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Abstract: A novel steel—carbon fibre/polyetheretherketone (CF/PEEK) hybrid shaft is proposed, considering the thermal stability,
negative coefficient of thermal expansion in fibre orientation, and high stiffness of CF/PEEK, which is expected to suppress the
thermal deformation of shafts. A laser-assisted in-situ consolidation (LAC) process, together with its equipment, was developed
to manufacture the hybrid shaft. Firstly, the optimal process parameters, including the laser-heated temperature and placement
speed, were investigated. A maximum short-beam shear strength of 80.7 MPa was achieved when the laser-heated temperature
was 500 °C and the placement speed was 100 mm/s. In addition, the failure modes and the effect of environmental temperature
on the CF/PEEK samples were analyzed. Both interlayer cracks and inelastic deformation failure modes were observed. The
formation and propagation of cracks were further investigated through digital image correlation (DIC). Furthermore, internal
defects of the CF/PEEK sample were detected using X-ray tomography scans, and a minimum porosity of 0.23% was achieved
with the optimal process parameters. Finally, two steel-CF/PEEK hybrid shafts, with different fibre orientations, were manufactured
based on the optimal process parameters. The surface temperature distributions and thermal deformations were investigated
using a self-established deformation/temperature measurement platform. The hybrid shaft showed an 85.7% reduction in radial
displacement with hoop fibre orientation and an 11.5% reduction in axial displacement with cross fibre orientation compared
with the steel shaft. The results indicate that the proposed method has great potential to improve the thermal stability of hybrid
shafts and the accuracy of machine tools.
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1 Introduction

The thermal characteristics of shafts have a sig-
nificant impact on the accuracy and stability of rotary
machines, especially precision machine tools. About
40%—70% of the total manufacturing error is caused
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by the thermal deformation of the shaft in precision
machine tools (Mayr et al., 2012). Passive cooling
(Fan et al., 2022; Lei et al., 2022; Zheng and Chen,
2022; Li MY et al., 2023a; Li ZL et al., 2023), ther-
mal structure optimization design (Xia et al., 2015; Li
MY et al., 2023a, 2023b; Li Y et al., 2023b; Li ZL et al.,
2023), and thermal error compensation (Bao et al.,
2023; Li Y et al., 2023a; Lu et al., 2023; Song et al.,
2023) are the three main measures used to improve
machining accuracy. Thermal structure optimization
design is expected to reduce the thermal deformation
from the origin, without an external cooling system or
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sensors. New materials, including ceramics and carbon
fibre (CF), have been introduced during the optimiza-
tion of thermal structure design, considering their ther-
mal stability (Vermeulen et al., 2000; Namba, 2001;
Ding et al., 2016; Xu et al., 2016; Ge and Ding, 2018).
Polyetheretherketone (PEEK), as a high-
performance thermoplastic, is widely applied as the
matrix for CF reinforced composites in mechanical,
aerospace, and other fields due to its excellent mechani-
cal properties, high thermostability, corrosion resistance,
and shock absorption (Moddeman et al., 1986; Cebe
et al., 1987; Cirino et al., 1987; Grove, 1993; Pratte,
2012; Ji et al., 2015; Guo et al., 2024). Furthermore, CF
has a negative coefficient of thermal expansion in the
fibre direction, which is thought to compensate for ther-
mal deformation. Thus, carbon fibre reinforced poly-
etheretherketone (CF/PEEK) is considered a great can-
didate to improve the thermal characteristics of shafts.
However, how best to combine CF/PEEK with steel to
produce a hybrid shaft needs investigation, and the
high melting point (exceeding 340 °C) and viscosity of
PEEK create great challenges to the intimate interface
bonding required during the manufacture of steel-CF/
PEEK hybrid shafts (Levy et al., 2014; Stokes-Griffin
and Compston, 2016; Celik et al., 2020, 2021).
Fortunately, rapid heating can be achieved by laser
and a high-temperature area of up to 600 °C can be
acquired within several hundred milliseconds (Stokes-
Griffin and Compston, 2015). This can be used as the
heating source during the in-situ consolidation pro-
cess called laser-assisted in-situ consolidation (LAC).
The mechanism and behavior of laser irradiation on
CF/PEEK prepreg during the LAC process have been
investigated in our previous work (Ji et al., 2023). The
effects of process parameters, including laser power
and placement speed, on the crystallinity and mechani-
cal properties were analyzed in detail. In addition, the

effect of the shadow region on the heating temperature
distribution was revealed (Jiang et al., 2023). Further-
more, the combined effects of laser power, placement
speed, and consolidation force on the shear strength
were investigated, and a maximum shear strength of
78 MPa was achieved (Comer et al., 2015; Miao et al.,
2021). Therefore, the LAC process is expected to realize
the intimate interface bonding of steel-CF/PEEK hybrid
shafts, although it has never been applied to the manu-
facture of large curvature structures. Besides, the ther-
mal characteristics, such as thermal deformation and
surface temperature distribution of steel-CF/PEEK hy-
brid shafts manufactured by the LAC process, still
need to be investigated and analyzed.

This study aimed to explore the feasibility of
steel-CF/PEEK hybrid shafts manufactured by the LAC
process. The principle and platform of the hybrid shaft
manufacturing process were established. The optimal
process parameters were obtained through a series of
short-beam shear (SBS) strength tests. In addition,
failure modes and internal defects were analyzed using
digital image correlation (DIC) and X-ray tomography
scans. Finally, steel-CF/PEEK hybrid shafts with dif-
ferent fibre orientations were designed and manufac-
tured. Meanwhile, the thermal characteristics of differ-
ent steel-CF/PEEK hybrid shafts were investigated by
comparing them with a steel shaft using a self-developed
deformation/temperature measurement platform.

2 Materials and experiments

2.1 Principle and platform of hybrid shaft
manufacturing

The principle of hybrid shaft manufacturing using
the LAC process is shown in Fig. la. The CF/PEEK
prepreg is placed on the steel core shaft under the
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Fig. 1 Hybrid shaft manufacturing with the LAC process: (a) principle of LAC; (b) manufacturing platform



heating of a near-infrared (NIR) laser and pressure
provided by the roller. The main principle is that the
laser simultaneously irradiates the CF/PEEK prepreg
tape and CF/PEEK layer that has already been placed
on the steel core shaft, melting the PEEK resin on both
surfaces of the CF/PEEK layer and CF/PEEK prepreg
tape. Meanwhile, a rubber roller is used to press incom-
ing CF/PEEK prepreg tape on the CF/PEEK layer.
Under a consolidation force, the melted areas contact
each other at the nip point, and new molecular chains
form between the melted resins, achieving high-strength
additive manufacturing of CF/PEEK prepreg tape.

A self-developed LAC process platform based on
the above principle was established, including a self-
developed LAC placement head, assembled at the end
of the sixth axis of the robotic arm NJ220-2.7 (COMAU,
Italy), and a rotary platform, collaboratively controlled
by robotic system (Fig. 1b). The steel core shaft is
clamped on the rotary platform through a three-jaw
chuck, rotating along with the motor. The fibre orien-
tation can be adjusted by controlling the angle between
the roller axis and the core shaft axis through the
rotation of the robotic arm. The outside surface linear
velocity of the core shaft and the roller movement
speed along the axis of the core shaft can be obtained
based on the optimal placement speed and the angle
between the axes of the roller and the core shaft, ac-
cording to the speed decomposition law.

2.2 Materials

In this study, we used T800 CF/PEEK prepreg
tape (HENGBO, China) containing 34% mass frac-
tion PEEK. The prepreg tape was 6.35 mm wide and
0.21 mm thick. S45C steel, a medium carbon structural
steel, was adopted as the core shaft, considering its
compatibility with other machine tool components and
overall comprehensive performance. The thermal and
mechanical properties of the CF/PEEK and S45C steel
are listed in Table 1.
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3 Results and discussion
3.1 Optimization of LAC process
3.1.1 SBS and DIC test

SBS tests were conducted to investigate the opti-
mal parameters of the LAC process, and DIC MatchID-
Stereo HR (MatchlID, Belgium) was applied simulta-
neously to illustrate the failure mode of samples during
SBS tests. The experimental equipment and process
are shown in Fig. 2. An electronic universal testing
machine UTM5105 (Suns, China), fitted with a high/
low temperature chamber, was adopted to conduct SBS
tests under different ambient temperatures. A custom-
ized fixture was used to satisfy the testing condition
according to ASTM D2344 (ASTM, 2024) (Fig. 2b).
The loading speed was set at 1 mm/min. Meanwhile,
DIC equipment, including two cameras and two light-
emitting diode (LED) light sources, was positioned in
front of the SBS testing area (Fig. 2a). The focal length
and depth of field of both cameras were adjusted to
ensure that the painting area on the samples was in
the same position in the captured images. Before the
experiment, a dedicated calibration plate was placed in
front of the sample manually and slightly changed its
spatial position and tilt angle, while 20 pictures were
captured by cameras to calculate the distance between
two points in the photos and iterate various algorithms
in the software to obtain the best signal-to-noise ratio
for sample strain calculation. Subsequently, during SBS
tests, the loading process was recorded by cameras,
with a sampling frequency of 1 Hz.

A series of CF/PEEK specimens were manufac-
tured at different laser-heated temperatures and place-
ment speeds. The total number of CF/PEEK prepreg
tape layers was set to 16, resulting in a series of layers
at least 2.4 mm thick. The robotic arm automatically
lifted 0.15 mm for manufacturing each ply according
to the program to ensure that the laser irradiation posi-
tion and angle did not deviate. After completing the

Table 1 Thermal and mechanical properties of T800 CF/PEEK prepreg tape and S45C steel

Specific heat Thermal Coefficient of .
. .. .o . Elastic modulus Shear modulus
Item capacity conductivity Emissivity thermal expansion (GPa) (GPa)
(J/(kg'K)) (W/(m'K)) (K
S45C steel 460 50 0.13 11.6x10°° 210.0 80
CF/PEEK (longitudinal) 1600 160 0.71 -0.09x107° 2433 -
CF/PEEK (transverse) 1600 0.64 0.71 22.4x107° 8.0 -
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Fig. 2 Short beam strengths and DIC tests: (a) overall testing equipment; (b) customized fixture; (c) prepared sample and

sample dimensions

manufacture of the CF/PEEK prepreg tape, the formed
CF/PEEK naturally cooled to room temperature before
proceeding with the incoming CF/PEEK prepreg tape.
Specific manufacturing process parameters are listed
in Table 2, which were determined according to the
physical properties of CF/PEEK, reported literature, and
our pre-experiments (Donough et al., 2022; Ji et al.,
2023; Niu et al., 2024).

Table 2 Manufacturing process parameters in SBS tests

Process parameter Value
Laser-heated temperature (°C) 400, 450, 500, 550
Placement speed (mm/s) 25,50, 75,100
Consolidation pressure (MPa) 0.6
Irradiation angle (°) 24

After manufacturing all CF/PEEK specimens,
five samples were prepared for each specimen. The
final cross-sectional size of each sample was 2.4 mmx
4.8 mm. The prepared specimens and the dimensions
of the samples are shown in Fig. 2c. Considering the
acceleration of the robotic arm movement and the time
required for the rollers to reach a stable working tem-
perature, samples were taken at a distance of 200 mm
from the starting point to ensure that the performance
of samples truly reflected the bonding quality under

different process parameters. The SBS strength of each
sample was calculated using the following equation:
0gus=0.75%F_ /(b xh), (1)

where F is the maximum force recorded in the SBS
test, b is the width, and / is the thickness of the sample.
For the DIC tests, each sample was subjected to spray
painting treatment, and small spots were observed on
the surface for calculating strain and displacement.

The effect of ambient temperature on the SBS of
CF/PEEK was also investigated. Considering the work-
ing conditions of the shaft, tests at four ambient tem-
peratures, 40, 50, 60, and 70 °C, with 60% humidity,
were conducted in a high-low temperature chamber.
After the samples were put in, it took 20 min for the
temperature inside the chamber to reach the set value
before starting the SBS test.

3.1.2 Result of SBS

The influence of laser-heated temperature and
placement speed on CF/PEEK SBS is shown in Fig. 3.
For the four placement speeds used in the experiment,
SBS strength exhibited two different trends of change.
When the process temperature was 400 or 450 °C, the
SBS strength gradually decreased with increasing



placement speed. On the other hand, when the process
temperature exceeded 500 °C, as the placement speed
increased, the SBS strength first decreased and then
increased. The highest SBS strength of 80.7 MPa
was obtained with a 500 °C process temperature and
100 mm/s placement speed.

3.1.3 Failure modes

To further evaluate the manufacturing quality of
samples, the failure modes in SBS tests were investi-
gated and analyzed. Both interlayer cracks and inelas-
tic deformation failure modes were observed (Fig. 4).
The failure modes were closely related to the load-
bearing capabilities, and interlayer cracks appeared on
the surface of samples when the SBS strength was
less than 65 MPa (Fig. 4a). Samples suffered inelastic
deformation instead of cracking when the SBS strength
was greater than 65 MPa (Fig. 4b).
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Furthermore, the formation and propagation of
cracks were investigated by DIC. The maximum prin-
cipal strain of the sample during the SBS test was
observed (Fig. 5). When the load reached a critical
value, a large principal strain first appeared in an
interface near the loading head directly below the force
point, indicating the generation of a crack (Fig. 5a).
Under the action of the loading head, the sample under-
went bending, and different layers of CF/PEEK were
subjected to different principal stresses. Since the inter-
face bonding quality was relatively weak, it was prone
to producing large strains at interfaces due to the lack
of CFs providing greater stiffness. Thus, the undam-
aged interlayer area exhibited greater strain than adja-
cent areas. As the load increased further, the principal
strain located at the same interface gradually increased
and extended towards the end face of the sample
(Fig. 5b). After 300 s loading, a new large principal
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Fig. 3 SBS results: (a) SBS strength with different laser-heated temperatures and placement speeds; (b) synthetic influence
surface showing the effect of laser-heated temperature and placement speed on interlaminar shear strength

(b)

Fig. 4 Two failure modes in SBS tests: (a) interlayer cracks; (b) inelastic deformation



922 | JZhejiang Univ-Sci A 2025 26(10):917-930

Maximum principal strain 'v
bl

005430 18
04t
04262
0.03673 88
0.03085

10.02406 ]
0.01907
001319

- 0.009618
-0.002093
& 001381

04
01219
0.02091

Fig. 5 Crack formation and propagation of samples revealed by DIC: (a) loading time at 168 s; (b) loading time at 240 s;
(c) loading time at 300 s; (d) loading time at 352 s; (e) loading time at 416 s; (f) loading time at 688 s

strain area was observed on the left side below the
loading area (Fig. 5c). Subsequently, for all cracking
interlayers, the areas of the large principal strain were
extended further along the interface. A new large princi-
pal strain interface appeared at the bottom of the sample
and to the right of the loading area, indicating that a
new crack had formed (Fig. 5d). After 416 s of loading,
the newly formed crack rapidly propagated to the right
end of the sample, forming a complete notch (Fig. Se).
The entire testing period finished after 688 s of load-
ing. The final sample morphology, with multiple inter-
layer cracking failures, is shown in Fig. 5f. All cracks
underwent a similar formation propagation process until
the end of loading. The upper and lower surfaces of
some cracks were refitted under increasing loads, espe-
cially in the area adjacent to the centre loading areas.
All failure positions were equidistant and parallel to
the fibre direction at the interlayer areas, indicating
that interlayer strength has a significant impact on the
load-bearing capacity of CF/PEEK structures.

Based on the location of one crack, the crack
opening data of each point on the crack were extracted
(Fig. 6). Before the crack appeared, each point on the
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Fig. 6 Crack propagation of samples during SBS tests. COD
is the crack opening distance. References to color refer to
the online version of this figure

selected crack barely moved in the observed plane
(red line). In the crack expansion stage, as the load
increased, the distance between the upper and lower
surfaces significantly increased at a certain moment,
indicating the sudden formation of the crack (green
line). The opening distance tended to decrease from
one end to the centre of the sample. The propagation
of cracks had a unified characteristic once the initial
crack appeared. We attributed this to the high stiffness



of the CF/PEEK along the fibre direction, maintaining
a relatively stable failure morphology on both sides of
the fracture. The displacement of each point increased
uniformly along the crack until the maximum displace-
ment of 0.1046 mm was reached (blue line). At this
stage, stress was released through the continuous expan-
sion of cracks to withstand the gradually increasing
pressure. After that, with a further increase in pressure
force, the crack opening distance began to decrease.
The upper and lower sides of the crack tended to con-
tact again, and the sample continued to withstand ex-
ternal loads as an entire part. To further investigate the
fracture behavior of CF/PEEK composites manufac-
tured using the LAC process, the failure morphology
of cracks was analyzed using a field emission scanning
electronic microscope (FESEM, Zeiss G300, Germany)
(Fig. 7). Debonding of the interface between the CFs
and the PEEK matrix was observed accompanying the
cracking of the PEEK matrix, indicating that a good
interlayer bonding quality was achieved. However, the
interface between the CFs and the PEEK matrix needs
further improvement.

3.1.4 Internal defects

To further characterize the performance of inter-
face bonding, the internal defects of two samples, man-
ufactured at 400 °C, 75 mm/s and 500 °C, 100 mm/s,
respectively, were detected through 3D X-ray tomog-
raphy scans (Xradia 515 Versa, Zeiss, Germany). The
voxel size was set at 1 um® during 3D X-ray scanning.
CFs, PEEK, and voids could be clearly distinguished
due to their different optical properties, and the obtained
data were used for 3D reconstruction to generate a 3D
structure of the local area. A total of 1000 slices were
obtained for 3D reconstruction of the whole scanning
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region. The porosity of the detected area of the CF/
PEEK sample was calculated using Dragonfly Pro ana-
lysis software.

For the sample manufactured with 400 °C and
75 mm/s process parameters, five interlayers, formed
by the enrichment of PEEK, and the interior of the CF
prepreg can be observed (Fig. 8). A porosity of 0.23%
was achieved for the CF/PEEK component, and a void
enrichment area was observed at interlayer-iii, with a
maximum void width of 8.9 pm. Further observation
of interlayer-iii revealed a series of defects arranged
along the CFs near this void, as well as a fibre with an
inconsistent arrangement direction. This may have been
due to fluctuations in the surface quality and PEEK
content. However, voids deteriorate the performance
of CF/PEEK structural components and can become
the source of cracking failure.

A cross-section view of the sample, manufac-
tured with the optimal process parameters, is shown
in Fig. 8b. There is no obvious interlayer area. All
CFs are evenly distributed throughout the entire obser-
vation field, indicating that the load-bearing capacity
of the entire section is uniform and the load-bearing
capacity of the sample is enhanced. Therefore, the in-
elastic deformation failure mode is inclined to appear.
The porosity was also calculated. Only 0.01% volume
of voids was detected, proving that the quality of the
entire CF/PEEK sample, manufactured with optimal
parameters, is reliable.

3.1.5 Effect of ambient temperature on SBS

To investigate the effect of ambient temperature
on the performance of CF/PEEK, the SBS of samples
manufactured with the optimal parameters under dif-
ferent ambient temperatures was tested (Fig. 9). The

Fig. 7 Failure morphology of cracks: (a) cross section; (b) surface of a crack
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amplification of interlayer-iii; (b) manufactured with 500 °C and 100 mm/s process parameters
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SBS decreased slightly with increasing ambient tem-
perature. There was about a 4.3% decline when the
temperature rose to 70 °C, compared with the highest
SBS of the sample at 20 °C. In addition, inelastic defor-
mation failure was observed for all tested samples, indi-
cating that the ambient temperature did not significantly
affect the interlayer bonding quality. It also showed
that CF/PEEK can be used in steel-CF/PEEK hybrid
shafts, which usually operate below 70 °C, because of
its good thermal stability.

3.2 Manufacturing of steel-CF/PEEK hybrid shaft

To verify the effect of CF/PEEK on shaft thermal
deformation, a 3-mm thick CF/PEEK part was intro-
duced to replace a portion of S45C steel on the outside
part of the steel core shaft in the middle area between
the bearing areas I and II, with two fibre orientation

arrangement methods, respectively (Fig. 10a). The two
methods included a hoop-orientation arrangement and
a cross-orientation arrangement. In the hoop-orientation
arrangement, the CFs maintain consistent circumfer-
ential, namely at 90° to the centerline of the core shaft.
In the cross-orientation arrangement, the CF/PEEK
prepreg tapes are stacked in a +45° sequence. The
first layer of CF/PEEK for the two hybrid shafts was
arranged in the cross-orientation. For the first steel—
CF/PEEK hybrid shaft, all CF/PEEK prepreg tapes were
arranged in the hoop-orientation, and for the second,
they were arranged in the cross-orientation, except for
the first layer. The specifications of the steel-CF/PEEK
hybrid shaft are shown in Fig. 10b. For comparison, a
steel shaft of the same size was made using S45C steel
as a reference.

Steel-CF/PEEK hybrid shafts were manufac-
tured using the self-developed manufacturing platform
(Fig. 11a). The steel core shaft (Fig. 11b) was manu-
factured in advance using a traditional mechanical
processing method. For further CF/PEEK manufactur-
ing, the LAC process was applied, with the optimal
combination of laser-heat temperature and placement
speed. A robotic arm drove the LAC placement head
to press CF/PEEK prepreg tape at the starting point of
the path, and then the robotic arm and core shaft, both
axes of which were adjusted to a certain angle, rotated
at the set speed, in conjunction with the function of
the laser, to complete the entire CF/PEEK manufactur-
ing process. The manufacture of cross-orientation and
hoop-orientation CF/PEEK is shown in Figs. 11c and
11d, respectively. Finally, steel-CF/PEEK hybrid shafts,
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Fig. 11 Manufacture of steel-CF/PEEK hybrid shafts: (a) additive manufacturing platform before the manufacturing process;
(b) steel core shaft; (¢) manufacturing according to hoop-orientation; (d) manufacturing according to cross-orientation;
(e) hybrid shaft with cross-orientation; (f) hybrid shaft with hoop-orientation

with cross-orientation and hoop-orientation, are shown
in Figs. 11e and 11f, respectively.

3.3 Thermal properties of steel-CF/PEEK hybrid
shafts

To evaluate the thermal characteristics of the two
steel-CF/PEEK hybrid shafts and the steel shaft, a
thermal deformation/temperature measurement plat-
form was established to detect the axial thermal defor-
mation and surface temperature of the shafts (Fig. 12).
During the measurement process, shafts were placed
on a flat insulation plate to minimize heat loss through
thermal conduction. Shafts were heated using two sili-
cone rubber heaters fixed on the outside surfaces of
bearing areas I and II, simulating the frictional heat
under actual working conditions. The heating temper-
ature could be controlled within 1 °C of the setting

value. In this experiment, the heating areas were heated
from 20 to 70 °C. Meanwhile, laser Doppler interfer-
ometers were used to measure the axial and radial
thermal deformations once the two silicone rubber
heaters operated. The laser emitted a single-frequency
beam into a linear interferometer, which was then
divided into two beams. One spectroscope was attached
to the end of the shaft and another to the outer surface
of the shaft between two bearing areas. The corre-
sponding laser provided a vertical laser. The signal
acquisition system calculated the amount of deforma-
tion according to the difference between the original
beam and the spectroscope-reflected beam. Five tem-
perature sensors, labelled T1 to TS5, were arranged on
the outside surfaces of the detecting shaft to measure
the surface temperature, and two temperature sensors,
labelled T6 and T7, were arranged on a steel frame
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support to measure the environmental temperature
changes of the workbench to eliminate errors. The mea-
surement time was set to 8000 s, and the sampling fre-
quency was 1 Hz.

The surface temperature distributions of two hy-
brid shafts and a steel shaft are shown in Figs. 13a—13c
and a comparison of detection-point temperatures is
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shown in Fig. 13d. For detection points T1 and T2, an
identical temperature distribution was observed for all
three shafts, around 52 °C for T1 and 56.8 °C for T2.
Due to the absence of CFs in this area, the tempera-
ture depends mainly on the specific heat capacity of
the steel and the convective heat dissipation of the air.
However, the temperature measured by T2 on the two
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Fig. 13 Surface temperatures of (a) a hybrid shaft with cross-orientation CF/PEEK, (b) a hybrid shaft with hoop-orientation
CF/PEEK, and (c) a steel shaft, and (d) a comparison of temperatures of five points



hybrid shafts was the highest, while on the steel shaft
it was a relatively low temperature. The heat dissipa-
tion in the area between the two bearing arcas was
limited due to the insulation plate reducing convec-
tion in the centre channel of all three shafts, resulting
in a large temperature rise at points T3, T4, and TS on
the steel shaft. Overall, the decrease in surface tem-
perature at the CF/PEEK-covered area ranged from
14.7% to 18.2%. Precisely, at T3, T4, and TS5, the tem-
perature decreased from 58.4, 56.9, and 56.8 °C for the
steel shaft to 47.8, 48.5, 47.6 °C for the steel-CF/PEEK
hybrid shaft with cross-orientation and 48.2, 48.4, and
46.3 °C for the steel-CF/PEEK hybrid shaft with hoop-
orientation, respectively. In addition to the effect of
convection heat transfer, CF/PEEK prepreg tapes not
only have a larger specific heat capacity but also have
an emissivity of 0.71, while the emissivity of S45C
steel at room temperature is about 0.13, resulting in a
decrease in surface temperature.

Although the temperature difference between the
corresponding temperature measurement points was
not significant, temperatures at three measurement
points on the steel-CF/PEEK hybrid shaft with a cross-
orientation arrangement were lower than those of the
steel-CF/PEEK hybrid shaft with a hoop-orientation
arrangement. The thermal conductivity of CFs along
the fibre direction is about three times that of steel.
When the cross-orientation arrangement was applied,
the entire CF/PEEK area had higher thermal conduc-
tivity along the axis direction, resulting in a more uni-
form temperature distribution on the outside surface
of the CF/PEEK layer. Therefore, the high thermal
conductivity of CF could be used to transfer the heat
at the contact interface between the shaft and bearings
to the outside surface of the CF/PEEK-covered area
in contact with air for rapid heat dissipation. The uni-
form distribution of surface temperature also indicates
that the temperature distribution inside the CF layer is
relatively uniform along the axial direction. This will
help improve the design and theory of hybrid shafts in
future work.

The axial and radial thermal deformations of the
two hybrid shafts and the steel shaft were measured
(Fig. 14). Compared with the steel shaft, the thermal
displacement in the axial direction of the hybrid shaft
with cross-orientation arrangement was decreased by
about 11.5%, from 279 to 247 um, while the axial dis-
placement of the hybrid shaft with hoop-orientation
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Fig. 14 Displacements of the three shafts: (a) axial
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arrangement was increased by about 16.8%, to 326 pm
(Fig. 14a). This indicates that a larger proportion of
CFs arranged along the axis direction leads to a more
significant impact on restricting axial thermal defor-
mation of the steel-CF/PEEK hybrid shaft. On the other
hand, high-modulus CF, as well as the characteristics
of thermal shrinkage in the fibre direction, restricted
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the deformation in the radial direction. Therefore, the
thermal expansion of the hybrid shaft with the hoop-
orientation arrangement in the axial direction was more
pronounced.

For radial displacement measurement, the experi-
mental conditions were identical to those used for the
measurement of axial deformation. According to the re-
sults, the radial deformation of the S45C steel shaft was
54.1 pm while the radial deformation of the steel-CF/
PEEK hybrid shaft was 7.7 pym with hoop-orientation
and 17.7 pm with cross-orientation arrangement, namely
an 85.7% and 67.3% reduction, respectively (Fig. 14b).
This indicates that the hoop-orientation method has a
remarkable effect on suppressing radial deformation.
As for the steel-CF/PEEK hybrid shaft with cross-
orientation, although only one layer of CF/PEEK pre-
preg tape was arranged at a 90° angle to the axis, it
still had a restraining effect on radial deformation.

4 Conclusions

A novel steel-CF/PEEK hybrid shaft was pro-
posed and manufactured using a laser-assisted in-situ
consolidation process. Firstly, the optimal process
parameters were investigated through SBS tests. The
highest SBS strength of 80.7 MPa was acquired at a
process temperature of 500 °C and a placement speed
of 100 mm/s. In addition, two failure modes of inter-
layer cracks and inelastic deformation for SBS sam-
ples were observed, and the inelastic deformation was
associated with a higher SBS strength. Furthermore,
crack propagation was analyzed using DIC, and a maxi-
mum crack of 0.1046 mm was observed. Meanwhile,
the internal defects and porosities of two samples with
different process parameters were measured through
X-ray tomography. A porosity of 0.23% with clear
interlayer resin enrichment areas was found within the
sample manufactured at 400 °C with a 75 mm/s place-
ment speed, while a porosity of only 0.01% without a
resin enrichment area was acquired when the sample
was manufactured with optimal parameters of 500 °C
and 100 mm/s. Finally, two hybrid shafts, with differ-
ent fibre arrangements, were manufactured with the
optimal process parameters. Their surface temperature
distributions and thermal displacements were measured
and compared with those of the steel shaft. The sur-
face temperature decreased by 14.7%—18.2% at the

CF/PEEK-covered area compared with the steel shatft.
An 11.5% decrease in axial deformation for the steel—
CF/PEEK hybrid shaft with cross-orientation was
achieved, compared to the steel shaft. Moreover, for
the steel-CF/PEEK hybrid shaft, the radial displace-
ment decreased by 67.3% with cross-orientation and
by 85.7% with hoop-orientation. Therefore, the pro-
posed steel-CF/PEEK hybrid shaft, together with the
manufacturing process, shows great potential for sup-
pressing shaft thermal deformation.
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