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A B S T R A C T   

Efficient structural repair of wind turbine blades is essential to reducing the Levelized Cost of Energy (LCOE) for 
wind energy. Repairs carried out up-tower are sensitive to environmental conditions whose effects on the ma
terial properties during processing need to be accounted for to accurately predict the repair outcome. This study 
investigates the effect of moisture content from environmental exposure on the cure kinetics of an infusion 
epoxy-amine resin system used in wind turbine blade manufacturing and repair and provides an experimentally 
validated finite element tool for the analysis of cure cycle repairs as a function of repair geometry and moisture 
content. Moisture absorption tests on the two-part infusion system reported up to 12% moisture uptake by the 
curing agent under high temperature and relative humidity conditions. Differential scanning calorimetric 
measurements of resin in the presence of moisture revealed an accelerated cure behavior. Numerical predictions 
of a repair model agreed well with the corresponding lab-scale repair and revealed a substantial temperature lag 
within the repair patch that resulted in thermal gradients and spatial distribution of the degree of cure. The 
repair geometry and the accelerated-cure kinetics greatly influenced the temperature and cure distribution 
within the repair. The proposed approach can be used to reduce turbine downtime by minimizing the curing 
time.   

1. Introduction 

State-of-the-art wind turbine blades are composed of thermoset fiber- 
reinforced polymer composites (FRPC) that provide high mechanical 
performance and are lightweight due to their excellent specific me
chanical properties [1,2]. Over the last two decades, wind turbine size 
has progressively increased to harness wind energy in greater capacities 
and meet the global demand for increased production of sustainable 
energy [1,3]. During their operational life of about 20–25 years, wind 
turbine blades are exposed to a variety of adverse environmental con
ditions, including lighting strikes, extreme winds, rains, thermal cycles, 
and foreign object impacts, all of which result in material degradation 
and structural damage [2–5]. Repairs are fundamental to restoring 
structural integrity and aerodynamic efficiency of the blades to ensure 
reliable wind turbine operations after the damage has occurred [6]. The 
operation and maintenance (O&M) cost accounts for a staggering 25% of 
the total levelized cost per kWh produced over the lifetime of a turbine 
[7,8]. Repair procedures are highly dependent on the damaged area; 
when the repair size is manageable, the repair is performed up-tower in 
variable ambient conditions depending on the location, day, and time of 

the maintenance. Efficient and accurate computation techniques, able to 
predict the outcome of the repair and establish an optimized cure cycle 
that can ensure complete resin cure in minimum time, are needed to 
reduce the turbine downtime and increase the levelized cost of elec
tricity (LCOE) for wind energy production. 

After damage assessment and removal of the damaged substrate 
[1,3,6–8] the structural repair is performed by applying a scarf patch. 
The patch is made of a fiber-impregnated, viscous epoxy resin that needs 
to be cured within the parent laminate by applying temperature and 
pressure to restore the load-bearing capability of the material. Unifor
mity in the spatial distribution of the cure and temperature within the 
repair zone is critical to achieving high-quality repair. Aggressive cure 
cycles may lead to thermal gradients throughout the repair resulting in 
non-uniform curing of the constituent materials and overheating of the 
parent component, which may further introduce process-induced 
deformation, residual stress generation, and microcracking in the 
repair patch [1]. An in-depth understanding of the effect of processing 
parameters (including temperature ramp rates, hold temperature, and 
hold times) on the volumetric heat generation by the epoxy and distri
bution within the repair can avoid the aforementioned process-induced 
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defects in the repair patch and aid in achieving ultimate structural 
integrity of the blade in a time- and cost-effective manner [9]. 

Computational modeling of structural repair can facilitate the pre
diction and assessment of composite processing for any repair geometry 
under given environmental conditions and provide repair-specific opti
mized procedures to achieve the highest quality repair [7,8]. Various 
numerical approaches have reported the use of phenomenological ki
netic models and three-dimensional heat transfer equations to predict 
cure evolution and temperature distribution during extensive blade re
pairs [6,10–16]. Several studies have also employed constitutive re
lations to predict residual stress generation and distribution, assess the 
effect of defects and repair imperfections on strength and the lifetime of 
repaired structures, and optimize repair patch and scarfed joint config
urations [7,9,17–23]. While such studies provide valuable insight into 
blade repair procedures, an aspect often ignored is the environmental 
conditions under which the repair is performed and its influence on the 
epoxy resin reactivity and mechanical behavior. The altered chemistry 
of the epoxy resin due to environmental exposure – relative humidity 

and temperature, for instance – may warrant a completely different set 
of processing conditions (compared to the standard operating proced
ures) for an effective repair. Therefore, it is critical to evaluate the in
fluence of environmental exposure on epoxy resin behavior before a 
repair is planned [1,24–27]. 

Several studies have reported the detrimental effect of moisture 
content on the polymeric resin’s mechanical performance and reactivity 
[1,3,6,24–28]. Pre-cure moisture absorption in epoxy resins and adhe
sives is known to accelerate the autocatalytic curing reaction, which in 
turn affects the volumetric heat generation [6,25,26]. Moisture uptake 
by the epoxy resin is highly dependent on the environmental conditions 
during repair and the exposure time, which makes the determination of 
an optimized cure cycle for the repair extremely challenging. Further
more, degradation of the resin strength and stiffness – due to phenomena 
such as reduction in the glass transition temperature, plasticization, and 
chemical swelling/degradation – resulting from moisture uptake is 
widely reported [1,24,26–28]. Finally, moisture absorption by the 
parent laminate and the repair patch can introduce voids during the 
repair’s curing phase, which can lead to delamination, rendering the 
repair ineffective [3]. Therefore, the environmental and processing 
conditions and their influence on the structural integrity of the repair 
must be considered for a successful repair. 

The objective of this study is to investigate the effect of moisture 
content from environmental exposure on the cure kinetics of an infusion 
resin system used in wind turbine blade manufacturing and repair and 
provide experimentally validated computational tools for the analysis of 
cure cycle repairs. First, the effect of moisture on epoxy resin cure ki
netics is assessed by carrying out a series of moisture absorption tests 
where the two-part resin system is exposed to several environmental 
conditions. Subsequently, the resin cure kinetics is characterized for 
various moisture content cases. Informed by the acquired cure kinetic 

Fig. 1. Moisture absorption test results showing the percentage weight change in (a) base epoxy RIM R135 and (b) curing agent RIM H1366 when subjected to 
various temperature and relative humidity conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 1 
Percentage of moisture absorption by base epoxy RIM R135 and curing agent 
RIM H1366 when subjected to various environmental conditions.  

Temperature 
(◦C) 

Relative humidity 
(%) 

Moisture absorption (wt %) 

RIM R135 RIM H1366 

5 50  0.03  1.23 
90  0.05  7.01 

23 50  0.04  3.07 
90  0.04  10.66 

38 50  0.05  9.82 
90  0.22  12.35  
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data, a 3D finite element (FE) curing model is implemented within the 
commercial software Abaqus using user-written subroutines to virtually 
cure a repair patch and predict the degree of cure and temperature 
evolutions during the procedure. Numerical results from the simulations 
are experimentally validated in terms of temperature distribution and 
degree of cure evolution. Lastly, the numerical model is used to under
stand the influence of repair geometry and environmental conditions on 
the spatial distribution of temperature and degree of cure within the 
repair. 

This work is a milestone towards developing a computationally- 
based integrated computational materials engineering (ICME) frame
work for optimizing repair procedures that will improve the repair 
quality and ensure the repaired blade’s long-term structural integrity. 
The focus of this manuscript is the prediction of the degree of cure and 

Fig. 2. Normalized heat flow versus time plots from dynamic DSC measurements taken at three different heating rates for (a) no moisture and (b) 12 wt% moisture 
content case. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Cure kinetic modeling parameters for various moisture contents.  

Moisture 
content 
(%) 

Total heat of 
reaction 
HT (J/g) 

Kinetic constants 

Ea (kJ/ 
mol) 

A 
(sec−1) 

m (–) n (–) 

0  413.82  47 11,000  0.3  1.5 
2  392.62  38 750  0.4  1.4 
7  361.28  36 440  0.42  1.58 
9  337.1  30 100  0.45  1.3 
10  390.43  30 66  0.37  1.31 
12  364.75  29 60  0.38  1.2  

Fig. 3. Evolution of the degree of cure for the prescribed temperature profile as computed by the cure kinetic model for unconditioned (no moisture) and conditioned 
(various moisture content, 2%−12%) specimens. (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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temperature evolutions during repair with the understanding that tem
perature and cure gradients affect the mechanical properties evolution 
of the epoxy resin and therefore residual stress generation [12]. The 
prediction of residual stress generation and mechanical performance 
after repair are not the subjects of this study. Future work will embed the 
curing models derived in this study within an ICME framework that links 
material models, structural models, and experiments at multiple length 
scales to obtain digital twins of the blade [9,21–23,29–37]. 

This manuscript is organized as follows: the methodology to study 
the influence of moisture on cure kinetics for resin infusion and their 
corresponding curing models are presented in Section 2. Modeling re
sults and their validation for two different scarfing slopes and different 
moisture content are detailed in Section 3. The main conclusions are 
summarized in Section 4. 

2. Methodology 

During in-field repairs, the epoxy resin mixture may be exposed to 

environmental moisture for extended periods, which may be absorbed 
by the resin and alter the curing kinetics. First, the moisture absorption 
was quantified according to O&M instructions and in-field data. Then, 
the resin cure kinetics was characterized through Differential Scanning 
Calorimetry (DSC) for a widely used commercial epoxy system devel
oped by Westlake Epoxy for wind energy applications: the infusion 
system EPIKOTETM Resin MGS RIMR 135 with EPIKURETM Curing Agent 
MGS RIMH 1366 (henceforth referred to as RIM R135-H1366). RIM 
R135-H1366 is a relatively low-viscosity system with an elevated curing 
temperature ideal for vacuum-assisted infusion processes. The system 
comprises bisphenol-A base epoxy resin with an amine-based curing 
agent. Unidirectional (UD) stitched E-glass fibers (areal weight of 955 g/ 
m2), manufactured by Saertex and distributed by Fibre Glast De
velopments Corp., were used as reinforcements. The moisture absorp
tion tests are detailed in Section 2.1. Section 2.2 describes the cure 
kinetic characterization. The curing model implementation is discussed 
in Section 2.3. 

2.1. Moisture absorption characterization 

The moisture absorbed by the base epoxy and the curing agent 
during the repair was characterized by separately exposing the two 
constituents to environmental conditions encountered during in-field 
repairs. 60 g of RIM R135 epoxy samples and 20 g of RIM H1366 
curing agent samples were placed inside the environmental chamber in 
separate cylindrical containers which were 2.5 in. in diameter and 
height. The chamber was set to several combinations of temperature 
(5 ◦C, 23 ◦C, and 38 ◦C) and relative humidity (RH of 50% and 90%). 
These conditions were based on the O&M instructions and in-field repair 
reports obtained from two in-field service repair companies. The initial 
specimen weight was recorded before the test, and subsequently, the 
specimens were weighed in five-minute intervals over a two-hour 
exposure period. This exposure window was also chosen based on the 
analysis of wind turbine repair reports. The relative percentage weight 
gain calculated for each data point in the sample reflected the moisture 
absorbed over the exposure period. These tests were conducted for one 

Fig. 4. Repair patch geometry for process modeling and lab-scale repair. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 5. Illustrations of the boundary conditions used for process modeling of the repair. Note that only thermocouples denoted with an asterisk (*) provided readable 
data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Constituent material properties used for the process modeling of the repair.  

Material Property 

Density, 
ρ (g/ 
cm3) 

Thermal 
conductivity k 
( × 10−4 W/mm-K) 

Specific heat 
capacity 
cp (J/g-K) 

Borosilicate Glass Plate  2.23 12  1.5 
Type 304 Stainless 

Steel  
7.93 163  1.4 

Patch Peel Ply Film  1.14 2.5  1.75 
Vacuum Bag  1.14 2  1.3 
RIM R135-H1366 (ϕ =

0)  
1.20 1.59  1.35 

RIM R135-H1366 (ϕ =

1)  
1.20 2.45  1.62 

E-glass Fiber  2.55 12  1.2  
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set of specimens per environmental condition. 
Fig. 1 shows the moisture absorption test results for all six test con

ditions for both resin and curing agent. For all the test conditions, Fig. 1 
(a) revealed a minimal weight change in the conditioned RIM R135 
epoxy resin, which suggested almost no moisture absorption. This result 
was expected due to the relatively high viscosity of the resin and low 
hydrophilicity of the bisphenol-A chemistry, which prevented moisture 
absorption. On the contrary, a significant moisture absorption was dis
played by the amine-based curing agent RIM H1366, as shown in Fig. 1 
(b). This result was attributed to the low viscosity of the curing agent 
and the hydrophilic nature of the amine groups in the curing agent that 
allowed the absorption of the surface moisture deposition. A maximum 
moisture content of 12% relative to the initial weight was observed in 
the RIM H1366 when exposed to 38 ◦C at 90% RH. Relatively lower 
moisture content was recorded for other test conditions, as summarized 
in Table 1. The cure kinetics of the resin/curing agent mixture was then 
evaluated using DSC for the six case studies of 50% and 90% relative 
humidity, each at 5 ◦C, 23 ◦C, and 38 ◦C. 

2.2. Cure kinetic law 

The impact of moisture content on the resin cure kinetics was 
experimentally characterized using DSC (Discovery, TA Instruments). 
Dynamic scans were performed on the uncured mixture (100:30 parts by 

weight) sealed in a hermetic aluminum pan. Each DSC specimen 
weighed approximately 5 mg. The DSC specimens were first equilibrated 
at −10 ◦C within the DSC chamber for two minutes to avoid premature 
curing. The chamber temperature was then increased from the equili
bration temperature to 250 ◦C at three different temperature rates of 
5 ◦C/min, 10 ◦C/min, and 15 ◦C/min. The exothermic heat of the re
action of the curing resin was measured as a function of time and tem
perature for each dynamic scan, as seen in Fig. 2(a). The instantaneous 
heat of reaction, dH/dT, was obtained as the normalized heat flow at any 
given time, t. The partial heat of reaction, H(t), up to time t, and the total 
heat of reaction, HT, were computed by integrating the area under the 
normalized heat flow versus time plots up to time t and the end of the 
reaction, respectively. 

The rate of curing, dϕ/dt, and the degree of cure, ϕ, for each tem
perature ramp were then calculated based on dH/dt at any time t and HT 
given off by the curing thermoset as per Eqs. (1) and (2), respectively. 

dϕ
dt

=
1

HT

dH
dt

(1)  

ϕ(t) =
1

HT

∫ t

0

dH
dt

dt =
H(t)
HT

(2) 

The rate and degree of cure obtained from Eqs. (1) and (2) were fitted 
to the autocatalytic Prout-Tompkins phenomenological kinetic model 

Fig. 6. Plots of temperature evolution in the repair patch as a function of the time for (a) node 4, (b) node 5, (c) node 6, and (d) node 7 from experiments and 
numerical model. (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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Fig. 7. Plots of the degree of cure evolution in the repair patch as a function of the time for (a) node 4, (b) node 5, (c) node 6, and (d) node 7 from experiments and 
numerical model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. (a) Temperature and (b) degree of cure profiles for all nodes in blade repair simulation. (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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[38,39] per ASTM E2890 [40] to determine the kinetic constants, 

dϕ
dt

= Aexp
(

−
Ea

RT*

)

[ϕm(1 − ϕ)
n

] (3) 

In Eq. (3), four material-specific parameters, namely the activation 
energy Ea, pre-exponential factor A, and the dimensionless modeling 
parameters m and n, were determined through a data-fitting procedure 
from the experimental data. Here, R is the universal gas constant and T* 

is the absolute temperature in Kelvins. An in-house data-fitting tool was 
developed using MATLAB to perform nonlinear least-square analyses of 
the experimental data to determine the material-specific kinetic con
stants. The Kissinger method [38–40] was used to provide initial esti
mates for Ea and A [6,9] and the MATLAB “lsqnonlin” function was used 
for fitting. The best fits obtained for all temperature rates yielded the 
kinetic constants summarized in Table 2. The predictions of the degree 
of cure as a function of time, ϕ(t), for the unconditioned specimen 
calculated using the Prout-Tompkins model were compared to those 
from a previous study [9]. That study employed the Kamal-Sourour ki
netic model, whose model predictions were compared with the experi
mentally measured degree of cure from the DSC re-runs of partially 
cured specimens. The Prout-Tompkins model predictions from the pre
sent study agreed very well with Kamal-Sourour kinetic model and the 
experimental data from the previous study [9], thus validating the 
Prout-Tompkins kinetic model. 

The DSC tests and the data fitting procedure to determine the cure 
kinetics were repeated for conditioned specimens with varying moisture 
contents up to 12% (three specimens per moisture content). Deionized 

water was added to the resin mixture to condition the specimens in an 
amount corresponding to the values summarized in Table 1. Results for 
the maximum moisture content case of 12% are presented in Fig. 2(b) 
and compared with those of the unconditioned specimens. The uncon
ditioned specimens manifested a relatively higher exothermic peak 
spread over a narrower temperature range than the 12% moisture 
content, as summarized in Table 2. Furthermore, adding 12% moisture 
reduced the activation energy, Ea, and the pre-exponential factor, A, (see 
Table 2). Lower activation energy and pre-exponential factors indicated 
that the reaction required less energy input to begin autocatalyzing and 
a shorter time to approach exponential growth, beyond which the cure 
reaction slowed down. Fig. 3 compares the degree of cure evolution of 
the unconditioned specimen as a function of time with the conditioned 
specimens with varying moisture contents for a prescribed cure cycle. 
Fig. 3 shows that the degree of cure evolution is accelerated with 
increased moisture content. While the unconditioned specimen required 
250 mins to achieve a full cure state (ϕ = 1) with the prescribed tem
perature profile, the resin with 12% moisture content cured in 100 mins 
for the same cycle. These trends were consistent with the findings of 
Sharp et al. [26]. They reported an increase in molecular diffusion in 
uncured epoxy due to moisture, which led to an accelerated cure. 
However, after sufficient crosslinks had formed, the moisture in the 
epoxy formed pockets that hindered further molecular diffusion, 
significantly reducing the cure rate. The cure kinetics, derived as a 
function of moisture content, can be used to understand the effect of 
moisture on the curing of wind blade repair patches, as described in 
Section 3. 

2.3. Process modeling of blade repair 

Process modeling, a physics-based numerical framework for simu
lating the curing process of composite materials, was employed for 
analyzing a composite laminate representative of a typical wind turbine 
blade repair [1]. Such models provide critical insight into the effect that 
the constituent materials, cure cycle, geometry, and boundary condi
tions have on the thermal and, by extension, cure histories during a 
blade repair procedure. Hence, with a well-calibrated model, optimi
zation of the chosen repair curing protocols can be pursued to both 
reduce processing time and avoid exceeding temperature thresholds that 
will degrade the composite. 

2.3.1. Manufacturing the representative repair patch 
The representative laminate, manufactured in-house and consisting 

of E-glass fibers infused with RIM R135-H1366 epoxy resin, was 
designed with the goal of emulating geometrical features typical of 
blade repair patches. It featured a 200 mm base layer with asymmetri
cally stacked plies, resulting in a 23 mm thick composite laminate. The 
asymmetrical stacking sequence and layer-by-layer width dimensions 

Fig. 9. Nodal temperature contour plot of repair patch showing the thermocouple nodes 2, 4, 5, 6, and 7, as well as node 9 experiencing the maximum exotherm at 
66 min into curing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Numerical (experimental) peak exothermic temperature, time to peak 
exothermic temperature, the temperature at the end-of-cure, and time to degree 
of cure ϕ = 0.99 for thermocouple nodes 1–7 and node 9 when no moisture was 
considered.  

Nodes Peak 
exotherm 
(◦C) 

Time to peak 
exotherm (min) 

End-of-cure 
temperature (◦C) 

Time to ϕ =

0.99 (mins) 

1 87.7 (–) 75 (–) 54.2 (–) 225 (–) 
2 109.1 

(113.1) 
69 (85) 65.4 (67.45) 168 (224) 

3 94 (–) 75 (–) 59.8 (–) 249 (–) 
4 91.2 (96.2) 69 (73.7) 54.4 (60.2) 237 (244) 
5 113.7 

(122.2) 
66 (78.3) 65.4 (66.4) 153 (132) 

6 101.5 
(109.5) 

69 (74.3) 61.9 (66) 198 (192) 

7 116.1 
(111.6) 

66 (77.3) 63.2 (64.9) 147 (180) 

9 116.3 (–) 66 (–) 64.1 (–) 144 (–)  
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precipitated two distinct scarfing slopes: 1:1 and 2:1. The two key fea
tures of the patch under consideration, the patch thickness and scarfing 
slope, were selected to better understand the effect of (a) scarf slope on 
thermal and cure histories with the material, and (b) patch thickness on 
curing reaction thermal gradients induced by the curing reaction exo
therm. A schematic of the repair patch geometry and its dimensions are 
provided in Fig. 4. Note that the scarfing surfaces were not smoothened 
flat after manufacturing as shown in the schematic. 

The composite repair patch was mounted on a borosilicate glass plate 
and cured in a convection oven. Several thermocouples were embedded 
along the centerline (through-thickness) of the laminate and along the 
scarfed regions to monitor the temperature evolution spatially within 
the composite during curing. An additional thermocouple was also 
placed in the oven, external to the patch, to track the oven temperature 
throughout the repair process to inform prescription of boundary con
ditions necessary for process modeling. Specific locations of each ther
mocouple location can be found in Fig. 4. 

2.3.2. Numerical model 
The process model was developed and interfaced with the commer

cial FE software Abaqus/STANDARD through user-written subroutine 
UMATHT. To capture the physics of the curing process virtually (i.e., the 
state-based evolution of cure and temperature), the model was governed 
by the Fourier heat law of thermal conduction shown in Eqs. (4) and (5) 
and the Prout-Tompkins kinetic model described above. 

ρccc
P
dT
dt

= kc∇2T + Q̇ (4)  

Q̇ = VmρmHm
T

dϕ
dt

(5)  

Here, ρc, cc
P and kc are the composite density, specific heat capacity, and 

thermal conductivity of the curing patch, respectively; T is the tem
perature; Q̇ is the rate of heat generated due to the reaction exotherm; 
dϕ/dt is the rate of the resin curing reaction; and Vm, ρm and Hm

T are the 
resin volume fraction, density, and total enthalpy of the reaction, 
respectively. The composite properties were homogenized using the rule 
of mixtures [41]. 

Furthermore, the thermal properties of resin were assumed to vary 
linearly as a function of the degree of cure. 

cp = c0
p + ϕ*(c1

p − c0
p) (6)  

k = k0 + ϕ*(k1 − k0) (7)  

where c0
p and k0 are the specific heat capacity and thermal conductivity 

of the uncured resin, respectively, and c1
p and k1 are the specific heat 

capacity and thermal conductivity for the fully cured resin, respectively. 
All components of the repair patch manufactured in the lab as shown 

in Fig. 4 (e.g., glass plate, vacuum bagging) were virtually reconstructed 
and meshed within Abaqus as presented in Fig. 5. The mesh consisted of 
36753 DC3D8, eight-node linear heat transfer elements. Material 
properties for each component in the assembly and for the constituent 
composite materials are summarized in Table 3. Note that the manu
factured laminate was measured to have a fiber volume fraction Vf =

Fig. 10. Plots of temperature evolution in the repair patch as a function of the time and moisture content for (a) node 4, (b) node 5, (c) node 6, and (d) node 7. (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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0.52. 
Thermal boundary conditions were prescribed to the model to mimic 

the curing process inside a convection oven. Nominally, a temperature 
ramp from room temperature to 80 ◦C at 1.5 ◦C/min, followed by an 
isothermal hold at 80 ◦C for 350 mins, ending with passive cooling to 
ambient conditions after removal from the oven were prescribed for the 
curing analysis. The exact prescribed temperature profile was informed 
from the thermocouple placed in the convection oven separate from the 
repair patch as noted above. This thermal profile was prescribed directly 
to the modeled oven rack, and provided as convective boundary con
ditions to the faces of the model exposed to forced airflow inside the 
oven (from right to left relative to the patch model). The convective 
coefficients of air, denoted as h1, h2, and h3 in Fig. 5, were estimated 

from typical values found in engineering literature [42,43] as 5 W/m2K, 
10 W/m2K, and 15 W/m2K, respectively. 

3. Modeling results and experimental validation 

The repair patch was manufactured in the laboratory to validate the 
process modeling predictions. Thermocouples were embedded in the 
laminate to record temperature data throughout the patch and assess the 
spatial variation in the temperature due to the exothermic heat of the 
reaction and the resulting degree of cure, as shown in Fig. 4. Tempera
ture data during curing was compared to the numerical model pre
dictions of the nodal temperature in four locations, as shown in Fig. 5. 
Fig. 6 compares the temperature evolution at specific nodes (4–7) from 
the virtual repair to the corresponding thermocouple data. Numerical 
model predictions agreed very well with the thermocouples read. Minor 
deviations in the magnitude and time to peak temperature were 
observed, which could be attributed to small imprecisions in defining 
the location of the thermocouple with respect to the computational 
nodes. The degree of cure evolution was computed from the temperature 
evolution data presented in Fig. 6 per the Prout-Tompkins kinetic model 
in Equation (3), as shown in Fig. 7. 

3.1. Effect of scarf geometry on blade repair 

Two distinct scarfing slopes of 1:1 and 2:1 were analyzed to evaluate 
the influence of the scarf geometry on the temperature and cure distri
bution. Fig. 8(a) presents an overlay of the temperature evolution at 
several nodes considered in this study. The plot clearly shows a spatial 
variation in the temperature within the repair patch. This spatial vari
ation is also evident from the FE contour plot shown in Fig. 9. Peak 
temperature, time to peak temperature, and end-of-cure temperature are 
quantified as summarized in Table 4. In Table 4, node 5 reported a peak 
temperature of 113.7 ◦C while node 2 reported the lowest peak tem
perature of 109.1 ◦C. Such a temperature variation was attributed to the 
repair patch geometry, where the cure reaction was initiated at the 
center of the patch, close to node 5. Thus, the center experienced 
maximum peak exothermic temperatures. This heat was conducted 
outwards from the center resulting in lower peak temperatures at other 
nodes. Given the asymmetrical geometry of the patch, node 4 (2:1 slope) 
presented a distinct temperature profile with a peak temperature of 
91.2 ◦C compared to node 6 (1:1 slope), where the peak temperature was 
101.5 ◦C. Such variations were also attributed to the geometry of the 
patch, with node 4 being further away from the center and, conse
quently, reporting a lower temperature. Nodes 1 and 3 manifested a 
similar trend as nodes 4 and 6. To further illustrate the influence of the 
asymmetrical scarfing slope, the temperature of node 9 was also moni
tored. Note that node 9 was not along the centerline but was 2 mm to the 
left of the centerline. Node 9 reported the maximum peak temperature of 
any node within the repair patch, suggesting that the peak exothermic 
reaction did not initiate along the centerline of the repair but was 2 mm 
to its left. The uneven scarfing slopes shifted the peak exotherm from the 
centerline towards the steeper slope, suggesting that the repair geometry 
had a significant influence on the temperature evolution within the 
repair. Additionally, the time to peak temperature, as seen in Fig. 8(a) 
and Table 4, increased from 66 mins for node 5 to 75 mins for node 1 as 
the distance of the node increased from the centerline, indicative of a 
temperature lag in the repair patch. 

This temperature lag was further evident from the end-of-cure tem
perature values. Nodes 2, 5, and 7 reported elevated end-of-cure tem
peratures (> 62 ◦C) compared to nodes 1, 3, 4, and 6 which were much 
closer to the prescribed cure cycle temperature. 

The computed degrees of cure for the analyzed nodes are overlaid in 
Fig. 8(b). The degree of cure profiles followed the same trends as the 
temperature, as expected. Nodes closer to the centerline (nodes 2, 5, 7) 
were expected to cure faster than the nodes further away from the center 
(nodes 1, 3, 4, 6) because of their position with respect to the exothermic 

Table 5 
Peak exothermic temperature, time to peak exothermic temperature, the end-of- 
cure temperature, and time to degree of cure ϕ = 0.99 for thermocouple nodes 
1–7 and node 9 for all cases of moisture contents.  

Moisture 
content 

Nodes Peak 
exotherm 
(◦C) 

Time to 
peak 
exotherm 
(min) 

End-of-cure 
temperature 
(◦C) 

Time to 
ϕ = 0.99 
(mins) 

0 % 1 87.7 (–) 75 (–) 54.2 (–) 225 () 
2 109.1 

(113.1) 
69 (85) 65.4 (67.45) 168 (224) 

3 94 (–) 75 (–) 59.8 (–) 249 (–) 
4 91.2 

(96.2) 
69 (73.7) 54.4 (60.2) 237 (244) 

5 113.7 
(122.2) 

66 (78.3) 65.4 (66.4) 153 (132) 

6 101.5 
(109.5) 

69 (74.3) 61.9 (66) 198 (192) 

7 116.1 
(111.6) 

66 (77.3) 63.2 (64.9) 147 (180) 

9 116.3 (–) 66 (–) 64.1 (–) 144 (–) 
2 % 1 88.9 81 71.3 174 

2 99.1 75 73.4 147 
3 84.7 78 69.3 183 
4 87.0 72 69.3 174 
5 101.7 72 73.4 141 
6 93.7 72 72.1 159 
7 103.0 69 72.6 138 
9 103.2 69.0 72.9 138 

7 % 1 84.8 72 71.3 273 
2 92.7 63 73.4 240 
3 81.9 75 69.3 285 
4 83.5 66 69.3 276 
5 95.3 57 73.4 228 
6 88.5 60 72.1 258 
7 97.2 57 72.6 225 
9 97.2 57 72.9 225 

9 % 1 81.1 69 71.3 87 
2 86.5 54 73.3 78 
3 79.5 75 69.2 87 
4 80.3 60 69.3 84 
5 88.4 48 73.3 75 
6 83.2 51 72.1 81 
7 90.5 45 72.5 72 
9 90.3 45 72.9 72 

10 % 1 82.0 63 71.3 87 
2 89.0 45 73.4 75 
3 80.0 66 69.2 93 
4 81.2 51 69.3 87 
5 91.9 39 73.3 69 
6 85.2 45 72.1 81 
7 94.7 39 72.5 66 
9 94.5 39 72.9 66 

12 % 1 80.8 66 71.3 75 
2 86.6 48 73.3 66 
3 79.2 72 69.2 75 
4 80.0 57 69.3 72 
5 88.8 42 73.3 63 
6 82.9 48 72.1 69 
7 91.2 39 72.5 60 
9 90.9 39 72.9 60  
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Fig. 11. (a) Temperature and (b) degree of cure profiles for node 5 for six different moisture absorption cases. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Plots of the degree of cure evolution in the repair patch as a function of the time and moisture content for (a) node 4, (b) node 5, (c) node 6, and (d) node 7. 
(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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peak of the reaction. This observation was also evident from Table 4, 
which summarizes the time taken for each node to reach a complete cure 
of ϕ = 1 (indicative of repair time). Node 5 achieved full cure in 153 
mins compared to node 2 which reached full cure last after 168 mins. 
Node 9, which was expected to be closest to the peak exotherm, reached 
full cure in 144 mins. Nevertheless, all nodes within the laminates 
reached full cure well before the end of the recommended cure cycle. 

3.2. Effect of moisture on blade repair 

In the previous sections, the process modeling of a repair scarf 
laminate was validated against experimental results, and the influence 
of the repair geometry was evaluated. The effect of moisture content in 
the resin on temperature and degree of cure evolutions within the patch 
were evaluated using the same geometry and process modeling tech
nique detailed in Section 2. Various moisture levels, summarized in 
Table 1, were considered. The corresponding kinetic modeling param
eters from Table 2 were used to predict the temperature evolution and 
degree of cure in the repair patch for different moisture contents. An 
overlay plot of temperature evolution at several nodes of interest is 
presented in Fig. 10 as a function of the minimum and maximum 
moisture contents. The influence of moisture on the temperature evo
lution at nodes 4,5,6, and 7 can be observed in Fig. 10; results are also 
summarized in Table 5 in terms of peak temperature, time to peak 
temperature, and end-of-cure temperature. For instance, the tempera
ture profile at node 5 for several moisture levels is presented in Fig. 11 
(a). The exothermic peak shifted to shorter times from 66 mins for no 
moisture case to 42 mins for 12% moisture case, indicating an acceler
ation in the cure reaction with the moisture content. As previously 
mentioned, adding moisture increases molecular diffusion and dramat
ically reduces the reaction’s activation energy, leading to an early onset 
of the cure reaction. Concurrently, the magnitude of the peak 
exothermic temperature dropped with increasing moisture content. 
Node 5 reported a peak temperature of 113.7 ◦C when no moisture was 
considered. However, this value dropped to 88.8 ◦C for the 12% mois
ture case. This drop in the peak temperature was attributed to the 
reduced total heat of the reaction with increasing moisture content re
ported in Table 2. This trend of accelerated cure and reduced peak 
temperatures with increasing moisture content was consistent for all the 
nodes considered in Fig. 10 (see Table 5). No significant influence of 
moisture was observed on the end-of-cure nodal temperature. 

The computed degree of cure for all the nodes of interest as a func
tion of moisture content is presented in Fig. 12 and the results are 
summarized in Table 5. The degree of cure plots exhibited similar and 
consistent trends to the temperature plots, where the cure rate signifi
cantly increased with the increased moisture content. Looking at node 5, 
for example, the degree of cure started approaching exponential growth 
after 39 mins of curing when no moisture was considered. By contrast, 
the 12% moisture case reported the beginning of an exponential cure 
rate after 12 mins. The faster cure reaction is attributed to enhanced 
molecular diffusion due to the added moisture [26]. However, after 
approaching a cure level of approximately 0.89, the cure reaction pla
teaued for all moisture levels due to the formation of moisture pockets 
within the free volumes of the crosslinked epoxy [26]. At that point, 
moisture pockets hindered further molecular diffusion and significantly 
reduced the reaction rate. However, the epoxy continued to cure until it 
reached a complete cure. Node 5 achieved full cure after 153 mins when 
no moisture was added. By contrast, the 12% moisture case took only 63 
mins to cure fully. Similar values of time to fully cure were reported for 
other nodes of interest, as summarized in Table 5. 

The results presented in this work show that epoxies can absorb a 
substantial amount of moisture during repairs, which can significantly 
alter their curing kinetics and affect the evolution of temperature and 
degree of cure within the repair patch. Furthermore, it was found that 
the scarfing angle also influenced the spatial variation of the tempera
ture and cure evolution during the repair, with steeper slopes curing 

faster. 
Numerical models, like the one presented in this study, can provide 

an in-depth understanding of the influence of such geometrical and 
environmental variables on the quality of the repair. Processing condi
tions, such as heating rates, hold temperatures, and multi-step cure cy
cles, can be varied, and their influence on the spatial variation of 
temperature and cure can be analyzed. Considering several parameters, 
an optimized cure cycle specific to a repair can be determined through 
the numerical approach presented in this study to ensure even curing in 
the shortest time. 

4. Conclusions 

This study investigated the influence of environmental moisture on 
the curing of wind blades during structural repairs. First, the moisture 
absorption in repair conditions was quantified by individually exposing 
the polymer and hardener to moisture. It was shown that the curing 
agent of the two-part resin system absorbed up to 12% moisture by 
weight when exposed to high temperature and relative humidity. Then, 
the effect of the moisture on cure kinetics was established by DSC tests. 
Tests showed that moisture intake significantly accelerated the cure 
reaction. The effect of altered cure kinetics and repair geometry on the 
repair time was investigated numerically through FE-based process 
modeling. The numerical model predictions were validated against a 
small-scale repair manufactured in the lab in terms of the temperature, 
degree of cure, and time to complete the repair. It was clear from this 
study that environmental factors, the size and type of repair involved, 
and the resin system utilized all play a crucial role in the cure and 
temperature evolution within the repair, thus making no two repairs 
alike. 

Due to the large number of variables involved, there is a critical need 
for qualitative and quantitative predictive tools for evaluating optimized 
cure cycles for each repair. Numerical models, like the one presented in 
this study, can be used to optimize cure cycles to ensure a rapid, uniform 
degree of cure throughout the repair. This experimentally validated 
computational approach will be integrated within an ICME framework 
for curing-induced residual stress prediction, ultimately enabling a 
complete connection between materials, reaction kinetics, and me
chanical performance. 
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