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Abstract
Carbon fiber reinforced plastic self-resistance electric (SRE) heating has been conceived as an alternative to out-of-autoclave
technology due to its characteristics of uniform heating, fast heating/cooling, low energy consumption, and low equipment
investment. In this work, a series of SRE heating experiments were conducted, in which the temperature distribution field,
energy consumption, and curing time of SRE curing process were characterized. Comprehensive mechanical tests and micro-
scopic characterization were carried out. The experimental results exhibit that the rapid heating rate of SRE curing process
resulted in a weaker matrix performance because of the insufficient time of void elimination, which finally leads to an inferior
compression and flexural strength for the composite part, while the fiber preferential heating effect can significantly improve the
fiber-resin interfacial strength, because the naturally formed temperature difference along the interfacial area enhanced the
adhesive strength of the resin around the interface, which improved the macroscopic tension and interlaminar shear strength.

Keywords Polymermatrix composites (PMCs) . Self-resistance electric heating . Curing .Mechanical performance

1 Introduction

Carbon fiber reinforced plastic (CFRP) is one of the key en-
gineering materials of the twenty-first century, which has been
substantially used in various industrial applications due to the
superior specific strength and stiffness. Especially in transpor-
tation industries, for pursuing the green, energy-saving, and
efficient production mode, the imperative requirement of
lightweight products has been promoting the continuous de-
velopment of CFRP application [1, 2].

In the manufacturing processes of CFRP parts, the curing
stage is the most crucial process to determine product quali-
ties, which however needs the highest energy consumption,
longest cycle, and most expensive operation cost [3, 4]. At
present, the curing process of high-performance CFRPmainly
relies on thermal curing, among which the autoclave curing
has the highest curing quality because the curing condition of

high temperature and pressure can ensure the excellent solid-
ification and compactness of CFRP [5]. In the aerospace in-
dustry, over 98% of aerospace-grade CFRP parts are cured by
autoclave curing process [6]. Nevertheless, a series of prob-
lems with thermal curing have forced technicians to reconsid-
er the sustainability of this technology. Most importantly, the
principle of thermal curing regarding the heat transferring
from an external region to the inner material inevitably leads
to a significant temperature gradient through the thickness of
CFRP parts [7], which has been a key technical problem in
this field. Besides, for ensuring temperature uniformity, ther-
mal curing has to slow the heating rate and use plenty of
dwellings, which require long curing cycle [8] and high ener-
gy consumption [9, 10].In addition, especially for autoclave
curing technology, the initial equipment investment of large
pressure vessels results in extreme high costs [3, 11, 12].
Hence, a large amount of effort has been put into developing
alternative curing technologies, focusing on fabricating high-
performance CFRP parts with short production cycle and low
energy consumption.

In recent years, novel curing technologies such as micro-
wave [13, 14] and induction heating [15, 16] have attracted
wide attentions from scholars or enterprises in this field. To
the different extent, above technologies can achieve the goal
of low energy consumption, short curing period, and en-
hanced curing properties, but there are still certain problems
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in these technologies. Generally, not all of the CFRP parts can
be dealt with by these technologies. For example, microwave
heating is unable to heat the multidirectional stacked CFRP
laminates because of the electromagnetic shielding effect [6],
and it also has limitations of penetration depth along thickness
direction even for the unidirectional CFRP laminate [17].
Further, induction heating can only heat the CFRP parts that
form closed vortex loops [18] in a particular area that depends
on the coil size. In addition, high cost of equipment invest-
ment is required for some of above technologies due to the
special heating cavities and the harmful radiation protection
systems [3, 19]. In general, no matter what the pathway of
energy access is, most of above curing methods actually are
based on the final joule loss effect generated by electromag-
netic induction inside the carbon fiber.

Directly conducting the electrical current to the carbon
fiber by using electrodes, and heating the surrounding resin
by the generated joule heat is supposed to be the simpler
and more efficient way to achieve the electrical loss
heating of CFRP itself. Up to the present, this heating
technology has been reported occasionally in different ex-
pression forms, such as joule heating [21], resistance
heating [22, 44], self-heating [32], and embedded heating
[33]. In this article, in order to express this technology
intuitively, the authors name it self-resistance electric
(SRE) heating/curing. There are some advantages of the
CFRP SRE heating/curing technology:

1. Absolute volumetric heating pattern results in a uniform
temperature distribution as long as every single carbon
fiber is conducted by electrical current [20].

2. The rapid heating and cooling rate are achieved due to the
sensitive response of the temperature to the electrical cur-
rent inside the carbon fiber [21].

3. High energy efficiency is reached because all the input
electrical energy is used for heating CFRP itself, except
for the controllable heat dissipation (if use the insulating
layer) [22].

4. Only the power supply and mold are needed, so the curing
equipment is considerably simplified compared to thermal
curing or autoclaves processes [23].

However, despite the above advantages, there are still
no mature applications of SRE heating/curing technology
having been reported in literature or industries. The me-
chanical performance of final cured parts is supposed to
be one of the basic evaluation criterion for a new curing
process. Since 1990 to 2018, different types of mechanical
properties for SRE cured samples have been investigated
by 13 researches, as shown in Table 1. The mechanical
property results of parts processed by SRE heating and
traditional methods are listed in chronological order. In
general, SRE heating studies for thermosetting or

thermoplastic composite [27], continuous fiber or short fi-
ber mat [36], and carbon fiber (CF) or glass fiber (GF)
embedded carbon fiber layer [34] are all included in the
table. Processes of laminates curing, joints adhesion [31,
35], and scarf repairing [33], etc. are reviewed, but the
resistance welding processes are not within the scope.
Specifically, tensile strength was the most widely investi-
gated property, followed by flexural strength. Among 13
studies, 5 of them considered the strength of SRE process
to be higher than that of traditional techniques, but 5 lower,
and 3 did not carry out the comparative experiments. For
comparison of modulus, only 3 of them thought the mod-
ulus were increased by the SRE heating, and 4 obtained the
opposite results. Therefore, it can be concluded that, for
some reasons, the existing research results on the mechan-
ical properties of SRE curing process were inconsistent. In
studies [25–28] from the 1990s to 2010, it was believed
that the mechanical performance of SRE cured composites
was significantly lower than the counterpart cured by
means of traditional processes, with a maximum reduction
of 70–80%. After 2010, it was obvious that the researchers
have somehow improved the process control of SRE
heating process, and the majority of researchers believed
that the performance improvement was achieved. But in
terms of quantity, except for individual studies [32] that
had the improvement over 15%, whether increasing or de-
creasing, the changing ratios of others were basically
around 5%. While some of the test results such as by
Fukuda [25], Athanasopoulos [28], and Hayes [31], all
indicated that although the strength of SRE cured samples
decreased compared to oven cured one, the modulus im-
proved, and some of them believed that this result was
caused by higher curing degree of SRE heating process.
Enoki [29] conducted the single fiber tensile tests with
the SRE heated and unheated single carbon fiber, and a
slightly increased strength of SRE heated carbon fiber was
obtained, which meant the electrical current had no undesir-
able effect on the tensile load performance of carbon fiber.
Only 6 studies gave the clear mechanism explanation for the
test results. But part of the explanation was about improper
process parameters or lax variable control such as curing pres-
sure, heating rate, and auxiliary materials. In general, it can be
concluded that existing researches suggested that the ultimate
mechanical performance of SRE cured CFRP parts was deter-
mined by the curing temperature field and forming pressure
during the SRE curing process, which was from the point of
view of the resin matrix quality. However, the influence of
fiber self-heating mechanism on the specific performance like
interfacial strength might not be clearly revealed. Therefore,
mechanical performance of SRE cured CFRP parts is still
indefinable if the mechanism explanation was only according
to a single type of mechanical test result, or only considered a
single process factor.
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In this work, the major aim is to reveal the effect mecha-
nism of SRE heating process on the mechanical properties of
the CFRP laminated parts. A series of curing experiments and
process investigations for different heating rate were conduct-
ed. Comprehensive mechanical tests such as tension, com-
pression, flexural, and interlaminar shear (ILS) were carried
out. Then, by means of morphological characterization, the
void content and resin flowing behavior were discussed, and
the interfacial morphology was further characterized. From
the different test results, the relationship among the different
types of mechanical properties was analyzed. Finally, the
mechanism explanation considering multiple process factors
influencing the mechanical performance was given.

2 Experiments

2.1 Material and equipment

The composite system UIN10000/T800 unidirectional pre-
preg (China Weihai Guangwei composite co., LTD) with a
resin content of 30% and a thickness of about 0.1 mm per
layer was employed in this study, which is a typical carbon
fiber reinforced material system used in aerospace industry.
The recommended cure cycle for this system (part thickness <
5 mm) is based on a preliminary ramp at 1–2 °C/min from
room temperature to 120 °C, followed by an isothermal stage
at 120 °C for 90 min. The final cycle is based on a cooling
stage from 120 °C to room temperature (natural cooling). The
curing process was performed under vacuum bag pressure of
0.095 MPa. The 10 mm wide red copper strip (Hengxu hard-
ware co., LTD) with the purity of 99.7% was adopted as the
electrode. The soft copper cables with a cross area of 60 mm2

(maximum current 300 A) were used as the heating transmis-
sion lines, which had connectors in both ends for a quick
plugging operation. An aluminum alloy plate with a side
length of 500 mm was used as the curing mold. In the SRE
curing process, the polyimide film (Meixin insulation mate-
rials Co., LTD) was used for insulating between the compos-
ites and the metal mold. Other supportingmaterials used in the
experiment were purchased from supplier Airtech co., LTD,
such as L500Y vacuum bag, PMMA release film, B150
breather, and RP3 perforated released film.

The self-developed automatic temperature control power
supply based on a commercial DC high-power supply
(SZPAIER co., LTD) was employed for SRE curing process.
The maximum output electricity of the power supply was
300 A, and the rated power was 4.50 kW. The power supply
can be controlled according to the temperature input signal
both in constant current and voltage modes. For fabricating
the comparative experimental samples, the curing oven
(Shanghai Boxun Co., LTD) with the inner dimension of
600 × 600 × 800 mm was used.

2.2 Temperature distribution field characterization

Before the formal curing experiment, the SRE heating tem-
perature field under different process parameters was ob-
served by the infrared thermal image camera (Flir A300).
Five different electrode arrangements and the corresponding
temperature distribution images are shown in Fig. 1a–e.
Different stacking sequences with the same number and the
corresponding temperature distribution images are shown in
Fig. 1f–j. All images were captured in 30 s after the power
supply turned on at a constant power of 80 W.

2.3 Curing arrangement and methodologies

The unidirectional laminated composite samples were
manufactured for the mechanical tests and their dimen-
sions are shown in Table 1. There are four types of
testing sample respectively corresponding to tension,
compression, flexural, and ILS test, and samples of each
types were cured in five batches by five curing experi-
ments that had the different heating parameters: oven
1 K/min (recommended process), SRE 1 K/min, 3 K/
min, 5 K/min, and 10 K/min (Table 2). In all experi-
ments, the same vacuum bagging (at − 0.095 MPa) ar-
rangement was applied as shown in Fig. 2. A layer of
polyimide film was matted between the aluminum alloy
mold for insulation. Besides, red copper strips were
welded and then embedded into the edge of every two
layers of CFRP parts. In SRE curing process, two cables
were connected with electrodes and sealed by the sealing
tape. The infrared thermal image camera was used to
observe the temperature distribution. The curing energy
consumption of all curing experiments (including the ov-
en process) was measured by a power meter connected to
the main power circuit.

2.4 Physical and mechanical characterization

2.4.1 Void content

The void content of samples was characterized by optical
microscopy (BMM-50E, BIMU, China). The measurement
results of each sample were obtained according to 18 non-
overlapping images captured from three different sections. In
addition, to reveal the resin flow behavior, the microscopy
was also used to observe the surface morphology of the sam-
ples cured by different curing methodologies.

2.4.2 Mechanical performance tests

The tension, compression, flexural, and ILS tests were con-
ducted respectively based on the standard of ASTM D3039/
D3039M [37], D6641/D6641M [38], ASTM D7264/

3482 Int J Adv Manuf Technol (2019) 103:3479–3493



D7264M [39], and D2344/D2344M [40]. As shown in Fig. 3,
all the testing samples were cut from the corresponding uni-
directional laminates in sequence, and at least 8 samples of
each laminate were tested to ensure testing reliability. The
dimension of testing samples was 200 × 20 × 1.6 mm for ten-
sion, 140 × 13 × 1.8 mm for compression, 120 × 14 × 2.2 mm
for flexure, and 20 × 6 × 2.2 mm for ILS test, and their cross-
head speed was 2 mm/min, 1.3 mm/min, 1 mm/min, and
1 mm/min, respectively. Narrow aluminum sheets were bond-
ed using room temperature cure adhesive on the samples of
tension and compression, which had a chamfer on the gauge
section to reduce stress concentration. An electronic universal
testing machine MTS 793 with a 100-kN load cell was used

for tensile tests, in which the extensometer was applied. The
rest of tests were all conducted on another machine WDW
e200d with a 50-kN load cell.

2.4.3 Morphological studies

The cross-section and fracture morphology of SRE heating
process cured composites were measured by the Carl Zeiss
EVO18 Scanning Electron Microscope (SEM) with a therm-
ionic gun and accelerating voltage of 10 kV. The electron
microscope samples with the dimension of 4 × 4 × 2 mmwere
fixed to the substrate and coated with a 40 nm thickness gold
layer to improve the resolution ratio.

Table 2 Geometrical size (mm)
of different type and testing
samples

Heating rate (°C/min) Tension Compression Flexure ILS

SRE-1 K/3 K/5 K/10 K, oven 1 K 300 × 300 × 1.6 250 × 250 × 1.8 200 × 200 × 2.2

Fig. 1 Different electrode arrangement (a–e) and their corresponding temperature distribution infrared images; different prepreg stacking sequence (f–j)
and their corresponding temperature distribution infrared images

Int J Adv Manuf Technol (2019) 103:3479–3493 3483



3 Results and discussion

3.1 Temperature distribution field and curing
efficiency assessment

As shown in Fig. 1a–e, the temperature uniformity in-plane
becomes more uniform as the increase of the number of inter-
layer electrodes. This is because that the contact resistance
between the copper and the prepreg is much smaller than that
between two carbon fiber prepreg layers. In order to reduce
the heat at the electrode contact area, the current passing

through the thickness direction of laminates must be mini-
mized as much as possible. Therefore, the arrangement of 1-
copper/2-prepreg was adopted for curing experiments. As
shown in Fig. 1f–j, the result that has the most uniform tem-
perature field was obtained from the 0° stacked one, and the
45° stacked laminates could barely be heated uniformly. The
0°/90° laminate also achieved a preferable results during the
whole curing process. For results of 90° and ± 45° laminate,
although the striped or intersected hot areas can be observed
initially, as the temperature goes up, their temperature fields
were eventually improved just as good as that of 0° laminate.

Fig. 3 a The schematic diagram of sample cutting and experimental photos of b tension, c compression, d flexure, and e ILS tests

3484 Int J Adv Manuf Technol (2019) 103:3479–3493
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This indicates that every fiber in the laminates being conduct-
ed can generate a uniform temperature field, and the flowing
hot resin leads to more overlap between the fibers, which can
further homogenize the temperature field.

The result of time consumption of different processes is
shown in Table 3. For SRE processes, in addition to the shorter
heating time, the rapid cooling rate also made contribution to
the cycle shortening. This is because all SRE curing experi-
ments were conducted in the open (no cavity) environment
instead of an adiabatic cavity. Therefore, even for the same
heating rate of 1 K/min, the total curing time of SRE process
can be reduced 32.8% of that of oven process. The fastest
curing process namely the SRE10K/min process achieved
61.5% time saving compared to oven process. The typical tem-
perature curves of SRE 10 K/min and oven 1 K/min are shown
in Fig. 4a. The SRE process realized the temperature tracking
error within 1 °C, but the oven always kept a temperature lag of
5 to 10 °C. This can be attributed to the fact that the CFRP part
was volumetrically heated and the temperature had the rapid
response to electrical current conducting in the fiber.

As shown in Fig. 4b, the consumption of oven processes
for the parts with different size basically had the same energy
consumption level of 3.0 kW h, which is due to the limited
effect of the part size in this work on the heat flowing inside
the oven. Nevertheless, the size of parts obviously affected the
SRE process, and the tension sample with the largest heat
dissipation area reached the maximum energy consumption.
Considering the energy efficiency, as compared in Fig 5 a and
b, a large amount of useless energy was used to heat air, mold,
cavity wall, and auxiliary materials in oven process. On the
contrary, for SRE heating process, under the heat insulation
measures, the electrical energy was completely converted
into thermal energy, and very little heat dissipated into the
environment. As a conclusion, the reason of low energy
consumption, short cycle for SRE heating/curing process
can be attributed to the rapid temperature response, fast
cooling rate, and high energy usage efficiency.

3.2 Void content and surface analysis

The void content and thickness of different samples and the
corresponding cross-section images are illustrated in Fig. 6.
The void content of SRE 1K sample achieved the reduction of

17.25% compared with the oven 1 K sample. This is because
the uniform temperature distribution enabled the uniform flow
of the resin, and the void was supposed to be more easily
removed. But with the increase of the heating rate of the
SRE process, the void content was gradually raised. This
can be explained as the shorter heating time led to the decrease
of the resin flow time, and the resin did not effectively wet-out
the fibers bed and the void was not able to be eliminated in
time [41]. Generally, void content determines the quality of
the resin matrix, which may further affect the interlayer bond-
ing strength. The results of material thickness are similar to the
distribution of void content, which further indicates that the
resin flow time is affected by the heating rate. The difference
in thickness also leads to the difference in fiber volume con-
tent, but the difference in fiber content in all samples was only
around 1%.

The surface morphology of the different CFRP samples can
reveal the resin flow behavior under different heating rate
more intuitively. As shown in Fig. 7a, for the uncured CFRP
prepreg, the clumped resin was unevenly distributed on the
surface of dry fiber. In the process with the recommended
heating rate of 1 K/min, as shown in the Fig. 7 b and c, the

Fig 4. a Typical temperature curves of the SRE 10 K/min and oven 1 K/
min process. b Energy consumption bar graph of different curing
processes

Table 3 Actual curing time (min) of different curing processes

Time (min) Oven 1 K SRE 1 K SRE 3 K SRE 5 K SRE 10 K

Heating 100 100 34 20 10

Dwell 90 90 90 90 90

Cooling 127 23 24 24 22

Total 317 213 148 134 122

Time saved – 32.8% 53.3% 57.7% 61.5%

Int J Adv Manuf Technol (2019) 103:3479–3493 3485



resin was evenly coated on the fiber surface with only a small
number of void spots. This means that under the pressure of
the vacuum bag, the resin expectably flowed along the pres-
sure passage and filled gaps between fiber. However, although
the resin viscosity reached the same low magnitude during the
other SRE process with higher heating rate, the shorter resin
flowing time was not enough for the full impregnating. As
shown in Fig. 7f, the SRE 10K sample had the inferior surface
quality, and due to the high void content between the layers, it
was about 1.3% thicker than the other samples. Predictably, if

there is no other unknown factor, the final mechanical prop-
erties will be directly related to the void content results.
However, the results of mechanical tests did not follow this
preconceived rule.

3.3 Mechanical performance

Before the mechanical tests, the degree of cure was character-
ized by the DSC (Differential Scanning Calorimeter), and all
the samples nearly achieved 100% polymerization (because

3486 Int J Adv Manuf Technol (2019) 103:3479–3493
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all the experiments adopted the same dwelling of 90 min). In
order to comprehensively characterize the longitudinal, in-
plane, matrix, and the interlayer strength of samples cured
by oven and SRE heating processes, the most typical tests
including tension, compression, three points bending, and
ILS were respectively conducted.

3.3.1 Tensile strength

The tension test results of the samples are shown in Fig.
8. It can be clearly verified in the tensile strength col-
umn chart that the tensile strength of samples cured by
the SRE processes was all higher than that of oven
cured sample, and SRE 3 K sample with the highest
strength achieved an improvement of 69.23% compared
to sample of oven 1 K. In terms of tensile modulus, as
shown in Fig. 8b, there was a trend similar to the tensile
strength, except for the results of the SRE 10 K sample.
The stress-displacement curve of the tensile test shows
that the stress continued to increase until the first drop,
and then waved up to the maximum. The curve of weak-
er sample entered the wave stage earlier, and its wave
amplitude was greater. It is obvious in Fig. 8d that the
fracture surface of the SRE 1 K sample was completely
broken with a needle fracture surface, while the oven
sample mainly presented the interfacial debonding. This
can be concluded that the samples cured by the SRE
process may have stronger fiber-matrix interfacial bond-
ing and longitudinal bearing strength than those cured by
oven process.

3.3.2 Compression strength

The results regarding to the compression tests are illustrated in
Fig. 9, which are vastly different from the tensile test results.
As shown in Fig. 9a, the compression strength of the sample
cured by SRE 1 K process showed a slight increase compared
with that of oven cured sample. However, samples cured by
SRE 3 to 10 K processes presented an apparent decrease.
Especially, the compression strength of the SRE 10 K cured
sample was reduced by nearly half of that of the oven 1 K
sample. As shown in Fig. 9, the compression load capacity of
the matrix and fibers crashed irreversibly, which corresponded
to the sharply dropped stress-displacement curves. Failure
photos as shown in Fig. 9a can give an explanation to the
result of performance decline. The samples cured by SRE
10 K process were mainly damaged following the delamina-
tion between layers, which is totally different from the buck-
ling failure mode of the SRE 1 K sample. This may indicate
that the strength of interlayer bonding strength or matrix
strength of the sample cured by higher heating rate is weaker,
and this result basically agrees with that of void content mea-
surement. However, combined with tensile and bending re-
sults, it still cannot explain the mechanism of the effect of
the SRE process on mechanical properties compared with
the traditional one.

3.3.3 Flexural strength

As shown in Fig. 10, the flexural test results of the samples are
illustrated. It is evident in Fig. 10a that the flexural strength of

Fig. 7 a–f Micrographs of resin-fiber distribution on surface of different samples
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samples cured by SRE heating processes showed a declining
trend with the increase of the heating rate. Nonetheless, almost
all of the samples cured by SRE heating process performed
better in the flexural modulus than that cured by oven heating
process, as shown in the Fig. 10b. This result is in agreement
with the results of most studies discussed in the introduction.
All the stress-displacement curve of flexural tests appeared in
the similar variation trend. These curves rose up to the peak at
the same slope, and then fluctuated down. When the load rose

to the peak, the deformation appeared macroscopic cracks,
and after that, as the progressive failure, the fibers broke grad-
ually. This is confirmed in the flexural test failure photos of the
samples cured by SRE 1 K and SRE 10 K process as shown in
Fig. 10d. For high-performance samples, the fracture appeared
from the upper surface namely the compression side, which
indicates that the SRE 1 K samples broke in the mode of in-
plane shear failure.While the fracture of the SRE 10K sample
was in the mode of in-plane shear crack and central

(a) (b)

5mm

5mm

Fig. 9 a Compression strength column chart and failure images of SRE 1 K and 10 K and b typical compression stress-displacement curves of samples
cured by different processes

(a)

(c)

(b)

(d) Oven 1K SRE 1K

Fig. 8 a Tensile strength, b modulus column chart, c typical tension stress-displacement curves of samples cured by different processes, and d the fracture
surface appearance of the oven 1 K sample and the SRE 1 K sample
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delamination. Basically, the results of the flexural test also
conform to the results of the void content, that is, the higher
void content conduced to the weak interlayer matrix property.

3.3.4 Interlaminar shear strength

The ILS tests yielded quite unique results, as illustrated in Fig.
11. It is apparent in the column chart that the ILS strength of

all the samples cured by SRE heating processes was higher
than that of oven cured sample, and the highest strength was
achieved by the sample of SRE 10 K. It can be demonstrated
that the upward trend of ILS strength was accompanied by an
increase of the heating rate, and this is totally different from
results of previous three tests. As dotted squared line in failure
photos of Fig. 11b, the SRE 10 K sample broke with few tiny
delamination cracks at the middle layer rather than that at the

(a)

(c)

(b)

(d)

SRE 1K

SRE 10K

(a) (b)

2mm

Oven 1K

SRE 10K

2mm

Fig. 11 a ILS strength column chart and b typical stress-displacement curves of samples cured by different processes and fracture images of SRE 1K and
10 K
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Fig. 10 a Flexural strength, b modulus column chart and c typical flexural stress-displacement curves of samples cured by different processes, and d
fracture images of SRE 1 K and 10 K.



upper layer close to surface appeared in oven cured sample.
Not following the aforesaid rule affected by the void content
results, samples cured by SRE 1K process indicated the worse
interfacial property, but the SRE 10 K sample which was
cured at higher rate with higher void content performed better
in the ILS test. This results may be related to the electrical
conductivity of carbon fiber itself as the heat source.

The performance improvement data are listed in Table 4.
All the performance of the SRE 1 K cured samples are supe-
rior than that of the oven 1 K cured samples but only with
68.7% of total curing cycle and 55% of energy consumption.
Although the flexural strength decreases slightly, sample
cured by SRE 5 K process achieved the greatest average im-
provement of 14.93%. However, compression and flexural
strength of the SRE sample cured in high heating rate such
as 5 K/min and 10 K/min were lower than those of oven cured
one, which can be attributed to the high void content and weak
interlayer matrix strength. Moreover, all the tension and ILS
strength of SRE cured samples were higher than those of oven
cured samples, which is probably due to the improvement of
the fiber-matrix interfacial strength. To verify the conjecture,
the micro-morphology of fiber-matrix interfacial area is
discussed down below.

3.4 Cross-section and fracture morphology
characterization

The SEM micrographs of cross-section (cut along the fiber
axis) and snapped fracture of the different samples are shown
in Fig.12a–e and Fig.12f–j, respectively. The yellow dotted
line squared area in Fig. 12b–e demonstrates the shape of
the resin coated on the fiber. Some of them are tightly attached
to the surface of the fiber, some filling the fiber grooves or
gaps between the fibers. However, in the micrograph of oven
cured sample, there was no distinct resin being found on the
fiber surface, and only scattered resin particles were distribut-
ed between fibers as enlarged in the Fig. 12a. This suggests
that the fiber-resin interfacial strength of oven cured sample
was not strong enough to resist the shear force during cutting
process. Then focusing on the fracture morphology, for oven
1 K cured sample, there were a large number of bare fibers and
neat resin holes on the whole surface, which illustrated that the
fiber-resin interfacial strength was weak. On the contrary, a
large amount of resin adhered on fiber surface can be found in
SRE cured samples as red dotted line circled in Fig. 12g–j.
Especially in the samples of SRE 3 K, the muciform resin
fully fill the fiber gap and was not separated from the fiber,

Table 4 Different types of
mechanical properties of SRE
heated samples compared with
the oven 1 K sample

Process Tension Compression Flexural ILS strength Average

Strength Modulus Strength Modulus

Oven 1 K – – – – – – –

SRE 1 K + 33.08% + 0.90% + 3.05% + 1.29% + 3.89% + 3.16% + 10.15%

SRE 3 K + 59.56% + 6.03% − 5.18% + 0.058% + 2.5% + 2.41% + 14.21%

SRE 5 K + 47.06% + 1.58% + 12.00% − 3.73% − 0.61% + 4.38% + 14.93%

SRE 10 K + 41.18% − 4.75% − 48.15% − 5.27% + 1.98% + 4.94% − 1.83%

Fig. 12 Cross-section SEMmicrographs of a oven 1 K, b SRE 1 K, c SRE 3K, d SRE 5 K, and e SRE 10K; Fracture SEMs of f oven 1 K, g SRE 1 K, h
SRE 3 K, i SRE 5 K, and j SRE 10 K
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and the cataphracted resin on fiber can also be found in the
sample of SRE 10 K. Basically, the conclusion can be made
from the above results that for the SRE processes with higher
heating rate, the increase of tensile and ILS strength is due to
the enhancement of fiber-matrix interfacial strength, while the
decrease of compression and flexural strength is due to the
higher void contents and the consequent weaker matrix
strength.

The mechanism of interface strength enhancement can
be explained as follows. The heat transfer modes along the
fiber-resin interface are shown in Fig. 13. In both heat
transfer modes, temperature gradients of different direc-
tions are formed along the interface. But in SRE heating
process, when the fibers as the heat source, as shown in
Fig. 13b, there must be a temperature difference. The
heating rate on the fiber-resin interface is much higher than
that of the macroscopical parts, so the temperature differ-
ence along interface is relatively larger. This large temper-
ature difference can lead resin around the interfacial area to
be heated and cured preferentially, and this prior curing can
significantly increase the curing quality and bonding
strength of resin around the interfacial area. The similar
mechanism of interfacial strength enhancement was also
reported in microwave [42] and SRE heating process [43].

4 Conclusion

The literature review summarized most of existing studies on
mechanical performance of SRE heating cured CFRP parts in
chronological order. Comparing with the traditional curing
method, some of the existing mechanical performance results
of SRE cured samples were enhanced, but some were weak-
ened. The mechanism explanations were mainly based on a
single type of mechanical test or result.

In this work, a series of oven and SRE curing exper-
iments with different heating rate were conducted.
Comprehensive mechanical tests including tension, com-
pression, flexure, and ILS tests were carried out. By
means of morphological characterization, the void con-
tent and resin flowing behavior were analyzed, and the
interfacial morphology was characterized. SRE curing
process with the heating rate of 1 K/min thoroughly in-
crease all the sample’s mechanical performance com-
pared to oven process. For SRE processes with higher
heating rate, the tensile and ILS strength were increased
because of the enhancement of fiber-matrix interfacial
strength, but the compression and flexural strength were
decreased because of the higher void contents and the
consequent weaker matrix strength. Several concise con-
clusions are summarized below:

1. Curing time and energy consumption of SRE heating pro-
cess can be significantly reduced compared to that of the
oven process due to the extremely fast heating/cooling
rate and the efficient utilization of electrical energy.

2. SRE heating process resulted in lower void content due to
the uniform temperature field, but the insufficient resin
flowing in the process of rapid heating rate leaded to high
void content and weaker matrix strength.

3. Fiber-resin interfacial strength was markedly improved
for SRE heating process because the fiber preferential
heating effect in fiber-matrix interfacial area.

4. This work presented the mechanisms both for the im-
provements and reductions of some certain mechanical
properties, which may be possible to explain the results
in some existing literature and to provide guidance for
further development of the SRE process. In order to im-
prove the matrix strength, the optimization of
implementing the resin flowing dwelling during rapid
heating process can be further considered.
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Fig. 13 Fiber-resin interface heat transfer mode diagrams of a external heat source in oven heating and b fiber heat source in SRE heating
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