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a b s t r a c t 

The mechanical performance of structural parts (e.g. a 20 m + aircraft wing) made from pre-impregnated (prepreg) 
fibre reinforced polymers (FRP) are intimately linked to the material’s meso ‑scale (sub-mm length) and micro- 
scale ( 𝜇m length), which in turns depends upon the way the fibre mat impregnated with resin has been processed. 
Particularly important is the way the resin flows through the fibre bed, as that influences the level of porosity and 
the orientation of the fibres in the final part by controlling the stack’s change of thickness during manufacture. 
In this paper, the applicability of a recently proposed phenomenological model, able to predict the thickness 
evolution of a wide class of prepreg stacks under processing conditions, is investigated. One of the model’s main 
advantages is that, unlike other flow-compaction models, it can capture the transition between squeezing and 
bleeding flow. The model’s significance for a variety of reinforcements (i.e. UD carbon, UD glass and carbon fibre 
plain weave) and resin systems (i.e. first and second generation of toughened thermoset and thermoplastic resins) 
is demonstrated. A new physics-based interpretation of the material parameters is proposed. This gives rise to an 
analytical expression relating the thickness evolution with time to the applied temperature and pressure cycles, 
the viscosity of the resin, and meso ‑ and micro- geometrical characteristics of the reinforcements. The contribution 
paves the way towards a better understanding and control of the variability and increased digitalisation of the 
design and manufacturing processes of composite structures. 
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. Introduction 

.1. Motivation 

The recent push for reduction in carbon emissions has fuelled an un-
recedented demand for fibre reinforced polymers (FRPs). Once limited
o small-series and high-end aerospace and Formula 1 parts, composite
aterials are becoming widely used in fields such as the mainstream

utomotive, energy and construction sectors. In addition to their well-
nown high stiffness to weight ratio, FRPs also present the advantage to
esist environmental factors such as corrosion and fatigue well and have
ood thermal and electrical insulation properties. However, the design
nd manufacture of composite structures has historically been a man-
al, time-consuming and costly process and the cost-effectiveness and
ompetitiveness of FRP parts is an ongoing issue. There are two main
imitations for industry to be able to meet its targeted part number and
roduction rate over the next decade and to continue to grow at the
urrent pace: 
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1. Greater integration of the manufacturing constraints is needed at
the design stage as, too often, composite parts are designed based on
structural performance only and then found to be un-manufacturable
when sent to the workshop. A tedious and costly process of iterative
modifications of both the structural design and the manufacturing
method is then triggered in order to find the best compromise be-
tween manufacturability and structural performance. 

2. A greater shift towards automation is required, as the current process
remains very manual, especially as hand layup still allows to reach
greater quality for geometrically complex parts [1] . 

The many different ways a composite can be manufactured (i.e.
hermo-stamping, thermoforming, resin transfer moulding (RTM), vac-
um assisted resin transfer moulding (VARTM), autoclave curing,
acuum-bag-only processes, etc.) cover a large range of temperature (i.e.
oom temperature to above 400 °C) and applied loading rate (i.e. instan-
aneous to 0.01 bars per second) [2] and there is also a large variety of
esins (i.e. thermosets, thermoplastics, etc.) and fibres types (i.e. car-
on, glass, etc.) and internal architecture (unidirectional, non-woven,
nd textile - woven, braided, stitched of various patterns, etc.) that can
e combined. As a result, simulating the manufacturing of a composite
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s an extremely complex task. This, partly, explains why virtual process
hains for composites have only recently started to appear in academia
or the forming, followed by infusion of dry textiles [3] , prepreg tech-
ology [4] and also sheet moulding compound [5] . Because each of the
rocesses described above involve fundamentally different physics, the
ools to predict their outcome have, historically, been developed in iso-
ation. This is a further obstacle to the deployment of design for manu-
acture practices in industry as this makes it very tedious to compare
he effect of different manufacturing processes on a part micro- and
eso ‑scale architecture (and hence its structural performance). Further,

hallenges have been brought by the recent rapid escalation of the use
f automated processes such as Automated Tape Laying, Automated Fi-
re Placement (AFP) or Fibre Patch Placement (FPP) as they use ma-
erial in a very different format. AFP tapes are typically 6-mm wide
hilst prepreg sheets laid-up by hand are typically 300 mm . In those

onditions, the assumption made in traditional composites manufactur-
ng simulations that size effects are negligible is often not valid any-
ore. This was discussed, in the case of thermoplastics, as early as the
990 ′ s by Wang and Gutowski [6] . More recently Nixon-Pearson et al.
7] performed an experimental study that allowed to relate the lateral
xpansion of toughened thermoset prepreg tapes to the processing con-
itions and Hautefeuille et al. [8] conducted a similar study where the
ape expansion was measured in-situ. Meso-scale modelling of prepreg
ompaction performed by Sorba et al. [9] allowed deeper understanding
f the phenomenon, in particular with respect to the role of the inter-
aces. 

Consolidation is a key mechanism to achieve a high-quality part, re-
ardless of the process involved. It controls the structural properties of
he final part as it influences the level of porosity and fibre path de-
ect generation. A comprehensive review of void formation mechanisms
n prepregs is provided by Centea et al. [10] and May et al. [11] per-
ormed a benchmark exercise of permeability measurements in dry tex-
iles that highlighted the link between the compaction state of the pre-
orm and the ease with which it can be impregnated. Farhang and Fern-
und [12] more specifically studied the relation between porosity and
hickness variation (i.e. compaction) in no-bleed prepreg laminates. A
econd important aspect of compaction is its link to part thickness con-
ormance and fibre path defect formation. After having originally con-
entrated in understanding the phenomena at play [13] , research on the
nfluence of compaction on part quality has, in recent years, focused on
he modelling and predictive aspects. For example, Levy and Hubert
14] proposed an analytical approach that can predict thickness devi-
tion from a targeted value that may arise in geometrically complex
arts and Š imáček and Advani [15] developed a numerical approach to
redict part thickness variation and porosity levels in corner laminates.
lthough important contributions, these two approaches are limited by

he complexity of parts that they can handle. Recent work [16] from
ome of the authors of the present contribution, looked more specifically
t the link between compaction and fibre path defects and demonstrated
hat a part’s geometric complexity can be tackled within a finite element
ramework. Very recent work by the same authors [17] allowed to re-
ove issues pertaining to the computational cost of such an approach,

llowing simulations to run in tens of minutes rather than weeks, as in
he case of the original formulation. 

Traditionally, low viscosity systems are modelled using percolation
heories (Darcy’s law) combined with structural response of interacting
bres [18] whilst when the viscosity of the resin is high, shear flow the-
ries for incompressible materials [19] are used. In percolation (bleed-
ng) flow, the assumption is made that the application of a consolida-
ion pressure on a fibre mat impregnated with a viscous resin results
n the expulsion of the resin out of the reinforcements static in-plane
nd deformation of the reinforcement out-of-plane. Shear flow (also re-
erred to as squeezing flow) theories, on the other hand, assume that
he fibres are convected with the resin under the effect of the viscous
rag force [20] . To decrease the processing time, new manufacturing
echniques tend to use very high pressure and pressure rates. Moreover,
2 
ew material formulations where thermoplastic and thermoset resins
re combined, which aim to improve the toughness and the resistance
o delamination of conventional systems, have also appeared in the last
0 years or so. Recent separate studies from Nixon-Pearson et al. [7] and
autefeuille et al. [8] have shown that in these cases, a transition be-

ween flow modes can be observed. This is a problem from a modelling
oint of view as the equations underpinning bleeding and squeezing
ow respectively are difficult to combine, with percolation-driven com-
action theories assuming the additive decomposition of pressure into
train-dependant (i.e. non-linear elastic) and strain rate-dependant (i.e.
iscous) terms, and shear flow theories predicting the multiplicative su-
erposition of an elastic and a viscous terms at the laminate level. 

.2. The defgen protocol model 

Based on extensive experimental characterisation [7] , Belnoue et al.
21] proposed a phenomenological model that considers the transition
etween squeezing and bleeding flow. Building on the work by Kelly
22] who, revisiting previous experimental data [23] , suggested that
ultiplicative superposition of strain and strain rate functions could also

e used to represent percolation flow, they postulated that bleeding can
e described as squeezing longitudinally (rather than transversely) to
he fibres making the formulation of a unified model for squeezing and
leeding flow much easier. For each flow mode, an equation relating
ressure ( p = − 𝜎), to the strain ( 𝜀 ) and its rate ( ̇𝜀 ) in the compaction
irection was derived based on geometrical considerations at both the
icro- (i.e. the fibre scale) and the meso ‑scale (i.e. the ply scale). A crite-

ion for the transition between the flow modes was derived based on the
ssumption that fibres’ convection is impeded once the shear deforma-
ion at ply edges has reached a critical level. At the meso ‑scale, this gave
ise to the existence of a compaction limit [24] passed which the fibres
re so tightly packed that the melt cannot compact anymore. The model
as then implemented as a 3D hyper-viscoelastic material in a user ma-

erial subroutine for the Finite Element (FE) package Abaqus/Standard
nd used to study the impact of consolidation on fibre path defect gener-
tion for a wide range of industrially relevant geometries such as corner
nd tapered laminates [16] or parts with embedded AFP gaps and over-
aps [25] . Good predictions for the thickness evolution of prepreg stack
nd consolidation-driven defects were made. The whole workflow asso-
iated with what is termed the DefGen ProToCoL ( Pro cessing To ol for
o mposite L aminates) is illustrated in Fig. 1 . 

As shown in [9] , in order to capture the non-homogeneous distribu-
ion of strain within an elementary tape/ply from which the size-effect
entioned above originate, modelling the consolidation behaviour of
bre reinforced fluids within a FE framework should involve a sub-
lement resolution through the thickness of a ply. As a result, simula-
ions of the compaction of a volume of material of only a few mm 

3 can
ake several hours. As illustrated in Fig. 2 , the DefGen ProToCoL frame-
ork is based on a more pragmatic approach that allows the use of only
 element through the thickness of a ply. The 1D semi-analytical model,
n which the framework is based, was derived from the equation pro-
osed in [26] for the viscous flow (i.e. Stokes flow) of highly anisotropic
aterials squeezed between two rigid platens where a no-slip condition

s assumed. As illustrated in Fig. 2 (see also [21] ), the model’s formu-
ation starts with the rearrangement of Rogers’s equation to express the
pparent viscosity of a unit cell (i.e. 𝜂micro ) where the squeezing of a
ewtonian fluid (of viscosity 𝜂resin ) between two square fibres is consid-
red. The size, d, of the idealised square fibres is expressed as 𝑑 = 

√
𝜋𝑅

here R is the fibres’ diameter. Then, Rogers’s relation is used, at a ply
evel, to formulate an expression for the apparent viscosity, 𝜂meso , of a
olume of prepreg of viscosity 𝜂micro , initial thickness t , initial width
i.e. transversely to the fibres) w and initial length (i.e. along the fibres)
 . The obtained expression does not account for the diminution of the
pparent viscosity of the prepreg with the applied strain rate - also re-
erred to as shear thinning - that is well documented in the literature
27] . Considering that there is no analytical solution for the Stokes flow



J.P.-H. Belnoue, M.A. Valverde, M. Onoufriou et al. International Journal of Mechanical Sciences 199 (2021) 106425 

Fig. 1. DefGen ProToCoL workflow - 1. The 
fibre reinforced fluid compaction response is 
characterise as described in [7] . 2. Material pa- 
rameters are extracted following the procedure 
described in [21] . 3. Simulations of the auto- 
clave consolidation of composites parts are per- 
formed as described by [ 16 , 25 ]. 

Fig. 2. Schematic representation of the main 
assumption behind the DefGen model. The 
model in the centre of the figure that illustrates 
inhomogeneous strain distribution within a ply 
is taken from [9] . 
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f a non-Newtonian two-scale fluid and that shear thinning is known
o be related to the reorganisation and interaction of the fibres, the fi-
al expression for the apparent viscosity of the volume of prepreg con-
idered is obtained by weighting 𝜂meso with a power-law function (i.e.

𝑟𝑎𝑡𝑒 = 𝑒 
𝑏 ( − ̇𝜀 ) 𝑎 ) so that when 𝜀 ≤ 𝜀 l , the apparent viscosity, 𝜂app , of the

repreg is expressed as in eq. (1) whilst for 𝜀 > 𝜀 l , eq. (2) is used. 

app ( 𝜀, �̇� ) = 4 
(

𝑤 

𝑡 

)2 √
𝜒𝑙 𝑒 

−3 𝜀 𝑘 

⎛ ⎜ ⎜ ⎝ 
( 

𝑘 √
𝜒𝑓 ⋅ exp ( 𝜀 ) − 𝑘 

) 2 

+ 3 
⎞ ⎟ ⎟ ⎠ 𝑒 𝑏 sque eze ( − ̇𝜀 ) 𝑎 (1) 

app ( 𝜀, �̇� ) = 4 
(

𝑤 

𝑡 

)2 
𝜒𝑙 𝑒 

−2 𝜀 𝑘 

⎛ ⎜ ⎜ ⎝ 
( 

𝑘 √
𝜒𝑓 ⋅ exp ( 𝜀 ) − 𝑘 

) 2 ⎞ ⎟ ⎟ ⎠ 
(

𝑙 

𝑑 

)2 
𝑒 𝑏 bleed ( − ̇𝜀 ) 𝑎 (2) 

In eqs. (1 - 2 ), 𝜀 𝑙 = − ln ( 
√ 

2 
3 

𝑡 

𝑤 
tan ( 𝛾𝑙𝑜𝑐𝑘 ) + 1 ) is the strain at locking, e.g.

ritical level of shearing at ply edges, and 𝜒𝑙 = 𝑒 −2 𝜀 
𝑙 = 

𝑉 𝑚𝑎𝑥 
𝑓 

𝑉 0 
𝑓 

𝜒𝑓 . In these

xpressions, 𝑉 0 
𝑓 

is the initial fibre volume fraction, 𝑉 𝑚𝑎𝑥 
𝑓 

is the maximum

bre volume fraction and 𝛾𝑙𝑜𝑐𝑘 = arcsin ( 
4 𝐴 0 
𝑅 2 

− sin 2 𝛼

1− cos 2 𝛼 ) is the critical shear
ngle (i.e. the maximum shear angle in the tape at locking). Following
onsiderations on fibre rearrangements, it can be shown (see [21] ) that
3 
= arcsin ( 𝐴 0 
𝐴 𝑓 

sin 𝛼𝑓 ) where 𝛼𝑓 = 

𝐴 0 
𝐴 0 + 𝐴 𝑓 

arctan ( 𝑅 

4 𝐴 𝑓 
) , 𝐴 0 = 

𝜋𝑅 2 

2 𝑉 0 
𝑓 

and 𝐴 𝑓 =

𝜋𝑅 2 

2 𝑉 𝑚𝑎𝑥 
𝑓 

. Practically, at a given processing/test temperature, the model

nly needs 4 material parameters: 

• k that is the size of the (square) fibres normalised by the size of
the unit cell. k can be assimilated to a “1-dimensional ” fibre volume
fraction and written as 𝑘 = 

𝑑 

𝑙 𝑈𝐶 
using the same notations as on Fig. 2 ;

• a that is related to the flow behaviour index n (i.e. a = n − 1) and con-
trols whether the fluid is shear-thinning ( n < 1), Newtonian ( n = 1)
or dilatant ( n > 1); 

• and, finally, b which increases as the melt becomes more viscous (i.e.
flow consistency factor). b takes different values under squeezing
( b squeeze ) and bleeding ( b bleed ) hence the 4 parameters in total. In
order to write the equations in a concise way the notation �̄� = 𝑏 +
ln 𝜂𝑟𝑒𝑠𝑖𝑛 is adopted. 

For a given load cycle, the ordinary differential equations presented
n eqs. (1) and (2) can be numerically solved in terms of the through-
hickness strain which allows to predict the evolution with time of the
hickness of the ply stack. 
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.3. The contribution of this paper 

So far, a clear limitation of the DefGen PRoToCoL model is the lack
f an analytical expression that links the model’s bespoke material pa-
ameters to known physical quantities (such as the resin viscosity or the
bre content) for which established measurement techniques exist and
hat have available historical data that could be used directly to feed
he simulations (essentially removing the need for step 1 and 2 on the
orkflow illustrated in Fig. 1 ). In the present contribution, the model’s
bility to capture the behaviour of prepreg made from different resin
ystem (i.e. 1st and 3rd generation toughened thermoset and thermo-
lastic systems) and fibres type and architecture (i.e. UD and woven
arbon, UD glass) is demonstrated. For each studied case, material pa-
ameters can be extracted, and the model can accurately predict how the
amples’ thickness evolves following the application of temperature and
ressure cycles. Contrasting the evolution of the parameters with tem-
erature with the type of the constituents in the prepreg they describe
llows a physics-based reformulation of the model. Analytical expres-
ions linking the material parameters to the resin viscosity, the initial
orosity of the fibre bed and the fibre radius are established. Following
handler [28] , the flow consistency factor is reinterpreted as a function
f an energy barrier that controls the flow transition. This way, the ar-
ificial change of flow direction hypothesised in the original model is
ade redundant. The newly derived expressions open a number of ex-

iting prospects in the context of manufacturing 4.0 of composites [29] .
or example, they make it possible to design the prepreg content to re-
uce defects occurrence or to adapt the processing cycle based on the
nown/measured volume fraction and porosity of the fibre bed. 

. The defgen protocol testing procedure 

.1. Materials 

Although the DefGen ProToCol model was originally derived for
oughened thermosetting unidirectional (UD) prepreg, over the last few
ears, it has been used at the Bristol Composites Institute (ACCIS) to pre-
ict the behaviour under compaction of a much wider range of resins
nd fibrous reinforcements combinations. In all these cases, the model
llowed to accurately describe the thickness evolution of fibrous rein-
orcement impregnated with resin subjected to a range of temperatures,
ressures and pressure rates. This can either be explained by some real
nderlying physics behind the model’s equations that were not com-
letely grasped in the original formulation or, on the contrary, by an
xaggeration of the physical significance of the model and the ability
f the power law to fit well with any scenario [30] . In this paper, the
nalysis of the dependencies between the extracted bespoke parameters
f the DefGen model and known geometrical and physical characteristic
f the different components of the system supports the arguments that
he first of these scenarios should be favoured. 

In addition to the original 2nd and 3rd generation UD carbon-
bre/toughened thermosets systems (i.e. IM7/8552 [31] and IMA/M21
32] both from Hexcel®) used in the original publications [ 7 , 21 ], data
rom tests on 3 supplementary systems are presented and analysed: 

• A 3rd generation toughened thermoset system (M21) with 2/2 twill
weave carbon fibres (IMA) from Hexcel® [32] referred to as “M21
woven ” in the manuscript. 

• A 1st generation toughened thermosets system with UD glass re-
inforcement (E-Glass/913) from Hexcel® [33] referred to as “913
glass ” in the manuscript. 

• A UD carbon system with thermoplastic resin (TC1100 Cetex©
PPS) from Toray Advanced Composites referred to as “PPS ” in the
manuscript. 

These provide a wide range of resin viscosities, fibre types and archi-
ecture that is also consistent with the variety of material types found
n the composite industry. 
4 
.2. Testing procedure 

The studied materials were all tested following the procedure de-
cribed in [7] (see top left corner of Fig. 1 ). Specimens were laid-up in
 cruciform configuration with fibre layers alternatively orientated at
° and 90° All the samples were 16 plies thick no matter the thickness
f the plies (which varies from one material to another) and the in-
lane dimensions of each of the plies was 30 mm × 50 mm . These were
ested using an Instron 8801 universal testing machine (as illustrated
n Fig. 1 ) with temperature-controlled hot plates transferring the load
nd temperature to the samples. The specimens were loaded under a
amp-dwell regime where the fast application of load is followed by long
well/creep intervals (the idea being that this allows to cover a larger
pace of rate-pressure-thickness within one test and hence, ensures, a
ore reliable fit). Each sample was tested at a constant temperature

hroughout the loading. Specimens made from thermoset-based prepreg
ere loaded to 240 N in 1200s. The ramp-dwell program included five
40 s steps with an incremental load of 40 N, starting at 80 N. The
oading rate at each step was approximately 0.1 MPa/s. Testing temper-
ture varied from between 30 °C and 120 °C. For the PPS thermoplastic
ystem, the testing program was altered to reflect better the conditions
o which these types of materials are subjected in a real manufacturing.
he specimen dimensions were changed to 15 mm × 30 mm in plane and
2 plies through thickness. Hence, all the applied loads were multiplied
y 50 in comparison to those applied to the thermoset based systems
nd the spectrum of temperature explored varied between 260 °C and
20 °C with 10 °C increments. 

.3. Results 

In all cases, the model was shown to be able to fit the experimen-
al data well and, as illustrated in Fig. 3 , parameters could be extracted
s can be judged by the linear trends and collapse to a master-curve at
ifferent temperature on the considered graphs. The set of parameters
xtracted at each tested temperature and for each material considered
re reported in Tables 1–5 . Some interesting remarks can be drawn from
he graphs presented in Fig. 3 . Firstly, the model predicts that the 913-
ased system (see Fig. 2 a/) that has the most porous structure (i.e. the
iameter of the glass fibres is greater than for the carbon fibres and
he inter-fibre channel are therefore bigger) displays minimal squeez-
ng. Similarly, the woven structure of the M21 woven system prevents
arge lateral expansion of the fibre bed. This also results in a reduced
evel of squeezing as illustrated in Fig. 2 b/. On the other hand, whilst it
ould be expected that the thermoplastic system (see Fig. 2 c/) should
isplay significantly more squeezing than bleeding flow, this is not dis-
inctly apparent in the above figure. In fact, it is predicted to only bleed
t temperatures below the melting point of 285 °C. This is attributed to
he fact that, at these temperatures, the compaction plateau is reached
ery quickly which may lead to the model mispredicting the flow be-
aviour. Some bleeding is also predicted at high temperatures, but this is
ore in line with experimental observations that shows that contrary to
hat is normally assumed, bleeding also occurs in thermoplastic-based

ystems [34] . These remarks help building confidence in the validity of
he assumptions underlying the model’s formulation, which were sum-
arised in Section 1.2 . Secondly, the evolution of the parameter k with

emperature that was observed in the original set of data for tough-
ned UD prepregs IM7–8552 and IMA-M21 (see Fig. 1 ) still holds for
he newly characterised systems. Given that k is only supposed to ac-
ount for the size of the inter-fibre channels prior to compaction, one
ay rightly wonder why that is the case and what physical phenomena
ot accounted for in the present model formulation is responsible for
his? Lastly, we shall also draw the reader’s attention to the fact that in
very parameter extraction procedure (see Fig. 3 ), the straight lines cor-
esponding to bleeding and squeezing respectively seem to consistently

e simply shifted by ln ( ( 𝑙 ) 
2 
) . As one of the main differences between
𝑑 
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Fig. 3. Parameters for the DefGen model can 
be extracted by varying k until all the experi- 
mental data points converge to a single straight 
line in a log-log diagram where 𝜂𝑟𝑎𝑡𝑒 = 𝑒 �̄� ( − ̇𝜀 ) 𝑎 
(see eqs. (1 - 2 )) is plotted as a function of the 
strain rate in the compaction direction (i.e. |�̇� |). 
Parameters a and b , then, directly follow as fit- 
ting constants of the obtained lines. Figures a/, 
b/ and c/ represent such a diagram for 913 
glass, M21 woven and the PPS materials, re- 
spectively. Each colour corresponds to a test at 
a given temperature. 

Table 1 

Compaction parameters extracted from isothermal ramp-dwell tests for UD IMA-M21 prepreg [21] . 
Viscosities were taken from [35] . 

T (°C) 30 40 50 60 70 80 90 

k 0.940 0.864 0.816 0.810 0.806 0.806 0.806 

a − 0.926 − 0.864 − 0.793 − 0.754 − 0.764 − 0.754 − 0.759 

𝑏 squeezing − 15.991 − 13.020 − 12.660 − 12.627 − 12.624 − 12.624 − 12.624 

𝑏 blee ding − 32.718 − 29.747 − 29.387 − 29.353 − 29.350 − 29.350 − 29.350 

𝜂resin (Pa.s) 34,195.93 9327.346 2784.744 909.732 326.377 129.464 57.180 

Table 2 

Compaction parameters extracted from isothermal ramp-dwell tests for UD IM7–8552 prepreg 
[21] . Viscosities were taken from [36] . 

T (°C) 30 40 50 60 70 80 90 

k 0.949 0.919 0.884 0.850 0.824 0.806 0.795 

a − 0.971 − 0.953 − 0.941 − 0.926 − 0.893 − 0.859 − 0.821 

𝑏 squeezing − 17.51 − 16.01 − 15.12 − 14.58 − 14.27 − 14.08 − 13.96 

𝑏 bleeding − 32.85 − 31.35 − 30.46 − 29.92 − 29.61 − 29.42 − 29.3 

𝜂resin (Pa.s) 11,799.67 3932.335 1664.947 682.777 284.502 118.540 48.612 

Table 3 

Compaction parameters extracted from isothermal ramp-dwell tests for CF/PPS. The 
viscosities have been taken from a fit to manufacturer data proposed in [37] . 

T (°C) 260 280 290 300 310 320 

k 0.921 0.834 0.664 0.662 0.652 0.638 

a − 0.921 − 0.875 − 0.779 − 0.757 − 0.736 − 0.727 

𝑏 sque ezing − 16.71 − 14.79 − 12.35 − 12.43 − 12.52 − 12.54 

𝑏 bleeding − 31.0 − 28.16 − 27.38 − 27.98 − 27.61 − 27.96 

𝜂resin (Pa.s) 982.695 615.630 493.380 398.473 324.189 265.596 

5 
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Table 4 

Compaction parameters extracted from isothermal ramp-dwell tests for IMA-M21 prepreg with plain 
weave fibre architecture. Viscosities were taken from [35] . 

T (°C) 30 40 50 60 70 80 90 

k 0.8 0.74 0.68 0.66 0.66 0.66 0.66 

a − 0.920 − 0.951 − 0.679 − 0.739 − 0.770 − 0.762 − 0.762 

𝑏 squeezing − 22.857 − 21.157 − 19.897 − 19.077 − 18.697 − 18.690 − 19.050 

𝑏 bleeding − 39.583 − 37.883 − 36.623 − 35.803 − 35.423 − 35.416 − 35.776 

𝜂resin (Pa.s) 34,195.93 9327.346 2784.744 909.732 326.377 129.464 57.180 

Table 5 

Compaction parameters extracted from isothermal ramp-dwell 
tests for a UD prepreg HexPly 913 with E-glass fibres. Viscosi- 
ties were taken from the manufacturer datasheet [33] . 

T (°C) 30 60 90 120 

k 0.776 0.720 0.681 0.676 

a − 0.917 − 0.904 − 0.793 − 0.750 

𝑏 squeezing − 23.012 − 21.422 − 19.546 − 17.342 

𝑏 bleeding − 39.266 − 37.676 − 35.800 − 35.700 

𝜂resin (Pa.s) 1615.088 413.160 36.140 6.415 
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q. (1) and eq. (2) is the presence of the term ( 𝑙 
𝑑 
) 2 , this suggest that the

ypothesis on the change of the flow direction after locking may have
een exaggerated. 

. Physics-based re-interpretation of the defgen protocol model 

In this section, the two last remarks raised in Section 2.3 are used
as a basis to reformulate and reinterpret the DefGen ProToCoL
model. As shown in the rest of the paper, this allows to give a real
physical meaning to the parameters used. A recent publication by
[28] showed that the traditional expression for a power-law fluid
can be rewritten as: 

𝜂 = 𝐾 ̇𝛾𝑛 −1 = 𝜂0 𝑒 

(
− Δ𝐸 1 

𝑅𝑇 
+ Δ𝑆 1 

𝑅 

)(
�̇� ′
) 𝑚 

𝑅𝑇 
− 𝑞 

𝑅 (3)

here 𝜂 is the viscosity of the fluid, K is the flow consistency factor,
 is the flow behaviour index and �̇� is the shear rate. One of the main
isadvantages of the power-law fluid formulation is that whilst �̇� is un-
mbiguously defined in s − 1 and n is dimensionless, the dimension of
 (i.e. Pa.s n ) depends on the value of n . In Chandler’s formulation, on

he other hand, each parameter has a defined dimension that does not
hange with the value of the other material constants which makes a
aterial characterisation procedure more robust. R = 8.314 Jmol − 1 K 

− 1 

s the gas constant, T is the absolute temperature expressed in K , �̇� ′ is a
imensionless shear rate magnitude and 𝜂0 is a viscosity term expressed
n Pa.s . ΔE 1 and m are both expressed in Jmol − 1 whilst, ΔS 1 and q are
n Jmol − 1 K 

− 1 . 
Chandler’s relation (i.e. the last part of eq. (3) ) was derived from

ombining the Stokes-Einstein equation (which was first derived by Ein-
tein in his PhD thesis and relates the diffusion coefficient of a "Stokes"
article undergoing a Brownian motion in a quiescent fluid at uniform
emperature to the viscosity of the fluid) with the conventional expres-
ion of a power-law fluid, as displayed in the first part of eq. (3) . The
erivation involves the definition of an enthalpy, ΔH , which is an en-
rgy barrier required to overcome forces between flow units such as
rictional and electrostatic forces and an activation entropy, ΔS , which
orresponds to the energy that needs to be provided to the system in
rder to maintain a certain structural order that is different to the one
n the fluid at rest. In the case of a Newtonian fluid or a fluid at rest,
S is null. The quantities ΔE 1 , ΔS 1 , m and q in eq. (3) , follow from the
xpressions of ΔH and ΔS respectively: 

𝐻 

(
�̇� ′
)
= 𝑚 ln 

(
�̇� ′
)
+ Δ𝐸 1 (4)
6 
𝑆 

(
�̇� ′
)
= 𝑞 ln 

(
�̇� ′
)
+ Δ𝑆 1 (5)

here ΔE 1 and ΔS 1 are the values of ΔH and ΔS determined at the
eformation rate of 1 s − 1 . 

In the context of the DefGen ProToCoL model, eq. (3) can be com-
ared to eqs. (1) and (2) and used to write: 

 = 𝑏 𝑠𝑞𝑢𝑒𝑒𝑧𝑒 = 𝑏 𝑏𝑙𝑒𝑒𝑑 + 2 ln 
(

𝑙 

𝑑 

)
= − 

Δ𝐸 1 
𝑅𝑇 

+ 

Δ𝑆 1 
𝑅 

= − 

Δ𝐹 1 
𝑅𝑇 

(6)

 = 

𝑚 

𝑅 

1 
𝑇 

− 

𝑞 

𝑅 

(7)

here ΔF 1 is an Helmoltz free energy at a deformation rate of 1 s − 1 .
F 1 acts as an energy barrier that controls the ability of the resin to
ow through a fibre network of a given initial porosity. The depen-
ence of both b and a with 1 

𝑇 
implies that each of these parameters

an theoretically be determined from the knowledge of the other. This
grees well with [38] observation that, for material systems IM7/8552
nd IMA/M21, experimentally extracted values of the two parameters
re almost perfectly correlated (i.e. correlation coefficient of 0.95). In
q. (6) , the remark made at the end of section 2.4 on the irrelevance of
hanging the flow direction upon locking is used to reduce the amount
f material parameters needed by the model. This is also justified by
he fact that ̄b now identifies to an energy barrier that controls the flow
f resin. In essence, this definition equates to the loosening of the as-
umed coupling between fibre bed locking and the transition between
queezing and bleeding flow, with the later no longer being considered
o trigger the former. The relation of the equations of the DefGen ProTo-
oL model to Chandler’s equation not only allows for these parameters
o be directly quantified from the underlying physics (as opposed to just
tting constants), it also provides understanding of how these param-
ters evolve with temperature. This is used in the next section of the
anuscript where the comparison of parameters extracted for different

esins and fibres types and architecture combinations is used to under-
tand how k, ̄b and a depend on the known properties of the resin and
he fibre bed. Lastly, it is worth remarking that, contrary to the more
eneral case described by Chandler in eq. (5) , ΔS , which characterises
tructural ordering, does not depend on �̇� ′, as locking (i.e. maximum
tructural ordering) is only a function of geometrical characteristics of
he ply and unit cell. Consequently, q = 0. 

The physics-based reinterpretation of the model proposed allows to
eplace eqs. (1) and (2) with: 

app ( 𝜀, �̇� ) = 4 
(

𝑤 

𝑡 

)2 √
𝜒𝑙 𝑒 

−3 𝜀 𝑘 
⎛ ⎜ ⎜ ⎝ 
( 

𝑘 √
𝜒𝑓 ⋅ exp ( 𝜀 ) − 𝑘 

) 2 

+ 3 
⎞ ⎟ ⎟ ⎠ 𝜂resin 𝑒 

𝑏 𝜀 ’ 𝑎 (8) 

app ( 𝜀, �̇� ) = 4 
(

𝑤 

𝑡 

)2 
𝜒𝑙 𝑒 

−2 𝜀 𝑘 
⎛ ⎜ ⎜ ⎝ 
( 

𝑘 √
𝜒𝑓 ⋅ exp ( 𝜀 ) − 𝑘 

) 2 ⎞ ⎟ ⎟ ⎠ 𝜂resin 𝑒 
𝑏 𝜀 ’ 𝑎 (9) 

here, similarly to 𝛾 ′ , 𝜀 ′ is a dimensionless strain rate magnitude. 
The fibre reinforced fluid is expressed as a general power-law fluid

here the flow consistency factor is multiplicatively split into a term
nherited from shear flow theories (in red) and a term reminiscent of
ercolation flow theories (in green). Hence, it is shown later in the pa-
er that b (that is now defined as an energy barrier controlling the ability



J.P.-H. Belnoue, M.A. Valverde, M. Onoufriou et al. International Journal of Mechanical Sciences 199 (2021) 106425 

Table 6 

Summary of the differences, in units, between the original formulation of the DefGen ProToCoL model and the newly 
introduced physics-based reformulation. 

Original formulation New formulation 

w : ply width mm Mmm 

t : ply thickness mm mm 

l : ply length mm –

d : 
√

𝜋𝑅 where R is the fibres’ diameter mm –

𝜂resin : resin viscosity Pa.s Pa.s 

𝜒 l : stretch in compaction direction at locking dimensionless dimensionless 

𝜒 f : stretch in compaction direction on the compaction plateau dimensionless dimensionless 

k : normalised (average) size of the inter-fibre channels dimensionless dimensionless 

b : − Δ𝐹 1 
𝑅𝑇 

(linked to the flow consistency factor in the original formulation) ln( s a ) dimensionless 

a : m 
𝑅𝑇 

(flow behaviour index − 1 in the original formulation) dimensionless dimensionless 

𝜀 : Hencky strain in the compaction direction dimensionless dimensionless 

�̇� : rate of Hencky strain in the compaction direction s − 1 –

𝜀 ′ : strain rate magnitude in the compaction direction – dimensionless 
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Table 7 

Summary of the parameters used to plot Fig. 4 . 

r fibre ( 𝜇m ) k max k min T ph . trans . (°C) 𝜂ph . trans . (Pa.s) 

M21 3.5 0.952 0.70 35 21,761.640 

8552 3.5 0.952 0.70 45 2798.642 

PPS 3.5 0.952 0.70 285 550.579 

913 glass 6.0 0.952 0.67 30 26,607.763 

M21 woven 3.5 0.791 0.61 35 21,761.640 
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f the resin to flow through the fibre network) depends on the fibre-bed
orosity and the fibre radius which is reminiscent of permeability cal-
ulations using the Kozeny-Carman equation. The differences remaining
etween the equations before (i.e. eq. (8) ) and after (i.e. eq. (9) ) locking
ome from assumption made on the material compressibility (and result-
ng width expansion) under the 2 regimes. Practically, passed locking, 𝜀

𝜀 l and thus 𝜒𝑙 𝑒 
−2 𝜀 ≈

√
𝜒𝑙 𝑒 

−3 𝜀 . Similarly, the “+ 3 ″ term between the
rackets in eq. (8) disappears in eq. (9) by assuming l ≫ d and could
ust be reintroduced. Hence, although, 𝜒 l still appears in the equation,
he flow transition from the original model is essentially removed as,
n the case of a 1D analysis, eqs. (8) and (9) could be merged into one.
he slight changes of units introduced by the model reformulation are
ummarised in Table 6 . 

. Discussion 

.1. Apparent volume fraction 

Another concept from physical chemistry that can be applied for the
pparent viscosity of a fibre reinforced fluid is the notion of Stokes ra-
ius (also called hydrodynamic radius for a polymer) which expresses
he apparent radius of a molecule which diffuses within the fluid it is
art of. As it moves, the molecule can drag other fluid units so that its ap-
arent radius increases. Therefore, the hydrodynamic radius is not only
 function of the radius of the molecule but also of the fluid mobility
that is the inverse of the viscosity). A similar notion can be used in rela-
ion to the DefGen ProToCoL model. Hence, for high viscosity resins the
pparent and actual fibres’ radii will differ. This will result in the inter-
bres channels being smaller and the effective fibre volume fraction
reater than their nominal values. Whether the Stokes radius, r apparent ,
s greater than the fibre radius r fibre or not, the size of a unit cell, l UC ,
tays the same. x = r apparent − r fibre cannot exceed a certain value, x max ,
hat is dictated by the maximum fibre packing. The aim of the present
ontribution is to analyse how the material parameters of the DefGen
roToCoL model changes with a change of fibre type, fibre bed archi-
ecture and/or resin type. In the original manuscript where the DefGen
roToCoL model was formulated [21] , it was experimentally found that
 evolves with temperature which contradicts its prescribed meaning of
urely geometrical volume fraction related parameter. In the light of
he considerations made in this paragraph, it can be suggested that the
ffective fibre radius may evolve indeed as it depends on resin viscosity
hich is itself dependant on temperature. 

The high degree of contrast between the fibre types, fibre architec-
ures and resin types of the prepregs studied, suggests that comparison
f the evolution of their “raw ” k values directly with the viscosity of
he resin would not provide significant insight into the relationship be-
ween the parameter k and resin viscosity. It is proposed here, instead,
o construct a dimensionless normalised fibre coating thickness, 𝑥 

𝑥 
,

𝑚𝑎𝑥 

7 
hat accounts for the differences in fibre types and architecture and a
ormalised viscosity, 𝜂𝑟𝑒𝑠𝑖𝑛 

𝜂𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
, that compares the resin viscosity 𝜂resin 

o the viscosity of the same resin at the temperature at which a large
iscosity drop is observed (i.e. solid to liquid transition), 𝜂ph . trans . . For
hermoplastics, 𝜂ph . trans . , directly identifies to the viscosity at the melt-
ng temperature. The use of the normalised viscosity allows to correct
or the differences in viscosity magnitudes and range exhibited by the
ifferent resin systems used. 

Using the various considerations made here, the normalised fibre
oating thickness , can be expressed as the quotient of the fibre coating
hickness, x , and the fibre radius, r fibre . Hence, calling k max the value of
 at high resin viscosity (i.e. when the apparent volume fraction corre-
ponds to that at maximum fibre packing) and k min the value of k at low
esin viscosity, leads to the relation: 

 𝑢𝑐 = 

𝑟 𝑓𝑖𝑏𝑟𝑒 

𝑘 𝑚𝑖𝑛 

= 

𝑟 𝑓𝑖𝑏𝑟𝑒 + 𝑥 

𝑘 
= 

𝑟 𝑓𝑖𝑏𝑟𝑒 + 𝑥 𝑚𝑎𝑥 

𝑘 𝑚𝑎𝑥 

(10)

This then results in: 

𝑥 

𝑥 𝑚𝑎𝑥 

= 

𝑘 𝑙 𝑈𝐶 − 𝑟 𝑓𝑖𝑏𝑟𝑒 

𝑘 𝑚𝑎𝑥 𝑙 𝑈𝐶 − 𝑟 𝑓𝑖𝑏𝑟𝑒 

= 

𝑘 
𝑟 𝑓𝑖𝑏𝑟𝑒 

𝑘 𝑚𝑖𝑛 
− 𝑟 𝑓𝑖𝑏𝑟𝑒 

𝑘 𝑚𝑎𝑥 

𝑟 𝑓𝑖𝑏𝑟𝑒 

𝑘 𝑚𝑖𝑛 
− 𝑟 𝑓𝑖𝑏𝑟𝑒 

= 

𝑘 

𝑘 𝑚𝑖𝑛 
− 1 

𝑘 𝑚𝑎𝑥 

𝑘 𝑚𝑖𝑛 
− 1 

(11)

Remarking that 𝑘 

𝑘 𝑚𝑖𝑛 
= 1 + 

𝑥 

𝑟 𝑓𝑖𝑏𝑟𝑒 
, we can finally write: 

𝑥 

𝑥 𝑚𝑎𝑥 

= 

1 (
𝑘 𝑚𝑎𝑥 

𝑘 𝑚𝑖𝑛 
− 1 

) 𝑥 

𝑟 𝑓𝑖𝑏𝑟𝑒 

(12) 

𝑥 

𝑥 𝑚𝑎𝑥 
and 𝜂𝑟𝑒𝑠𝑖𝑛 

𝜂𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
have been calculated for the 5 prepreg systems

onsidered using the parameters summarised in Table 7 that have been
easured/extracted from experimental data ( r fibre , k min ), taken from
anufacturers data sheets ( T ph . trans . , 𝜂ph . trans . ) or from reasonable as-

umptions ( k max ). Hence, it was assumed that the fibre distribution
ransversely to the fibres is isotropic so that k max can be determined

rom 𝑘 𝑚𝑎𝑥 = 

√ 

𝑉 𝑓 𝑚𝑝 
(with V f mp being the fibre volume fraction at max-

mum packing) and 𝑘 𝑚𝑖𝑛 = 

√ 

𝑉 0 
𝑓 

. Hence, the theoretical maximum vol-

me fraction in a UD ply is 90.7% assuming hexagonal close packed fi-
re arrangement. Similarly, the maximum volume fraction of the woven
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Fig. 4. Master curve controlling the evolution of k with viscosity/temperature. 
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parameter compared to the other parameters k and b. 
ystem was estimated to be 65% [39] . It is worth noting that although
oven materials have very different micro-mechanical behaviour to
repreg made of UD reinforcements (they exhibit dual-scale flow mech-
nisms where the porosity is high at some locations and low elsewhere),
he DefGen model does not capture this level of complexity. The mate-
ial porosity characterised by the parameter k is taken in a homogenised
ense. The weave type, however, comes into play when considering the
aximum possible packing characterised by the parameter k max dis-

ussed here. 
In Fig. 4 , the 𝑥 

𝑥 𝑚𝑎𝑥 
values derived from the values of k extracted from

he compaction tests of the 5 prepreg systems under consideration are
lotted as a function of 𝜂𝑟𝑒𝑠𝑖𝑛 

𝜂𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
. This reveals the existence of a master

urve around which most of the data points agglomerate, with the most
otable error being for the PPS system. This curve can be approximated
y a hyperbolic tangent function that is plotted as a solid black line in
ig. 4 . The hyperbolic tangent function varies between − 1 and 1 and
s often used to describe transition phenomena and is therefore well
uited to the context described here. This provides a way to estimate
he value of k based on the known evolution of the resin viscosity with
emperature and the structural characteristic of the fibre bed. Hence,
he assumption of an isotropic distribution of the fibres in the transverse
lane allows to re-write eq. (12) as: 

1 ( √ 

𝑉 𝑓 𝑚𝑝 

𝑉 0 
𝑓 

− 1 

) 

𝑥 

𝑟 𝑓𝑖𝑏𝑟𝑒 

= tanh 
( 

𝜂𝑟𝑒𝑠𝑖𝑛 

𝜂𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 

+ 0 . 25 
) 

nd we finally have: 

 = 

√ 

𝑉 0 
𝑓 

( 

1 − tanh 
( 

𝜂𝑟𝑒𝑠𝑖𝑛 

𝜂𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 

+ 0 . 25 
) ) 

+ 

√ 

𝑉 𝑓 𝑚𝑝 
tanh 

( 

𝜂𝑟𝑒𝑠𝑖𝑛 

𝜂𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 

+ 0 . 25

(13) 

It is worth noting that the observed divergence of the PPS points
rom the overall trend may be explained by a likely underestimation of

ph . trans . in this case. Hence the viscosity of the PPS used was derived
rom a fit to experimental data presented in [37] and that was developed
ver a range of temperatures that were all higher than the melting point.

.2. Flow transition 

In the same way, the parameter ̄b can be determined using the devel-
pment of Section 3 , the evolution of the resin viscosity with tempera-
ure and some considerations of the fibres’ microstructural arrangement
rior to compaction. This section shows how a master curve for the
volution of ̄b with temperature can be constructed. The different steps
ollowed are summarised in Fig. 5 . 
8 
The first step is to follow eq. (6) and plot the evolution of b (see eqs.
1 - 2 )) as a function of 1 

𝑇 
. Similarly to what was done in Section 4.1 with

he viscosity, resin independent curves are built by using the relative
emperature, 𝑇 

𝑇 𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
, instead of T (interestingly, this gives rise to an

xpression that is similar to some relations controlling diffusion creep
n metals [40] ). The obtained curves are presented in Fig. 5 . a/. For all
 material systems, b is shown to evolve linearly with 1 

𝑇 
which validates

he interpretations made in Section 3 . Moreover, the use of the relative
emperature shows that the data points of the 3 systems made from UD
arbon fibre tend to converge to the same linear relation. 

It is worth noting that when 𝑇 

𝑇 𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
< 1 (i.e. when the prepregs be-

ave more like a solid rather than a liquid), the data points tend to
iverge from their characteristic straight lines. That characteristic was
sed to help determine the values of T ph . trans . presented in Table 7 . It

as discussed in Section 4.1 that for 𝑇 

𝑇 𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
< 1 , r apparent > r fibre and as

he curve for UD glass reinforcements is different from the UD carbon
urve, it appears that b (and by extension ΔF 1 ) depends on r fibre . This
grees well with the open literature on bleeding flow [18] to which ΔF 1 
elates as it controls the ability of resin to diffuse within the prepreg.
umerical simulations of Stokes flow of resin through fibre-beds made
f fibres of different radii and varied level of porosity/volume fraction

41] suggested that ΔF 1 should be a function of the ratio 𝜀 0 
2 

( 1− 𝜀 0 ) 
𝑟 𝑓𝑖𝑏𝑟𝑒 

where 𝜀 0 = 1 − 𝑉 0 
𝑓 

is the porosity) that characterises the tightness of

he fibre-bed. Based on this, the magnitudes of the gradient ( − 

Δ𝐸 1 
𝑅𝑇 

)

nd ordinate at origin ( Δ𝑆 1 
𝑅 

) of the curves (see Fig. 5 a/) characteris-
ic of the 3 different fibre beds considered are plotted as a function

f 𝜀 0 
2 

( 1− 𝜀 0 ) 
𝑟 𝑓𝑖𝑏𝑟𝑒 in Fig. 5 b/ and c/ respectively. These graphs reveal the

xistence of the linear evolution of ΔF 1 with 𝜀 0 
2 

( 1− 𝜀 0 ) 
𝑟 𝑓𝑖𝑏𝑟𝑒 . As would be

xpected ΔF 1 = 0 when r fibre = 0 i.e. a block of pure resin subjected to a
ressure p will naturally flow. As illustrated in Fig. 5 d/, it follows that

he curve b̄ − ln ( 𝜂𝑟𝑒𝑠𝑖𝑛 ) 
𝜀 0 2 

( 1− 𝜀 0 ) 
𝑟 𝑓𝑖𝑏𝑟𝑒 

= 𝑓 ( 𝑇 

𝑇 𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
) is a master curve that can be used to

etermine the value of ̄b of any fibre reinforced resin melt of known
bre volume fraction, fibre radius and variation of the respective resin
iscosity with temperature. As illustrated in Fig. 5 d/, replacing r fibre by
 apparent (see Section 4.1 ) removes the non-linearity observed at relative
emperature lower than 1 thus leading to: 

b̄ − ln 
(
𝜂𝑟𝑒𝑠𝑖𝑛 

)
𝜀 0 2 

( 1− 𝜀 0 ) 𝑟 𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 

= −16 628 
𝑇 𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 

𝑇 
+ 12 471 (14)

here 16 628 and 12 471 are the gradients of the curves in Fig. 5 b/ and
/ respectively. 

.3. Shear thinning 

The last material constant that needs to be analysed is the parameter
 which controls the non-Newtonian behaviour of the prepreg. Hence for
 1 < a < 0 shear thinning is observed whilst if a > 0 the fibre reinforced
elt exhibits a shear thickening behaviour. In all cases studied, the val-
es of a very clearly indicate that the viscosity of the prepreg decreases
ith the applied strain rate (i.e. shear thinning). Based on eq. (7) , all the

xtracted values of a were plotted as a function of 
𝑇 𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 

𝑇 
in Fig. 6 . Al-

hough the conformity to the theory is not as convincing as for the other
wo parameters, the data points broadly converge towards the straight
ine (drawn as a solid black line in Fig. 6 ) described by eq. (7) and
here q = 0 (see Section 3 ) and 𝑚 

𝑅 𝑇 𝑝ℎ. 𝑡𝑟𝑎𝑛𝑠. 
= −0 . 9 are used. However, the

ollowing considerations need to be taken into account: 

1. The value of a is very sensitive to the other parameters, which leads
to large variabilities of the (average) values reported in Fig. 6 . 

2. Matveev et al. [38] performed a sensitivity analysis of how a affects
the predicted final thicknesses. This revealed a low influence of this
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Fig. 5. Construction of the master curve con- 
trolling the evolution of ̄b with temperature. 

Fig. 6. Variation of the shear thinning parameter with temperature. 
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.4. And dry fibres? 

Automated Dry Fibre Placement (ADFP) is an alternative to the
ore widely used AFP process, where dry fibres tapes (rather than pre-

mpregnated material) are deposited on a mould using a poly-articulated
obot (see Fig. 7 a/), thus additively building the structure of the part
n a layer by layer basis. The manufacture is then completed by the
nfusion, in an oven rather than an autoclave, of the dry fibre preform
9 
ith resin. The method has significant potential for producing composite
arts at lower cost and increased productivity [42] . However, before the
ethod can be developed for industrial use, further work is first required

o provide fundamental understanding of the material [43] . Particularly
mportant is the compaction behaviour of the dry tow [44] . This deter-
ines the quality of the infusion and the final structural properties of

he part through the volume fraction. As a side remark, it is interesting
o note that a compromise needs to be found between infusibility, which
s increased at low fibre volume fractions, and mechanical performance
hat improves with higher fibre content. As power law functions are of-
en used to describe the compaction response of dry reinforcement [45] ,
his suggests that the DefGen ProToCoL model could well be adapted to
epict the through-thickness compressive behaviour of ADFP dry fibre
ows. 

Consequently, this hypothesis is now explored for the case of Dry-
ibre AFP. Dry fibre tapes, HiTape produced by Hexcel® [46] , were
ested using a similar experimental program and setup to that described
n Section 2.2 . The collected data (mainly thickness evolution with time
f cruciform specimens subjected to a predefined load cycle at a given
emperature) were used to explore the feasibility of the DefGen ProTo-
oL model to describe the compressive behaviour of these raw mate-
ials during processing and to confirm if the formulation developed for
repreg compaction, described in the previous sections, can be extended
o (predominately) dry materials. The tapes consist of 12k UD carbon
ows with a thermoplastic veil (binder) on each surface (that can be ac-
ivated at 180 °C to increase tack during the layup process). The total
mount of binder in the tape is of approximately 3%. As each tow is only
.5 mm-wide it was not possible to keep the same specimen configura-
ion (i.e. 30 mm in plane dimension) as in Section 2.1 . As illustrated
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Fig. 7. a/ AFP machine (National Composites 
Centre, UK) taken from [42] , b/ Compaction 
test set-up, c/ Representative thickness evolu- 
tion (averaged over 4 samples) of cruciform 

cross-ply specimens made from dry fibre Hi- 
Tape material and subjected to a ramp-dwell 
loading program. 

Table 8 

Final thickness of samples made from dry fibre 
AFP tapes HiTape compacted under isothermal 
conditions and ramp-dwell loading schedule. 

Temperature (°C) Average (mm) CoV 

Room Temperature 1.38 0.04 

150 1.43 0.08 

260 1.34 0.07 
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Table 9 

Compaction parameters extracted from isothermal 
ramp-dwell tests for Dry fibre AFP tapes HiTape. 

Temperature (°C) 30 150 260 

k 0.80 0.820 0.817 

a − 0.95 − 0.95 − 0.95 

𝑏 squeezing − 10.69 − 10.47 − 10.46 

𝑏 bleeding − 24.70 − 24.48 − 24.47 
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t  
n Fig. 7 b/, CP specimens with in-plane dimensions matching the width
f a tow were manufactured and, this time, 8 plies through the thick-
ess. To keep stresses generated within the samples in the same order of
agnitude as in Section 2.1 whilst applying loads that are higher than

he load cell sensitivity, 4 samples were tested simultaneously and the
verage thickness variation over those 4 samples was measured (rather
han the individual thickness in each of the tested samples). The ramp-
well load program included five 240 s steps with an incremental load
f 20 N, starting at 60 N. The experiments were performed in a furnace
to have full control on the applied temperature) fixed to an Instron
J 6272 equipped with a 1 kN load-cell and aluminium plates through
hich the load was transferred to the samples. Three sets of experiments
ere performed at room temperature, 150 °C and 260 °C respectively to

nsure that the binder has a minimal effect. At each temperature, three
epeats were performed. The results revealed only a small effect of tem-
erature with average final thickness consistently close to 1.39 mm at
he three temperatures. However, large coefficients of variation (CoV)
10 
etween tests repeats (see Table 8 ) was observed with measured final
hicknesses comprised between 1.21 mm and 1.65 mm. 

Fig. 7 c/ illustrates a representative (test performed at 150 °C) thick-
ess evolution curve extracted from these experiments (red solid line)
uperimposed to its fit using the DefGen ProToCoL procedure (black
ashed line). As the shape of the curve is very similar to those of the
repregs studied in the rest of the manuscript, it can be concluded that
he model provides a good fit of the experimental data. The samples
nitial thicknesses (2.35 mm on average, again with a large range of
ariability) were evaluated measuring the final distance between the
luminium compaction plates and the overall crosshead displacement
f the top plate. Together with the nominal fibre density and the nomi-
al areal weight of the tows this allowed for approximation of the initial
olume fraction as 56% (after debulking). Inputting these numbers into
he DefGen ProToCoL model (as originally formulated) allowed for the
xtraction of the parameters reported in Table 9 . 

With only 3% in weight of resin within the material, the question
f the relevance of eqs. (13) , (14) and (7) is raised as it is difficult
o articulate what T ph . trans . and 𝜂resin correspond to for a dry fibrous
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aterial. This is reinforced by the inspection of the values reported in
able 9 that show no evolution of the parameters with temperature,
hich contradicts the relations derived in eqs (13) , (7) and (14) . How-

ver, a constant value of k with temperature is in fact compatible within
he framework developed in this paper, as in the absence of resin we
ust have x = r apparent − r fibre = 0. Secondly, the dependence of a and b
ith temperature contained in eqs. (7) and (14) can be neutralised if we

et T ph . trans . = T for all T . Combining this assumption with eq. (7) gives
ise to a = − 0.9 (which is very close to the experimental value given
n Table 9 ). The only question remaining then is what value of 𝜂resin 

hould be used in eq. (10) . Intuitively we know that this value should
e “very small ” (i.e. it should correspond to the effective viscosity of air
ith a small percentage of thermoplastic resin). However, because it is
sed within a logarithm function it can impact the value of b greatly as
n (0) = − ∞. Instead of inputting parameters into eq. (14) to verify how
lose predictions are from the experimentally extracted parameters, the
alidity of the equation for dry fibre AFP tapes is checked by trying to
etermine 𝜂resin from the experimentally extracted value of ̄𝑏 . For values
f 𝑉 0 

𝑓 
estimated from the measured sample thickness (i.e. 56%), or de-

ived from the value of k extracted experimentally (i.e. 𝑉 0 
𝑓 
= 𝑘 2 = 64 % ),

resin = 1 MPa.s or 𝜂resin = 1.45 e − 2 MPa.s, respectively. The 2 orders of
agnitude between the two estimations illustrate the high sensitivity

o the input introduced by the logarithmic function that was mentioned
bove. Although these values should be taken with great care, they are,
s expected, relatively low (in particular for 𝑉 0 

𝑓 
= 64 % ) and this sug-

est that eq. (14) might still hold for dry fibrous materials. Overall, the
echanics of dry fibre tapes within the AFP process is much more com-
lex than just the compaction, with hysteresis phenomena under multi-
tage compaction and spring-back of the material when the pressure
pplied by the roller is released [44] . However, the preliminary results
resented in this section suggest that some adaptation of the DefGen
roToCoL model is an option worth pursuing to describe the behaviour
f dry fibre tows during the AFP process. 

. Conclusion 

In the present contribution, the validity of a model developed for
he compaction of UD toughened thermoset prepregs to a much wider
lass of fibre impregnated materials was explored. It was shown that the
odel performs well in describing the behaviour under compaction of
repreg systems made from a relatively wide range of resins (i.e. 1st, 2nd
nd 3rd generation toughened thermoset, thermoplastic etc.), fibre type
carbon and glass fibre) and fibre architecture (UD and woven materi-
ls). One of the drawbacks of the original model formulation was the
henomenological nature of the material parameters used. Analysing
ow these parameters change with the type of prepreg resulted in a
uch deeper physical insight. Expressions relating the parameters’ val-
es to known quantities such as resin viscosity and fibre volume fraction
ere developed. In the last section of the paper the validity of the model

o describe the compressive behaviour of dry fibre AFP tapes was also
xplored. 

Material variabilities can significantly affect composite manufactur-
ng outcomes. The thickness differences observed, here, between nomi-
ally identical samples subjected to the same thermo-mechanical load-
ng illustrates well the issues that this variability can cause for industries
here dimensional tolerances are tight (e.g. the assembly of different
arts of an aircraft). The equations developed will be useful to bring
redictions relating to part manufacture into the early stages of design,
hus helping in the material and process selection. On a more academic
ront, they can also help better understanding of how the observed ma-
erial variabilities propagate in the parts, which will ultimately help in
election of more robust process cycles. Beyond composite manufactur-
ng simulations the present work can also find applications in the world
f biomechanics (see [47] for example). 
11 
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