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ABSTRACT

3D printing of continuous fibre reinforced thermosetting matrix composites is set to revolutionise composite
manufacturing practice. The potential of curing additively is anticipated to bring significant improvement in
terms of increasing process speed, producing geometries that are inaccessible with current processing routes and
eliminating detrimental exothermic effects during the process. This study presents a comparison between the
curing stage of the 3D printing and standard batch processing for carbon fibre/epoxy components of varying
thickness and size. An optimisation methodology links simulation of the cure using Finite Element solver Abaqus
with a Genetic Algorithm capable of dealing with multi-objective problems. Optimal cure cycles to minimise both
process time and temperature overshoot in 3D printing and batch processing are identified and the optimal trade-
offs compared. The results highlight that temperature overshoot reduction up to 85 % is possible and that the
intrinsic additive nature of the 3D printing allows eliminating the dependence of temperature overshoot on
thicknesses and producing components with thicknesses that are very difficult to manufacture conventionally. A
simplified procedure for the estimation of 3D printing process duration is proposed based on the results of finite
element simulation. This is used for exploration of the limits of the process with respect to part size and for a
generic comparison of process applicability against batch processing. The analysis shows that 3D printing is
highly advantageous for small components, is efficient for mid-size components and can — on the basis of its
scalability — offer a feasible route for producing large and very large components.

1. Introduction

high overshooting temperatures are the cause of part rejection which is
problematic in terms of both sustainability and cost. In light of current

Continuous fibre thermosetting composites have several advantages
compared to standard materials such as high strength to weight ratio
and anisotropic nature allowing weight reduction associated with
environmental benefits and structural efficiency as well as additional
design flexibility and opportunities for tailoring component design.
Nevertheless, the manufacturing of composites does not meet the tight
sustainability requirements currently sought. Industry relies on conser-
vative cure cycles with the drawback of large energy consumption which
increases cost and CO5 emissions. The problem becomes even more
challenging for thick thermosetting composite components. Due to the
low thermal conductivity in the through thickness direction and the
strong non-linearity of the exothermic reaction involved, it is not trivial
to set up cure cycles capable of curing thick parts that can meet stringent
quality requirements. Often defects such as under-cured regions and
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CO- emission targets, the industry needs to improve the way composites
are manufactured to reduce energy consumption and to reach a first-
time right approach towards zero environmental impact.

In the last two decades research has focussed on improving
manufacturing outcomes by adopting optimisation methodologies in
combination with accurate simulation of the curing process [1]. Sig-
nificant improvements have been obtained in terms of process time (i.e.
cost and energy consumption) [2-4] and cure-induced defects mini-
misation (i.e. residual stresses) [5,6]. Furthermore, understanding the
interconnected nature of the objectives at play, latest trends suggest the
use of multi-objective methodology for the design stage. The imple-
mentation of multi-objective methodologies has led to comprehensive
understanding of the complexity of the landscape of the process design
problem and to efficient and effective ways to achieve first-time right
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manufacturing. The design solution obtained in a multi-objective
problem is in the form of a Pareto front, which represents the
trade-offs between relevant objectives [7,8]. Examination of the Pareto
front demonstrates the non-linear character of the problem, which in-
volves increasing complexity as the thickness of the manufactured
component increases [8].

3D printing of continuous fibre composites is envisioned as a process
that allows the composite manufacturing industry to leap forwards to
meet sustainability targets. The technology is not mature currently;
however, some works have demonstrated its potential application to
thermoplastic [9-13] and thermosetting [14-17] matrix composites. 3D
printed thermosetting composites have been found to have better me-
chanical properties than similar 3D printed thermoplastic composites
[14]. Nevertheless, the flexural strength achieved is 50 % lower
compared to standard manufacturing routes (860 MPa versus 1703
MPa), tensile strength is 68 % lower (1476 MPa versus 2171 MPa) and
interlaminar shear strength is 46 % lower (49 MPa versus 107 MPa)
[18]. The Layer by Layer (LbL) curing process has been proposed as an
additive composite manufacturing route allowing to move away from
the highly non-linear dependence of the curing process on thickness
[19]. The new concept has its foundation on the finding that composite
interfacial properties are retained as long as pre-cured sublaminates are
not beyond the gelation point at the moment of the deposition and
consolidation of the subsequent layer [19]. The concept of LbL can be
extended to 3D printing of continuous fibre thermoset composites. The
modelling and simulation of the phenomena involved in 3D printing
process of thermosetting composite materials have not been addressed
yet. The curing cycle can be optimised to minimise residual stress and
optimise performance. Mechanical properties evolve as a function of the
degree of cure and temperature. Therefore, the coupling between the
reaction kinetics and the mechanical properties evolution of the resin
needs to be addressed to optimise performance [20]. Furthermore,
simulation can provide the impetus for further development of 3D
printing processing through exploring its benefits in the context of
manufacturing efficiency.

The current paper addresses the heat transfer simulation and opti-
misation of the cure in a 3D printing process using continuous carbon
fibres. The optimisation methodology, which is applied to a material
system appropriate for Liquid Composite Moulding, includes the cure
cycle and printing speed as optimisation parameters with the objective
to minimise process time and temperature overshoot. The Pareto fronts
obtained from the optimisation are compared with those from the so-
lution obtained in optimisation of standard manufacturing routes to
establish the levels of potential benefits of the 3D printing process. Based
on the results of finite element modelling a simplified and generic
framework is put forward for the approximation of 3D printing process
duration. This is utilised for an exploratory investigation of the capa-
bility of 3D printing to produce continuous fibre/thermosetting matrix
structures across different component scales for both Liquid Moulding
Composite and prepreg material systems.

2. Simulation of the cure process

The thermo-chemical phenomena governing the curing process of
thermosetting composites have been modelled using the FE solver
Abaqus® [21]. The materials of this study are G1157 carbon fibres [22].
RTM6 epoxy system [23] and the HexPly® M21 prepreg epoxy system
[24]. The evolution of the cure process has been studied for two sce-
narios: i) standard batch curing manufacturing in an oven and; ii) 3D
printing. In batch composite manufacturing routes, such as autoclaving
and Liquid Composite Moulding (LCM), curing happens simultaneously
for the whole component once the previous manufacturing steps
(consolidation, filling) have been completed.

A total of four configurations have been used and summarised in
Table 1, which reports the different dimensions of the parts and the
process they have been used for alongside the material system adopted
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Table 1
Summary of configurations used for simulation.

Dimensions Simulation/Optimisation
Length Width Thickness 3D 3D Standard
(mm) (mm) (mm) printing printing (LCM-
(Liquid- (Prepreg- RTM6)
RTM6) M21)
Case 40 20 20 v v v
I
Case 40 20 30 v v v
11
Case 40 20 40 v v v
I
Case 150 20 20 v
v

in the simulation/optimisation. The composite parts comprise UD layers
or tows depending on the process scenario examined. The tow thickness
considered is 2 mm [14]. Three dimensional isoparametric 8-node brick
composite elements suitable for heat transfer analysis have been uti-
lised. In 3D printing simulation, the newly generated elements are
assumed to form a perfect contact with the already deposited elements;
this assumption makes heat transfer more effective than in reality. The
total numbers of elements was 6,000, 9,000 and 12,000 elements for
Case I, II and III respectively and 22,500 elements for Case IV. The di-
mensions were chosen to limit computational time while at the same
time resulting in expected three-dimensional heat transfer behaviour in
the AM simulation. The solution of standard batch process can be
approximated as an 1D heat transfer problem. This is an assumption
often made in the simulation of composite batch processes, especially in
the context of optimisation where computational efficiency is necessary,
due to the predominantly 1D character of the geometries involved as
evidenced by experimental validation [8,25]; therefore, the corre-
sponding model was constructed using one element in the in-plane di-
mensions and 27, 40 and 53 elements across the thickness for Case I, I
and III respectively. The number of elements is chosen as a compromise
between accuracy in temperature overshoot prediction and computa-
tional time as the model is used iteratively in optimisation. An adaptive
time step with a threshold in temperature change of 2 °C has been used
for the standard batch process simulation. In the simulation of the AM
process of Case [, II, III, a fixed time step of 30 s has been used, whilst for
Case IV a 120 s fixed time step was adopted. A time step of 120 s allows
speeding up the simulation with negligible effects on temperature
(average error about 0.4 °C) and degree of cure prediction (average error
about 0.05), which corresponds to a maximum inaccuracy in process
time of about + 60 s. The non-linear material properties and behaviour
including cure kinetics, specific heat and thermal conductivity have
been assigned using the UMATHT user subroutine [21]. Prescribed
temperature boundary conditions were applied through the DISP user
subroutine following the cure cycle, whilst a convection boundary
condition was applied using the FILM user subroutine [21]. Standard
process is assumed to occur within an oven and therefore the convection
coefficient is selected equal to 50 W/m?2/°C [26], the 3D printing is
assumed to use forced convection through a heating gun, therefore a
convection coefficient of 350 W/m?/°C has been chosen, whilst the
ambient temperature follows the cure cycle. The value of 350 W/m?°C
has been chosen to accelerate surface heating of deposited tows. In a
physical implementation, this is achievable by using impinging air jets
(i.e. heat guns) [27-30]. In the 3D printing case, a moving convection
boundary condition has been applied to the top surfaces at any instant
and at the sides, the boundary condition is progressively deactivated on
the surfaces where elements have been deposited; whilst in the standard
batch process insulation is applied at the sides of the component making
the heat transfer problem one dimensional. The volume fibre fraction is
around 57 % for RTM6 and 60 % for the HexPly® M21 prepreg case. The
geometries used for the two manufacturing cases are the same and the
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boundary conditions reflect the differences between the two processing
strategies. The constitutive material models are represented by a set of
equations expressing dependence on both temperature and degree of
cure; these include cure kinetics, specific heat of the resin, fibres and
composite, glass transition temperature evolution, and thermal con-
ductivity of the resin, fibre and composite. A schematic representation of
the boundary condition set applied to the two scenarios is depicted in
Fig. 1. In Fig. 1, the z direction corresponds to the thickness of the
component. In the AM process, the longitudinal direction of fibres is
along the printing direction. The tool is also shown in the schematic for
clarity of representation. However, in the model the tool is replaced by
the presence of the prescribed temperature boundary condition. In the
case of the batch process, the prescribed temperature and ambient
temperature follow a typical cure profile comprising two isothermal
segments (dwells). For 3D printing, the profile comprises a single
isothermal segment. Fig. 2 illustrates the cure profiles adopted.

Initial conditions were applied using user subroutine USDVINI [21],
with initial degree of cure equal to 0.02 and temperature equal to the
deposition temperature (i.e. temperature at the printing head) for the 3D
printing scenario. The tow is represented by three elements across the
thickness and a single element across the width, whilst the initial tem-
perature at the moment of deposition is assumed uniform. The initial
temperature for the batch process was 120 °C based on the standard tool
temperature during infusion of RTM6 resin [23]. Furthermore, the user
subroutine UEPACTIVATIONVOL [21] has been used to progressively
activate elements as they are deposited in the 3D printing model. A
conventional batch curing process for RTM6 dictates that the resin is
infused at 120 °C (Tp). Once the infusion step is concluded, curing starts.
The material can be heated from 120 °C to 180 °C at 1 °C/min and the
dwell temperature kept for 120 min [23] or heated up to 160 °C at
1 °C/min, 45 min dwell and heated up to 180 °C and kept 120 min at
this temperature [31]. For the 3D printing scenario, the material is
deposited at 150 °C on a hot tool heated at 180 °C.

The heat transfer problem is as follows:

oT do

Py g = V o (KVT) + p,v;H m e

Here p,, ¢, are the density and specific heat of the composite, K is the
thermal conductivity tensor, p, the resin density, Hy the total heat flow
and « the degree of cure.

The cure kinetics, glass transition temperature development and
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thermal properties of the RTM6 epoxy system have been extensively
studied and a full set of the corresponding constitutive models has been
established [31-33] including experimental validation of the accuracy
of heat transfer model of the cure [34]. The HexPly® M21 prepreg epoxy
system has been fully characterised and the corresponding heat transfer
model solution validated in [35]. For both RTM6 epoxy system and
HexPly® M21 prepreg system the cure kinetics model is:

(31—(: =k (1 —a)" +ky(1 — o)™ 2
K=t ioq1,2) 3)
1 $+¢7 bl

kiC:A;e<ﬁ>,i:{1,2} @

() )
kp = Ape e 5)

Eq. (2) includes a catalytic and an autocatalytic term and two rate
constants, k; and k,. Kinetics models using a single rate constant achieve
a limited accuracy in following the complex behaviour of cure reaction,
models implementing two rate constants provide additional flexibility to
follow the phenomenological cure kinetics behaviour; n;, n, and m are
reaction orders of the n-th order and autocatalytic term. Additionally,
the model involves a diffusion term (kp) which improves accuracy at
later stages of the cure when the reaction becomes diffusion controlled;
A;, Ap are the Arrhenius pre-exponential coefficients for the chemical
and diffusion dominated reaction,E;, Ep the activation energies and b, w
and g are constants. kic describes the chemical component of the rate
constant defined in Eq. (4) where T is the absolute temperature, R the
universal gas constant and o the degree of cure.

The evolution of the glass transition temperature depending on the
degree of cure follows the DiBenedetto equation dependence for both
RTM6 and HexPly® M21 epoxy systems [36]:

(Teeo — Tyo) 2t

T, = Ty
A ey Ry

(6)

where Ty denotes the glass transition temperature of the uncured ma-
terial, Ty the glass transition temperature of the fully cured material

Convection
Convection boundary boundary condition

condition

Tool

7
7

) N Thickness 1

Prescribed temperature boundary condition

b)

d)

Fig. 1. Boundary conditions application: a) standard batch process; b) additive curing process; c¢) Case I, II, III and thickness direction; d) Case IV.
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Fig. 2. Parameterised cure cycle: a) 3D printing scenario; b) standard batch process.

and A is a fitting constant which controls the convexity of the non-linear
dependence. The fitting parameters for the cure kinetics and Di Bene-
detto model for the two resin systems are reported in Table 2 [31] and 3
[35].

The specific heat capacity of the composite is computed using the
rule of mixtures:

¢p = WiCpr + (1 — we)cpe @)

where wy is the fibre weight fraction, ¢, the specific heat capacity of the
fibres and ¢, the specific heat capacity of the resin. The specific heat of
carbon fibres follows a linear dependence on temperature [31,37]:

Cpf = AfcpT + chp (8)

where Ay, is the slope of the linear dependence and By, the intercept.
The specific heat capacity of both RTM6 epoxy and HexPly® M21 pre-
preg is described by a step function. The step change represents the
transition of the resin from rubbery to glassy behaviour. Specific heat
capacity depends on both temperature and degree of cure and is rep-
resented using the logistic function as follows [31,37]:

A

TCp (9)

Cpr = ArcpT + Brcp + 71 N O (T—Tg 76)

A, and B, are constants expressing the linear dependence of the spe-
cific heat capacity of the uncured epoxy on temperature and A, Cr,

The calculation of the thermal conductivity of the composite is based
on the work of Farmer [38]:

Kii = viKye + (1 — Vr)Kr (10)
Ky =Ks;
- K I Ky Ky
- va,(Kr 1) LK, (2 2K,) +Kr<Kr
_ 1) an

where K;, Kjrand K are the thermal conductivity of resin and fibres in
the axial and transverse direction respectively and v; the volume fibre
fraction. The thermal conductivity of carbon fibres in the axial (Ky;) and
transverse directions (Ky) is [34]:

Kir = AT + Byt 12)

Ky =By 13)
Here Ay, By describe the linear dependence on temperature of longi-
tudinal thermal conductivity of carbon fibres and By, the transverse. The
thermal conductivity of the RTM6 resin depends on both temperature
and degree of cure and is governed by the following expression [34]:

and ¢ are the strength, width and temperature shift of the transition K, = ag To® + b, Tt + ¢, T+ di & + e + i as
occurring at resin vitrification respectively.
Table 2
Parameters values for cure kinetics, specific heat and thermal conductivity constitutive models for the RTM6 epoxy resin system [31].
Cure Kinetics Thermal conductivity Specific heat
Parameter Value Unit Parameter Value Unit Parameter Value Unit
Ay 17,580 51 Ay 0.0074 Wm-1°C-2 Ay, 0.0023 Jg1°c?
As 21,525 51 By 9.7 Wm-1ec1 By, 0.765 Jglec!
Aq 6.48010'8 51 By 0.84 Wm-1°c! Are, 0.0025 Jglec2
E; 70,500 Jmol~! a 0.0008 Wm-1°C—2 Br, 1.80 Jg g
E; 59,050 Jmol~! byr -0.0011 Wm-1°C—2 Ar, 0.25 Jglec!
Eq 136,800 Jmol~! K -0.0002 Wm-1°C—2 Cr, 1.10 o1
m 1.16 dir -0.0937 Wm-1ec1 ¢ 16.5 °C
ny 1.8 exr 0.22 wm-tc!
ns 1.32 fir 0.12 Wmn-1oc-1
b 0.467
w 0.00048 oc1
g 0.025
Ty 11 °C
Tyoo 206 °C
i 0.435
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Here ag;, bk:, ckr, dkr, €xr and fx, are coefficients of the polynomial
function. For the HexPly® M21 prepreg system, the measured Ky in
[35] together with the reported fibre properties (Eqs. (12)-(13)) have
been used to fit the following equation to define the thermal conduc-
tivity of the resin:

K, = ag, Ta+ b, T + cx, o + dg, (15)

Table 2 and Table 3 report the values of parameters of the consti-
tutive models described in Egs. (2)-(15) for RTM6 and HexPly® M21
systems respectively [31,35].

3. Optimisation methodology

A meaningful way to compare the performance of the two
manufacturing routes considered (i.e. standard vs 3D printing) is to
identify optimal solutions for the two processes with respect to the same
parameters and objectives and quantify the outcomes. The comparison
based on the comprehensive simulation of the cure was carried out for
the case of the Liquid Composite Moulding (LCM) system considered in
this work (RTM6/carbon fibre). The objectives selected to base the
analysis on are process time (tproc) and maximum temperature overshoot
(ATmax)- The first objective drives the cost of the process, whilst the
second relates to the quality of the component as it can be linked to
residual stresses and spring-in/warpage formation [20] as well as po-
tential exothermic effects. Both objectives are related to the sustain-
ability of the process as minimising process time means reducing energy
consumption and minimising the temperature overshoot implies better
quality and reduction of scrap rate. Moreover, a constraint of a
maximum allowed temperature of 200 °C has been added to eliminate
any risk of resin degradation. The constraint could be relaxed in order to
shift the Pareto fronts towards shorter processing time and higher
temperature overshoots. This is a conservative choice since the degra-
dation onset temperature of RTM6 is about 300 °C [39]. For the 3D
printing process, a constraint of maximum degree of cure for an existing
layer upon which deposition of the newly material occurs has been set to
0.59, which corresponds to the gelation point for RTM6 [40]. The
constraint is therefore, violated when a new layer is placed on top of an
element that has a degree of cure greater than 0.59. This choice is
supported by the fact that interfacial properties are retained between
layers if gelation of the underlying layer does not occur prior to depo-
sition [19]. The parameters of the optimisation problem for the con-

Additive Manufacturing 63 (2023) 103417

achieved when undergoing a DSC isothermal test at the standard cure
temperature of 180 °C of the RTM6 resin [31]. The overshoot is defined
as the maximum temperature difference between any given location of
the model and the prescribed temperature boundary condition
throughout the process duration. For the 3D printing scenario, the
deposition temperature (Tq), dwell temperature (T;) and printing speed
(v) are the three optimisation parameters. Table 4 reports the ranges
selected for each parameter. The temperature ranges chosen are driven
by the nature of the cure kinetics of the systems with standard batch
process implementing a more conservative range due to the tendency to
overshoot; the printing speed was selected according to current printing
speed achieved in the printing of continuous reinforced thermosetting
composites [41]. Fig. 2 illustrates the two-dwell cure cycle adopted in
the 3D printing and standard batch process scenarios.

The multi-objective optimisation problems are formulated as
follows:

For batch processing:

{r, At;, Ty, To} = argminh (AT, (1, Aty, Ty, Ta), troc (1, Aty, Ty, T2) )

subject toT < 200°C 16
and for 3D printing:
{V7 Ty, Td} = a-rgming(ATmax (V7 Ty, Td): tpl‘()C(v7 Ty, Td) ) 17)

subject 10T < 200°CandOypdertying < 0.59

Hereh : R?>>R and g : R?-R are arbitrary functions non-decreasing in
their arguments and oyndenying i the degree of cure of the existing layer
underlying the location of deposition in 3D printing. Use of Egs. (16),
(17) for all non-decreasing functions h and gmeans that there are mul-
tiple solutions for each problem which form the corresponding Pareto
fronts comprising efficient solutions x for which there is no other solu-
tion x’ that satisfies (ATpax(X') < ATmax(X)and tproc(X") < tproc (X)) O
(ATpax (X") < ATmax(x)and tyroc (x') < tproc(x)). Therefore, for each effi-
cient solution of the two objective problem there is no other solution
that is better with respect to one objective without being worse with
respect to the other objective. This multi-objective setting allows

Table 4
Design parameters ranges.

Standard batch process 3D printing process

Parameter Range Parameter Range
ventional batch process are the ramp rate (r), duration of first dwell
. T;(°C) 145-175 T4(°C) 165-195

(Aty), temperature of first (T;) and second (T3) dwell. The second dwell T5(°C) 175-195 Ty(C) 165-195
duration (Aty) is not considered as an optimisation parameter since the Aty (s) 100-4500 V(mm/min) 50-600
objective tproc is defined as the time at which the minimum degree of r(°C/min) 1-4
cure reached in the model is 0.88, which is the maximum degree of cure
Table 3
Parameters values for cure kinetics, specific heat and thermal conductivity constitutive models for the HexPly® M21 prepreg system [35].

Cure Kinetics Thermal conductivity Specific heat

Parameter Value Unit Parameter Value Unit Parameter Value Unit

Ay 420,615 51 Ay 0.0074 Wm-1°C2 Ay, 0.00205 Jglec2

Az 57,440 51 By 9.7 Wm-1°c-! By, 0.75 Jglec!

Aq 2.6010%° 51 By 0.84 Wm-1°C! A, 0.0029 Jg1°C2

E; 78,890 Jmol ! agr -0.00349 Wmn-1°C-2 By, 1.84 Jgloc!

E; 68,978 Jmol~! bxr -0.00134 Wm-1°C-2 Ar, -0.26 Jglec!

E, 87,456 Jmol~! ke 0.826 o Cr, 0.15 ot

m 0.6 dir 0.531 Wm-1°c-! ¢ 0.65 °C

ny 0.8

ny 3.2

b 1.98

w 0.000165 ¢l

g 0.058235

Ty 1.5 °C

Ty 194 °C

A 0.67
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considering the two objectives independently, without prioritising their
relative importance a priori by using weights through a prescribed form
of functions h and g.

A Genetic Algorithm (GA) capable of addressing multi-objective
problems has been adapted and linked to the commercial software
Abaqus®. The GA implementation has been successfully tested against
reliability and robustness benchmark problems and real case optimisa-
tion problems [8,31,37]. An interface has been developed in C+ + to
link the GA and the commercial software Abaqus® as illustrated in
Fig. 3. The operation of interface is as follows. A template input file is
generated by Abaqus® FE. At each function execution, the interface
generates a new input file inserting the new initial temperature, and
updates the cure cycle parameter values and process speed in the case of
3D printing in the DISP, FILM and UEPACTIVATIONVOL user sub-
routines. Subsequently, the interface runs the Abaqus® simulation with
the newly generated input file and user subroutines. The simulation uses
user subroutines UVARM and UEXTERNALDB to obtain the temperature
and degree of cure at each node and element. The maximum tempera-
ture difference between the lower boundary and the interior model is
stored and updated, whilst another variable updates the minimum de-
gree of cure at the end of each step. As soon as the minimum degree of
cure in the model reaches 0.88, the values of process tproc and AT,y are
stored in a text file and read by the interface to pass on to the Pareto
front array. At this point a new set of parameters is made available by the
GA and a new individual solution begins. The GA is executed in gener-
ations of individuals, with reproduction operations used to produce new
individuals forming a new generation based on the performance of the
current generation member. The algorithm is executed until no signifi-
cant further improvement is visible in the Pareto solutions. Table 5 re-
ports the values of the parameters of GA used for the optimisation
problem. Each generation of the GA comprised 40 individual repre-
senting the potential solutions, with the top 32 individual utilised in
reproduction. The probability of cross-over during reproduction was set
at 50 %, with a small mutation probability of 0.5 % allowing local
refinement of the solution.

4. Results and discussion

In the following, Section 4.1 presents a comparison between the
curing behaviour in a batch and a 3D printing process in the case of the
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Table 5

Optimisation parameters values.
Parameters Values
Population individuals 40
Reproduction individuals 32
Elite individuals 4
Cross-over probability 50 %
Mutation probability 0.5 %

LCM system (RTM6 epoxy/carbon fibre); in this section, Manufacturer
Recommenced Cure Cycles (MRCCs) are used for the analysis in the
context of standard manufacturing practice. Section 4.2 presents and
discusses the results of the optimisation with respect to the thermal
profile used, whilst Section 4.3 introduces a simplified model analysis
based on data collected from FE runs using for the LCM (RTM6 epoxy/
carbon fibre) system. In Section 4.4 the simplified analysis is extended to
the case of a prepreg system with analysis of 3D printing of the HexPly®
M21 prepreg system.

4.1. Comparison of batch and additive process for the Liquid Composite
Moulding system

Fig. 4 shows the temperature distribution for the standard batch
process for Case III at different process times (Fig. 4a) whilst Fig. 4b
illustrates the evolution at four different locations: the lower boundary,
12mm and 24 mm and 40 mm across the thickness (as shown in
Fig. 1c). The two MRCCs proposed for RTM6 [23,31] lead to a violation
of the 200 °C maximum allowed temperature for the component thick-
ness considered here. Therefore, a variation of the latter has been used
here to illustrate the evolution of the cure. This profile involves a first
dwell at 150 °C instead of the standard 160 °C used in the MRCC [31].
The outer layers of the material heats up first due to the contact with the
tool and convection at the top. However, after a certain time, the cure
reaction and its exothermic effects become dominant and the central
part reaches higher temperature than the boundaries (at 5150 s in
Fig. 4a). This is manifested as a temperature overshoot, which can be
detrimental for the quality and mechanical performance of the final
component and should be minimised [8,20,31]. The temperature over-
shoot reached in the standard batch process (Fig. 4b) is about 50 °C with
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Fig. 4. Temperature across thickness for the RTM6 epoxy/carbon fibre system when the modified MRCC is applied a) distribution across the thickness direction at

different processing times; b) evolution at fixed positions.

a process time of 8200 s. Once the maximum temperature overshoot is
reached at about 5150 s, the reaction becomes slower as most of the
chemical potential of the resin has been converted to network formation.
Fig. 4b shows that the part still has a 10 °C temperature gradient across
its thickness at the time the process ends when a minimum degree of
cure of 0.88 is reached.

Fig. 5 illustrates the degree of cure distribution for the standard
batch process for Case III at different process times (Fig. 5a) whilst
Fig. 5b reports the evolution at four different locations: the lower
boundary, 12 mm and 24 mm and 40 mm across the thickness. At the
time of maximum temperature overshoot (at 5150 s), the degree of cure
across the thickness is higher than the gelation degree of cure of RTM6
(0.59). This behaviour is not desirable in the generation of cure induced
residual stresses, since a high temperature gradient across the thickness
exists past the gelation point when stresses cannot relax instantaneously
anymore due to the formation of a cross-linked 3D network. The degree
of cure evolution in Fig. 5b reflects the temperature evolution reported
in Fig. 4b. The evolution is typical of an inside out curing scenario where
the middle part experiencing temperature overshoot cures faster than
the boundaries.

Fig. 6 illustrates the temperature distribution for the 3D printing
process for Case III at different process times (Fig. 6a), Fig. 6b illustrates
the evolution at three different locations and at points located at the
lower boundary, 12 mm and 24 mm and 40 mm across the thickness for
the case of the printing head kept at 150 °C, the tool/bed kept at 180 °C,
and printing speed of 100 mm/min; Fig. 6¢ illustrates the temperature
contour plot at 4900 s. The locations selected are in the axis of sym-
metry. The material at 12 mm is deposited after about 1400 s, at 24 mm
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after around 2800s and at 40 mm after 4700s. The additive
manufacturing nature of the process allows to contain the temperature
overshoot of the component during the deposition while progressing the
cure in a safe manner (Fig. 6a). Although the case shown in Fig. 6 is a not
an optimised solution, the benefits of 3D printing compared to standard
batch process are noticeable, as the maximum temperature overshoot in
the component is 4 °C (Fig. 6a) which is 44 °C less than the value ob-
tained with conventional batch processing. Furthermore, the process is
completed after 6900 s which corresponds to an 18 % process time
reduction with respect to the conventional batch process with no
observable temperature gradient across thickness. These features are
also reflected in the temperature evolution during the process at the
different locations reported in Fig. 6b.

Fig. 7 depicts the degree of cure distribution for the 3D printing
process for Case III at different process times (Fig. 7a) whilst Fig. 7b
reports the history at the four locations examined (lower boundary,
12 mm and 24 mm and 40 mm). Fig. 7c illustrates the degree of cure
contour plot at 4900 s. In Fig. 7a, as deposition is still in progress, the
bottom part of the component has already cured up to 0.92. By the time
the maximum temperature difference occurs, most of the component is
already cured. This has the beneficial effect of reducing exothermic ef-
fects since only a fraction of the part is at a low degree of cure with the
chemical reaction playing a role with the rest of the material having
most of its reactivity already consumed. The final degree of cure across
the thickness is in the range of 0.89-0.93, with only the very last
deposited material lagging behind. If the part is left an additional 600 s
the range would be 0.91-0.93. In Fig. 7b, the degree of cure evolution
shows no differences either in the rate or in the final degree of cure

1 -
Pay %
Amé@ooooooogge w
0.8 4 DOO XXXX
[5) A XX
5 @0, x*
206 A &
5]
£ 0.4 &
& XXX§§ x Lower boundary
A 02 XXX %@ 012 mm
xxxgﬁﬁ 24 mm
m&@ 040 mm
( memee . ; .
0 3000 6000 9000
Process time (s)

b)

Fig. 5. Degree of cure across thickness for the RTM6 epoxy/carbon fibre system when the modified MRCC is applied a) distribution across the thickness direction at

different processing times; b) evolution at fixed positions.
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Fig. 6. Temperature distribution for the 3D printing process of the RTM6 epoxy/carbon fibre system when modified MRCC is a) distribution across the thickness
direction at different processing times; b) evolution at fixed positions; c¢) contour plot at 4900 s.

achieved, guaranteeing homogenous curing across thickness.

4.2. Batch and 3D printing process optimisation for the Liquid Composite
Moulding system

Fig. 8 presents a comparison of the Pareto fronts obtained by the
multi-objective optimisation for Case I, II and III using 3D printing and
standard batch processing of the RTM6 epoxy/carbon fibre system. The
GA converges to the Pareto fronts after 4 generations in all three 3D
printing cases taking approximately 16, 18 and 21 h computational time
to complete the solution for the 20, 30 and 40 mm case respectively on a
standard desktop PC equipped with an Intel® Core ™ i7-4790 CPU
@ 3.6 GHz processor. A fixed time step of 30 s has been chosen for the
3D printing process, which allows quantifying the process time objective
with an accuracy of + 15s since each increment lasts 30s. The
convergence for the standard process required 10, 15 and 20 generations
respectively for Case I, II and III highlighting the additional complexity
of the cure problem for a batch process (i.e. oven). Although the opti-
misation required more function evaluations to converge, the adaptive
time step made the simulation faster (i.e. about two minutes per indi-
vidual solution); therefore the final Pareto fronts were reached in about
13, 20, 27 h computational time for Case I, Il and III respectively. The six
Pareto fronts show the characteristic L-shape trade-off of the two ob-
jectives selected [8,31]. The L-shape of the fronts highlights the
competitive nature of the two objectives. Two regions can be identified:
a vertical region in which process time is prioritised and the process
designer can achieve significant improvements in temperature over-
shoot; and a horizontal region where the temperature overshoot

objective is prioritised and significant reduction in process time is
possible. Corner solutions are ideal candidates for applications, as they
tend to achieve a good compromise without entering extreme scenarios
with respect to any of the two objectives. Details of the design param-
eters of solutions belonging to different regions of the Pareto front for
the four configurations are reported in Table 6. Solutions in close
proximity in the objective space do not necessarily stand close in the
design space and very different combinations of design parameters
might lead to neighbouring solutions. This is possible for non-linear
optimisation problems with a complex landscape [31]. In the problem
addressed here, the added complexity comes from the non-linearity of
the exothermic process that facilitates the appearance of local minima in
the objective space. The dependence of the Pareto front on thickness for
standard batch processing shows strong non-linearity which confirms
previous findings [8]. The non-linearity is the result of the temperature
dependence of cure kinetics evolution and the low through thickness
thermal conductivity of thermosetting matrix composite materials.

The Pareto front solution for batch processing allows a reduction of
up to 60 % in process time and up to 50 % in temperature overshoot
compared to the Manufacturer Recommended Cure Cycle (MRCC) [8,
31]. The application of MRCC [23] leads in all three cases to a violation
of the 200 °C maximum temperature constraint; therefore a meaningful
comparison with optimised results cannot be established. The results
reported in Fig. 8a show that by manufacturing the composite compo-
nents via 3D printing, a reduction in process time of 45 %, 48 % and 52
% and 65 %, 76 % and 85 % in temperature overshoot is achieved for
Case I, II and III respectively compared to optimal solutions for batch
processing. Furthermore, the dependence of temperature overshoot on
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thickness is made negligible in 3D printing by the additive nature of the
process. Once the process reaches a steady state, each new layer
deposited undergoes the same thermal history and therefore from this
point onward manufacturing thicker components does not increase the
temperature overshoot. This result highlights the inherent advantage of
an additive process and its potential for overcoming current limitations
in geometry of parts that can be manufactured using thermosetting
matrix composites. The three fronts of the 3D printing process in Fig. 8b
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printing and standard batch process; b) detailed view of the 3D printing Par-

have similar temperature overshoot spanning from 4 °C to 9 °C, whilst
process time ranges at about 2000-6000 s

Fig. 9 illustrates the comparison for the 20 mm thick case between
the 3D printed 40 mm long component, the 3D printed 150 mm long
component and standard batch manufacturing process (i.e. Case I and
IV). The optimisation of the 150 mm long component (i.e. Case IV)
converged after 4 generations and took about 10 h computational time
to complete. Although the 150 mm long component has dimensions
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Table 6
Design parameters of Pareto individuals for the RTM6 epoxy/carbon fibre system in the corner, vertical and horizontal regions of the front for the different
configurations.
Case Solution Design parameters Objectives
Ti(°C) T2(°C) Aty (s) r(°C/min) T4(°C) v(mm/min) AT (°C) toroc (S)
I Vertical 3D printing 190 189 583 8.2 1900
Batch process 167 185 2248 3.8 32 3555
Corner 3D printing 176 184 583 4.9 2944
Batch process 162 182 1797 1.7 24 4293
Horizontal 3D printing 170 177 600 3.9 4128
Batch process 146 182 3322 1.3 11 6400
I Vertical 3D printing 188 173 552 8.3 2272
Batch process 155 195 3287 3.7 40 4605
Corner 3D printing 173 166 600 4.9 3616
Batch process 150 182 3287 3.8 26 4757
Horizontal 3D printing 166 176 539 3.7 6100
Batch process 149 182 2733 1.8 18 5100
111 Vertical 3D printing 188 168 513 8.6 2560
Batch process 149 194 3980 3.5 45 5400
Corner 3D printing 173 184 522 4.9 3936
Batch process 145 185 4119 3.6 33 5750
Horizontal 3D printing 166 173 578 3.7 6560
Batch process 145 186 3980 2.8 31 5791
v Vertical 3D printing 192 167 578 6.6 3120
Corner 3D printing 181 174 557 5.1 3840
Horizontal 3D printing 171 168 327 3.3 6240
20 the benefits in terms of temperature overshoot reduction are unchanged
| Case one - Standard compared to the 40 mm long component. The majority of individuals in
= x Case one - 3D printing the final Pareto set have a printing speed higher than 400 mm/min. This
I o means that shorter process times are possible depending on the printing
= 30 Ao Case four - 3D printing 4 o .
5 speed that 3D printing can achieve.
< R The outcome of the optimisation can be explained by examining in
B
Q 48 detail the evolution of temperature at different locations across the
S 20 A A . . . . . .
o thickness of the component. Since thickness is the main driver of
2 5 N exothermic effects leading to potential detrimental thermal gradients,
-
2 10 4 Y Case III has been selected for further analysis and one corner solution
5 % from the Pareto front has been highlighted for each scenario. As
F >§k . . .
&OXO%%@ @0 00w o observed in Table 6, the temperature of the first dwell in the standard
0 batch process decreases in search for milder reaction, nevertheless
T . ‘ ‘
0 2000 4000 6000 3000 resulting in increasing temperature overshoot as thickness increases.

Process time (s)

Fig. 9. Pareto fronts comparison for the RTM6 epoxy/carbon fibre system be-
tween 20 mm thick components, 3D printed and standard batch manufacturing.

almost four times greater, the increase in process time in the optimal
Pareto points is about 1000 s offering about 35 % process time reduction
compared to standard batch manufacturing Pareto. On the other hand,
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This does not occur in the 3D printing scenario. Fig. 10 reports the
temperature history of four different locations (i.e. lower boundary, 12,
24 and 40 mm in the thickness direction as shown in Fig. 1c) for the 3D
printing process and the standard batch process. Case III corner solutions
in Table 6 are considered here. Fig. 10a shows a drop in temperature at
the time at which new material is deposited after about 260, 520 and
900 s. Consequently, large thermal gradients in the through thickness
directions are reduced as the results in Table 6 highlight. In light of this,
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Fig. 10. Thermal history at four different locations through thickness for the two Case III corner solutions reported in Table 6 for the RTM6 epoxy/carbon fibre

system: a) 3D printing process; b) standard batch process.
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slower printing does not necessarily lead to lower exothermic reaction.
There is a trade-off between progressing the cure in one layer to reduce
the chemical potential of the resin and the cooling effect due to depo-
sition of colder material. This is due to a combination of the shift in
reaction rate and temperature peaks due to the additive nature of the
process which has beneficial effects in containing the overall overshoot
and the lower boundary mitigating overshoot by being at a lower tem-
perature level throughout the process. Additive curing is exploiting the
consumption of the chemical potential of the resin gradually at a frac-
tion of the total thickness; this contributes to less heat generation at the
centre of the component and a better route for the dissipation of the heat
generated. In contrast to this behaviour, Fig. 10b highlights that during
the first dwell and ramp of the batch process, the temperature increases
reaching a maximum difference of 35 °C. Furthermore, a significant
overshoot occurs in the second dwell. This overshoot occurs after the
part has already passed the gelation point and stress cannot therefore
relax quickly. As a consequence of this thermal behaviour, the curing
process for a 3D printing strategy can be designed with more aggressive
first dwell temperatures (172 °C) whilst the standard batch cure process
needs to adopt milder temperatures (145 °C), still obtaining worse
results.

Fig. 11 illustrates the degree of cure evolution at four different lo-
cations across the thickness for the two Case III corner solutions reported
in Table 6. Fig. 11b shows the typical behaviour of a thick component
that generates exothermic effects which invert the thermal gradient
from an outside in to an inside out curing. As opposed to this evolution,
Fig. 11a presents a much more homogenous evolution for the different
layers. All locations follow a similar degree of cure evolution, only
shifted forward in time for positions closer to the upper surface of the
component. This behaviour allows avoiding intense exothermic effects
and makes the manufacturing of thick and ultra-thick components
feasible with very low temperature overshoot. Furthermore, the
manufacturing of thick and ultra-thick components using 3D printing
follows the same trends in degree of cure evolution as those of thin
components without a crossover point after which the interior of the
laminate starts curing faster than the outer layers. The component
manufactured with 3D printing ends with a homogenous final degree of
cure of 0.89 across the thickness, whilst the component manufactured
with a standard batch process has a range of final degree of cure of
0.90-0.95, which is a source of additional residual stresses and macro-
scopic inhomogeneity. It can be observed in Fig. 11a that when the last
layer of material is deposited at 40 mm, the first layer of material has
reached a degree of cure of 0.2, the layer at 12 mm has cured to about
0.15 and the layer at 24 mm has reached about 0.1 degree of cure. This
degree of cure evolution allows the retention of interfacial properties
while containing exothermic effects since at the time the overall thick-
ness is reached, part of the chemical potential of the resin has been
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consumed.

Fig. 12 depicts the reaction rate evolution at the four different lo-
cations (boundary, 12, 24 and 40 mm) for the two Case III corner so-
lutions reported in Table 6. The two processes reach similar levels of
maximum reaction rate. However, the occurrence of maximum rate is
distributed over time in the additive process, thus minimising the rate of
heat release. In contrast, in the batch process, the occurrence of a
maximum reaction rate is within a narrow time range (4500-5000 s) for
the different locations, generating a cumulative heat release effect that is
far stronger and can cause a significant overshoot.

4.3. Exploration of 3D printing process outcomes of the Liquid Composite
Moulding system based on simplified process model

The additive nature of the 3D printing process results and the
moderation of the non-linear character of the cure process generates an
opportunity for efficient approximation of process outcomes through
simplified modelling. This can facilitate a wide and exhaustive investi-
gation of how the 3D printing process can address different component
geometries. Furthermore, it can form the basis for fast optimisation — for
example selection of process speed and tool temperature - carried out at
a component level as part of process setup.

The total process duration can be decomposed into two parts: (i) the
time required to deposit the impregnated tow; and (ii) the time required
to cure the last material deposited during 3D printing. The deposition
time can be approximated as total volume of the work piece divided by
material flow rate computed as the product of printing speed to cross
section area of the tow:

Vol
tprinling = K
t

18)
Here Vol is the component volume, v the printing speed and A, the
deposited tow cross sectional area. Approximation of the time required
to cure the last material deposited can be carried out based on an
assumption of constant temperature equal to the tool/oven temperature
of the process (T;). This assumption is justified by the low overshoots
observed and their local and transient character as reported in Section
4.2. Under this assumption, the cure kinetics model described by Egs.
(2)-(5) can be used to compute the time required to reach the final
degree of cure, which is 0.88 in the case of the RTM6 epoxy system. Cure
time can be expressed as follows:

= fr/ (o) a9

teure

where fr, (t) is the integral of the cure kinetics model calculated
numerically using Egs. (2)-(5) at a constant temperature T;yielding the

evolution of degree of cure as a function of time (t) and f{ll (o) its
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Fig. 11. Degree of cure history at four different locations through thickness for the two Case III corner solutions reported in Table 6 for the RTM6 epoxy/carbon fibre

system: a) 3D printing process; b) standard batch process.
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Fig. 12. Reaction rate history at four different locations through thickness for the two Case III corner solutions reported in Table 6 for the RTM6 epoxy/carbon fibre

system: a) 3D printing process; b) standard batch process.

inverse expressing the time required to reach the final degree of cure
(o).
The overall process duration approximation can be expressed as:

Vol
tpmc = t}'yrinling + teure = V_A[ + fT| (af)

(20)

Eq. (20) and the parameter values of the cure kinetics model reported
in Table 2 have been used to compute an approximate process duration
for all the points of the Pareto fronts of the 3D printing process reported
in Figs. 8 and 9. The results are set against the process duration
computed by the FE model in Fig. 13a. It can be observed that the results
of the two computations are almost identical. The simplified model
overestimates very slightly the process duration by 50-200 s as a result
of the isothermal assumption which does not account for the transient
acceleration of the reaction resulting from the small temperature over-
shoot predicted by the FE simulation. The difference is negligible and
has no practical effect to the estimation of 3D printing process outcomes.

The temperature overshoot observed during 3D printing is not
influenced significantly by the component thickness due to the additive
character of the process as discussed in Section 4.2. Furthermore, the in-
plane dimensions of the printed component have a limited influence to
the overshot observed, following from the fact that dissipation of heat
tends to happen in the through thickness direction purely due to its
different scale compared to in-plane dimensions. This effect is shown in
Fig. 13b, which illustrates the temperature overshoot versus tool/oven
temperature for all the Pareto front points reported in Figs. 8 and 9. A
strong correlation exists indicating a linear dependence. For the range of
cases considered here the approximation is:

ATpax = 0.196T, —29.22 21)

10000 7 o FE results vs Simplified model

—Identity line
8000 -
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2000 -

Simplified process time (s)
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FE process time (s)

a)

0 2000

where both temperature overshoot and tool/oven temperature are in °C.
The approximation, which is applicable to the material combination
used here and a range of tool/oven temperature of 165-190 °C. Eq. (21)
has a maximum error of about 2 °C. The cause of this is around varia-
tions of heat dissipation in the in-plane direction - especially in the di-
rection of the fibres — causing some influence of the side boundary
condition on the temperature overshoot. This is of limited importance in
terms of practical aspects of the process, as the effect of this error on
process strains as well as potential degradation estimates is very small.
The linear dependence shown in Eq. 21 shows that a relaxation in the
maximum temperature constraint would translate linearly in tempera-
ture overshoot variation.

The approximation expressed by Egs. (20) and (21) can be used
directly to approximate the Pareto front for a component of given vol-
ume. This is carried out by minimising the duration of deposition
through maximisation of printing speed within the range allowed and
computation of the cure duration and temperature overshoot for every
tool/oven temperature within the range of the optimisation. This
approach, which uses fully the linearity of printing and ignores in-
tricacies of the process around the interaction between printing head
and work piece temperature as well as in-plane heat dissipation effects,
establishes in a very simple calculation the range of process durations
that can be achieved as a function of temperature overshoot that can be
tolerated. The overall quality of this approach is illustrated in Fig. 14
which compares the Pareto fronts obtained using the FE cure simulation
and reported in Figs. 8 and 9 with the results of the approximate analysis
for a wide range of tool oven temperature of 150-200 °C. The simplified
solution reproduces successfully the range of the two objectives and
their interdependence as well as the sensitivity of the Pareto front to
changes in the volume of component produced.
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Fig. 13. Simplified approximation of 3D printing for the RTM6 epoxy/carbon fibre system: a) process duration; b) temperature overshoot.
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Fig. 14. Comparison of Pareto fronts obtained using FE simulation and the
simplified model of 3D printing of the RTM6 epoxy/carbon fibre system.

The information captured by the simplified model can be used to
explore the limits of the 3D printing process. Fig. 15a presents a process
map of what can be achieved for different component sizes using the
process parameters investigated in this work, i.e., maximum deposition
speed of 600 mm/min, tow size of 2 mm x 2 mm and a single printing
head. The process map presents the optimal Pareto fronts in terms of
temperature overshoot and process time that can be achieved for
increasing levels of components volumes. For low volume components,
the efficient frontier of the process presents the L-shape observed pre-
viously with deposition and cure both contributing significantly to the
total process duration. As the volume of the component increases, the
Pareto front is dominated by the vertical region since the process
duration is mainly governed by the deposition phase, with the cure
having a small relative contribution. It should be noted that the
extrapolation of simulation data implied by the simplified model of the
process for large components necessitates an assumption of the process
implementation being able to respect the constraint of limiting the
curing of deposited layers before the next layer is processed to a degree
of cure lower than gelation (0.59 for the resin system of this study). This
can be accomplished by designing a heating system that follows the
printing head to achieve local heating in the vicinity of deposition, with
the rest of the component kept close to ambient temperature to avoid
excessive curing.

Given that the 3D printing process limits the temperature overshoot
to a few degrees, a point on the vertical part of the Pareto curves can be
chosen to represent an efficient process. A selection of a moderate
overshoot limit of 5 °C allows investigation of the influence of other
parameters of the 3D printing process such as deposited tow width,
maximum speed and number of printing heads used. Fig. 15b illustrates
the dependence of process duration on component volume for different
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scenarios. The combination of tow width, printing speed and number of
heads, for a given tow thickness of 2 mm used here, can be captured by
the deposition rate calculated as the product of tow cross-sectional area,
speed and number of printing heads. The range of deposition rates
shown in Fig. 15b can be achieved with different combination of these
parameters. For example, a deposition rate of 2 cm®/min corresponds to
a 2 mm wide tow deposited at 500 mm/min, whereas a rate of 32 cm®/
min can be achieved by using a speed of 1000 mm/min, four printing
heads and a tow width of 4 mm. The dependence of process duration on
volume is linear; the non-linearity shown in Fig. 15b is due to the log-log
axes selected to facilitate visualisation across different orders of
magnitude. The intercept in Fig. 15b is equal to the duration of the cure
at the selected temperature, implied by the 5 °C temperature overshoot
selected, and therefore it does not depend on the deposition rate of the
printing process. Components with volumes below 10° ¢cm® can be
processed within a few hours. This range of volumes is typical of thin
skins with a thickness of a few mm and areas below 1 m?, and stiffeners
or ribs with length in the order of 1 m and cross-sectional area in
1-10 cm? range. For components sizes in the order of 10* cm?, typical of
thick panels (thickness of 10-20 mm and area around 1 m?) and inte-
grated structures with thin skins and ribs, 3D printing can be completed
within tens of hours. Large structures that reach 10* cm? in volume have
processing times in the order of hundreds of hours and require use of
multiple heads and wider tows to reduce the duration of printing to tens
of hours. A multiple head system and local heating might be needed for
complex geometries scenarios and large in-plane dimensions as a means
for avoiding that the gelation point is exceeded. The durations reported
here can be contrasted with the overall processing time involved in
batch processing incorporating placement of reinforcement, debulking,
consolidation and curing. For small components, the comparison only
based on cure times is very favourable for 3D printing as reported in
Section 4.2. Similarly for intermediate component sizes, taking into
account that steps preceding curing usually have a similar duration to
the cure, 3D printing represents a more efficient solution. For large
components, the comparison is more complex as excessive tooling and
heating apparatus costs need to be taken into account and contrasted
with the cost of a multiple head printing system. Overall and once the
ability of an additive process to process thicknesses not accessible
through batch processing is taken into account, there is a clear case for
the development of 3D printing of continuous fibre thermosetting
composites as a means of increasing efficiency of composites
manufacturing and expanding the use of lightweight materials into ge-
ometries currently not feasible through conventional means of
processing.
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Fig. 15. Exploration of 3D printing process capabilities for the RTM6 epoxy/carbon fibre system: a) process map of Pareto fronts as a function of component volume
for a maximum speed of 600 mm/min and a deposition tow size of 2 mm x 2 mm; b) 3D printing process duration as a function of component volume for different

deposition rates (logarithmic scale).
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4.4. Simplified analysis application to a prepreg system

The simplified methodology developed in Section 4.3 allows
expanding the results to different epoxy resin systems. In this section,
the HexPly® M21 prepreg epoxy system has been considered. Three FE
based GA optimisation runs implementing HexPly® M21 material
properties have been executed for Case I, II and III. The GA parameters
and the ranges for the parameters are the same as those reported in
Tables 4 and 5. The only difference compared to the formulation pre-
sented in Eq. (17) was that the constraint value for the degree of cure of
the layer underlying the deposition (0tungerying) Was set to 0.51, based on
the results for the gelation conversion of the M21 resin [24]. The opti-
misations were run for three generations achieving a satisfactory level of
convergence. Following from the treatment for the Liquid Composite
Moulding system in Eq. (21), a master curve describing the dependence
on temperature overshoot on first dwell temperature was obtained for
the results of the optimisation runs as follows:

ATpax = 0.1773T; —29.57 (22)

with temperatures expressed in °C. The process time from the
simplified analysis can be calculated using Eq. 19 with a final degree of
cure of 0.91, which the value calculated for the MRCC of the M21 system
(180 °C for 2 h [24]) using the cure kinetics model reported in [35].

Fig. 16 presents a comparison of the three Pareto fronts from the full
optimisation using FE cure simulation with the outcomes of the
simplified analysis. The validated result for the MRCC conventional
processing of a 24 mm thick component reported in [35] is also pre-
sented. A good agreement is found between the FE and simplified model
Pareto fronts, confirming the validity of the simplified analysis.
Furthermore, when the results are compared with the standard 24 mm
thick laminate cure, it can be observed that the significant efficiency
benefits of 3D printing reported for the LCM system in Section 4.2 are
also manifested in the case of the prepreg system. More specifically, for a
corner solution, there is a 60 % reduction in process time and 65 % in
temperature overshoot.

Fig. 17 presents process maps obtained for the HexPly® M21 system
based on the simplified analysis using Eqs. 20 and (22). Similar con-
clusions to the LCM system can be drawn for 3D printing of the prepreg.
The 3D printing process results in a significant reduction of temperature
overshoot, which makes processing of very thick components possible,
even for configurations for which conventional processing is not feasible
without violating constraints set on the maximum temperature reached.
The process duration of 3D printing is significantly lower than conven-
tional manufacturing for small components, with process completion
within a few hours. Intermediate size components, with volumes of
around 10* cm® require a few tens of hours or processing, a duration that
is similar to current conventional manufacturing practices. Very large
prepreg structures can be processed via 3D printing within realistic
times with the utilisation of multiple heads and/or thick/wide tows. The
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Fig. 16. Comparison of Pareto fronts obtained using FE simulation and the
simplified model of 3D printing for the HexPly® M21 prepreg system.
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maximum error in temperature overshoot estimation when the simpli-
fied model is used is of about 2 °C.

5. Conclusions

In the pursuit of a first-time right design able to minimise material
waste, defect generation and energy consumption for the composite
manufacturing industry, 3D printing of continuous reinforced thermoset
composite comes into play with the potential of meeting future targets
especially in the manufacturing of thick and ultra-thick components,
given its additive nature. The analysis reported in this paper underlines
the significant benefits that 3D printing of continuous reinforced ther-
moset composite can bring to the composite manufacturing field.
Application of optimisation to a 3D printing process and comparison
with optimal batch processing conditions shows that improvements up
to 50 % in process time and up to 85 % in temperature overshoot can be
achieved when a 40 mm thick component with 800 mm? surface area is
manufactured. Furthermore, the comparison among optimal solutions
for different thicknesses (i.e. 20, 30 and 40 mm), shows that by
manufacturing a component layer by layer, the strong non-linear
dependence of temperature overshoot on thickness is eliminated.
Consequently, components of greater thicknesses can be manufactured
maintaining the same level of temperature overshoot. This reduces
significantly the likelihood of unexpected detrimental defects in the final
component (i.e. matrix cracking, residual stresses) which often cause
part rejection and influence negatively the sustainability of the
manufacturing process. The optimisation of a 150 mm long component
(i.e. 30 cm? in plane dimension) demonstrated that manufacturing of
larger components is possible with current printing speeds [41] with
about 35 % process time reduction compared to conventional batch
manufacturing. These outcomes are relevant to the unidirectional 3D
printing case addressed here. Future extensions of this work to
multi-angled laminates will address optimisation of deposition path and
residual stress development to ensure the benefits established can be
translated to generic components. Furthermore, the results of this study
demonstrate the potential of the approach with respect to thermo-
chemical phenomena only. Thermomechanical effects as well as influ-
ence of process parameters on mechanical performance will need to be
elucidated in the future. The simplified analysis proposed predicts
accurately the duration of the 3D printing process, allowing an efficient
exploration of the process landscape. The validity of this analysis is a
consequence of the linearisation of the process achieved through its
additivity, which can be the basis for generic design and control meth-
odologies in future implementations. According to this analysis, thin
composite components with surface area of about 1 m? can be printed
within few hours whilst thicker components in tens of hours. These
process times compare favourably with conventional processes espe-
cially when all the manufacturing stages of conventional processes
(lay-up, consolidation/infusion, curing and demoulding) are accounted
for. These results are valid for state of art resins system in the aerospace
sector processed using Liquid Composite Moulding or laying
up-autoclaving. 3D printing adds to the traditional challenges several
new process design degrees of freedom (i.e. degree of cure of deposited
material before new material deposition, cooling effects of new depos-
ited material, varying printing temperature degree of cure with thick-
ness); which make the overall problem more complex and potentially
not intuitive, but also providing additional flexibility. Based on the
current findings, a pre-curing stage could be implemented to accelerate
the curing process as depositing a partially cured filament with a degree
of cure lower than gel conversion can further reduce exothermic reac-
tion and process time without affecting mechanical properties. The
pre-cured tow could also be manufactured separately and fed directly to
the 3D printing head. Nevertheless, defects can be introduced upon
deposition as the tow is deformed during printing, whilst the presence of
voids and the consolidation state of the material are not controlled as
directly as in the case of batch processing. Moreover, use of multiple
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Fig. 17. Exploration of 3D printing process capabilities for the HexPly® M21 prepreg system: a) process map of Pareto fronts as a function of component volume for a
maximum speed of 600 mm/min and a deposition tow size of 2 mm x 2 mm; b) 3D printing process duration as a function of component volume for different

deposition rates (logarithmic scale).

deposition heads and wider tows is worth exploring to make 3D printing
of large structures feasible within short processing times. Nevertheless,
this development is expected to bring several technological challenges
and additional overhead cost. Consolidation specifically represents a key
development area to allow realising the predicted benefits; a consoli-
dation roller after deposition or interruptions of the deposition process
to allow intermediate consolidation steps using reusable bags, could be
implemented. Thorough further investigation and technological devel-
opment need to be carried out to overcome challenges and exploit the
opportunities identified for 3D printing. Deposition induced defects such
as gaps, overlaps, wrinkles and in-plane waviness can dramatically
affect performance of the parts. These challenges need to be successfully
overcome for the technology to achieve the potential shown in the
current study. The results presented here show that the potential effi-
ciency and capability benefits are significant and can transform the
reach and impact of composites manufacturing.
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