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Abstract

In this paper a simulation strategy for composite
structures will be presented taking into account
all thermal aspects, which may occure from man-
ufacturing to in-service. Focus herein is laid on
the thermo-elastic simulation of the spring-in ef-
fect on large airframe structures based on the FE-
method. Besides the identification of curing pa-
rameters validation testing will be dealt with in
an overview mannetr.

Results of spring-in investigations performed
at the DLR Institute of Composite Structures and
Adaptive Systems will be presented. They are
based on parameter determinations by means of
experimental testing and the application to a rel-
evant airframe structure.

Nomenclature

Omgen, ~ Chemical matrix shrinkage /K]
Omg,  €quivalent matrix shrinkagé /K]
Omypem  thermal matrix shrinkaggl /K]
aR radial CTE[1/K]

oT tangential CTH1/K]

0 radial chemical shrinkagés|

Qr tangential chemical shrinkad|
0 nominal structure anglieg

AT process temperature differentg
AVehem chemical volume shrinkagé@o)
JAS) spring-in anglgDeg

ulation, shrinkage, sprinthermo-elastic

1 Introduction

Due to their superior mechanical and mass char-
acteristics besides other advantages compared to
conventional materials, fiber reinforced compos-
ites are increasingly used for airframe structures.
This comes with the side effect that in the manu-
facturing process internal stresses and hence de-
formations may be induced. The internal stresses
may additionally be amplified due to assembly
constraints and in-service loads. Taking into ac-
count manufacturing cadences of more than 30
aircraft/month economic processes are manda-
tory. This implies a high quality wrt. the me-
chanical performance (to avoid scrap parts) and
geometrical shape conformance (to avoid higher
assembly costs caused by efforts like shimming
or expensive assembly equipment). The trend to-
wards the production of highly integral structures
may on the one hand elliminate assembly costs to
a certain extent but may on the other hand require
more sophisticated processes in the manufactur-
ing.

Therefore analysis methods and strategies are
required to predict the material characteristics
and thereby enabling the simulation of manu-
facturability and behaviour of composite struc-
tures after assembly and in service. It starts with
curing problems in manufacturing, where inter-
nal stresses and deformations are induced by the
chemical matrix shrinkage and the un-isotropic
CTE (Coefficient of Thermal Expansipaf such
materials. A formation of additional stresses is
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caused by assembly of the distorted parts in nom- Process Simulation / Curing
inal mounting position. And finally there are in- R B
service loads which may have to be added to prior @ || “Chemicalshinkage
introduced loads and may lead to lower load bear- % ER e e
ing capabilities as predicted, hence overloading & || Stesses
. —_ -Strains
the Structure (See F|g 1) g -Displacements
. é In-service / Mounted
t? -Margin of Safety
‘ m -Validation experiments
[7] i - :_;T
§ E Fig. 2 Thermal issues in the manufacturing chain
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- Manufacturing Fitting Pesitien Test / In-Service | Time
Fig. 1 Internal and external structural loads Geubelle [2]. The link to the residual stress ana-

lysis is possible since the chemical shrinkage can
directly be related to the degree of cure. Flores
In the above explained context the thermal [3] compared several models for this relation and
analysis plays a central role in structure design €valuated their application.
(see Fig. 2). For the simulation of the curing it is Other approaches were proposed by Darrow
necessary to predict transient temperature fields [4] and Sweeting [5] who simulated the spring-in
taking into account volumetric heat sources com- 0on angled structures based on a linear-static FE-
ing from chemical reactions of the matrix mate- analysis. Darrow used an equivalent CTE for the
rial. It is the basis for the determination of the Mmatrix material combining thermal and chemi-
degree of cure and hence the chemical shrink- cal shrinkage properties. Sweeting accounted for
age. Together with this comes the aspect of the the thermal expansion by using the CTE but ap-
interaction between manufactured part and tool- plied the chemical matrix shrinkage as prescribed
ing, especially when CTEs between both are not strains. In the present work, which summarizes
compatible. The optimization of the curing cycle spring-in investigations of the DLR Institute of
(temperature levels, heating and cooling rates) Composite Structures and Adaptive Systems, the
can induce or may avoid residual stresses. It has Strategy proposed by Darrow [4] is pursued.
in the following an impact on the in-service pre- For the optimization of the whole manufac-
dictions e.g. margins of safety. With accurate turing process it is necessary to consider curing
simulation methods the save prediction of this and mechanical analysis. However, it has al-
phenomenon will help establishing reliable man- ready been shown, that a fast engineerlike spring-
ufacturing processes, which may also lead to a in estimation based on linear-static analysis with
reduction of margins of Safety and to the reduc- added chemical shrinkage of the matrix is a rea-
tion of necessary validation and testing effort. ~ sonable approach. The drawbacks to a combined
The process parameters have a big influence analysis are that it requires:

on the chemical matrix shrinkage during trans-
formation from liquid to solid state. Therefore
scientists combined curing, thermal and resid-
ual stress analysis. Svanberg and Holmberg [1] :
developed a visco-elastic material model taking with same process as the sample test
into account relaxation of the matrix in rubbary programm,
state and established a link to the thermal analy- 3. the assumption that the whole structure is
sis. A similar strategy was proposed by Zhu and homogeneously cured.

1. a sample test programm for each material
and process,

2. that the structure will be manufactured
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2 ldentification of Material Parameters

2.1 General Remarks

The determination of the magnitude of the ma-
trix shrinkage was performed based on CFRP
(Carbon Fiber Reinforced Plastid_-profiles as

shown in Fig. 3. This kind of structure was cho-

sen, since it has already been closely investigated.

It is therefore well described in literature and an-
alytical formulas for verification exist.

Fig. 3 CFRP L-profile test specimen

Main reason for spring-in on a L-shaped
structure is the different shrinkage (chemical and
thermal) in radial and tangential direction. As-
suming the radial shrinkage to be much higher
than tangential, shrinkage will cause outer fibers
to move to smaller radii and inner fibers to move
to larger radii as depicted in Fig. 4. This leads
to compression in the outer fibers and tension in
the inner fibers. Assuming furthermore, that the
fibers are sulfficiently stiff, a certain spring-in an-
gle 6 will be generated.

Radford and Rennick [7] derived an analyti-
cal equation for the determination of the spring-in
on angled structures made from orthotropic ma-
terial. HereinAB being the spring-in angled
the original structure angle (90n the present

Fig. 4 Principle of spring-in mechanism [6]

study),aT, ar and@r, @r the tangential and ra-
dial shrinkage (thermal and chemical) akifl the
process temperature difference.

n6 = e{ {(GEGGRR.);T} * [(ET;;S)] }

Dealing with fiber-composite materials re-
quires to know the parameters of the single con-
stituents. The laminate of the L-profile in this
study consists of HTS-fibers fromOHO/ TENAX
and the RTM6 matrix system fromgXxeL. All
data were taken from literature [8]-[14]. The pa-
rameters of a uni-directional single ply are calcu-
lated using ESAComp3.4. As a reference a lami-
nate with a FVF = 60%HKiber Volume Fractiop
is considered. All data are listed in Table 1.

Table 1 Material properties of HTS/RTM6 unidi-
rectional single ply

Properties| Value Unit
E11 143 960| N/mn?
Eo = Es3 5955 | N/mn?
G12=G13 2 485 N/mn12
Ga3 2235| N/mn?
V12 =V13 0.26 -
Vo3 0.33 -
Densityp 1512| kg/m?®

Since the CTE of the constituents turned out
to be the most unreliable data, a study investigat-
ing their influence on the spring-in behaviour was
conducted. It could be shown, that the CTE of the
matrix dominates the mechanical behaviour of
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the laminate. For the study this paramter will be
considered as unknown and has to be determined
such that the correct spring-in will be simulated.
In the following this parameter is named equiva-
lent CTE and is defined as sum of thermal and
chemical shrinkage related to the process tem-
perature difference (see Equation (2) taken from
[15]).

AV
amequ = amtherm+ Ormepem = am[herm+ 3-AT (2)

Four different processes were investigated.
All leading to a temperature difference of Fig. 5 CFRP L-profile FE-modelling
AT = 16K coming from 180C highest process
temperature and 2Q room temperature.

P1 (nominal) - gelation 13C / curing 180C thickness. With this requirement and in or-
P2 (max shrink) - gel. / cure 180 der to avoid elements with bad aspect ratios an
. . extremely fine mesh is required leading to an
P3 (mid shrink) - long gel. 13€/cure 180C enormeous number of DobBéggrees of Freedom
P4 (low shrink) - long gel. 11@ / cure 180C even for comparably small structures like the L-
profile. Therefore the capability of a hybrid mod-
elling was investigated. In this case the thick-
ness effect is accounted for by using HEX8 el-
ements (3D-orthotropic material) only locally in
the zone of the radius. The remainders of the
structure are modelled with QUAD4 shell ele-
ments (2D-orthotropic material) as can be seen
in Fig. 5. This leads to the reduction of the DoF
enabling the analysis of large, thin-walled com-
posite structures. The interface between solid and
shell elements is modeled with stiff bar elements
to prevent warping at the free edges of the solid
area.

In this study each structure was analyzed un-
der two different conditions. First, iso-static
To properly predict the spring-in it is manda- mounting to obtain free internal stresses and
tory to account for the thickness effect as it is the corresponding deformations. Second, in in-
described in chapter 2.1. Hence the L-profile service mounting conditions to calculate stresses
was modelled with solid (HEX8) elements using in superimposed condition of internal and mount-
MSC/Patran (see Fig. 5). The test structures were ing loading.
made from a Bimlaminate with 8 NCF Klon-

Crimp Fabriq) single plies(=0.125nm anda 23 L-profile FE Analysis and Results
symmetrical lay-up of4 x 4+(45°)]. The inner
radius of the L-profile is Bim In the analyses the matrix CTE was adjusted

In the FE model each single ply needs to such, thatthe spring-in angles are equal to the ex-

be modelled with at least 3 elements over its perimentally gained ones for a FVF = 60%. All

P1 is a nominal industrial process. P2 is the
process with the highest shrinkage, since a fast
gelation at high temperature prevents a shrinkage
compensation by liquid resin. Processes P3 and
P4 have a lower shrinkage due to their long gela-
tion time a lower temperatures. This is caused
by the slow change from liquid to solid state al-
lowing the compensation of the shrinkage by lig-
uid resin. As assumption the process P4 is con-
sidered as a process without chemical shrinkage
which means, that the equivalent CTE has a ther-
mal term only.

2.2 L-profile FE-Modell
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other FVF from 55% to 70% were conducted to
check the reliability of the method. In Fig. 6

mounting conditions the matrix has a tension load
of ~ 68N/mn¥ and it follows trivially that the

there are shown measured and analyzed spring-fibers have a compression load of the same mag-

in angles related to the norm process P1 and a nitude.

FVF = 60%. As previously defined the process

P4 shall be a zero-chemical shrinkage process.

Based on this the chemical volume shrinkage for
the processes P2 - P4 varies betwedB% <
AVehem < 3.25%. The corresponding shrinkage
parameters namely the equivalent CTEs in fiber
direction and perpendicular direction vary be-
tween

0.08-10°K~! <017 <0.630-10 %k~ and

36.80- 10 %K1 < 0y, 033 < 63.27-10 %k 1.
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Fig. 6 Comparison of measured and calculated
spring-in results

The results coming from equation (2) by us-
ing the gained shrinkage data of a uni-directional
single ply leads to approx. 25% lower spring-in

In fixed configuration the stresses are
ranging from —158N/mn? in the fibers of the
outer radius ane: 66N /mn? in the matrix of all
layers. Here the gained results need some more
discussion. Especially the magnitude of tensile
strength in the matrix system needs to be inves-
tigated more thoroughly. As a remark it shall be
mentioned, that the induced stresses in the nom-
inal process P1 are about half of the before de-
scribed P2.

3 Analysis of Curved Airframe Structure

3.1 General Remarks

For a spring-in analysis of a large, thin-walled
structure is becomes obvious, that a full solid
modelling is not manageable in terms of model
sizes and hence computational effort. There-
fore the idea of hybrid modelling is transferred
from L-profile level to a larger airframe struc-
ture. All material properties determined within
the L-profile investigations are used for this large
scale application which is, stiffness and shrink-
age properties as outlined in previous paragraphs.
As a measure of the analysis results the com-
puted spring-in of the global radius of a curved
Z-profile as shown in Fig. 7 were compared to
experimentally gained data.

3.2 FE-Model of Curved Airframe Structure

results as experimentally measured. Even by us- A Z-shaped generic frame structure with a global

ing the pure thermal CTE for P4 the results do
not lead to comparable values. The experimen-
tally measured values of the spring-in however
correspond to data gained by Darrow [4]. The
spring-in results gained by using the hybrid FE
modelling are in very good agreement with the
fully 3D modelled L-profile. It therefore is con-
sidered to be suitable for the analysis of a large,
thin-walled composite structure.

curvature radius ok 2m, a length of~ 2.5m
and a variable profile height betweenn®®and
120mmwas subject of the investigations as de-
picted in Fig. 7. The same material properties as
for the L-profile are used and the profile is manu-
factured according to process P1, the norm pro-
cess. The web is composed of 8 uni-directional
single plies with a thickness of= 0.25mmand a

[2 x (+45)]s lay-up. 13 plies are foreseen alter-

In terms of stresses the process P2 resemblesnatively in the inner and outer chord with a lay-

the process with the highest chemical shrinkage

up of [(+45/ —45/0)s/0/(+45/ —45/0)g and a

and hence highest eigenstresses. Under iso-statictotal thickness of 25mm



Fig. 7 Curved frame Z-profile

In order to determine the free eigenstresses
and the global spring-in the Z-profile was iso-
statically fixed at one free end. Therewith avoid-
ing that the web can not change its global orien-

ation and no additional stresses are induced (see

Fig. 8 left). The fixation in in-service position
is such, that the outer chord can move along the
circumferential line of the global radius but all
other movements are prevented as can be seen o
the right picture of Fig. 8.

Fig. 8 Mounting of Z-frame for spring-in analysis

As earlier mentioned the pure 3D modelling
leads to a very high number of DoFs already for
comparably small structures. Therefore three dif-
ferent model types were analysed and evaluted:

1. Model created from shell elements: As-
suming that global spring-in is driven by
shrinkage of the web, representing the
transversal shrinkage and thereby forcing
the belts to move to other radii which
causes the spring-in effect.
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2. Hybrid model with solid elements between
web and inner chord: Assuming the same
effect as in 1. and by consideration of the
spring-in in the radius between web and in-
ner chord.

Hybrid model with solid elements between

web and both chords: Assuming the same
effect as in 1. and by consideration of the
spring-in in both radii between web and

chords.

3.3 Z-profile Analysis and Results

In this section there are shown the analysis results
in terms of spring-in of the global profile radius
and stresses. The principle behaviour of the in-
vestigated structure wrt. to its lay-up in the inner
and outer chords is shortly discussed.

Figure 9 shows the Z-profile with a slightly
decreased global radius together with some tor-
sion of the profile. This mode will occure with
unidirectional layers in either both chords or only
An the outer chord. In case of unidirectional lay-
ers in the inner chord this kind of profile would
"spring-out” due to different CTE between inner
and outer chord. The inner chord with its low
CTE and high stiffness would remain almost un-
changed whereas the outer chord with its high
CTE would open the curved structure.

The before mentioned three different ways
of modelling the generic frame structure with
different considerations of the relevant spring-in
zones were investigated at first. It became obvi-
ous, against expectations, that the global spring-
in is driven by the local spring-in in the radii
between web and chords. This holds especially
true, if there are longitudinal layers foreseen in
the chords, which provide a high stiffness and
low shrinkage in profile longitudinal direction. In
case there are no longitudinal layers foreseen in
a chord it may be possible the save a 3D model-
ling in this zone but it depends very much on the
design of the structure and the chosen material.
However, all results that will be presented here-
after are gained from a model considering all lo-
cal thickness effects.
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Table 2 Spring-In of global radius of curved air-
frame structure

Process Global RadiusD'ﬁerenCe to
norm Process

produced (P1 1963.5mm 0.0mm
P1 1964.5nm 1.0mm

P2 1963.0nm -0.5mm

P3 1967.Inm 3.6mm

P4 1968.9nm 5.4mm

In the radii between web and chords the stresses
are slightly increased and it45° fibers of the
inner chord a distinctive raise in the stresses be-
comes obvious. This is due to the specific defor-
mation caused by the profile shape and of course
due to the un-isotropic material. Comparing fur-
thermore the magnitude of stresses between the
In Table 2 there are listed the global spring-in two processes it is noticable, that the stresses of

radii, that where analyzed with the different pro- P2 are about twice as high as for the norm pro-
cess parameters, as well as the global spring-in cess. In the specific case of P1 and P2 the pro-
radius of the manufactured part using process P1. Cess times were equal. This underlines the high
It can be seen, that the data fit quite well with the dependency of internal stresses from the way of
measured ones. Furthermore, it becomes obvi- curing.

ous that the difference between the processes P1

(nominal) and P2 (fast) is smaller than comparing  rapje 3induced residual stresses in fiber and matrix
P1 with P3 and P4. In case of the last-mentioned

Fig. 9 Deformed shape of Z-profile after manu-
facturing

a more significant decrease of spring-in can be Stresses Pl P2
noticed compared to P1. This seems advanta- [MPa] Min | Max | Min | Max
geous from quality point of view but these pro- Chords| -631 33 -125 65

cesses require 1.5to 2 times longer process times, Fiber -—-'-'-- I It e N
which on the other hand is disadvantageous in the

sense of the achievement of high manufacturing Matrix 30| 34| 58 70
rates.

In the following Table 3 all stresses gained
from the iso-static configuration are listed for All stresses that were analyzed with the struc-

processes P1 and P2 for comparison. Hereby theture mounted in its in-service position show only
the stresses are evaluated in fiber and matrix di- marginal changes in the order #BN/mn?. The
rection and distinguishing also between chords changes of the stresses are once again very much
and frames. It can be noticed that the stresses in dependent on the design of the structure and also
the matrix material correspond to the values that on its mounting conditions. This becomes obvi-
were determined during the L-profile investiga- ous when comparing the calculated low values of
tions. In most parts of the Z-profile the same can the generic frame structure with the results of the
also be noticed for the fiber compression loads. L-profile which are decisively larger.
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It should be mentioned that the calculated
matrix stresses even for the norm process P1 are
extremely close to typical failure loads of epoxy
resins. This topic needs more detailed investi-
gations to allow save design under consideration
of manufacturing issues. One way of investigat-
ing the severity, could be the monitoring of micro
cracks after demoulding.

4 Outlook

In order to enable a full simulative design taking
into account all aspects from manufacturing to in-
service a reliable curing simulation and structure
validation has to be established.

This virtual method of process simulation is
considered to be very promising to initially pre-
dict the component properties (degree of cure,
residual stresses and deformations) for a given
cure cycle. Moreover, it provides a basis for a
comprehensive process optimization to minimize
cycle times regarding allowable stresses and de-
formations. In order to provide numerical models
for cure simulation and make them ready for in-
dustrial application, research is conducted in dif-
ferent fields.

Atfirst, the reaction kinetics of thermoset ma-
terials is characterized. Standard D3%f{eren-
tial Scanning Calorimetryand Rheometer mea-
surement systems (see Fig. 10) are applied to de-
termine the glass transition temperature and vis-
cosity of the resin as a function of cure temper-
ature and cure degree. The obtained measure-
ment data are also studied for extended interpre-
tations, e.g. to estimate the gelation point. There-
upon common kinetic models are enhanced for

selected resin systems, and techniques are devel-

oped to derive their associated parameters (see
Fig. 11).

Secondly, these curing models are imple-
mented into commercial finite element software.
When applying this simulation method, the in-
fluence of relevant boundary conditions, such as
the temperature distribution within RTM mould-

30004

104
103
102

107Pa

08 !
087 +

s, 1
058

o .,..T. i

50.0

=i - .
1ha ¥ | !
00 50 100 150 200 250 = 1078 400 450 500 550 800 e50

Fig. 10 Matrix gelation time measurements

Fitting results from different
parameter estimation methods

.

o
=

)

cure rate(1/s)
>

o
=

* Expenment data
—Method: Fit of Cure Model
Method: Fit of Cure Simulation

F000

-]
~»

b?}ﬁ[] 6000 7500

6500
time(s)

Fig. 11 Curing parameter optimization

in Fig. 12. In order to optimize the tool shape
and energy application for relevant components,
optimization procedures can be applied to reach
minimum process time while avoiding an over-
heating as well as assuring uniform distributions
of temperature and degree of cure.

Temperature

Degres of Cure

—Point 1
—Polnt 2
Point 3
Point 4

Degres of Cure []

Fig. 12 Neat resin cure simulation - degree of cure

Further research will focus on the coupled

thermo-kinetic-mechanical simulation of cure

ing tools, can be investigated by analyzing the stresses and deformations (e.g. spring-in) as well
computed temperature fields and fields of degree as their validation against experimental results.
of cure as can be seen on a neat resin exampleWithin this context, the determination of cure
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shrinkage and mechanical properties as functions stresses inside the structures in mounted position
of temperature and degree of cure need to be con-including prior determined eigenstresses. All
ducted, and investigations on appropriate meth- analyses within this study are performed using

ods for stress measurement are a great challenge MSC/Nastran.

Furthermore thermal properties like heat con-
ductivity and capacity and mechanical properties
like Young’s modulus, density or creep behav-
ior are mandatory. All these properties are de-
pendent from temperature leading to highly non-
linear problems.

A variety of curing models already exists.

All mechanical properties of the single lam-
inate constituents were extracted from literature
and the properties of the unidirectional single
plies were analysed using ESAComp3.4. Ther-
mal and chemical shrinkage were determined by
comparing test results on CFRP L-profiles with
analysis results based 3D FE models represent-

These models need to be enhanced or adapted tang each single layer of the structure. Test re-
their specific use. Herein each matrix material sults gained from the process with low chemi-
requires its own laborious identification of neces- cal shrinkage were used to determine the ther-

sary parameters in order to adequately determine mal contribution to the spring-in. For the remain-

the variables of the curing models.

Finally, for testing of composite structures
subjected to combined mechanical and thermal
loads DLR uses its thermo-mechanical testing fa-
cility named THERMEX. It allows for the simul-
taneous application of thermal loads with a tem-
perature gradient of up to 12RGand a tension or
compression loading up to 4K on structures
with a size of aboutmhx 0.8m.

Fig. 13 THERMEX - thermo-mechanical test facility

5 Summary

A way is presented which allows for the deter-
mination of spring-in deformations and eigen-
stresses of large, thin-walled CFRP structures
based on linear-static FE simulations. Further-
more this approach allows for the prediction of

ing three tests the contribution of the chemical
shrinkage was determined. The L-profile was re-
analysed for a number of different fibre-volume
fractions for validation reason. The outcome in
terms of displacements showed very good agree-
ment with the test results. Concerning eigen-
stresses, comparably high values were found for
the matrix material.

The used kind of modelling leads to very
large FE models. Therefore a simplification
which combines 2D and 3D modelling was intro-
duced. Those parts, where the transversal CTE
leads to spring-in, are modelled conventionally
using solid elements. All remaining parts, which
are mainly flat, are modelled using shell ele-
ments. The application to the L-profile showed
reasonable agreement and therefore this mod-
elling technique was transferred to the simulation
of a generic frame structure.

Studies with different modelling of the Z-
profile showed that an adequate consideration of
the radii between belts and web by 3D modelling
are mandatory for reliable deformation predic-
tions on large, thin-walled structures.

In conjunction with the presented work there
are further steps in the frame of process simu-
lation. First there is the establishment of a cur-
ing simulation to determine the degree of cure
and chemical shrinkage. This has to be realized
in conjunction with the consideration of thermal
analysis to take into account exothermal reactions
and other transient thermal aspects during the
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processing of parts inside manufacturing tools. [10] Hobbiebrunken T. Thermomechanical analy-

Finally, these two disciplines need to be com-

bined with the mechanical analysis. This com-

pendium of different disciplines would, as direct

consequence, provide an integrated tool for the
simulation of fibre-composite parts from manu-

facturing up to in-service behaviour.
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