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Abstract
Ultrasonic vibration–assisted core drilling has achieved some beneficial results in carbon fiber–reinforced plastics (CFRP) 
hole machining. Among them, longitudinal-torsional ultrasonic-assisted core drilling (LTUACD) shows more significant 
advantages in decreasing cutting force and reducing delamination defects and other aspects compared to longitudinal ultra-
sonic-assisted core drilling (LUACD). However, the reduction mechanism of cutting force and delamination defects in 
LTUACD is still not clear enough. Therefore, this paper researched the machining performance of LTUACD of CFRP. 
Specifically, the cutting force in LTUACD of CFRP is analyzed based on hertz contact theory and indentation depth theory. 
Then, a series of experiments were conducted to verify the analysis. And delamination suppression mechanism was discussed 
from the aspects of surface morphology of hole wall, exit morphology of hole, and bottom surface morphology of blind hole. 
The results show that the cutting force is significantly reduced in LTUACD compared to conventional core drilling (CCD) 
and LUACD due to the additional torsional vibration of tool, which changes the contact state between abrasive grain and 
material. Therefore, the exit delamination is further suppressed. In addition, the adhesion phenomenon of chips on the tool is 
also reduced, which enhances the tool cutting ability to obtain even fiber fracture surfaces and greatly improves hole quality.

Keywords  CFRP · Exit delamination · Longitudinal-torsional ultrasonic-assisted core drilling · Cutting force · Surface 
morphology

1  Introduction

Carbon fiber–reinforced plastics (CFRP) have been exten-
sively applied in aerospace, defense, and medical service 
fields by virtue of outstanding mechanical properties, such 
as high specific strength and superior corrosion resistance 
[1, 2]. Mechanical drilling is commonly adopted during hole 
making processes, for fastening structural assembly. Nev-
ertheless, due to anisotropic and heterogeneous of CFRP, 
delamination and tear defects are prone to appear. These 
defects, especially delamination, reduce fatigue strength and 
lead to rejection of CFRP parts in assembling process [3]. In 
recent years, to restrain delamination, various drills of novel 
geometries have been developed, for instance step drill, saw 
drill, and core drill [4]. Tsao et al. [5] found that because 
thrust force is scattered on periphery, the core drill induced 

slighter delamination compared to twist drill by Taguchi 
analysis. Cadorin et al. [6] pointed out thrust force during 
conventional core drilling (CCD) is significantly smaller 
than that in twist drilling, because of eliminated chisel edge 
effect. However, exclusion of rod chips is difficult in CCD. 
Chip exclusion block results in severe outlet delamination.

To solve chip exclusion issue and reduce delamination, 
longitudinal ultrasonic-assisted core drilling (LUACD), 
which is also called rotary ultrasonic machining (RUM), 
including grinding and vibration machining, an unconven-
tional machining method, has been applied to hole machin-
ing processes. Peel-up delamination, which is typical defect 
in twist drilling, was not generated for LUACD of CFRP 
[7]. Feng et al. [8] experimentally investigated the feasibil-
ity of LUACD of CFRP from the aspect of influences of 
process parameters (rotary speed and feed rate) and vibra-
tion parameter (ultrasonic amplitude) on thrust force and 
surface roughness. The results showed that LUACD of 
CFRP is a high-efficiency and machining quality process. 
Smooth machining surface was generated via high rotary 
speed and low feed rate. Zhang et al. [9] conducted finite 
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element analysis to research delamination development and 
build association of thrust force and delamination thickness 
for LUACD of CFRP. Lv et al. [10] carried out research 
on effects of high-frequency vibration on hole integrity in 
LUACD of CFRP, which reduced thrust force and surface 
roughness by inducing smoothing effects, and developed 
critical conditions of delamination initiation. Ning et al. 
[11] performed single abrasive scratching experiments to 
research material removal mechanism of LUACD of CFRP 
in contrast to CCD, found CFRP is extensively removed by 
brittle removal mode in conventional test, and scratching 
process with additional ultrasonic generates ductile removal 
zone by analyzing geomorphology of scratched groove, 
cross-sectional contour. Wu et al. [3] investigated influences 
of process parameters (feed rate and spindle speed), vibra-
tion parameter (ultrasonic vibration), and backup ways on 
internal delamination on hole wall in CFRP drilling, as well 
as variable feed rate machining strategy. Baraheni et al. [12] 
studied influences of process parameters (cutting speed and 
feed rate), material parameter (thickness), and ultrasonic 
vibration on thrust force and delamination. Then, regres-
sion models were established to predict delamination, and 
results showed that the influence of thickness on delamina-
tion is greatest by statistical evaluation. Thirumalai et al. 
[13] performed experimental study on LUACD of CFRP 
in cryogenic environment. The microscopic images of tool 
wear, burr formation, and hole surface morphology were 
analyzed and examined. Shi et al. [14] carried out research 
on evaluation of surface roughness of LUACD of CFRP by 
adapting a novel evaluation method based on sampling array. 
Li et al. [15] reported chip removal research on LUACD of 
CFRP. The chip removal principle on LUACD of CFRP was 
presented, and the experiment was carried out. The results 
indicated that chip blockage phenomenon was significantly 
improved when vibration amplitude exceeded 5 μm com-
pared with CCD. The sticking chip, blocking rod, thrust 
force, tool wear, and cutting temperature were obviously 
reduced. Amini et al. [16] experimentally investigated thrust 
force and dimensional tolerances including roundness and 
cylindricity in LUACD of CFRP. The results showed that 
thrust force, roundness, and cylindricity reduced by up to 
30%, 80%, and 72%, respectively, compared to conventional 

drilling. Afterwards, vibration is more influential than other 
machining parameters on improvement of hole accuracy. The 
above researches were related to one-dimensional LUACD 
developed on ultrasonic-assisted machining. Though pro-
cessing performance has been enhanced via this process, 
its machining capacity was restricted by extreme conditions 
[17].

With the development of ultrasonic-assisted machining 
technology, two-dimensional vibration has been applied to 
ultrasonic-assisted core drilling by virtue of its excellent per-
formance. Wang et al. [18] conducted experimental study 
on longitudinal-torsional ultrasonic-assisted core drilling 
(LTUACD) of quartz glass. The results demonstrated that 
cutting force was reduced by 55%, hole outlet edge chip-
ping size was reduced by 45% averagely, and the quality of 
hole wall was improved compared to LUACD. Compared to 
conventional drilling, Geng et al. [19] presented an investi-
gation on tool wear mechanism of rotary ultrasonic elliptical 

Fig. 1   LTUACD of CFRP

Fig. 2   Exit delamination of 
CCD of CFRP
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machining (RUEM) of CFRP. The trial results indicated that 
tool life increased by 28% in RUEM than that in conven-
tional drilling, and chip blockage phenomenon was signifi-
cantly improved. Chen et al. [17] performed LTUACD of 
ZrO2 ceramics research. Experimental results showed that 
cutting force and grain wear were significantly reduced, and 
hole surface quality was improved compared to conventional 
machining. Geng et al. [1] observed and analyzed delami-
nation generation during CCD and RUEM of CFRP. The 
experimental results showed that, compared with CCD, hole 
exit delamination was reduced by 5.4 ~ 19.3% at 1/2 plies 
and 0.7 ~ 8.4% at 2/3 plies under feed rate of 0.05 ~ 0.1 mm/r. 
After that, delamination restrain mechanism of RUEM was 
discussed. Liu et al. [20] introduced and analyzed cutting 
force model and chip removal phenomenon in RUEM of 
CFRP. The experimental results demonstrated that com-
pared to conventional drilling, chip evacuation capacity and 
tool service life were improved, cutting force was reduced, 
and delamination at hole exit was prevented. Geng et al. 
[21] conducted research on cutting temperature in RUEM 
and CCD. The reasons of temperature decrement and chip 
sticking restrain of RUEM were discussed. The experimen-
tal outcomes demonstrated that in contrast to CCD, RUEM 
decreased temperature by 18.8% and 13.1% with feed rate of 
0.075 and 0.15 mm/r, respectively. In addition, better micro-
structure was obtained in RUEM.

Though research on LTUACD of brittle materials has 
been conducted in recent years, there are few researches on 
machining performance in LTUACD of CFRP. In particular, 

the research on reduction mechanism of cutting force and 
delamination defects in LTUACD of CFRP has not been 
found. Therefore, this paper analyzed the cutting force in 
LTUACD of CFRP in theory. Then, a series of trails were 
conducted to verify the analysis. Moreover, influences of 
fiber orientation on delamination generation were men-
tioned. Finally, delamination suppression mechanism was 
revealed from the aspects of surface morphology of hole 
wall, exit morphology of hole, and bottom surface morphol-
ogy of blind hole.

2 � Cutting force analysis in LTUACD of CFRP

The schematic diagram of LTUACD of CFRP is shown in 
Fig. 1. The delamination of CFRP in CCD is illustrated in 
Fig. 2; as twist drilling of CFRP, the cutting force is a signif-
icant factor which affects initiation of delamination. There-
fore, it is meaningful for suppressing delamination defects 
of CFRP to reduce cutting force of tools.

Micromechanics analysis is used to represent the hetero-
geneous CFRP workpiece as an equivalent homogeneous 
material [22], as shown in Fig. 3. The action of grain on 
workpiece is same as Vickers indenter in CCD of CFRP, as 
shown in Fig. 4 (a). Combining Hertz contact theory, the 
indentation depth is relatively small when abrasive starts to 
contact the surface of the workpiece. Then, the material is 
scratched and deformed, and the plastic deformation region 
generates. The region would enlarge with movement of 
abrasive grain and increase of indentation depth. The radial 
crack generates when indentation depth is maximum. Fur-
thermore, due to internal tensile stress of material, the lateral 
crack generates and propagates to the surface of the work-
piece, and the material is removed in brittle fracture mode. 
The cracks initiate and propagate with movement of abrasive 
grain, which leads to the formation of chip at macro scale.

According to Cong’s research result [22], the cutting 
force Fl of rotary ultrasonic machining (which is also called 
longitudinal ultrasonic-assisted core drilling) of CFRP can 
be obtained from the following equation:

Fig. 3   CFRP micromechanics analysis [22]

Fig. 4   Interaction of abrasive 
grain and material: (a) CCD, 
(b) LUACD and LTUACD
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In this paper, the accomplished longitudinal-torsional 
ultrasonic vibration is synchronous vibration. When the 
tool is exerted longitudinal-torsional ultrasonic vibration, 
the contact time of abrasive grain and workpiece during a 
vibration cycle is demonstrated in Fig. 4 (b).

where � marks unloading effect of torsional vibration when 
abrasive grain is pulled out from material [18].

Owing to additional ultrasonic vibration of tool, the con-
tact of abrasive grain and workpiece becomes separated 
intermittent impulse contact. The effective cutting length 
of abrasive grain exerted longitudinal-torsional ultrasonic 
vibration in a vibration cycle:
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The applied fracture toughness of CFRP is dynamic frac-
ture toughness KID , based on literature [23], KID = 0.3KIC 
and the number of abrasive grains participating in the 
machining process N1 = ��d1N according to literature [24].

Apply Cong’s calculation approach, and by simplifying 
the calculation, the cutting force of longitudinal-torsional 
ultrasonic-assisted core drilling of CFRP is

where vf , f , T , Do , Di , At , n, and Al are feed speed, vibration 
frequency, vibration cycle, outside diameter, inside diameter, 
torsional amplitude, rotation speed, and longitudinal ampli-
tude of tool, respectively; E,Hv , and � are elastic modulus, 
Vickers hardness, and Poisson ratio of CFRP, respectively; 
� , d1 , C , � , and d are apical angle, diagonal length, con-
centration, density, and edge length of abrasive grain; � is 
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Fig. 5   Cutting force 
with regard to a fre-
quency at n = 3500r∕min , 
vf = 10mm∕min , Al = 3μm 
et al. b Longitudinal ultrasonic 
amplitude at n = 3500r∕min , 
vf=10 mm/min , f = 35kHz 
et al. in LTUACD and LUACD 
of CFRP

Table 1   Properties of CFRP

Properties Unit Value

Density g/cm3 1.6
Longitudinal elasticity modulus GPa 132
Transverse elasticity modulus GPa 11
Carbon fiber volume fraction % 67
Carbon fiber – T700
Epoxy – 69A
Dimension mm 240 × 120 × 5
Poisson ratio – 0.29
Shear modulus GPa 5.2
Tensile strength MPa 2179
Compression strength MPa 168

Table 2   Parameters of core drill

Parameters Unit Value

Outer diameter mm 8
Inner diameter mm 7
Mesh size no 60–70
Abrasive grain concentration % 100
Abrasive grain size μm 0.25
length mm 50
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coefficient that denotes influence of torsional vibration on 
machining process with 0.5 < 𝜆 < 1; � is ratio of uncovered 
abrasive grains; � is ratio of max exposed height to diameter 
of abrasive grain.

Figure 5 presents influence of frequency and amplitude on 
cutting force for LTUACD and LUACD of CFRP under fol-
lowing conditions: vf = 10mm∕min, f = 35kHz,Do = 8mm, 
Di = 7mm,At = 1.5μm, n = 3500r∕min , Al = 3μm, �cf = 0.3, 
�m = 0.4, Vf = 67%, Vm = 33%, Ef = 230GPa, Em = 4.5GPa, 
Hv = 0.6GPa,  Gf = 2J∕m2,  Gm = 500J∕m2,  � = 90

◦

, 
� = 26%, � = 0.33,  d1 = 0.25μm,  � = 0.8,C = 100%, 
d = 0.17μm, � = 3.52 × 10

−3g∕mm3 . From above, it can be 
seen that cutting force of tool is significantly reduced within 
a certain range in LTUACD of CFRP. Besides, compared to 
LUACD, the cutting force of tool in LTUACD of CFRP is 

further reduced. Therefore, the process can reduce generation 
of delamination defects.

3 � Experimental conditions and methods

3.1 � tool and workpiece

The workpiece used in trials is unidirectional CFRP lami-
nated, material properties are listed in Table 1, and some 
of them were calculated by micromechanical analysis. The 
employed tool is electroplated diamond core drill (Zheng-
zhou Research Institute for Abrasive and Grinding, China) 
with detailed specifications listed in Table 2.

Fig. 6   Experimental set-up: a 
schematic diagram and b trial 
site
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3.2 � Experimental apparatus and set‑up

The experiments were performed on a CNC machine 
center (VMC-850E, Shenyang Machine Tool Works, 
China), equipped with ultrasonic vibration devices. The 
configuration of experimental set-up is schematically 
illustrated in Fig. 6. The longitudinal-torsional coupled 
vibration was fulfilled by adding helical flutes on horn, 
and amplitude ratio of torsional to longitudinal is 0.52.

The contrast experiments of CCD, LUACD, and 
LTUACD were performed to evaluate processing per-
formance. Owing to restriction of experimental set-up, 
ultrasonic power was fixed, while spindle speed, feed rate, 
and ultrasonic amplitude varied. Every experiment was 
repeated three times, and average value was used as final 
result. The specifications of experimental conditions are 
presented in Table 3, and amplitude in table is longitudinal 
amplitude, emphasizing that two CFRP laminates were 
machining at the same time and the underlying CFRP plate 
was playing a role in supporting. Besides, the trails were 
conducted without any coolant. Moderate spindle rota-
tional speed and low feed rate were selected for experi-
ments [20].

3.3 � Measurement procedures

In the machining process, a three-way piezoelectric ceramic 
dynamometer (KISTLER-9257B) was used to measure cut-
ting force. Original cutting force contained direct current 
(mean cutting force) and ultrasonic frequency sinusoid 
alternating current components. Because nature frequency 
of dynamometer is much lower than ultrasonic vibration 
frequency, it is unable to sample high-frequency sinusoid 
alternating current constituent of original cutting force. In 
contrast, cutting force mean value is unrelated to above-
mentioned. Therefore, cutting force mean value was used to 
evaluate processing performance. The surface morphology 
of hole wall was observed by scanning electron microscope 
(SEM). The hole exit delamination and the bottom surface 
morphology of blind hole of CFRP were viewed by super 
depth of field microscope. Specifically, two-dimensional 
delamination factor Fa is employed to assess exit [25], as 
shown in Fig. 7:

where Ad is area of concentric circle of hole including 
delamination defects; An is nominal area of hole.

(5)Fa =
Ad − An

An

4 � Results and discussion

4.1 � Cutting force

Figure 8 presents the influence of processing parameters on 
cutting force in CCD, LUACD, and LTUACD of CFRP. The 
cutting force reduction ratio is used to evaluate the process-
ing performance. It is observed that in Fig. 8a, compared to 
CCD, cutting force is reduced by 15.7 ~ 23.1% in LUACD 
and 38.1 ~ 69.7% in LTUACD. Compared with LUACD, 
cutting force is reduced by 26.6 ~ 62.3% in LTUACD. In 
Fig. 8b, compared to CCD, cutting force is reduced by 
9.1 ~ 22.3% in LUACD and 18.8 ~ 43.8% in LTUACD. Com-
pared with LUACD, cutting force is reduced by 9.3 ~ 27.6% 
in LTUACD. In Fig. 8c, compared with LUACD, cutting 
force is reduced by 7.7 ~ 27.5% in LTUACD. The cutting 
force decrease of LTUACD is because of the intermittent 
cutting phenomenon. In addition, the attached torsional 
vibration reduces the contact time of abrasive grain and 

Table 3   Experimental conditions

Variables Unit Value

Spindle speed r/min 2000, 2500, 3000, 3500
Feed rate mm/min 10, 13, 16, 19
Ultrasonic amplitude μm 0, 1, 2, 3

Fig. 7   Evaluation method
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material, which further enhances the intermittent cutting 
phenomenon. Moreover, the increasing cutting force has 
harmful influence on keeping validity and stability of ultra-
sonic machining [26]. The higher the spindle speed and the 
lower the feed rate, the more contact time of abrasive grain 
and material, the more obvious the effect of intermittent cut-
ting, which reduces the cutting force. The larger the ampli-
tude, the more obvious the effect of impact is, which will 
increase cutting force to a certain extent. This weakens the 
effect of torsional vibration and affects the stability of ultra-
sonic vibration. Furthermore, the advantage of ultrasonic 

vibration is weakened, which results in the increase of cut-
ting force. Based on the delamination generation mecha-
nism, exit delamination shows direct relationship with 
cutting force. Therefore, this proves that the cutting force 
decrease of LTUACD could reduce exit delamination.

4.2 � Exit delamination

On the one hand, the generation of hole outlet delamina-
tion is because of the push out effect of thrust force. On the 
other hand, it is because of the tear shearing effect of rod 

Fig. 8   Cutting force with 
regard to a spindle speed at 
vf = 10mm∕min , A = 1μm ; 
b feed rate at n = 4000r∕min , 
A = 1μm ; c ultrasonic 
amplitude at n = 4000r∕min , 
vf = 10mm∕min in CCD, 
LUACD, and LTUACD

Fig. 9   CFRP exit morphology 
of with/without support in CCD
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chip. Because of the poor back-up, when the tool is penetrat-
ing CFRP panel, the at-the-end uncut layer is pushed. And 
when the remained fibers are cut off, the rod chip, which is 
located in the interior of the core drill, begins to revolve; 
therefore, fiber tear and delamination appeared. The gen-
eration of outlet delamination is primarily induced by two 

types of cracks. One is mode I (opening) cracks, which is 
triggered by vertical stress. The other is mode III (tearing 
shear) cracks, which is triggered by out-plane shear stress, as 
shown in Fig. 2. With the reduction of panel thickness, when 
the tool penetrates the workpiece, the uncut layers are more 
easily deformed. Ultimately, the push out delamination, 

Fig. 10   CFRP exit morphology in CCD, LUACD and LTUACD

Fig. 11   CFRP exit morphol-
ogy with spindle speed at 
vf = 10mm∕min , A = 1μm in 
CCD, LUACD, and LTUACD
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which is triggered by mode I cracks, generates when stress 
is larger than the bonding strength of the material. The shear 
delamination is appeared because of mode III cracks when 
rod chip tears the remaining fibers. It needs to be mentioned 
that mode III cracks are more common compared to mode I 
cracks when the hole finishes machining.

The hole outlet morphologies of CFRP holes in different 
processing methods are presented in Fig. 10. Due to the use 
of backup support, the hole exit delamination is significantly 
reduced, as shown in Fig. 9. Due to the anisotropy of CFRP, 
the delamination represented obvious directional character-
istics. From Fig. 10, it is found that the delamination around 
135° fiber orientation angle is more severe. When fiber cut-
ting angle is blunt angle, fibers suffer bend load because 
of protrusion of abrasive grain. When thrust force exceeds 
fiber resin bond strength, tearing action extracts carbon fib-
ers from resin, and the fiber separates from the matrix. Lack-
ing the restriction of resin, the fiber is hard to cut off and is 
pushed during subsequent machining, leading to delamina-
tion. When the fiber orientation angle is acute angle, the 
fibers suffer shear load owing to shear of abrasive, which 
can be cut off easily. Therefore, the generated delamination 

is relatively small. Besides, compared to CCD and LUACD, 
the exit delamination of LTUACD is further improved. This 
is attributed to additional torsional vibration of tool, and 
the chips separate from the tool and conduce to lesser chip 
adhesion of tool and tool workpiece friction.

CFRP hole exit morphology at different processing 
parameters of three processing ways is displayed in Figs. 11, 
12, and 13. Figure 14 shows the delamination factor of hole 
exit delamination regarding processing parameters in CCD, 
LUACD, and LTUACD of CFRP. Delamination factor reduc-
tion ratio is employed to assess processing performance. It is 
observed that in Fig. 14a, compared to CCD, delamination 
factor is reduced by 39.1 ~ 50% in LUACD and 47.8 ~ 67.6% 
in LTUACD. Compared with LUACD, delamination factor 
is reduced by 10.3 ~ 42.9% in LTUACD. In Fig. 14b, com-
pared to CCD, delamination factor is reduced by 5.6 ~ 15.2% 
in LUACD and 16.7 ~ 36.9% in LTUACD. Compared with 
LUACD, delamination factor is reduced by 8.7 ~ 25.6% in 
LTUACD. In Fig. 14c, compared with LUACD, delami-
nation factor is reduced by 8.7 ~ 20% in LTUACD. From 
Fig. 14, it could be seen that the influence on delamination 
factor of feed rate is more significant than spindle speed, 

Fig. 12   CFRP exit morphology with feed rate at n = 3000r∕min , A = 1μm in CCD, LUACD, and LTUACD
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which is consistent with finds of twist drilling [27, 28]. The 
delamination reduction in LTUACD can be attributed to the 
ultrasonic self-cleaning function. Due to the additional tor-
sional vibration of tool, chips are easier to separate from 
tool and conduce to lesser tool chip adhesion, which keeps 
the sharpness of tool. This is beneficial to fiber fracture 
and reduces tearing shear effect of rod chip. Besides, the 
effects of ultrasonic vibration on interactive extrusion load 
of tool end face and machined surface conduced to visible 
decrement of cutting force, hence reducing exit delamina-
tion. According to the above, it can be concluded that the 
LTUACD process could obtain higher machining efficiency 
relative to CCD and LUACD.

4.3 � Bottom surface morphology of blind hole

Figure 15 presents the bottom surface morphology of blind 
holes in CCD, LUACD, and LTUACD. From the graph, 
it can be seen that the fractured fibers in the CCD are 

needle-shaped, while in LUACD, the volume of fractured 
fibers is reduced because of influence of high-frequency 
vibration. Furthermore, in LTUACD, fractured fibers present 
rice-shaped, whose volume becomes smaller. This is attrib-
uted to the additional torsional vibration of tool. From above, 
it can be concluded that the differences of bottom surface 
morphology are relevant to the material removal mechanism 
of three processing methods. In CCD, because the material 
is in contact with the tool all the time, the tool removed the 
material via extrusion action of grain. For LUACD, due to 
the intermittent cutting characteristic, the material is mainly 
removed by the effect of impact of ultrasonic vibration. This 
accelerates fiber fracture and reduces the volume of frac-
tured fibers. In LTUACD, owing to the additional torsional 
vibration of the tool, in circumferential direction, the contact 
of abrasive grain and material becomes intermittent contact. 
Except for the shear action of abrasive grain to material, the 
effect of impact of vibration further accelerates fiber fracture 
and reduces the volume of fractured fibers, which is helpful 
for improving material removal efficiency.

Fig. 13   CFRP exit morphology with ultrasonic amplitude at n = 3000r∕min , vf = 10mm∕min in LUACD, and LTUACD
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4.4 � Surface morphology of hole wall

To further verify the above analysis, the microstructures of 
machined hole surface at different fiber cutting angles in 
CCD, LUACD, and LTUACD were observed with SEM, as 
shown in Figs. 16 and 17. The fiber cutting angle θ, which 
is the angle of cutting direction and fiber orientation in 
clockwise direction, is considered a vital item influencing 
machining quality of workpiece. Therefore, the microscopic 
morphologies of four angles of material (θ = 0°, 45°, 90°, 
135°) are chosen to contrast. It can be found that in CCD, 

the surface of hole wall is relatively rough. In contrast, the 
surface integrity is obviously improved in LTUACD, and 
the surface is smooth, and no obvious machining defects. 
At θ = 0° location, the interface de-adhesion of the fibers 
and resins caused massive fiber pullouts, cracks in the fib-
ers, and fiber expositions in CCD. In LTUACD, the num-
bers of fiber pullouts and cracks in fibers are significantly 
reduced. At θ = 45° location in CCD, noticeable microchips 
generated because of fibers fracture were discovered. In the 
deteriorated resins, noticeable fractured fibers were dis-
covered. In LTUACD, the chipping dimensions are much 

Fig. 14   Delamination factor 
with regard to a spindle speed 
at vf = 10mm∕min , A = 1μm ; 
b feed rate at n = 4000r∕min , 
A = 1μm ; c ultrasonic 
amplitude at n = 2500r∕min , 
vf = 10mm∕min in CCD, 
LUACD, and LTUACD

Fig. 15   Bottom surface mor-
phology of blind holes
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smaller, and the numbers of broken fibers are reduced. At 
θ = 90° location in CCD, detectable surface damage (resins 
degradation) occurred due to thermal effects, which results 
in the smearing of resins on fibers. Voids or grooves were 
found due to fiber/matrix pullouts. In LTUACD, the phe-
nomenon of matrix degradation and the numbers of voids 
are significantly reduced. The fracture surfaces of fibers are 
flat. Besides, lots of remained uncut fiber chips were discov-
ered with θ = 135° location in CCD; the phenomenon dem-
onstrated fibers suffered serious bending prior to rupture. 
The concavo-convex fracture surfaces of fibers occurred. 
In LTUACD, the fracture surfaces of fibers are relatively 
flat, which indicates that the mechanism of fiber fracture 
becomes shear fracture due to the superimposition of ultra-
sonic vibration, especially the additional torsional vibration.

According to the aforementioned results and figures, it 
is obvious that shear fracture is a major fracture mode of 
fiber for LTUACD; however, the bending fracture is a major 
fracture mode of fiber for CCD. The findings of CCD are 

ascribed to terrible chip evacuation situation, awful tool 
cutting ability, high cutting heat, and serious chip sticking 
of tool. Because of constant contact of tool and material, 
the inferior heat conduction is occurred. This leads to that 
abrasives are covered by sticking chip with ease. This will 
seriously influence tool cutting capability and then thrust 
force increases. Furthermore, this results in a great number 
of chips engaged in the machining process of CFRP, which 
increases friction of tool and material, so as to give rise 
to unstable machining process and increase cutting heat. 
Hence, the fibers are quite difficult to be cut off because of 
increasing cutting heat. Then, terrible machining surfaces 
generate. And the matrix damages are also easily occurred. 
The findings in LTUACD are because the machining pro-
cess becomes separated cutting state because of additional 
ultrasonic; chips are difficult to stick on tool because of 
high-frequency vibration, and machining surface becomes 
smoother because of reciprocating scratches of abrasives. 
The ultrasonic self-cleaning function reduces the chip 

Fig. 16   Surface morphologies of hole wall at fiber cutting angle of 0° and 135° in CCD, LUACD, and LTUACD (n = 3000 r/min, vf = 10 mm/
min, A = 1 μm)
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adhesion and maintains the tool cutting ability. At the same 
time, the static cutting process of CCD is changed and chip 
evacuation conditions are improved because the machining 
process becomes separated cutting state because of addi-
tional ultrasonic, which enhances tool sharpness and cutting 
ability to easily cut off fibers. This accelerates fiber fracture 
and obtains more flat fiber fracture surfaces (Fig. 17).

5 � Conclusions

In this paper, the machining performance of LTUACD of 
CFRP is analyzed from the aspect of cutting force. And 
the exit delamination reduction mechanism of LTUACD 
of CFRP is discussed. Then, a series of experiments were 
conducted to verify the analysis. Main conclusions are as 
follows:

1.	  The cutting force is significantly reduced in LTUACD 
of CFRP compared to CCD and LUACD. Specifically, 
due to the effect of intermittent cutting of ultrasonic 
vibration, the static cutting process of CCD is changed, 
and the contact time of abrasive grain and material is 
reduced, which results in the reduction of cutting force 
in LTUACD and LUACD compared to CCD. Moreover, 
due to the addition of torsional vibration on the tool, the 
contact time is further reduced and tool-workpiece fric-
tion is also reduced, which further reduces the cutting 
force in LTUACD compared to LUACD.

2.	  Compared to CCD and LUACD, the exit delamination 
of CFRP in LTUACD is smallest. This can be attrib-
uted to the ultrasonic self-cleaning function. Due to the 
additional torsional vibration of tool, chips are easier to 
separate from tool and conduce to lesser tool chip adhe-
sion, which keeps the sharpness of tool and enhances the 
tool cutting ability. This is beneficial to fiber fracture and 
reduces tearing shear effect of rod chip.

Fig. 17   Surface morphologies of hole wall at fiber cutting angle of 45° and 90° in CCD, LUACD, and LTUACD (n = 3000 r/min, vf = 10 mm/
min, A = 1 μm)
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3.	  The volume of fractured fibers in LTUACD is small-
est under the three processing methods (CCD, LUACD, 
and LTUACD). The main reason is that in circumferen-
tial direction, the contact of abrasive grain and material 
becomes intermittent contact with the additional tor-
sional vibration of tool in LTUACD. Then, chip evacu-
ation conditions are improved because of separated cut-
ting characteristic of additional ultrasonic. Except for 
the shear action of abrasive grain to material, the effect 
of impact of vibration further accelerates fiber fracture 
and reduces the volume of fractured fibers. Then, this 
process obtains more flat fiber fracture surfaces.

4.	  The tool cutting ability is enhanced, fiber fracture sur-
faces are flatter, matrix damage is reduced, and hole 
surface integrity is better in LTUACD compared with 
CCD and LUACD because the machining process 
becomes separated cutting state because of additional 
ultrasonic; chips are difficult to stick on tool because 
of high-frequency vibration, and machining surface 
becomes smoother because of reciprocating scratches of 
abrasives with the addition of torsional vibration on the 
tool. Therefore, the machining performance of LTUACD 
is enhanced.
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