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A B S T R A C T

The effect of stacking sequence, specimen thickness, tooling material and curing cycle on process induced
distortions of L-shape composite structures is investigated experimentally and numerically. Sixty specimens
were manufactured, and their spring-in angle was compared against simulation and analytical results. A
thermo-chemo-mechanical simulation approach was developed to simulate the experiment by employing a
modified Cure Hardening Instantaneously Linear Elastic (CHILE) and a linear viscoelastic material model.
Freestanding, fixed and contact boundary conditions were investigated. The spring-in angle of the parts
predicted by the modified CHILE material model, was found to be higher than that predicted by the viscoelastic
model. The tool material significantly affects the distortion of the parts and contact boundary conditions should
be employed for an accurate prediction of the part shape. Balanced, symmetric and thick laminates contribute
to a reduction in part distortion, while elevated curing temperatures slightly affect the distortion level of the
parts.
1. Introduction

Process Induced Distortions (PID) are inevitably present in compos-
ite structures. Regardless of the process, resin infusion, automatic tape
placement etc., residual stresses are induced in the structure leading to
a deviation from nominal CAD geometry after the curing cycle has been
completed.

PIDs are the combined effect of spring-in and warpage, which are
the two deformation mechanisms that coexist in complex composite
structures [1]. Spring-in is defined as the reduction of the angle of a
part from a nominal value, while warpage is defined as the change of
a part curvature after the manufacturing.

The variety of factors that contribute to PID of composite structures
and their relative significance has been studied by various researchers
analytically [2,3], experimentally [4–9] and numerically [10–15].

Albert et al. were the first to separate the factors that affect PID into
two categories namely intrinsic, which are related to part design (part
geometry, material properties etc.) and extrinsic, which are related to
tooling or processing (curing cycle, tool part interaction etc.) [1]. An
experimental investigation was also carried out by the researchers to
understand effect of design and process parameters on spring-in and
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warpage of C- and L-shaped composite specimens. They concluded that
both design and process parameters can have a significant effect on
spring-in and warpage and that there are multiple interactions between
them. They also found that using aluminium tooling always results in
higher spring-in compared to using steel tooling [1]. Kappel attributed
this finding to the difference of the Coefficient of Thermal Expansion
(CTE) of the tool and the composite structure when the latter is pressed
to the tool due to the autoclave pressure along with geometrical locking
if present [16]. Furthermore, Zeng et al. suggest that the shape of the
part has significant influence on the warpage [17]. To reduce the stress
transfer from the tool to the part, carbon epoxy and carbon foam tools
are proposed to be used [18]. The use of sandwich structures instead of
monolithic ones is proposed by Al-Dhaheri et al. [19]. It was found that
by increasing sandwich core thickness and flexural rigidity the spring-
in behaviour declines [20,21] while the CTE and Poisson’s ratio of the
core were the major contributors to spring-in [22].

Svanberg concluded that the difference in the CTE between the
matrix and the fibres, the chemical shrinkage of the resin, the laminate
lay-up as well as the CTE of the tool have a large effect on the induced
residual stresses in the part [23]. The void content and the fibre content
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gradients of the composite have moderate effect. On the contrary, cure
time and tool thermal conductivity are reported to have little or no
effect at all on shape distortions.

To predict PID of composites analytical [24–26], semi analyti-
cal [27] and numerical approaches have been proposed [28–30].

The analytical models are usually used to get a first estimation of
the spring-in angle of the structure and for benchmarking new material
models [31–33]. Radford proposed a simple analytical formula (Eq. (1))
for the calculation of spring-in angle of angled sections by taking
into account the CTE and Chemical Shrinkage Coefficient (CSC) of the
structure [34].

𝛥𝜃 = 𝜃
[

(𝐶𝑇𝐸𝐿 − 𝐶𝑇𝐸𝑇 )𝛥𝑇
1 + 𝐶𝑇𝐸𝑇 𝛥𝑇

+
𝐶𝑆𝐶𝐿 − 𝐶𝑆𝐶𝑇

1 + 𝐶𝑆𝐶𝑇

]

(1)

where 𝜃 is the included angle of the structure, 𝛥𝜃 is the change in
included angle, 𝛥𝑇 is the change in temperature, 𝐶𝑇𝐸𝐿, 𝐶𝑆𝐶𝐿 and
𝑇𝐸𝑇 , 𝐶𝑆𝐶𝑇 are the in-plane and through-thickness CTE and CSC,

espectively.
Eq. (1) assumes that the in-plane properties of the laminate are

uasi-isotropic and the through-thickness properties are uniform
hroughout the laminate. Eq. (1) takes into account the effect of
tacking sequence on the predicted spring-in angle, however, it does
ot take into account the effect of specimen thickness, corner radius
nd extrinsic parameters such as tooling effects. Despite its limitation,
q. (1) is widely used in the industry and academia, which motivated
he use of this formula in this research. In contrast, semi-analytical
pproaches can take into account the effect of some of these factors
e.g. thickness of the structure), that analytical models cannot, but they
equire experimentally measured values as input data [35].

In terms of the numerical approaches, elastic, modified elastic and
iscoelastic material models have been proposed. The elastic material
odels make use of the Hooke’s law constitutive equation and focus on

he development of the PID during the cool down phase of the curing
ycle when the structure has attained its final degree of cure, assuming
lastic material behaviour at this stage.

The modified elastic models separate the curing history into a num-
er of segments to which they assign an elastic modulus for calculating
he residual stresses and distortion of the structure. The Cure Hard-
ning Instantaneously Linear Elastic (CHILE) model divides the curing
istory into three states: a viscous state, the state where the modulus
uickly builds, and the fully cured state where no further chemical
eaction takes place [36]. The CHILE model has been used by several
esearchers [37–39] as well as used to benchmark the development of
ther material models [40–44]. However, it is still an instantaneously
lastic model and cannot predict the stress relaxation during curing or
ost curing, as it is not a time dependent model [45,46].

In order to incorporate all the time dependent factors that affect
hape distortion, such as heating and cooling rates, stress relaxation
nd cure time, viscoelastic material models are needed [47]. However,
mplementation of a viscoelastic model in composites with a constitu-
ive update scheme, requires a proper choice of state variables as shown
y Poon et al. [48].

In spite of the amount of work performed in this field so far, an
ccurate estimation of PID in complex geometries remains an open
esearch topic [49–52]. This is mainly due to the great number of
actors that contribute to PID, their interdependence and the variability
f process conditions and material properties.

The scope of this research is to experimentally investigate the
nfluence of stacking sequence, specimen thickness, tooling material
nd curing cycle on the spring-in angle of L-shape composite structures.
he aim is to identify the driving factors affecting PID and to enrich the

iterature in this field by studying these parameters on the EPIKOTE™
ystem 600 resin system with unidirectional (UD) and biaxial Non-
rimp Fabric (NCF) consisting of IMS65 fibres. To the best knowledge
f the authors, such an extensive experimental investigation on PID for
his material system does not exist in the literature and is presented
2

ere for the first time.
The motivation to study alternative to INVAR tooling materials
s to reduce manufacturing costs by replacing the INVAR alloy with
heaper tooling materials where possible. Steel tools are already used
o produce secondary structures in the aerospace industry but for the
ajority of the primary structures INVAR tooling is used. By evaluating

he effect of tool-part interaction in this material system, the authors
ish to facilitate the wider adoption of INVAR alternatives.

Another goal of the research is to further experimentally validate
he chemo-mechanical simulation framework for PID developed by
he authors and applied for the case of an aerospace composite test
rame [53]. This validation enables the extension of the simulation
ramework to a thermo-chemo-mechanical one, with the addition of a
eat transfer analysis prior to the mechanical analysis for the material
ystem under investigation. With the motivation to further increase
he accuracy of the simulation framework, tool-part interaction is also
ncluded in the simulation by employing a constant and cure dependent
oefficient of friction. This extended simulation framework is also
resented here for the first time and applied to predict the spring-in
ngle of the composite L-shape specimens.

A comparison between simulation results using a modified CHILE
nd viscoelastic material models, Eq. (1) and the experimentally mea-
ured spring-in angle of the specimens is presented. The aim is to
dentify a combination of the material model and boundary conditions
hich more efficiently predicts the shape of the manufactured part in

erms of accuracy and modelling effort.

. Experimental procedure

The L-shape composite structure that was studied in this research is
epicted in Fig. 1. The nominal included angle between the flanges of
he specimens is 90◦, the corner radius is 15 mm, the length of each
lange is 100 mm and the width of the specimens is 50 mm. Three tools
ere manufactured from INVAR, steel and aluminium alloy as depicted

n Fig. 2, to investigate the effect of the CTE of the tool material on the
ID of the specimens. To manufacture the tools, 6 mm thick plates were
aser cut, bent and welded to their nominal dimensions. The included
ngle of the tools manufactured, was measured using a Coordinate
easurement Machine (CMM) and found to be 90.24◦, 89.68◦ and

9.37◦ for the INVAR, steel and aluminium tool, respectively. The
roperties of the tooling materials are presented in Table 1.

Composite specimens were manufactured by vacuum assisted infu-
ion method (Fig. 3) using EPIKOTE™ System 600 resin system supplied
y Hexion [54]. A unidirectional (UD) and a biaxial (+45◦/−45◦) non-
rimp fabric (NCF), manufactured by Teijin Carbon, were used for
reating preforms. The areal weight of UD and biaxial NCF was 194
/m2 and 407 g/m2, respectively, including toughening veil (5 g/m2)
nd powder binder (7 g/m2). Both of the reinforcements consisted of
MS65 fibres supplied by Toho Tenax. The properties of the IMS65 fibre
ere found in literature [55] or, where not explicitly defined by the

upplier, were assumed to be equal to the properties of AS4 fibre [36].
he fibre properties used in this research are presented in Table 2.

The stacking sequences of the specimens manufactured are given
n Table 3 along with their abbreviation. Underscores in the stack-
ng sequence denote the use of NCF. Bending stiff (BS) and bending
ompliant (BC) laminates were chosen to be manufactured in addition
o representative skin (SK), frame (FR), stiffener (ST) and spar (SP)
aminates to examine the effect of laminate bending stiffness on spring-
n angle. Antisymmetric (AS) and heavily unbalanced (UB) laminates
ere also manufactured to examine the applicability of the developed
aterials models for these extreme cases. To increase the difference of

he bending stiffness of the specimens, 8, 16 and 24 plies specimens
ere manufactured. The subscripts of the laminate notations refer to

he equivalent total number of plies of each design.
Three specimens of each laminate design were manufactured using

he INVAR tool. Also, three specimens of the 𝐵𝑆16, 𝑆𝑃16 and 𝑆𝑇16
aminate designs were manufactured using each of the aluminium and
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Fig. 1. The L-shape composite specimens of the Bending Stiff 24 plies (𝐵𝑆24) laminate group studied (top). All the specimens manufactured (bottom).
Fig. 2. The three tools used to manufacture the specimens (From top to bottom: Steel,
Aluminium and INVAR).

Table 1
Material properties of the tools manufactured.

Physical property INVAR Steel Aluminium

CTE (𝐾−1) 6 E−07 1.2 E−05 2.34 E−05
E-Modulus (GPa) 140 207 70
Poisson coef. 0.29 0.30 0.35

steel tools. To manufacture the preforms, rectangular plies with a
length of 220 mm and width 70 mm were stamped in a press from the
fabric rolls with the use of a custom die. Two specimens were usually
placed side by side on a tool as shown in Fig. 3 and where possible,
placed in the oven with other tools that were to be subjected to the
same curing cycle. One peel ply fabric layer was used per moulding
on top of which the resin flow mesh was placed. The peel ply fabric
layer and the resin flow mesh had the same dimensions per bagging
set-up. Furthermore, the location of the resin injection and outlet hose
was approximately the same for every moulding.
3

Table 2
Material properties of the IMS65 carbon fibre.

Physical property Symbol Value Units Source

CTE 𝐶𝑇𝐸11 −1.00 E−07 [1∕◦C] Approximated
𝐶𝑇𝐸22 4.83 E−06 [1∕◦C] Approximated

Modulus
𝐸11 290 [GPa] Toho Tenax [55]
𝐸22 17.24 [GPa] AS4 fibre [36]
𝐺12 27.60 [GPa] AS4 fibre [36]

Poisson coef. 𝜈12 0.20 – AS4 fibre [36]
𝜈23 0.25 – AS4 fibre [36]

Density 𝜌𝑓 1780 [kg∕m3] Toho Tenax [55]

Table 3
The stacking sequences of the specimens manufactured.

Laminate Stacking sequence 0 (%) ±45 (%) 90 (%) t (mm)

𝐵𝑆8 [0∕90, 45∕ − 45]𝑠 25 50 25 1.62±0.06

𝐵𝐶8 [45∕ − 45, 90∕0]𝑠 25 50 25 1.60±0.05

𝐵𝑆16 [0∕90
2
, 45∕ − 45

2
]𝑠 25 50 25 3.08±0.08

𝐵𝐶16 [45∕ − 45
2
, 90∕0

2
]𝑠 25 50 25 3.07±0.09

𝑆𝐾16 [45∕ − 45
2
, 0∕90, 02]𝑠 38 50 13 3.04±0.07

𝐹𝑅16 [45∕ − 45, 0, 45∕ − 45, 0∕90, 45]𝑠 25 63 13 3.09±0.08

𝑆𝑇16 [45∕ − 45, 0∕90, 04]𝑠 63 25 13 3.04±0.08

𝑆𝑃16 [45∕ − 45
3
, 90∕0]𝑠 13 75 13 3.06±0.08

𝐴𝑆16 [0∕90
2
, 45∕ − 45

4
, 0∕90

2
] 25 50 25 3.12±0.11

𝑈𝐵16 [0∕90
2
, 454]𝑠 25 50 25 3.05±0.08

𝐵𝑆24 [0∕90
3
, 45∕ − 45

3
]𝑠 25 50 25 4.62±0.09

𝐵𝐶24 [45∕ − 45
3
, 90∕0

3
]𝑠 25 50 25 4.56±0.10

The specimens were manufactured using the Manufacturer Recom-
mended Curing Cycle (MRCC) depicted in Fig. 7 [54]. Four thermocou-
ples were used for monitoring the temperature during the cure cycle as
shown in Fig. 4. Two thermocouples were placed on the underside of
the tool at each flange near the tool corner, one in the bag and another
one on top of the vacuum bag at the L-shape corner to measure the air
temperature at this location.
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Fig. 3. Two specimens side by side under vacuum, prior to the resin infusion process. The tool enters the oven where it is preheated at 120 ◦C while the resin is simultaneously
preheated at 80 ◦C in a separate oven. When the respective temperatures have been reached the infusion takes place through the inlet tube (right) which enters the oven to the
tool and the outlet tube which exits the oven to the catch-pot (left).
Fig. 4. Thermocouple setup: Two thermocouples were placed on the underside of the
tool near the corner(bottom right, one in each flange), one thermocouple was placed
in the bag under the sealant tape (top left) and another one was placed on top of the
vacuum bag at the L-shape corner to measure air temperature at this location.

Prior to resin infusion, the assembly was preheated to 120 ◦C in
an oven. The resin was preheated in a separate oven to 80 ◦C in
order to achieve the manufacturer’s recommended resin viscosity of
approximately 280 𝑚𝑃𝑎×𝑠 [54]. When the assembly in the oven reaches
120 ◦C, the resin infusion starts, and the resin’s viscosity drops as it
enters the preform. During the infusion, a slight drop of the assembly
temperature is recorded by the thermocouple as depicted in Fig. 7
because the resin is cooler than the tool and preform. After the infusion
4

is finished and the assembly temperature again reaches 120 ◦C, a
heat-up phase follows to the curing temperature of 180 ◦C, where the
specimen is cured for two hours. When the curing process is over, the
oven is switched off and the assembly is left in the oven to cool down
to the room temperature. The heating and cool down rates are kept
below 2.5 ◦C∕min to avoid the development of significant temperature
gradients through the thickness of the parts.

In order to evaluate the effect of the curing cycle on PID of the
parts, the 𝐵𝑆8 and 𝐵𝐶8 laminate designs were also manufactured by
another curing cycle denoted hereafter as the ‘‘Fast’’ curing cycle. This
curing cycle differs from the MRCC as the two hours of 180 ◦C dwell
was substituted by a 15 min 195 ◦C dwell. The ‘‘Fast’’ curing cycle was
designed to produce approximately the same final degree of cure as the
MRCC.

After the curing process was finished the specimens were de-
moulded and visually inspected for manufacturing defects (dry spots,
delamination, fibre bridging etc.). Specimens with no visible defects
were then machined to their nominal dimensions by cutting approx-
imately 10 mm from each side with the use of a diamond wheel
saw.

After machining, the thickness of the manufactured specimens was
measured with a digital vernier caliper at 18 locations across the
flanges of each part and the average value of the measurements along
with the standard deviation of each laminate design is presented in
Table 3. The nominal thickness of the 8, 16 and 24 ply specimens
are 1.47 mm, 2.94 mm, and 4.42 mm, respectively, resulting from the
nominal thickness of the UD and biaxial NCF which is 0.184 mm and
0.368 mm respectively.

The geometry of the 16 and 24 plies specimens was measured with
the use of a CMM as depicted in Fig. 5. The outer surfaces of the
flanges were approximated with the use of 10 × 10 points for each
surface, equally spaced across the area of the flange. The measured
points on a flange surface were used to fit a plane, by employing a
Gaussian best fit algorithm, that represents the actual flange surface.
Finally, the included angle of the specimen was determined as the angle
between the normal vectors of the two fitted planes. The plane fitting
and measurement of the angles of the specimens was done with the
use of the GOM Inspect suite [56]. The geometry of 8 plies specimens
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Fig. 5. Measurement of process induced distortions of the 𝐵𝐶16 specimen 1 in the Coordinate Measuring Machine (left). Plane fit and calculation of spring-in angle (right).
Fig. 6. Measurement of process induced distortions of the 𝐵𝑆8 specimen 2 with the
Creaform 3D HandySCAN.

was scanned with the use of Creaform 3D HandySCAN instead of the
CMM as shown in Fig. 6. This was done because of the low bending
stiffness of the 8 plies specimens and the measurement error that the
fixture of the CMM may induce to the measurement of these parts. The
cloud of points obtained by the 3D scanner was used to follow the same
post-processing procedure as described above.

3. Material modelling

The material modelling effort focuses mainly on the evolution of
the resin properties during cure, since fibre properties change insignif-
icantly during the manufacturing process. Depending on the thickness
5

of the structure a chemo-mechanical or a sequentially coupled thermo-
chemo-mechanical analysis was implemented to model the change of
the material properties during the manufacturing process.

According to the work of Chen [28], a thickness threshold of 3 mm
was chosen after which a heat transfer analysis should be employed
prior to the spring-in analysis in order to identify temperature gradients
in the part that lead to significant property gradients affecting its
distortion. Parts with a thickness of less than 3 mm are considered to
have a homogeneous temperature field, an assumption made to reduce
computational cost.

The chemo-mechanical and thermo-chemical modules presented
thereafter can be used independently or can be coupled. Where a
sequentially coupled thermo-chemo-mechanical analysis is needed the
thermal analysis runs first and the temperature field at every time step
is mapped to the spring-in analysis as depicted in Fig. 8.

3.1. Thermo-chemical module

The scope of the thermo-chemical module developed is to calculate
the temperature field in the part at every time step. First, the resin
conductivity and specific heat capacity are calculated as a function of
temperature and degree of cure. The thermal properties of the fibre
are calculated as a function of temperature only. The instantaneous
fibre volume fraction is also calculated based on the resin chemical
contraction and thermal expansion as depicted in Fig. 9.

Then, the effective thermal properties of the lamina can be calcu-
lated with the use of the instantaneous thermal properties of the resin
and fibres, along with the resin exothermic heat reaction. Finally, this
information is given as input to the thermal constitutive equation to
calculate the temperature distribution of the time increment in the part
as shown in Fig. 9.

3.2. Chemo-mechanical module

The chemo-mechanical simulation module used in this work was
developed and presented in detail by the authors in [53]. The module
updates the stress tensor and Consistent Tangent Operator (CTO) at
the material integration points at every time increment of the curing
history. As shown in Fig. 10, the resin properties depend on the degree
of cure and temperature of the time increment.
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Fig. 7. The two curing cycles investigated: According to the Manufacturer Recommended Curing Cycle (blue curve) the part cures for 2 h at 180 ◦C. The Fast curing cycle
investigated (green curve) achieves the same result in terms of final degree of cure with a 15 min dwell at 195 ◦C. The evolution of the degree of cure of the two curing cycles
is a s-type curve and the red dots depict the gelation of the structure, which is the starting point of the spring-in simulation framework developed. The resin is infused in the
preform at 120 ◦C where a slight drop of the laminate temperature is observed. The temperature data of the curing cycles presented was obtained from the thermocouple placed
in the vacuum bag.
Fig. 8. Interaction between the thermal–chemical and mechanical modules. Blue colour indicates variable calculation, purple access of memory, orange call of the subroutines
developed and red use of pre and post processing software.
The first step in the calculation process is to calculate the degree of
cure at the current time increment. Then the resin material properties
such as the instantaneous glass transition temperature 𝑇𝑔 , 𝐸 and 𝐺
moduli and Poisson coefficient 𝜈𝑟 can be calculated. The instantaneous
thermal and chemical strains and fibre volume fraction coefficient are
calculated prior to the calculation of the effective material point’s
properties (homogenization step). The homogenization step refers to
the use of a micromechanics model to calculate the effective modulus
and expansion coefficients of the material point usually by assuming
orthotropic or transversely orthotropic material behaviour [53].

Following the homogenization step, the stiffness matrices can be
assembled along with the calculation of the strains at the material
6

points. Finally, this information is supplied as input to the constitutive
equation of the material model employed, in order to update the stress
tensor and CTO of the time increment for the next iteration to proceed.
All material model and constitutive equations used by the chemo-
mechanical module and those jointly used by the thermo-chemical
module (cure kinetic model, glass transition temperature, resin CTE
etc.) are not presented here and can be found in [53].

3.3. Cure and temperature dependent material properties

3.3.1. Resin conductivity
The resin conductivity, 𝑘𝑟, was approximated as a weighted sum of

the fraction of the values of the liquid and fully cured state as given
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Fig. 9. Thermo-chemical module. Blue colour indicates variable calculation, purple access of memory, orange start/finish of the calculation process.
Fig. 10. Chemo-mechanical module. Blue colour indicates variable calculation, purple access of memory, orange start/finish of the calculation process. The calculation of the
combined shift factor 𝑎𝑇𝑥 (green box) is employed only by the viscoelastic material model [53].
in Eq. (2). In the absence of specific material data of the resin under
investigation, the material constants of the EPON 862/EPIKURE 3300
epoxy system are used [28].

𝑘 = 0.148(1 − 𝛼) + 𝑘 𝛼 (2)
7

𝑟 𝑟1
where 𝑘𝑟1 is the conductivity of the fully cured resin defined as:

𝑘𝑟1 = 6.097 ∗ 10−4𝑇 + 0.0236 (3)

In Eq. (2),(3) 𝛼 is the degree of cure and 𝑇 is the temperature of the
increment.
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Table 4
Degrees of freedom constrained per boundary condition type. The nodes
numbering refer to Fig. 11.

BC type Nodes DOFs constrained

Freestanding
Node 1 x
Node 2 x, y
Node 3 x, y, z

Fixed All FE nodes x, y, z

3.3.2. Resin specific heat capacity
The specific heat capacity of the resin was determined with DSC and

was approximated according to Eq. (4) and (5) [57,58]:

𝑐𝑝𝑟 = 𝑐𝑝𝑟𝑢𝑏 +
𝑐𝑝𝑔 − 𝑐𝑝𝑟𝑢𝑏

1 + 𝑒𝑘𝑓𝑎𝑐 (𝑇 ∗−𝐷𝑇𝐶 )
(4)

here
𝑐𝑝𝑔 = (1 − 𝛼)𝑐𝑝𝑔0 + 𝛼𝑐𝑝𝑔∞
𝑐𝑝𝑔0 = 𝑠𝑔0𝑇 + 𝑐𝑔0

𝑝𝑔∞
= 𝑠𝑔∞𝑇 + 𝑐𝑔∞

𝑐𝑝𝑟𝑢𝑏 = (1 − 𝛼)𝑐𝑝𝑟0 + 𝛼𝑐𝑝𝑟∞
𝑐𝑝𝑟0 = 𝑠𝑟0𝑇 + 𝑐𝑟0
𝑐𝑝𝑟∞ = 𝑠𝑟∞𝑇 + 𝑐𝑟∞

(5)

here 𝑠𝑟0 , 𝑠𝑟∞ , 𝑠𝑔0 , 𝑠𝑔∞ , 𝑐𝑟0 , 𝑐𝑟∞ , 𝑐𝑔0 , 𝑐𝑔∞ , 𝑘𝑓𝑎𝑐 , 𝐷𝑇𝐶 are material constants,
nd 𝑇 ∗ = 𝑇−𝑇𝑔 , where 𝑇𝑔 is the glass transition temperature of the time
ncrement [53].

.3.3. Fibre conductivity
The conductivity of the fibre (Eq. (6)) is a function of temperature

nd was assumed to be the same as that of AS4 fibre [36]:

11𝑓 = 7.7 + 1.56 ∗ 10−2𝑇

22𝑓 = 2.4 + 5.07 ∗ 10−3𝑇
(6)

.3.4. Fibre specific heat capacity
The specific heat capacity of the fibre is a function of temperature

Eq. (7)) and was assumed to be the same as that of AS4 fibre [36].

𝑝𝑓 = 750 + 2.05𝑇 (7)

.4. Thermal micromechanics model

After the calculation of the instantaneous properties of the resin and
he fibre the next step in the material modelling process is to calculate
he effective lamina thermal properties by employing micromechanics
odels.

• Resin instantaneous density
The resin instantaneous density is calculated according to Eq. (8)
based on the resin’s specific volume change due to thermal and
chemical strains:

𝜌𝑜𝑟 =
𝜌0𝑟

1.0 + 𝑉 𝑇
𝑟 − 𝑉 𝐶

𝑟
(8)

where 𝜌0𝑟 = 1.15 g∕cm3 is the resin density at 25 ◦C and 𝛼 = 0 [54].
𝑉 𝑇
𝑟 and 𝑉 𝐶

𝑟 are the resin specific volume change due to thermal
and chemical strain respectively [53].

• Lamina density
The density of the lamina is calculated using the rule of mixtures
(Eq. (9)) [36]:

𝜌𝑐 = 𝜌𝑓𝑉
𝑜
𝑓 + 𝜌𝑜𝑟(1 − 𝑉 𝑜

𝑓 ) (9)
𝑜
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where 𝑉𝑓 is the instantaneous fibre volume fraction [53].
• Lamina effective specific heat capacity
The effective specific heat capacity of the lamina is calculated
according to (Eq. (10)) [36]:

𝑐𝑝𝑐 =
𝑐𝑝𝑓 𝜌𝑓𝑉

𝑜
𝑓 + 𝑐𝑝𝑟𝜌

𝑜
𝑟 (1 − 𝑉 𝑜

𝑓 )

𝜌𝑐
(10)

• Lamina effective conductivity
The lamina longitudinal conductivity 𝑘11𝑐 is determined using the
rule of mixtures. The transverse conductivity 𝑘22𝑐 is calculated ac-
cording to the Extended Concentric Cylinder Assemblage (ECCA)
model (Eq. (11)) [28]:

𝑘11𝑐 = 𝑘11𝑓 𝑉
𝑜
𝑓 + 𝑘𝑟(1 − 𝑉 𝑜

𝑓 )

𝑘22𝑐 =
(1 + 𝑉 𝑜

𝑓 )𝑘22𝑓 + (1 − 𝑉 𝑜
𝑓 )𝑘𝑟

(1 − 𝑉 𝑜
𝑓 )𝑘22𝑓 + (1 + 𝑉 𝑜

𝑓 )𝑘𝑟
𝑘𝑟

(11)

.5. Thermal constitutive equation

The Fourier’s law constitutive equation (Eq. (12)) is the governing
quation for the heat transfer model:

𝑐𝑐𝑝𝑐
𝜕𝑇
𝜕𝑡

= ∇ ⋅ (𝒌𝒄 ⋅ ∇𝑇 ) + 𝑄̇ (12)

where 𝒌𝒄 is the conductivity tensor of the composite and 𝑄̇ is the
exothermic heat reaction of the resin (Eq. (13))

𝑄̇ = 𝜌𝑜𝑟 (1 − 𝑉 𝑜
𝑓 )𝐻𝑟𝛼̇ (13)

In Eq. (13), 𝐻𝑟 is the resin heat of reaction and 𝛼̇ is the curing
rate [53].

3.6. Boundary conditions

3.6.1. Mechanical boundary conditions
Regarding mechanical boundary conditions, freestanding and fixed

boundary conditions were investigated. A more physically represen-
tative tool-part interaction approach was also employed to assess its
ability to accurately predict the deformed shape of the part. Freestand-
ing boundary condition implies that three nodes are used to suppress
rigid body motion of the part during all simulation steps as shown in
Fig. 11 and Table 4. On the other hand, the fixed mechanical boundary
condition implies that all the translational Degrees of Freedom (DOFs)
of all nodes of the mesh are set to zero displacement until the cool
down step is over. Then, a demoulding step is added to the simulation
in which the fixed mechanical boundary condition is deactivated and
three nodes as shown in Fig. 11 are used to suppress rigid body motion
of the part. At this step the internal stresses of the part are released and
the part deforms.

The effect of tool-part interaction was also evaluated by modelling
the tool and using Coulomb’s friction approach to model the stick/slip
behaviour and transfer of shear forces at the interfaces. For the tan-
gential directions an isotropic Coefficient of Friction (CoF) was used
with a shear stress limit of 𝜏𝑚𝑎𝑥 = 0.14 MPa after which sliding of
the interfaces occurs [5]. Both fixed and cure-dependent CoF in the
tangential direction were examined. A typical value for the fixed CoF
for modelling the tool-part interaction is 𝜇𝑓𝑖𝑥𝑒𝑑 = 0.3 [5,14].

However, the CoF during the curing process is not constant but
depends on the state of material during the curing cycle [17]. To
accurately model the evolution of the CoF during the cure, an exper-
imental investigation such as those presented in [59–61] should be
performed prior to the tool-part interaction modelling to determine the
shear stress limit after which sliding occurs. Also, an analytical formula
can be experimentally determined, which describes the evolution of
CoF of the material system as a function of temperature or degree of
cure of the curing cycle. This is a time consuming and costly process
and usually this approach is not followed. Therefore here, the linear
function Eq. (14) derived from the work of Zeng [17] is adopted,
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Fig. 11. The three nodes used to suppress rigid body motion of an 8-ply specimen at the freestanding boundary condition.
to describe the evolution of the CoF, 𝜇(𝛼), from the gelation of the
structure to cool down. The degree of cure was calculated at every time
step of the simulation and was used as input to the contact algorithm
in the form of User Defined Field in ABAQUS.

𝜇(𝛼) = 1.05𝛼 − 0.53 (14)

A hard contact was employed in the normal direction of the tool-
part interfaces to prevent the parts penetrating each other. At the faces
of the composite part in contact with the vacuum bag a pressure field
was applied equal to atmospheric pressure. Finally, three nodes are
used to suppress rigid body motion of the tool during the curing cycle,
similar to those shown in Fig. 11 for the composite part.

3.6.2. Thermal boundary conditions
The tool and the composite part inside the oven are both heated

or cooled through convection of the air. The convective boundary
condition can be formulated as:

(𝒌𝒄 ⋅ ∇𝑇 ) ⋅ ⃖⃗𝒏 = ℎ(𝑇𝑠 − 𝑇∞) (15)

where ⃖⃗𝒏 is the unit vector normal to the surface, ℎ is the heat transfer
coefficient, 𝑇𝑠 is the surface temperature of the part and 𝑇∞ is the oven
air temperature.

The heat transfer coefficient ℎ in the oven is a function of oven
free stream temperature, air pressure and velocity, turbulence of air,
positioning and orientation of the assembly in the oven [17,36]. To
determine the heat transfer coefficient ℎ in the oven Computational
Fluid Dynamics (CFD) simulation, empirical models or measurements
are typically performed [17].

In the thermo-chemical analysis employed in this study a heat
transfer coefficient was used to simulate the heat flow from the vacuum
bag to the composite part at the faces of the part in contact with the
bagging set-up (peel ply, resin flow mesh, vacuum bag) and another
one to simulate the heat flow to the composite part from the tool
surface. To avoid costly CFD simulations or indirect measurements of
the heat transfer coefficients, the values used in the simulations were
approximated. As input to the simulations, values of the heat transfer
coefficients as measured by Premium AEROTEC GmbH in one of their
ovens, for manufacturing U-shaped composite aerospace frames on an
INVAR tool were used. The bagging materials (vacuum bag, resin flow
mesh, peel ply fabric) used in this study are similar to the bagging set
up of the measurement. Even though identical conditions cannot be
replicated as the oven and geometry of tools differ, it was assumed in
this study that ℎ𝑏𝑎𝑔 = 8 𝑊

𝑚2𝐾
represents the heat flow from the bag to

the composite part and ℎ𝑚𝑜𝑢𝑙𝑑 = 17 𝑊
𝑚2𝐾

the heat flow from the tool to
the part. The oven air temperature 𝑇∞ is set equal to the temperature
recorded by the thermocouple placed on top of the vacuum bag.
9

4. Numerical implementation

The material modelling presented in Section 3 was implemented in
ABAQUS with the use of customized User Material Subroutines (UMAT
and UMATHT).

In the case of the 8 and 16 ply specimens a chemo-mechanical
simulation approach was implemented to calculate the distortion of
the parts, since the thickness of the specimens is less than or close
to 3 mm (Table 3). Consequently, the temperature used as input in
these simulations is assumed to be homogeneous and identical to
the temperature measured by the thermocouple placed in the bag
(Fig. 7). Even though this assumption is not strictly valid, the slow
heating and cooling rates suggested by the MRCC contribute to a nearly
homogeneous temperature field across the part.

The starting point of the chemo-mechanical simulation is the gela-
tion of the resin as depicted with the red dot in Fig. 7. Stresses built
up earlier in the curing cycle are assumed to contribute insignificantly
to the process induced distortion of the specimens. The curing history
was divided into three steps from the gelation of the resin, one to
simulate the heating step to the curing temperature, another step of
the isothermal hold of the structure at 180 ◦C and a third one for the
cool down of the structure to room temperature.

In the case of the 24 ply specimens, a themo-chemo-mechanical sim-
ulation approach was considered as the thickness of the parts is above
3 mm (Table 3) in order to identify temperature gradients in the part
that lead to significant property gradients affecting its distortion. The
thermo-chemical analysis depicted in Fig. 9 run first and the resulting
temperature field was mapped at each time step to the mechanical
analysis for the calculation of the distortion of the structure as depicted
in Fig. 8.

Finally, to simulate the machining operations after demoulding
the Model Change functionality of ABAQUS was used in a separate
simulation step. In this step a number of elements were subtracted from
the mesh of the L-shape specimen representing the area of the specimen
which is going to be trimmed (10 mm from each side of the part).

After the FEA analysis is run the deformed mesh of the part is
imported into the GOM Inspect suite. Then, the same process as the one
followed for the calculation of the spring-in angle of the manufactured
specimens was followed i.e. Gaussian best fit of planes to the flanges of
the part and calculation of the spring-in angle based on the angle that
the normal vectors of the two planes create.

4.1. Meshing

Fig. 12 shows the finite element mesh for the 8 plies, 16 plies tool-
part interaction and 24 plies specimens that was used to simulate the
process induced distortion of the L-shape structures. The mesh in the
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Fig. 12. The finite element mesh used to model the L-shape structures. Each composite ply is modelled with one element in its thickness direction. From left to right, the 8 plies,
16 plies tool-part interaction and 24 plies mesh.
Fig. 13. The Young’s modulus development of the resin from the gelation to demoulding the structure, according to the CHILE and the viscoelastic material characterisation for
the MRCC and Fast curing cycle.
chemo-mechanical analysis consists of C3D8I solid elements, which
have incompatible modes to improve their bending behaviour [62].
Each ply is modelled with the use of one element in the thickness
direction with the use of three integration points. An element length
of approximately 5 mm was chosen in the longitudinal and transverse
direction. The corner of the L-shaped structure was discretised using
half the element length in the longitudinal direction as the one used
for the flanges (2.5 mm). The angle of the L-shape parts simulated was
exactly 90◦.

The biaxial NCF was modelled as two UD plies at the respective
orientations by ignoring the stitching of the fabric. Consequently, the
total number of integration points of a specimen consisting of UD and
NCF in the thickness direction is equal to the number of the resulting
plies multiplied by three.

The number of elements used for the 8, 16 and 24 plies specimens
is 5264, 10,304 and 15,792, respectively. In the tool-part interaction
simulation, the tool was modelled with fewer elements compare to the
L-shape specimen as shown in Fig. 12.

The mesh in the thermal analysis consists of DC3D8 elements which
is an 8-node linear heat transfer brick element. Each ply is modelled
with the use of one element in the thickness direction and the element
size was equal to the one selected for the chemo-mechanical analysis in
order to facilitate the mapping process of the temperature field to the
spring-in analysis. To account for the ply orientation, the orientation of
the elements belonging to a ply was modified accordingly.
10
5. Results and discussion

The evolution of the degree of cure 𝛼 of the resin for the MRCC
and ‘‘Fast’’ curing cycles is presented in Fig. 7. It can be seen that the
gelation of the structure is reached earlier compared to the MRCC and
the final degree of cure is approximately the same for the two curing
cycles and equal to 𝛼𝑀𝑅𝐶𝐶 = 0.926 and 𝛼𝐹𝑎𝑠𝑡 = 0.934, respectively.

Fig. 13 shows the evolution of the Young’s modulus of the resin,
according to the CHILE and the viscoelastic material characterisation
for the two curing cycles investigated. The ‘‘Fast’’ curing cycle produces
a part with higher modulus compare to the MRCC which can be
attributed to the slightly higher final degree of cure that the part
attains and the earlier gelation of the structure as depicted in Fig. 7.
Furthermore, the instantaneous modulus predicted by the viscoelastic
model is lower compared to the CHILE model for both curing cycles
investigated which is due to different modelling approaches used. In the
case of the CHILE model a modified CHILE equation was fitted to DMA
data whereas in the linear viscoelastic model a number of Maxwell
elements were fitted to DMA data [53].

Fig. 15,16,17 and Fig. 18 depict a comparison between experimental
results (specimen 1,2 and 3) and the predicted spring-in angle with use
of Eq. (1) and the modified CHILE and viscoelastic material model in
relation to the three boundary conditions investigated (freestanding,
fixed and tool-part interaction). The tables in Appendix contain the
data presented in the figures and the average spring-in angle of the
specimens measured with its standard deviation. The results refer to
the spring-in angle of the specimens in degrees after demoulding.
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Fig. 14. Distortion field of the first ply of the 𝐵𝑆16 group along the 𝑥-axis in mm as predicted by the CHILE (left) and viscoelastic (right) model with the use of the freestanding
BC after the trimming step. The distortion field is multiplied by a factor of five and the undeformed shape of the part is shown with the black mesh lines.
Fig. 15. Experimentally measured (specimen 1–3) and predicted spring-in angle of the 8 plies specimens manufactured.
The 8 plies specimens (Fig. 15 and Table A.1) were manufactured
with the MRCC and ‘‘Fast’’ curing cycle from the INVAR tool and
were measured with the 3D scanner. All 16 plies parts (Fig. 16 and
Table A.2) were manufactured with the INVAR tool and MRCC. The
parts presented in Fig. 17 and Table A.3 were also manufactured from
the steel and aluminium tools. Finally, the 24 plies specimens (Fig. 18
and Table A.4) were manufactured with the INVAR tool and MRCC. All
16 and 24 ply specimens were measured with the CMM.

The distortion field of the first ply (from the tool side) of the 𝐵𝑆16
laminate design along the 𝑥-axis after the trimming step, as predicted
by the modified CHILE and viscoelastic model with the use of the
freestanding BC is depicted in Fig. 14. The distortion field is scaled by a
factor of five in order for the distortions to be visible. The undeformed
shape of the part is shown with the black mesh lines in the background.
The distortion field for this laminate group is uniform and there is no
11
significant twist or warpage of the part, as expected since its laminate
design is symmetric, balanced and quasi-isotropic. From the simulation
it was also found that the trimming process releases residual stresses
and the part springs back to its nominal shape to some extent.

5.1. Effect of the tool material

From the experiments it was found that the material of the tool has
a significant effect on the spring-in angle of the parts. The parts manu-
factured from the INVAR tool experience on average less deformation
compared to the parts manufactured from the steel or aluminium tools.
This phenomenon was also observed by [16]. The specimens manufac-
tured from the aluminium tool have a higher average spring-in angle
compared to the parts manufactured from the steel tool (Table A.3).
However, the standard deviation of the spring-in angle of the parts
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Fig. 16. Experimentally measured (specimen 1–3) and predicted spring-in angle of the 16 plies specimens manufactured with the INVAR tool and MRCC.
made from the steel and aluminium tool overlap. Consequently, a solid
conclusion about which tool produces less distortion cannot be made
even though that the CTE of the aluminium tool is significantly higher
that the CTE of the steel tool (Table 1). We postulate that the steel
and aluminium tools produce similar spring-in angles for the 𝐵𝑆16,
𝑆𝑇16 and the 𝑆𝑃16 laminate designs due tool geometric and material
non-linearities induced to the tools from the welding of the supporting
substructure with the bended plate. These non-linearities exist also in
the INVAR tool, however they do not affect significantly the spring-in
angle of the part due to the very low CTE of the INVAR tool (Table 1).
Due to this fact the INVAR alloy is the preferred choice by the industry
to manufacture tools that produce parts of high dimensional accuracy.

5.2. Effect of the laminate design

The effect of the laminate design and thickness on the spring-in
angle of the parts is investigated in relation to their bending stiffness
𝐷11 as these factors are coupled. Fig. 19 depicts the spring-in angle
of the laminates, manufactured with the INVAR tool and MRCC, in
relation to the bending stiffness 𝐷11. As depicted in Fig. 19 the 24
plies laminates which have the highest 𝐷11 value experience the least
average spring-in (below 1◦) compared to the 8 and 16 plies laminates.
The average spring-in of the 16 plies laminates (the group of laminates
depicted in the middle of Fig. 19) is in the range of 1◦ to 1.3◦ which
is below the 8 plies group if 𝐵𝐶8 is ignored, as due to its very low
bending stiffness there is a large scatter of measurement data. Because
the standard deviation of the laminates overlap in many cases (Ta-
bles A.1,A.2,A.4) only the qualitative conclusion can be made that the
spring-in angle on the parts reduces as the bending stiffness 𝐷11 of the
laminate increases which is also observed by other researchers [8,63].
Moreover, it is observed that as the bending stiffness 𝐷11 increases, the
standard deviation of the measured spring-in angles reduces, indicating
12
that the laminate is less sensitive to manufacturing process or material
variabilities.

Furthermore, as expected the anti-symmetric (AS) and heavily un-
balanced (UB) laminates experience in addition to spring-in significant
warpage or twist. Therefore, it is recommended to design symmetric
and balanced laminates to avoid the coupling of the bending and
twisting distortions of the laminate. Moreover, Eq. (1) cannot take into
account the effect of thickness on the predicted spring-in angle of the
part. It predicts the same spring-in angle for the bending stiff and
compliant laminates (BS and BC) irrespective of the number of plies
as depicted in Table A.1,A.2,A.4.

5.3. Effect of the curing cycle

The curing cycle proved to have a small effect on the spring-in angle
of the parts for the two laminate designs (𝐵𝑆8, 𝐵𝐶8) also manufactured
with the ‘‘Fast’’ curing cycle. The 𝐵𝑆8 laminate design manufactured
with the ‘‘Fast’’ curing cycle has a lower average spring-in value com-
pared to the group manufactured with the MRCC (Table A.1). However,
when excluding specimen 1 of the 𝐵𝑆8 group manufactured with the
MRCC, which has significantly higher spring-in value compared to
specimen 2 and 3, as depicted in Fig. 15 (the reason for this large
deviation is not clear to the researchers), the average spring-in value
of the MRCC group is lower compared to the ‘‘Fast’’ curing cycle
(1.23◦ vs. 1.27◦) and the standard deviations of the two groups do not
overlap. Furthermore, both material models for the majority of the BCs
investigated and Eq. (1) predict slightly higher spring-in angle for the
‘‘Fast’’ curing cycle compared to the MRCC (Table A.1). Therefore, it
can be concluded that the ‘‘Fast’’ curing cycle which has an elevated
curing temperature compared to the MRCC (195 ◦C vs. 180 ◦C) induces
higher spring-in angle to the parts. This is expected when considering
Eq. (1) and its dependence on 𝛥𝑇 , as a greater difference of the curing
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Fig. 17. Experimentally measured (specimen 1–3) and predicted spring-in angle of the 16 plies specimens manufactured with the INVAR, steel and aluminium tools.
Fig. 18. Experimentally measured (specimen 1–3) and predicted spring-in angle of the 24 plies specimens manufactured.
temperature to room temperature will increase the induced spring-in
angle (as 𝐶𝑇𝐸 is small). However, further experimental validation is
13

𝑇

needed for this case as the 𝐵𝐶8 group suffers from a large scatter of
the measurement data (which is believed to be due to its low bending
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Fig. 19. Spring-in angle of the parts, manufactured with the INVAR tool and MRCC, in relation to their bending stiffness 𝐷11.
stiffness that makes it prone to the bending and shear forces of the
machining and handing operations) and a solid conclusion cannot be
made even though the 𝐵𝐶8 group manufactured with the ‘‘Fast’’ curing
cycle has also slightly higher average spring-in value compared to the
group manufactured from MRCC.

Moreover, by employing a heat transfer analysis prior to the spring-
in analysis it was found for the 24 plies laminates that the non-uniform
temperature field mapped to the spring-in analysis (Fig. 8) increases
the agreement of the predicted spring-in angle in the range of 0.04◦

to 0.08◦ compared to the assumption of a homogeneous temperature
field across the part. The greatest difference of temperature across the
part predicted by the heat transfer analysis for the MRCC is below 1 ◦C,
which is expected due to low heating and cool down rates of the MRCC.
However, the impact of employing a heat transfer analysis prior to
the spring-in analysis would be greater for thicker parts (spar, wing
root etc.) where the exothermic heat reaction generated by the resin
is significant and for parts manufactured by curing cycles with high
heating and cool down rates (> 3 ◦C).

5.4. Effect of the boundary conditions

Regarding the ability of the various boundary conditions to predict
the deformed shape of the part, it was found for the modified CHILE
model, that the agreement of the tool-part interaction simulation to
the average spring-in angle is the best for half of the cases presented
in Tables A.1,A.2,A.4 while for the rest cases the fixed BC has the
best agreement to the experimental data. The freestanding BC proved
to overestimate the spring-in angle of all the parts with the use of
the CHILE material model. Concerning the viscoelastic material model
each of the fixed BC and tool-part interaction simulation predict more
accurately the average spring-in angle of 5 out of 14 cases investigated,
while for the rest four cases the freestanding BC is the most accurate
one.

Furthermore, for most of the cases the values for the tool-part
interaction prediction lie between the fixed and freestanding BC cases.
The fixed BC can be regarded as the case where the part is totally con-
strained by the tool which does not change its dimensions during the
cycle. Therefore, the minimum spring-in should be expected from this
14
case. On the contrary at the freestanding BC the part can expand and
contract freely and this case accounts for the upper limit of the expected
distortions. This was also observed by Svanberg, who concluded that
the most accurate BC to be employed is the tool-part simulation [23].
Moreover, it was found that the dependence of the CoF on degree of
cure does not affect the simulation results. A number of cases were also
run having a fixed CoF 𝜇 = 0.3 and the results were almost identical to
the tool-part simulations employing Eq. (14). Thus, it can be assumed
that the CoF is constant during the analysis without reducing simulation
accuracy [5,14].

However, as depicted in Fig. 17 and Table A.3 the tool part-
simulation employed here cannot capture the effect of the tool material
on spring-in sufficiently for the case of the steel and aluminium tool. It
is believed, this is due to the geometric and material non-linearities of
the tools which could not be included in the modelling.

5.5. Effect of the material models

Comparing the two material models for a given laminate design
regarding their ability to predict the deformed shape of the part, the
viscoelastic model is the most accurate as with the right combination
of BC its prediction is closer to the average spring-in angle measured
for most of the cases studied (12 out of 14). Regardless of the laminate
design the viscoelastic model is the most accurate material model when
the freestanding BC (in all cases studied) and the tool-part interaction
(9 out of 14) is employed. When the fixed BC is used, the modified
CHILE material model performs equally well with the viscoelastic in the
sense that it can predict more accurately half of the cases investigated.
Overall it can be stated, that the modified CHILE material model
overestimates the spring-in angle in the majority of the cases studied,
which is in agreement with the work presented in the literature [41,64].

As depicted in Figs. 15,16,17 and Fig. 18 the viscoelastic material
model predicts a lower spring-in angle compared to the modified
CHILE material model for the same boundary conditions. This can be
attributed to the difference in the instantaneous modulus of the two
material models as presented in Fig. 13 and to the inability of the CHILE
material model to account for the time dependent factors, such as stress
relaxation, that affect the distortion of the parts from gelation of the

structure to cool down.
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However, the computational time required by the viscoelastic mate-
rial model is approximately 2.5 times greater than the CHILE material
model mainly because of the large number of small time increments
required to complete the simulations. In addition, the computational
time is increased by the increased number of state variables that have
to be read from the memory, updated by the material constitutive
equation and stored back in memory at every time increment [53].

Furthermore, it was found that the result of Eq. (1) overestimate
the average spring-in angle for most of the cases investigated and its
result is close to the prediction of the modified CHILE material model
with the use of the freestanding BC. This is expected as Eq. (1) cannot
take into account the effect of extrinsic parameters on PID [34] as also
observed by Svanberg [23].

5.6. Potential sources of error

The deviation of the simulation results from the experimental mea-
surements can be attributed to a number of factors relevant to the
modelling assumptions and to the experimental process performed.

5.6.1. Modelling assumptions
Starting from the modelling assumptions, the simulation framework

developed was applied from the gelation of the structure. Therefore,
fabric compaction, permeability and resin flow were not considered in
the modelling approach. This leads to the assumption of homogeneous
fibre volume fraction and void content in the part during the cure.
However, the distribution of the resin in the part at the end of the
infusion process is inhomogeneous to some extent depending among
other factors on the local part radius, stacking sequence, positioning of
the resin flow medium across the part, fibre bridging, wrinkling and
reorientation etc. [65]. These factors cause resin rich and resin starved
areas resulting in property gradients in the consolidated laminate af-
fecting process induced distortions and residual stresses. While the
assumption of stress-free laminate having homogeneous fibre volume
fraction before the gelation of the structure (𝛼 = 0.66) reduces the
omplexity of the simulation making it also faster to run, it also
educes its accuracy as a small amount of residual stresses might also
e developed before that point, slightly affecting the distortion of the
tructure.

In the absence of specific material data at the application of the
imulation framework material constants published in the literature
ere used. The Poisson’s coefficients, the shear modulus and transverse
odulus of AS4 fibre were used as shown in Table 2. This might impair

he accuracy of the simulation and be responsible for some of the
iscrepancy between the calculations and the experiment, the exact
agnitude of which is not known.

Also, to calculate the conductivity of the EPIKOTE™ System 600 at
very time increment the material constants of the EPON 862/EPIKURE
300 epoxy system were used. The two resin systems should have
pproximately the same conductivity in the liquid state. However, the
onductivity of the two systems increasingly deviates as the degree
f cure increases due to the difference in the crosslinking of the two
ystems, which is represented by the different recommended cure cycles
f the two systems (2 hours at 180◦C for the EPIKOTE™ System 600,

90 min at 82◦C + 90 min at 150◦C for the EPON 862/EPIKURE 3300
poxy system). In addition, the material constants of the conductivity
nd specific heat capacity of AS4 fibre were used.

Nevertheless, the effect of using these material constants in the
eat transfer simulation is considered to be small. As was observed
n the experiment and in the simulation the difference in the spring-
n angle of the specimens manufactured with the MRCC and ‘‘Fast’’
uring cycle is small, despite the fact that these curing cycles were
ubstantially different. Consequently, we postulate that a difference in
he conductivity would result in a temperature field difference in the
art which would not substantially affect the spring-in angle of the
15

pecimens. c
Moreover, for the 8 and 16 plies specimens, a homogeneous tem-
erature field was considered across the parts due to the small wall
hickness of the specimens and the low heating and cool down rates.
owever, small temperature gradients exist in the structure due to the
ositioning of the tool in the oven and the exothermic heat reaction
f the resin, resulting in property gradients which affect the distortion
f the structure. For the 24 ply specimens even though a heat transfer
nalysis was performed prior to the spring-in analysis the heat transfer
oefficient was approximated and not measured or calculated.

Furthermore, the viscoelastic model was based on the assump-
ion of thermo-rheological simplicity, which is considered by Simon
t al. [66] a good approximation for modelling the evolution of vis-
oelastic properties after the gelation of the structure. This implies that
he retardation spectrum is assumed to not vary with temperature or
egree of cure but is simply shifted along the time axis. Plazek et al.
uggest this is valid for the time–temperature superposition, but it is
ot strictly valid for the time-cure superposition [67]. However, con-
ideration of thermo-rheologically complex material behaviour would
equire further material characterisation.

In addition, all simulations were run from the nominal geometry
having an angle of 90◦) so the distortion of the tools is not included.

This may induce some error to simulation results as different geome-
tries produce different amounts of spring-in, known as non-linearity
in the tool compensation process [68]. Finally, the biaxial NCF was
modelled as two UD plies, neglecting the effect of stitching of the fabric
and bundle-bundle nesting effects.

5.6.2. Experimental uncertainties
Regarding the experimental factors or uncertainties that affect the

parts produced, it was found that the steel and aluminium tools did not
have the same included angle along their length. More specifically, by
splitting the tool surface in half and fitting two planes to the surface
instead of one a difference in the included angle of 0.14◦ was found
or the steels and aluminium tools. In other words, if a part was
anufactured on the right side of the aluminium tool would have a
ifference of 0.14◦ compared to the same part manufactured on the
eft side under the same conditions. Unfortunately, this was not known
uring the experiment and is not able to trace back the error to the
espective specimens.

Moreover, even though the plies were cut in the press from the
arbon fabric roll with the use of a custom made die, which ensured the
ccurate dimensions of the patches, the stacking sequence of the parts
as manufactured manually on the tools without any laser projection
ethod. This may lead to fibre reorientation during the handing and

agging operations affecting the induced distortions.
From the experiment, corner thickening of the specimens was also

bserved. The average value of the corner thickness for each laminate
esign is presented in Table A.5 and in some cases the corner is more
han 1 mm thicker than average thickness of the flanges of the parts.
his was not taken into account in the simulation. However, its effect
n the induced distortion of the part is thought to be small [23]. In
ddition as depicted in Table 3 the average thickness of the flanges
f the specimens is greater than their nominal value (approximately
0.14 mm, +0.13 mm and +0.17 mm for the 8, 16 and 24 ply

pecimens respectively). This might be due to material variability as
ell as not perfect fibre compaction and was not taken into account in

he modelling.
Also, the temperature profile depicted in Fig. 7 could not be repli-

ated in every manufacturing run. The infusion and dwell times as well
s heating and cool down rates differ at each case, depending on the
osition of the tool in the oven, the number of the tools in the oven
nd setting of the oven (speed of ventilation fan etc.). Nevertheless, it
as attempted to keep heating and cool down rates below 2.5◦ C∕min
nd let the parts cure for a least 2 h at MRCC. The difference between
he temperature profiles that the tools experience under the same

uring cycle is more evident when the aluminium tool is placed in the
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oven along with the steel and INVAR tool. Due to its reduced thermal
mass compared to the other tools, the parts from the aluminium tool
reach the curing temperature sooner and are thus kept at the curing
temperature longer until the two hour cycle is completed for the other
slowest parts in the oven. This may lead to a higher final degree of cure
at the end of the cycle compared to the parts made from steel or INVAR
tools.

Furthermore, the fixture of the parts to the CMM (Fig. 5) could
potentially induce error to the measurement of their spring-in angle.
This is the reason why the eight ply specimens was chosen not to be
measured in the CMM. With the use of the 3D scanner this error can
be avoided, as it is a contact-less measurement method, however the
accuracy of the 3D scanner used in the experiment was 0.2 mm.

In addition to the above presented factors, the data reduction
method used to calculate the spring-in angle of the parts both for the
experiment and simulation (Gaussian best fit of planes to the CMM,
3D scanner or distorted mesh data) is a potential source of error. This
method is less efficient as the twist or warpage of the part increases
as in the case of the 𝐴𝑆16 laminate because the average deviation of
plane to the data increases. In those cases it is recommended that more
than one plane should be fitted to the surface to reduce the deviation.
Consequently, those parts should be described by more than one spring-
in angle along their length or an alternative twist factor. Especially
for parts that do not contain angled sections a completely different
approach might be necessary to characterize the induced distortion
(contour plot of mesh deviation from CAD etc.).

6. Conclusions

From the research presented it can be concluded that the material
of the tool has a significant effect on the spring-in angle of the parts.
The parts manufactured with the INVAR tool experience on average
less deformation compared to the parts manufactured with the steel or
aluminium tools. Consequently, tool-part interaction plays an impor-
tant role even in the manufacturing of these simple L-shape structures.
Its effect is more evident when there is a large difference between the
coefficient of thermal expansion of the laminate and the tool.

Furthermore, it was found that the spring-in angle on the parts
reduces as the bending stiffness, 𝐷11, of the laminate increases, as
the 24 plies specimens experience the least average spring-in angle
compared to the other laminate groups. Moreover, symmetric and
balanced laminates are recommended to avoid the coupling of the
bending and twisting distortions of the laminate.

It was found that the ‘‘Fast’’ curing cycle which has an elevated
curing temperature compared to the MRCC (195 ◦C vs. 180 ◦C) induces
higher spring-in angle of the parts, which was also predicted by the
simulation and Eq. (1). However, the increase of the spring-in angle of
the parts due to the ‘‘Fast’’ curing cycle is considered small, compared
to the manufacturing time saved by the use of this curing cycle.

The heat transfer analysis performed for the 24 plies laminates prior
to the spring-in analysis was found to increase the accuracy of the
predicted spring-in angle in the range of 0.04◦ to 0.08◦ compared to
the assumption of a homogeneous temperature field across the part.

A model that includes a tool-part interaction was found to be more
accurate in predicting PID of composites than the models employing
the fixed and freestanding BCs. The spring-in angles predicted by the
tool-part interaction model were usually between the bounds defined
by the use of the fixed (lower bound) and freestanding (upper bound)
boundary condition. The use of the cure-dependent coefficient of fric-
tion was found to have negligible effect on the results while adding
significant computational costs.

Finally, it was found that the modified CHILE material model over-
estimates the spring-in angle for the majority of the cases studied.
Eq. (1) also overestimates the average spring-in angle of most of the
16

cases and its result is close to the prediction of the CHILE material
Table A.1
Measured and predicted spring-in angle (◦) of the 8 plies specimens manufactured with
the MRCC and Fast curing cycle. The parts were manufactured from the INVAR tool
and measured with the 3D scanner.

Laminate 𝐵𝑆8 𝐵𝐶8

Curing cycle MRCC Fast MRCC Fast

CHILE
Free 1.43 1.48 1.42 1.47
Fixed 1.09 1.11 1.08 1.10
Tool 1.33 1.33 1.24 1.29

Viscoel.
Free 1.28 1.31 1.29 1.32
Fixed 1.07 1.05 1.06 1.05
Tool 1.26 1.30 1.10 1.18

Exp.

Spec.1 1.59 1.24 0.34 0.48
Spec.2 1.22 1.28 1.00 0.62
Spec.3 1.24 1.28 0.55 0.81
Average 1.35 1.27 0.63 0.64
St.Dev. 0.21 0.02 0.34 0.17

Radford Eq. (1) 1.40 1.44 1.40 1.44

model with the use of the freestanding boundary conditions. The vis-
coelastic material model is proposed to be employed for an accurate
prediction of process induced distortions of composites, as it can take
into account the time dependent factors, such as stress relaxation, that
affect the distortion of the parts from gelation of the structure through
to cool down.
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Table A.2
Measured and predicted spring-in angle (◦) of the 16 plies specimens manufactured

ith the MRCC and INVAR tool. The parts were measured with the CMM.
Laminate 𝐵𝑆16 𝐵𝐶16 𝑆𝐾16 𝐹𝑅16 𝑆𝑇16 𝑆𝑃16 𝐴𝑆16 𝑈𝐵16

CHILE
Free 1.43 1.43 1.44 1.44 1.42 1.42 1.70 1.33
Fixed 1.09 1.09 1.11 1.12 1.09 1.09 1.49 0.97
Tool 1.25 1.19 1.21 1.27 1.25 1.11 1.52 1.12

Viscoel.
Free 1.29 1.30 1.33 1.35 1.29 1.29 1.54 1.28
Fixed 1.07 1.03 1.04 1.10 1.07 1.02 1.41 0.92
Tool 1.13 1.04 1.06 1.11 1.11 0.95 1.22 1.08

Exp.

Spec.1 1.17 1.05 1.45 1.41 1.30 0.92 1.39 1.19
Spec.2 1.05 1.19 1.25 1.30 1.26 1.18 1.25 1.19
Spec.3 0.98 1.23 1.17 1.26 1.40 0.92 1.14 0.91
Average 1.07 1.16 1.29 1.32 1.32 1.01 1.26 1.10
St.Dev. 0.10 0.09 0.14 0.08 0.07 0.15 0.13 0.16

Radford Eq. (1) 1.40 1.40 1.46 1.44 1.48 1.40 1.34 1.30

Table A.3
Measured and predicted spring-in angle (◦) of the 16 plies laminate groups manufac-
tured also with the steel and aluminium tools. The parts were measured with the CMM
and manufactured with the MRCC.

Laminate 𝐵𝑆16 𝑆𝑇16 𝑆𝑃16

Tool Steel Aluminium Steel Aluminium Steel Aluminium

CHILE 1.25 1.25 1.25 1.25 1.12 1.11

Viscoel. 1.13 1.13 1.11 1.11 0.95 0.95

Exp.

Spec.1 1.56 1.52 1.52 1.47 1.05 1.37
Spec.2 1.46 1.64 1.70 1.67 1.25 1.16
Spec.3 1.50 1.62 1.58 1.94 1.36 1.27
Average 1.51 1.59 1.60 1.69 1.22 1.27
St.Dev. 0.05 0.06 0.09 0.24 0.16 0.11

Table A.4
Measured and predicted spring-in angle (◦) of the 24 plies specimens
manufactured with the MRCC and INVAR tool. The parts were measured
with the CMM.

Laminate 𝐵𝑆24 𝐵𝐶24

CHILE
Free 1.35 1.35
Fixed 1.05 1.05
Tool 1.17 1.08

Viscoel.
Free 1.22 1.22
Fixed 0.99 0.98
Tool 0.99 0.93

Exp.

Spec.1 0.92 0.87
Spec.2 1.00 0.96
Spec.3 1.01 1.05
Average 0.98 0.96
St.Dev. 0.05 0.09

Radford Eq. (1) 1.40 1.40

Table A.5
Thickness of the specimens manufactured.

Laminate t (mm) 𝑡𝑐𝑜𝑟𝑛𝑒𝑟 (mm)

𝐵𝑆8 1.62±0.06 2.32±0.21
𝐵𝐶8 1.60±0.05 1.97±0.12
𝐵𝑆16 3.08±0.08 4.54±0.59
𝐵𝐶16 3.07±0.09 3.77±0.19
𝑆𝐾16 3.04±0.07 4.15±0.13
𝐹𝑅16 3.09±0.08 4.20±0.18
𝑆𝑇16 3.04±0.08 4.59±0.53
𝑆𝑃16 3.06±0.08 3.79±0.39
𝐴𝑆16 3.12±0.11 4.32±0.23
𝑈𝐵16 3.05±0.08 4.64±0.32
𝐵𝑆24 4.62±0.09 6.13±0.25
𝐵𝐶24 4.56±0.10 5.67±0.08
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