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Abstract
With a view to reducing the springback and twist of PEEK during the incremental forming process, the
ultrasonic vibration is introduced into polymer thermal SPIF. In this study, the effects of temperature and
ultrasonic vibration on twist and springback of formed parts are investigated. Several modi�ed tool
trajectories are developed, and the in�uence of tool trajectory on twist and springback are also studied.
Finally, the microstructures of PEEK parts are analyzed by XRD. The results show that the increase of
temperature is helpful to reduce the twist and springback. The ultrasonic vibration is bene�cial to the
improvement of geometric accuracy, while the side wall bulge aggravates at 140 ℃ after the ultrasonic
vibration is applied. The optimized tool trajectory can effectively eliminate twist and reduce the
springback of PEEK parts. The XRD result shows that the ultrasonic vibration is helpful to increase the
molecular chain orientation, improve crystallinity and re�ne crystallite at 60 ℃ and 100 ℃. However, the
opposite trend occurs at 140 ℃ due to the disorientation effect of molecular chain.

1. Introduction
Poly-ether-ether-ketone (PEEK) is a kind of special thermoplastic with outstanding properties. PEEK and
its composites are increasingly used as customized implants for trauma and cancer or post-infection
cranioplasty due to their excellent biocompatibility, stable chemical properties, X-ray penetration and
temperature insensitivity. Because of the complexity and particularity of arti�cial skull in cranioplasty,
personalized customization is often required. Nowadays, the main manufacturing method of PEEK skull
material is 3D printing and NC milling. Compared with traditional manufacturing technology, 3D printing
technology can not only shorten the production cycle and save the production cost, but also achieve high
accuracy. However, because the melting temperature of PEEK is as high as 340 ℃, which leads to higher
requirements for heating temperature and nozzle design of 3D printer [1]. Traditional CNC milling has
high dimensional accuracy. Due to the complex curved surface of actual skull, this method is particularly
wasteful of materials and leads to the low utilization rate. Therefore, It is urgent to �nd a more
economical and applicable method to produce arti�cial PEEK cranial implants.

Recently, some scholars have started to try the single-point incremental forming process (SPIF) to
manufacture the cranial implants and prostheses [2–4]. The SPIF process is one of the emerging
manufacturing methods because of its �exibility in producing the desired complex shapes with higher
formability at low-cost compared to traditional sheet forming methods [5]. Therefore, the SPIF process
has very attractive application prospects in small batch production and prototyping in the biomedical
sector [6]. According to the characteristics of complex shape, large curvature change and high repair
accuracy of actual skull, the SPIF is especially suitable for the manufacture of PEEK cranial implants.

In the study of polymer incremental forming, it is found that the two main defects that have the greatest
impact on the forming accuracy of parts are springback and twist [7, 8]. Therefore, it is of great
signi�cance to control the twist and springback in the forming process. Ambrogio et al. [9] studied the
thermal incremental forming process of thermoplastic and proved that SPIF process is also feasible for
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thermoplastic. Yang et al. [10] investigated the effects of heating temperature and step depth on the
forming force, geometric accuracy and twist of PEEK SPIF parts. In recent years, some scholars have
introduced ultrasonic vibration into the �eld of plastic forming of metals. It is found that applying
ultrasonic vibration with a certain amplitude and frequency can improve the friction conditions [11],
reduce the forming force [12], decrease the amount of springback [13], and improve the geometric
accuracy and forming quality of forming parts. However, the effect of ultrasonic vibration on twist and
springback of polymer SPIF has not been reported.

PEEK is a semi-crystalline polymer. Its microstructure is divided into crystalline and amorphous region,
which is mainly composed of stacked lamellar structure and amorphous molecular chains entangled
between lamellae. The co-existence of crystalline and amorphous region makes the polymer both rigid
and ductile. However, the structural evolution caused by the forming process will change the mechanical
properties of polymers, so it is very important to explore the structural evolution during the deformation
process. Davarpanah et al. [14] noticed the deformation-induced chain reorientation in the thermoplastic
polymer SPIF process. Hata et al. [15] evaluated the in�uence of molecular chain deformation behavior
on mechanical properties of PLLA and found that the elongation and angle change of molecular chain
had a large in�uence on stress. Wei et al. [16] analyzed the tensile properties and structure of polymer
after ISF and found that with the increase of strain, the crystallinity of the material decreased. In terms of
metal SPIF, Lu et al. [17] found that the application of low-frequency vibration in SPIF at room
temperature could signi�cantly re�ne the grain of magnesium alloy (AZ31) sheet. Sakhtemanian et al.
[18] reported that ultrasonic vibration reduced the friction coe�cient and re�ned grains of St/Ti bimetal
plate in the SPIF. Nonetheless, the effect of ultrasonic vibration on the microstructure of polymer SPIF
process is still remain unknown.

In this work, ultrasonic vibration is introduced into polymer thermal SPIF process. By taking the typical
pyramid frustum as example, the effects of temperature and amplitude on the springback and twist of
PEEK parts are analyzed. Then, the tool trajectory is optimized to study its effect on twist and springback
reduction. Lastly, the effects of temperature and ultrasonic vibration on the microstructure are also
analyzed by XRD.

2. Experiment Details

2.1 Experiment setup
The experimental platform of this study is built on a 3-axis Computer Numerical Control (CNC) milling
machine, which equipped with heating workspace and ultrasonic vibration device. As shown in Fig. 1(a),
the experimental setup is mainly composed of four parts: working platform, electric heating system,
temperature monitoring and control system, and ultrasonic vibration device. The working platform is �xed
on the CNC milling machine and consists of supporting structure, blank holder plate and quick �xture
(Fig. 1(b)). It is mainly used for supporting and clamping the polymer sheet. The electric heating system
is mainly composed of four carbon �ber electric heating tubes. The electric heating tubes are connected
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with the PID temperature controller, and evenly arranged inside the workspace to heat the sheet through
heat radiation. The temperature monitoring and control system is mainly composed of infrared
thermometer and IR camera. The infrared thermometer is connected with the PID temperature controller,
and feedback signal to the PID controller to control the sheet forming temperature. The IR camera is used
to record the temperature distribution during the SPIF process (see Ref. Liao et al. [19] for complete
details).

The ultrasonic vibration device primarily consists of ultrasonic generator, transducer, amplitude ampli�er,
forming tool head and cooling water circulation device. The ultrasonic generator generates high-
frequency current signal, and the electrical energy is converted into mechanical vibration through the
transducer. The vibration is transmitted to the forming tool head through an amplitude ampli�er. The
frequency of ultrasonic vibration is 20 kHz and the amplitude is adjustable in the range of 0 ~ 20 µm. The
cooling water circulation device is used to cool the transducer during the forming process to prevent the
transducer from being damaged by excessive temperature.

2.2 Material and experiments
In this work, PEEK sheets with a thickness of 3 mm are employed. The PEEK sheet is cut into rectangular
sheets with a size of 200×200 mm by using a shearing machine. In order to study the thermal mechanical
properties of PEEK, the Shimadzu AG-Xplus universal testing machine with a thermostatic chamber is
used for the tensile test. The tensile specimens refer to ISO 527 standard. The experimental temperatures
are set as 60 ℃, 100 ℃ and 140 ℃ respectively, and the tensile speed is 50 mm/min. To ensure
temperature uniformity of the specimen, the temperature of the thermostatic chamber was maintained for
20–30 minutes after reaching the target temperature. The results are presented in Fig. 2(a). It can be
observed that with the increase of temperature, the elasticity modulus E and yield stresss σY of the
material show a decreasing trend, and the plasticity of the material is improved obviously.

The glass transition temperature (Tg) of PEEK is 143 ℃. To prevent thermal deformation caused by
excessive temperature, the polymer sheets are heated to a temperature slightly lower than Tg. Then the
sheets are deformed by UV-assisted thermal SPIF under different amplitudes. The target shape of the
forming part is shown in Fig. 2(b). As shown in Fig. 2(c), the unidirectional contour trajectory (UCT) is
adopted in the experiment. The diameter of ultrasonic vibration tool head is 10 mm. The step depth is 0.5
mm, and the feed speed is 1000 mm/min.

First, a series of experiments at different temperatures (60 ℃, 100 ℃, and 140 ℃) and ultrasonic
amplitudes (0 µm, 10 µm, and 20 µm) are conducted to study the effects of temperature and ultrasonic
vibration on the twist and springback in PEEK thermal SPIF process. Secondly, four different modi�ed
tool trajectories are developed based on the original trajectory (UCT). Ultrasonic assisted thermal SPIF
experiments with different trajectories are also conducted to explore the in�uence of different trajectories
on the twist and springback of PEEK parts. The molybdenum disul�de high temperature grease is used
for lubrication in the forming process.
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2.3 Measurement and evaluation methods
Twist angle φ is one of the key factors to evaluate the geometric accuracy of polymer. Because the tool
trajectory is unidirectional, the material �ows and accumulates along the path, resulting in twisting [20].
In order to quantitatively measure the twisting caused by the SPIF process, a cross line is marked on the
polymer sheet before forming. The twist angle of the part can be obtained by measuring the de�ection
angle of the cross line after forming, as shown in Fig. 3(a).

Springback is a common defect in thermal SPIF process due to the sheet bending effect. In order to
comprehensively analyze the springback of parts after forming, the springback is mainly divided into
three regions for quantitative measurement, as shown in Fig. 3(b): the springback angle θ1, the
springback angle θ2 and the curl radius ρ of the side wall. The three-dimensional (3D) surface scanning
device is used to obtain the cross section contour curve of the forming part. Finally, θ1, θ2 and ρ were
measured by CAD.

X-ray diffraction (XRD) technology is a method to obtain the internal structure of materials by analyzing
the diffraction patterns. In this work, XRD is used to analyze the molecular chain orientation, crystallinity
and crystallite size of polymer. During the SPIF process, the ultrasonic vibration tool head mainly acts on
the side wall of the part, so the material at side wall is selected as the observation object. For the XRD
analysis, a rectangular sample is taken from the wall of the square pyramid parts, as shown in Fig. 4.

3. Results And Discussion

3.1 Effects of temperature and amplitude on twist and
springback
The deformed parts at different temperatures and ultrasonic amplitudes are compared in the Fig. 5. It can
be observed that the formed parts have different degrees of twist under the unidirectional trajectory. The
twist angle φ and springback angle θ1, θ2, sidewall curl ρ of the formed parts are summarized in Table 1.
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Table 1
The values of twist angle φ and θ1, θ2, ρ.

T/(℃) A/(µm) Twist angle φ/(°) θ1/(°) θ2/(°) ρ/(mm)

60 0 8.8 149.7 132.8 86.8

10 8.0 148.9 133.8 107.2

20 7.2 148.5 133.8 105.5

100 0 9.7 144.8 131.8 83.2

10 9.1 144.3 132.5 93.4

20 8.1 142.6 132.3 92.9

140 0 6.2 140.2 136.0 76.2

10 5.4 138.1 135.3 52.0

20 4.8 137.3 135.1 63.3

3.1.1 Twist
As shown in Fig. 6, with the increase of forming temperature, the twist angle φ of PEEK parts increases
slightly and then decreases signi�cantly near Tg. When the temperature begins to rise, the contact friction
coe�cient between sheets and tool head increases. The increase of tangential force aggravates the twist.
However, when the temperature is close to Tg, the softening effect of polymer is more obvious. At this
time, the softening effect of material exceeds the effect of increasing friction coe�cient. The polymer
softening signi�cantly reduces the forming force, so as to reduce the tangent force driven by tool head
along the tool trajectory, thus reducing the twist angle. By increasing the temperature, the reduction rate
of φ reaches 33%.

In order to verify the increase of temperature reduces the tangential force, the scratches on the inner
surface of parts are observed. Figure 7 shows the scratches on the inner surface of the formed part at
different temperatures caused by the interaction of tool head. Figure 7 (b,c) shows that there are sharp
scratches on the inner surface of PEEK parts at the forming temperatures of 60 ℃ and 100 ℃, and the
scratches are obviously alleviated at 140 ℃ (Fig. 7 (d)). It also indicates that the tangential force
between the tool head and the sheet is reduced with the increase of temperature.

According to the comparative experimental results at different amplitudes as shown in Fig. 6, the
application of ultrasonic vibration can reduce the twist angle φ of polymer, and the twist angle decreases
gradually with the increase of amplitude. The maximum reduction rate of φ reaches 23% under the
ultrasonic vibration effect. This phenomenon may be due to the periodic discontinuous contact between
the tool head and part surface caused by ultrasonic vibration. It reduces the friction and tangential force,
resulting in the reduction of twist angle.
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3.1.2 Springback
Springback is another major problem of low geometric accuracy in polymer SPIF. The springback mainly
includes the continuous local springback around the tool and the global springback after the release of
the tool and �xture. The spingback of parts are mainly re�ected in the blank holder area, bottom area and
side wall. In order to more intuitively compare the effects of ultrasonic vibration and amplitude on
springback, the θ1, θ2 and ρ values are summarized and compared in Fig. 8.

Figure 8(a) shows that the springback angle θ1 and θ2 are closer to the target value with the increase of
temperature, indicating that the increase of temperature can improve the geometric accuracy of the blank
holder area and bottom area of parts. Similar trends are observed in samples with different amplitudes,
but the effect is not as signi�cant as temperature. It means that ultrasonic vibration have less effect on
the springback angle of blank holder area and bottom area. Under the effect of temperature combined
with ultrasonic vibration, the errors of θ1 and θ2 decrease from 14.7° and 3.2° to 2.3° and 0.1°,
respectively.

As can be seen from Fig. 8(b), the curl radius ρ of sidewall tends to decrease slightly as the temperature
increases. The smaller the curl radius, the more severe the sidewall bulge. It means that the higher
temperature reduces the geometric accuracy of the sidewall. Comparing the samples under different
amplitudes, it can be found that the effect of ultrasonic vibration on sidewall bulge is greater than that of
temperature. Meanwhile, it indicates that the ultrasonic vibration can inhibit the bulge of side wall at 60
℃ and 100 ℃, while it aggravates the bulge at 140 ℃. The reason for this phenomenon will be
explained later.

In order to further explore the in�uence of ultrasonic vibration on the forming uniformity of part, the
thickness of the formed part is measured by thickness gauge at intervals and the thickness distribution
diagram is plotted in Fig. 9. As shown in Fig. 9 (a-c), it can be found that the increase of temperature
improves the uniformity of part thickness distribution. Moreover, Fig. 9(d) shows that when the
temperature increases from 60 ℃ to 140 ℃, the maximum thinning rate of formed part also shows a
decreasing trend.

Comparing the samples at the same temperature in Fig. 9, it can be found that the increase of amplitude
also improves the uniformity of part thickness distribution. The reduction rate of maximum thinning rate
is 3.7%, 2.0% and 4.0% for the part at 60°C, 100°C, and 140°C after applying ultrasonic vibration of 20
µm. These results indicate that increasing temperature and amplitude can improve the forming
uniformity of PEEK parts. The increase of forming uniformity is bene�cial to reduce the accumulation of
residual stress during SPIF process, thus reducing the springback.

These results show that the increase of temperature and the application of vibration can inhibit the twist
and springback of SPIF parts. Moreover, the parts have less twist and springback at 140 ℃ and 20 µm
amplitude.
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3.2 Effect of modi�ed tool trajectory on twist and
springback
Although the previous results indicate that appropriate temperature and ultrasonic vibration have an
inhibitory effect on the twist and springback of PEEK parts, there are still a certain degrees of twist and
springback. Therefore, in order to further reduce the twist and springback of PEEK parts, the modi�ed tool
trajectories are developed.

As shown in Fig. 10(a,b), equidistance spiral trajectory (EST) and non-equidistance spiral trajectory
(NEST) are generated. EST is the spiral trajectory with a constant step depth (0.5 mm). NEST is the spiral
trajectory with increasing step depth from 0.25 mm to 1.5 mm. Figure 10(c,d) shows the mixed contour
trajectory with 0.5 mm step depth (MCT-0.5) and the mixed contour trajectory with 1.5 mm step depth
(MCT-1.5). The spiral and contour trajectories are designed to investigate the effect of different loading
methods on twist and springback. The different step depths are used to compare the effects of step
depths on twist and springback. Based on the previous experience, the forming experiments with different
trajectories are carried out at 140 ℃ and 20 µm amplitude.

3.2.1 Twist
Figure 11 shows that under the action of the UCT, the part twist 4.8° along the loading direction. Moreover,
the parts deformed with the EST and NEST shows larger twist deformation, i.e. 6.8° and 8°. It means that
parts deformed by unidirectional loading with either contour or spiral trajectory shows serious twist
deformation. However, under the action of MCT (both MCT-0.5 and MCT-1.5), the twist of PEEK parts is
almost eliminated. This indicates that the twist of PEEK parts can be effectively suppressed by the
alternant loading trajectory of clockwise and counterclockwise. Meanwhile, MCT with different step
depths shows similar effect on twist reduction.

3.2.2 Springback
For a more intuitive comparison of the effect of trajectory on springback, the section shape and the
forming height of the PEEK parts are measured. Higher forming height represents less springback in
height direction. Less error between actual and ideal geometry shows better geometric accuracy. Figure
12(a) compares the section shapes of the formed parts under different trajectories. It can be seen that
MCT-0.5 is closest to target height, while NEST is furthest from the target height. As shown in Fig. 12(b),
the forming heights of MCT-0.5 and NEST are 38.5 mm and 35.2 mm (target height is 40 mm), and the
minimum and maximum errors are 1.5 mm and 4.8 mm respectively. This indicates that the part
deformed under MCT-0.5 has the best geometric accuracy. Under the action of MCT-0.5, the forming
height is increased by 9.4% and the error is reduced to 1.5 mm compared with NEST.

Figure 13 (a, b) also shows that the springback angles θ1, θ2 are closer to the target value at UCT and
MCT-0.5. And under the action of MCT-0.5, PEEK parts have the maximum curl radius ρ. However, EST
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and NEST show poor geometric accuracy. These also indicate that PEEK parts of MCT-0.5 have the least
springback compared to the other trajectories.

These results illustrate that MCT has an obvious inhibitory effect on twist and springback due to the
bidiretional loading, and it has the least springback at smaller step depth (MCT-0.5). However, the smaller
the step depth, the longer the forming time and the lower the processing e�ciency will be. Therefore,
considering both processing e�ciency and geometric accuracy, MCT with appropriate step depth should
be considered in PEEK SPIF.

3.3 Microstructure analysis
In the forming process of semi-crystalline polymers, a series of changes occur, such as reorientation of
molecular chain, crystal breakage and microcrystal rearrangement. In addition, the mechanical properties
of semi-crystalline polymers are closely related to the orientation of molecular chains, crystallinity and
crystal structure [21, 22]. Therefore, it is of great signi�cance to investigate the microstructure evolution
of semi-crystalline polymers during the SPIF process. Figure 14 plots the integrated intensity versus 2θ
curves of the unformed PEEK. It is concluded that PEEK has a semi-crystalline structure, evidenced by the
clear high intensity peak and wide low intensity signal. The former corresponds to the crystallized part
and the latter corresponds to the amorphous part. The XRD pattern shows peaks of the diffraction planes
(110), (111), (200) and (211) of the PEEK in around 18.6°, 20.6°, 23.2° and 28.9°, respectively. In addition,
the crystallinity of the unformed material and the crystallite size of each diffraction plane are also
measured and shown in Fig. 14.

3.3.1 Molecular chain orientation
The entanglement of molecular chains is one of the important characteristics of polymer microstructure.
During polymer processing, the material shows high deformation resistance due to the entanglement of
molecular chains, which will cause considerable di�culties in forming. The mechanical properties of
polymers depend signi�cantly on orientation of molecular chains [23, 24]. Greater degree of orientation
enables molecular chains to slide past each other easily during deformation, resulting in lesser elastic
stiffness and better plastic deformation ability [14].

Figure 15 plots the XRD patterns of PEEK parts at different temperatures. If the molecular chain of the
polymer is preferably oriented in one direction, a greater intensity can be seen in the diffraction peak [25].
At the major peaks (2θ = 18.6°, 20.6°, 23.2°), the intensities are generally higher for the part under 140 ℃
as compared to 60 ℃ and 100 ℃. This indicates greater chain orientation in the part of 140 ℃ along
these directions. When the forming temperature reaches 140 ℃, the higher temperature will enhance the
activity of molecular chain and easily de-entangle the molecular chain. Therefore, the forming
temperature close to Tg will increase the degree of orientation, so as to improve the plastic deformation
ability of the material and reduce the ability to resist deformation. This is also the reason why the
springback decreases when the temperature increases in the polymer SPIF process.
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As can be seen from Fig. 16(a,b), the intensities of the major peaks of the PEEK formed parts under 60 ℃
and 100 ℃ increase with the application of ultrasonic vibration and the increase of amplitude. It means
greater orientation of parts at 60 ℃ and 100 ℃ due to the application of ultrasonic vibration. The high
frequency ultrasonic vibration will weaken the intermolecular force of polymer, enhance the activity of
chain segments, and promote the untangling of molecular chain under the action of ultrasonic vibration.
It is likely that when the forming temperature is lower than Tg, the application of ultrasonic vibration can
reduce the deformation resistance of the material, increase the �uidity of the polymer, and improve the
processability at the molecular level.

Figure 16(c) shows that the intensities of major peaks in the parts under 140 ℃ decrease to a certain
extent after the ultrasonic vibration is applied. Yang et al. [26] noticed that when the ultrasonic vibration
reached a certain extent, slip systems of the aluminum sheet in�uenced each other and caused a
hindrance to dislocation motion. Hence, the intensity of the external force was further increased to
circumvent obstacles between dislocations, and it resulted in a hardening effect of ultrasonic vibration.
For semi-crystalline polymer sheets, as the forming temperature approaches Tg, the higher temperature
makes the molecular chain more active, and the chain segments have been tightly arranged and ordered.
However, the application of ultrasonic vibration at this time may not enhance the ordered arrangement,
but may break the existing tight structure. Due to the lower orientation of the molecular chain, the
"hardening effect" of the polymer occurs, which increases the deformation resistance and results in the
increase of springback. This is also the reason why the side wall bulge of PEEK part increases when
ultrasonic vibration is applied at 140 ℃.

3.3.2 Crystallinity and crystallite size
For further analysis, the crystallite size is estimated by Scherrer Equation [27], as shown in Eq. (1):

D=
Kλ

βcosθ

1
Where K is a constant, λ is the wavelength of radiations, θ is the diffraction angle, β is the full width at
half maxima of the diffraction peak. The crystallinity of each sample is de�ned by the ratio of crystalline
and amorphous diffraction peaks, and it is shown in Fig. 17(a). The crystallite size of the main crystalline
diffraction plane (110) is estimated by Eq. (1) and then plotted in Fig. 17(b).

It can be inferred from Fig. 17(a,b) that the crystallinity of the formed parts are lower than that of the
unformed part due to crystal breakage caused by uneven deformation at 60 ℃ and 100 ℃, and the
crystallite size of the formed parts are also signi�cantly smaller than that of the unformed part. After the
ultrasonic vibration is applied, the crystallinity of the samples at 60 ℃ and 100 ℃ recover to some
extent, and the crystallite size further decrease. Studies [28, 29] reported that the chain orientation
in�uences the crystallization kinetics in polymer crystallization. Therefore, the orientation effect of
molecular chain caused by ultrasonic vibration at 60 ℃ and 100 ℃ may induce the crystallization and
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nucleation of PEEK, so as to improve the crystallinity and reduce the crystallite size. The crystallite
re�nement at 60 ℃ and 100 ℃ may improve the plasticity and processability of material, reduce the
stress accumulation during the SPIF process, thus reduce the springback. However, the molecular chain
disorientation effect of parts at 140 ℃ after the ultrasonic vibration is applied, results in the opposite
trend (both microstructure and mechanical properties).

The results of XRD show that the appropriate forming temperature can improve the orientation of
molecular chains. Moreover, the application of ultrasonic vibration at 60 ℃ and 100 ℃ can further
increase the molecular chain orientation, improve the crystallinity and re�ne the crystallite. This is
bene�cial to reduce the deformation resistance and springback in the SPIF process. However, the
application of ultrasonic vibration at 140 ℃ cannot improve the tight arrangement of the molecular
chain, but will reduce the degree of orientation.

4. Conclusions
In the current study, ultrasonic-assisted thermal SPIF experiments of PEEK sheets are performed. The
twist and springback of parts at different temperature and amplitude are studied. The effect of tool
trajectory on twist and springback of formed parts are also investigated. Finally, the evolution of
molecular chain, crystallinity and crystallite size in SPIF process are analyzed by XRD. The obtained
results can be summarized as follows:

(1) With the increase of forming temperature, the twist angle of formed parts increases slightly and then
decreases signi�cantly. The application of ultrasonic vibration and appropriate amplitude are helpful to
reduce the twist.

(2) As the temperature rises, the springback of most areas of the part decreases. The ultrasonic vibration
helps to further reduce the springback in the blank holder area and the bottom area. The application of
ultrasonic vibration at 60 ℃ and 100 ℃ alleviates the side wall bulge of the part. However, the side wall
bulge aggravates after the ultrasonic vibration is applied at 140 ℃.

(3) Under the action of modi�ed tool trajectory, twist and springback are further reduced. With the mixed
contour trajectory (MCT), the twist of PEEK parts are almost eliminated, and with the MCT at appropriate
step depth, the springback can be signi�cantly reduced and the geometric accuracy of PEEK parts are
improved.

(4) When the forming temperature reaches 140 ℃, the molecular chain has a greater degree of
orientation. The ultrasonic vibration is helpful to increase the molecular chain orientation and reduce the
deformation resistance at 60 ℃ and 100 ℃. On the contrary, the application of ultrasonic vibration at
140 ℃ will lead to the disorientation of molecular chains.
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Figure 1

(a) Experimental setup for UV-assisted thermal SPIF ; (b) Sectional view of working platform.

Figure 2

(a) Stress-Strain curves of PEEK at different temperatures; (b) The square pyramid with consistent wall
angle; (c) Tool trajectory.
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Figure 3

Measurement of (a) twist angle φ, (b) springback angle θ1 , θ2 and sidewall curl radius ρ.

Figure 4

Schematic of XRD analysis.

Figure 5

Parts formed under different parameters.



Page 17/19

Figure 6

The twist angle φ of PEEK parts

Figure 7

(a) The inner surface of PEEK part, the scratches at (b) 60 ℃, (c) 100 ℃ and (d) 140 ℃.

Figure 8

Comparison of (a) springback angles θ1, θ2 and (b) curl radius ρ of side wall.

Figure 9
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Thickness distribution of PEEK formed parts for (a) T=60 ℃, (b) T=100 ℃, (c) T=140 ℃ at different
amplitudes; (d) Maximum thinning rate of PEEK formed parts.

Figure 10

Schematics of different trajectories: (a) EST, (b) NEST, (c) MCT-0.5, (d) MCT-1.5.

Figure 11

The twist angle φ under different trajectories.

Figure 12

(a) section view of formed parts under different trajectories, (b) forming height and error of PEEK parts.



Page 19/19

Figure 13

Comparison of (a) springback angles θ1, θ2 and (b) curl radius ρ of side wall under different trajectories.

Figure 14

XRD pattern of PEEK unformed sample.

Figure 15

XRD patterns of PEEK formed parts at different temperatures.

Figure 16

XRD patterns of PEEK formed parts for (a) T=60 ℃, (b) T=100 ℃, (c) T=140 ℃ at different amplitudes.

Figure 17

(a) Crystallinity and (b) crystallite size of formed and unformed PEEK parts.


