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Abstract Fast-curing epoxy polymers allow thermoset

parts to be manufactured in minutes, but the curing reaction

is highly exothermic with heat flows up to 20 times higher

than conventional epoxies. The low thermal conductivity of

the polymer causes the mechanical and kinetic properties

of parts to vary through their thickness. In the present

work, silica nanoparticles were used to reduce the exo-

therm, and hence improve the consistency of the parts. The

mechanical and kinetic properties were measured as a

function of part thickness. The exothermic heat of reaction

was significantly reduced with the addition of silica

nanoparticles, which were well dispersed in the epoxy. The

silica nanoparticles increased the Young’s modulus lin-

early from 3.6 to 4.6 GPa with 20 wt% of silica, but the

fracture energy was found to increase less than for many

slow-curing epoxy resins, with values of 176–211 J m-2

being measured. Although there was no additional tough-

ening, shear band yielding was observed. Further, the

addition of silica nanoparticles increased the molecular

weight between crosslinks, indicating the relevance of

detailed cure kinetics when studying fast-curing epoxy

resins. A model was developed to describe the increase in

viscosity and degree of cure of the unmodified and the

silica-modified epoxies. A heat transfer equation was used

to predict the temperature and resulting properties through

the thickness of a plate, as well as the effect of the addition

of silica nanoparticles. The predictions were compared to

the experimental data, and the agreement was found to be

very good.

Introduction

Epoxy polymers have many applications, including in

adhesives, coatings and fibre composite materials. Con-

ventionally, such thermoset polymers are cured relatively

slowly, but the demand for increased manufacturing

throughput is driving cycle times down from hours or tens

of minutes to several or a few minutes. Some of this

reduction in cycle time can be partly achieved by reducing

the time taken to fill the mould. For example, for liquid

composite moulding processes, the time required for fibre

impregnation can be greatly reduced by using through-

thickness impregnation (e.g. by compression resin transfer

moulding (CRTM) [1]). This approach reduces the

impregnation length compared to standard in-plane infu-

sion processes, and therefore reduces the impregnation

time by orders of magnitude. However, curing is generally

the rate-determining step in the manufacturing process, and

so fast-curing epoxies are being developed.

Although the rheology and cure kinetics of slow-curing

epoxies have been studied and modelled [2–5], the use of

fast-curing systems gives new challenges [6, 7]. To achieve

the short cure times the mould is pre-heated, so the degree

of cure and viscosity of the epoxy evolve as a function of

time whilst the mould is being filled, and so these must be

considered as variables for flow modelling. The fast and

highly exothermic nature of the curing also causes diffi-

culties in measuring accurate experimental data. Yang et al.

[6] found that the total heat of reaction from isothermal

measurements decreases at higher temperatures because
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the heat flow is not measured correctly in the initial stage

of curing. To overcome this, Prime et al. [7] extrapolated

isothermal curing curves from dynamic measurements for

fast-curing resins.

This exothermic heat also has a significant impact on the

manufacturing and properties of epoxy polymer or com-

posite parts [8, 9]. The poor thermal conductivity of the

epoxy results in a large temperature increase in the centre

of the part (especially when thick), which gives a higher

degree of cure in the centre than at the edges. Hence the

glass transition temperature and the properties of the epoxy

will vary through the thickness. The addition of ceramic

particles will reduce the temperature exotherm and cure

shrinkage, by reducing the volume of epoxy and increasing

the thermal conductivity, as reported in [10]. For composite

manufacturing, any such particles must be small such that

they are not filtered out during infusion processes, for

example silica nanoparticles [11].

The addition of particles can also improve the properties

of the epoxy polymer. Although epoxies have high mod-

ulus, strength and temperature stability due to their highly

cross-linked matrix structure, this structure makes the

polymer relatively brittle. The fracture toughness of the

epoxy can be increased by adding particles such as silica

nanoparticles [12] or core–shell rubber nanoparticles [13].

Such silica nanoparticles give increases in stiffness, frac-

ture energy [12, 14, 15] and cyclic-fatigue resistance [16].

It has been shown that these silica nanoparticles remain

well dispersed in slow-curing epoxies [17].

This suggests that silica nanoparticles may be advanta-

geous when manufacturing components using fast-curing

epoxies, so the present work will investigate of the effects

of silica nanoparticles on fast-curing resins by studying the

curing behaviour, the rheological behaviour and the

mechanical response. The rheology and kinetics will be

modelled, and the variation in the glass transition temper-

ature through the thickness of plates will be predicted and

compared with experimental results.

Materials

The epoxy resin used was a diglycidyl ether of bisphenol A

(DGEBA) epoxy with an epoxy equivalent weight (EEW)

of 181.5 g eq-1, ‘‘XB 3585’’ from Huntsman Advanced

Materials, Switzerland. The curing agent was a mixture of

diethylenetriamine and 4,40-isopropylidenediphenol, ‘‘XB
3458’’ from Huntsman Advanced Materials, and was used

at a stoichiometric ratio of 100:19 by weight of epoxy to

hardener.

The silica (SiO2) nanoparticles were supplied as a

masterbatch, ‘‘Nanopox F400’’ from Evonik Hanse, Ger-

many, with 40 wt% of silica nanoparticles predispersed in

DGEBA (EEW = 295 g eq-1) with a mean diameter of

20 nm [18]. Formulations with up to 20 wt% of silica

nanoparticles (20 N) were used for the mechanical and

fracture tests, with some additional measurements with up

to 35.8 wt% of silica nanoparticles (35.8 N).

For comparison, a conventional slower-curing epoxy

was also used. This was ‘‘HexFlow RTM6’’, from Hexcel,

UK, which comprises a tetrafunctional epoxy resin,

tetraglycidyl 4-40 diaminodiphenylmethane, and two amine

hardeners: 4,40-methylene-bis(2,6-diethylanaline) and 4,40-
methylene-bis(2,6-diisopropylaniline).

Experimental methods

Thermal mechanical characterisation

Two differential scanning calorimeters were used for the

thermal characterisation. Firstly, measurements were per-

formed using a TA Q1000 with a cooler unit that enabled

measurements below room temperature. The glass transi-

tion temperatures, Tg, of the uncured and cured polymers

were measured using a sample mass of 2 mg and heating

rate of 10 �C min-1. Modulated measurements (±0.30 �C
every 15 s) were conducted to determine the glass transi-

tion temperature and the residual heat of reaction for the

partially cured resin. Secondly, isothermal and dynamic

measurements to determine the total heat of reaction were

conducted using a Mettler DSC 1 using 5 mg of resin in

‘‘tzero’’ aluminium pans as this DSC allows manual

opening of the pre-heated furnace. All the measurements

were conducted using a nitrogen sample purge flow to

reduce oxidation of the resin.

The molecular weight between cross-links, Mc, was

calculated using the relation proposed by Nielsen [19] as

Mc ¼
3:9� 104

Tg � Tg0
; ð1Þ

where Tg0 is the glass transition temperature of the linear

polymer, and was taken as 55 �C from Bellenger and

Verdu [20]. The validity of this method has been shown

previously in [21] and it was assumed that the silica

nanoparticles do no interact with the polymer network, as

was shown by the constant Tg of silica nanoparticle-mod-

ified slow-curing epoxies [12].

Rheological study

A PAAR Physica MCR 302 plate–plate rheometer or a TA

AR 200 EX plate–plate rheometer was used to measure the

change in viscosity of the unmodified and the silica

nanoparticle-modified epoxies. Disposable aluminium

plates of 25 mm diameter were used, and the gap between
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the plates was set to 1 mm. A strain of 1 % and an angular

frequency of 10 s-1 were used.

Manufacturing

Bulk epoxy plates of 3, 4 and 6 mm thickness were cast in

8-mm-thick aluminium moulds, which were pre-heated to

80 �C. The plates were cured in an oven at 80 �C for

12 min. This slightly slower cure-cycle was preferred to

prevent the very strong exothermic reaction and decom-

position, which may occur for 6 mm plates manufactured

at 100 �C.

Microstructure

The morphology of the unmodified and silica nanoparticle-

modified epoxies was observed using atomic force micro-

scopy (AFM). Height and phase images were obtained

using a MultiMode scanning probe microscope from

Veeco, USA, with a NanoScope IV controller and an E

scanner. The samples were prepared at room temperature

using a PowerTome XL cryo-microtome form RMC

Products, USA.

Modulus and yield behaviour

The Young’s modulus, Et, of the bulk unmodified and silica

nanoparticle-modified epoxies were determined using uni-

axial tensile tests according to BS ISO 572-2 [22].

Dumbbell specimens (type 1BA) were machined from the

epoxy plates using a water-jet cutter. The tests were per-

formed using an Instron 5584 universal testing machine,

with a gauge length of 25 mm and a displacement rate of

1 mm min-1. An Instron 2620-601 dynamic extensometer

was used to measure the strain. A minimum of five samples

were tested for each formulation.

Compression properties

Plane strain compression (PSC) tests were performed to

determine the compressive properties of the polymers as

proposed by Williams and Ford [23], and as discussed in

[12]. Polished specimens with dimensions of

40 9 40 9 3 mm3 were compressed between two parallel

dies of 12 mm width using an Instron 5585H at a dis-

placement rate of 0.1 mm min-1.

An unmodified epoxy sample was interrupted post-yield,

i.e. in the strain softening region, then sectioned and pol-

ished. This sample was examined using optical microscopy

between crossed polarisers to confirm that shear band

yielding was present.

Fracture properties

Single-edge-notched bending (SENB) tests were performed

according to ASTM D5045 [24] to determine the plane-

strain fracture toughness, KC, and the fracture energy, GC,

of the unmodified and of the silica nanoparticle-modified

epoxies. Sample dimensions of 60 9 12 9 6 mm3 with a

V-notch of 4 mm in depth were water-jet cut. A sharp pre-

crack was obtained by tapping a new razor blade, cooled

with liquid nitrogen, into the notch. An Instron 5584 was

used to perform the tests at a constant displacement rate of

1 mm min-1.

Cure kinetic modelling

Determination of glass transition temperature

Differential scanning calorimetry (DSC) with a heating rate

of 10 �C min-1 was used to obtain the glass transition

temperature, Tg. The value for the uncured epoxy, Tg0, was

measured to be -27.0 ± 0.5 �C, and for the cured epoxy,

Tg?, to be 121 ± 1 �C. These values remained constant

with the addition of silica nanoparticles, indicating no

kinetic effect, and hence there appears to be no chemical

interaction between the particles and the epoxy, as previ-

ously reported [12].

Determination of total heat of reaction

The total heat of reaction, DHtot, was determined using

dynamic measurements with heating rates, dT dt-1, from

10 to 30 �C min-1 at 5 �C min-1 intervals between room

temperature until the material was fully cured. The mean

value was determined from the three highest DHtot read-

ings. For the unmodified epoxy DHtot was measured to be

494 ± 4 J g-1.

Measurements were performed for 10, 20, 25 and 35.8

wt% of silica (where 35.8 wt% is the maximum possible

amount of silica in the epoxy when mixed with the curing

agent). The addition of silica nanoparticles reduces the

mass of the epoxy matrix, leading to a linear reduction

(m = -4.84 J g-1 wt%) of heat flow proportional to the

wt% of silica nanoparticles.

Isoconversion

Isothermal cure curves were determined from the dynamic

measurements using the model-free kinetics (MFK)

method proposed by Vyazovkin [25, 26]. This method has

previously shown excellent agreement with measured data

and was found to be superior compared to other studied

isoconversion methods [25, 27, 28].
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Vyazovkin [26] defined the time to reach a degree of

cure, ta, for a given temperature, T0, as follows:

ta ¼
J Ea; TðtaÞ½ �
exp �Ea

RT0

� � ; ð2Þ

where Ea is the activation energy, R is the universal gas

constant and

J Ea; TðtaÞ½ � � r
ta

ta�Da

exp
�Ea

RTiðtÞ

� �
dt; ð3Þ

where Ea minimises

U Eað Þ ¼
Xn
i¼1

Xn

j 6¼1

J Ea; TiðtaÞ½ �
J Ea; TjðtaÞ
� � : ð4Þ

Isothermal measurements

The fast-curing nature of the epoxy causes several diffi-

culties when conducting isothermal measurements using

DSC. One method is to equilibrate the sample and the

furnace at room temperature, and then to heat as fast as

possible to the desired temperature. This method was found

to be unsuitable for this fast-curing epoxy, as the resin

cured partially before the heat flow was correctly measured

at the set temperature, even with heating rates of up to

500 �C min-1.

An alternative method is to preheat the furnace of the

DSC, and then to place the sample inside. Approximately,

3–4 s of data were lost while the DSC chamber closed and

began recording the heat flow. This method could be used

with the Mettler DSC 1. Despite opening the device, the

DSC was able to maintain a constant furnace temperature.

The heat flow was measured for temperatures from 60 to

110 �C, at 10 �C intervals. Measurements for the unmod-

ified epoxy are shown in Fig. 1. Data were recorded until a

proper baseline was reached. The reaction rates peak at the

same degree of cure (a = 0.1) for all isothermal mea-

surements up to 100 �C. For higher temperatures, the peak

was observed at a higher degree of cure as the DSC was not

able to resolve the initial part of the curing reaction cor-

rectly due to the reaction progressing too quickly.

The maximum heat flow shows a relatively high mag-

nitude compared to standard-curing epoxies. At 60 �C a

maximum heat flow of 0.508 W g-1 is reached, increasing

to 6.21 W g-1 at 100 �C (the upper processing tempera-

ture). In comparison, the HexFlow RTM6, a commonly

used epoxy in the aerospace industry, has a maximum heat

flow of 0.353 W g-1 at a cure temperature of 180 �C, i.e. a
factor of 20 lower than the epoxy in this study. The mea-

surements were repeated for the epoxies containing 10 and

20 wt% of silica nanoparticles, which again showed a

decreased heat flow and total heat of reaction. The heat

flow for isothermal conditions at 100 �C is shown in Fig. 1

(inset), and the reduction in heat flow can be seen clearly.

Comparison of isoconversion and measurement

The measured data and the isoconversion curves using the

MFK approach from Eq. (2) were compared for tempera-

tures from 80 to 110 �C, as shown in Fig. 2. The degree of

cure progression shows good agreement between the

measured and modelled data, especially in the initial stage

of the curing reaction. However, the model overpredicts the

degree of cure over the whole temperature range. The gap
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Fig. 1 Heat flow for isothermal measurements of the unmodified

epoxy and (inset) measurements at 100 �C for the unmodified, 10 and

20 wt% silica-modified epoxies

Fig. 2 Comparison between isothermal measurements (points) and

modelled curves (lines) using the model-free kinetics approach from

dynamic measurements for the unmodified epoxy
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between the measurement and the model towards the end

of the conversion curves becomes larger with increasing

temperature. This is due to the loss of data in the initial

stage of the measurement before the DSC was able to

record the heat flow correctly. This was further verified by

noting that with increasing temperature more data were

lost.

Kinetic modelling

The degree of cure, a, can be calculated for every time, t,

during the cure reaction using

da¼
r
t2
t1

dH
dt

DHtot

; ð5Þ

where dH dt-1 is the measured heat flow in W g-1, and

DHtot is the total heat of reaction in J g-1 from ‘‘Deter-

mination of total heat of reaction’’ section.

The heat flow and total heat of reaction decreased in

proportion to the amount of silica, leading to identical

conversion curves for all formulations that were studied.

The reaction rate, da/dt, is proportional to the heat flow,

da
dt

¼
dH
dt

DHtot

: ð6Þ

As described by Bailleul et al. [29], the reaction rate can

be modelled as a function of the temperature and the

degree of cure using

da
dt

¼ k Tð ÞGðaÞ; ð7Þ

where

k Tð Þ ¼ k1e
�E1

Tref
T
�1ð Þð Þ ð8Þ

and

G að Þ ¼
Xm
i ¼ 0

Gia
i; ð9Þ

where k1 is the frequency factor of the cure reaction, E1 is

the activation energy, Tref is a randomly chosen tempera-

ture and Gi is a polynomial function.

Ruiz and Trochu [30] have extended the Bailleul model

by a third term to consider the effects of glass transition

temperature on the reaction rate by

K3 T; að Þ ¼ amax Tð Þ � að Þn ð10Þ

with

n ¼ f ðTÞ; ð11Þ

where amax is the maximum degree of cure for isothermal

curing and n is the power exponent which depends on

temperature, leading to the following model:

da
dt

¼ k1e
�E1

Tref
T
�1ð Þð ÞXm

i ¼ 0

Gia
i amax Tð Þ � að Þn: ð12Þ

The polynomial term is normalised to 1 at the maximum

reaction rate. The reaction rate at this point can be mod-

elled solely by Eq. (8).

The maximum degree of cure, amax, was determined

from the isothermal and ensuing modulated measurements.

The values of amax determined from the dynamic modu-

lated measurements were generally higher compared to the

isothermal measurements. This difference was caused by

the loss of data in the initial part of the measurement during

the isothermal runs.

Therefore, to avoid this error due to onset of cure before

data recording and subsequent baseline selection to mea-

sure heat flow, models for amax were developed using the

modulated measurements,

amax ¼
Tc � Tg0

Tc � Tg0
� 	

1� lð Þ þ Tg1 � Tg0
� 	

l
; ð13Þ

where Tc is the cure temperature, Tg0 is the glass transition

temperature of the uncured resin, Tg? is the glass transition

temperature of the cured resin, and l is a fitting parameter.

The parameters of the Arrhenius term were determined

by normalising the polynomial term to 1 at the point of the

maximum reaction rate, occurring at a degree of cure of

0.1.

da
dt

¼ k1e
�E1

Tref
T
�1ð Þð Þ1: ð14Þ

The reference temperature, Tref, was set to 350 K, which

lies in the middle of the measured range. The natural

logarithm of Eq. (14) leads to a linear function. The acti-

vation energy, E1, was obtained from the slope of the linear

fit and the frequency factor, k1, equals the exponential

function of the intercept.

With the Arrhenius and the amax terms solved, the

parameters for the polynomial term were determined using

da
dt

k1e
�E1

Tref
T
�1ð Þð Þ ¼

Xm
i¼0

Gia
i amax Tð Þ � að Þn: ð15Þ

The polynomial term was found to be a 4th order

polynomial divided by a second-order polynomial, using a

least square fit, as

G að Þ ¼ G1a4 þ G2a3 þ G3a2 þ G4aþ G5

G6a2 þ G7a
ð16Þ

and reaction exponent n, using

n ¼ nsTc þ ni: ð17Þ

The model from Eq. 13, using the parameters shown in

Table 1, gives good agreement with the dynamic mea-

surements, as shown in Fig. 3a, with R2-values between
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0.995 and 0.999. The model for the isothermal measure-

ments showed a less good agreement than that for the

dynamic measurements. For higher temperatures

(80–100 �C), the initial curing is modelled well. However,

the model overshoots the measured data as the curing

reaction starts before the heat flow is measured by the DSC.

This effect increases at higher temperatures, which is

reflected in the model, illustrated in Fig. 3b with R2-values

between 0.981 and 0.997.

Glass transition modelling

The glass transition temperature, Tg, was modelled as a

function of the degree of cure, a, using the DiBenedetto

model [31]

Tg ¼ Tg0 þ
Tg1 � Tg0
� 	

ka

1� 1� kð Þa ; ð18Þ

where Tg0 and Tg? are the glass transition temperature of the

uncured and the fully cured material, respectively, from

‘‘Determination of glass transition temperature’’ section, and

k is a fitting parameter. The results are shown in Fig. 4a.

Measurements were obtained using a modulated DSC

set-up. The Tg was measured directly from the reversible

heat flow, and a was determined from the residual heat of

reaction from the irreversible heat flow.

Heat transfer modelling

During the curing of an epoxy polymer, exothermic heat is

created during the crosslinking reaction. With fast-curing

epoxies, this exothermic heat leads to a large overshoot in

the resin temperature compared to the mould temperature.

Hence, the curing reaction cannot be assumed to occur at

the mould temperature. The heat conduction model was

solved in one dimension to account for a thickness-de-

pendant temperature overshoot to give

qrHtot

da
dt

þ kxx
o2T

ox2
¼ qCp

oT

ot
; ð19Þ

where qr is the resin density, q is the density of the com-

posite resin, Htot is the total heat of reaction from

‘‘Determination of total heat of reaction’’ section, da dt-1

is the modelled reaction rate from Eq. (12), kxx is the

thermal conductivity and Cp is the specific heat capacity of

the epoxy resin.

Finite element approach

Equation (19) was discretised using the finite element

method with linear elements according to [8, 32], leading

to an equation in the form

Table 1 Fitting parameters for the cure kinetic model

Name Symbol Value

Polynomial parameter G1 -1351

Polynomial parameter G2 -2678

Polynomial parameter G3 10194

Polynomial parameter G4 4338

Polynomial parameter G5 -5.208

Polynomial parameter G6 587

Polynomial parameter G7 4570

Reaction exponent factor slope ns 0.018

Reaction exponent factor intercept ni -5.2367

Frequency factor k1 (s
-1) 0.00309

Activation energy E1 22.28

Reference temperature Tref (K) 350

Tg of the uncured resin Tg0 (K) 246.15

Tg of the cured resin Tg? (K) 394.4

Parameter for amax model l 0.32

(a)

(b)

Fig. 3 Cure kinetic model for a dynamic measurements and

b isothermal measurements of the unmodified epoxy
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½C�f _Tg þ ½K�fTg � fFg ¼ 0; ð20Þ

where [C] is the thermal capacity matrix, {T} is the tem-

perature vector, [K] is the thermal conductivity matrix and

{F} is the thermal load vector due to chemical reaction of

the resin, with

½C� ¼
Z

1

qCp½N�T ½N�dx ð21Þ

½K� ¼
Z

1

kxx½ _N�T ½ _N�dx ð22Þ

fFg ¼
Z

1

½N�TqrHtot

da
dt

dx; ð23Þ

where [N] is the shape function.

A finite difference scheme was used for time discreti-

sation [32],

ð C� þ hDt½K½ �ÞfTgnþ1 ¼ ½C� � ð1� hÞDt½K�ð ÞfTgn

þ Dt hfFgnþ1 þ ð1� hÞfFgn
� �

;

ð24Þ

where h is a parameter to define the art of the scheme,

chosen as 0.5 for a semi-implicit scheme, and Dt is the time

step. For small time steps, the thermal load vector can be

approximated by

fFgnþ1 � fFgn ð25Þ

which leads to

ð C� þ hDt½K½ �ÞfTgnþ1 ¼ ½C� � ð1� hÞDt½K�ð ÞfTgn
þ DtfFgn: ð26Þ

Initial conditions

The polymer plates were cast in 8-mm-thick aluminium

moulds. The values for the density, thermal conductivity, k,

and specific heat capacity, Cp, of the materials which were

used to solve Eq. (26), are summarised in Table 2, where

the total heat of reaction was discussed in ‘‘Determination

of total heat of reaction’’ section. After a convergence

analysis, ten nodes per mm were used in the finite element

analysis, where the time step was varied depending on the

cure time, to produce approximately 3000 data points. The

initial temperatures of the mould and epoxy were set to

identical values, assuming that the resin heats up quickly

during casting. Then, through internal heat generation

during curing, the thermal heat vector {F} was calculated

to produce exothermic energy, resulting in an increase in

the resin temperature and subsequently the mould tem-

perature via conduction. The heat transfer between the

mould and oven via convection was considered to be small

and therefore neglected.

The predicted temperature distribution across the alu-

minium mould and the resin (a 6-mm-thick unmodified

epoxy plate in this case) is shown in Fig. 5. At time

t = 0 s, a stable temperature distribution was given as per

boundary conditions. Over time, the internal heat was

generated and conducted into the aluminium mould,

which was predicted to increase in temperature by about

7 �C during the approximately 60 s that were described.

Large temperature variations across the thickness of the

epoxy plate were predicted, with a significantly higher

temperature in the centre of the epoxy plate. Thereafter,

the temperature decreased back to oven temperature, and

the heat was dissipated slowly because convection

between the oven and mould was not described in the

model.

The specific heat capacity did not change significantly

with the addition of 20 wt% silica nanoparticles (1700 vs.

(a)

(b)

Fig. 4 a Glass transition temperature, Tg, as a function of degree of

cure, a, compared to the DiBenedetto model [31] (line), and

b comparison of measured and modelled Tg
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1600 J kg-1 �C) and hence was kept constant. The values

of k increased from 0.2 for the unmodified epoxy to 0.23

with 10 wt% and 0.26 for 20 wt% silica nanoparticles

according to [33].

Comparison to experimental data

Equation (26) was solved using discretisation to predict the

progression of the temperature, degree of cure and glass

transition temperature during cure. The resin temperature

can overshoot the mould temperature significantly if a high

mould temperature is used and/or thick plates are manu-

factured. For example, the temperature of a 3-mm plate

manufactured with a mould temperature of 100 �C peaked

at a temperature of 176 �C. This temperature peak occurs

at the very beginning of the curing reaction, and results

from the kinetics as the maximum reaction rate occurred at

the initiation of cure, i.e. after 20 s for a 3-mm plate cured

at 100 �C. Further, when the plate thickness was increased,

the heat generated in the centre of the plate could not be

dissipated easily due to the low thermal conductivity of the

epoxy.

A comparison between the measured and modelled

temperature progression is shown in Fig. 6 for four cases.

There is a good agreement between the modelled and

experimental temperature evolution for the 3-mm plates

produced using a 50 �C mould, see Fig. 6a. The tempera-

ture difference of approximately 2 �C has no significant

influence on the kinetics, as can be seen in Table 3 where

there is good agreement between the measured and calcu-

lated Tg values.

A comparison of the exothermic temperature of a 4-mm-

thick plate cured at 80 �C, measured 0.8 mm from the

edge, and a 3-mm plate cured at 100 �C, measured in the

centre, is shown in Fig. 6b. In both cases, a large temper-

ature overshoot was measured and predicted. The temper-

ature progression is replicated well at the edge of plates, as

can be seen for the 4-mm plate at 80 �C. Measurements

taken in the centre of the plates, such as for the 3-mm plate

at 100 �C, show a slight delay after the temperature peaks,

which leads to an overestimation of Tg. This is probably a

result of the assumed constant thermal conductivity, which

will increase slightly with increasing temperature.

As can be seen in Fig. 6a, the peak temperature is

reduced with the addition of silica nanoparticles due to the

reduced total heat of reaction. For a 3-mm plate manu-

factured with a mould temperature of 100 �C, the calcu-

lated peak temperature is reduced from 173 to 163 �C with

10 wt% and to 154 �C with 20 wt% of silica nanoparticles.

This gives a more controllable manufacturing process with

a reduced risk of epoxy decomposition and a lower Tg.

The Tg was calculated using the DiBenedetto model

(Eq. 18), and was predicted to vary over the thickness of

the plates. For example, a 6-mm plate manufactured at

80 �C has a Tg difference of 7 �C between the edge and the

centre, see Table 3. For the experimental data, at least two

measurements were conducted for each position, and the

repeatability was found to be very good (within ±1 �C).
The higher values of Tg in the centre of the plate can be

explained by the higher peak temperature. At the edges, the

heat is transported away through the mould faster than in

the centre of the plate. With increasing plate thickness,

there is an increase in the temperature gradient over the

thickness (an example is shown in Fig. 5) as well as an

increase in the maximum temperature.

A comparison of the experimentally determined and

modelled values for Tg is shown in Fig. 4b, and the values

Table 2 Values used for heat transfer modelling

Aluminium Unmodified (density

of epoxy in formulation)

10 N (density of epoxy

in 10 N formulation)

20 N (density of epoxy

in 20 N formulation)

Density (kg m-3) 2700 1194 1247 1301

Density of epoxy (kg m-3) – 1194 1185 1176

Thermal conductivity, k (W m-1 �C) 135 0.20 [33] 0.23 [33] 0.26 [33]

Specific heat capacity, Cp (J kg
-1 �C) 1000 [37] 1700 1700 1700
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Fig. 5 Modelled temperature distribution across the thickness of the

aluminium mould and 6-mm epoxy resin plate, cured at an oven

temperature of 80 �C
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are summarised in Table 3. Measurements were taken from

plates that were manufactured using different curing

cycles, nanoparticle content, and positions through the

thickness. The results generally agree well with the mod-

elled data. As discussed above, the largest differences were

for the centre of the 6-mm plates.

Rheological modelling

Shear rate dependency

The shear rate dependency was measured at room tem-

perature, and a little shear thinning was observed when

measurements were made between 100 and 1000 s-1. The

viscosity reduced from 3.75 Pas at a shear rate of 100 s-1

to 3.25 Pas at 1000 s-1. The time between these two

measurements was 100 s, during which the resin viscosity

increased by 0.5 Pas resulting from the curing reaction, at a

constant shear rate of 1 s-1.

At the higher temperatures required for fast curing, the

shear rate dependency became negligible as the curing

reaction progressed very quickly, leading to a rapid

increase in viscosity. For example, the viscosity increased

from 0.5 to 10 Pas at 100 �C in 20 s for the unmodified

formulation.

Isothermal measurements

Viscosity measurements for the unmodified and modified

epoxies were obtained from 50 to 100 �C, at 10 �C inter-

vals, using a plate–plate rheometer. Example results for 60

and 90 �C are shown in Fig. 7. The first measurement point

(a)

(b)

Fig. 6 Comparison of experimental (points) and modelled tempera-

ture progression (line) comparing a the effect of addition of silica

nanoparticles and b variation of plate thickness and cure temperature,

on the overall temperature exotherm

Table 3 Comparison of measured and modelled glass transition temperature, Tg

Material Thickness (mm) Position Mould temperature (�C) Tg measured (�C) Tg calculated (�C)

Unmodified 3 Edge 50 71 71

10 N 3 Edge 50 68 69

20 N 3 Edge 50 67 68

Unmodified 4 Edge 60 82 78

Unmodified 4 Edge 80 90 91

Unmodified 4 Centre 80 92 99

Unmodified 6 Edge 80 105 103

10 N 6 Edge 80 99 100

20 N 6 Edge 80 97 99

Unmodified 6 Centre 80 112 120

10 N 6 Centre 80 104 115

20 N 6 Centre 80 104 108

244 J Mater Sci (2016) 51:236–251

123



occurs at between 30 and 60 s, which is the time taken

from the moment when the resin first touches the preheated

plate until the rheometer starts collecting data. A mea-

surement at 60 �C was also performed using 35.8 wt% of

silica nanoparticles for comparison, which resulted in a

substantial increase in the initial viscosity, from 0.26 Pas

for the unmodified resin to 1.49 Pas for the 35.8 wt% silica

nanoparticle-modified epoxy. This viscosity increase was

believed to occur due to a reduction of polymer chain

mobility (non-linear effect) and would be expected to result

in an increased fibre impregnation time during composite

processing.

The times taken for the viscosity to reach 1 and 10 Pas

at a given temperature, thus describing a hypothetical

process window for fibre composite processing, for the

unmodified epoxy, 10 and 20 wt% silica nanoparticle-

modified epoxies, are compared in Fig. 8. At 60 �C, it

takes about 170 s for the unmodified epoxy to reach 1 Pas,

and at 90 �C this viscosity is reached in 84 s. At any

temperature, the time taken to reach 1 Pas is roughly 7 s

less for the 10 wt% and 10–15 s less for the 20 wt% silica

nanoparticle epoxy compared to the unmodified epoxy, due

to the increased viscosity. The time taken to reach 10 Pas

was nevertheless similar for all three formulations, as the

cure reaction kinetics dominated the evolution of the

viscosity.

The time to reach a certain viscosity value can be

modelled by fitting the following equation:

t ¼ e
T�C
B ; ð27Þ

where T is the temperature, t is the time, B and C are fitting

constants as summarised in Table 4.

Rheological modelling

The model used or the rheological modelling is based on

the Kiuna et al. approach [4] where the differential equa-

tion which describes the curing of the resin is

da
dt

¼ kðTÞ
g0ða2Þ

: ð28Þ

The model is based on the assumption that the viscosity

can be modelled with the change in cure and where a2
represents the dimensionless viscosity.
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Fig. 7 Isothermal measurements at 60 and 90 �C. The initial

viscosity increases with addition of silica nanoparticles (inset)
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Fig. 8 Comparison of time to reach a viscosity of 1 Pas (a) and 10

Pas (b) for the unmodified and modified epoxies

Table 4 Parameters for the time to reach viscosities of 1 Pas and 10

Pas

B1 Pas C1 Pas B10 Pas C10 Pas

Unmodified -41.4 273 -29.1 228

10 N -38.5 257 -29.0 227

20 N -39.2 258 -28.2 222
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a2 ¼ f sð Þ ¼ ln
gðTÞ
g0ðTÞ


 �
; ð29Þ

where g0 is the viscosity of the uncured material and s is

the elapsed dimensionless cure time,

s ¼ kðTÞt ð30Þ

and

k Tð Þ ¼ 1

t1
; ð31Þ

where t1 is the time when a2 becomes 1. Combining the

derivative of the dimensionless viscosity, Eq. (28), with

Eq. (29), leads to the following differential equation

dg
dt

þ � k Tð Þ
g0ða2Þ

� dgo
dt

1

goðTÞ


 �
g ¼ 0: ð32Þ

For isothermal cure, the equation can be solved for the

viscosity, which leads to

gðt; TÞ ¼ exp
k Tð Þ
g0ða2Þ

t


 �
g0: ð33Þ

The initial viscosity, g0, and the advance of curing show

an exponential dependency for different isothermal

temperatures,

g0 Tð Þ ¼ A1 exp
E1

RT


 �
ð34Þ

and

k Tð Þ ¼ A2 exp
E2

RT


 �
; ð35Þ

where R is the universal gas constant and where A1, E1, A2

and E2 are fitting parameters.

The next step is to determine the best fit for g0(a2), for
which an exponential approach was used

a2 ¼ y0 þ A3 exp
s
E3


 �
; ð36Þ

where y0, A3 and E3 again are fitting parameters.

By substituting Eqs. (34–36) into Eq. (33), with the

addition of a term to adjust for the shift in gel time,

A4DT þ E4ð Þ, the model for isothermal conditions becomes

gðt;TÞ

¼ exp

A2 exp
E2

RT


 �

E3

1

A3 exp A2 exp
E2

RT


 �
t

E3


 �
t A4T þE4ð Þ

0
BBBBBB@

1
CCCCCCA
A1 exp

E1

RT


 �
:

ð37Þ

A comparison between measurements and the model for

different isothermal temperatures of the unmodified epoxy

is shown in Fig. 9. The model agrees well with the mea-

sured viscosity progression during the initial stage of the

curing process. The modelling was repeated for the 10, 20

and 35.8 wt% silica nanoparticle-modified epoxies by

modifying the values for A1 and E1, which represent the

initial viscosity, as well as A4 and E4 to take into account

the time shift. Intermediate silica contents can be interpo-

lated from the values for these four formulations using the

third-order polynomials shown in Table 5.

The calculated mean R2 values of 0.978, 0.9774 and

0.965 describe the quality of fit for the unmodified, 10 and

20 wt% silica nanoparticle-modified epoxies, respectively,

and thus the models represent the experimental data well.

To take the non-isothermal conditions during cure into

account, either Eq. (32) can be used, or numerical inte-

gration of the time-dependent mathematical terms can be

used to give

gðt;TÞ ¼ exp

Pn
i A2 exp

E2

RT


 �
ti A4T þE4ð Þ

E3

1

A3 exp
Pn

i A2 exp
E2

RT


 �
ti

E3


 �

0
BBBBBB@

1
CCCCCCA
A1 exp

E1

RT


 �
:

ð38Þ

A comparison of three heating rates for the unmodified

epoxy is shown in Fig. 10, where the overall agreement

was found to be good, with a slight delay of the viscosity

increase (latency).
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Thermal and mechanical properties of the epoxy
polymers

Thermal properties

The molecular weight between cross-links, Mc, can be

calculated, as shown in Table 6 for the 6-mm plates that

were manufactured at 80 �C. The observed variation

through the thickness of the epoxy is apparent, where

values of 780 and 684 g mol-1 were measured for the edge

and centre of the unmodified epoxy, respectively. The

value of Mc increased from 684 to 796 g mol-1 with the

addition of 20 wt% silica nanoparticles.

Morphology

AFM was conducted on the unmodified epoxy and on the

epoxies with 10 or 20 wt% silica nanoparticles. The

resultant phase images are shown in Fig. 11. The planed

surface of the unmodified sample was flat and featureless,

see Fig. 11a, as expected for a homogenous thermoset

polymer. The microtoming direction is shown on each

image, and the scratches parallel to this direction are

artefacts of the planning process. The images in Fig. 11b,

c, show that there is a good dispersion and no significant

size variation in the 20 nm diameter silica nanoparticles.

The area disorder, AD, was calculated for images of side

length L = 2.5 lm and L = 5lm for the 10 wt% silica

nanoparticle-modified epoxies using the methodology

described in [34]. A value of AD = 0.4342 and indicates

that the particles in the test material are better dispersed

than random, confirming that the silica is well dispersed.

Mechanical properties

The tensile Young’s modulus, Et, values of the unmodified

and modified epoxies are summarised in Table 7. The

modulus for the unmodified epoxy was measured to be

3.58 GPa. The addition of the nanoparticles increased the

modulus as expected approximately linearly to 4.13 GPa

with the addition of 10 wt% of silica, and to 4.62 GPa with

the addition of 20 wt% of silica nanoparticles.

The true stress versus true strain curves were obtained

using plane-strain compression tests for the unmodified and

silica-modified epoxies, see Fig. 12. All the samples

demonstrate strain softening after yield. The strain soft-

Table 5 Parameters used for

the rheological model
Parameter Unmodified epoxy 10 N 20 N 35.8 N

A1 1.32 9 10-9 6.81 9 10-10 3.62 9 10-10 1.37 9 10-10

E1 52,931 56,049 58,094 64,000

A2 7518 7518 7518 7518

E2 -38,710 -38,710 -38,710 -38,710

A3 2.7 2.7 2.7 2.7

E3 2.2 2.2 2.2 2.2

A4 0.003 0.0046 0.006 0.007

E4 -0.409 -1.047 -1.519 -1.732

The nanoparticle content-dependant equations to modify parameters are shown below (N is the wt% of

silica)

A1 = -2.5684 9 10-14N3 ? 2.3459 9 10-12N2 – 8.4316 9 10-11N ? 1.3156 9 10-9

E1 = 0.36941N3 – 16.444N2 – 439.28N ? 52931

A4 = -5.5238 9 10-8N3 ? 6.5714 9 10-7N2 – 1.5895 9 10-4N ? 3.00 9 10-3

E4 = 1.40495 9 10-5N3 ? 4.06514 9 10-4N2 – 6.92301 9 10-2N – 0.409
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ening was followed by a strain hardening region until the

test samples broke. The values for the compressive mod-

ulus, Ec, compressive yield stress, ryc, the true yield strain,

eyc, fracture stress, rf, and true fracture strain, ef, are given
in Table 7. The fracture stress increased with the silica

nanoparticle content, whereas the true fracture strain

remains relatively constant. A sample of the unmodified

epoxy was unloaded during the strain softening part of the

response. The sample was sectioned, polished, and cross-

polarised optical microscopy images were then taken. In

Fig. 12 (inset), shear band yielding can be clearly observed

in the partially loaded and polished section of the com-

pressed region, hence shear band yielding in the process

zone of the crack tip would be expected, initiating at the

particles in the case of the silica nanoparticle-modified

epoxies.

Single-edge-notch bend tests were conducted to inves-

tigate the effect of the silica content on the fracture energy

and fracture toughness. The results are summarised in

Table 7, and show that a small difference was measured in

the fracture energy (177–211 J m-2) or the fracture

toughness (0.85–1.05 MPaHm), with the addition of up to

20 wt% of silica nanoparticles. This indicates that this fast-

curing epoxy polymer was not readily toughenable using

the silica nanoparticles.

Discussion

The kinetics of the epoxy polymer were studied and

modelled with and without the addition of silica nanopar-

ticles. The combination of the kinetic and heat transfer

Table 6 Measured glass

transition temperature and

calculated molecular weight

between crosslinks, Mc, of the

epoxy polymers cured at 80 �C

Thickness (mm) Position Tg measured (�C) Molecular weight,

Mc (g mol-1)

Unmodified 6 Edge 105 780

10 N 6 Edge 99 886

20 N 6 Edge 97 929

Unmodified 6 Centre 112 684

10 N 6 Centre 104 796

20 N 6 Centre 104 796

Cut direction 

1 μm 

(a) 

Cut direction 

(b) 

Cut direction 

(c) 

1 μm 1 μm 

Fig. 11 Atomic force microscope phase images of the unmodified epoxy (a), 10 N (b) and 20 N (c) formulations. The light yellow dots are the

silica nanoparticles (Color figure online)

Table 7 Mechanical properties of the epoxy polymers

Tensile

modulus, Et (GPa)

Compressive

modulus, Ec (GPa)

Compressive yield

stress, ryc (MPa)

Compressive yield

strain, eyc (-)

Fracture energy,

GC (J m-2)

Fracture toughness,

KC (MPaHm)

Unmodified 3.58 ± 0.11 2.14 ± 0.7 102 ± 11 0.10 ± 0.00 177 ± 35 0.85 ± 0.09

10 N 4.13 ± 010 2.18 ± 0.1 102 ± 1 0.08 ± 0.00 176 ± 15 0.91 ± 0.04

20 N 4.62 ± 0.15 2.13 ± 0.1 104 ± 1 0.08 ± 0.01 211 ± 22 1.05 ± 0.05

248 J Mater Sci (2016) 51:236–251

123



models shows excellent agreement for the temperature

progression and Tg measurements. The main challenge

faced with such a fast-curing epoxy was to obtain proper

isothermal measurements using DSC. Several possibilities

were tried and a good set-up was achieved. As was

observed from temperature measurement of the bulk epoxy

plates, the temperature does not remain constant during

isothermal curing. No influence of the silica nanoparticles

was found on the kinetics itself, but the addition of the

particles does reduce the total heat of the reaction (by a

reduction in resin mass), which leads to a reduced exo-

therm during cure. This can prevent the material from

damage or decomposition during the manufacturing of

thick parts and/or the use of fast cure cycles, and hence

leads to a more uniform Tg distribution over the thickness.

Rheological modelling was performed to predict the

evolution of the viscosity during fibre impregnation. The

influence of the silica nanoparticles on the initial viscosity

was found to be small up to 20 wt% silica nanoparticles (a

relatively high loading), making them very useful for heat

reduction, without adversely affecting processing. A very

high silica content (35.8 wt%) does lead, however, to a

viscosity increase, which would cause difficulties during

fabric impregnation in a composite material.

The lack of toughening was unexpected and inconsistent

with published work for slow-curing epoxies [12, 14, 15].

Two major mechanisms have been widely recognised to

provide toughening in particle-modified epoxies: namely

(i) plastic shear bands and (ii) debonding of the matrix

from the particles and subsequent plastic void growth of

the epoxy. PSC tests show that the unmodified and silica-

modified polymers do indeed strain soften and the polished

sections provide evidence of shear bands. Likewise,

observation of the plan view of fractured samples using

cross-polarised light confirmed that shear bands were pre-

sent in all samples. Scanning electron microscopy could

not identify particle debonding and plastic void growth,

hence the expected toughening would be modest due to

energy absorption via shear band yielding alone, without

particle debonding and void growth in the crack tip plastic

zone. The level of interfacial adhesion can be quantified

using the model of Vörös and Pukánszky [35, 36] to

compute the proportionality constant, k, for interfacial

stress transfer by assuming that the particles carry a load

proportional to their volume fraction using stress averaging

[12]. Interestingly, as the molecular weight between

crosslinks was calculated to decrease with increasing silica

nanoparticle content, the yield strength of the polymer

network would be expected to decrease, with a superposi-

tion of stress increase interfacial stress transfer due to the

silica nanoparticles in the measured compressive yield

strength. Nevertheless, a value of k = 1.05 was calculated,

which indicates that the silica nanoparticles are relatively

well bonded to the epoxy and disregarding the effect of

reduction in bulk polymer yield properties (where values of

the range 0.46–1.88 were previously reported for k [12]).

The difference between the unmodified polymer and that

with the addition of silica nanoparticles seems to be the

degree to which the polymer exotherms (and its corre-

sponding temperature overshoot, see Fig. 6). This may be

demonstrated by observing the results shown in Table 3.

The mould temperature, the corresponding measured Tg of

the cured epoxy and the calculated Tg of the epoxy were

recorded for different cure cycles from the centre and edge

of the epoxy plates. Our findings indicate that (i) thinner

epoxy plates have a lower exotherm and as expected Tg is

consistently lower throughout the plate. It may be noted

that the amine hardener starts to decompose at tempera-

tures above 200 �C as would be the case for a 6-mm epoxy

plate manufactured using a 100 �C mould temperature. (ii)

The Tg at the edge of the plate is consistently lower than in

the centre of the plate, as heat from the exothermic reaction

is conducted away from the sample due to the thermal mass

of the mould. (iii) The addition of silica particles results in

a lower Tg (112 �C for the unmodified epoxy compared

with 104 �C for 20 wt%. silica nanoparticles), which

indicates that the epoxy network likely has a lower cross-

link density.

Conclusions

The thermal, mechanical and fracture properties of a silica

nanoparticle-modified fast-curing epoxy have been mea-

sured, and a kinetic and rheological model was successfully

developed. There is a significant exotherm during curing
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which causes a variation in properties across the thickness

of cast plates. Hence the heat conduction equation was

used to model the resin temperature during curing, enabling

the degree of cure and the resultant Tg to be predicted.

Comparison of the calculated Tg values with experimental

data shows good agreement, and demonstrates the accuracy

of the kinetic models. The addition of silica nanoparticles

had no influence on the curing reaction itself, but it reduces

the total heat of reaction, and hence reduces the exothermic

reaction during cure. This makes the manufacturing of

thick parts and the use of fast cure cycles more

controllable.

The influence of the silica nanoparticles on the initial

viscosity was found to be small with up to 20 wt% of silica.

No additional toughening was obtained by the addition of

silica nanoparticles. Shear band yielding was present in the

samples, but there was no additional energy dissipation

caused by the silica, and nanoparticle debonding and void

growth were not observed.
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