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A B S T R A C T   

Herein, we report a new method of mitigating cryogenic microcracking in carbon-fibre reinforced-plastics 
(CFRPs) using a negative thermal-expansion nanomaterial, zirconium tungstate (ZrW2O8), to simultaneously 
reduce the thermal residual stresses and enhance the fracture energy of the epoxy matrix of CFRPs. The results 
show that 1 wt% of added ZrW2O8 nanoparticles functionalized by polydopamine can increase the fracture 
energy of the matrix material by 140%, reduce the coefficient of thermal expansion by 20% and, more impor
tantly, enhance the interlaminar fracture energy of the resulting CFRP by about 100% at −196 ◦C. The ZrW2O8- 
modified matrix has been demonstrated to successfully prevent microcracking at −196 ◦C in a blocked cross-ply 
CFRP laminate with a [04/908/04] fibre architecture.   

1. Introduction 

Fibre-reinforced polymer (FRP) composite technology offers a 
lightweight alternative to the manufacture of the metallic tanks for 
storing and transporting cryogenic liquids below −150 ◦C (such as liquid 
hydrogen at −253 ◦C, liquid oxygen at −183 ◦C and liquid natural gas at 
−162 ◦C) for spacecraft and aircraft applications [1,2]. Indeed, the 
current strong interest in space exploration and the drive towards 
renewable energy to achieve global net zero CO2 emissions by 2050 have 
further heightened the demand for large-scale storage and transport of 
hydrogen, especially employing lightweight storage tanks [3]. 

Carbon-fibre reinforced-plastic (CFRP) composites, using epoxy resin 
matrices, are desirable for lightweight storage tanks, due to their high 
specific strength and stiffness. However, at cryogenic temperatures they 
develop high residual thermal stresses because of the mismatch of the 
coefficients of thermal expansion (CTE) between the carbon fibres and 
the epoxy matrix. Furthermore, epoxy polymers become significantly 
more brittle at cryogenic temperatures. These effects lead to CFRPs 
being more susceptible to matrix microcracking at cryogenic tempera
tures [4,5] than at the temperature of −54 ◦C experienced by aircraft. 

Such cryogenic microcracking in the matrix can create fuel leakage 
pathways in, and degrade the structural integrity of, CFRP-based fuel-
storage structures. As a result, reducing the CTE mismatch and 
improving the fracture energy of the matrix material and the CFRP are of 
great significance to the successful deployment of lightweight composite 
tanks for storing liquid hydrogen and other cryogenic fuels. 

One effective method of increasing mechanical strength, stiffness 
and toughness at cryogenic temperatures is to incorporate nanoparticles 
into the matrix [4,6–13]. Indeed, our recent research [14,15] has 
revealed that the addition of a low thermal-expansion nanomaterial, i.e. 
CuO nanoparticles, to the epoxy matrix was effective in increasing its 
fracture energy and the interlaminar fracture toughness of the resultant 
CFRP-epoxy composite at cryogenic liquid nitrogen temperatures. 
However, a reduction in matrix cracking was only observed [14] when 
the nanoparticles were coated with polydopamine (PDA) that increased 
the fracture energy by reducing agglomeration of the nanoparticles, as 
well as increasing interactions and effective stress transfer with the 
epoxy matrix. It was considered that, although the PDA-coated CuO 
nanoparticles were effective in suppressing microcracks by increasing 
the toughness of the epoxy matrix, their effectiveness in reducing the 

* Corresponding author. 
E-mail address: chun.h.wang@unsw.edu.au (C.H. Wang).  

Contents lists available at ScienceDirect 

Composites Part B 

journal homepage: www.elsevier.com/locate/compositesb 

https://doi.org/10.1016/j.compositesb.2023.110676 
Received 25 November 2022; Received in revised form 18 February 2023; Accepted 16 March 2023   

mailto:chun.h.wang@unsw.edu.au
www.sciencedirect.com/science/journal/13598368
https://www.elsevier.com/locate/compositesb
https://doi.org/10.1016/j.compositesb.2023.110676
https://doi.org/10.1016/j.compositesb.2023.110676
https://doi.org/10.1016/j.compositesb.2023.110676
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2023.110676&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Composites Part B 257 (2023) 110676

2

thermal residual stresses in the matrix of the CFRP was limited due the 
CuO nanoparticles having a positive CTE in two directions, although 
lower than that of the epoxy matrix. 

Therefore, herein, we investigate the potential of ZrW2O8 nano
particles, which have been reported to possess the highest known 
negative CTE of −9 × 10−6 K−1 [16,17], to simultaneously enhance the 
fracture energy and to reduce the thermal residual stresses in the matrix 
of the CFRP, and thus to mitigate matrix microcracking in CFRPs at 
cryogenic temperatures. Several important aspects are investigated in 
detail. Firstly, the fibre filtering effect that is often observed during 
infusing an epoxy resin containing nanoparticles into dry carbon-fibre 
fabrics has been investigated to identify the critical conditions for 
obtaining a uniform distribution of nanoparticles in the cured CFRP 
laminates. Secondly, the ZrW2O8 nanoparticles, with and without a 
coating of PDA, are dispersed in the epoxy resin and the tensile prop
erties and the fracture energies of the cured epoxy polymers are 
measured at room temperature and at −196 ◦C. The PDA-coating of 
ZrW2O8 nanoparticles is studied due to its ability to increase the inter
facial interactions with epoxy resin to enhance thermomechanical 
properties, as well as its ability to reduce agglomeration of the nano
particles [14,18–20]. The unmodified and modified nanocomposite 
epoxies are then used to manufacture, using a resin infusion process, 
CFRP laminates with a [06/±352/06] fibre architecture, with the centre 
stack of [±352] plies representing laminates of pressure vessels made by 
the filament winding method. The tensile properties and the interlam
inar fracture energy of these CFRPs are measured at room temperature 
and at −196 ◦C. Finally, we have also studied the effectiveness of the 
uncoated and PDA-coated ZrW2O8 nanoparticles in suppressing micro
cracks in a CFRP with a blocked cross-ply [04/908/04] fibre architecture 
at −196 ◦C. 

2. Experimental details 

2.1. Materials 

An epoxy resin, which was a mixture of diglycidyl ether of bisphenol 
A and F (Raku Tool, EL-2203) and an amine curing agent (Raku Tool, EH 
2970-1) were procured from GMS Composites, Australia, and used to 
manufacture bulk epoxy and CFRP composite laminate specimens. The 
shelf life of the epoxy resin is greater than 24 months at 20 ◦C. The 
recommended epoxy to curing agent ratio was 1:0.3. After mixing with 
the curing agent, the epoxy resin has a viscosity of 400–600 mPa • s at 
25 ◦C, making it suitable for resin infusion and filament winding. The gel 
time of the mixed resin is 1.0 h at 25 ◦C. By curing at 25 ◦C for 12 h 
followed by post-curing at 120 ◦C for 14 h the epoxy can reach a glass 
transition temperature, Tg, of between 110 ◦C and 120 ◦C. 

The ZrW2O8 nanoparticles with 99.5% purity were obtained from 
Changsha Easchem Co. Ltd, China. When a PDA-coating for the nano
particles was required, the ZrW2O8 nanoparticles and a 2-amino-2- 
(hydroxymethyl) propane-1,3-diol (TRIS) buffer solution (0.26 g) were 
mixed with dopamine monomer (0.6 g) in 200 mL of water at 30 ◦C. 
Then 1.2 g of ZrW2O8 nanoparticles were added to the solution and 
mechanically stirred for 12 h to complete the in-situ polymerisation and 
the formation of a PDA layer on the ZrW2O8 nanoparticles through π-π 
stacking interactions. The detailed procedure is discussed in our previ
ous study [14]. All the CFRP laminates manufactured in the current 
study were prepared using unidirectional (UD) carbon fibre fabrics 
(Toray CK 1223JL, 205 GSM) from Allnex Composites, Australia. 

2.2. Manufacturing processes 

2.2.1. The bulk epoxy polymers 
Nanoparticles were weighed to achieve the required concentration 

before being added to the epoxy resin. The nanoparticles and the epoxy 
resin were mixed using a three-roll mill with a speed of 100 rpm. The 
epoxy/nanoparticle mixture was then mixed manually for 10 min with 

the curing agent, with an epoxy to curing agent ratio of 1:0.3. The 
epoxy/nanoparticle/curing agent mixture was then degassed using a 
vacuum pump to give a pressure of 0.95 atm for 30 min before being 
used to make tensile test specimens (using a rubber mould) or test 
specimens to measure the fracture energy, GIC, bulk, of the bulk epoxy- 
nanoparticle polymers, both as described below. Tensile test speci
mens of the unmodified (i.e. neat) epoxy polymer and the epoxy poly
mer containing different concentrations (i.e. 0.5, 1, 4 and 8 wt%) of 
uncoated ZrW2O8 nanoparticles were manufactured in accordance with 
the Type IV specimen configuration of ASTM D638 [21]. To assess the 
fracture energy, GIC, bulk, of the bulk epoxy polymers, double cantilever 
beam (DCB) adhesively-bonded joint tests were prepared and tested in 
accordance with ISO 25217 [22]. A layer of approximately 2.5 mm in 
thickness of the unmodified epoxy or the epoxy polymer containing 
different concentrations of uncoated (i.e. 0.5, 1, 4 and 8 wt%) and 
PDA-coated (0.5 and 1 wt%) ZrW2O8 nanoparticles were used to 
adhesively-bond two composite adherends. A 12 μm thick and 50 mm 
long polytetrafluoroethylene (PTFE) film was placed along the 
mid-plane at one end of the DCB-bonded joint in the epoxy layer to 
create a pre-crack. The adherends were 2.5 mm thick and were manu
factured using 12 plies of unidirectional T700 carbon-epoxy prepreg 
(VTM264, Lavender Composites, Australia) which were cured and 
consolidated in accordance with the manufacturer’s recommendation (i. 
e. at 120 ◦C and 620 kPa by autoclave processing for 1 h). The surfaces of 
the cured laminates were abraded using sandpaper (320 grit 
aluminium-oxide, Norton, Australia) and then cleaned using isopropyl 
alcohol. The adhesively-bonded joint specimens were then cured at 
25 ◦C for 12 h and post-cured at 120 ◦C for 14 h. 

2.2.2. The CFRP composites 
Double cantilever beam (DCB) tests using the CFRP laminates were 

employed to measure the interlaminar fracture energies. To manufac
ture the CFRP laminates, dry carbon-fibre plies were first cut into pieces 
250 mm × 250 mm in size. A total of 16 plies were laid up in a [06/ 
±352/06] fibre architecture, where the ply angle of [±352] is repre
sentative of filament winding angles used for making pressure vessels. 
The plies were placed on a glass table which was waxed to facilitate their 
removal after curing. A 50 mm long pre-crack was formed by inserting a 
12 μm thick and 50 mm long PTFE film between the 8th and 9th ply at 
one end of the stack. The stack was then assembled with the required 
bagging materials, including the infusion mesh, peel-ply, breather, and 
vacuum bag. Resin infusion was then conducted using the unmodified 
and modified epoxy resins with uncoated and PDA-coated ZrW2O8 
nanoparticle concentrations of 0.5 and 1 wt% at a vacuum pressure of 
0.95 atm. (The epoxy matrix resin formulations containing nano
particles were prepared as described in Section 2.2.1. However, it should 
be noted that resin infusion beyond a concentration of 1 wt% ZrW2O8 
nanoparticles added to the epoxy matrix resin was unsuccessful due to 
filtering effects, which are discussed later.) After an initial cure at 25 ◦C 
for 12 h, the laminates were post-cured at 120 ◦C for 14 h. The CFRP 
sheets were cut into DCB test samples, measuring 200 mm × 20 mm ×
3.4 mm, using a ‘Multicam’ CNC router. 

To study matrix cracking in a CFRP laminate at −196 ◦C, blocked 
cross-ply laminates, with a [04/908/04] stacking sequence, were made 
with an epoxy matrix containing uncoated and PDA-coated ZrW2O8 
nanoparticles at concentrations of 0.5 wt% and 1 wt% by infusing the 
unmodified and modified epoxy resins into this fibre architecture. 
Again, after an initial cure at 25 ◦C for 12 h, the laminates were post- 
cured at 120 ◦C for 14 h. These cross-ply laminates were used to study 
the effectiveness of the ZrW2O8 nanoparticles in eliminating matrix 
microcracks in such CFRP laminates when subjected to cryogenic tem
peratures. After quenching at the CFRP laminates in liquid nitrogen, i.e., 
at −196 ◦C, for 45 min, optical micrographs of the laminates were taken. 
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2.3. Material characterization 

2.3.1. The bulk epoxy polymers 
The microstructures of the as-received and centrifuged ZrW2O8 

nanoparticles were analysed using a transmission electron microscope 
(FEI Tecnai G2 20 TEM from the FEI Company, USA). To obtain the TEM 
micrographs for measuring the diameter and length distributions, the 
ZrW2O8 nanoparticles were dispersed in ethanol containing 1 wt% of a 
silicone-based surfactant (BYK-345 from BYK, Germany) by sonicating 
for 30 min. The viscosity of the epoxy resins with different as received 
ZrW2O8 nanoparticle concentrations was measured using a Brookfield 
Viscometer (model DV2T Viscometer- HA) with 10–100% torque range 
was supplied by Brookfield AMETEK Inc., USA. 

The coefficients of thermal expansion (CTE) of the as-received 
ZrW2O8 nanoparticles were characterized using X-ray diffraction 
(XRD) at different temperatures, using a PAnalytical instrument (PAN
alytical Empyrean 1) equipped with a temperature controllable cryo
stage, which was supplied by Malvern Panalytical Ltd, UK. Powder 
diffraction patterns at 27 ◦C, and then at decreasing temperatures from 
−13 ◦C to −253 ◦C, at intervals of 60 ◦C with the temperature being held 
steady for 300 s at each testing temperature, were collected over the 2θ 
range of 10–60◦ in a step angle of 0.02◦. The Rietveld refinement was 
performed for each XRD pattern using the HighScore Plus software 
(supplied by Malvern Panalytical Ltd, UK) which yielded the lattice 
parameters at different temperatures with R-factors, Rwp, from 10.5.0%– 
12.5%. Within the Rietveld’s whole-profile fitting scheme, the experi
mental XRD profiles were fitted with the most suitable pseudo-Voigt 
analytical function by adjusting the major parameters including scale 
factors, background terms, unit cell parameters, profile parameters, and 
atomic coordinates. The CTE, α, value then can be determined from the 
XRD patterns according to: 

α=
1
l 0

dl

dT
(1)  

where l 0 is the initial lattice parameter and dl /dT is the rate of change 
in the lattice parameter with temperature [16]. 

The CTEs of the unmodified and modified epoxy polymers with un
coated ZrW2O8 nanoparticle concentrations of 0.5, 1.0 and 2.0 wt% 
were measured at liquid nitrogen temperature using a Dantec Q-400 3D 
Digital Image Correlation (DIC) System with the ISTRA 4D software 
which was supplied by Dantec Dynamics, Denmark. One surface of each 
of the specimens was painted white on which black speckles were 
created using black spray-paint. The specimens were placed inside a 
cryobath testing chamber so that the painted surface faced an optical 
window on one side of the chamber. The speckles were photographed 
using the DIC system before and after filling the cryobath with liquid 
nitrogen. Using the ISTRA 4D software, the thermal strain was deter
mined from the displacement field of the speckles. 

A universal testing machine (Instron 3369, Australia) was used to 
carry out tensile tests in accordance with ASTM D638 [21] at a 1.0 
mm/min cross-head displacement rate. The tensile testing at liquid ni
trogen temperatures (i.e. at −196 ◦C) was performed by immersing the 
specimens, which were attached to loading grips, in a liquid 
nitrogen-filled container before being tested. At least three to five 
replicate tensile specimens were used for each of the nanoparticle 
loadings. 

Using an Instron universal testing machine (Instron 3369 with a 1.0 
kN capacity loadcell), the DCB adhesively-bonded composite specimens 
were initially loaded using a cross-head speed of 1.0 mm/min to 
generate a naturally sharp pre-crack by extending the initial crack 
length from the PTFE insert by 10 ± 2 mm, followed by complete 
unloading. Subsequent re-loading of the pre-cracked DCB specimens 
were performed by applying a continuously increasing displacement 
with the same cross-head speed of 1.0 mm/min. The DCB specimens, 
attached to the loading grips, were immersed in liquid nitrogen prior to 

testing to measure the fracture energy at −196 ◦C. During all the tests, 
the crack was always observed to follow a stable crack path through the 
mid-plane of the epoxy layer and therefore always propagated cohe
sively within the epoxy layer, as reported in our previous work [15]. The 
values of GIC were calculated using the “corrected beam theory” method 
as given in ISO 25217 [22]. 

2.3.2. The CFRP composites 
Since infusion of the CFRP dry fabric lay-up was seen to be clearly 

unsuccessful with more than a 1.0 wt% concentration of ZrW2O8 
nanoparticles in the epoxy matrix, 1.0 wt% and 2.0 wt% concentrations 
of uncoated ZrW2O8 nanoparticles were chosen to study filtering effects. 
To determine the fibre-filtering effect of using 1.0 wt% and 2.0 wt% of 
uncoated ZrW2O8 nanoparticles in the epoxy matrix when preparing the 
CFRP laminates, the unidirectional (UD) carbon fibre fabric was cut (of 
size 200 mm × 200 mm), weighed and put together in three different ply 
stacks of 4 plies, 8 plies and 16 plies. The nanoparticle-modified epoxy 
matrix was then infused into the three different types of stacks (i.e. of 4, 
8 and 16 plies). Immediately after the infusion the odd plies of each 
stack were separated, weighed, and washed with acetone to collect the 
resin and nanoparticle mixture and discard the carbon fibres. To isolate 
the ZrW2O8 nanoparticles present, the acetone was evaporated off and 
the epoxy was decomposed at 600 ◦C for 1 h. The residuals, which 
consisted entirely of ZrW2O8 nanoparticles, were weighed, with the 
results being used to determine the weight percentage of the nano
particles present in each ply after infusion. 

To measure the mode I, interlaminar fracture energy of the CFRP 
laminates, DCB tests were carried out in accordance with ASTM 
D5528-13 [23] using a crosshead speed of 3 mm/min. The DCB tests 
involved applying a monotonically increasing tensile load to the 
pre-cracked arms of the specimen fitted with loading tabs. Three spec
imens were tested for each type of the composite material. On contin
uation of the loading, the load and displacement values in the first 5 mm 
of delamination growth were recorded in approximately 1 mm crack 
growth increments. Subsequently, load and displacement data were 
recorded at increments of 5 mm growth, until the delamination crack 
had propagated at least 45 mm from the tip of the pre-crack. Afterwards, 
measurements were taken at every 1 mm increment of crack growth for 
the last 5 mm of delamination propagation, up to a total delamination 
length of 50 mm beyond the initial tip of the pre-crack. The initiation 
fracture energy, GIC, initiat, of the CFRP laminates was determined using 
the point at which the load had reached a maximum value and the 
average propagation fracture energy, GIC, s-s prop, was determined by 
taking the average fracture energy over a crack growth of between 15 
and 50 mm of the R-curve. The fracture surfaces of the composites after 
testing were examined using a FEI Nova Nano SEM 230 field-emission 
scanning electron microscope supplied by FEI Company, USA. 

As noted above, cross-ply laminates with a [04/908/04] stacking 
sequence were made with an epoxy matrix containing uncoated and 
PDA-coated ZrW2O8 nanoparticles at concentrations of 0.5 wt% and 1 
wt% by infusing the unmodified and modified epoxy resins into this 
fibre architecture. The laminates were used to study the effectiveness of 
the ZrW2O8 nanoparticles in eliminating matrix microcracks in CFRP 
laminates when subjected to cryogenic temperatures. After quenching at 
the CFRP laminates in liquid nitrogen, i.e. at −196 ◦C, for 45 min, op
tical micrographs of the laminates were taken. 

3. Results and discussion 

3.1. Physical characterization of ZrW2O8 nanoparticles and ZrW2O8 
nanoparticle modified epoxy polymers 

The typical morphology of the as-received ZrW2O8 nanoparticles is 
shown in Fig. S1. (See Section S1 of the ‘Supplementary Materials’) The 
width and length distribution of the as-received nanoparticles are given 
in Fig. 1Sb and 1Sc. We measured the width by taking the average of the 
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shortest distances across the particles, and the length by taking the 
average of the longest distances across the particles. The two-parameter 
(i.e. the scale parameter, c, and shape parameter, k) version of the 
Weibull distribution function was used for modelling the length, l, and 
width, w, of the ZrW2O8 nanoparticles (in nm) which (with for f(l), c =
170.6, and k = 1.03) gave a mean length, l, of 168.5 nm and which (with 
for f(d), c = 112.5 and k = 1.06) gave a mean width, w, of 109.7 nm. No 
specific shape of the nanoparticles was obvious although the smaller 
nanoparticles were nearly spherical in shape. The as-received ZrW2O8 
nanoparticles were centrifuged to remove particles greater than 100 nm. 
The angular velocity and time chosen for the centrifugation process are 
given in Table 1, along with other parameters and the time of sedi
mentation for a spherical particle can be found in Ref. [24]. (Sedimen
tation is the time-dependent deposition of particles due to gravity. For 
nanoparticles then sedimentation can only be observed by increasing the 
gravitational field by means of centrifugation. In the present study, we 

used different sedimentation times at a constant speed of 12000 rpm to 
separate and collect the nanoparticles smaller than 100 nm) 

For the subsequent studies, the centrifuged ZrW2O8 nanoparticles 
with most of the particles smaller than 100 nm (i.e., approximately 80%) 
were used. The typical morphology of the separated ZrW2O8 nano
particles is shown in Fig. 1a. The width and length distribution of the 
nanoparticles are given in Fig. 1b and c, respectively. The two- 
parameter (i.e., the scale parameter, c, and shape parameter, k) 
version of the Weibull distribution function was again used for model
ling the length, l, and width, w, of the ZrW2O8 nanoparticles (in nm) 
after centrifuging, giving a mean width of 43.5 nm (Weibull distribution 
f(w): c = 74.5 and k = 1.37) and a mean length, l, of 68.6 nm (Weibull 
distribution f(l): c = 44.6 and k = 1.14). Again, no specific shape of the 
nanoparticles was obvious although the smaller nanoparticles were 
nearly spherical in shape. Fig. 1d shows the TEM micrographs of the 
PDA-coating on the ZrW2O8 nanoparticles. The red arrows in the figure 
indicate the PDA-coating whose thickness was measured to be approx
imately 3.5 nm. 

Fig. 2b shows a cubic crystal lattice of the ZrW2O8 nanoparticle 
where the lattice parameters are equal and isotropic, i.e. a = b = c, and 
the lattice angle α = β = γ = 90◦ [25]. Data from the XRD measurements 
are presented in Fig. 2a, from which the lattice constants of the nano
crystals at various temperatures can be calculated from the Rietveld 
refinement. The results are shown in Fig. 2c, indicating that the lattice 
parameters of the ZrW2O8 nanocrystals decrease with temperature. 

Table 1 
Centrifuging parameters.  

Particle 
diameter 

Density of ZrW2O8 

(g/cm3) 
RPM 
(rpm) 

Time 
(s) 

Particles collected 
from 

50 nm 5.09 12000 245 Precipitant 
100 nm 5.09 12000 61 Supernatant +

Precipitant 
500 nm 5.09 12000 2.45 Supernatant  

Fig. 1. Characteristics of the ZrW2O8 nanoparticles; (a) TEM micrograph and probability count of (b) width and (c) length correlated with the Weibull distribution; 
(d) TEM micrographs of the PDA-coating (red arrow) and coating thickness of ZrW2O8 nanoparticles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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From Fig. 2c the CTE of the ZrW2O8 nanoparticles was measured to be 
−7.32 × 10−6 K−1, which is very close to the value of −9 × 10−6 K−1 

reported in Ref. [16]. 
The viscosities, before curing, of the unmodified epoxy resin and the 

epoxy resin with various concentrations of the uncoated ZrW2O8 
nanoparticles are presented in Fig. 3a. The results show that adding the 
nanoparticles increases the viscosity, with the highest viscosity being 

observed at the lowest shear rate, indicating a shear-thinning behaviour. 
This shear-thinning behaviour is most pronounced at the highest 
nanoparticle concentration, i.e. at 16 wt%. The average viscosity of the 
epoxy resin modified with ZrW2O8 nanoparticles, at various concen
trations, lies between 2200 and 2600 mPa s, which is significantly lower 
than the maximum viscosity allowable [26] for successful infusion of the 
resin into the reinforcing fibre and fabric, which can be as high as 11000 

Fig. 2. Thermal expansion properties of ZrW2O8 nanoparticles; (a) XRD patterns at various temperatures from 27 ◦C to −253 ◦C; (b) a cubic nanocrystal of ZrW2O8 
showing a = b = c and α = β = γ = 90◦, and (c) variation of lattice parameter with temperature. 

Fig. 3. (a) Viscosity versus shear rate at different ZrW2O8 nanoparticle concentrations and (b) a comparison of experimental and rule of mixture (ROM) results for 
the nanocomposites at different volume fractions of ZrW2O8 nanoparticles. 
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mPa s. So, in the present study, the viscosity of the unmodified epoxy 
resin matrix is not an issue, but at high concentrations of nanoparticles 
the filtering effect becomes a major limiting factor for achieving uniform 
distribution of the nanoparticles within the composite laminate, which 
is discussed later in this paper. Fig. 3b shows a comparison of experi
mental CTE values of the nanocomposites with the results from two 
theoretical models for the upper- and lower-bounds. Similar to the 
previous studies [27,28], an upper-bound of the CTE values can be ob
tained from a rule of mixture (ROM) approach, as given in Eq.S1 [29], 
and a lower-bound from the Turner model as given in Eq.S2 [30] (see 
Section S2 of the ‘Supplementary Materials’). The estimations of the 
upper- and lower-bounds from the models were confirmed by the results 
from previous studies [27,28], from which more details and the relevant 
model assumptions are available. It can be seen from Fig. 3b that the 
experimental CTE value of the epoxy-ZrW2O8 nanocomposite decreases 
as the ZrW2O8 nanoparticle concentration increases, which is expected 
as the ZrW2O8 nanoparticles possess a negative CTE value. The highest 
decrease of approximately 25% was seen with a concentration of 
ZrW2O8 nanoparticles of 2 wt%. Furthermore, from Fig. 3b the average 
experimental CTE values of the unmodified epoxy and 
epoxy-nanocomposites appear to be generally lower than the CTE values 
calculated by the lower-bound model of Turner. Using the “Student 
t-test” (Section S2.1 in ‘Supplementary Materials’), the smallest p-value 
was found to be 0.11, indicating that the mean value of the experimental 
CTE values is not statistically different from the Turner model predic
tion. Therefore, the theoretical CTE values from the lower-bound model 
are in a good agreement with the CTE values determined by the DIC 
method. 

3.2. Tensile properties of the nanocomposites 

Typical stress strain curves for the tensile tests at different uncoated 
and PDA-coated ZrW2O8 nanoparticle concentrations at room temper
ature (RT) and −196 ◦C are given in Fig. 4a and b, respectively. From the 
curves a drastic reduction can be seen in the failure strain of 0.02 at 
−196 ◦C, compared to 0.08 at RT, which can be considered as a measure 
or indication of reduced ductility (and increased brittleness) at −196 ◦C. 
The epoxy-ZrW2O8 nanocomposites show an increasing average tensile 
strength and Young’s modulus as the concentration of nanoparticles is 
increased at both RT and at −196 ◦C, except for the specimen with 8 wt 
% uncoated ZrW2O8 nanoparticles whose tensile strength was about the 
same as that of the unmodified epoxy (see Fig. 4c and d). This may be 
ascribed to an inadequate dispersion and agglomeration of uncoated 
ZrW2O8 nanoparticles at high concentrations due to the higher viscosity 
(see Fig. 3a) of the filled epoxy. As shown by the SEM micrographs in 
Fig. 5a, c and d for the nanocomposite containing 1 wt%, 4 wt% and 8 wt 
% uncoated ZrW2O8 nanoparticles respectively, agglomeration increases 
with an increase in nanoparticle concentration. The 1 wt% uncoated 
ZrW2O8 nanoparticles has the lowest agglomeration followed by 4 wt% 
and finally 8 wt% which has the highest nanoparticle agglomeration. 
Please note that in Fig. 5a, c and d, the purpose is to show only the 
nanoparticle agglomeration which is highlighted. However, inadequate 
dispersion with an increase of the nanoparticle concentration is shown 
in Fig. S2 and is discussed in Section S3 of ‘Supplementary Materials’. An 
increase in the agglomeration of uncoated ZrW2O8 nanoparticles is 
likely to induce high stress concentrations in the nanocomposites and 
hence a reduction in their tensile strength [31]. Under uniaxial tensile 

Fig. 4. Typical stress versus strain curves of the epoxy-ZrW2O8 nanocomposites at (a) RT and (b) −196 ◦C; (c) tensile strength and (d) the tensile modulus at different 
concentrations of uncoated and PDA-coated ZrW2O8 nanoparticles. 
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loading, the nanoparticles in the epoxy nanocomposite samples first 
debond from the epoxy matrix and then the epoxy matrix between the 
nanoparticles reaches its static strength causing final rupture. The ten
sile strengths of the nanocomposite samples are largely determined by 
the strength of the matrix, which is not affected by the nanoparticles. 
Therefore, the tensile strengths of the nanocomposites are not very 
sensitive to the presence of particles. On the other hand, the modulus of 
the nanocomposites increased slightly with the concentration of un
coated and PDA-coated ZrW2O8 nanoparticles, as shown in Fig. 4d. This 
mainly is due to the fact that at a low stress the particles remain bonded 
to the matrix, providing some stiffening effects since the stiff particles 
can transfer the load. This increase in the Young’s modulus with the 
concentration of the nanoparticles is consistent with the expected in
crease according to the rule of mixtures. 

A comparison of the experimental Young’s modulus of the uncoated 
ZrW2O8 nanocomposites with the predictions of the upper-bound model 
showed a satisfactory correlation with the lower nanoparticle concen
trations (e.g. a volume fraction of 0.025) but for higher concentrations 
the modulus values are lower than the upper-bound modulus calculated 
using the model, which is described in Section S4 of the ‘Supplementary 
Materials’. 

3.3. Fracture energy of the epoxy-ZrW2O8 nanocomposite polymers 

Typical load versus displacement curves of the bonded joint tests of 
the unmodified epoxy and uncoated ZrW2O8-epoxy nanocomposites at 
RT and −196 ◦C are shown in Fig. 6a and b, respectively. The curves 
show the shape of a “saw-tooth” indicating typical stick-slip crack 
growth behaviour. The PDA-coating of CuO was found to improve the 
fracture energy of the epoxy matrix, and its CFRP laminates, as reported 
in our previous work [14]. To investigate the potential of a PDA-coating 
to enhance further the toughening efficiency of ZrW2O8 nanoparticles, 
the same coating method as reported in Ref. [14] was applied to the 
ZrW2O8 nanoparticles, as described above, and the toughness of the 
resultant nanocomposite was characterized for two concentrations: 0.5 

wt% and 1 wt% of ZrW2O8. (These two concentrations were selected 
because, although the fracture energy did increase above 1 wt% of un
coated ZrW2O8 nanoparticles, due to the filtering effect no composite 
laminate could be infused beyond 1 wt%.) Typical load versus crack 
opening displacement curves for the DCB bonded joint tests of the un
coated and PDA-coated ZrW2O8-epoxy nanocomposites at RT and 
−196 ◦C are shown in Fig. 6c and d, respectively. These curves also show 
the shape associated with the “saw-tooth” stick-slip crack growth 
behaviour. 

The fracture energy, GIC, bulk, of the bulk epoxy polymer for various 
ZrW2O8 nanoparticle concentrations with and without PDA-coating is 
shown in Fig. 7, with (a) and (b) showing the measured fracture energy 
versus crack length curves at RT and −196 ◦C for various ZrW2O8 
nanoparticle concentrations with and without a PDA-coating. The re
sults show that the fracture energy of the bulk epoxy polymer remains 
approximately constant as the crack propagates through the test spec
imen, i.e. there is no major increase in crack growth resistance, unlike 
the case for interlaminar crack growth which will be shown later. 
Accordingly, an average value of the measured fracture energy, GIC, bulk, 
over the measured crack lengths is employed in Fig. 7c, which is 
essentially the propagation value of the fracture energy. Thus, Fig. 7c 
shows the dependence on the concentration of ZrW2O8 nanoparticles. In 
all cases the fracture energy increases with an increasing concentration 
of ZrW2O8 nanoparticles. 

Also, the normalized fracture energy, GIC of the nanocomposites, 
normalized relative to the fracture energy of the unmodified epoxy 
polymer, versus concentration of nanoparticles is given in Fig. 7d. The 
fracture energy increases almost linearly with the concentration of 
nanoparticles up to 8 wt%, reaching the highest improvements of about 
150% at RT and at −196 ◦C. Overall, the relative improvement in GIC is 
somewhat more pronounced at −196 ◦C than at RT. A similar observa
tion was also reported in Refs. [15,32] for the addition of SiO2 nano
particles and CuO nanorods, respectively, which was ascribed to the 
influence of thermal residual stresses. PDA-coating of the nanoparticles 
can further increase the fracture toughness of the nanocomposites 

Fig. 5. Distribution of ZrW2O8 nanoparticles in the epoxy-ZrW2O8 nanocomposites. SEM images of the fracture surfaces of the tensile specimens at −196 ◦C with 
concentrations of (a) 1 wt% uncoated, (b) 1 wt% PDA-coated, (c) 4 wt% uncoated, and (d) 8 wt% uncoated ZrW2O8 nanoparticles. 
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compared to the uncoated nanocomposites both at RT and −196 ◦C, but 
the improvement was higher at −196 ◦C as shown in Fig. 7. The highest 
apparent improvement for a 1 wt% concentration is 140% for the 1 wt% 
PDA-coated ZrW2O8 nanoparticles when tested at −196 ◦C. Indeed, 
there is a general trend of an increase in the fracture energy of the bulk 
epoxy polymer upon PDA-coating the nanoparticles compared with their 
uncoated counterparts at the same concentration of 0.5 and 1 wt%, both 
at RT and −196 ◦C. However, only the 0.5 wt% PDA-coated ZrW2O8 
nanoparticles at −196 ◦C showed a statistically significant improvement 
over the 0.5 wt% uncoated ZrW2O8 nanoparticles, as shown by the re
sults of the ‘Student t-test’ analysis in Table S5 of the ‘Supplementary 
Materials’. To identify potential mechanisms for the toughening effects 
of uncoated and PDA-coated ZrW2O8 nanoparticles, SEM observations 
were carried out of the fracture surfaces of the test specimens of the 
epoxy polymer. Our previous publications and other research on 
nano-toughening of epoxy have found the mechanisms of toughening to 
include crack-pinning, void growth, microcracking and debonding [14, 
15,33]. Fig. 8 shows the SEM micrographs of the fracture surfaces of the 
epoxy nanocomposites containing 1 wt% uncoated and PDA-coated 
ZrW2O8 nanoparticles at −196 ◦C. Some crack pinning is visible with 
void growth on the fracture surface of the 1 wt% uncoated ZrW2O8-e
poxy nanocomposite (see Fig. 8a), while crack-pinning and river-lines in 
the matrix, along with larger void growth, microcracking and debonding 
of the nanoparticles, are more evident on the fracture surface of the 1 wt 
% PDA-coated ZrW2O8-epoxy nanocomposite (see Fig. 8b) [14,15,33]. 
Fig. 8a also shows that the void size for the 1 wt% PDA-coated ZrW2O8 
nanocomposites greatly exceeds that in uncoated nanoparticles. Indeed, 

as shown in Fig. 8b, the void diameters for coated nanoparticles were 
found to be 70% higher than for uncoated nanoparticles. This increased 
void size can account for the enhanced toughening due to the presence 
of the PDA-coating, which is also consistent with observations reported 
in our previous work [14]. However, the precise mechanism for the 
increased void size due to the PDA-coating is not yet clear and requires 
further investigation. From the perspective of a cohesive zone model for 
the interface, it is possible that the PDA-coating increases the critical 
displacement for interfacial failure and this increase may also lead to 
more extensive plastic void growth. Fig. 9 illustrates the major tough
ening mechanisms, including nanoparticle debonding and plastic void 
growth, and crack pinning and crack deflections by the nanoparticles, as 
shown in the SEM micrographs in Fig. 8. These mechanisms have pre
viously been reported in our work [14,15] and others [34–36]. In 
particular, it was reported that the toughening mechanisms of debond
ing and void growth were more prominent at cryogenic temperature 
than that at RT [14,15]. 

The reason for the different levels of improvements seen in the 
strength/stiffness and fracture energy GIC tests is that the former tensile 
test specimens failed differently from the crack growth process in the 
DCB fracture toughness tests. The tensile specimens ruptured when the 
net section stress reached the strength of the epoxy matrix, which is not 
affected by the nanoparticles. In the fracture toughness tests, however, 
the energy dissipation arises from the crack growth being accompanied 
by a process, energy-dissipating, zone surrounding the crack tip, which 
is under a very high triaxial stress state. The PDA-coating on the nano
particles raises the debonding strength, compared to the uncoated 

Fig. 6. Load versus crack opening displacement curves of (a) unmodified epoxy and different concentrations (wt%) of epoxy-ZrW2O8 nanocomposites at (a) RT and 
(b) −196 ◦C. And for uncoated and PDA-coated ZrW2O8-epoxy nanocomposites at (c) RT and (d) −196 ◦C. 
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particles, and thus increases the energy dissipated by void growth. The 
main increase in the measured fracture energy, GIC, is due to the addi
tional energy dissipated by the nanoparticles inducing shear banding 
and void growth, as shown by the SEM micrographs of Fig. 8 and the 
illustration in Fig. 9. By comparison, no void growth was observed on 
the fracture surfaces of the uniaxially-loaded tensile test specimens 
shown in Fig. 5. 

A comparison of the percentage increase in the GIC, bulk at RT and 
−196 ◦C from the addition of uncoated and PDA-coated ZrW2O8 nano
particles with those reported in the literature for other types of 

nanoparticles is presented in Fig. 10 [12,35,37]. It is interesting to note 
that the increase in the fracture energy at −196 ◦C achieved by the 
addition of 1 wt% PDA-coated ZrW2O8 nanoparticles to the epoxy 
polymer in the present work, see Fig. 10b, is the highest absolute in
crease recorded. 

3.4. Fibre filtering effect during resin infusion 

The ‘filtering effect’ refers to the phenomenon that carbon fibres can 
prevent nanoparticles from reaching the interior of the plies due to the 

Fig. 7. Typical GIC, bulk values versus crack length curves of epoxy-ZrW2O8 nanocomposites with different ZrW2O8 concentration (wt.%) with and without PDA- 
coating and showing no R-curves at (a) RT and (b) −196 ◦C. The effect of a PDA-coating on the (c) actual and (d) normalized GIC, bulk values of the ZrW2O8- 
epoxy nanocomposites at different ZrW2O8 nanoparticle concentrations (wt.%) at RT and −196 ◦C. (The error bars each correspond to one standard deviation). 

Fig. 8. Fracture surfaces of the epoxy-ZrW2O8 nanocomposites containing (a) 1 wt.% ZrW2O8 and (b) 1 wt.% PDA-coated ZrW2O8 tested at −196 ◦C. The blue arrows 
show the direction of crack growth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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small spaces between the fibres. Zhuang et al. [38] measured the 
average inter-fibre spacing as 1.05 μm, assuming a fibre volume fraction 
of 60% and an average fibre diameter of 5 μm. Generally, nanoparticles 
smaller than the inter-fibre spacing should be able to infuse into the 
fibres but factors such as the nanoparticle aspect ratio, the concentration 
and degree of agglomeration can influence the fibre filtering effect [39]. 
This effect can hinder the nanoparticles reaching the interior of fibre 
plies which results in a reduced nanoparticle concentration in the 
laminated composites than the original nanoparticle concentration in 
the resin (see Fig. 11a). Therefore, to measure the fibre filtering effect a 
1 wt% and 2 wt% of uncoated ZrW2O8-epoxy nanocomposite mixtures 
were used separately to infuse through 4-ply, 8-ply and 16-ply UD car
bon fibre ply stacks so as to measure the fibre filtering effect. Fig. 11b 
shows the experimental method used and Fig. 11c shows the nano
particle concentration with respect to the ply position in the laminate 
stacks for both the 1 wt% and 2 wt% uncoated ZrW2O8 nanoparticle 
concentrations in the epoxy matrix. The 1 wt% ZrW2O8-epoxy mixture 
can infuse through all 4, 8 and 16 plies. Nevertheless, the ZrW2O8 
nanoparticle concentration was found to be the highest at the surface 
plies and the lowest in the mid-plies. Since infusion meshes were placed 
at the top and bottom of the stack, the top and bottom surface plies were 
found to have the highest ZrW2O8 nanoparticle concentration. Further, 
since all the plies are densely packed and congested, they inhibit the 
ability of the nanoparticles to move, causing the mid-plies to receive the 
lowest amount of ZrW2O8 nanoparticles. The higher the number of plies 
in the stack then the lower is the ZrW2O8 nanoparticle concentration in 

the mid-plies. Furthermore, the filtering effect was more severe with the 
2 wt% ZrW2O8 nanoparticle concentration. Only the 4-ply and 8-ply 
stacks were seen to infuse completely with the resin and for the 16-ply 
stacks only the top four and bottom four plies were seen to be infused. 
The mid-plies (i.e. ply numbers 5 to 12) were found to be completely 
dry, i.e. absent of resin, and hence had a zero concentration of ZrW2O8 
nanoparticles. Therefore, the subsequent study of composite laminates 
was restricted to laminates where the nanoparticle loading in the matrix 
was less than, or equal to, 1 wt% of nanoparticles, to ensure adequate 
resin infusion. 

3.5. Fracture energy of the CFRP laminates 

The results for the interlaminar fracture energies of CFRP laminates 
with and without PDA-coated ZrW2O8 nanoparticles in the epoxy matrix 
at RT and −196 ◦C are presented in Fig. 12 and Tables S6 and S7 (see the 
‘Supplementary Materials’). It is seen from the resistance (R) curves 
given in Fig. 12a and b that the interlaminar fracture energies of the 
laminates increase steadily with the concentration of ZrW2O8 nano
particles. Also, the interlaminar fracture energies of the CFRP laminates 
with PDA-coated ZrW2O8 nanoparticles in the epoxy matrix are higher 
than those with uncoated ZrW2O8 nanoparticles. It is also evident from 
Fig. 12a and b that the composites exhibit lower interlaminar fracture 
energies at −196 ◦C than at RT [40]. 

The normalized initiation (GIC, initiat) and propagation (GIC, s-s prop) 
fracture energies for composites with different nanofillers are shown in 
Fig. 12c and d, respectively. Also included in Fig. 12c and d are the GIC, 

initiat and GIC, s-s prop interlaminar fracture energies for the 1 wt% un
coated and PDA-coated CuO nanoparticles which were reported in 
Ref. [14]. Although improvements in the values of the fracture energies 
compared with the unmodified laminates are observed at RT and 
−196 ◦C, the laminates with the PDA-coated ZrW2O8 nanoparticle show 
a greater improvement compared to those using uncoated ZrW2O8 
nanoparticles in the matrix, at both RT and −196 ◦C. At RT, the addition 
of 0.5 wt% and 1 wt% uncoated ZrW2O8 nanoparticles yielded a 10% 
and 19% improvement in GIC, initiat values, respectively and a 15% and 
20% increase in GIC, s-s prop values, respectively, compared with the 
unmodified-matrix laminate. By contrast, the addition of 0.5 wt% and 1 
wt% PDA-coated ZrW2O8 nanoparticles to the matrix yielded a 102% 
and 129% improvement in GIC, initiat values, respectively and a 25% and 
55% increase in GIC, s-s prop values, respectively, compared with the 
unmodified-matrix laminates. At −196 ◦C, the addition of 0.5 wt% and 
1 wt% uncoated ZrW2O8 nanoparticles yielded a 15% and 20% 
improvement in GIC, initiat values, respectively and a 18% and 20% in
crease in GIC, s-s prop values, respectively, compared with the 
unmodified-matrix laminate. By contrast, the addition of 0.5 wt% and 1 
wt% PDA-coated ZrW2O8 nanoparticles yielded a 35% and 55% 
improvement in GIC, initait values, respectively, and a 50% and 100% 
increase in GIC, s-s prop values, respectively compared with the unmodified 

Fig. 9. An illustration showing the major toughening mechanisms including 
debonding, plastic void growth, crack pinning, and crack deflection in 
nanocomposites. 

Fig. 10. Comparison of the effectiveness of ZrW2O8 nanoparticles in toughening epoxy polymers in comparison with SiO2 nanoparticles [12], POSS [37] and rubber 
nanoparticles [35] at (a) RT and (b) −196 ◦C. 
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laminate. As reported in Ref. [14], a PDA-coating can enhance the 
interfacial interactions between the nanoparticles and the epoxy matrix 
by forming strong bonding at the interface, which may lead to an 
improved stress transfer and higher interfacial fracture energy, giving 
rise to the observed increases in fracture energies. The ‘Student t-test’ 
analyses in Tables S6 and S7 in ‘Supplementary Materials’ show that the 
GIC, initait and GIC, s-s prop values of the laminates increased significantly for 
the PDA-coated nanoparticles compared with the uncoated nano
particles at RT and −196 ◦C, except for the GIC, s-s prop values for 0.5 wt% 
nanoparticles in the matrix and tested at RT. For 0.5 wt% nanoparticles 
at RT, although there was an increase of approximately 10% of the mean 
values for the PDA-coated ZrW2O8 nanoparticles compared with un
coated ZrW2O8 nanoparticle matrices, the improvement was not statis
tically significant. Now, PDA-coated CuO nanoparticles increased the 
GIC, initiat and GIC, s-s prop values more at −196 ◦C than that at RT, with a 
55% increase in GIC, initiat value and a 10% increase in GIC, s-s prop value at 
RT and a 115% increase in GIC and 30% increase in the GIC, s-s prop value 
at −196 ◦C. Also, compared to the laminates produced with PDA-coated 
CuO nanoparticles in the epoxy matrix, the PDA-coated ZrW2O8 nano
particles yielded higher GIC, s-s prop values and slightly lower GIC, initiat 
values. 

Significant differences are evident in the fracture surfaces of the 
laminates with uncoated and PDA-coated ZrW2O8 nanoparticles at 
−196 ◦C, see Fig. 13. Debonding of individual carbon fibres from the 

epoxy matrix and fibre fracture are clearly visible on the fracture surface 
of the 0.5 wt% and the 1 wt% uncoated ZrW2O8-epoxy laminates (see 
Fig. 13a and c). However, for the PDA-coated 0.5 wt% ZrW2O8-epoxy 
laminates (Fig. 13b), the fibres are mostly covered by the epoxy matrix 
indicating that the main locus of failure is cohesive fracture in the ma
trix. Although some fibre-bundle debonding with densely packed fibres 
was also observed. However, no fibre debonding was visible for the PDA- 
coated 1 wt% ZrW2O8-epoxy laminates but rather cohesive failure in the 
matrix occurred with feather-like deformation zones, see Fig. 13d. A 
similar type of feather-like deformations in the polymeric matrix of 
nanocomposites has been previously reported [32]. These feather-like 
zones are believed to be due to plastic deformation with localised 
shear bands [41,42]. Thus, the observed increase in the fracture energy 
from using the PDA-coated ZrW2O8 nanoparticles, compared with the 
uncoated nanoparticles, may be due to more energy being required to 
cause matrix cohesive failure and fibre-bundle debonding. This is 
analogous to the fracture mechanism reported by Zheng et al. for ZnO 
nanowire-carbon-epoxy laminates [43]. 

Previous research on the toughening performance of nanofillers in 
carbon fibre composites [44,45] has found that the constraints imposed 
by the presence of the carbon fibres can limit the toughening efficiency 
of nanofillers in the matrix. This leads to any increase in the interlaminar 
fracture energy of the CFRP laminate being less than the increase in the 
fracture energy of the bulk matrix when the toughness of the matrix is 

Fig. 11. The effect of the ‘fibre filtering effect’ from the infusion of an epoxy-ZrW2O8 resin matrix into carbon-fibre plies: (a) Display of the fibre filtering effect, (b) 
characterization method and (c) particle concentration versus ply position in the cured CFRP laminates. 
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relatively high. In Fig. 14a and b, the measured initiation fracture en
ergies, GIC, initiat, of the composite laminates are plotted against the 
corresponding fracture energies, GIC,bulk, of the corresponding bulk 
epoxy polymers. Whilst in Fig. 14 c and d the measured steady-state 
propagation fracture energies, GIC, s-s prop, of the composite laminates 
are plotted against the corresponding fracture energies, GIC,bulk, of the 
bulk epoxy polymers. The results shown follow the general trends re
ported previously [32,46]. For example, initially the slope of the re
lationships is greater than unity and for the present ZrW2O8 nanoparticle 

modified epoxy polymers the initial slope of the relationship is relatively 
high compared to previous results [32,46]. The increased toughness 
observed in the CFRP composites, compared to the corresponding bulk 
polymer, is due to the role of fibre-bridging which can significantly in
crease the interlaminar fracture energy of the CFRP laminates. Never
theless, as may be seen from the results for the CuO nanoparticles added 
to the epoxy polymer [14], when the value of GIC, bulk, of the bulk epoxy 
polymer is very significantly increased then this high level of toughness 
cannot be transferred to the composite laminate due to the constraints 

Fig. 12. Typical R-curves for the unmodified and 
modified CFRP composites at (a) RT and (b) −196 ◦C, 
GIC, initiat (red circle): first point and GIC, s-s prop: 
average over a crack growth of 15–50 mm of the R- 
curves; normalized GIC, initiat and GIC, s-s prop values of 
the composite laminates at (c) RT and (d) −196 ◦C. 
Blue dashed lines show the value of the interlaminar 
fracture energy of the unmodified epoxy based com
posites. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 13. SEM micrographs of the fracture surfaces of DCB specimens of CFRP composites modified by (a) 0.5 wt% ZrW2O8, (b) 0.5 wt% PDA-coated ZrW2O8, (c) 1 wt 
% ZrW2O8, and (d) 1 wt% PDA-coated ZrW2O8 nanoparticles. Tests were conducted at −196 ◦C. 
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imposed by the carbon fibres limiting the toughening efficiency of the 
nanofiller present in the matrix. 

Fig. 15 shows the optical micrographs of the blocked cross-ply 
composite laminates quenched at −196 ◦C for 45 min and then 
allowed to equilibrate to room temperature. It is seen that matrix 
microcracks are visible in the laminate containing the 0.5 wt% uncoated 
ZrW2O8 nanoparticle matrix (Fig. 15a). However, no microcracks can be 
seen in the laminates with matrices containing either the 1 wt% un
coated ZrW2O8 nanoparticles (Figs. 15b), 0.5 wt% PDA-coated ZrW2O8 
nanoparticles (Fig. 15c) or the 1 wt% PDA-coated ZrW2O8 nanoparticles 
(Fig. 15d). Table 2 summarizes the average microcrack length, as a 
percentage of the 90◦ layer ply thickness, for the unmodified CFRP 
laminates and laminates containing uncoated and PDA-coated ZrW2O8 
epoxy-nanoparticle matrices from the above tests. The unmodified and 
0.5 wt% uncoated ZrW2O8 nanoparticle composite laminates are found 
to contain microcracks of an average length of 81% and 63%, respec
tively, of the mid-90◦ layer thickness. On the other hand, no micro
cracking was visible for the laminates with matrices containing 1 wt% 
uncoated ZrW2O8 or 0.5 wt% and 1 wt% PDA-coated ZrW2O8 nano
particles. From the results shown in Table 2 and Fig. 7 it may be seen 
that the extent of microcracking that occurs at −196 ◦C decreases as the 
fracture energy, GIC, bulk, of the epoxy-nanocomposite matrix increases, 
as measured at −196 ◦C. 

Finally, as a matter of interest, a finite element analysis (FEA) has 
been undertaken, using a micromechanical model [47], to study the 
effect of a thermal shock to the composite, i.e., when it is rapidly cooled 
to −196 ◦C, compared to the composite being slowly cooled down to an 
isothermal steady-state at −196 ◦C. (See Section S6 of the ‘Supplemen
tary Materials’.) The thermal residual stresses acting in the matrix were 
therefore obtained in both the isothermal state (i.e., when the temper
ature throughout the composite reached −196 ◦C) and the high tem
perature gradient during quenching (i.e., when the outer 0◦ layer was at 
−196 ◦C whilst the inner 90◦ layer was at RT). The modelling studies 
were undertaken for two different types of matrices: the unmodified 
epoxy matrix and an epoxy nanocomposite matrix containing 1 wt% of 
ZrW2O8 nanoparticles. The micromechanical model explicitly analyses 
the thermomechanical deformation of the fibres and the nanocomposite 

matrix. The CTEs of the nanocomposite matrix were obtained using the 
Turner model and the CTEs of the particles measured as given in Fig. 2c, 
which are shown in Fig. 3b. Using the method reported in Ref. [47], the 
temperature was varied from the post-curing temperature of 120 ◦C to 
room temperature of 25 ◦C and then down to the cryogenic liquid ni
trogen temperature of −196 ◦C (Fig. S4a in ‘Supplementary Materials’). 
In the isothermal condition the FEA model revealed that the maximum 
thermal residual stress in the unmodified epoxy matrix and the modified 
epoxy matrix (i.e., with 1 wt% ZrW2O8) reached 36.2 MPa and 28.1 
MPa, respectively. Under the quenching (thermal shock) state, the FEA 
model showed that the maximum transient thermal stress in the un
modified epoxy matrix and modified epoxy matrix reached 36.4 MPa 
and 28.3 MPa, respectively, which are only approximately 0.6% higher 
than the values pertinent to the isothermal state. The reason for this 
small difference is because the temperature gradient has very little effect 
due to the effective CTE of the CFRP plies in the fibre direction being 
close to zero. Therefore, the transient thermal stresses in the matrix 
associated with a thermal shock were found to be very small and would 
not be a major influence on the presence, or not, of microcracking. 

4. Conclusion 

We have investigated the effectiveness of a negative CTE nano
material, i.e. ZrW2O8 nanoparticles, in improving the fracture resistance 
of a bulk epoxy polymer and CFRP composites made using these epoxy 
polymers as matrices. Tests have been conducted at room temperature 
and at cryogenic temperatures. We have demonstrated, for the first time, 
that ZrW2O8 nanoparticles can reduce the CTE of an epoxy matrix, thus 
lowering the residual thermal stress in the CFRP composite. Further
more, and perhaps more significantly, the ZrW2O8 nanoparticles have 
been found to increase the fracture energy of the epoxy matrix, which in 
combination with a reduced CTE of the matrix, can mitigate micro
cracking in the corresponding CFRP at a cryogenic liquid nitrogen 
temperature of −196 ◦C. Based on the results of thermal-mechanical, 
tension, and fracture tests at RT and −196 ◦C the following conclu
sions can be drawn: 

1. The CTE of ZrW2O8 nanoparticles, measured by XRD crystallog
raphy, is found to be −7.32 × 10−6 K−1 in the temperature range of 
20–300 K. This negative CTE of the ZrW2O8 nanoparticles is effective 
in reducing the CTE of the epoxy matrix of the CFRP at cryogenic 
temperatures. The ZrW2O8 particles have been found to be very 
effective in improving the fracture energy of epoxy nanocomposites 
at both room and cryogenic temperatures.  

2. Coating the ZrW2O8 nanoparticles with polydopamine (PDA) has 
been highly effective in further improving the fracture properties of 
epoxy nanocomposites. A 1 wt% of PDA-coated ZrW2O8 nano
particles can improve the fracture energy by up to 140% compared 
with that for an unmodified epoxy polymer.  

3. Incorporating PDA-coated ZrW2O8 nanoparticles in the epoxy matrix 
can dramatically improve the interlaminar fracture energies of the 
CFRP composites. A 1 wt% addition can increase the initiation and 
propagation fracture energy of an angle-ply CFRP composite [06/ 
±352/06] by 130% and 55% at room temperature, and 55% and 
100% at −196 ◦C, respectively.  

4. By reducing the CTE and improving the fracture energy of the epoxy 
matrix, we have demonstrated that the laminates produced with 
matrices containing 1 wt% uncoated ZrW2O8 nanoparticles and only 
0.5 wt% of PDA-coated ZrW2O8 nanoparticles can effectively sup
press matrix cracking at cryogenic liquid nitrogen temperatures. 
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