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1. Executive summary
Deliverable 4.2 “Implementation of multiscale models in user-friendly software platform and
industry training” is dedicated to the implementation of the multiscale models developed in
Task 4.1. In Task 4.1 multiscale models were developed in order to cover the PLA material
production from compounding to the final properties of the composite. The reason for having
such multiscale models is that the final mechanical properties of the self-reinforced PLA
composite will depend on the material properties at each scale. Three material modelling
scales were defined, which are (1.) compound, (2.) filament, and (3.) composite. The modelling
work performed in order to achieve a multiscale model was presented in deliverable 4.1.
In this deliverable, the software tool to model the filament and the composite properties are
presented. The main requirements for the software are that they should be implemented in a
user-friendly platform and publicly available. The presentation of the software tools includes a
description of the tool’s construction (models, data and assumptions), the list of feedbacks from
the end-users after the first version of the tool was presented and a short description of the
guidelines. The software tool used for the first scale, the compound scale, is already existing
and therefore not presented here.
2. Purpose of work
The aim of the BIO4SELF project is to develop PLA self-reinforced composite materials with
high mechanical performance. In order to realize these composites, models were used to better
understand the performance of the materials and define ways to further improve the PLA selfreinforced composite.
The input and knowledge needed in order to develop the user-friendly software were collected
from the partners and the work performed in other work packages, such as WP2 for the
filament extrusion process modelling and WP4 and WP5 for the modelling of the composite
properties. The software will be used by the partners in the BIO4SELF project but also after the
end of the project.
The goals for the implementation of the models into user-friendly software are:



To enable filament producers to model and estimate the filament properties before the
production by selecting and adjusting parameters such as draw ratio.
To enable composite producers and users to model and estimate the strength properties of
the composite depending on the fibre properties, fibre content and fibre orientation.
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3. Work planned
The planning of the work related to the construction of the user-friendly software started by the
collection of needs, wishes and requests from the partners regarding the features that the tools
should have. From these interests and request the work was planned for the 2 parts to be
developed in scale 2 and 3.
3.1. Software for the filament extrusion and melt spinning processes
As mentioned in deliverable 4.1, the workflow related to filament extrusion and spinning was
split to the following four tasks:





Material characterization in the linear and no-linear flow regime by experimental and
theoretical means.
Modelling of filament extrusion using the Rolie-Poly (RP) model.
Modelling of melt fiber spinning using a modified RP model and the mass, momentum,
and energy balance equations as derived under the thin-filament approximation.
Modelling of filament post-processing using elasto-viscoplastic models.

Undertaken work and results associated to those four tasks are presented in the corresponding
sections of this document as well as in the Appendices 8.3 to 8.5.
3.2. Software for the composite properties
Regarding the user friendly software dedicated to scale 3 on composite properties, the partners
had expressed a need to calculate strength properties. It was mentioned that stiffness
properties could be estimated quite well using a rule of mixture relationship; however this is not
possible for the strength properties. In the BIO4SELF project, modelling work was performed to
estimate the strength properties of self-reinforced PLA composite; however, this was made
using finite element modelling, which is an advance modelling method, requiring specific
software and expertise to be used. A compromise was found in the form an excel sheet based
on the laminate theory.
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4. Work executed
4.1. Software for the filament extrusion and melt spinning processes
Concerning material characterization, an amorphous PLA grade (6302D PLA) was
characterized by means of linear and non-linear experimental rheology. Further, the molecular
weight distribution was determined by GPC. Tube models were used to match the obtained
data and extract melt molecular parameters such as the entanglement plateau modulus and
the entanglement molecular weight. Results were presented in Deliverable 4.1. Note that the
obtained parameters also apply for semi-crystalline grades when in the melt.
With respect to filament extrusion, the work executed is detailed below. Cylindrical geometry
was used to represent the nozzle. Shear dominated flow was assumed, representing
deformation encountered in channel-like die exits. Steady state solutions of the Rolie-Poly
model were considered to obtain the molecular configuration at the die exit. The mathematical
and numerical treatment of this task is detailed in Appendix 8.3. Results are presented in
section 5 below as well as in Appendix 8.3. Although the flow field during subsequent
processing, i.e. melt spinning, is dominated by uniaxial extension rather than shear, the
molecular configuration obtained at the die exit could be indicative of the actual configuration at
the spinline after the die swell region.
As regards the melt spinning process, the initial goal was to implement the well-defined,
theoretical framework found in literature [1-4], and to couple it with different models for the
crystallization dynamics and the constitutive response of the polymer. Table 1 shows the
various combinations initially planned. In addition to the constitutive equations of Refs. [1-4],
the Rolie-Poly equation was also selected. This is because the Rolie-Poly model is considered
as one of the most realistic models for describing dynamics of linear polymer chains in the melt
[5, 6].

Constitutive
model for the
polymer stress

Ziabicki simplified [1]

Ziabicki full [2]

Doufas et al. [3]

van Meerveld [4]

Viscous fluid

Maxwell model

Giesekus model
with finite
extensibility

Giesekus model
with finite
extensibility

Modified Avrami
equation to
incorporate FIC.

Crystallization
dynamics

Cannot predict
morphology neither
distinguish between
nucleation and growth
dynamics

Same as
previous

Same as
previous

Quiescent
crystallization of
spherulites
FIC of fibrilar
morphology

Table 1. Summary of the different constitutive and crystallization models to be implemented in
the software according to the initial plan.
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The simplified model of Ziabicki et al. [1] was implemented numerically and the code was
verified by reproducing results of Ref. [1] (See section 5.1 below.). The full model of Ziabicki [2]
was implemented too. However, it was impossible to validate the code. Nevertheless, the
simplified version of the full model produces very similar results to the full model (See Appendix
8.4). The model of Doufas et al. [3], was also implemented numerically but the homemade
code was not validated. In terms of material constitutive response, the Doufas model is
considered the most advanced among the models presented in Table 1. Appendix 8.5 presents
the mathematical/numerical work as well as results related to the Doufas et al. model for which
the homemade code was not validated. Due to the failure to validate the latter model, and the
similar results that the full and the simplified models of Refs. [1, 2] produce, it was decided to
implement to the final software only the simplified model of Ziabicki [1]. Finally, concerning post
processing of the fibers, there was not enough time to incorporate visco-plastic modes into the
software. The accommodation of visco-plastic models could be accommodated in future
releases of the software.
4.2. Software for the composite properties
The work executed started by looking at available open source excel sheet using the laminate
theory to calculate composite properties. Several excel sheets were found and one of them
was selected. Modification of the excel sheet selected then started. The modification work
consisted in customizing the excel sheet with the data produced in the BIO4SELF project on
PLA filaments and self-reinforced PLA composites and to make it more user-friendly, for
example to make clear where input is needed from the user. The excel tool was presented
during a multiscale modelling monthly meeting, where comments were formulated from the
partners. After this first presentation, guidelines were made to help the user to navigate in the
tool and a first version of the excel tool was then sent to the user. From this first trial, additional
comments were collected and the tool was further improved. Finally, the last version of the
excel tool was demonstrated during a multiscale modelling monthly meeting in April. A training
gathering the interested users from the BIO4SELF partners will be organized in May 2019.
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5. Results
5.1. Software for the filament extrusion and melt spinning processes
The development of the final software is still in progress. This is because numerical codes for
the extrusion and melt spinning processes are implemented in FORTRAN or MATLAB
computing languages. Efforts are made to deliver the final software in a friendly user format.
Nevertheless, in any format, the software will require as input the following parameters:
1. Molecular weight distribution of the melt, i.e. weight average molecular weight and
polydispersity index.
2. Linear rheology parameters: entanglement plateau modulus, entanglement molecular
weight, and entanglement relaxation time.
3. Parameters related to the extrusion process: pressure difference, 𝛥𝑃, between the
nozzle entry and nozzle exit, the radius of the nozzle (spinneret), mass throughput, and
temperature at the spinneret.
4. Parameters related to the spinning process: length of the spinline, take-up speed, and
cooling conditions (e.g. temperature of air).
5. Parameters related to the crystallization of the material: maximum crystallinity, Avrami
constant under quiescent crystallization, flow induced crystallization parameter.
6. Physical properties of the material: heat capacity and heat transfer coefficient of the
filament.
The current codes treat the extrusion and spinning processes separately. The main output of
the extrusion code can be seen in Fig. 1. It provides information regarding the molecular
configuration at the die exit. More specific, the shear stress, the first normal stress difference,
the chain stretch, as well as the fraction of active entanglements are determined as a function
of the radial position. The information for the stress can be used as input in the melt spinning
code, i.e. the stresses can be correlated to the force acting on the filament at the spinneret.
Concerning the melt spinning code, its main output is crystallinity, velocity, temperature, and
tensile force of the filament along the spinline. An example output can be seen in Fig. 2. The
final software will be accompanied by a detailed guideline describing the required input as well
as the generated output.
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Figure 1. Main output of the extrusion code. Information regarding the molecular configuration
at the die (spinneret) exit is provided.

Figure 2. Main output of the melt spinning code. Information regarding the crystallinity, the
velocity, the temperature, and the tensile stress of the filament along the spinline is generated.
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5.2. Software for the composite properties
5.2.1. Presentation of the tool
The idea behind the Excel tool is to provide a user-friendly interface from where it is possible to
showcase and design with the materials developed in the Bio4Self project, based on the data
generated in the project. Eventually the material library available should grow, based on
coherent data sets, as well as being a platform for other models to feed data into, and export
out from. The tool offers the option to design composite materials by combining reinforcement
and a matrix material, which can then be layered and oriented to generate a laminate. The
stiffness, strength and thermal properties of such a laminate will then be calculated
instantaneously and presented to the user through a number of graphs and tables.
.
 The design is based on three separate spreadsheets in Excel:
o An overview sheet, where the laminate is designed, equivalent properties can be
read, load can be applied and first-ply failure can be estimated.
o A material sheet, where the constituent properties of fiber and matrix can be
defined and subsequently combined to a composite lamina which can then be
accessed from the overview sheet.
o A calculation sheet, where the classical laminate theory has been implemented in

a spreadsheet format. This sheet should not be accessed by the user, and will be
hidden in the public version.
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The principle employed is an Excel implementation of Classical Laminate Theory – CLT.
This allows for a reasonably accurate prediction of composite stiffness properties, and the
generated stress state in the material when undergoing loading. Based on static strength
data the stress state can then be used to predict first-ply failure by evaluation of the TsaiHill failure criterion.
o The users can select from the available material library or add their own.
Constituent (fiber/matrix) properties are used to generate the properties of a single
layer of composite material. If no matrix material is selected and the volume
fraction is left blank, the program assumes that this is an isotropic material and
only uses the reinforcement values (used for metals and foams, etc.). Being an
orthotropic material, the properties have an orientation.
o In the overview sheet the users can now select the material to construct a laminate
consisting of several layers and/or materials. All layers should have a specified
thickness and angle. If nothing is input the program assumes a value of zero.
o Based on this the program will use CLT to generate the equivalent laminate
properties.
o In order to investigate the stress levels in the designed composite, the program
has the option of inputting loads and moments in the x, y and xy directions. Three
graphs are presented to the user showing the laminate stress in the x, y and xy
directions. Here the transition from one layer to the next is indicated with a marker.
o If there are strength data available for the constituent materials, the program also
offers the opportunity to conduct a simulated tensile test. This test will only
respond to load input in the N_x cell. Since the program allows for many different
materials and configurations these must naturally also have very different strength
properties. It is therefore recommended to employ a logarithmic approach when
adding load in the simulated tensile test (e.g. 1, 10, 100, 10^3, 10^4, 10^5, 10^6
etc.). The result is plotted in the fourth graph in the lower right corner of the
overview sheet.
o When the load reaches the level where the first-ply in the designed material will be
expected to fail (through evaluation of the Tsai-Hill failure criterion), a red dotted
line will appear indicating that a failure has occurred and at which level (strain,
stress). These values can also be read directly from the table called: “Tsai-Hill
failure prediction”. Here a drop down menu, containing the numbers of the failed
layers, is also placed.
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The results coming out of the tool can be classified in 4 four categories
o Equivalent laminate properties, provides E_xx, E_yy, v_xy, v_yx and G_xy from
the chosen combination of materials.
o Three graphs of the stresses in the x, y and xy directions.
o A graph of a simulated tensile test, with indication of first-ply failure.
o A table of results from a Tsai-Hill failure prediction.



The strategy is that the user should relatively quickly and easily build up a library of
relevant and often used materials to design from. With a material library in place, most of
the focus can be on the laminate design where many combinations can be tried and a
suitable candidate for the relevant case can be selected. The designed material
combinations can be used as input for a FEM model, or reversely, loads and strains from
FEM can be brought into the excel tool for fine-tuning of a laminate design and then back
to FEM for structural analysis. The tool can be maintained centrally from DTU, but will be
freely available for anyone who wishes to use it and/or modify it. As time passes the
available material library provided with the tool will grow, and as it does the relevance of
the tool will also grow. Several material research institutions keep material libraries, and
many also offer simplified design tools. What makes this tool special, is that it has been
achieved in an easily accessible and freely distributable format.



Assumptions
o At the present stage the tool operates with an underlying assumption of all
materials behaving perfectly linear elastically. However, many materials exhibit a
degree of non-linearity, metals, polymers and thermoplastic fibers (among these
PLA) especially. It would be hugely useful to be able to combine the simple tool
with the complexity of non-linear material behavior. This would provide more
accurate stress estimations and better failure predictions.
o Building the material library with common and useful examples. For instance,
fabrics of the project materials, UD, Biaxial, woven. Including factors to account for
NCF or crimp respectively. The challenge here is to offer the opportunity for the
user to specify relevant factors without overwhelming the person with choices only
relevant to a few niche industries.

5.2.2. Presentation of the guidelines
An extensive guideline has been prepared describing the use and interpretation of the tool and
the generated results. This is attached as appendix, and will be made available together with
the tool itself.
5.2.3. Trials by the user and reviewing process
A couple of meetings were held in January/February, during which input was gathered from
industrial and university users. This resulted in a number of additions and modifications to the
original design.
 Units were changed to GPa and MPa respectively instead of Pa and a scientific
notation making it difficult to relate to the numbers.
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The graphs were added to visualize the stress in the different directions and through
the layers.
A graph of a simulated tensile test was added as well as a table exporting the values of
a Tsai-Hill, first-ply failure analysis.
A Waviness parameter was requested and is being developed. It is expected to be
implemented before the end of the project.

5.2.4. Official training session
A number of examples are being developed and will form the basis of an online/physical
seminar, where project partners and relevant industries will receive an introduction and
training in the tool.
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6. Conclusions
6.1. Software for the filament extrusion and melt spinning processes
Numerical codes for filament extrusion and melt spinning have been developed. Concerning
the extrusion part, the final code is in accordance with the goals of the initial plan. On the other
hand, for the spinning process, the original plan could not be fully implemented. Although the
model of Doufas et al. [3] was implemented numerically, the code was not validated. It was
possible to verify the simplified version of the Ziabicki model [1], which was shown to give
similar results to the full model. The development of the final software is still in progress.
Currently the extrusion and spinning codes are implemented separately using
FORTRAN/MATLAB computing languages. Efforts are made to unify the two codes and deliver
the final software in a friendly user format. Post processing treatment could be implemented in
future releases of the software.
6.2. Software for the composite properties
Regarding the composite software to model the composite properties, the challenge was to
model the strength properties of self-reinforced PLA using a user friendly software platform,
offering the opportunity for the user to specify relevant factors without overwhelming the person
with choices. The results coming out of the tool are classified into 4 four categories:
 Equivalent laminate properties;
 Three graphs of the stresses;
 A graph of a simulated tensile test;
 A table of results from a Tsai-Hill failure prediction.
Finally, the tool offers the possibility to be further enriched with new material data.

7. Further work and modifications of the work planned



A training gathering the interested users from the BIO4SELF partners will be organized
in May 2019.
The software tools will be made available online.

14 | P a g e

D4.2:
Implementation of multiscale models in user-friendly software platform and industry training
BIO4SELF / GA 685614

8. Appendixes
8.1. Excel tool - Software for the composite properties
See Annex 1 below for an impression of the tool.
8.2. Guidelines for the excel tool for the modelling of the composite properties
See Annex 2 below.
8.3. Mathematical and numerical treatment of the extrusion process
This section presents the mathematical framework used for the modelling of the extrusion
process. The framework is based on that presented in Ref. [5]. Moreover, this section
discusses briefly the corresponding numerical implementation.
The starting point is the momentum equation that reads

𝜌

𝜕
𝑢 + 𝑢 ∙ ∇𝑢 = ∇ ∙ 𝑻
𝜕𝑡

𝑒𝑞. 𝐴1

where 𝜌, 𝑢, and 𝑻 represent the polymer density, fluid velocity, and total stress respectively.
In eq. A1, ∇ is nabla, a spatial differential operator, which in cylindrical coordinates reads:

∇ = 𝒆𝒓

𝜕
𝜕𝑟

+ 𝒆𝜽

1 𝜕
𝑟 𝜕𝜃

+ 𝒆𝒛

𝜕
𝜕𝑧

𝑒𝑞. 𝐴2

The total stress contains an isotropic term and contribution from the polymer that is divided into
two parts. One part representing large scale motion of the chains and a second, solvent part
that represents a background viscosity originating from local chain motions (motions
corresponding to length scales shorter than the molecular weight between entanglements).
𝑻 = 𝐺 (𝑨 − 𝑰) + 2𝜇 (𝜥 + 𝜥 )

− 𝑝𝑰
⏟ = 𝝈 − 𝑝𝑰 𝑒𝑞. 𝐴3

In eq A3, 𝐺 is the entanglement plateau modulus, determined from material characterization
under linear flow. In the same equation, 𝜇 is the background viscosity while 𝜥 is the velocity
gradient tensor, and 𝑝 is the pressure. Finally 𝑨 is the polymer deformation tensor of the RoliePoly model that carries all the information for the molecular configuration of the chains [6]. That
is, it contains information about the orientation and stretch of a polymer chain.
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The exit of the spinneret is considered cylindrical. Further, the
deformation field is assumed to be steady shear flow. In this
respect, the flow problem to be solved is that of Poiseuille flow in
cylindrical coordinates. For this particular flow problem, the 𝑢 ∙ ∇𝑢
term in eq. 1 is re-written as follows:
𝒖 = 𝒆𝒓 𝑢 + 𝒆𝜽 𝑢 + 𝒆𝒛 𝑢 ↔ 𝒖 = 𝒆𝒛 𝑢 = 𝒆𝒛 𝑢 (𝑟, 𝑡) thus
(𝒖 ∙ ∇)𝒖 = 𝒆𝜽 𝑢

𝜕𝑢
𝜕𝑧

+ 𝒆𝒛 𝑢

= 𝒆𝜽 (𝑢 0) + 𝒆𝒛

𝜕𝑢
1 𝜕𝑢
𝜕𝑢
+𝑢
+𝑢
𝜕𝑟
𝑟 𝜕𝜃
𝜕𝑧
𝜕𝑢
1
0
+0 0+𝑢 0 =0
𝜕𝑟
𝑟

Meaning that eq. A1 reduces to = ∇ ∙ 𝑻 . Further, under steady
state conditions considered herein, the partial derivative with
respect to time is zero, i.e.
= 0, meaning that eq.A1 reduces
to ∇ ∙ 𝑻 = 𝟎 or equivalently to
∇ ∙ (𝝈 − 𝑝𝑰) = 𝟎 ⇔ ∇ ∙ 𝝈 = ∇ ∙ 𝑝𝑰 𝑒𝑞. 𝐴4
In matrix notation, Eq. A4 reads
𝜕𝜎
𝜎
𝜎
+
−
𝑟
𝑟
⎛ 𝜕𝑟
𝜕𝜎
𝜎
𝜎
⎜
+
+
𝑟
𝑟
⎜ 𝜕𝑟
𝜕𝜎
𝜎
+
⎝
𝜕𝑟
𝑟

⎞
⎟=
⎟

0
0
𝜕𝑝
𝜕𝑧

⎠

𝜕𝜎
𝜎
𝜎
+
−
𝑟
𝑟
⎛ 𝜕𝑟
𝜕𝜎
𝜎
𝜎
⇔⎜
+
+
𝑟
𝑟
⎜ 𝜕𝑟
1 𝜕𝑟𝜎
⎝
𝑟 𝜕𝑟

⎞
⎟=
⎟

0
0
𝜕𝑝
𝜕𝑧

⎠

Leading to the following three equations
𝜕(𝑟𝜎 )
=𝜎 ,
𝜕𝑟
Since the flow is axisymmetric 𝜎

𝜕𝜎
𝜎
𝜎
+
+
= 0,
𝜕𝑟
𝑟
𝑟
=𝜎

𝜕𝜎
𝜎
+2
= 0,
𝜕𝑟
𝑟

1 𝜕 (𝑟𝜎 ) 𝜕𝑝
=
𝑟 𝜕𝑟
𝜕𝑧

thus the second equation reduces to
with

𝜎 (𝑟 = 0) = 0

It has the following solution:
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That is 𝜎 (𝑟) = 0
Regarding the third equation, the left side is a function of 𝑟 only whereas the right hand side is
solely a function of 𝑧. Thus, each side of the equation must be independently equal to a
constant (i.e. 𝜆).
1 𝜕𝑟𝜎
𝜕𝑝
=
=𝜆
𝑟 𝜕𝑟
𝜕𝑧

𝑒𝑞. 𝐴5

The equation for the pressure, i.e. the second equation of eq. A5, has the following solution

𝑝(𝑧) = 𝑝 + 𝜆𝑧

with 𝜆 =

𝛥𝑃
,
𝐿

𝛥𝑃 = 𝑝 − 𝑝 < 0

𝑒𝑞. 𝐴6

where 𝛥𝑃 is the pressure drop from 𝑧 = 0 (nozzle entry) to 𝑧 = 𝐿 (nozzle/die exit). Regarding
the equation for the shear stress, 𝜎 , this has the following solution

𝜎

=𝜆

𝑟
𝑝 −𝑝
=
2
𝐿

𝑟
↔𝜎
2

=

𝛥𝑃
𝑟,
2𝐿

𝛥𝑃 < 0

Combining equations A7 and A3 one arrives at
𝛥𝑃
1 𝛥𝑃
𝐺
𝜎 = 𝐺 𝐴 + 𝜇 𝛾̇ =
𝑟 ⟺ 𝛾̇ =
𝑟− 𝐴
2𝐿
𝜇 2𝐿
𝜇
𝜕𝑢𝑧
where 𝛾̇ = 𝜕𝑟 is the local shear rate.

𝑒𝑞. 𝐴7

𝑒𝑞. 𝐴8

Equation A8 governs the radial evolution of the shear rate. It relates the pressure drop, the
length of the nozzle, and the shear component of the deformation tensor of the Rolie-Poly
model. Hence a complete description of the flow response of the material requires the
knowledge of 𝐴 . The latter has a radial dependence, i.e. 𝐴 (𝑟). It can be obtained from the
steady state solution of the Rolie-Poly model as will be shown below.
In the absence of finite extensibility, the constitutive equation of the Rolie-Poly model reads
𝑑𝜟
1
2
= −(𝒖 ∙ ∇)𝜟 + 𝑲 ∙ 𝜟 + 𝜟 ∙ 𝑲𝐓 + 𝑲 + 𝑲𝐓 − 𝜟 −
1−𝐴
𝑑𝑡
𝜏
𝜏
𝑒𝑞. 𝐴9 where 𝜟 = 𝑨 − 𝑰

𝛽𝐴 + 1 𝜟 + 𝑰 ,

with 𝜏 and 𝜏 being the reptation and the Rouse time of the polymer chain, respectively. 𝛽 is a
model parameter that quantifies the level of CCR [5], and 𝐴 = √3 3 + 𝛥 + 2𝛥
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Under the steady shear condition considered here, 𝑒𝑞. 𝐴9 reduces to the following system of
non-linear, coupled equations
2
2
2
2
+
𝛽𝐴𝐴𝛥 +
𝐴𝛥 +
𝐴=0
𝜏
𝜏
𝜏
𝜏
,
,
,
,
,
,
,
1
2
2
2
2
𝛾̇ 𝛥 + 𝛾̇ −
𝛥 − 𝛽𝛾̇ 𝛥 𝛥 −
𝛽𝐴𝛥 −
𝛥 +
𝛽𝐴𝐴𝛥 +
𝐴𝛥 = 0
𝜏 ,
𝜏 ,
𝜏 ,
𝜏 ,
𝜏 ,
1
2
2
2
2
2
2
−
𝛥 − 𝛽𝛾̇ 𝛥 𝛥 −
𝛽𝐴𝛥 −
𝛥 −
+
𝛽𝐴𝐴𝛥 +
𝐴𝛥 +
𝐴=0
𝜏 ,
𝜏 ,
𝜏 ,
𝜏 ,
𝜏 ,
𝜏 ,
𝜏 ,

2𝛾̇ 𝛥

−

1

𝜏

𝛥

− 𝛽𝛾̇ 𝛥 𝛥

−

2

𝜏

𝛽𝐴𝛥

−

2

𝜏

𝛥

−

where 𝜏 , and 𝜏 , denote the equilibrium reptation and Rouse times of the chain, i.e. in the
absence of entanglement loss. In the presence of entanglement loss, apart from temperature
dependence, the reptation time also exhibits a shear rate dependence, given by
1⁄𝜏 (𝑇, 𝛾̇ ) = 1⁄𝜏

,

+ 𝛽(𝐴 𝛾̇ ).

The above system of equations, together with eq. A8, governs the flow response of the polymer
at the die (spinneret) under steady shear conditions. Note that all non-zero components of the
deformation tensor,𝜟, have radial dependence. Numerical solution of the above system of
equations was achieved using the Newton-Raphson method. In particular, the globally
convergent Newton routine newt of Ref. [7] was deployed. Figure A1 shows the section of the
code where the system of the four equations is declared.

Figure A1. The section of the homemade code where the system of equations to be solved is
declared. The code was implemented in FORTRAN using the Newton-Raphson method.
The code has been validated by comparing its predictions against the results of McIlroy and
Olmsted for parametrization specific to amorphous polycarbonate [6]. Figure A2 compares the
predictions of the code developed at UM (lines) with the predictions of Ref. [6] (symbols).
Green curves refer to slow shear flow while red curves refer to fast shear flow [6]. The
comparison is good for all quantities examined, i.e. fraction of surviving (active) entanglements,
𝑣 , polymer stretch, tr𝐴 − 3, shear component of the deformation tensor, 𝛥 , and first normal
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stress difference 𝑁. According to Ref.[6], the fraction of surviving entanglements is determined
by 𝑣 = 1⁄ 1 + 𝛽𝛾̇ 𝛥 𝜏 , .

Figure A2. Comparison of the predictions of the homemade code and the reported ones (Ref.[])
for parametrization specific to amorphous polycarbonate. Lines refer to the homemade code
while symbols refer to the results of Ref.[6]. Red and green curves refer to fast and slow
applied flow, respectively.
Figure A3 (left) compares the corresponding velocity profiles. The profiles were extracted from
the obtained shear rate profiles shown at the right panel of Fig. A3. For the slow flow case, the
predictions of the homemade code somewhat overestimate the velocity magnitude in the
central zone of the die. Using the velocity profiles, the mean extrusion speed can be calculated
utilizing the expression: 𝑈 = ∫ 𝑢𝑧 (𝑟)⁄𝜋𝑅 𝑑 𝑟. The homemade code reproduces the reported
mean extrusion speeds with reasonable accuracy, for example 𝑈 = 74.3 𝑚𝑚/𝑠 compared to
75 𝑚𝑚/𝑠 for the slow flow case. Overall, the good comparison between the reported
predictions and the predictions of the homemade code render the latter credible.
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Figure A3. The corresponding velocity profiles and shear rates for the fast and slow flow cases
shown in Fig.A2. Colour code is the same as in Fig. A2. The right panel of the figure presents
predictions of the homemade code only.
8.4. Comparison of the full and simplified models of Refs. [1, 2].
Table 1 of the main text refers to two versions of the Ziabicki model [1, 2]; one corresponds to
the full version [2] while the second one refers to a simplified version that ignores the surface
tension term in the momentum equation as well as the heat production due to viscous
dissipation in the energy equation [1]. Those two terms are neglected because their
contribution has proven to be minor [2]. Figure B1 compares the two versions of the model for
the filament velocity, temperature, and tensile stress along the spinline. Symbols refer to
predictions of the full model, as presented in Ref. [2], while lines correspond to the predictions
of the homemade code for the simplified version. Red and blue curves, correspond to A=0 and
A=510, where A is a model parameter that controls the level of flow induced crystallization. All
curves refer to 5 dpf. Based on the reasonable agreement between the two model versions,
the simplified version was preferred for the software implementation as it comprises less terms
in the equations.
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Figure B1. Comparison of the predictions of the full and simplified models of Refs. [1, 2]. Lines
refer to outcomes of the homemade code for the simplified model while symbols refer to the
predictions of the full version of the model, as obtained from Ref. [2].
8.5. Mathematical and numerical treatment of the Doufas et al. model [3].
Concerning the melt spinning process, the initial goal was to modify the model of Doufas et al.
by incorporating a more advanced constitutive equation (that of Rolie-Poly model) to the
existing mathematical framework. Validation of the melt spinning, homemade code was crucial
before incorporating to it an even more complex constitutive equation than that of the Giesekus
model. For this reason, effort was put to reproduce the results of Ref. [3]. There, the melt
spinning process of a single filament is governed by the following coupled system of ordinary
differential equations
𝑑𝑉 ∗
𝑑 𝜏∗ − 𝜏∗
𝐷
=
𝑑𝑧 ∗ 𝑑𝑧 ∗
𝑉∗

− 𝐷 (𝑉 ∗ − 𝑉 ) + 𝐷

1
− 𝐷 𝑉∗
𝑉∗

(𝑇 ∗ − 𝑇 )
(𝜏 ∗ − 𝜏 ∗ ) 𝑑𝑉 ∗
𝑑𝑇 ∗
𝑑𝑥
=
−𝐷
+
𝐷
+𝐷
∗
∗
∗
∗
𝑑𝑧
𝑉
𝑑𝑧
𝑑𝑧 ∗
√𝑉

⁄

𝑑𝑉 ∗
𝑑𝑧 ∗

𝑒𝑞. 𝐵1
𝑒𝑞. 𝐵2

which express momentum and energy balance, respectively. In Eqs. 𝐵1 and 𝐵2, 𝑉 ∗ , 𝑇 ∗ , are
the dimensionless velocity and temperature of the filament at (normalized) position 𝑧 ∗ . In the
same equations 𝜏 ∗ and 𝜏 ∗ represent the axial and radial components of the filament
stress. As shown below they comprise contributions from both the amorphous and the semicrystalline domains of the filament. Further 𝑉 and 𝑇 are dimensionless constants related to
the cooling medium; more specific, 𝑉 is the (normalized) downward component of the quench
air, and 𝑇 is the (normalized) temperature of the quench medium. 𝑉 and 𝑇 are normalised by
the velocity and temperature at the spinneret, respectively. 𝐷 - 𝐷 , are dimensionless
variables (See table B1). The expressions for the filament stresses are discontinuous in the
sense that they change at the point at which crystallization of the filament begins:
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𝜏∗
⎧
⎪
⎪
⎪
=

𝐸𝑐 ∗
−1
1−𝑥
𝐸𝑐 ∗
=
−1
1−𝑥

𝜏∗ =

before the onset of crystallization

𝜏∗

before the onset of crystallization

⎨
𝐸𝑐 ∗
𝑑𝑉 ∗
∗
⎪ 𝜏 = 1 − 𝑥 − 1 + 3𝑆 + 6De (1 − 𝑤) 𝑑𝑧 ∗
⎪
⎪
𝐸𝑐 ∗
3
𝑑𝑉 ∗
∗
⎩𝜏 = 1 − 𝑥 − 1 − 2 𝑆 − 6De (1 − 𝑤) 𝑑𝑧 ∗

De

𝑆

𝑒𝑞. 𝐵3
𝑤 𝑑𝑉 ∗
+ 6De
𝑆 (6𝑆 + 2)
4 𝑑𝑧 ∗
∗
𝑤 𝑑𝑉
+ 6De
𝑆 (2 − 3𝑆 )
4 𝑑𝑧 ∗

2 11
+
𝑆
15 14
1
5
−
𝑆
15 14

𝑤 = − 27⁄4 𝑆

−𝑆

To obtain a final equation for the velocity evolution, it is obvious, from eq. B1, that one needs to
compute the derivative
𝑑 𝜏∗ − 𝜏∗
1 𝑑 (𝜏 ∗ − 𝜏 ∗ )
𝜏∗ − 𝜏∗
𝑑𝑉 ∗
=
−
𝑑𝑧 ∗
𝑉∗
𝑉∗
𝑑𝑧 ∗
𝑑𝑧 ∗
𝑉∗
Before the onset of crystallization the derivative of the stress difference term reduces to
∗

1 𝑑(𝜏 − 𝜏
𝑉∗
𝑑𝑧 ∗

∗

)

∗

=

∗

𝑑 𝐸(𝑐 − 𝑐 )
𝑑
= ∗ 𝐸(𝑐 ∗
𝑑𝑧 ∗
1−𝑥
𝑑𝑧

𝐸𝑑(𝑐 ∗ − 𝑐 ∗ ) (𝑐 ∗ − 𝑐 ∗ )𝑑𝐸
+
𝑑𝑧 ∗
𝑑𝑧 ∗
− 𝑐∗ ) =
∗
𝐸𝑑(𝑐 − 𝑐 ∗ )
𝑑𝑧 ∗

depending on whether one considers a 𝑧 ∗ dependence for the finite extensibility function 𝐸
which is defined according to
3−𝑒
1
√tr𝒄∗
𝐸 (𝑒) =
where 𝑒 =
𝑒𝑞. 𝐵4
3(1 − 𝑒 )
3𝑁 (1 − 𝑥)
and thus it carries indirectly a 𝑧 ∗ dependence since it is related to the trace of the configuration
(deformation) tensor of the amorphous part, i.e. the dimensionless tensor 𝒄∗ .
The evolution of the axial and radial components of the latter tensor are determined by the
following two equations
𝑑𝑐 ∗
𝑐 ∗ 𝑑𝑉 ∗ (1 − 𝑥 ) 1
𝐸
(1 − 𝑎 ) + 𝑎
=
2
−
𝑐
∗
∗
∗
∗
𝑑𝑧
𝑉 𝑑𝑧
𝐷
𝑉
1−𝑥

∗

𝐸
𝑐
(1 − 𝑥)

∗

− 1 𝑒𝑞. 𝐵5𝑎

𝑑𝑐 ∗
𝑐 ∗ 𝑑𝑉 ∗ (1 − 𝑥 ) 1
𝐸
(1 − 𝑎) + 𝑎
=
−
−
𝑐
∗
∗
∗
∗
𝑑𝑧
𝑉 𝑑𝑧
𝐷
𝑉
1−𝑥

∗

𝐸
𝑐
(1 − 𝑥 )

∗

− 1 𝑒𝑞. 𝐵5𝑏

where 𝑎 is a model parameter of the Giesekus model, and 𝐷 is the Deborah number
associated to the amorphous phase (c.f. Table B1). Use of the above equations leads to the
following expression for the velocity evolution:
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𝐷
1 (𝑄 − 𝑄 )
2𝐶tr𝒄∗
𝐸 (𝑐 ∗ − 𝑐 ∗ ) 𝑑𝑥 𝐶
− (𝑄 + 2𝑄 )
⎧−𝐷 (𝑉 ∗ − 𝑉 ) + 𝑉 ∗ − 𝑉 ∗ 1 − 𝑥 + (1 − 𝑥) + 𝑉 ∗ (1 − 𝑥)
𝑑𝑧 ∗ 𝐸
⎪
𝐸 (𝑐 ∗ + 2𝑐 ∗ ) 2(𝑐 ∗ − 𝑐 ∗ )
𝐷 + 𝐷 𝑉∗ ⁄ − ∗
−
𝐶
⎪
1−𝑥
𝑉∗
𝑉
⎪

𝑑𝑉 ∗
=
𝑑𝑧 ∗ ⎨
⎪
⎪
⎪
⎩

𝑒𝑞. 𝐵6

𝑄 1 − 𝑄2
−𝐷2 𝑉∗ − 𝑉𝑟 + 𝐷3∗ − 𝐸
+ 1∗
1−𝑥
𝑉
𝑉∗
𝑉
∗
𝐸
tr𝒄
∗ −3⁄2
𝐷1 + 𝐷4 𝑉
−
2
1 − 𝑥 𝑉∗

𝐸(𝑐∗𝑧𝑧

− 𝑐∗𝑟𝑟 ) 𝑑𝑥
(1 − 𝑥)2 𝑑𝑧∗

where the upper expression considers the 𝑧 ∗ dependence of 𝐸 whereas the second expression
neglects it. 𝐶 = 18𝑁 (1 − 𝑥 )(𝑐 ∗ − 𝑐 ∗ )⁄𝑉 ∗ [(9𝑁 (1 − 𝑥 ) − 3tr𝒄∗ )] .
A similar approach was followed to obtain the evolution equation of the velocity after the onset
of crystallization. Naturally, the final expression has more terms than eq.B6 as the filament
stress includes contribution from the semi-crystalline domain too. After the onset of
crystallization, the final expression for the velocity evolution contains higher order terms, e.g.
2
𝑑2 𝑉∗ ⁄𝑑𝑧∗ or (𝑑𝑉∗ ⁄𝑑𝑧∗ ) thus the equation for 𝑑𝑉∗ ⁄𝑑𝑧∗ is transformed to a system of two
ordinary equations. More specific, the velocity along the spinline is determined by the following
equations:
𝑑𝑉
𝑑𝑉
𝐹
𝐹
𝐹
𝐹
=𝑉,
=−
𝑉 −
𝑉 −
𝑉 −
𝑑𝑧 ∗
𝑑𝑧 ∗
𝐹
𝐹
𝐹
𝐹
𝑑𝑉
𝑑𝑉
𝐹
𝐹
𝐹
=𝑉,
=− 𝑉 − 𝑉 −
𝐹
𝐹
𝐹
𝑑𝑧 ∗
𝑑𝑧 ∗

𝑒𝑞. 𝐵7𝑎
𝑒𝑞. 𝐵7𝑏

where 𝑉 = 𝑉 ∗ , 𝑉 = 𝑑𝑉∗⁄𝑑𝑧∗ . Equation B7a is obtained considering the 𝑧 ∗ dependence of
𝐷𝑒 , and 𝐸. In contrast, eq. B7b omits this dependence. The various quantities 𝐹 and 𝐹
appearing in eqs. B7 are defined in Table B1. After the onset of crystallization two more
evolution equations are required, namely the governing equations for the orientation and the
fraction of the semi-crystalline phase:
𝑑𝑆
𝑃 𝑑𝑉 ∗
𝜎 1
=
−
𝑆
∗
∗
∗
𝑑𝑧
𝑉 𝑑𝑧
De 𝑉 ∗
𝑑𝑥
𝛫∗
=
𝑚(1 − 𝑥)[− ln(1 − 𝑥 )]
𝑑𝑧 ∗ 𝑉 ∗
tr𝝉∗ = 𝜏 ∗ + 2𝜏 ∗ =

𝑒𝑞. 𝐵8
𝑒(

𝝉∗ )

𝑒𝑞. 𝐵9

𝐸 (𝑐 ∗ + 2𝑐 ∗ )
𝑑𝑉 ∗
− 3 + 9De 𝑆
1−𝑥
𝑑𝑧 ∗

Unfortunately, in Ref. [3] the final equation for 𝑑𝑉 ⁄𝑑𝑧∗ is not presented meaning that eqs. B7
cannot be verified. There, the reader is referred to the PhD thesis of the author (see Fig. B1).
Nevertheless, the document is, currently, not available for the public at the online repository of
Illinois University [8].
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Figure B1. The section in Ref.[3] referring to the final set of equations that needs to be solved.
Either before or after the onset of crystallization, the coupled system of ODEs detailed above
can be solved numerically only. The problem was treated as a boundary value problem. At the
one boundary, i.e. the spinneret, temperature, velocity, and crystallinity are known. The latter is
actually zero since the filament temperature at the spinneret is even higher than the equilibrium
melt temperature. Hence, at the spinneret, the filament deformation is fully described by the
configuration tensor of the amorphous phase. In this respect, 𝑐 ∗ and 𝑐 ∗ are unknown at the
spinneret. Nevertheless, those two quantities are interrelated if one assumes that the filament
behaves as a Newtonian liquid at the spinneret. This approach was adopted in Ref. [3] and
herein as well. In practice, this means that only 𝑐 ∗ (𝑧 ∗ = 0) is treated as unknown while
𝑐 ∗ (𝑧 ∗ = 0) is determined by
∗( ∗

𝑧 = 0)

𝑐

=

1
9 − 2𝑐
4

∗( ∗

𝑧 = 0) + 9𝑁

− 3√3 3 + 2𝑁 + 3𝑁

The solution
1
9 − 2𝑐 ∗ (𝑧∗ = 0) + 9 + 3√3 3 + 2𝑁 + 3𝑁
4
is rejected because it gives unrealistic results; the 𝑐 ∗ (𝑧 ∗ = 0) value at the spinneret should
stay close to unity if the melted filament manifests Newtonian behavior.
𝑐

∗( ∗

𝑧 = 0)

=

At the other boundary, i.e. the take-up roll, the only defined value is the one for the velocity.
Therefore the code solves the coupled system of equations using a fourth order Runge-Kutta
method with adoptive step. The obtained value for 𝑉 ∗ (𝑧∗ = 1) is compared with the desired,
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predetermined take-up speed. This procedure is accommodated within a shooting scheme that
drives the minimization of the error in 𝑉 ∗ (𝑧∗ = 1).
Figure B2 compares the results of the homemade code (black and green solid lines) with the
reported results of Ref. [3] (symbols). The two different solid lines refer to the two different
version of eq. B6. The results of the homemade code compare well with the reported results in
a limited regime, at which crystallization does not occur. The two version of eq. B6 give very
similar results, which compare well with the reported results, meaning that either version could
be used in the numerical implementation. Nevertheless, soon after the crystallization onset the
homemade code becomes unstable; a numerical solution cannot be obtained neither with
eq.B7a nor eq. B7b. The instability problem arises from the velocity equation. Unfortunately, it
has not been possible to find an appropriate expression for the velocity equation that leads to a
stable solution. It is worth mentioning that the instability remains even if the minimum allowed
step is reduced to extremely low values. The aforementioned results were obtained by making
use of a Runge-Kutta stepper [7]. A numerical solution was attempted using a stepper for stiff
equations [7]. Before applied to the spinning process, the code utilizing the stiff stepper was
validated against two benchmark problems, as shown in Figs. B3 and B4.
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Figure B2. Comparison of the predictions of the homemade code (lines) and the results
presented in Ref.[3].

Figure B3. Validation of the code using stiff stepper against the benchmark problem 1 shown in
the upper left panel. 𝑢=y1 and u=y2.

Figure B4. Validation of the code using stiff stepper against the benchmark problem 2 shown in
the upper left panel.
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𝑉𝑐 𝐷
𝑇 De 𝑃 𝜆 , (𝑇)𝑒
𝐿 𝑉∗
De
𝑉𝑐
𝐷
𝐸(𝑐 ∗ − 𝑐 ∗ ) 9
𝐹 = 6 ∗ (𝑃 𝑃 − 𝑃 ) − 6
𝑇 𝑃 ∗ 𝜆 , (𝑇)𝑒
+ 𝑆
𝐿
1−𝑥
2
𝑉
𝑉
∗
𝐸 tr𝒄
𝜎𝑆
9 𝑃
9𝑆
𝑉𝑐
𝑇 𝐷 𝑃 (𝑇 ∗ − 𝑇 )
∗ ⁄
𝐹 =𝐷 +𝐷 𝑉
−
− 6𝑃 ∗ −
+
+6
𝜆 , (𝑇)𝑒
1 − 𝑥 𝑉∗
2 𝑉∗
2 𝑉∗
𝐿
𝑉∗
𝑉
√𝑉 ∗
∗
∗
2 2𝑁 (1 − 𝑥)(𝑐 − 𝑐 )
𝑉𝑐
𝑃 𝑑𝑥
− ∗
+6
𝜆 , (𝑇)𝑒 (𝐹 − 𝑇 𝐷 ) ∗ ∗
[3𝑁 (1 − 𝑥) − tr𝒄∗ ]
𝐿
𝑉 𝑑𝑧
𝑉
∗
∗ )
9 𝜎 𝑆
1 𝐸𝑄
1 𝐸𝑄
1 𝐸(𝑐 − 𝑐
𝑑𝑥
𝐷
∗
𝐹 =
+ ∗
−
−
+ 𝐷 (𝑉 − 𝑉 ) − ∗
2 De 𝑉 ∗
𝑉 1 − 𝑥 𝑉 ∗ 1 − 𝑥 𝑉 ∗ (1 − 𝑥) 𝑑𝑧 ∗
𝑉
1 4𝑁 (𝑐 ∗ − 𝑐 ∗ )tr𝒄∗ 𝑑𝑥
1 2𝑁 (1 − 𝑥)(𝑐 ∗ − 𝑐 ∗ )(𝑄 + 2𝑄 )
− ∗
+
[3𝑁 (1 − 𝑥) − tr𝒄∗ ]
𝑉 [3𝑁 (1 − 𝑥) − tr𝒄∗ ] 𝑑𝑧 ∗ 𝑉 ∗
𝑃
De
𝐹 = 6De
,
𝐹 = 6 ∗ [𝑃 𝑃 − 𝑃 ],
𝑉∗
𝑉
∗
𝐸 (𝑐 + 2𝑐 ∗ )
𝑆
9 𝑃
9𝑆
⁄
∗
𝐹 =𝐷 +𝐷 𝑉
−
− 6𝜎𝑃 ∗ −
+
1−𝑥
2 𝑉∗
2 𝑉∗
𝑉∗
𝑉
9 𝜎 𝑆
1 𝐸𝑄
1 𝐸𝑄
1 𝐸(𝑐 ∗ − 𝑐 ∗ ) 𝑑𝑥
𝐷
∗
𝐹 =+
+ ∗
−
−
+ 𝐷 (𝑉 − 𝑉 ) − ∗
2 De 𝑉 ∗
𝑉 1 − 𝑥 𝑉 ∗ 1 − 𝑥 𝑉 ∗ (1 − 𝑥) 𝑑𝑧 ∗
𝑉
3 27
162
2025
1215
𝑃 =− + 𝑆 +
𝑆 −
𝑆 +
𝑆
7 10
35
28
16
1 3
27
54
2025
243
𝑃 =− − 𝑆 + 𝑆 +
𝑆 −
𝑆 +
𝑆
5 7
20
35
112
16
2 3
9
72
675
81
𝑃 = + 𝑆 + 𝑆 + 𝑆 −
𝑆 + 𝑆
5 7
5
35
28
4
𝐹 =6

𝐷 =

,𝐷 =

De 𝑃
,
𝑉∗

,𝐷 =
𝐷 =

𝐹 = (6)

∗

,𝐷 =

𝜑 𝛥𝐻
𝐺
,𝐷 =
,𝐷
𝜌𝑇 𝐶
𝑇𝐶

,𝐷 =
=

√

𝑉 𝜂(𝑇)
,𝐷
𝐿 𝐺

=

𝑉 𝜆 (𝑇, 𝑥)
𝐿
𝐺

Table D1. Variables and their definitions.
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ANNEX 1 - Print screen of Excel Tool
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How to use?


Overview sheet



Material sheet

Presentation
In the excel tool there are 3 sheets:

3. Calculation sheet
2. Material sheet

1. Overview sheet

Presentation
1. Overview sheet
The overview sheet is where the user makes selection:


The materials used in the composite: self reinforced PLA is available through data
generated in the Bio4Self project, but any combination of fiber reinforced polymers can be
entered into the tool.



The composite lay up: the number of layers used in the composite, the thickness of the
individual layers and how the fibres are oriented in the different layers. NB! Here in the first
version of the excel, one layer of fabric material oriented in 0 / 90 will be described as 2
individual layers in the excel: one layer oriented in the 0 direction followed by a layer
oriented in the 90 direction (it has been discussed to take the waviness of the fabric into
consideration by adding a factor, this will be implemented in the next version).



The loading: by inputting a value the generated laminate can be loaded in
tension/compression/shear, in the two main orientations, as well as bending. The resulting
stress state can be seen in three graphs. A 4th graph can simulate a tensile test. The
instructions for this can be found in the “how-to-use” section.

 The overview sheet also supplies the equivalent composite properties obtained
with the composite described by the inputs.
NB! If the user wishes to use the materials already suggested in the material menu, then the
user does not need to use the other excel sheet!

Presentation
2. Material sheet


The material sheet shows 3 different boxes: composite, reinforcement and matrix
properties.



In the composite box, the composite properties are calculated based on the reinforcement
and matrix properties and the fibre volume fraction selected.



The composite properties described here correspond to the properties of a composite
made of 1 single layer.



The properties of this 1 layer composite are then used in the construction of a composite
containing several layers in the Overview sheet.



It is possible to add new materials, if for example new PLA fibres are produced with new
material properties. This will be explained in the section “How to use – 2. Material sheet”

Material sheet
Properties of a composite
made of one single layer

Assembling several layers with
different fibre orientation to
construct the final composite in
the overview sheet.

Overview sheet
Properties of a composite
made of several layers

Presentation
3. Calculation sheet


This is where the calculation of the laminate theory are made.



Here the user does not need to provide any information.
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Overview sheet



Material sheet

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
2. Read the stiffness properties
3. Select the loading
4. Read the results
5. Simulate a tensile test

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.


The first step is to describe the composite material of interest.



Select material, by clicking on the “Material” cell, several material choices appear, the users select the ones of
interest.



For each layer a fibre direction needs to be given. This is described by the “Angle”.


For an angle of 0, the fibres are aligned along the x direction.



For an angle of 90, the fibres are aligned along the y direction.

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
An example of typical composites produced in Bio4self are unidirectional fibre with 50% fibre volume fraction. This type of
composite can be described as follow.

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
In the case of a fabric material, as mention in slide #4 this first version of the excel tool describes 1 layer of fabric made
of as many fibres oriented in the 0 and the 90 direction by 2 single layers. One layer oriented in the 0 direction and 1
layer oriented in the 90 direction.
Modelling of 1 layer of fabric with fibres oriented in the 0 and 90 direction

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
As an example, a typical composite produced in Bio4self is made of 2 layers of fabrics (with fibre direction 0/90, with as
many fibres in both direction) where the fibre volume fraction per layer is equal to 50%.
In this first version of the excel, this is describe by 4 layers, see image.
As the total fibre volume fraction in one fabric layer is 50%, in the excel one single layer contains 50% of fibres.
90
0
90
0

PLA_50 refers to a
composite layer with a
fibre volume fraction of
50%.
To create your own
composite layer see
section ”How to use –
Material sheet”

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
2. Read the stiffness properties


Before applying load, elastic properties such as stiffness can be seen in the box named “Equivalent laminate properties”



E_xx stands for the stiffness in the x or 0 direction



E_yy stands for the transverse stiffness in the y or 90 direction



v_xy stands for Major Poisson’s ratio



v_yx stands for Minor Poisson’s ratio



G_xy stands for Shear modulus xy

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
2. Read the stiffness properties
3. Select the loading


The unit of loading is N/m (force divided by the width)



Example of loading cases:


Static tensile load in the 0 or the x direction is described by setting a loading value in the N_x box.



Static tensile load in the 90 or the y direction is described by setting a loading value in the N_y box.



N_xy correspond to shear loading and M are the equivalent loads applied as moments.

Applied Loading [N.m-1]

N_x
N_y
N_xy
M_x
M_y
M_xy

55000
0
0
0
0
0

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
2. Read the stiffness properties
3. Select the loading
4. Read the results
When a load is entered the
four graphs will visualize the
resulting stress in the
composite lay-up, as designed.
Every point on the three stress
graphs indicate the transition
from one layer to the next.
The 4th graph is the simulated
tensile test. This graph only
responds to N_x loading, but
will yield an estimate of when
the first ply will fail. This is
done using the Tsai-Hill failure
criterion, and assuming linear
elastic behaviour.

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
2. Read the stiffness properties
3. Select the loading
4. Read the results
5. Simulate a tensile test


This process has to be conducted semi-manually and involves inputting incrementally increasing load values only for
N_x (cell: G6). Because materials can fail at very different load levels it is recommended to try with a logarithmic
approach (ie.: 10, 100, 10^3, 10^4, 10^5 and 10^6, only very few materials will stand a load of 10^6N/m)
Applied Loading [N.m-1]

N_x
N_y
N_xy
M_x
M_y
M_xy



55000
0
0
0
0
0

At some load level a red dotted line will

appear, indicating the first ply failure, according
to the Tsai-Hill criterion (assuming linear elastic
behaviour). The load level can then be fine-tuned
to produce a graph with a nice representation.

How to use
1. Overview sheet
1. Describe composite: material, thickness of individual layer, fibre angle.
2. Read the stiffness properties
3. Select the loading
4. Read the results
5. Simulate a tensile test


When first failure has been reached, the values corresponding to the red-dotted line can be read from the Tsai-Hill
failure prediction table. Since first-ply failure may involve several layers simultaneously, the cell G23 is made as a
drop down menu. No adjustments are made to the stiffness of the composite after first-failure, since this would
require scripting in VBA, and make the tool:


Less user-friendly



Less stable
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Overview sheet



Material sheet

How to use
2. Material sheet
1. Describe a new “one layer” composite
2. Input new fibre and matrix properties

Material sheet
Properties of a composite
made of one single layer

Assembling several layers with
different fibre orientation to
construct the final composite in
the overview sheet.

Overview sheet
Properties of a composite
made of several layers

How to use
2. Material sheet
1. Describe a new “one layer” composite
Step 1 - Give a name to the new one layer composite created in the “Material name” box

Step 1

How to use
2. Material sheet
1. Describe a new “one layer” composite
Step 1 – Give a name to the new one layer composite created in the “Material name” box
Step 2 – Select the type of Reinforcement
NB! If the material you are looking for is not in the list, then you can create it, see from Slide #24.

Step 2

PLA_HM stands for High
Tm PLA fibres

How to use
2. Material sheet
1. Describe a new “one layer” composite
Step 1 – Give a name to the new one layer composite created in the “Material name” box
Step 2 – Select the type of Reinforcement
Step 3 – Select the type of Matrix
NB! If the material you are looking for is not in the list, then you can create it, see from Slide #24.

Step
3

PLA_LM stands for Low Tm
PLA fibres

How to use
2. Material sheet
1. Describe a new “one layer” composite
Step 1 – Give a name to the new one layer composite created in the “Material name” box
Step 2 – Select the type of Reinforcement
Step 3 – Select the type of Matrix
Step 4 – Set the fibre volume fraction

Step 4

How to use
2. Material sheet
1. Describe a new “one layer” composite
2. Input new fibre and matrix properties

Material sheet
Properties of a composite
made of one single layer

Assembling several layers with
different fibre orientation to
construct the final composite in
the overview sheet.

Overview sheet
Properties of a composite
made of several layers

How to use
2. Material sheet
1. Describe a new “one layer” composite
2. Input new fibre and matrix properties


In case the reinforcement or the matrix material or not in the selection menu, the material can be created in the
“Reinforcement” box and in the “Matrix Materials” box.



Similar to the creation of a new “one layer” composite, the user starts by giving a name to the new reinforcement or
matrix material



The properties which needs to be typed in are:


E_11 the stiffness in Pa of the reinforcement or the matrix

material in the fibre or longitudinal direction


E_22 the transverse stiffness in Pa of the reinforcement or

the matrix material (for polymers E_11 typically equals E_22).


v_12 Major Poisson’s ratio



G_12 Shear strength in Pa



alpha_1 thermal parameter



alpha_2 thermal parameter



Tensile Failure Stress The stress in Pa, under which the

material fails in tension


Compressive Failure Stress The stress in Pa, under which

the material fails in compression


Shear Failure Stress (only necessary for the matrix) The

stress in Pa, under which the material fails in shear

The red cells are guess on
the properties. There are
value without references.

How to use
2. Material sheet
1. Describe a new “one layer” composite
2. Input new fibre and matrix properties


The materials can be selected as soon as they have been given a name, but the calculations will only work when the
properties have been filled out.



There are three tiers of properties, each one will not work without the previous.
1.

Stiffness: E_11, E_22, v_12, G_12

2.

Thermal: alpha_1, alpha_2

3.

Strength: sigma_1, sigma_2 and tau



Filling in the stiffness properties allows the program to generate the equivalent laminate properties and to apply loads



The thermal properties allows an estimate of the residual thermal stresses due to elevated cure temperatures



The strength properties allows for simulating a tensile test and predicting first ply failure (Tsai-Hill)

