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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

The present paper investigates the generation of cure induced residual stresses during the cure stage of the Vacuum Assisted Resin Transfer 
Moulding (VARTM) process for the fabrication of ultra-thick components (i.e. 105 mm) for wind turbine blades manufacturing (i.e. root 
insert). The viscous-elastic material characterisation of the Airstone 780E epoxy resin mixed with the 785H Hardener has been undertaken and 
the corresponding coupled thermo-mechanical simulation has been implemented using a commercial FE solver. The finding points out that the 
level of residual stresses generated during the cure stage leads to a spring-in of about 1.3 cm when Manufacturer Recommended Cure Cycle is 
applied and that improvements in both spring-in and cure time can be obtained by applying different cure cycles. 
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1. Introduction 

The curing stage of composite manufacturing presents 
several challenges to produce components that comply with 
the high quality requirements and stringent delivery time. A 
poorly designed curing stage can lead to formation of cure 
induced defects (e.g. residual stresses) that lower 
performances of the component and in more severe cases lead 
to rejection of the part with consequences on production cost 
and sustainability. The matter becomes even more complex 
when dealing with thick and ultra-thick components. 
Structural components for wind industry fall into the ultra-
thick category with the root-insert reaching about 100 mm 
thickness. Within this framework it is important to predict 
beforehand the generation of residual stresses and adjust 
design parameters before going into production to minimise 
scrapped parts and maximise performances. Residual stresses 
arise during curing stage due to resin shrinkage and anisotropy 
in coefficient of thermal expansion and tool-part interaction 
[1, 2]. The occurrence of compressive and tensile residual 
stresses within the manufactured parts leads to spring-in and 

warpage after mould removal [3, 4]. However, it has been 
shown that residual stresses can also be beneficial (i.e. 
longitudinal and transverse tensile strength [5, 6] and 
delamination properties [7, 8]) for mechanical performances 
but also detrimental for in-plane shear strength [8, 9] therefore 
their development during curing needs to be quantified when 
considering mechanical performances of in-service parts. 
Furthermore, it has been shown that Manufacturer 
Recommended Cure Cycles (MRCC) do not lead to optimal 
solutions [10-13] and that different cure cycles can induce 
different residual stresses within the part [14-16]. 

In the present paper the viscous elastic properties of the 
Airstone 780E/785H epoxy system will be characterised and 
constitutive materials models built. A coupled thermo-
mechanical FE model of the Vacuum Assisted Resin Transfer 
Moulding (VARTM) for manufacturing of the root insert of a 
wind turbine blade will be performed to predict spring-in of 
the part. The paper constitutes the starting point for a multi-
objective optimisation work which focuses on the 
minimisation of cure time and residual stresses by identifying 
optimal cure cycles. 
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mechanical FE model of the Vacuum Assisted Resin Transfer 
Moulding (VARTM) for manufacturing of the root insert of a 
wind turbine blade will be performed to predict spring-in of 
the part. The paper constitutes the starting point for a multi-
objective optimisation work which focuses on the 
minimisation of cure time and residual stresses by identifying 
optimal cure cycles. 
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Nomenclature 

	[] Composite longitudinal Young’s modulus  	[] Composite transverse Young’s modulus 	[] Composite shear modulus   Composite in-plane Poisson’s ratio 	[] Resin Young’s modulus 	[] Resin shear modulus   Resin Poisson’s ratio [] Fibre longitudinal Young’s modulus [] Fibre transverse Young’s modulus 	[] Fibre shear modulus   Fibre Poisson’s ratio a	[℃]  Composite longitudinal CTE a	[℃] Composite transverse CTE a	[℃] Resin CTE a	[℃] Fibre longitudinal CTE a	[℃] Fibre transverse CTE γ  Composite longitudinal shrinkage γ  Composite transverse shrinkage γ  Resin linear shrinkage 	[] Resin modulus at glass state 	[] Resin modulus at rubber state 	[℃]  Glass transition temperature [] Resin modulus dependency on degree of 
cure   Exponential parameter 	[℃]  Breadth of transition 	[℃]   Temperature shift 		[℃] Resin CTE 		[℃] Resin CTE at glass state 	[℃] Resin CTE at rubber state   Resin Poisson’s ratio at glass state   Resin Poisson’s ratio at rubber state 

2. Sub-material models 

The materials used in this study are a non-crimp triaxial E-
glass fibres fabric and the two component AirstoneTM 780E 
epoxy resin and 785H hardener system [17]. The thermo-
chemical model for the resin system under study including 
cure kinetics, specific heat and thermal conductivity have 
been presented and validated elsewhere [13] and therefore not 
reported here.  

The mechanical properties of the composite can be 
implemented by applying micro-mechanics law [18] 
accounting for the contribution from fibres and resin. The 
longitudinal modulus of the composite material in the fibre 
(  ), transverse (), shear ( ) directions and the in-plane 
Poisson’s ratio ( ) are as follows: 

 =  + 1 −                                                       (1)

 = 
                                                                  (2)

 = 
                                                                (3)

 =  + 1 −                                                     (4)

The modulus of the resin has been characterised by 
Dynamic Mechanical Analysis (DMA) tests. Four suitable 
samples for the DMA tests have been partially cured (i.e. 
78%, 85%, 90% and 98%) to provide a degree of cure 
sensitivity to the model and tested with 1Hz frequency and a 2 
°C/min ramp rate. To obtain the DMA samples, four partially 
cured pure resin plates have been manufactured to achieve 
different levels of degree of cure; four (IV) different cure 
cycles have been adopted; (I) 45 minutes at 70 °C, (II) 95 
minutes at 70 °C, (III) 255 minutes at 70 °C and (IV) 135 
minutes at 110 °C. The degree of cure of each plate has been 
measured by means of Differential Scanning Calorimetry 
(DSC) analysis. The test prescribed a quick ramp up at 10 
°C/min from 10 °C. The test was interrupted after glass 
transition occurred. The glass transition temperature was 
therefore identified and according to the model reported in 
[13] the corresponding degree of cure was obtained.

The coefficient of thermal expansion (CTE) of the 
composite can be determined by applying micromechanics 
law [19]: 

 =                                                          (5) 

 = 1 −  +  + 1 −  +  −  (6) 

The characterisation of the resin CTE has also been 
undergone by means of Thermal Mechanical Analysis 
(TMA). The anisotropic shrinkage of the composite can be 
modelled as follows: 

 =                                                                 (7) 

 = 1 −  + 1 −  −                                  (8) 

The thermo-mechanical properties of E-glass fibres are 
available in literature [20]. 

3. Coupled thermo-mechanical analysis of the cure stage 

The coupled thermo-mechanical model to predict residual 
stresses was developed within the FE solver Marc.Mentat. 
The process modelled is VARTM. The three dimensional 8-
nodes composite brick elements with element type 149 
according to the Marc library were implemented. The element 
is suitable for coupled analysis. The model represents the root 
insert of the wind turbine blade. The volume fibre fraction is 
equal to 54%, radius of curvature is 1205 mm and thickness is 
105 mm. The lay-up is [0/+45/-45]90. A cross section of the 
thickest part of the root insert has been considered and due to 
symmetry reason only half of it modelled. The FE model 
contains 5952 nodes and 3780 elements. Fig.1 illustrates the 
mesh applied. Fixed displacement boundary conditions to 
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avoid rigid body movement and symmetry boundary 
conditions have been applied. The user subroutine FORCDT 
has been used to apply fixed temperature boundary condition 
to the nodes in contact with the mould whilst UFILM 
subroutine has been implemented to apply convection 
coefficient at the vacuum bag side. The sink temperature is set 
at room temperature and the convection coefficient is equal to 
13.7 W/m°C [21]. Fig. 2 illustrates a schematic of the model 
and the application of boundary conditions. Due to the 
application of boundary conditions the problem is reduced to 
2D meaning that a cross sectional strip of the root insert is 
considered. The constitutive material sub-models have been 
implemented by means of user subroutines. The cure kinetics, 
specific heat and thermal conductivity models have been 
implemented using UCURE, USPCHT and ANKOND 
respectively while HOOKLW, ANEXP have been used to 
implement modulus, Poisson and CTE models. The model for 
shrinkage has been implemented using user defined tables. 
The equations used by the FEA to calculate the stresses are 
reported in [1]. The prediction of the model has been 
validated by means of warpage measurements of three 
asymmetric laminates showing good agreement.  

Fig. 1. Mesh applied to the part 

Fig. 2. Schematic of model boundary conditions 

4. Results 

4.1. Mechanical and thermo-mechanical properties 

Fig. 3 reports the results from the DMA test for the four 
partially cured samples. The resin modulus show no 
dependence on temperature and degree of cure at the glass 
state, while a dependence on degree of cure is observed after 
transition. Therefore the following model has been used to fit 
the experimental data: 

 =  +   +  
        (9)

Compared to models found in literature [22], the current 
model presents an additional exponential dependence on 
degree of cure to describe the behaviour after transition. The 
additional dependence improves the accuracy of the final 
stress state prediction by 1%. It has to be noted that in Fig. 3 
the modulus axis is reported in logarithmic scale to show the 
dependence on degree of cure at rubber state. 

Fig. 3. DMA experimental data fitting (Modulus axis is logarithmic scale) 

TMA tests have been also run to identify the rubber and 
glass values for the CTE of the resin. The CTE of the resin at 
the glass state was found to be 6 *10-5 °C-1 and the value at 
the rubber state was equal to 1.45 *10-4 °C-1. The thermal 
expansion model used can be found in literature and is as 
follows:

 =  + 
                                                      (10)

The parameters   and   governing the glass transition have 
been assumed to be as for the mechanical modulus model. 

The model describing the evolution of the Poisson’s ratio 
follows the shape of Eq. 10. The values at rubber and glass 
state have been taken from literature for other epoxy resin 
systems [23]. 

 =  + 
                                                      (11)
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Finally, the shrinkage of the resin system was measured by 
measuring the change in density from the uncured to fully 
cured state. The total volumetric shrinkage was found to be 
equal to 5.4%. Table 1 reports the fitting parameters of the 
constitutive material models. 

Table 1. Fitting parameters for modulus and CTE constitutive models 

Parameters Values Units  4.6  0.4*10-4  1.6  10  6.00*10-5 ℃
 1.45*10-4 ℃
 0.33 ℃
 10.2 ℃
4.2. Simulation results 

Fig. 4 shows the spring-in obtained in the part when the 
MRCC was applied. The MRCC for the resin under study 
dictates a ramp up at 0.3 °C/min to 70 °C and a dwell of 4 h at 
70 °C. The cure-induced residual stresses led to a spring-in of 
1.3 cm. 

Fig. 4. Simulation results showing displacement in z direction 

It is also of interest to analyse the distribution of 
temperature through thickness. Fig. 5 shows the temperature 
gradient contour plot at the moment when exothermic 
phenomena is fully developed at about 130 min. For the resin 
at hand the cure reaction kicks in even at mild temperature 
such as 40 °C, in addition to this the thickness involved (i.e. 
105 mm) does not facilitate the dissipation of heat leading to 
an early occurrence of overshooting temperatures. Although 
the ramp rate is slow (0.3 °C/min), it is not slow enough to 
prevent the temperature overshooting during the ramp up to 
cure temperature. 

The maximum temperature reached during the curing is of 
145 °C which is well below the measured degradation 
temperature for the system that is 330 °C [17]. 

Fig. 5. Occurrence of the exothermic phenomena 

Fig. 6 shows the distribution of stresses along the cross 
section of the root insert. The maximum tensile stress 
achieved is about 24 MPa. It has also to be noted that at the 
middle part of the thickness the highest level of stresses occur 
which could be due to the presence of overshoot temperatures 
happening in the same region. The results show that MRCC 
provides a non-optimal solution for the manufacturing of such 
component in terms of both cure time and residual stresses 
build-up. 

Fig. 6. Cure-induced residual stresses (σzz) generated along the cross 
section 

To show this, a test case two dwell cure profile aiming at 
reducing both cure time and spring-in has been designed. The 
cure profile prescribes a ramp up to the first dwell at 1.0 
°C/min, a first dwell temperature at 42 °C kept for 100 
minutes, a second ramp rate at 1.5 °C/min, a second dwell 
temperature at 98 °C kept for 35 minutes and a cool down to 
room temperature at 0.5 °C/min. The aforementioned cure 
cycle produces a milder distribution of stresses which results 
in a final spring-in of 1.0 cm and a curing time (i.e. to reach a 
minimum of at least 90% degree of cure in the whole model 
plus cool-down) of 5h and 22 minutes. This corresponds to a 
23% reduction in spring-in and 21% in process time compared 
to the solution obtained when the MRCC was applied. This 
result suggests that optimal trade-offs between the two 
objectives (i.e. spring-in and process time) exist and that a 
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multi-objective optimisation methodology can unveil optimal 
cure cycles to minimise them both. 

5. Conclusions 

In the present paper the viscous-elastic material 
characterisation of the Airstone 780E and Hardener 785H has 
been undertaken. The resin system is widely used for the 
manufacturing of wind turbine blades. The corresponding 
constitutive material models have been built and implemented 
in a coupled thermo-mechanical FE model and the cure stage 
of the VARTM process simulated. The FE model successfully 
led to the prediction of the spring-in of the part due to cure 
induced residual stresses.  

Due to the thickness at play (i.e. 105 mm) the component 
developed significant exothermic reaction which consequently 
led to residual stresses build-up. The residual stresses 
distribution resulted in a spring-in of about 1.3 cm after 
demoulding when MRCC was applied. A two dwell cure 
cycle has been designed to reduce the spring-in. The newly 
designed cure profile led to a 23% reduction in spring-in and 
21% process time reduction compared to MRCC solution. 
Future work will require further validation of the thermo-
mechanical model and the implementation of the simulation 
analysis within a multi-objective optimisation methodology 
which will seek optimal cure cycles to minimise 
simultaneously spring-in and cure time. 
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