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ARTICLE INFO ABSTRACT

Rotary ultrasonic machining has been successfully explored in surface machining of carbon fiber reinforced
plastic (CFRP) composites. It has been proven to be an effective and efficient CFRP machining method. Both
CFRP theoretical and experimental investigations have been conducted with the assumption that the CFRP is removed
Material removal mechanism by brittle fracture removal mode. However, in brittle material machining, ductile flow phenomenon still exists.
MorPhOIOgy Ductile scratching marks are also observed on the machined CFRP surfaces. It is still unknown that what actual
Cutting force . . s . . . .

material removal modes are under different machining variables. To investigate the material removal me-
chanisms in rotary ultrasonic surface machining (RUSM) of CFRP, single abrasive scratching tests were con-
ducted. The scratching induced characteristics and scratching forces were analyzed. Both the ductile removal
mode and the brittle fracture removal mode were observed and identified in both carbon fiber layers and epoxy
resin layers on the machined marks by using scanning electron microscopy (SEM) imaging. With the increase of
scratching depth, the material removal mode of CFRP was changed from the ductile removal mode to the brittle
fracture mode. From the analysis of kinematic trajectory of diamond grain, the scratching cutting forces were
decreased in the tests with the assistance of ultrasonic vibration under the same machining variables. The
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Rotary ultrasonic surface machining

generation mechanisms of the delamination were analyzed and discussed.

1. Introduction

Rotary ultrasonic surface machining (RUSM), a non-traditional
machining process, combines material removal from ultrasonic ma-
chining and traditional grinding, as shown in Fig. 1. In RUSM, the
grinding tool with metal-bonded abrasive grains vibrates in axial di-
rection at an ultrasonic frequency (typically 20 kHz) during machining.
The workpiece feeds along the horizontal direction. The motion of
abrasive grains on the tool consists of the rotation of the spindle, the
feeding motion, and the ultrasonic vibration.

It was reported that RUSM had been successfully explored in surface
machining of carbon fiber reinforced plastic (CFRP) composites, and it
had been proven to be an effective and efficient machining method [1].
Both experimental and theoretical investigations had been reported.
Wang et al. investigated the effects of tool variables in such a process.
They found that smaller feeding-directional cutting forces were gener-
ated by using the tool with larger abrasive size, smaller abrasive con-
centration, two slots, or the convex geometry, and the lower surface
roughness were produced by using the tool with smaller abrasive size,
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smaller abrasive concentration, two slots, or the convex geometry [2].
The effects of machining variables (including ultrasonic power, tool
rotation speed, feedrate, and depth of cut) were studied in such a
process. It was reported that both cutting forces (feeding-directional
cutting force and axial-directional cutting force) and surface roughness
could be decreased by using higher tool rotation speed, lower feedrate,
or lower depth of cut, while using higher level of ultrasonic power led
to lower cutting forces and higher surface roughness. The character-
istics of machined surface morphology of CFRPs in RUM surface ma-
chining processes were also analyzed [3-5]. Wang et al. investigated
effects of workpiece machining orientations in such a process, and they
arrived at a conclusion that lower cutting forces (both feeding-direc-
tional cutting force and axial-directional cutting force) were produced
by using 90° workpiece machining orientation, while lower surface
roughness was generated by using 0° workpiece machining orientation
[6]. Li et al. investigated effects of surface grinding methods (down
grinding and up grinding) on cutting forces as well as surface quality in
RUSM of CFRP composites. The results showed that compared with
RUSM with down grinding method, RUSM with up grinding method
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Fig. 1. Illustration on rotary ultrasonic surface machining (RUSM).

produced longer total cutting path, larger fiber fracture size, and larger
resin chip size, thus leading to higher cutting force and higher surface
roughness [7]. Geng et al. extended the rotary ultrasonic elliptical
machining (RUEM) to surface machining of CFRP and found that RUEM
surface machining of CFRP produced the decreased cutting force, an
extended tool life, and the improved surface quality owing to the ex-
cellent chip removal conditions and intermittent material removal
mechanisms in RUEM [8]. Geng et al. investigated the effects of speed
ratio (the ratio between the nominal cutting speed and the maximum
speed of tool vibration in cutting direction) on cutting forces, surface
quality, and tool wear in RUEM surface machining of CFRP. It was
reported that lower speed ratio was preferable to the lower cutting
forces, less surface defects, and lower tool wear due to the lower tool-
workpiece contacting ratio [9]. The decrease of cutting force was
mainly due to the generated extra additional speed in the cutting di-
rection and the greatly lowered contact friction between the tool and
workpiece [10]. Ning et al. built the theoretical model to investigate the
relationships between the feeding-directional cutting force and input
variables in RUSM of CFRPs. It was shown that the feeding-directional
cutting force decreased as abrasive concentration, depth of cut, and
feedrate decreased, or as ultrasonic vibration amplitude, tool rotation
speed, and abrasive size increased [11]. Based on the brittle fracture
mechanism, Liu et al. investigated the relationships between the cutting
force in axial direction and input variables by developing a theoretical
model in RUSM of CFRPs. They argued that the cutting force in axial
direction decreased as the increase of tool rotation speed, or as the
decrease of feedrate and depth of cut [12]. In those investigations,
CFRP was treated as a brittle material. However, Pei et al. reported that
ductile flow phenomenon still existed in brittle material machining
[13]. Zhang et al. found that ductile scratching marks were also ob-
served on the machined surface of other brittle materials [14]. It is still
unknown that what actual material removal modes are in RUSM of
CFRP under different machining variables. In addition, the reported
investigations focused on the material removal modes by optimizing the
machining variables or simulating the machining processes. It will be of
great help to investigate the actual material removal modes to study the
RUSM processes of CFRP composites from microscopic perspectives.
There were no reported investigations on evaluating material re-
moval mechanisms in RUSM of CFRP composites, especially for the
cutting of carbon fiber layers and epoxy resin layers in CFRPs, respec-
tively. To evaluate the material removal mechanisms in RUSM, the
single abrasive scratching test was applied. Such a test could also be
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used to evaluate the surface scratching resistance and tribology prop-
erties of the workpiece. Zhang et al. suggested that the material re-
moval modes would be determined by analyzing deformation modes,
which were obtained from the surface morphology generated by the
scratching test [14].

CFRP composites were regarded as difficult-to-cut materials due to
CFRP’s properties of inhomogeneity and anisotropy as well as the
carbon fibers’ high abrasive resistance [15]. The material removal
modes might be different under the different machining conditions
when scratching CFRP composites. In surface machining processes of
CFRPs, carbon fiber layers and matrix layers are usually cut alter-
natively. Due to this reason, cutting carbon fiber layers and matrix
layers by turns is a better choice to investigate the material removal
mechanisms from microscopic directions in surface machining of
CFRPs.

The single abrasive scratching tests will be conducted under dif-
ferent levels of ultrasonic vibration to investigate the material removal
mechanisms in RUSM of CFRPs. The scratching-induced surface char-
acteristics will be analyzed. The analysis of surface morphology in both
carbon fiber layers and matrix layers of CFRPs will be conducted to
investigate the real material removal mechanisms. The scratching
forces will also be discussed to investigate the material removal me-
chanisms in RUSM of CFRP composites. In addition, the difference
between the kinematic trajectory of abrasive grain with and without
ultrasonic vibration will be also analyzed. The generation mechanisms
of the delamination and the deformation features of scratching exit will
be discussed.

2. Workpiece properties, experiment set-up and conditions, and
measurement procedures

2.1. Workpiece properties

The CFRP composite workpiece, used in the scratching test, had the
dimension of 40 mm X 18.5mm X 18 mm. Table 1 shows the CFRP
properties. The side edge of CFRP was used to conduct scratching tests.
The CFRP workpiece had 23 layers of carbon fibers on the side edges.
The volume fractions of carbon fibers and epoxy resin in CFRP were
67% and 33%, respectively. Before the scratching tests, the selected
edge of the CFRP workpiece was polished to achieve a good starting
surface quality with the surface roughness of 0.4 um. The scratching
direction was perpendicular to carbon fiber layers, and the diamond
indenter, being shown in Fig. 2, cut carbon fiber layers and the epoxy
matrix layers alternatively. This diamond indenter had the point angle
of 100°.

2.2. Experiment set-up and conditions

The scratching test was conducted on a rotary ultrasonic machine
(Series 10, Sonic-Mill, Albuquerque, New Mexico, USA). Fig. 2 shows

Table 1

Workpiece properties.
Property Unit Value
Density of CFRP kg/m? 1600
Hardness (Rockwell) HRB 67-73
Density (carbon fibers) kg/m* 1800
Elastic modulus (carbon fibers) GPa 230
Tensile strength (carbon fibers) GPa 5
Poisson’s ration (carbon fibers) - 0.3
Fracture toughness (carbon fibers) (Energy/G.) J/m? 2
Density (epoxy matrix) kg/m® 1200
Elastic modulus (epoxy matrix) GPa 4.5
Tensile strength (epoxy matrix) MPa 130
Poisson’s ration (epoxy matrix) - 0.4
Fracture toughness (epoxy matrix) (Energy/Gc) J/m? 500
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Fig. 2. Illustrations on RUSM experimental setup.

that this experimental setup consists of an ultrasonic spindle system, a
horizontal feeding system, and a data acquisition system. The ultrasonic
spindle system was used to generate ultrasonic vibration with high
frequency (typically 20 kHz) and transmit this ultrasonic vibration to
the diamond indenter for scratching tests. The horizontal feeding
system provided the feeding motion for the scratching tests of CFRP
composites. This feeding system included a linear stage (D-slide
400 mm, Newmark, Rancho Santa Margarita, California, USA), a mo-
tion controller (NSC-A1, Newmark), and a software (QuickMotion NSC-
Al, Newmark). Both the dynamometer and the CFRP workpiece were
fixed on the platform of the linear stage. The data acquisition system
(DAQ) was used to collect the data of cutting forces. More detail in-
formation of DAQ will be given in the section of measurement proce-
dures.

Fig. 3 shows the illustration on scratching test set-up. The insert
gauge was used to generate an elevation angle of 0.3° for the CFRP
workpiece. Due to this inclining angle, the depth of the scratching test
was increased from zero to the final depth. The diamond indenter with
the 100° point angle was applied, and its motion in the scratching test

Trajectory in

was a combination of horizontal feeding motion (along the X-axis of the
machine) and ultrasonic vibration. Fig. 4 shows the kinematic char-
acteristics of the diamond indenter in a cycle time of ultrasonic vibra-
tion. The vibration amplitudes for the ultrasonic power of 0%, 40%, and
80% were O pm, 3 um, and 5 um, respectively. The scratching velocity
in horizontal direction was 100 mm/s.

2.3. Measurement procedures

A Kistler dynamometer (Type 9272, Kistler Inc., Winterthur,
Switzerland) was used to measure the scratching generated forces in
horizontal feeding and normal directions. The electrical analogy signals
from the dynamometer were transmitted to a charge amplifier (Type
5070, Kistler Inc.). Through amplifier, the amplified analogy signals
were then transformed into digital signals by an A/D converter (Type
5697A, Kistler Inc.). A computer then recorded these digital signals
with the help of a DynoWare software (Type 2825 D-02, Kistler Inc.). In
this investigation, the sampling frequency was set at 20 kHz to obtain
more data. After obtaining the data, they were diluted 20 times to
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Fig. 3. Illustrations on scratching test set-up.
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Fig. 4. The kinematic characteristics of the diamond indenter in a cycle time of
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achieve the average cutting force, which were shown in cutting force
curve. The averaged cutting force was then used to evaluate the cutting
process instead of the dynamic cutting force in each ultrasonic vibration
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cycle time [16]. Scanning electron microscopies (SEM) (Crossbeam
540, Carl Zeiss AG, Oberkochen, Germany and S-4300, Hitachi Co.,
Tokyo, Japan) were used to observe the microscopic deformation
characteristics of the machined surface and the microstructure char-
acteristics of scratching grooves under different levels of ultrasonic
power. By analyzing these surface characteristics, the actual material
removal mechanisms can be obtained.

3. Experimental results
3.1. Scratching-induced characteristics and material removal modes

Two kinds of material removal modes in CFRP can be observed in
Fig. 5. Bifano et al. reported that the ductile material removal mode
occurred when the scratching depth was smaller than the critical depth
[17]. Wang et al. argued that this mode included elastic mode and
plastic mode. In elastic mode, no chip was formed, and the elastic de-
formation was the predominant deformation mode [18]. In plastic
mode, the undeformed chip thickness was smaller than the critical
depth. Moreover, in ductile material removal mode, the lateral cracking
did not exist and the simple plastic flow was the favored deformation
form. In ideal ductile removal mode, the surface can approach zero
damage, and it can be machined without fracture-induced damage,
such as the cracking. The abrasive penetration volume should be equal
to the material removal volume. Fig. 5b shows the brittle material re-
moval mode. As the scratching depth exceeded the critical depth, the
fracture occurred in the machined zone’s surface and subsurface. Wang
et al. argued that in brittle fracture removal mode, the material was
removed with the cracks’ formation and propagation to the workpiece

Diamond /\”l;%/__ __ 1o _
indenter | m})raswe
Grove
F(é/g?ing CFRP . CFRP
&) Cross-section view| | Feeding Top view
(a) Ductile material removal mode
Diamond Lateral
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‘ Cracking Abrasive
Ch §
Median
: crack
Feecing 5 CFRP _ CFRP
(o) Cross-section view| | Feeding Top view

(b) Brittle material removal mode

Fig. 5. Illustrations on material removal modes.
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Fig. 6. Overall SEM images of the scratching test morphology with different
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ductile removal mode in matrix layers; F2: brittle removal mode in carbon fiber
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surfaces. The material removal volume should be much larger than
abrasive penetration volume [19].

Fig. 6 shows the overall SEM images of the scratching test mor-
phology with different levels of ultrasonic power. Two typical de-
formation regions in both carbon fiber layers (F1 and F2) and epoxy
resin layers (M1 and M2) in each scratching test were selected to in-
vestigate the scratching-induced characteristics, material removal fea-
tures, and material removal modes. F1 and M1 are selected to illustrate
the ductile removal mode in carbon fiber layers and matrix layers, re-
spectively. F2 and M2 are typical examples to illustrate the brittle
fracture removal mode in carbon fiber layers and matrix layers, re-
spectively. The scratching depths for these above regions (F1, M1, M2,
and F2) are 80 nm, 120 nm, 4.6 um, and 8.1 um, respectively.

3.1.1. Ductile removal mode phenomena

The comparisons on the characteristics of carbon fiber layers in
ductile removal mode at the scratching depth of 80 nm under three
different levels of ultrasonic power are shown in Fig. 7. When
scratching depth is low, a smaller amount of materials is removed from
the top section of carbon fibers. It can be seen that no cracking and
fracture-induced damages could be observed on the machined surface.
The smooth morphologies of carbon fiber layers show that the ductile
removal mode should dominate the material removal in this region. The
differences among these three tests in these regions are not clear.

Fig. 8 illustrates the comparisons on characteristics of epoxy resin
layers in ductile removal mode at the scratching depth of 120 nm. Both
the fracture-induced damage and the cracking are not shown on the
machined surfaces in Fig. 8. The scratching-induced characteristics of
the morphology show that the major material removal mode should
belong to ductile removal mode. In the ultrasonic vibration-assisted
(UVA) scratching tests, the high-frequency vibration of the single dia-
mond indenter caused the ultrasonic impact action, leading to the
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Fig. 7. The comparisons on the characteristics of carbon fiber layers in ductile
removal mode at the scratching depth of 80 nm under three different levels of
ultrasonic power.

discontinuous scratching processes. Moreover, the UVA scratching tests
(both the test under ultrasonic power of 40% and that under ultrasonic
power of 80%) showed the ultrasonic trajectory trace induced by ul-
trasonic vibration. The distance (5um) between two neighboring tra-
jectory trace in UVA scratching tests was the traveling distance of the
single diamond indenter in one cycle time of ultrasonic vibration.

3.1.2. Brittle fracture removal mode phenomena

Fig. 9 shows the comparisons on characteristics of carbon fiber
layers in brittle fracture mode at the scratching depth of 8.1 um. A clear
groove in the section of carbon fiber layers was produced. At the groove
edges, the scratching-induced -characteristics, including removed
carbon fibers, voids, brittle fracture, fiber pullout, etc., were generated
in these regions. Besides, Wang et al. reported that the tearing, denoting
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Fig. 8. The comparisons on characteristics of epoxy resin layers in ductile re-
moval mode at the scratching depth of 120 nm.

fiber fracture and exposing other fibers under them, was also one of the
characteristics of brittle fracture removal mode [20]. Compared with
the test without ultrasonic vibration in Fig. 9a, the UVA scratching tests
of CFRPs in Fig. 9b and c showed obviously different deformation
features. The grooves’ widths in UVA scratching tests were larger due to
the up-and-down ultrasonic vibration of the diamond indenter with a
point angle of 100°. The lateral cracks, induced by ultrasonic vibration
in UVA scratching tests, caused the fractured carbon fibers along both
edges of scratching grooves.

Fig. 10 shows the comparisons on the characteristics of epoxy resin
layers in brittle fracture mode at the scratching depth of 4.6 pm under
three different levels of ultrasonic power. It can be seen that each
scratching test shows a clear groove. At both edges of these grooves,
tearing regions (denoting matrix fracture and exposing other matrix
regions under it) and chipping dents were produced. The interaction
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Fig. 9. The comparisons on characteristics of carbon fiber layers in brittle
fracture mode at the scratching depth of 8.1 um.

and propagation among lateral cracks could result in these tearing re-
gions and chipping dents at the groove edges. This case was consistent
with the phenomena reported by Wang et al. [21]. Fig. 10b and ¢ show
the ultrasonic trajectory trace with the distance of 5pm between two
neighboring trajectory trace, which was generated from sinusoidal
motion of diamond indenter due to the multiple cutting cycles of ul-
trasonic vibration. The scratching widths of the grooves in UVA
scratching tests were larger than those without ultrasonic vibration.
The wider scratching grooves in UVA scratching tests were due to the
indenter tip structure with a certain angle of 100°. This case led to a
better machining performance in the UVA scratching tests of CFRPs,
compared to the scratching test without ultrasonic vibration. Moreover,
the actual scratching depths in scratching tests were less than the ex-
pected depths due to the counteraction of CFRPs and synergy between
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carbon fibers and epoxy resin.

3.2. Scratching forces

3.2.1. Scratching forces and material removal modes

The scratching forces (feeding-directional force) in feeding direction
are shown in Fig. 11. It can be seen that the curve of these forces mainly
consisted of the force signals with different levels of fluctuations. Arif
et al. reported that based on the plasticity theory, with the increase of
depth of cut, the scratching forces increased with smaller fluctuations
during the cutting process under ductile removal mode [22]. In this
investigation, the scratching range with ductile removal mode was very
short. All the feeding-directional forces in these areas had smaller
variances. After a certain depth, being called as the critical depth by
Zhang et al. [23], the force signals abruptly increased with significant
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fluctuations, which meant that the material removal mode in those
stages of scratching tests was brittle fracture mode.

Compared with the scratching tests without ultrasonic vibration,
UVA scratching tests of CFRPs generated lower average feeding-direc-
tional force and longer track with ductile removal mode. The first major
reason for the reduction of feeding-directional force in UVA scratching
tests was that the trajectory length of the diamond indenter in UVA
scratching tests was longer than without ultrasonic vibration [24], as
shown in Fig. 4. The second reason was that the intermittent contact,
the smaller chips, and the periodically changed scratching velocity,
being generated from the ultrasonic vibration [25], resulted in the
smaller friction force between the diamond indenter and the workpiece,
leading to the smaller feeding-directional force in UVA scratching tests.

Fig. 12 shows the comparisons of normal forces among scratching
tests under different levels of ultrasonic power. With the increase of
scratching depth, the normal forces were increased in all three
scratching tests. When the scratching depth was smaller than critical
depth, the cutting processes showed ductile removal mode. With this
case, the normal forces increased with smaller fluctuation under all
three different levels of ultrasonic vibration. After the critical depth, the
normal forces had much larger fluctuation, indicating that the material
removal mode was brittle removal mode.

Compared with the average normal force in scratching tests without
ultrasonic vibration, the average normal forces generated in UVA
scratching tests of CFRPs were lower. With the increase of ultrasonic
power, the average normal force was decreased. Moreover, UVA
scratching tests generated normal forces with the changing trends of
ultrasonic vibration, which were also not shown in the feeding-direc-
tional forces in UVA scratching tests. This phenomenon showed that the
ultrasonic vibration induced much direct effects on normal forces. The
major reason for the reduction of normal force in UVA scratching tests
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was discussed as follows. Wang et al. reported that there were no causal
relationships between material removal rate and ultrasonic vibration
amplitude, indicating that material removal rate was not determined by
the ultrasonic vibration amplitude [26]. To keep the removed material
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volume unchanged, the grain indentation depth would be decreased
with the increase of ultrasonic vibration amplitude, leading to the de-
crease of normal force. Other reasons for the reduction of normal forces
will be discussed by analyzing the kinematic trajectory of diamond
indenter in the next section.

3.2.2. Effects of ultrasonic power on scratching forces

The motion of a single abrasive grain was composed of workpiece
feedrate and ultrasonic vibration in the direction of the Z axis. Based on
this motion analysis, the kinematic trajectory model of a single abrasive
grain can be obtained by Eq. (1).

x=ft
z = Asin(27ft) 6))

where f; is the feedrate of workpiece, mm/s; t is the processing time, s;
A is the amplitude of ultrasonic vibration, mm; f is the frequency of
ultrasonic vibration, Hz.

The velocity of a single abrasive grain can be achieved by Eq. (2).

v =f
v, = 27fA cos(27ft) 2)

The trajectory length L of a single abrasive grain in a single cycle
time (T) of ultrasonic vibration can be expressed by following Egs. (3)
and (4).

L= jo‘T (v + v2)de

L= fo T(Jf? + (2nfA cos2aft))?dt

3

4

The average velocity of the diamond indenter can be described as

oL S (2 + afAcos@afo)?)dt
T T

()

Based on Eq. (4), the trajectory length of scratching diamond in-
denter in the UVA scratching test was longer than that without ultra-
sonic vibration within the same time interval. By Eq. (5), the average
velocity of the diamond indenter was higher in UVA scratching tests
than that without ultrasonic vibration under the same processing con-
ditions. The higher average velocity resulted in the smaller simulta-
neous cutting volume under the same MRR. This case resulted in the
decreased scratching forces in UVA scratching tests. With the increase
of ultrasonic power, the amplitude of ultrasonic vibration was in-
creased. The kinematic trajectory length of diamond indenter was in-
creased. To keep the material removal rate MRR unchanged, the
scratching depth was then decreased. Matsumura et al. found that in
surface machining of brittle materials with the diamond tool, the de-
crease of depth of cut caused the decrease of cutting force at the cutting
depth below 100 um [27]. For the same material removal rate, the si-
multaneous cutting volume in UVA scratching tests was also smaller
than that without ultrasonic vibration, due to the higher average ve-
locity in UVA scratching tests. The smaller simultaneous cutting volume
resulted in smaller indentation depth. For the normal force, it was
mainly affected by the indentation depth, and it had the positive re-
lationships with the indentation depth. This was the reason why the
curve of normal force showed the trends of ultrasonic vibration.

3.3. The comparisons on delamination

The effects of ultrasonic power on delamination in the exit sections
of scratching tests are shown in Fig. 13. In scratching tests without
ultrasonic vibration, the area with the push-out materials at the exiting
section was the largest, generating the heaviest delamination. Com-
pared with the scratching tests without ultrasonic vibration, the
scratching test with the ultrasonic power of 40% generated smaller



H. Wang, et al.

delamination, while that with the ultrasonic power of 80% produced
the smallest delamination. The major reason for the reduction of de-
lamination in UVA scratching tests was that the scratching forces in
UVA scratching tests were smaller than those without ultrasonic vi-
bration.

Fig. 14 illustrates the generation model of delamination at the tool
exit. The feeding-directional force and the normal force were generated
when the diamond indenter was cutting the uncut CFRP material. Jia
et al. reported that the uncut carbon fibers of CFRP were squeezed and
pushed towards the tool exit with weak back support, since the bonding
strength between carbon fibers and matrix was much lower than
transverse compressive strength, the transverse shear strength, or the
longitudinal tensile strength [28]. The reason was that in the transverse
direction of CFRPs, the bonding force and the support of last few carbon
fibers were weak, and they determined the constraints of the uncut
CFRP material. As a result, the bonding between carbon fibers and
matrix was forced to reach the ultimate strength value before carbon
fibers were broken, leading to the debonding between carbon fibers and
matrix. Hintze and Hartmann found that for carbon fibers, the attain-
ment of tension stress of carbon fibers or transverse rupture strain or
stress resulted in the breakage of carbon fibers [29]. At the tool exit, the
cutting motion of diamond indenter also caused the deflection of de-
bonded carbon fibers, which decreased the transverse cutting stress at
the interface between the tool and the workpiece. Jia et al. found that
this case could lead to carbon fibers’ small fracture. The deflection of
carbon fibers also caused the concentration of stress under the
scratching groves, leading to the bending fracture of carbon fibers [30].
Moreover, the matrix in the uncut CFRP could be fractured into small
debris, leading to the debonding of carbon fibers in the uncut CFRP and
then the decreased modulus of the uncut CFRP. Such debonding carbon
fibers could not cause the rupture of carbon fibers, which were pressed
under the scratching indenter without being cut after the passing of the
indenter. Due to the above analysis, the delamination was formed at the
tool exit.

4. Conclusions

By conducting the scratching tests, the material removal mechan-
isms were explored, and scratching-induced characteristics and the
scratching forces (feeding-directional forces and normal forces) were
analyzed and discussed. The conclusion can be drawn as follows.

(1) Both carbon fiber layers and epoxy resin matrix layers showed the
ductile removal mode at very low scratching depth and brittle re-
moval mode when scratching depth was larger. In the ductile re-
moval mode, the surface was machined without fracture-induced
damages, such as the cracking, while in the brittle fracture removal
mode, the material was removed with the cracks’ formation and
propagation to the workpiece surfaces and the material removal
performance was improved.

(2) The scratching forces (both the feeding-directional force and the

normal force) in all scratching tests increased with the increase of

scratching depth. When the scratching depth was smaller, the
scratching forces had smaller fluctuation, indicating the material
removal mode was ductile removal mode. When the scratching
depth was larger than critical depth, the scratching forces had
significant fluctuation, showing the characteristics of brittle frac-
ture removal mode. Compared with the scratching tests without
ultrasonic vibration, UVA scratching tests generated normal forces
with the changing trends of ultrasonic vibration, which were also
not shown in the feeding-directional forces in UVA scratching tests.

The characteristics of scratching grooves in UVA scratching tests

were generated by the combined effects of feeding motion and ul-

trasonic vibration. These characteristics included grooves, voids,
fiber pullout, fractured fibers, waves induced by ultrasonic vibra-
tion, etc. By analyzing the generation mechanisms of the
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delamination and the deformation features of scratching exit, the
delamination could be decreased with the increase of ultrasonic
power.
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