardized
residuals are commonly employed to eliminate the influence
of measurement units; however, they fail to eliminate the im-
pact of K–T transformation. This study adopts studentized
deleted residuals as a replacement for standardized residuals,
which provides a more intuitive assessment of whether the
error terms conform to a normal distribution and contributes
to the optimization of the linear regression model (Jones and
Nachtsheim, 2017). Its expression is as follows:{
s−i =

√
SSE(−i)
n−p−1

ti =
ei

s−i
√

1−hii

. (7)

In the equations, ti denotes the studentized deleted resid-
ual for the ith observation, ei represents the residual, hii
is the diagonal element of the K–T transformation matrix
H= (hii)n×n, and SSE(−i) indicates the sum of squared er-
rors calculated after deleting the ith observation, based on
the remaining n− 1 data points.
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3 Results and discussion

3.1 Analysis of drilling-induced defects

Figure 4 shows the surface morphology at the entrance of a
hole drilled in CFRP using a 60-grit tool. The entrance ma-
chining phase, which is when the tool is about to enter the
workpiece, is primarily characterized by the cutting action of
the tool’s bottom-end face on the material. This phase per-
sists until the tool breaks through the surface layer and enters
the interior of the material. At this stage, as the tool has just
entered the material, the workpiece material is sufficiently
supported from below, preventing delamination and resulting
only in tearing damage on the CFRP surface. Furthermore, it
can be observed that as the feed rate increases, the quality
at the entrance of the CFRP hole gradually improves, with
defects significantly reduced.

Figure 5 shows SEM images of the hole wall morphol-
ogy in CFRP machined with a 60-grit tool at spindle speeds
n of 3000, 5000, and 7000 r min−1 and a feed rate f of
30 mm min−1. It can be observed that due to the suffi-
cient thickness of the undrilled portion, the composite lay-
ers of the workpiece remain adequately supported, prevent-
ing delamination damage. When n increases from 3000 to
7000 r min−1, defects such as matrix loss and surface voids
are reduced to some extent. This is because a higher cutting
speed reduces the axial force, and material removal is pri-
marily caused by bending fracture. At lower spindle speeds,
higher axial forces lead to more severe fiber bending, thereby
exacerbating fiber debonding (Du et al., 2023). As revealed
by the high-magnification SEM image in Fig. 5a, chip adhe-
sion is present on the inner wall of the hole. This is mainly at-
tributed to the high temperatures generated during processing
(approaching or exceeding the material’s softening point),
which cause further softening of the matrix in the thermoset-
ting CF/epoxy composite. When the polymer matrix is in a
viscous state, the shear force applied by the tool edge readily
aligns the polymer chains along the strain direction, conse-
quently forming a matrix coating and chip adhesion (Ge et
al., 2023).

Figure 6 shows the surface morphology at the exit of a hole
drilled in CFRP using a 60-grit tool. It can be observed that
the exit region exhibits a large tearing area and an increased
delamination diameter. This is attributed to the fact that dur-
ing tool exit, the unsupported bottom layer experiences ten-
sile stress induced by bending, and the axial grinding force
from the tool exceeds the interlaminar bonding strength of
the undrilled material (Zhang et al., 2024; Zhu et al., 2025),
resulting in interlaminar delamination. Additionally, due to
variations in the sharpness of abrasive cutting edges and re-
duced constraint on the fiber material, fibers cannot be com-
pletely severed, leading to the rotation of terminal fibers with
the tool face and their instantaneous tearing, thereby forming
defects such as burrs and torn fibers. Furthermore, the fig-
ure indicates that as the feed rate increases, the delamination

factors at the CFRP hole exit show an increasing trend. This
occurs because a higher feed rate elevates the axial force dur-
ing drilling, which enhances the axial pushing effect at the
hole exit, causing delamination damage in a thicker undrilled
layer and resulting in more extensive fiber tearing (Geng et
al., 2020). Conversely, as the spindle speed rises, the delam-
ination factors at the exit decrease. This is because the in-
creased spindle speed reduces the pushing effect at the exit,
leading to delamination occurring in a thinner undrilled layer
with lower interlaminar component strength, thereby mitigat-
ing exit delamination damage.

In summary, when utilizing the RUD drilling process, suf-
ficient support is present beneath both the hole entrance and
the hole wall in CFRP, making delamination damage less
likely to occur. In contrast, during exit processing, the lack
of adequate underlying support readily induces delamination
damage. It can therefore be concluded that the damage is
more severe at the exit. Consequently, subsequent research
will focus specifically on the influencing factors at the exit
region to optimize the overall drilling process parameters and
achieve optimal hole quality.

3.2 Analysis of influencing factors on delamination
factors

Within the process parameter range studied in this paper,
a second-order model was established based on the Box–
Behnken design (BBD) and expressed in the form of a
second-order polynomial, as shown in Eq. (3). The corre-
lation coefficients were computed using the least squares
method and fitted to 17 sets of experimental data. After fit-
ting, ANOVA was conducted to test the significance of each
coefficient. Insignificant terms were eliminated, and the re-
maining coefficients were substituted back into the original
model to obtain the second-order nonlinear fitting equation.

Based on the experimental data, the second-order nonlin-
ear fitting equation for the influence of process parameters on
the exit delamination factor (Fd) in CFRP grinding drilling is
given as follows:

Fd =1.18− 0.0312n+ 0.0386f + 0.0651S− 0.0025nf

− 0.0035nS− 0.0057f S+ 0.0026n2
+ 0.0014f 2

− 0.0026S2. (8)

Based on the fitted second-order nonlinear equation, a com-
parison plot between the experimental results and predicted
results is shown in Fig. 7. As seen in Fig. 7a, the studentized
deleted residuals of the exit delamination defect model for
CFRP grinding drilling follow a normal distribution, indicat-
ing that the response values predicted by the proposed model
are reliable without significant deviations. From Fig. 7b, it
can be observed that all scattered points are distributed near
the correlation line, meaning the abscissa and ordinate values
of each point are close, which demonstrates high agreement
between predicted and actual values. This confirms that the
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Figure 4. Entrance defects in RUD-processed holes (S= 60).

equation has a high goodness of fit and can effectively predict
experimental results.

Table 3 presents the ANOVA results for the delamination
defect model. The variance inflation factor (VIF) for each co-
efficient in the model falls between 1 and 1.01, which is well
below the threshold of 5. This indicates that there is no sig-
nificant multicollinearity among the independent variables,
and the control of collinearity in the model is effective. The
significance of the model depends on the F value (the ratio
of the model’s mean square to the residual mean square) and
the P value. A larger F value and a smaller P value indi-
cate a more significant effect. As can be seen from Table 3,
the model’s F value is 47.11, and the P value is less than
0.0001, indicating that the model is effective and highly sig-
nificant. The lack-of-fit P value is 0.3241, which is greater
than 0.05 and is not significant, further demonstrating the
validity of the model. Furthermore, based on the P values,
the contribution of the three main factors to the delamina-
tion factor can be evaluated. The spindle speed (n) has the
least influence on delamination factors. Both the tool feed
rate (f ) and the tool grit number (S) have P values less than
0.0001, indicating that they exert a substantial and compa-
rable influence on delamination factors. The influence of the
interaction terms on delamination factors, in descending or-
der, is f S > f S > n2 > S2 > nf > n2. Analysis of the cor-
relation coefficients shows that the R2 and R2

adj values are
0.9838 and 0.9629, respectively, both close to 1, indicating
a high correlation of the model. The R2

pred value is 0.8470,
and the difference between R2

adj and R2
pred is less than 0.2,

demonstrating that the model has both a good fit and predic-

tive ability, fully reflecting the rationality of the CFRP grind-
ing drilling experiment. The adequate precision value (the
ratio of the standard deviation of the predicted values to the
model error) is 24.3448, which is greater than 4, indicating
a reasonable model. The coefficient of variation (C.V. %) is
0.9595 %, which is less than 10 %, suggesting a high degree
of reliability in the experimental design.

Response surface plots illustrating the pairwise interac-
tions between spindle speed, tool feed rate, and tool grit num-
ber on the exit delamination factor during CFRP grinding
drilling are generated using Design-Expert software.

Figure 8a shows the interaction plot between spindle speed
and tool feed rate at a fixed tool grit number. It can be
observed from the figure that the delamination factor ex-
hibits a negative correlation with spindle speed and a pos-
itive correlation with tool feed rate. Additionally, spindle
speed and tool feed rate demonstrate an approximately lin-
ear relationship; however, their interaction contributes less
than 5 % to the exit delamination factors, indicating that the
interactive effect between spindle speed and tool feed rate
has no significant influence on exit delamination. Further-
more, the results reveal that between spindle speed and feed
rate, the feed rate exerts a greater influence on exit delami-
nation. When the spindle speed is 3000 r min−1 and the feed
rate increases from 30 to 70 mm min−1, the exit delamina-
tion factor increases by 6.5 %. Similarly, when the spindle
speed is 7000 r min−1 and the feed rate increases from 30
to 70 mm min−1, the exit delamination factor rises by 5.9 %.
Therefore, employing a lower feed rate is an effective ap-
proach to reduce exit delamination factors.
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Figure 5. SEM morphology of hole wall processed by RUD (a) 3000 r min−1, (b) 5000 r min−1, and (c) 7000 r min−1.

Table 3. Analysis of variance (ANOVA) for the delamination defect model.

Source Sum of Degree of Mean squared F value P value VIF
squares freedom error

Delamination defect model 0.0539 9 0.006 47.11 < 0.0001 –
n 0.078 1 0.078 61.39 0.0001 1
f 0.0119 1 0.0119 93.79 < 0.0001 1
P 0.0339 1 0.0339 266.64 < 0.0001 1
nf 0 1 0 0.1965 0.671 1
nP 0 1 0 0.3851 0.5546 1
fP 0.0001 1 0.0001 1.04 0.3419 1
n2 0 1 0 0.228 0.6475 1.01
f 2 7.96× 10−6 1 7.96× 10−6 0.0626 0.8097 1.01
P 2 0 1 0 0.228 0.6476 1.01
Residual 0.0009 7 0.0001 – – –
Lack of fit 0.0005 3 0.0002 1.59 0.3241 –
Pure error 0.0004 4 0.0001 – – –
Total 0.0548 16 0.0119 – – –
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Figure 6. Exit defects in RUD-processed holes (S= 60).

Figure 7. Comparison between experimental and predicted results for delamination factors. (a) Normal probability plot of residuals, (b) ex-
perimental vs. predicted values.

Figure 8b shows the interaction plot between spindle speed
and tool grit number at a fixed feed rate. As illustrated, the
exit delamination factor exhibits a negative correlation with
spindle speed and a positive correlation with tool grit num-
ber. Furthermore, spindle speed and tool grit number demon-
strate an approximately linear relationship, suggesting that
their interaction has no significant influence on the exit de-
lamination factor in CFRP. Moreover, comparative analysis
indicates that the tool grit number exerts a greater influence
on exit delamination factors than spindle speed. When the

spindle speed is 3000 r min−1 and the tool grit number in-
creases from 60 to 120, the exit delamination factor increases
by 10.7 %. Similarly, when the spindle speed is 7000 r min−1

and the tool grit number increases from 60 to 120, the exit
delamination factor rises by 10.01 %. Therefore, employing
a lower-grit-number tool is an effective approach to reduce
exit delamination factors in CFRP drilling.

Figure 8c shows the interaction plot between feed rate and
tool grit number at a fixed spindle speed. As shown in the
figure, the exit delamination factor exhibits a positive corre-
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Figure 8. Influence of interaction effects on delamination factors: (a) feed rate vs. spindle speed, (b) tool grit number vs. spindle speed, and
(c) tool grit number vs. feed rate.

lation with both feed rate and tool grit number. Additionally,
the contour plot of feed rate and tool grit number shows sig-
nificant curvature, indicating that their interaction has a sub-
stantial influence on the exit delamination factor in CFRP.
Comparative analysis further reveals that feed rate exerts a
greater influence on exit delamination factors than tool grit
number. When the tool grit number is 60 and the feed rate in-
creases from 30 to 70 mm min−1, the exit delamination factor
increases by 9.01 %. Conversely, when the tool grit number
is 120 and the feed rate increases from 30 to 70 mm min−1,
the exit delamination factor rises by 6.01 %. Therefore, em-
ploying a lower-grit-number tool combined with reducing the
feed rate is an effective strategy to minimize exit delamina-
tion factors in CFRP drilling.

Based on a comprehensive analysis of Fig. 8, it can be con-
cluded that during ultrasonic-assisted grinding and drilling
of CFRP, to minimize exit delamination factors, it is advis-
able to select a higher spindle speed, a lower tool feed rate,
and a lower tool grit number within an appropriate range of
process parameters. Furthermore, the tool feed rate and tool
grit number exert a greater influence on delamination factors
than spindle speed. Therefore, priority consideration should
be given to optimizing these two factors.

3.3 Analysis of influencing factors on burr factor

Based on the experimental data, the second-order nonlinear
fitting equation for the influence of process parameters on
the exit burr factor (Cb) in CFRP grinding drilling is given as
follows:

Cb =0.0421+ 0.0083n+ 0.0251f + 0.0156S

+ 0.0075nf + 0.0065nS+ 0.0177f S+ 0.0023n2

+ 0.0086f 2
− 0.0064S2. (9)

Based on the fitted second-order nonlinear equation, a com-
parison between experimental and predicted results is plot-
ted in Fig. 9. As observed in Fig. 9a, the studentized deleted

residuals of the exit burr defect model for CFRP grinding
drilling follow a normal distribution, indicating no signifi-
cant deviations in the response values predicted by the pro-
posed model. From Fig. 9b, it can be seen that all scattered
points are distributed near the correlation line, meaning the
abscissa and ordinate values of each point are close, which
demonstrates high agreement between predicted and actual
values. This confirms that the equation exhibits a high good-
ness of fit and can effectively predict experimental results.

The ANOVA for the exit burr defect model in ultrasonic-
assisted grinding and drilling of CFRP is presented in Ta-
ble 4. The VIF for each coefficient in the model is 1 or
1.01, with all values being less than 5. This indicates that
multicollinearity among the coefficients is well controlled.
The model’s F value is 70.72, and the P value is less than
0.0001, indicating that the model is highly significant and ef-
fective. Furthermore, the lack-of-fit P value is greater than
0.05, suggesting that the lack of fit is not significant, which
confirms the high accuracy of the model and eliminates the
need to consider higher-order terms such as cubic or above.
Additionally, according to Table 4, among the three main fac-
tors, the tool feed rate and tool grit number exert a substan-
tial influence on the exit burr factor, while the spindle speed
has a relatively lower impact. The influence of interaction
terms on the burr factor, in descending order, is f S > f 2 >

nf > S2 > nS > n2. Analysis of the correlation coefficients
reveals that the R2 and R2

adj values are 0.9838 and 0.9629,
respectively, both close to 1, indicating a high correlation of
the model. The R2

pred value is 0.8470, and the difference be-
tween R2

adj and R2
pred is less than 0.2, demonstrating that the

experimental design and burr defect model adequately reflect
the rationality of the CFRP grinding drilling experiment. The
adequate precision value is 24.3448, which is greater than 4,
indicating a reasonable model. The coefficient of variation
(C.V. %) is 0.9595 %, less than 10 %, suggesting high relia-
bility of the experimental design. Therefore, the burr defect
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Figure 9. Comparison between experimental and predicted results for burr factor. (a) Normal probability plot of residuals, (b) experimental
vs. predicted values.

Table 4. Analysis of variance (ANOVA) for the burr defect model.

Source Sum of Degree of Mean squared F value P value VIF
squares freedom error

Burr defect model 0.0097 9 0.0011 70.72 < 0.0001 –
n 0.0005 1 0.0005 35.77 0.0006 1
f 0.0051 1 0.0051 331.8 < 0.0001 1
P 0.002 1 0.002 128.32 < 0.0001 1
nf 0.0002 1 0.0002 14.78 0.0063 1
nP 0.0002 1 0.0002 11.1 0.0126 1
fP 0.0013 1 0.0013 82.8 < 0.0001 1
n2 0 1 0 1.47 0.2647 1.01
f 2 0.0003 1 0.0003 20.25 0.0028 1.01
P 2 0.0002 1 0.0002 11.49 0.0116 1.01
Residual 0.0001 7 0 – – –
Lack of fit 0.0001 3 0 4.64 0.0862 –
Pure error 0 4 5.95× 10−6 – – –
Total 0.0098 16 0.0011 – – –

model meets all validation criteria, and the regression equa-
tion exhibits an excellent fit.

Meanwhile, response surface plots illustrating the pair-
wise interactions between spindle speed, tool feed rate, and
tool grit number on the exit burr area during CFRP grind-
ing drilling are generated using Design-Expert software. Fig-
ure 10a shows the interaction plot between spindle speed and
tool feed rate. It can be observed from the figure that the burr
factor exhibits a positive correlation with both spindle speed
and tool feed rate. Regarding the extent of their influence on
the exit burr area, the feed rate exerts a greater impact than
the spindle speed. When the spindle speed is 3000 r min−1

and the feed rate increases from 30 to 70 mm min−1, the exit
burr area increases by approximately 2.54. Similarly, when

the spindle speed is 7000 r min−1 and the feed rate increases
from 30 to 70 mm min−1, the exit burr area rises by approx-
imately 3.23. Therefore, employing a lower feed rate is an
effective strategy to reduce exit burr defects.

Figure 10b shows the interaction plot between spindle
speed and tool grit number. It can be observed that the exit
burr area exhibits a positive correlation with both spindle
speed and tool grit number. Additionally, the interaction be-
tween tool grit number and spindle speed has a relatively in-
significant influence on the exit burr area of CFRP. Between
these two factors, the tool grit number exerts a greater in-
fluence on the exit burr area than the spindle speed. When
the spindle speed is 3000 r min−1 and the tool grit num-
ber increases from 60 to 120, the exit burr area increases
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Figure 10. Influence of interaction effects on burr factors. (a) Feed rate vs. spindle speed, (b) tool grit number vs. spindle speed, and (c) tool
grit number vs. feed rate.

by approximately 1.56. Similarly, when the spindle speed is
7000 r min−1 and the tool grit number increases from 60 to
120, the exit burr area rises by approximately 2.67. There-
fore, employing a tool with a lower grit number is an effec-
tive approach to reduce the exit burr area in CFRP drilling.

Figure 10c shows the interaction plot between feed rate
and tool grit number. It can be observed that the exit burr
area exhibits a positive correlation with both feed rate and
tool grit number. Additionally, the contour plot of feed rate
and tool grit number shows significant curvature, indicating
that their interaction has a substantial influence on the exit
burr area of CFRP. Between these two factors, the feed rate
exerts a greater influence on the exit burr area than the tool
grit number. When the tool grit number is 60 and the feed
rate increases from 30 to 70 mm min−1, the exit burr area
increases by approximately 1.65. Conversely, when the tool
grit number is 120 and the feed rate increases from 30 to
70 mm min−1, the exit burr area rises by approximately 5.2.
Therefore, employing a tool with a lower grit number com-
bined with reducing the feed rate is an effective strategy to
minimize the exit burr area in CFRP drilling.

Based on a comprehensive analysis of Fig. 10, it can be
concluded that although a positive correlation exists between
spindle speed and burr area within a very limited range, the
overall trend indicates that a higher spindle speed results in a
smaller exit burr area in CFRP. Therefore, during ultrasonic-
assisted grinding and drilling of CFRP, to minimize the exit
burr area, it is advisable to select a higher spindle speed, a
lower tool feed rate, and a lower tool grit number within
an appropriate range of process parameters. Furthermore, the
tool feed rate and tool grit number exert a greater influence
on the burr area than the spindle speed. Hence, priority con-
sideration should be given to optimizing these two factors.

3.4 Multi-objective optimization and experimental
verification

3.4.1 Multi-objective response optimization

Currently, research on improving the drilling quality of
carbon-fiber-reinforced polymer predominantly focuses on
optimizing single-performance metrics. However, in practi-
cal operations, defects such as delamination and burrs of-
ten occur simultaneously. Given that the optimal combi-
nation of process parameters varies for different types of
defects, single-objective optimization strategies struggle to
comprehensively reflect the combined effects of these de-
fects. Therefore, it is necessary to shift towards simultaneous
multi-objective parameter optimization. With the objectives
of minimizing both delamination and burr defects, and con-
sidering spindle speed, tool feed rate, and tool grit number
as variables, the multi-objective optimization model for pro-
cess parameters in ultrasonic-assisted grinding and drilling
of CFRP is established as follows:

M= (n,f,S)T
= (x1,x2,x3)T

minf (x)=
[
f1(x),f2(x)

]T
s.t. hi(x)≥ 0, i = 1,2,3,4,5,6

. (10)

Design-Expert software was employed to solve the re-
sponse surface model. Given the inherent compatibility be-
tween the desirability function approach and response sur-
face methodology, coupled with the low computational cost
of the desirability function method – which is well suited
for the relatively limited number of variables in this study
– the desirability function method was applied to solve the
model. This enabled the optimization of process parameters
for ultrasonic-assisted grinding and drilling of carbon-fiber-
reinforced polymer composites. Specifically, a nonlinear re-
gression model incorporating delamination and burr factors
was first established for CFRP drilling process parameters
within a defined range. Subsequently, a multi-objective opti-
mization technique was utilized to construct a comprehensive
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Figure 11. Multi-objective optimization procedure.

defect evaluation system and identify the optimal configura-
tion of process parameters. The procedure for establishing
the multi-objective machining process parameter optimiza-
tion model is illustrated in Fig. 11.

Figure 12 presents the multi-objective optimization re-
sults integrating both exit delamination defects and burr de-
fects. It can be observed that when the spindle speed is
6999.95 r min−1, the tool feed rate is 30.0001 mm min−1,
and the tool grit number is 60.0001 grit, the exit delami-
nation factor of the CFRP hole reaches its minimum value
of 1.0416, while the burr coefficient achieves its minimum
value of 0.0178. The desirability of the model is 0.917, ap-
proaching 1.0, indicating that the optimization results of the
multi-objective model exhibit high accuracy.

3.4.2 Parameter optimization and result validation

By integrating single-objective and multi-objective optimiza-
tion models and considering experimental conditions and
practical constraints in the drilling process, the optimized
combination of process parameters is determined as follows:
spindle speed of 7000 r min−1, feed rate of 30 mm min−1,
and tool grit number of 60. The CFRP ultrasonic-assisted
grinding and drilling experiments are conducted using this
parameter set. To minimize experimental errors, three repli-
cate trials are performed under this parameter combination,
and the experimental results are averaged. Table 5 presents
magnified images of the hole exit from the three experiments
under this parameter set, along with quantitative analysis data
of exit delamination and burr defects.

Based on the three sets of experimental data, the exit de-
lamination factor and burr factor of the CFRP holes under

Figure 12. Multi-objective optimization results.

this set of process parameters were determined to be 1.047
and 0.016, respectively. Compared to the typical machin-
ing process parameters, this represents an 11.2 % improve-
ment in delamination defects and a 61.9 % improvement in
burr defects. The measured defect values closely align with
those predicted by the optimization model. The observed
minor discrepancies are attributed to two primary factors.
First, the actual process parameters were selected based on
the operational capabilities of the machining center, result-
ing in slight deviations from the optimal parameters identi-
fied by the model. Second, during defect measurement, the
faint characteristics of some defects introduced minor inac-
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Table 5. Exit morphology.

curacies. Nevertheless, the optimal solution derived from the
optimization model is largely consistent with the experimen-
tal results. Therefore, to achieve optimal CFRP hole quality,
it is recommended to employ a high spindle speed, low feed
rate, and a tool with a small grit number.

4 Conclusions

1. Analysis of drilling-induced defects indicates that mi-
nor tearing damage occurs at the hole entrance, while
fiber fracture and crack damage are observed on the
hole wall. At the exit, fiber delamination and burrs are
present, with the severity of damage increasing with
higher feed rates and decreasing with higher spindle
speeds. The damage at the exit is more severe than that
at the entrance and hole wall, representing the primary
defect morphology in carbon fiber composite drilling
using the RUD process.

2. Experimental results demonstrate that increasing the
spindle speed (7000 r min−1), reducing the feed rate
(30 mm min−1), and employing a tool with a small grit
number (60 grits) significantly reduce exit delamination
and burr formation. Response surface analysis reveals
that the feed rate and tool grit number exert the most
substantial influence on defects, and their interaction in-
tensifies both delamination and burr generation.

3. The optimal parameter combination obtained through
multi-objective optimization is n= 7000 r min−1,
f = 30 mm min−1, and S= 60 grit. The delamination
factor and burr coefficient are reduced to 1.047 and
0.016, respectively, closely aligning with the model
predictions. These research results provide actionable
process guidance for high-precision drilling of CFRP
components in engineering applications.
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