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The objective of this paper was to develop cure kinetic models to describe the B-stage curing and co-
curing assembly of carbon fibre reinforced thermosetting polymer (CFRP) composites. Starting from
the analytical model, temperature cycles and experimental procedures are developed to join a B-stage
CFRP part to a reinforcing B-stage CFRP patch for local reinforcement. Our results show that by using
the analytical model, one may precisely describe the cure reaction and join the composites without
any additional adhesive. The co-cured composites were successfully manufactured with stable fibre vol-
ume fractions and glass transition temperatures between the two sub-components. Additionally, merits
of the process, such as modifying reinforcing areas locally, or formation of net shape detail are discussed.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The aviation industry is employing evermore carbon fibre rein-
forced thermosetting polymer (CFRP) structures in order to min-
imise weight, and hence emissions during flight. However, much
of the efficiency that can be gained by using such materials is lost
due to inefficient joining procedures and strict certification stan-
dards that prevent adhesive joining of primary structures in civil
aviation [1]. A solution may be to partially cure two sub-
assemblies, combine them and complete the cure cycle for both;
termed co-curing for this study. By better understanding the resin
kinetics and developing procedures that allow co-curing, cost
effective manufacturing steps may be utilised e.g. staged curing
[2,3], to effectively cure and locally reinforce structural composite
materials with thermoset (epoxy) matrices.

A melding approach has been reported by Griffiths and Corbett
[4,5], whereby a small region of the part remains in a B-stage cured
state by keeping said region at a lower temperature than the struc-
ture, thus at a low degree of cure, a, in the joining region whilst the
rest of the part is fully cured. However, significant machine infras-
tructure would be required to produce such structures, also
described by Bond [6], which may be expensive to implement.
Co-cured joints also provide higher fracture toughness [7] and joint
strength [8] than co-bonded joints due to mechanical intermin-
gling and covalent bonding of the resins at the interface [9], adding
value to the approach. Further, their mechanical properties have
been modelled as they evolve during the curing process [10], hence
important knowledge of how properties evolve with cure are avail-
able. Application of the co-curing approach for bigger structures
requires dedicated tooling, in order to control temperature and
resin flow locally [11,12]. Moreover, by producing the structure
and local reinforcements separately, valuable freedom is achieved
to enhance properties locally, e.g. in the amount of toughener
[13,14] that may be introduced, or the reinforcing area or ply thick-
ness that is chosen [15].

Cure kinetic modelling of thermoset resins is widely used and
has been described in [16–24]. Most works focus on wide temper-
ature ranges, model optimisation for a wide range of degree of cure
or address approaches to control heat exotherm in modern formu-
lations [25]. However, during the curing of a composite structure,
the temperature varies in a few degrees around an optimum tem-
perature. Until now such models have had limited possibility for B-
stage curing and co-curing to be employed in a robust manner.
Moosburger et al. [26] have demonstrated that partial cure of a
tetrafunctional epoxy resin maintains its remaining chemical reac-
tivity, the network formation is however slightly influenced by the
cure history, hence careful study is needed to fully develop the
epoxy network with an interrupted curing process. To our knowl-
edge, no such study has addressed the use of cure modelling to join
structures without adhesives.

This work demonstrates an approach for using the developed
kinetic model to describe the B-stage curing and co-curing assem-
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bly of local reinforcement. Starting from the model, temperature
cycles are developed to join a B-staged CFRP patch to a B-staged
CFRP part by co-curing whilst carefully monitoring the evolution
of degree of cure and glass transition temperature, Tg. The example
shown in this work explains a methodology to locally reinforce a
bearing joint for enhanced bearing load, see Fig. 1.

A simple methodology is presented, that allows the combina-
tion of multiple manufacturing processes. The results presented
may be directly employed to co-cure structures with various ther-
mosetting resins in an efficient and cost effective manner.
2. Materials

The resin used is ‘‘HexFlow RTM6”, Hexcel, UK. It is a monocom-
ponent resin system consisting of a tetrafunctional epoxy compo-
nent, tetraglycidyl 4-40 diaminodiphenylmethane (TGDDM,
Araldite MY 721), and two amine hardeners: 4,40-Methylene-bis(
2,6-diethylanaline) (MDEA, Lonzacure) and 4,40-Methylene-bis(2,
6-diisopropylaniline) (MMIPA, Lonzacure). The resin is a hot curing
system with a high Tg developed for infusion and RTM processes.

CFRP parts were manufactured by a RTM process from a biaxial
stitched non-crimp fabric, ‘‘ECS6090-Series HTS 40”, Saertex GmBH
& Co., Germany, with an area weight of 256 g/m2. Quasi-isotropic
parts were made from 16 plies: 2[0/90, +45/�45, 90/0, �45/+45]s
to produce 150 � 90 � 3.8 mm plates.

The reinforcing CFRP patches were manufactured from a thin
ply material, 20 mm tape, 80 g/m2 high tensile strength carbon
fibre ‘‘TeXtreme Spread Tow”, Oxeon AB, Sweden. Quasi-
isotropic, 2 mm thick, 80 mm diameter, £ 10 mm hole patches
were made from 24 layers of the spread tow with the layup 3[45,
90, �45, 0]s.

A nylon peel ply (Econostich, Aero Consultants AG, Nänikon,
Switzerland) was used to prepare surfaces for co-curing.
3. Experimental

The differential scanning calorimetry (DSC) measurements
were made using a ‘‘Q1000 Differential Scanning Calorimeter”, TA
Instruments, Delaware, USA. Typically, 2–3 mg samples and Nitro-
gen (flow rate of 50 ml/min) was used as a purge gas. The heat of
reaction, DH, was calculated with a linear baseline for the integra-
tion and Tg was measured as the point of inflexion in the heat flow
versus temperature curve.
3.1. Resin cure kinetics

Isothermal and dynamic DSC measurements of the uncured
resin were made as reference data for the analytical modelling.
Fig. 1. Shows the concept of patch reinforcement of a structural part via co-curing of B-s
legend, the reader is referred to the web version of this article.)
The isothermal heat of reaction, DHiso, was evaluated from the
isothermal measurements as

DHiso ¼
Z tc

0

dH
dt

ð1Þ

where dH
dt is the heat flux and tc is the curing time. A second dynamic

measurement at 10 �C/min from 0 �C to 300 �C was made to obtain
the residual heat of reaction, DHres, of the same sample. By adding
the two values, the total heat of reaction, DHtot, was calculated.

DHtot ¼ DHiso þ DHres ð2Þ
The dynamic heat of reaction, DHrate, was obtained from the

integration of the dynamic measurements, as

DHrate ¼
Z tc

0

dH
dt

ð3Þ

Isothermal measurements were conducted at 120-, 140-, 160-,
and 180 �C, and two measurements per temperature were made.
Dynamic measurements were made with a constant heating rate
of 1-, 2.5-, 5-, and 10 �C/min until the cross linking reaction was
complete. The ultimate heat of reaction, DHult, corresponding to
a degree of cure, a, of 1 was determined from the dynamic DSC
measurements at 2.5 �C/min. The evaluation of a with time or
heating rate was then calculated as follows:

a ¼
R t
0

dH
dt

DHult
ð4Þ
3.2. B-stage degree of cure

A series of temperature modulated DSC (MDSC) measurements
were used to measure a and Tg of the partially cured resin. This was
especially useful as the residual reaction immediately followed the
glass transition. The temperature was modulated with ±0.3 �C
every 15 s with a heating rate of 10 �C/min up to 300 �C.

The exothermic peak in DHres of the nonreversible heat flow
was then linear integrated. With a known value of DHult (as mea-
sured using the dynamic DSC measurements) a was calculated as

a ¼ 1� DHres

DHult
ð5Þ

The value of Tg of the partially cured samples was measured by
taking the temperature at the point of inflexion in the reversible
heat flow versus temperature curve using pure resin samples or
resin samples taken from the produced composites after B-stage
curing.
tage cured components. (For interpretation of the references to colour in this figure
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3.3. B-stage curing of the CFRP part and patch

The resin was heated to 80 �C for one hour, then transferred to a
plate heated vacuum oven, and degassed to 20 kPa for five minutes,
and then to circa 0.8 kPa vacuum pressure for a further 25 min
(total preconditioning of 1.5 h at 80 �C). Typically, the degree of
cure was found to have evolved a little and was found to vary from
batch to batch of resin. This was taken into account to provide a
stable baseline from which to predict the degree of cure.

The CFRP parts were cured at 400 kPa for varying times at
160 �C, depending on the desired value of a. Completely cured
parts were cured at 180 �C for 90 minutes in the RTM tool, in accor-
dance to [27]. The tool was heated and cooled using a ‘‘LaboPress
P200T”, Vogt, Germany. The B-stage cured CFRP parts were cured
at 160 �C in the RTM tool and then cooled rapidly to stop the curing
reaction at a desired value of a. It is noted that a desired B-stage a
can also be achieved with a slow cooling of the RTM tool.

The CFRP patches were partially cured using a compression
RTM at 2 MPa for varying times at 160 �C depending on the desired
value of a. The developed model was used to obtain a for the CFRP
part and patch samples using direct temperature measurement
from the tool. Two temperature sensors: type ‘‘SW 154X”, Sawi,
Switzerland, were integrated 1 mm from the surface of the CFRP
patch or CFRP part within their respective tools. The sensor signals
were processed in LabView to produce a real time output of a using
the predictive models, where a typical example of the tool temper-
ature and calculation of degree of cure is shown in Fig. 2. The MDSC
measurements were used to verify the value of a that was given by
the model and to obtain Tg of the partially cured, pure resin sam-
ples. These samples were taken from excess resin regions at the
edge of the part or the patch, ensuring that the sample was free
of fibres. To prepare the surface for subsequent co-curing, a nylon
peel ply (Econostich), was introduced during B-stage curing and
removed before co-curing.
3.4. Co-curing of the CFRP part and patch

The CFRP patch and CFRP part were prepared by first removing
peel plies to provide a clean surface for adhesion. Next, the two
components were assembled in a silicone ring sealed compression
jig. This jig served the purpose of (i) encasing the CFRP patch to a
net shape with hole, and (ii) applying a consolidation pressure to
provide intimate contact of the CFRP part to the patch. A series
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Fig. 2. Curing temperature, T, and degree of cure, a, monitoring for a RTM part
using the global kinetic model. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
of cup springs in the jig were used to set the applied consolidation
pressure, and maintain this pressure (2 MPa) as resin from the
CFRP patch flowed and the thickness of patch reduced. An H6
Ø10 mm precision bolt was used to provide the tolerance of the
hole in the assembled structure, as well as to assemble the jig
through the CFRP part. The jig weight was minimised during
design, to reduce creep stress by weight on the self-supporting part
during the co-curing process.

Double lap bearing test were conducted on the co-cured joint in
accordance to procedure B of ASTM D5961 [28] with a Ø10 mm
bolt, using a constant displacement rate of 2 mm/min. Optical
microscopy of the tested co-cured joint were prepared by polishing
epoxy resin-embedded samples with a ‘‘TegraPol-21”, Struers
GmbH, Switzerland, using progressively finer grades of emery
paper from 240 to 2400 grit. Polishing was performed up to
0.25 lm diamond polishing solution. A ‘‘VKX-200”, Keyence, Ger-
many, 3D laser scanning microscope was used to obtain the optical
cross sectional images.

4. Models and methodology

The curing reaction was characterised using DSC of the pure
resin at different temperatures and heating rates [29,30]. With
these measurements, the kinetics of the curing reaction of the resin
were investigated. The isothermal and constant heating rate mea-
surements were used to fit a kinetic model to study a and Tg as a
function of curing time, tc, and curing temperature, Tc. Existing
modelling approaches were studied [16–24] and modified to
appropriately describe the cure reaction using the experimental
parameters and the fewest mechanistic assumptions. An assess-
ment of these results led to using the DiBenedetto model [18] to
describe Tg and a modified Ruiz [24] model to describe the evolu-
tion of cure as explained in the following chapter.

Possible cure cycles for the CFRP part and the CFRP patch were
defined to fulfil prerequisites for the part to allow a free standing
post cure (Tg > Tc) and the resin in the patch to flow (Tg < Tc) during
co-curing in an oven. The tool temperature close to the surface of
the composite part was monitored during cure and used as input
temperature for the cure kinetic model. Whether a model devel-
oped from small pure resin samples could be used to predict a in
a composite RTM process in a simple way was also studied.

4.1. Model for evolution of Tg and resin cure kinetics

To describe the Tg as a function of a, the DiBenedetto model [18]
in the form introduced by Pascault and Williams [31] is an
accepted approach [32,33] and was adopted in this study.

Tg ¼ Tg0 þ ðTg1 � Tg0Þka
1� ð1� kÞa ð6Þ

where Tg0 and Tg1 correspond to the Tg of the uncured and fully
cured resin, and were measured as �15.5 and 215 �C, respectively.
The parameter k was obtained by a sum of least squares fit with
the data shown in Fig. 3, where also the resulting model is shown.
The Tg model was used to describe the Tg development during B-
stage and co-curing. Prediction for values of a above the gel point
(agel = 0.59 [34]) were of importance, since at these a values, the
resin with the CFRP part should be formed into an infinite network.
For an adequate fitting of Tg in this range, the value of Tg1 was set as
a variable in the DiBenedetto model, with the resulting parameters
summarised in Table 3.

A general form of a kinetic model to describe the degree of cure,
a, in an epoxy polymer may be written as

da
dt

¼ Fða; TÞ ð7Þ
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where the reaction rate da
dt is a function of a and T. Amongst the dif-

ferent mechanistic and phenomenological models [16–24], the nth
order Kamal–Sourour [16] and the Bailleul [20] models shown in
(8) are the most common amongst literature [22,23,35–37].

da
dt

¼ KðTÞGðaÞ ¼ k1e�E1 Tref=T�1ð Þ Xn
i¼0

a1ai ð8Þ

where k1 is the frequency factor of the cure reaction, E1 is the acti-
vation energy, Tref is an arbitrarily chosen temperature in the oper-
ating range, and G(a) is a polynomial function of order n.

To model the cure kinetics precisely, vitrification must be taken
into account. During the cure of thermoset resins, the Tg increases
while the polymer network grows and vitrification occurs when Tg
reaches Tc [38]. In the vitrified state, the reaction changes from
chemically controlled to diffusion controlled and the reaction rate
decreases significantly. This can be considered in the kinetic model
by defining a maximum achievable degree of cure, amax, for each
isothermal temperature. The proposed amax model limits the max-
imum a which can be achieved and is a function of the isothermal
curing temperature Tc.

Expanding into the form of a classical kinetic models with an
nth order term, (1 � a)n, and replacing 1 with amax(T) gives

da
dt

¼ k1e�E1 Tref =T�1ð Þ Xn
i¼0

a1aið1� aÞn ð9Þ

combining the Bailleul model (9) with an nth order term, so that vit-
rification can be taken into account gives the Ruiz model [24]
shown in (10) as

da
dt

¼ k1e�E1 Tref =T�1ð Þ Xn
i¼0

a1aiðamaxðTÞ � aÞn ð10Þ

This model was used for describing the curing reaction.
From the isothermal DSC experiments, amax was obtained

experimentally for each curing temperature. By relating amax with
Tc instead of relating a with Tg, the DiBenedetto model [18] (6),
could be used for predicting a max by solving when amax = a and
satisfying Tg = Tc; shown in (11):

amax ¼ ðTc � Tg0Þ
ðTg1 � Tg0Þlþ ð1� lÞðTc � Tg0Þ ð11Þ

where the parameter l and Tg1 were fit to the obtained amax values
using a sum of least squares fit.
The isothermal and the dynamic measurements shown in Fig. 4
were used for the determination of the modelling parameters. A
methodology for finding the parameters (K1, E1, Tref, and a0 � ai)
of the Bailleul model was described in [20] and was used here.
The value of n was optimised using a sum of least squares fit for
all experimental measurements.

Two model parameter sets were developed: ‘‘global kinetic
model” to predict the broader range of degree of cures and ‘‘B-
stage kinetic model” to predict degree of cure during the B-stage
curing. Parameters for both models are summarised in Table 1.
The data used as a base for the global kinetic model were isother-
mal DSC measurements at 120, 140, 160, and 180 �C and dynamic
measurements at 1, 2.5, 5 and 10 �C/min.

The global kinetic model, Fig. 5, was found to fit well to the DSC
measurements with an R2 of 0.98, although the vitrification in the
low heating rates is not described particularly well. Values of
a = 0.3 to 0.9 are most interesting when using this model, as B-
stage curing and self-supporting co-cure are of importance in this
range of degree of cures. The model failed to predict very high con-
versions of a, above 0.96. The possible reasons are suggested as (i)
a single Arrhenius term was used for the overall reaction for sim-
plicity, although it is known that two amine hardener components
occur in the resin and (ii) secondary reactions occurring at high a
led to the observed inaccuracies. These high conversions were
beyond the scope of this work and were not studied further.

To precisely predict a during B-stage curing, more DSC mea-
surements in the range of the B-stage curing temperature
(160 �C) were later conducted for optimisation purposes (B-stage
kinetic model). The isothermal DSC experiments were conducted
for the range 154–166 �C at two degree intervals to provide a pre-
cise description of the temperature ranges that the uncured resin
would experience in the RTM tool. The parameters of the model
were obtained with the same methodology as described previ-
ously, except that the isothermal DSC data used as a base for the
model changed from 120–180 �C to 154–166 �C. The parameters
of this model are shown in Table 3, B-stage kinetic model, resulting
in an R2 of 0.96. With the DiBenedetto model used to describe Tg
(a) and the global kinetic model used to describe a (T, t), B-stage
curing cycles for the CFRP part and patch could be further studied
more precisely.

4.2. B-stage curing cycle of the CFRP part and patch

From a reaction chemistry perspective, a at the intermediate B-
stage should be as low as possible for both the CFRP part and the
CFRP patch. The lower a, the more unreacted epoxy and amine
groups are on the surface, so that covalent bonding between the
CFRP part and the CFRP patch is possible. Additionally, the gel point
has to be considered, which is reported in [34] as agel = 0.59. The
CFRP part ideally, should be stable enough to support its weight
during co-curing, avoiding the use of cumbersome co-cure jigs.
Thus the Tg of the CFRP part should ideally, remain above Tc during
co-curing. Next, the B-stage a of the CFRP patch should be below
agel so that the resin may flow during co-curing and provide the
possibility for chemical adhesion to occur. Further, the CFRP patch
should also have a high enough Tg to allow handling at room tem-
perature. The curing temperature in the B-stage curing was chosen
using the following principal. The B-stage curing is easier to control
at lower temperatures, since the curing reaction is slower. How-
ever, using a lower cure temperature (100–150 �C) could change
the reaction mechanism, which leads to a different network archi-
tecture and properties. This is evident by performing a simple mea-
surement of Tg after a low temperature cure cycle. In aerospace
composites, aromatic amines are commonly used as hardeners
since they lead to the highest Tg where the cure temperature gov-
erns reaction rates of primary, or secondary amines with an epoxy
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Table 1
Summary of reaction enthalpies from isothermal DSC measurements of the epoxy
polymer.

Isothermal curing
temperature, Tc (�C)

Reaction enthalpy,
DHiso(J/g)

Residual reaction
enthalpy, DHres (J/g)

Global measurement range
120 392 64
120 393 64
140 407 30
140 418 51
160 435 25
160 432 25
180 443 5
180 450 9

B-stage measurement range
154 408 48
156 410 47
158 414 48
160 422 48
162 430 38
164 430 40
166 435 37
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group, or at very high temperatures, self-polymerisation. There-
fore, to obtain consistent properties in the part and the patch being
joined, both were cured at 160 �C. This temperature is proposed as
a possible curing temperature for the RTM6 resin [27], hence easily
scalable, and also compliant with documented practises.

The value of apatch was chosen as 0.3, corresponding to Tg just
above room temperature, whilst being sufficiently far from the
gel point at 0.59 where the resin would stop flowing. The value
of apart was selected as 0.75; the lowest possible value so that with
a low heating rate, the part may support its own weight during the
co-cure process. The cooling and heating rates were selected as per
the limitations of our experimental set up. Complete curing cycles
that were subsequently used are shown in Fig. 6 for the part and
the patch; B-stage followed by assembly and lastly, co-curing.
4.3. Co-curing cycle of the CFRP part and patch

During the co-curing cycle, the Tg of the part defines the upper
limit to the heating rate, where Tg is still higher than Tc. This is
because if Tg were to dip below Tc, then we would expect deforma-
tion of the part structure. Therefore, to shorten the co-curing cycle,
first a heating rate of 2.5 �C/min is used until Tc approaches Tg, then
the heating rate is reduced to 1 �C/min. When reaching 180 �C, the
temperature is held for 60 minutes to ensure full crosslinking in
both the part and the patch. With this co-curing cycle, which is
identical for the part and the patch, the resin in the patch can flow
in a wide range until reaching the gel point, so that all require-
ments are fulfilled. The isothermal holding times in the B-stage
curing and co-curing were chosen to be within the proposed curing
cycles of the manufacturer [27], to avoid incomplete or excessive
curing.
5. Results

5.1. DSC measurements

The maximum heat of reaction at a cure temperature, DHiso,
was first determined using isothermal measurements. Fig. 4(a)
shows dH

dt versus tc, where, with increasing cure temperature the
reaction rate increases and thus the reaction peak gets narrower
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Table 3
Parameters of the global and B-stage kinetic model, and the glass transition
temperature model.

Name Symbol Global kinetic
model

B-stage kinetic
model

Resin kinetics
Frequency factor k1 (s�1) 4.36553 � 10�4 3.9304 � 10�4

Activation energy E1 (–) 17.107 16.615
Reference temperature Tref (K) 433 433
Reaction exponent n (–) 0.04 0.04
Polynomial parameter G0 (–) 0.1377 0.1293
Polynomial parameter G1 (–) 2.9714 2.0098
Polynomial parameter G2 (–) �1.1668 12.928
Polynomial parameter G3 (–) �19.736 �78.495
Polynomial parameter G4 (–) 75.072 177.9
Polynomial parameter G5 (–) �105.77 �186.31
Polynomial parameter G6 (–) 48.567 71.896
Tg of the uncured resin Tg0 (K) 257.5 (�C) 257.5
Tg of the fully cured resin Tg1 (K) 458 458
Adjustable parameter l (–) 0.3 0.3

Glass transition temperature
Tg of the uncured resin Tg0 (�C) �15.5 �15.5
Tg of the fully cured resin

(fitted)
Tg1
(�C)

245 245

k (–) 0.5052 0.5052
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and the reaction time decreases. Integration of these curves gives
the heat of reaction, DHiso, for each of the cure temperatures.
Due to vitrification, the resin cannot fully cure during an isother-
mal curing process. Vitrification occurs when the Tg of the curing
resin reaches the cure temperature, and slows down the cure reac-
tion. Fig. 4(b) shows dH

dt for the dynamic experiments according to
tc. With increasing heating rates, the cure reaction is more exother-
mic, hence more heat is produced and the time of reaction reduces
with increasing heating rate. Table 2 shows the reaction enthalpies
for constant heating rate experiments, DHrate. As noted in [29], at
too high a heating rate, the reaction cannot be completed due to
loss of mobility of the polymer molecules after vitrification,
whereas at too low a heating rate, not all of the thermal effects
occurring may be recorded due to the resolution of the DSC mea-
surements. Similar behaviour was observed in this study, and the
maximum DHrate was found at 2.5 �C/min. In the second run of
the isothermal measurements, a pronounced enthalpy relaxation
overlays the start of the residual curing reaction, and complicates
the integration of the heat flow curve. Due to these difficulties in
evaluating DHres, the average value of DHrate measured at 2.5 �C/
min was used as ultimate heat of reaction, namely 450 J/g. With
the modulated dynamic measurements, a and Tg of partially cured
pure resin samples and resin samples from the CFRP parts and
CFRP patches were determined. The measured degree of cures
and glass transition temperatures are shown in Fig. 3 and were
used for the Tg model.

5.2. Comparison of the measured and predicted B-stage

For the manufactured CFRP parts and patches, the predicted a
obtained from the global kinetic model with the tool temperature
Table 2
Results of dynamic DSC measurements made at heating rates of 10, 5, 2.5, and 1 �C/
min, used for the kinetic modelling.

Heating rate
(�C/min)

Reaction enthalpy,
DHdyn (J/g)

1 438
1 438
2.5 457
2.5 443
5 415
5 412

10 425
10 419
as input was then compared to the measured a with MDSC, shown
in the triangles in Fig. 7. Although the global kinetic model has a
very good fit to the measurement of the pure resin DSC sample
at 160 �C, the model fails to predict a of the composite parts at
the required accuracy. Two reasons are proposed to explain this:
first the recorded curing temperature is measured in the tool close
to the cavity and not directly in the resin and therefore tends to
overpredict a, and second the curing temperature is not exactly
160 �C but varies with circa ±6 �C. As the aim was to see if it was
possible to predict a from the tool temperature the first issue
was not studied further as industrial tool sensors may be inte-
grated to the tool surface in direct contact with the resin. The sec-
ond source of error was addressed by model optimisation in the
160 ± 6 �C temperature range. The parameter identification for
the kinetic model was optimised for the temperature range of
154–166 �C. Therefore further measurements in this temperature
range were conducted for the optimisation. The parameters of
the amax model are kept the same, and all the optimised parame-
ters of the model are shown in Table 3, B-stage kinetic model.
The fit of the model is shown in the squares in Fig. 7. The fit is
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Fig. 7. Modelled values of degree of cure, a, versus those measured using DSC using
both the global kinetic model based on isothermal measurements from 120 to
180 �C, and the improved B-stage kinetic model based on isothermal measurements
in the range 154–166 �C (based on mould temperature sensor close to cavity in
composite processing). (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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improved from an R2 value of 0.69 in the global kinetic model to
0.90 in the B-stage kinetic model.
5.3. Co-curing of the CFRP part and patch

Both CFRP patches and CFRP parts were manufactured using the
outlined procedure. A co-cured structural reinforcement was pos-
sible with an applied pressure of 2 MPa. An example micrograph
of a tested bearing section is shown in Fig. 8. The schematic iden-
tifies a section a to b, referring to the composite local reinforce-
ment from the outer most edge of the patch to the bearing
surface. The interface between the CFRP part and CFRP patch is
indicated by the red dotted line. Optical measurement of the fibre
volume content was conducted to study both components before
and after B-stage. The fibre volume content of the part was found
to remain constant at 63 ± 3%, indicating that resin did not flow
out from the part during co-curing. The patch volume fraction
was measured as 50 ± 6% before B-stage, and increase to 65 ± 5%
Fig. 8. Optical micrograph of the assembled, co-cured CFRP part to the CFRP patch after
(For interpretation of the references to colour in this figure legend, the reader is referre
as circa 1.5 ml was lost from the patch during the consolidation
process. The image in Fig. 8 indicates that a void free bond was
possible, with no evidence of porosity in the interface between
the part and patch. Damage accumulation in the right side of the
image also display evidence of kink bands due to compression
stresses which transition into the thin ply laminate architecture
patch; serving as further evidence of good interface.

5.4. Discussion

The results demonstrate that B-stage cure profiles may success-
fully be applied to the studied epoxy resin, where the part may be
free standing and the patch is consolidated with local pressure. The
progression of a and Tg were successfully described and produced
consistent results when compared to measurements using DSC. A
single model to describe this processing approach with various
degree of partial cures proved to be very powerful to identify ideal
processing windows; it was however also observed that a very
accurate temperature monitoring is required to reach the required
precision. We also note that the principle of introducing excess
matrix to the B-stage patch, to provide enough resin for adhesion
seems to be a valid approach. Our best results were obtained when
working with 30% cured B-stage patches and 75% cured B-stage
parts, could be co-cured into low porosity, void free composites
and interface.
6. Conclusions

This work demonstrated an approach for using the developed
kinetic model to describe the B-stage curing and co-curing assem-
bly of local reinforcement. By prediction and experimental valida-
tion, two composites sub-parts with identical matrix were
successfully joined with one part having a preceding Tg, and the
other one having a Tg lagging in respect to the curing temperature.
The described methodology to locally reinforce a partially cured
structure has proved to be possible and presents techniques that
are readily scalable, and cost effective. Further, the proposed co-
curing methodology is free of adhesives. The procedure may there-
fore be directly applied to aerospace manufacturing without fur-
ther additional certification. Co-curing of B-stage cured CFRP
patches onto B-stage cured CFRP parts has been shown as to be
possible from a cure kinetics perspective. The formation of void
a double lap bearing test. Red indicates the interface between the two components.
d to the web version of this article.)
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free surfaces was also demonstrated. The biggest challenge for
industrialisation is to the narrow window for the free standing
cure of the CFRP part presented by the RTM6 resin system. Other
amine curing epoxies were explored and present far better suit-
ability when free standing co-curing was required. By understand-
ing the cure kinetics and Tg development of a resin system, possible
cure cycles were evaluated to fit the prerequisites of the approach.
The co-curing of B-stage parts provides very interesting possibili-
ties for joining of structures, especially using combined manufac-
turing processes (e.g. infusion, prepregs, conventional RTM and/
or compression RTM) that could be an extremely cost effective
approach for the joining of structures.
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