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aligned or woven microfibers.[7–9] We show 
here that, rather than hindering manufac-
turing, the high surface-to-volume ratio 
of aligned nanostructures (here, carbon 
nanotubes, CNTs) assists in manufac-
turing polymeric layered architectures via 
strong capillary forces. If nanomaterials 
are predistributed in a nanoporous net-
work (NPN) with textured morphology, a 
strong capillary flow of polymer into the 
nanoscale aligned capillaries of the porous 
network may be used to assist manu-
facturing of various polymeric layered 
architectures, such as aerospace-grade 
advanced composites studied herein.

Advanced fiber reinforced polymer 
(FRP) composite materials, comprising 
microfiber (commonly carbon and glass) 
reinforced thermoset and thermoplastic 
matrices, have been widely used in indus-

tries such as aerospace, marine, and wind energy where high 
mass-specific structural performance is required. Manufac-
turing of those materials has traditionally focused on layered 
polymeric architectures processed by an autoclave or other 
pressure-controlled process to achieve high fiber volume 
fractions and low void content, resulting in high-quality 
reproducible parts.[10,11] In particular, autoclave processing 
techniques are primarily performed with prepregs—in which 
reinforcement fibers are preimpregnated with a polymer matrix 
material to form a layer—due to their easiness of use, resulting 
quality, and exceptional mechanical performance. Conventional 
autoclave-formulated prepreg (hereafter “autoclave prepreg”) 
is intended to be cured in a vacuum bag (≈0.1  MPa) with an 
applied pressure of 0.6–0.7 MPa to suppress the formation and 
growth of voids.[10,12–14] Without an applied pressure, the com-
posite laminate shows significant amounts (≈5 vol%) of voids  
(see Section S1 in the Supporting Information for the results 
of curing autoclave prepreg laminates without an applied pres-
sure). An applied pressure is required because voids within 
a composite laminate cause detrimental effects to structural 
performance and lifespan of composite parts.[15–20] In par-
ticular, matrix-dominated properties such as interlaminar 
shear strength, flexural strength, and fatigue resistance are 
significantly degraded by the existence of voids, especially due 
to voids at the interface or the composite layers, known as the 
interlaminar regions.[10,21] Thus, reducing void content has 
been a focus in the manufacturing of these materials. Manu-
facturing composites within an autoclave is also accompa-
nied by high acquisition and operating costs of the autoclave 
infrastructure because a specialized heated vessel using high 

Here, a nanomaterial with morphology-controlled nanoscale capillaries is 
utilized to overcome manufacturing challenges in layered polymeric archi-
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1. Introduction

In heterogeneous materials, such as fiber-reinforced compos-
ites, the increasing focus on nanoscale versus microscale rein-
forcement architectures offers several advantages in physical 
properties due to the larger surface area, and therefore inter-
facial area, for a given volume.[1,2] The interfacial area and its 
properties can dominate the chemical and physical interactions 
when multiphase materials are formed.[3] While the proper-
ties of a nanostructured material are mostly influenced by the 
scale of its constituents and properties of the network they 
form,[2] dispersion of nanomaterials in polymeric materials is 
broadly problematic in manufacturing of multiphase materials 
such as polymer nanocomposites.[4–6] A homogeneous disper-
sion of nanomaterials in polymeric materials by using existing 
compounding techniques is challenging due to the strong ten-
dency of nanomaterials to agglomerate, and is incompatible 
with many forming technologies that requires combining with 
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pressures and temperatures is necessary to prevent the forma-
tion of voids. Moreover, the size and design of components 
are constrained by the capacity of autoclaves, and autoclave 
availability limits the production rate. As such, the interest in 
the development of alternative techniques has been increased 
(e.g., induction heating, laser heating, microwave heating, and 
specially formulated and designed prepregs that can be cured 
without a pressure vessel—the so-called out-of-autoclave (OoA) 
prepregs).[22–24]

Contrary to autoclave prepregs, pressure vessels are not 
required for OoA prepregs to achieve a void-free laminate due 
to the unique morphology/structure of OoA preregs; e.g., dry 
regions between resin-rich regions in OoA prepregs function as 
built-in void extraction channels.[24–31] Thus, OoA prepregs can 
be cured with an oven without an applied pressure, thereby ena-
bling lower cost manufacturing, compared to using autoclave 
prepregs.[32,33] Nevertheless, OoA prepregs are accompanied 
by modification of resin chemistry to prevent gas emission 
(“off-gassing”) during curing[34,35] and alteration of prepreg 
morphology for engineering the void extraction channels.[24] 
Hence, these changes require additional processes while manu-
facturing prepregs. In addition, relatively few prepreg systems 
are available and even fewer are currently qualified for struc-
tural use. Therefore, structural design can be limited due to 
limited ranges of mechanical properties. Moreover, in contrast 
to autoclave prepregs, a room-temperature debulking process 
ranging from a few hours to tens of hours is required for OoA 
prepregs prior to cure to evacuate entrapped air within a lami-
nate,[28,29,36,37] extending the manufacturing cycle considerably. 
Additionally, even the use of OoA prepregs is not completely 
ideal from a manufacturing point of view. Heat transfer is still 
based on convection, which leads to inefficiencies and to spa-
tial gradients in cure and stress due to convective-to-conductive 
interactions between the oven gas medium (usually air) and 
the cure materials.[38–40] This method drives part-to-part vari-
ability, and the fabrication is still limited because of the fixed 

geometry of the heating vessel. Given such limitations, the 
current alternative (i.e., OoA prepregs) needs further improve-
ments to create a viable non-autoclave process addressing the 
fundamental limitations of the use of an autoclave.

Here, we demonstrate a new non-autoclave process by 
which it is possible to manufacture aerospace-grade layered 
advanced composites from conventional autoclave prepregs 
without either a heating vessel or applied pressure. As pre-
sented in Figure  1a, prior to a thermal process, a laminate 
contains voids at the layer/lamina/ply interfaces. Convention-
ally, laminates are processed with applied pressure (Pa) from 
a pressure vessel (autoclave) to suppress such voids. Alterna-
tively, we found that the capillary pressure from a nanoporous 
network film replaces the need for applied pressure (from the 
autoclave) to manufacture void-free layered polymeric architec-
tures (see Figure 1b,c). The process comprises the integration 
of 1) the nanoporous network (i.e., vertically aligned carbon 
nanotubes (VACNTs) in the current work) into the interlaminar 
regions of the laminates, and 2) a vacuum-bag-only conductive 
composite curing process, out-of-oven (OoO) curing[41–43] (see 
Section S2 in the Supporting Information for an overview of 
the process). The OoO process uses a CNT film as a heating 
element in contact with the laminate surface such that curing is 
via conduction rather than convection, eliminating the need for 
a heating vessel.[42] Earlier works have shown that OoO curing 
enables highly efficient manufacturing of composites from 
OoA prepregs while preserving thermophysical and mechan-
ical properties (e.g., degree of cure, glass transition tempera-
ture, short-beam strength, tensile strength, etc.) observed in 
the conventional oven curing method.[42,43] Autoclave prepregs 
cured by OoO have not been explored previously because the 
OoO curing is based on a vacuum-bag-only cure cycle. In prior 
studies,[44–49] it was reported that nanoporous networks such as 
CNT arrays can draw polymers into itself via capillary-driven 
wetting. From this phenomenon, we hypothesized that an NPN 
can be utilized to reduce the extent of interlaminar voids by 
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Figure 1.  Capillary pressure from a nanoporous network (NPN) replaces applied pressure to manufacture void-free polymeric multilayer advanced 
composites. a) Before thermal processing, uncured laminates have voids at lamina interfaces, as shown in the µCT cross-sectional image. b) During 
the thermal processing, conventionally, layered polymer composites are processed with applied pressure (Pa) from a pressure vessel (autoclave) to 
suppress voids. Voids can also be removed by utilizing capillary pressure (Pc) from NPN comprising VACNTs, which is inserted into the interlaminar 
regions. In both approaches, vacuum and heat are applied to the laminate as part of the thermal processing; neither is shown. c) After the thermal 
processing, the voids in the interfaces are removed in both approaches, as presented in the µCT cross-sectional images.
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enhancing the resin flow into the interlaminar regions (i.e., the 
capillary pressure from the NPN replaces the applied pressure 
from an autoclave). Furthermore, such enhanced resin wetting 
due to capillary pressure was expected to enable the manufac-
turing of high-quality composites from existing conventional 
autoclave prepregs in extensive use in many industrial applica-
tions, including primary structures in aircraft.

2. Results and Discussion

Layered polymeric architectures (hereafter composite) were 
fabricated via the conventional manufacturing methods (e.g., 
autoclave or hot-press) as well as the new OoO curing with 
NPN to explore a non-autoclave process with autoclave prepreg, 
and to understand underlying mechanisms. Hexcel AS4/8552 
unidirectional prepreg was used for this work, which is 
designed to be cured by an autoclave with vacuum (0.1  MPa) 
and 0.6–0.7  MPa applied pressure, and is used extensively in 
the aerospace industry, being one of the few systems exten-
sively characterized and approved by the National Center for 
Advanced Materials Performance for the entire aerospace 
industry.[50] Three primary types of processing are compared: 
i) “conventional” curing with applied pressure in an autoclave, 
ii) conventional curing without applied pressure (“vacuum-
only”), and iii) the OoO conductive curing with NPN (“OoO w/ 
NPN”). Additionally three other process variants (see Section 
S4 in the Supporting Information ) are considered: iv) conven-
tional curing with applied pressure and NPN, v) vacuum-only 
curing with NPN, and vi) OoO curing without NPN. The con-
ventional composite curing in this study was conducted with 
an autoclave, comprising a vacuum bag and applied pressure 
of 0.7  MPa, following the manufacturer’s recommended cure 
cycle.[51] A hot-plate was utilized instead of a heating vessel 
(e.g., oven) for composite curing without an applied pressure 
(i.e., vacuum-only curing), in order to avoid spatial gradients 
in cure due to uncertainty of convective-to-conductive interac-
tions between the convective medium and cure materials.[38–40] 
In the case of OoO curing, vacuum was applied via a vacuum 
bag without an applied pressure as the OoO curing is originally 
designed.[42,43] Void analysis and short beam shear (SBS) tests 
were performed so that the mechanical and physical proper-
ties of composites cured by each manufacturing condition were 
compared. SBS testing allows the relatively week and problem-
atic interlaminar region strength, which is a primary concern 
in OoA materials and processes, to be directly evaluated. In 
addition, the underlying mechanisms were explored to under-
stand the results and to suggest further applications.

2.1. Void Analysis and Comparison of Mechanical Properties

As discussed in the Introduction, voids at the level of a few 
percent are associated with significantly reduced composite 
strength and lifetime. Such voids are introduced into the com-
posite during manufacturing as interlaminar (and sometimes 
intralaminar) voids. Figure  2a shows representative micro-
computed tomography (µCT) slices of the three primary pro-
cessing types. Of note, the secondary manufacturing conditions 

are discussed in Section S4 in the Supporting Information to 
explore mechanisms later in this section. In the X-ray micro-
graphs, the brighter gray-scaled regions denote denser areas 
such as fibers and polymers, while voids appear as darker. 
As can be seen in Figure  2a, there are no detectable voids in 
the specimens cured by autoclave (conventional), as expected. 
By contrast, since vacuum alone is not enough to remove 
entrapped voids and to suppress the void formation within 
such materials during curing, the specimens cured without 
an applied pressure (vacuum-only) resulted in a void fraction 
of ≈1.65%. Such high void contents of these specimens directly 
corroborate that applied pressure is required to lower the final 
void content when curing autoclave prepreg systems. How-
ever, when the OoO curing process and NPN were introduced 
in the interlaminar regions (OoO with NPN), the void content 
was reduced to the conventional/baseline values, i.e., undetect-
able. As reported in prior studies of aligned CNT interlaminar 
reinforcement,[52–54] there was no significant difference in the 
thickness of the interlaminar region before and after the inser-
tion of the aligned CNTs, as observed here. Furthermore, there 
were no morphological differences such as ply and interlam-
inar thickness between the OoO with NPN and conventional 
specimens under high-resolution synchrotron radiation com-
puted tomography (SRCT) images and micrographs. The SRCT 
images of specimens with NPN cured under different manufac-
turing conditions are presented in Section S3 in the Supporting 
Information. The OoO with NPN specimens did not exhibit 
any detectable voids even though the scans were conducted in a 
high resolution (voxel size of 650 nm). This is the same result 
from the specimens cured under the conventional autoclave 
process (see Figure S3a,c in Section S3 in the Supporting Infor-
mation). Figure S3b in the Supporting Information exhibits 
the representative SRCT slice of the vacuum-only with NPN 
specimens where all detected voids were located in the intrala-
minar region, and there were no interlaminar voids, suggesting 
that the NPN effectively reduces the voids in the interlaminar 
regions, regardless of the heat input type (hot-plate or OoO). 
Therefore, NPN effectively eliminates voids in the interlaminar 
regions as expected, and the integration with the OoO curing 
enables void-free composite laminates to be manufactured. Fur-
thermore, we observed the same void-free results with another 
aerospace-grade unidirectional carbon fiber prepreg (Hexcel 
IM7/8552, designed to be processed in an autoclave[51]), which 
suggests the NPN approach is generalizable to other compos-
ites (see Section S9 in the Supporting Information). This is fur-
ther discussed in the conclusions.

The results of SBS tests were evaluated to compare mechan-
ical properties of the composite laminates cured under dif-
ferent manufacturing conditions. In the SBS test, 10 speci-
mens were examined for each manufacturing process. Even 
though the short-beam strength may not be directly inter-
preted as interlaminar shear strength because of mixed failure 
modes by complex stress distribution,[55] it is known that the 
SBS testing can be utilized to compare composite laminate 
properties as a screening tool with a description of the failure 
mode.[56,57] Figure  2b,c exhibits the short-beam strength of 
each manufacturing condition. In all cases, the interlaminar 
shear failure mode was observed. The conventional speci-
mens gave short-beam strength of ≈91 MPa, which compares  

Adv. Mater. Interfaces 2020, 1901427
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as follows to other relevant systems: it was reported that 
IM7/8552 laminates have short-beam strengths of ≈118[58] 
and ≈93.5  MPa[59] in unidirectional ([0]32) and quasi-isotropic 
([0/90/ ± 45/90/0/ ± 45]S) layups, respectively. That is, short-
beam strength decreased by 20.8% in the quasi-isotropic 
laminates, when compared to the unidirectional laminates. 
Given that the short-beam strength of 114.7 MPa reported for 
AS4/8552 unidirectional ([0]32) laminates,[60] the short-beam 
strength of 90.8 MPa can be estimated, which is very close to 
the measured values of 91  MPa here. By contrast, due to the 
high void content, the vacuum-only specimens showed ≈27% 
decrease in the short-beam strength, compared to the con-
ventional and OoO with NPN specimens. Consistent with the 
extended literature and expectation, matrix-dominated proper-
ties are degraded by the existence of voids.[15–20] Given that a 
p-value less than 0.05 is required to establish a statistical differ-
ence with 95% confidence in the Welch’s t-test,[61] a p-value of 
0.77 indicated that the means of short-beam strength values of 
conventional and OoO with NPN specimens were not statisti-
cally different from each other. The other secondary processing 
conditions (i.e., conventional autoclave curing with NPN, vac-
uum-only hot-plate curing with NPN, OoO without NPN, etc.) 
provide further insight (see Section S4 in the Supporting Infor-
mation for the void contents and SBS results of secondary pro-
cessing conditions). The reduction in void content due to NPN 
(and the associated strength retention) occurs regardless of 

heat application (autoclave, hot-plate, or OoO), and OoO curing 
showed lower void contents than vacuum-only curing regard-
less of the presence of NPN. We also observed that the order of 
manufacturing condition from the highest to the lowest value 
of short-beam strength matched that from the lowest to the 
highest value of void content. This observation corroborates 
the findings from previous studies that high void content can 
cause detrimental effects on matrix-dominated properties and 
lifespan of composite parts.[15–20] The results of void content 
and SBS tests suggest that the integration of OoO curing and 
NPN broadens the options on materials and structural designs, 
because it enables use of autoclave prepregs to be processed 
only under vacuum without any modifications to the polymers. 
Since the material properties of autoclave prepregs have been 
extensively researched and widely used in industry for decades, 
the same high-quality composite architectures can be achieved 
in a much more efficient way (by removing the need for both 
the time and expense of pressure application).

2.2. Nanoporous Network Void Reduction Mechanisms

The formation and growth of voids within a laminate are 
attributed to mechanically entrapped air, moisture dis-
solved in the resin, and volatile emission during curing.[62,63] 
Figure  3a shows a 2D synchrotron radiation CT image of an 
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Figure 2.  Process quality and mechanical properties of layered polymer composites processed via conventional (autoclave with pressure), vacuum-only 
(oven without pressure), and OoO with NPN introduced in this work: a) Void content and representative µCT cross-sections. Note that in the µCT 
images, the brighter gray regions denote denser areas such as fibers and polymer, while the voids are imaged as darker gray to black. b) Representative 
load–deflection curves and c) short-beam strength statistics with standard error. The inset figure in (b) shows the short beam shear test. There is no 
statistically significant difference between the conventional autoclave-cured materials and the OoO with NPN, and the importance of pressure to both 
void content and strength is evident from the vacuum-only 27% reduction in strength.
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uncured l6-ply quasi-isotropic laminate. As illustrated in the 
magnified image (Figure 3b), there are intrinsic void sources in 
the laminate, which are composed of entrapped air pockets in  
the interlaminar regions and partially impregnated dry tows 
in the intralaminar region.[64] The intralaminar voids (i.e., par-
tially impregnated dry tows) are most likely to be connected to 
each other along the microfiber axial direction, and therefore 
prepregs show a higher permeability along the axial fiber direc-
tion than transverse direction.[65,66] Hence, most of the intralam-
inar voids can be removed via vacuum during curing. However, 
the entrapped voids in the interlaminar region arise from the 
irregular surfaces of the laminae (see Figure 4); the measured 
height of peaks and valleys on prepreg surfaces were normally 
distributed with a standard deviation of ≈5.2 µm (see Section S5  
in the Supporting Information for the quantified results of 
the irregular prepreg surfaces). Such interlaminar voids (i.e., 
entrapped air) may not be connected to each other due to the 
irregular in-plane distribution and shape of the peaks and val-
leys. As a result, vacuum is not enough to evacuate the inter-
laminar voids, and a high-pressure compaction using external 
pressure (e.g., autoclave) is required to minimize or eliminate 
the interlaminar voids. This supports other studies that find 
voids to be typically localized to the interlaminar regions.[65,67–70]

Given that the focus of void reduction is in the interlam-
inar region, we suggest that the effectiveness of the NPN in 
reducing interlaminar voids is primarily attributed to two fea-
tures of the NPN: 1) conformability of the NPN to the rough 
lamina surfaces, and 2) capillary wetting into the aligned nano-
structures of the NPN.

2.2.1. Conformability of the NPN

During the transfer procedure of NPN to the surfaces of a 
prepreg, we observed that the NPN tends to conform to the 

irregular features on the surface (see Figure 5a–d) of the 
lamina. To evaluate whether NPN fully conforms, a polydi-
methylsiloxane (PDMS) replica of the lamina surface was  
fabricated to allow dark-field microscopy investigation[71,72] 
(see Section S5 in the Supporting Information for the fabrica-
tion procedure of replica mold). The PDMS replica was found 
to be representative of the topography of a lamina via stylus 
profilometry using a Dektak XT Stylus Profiler (Bruker, USA); 
see Section S5 in the Supporting Information. Figure  5f is 
a dark-field microscopy image of the interfaces between an 
optically transparent PDMS lamina mold and the NPN (i.e., 
vertically aligned CNT arrays of ≈20 µm in height). The 
lower half of the mold has been covered with NPN, and as 
presented in the upper part of Figure  5f, the microfeatures 
of the PDMS mold (i.e., replica of peaks and valleys on the 
surface of a prepreg) appear bright due to light reflections on 
the irregular surfaces of microfeatures. However, in the lower 
part of Figure  5f, the microfeatures were completely filled 
with the NPN, and present optically as a matte black color 
without bright reflections. Note that the ability of the NPN 
to conform to the microscale features of the lamina is con-
sistent with the previous study that individual CNTs within 
the vertically aligned CNT arrays maintain their vertical orien-
tation without strong interactions between adjacent bundles 
during a microindentation.[73] Moreover, in order to evaluate 
whether both the top and bottom interfaces of NPN conform, 
the NPN (i.e., vertically aligned CNT arrays of ≈20 µm in 
height) were sandwiched between two PDMS mold replicas  
of the lamina surfaces, simulating a laminate layup (see 
Section S5 in the Supporting Information). Both interfaces 
were found to be in full contact with the NPN via dark-field 
microscopy such that there was no bright region observed. 
Once the microfeatures are filled with NPN, intrinsic void 
sources do not exist in the interlaminar region due to the NPN 
contact with the lamina surface. The NPN making contact 
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Figure 3.  Cross-section of an uncured laminate of Hexcel Hexply AS4/8552 [0/90/ ± 45]2S: a) representative 2D synchrotron radiation µCT image of 
the uncured laminate, and b) magnified image of three plies showing entrapped air in the interlaminar due to the irregular lamina surfaces and dry 
tows in the intralaminar regions.
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with both lamina allows the strong capillary effect of CNT 
arrays[74–78] to facilitate capillary-driven wetting of polymer 
throughout the interlaminar region (discussed further in 
Section  2.2.2). Furthermore, the porous NPN layers are also 
hypothesized to serve as void extraction pathways as discussed 
in Section S6 in the Supporting Information.

2.2.2. Interlaminar Capillary Pressure Due to the Nanoporous 
Network

In the curing process of autoclave prepreg laminates, the resin 
flow velocity is very small compared to infusion processes, cor-
responding to a low shear rate. Thus, even though the polymer 
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Figure 4.  Surface roughness of uncured aerospace-grade carbon fiber composite lamina (Hexcel AS4/8552 unidirectional prepreg): a) optical image 
of the lamina, b) magnified image of the surface of lamina showing roughness, c) cross-section of a laminate ([0/90/0]) showing entrapped voids at 
the interface due to the irregular surfaces, d) 45° tilted SEM image presenting irregular topography and cross-section of the lamina, and e) exemplary 
3D rendering of irregular surface measured by stylus profilometry.
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resins are non-Newtonian fluids, the characteristic flow of the 
resin during a cure process can be considered as a Newtonian 
flow because of the low shear rate, which corresponds to very 
small Reynolds number (<0.001).[79] At the microscopic scale, 
the resin flow inside a laminate is modeled by Darcy’s law with 
capillary pressure at the interface between the resin and the gas 
as follows

KKυ
µ

= − ∇P
	

(1)

where υ, KK, μ, and P are the flow velocity vector, the perme-
ability tensor, the dynamic viscosity, and the pressure at the 
flow front, respectively. Based on Equation (1), the direction of 
the resin flow front into the interlaminar region is given by the 
sign of the pressure gradient. Figure 6a presents the cross-sec-
tion of the interlaminar region showing the pressure boundary 
condition when voids are entrapped due to the irregular 

prepreg surfaces. At the interface between the resin and 
entrapped void, the resin pressure (Pr) and gas pressure within 
the entrapped void (Pv) give rise to a pressure gradient toward 
the interlaminar region corresponding to ΔP = Pr − Pv. Given 
that the entrapped voids are generated during the prepreg 
layup procedure at atmospheric pressure, and are likely to be 
isolated from each other, Pv is assumed to be order of 0.1 MPa. 
In the case of autoclave processing, the applied pressure is 
≈0.7  MPa with partial vacuum of ≈0.02  MPa additional from 
the vacuum bag, and hence Pr of ≈0.72  MPa is taken. There-
fore, the positive pressure gradient in an autoclave toward the 
interlaminar region (ΔP ≈ 0.62 MPa) suppresses void growth, 
and further the collapse of voids can occur due to gas diffu-
sion into the heated liquid resin. When only vacuum is applied 
during curing (Pr ≤ 0.1 MPa), the pressure gradient is not suf-
ficient to suppress void growth (ΔP ≤ 0), and the entrapped 
void can even expandgrow due to the thermal expansion of 
the gas. However, if NPN is introduced into the interlaminar 
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Figure 5.  Conformability of NPN to lamina: a) Illustration of conformed NPN on a lamina with microscale roughness, b–d) SEM images of NPN 
conformed to the irregular surface of a lamina, and e) illustration of the PDMS replica mold subjected to dark-field imaging. Note that the lower half 
of the PDMS mold is covered with NPN, and f) dark-field microscopy image of an optically transparent PDMS mold representing the lamina surface, 
clearly showing NPN conformability by the dark region in the lower portion of the image.
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region, capillary pressure from the NPN acts in the same direc-
tion as the pressure from the autoclave. Figure  6b illustrates 
the pressure boundary condition at the interlaminar regions 
when filled with conformable NPN. It should be noted that 
the NPN is assumed to have full contact with each lamina 
surface (Section S5, Supporting Information) and maintains 
in-plane breathable pathways (Section S6, Supporting Infor-
mation). At the flow front with NPN, the resin pressure (Pr), 
capillary pressure to the NPN (Pcn), and gas pressure inside 
the NPN (Pvn) give rise to the pressure gradient toward the 
interlaminar region of ΔP = Pr + Pcn − Pvn. Because a vacuum 
is drawn under the vacuum bag and the NPN is breathable,  
Pr ≈ 0.1 MPa and Pvn ≈ 0 MPa are assumed. Similarly, Pcn can 
be estimated based on morphological characteristics of the 
CNT arrays and the assumption of 1D resin flow along the 
fiber alignment[80–83] as follows (see Figure 6)

4 1
coscn

f

ε
ε

σ θ= −
P

D 	
(2)

where Df, ε, σ, and θ are diameter of a (nano) fiber, porosity 
of the NPN, surface tension of the resin, and contact angle 
between the resin and (nano) fiber, respectively. Given that 
the NPN comprises aligned nanofibers and has Df  ≅ 7.8 nm  
and ε  ≅ 0.94 (see the Experimental Section), the capillary pres-
sure Pcn of ≈1  MPa is estimated. In addition, σ  ≅ 35  mJ  m−1 
and θ ≅ 20° were used based on known values for similar 
epoxy system.[84–86] As a consequence, a sufficient pressure gra-
dient (relative to the autoclave) toward the interlaminar region  
(ΔP ≈ 1.1 MPa) is achieved, which is in excess of the autoclave 
process (ΔP  ≈ 0.7  MPa). This high pressure gradient due to 
NPN capillarity leads to full resin impregnation (full void sup-
pression) at the interlaminar regions such that there are no 
detectable interlaminar voids. Given the higher pressure, it 
is possible that the interlaminar regions are consolidated to 
a greater extent relative to the intralaminar regions, although 
both the interlaminar and intralaminar regions have no detect-
able voids. Finally, since any nanoporous architectures having 
sufficiently strong capillary pressure to draw polymer matrix 
into the interlaminar region can be utilized for the capillary 
approach, future studies should explore alternative NPN mate-
rials to expand the versatility of this approach.

3. Conclusion

A capillary approach utilizing NPNs to process layered poly-
meric architectures is presented and demonstrated, which 
addresses the limitations of current manufacturing methods 
such as autoclave and out-of-autoclave prepreg processes. This 
technique entails the integration of the recently proposed OoO 
curing process, and the insertion of a nanoporous network (i.e., 
vertically aligned carbon nanotube arrays in the current work) 
into the interlaminar regions of layered polymeric architectures. 
In essence, capillary pressure replaces autoclave pressure that 
is needed to remove voids from the interlaminar region of the 
laminates. The laminates comprising conventional autoclave-
required aerospace-grade prepregs were processed by the OoO 
with NPN technique, and physical properties were examined to 
compare with conventionally cured laminates. The processed 
composites had <0.1% volume of voids (commensurate with 
autoclave-processed composites) without using either a heating 
vessel or applied pressure, and mechanical testing shows that 
interlaminar strength (via short beam shear) is maintained. We 
found that the underlying mechanisms consist of: 1) conform-
ability of the nanoporous network that eliminates entrapped 
voids due to the irregular surface profile of the lamina;  
2) enhanced polymer wetting into the interlaminar regions 
due to strong capillary pressure of the NPN utilized herein. 
The technique proposed here for autoclave prepreg includes 
the same noted advantages for the OoO process utilizing OoA 
prepreg. Additionally, as the technique allows the oven and 
pressure vessel to be eliminated, it enables expanded advan-
tages as follows: 1) the wide range of existing autoclave prepreg 
material in use with already-proven mechanical properties are 
now available in an OoA environment, 2) removal of size and 
shape constraints on composite components using a scalable 
OoO heating element, and 3) cost savings on manufacturing 
by efficient thermal processing via OoO curing. Moreover, the 
process can be combined together with conventional composite 
manufacturing processes such as resin infusion, and may con-
tribute to the design and manufacturing of defect-free advanced 
composite architectures, while adding new or improved capa-
bilities such as cure sensing, reduction in part-to-part variation, 
and the ability to cure uniformly in regions with large local geo-
metric variations. In addition, this capillary pressure approach 

Adv. Mater. Interfaces 2020, 1901427

Figure 6.  Illustration of the pressure boundary condition at the interface (interlaminar region) of composite laminae with: a) entrapped voids due to 
the irregular surface of prepreg layers, and b) conformable NPN (i.e., vertically aligned carbon nanotube arrays in this work). The drawings are not 
to scale. The conformable NPN enables capillary-driven polymer wetting into the interface, leading to full polymer impregnation of the interface as 
observed in this work.
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is anticipated to be applied to many manufacturing applications 
where the need for high applied pressure are limiting, such 
as press forming, closed-mold resin infusion processing, and 
adhesive joining.

4. Experimental Section
Synthesis of VACNTs as NPN: VACNT synthesis (used here as the 

NPN) proceeded via a thermal catalytic chemical vapor deposition 
process with a quartz tube furnace of 44 mm inner diameter at 
atmospheric pressure, which was similar to a previously reported 
process.[42,49,87,88] Ethylene was used as the carbon source, and water 
of 600 ppm was added to the helium gas. The as-grown CNT arrays 
consisted of multiwalled CNTs having 3–7 walls[89] with an average 
inner and outer diameter of ≈5.1 and ≈7.8 nm, respectively. The volume 
fraction of CNT arrays corresponded to ≈1.6% with intrinsic CNT density 
of ≈1.6 g cm−3 and average inter-CNT spacing of ≈59 nm. Also, the 
as-grown CNT arrays with a height of ≈20 µm were used for NPN (see 
Figure 7). Given that the 20 µm tall NPNs were compressed to ≈5 µm 
in the interlaminar region, the effective volume fraction of NPN for 

capillary pressure corresponded to ≈6%, which resulted in the porosity 
of NPN of ≈94%. The CNT heaters for OoO curing were fabricated via 
roller densification of the CNT arrays having the height of ≈500  µm, 
similar to a previous study.[42]

Composite Fabrication and Processing: Hexcel AS4/8552 aerospace-
grade unidirectional carbon fiber prepreg was used, which is designed 
to be processed in an autoclave.[51] The nominal cured ply thickness of 
this prepreg is 130 µm with a target volume fraction of 63.5% of carbon 
fiber in each ply. Considering the standards used for the experiments, 
16 plies (nominal laminate thickness of 2.08 mm) were used for the 
laminates in a quasi-isotropic layup of [0/90/ ± 45]2S. In the case of 
laminates with NPN at the interlaminar region, CNT arrays with a 
height of ≈20 µm were introduced to all 15 interlaminar regions within 
16-ply laminates by manual transfer onto the surface of each prepreg, 
following the previously reported procedures.[49,53] Of note, the void 
results with partially introduced NPN are presented in Section S9 in the 
Supporting Information; NPNs significantly reduced the voids in the 
interlaminar regions only where they were installed, further underscoring 
the capillary pressure effect. To fabricate the CNT heaters for OoO 
curing, the fabrication methods in the previous study were followed 
using Cu mesh (Dexmet 2CU4-100FA) and composite surfacing films 
(TenCate Advanced Composites TC235-1SF).[41,42] It should be noted 
that the manufactured CNT heaters were attached on the top and 
bottom surfaces of all prepared 16-ply laminates so that all laminates 
maintained a symmetric layup even though only one heater was used 
(electrically activated) for OoO curing.

For the conventional autoclave curing process, the recommended 
cure procedure from the prepreg manufacturer was followed using an 
autoclave[51]: cure temperature of 110 °C with a hold time of 60 min, 
and then cure temperature of 180 °C with a hold time of 120 min; ramp 
rate at 3 °C min−1; autoclave gauge pressure of 0.6 MPa with a vacuum. 
For the vacuum-only (i.e., oven or hot-plate) curing process, the same 
vacuum bagging procedure for the autoclave process above was used. 
Once a vacuum bag was prepared for the cure, the laminate and cure 
materials were placed on a programmable hot-plate (EchoTherm 
HS60A) for curing. During the cure cycle, the same curing condition in 
the technical data sheet was followed without the applied pressure of 
0.7 MPa. For OoO curing, the cure setup in the previous study was used 
(see Figure 8 for the vacuum bagging setup with two-sided heaters).[43] 
Also, thermal insulating blocks (25 mm thick ZIRCAR Ceramics Inc. 
MICROSIL Microporous Insulation) were installed to reduce heat loss to 
the environment. During a cure cycle, only one heater was utilized as a 
heating element since the one-sided heater is enough to cure a ≈2 mm 
thick 16-ply laminate.[41–43] 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. The vacuum bagging setup was placed on a lab 
bench, and the temperature was measured by a thermocouple (OMEGA 
Engineering fast-response K-type) that was attached to the heater.

Figure 7.  45° tilted SEM image of ≈20 µm vertically aligned carbon nano-
tube arrays (NPN as used herein) grown by a thermal catalytic chemical 
vapor deposition process on a silicon wafer.

Figure 8.  Vacuum bag layup of the OoO curing process with two-sided heaters. Two carbon nanotube (CNT) heaters were installed directly on the 
top and bottom surface of all laminates, although in the OoO curing only the top surface heater is used (electrically activated) as a heating element.
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µCT Imaging and Void Analysis: µCT imaging of laminates was 
performed with Nikon Metrology XT H 225 ST at the Center for 
Nanoscale Systems, Harvard. An isotropic voxel size of 3.3  µm was 
acquired with the X-ray beam energy of 80 kV and 70 µA. Molybdenum 
was used as the X-ray source with the reflection target mode. For 
each scan, 1500 2D projections were captured while a specimen was 
rotated in 180°. The exposure time for each projection was 1 s, and 
the projection radiographs were reconstructed using the embedded 
software in the µCT machine, and reconstructed 3D volumes were 
analyzed with the commercial visualization software, VGStudio MAX 3.0, 
to acquire 2D slices. High-resolution synchrotron radiation CT images 
were acquired at the ID-19 beamline at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France. An isotropic voxel size of 
650 nm was used for synchrotron radiation CT images. The void content 
of cured laminates was evaluated by  µCT following ASTM E1441. From 
a manufacturing point of view, it is important to understand the impact 
of the location and size of void defects on the structural performance of 
composites, including strength and fatigue behavior. Therefore,  µCT-
based assessment is a way to acquire the 3D distribution of voids. After 
collecting raw µCT images, the void content can be easily calculated by 
applying a threshold filter.

Short Beam Shear Test: The short beam shear test was conducted 
based on ASTM standard D2344, which is also consistent with 
DIN EN2563. The dimension of a specimen was nominally 
12 mm × 4 mm × 2 mm (L × W × t), and these specimens were taken from 
the 60 mm × 50 mm quasi-isotropic laminates ([0/90/ ± 45]2S) comprising 
16 plies of AS4/8552 prepreg. The cut laminate edges were polished with 
800, 1200, and 2400 grit sandpapers to avoid rough or uneven surfaces 
which may result in predamage at the edges. As prescribed in the ASTM 
standard D2344,[90] a three-point bend fixture with a loading nose of 
6 mm, supports of 3 mm diameter steel cylinders, and the span length of 
8 mm were used. During the tests, the force applied to the specimen was 
monitored at a rate of cross-head movement of 1.0 mm min−1 applied by 
a Zwick/Roell Z010 mechanical testing machine. The short-beam strength 
was then calculated using Equation (3) as follows

0.75SBS
fP

w t
σ = × × 	

(3)

where Pf, w, and t are the load at the failure observed during the test, the 
width, and the thickness of the specimen, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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S1 | PRESENCE OF VOIDS WITHIN COMPOSITE LAMINATES PROCESSED
WITHOUT APPLIED AUTOCLAVE PRESSURE

Figure S1 shows the results of curing autoclave prepregs (Hexcel Hexply AS4/8552 in a [0/90/±45]2S layup) by an
oven without applied pressure. The laminate shown here was cured with vacuum but without an applied pressure.
Due to insufficient pressure to suppress void formation, the laminate cured without an applied pressure shows a
significant amount (∼5.0%) of voids. The brighter gray-scaled regions denote denser areas such as fibers and polymer
matrix, while the voids appear as darker gray-scaled regions. In addition to the cross-section, Figure S1b exhibits a 3D
rendering of voids (shown in gray) within the laminate. Such a high void content emphasizes the need for an applied
pressure (e.g., autoclave). The presence of voids within composite laminates causes detrimental effects on structural
performance and lifespan of composite parts [1–6].

(a) (b)

Void

µCT Cross-section

5.5 vol% voids ~5.0 vol% voids

3D Rendering of Voids

F IGURE S1 Composite laminate comprised of autoclave prepreg (Hexcel Hexply AS4/8552 in a [0/90/±45]2S
layup, 130µm nominal ply thickness) processed in an oven without an applied pressure. (a) X-ray microtomography
showing cross-section of a laminate with dark regions indicating voids, and (b) 3D rendering of voids where now the
voids are shown in gray.
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S2 | OVERVIEW OF THE NON-AUTOCLAVE CAPILLARY-ENHANCED PRO-
CESS

The non-autoclave capillary-enhanced process (out-of-oven curing with NPN) consists of the integration of: (1) inser-
tion of nanoporous network (i.e., vertically aligned carbon nanotube arrays in the current work) into the interlaminar
regions of composite laminates, and (2) the vacuum-bag-only conductive composite curing process, out-of-oven (OoO)
curing [7–9]. Figure S2 shows the schematics of the process. The OoO process (see Figure S2b) uses a carbon nan-
otube (CNT) film as a heating element directly integrated onto the surface of a laminate with a surfacing film such
that the curing process does not require any heating vessel or convective medium [8]. As presented in Figure S2c, a
nanoporous network (NPN) comprised of VACNTs is inserted in the interlaminar regions of composite laminate. The
capillary flow of polymer from the prepreg into nanoporous media is utilized to reduce the extent of interlaminar voids
by drawing the resin into the interlaminar regions.

without Autoclave
or Oven

Thermal Insulation

 Laminate

CNT Heater

Vacuum Bag &
Cure Materials

(a) (b)

(c)

OoO Curing

Nanoporous Network (NPN)

NPN

CNT Heater
in Surfacing Film

Prepreg Ply

45º Ply

-45º Ply

NPN

CNT Film

Laminate

Surfacing
Film

Single Carbon Fiber

F IGURE S2 Non-autoclave process (out-of-oven curing with NPN) for conventional autoclave prepregs. (a)
Schematics of the process comprised of out-of-oven (OoO) curing and introduction of nanoporous networks (NPN),
and micrographs of: (b) a CNT film heater for out-of-oven conductive curing, and (c) nanoporous network (i.e.,
vertically aligned CNT arrays) introduced in the interlaminar region.
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S3 | COMPARISON OF LAMINATE MORPHOLOGIES

Figure S3 presents synchrotron radiation CT (SRCT) images of specimens with NPN cured under different manufac-
turing conditions. SRCT imaging was conducted at the ID-19 beamline at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. As can be seen in Figure S3c, the OoOwith NPN specimens did not exhibit any detectable
voids even though the scans were conducted at high resolution (voxel size of 650 nm). This is the same result from
the specimens cured under the conventional autoclave process, and there was no detectable morphological differ-
ence between the OoO with NPN and conventional autoclave prossessing with NPN specimens (see Figure S3a and
c). Figure S3b is a representative slice of the vacuum-only with NPN specimens. All detected voids in this specimen
were located in the intralaminar region, and there were no interlaminar voids. The observation suggests that the NPN
effectively reduces the voids in the interlaminar regions, regardless of the heat input type (hot plate or OoO). That
is, when we introduced NPN into the laminate and cured it under hot plate vacuum-only conditions, there was no
interlaminar voids but some intralaminar voids. Therefore, we conclude that NPN significantly helps to reduce the
voids especially in the interlaminar regions, and integration with the OoO curing enables fully void-free composite
laminates to be manufactured.

Conventional w/ NPN Vacuum-only w/ NPN OoO w/ NPN

(a) (b) (c)

Intralaminar
Voids

0º Ply

90º 

+45º 

-45º 

0º 

90º 

+45º 

-45º 

-45º 

+45º 

90º 

0º 

-45º 

+45º 

90º 

0º 

F IGURE S3 Representative synchrotron radiation CT images of autoclave-formulated prepreg laminates (Hexcel
Hexply AS4/8552 in a [0/90/±45]2S layup) under different types of curing: (a) conventional autoclave-cured with
NPN specimen, (b) vacuum-only with NPN specimen on hot plate, and (c) OoO with NPN specimen. There was no
morphological difference noted qualitatively between the interlaminar regions.
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S4 | ADDITIONAL RESULTS ON SHORT-BEAM STRENGTH AND VOID CON-
TENT

The other possible variations of manufacturing condition (i.e., conventional autoclave curing with NPN, vacuum-only
hot-plate curing with NPN, OoO without NPN) were also conducted. Figure S4 shows the short-beam strengths and
void content for all manufacturing conditions. From the void analysis and mechanical testing, we observed two phe-
nomena by comparing manufacturing conditions: (1) introduction of NPN resulted in a reduction of the total amount
of porosity within a laminate; (2) the OoO curing resulted in a lower void content than vacuum-only hot-plate cur-
ing. Also, these two phenomena were independent in that an insertion of NPN reduced the void content regardless
of heat application (autoclave, hot plate, or OoO), and OoO curing showed lower void contents than vacuum-only

(a)

(b)

Conventional Conventional
w/ NPN Vacuum-only Vacuum-only

w/ NPN OoO OoO
w/ NPN

w/o Applied PressureApplied Pressure

0.0 0.0 0.0

F IGURE S4 Results of all manufacturing conditions: (a) short-beam strength, and (b) void content with standard
error.
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curing regardless of the existence of NPN. The reason why the OoO curing resulted in a lower void content than
vacuum-only hot-plate curing is attributed to the existence of intralaminar voids, as presented in Figure S3b. The
OoO curing showed the "sweep-like effect" to decrease intralaminar voids, which is discussed in the Supporting In-
formation Section S7 and S8. Additionally, we observed that the order of manufacturing condition from the highest
to the lowest value of short-beam strength matched that from the lowest to the highest value of void content. This
observation also corroborates the findings from previous studies that high void content can cause detrimental effects
on matrix-dominated properties and lifespan of composite parts such as interlaminar shear strength, flexural strength,
and fatigue resistance [1–6].
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S5 | CONFORMABILITY OF NANOPOROUS NETWORK ON PREPREGS

Since prepreg and NPN are not optically transparent, it is difficult to investigate the interfaces between them. There-
fore, an optically transparent replica, that represents the surface profile of a prepreg, was created to observe the
interfaces. First, a negative mold of the surface of a prepreg was fabricated with thiolene-based UV-curable resin
NOA81 (Norland Products Inc., Cranbury, NJ, USA) because thermal rise during curing lowers the viscosity of the
polymer in a prepreg and changes the morphology of the surface profile of the prepreg as well. For the negative mold,
NOA81 was deposited on the surface of a prepreg to avoid air entrapment and cured under UV exposure of 365 nm,
9 W, and 2 min. Once UV-cured, the prepreg was rinsed with acetone and isopropyl alcohol and removed from the
negative mold. For the second casting, Polydimethylsiloxane (PDMS) was used because of its ease of soft lithography
and optical transparency [10, 11]. PDMS was mixed in a 10:1 ratio of PDMS monomer and curing agent (Sylgard 184
from Dow Corning, USA), and degassed by a planetary centrifugal mixer (Thinky mixer ARE-310). The PDMS mixture
was poured onto the negative mold, and then cured in a oven at 70 ◦C for 6 hours. After curing, the PDMS layer was
peeled off from the negative mold, and used as a replica of a prepreg. Figure S5 shows the fabrication process of a
replica and images of the fabricated PDMS replica of the prepreg surface.

Prepreg Positive PDMS Replica

NOA81 Casting 

First Replica Molding

UV-curing and Demolding 

Negative NOA81 Mold

Second Replica Molding

PDMS Casting

Baking and Demolding 

(a)

(b)

PDMS Replica

Nanoporous Network Glass Slide

F IGURE S5 PDMS replica for evaluation of NPN conformability to prepreg surface: (a) Schematic of the
fabrication process of a PDMS replica of irregular surface of a prepreg, and (b) fabricated PDMS replica. Since a
thermal process can change the morphology of the surface of a prepreg, the negative mold was fabricated using
UV-curable resin, and then the positive replica made of PDMS was molded using a thermal process.
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During manufacturing process of a prereg, the reinforcements such as continuous carbon fibers are subjected
to the impregnation process with polymers. The resulting prepreg may contain partially impregnated regions and an
irregular surface finish. As presented in Figure S6a, there are some regions of exposed carbon fibers which are not
coveredwith polymer, and such regions account for the irregular surface finish of a prepreg, resulting in air entrapment
in the interlaminar regions during a lay-up process. Figure S6b presents a micrograph of the surface of a PDMS replica,
and suggests that the morphology of micro-features are similar to that on a prepreg, as compared to Figure S6a. In
order to compare quantitatively, the topography of the irregular surfaces of a prepreg and its PDMS replica were
investigated by stylus profilometry with Dektak XT Stylus Profiler (Bruker, USA). An area of 1.2 cm × 1.2 cm was
inspected with a 2 µm radius stylus tip. As shown in Figure S6c and d, the height of micro-features on both prepreg
and PDMS replica is normally distributed, and their standard deviations were 5.2 µm and 5.9 µm, respectively. Given
that the measured area of 1.2 cm × 1.2 cm was randomly assigned in each sample, it is concluded that the PDMS
replica is representative of the topography of the studied prepreg.

Figure S7 shows NPN conforming during the pressing process of laminate layup. Figure S7a is an illustration and
dark-field image of the interface when a PDMS replica was placed on the NPN. As presented, the micro-features
were partially contacted with NPN prior to the pressing procedure with a hand roller, which is a typical procedure for
lamination. After the pressure was applied to the mold by a hand roller, NPN was compressed with varying degrees

PDMS Mold

PDMS Mold
on Nanoporous 

Network

(a) Micrograph of Prepreg Surface (b) Micrograph of PDMS Replica Surface

(c) Topography of Prepreg Surface (d) Topography of PDMS Replica Surface

F IGURE S6 Comparison of prepreg and PDMS replica surfaces: optical micrograph of (a) prepreg surface and (b)
PDMS replica surface; characterization of the topography of (c) prepreg surface and (d) PDMS replica. Note that the
lower half of the PDMS mold is covered with NPN. The height of micro-features on both prepreg and PDMS replica
shows a normal distribution.
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depending on local spatial pressure, conforming to the profile of micro-features and resulting in full contact between
the micro-features and NPN (see Figure S7b). Additional pressure for conforming is of course applied in the OoO
with NPN manufacturing process from the applied vacuum pressure. Moreover, in order to evaluate whether both
the top and bottom interfaces of NPN conform, the NPN (i.e., vertically aligned CNT arrays of ∼20 µm in height)
were sandwiched between PDMSmold replicas of the prepreg surfaces, simulating a laminate lay-up. For both PDMS
replicas at the top and bottom, the pressing procedure with a hand roller was applied to simulate a prepreg hand
lay-up. We evaluated whether both the top and bottom interfaces of NPN conform, and the dark-field micrographs
of each interface are presented in Figure S8. As can be seen, both interfaces were in full contact with NPN such that
there was no bright regions in the dark-field micrographs after only the hand layup process.

(a) (b) Pressing Process

PDMS Replica

NPN

F IGURE S7 Illustration and representative dark-field image of the interface between a PDMS replica and NPN:
(a) before, and (b) after the pressing procedure with a hand roller. Note that the dark-field image was taken from the
same location.

PDMS Replica

NPN

(a) Upper Interface (b) Lower Interface

F IGURE S8 Dark-field images of: (a) the interface between the upper PDMS replica and NPN, and (b) the
interface between the lower PDMS replica and NPN after the pressing procedure with a hand roller during
composite layup.
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S6 | NANO-ENGINEERED VACUUM CHANNEL FORMED BY NANOPOROUS
NETWORK

Figure S9 shows representative X-ray micrographs of 16-ply quasi-isotropic laminate with and without NPN in the
interlaminar region. It should be noted that these micrographs were taken prior to the curing process. As previously
described in Figure 3, the baseline (i.e., a laminate without NPN) shows intrinsic void sources comprised of partially
impregnated carbon fiber tows in the intralaminar regions, and entrapped air pockets in the interlaminar regions. Most
importantly, the interlaminar void clusters in a lamina were not likely to be connected to either those of adjacent
laminae or in the same lamina, and the interlaminar voids formed macro air pockets. In other words, these voids
were not likely to be connected to each other through either in-plane or transverse routes. However, as presented in
Figure S9b, the laminate with CNT arrays showed a distinct horizontally aligned channel at each interlaminar region,
due to the vertically-aligned CNT NPN. Unlike the baseline specimens without NPN, here voids at the interlaminar
regions formed connected air pockets, and rather connected toward the laminate edges via the NPN, forming channel-
like architectures. In addition, the intralaminar voids in a lamina can be connected to those of adjacent laminae through
such architectures. Since the CNT array is a NPN having a low volume fraction of <5% [12, 13], it is imaged as voids
due to the low attenuation of X-ray, and also has a high gas permeability [14, 15]. The observation implies that the
NPNmay increase the in-plane and transverse gas permeability of a laminate through the highly permeable CNT arrays
at the interlaminar regions, leading to the effective evacuation of voids within a laminate during the epoxy flow and
curing processes. This approach is similar to the principle mechanism of OoA prepregs. One OoA prepreg mechanism
achieves the removal of entrapped air by partially impregnated microstructures consisting of both dry pathways (i.e.,
engineered vacuum channels or EVaCs) and resin-rich area, which form a permeable vascular network that allows
gas migration towards the laminate boundaries [16–18]. Prior OoA studies reported that the higher gas permeability

(a) Baseline without NPN (b) NPN at every interface

Entrapped
interlaminar voids

Lines of breathable 
interlaminar voids

0º Ply
90º 

+45º 
-45º 
0º 

90º 
+45º 
-45º 
-45º 
+45º 
90º 
0º 

-45º 
+45º 
90º 
0º 

F IGURE S9 Representative X-ray micrographs of an uncured 16-ply quasi-isotropic autoclave prepreg laminate:
(a) without NPN, and (b) with NPN. Voids were connected together either directly or indirectly in the NPN case,
forming channel-like architectures at the interlaminar regions.
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of OoA prepregs during impregnation results in much less time to evacuate the gases from a laminate [19]. Future
work should explore the gas permeability measurement of laminates with NPN to gain additional understanding of
gas transport during curing.
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S7 | VOID EXTRACTION IN INTRALAMINAR REGION

Figure S10 presents the cross-section of an uncured laminate with and without conformable NPN, showing the pres-
sure boundary condition in both the interlaminar and intralaminar regions. There are intrinsic void sources in a lam-
inate, comprised of unimpregnated dry tows in the intralaminar region, and entrapped air during the prepreg lay-up
procedure located in the interlaminar region. In the case of the intralaminar region, the resin pressure (Pr ) and gas
pressure within the dry tow (Pv t ), and capillary pressure to themicro-scale fiber tows (Pcm ) are applied at the resin flow
front; the pressure gradient toward the dry tows corresponds to ∆P = Pr + Pcm − Pv t . When only vacuum is applied
during curing, Pr can be taken as ≤ 0.1MPa. Since most of the dry tows can be subjected to a vacuum due to a higher
permeability along the fibers, Pv t is assumed to be ∼0MPa. Pcm can be estimated with morphological characteristics
of the dry tows and the assumption of one-dimensional resin flow perpendicular to the fiber alignment [20–22] as
follows:

Pcm =
2

Df

1 − ε

ε
σ cos θ (S1)

Note that a prefactor of 2 instead of 4 is used in this equation, because the resin flow is perpendicular to the fiber
alignment. Df =7.1 µm and ε=0.4 are obtained from the prepreg data sheet from manufacturer, and σ ' 35mJm−1

and θ ' 20◦ are reasonable to be assumed as a thermoset resin [23–25]. Thus, Pcm of 0.014MPa is estimated, corre-
sponding to ∆P ∼ 0.114MPa. Therefore, the resin wetting toward the dry tows is anticipated, and the intralaminar
region of a laminate with NPN is expected to be in the same situation, i.e., unchanged by the presence of the NPN in
the interlaminar region.

In the case where the intralaminar voids are relatively hard to be removed by a vacuum (e.g., cm-scale laminates),

Pr
&

Pcm
Pvt

Pv

Pr

Pr
&

Pcm
Pvt

Pvn 

Pr & Pcn

Laminate w/ Entrapped Voids Laminate w/ NPN(a) (b)

Top
Lamina

Bottom
Lamina

Interlaminar
Region

F IGURE S10 Illustration of the pressure boundary condition in a laminate with: (a) entrapped air due to the
irregular surface of prepreg layers, and (b) conformable NPN (i.e., vertically aligned carbon nanotube arrays) in the
interlaminar region.
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we found that the sweep-like effect by zonal heating via OoO curing helps to reduce the intralaminar voids (see the
Supporting Information Section S8). Polymer impregnation into dry tows may occur at random locations during a
cure cycle. Such random impregnation of the polymer into the dry tows may block the void evacuation network and
hinder effective void migration outward at the edges. By an asynchronous zonal heating with multiple heaters for
OoO curing, we found that the voids at the center were removed first through the breathable void networks at the
sides, and then the voids at the sides were evacuated easily with a relatively short migration distance to the edges
of the laminate. Given these results, it is demonstrated that the laminates comprised of autoclave prepregs can be
successfully cured only under a vacuum via the NPN, and may be effectively supplemented with the void sweeping
method. Furthermore, the concept of void sweeping can be readily combined with conventional composite curing
processes such as autoclave and oven curing because OoO curing is based on a vacuum-bag-only curing. Therefore,
we expect that this technique will be useful for manufacturing complex composite structures (e.g., high curvature,
tapers in ply and in-plane geometry), which usually contain relatively high void content [26].
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S8 | INTRALAMINAR VOID SWEEPING BY ZONAL HEATING VIA OOO CUR-
ING

During a cure cycle, the viscosity of the polymer initially decreases as the temperature ramps up. Then, the viscosity
quickly increases towards a solid as the gelation occurs and cross-linking of the polymer proceeds. Once gelation
occurs, void migration is effectively restricted due to the limited movement of the polymer chains. Therefore, it is
important to have a practical time period with a relevant viscosity value range so that effective void evacuation is
possible [27, 28]. Moreover, in the situation where an applied pressure is not applied (e.g., OoA curing), it is known
that breathable laminate edges are required in some systems for a low void content [17, 29–31]. Previous studies
suggest that the connected and open void network within a laminate during void evacuation is a key feature for
acquiring low void content.

During the preliminary analysis of the void content under different manufacturing conditions, it was observed
that the laminate edges experienced lower temperature than the inner regions during the OoO curing, due to edge
effects and likely insufficient thermal insulation. Thus, it was hypothesized that such temperature gradients might
help maintain the connected and open void network during a cure cycle, which gives rise to the lower observed void
content in the OoO specimens (see Section S4). If the heating during the void evacuation period is spatially uniform,
polymer impregnation into dry regions may occur at random locations. Such random impregnation of the polymer
into the dry regions may block the void evacuation network and hinder effective void migration outward at the edges.
However, if the temperature at the center of a laminate is higher than that at the edges, the impregnation tends to
proceed from the center to the edges, keeping the void network connected to a vacuum. As a result, voids within a
laminate are removed effectively with a spatial sweep-like effect. To investigate this, we carried out an OoO curing
with an intentional in-plane temperature gradient by asynchronous heating with multiple heaters. A 100 mm × 25
mm 16-ply unidirectional laminate (Hexcel Hexply AS4/8552 autoclave-formulated prepreg) was used, and the fibers
were aligned with the long sides. To restrict the direction of void evacuation along the fiber alignment direction, the
long edges of the laminate were sealed with a vacuum sealant tape. Three electrically isolated CNT film heaters were
installed on the left, center, and right region of the laminate (see Figure S11a). In order to create void sweeping, a
time delay of 20 min was applied (see "guide" lines in Figure S11b) to the heaters installed at the side regions during
the first temperature ramp up, while the heater at the center followed the cure cycle provided from the manufacturer.
Once the temperature of each heater reached the first hold point of 120 ◦C, all heaters were synchronized to minimize
the thermally induced residual stress (see Figure S11b). Note that the right and left regions were heated in the first
ramp-up due to the center region heating and thermal conduction, even though they were only powered after the 20
minute delay.

Figure S11c presents the void content at the center and sides under the spatially uniform heating vs. sweeping
conditions. Since we found that a nanoporous network (NPN) helps to lower the void content, the sweeping exper-
iment was additionally conducted on a laminate with NPN. As expected, the spatially uniform heating showed void
content of ∼1.8% and ∼3.1% at the sides and center of the laminate, respectively. The results indicate that the void
evacuation can be hindered by the blockage of void networks. The center part has higher potential to be disconnected
to a vacuum than the sides, which results in the higher void content at the center. However, the sweeping condition
exhibited the opposite results. The void content at the center was ∼0.3%, which is lower than that at the sides of
∼1.0%. Both at the center and sides, the void content after sweeping were lower than those under spatially uniform
heating. These results indicate that the voids at the center were removed first through the intact breathable void net-
works at the sides, and then the voids at the sides were evacuated easily with a relatively short migration distance to
the edges of the laminate. Most importantly, when sweeping was combined with NPN, there was no detectable void
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F IGURE S11 Effects of void sweeping on final void content for a 0◦ unidirectional laminate: (a) Illustration of a
0◦ unidirectional laminate subjected to the void sweeping experiment, (b) temperature profiles during the void
sweeping, and (c) void content at the center and sides of the laminate cured by spatially uniform heating and
sweeping, with and without NPN. Three independent heaters at the left, center, and right region were controlled to
perform the void sweeping. Note that the long edges of the laminate were sealed with a vacuum sealant tape so
that only the short edges at the left and right regions were breathable. The "guide" temperature profiles indicate the
hypothetical guideline temperatures for sweeping. Due to the in-plane heat conduction from the center part, the
side regions heated up despite of an intentional time delay for sweeping. The whiskers represent standard error.

throughout the laminate. In addition to this void sweeping along the micro fiber alignment direction, experiments in
the transverse direction were performed as the worst case scenario (see Figure S12a). This is because the morphology
of the void network is elongated along the fiber alignment direction, and also voids are more likely to be evacuated
along the microfibers than transversely [19, 32]. Thus, the final void content from experiments in the transverse di-
rection (90◦ laminate, as in Figure S12) exhibited relatively higher void content than that along the fiber (0◦ laminate,
as in Figure S11), yet showed the same trends overall. Given these results, we conclude that the laminates comprised
of autoclave prepregs can be successfully cured under only a vacuum via the NPN, and may be effectively supple-
mented with the void sweeping method at larger scales or when structural complexity increases beyond flat plates.
Furthermore, the concept of void sweeping can be readily combined with conventional composite curing processes
such as autoclave and oven curing because OoO curing is based on a vacuum-bag-only curing. Therefore, we expect
that this technique will be useful for manufacturing complex composite structures, which usually contain relatively
high void content, vs. basic structures like plates [26]. These results on void sweeping are considered preliminary and
need significant follow-up work.
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F IGURE S12 Effects of void sweeping on void content for a 90◦ laminate. (a) Illustration of an 90◦ unidirectional
laminate subjected to the void sweeping experiment, and (b) the results of void content at the center and sides of
the laminate. Note that three independent heaters at the left, center, and right regions were controlled to conduct
the void sweeping. The long edges of the laminate were sealed with a vacuum sealant tape so that only the short
edges at the left and right regions were breathable. The whiskers represent standard error.



J. Lee et al. S17

S9 | ALTERNATIVE COMPOSITE AND EFFECT OF NPN PLACEMENT

Three configurations were tested to evaluate the effect of NPN placement on an additional composite prepreg (i.e.,
Hexcel IM7/8552) as follows: a laminate without NPN (“Control”); a laminate with NPNs at 7 interlaminar regions
in the middle (“Mid”); a laminate with NPNs at all 15 interlaminar regions (“All”). Both prepreg systems (i.e., Hexcel
AS4/8552 and IM7/8552 aerospace-grade unidirectional carbon fiber prepregs) were directly compared. It should be
noted that these prepregs are designed to be processed with applied pressure using an autoclave. For the laminates,
16 plies of 3 cm × 3 cm were used in the quasi-isotropic layup of [0/90/±45]2S, and the NPNs were installed in the
designated interlaminar regions during hand-layup process. The laminates were cured at the same time using a hot
plate (i.e., EchoThermHS60A) so that batch-to-batch thermal variationswereminimized. After the hand lay-up process
of the laminates, vacuum debulking was performed on the full laminates at room temperature for 3 hours. During the
cure cycle, the recommended cure cycle in the technical data sheet was followed [33], and the vacuum bag was kept
under full vacuum (i.e., >29.5 inHg) during the entire process. µCT imaging of laminates was performed with ZEISS
Xradia 520 Versa at the Institute for Soldier Nanotechnologies, MIT. An isotropic voxel size of 1.5 µmwas usedwith an
X-ray beam energy of 7W at 80 kV. For each scan, 3201 2D-projections were acquired while a specimen was rotated
360◦. The exposure time for each projection was 1 second, and the projection radiographs were reconstructed using
the embedded software in the CT machine.

Figure S13 shows representative µCT slices of AS4/8552 and IM7/8852 laminates in three NPN placement cases

F IGURE S13 µCT slices of AS4/8552 and IM7/8852 in three NPN placement cases: Control, Mid, and All. In
both prepreg systems, NPNs significantly reduced the voids in the interlaminar regions where they were installed.
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(i.e., “Control”, “Mid”, and “All”). The areas where NPNswere installed are indicated in Figure S13. In X-raymicrographs,
the brighter gray-scaled regions denote denser areas such as fibers and polymers, while the voids appear as darker.
The quantified void contents from 40 slices for each case are presented in Figure S14. Of note, in the case of the “Mid”
specimen, void contents were quantified in two separate regions depending on the existence of NPN. The “Control”
specimens cured without applied pressure showed a void fraction of ∼2.4% and ∼1.0% in AS4/8552 and IM7/8552,
respectively. This is because vacuum alone is not sufficient to remove voids or to suppress the void formation within a
laminate. However, whenNPNswere installed in the interlaminar regions on themiddle of the laminates (see the “Mid”
case), the void contents of AS4/8552 and IM7/8552 were effectively reduced in the middle part where NPNs were
introduced. Moreover, there was no detectable void in the middle part of the IM7/8552 laminate. On the contrary,
the outer regions without NPNs showed a high void content (> 1%) as much as the “Control” specimens did. In the
case of “All”, the AS4/8552 and IM7/8552 laminates showed very low void content (< 0.1%), which is comparable
with the quality of autoclave-cured laminate. The results concluded that NPNs significantly reduced the voids in the
regions where they were installed. Therefore, in order to manufacture a void-free laminate, NPNs need to be installed
in all interlaminar regions. In addition, given that the NPN showed similar results in two different prepreg systems, it
can be concluded that the effect of NPN is somewhat generalizable.

F IGURE S14 Void content of (a) AS4/8552 and (b) IM7/8552 composite laminates cured under a vacuum
without NPN (Control), with NPNs only in the middle half of the laminate (Mid), and with NPNs in all interlaminar
regions (All).
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Pantry ingredients
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carbon nanotubes

Carbon nanotube
“stitches” strengthen
composites

Taking aircraft

A new approach to making airplane parts, minus the
massive infrastructure
Carbon nanotube film produces aerospace-grade composites with no need for huge
ovens or autoclaves.

MIT postdoc Jeonyoon Lee
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A modern airplane’s fuselage is made from multiple sheets of different composite materials,

like so many layers in a phyllo-dough pastry. Once these layers are stacked and molded into

the shape of a fuselage, the structures are wheeled into warehouse-sized ovens and

autoclaves, where the layers fuse together to form a resilient, aerodynamic shell.

Now MIT engineers have developed a method to produce aerospace-grade composites

without the enormous ovens and pressure vessels. The technique may help to speed up the

manufacturing of airplanes and other large, high-performance composite structures, such as

blades for wind turbines.

The researchers detail their new method in a paper published today in the journal Advanced

Materials Interfaces.

“If you’re making a primary structure like a fuselage or wing, you need to build a pressure

vessel, or autoclave, the size of a two- or three-story building, which itself requires time and

money to pressurize,” says Brian Wardle, professor of aeronautics and astronautics at MIT.

“These things are massive pieces of infrastructure. Now we can make primary structure

materials without autoclave pressure, so we can get rid of all that infrastructure.”

Jennifer Chu | MIT News Office 
January 13, 2020
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manufacturing out of
the oven

Planes, trains and
automobiles: faster,
stronger, lighter

Wardle’s co-authors on the paper are lead author and MIT postdoc Jeonyoon Lee, and Seth

Kessler of Metis Design Corporation, an aerospace structural health monitoring company

based in Boston.

Out of the oven, into a blanket

In 2015, Lee led the team, along with another member of Wardle’s lab, in creating a method

to make aerospace-grade composites without requiring an oven to fuse the materials

together. Instead of placing layers of material inside an oven to cure, the researchers

essentially wrapped them in an ultrathin film of carbon nanotubes (CNTs). When they applied

an electric current to the film, the CNTs, like a nanoscale electric blanket, quickly generated

heat, causing the materials within to cure and fuse together.

With this out-of-oven, or OoO, technique, the team was able to produce composites as strong

as the materials made in conventional airplane manufacturing ovens, using only 1 percent of

the energy.

The researchers next looked for ways to make high-performance composites without the use

of large, high-pressure autoclaves — building-sized vessels that generate high enough

pressures to press materials together, squeezing out any voids, or air pockets, at their

interface.

“There’s microscopic surface roughness on each ply of a material, and when you put two

plys together, air gets trapped between the rough areas, which is the primary source of voids

and weakness in a composite,” Wardle says. “An autoclave can push those voids to the

edges and get rid of them.”

Researchers including Wardle’s group have explored “out-of-autoclave,” or OoA, techniques

to manufacture composites without using the huge machines. But most of these techniques

have produced composites where nearly 1 percent of the material contains voids, which can

compromise a material’s strength and lifetime. In comparison, aerospace-grade composites

made in autoclaves are of such high quality that any voids they contain are neglible and not

easily measured.

“The problem with these OoA approaches is also that the materials have been specially

formulated, and none are qualified for primary structures such as wings and fuselages,”

Wardle says. “They’re making some inroads in secondary structures, such as flaps and

doors, but they still get voids.”

Straw pressure

Part of Wardle’s work focuses on developing nanoporous networks — ultrathin films made

from aligned, microscopic material such as carbon nanotubes, that can be engineered with

exceptional properties, including color, strength, and electrical capacity. The researchers

wondered whether these nanoporous films could be used in place of giant autoclaves to

squeeze out voids between two material layers, as unlikely as that may seem.

A thin film of carbon nanotubes is somewhat like a dense forest of trees, and the spaces

between the trees can function like thin nanoscale tubes, or capillaries. A capillary such as a

straw can generate pressure based on its geometry and its surface energy, or the material’s

ability to attract liquids or other materials. 
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The researchers proposed that if a thin film of carbon nanotubes were sandwiched between

two materials, then, as the materials were heated and softened, the capillaries between the

carbon nanotubes should have a surface energy and geometry such that they would draw

the materials in toward each other, rather than leaving a void between them. Lee calculated

that the capillary pressure should be larger than the pressure applied by the autoclaves.

The researchers tested their idea in the lab by growing films of vertically aligned carbon

nanotubes using a technique they previously developed, then laying the films between layers

of materials that are typically used in the autoclave-based manufacturing of primary aircraft

structures. They wrapped the layers in a second film of carbon nanotubes, which they applied

an electric current to to heat it up. They observed that as the materials heated and softened

in response, they were pulled into the capillaries of the intermediate CNT film.

The resulting composite lacked voids, similar to aerospace-grade composites that are

produced in an autoclave. The researchers subjected the composites to strength tests,

attempting to push the layers apart, the idea being that voids, if present, would allow the

layers to separate more easily.

“In these tests, we found that our out-of-autoclave composite was just as strong as the gold-

standard autoclave process composite used for primary aerospace structures,” Wardle says.

The team will next look for ways to scale up the pressure-generating CNT film. In their

experiments, they worked with samples measuring several centimeters wide — large enough

to demonstrate that nanoporous networks can pressurize materials and prevent voids from

forming. To make this process viable for manufacturing entire wings and fuselages,

researchers will have to find ways to manufacture CNT and other nanoporous films at a much

larger scale.

“There are ways to make really large blankets of this stuff, and there’s continuous production

of sheets, yarns, and rolls of material that can be incorporated in the process,” Wardle says.

He plans also to explore different formulations of nanoporous films, engineering capillaries of

varying surface energies and geometries, to be able to pressurize and bond other high-

performance materials.

“Now we have this new material solution that can provide on-demand pressure where you

need it,” Wardle says. “Beyond airplanes, most of the composite production in the world is

composite pipes, for water, gas, oil, all the things that go in and out of our lives. This could

make making all those things, without the oven and autoclave infrastructure.”

This research was supported, in part, by Airbus, ANSYS, Embraer, Lockheed Martin, Saab

AB, Saertex, and Teijin Carbon America through MIT’s Nano-Engineered Composite

aerospace Structures (NECST) Consortium.
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