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a b s t r a c t

Next-generation composite manufacturing processes are needed to overcome several limitations of
conventional manufacturing processes (e.g., high energy consumption). Here we explore, via experi-
ments and modeling, the characteristics of the newly developed out-of-oven (OoO) curing technique that
cures a composite laminate via resistive heating of a carbon nanotube film. When compared to oven
curing of an aerospace-grade out-of-autoclave (OoA) carbon fiber prepreg advanced composite laminate,
the OoO curing reduces energy consumption by over two orders of magnitude (14 vs. 0.1MJ). Thermo-
physical and mechanical tests including differential scanning calorimetry (DSC), dynamic mechanical
analysis (DMA), short beam shear (SBS), and ex-situ and in-situ double-edge notch tension (DENT)
indicate that the physical and mechanical properties of OoO-cured laminates are equivalent to those of
oven-cured (baseline) laminates. In addition to energy savings, the OoO curing process has the potential
to reduce part-to-part variations through improved spatiotemporal temperature control.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Manufacturing of aerospace structural composites has tradi-
tionally focused on using autoclaves to achieve high-quality
reproducible parts, including high fiber volume fractions and low
porosity [1,2]. Specifically, carbon fibers, which are pre-
impregnated with a thermoset or thermoplastic resin to form
prepreg sheets, are primarily used for autoclave processing tech-
niques because of their ease of use and exceptional mechanical
performance. However, manufacturing composites within an
autoclave is accompanied by high acquisition and operation costs
due to the necessity of a specialized heated pressure vessel to
suppress the formation of voids. Furthermore, the capacity of au-
toclaves limits the size and design of parts, and the production rate
is primarily affected by autoclave availability. As a result, there has
been an increasing interest in the development of alternative
techniques. For example, the previous studies reported
manufacturing approaches changing the method of heating such as
microwave heating, induction heating, laser heating, and resistive
heating of carbon fibers or carbon nanotube (CNT) fillers in com-
posites [3e6]. Additionally, specially-formulated and designed
prepregs that can be cured in an oven (out-of-autoclave, or OoA
prepregs) have been recently developed to remove the need of an
autoclave [7,8].

OoA prepregs with oven curing have been introduced
commercially as an alternative to autoclave-cured prepreg
manufacturing. In contrast to the autoclave prepregs, OoA prepregs
do not require the use of pressure vessels to achieve a void-free
laminate because of their formulation and unique structure; dry
regions between resin-rich regions in OoA prepregs function as
built-in void extraction channels [8e15]. Thus, OoA prepregs can be
curedwith conventional thermal ovens thereby allowing lower cost
manufacturing than using autoclave-cured prepregs [16,17].
Nonetheless, even the use of conventional ovens is not completely
ideal from a manufacturing perspective. Heat transfer is still based
on convection, which leads to inefficiencies and to spatial gradients
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in cure and stress due to convective-to-conductive interactions
between the oven gas medium (usually air) and the cure materials
[18e20]. This also drives part-to-part variability, and fabrication is
still limited because of its fixed geometry despite advantages of an
oven vs. an autoclave.

Given the limitations above, the concept of an out-of-oven
(OoO) process has been proposed, which uses a CNT film as a
heating element directly integrated into the surface of a lami-
nate so that curing does not require any heating vessel or
convective medium [21]. However, while the previous study
demonstrated the concept of OoO curing along with degree-of-
cure (DoC) comparisons, mechanical and physical properties of
OoO-cured composites have yet to be comprehensively evalu-
ated, particularly properties dominated by interlaminar failure, a
key area to evaluate for laminated composites [22]. To our
knowledge, the direct comparison between OoO and traditional
curing from an energy consumption analysis has not been re-
ported in the extant literature. In the current study, we compare
the OoO curing vs. oven curing using an OoA prepreg system,
and find that the OoO curing enables highly efficient
manufacturing of composites while preserving the mechanical
properties, particularly interlaminar strength, equivalent to the
conventional oven method.

Fig. 1a illustrates the overview of the conventional oven vs. the
OoO curing process. Conventional oven curing processes as well as
autoclaves that use convective heating require the entire vessel
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volume to be heated, regardless of the geometry of the component.
Therefore, as shown in Fig. 1b, the electrical power for resistive
heating should pass through several thermal barriers such as heat
loss to the environment, the gas medium (here, air), and heating of
vacuum bagging and cure materials to heat up a laminate. As a
consequence, the energy consumption increases dramatically as
the size of the structure increases. In contrast, the OoO curing has
no thermal barriers between the heater and laminate, and thus
transfers the heat via direct conduction because the CNT heater is
installed on a surface of a laminate. Since the heat loss to the
environment is connected to the heater in parallel, thermal insu-
lation can suppress the heat loss, enabling most of electrical power
to go into the laminate from the heater. Additionally, because the
CNT film has extremely low thermal mass due to its low density
(�25 gsm), the electrical power can increase the temperature of a
laminate immediately.

2. Material and methods

The characteristics of the OoO curing process were explored by
tracking thermal responses and electrical power consumption
during a cure cycle. To compare the mechanical and physical
properties of OoO-cured composites with those of oven-cured
composites, degree of cure analysis, short beam shear test, dy-
namic mechanical analysis, and double-edge notch tensile testing
were performed.
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2.1. Composite fabrication and processing

In this study, Hexcel IM7/M56 OoA aerospace-grade unidirec-
tional (UD) carbon fiber prepreg was used [23], which is designed
to be processed with a vacuum-bag-only curing method. The pre-
preg is nominally 394 gsm, and nominal cured ply thickness of this
prepreg was 253 mmwith a target of 58.8% Vf of carbon fiber in each
ply. Considering the Standards used for the various experiments,
and the field of view of synchrotron X-ray for in-situ tensile tests,
eight plies (nominal laminate thickness of 2.02mm) were used for
the laminates quasi-isotropic layup of ½0=90=±45�S. Hexcel AS4/
8552 unidirectional prepreg properties were used for the com-
parison of energy consumption, because the ANSYS Composite Cure
Simulation (ACCS) provides the full engineering data of Hexcel AS4/
8552 UD prepreg such as thermal conductivity, the exothermic heat
of reaction for the cure modeling. The 16 plies of AS4/8552 UD
prepreg were stacked up to match to the nominal thickness of the
laminates comprised of IM7/M56 prepreg; the nominal cured ply
thickness of AS4/8552 UD prepreg was 0.130mm, giving a nominal
laminate thickness of 2.08mm, very close to the IM7/M56 nominal
thickness of 2.02mm. As a resistive heater, a commercialized CNT
film, Veelo HEAT from General Nano LLC. [24], was utilized for this
work. The CNT film was composed of randomly oriented multi-
walled CNTs, and was �40 mm thick, with an areal density of �25
gsm and an isotropic sheet resistance of �5 U=,.

For the oven curing process, the recommended vacuum bagging
procedure from the prepreg manufacturer was followed [23,25]. To
ensure the removal of air trapped during the hand lay-up process,
vacuum debulking was performed on the full laminate at room
temperature for 6 h. After the debulking process, the rounded
laminate edges were trimmed to ensure the laminate is re-
breathable, a step necessitated by the OoA formulation of the
prepreg, following manufacturer recommendations. Once a vac-
uum bagwas prepared for the cure, the laminate and curematerials
was placed in a gravity convection oven (i.e., Lindberg/Blue M,
GO1350A) for curing. During the cure cycle, the recommended
curing condition in the technical data sheet was followed for each
prepreg system. Both prepreg systems are designed to have the
same temperature for the thermal process as follows: cure tem-
perature of 110 �C with a hold time of 60min, and post cure tem-
perature of 180 �C with a hold time of 120min; ramp rate at 3 �C/
min.

For OoO curing, the cure setup was modified as a form of
conductive curing, similar to the previous study (See Fig. S1 for the
modified vacuum bagging setup with a one-sided heater). In
particular, thermal insulating blocks (i.e., MICROSIL Microporous
Insulation from ZIRCAR Ceramics Inc.) were installed to reduce heat
loss to the environment. In addition, because one of the main goals
of this studywas to compare the physical properties of oven vs. OoO
curing, a Guaranteed Nonporous Teflon (GNPT) film was inserted
between the heater and the surface of the laminate such that the
OoO heater can be easily peeled off after cure. Such removal of the
heating element is different from the previous study using a CNT
nanocomposite heater; a conductive CNT polymer nanocomposite
was permanently attached to the surface of the laminate with a
surfacing film in the prior work [21,26]. During an OoO cure cycle, a
DC power supply was connected to the two copper tape electrodes
of the heater to control the input voltage to follow the specific cure
cycle [21,26]. For the feedback control, the input voltage was used
for the system input, and the temperature of a CNT heater was the
system output. Temperature of the CNT heater was measured via a
thermocouple (OMEGA Engineering fast-response K-type). The
input voltage was controlled to make the temperature error less
than 0.1 �C, while following the designated cure cycle. The vacuum
bagging setup was placed on a lab bench. Input voltage, current,
and power consumption were recorded using digital multimeters
embedded in the power supply (B&K Precision DC power supply
9201).
2.2. Characteristics of oven and out-of-oven curing

To evaluate the energy consumption of an oven process and OoO
process, the power consumption was measured during a cure cycle
and compared with the model of the multi-physical curing process
by ACCS. The transient thermal analysis was conducted to capture
thermal responses within a laminate such as a temperature and
heat flux. As mentioned above, a quasi-isotropic laminate
comprised of unidirectional layers of Hexcel AS4/8552 prepreg in a
½0=90=±45�2S layup was used for finite element cure modeling due
to the full accessibility of engineering data. Each ply was modeled
with ten meshes to obtain results through the thickness of the
laminate. Note that the cure simulationwas conducted in 1D, while
the experiment was under 3D.

For an oven process, a gravity convection oven was used in the
experiment and the model. The dimension and engineering data
such as the amount of heat loss to the environment were adopted
to the model from the technical data sheet of the manufacturer
[27]. The thermal analysis assumed that a vacuum bag and cure
materials are surrounded by the heated air during a cure cycle.
The power consumption was acquired by calculating the electrical
power of the heating elements. The convective heat transfer co-
efficient was set at 15W/m�C at the surface of the vacuum bag,
and the dry air of an oven was modeled as a lumped capacitance
model. The heat flux from a laminate due to the exothermic re-
action of the thermoset was included in the calculation. In the
experiment, the electrical power consumption was measured
directly at the receptacle via a current probe (FLIR TA72). For the
OoO process, we assumed that the temperature of a cure cycle was
applied to the surface of a laminate because the CNT heating
component is mounted directly on a surface of a laminate. The
engineering data of thermal insulation (density of 230 kg/m3,
specific heat of 800 J/kg�C, and thermal conductivity of 0.019W/
mK at 20 �C to 0.023W/mK at 200 �C with the assumption of
linearity) was introduced for the model. The experimental elec-
trical power consumption was obtained by measuring the input
voltage and current into the CNT heater mounted on laminate via
a DC power supply.
2.3. Degree of cure analysis

After the curing using the oven and OoO methods, differential
scanning calorimetry (DSC) was conducted using a Discovery DSC
(TA instruments) to evaluate the degree of cure (DoC) of the
laminate. The dynamic DSC run was performed by scanning the
heat flow from 40 �C to 300 �C at 5 �C/min ramp rate, based on
ASTM D7028. The DoC was estimated by comparing the area of the
exothermic peak observed in the DSC curve of the heat-processed
laminate, also known as the heat of reaction, to that of an uncured
laminate. The DSC specimens were taken from each layer of a
laminate so that the through-thickness variance of the DoC could
be assessed, particularly given the one-sided nature of the OoO
curing. For the DSC testing, eight plies of 60mm � 50mm IM7/
M56 laminae were stacked unidirectionally by hand lay-up tech-
nique, and release films were introduced to both the left and right
end of the laminate in between top, middle, and bottom layers for
easy separation after curing [21,28]. The release film prevents
resin flow between layers. The procedures for oven and OoO
curing followed the same procedures described in the section
above.
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2.4. Short beam shear testing

The short beam shear (SBS) test was conducted based on ASTM
standard D2344, which is also consistent with DIN EN2563, and is
the simplest test for interlaminar shear strength (ILSS). The
dimension of a specimenwas nominally 12mm � 4mm � 2mm (L
� W � t), and these specimens were taken from the 120mm �
120mm unidirectional laminates comprised of 8 plies of IM7/M56
prepreg. Small angles (±2�) between the plies were introduced
intentionally to avoid fiber nesting [29]. The cut laminate edges
were polished with 800, 1200, and 2400 grit sandpapers to avoid
rough or uneven surfaces which may result in pre-cracks following
the Standard. As prescribed in the ASTM standard D2344 [30], a
three-point bend fixture with a loading nose of 6mm, supports of
3mm diameter steel cylinders, and the span length of 8mm was
utilized. During the tests, the force applied to the specimen was
monitored at a rate of cross head movement of 1.0mm/min applied
by a Zwick/Roell Z010 mechanical testing machine. The short-beam
strength was then calculated using Eq. (1) as follows:

sSBS ¼ 0:75� Pf
w� t

(1)

where Pf , w, and t are the load at the failure observed during the
test, the width, and the thickness of the specimen, respectively.
2.5. Dynamic mechanical analysis (DMA)

The specimen dimensions and testing procedure were carried
out based on the ASTM standard D7028. The Dynamic Mechanical
Analyzer used for the characterization of the composite laminates
was a TA Q800 DMA (TA Instruments). All DMA tests were con-
ducted using a three-point bending fixture with a span of 50mm,
which is ideal for composite materials due to its simpler stress
distribution than that induced in a single or double cantilever
configuration and measurable strain for high modulus materials
[31]. For DMA tests, an 8-ply unidirectional laminate of 120mm �
120mm was cured by oven and OoO process, respectively. In the
same manner, the small angle between plies was used to prevent
the fiber nesting. Four specimens of 60mm � 12mm � 2mm (L �
W � t) taken from each oven-cured and OoO-cured laminate were
tested in the temperature range from 40 �C to 300 �C at 2 �C/min
heating rate, maximum strain of 50 mm, andmulti-frequency sweep
of 1, 3.2,10, 30 Hz. The storagemodulus, lossmodulus, and tan delta
were obtained via DMA test, and the glass transition temperature
was determined from the storage modulus curve. Among three
different ways to determine glass transition temperature, the tan
delta curve was additionally used for determination of glass tran-
sition temperature to conduct the most refined comparison of the
oven-cured and the OoO-cured laminate with its clearness, even
though the storage modulus curve is widely used because of its
conservativeness [31]. The estimation of the activation energy is
most likely to be consistent when the glass transition temperature
is determined by the tan delta peak [31e34]. The multi-frequency
sweep results were analyzed to estimate the activation energy of
the glass transition relaxation as an additional comparator of the
oven vs. OoO manufacturing methods. The monitoring of the acti-
vation energy is correlated to the modulus and compliance of a
composite at the end of the service life, and therefore is useful in
assessing environmental exposure and aging of the material
[32,34e37]. The estimation of the activation energy is based on the
effect of temperature on the frequency of molecular conformational
changes in polymers [37,38]. Such phenomenon can be explained
by the Arrhenius relationship: the increase in frequency leads to the
shift of the tan delta curve toward a higher temperature. The
activation energy can be estimated by obtaining the slope of the lnf
vs. 1

Tg
with Eq. (2) as follows [31]:

DH ¼ �R
dðlnf Þ
d
�
1
Tg

� (2)

where DH is the activation energy (kJ/mol) for the glass transition
relaxation, R is the universal gas constant(J/mol K), f is the testing
frequency (Hz), and Tg is the glass transition temperature in Kelvin
(K).

2.6. Double-edge notch tensile (DENT) test

To compare the tensile strength and the failure progression of
OoO-cured laminates with those of oven-cured laminates, ex-situ
and in-situ tensile testing with double-edge notch specimens were
conducted. For this test, a quasi-isotropic laminate (IM7/M56,
½0=90=±45�S) of 120mm � 120mm was cured by each
manufacturing method. The 1mm-radius double-edge notches
were introduced into the 36mm-long and 4mm-wide specimens
using an abrasive waterjet so that the failure occurs within the X-
ray field of view during in-situ tensile testing [39,40].

The CT5000 5kN in-situ tensile stage for mXCT (Deben UK Ltd.)
was used as a load frame for both ex-situ and in-situ tensile testing.
All tensile testing with the in-situ stage was conducted under
0.3mm/min motor speed. The ultimate tensile strength (UTS) of
each specimen was calculated with the area at the notch and the
maximum load at failure. To evaluate the failure mode and pro-
gression, the specimens were scanned via in-situ synchrotron X-ray
computed tomography (SRCT) prior to tensile loading and followed
by scans at incrementally increasing stress range from 30% to 100%
UTS in steps of 10%. The in-situ experiment was performed at the
beamline 2-BM of the Advanced Photon Source (APS), Argonne
National Laboratory (ANL). An isotropic voxel size of 1.3 mm was
acquiredwith the X-ray beam energy of 22.7 keV and a 5� objective
lens. For each scan, 1500 2D projections were captured while a
specimenwas rotated in 180� via 2560� 2160 PCO.Edge 5.5 sCMOS
camera. The exposure time for each projectionwas 100ms, and the
projection radiographs were reconstructed using TomoPy [41], an
open source Python based toolbox, and a reconstructed 3D volumes
were analyzed with the commercial visualization software, Avizo
(FEI), to segment the features of interest such as matrix damage.

3. Results and discussion

Thermophysical andmechanical testing results are discussed for
both curing methods, followed by a failure progression study uti-
lizing in-situ synchrotron computed tomography.

3.1. Characteristics of oven and out-of-oven curing

Fig. 2 shows the cure simulation and experimental results for
the oven and OoO curing process for the 2mm-thick 60mm �
50mm laminate. As presented in Fig. 2a, the oven process showed
an expected transient temperature response on the laminate sur-
face due to the convective heat transfer, whereas the OoO process
had an immediate response by conductive heat transfer. As
mentioned in the Introduction, the convection coefficient in the
heating vessel varies greatly due to uncontrolled factors that in-
fluence gas flow dynamics, resulting in temperature gradients in a
laminate [18e20]. Furthermore, if several parts are cured simulta-
neously in a heating vessel, part-to-part variation may occur.
However, because the OoO process directly controls the tempera-
ture of each part, OoO curing has the potential to reduce part-to-



Fig. 2. Comparison of temperature profile and power consumption during oven and out-of-oven curing: (a) Temperature profile, and (b) Power consumption. The out-of-oven
curing showed a reduction in input electrical energy by two orders of magnitude. Note the difference in scale between the oven and OoO power axes.
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part variation due to thermal history during curing.
A clear difference between the oven and OoO process arises

from the two orders of magnitude reduction in energy consump-
tion during the curing cycle. An oven having the ideal size for
composite parts is rarely available in practice, and the part volume
needs to be kept low in the heating vessel to ensure effective
convection and uniform heating, which are critical for part quality
and dimensions [42]. Therefore, it is not uncommon to cure parts to
have a volume much less than the volume of the oven or autoclave.
In our oven curing experiments, the part-to-oven volume is 0.1%,
typical of research autoclaves, and of the same order as that of
composite production autoclaves, e.g., curing of an aerospace wing
shell (which should be closely optimized to the autoclave used, has
a part-to-autoclave volume ration of 0.4% (3.54m3 part, and 896m3

autoclave) [43e45]. Thus, the energy savings due to the conductive
OoO curing method of two orders of magnitude for the oven
considered herein is relevant at the commercial scale. It should be
noted that the energy savings measured herein is also in agreement
with simple models (based on volume considerations) presented
previously [21].

The lower images of Fig. 2b show the power consumption of
each manufacturing process during a cure cycle. In the case of oven
curing, most of the power consumption was used to raise the
temperature of the medium gas (i.e., dry air) inside the oven and to
maintain the temperature against heat loss to the environment.
Since the amount of heat loss to the environment provided in the
technical data sheet was included in the convection oven model,
the power consumption of the model was in good agreement with
the experimental results. During the ramp-up period, power con-
sumption of �2.1 kW was observed, and �500W and �1 kW were
consumed at the 110 �C and 180 �C hold steps, respectively. In
contrast, the OoO process exhibited a maximum power consump-
tion of �12.5W, two orders of magnitude lower than the oven
curing process. The total energy consumption during the entire
curing cycle was 13.7MJ for the oven and 118.8 kJ for the OoO
process, respectively - two orders of magnitude less for the OoO vs.
the oven cure. Since the OoO curing process is adjusted propor-
tionally to the surface area of the part, the energy savings are ex-
pected to be particularly prominent in aspect ratios commonly
found in wind, aerospace, and other applications where parts are
often long and narrow such as a wing and fuselage. Note that the
model captured the slight reduction of electrical power at the early
stage of the post-cure cycle; a valley in the power plot was observed
at �1.9 h (See Fig. 2b) due to the exothermic heat of reaction.

Additionally, we conducted the OoO curing experiment with a
20mm-thick laminate comprised of 160 plies of 60mm� 50mm to
evaluate if the exothermic heat of reaction of the thermoset poly-
mer affects the power consumption during curing. See Section S3 in
the Supplementary Materials for experimental details and results.
Oven curing exhibited temperature overshoots of�35 �Cwithin the
whole laminate at the early stage of a post-cure cycle due to the
exothermic heat of reaction. Relatively, OoO curing showed a
decreased magnitude of the overshoot of �25 �C and �10 �C at the
center and a surface of a laminate, respectively. The results suggest
that OoO process helps following an intended cure cycle, resulting
in the final thermal andmechanical properties close to the targeted
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values. We observed that the exothermic heat of reaction from a
laminate resulted in the �20min period in the early stage of post-
cure cycle where any electrical power input was not required (See
Fig. S3 in the Supplementary Materials). Such a phenomenon in-
dicates the possibility of further energy saving by recycling the heat
of reaction of a laminate to cure itself.
3.2. Thermophysical properties

DoC via DSC and characterizations from DMA are used to
compare the thermophysical attributes of the OoO to oven curing.
Three DSC specimens were prepared from the top (the 1st ply
adjacent to the CNT heater), the center (the 4th ply), and the bot-
tom ply (the 8th ply), to establish through-thickness spatial trends
in DoC. The mean value of the heat of reaction acquired from three
uncured prepreg was used for the calculation of DoC. The expected
range of DoC for oven manufacturing for this material is in the
range of 90e95% (per the manufacturer), which is typical of most
oven and autoclave processed aerospace-grade composites. As
presented in Fig. 3, the DoCs of both oven and OoO process are in
the targeted range. To determine whether means of oven and OoO
curing are statistically different, the one-way analysis of variance
(ANOVA; Welch's ANOVA [46]) was conducted. The ANOVA is used
throughout the discussion to compare oven and OoO curing, and a
p-value less than 0.05 is required to establish a statistical difference
with 95% confidence. The DoCs of an OoO-cured laminate showed
no statistical difference from those of an oven-cured laminate.
There was no significant spatial variation in both cases. The pre-
vious study without thermal insulation found that the DoC of the
laminate strongly depends on the thermal distribution within a
laminate [21]. In particular, the DoC of the laminate correlates to
the surface temperature of the CNT heater, and the DoC decreased
in the through-thickness direction away from the heater due to the
thermal losses as the distance from the CNT heater increases.
Therefore, the results of this study indicate that simple thermal
insulation can further improve the in-plane thermal distribution
and minimize through-thickness DoC trends. Overall, a one-sided
CNT heater on a 2mm-thick laminate is enough to obtain the
equivalent thermal properties of oven-cured laminates.
Fig. 3. Comparison of degree of cure as evaluated spatially via differential scanning
calorimetry (DSC) at the top, center, and bottom plies of 8-ply laminate for oven and
out-of-oven curing. Note that the whiskers represent the standard error. Data is offset
slightly on the x-axis (ply location) for visualization. Note that in the out-of-oven
curing process, the heater is in contact with the top ply (the 1st ply). p-values of
0.31, 0.83, and 0.55 indicate that there are no significant differences between the oven
and out-of-oven curing process.
The results from DMA curves such as the storage modulus, loss
modulus, and tan delta, altogether suggest that oven-cured and
OoO-cured specimens exhibit the same dynamic mechanical re-
sponses. See Fig. 4a for the representative storage modulus, loss
modulus, and tan delta curve from DMA tests on the specimens at
the testing frequency of 1 Hz. Fig. 4b exhibits the storage modulus
and loss modulus at 100 �C as well as themagnitude of the tan delta
peak. The results of the p-value in all three curves (p ¼ 0:84 for the
storage modulus; p ¼ 0:25 for the loss modulus; and p ¼ 0:18 for
the tan delta peak) suggest that there is no significant difference in
the curves of oven-cured and OoO-cured specimens. The glass
transition temperature determined by the storage modulus curves
(Tg;s) and tan delta curves (Tg;t) at 1 Hz frequency, and estimated
activation energy from the multi-frequency sweeps at 1, 3.2, 5, and
30 Hz, are summarized in Table 1. For the estimation of activation
energy, Tg;t was used as it is considered the most accurate [31e34].
The oven-cured and OoO-cured specimens exhibited the same Tg;t
and Tg;s of �227 �C and �205 �C, respectively. It should be noted
that the manufacturer reported Tg;s of 204 �C [23] is very close to
the values measured here. It is known that the glass transition
temperature measured by DMA curves may vary by up to 25 �C
depending on the parameter and methodology for testing [34,47].
The oven-cured and the OoO-cured specimens exhibit statistically
no difference in Tg;s, Tg;t, and activation energy as shown above and
in Table 1. Therefore, the DMA tests indicate that the oven and OoO
curing provide the comparable dynamic properties of the polymer
as expected.

3.3. Mechanical testing

Here we explore the results of SBS and double-edge notch
strength testing to further assess any differences in OoO vs. oven
curing as well as the morphology of the fabricated laminates. Fig. 5
presents synchrotron radiation mCT images of the oven-cured and
OoO-cured specimen. As presented, both specimens did not show
any detectable void under a high resolution scan (voxel size of
1.3 mm). There was no morphological differences noted between
the oven and OoO specimens. In the SBS test, 14 specimens were
tested for each curing process. In both cases, it was observed that
the failure proceeds sequentially as: (1) plastic deformation as an
indentation at the loading nose, followed by (2) interlaminar shear
failure (as defined in the Standard D2344 as a valid test), which
resulted in the type of load-deflection of each case as shown in the
inset of Fig. 6. The first failure corresponds to indentation and/or
crushing at the loading nose, and the maximum load (second fail-
ure) occurs due to the interlaminar shear failure. It is known that
the short-beam strength may not directly indicate the interlaminar
shear strength of the laminate due to its complex stress distribu-
tion, and that the failure can be a combination of different failure
modes such as discrete and irregular interlaminar shear, tension,
compression, and plastic deformation [48]. However, it is generally
accepted that SBS testing can be used for comparison and as a
screening tool for composite laminate properties with a description
of the failure mode [49,50]. Fig. 6 exhibits the short-beam strength
of oven-cured and OoO-cured specimens in a boxplot. Note that the
boxes represent the interquartile range for each group; the line in
the middle of each box represents the median, and the whiskers
represent the minimum and maximum datum; the outlier was
determined by the Tukey's fences [51]. Since the specimens failed
in complex modes (i.e., indentation and interlaminar shear), the
first failure load and the maximum load observed during the test
were both analyzed for the short-beam strength. The oven-cured
specimens showed the short-beam strength of 99.22MPa (SE
¼ 0:70 MPa) at first failure and 109.11MPa (SE ¼ 0:70 MPa) at the
maximum load. The OoO-cured specimens showed the short-beam



Fig. 4. DMA results. (a) Representative storage modulus, loss modulus, and tan delta curve from DMA tests at the testing frequency of 1 Hz for oven and out-of-oven specimens. (b)
Storage modulus and loss modulus at 100 �C, and the magnitudes of tan delta peak of the oven and the out-of-oven specimens. Note that the whiskers represent the standard error.
p-values of 0.84, 0.25, and 0.18 indicate that there are no significant differences between the oven and out-of-oven curing process.

Table 1
Glass transition temperature and activation energy of relaxation of the oven and the out-of-oven specimens. Note that the glass transition temperatures obtained from the
storage modulus curves and tan delta curves correspond to Tg;s and Tg;t , respectively. p-values of 0.99, 0.75, and 0.68 indicate that there are no significant differences between
the oven and out-of-oven curing process.

Specimen
Number

Tg;s (�C) Tg;t (�C) Activation
Energy (kJ/mol)

Oven OoO Oven OoO Oven OoO

1 207.38 204.27 227.19 226.44 549.71 553.71
2 203.97 206.39 226.63 228.50 553.36 698.34
3 204.43 205.85 227.44 228.01 556.35 557.35
4 206.94 206.25 227.72 228.97 694.59 629.12

Average 205.68 205.69 227.25 228.01 588.50 609.63
Standard Error 0.86 0.48 0.23 0.56 35.39 34.29

p-value 0.99 0.75 0.68
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strength of 100.40MPa (SE ¼ 1:93 MPa) at the first failure and
110.62MPa (SE ¼ 1:10 MPa) at the maximum load. Therefore, the
oven-cured and the OoO-cured specimens showed similar short-
beam strength both at first failure and the maximum load. The
ANOVA was again conducted to determine whether means of oven
and OoO are statistically the same for the short-beam strength
conditions. As presented, the results of the p-values in both short-
beam strength cases (p ¼ 0:74 for the first failure and p ¼ 0:29 for
the maximum load) suggest that the means of short-beam strength
values of oven-cured and OoO-cured specimens are not signifi-
cantly different from each other. Therefore, we conclude that oven-
cured and OoO-cured specimens have the same strength at each
failure mode as well as the same sequential order of failure mode.
Given the correct mode of interlaminar failure at the maximum



Fig. 5. Representative synchrotron radiation mCT image of (a) an oven specimen, and (b) an out-of-oven specimen. Note that both laminates were comprised of a quasi-isotropic
(½0=90=±45�S) lay-up sequence. There are no observed voids or morphological differences in the cross sections.

Fig. 6. Short-beam strength of oven and out-of-oven specimens. Note that the boxes
represent the interquartile range for each group; the line in the middle of each box
represents the median, and the whiskers represent the minimum and maximum da-
tum; the outlier was determined by the Tukey's fences [51]. The inset figure shows
representative load-deflection curves for the two types of curing as discussed in the
main text. Due to the initial load drop (“first failure”), both the first failure and
maximum load were used for the determination of the strength. Considering p-values,
the means of short-beam strength values of oven-cured and OoO-cured specimens are
not significantly different from each other.
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load, we conclude that this is the more important comparison as
this stress is the SBS. It should be noted that the manufacturer re-
ported ILSS of 98.6MPa [23], very close to the lower values
measured here. ILSS has many measures with SBS considered more
qualitative and comparative, rather than a true measure of ILSS.

Fig. 7a shows the UTS results for double-edge notch specimens
of the oven-cured and the OoO-cured laminates. As presented, the
oven-cured specimens showed a DENT UTS of �562.04MPa (SE
¼ 8:09MPa), while the OoO-cured specimens performed the UTS of
�566.68MPa (SE ¼ 10:54 MPa). Given that the manufacturer re-
ported IM7/M56 showed comparable fiber-dominated strengths as
IM7/8552 [52], the measured DENT UTS can be compared with the
strengths of IM7/8552 as follows: the DENT UTS is expected to be
considerably lower than the unnotched tensile strength, and
similar to the open hole tensile strength, given an equivalent
stacking sequence. It was reported that the specimens comprised of
IM7/8552 quasi-isotropic layup (½45=0=� 45=90�2S) have
unnotched tensile strength of 717.12MPa and open hole tensile
strength of 458.66MPa [53]. Since the DENT UTS of�564MPawere
in between the unnotched tensile and open hole tensile strength,
they are considered to be in a reasonable range. Similarly, the
ANOVA was applied to evaluate whether means of oven and OoO
are statistically the same. The significant level is 0.73, which is
above 0.05, therefore, there is no statistically significant difference
in the means of UTS value between oven-cured and OoO-cured
specimens.

Fig. 7b presents the 3D rendering of damages at 0%, 50%, 70%,
and 90% UTS. During in-situ tensile testing, three major damage
mechanisms have been observed in both oven and OoO specimens
as followed: intralaminar splits in 0� ply, transverse ply cracks in
90� ply, and intralaminar cracks in ±45� plies. Considerable
amounts of cracks were observed at 70% UTS, while crack initia-
tions occurred at 50% UTS from the notches in both cases. The oven-
cured and OoO-cured specimens showed the same crack progres-
sion trend: most of cracks in ±45� plies were formed after the crack
formation in 0� ply and 90� ply. Thus, we conclude that the tensile
strengths of oven-cured and OoO-cured specimenwere statistically
same and the crack progression occurred in the identical manner.
Because of the limitation of qualitative evaluation of the crack
progression, future work on the crack opening displacement and
the volume of the cracks will provide a quantitative comparison of
oven and OoO specimens.

4. Conclusion

In summary, we examined the characteristics of the out-of-oven
curing process using a carbon nanotube film as a heating element,
compared to that of a conventional oven composite curing process,
for an aerospace-grade out-of-autoclave (OoA) formulated unidi-
rectional carbon fiber advanced composite prepreg system. We
further evaluated the thermophysical and mechanical properties of
the processed out-of-autoclave composites. Results suggest that
there is no significant difference between the out-of-oven curing
and oven curing in the degree of cure analysis, short beam shear,
dynamic mechanical analysis, and double-edge notch tensile test;
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Fig. 7. Results of double-edge notch tensile ex-situ and in-situ testing for oven and out-of-oven curing. (a) Ultimate tensile strength of double-edge notch specimens, and (b) 3D
rendering of damage (matrix cracks) at 0%, 50%, 70%, and 90% of the mean ultimate tensile strength. Note that the boxes represent the interquartile range for each group; the line in
the middle of each box represents the median, and the whiskers represent the minimum and maximum datum. A p-value of 0.73 indicates that there is no significant difference
between the oven and out-of-oven specimens. The oven and the out-of-oven specimens demonstrated equivalent damage progression.
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therefore, the out-of-oven curing can achieve the equivalent ther-
mal and mechanical properties of out-of-autoclave composites, as
the conventional curing method. Moreover, the out-of-oven com-
posite curing process provides a significant reduction in electrical
energy consumption by two orders of magnitude (from 13.7 to
0.12MJ). The modeling of each manufacturing technique showed
good agreement with electrical power consumption during a cure
cycle, including reduction in electrical power consumption. Next-
generation composite manufacturing may overcome the limita-
tions of the conventional composite manufacturing process with
several advantages as follows: (1) Removal of size and shape
constraint on composite components using a scalable conductive
heating element, (2) on-site curing and/or repair, (3) high accessi-
bility to the composite manufacturing facilities, and (4) cost savings
on manufacturing by efficient thermal processing. Considering that
one of the benefits of the out-of-oven process is a rapid ramp rate,
future work should explore the further reduction of energy con-
sumption and the evaluation of thermophysical and mechanical
properties of the out-of-oven-cured composites fabricated by a
rapid-heating-enabled cure cycle.
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S1. Vacuum bag lay-up of the out-of-oven (OoO) curing process

Fig. S1 illustrates the OoO cure setup which is modified as a form of one-side

conductive curing. As illustrated, the CNT heating component was attached on the

surface of a laminate. When an additional heater was needed for a thick laminate (e.g.,

20 mm-thick laminate), two heaters were attached on the top and bottom surfaces of

a laminate. Also, thermal insulating blocks (i.e., MICROSIL Microporous Insulation

from ZIRCAR Ceramics Inc.) were installed to reduce heat loss to the environment.

During an OoO cure cycle, a DC power supply was connected to the two copper tape

electrodes of the heater to control the input voltage to follow a cure cycle. The vacuum

bagging setup was placed on a lab bench, and the temperature was measured by a

thermocouple that was attached to the CNT heater.

GNPT Film

CNT Film

Cu Tape

Thermal Insulation

Thermal Insulation

OoA
Laminate

Cork Dam

+ -

Vacuum Bag

Vacuum Port

Seal

Breather
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Figure S1: Vacuum bag lay-up of the out-of-oven curing process with a one-sided heater. A carbon
nanotube (CNT) film was installed directly on the surface of a laminate as the heating element.
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S2. Comparison oven vs. out-of-oven (OoO) curing with a 20 mm-thick
laminate

A 160-ply unidirectional 60 mm × 50 mm laminate comprised of Hexcel AS4/8552

UD prepreg was used for this experiment; the nominal cured ply thickness of AS4/8552

UD prepreg was 0.130 mm, giving a nominal laminate thickness of 20.8 mm. For the

oven and OoO curing process, the experimental description in Section 2.2 in the main

text was followed. Additionally, due to the possibility of temperature gradient through

thickness within a ∼20 mm-thick laminate, two CNT heaters were installed on the top

and bottom surfaces of a laminate for this experiment. The temperature was measured

by thermocouples that were attached to the CNT heaters and inserted into the center

of a laminate. The temperature of the top and bottom surface were controlled to follow

the same recommended cure cycle (see control details in main text).

Oven Out-of-Oven(a) (b)

Figure S2: Comparison of the temperature profiles during a 20 mm-thick laminate via (a) an oven
curing, and (b) an out-of-oven curing. The oven process showed a transient temperature response on
the laminate due to the convective heat transfer, whereas the out-of-oven process had an immediate
response by conductive heat transfer. Due to the exothermic heat of reaction, an overshoot in the
early stage of post-cure cycle was observed in both cases.

As discussed in the main text, the oven process showed a transient temperature

response on the laminate due to the convective heat transfer, whereas the out-of-oven

process had an immediate response by conductive heat transfer (See Fig. S2). Oven
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curing exhibited temperature overshoots of ∼35 ◦C within the whole laminate at the

early stage of post-cure cycle due to the exothermic heat of reaction. However, OoO

curing showed a decreased magnitude of the overshoot of ∼25 ◦C and ∼10 ◦C at the

center and surface of the laminate, respectively. As such, the top and bottom surface

of this thick laminate exhibited degree of cure (DoC) of 90.6% and 90.8%, respectively;

those are in the same range of DoC from the 2mm-thick experiment. Fig. S3 exhibits the

power consumption of each manufacturing process during a cure cycle. We observed

a ∼20 min self-curing region that does not require any electrical power due to the

exothermic heat of reaction in the OoO curing. In contrast, any distinct reduction in

power consumption was not observed form the oven curing.

Self-curing Region
Without Eletrical Power

Oven Out-of-Oven(a) (b)

Figure S3: Comparison of the power consumption during a 20 mm-thick laminate via (a) an oven
curing, and (b) an out-of-oven curing. Note the difference in scale between the oven and OoO power
axes. A self-curing region, which does not require any electrical power because of the exothermic heat
of reaction, was observed in the out-of-oven curing.
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