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Abstract.  Overmolding of thermoplastic composites is a technology in which 
a thermoplastic composite is thermoformed and subsequently injection over-
molded. Although the feasibility of the process is increasingly demonstrated, it 
is acknowledged that there is a lack of proper design tools that can be used for 
a right-the-first-time design strategy. Here, a modelling strategy is proposed for 
the prediction of the bond strength between a composite insert and an injected 
polymer. The development of the interface strength is affected by the pro-
cess history as well, where the temperature and polymer chain mobility play 
an important role. In the model, the melting behavior of the polymer interface 
is described using the temperature evolution on the interface combined with 
experimentally determined polymer melting kinetics via flash differential scan-
ning calorimetry (DSC). Dedicated test geometries were developed and manu-
factured to evaluate the bond strength under different loading conditions. Short 
beam strength experiments were used to study the flow length dependency of 
the interface strength and were correlated with the predicted melting evolution 
on the interface. The outcome was critically reviewed leading to preliminary 
guidelines for design, materials and processing as well as routes to further 
mature this technology.
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1  Introduction

1.1  Overmolding

Overmolding of thermoplastic composites is a hybrid process that combines therm-
oforming of a continuous fiber reinforced thermoplastic blank with an injection or 
compression molding process. The process allows for complex parts with high struc-
tural performance due to the continuous fibers that, in the ideal case, are positioned 
along the load paths in the part. Further advantages are the potential for high level of 
function integration, net shape processing and large series production in an automated 
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process. A schematic representation of the overmolding process is shown in Fig. 1. 
The process consists of the melting and forming of a blank, which is consequently 
over injected with a polymer that is compatible with the polymer matrix of the com-
posite blank. This allows, for example, the addition of reinforcing ribs to increase the 
geometrical stiffness.

The interface strength between composite blank and injected polymer is critical 
for the performance of the overmolded part. Currently, commercial design tools are 
not available to predict this interface strength. Consequently, mold design and pro-
cess optimization are done by trial-and-error. The objective of the current study is 
to develop and experimentally validate a predictive model for the interface strength 
between the injected polymer and composite blank. This model is coupled with com-
mercial injection molding and structural analysis software in order to simulate the 
overmolding process as part of the mold design procedure.

1.2  Interface Strength Development

An unfilled or short fiber reinforced polymer is injected on to the laminate, referred to 
as insert, once the molds are fully closed. The time available for bonding during over-
molding is limited, since the mold is kept at a low temperature to ensure rapid cooling 
and a short cycle time. The thermal energy of the injected polymer melt is used to 
locally heat up the interface with the insert and thereby developing a bond via repta-
tion of amorphous polymer chains, as shown in Fig. 2. A packing pressure is applied 
to let the material cool down and solidify while pressurized.

Fig. 1.  Schematic representation of the overmolding process.

Fig. 2.  Left: polymer injection; Right: packing under pressure p. The temperature of the mold 
(Tmold), injected polymer (Tmelt) and insert (Tinsert) determine the temperature of the interface 
(Tinterface).



Strength Development in Overmolded Structures    293

In literature, various authors [1, 2] have observed a sudden increase in interface 
performance upon melting for semi-crystalline polymers. This behavior was explained 
by the dissolving of the immobile crystalline fraction near the melting temperature, 
which also frees the rigid amorphous fraction [1]. Subsequently polymer chains can 
move across the interface and form a bond, so-called healing.

A non-isothermal healing model was introduced by Yang and Pitchumani [3] for 
amorphous polymers. The model uses polymer reptation times to describe the evolu-
tion of the healing process. For semi-crystallites reptation times can be in the order of 
milliseconds above the melting temperature [4], which leads to instantaneous healing. 
It was therefore suggested by Bouwman et al. [5] to describe the evolution for heal-
ing via the melting trajectory instead of an onset temperature [6–8]. The so-called 
degree of melting was introduced, which represents the fraction of molten crystal-
lites with respect to the original state. The presented model assumes a direct rela-
tion between the temperature and the degree of melting based on input from a DSC 
experiment.

Effects such as superheating and recrystallization can arise during heating, which 
are heating rate dependent as was experimentally observed using DSC [9, 10] and 
flash DSC [10–13] experiments. Moreover the melting behavior of a semi-crystalline 
polymer is affected by its crystallization history, as observed by Furushima et al. [11] 
for PEEK. The critical heating rate to suppress reorganization of imperfect crystal-
lites decreases with increasing crystallization temperature. This was explained by the 
formation of more stable crystallites at higher crystallization temperatures. Similar 
behavior was observed for polyamide-6 [12] and isotactic polypropylene [13].

In the current work the influence of rate dependency and crystallization history 
will be studied of the Victrex AE™ 250 polyaryletherketone (PAEK) polymer using 
flash DSC. Subsequently a generic model is introduced to predict the evolution of the 
degree of melting during fusion bonding processes. Experimentally-determined melt-
ing curves are inserted into the model to calibrate the kinetics of the melting behav-
ior. This allows for the introduction of rate and crystallization history dependency. 
Ultimately the predicted degree of melting is compared to strength values from short 
beam strength experiments.

2  Experimental Study

Flash DSC (Mettler-Toledo Flash DSC 1) allows for a wide temperature range and 
high heating and cooling rates (−4000 °C/s up to 40,000 °C/s) and is thereby suited 
for emulating the process conditions during overmolding. A sensor chip was prepared 
to measure the response of the PAEK polymer.

The effect of the crystallization history is emulated before the specimen is sub-
jected to heating. First the material is heated rapidly to dissolve the crystalline 
fraction and subsequently cooled to the isothermal tooling temperature, which is 
maintained for 300 s. Via this method, the stamp forming process prior to overmold-
ing is emulated and allows for a fully crystallized specimen with values of 26.2%. The 
melting behavior of the PAEK polymer was studied for heating rates between 10 °C/s 
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and 5000 °C/s after isothermal crystallization. Moreover the effect of the isothermal 
crystallization temperature was evaluated.

A second order polynomial baseline is applied to the heat flow signal to obtain the 
melting peak for each rate. Subsequently the resulting melting peak is normalized by 
the associated heating rate for each signal. After horizontal alignment, the heat capac-
ity of each melting peak is obtained as displayed in Fig. 3.

The evolution of the melting peak changes with increasing heating rate, where 
a horizontal shift is observed in the temperature associated with the melting peak. 
Moreover the double melting peak observed for rates up to 300 °C/s disappears for 
higher rates. The presence of the double melting peak is observed in literature as well 
for polyetheretherketone (PEEK) polymers [9–11]. This behavior is explained by the 
melting of imperfect crystallites formed during cooling, followed by reorganization of 
the polymer chains via crystallization and subsequent melting of these stable crystal-
lites during heating. The isothermal crystallization temperature affects the onset and 
peak temperature of the melting peak, which indicates that more stable crystallites are 
formed at the higher crystallization temperature.

A second order polynomial baseline is applied to the heat flow signal to obtain 
the melting evolution for each rate. The evolution can be expressed as the degree of 
melting Xm, which is found by integrating the heat flow absorbed during the melting 
process via Eq. 1.

Here Q,T  and QT represent the heat flow, temperature and total heat of fusion 
respectively.

The degree of melting is calculated for each heating rate from the experiment, 
which results in Fig. 4. A positive shift in the onset of melt can be observed in the 
figure with increasing heating rate, whereas the gradient of the curves decreases with 
higher rate. These effects can be attributed to the lag in the polymer response, since 
the crystalline fraction has less time to respond to the increasing temperature.

(1)Xm =
1

QT

T

∫
0

∂Q

∂T
dT

Fig. 3.  Heat capacity during heating of the PAEK specimen using various heating rates after 
isothermal crystallization at 200 °C (left) and 220 °C (right).
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3  Numerical Study

Compared to previous work [5] a next step was taken by including heating rate 
dependency in the model. The experimental data presented in the previous section 
describes the evolution of the degree of melting for constant heating rates. Via this 
data the development of the molten state can be evaluated for arbitrary tempera-
tures and heating rates within the range of the experimental data via a two-dimen-
sional interpolation scheme. An explicit update via Forward-Euler was introduced to 
describe the evolution of degree of melting for an arbitrary temperature evolution via 
Eq. 2,

where k denotes the current time increment and the current time step �t = tk+1 − tk.
The model obtains the melting rate at the current degree of melting value and 

heating rate via Eq. 3 using the experimental data and interpolation scheme,

where subscript exp denotes the experimental origin of the data. The temperature is 
not included in the kinetics of an arbitrary increment.

The model allows for an accurate description of the growth regime of the experi-
mental degree of melting, since the experimental increase is significant with respect to 
the numerical incrementation. A visual representation of the algorithm for three sub-
sequent increments is shown in Fig. 5.
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Fig. 4.  Degree of melting evolution of the PAEK specimen using various heating rates after 
isothermal crystallization at 200 °C (left) and 220 °C (right). The curve associated with 10 °C/s 
is omitted for clarity.
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4  Results and Discussion

The performance of the numerical model will be evaluated in the current section, 
where it will be compared with the experimental data. First, the experimental temper-
ature data from the constant heating rate experiments will be inserted in the model. 
Subsequently, the model will be used to predict the degree of melting evolution for an 
overmolded s-rib geometry and correlate the results with mechanical test data.

4.1  Degree of Melting Modeling for Constant Heating Rates

The temperature evolution of the flash DSC experiments is inserted in the numerical 
model to predict the degree of melting. Since the model uses the flash DSC data as 
input, the resulting degree of melting reproduces the experimental curves as shown in 
Fig. 6. A linear two-dimensional interpolation scheme has been used to describe the 
melting rate for arbitrary temperatures and heating rates. A step size of 1 °C and 0.001 
for the temperature and degree of melting discretization is used respectively.

The numerical model is able to accurately represent the trends of the experimental 
data including the onset and growth. The model does however overestimate the exper-
imental curves in the late regime, however the error is below 1% for all rates. The late 

Fig. 6.  Experimental and modeled degree of melting evolution of the PAEK specimen using 
various heating after isothermal crystallization at 200 °C (left) and 220 °C (right). Various 
increments predicted by the numerical model are denoted by the square symbols. The curve 
associated with 50, 600, 2500 and 5000 °C/s are shown exclusively for clarity. Moreover the 
amount of displayed data points has been reduced to 10 per model.

Fig. 5.  Explicit update of the degree of melting for subsequent increments k, k + 1 and k + 2.
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regime has a minimal variation of the gradient, which is consequently less accurately 
captured by the model since a small amount of increments is available in this domain.

4.2  Degree of Melting Modeling for Non-constant Heating Rates

Additionally an experiment was performed to study the melting behavior of the PAEK 
polymer under process conditions. Two custom heating curves, shown in the left 
image of Fig. 7, were programmed in the flash DSC to emulate the temperature evo-
lution during overmolding process for a center and edge locations in a rib. Prior to 
applying the heating curve, the specimen was isothermally crystallized at 220 °C for 
300 s to allow for full crystallization. The resulting degree of melting is displayed in 
the right image of Fig. 7.

The temperature history was inserted into the numerical model to predict the 
degree of melting evolution during overmolding for the two locations. The onset 
and early regime of melting is captured accurately by the model for both locations, 
whereas the growth is slightly underestimated. The explicit scheme continues to 
increase the degree of melting up to 1.005 in the late regime, as was observed for con-
stant heating rates too.

4.3  Correlation with Structural Performance

Short beam strength experiments were performed on specimens created using the 
overmolding process. A s-rib geometry was developed to allow for the investigation of 
the strength development over the flow path length, shown in the left image of Fig. 8. 
The composite insert is comprised of Toray Cetex® TC1225 unidirectional tape with 
a cross-ply layup of eight plies and subsequently overmolded with Victrex® PEEK 
90HMF40 for the introduction of ribs. The tool temperature during stamp forming of 
the composite inserts was 220 °C. During the subsequent injection molding stage, the 
polymer material is injected at 400 °C and the tool temperature was varied between 
200 °C and 230 °C. The orientation of the evaluated laminates was [[0,90]s]s and 

Fig. 7.  Left: temperature evolution of two locations in a rib during overmolding; Right: 
experimental (solid line) and modeled (square symbols) degree of melting evolution of the 
PAEK specimen for two locations during the overmolding process. The amount of displayed 
data points has been reduced to 50 per model.
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[[90,0]s]s. The specimen dimensions were 28.5 mm × 8.2 mm × 4.8 mm and were 
produced via milling. The position of each specimen is shown in Fig. 8. The resulting 
short beam shear strength is displayed in the left image of Fig. 9 for specimens with 
the top ply perpendicular to the flow direction.

The numerical temperature evolution in the s-rib geometry is obtained for each 
interface node on the insert side from an injection molding simulation performed in 
Autodesk® Moldflow. Subsequently, the temperature history is inserted in the degree 
of melting model to obtain the evolution of the interface strength for each specimen. 
The resulting average degree of melting per specimen is shown in the right image of 
Fig. 9 for the two tool temperatures.

Fig. 9.  Flow length dependency of the strength evolution after overmolding. Two tool 
temperatures are displayed at 200 °C (blue) and 230 °C (orange). Left: short beam shear 
strength results of specimens with the top ply fiber orientation perpendicular to the overmolded 
rib. Right: average degree of melting per specimen as predicted by the numerical model.

Fig. 8.  Left: s-rib geometry after two-step overmolding process; Right: specimen positions for 
short beam strength testing. The location of the in-flow is represented by the blue rectangular 
section.
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The evolution of the short beam shear strength specimen displays a near con-
stant value of 35.5 MPa up to specimen D2 for a tool temperature of 200 °C. A steep 
decrease in strength is observed at specimen D3. A similar trend with a higher average 
value is observed in the strength values of the specimens produced using a tool tem-
perature of 230 °C.

The degree of melting shows a near constant evolution along the flow path with a 
decrease for specimen D3 as well, which is the last specimen to be filled during pro-
cessing. Flow renewal is shorter at this location consequently. Moreover, heat is lost to 
the tooling perpendicular to the flow direction, which is not present for the other spec-
imens. A higher tool temperature results in a smaller heat loss and consequently more 
heat is available to melt the polymer material at the interface, which results in a higher 
degree of melting as shown by Fig. 9.

5  Conclusions and Outlook

The overmolding process is a promising technology for the manufacturing of com-
plex thermoplastic composite parts with integrated functionality. Design tools are 
needed to enable a right-the-first-time design of new parts. A numerical method for 
the prediction of the bond strength development at the interface during overmolding 
was proposed, which uses input from flash DSC experiments on the melting behavior. 
The model is able to give a prediction of melting at the interface between a melted 
injection polymer and a solid thermoplastic composite insert. A correlation with the 
structural performance was presented using short beam shear strength experiments. 
The evolution of strength displays minimal variation along the flow path except for a 
steep decrease in the specimen near the end of the rib. Tooling temperature affects the 
strength development significantly, which was displayed by the numerical model as 
well. Further work focuses on the quantitative prediction of the interface performance 
via the integration in structural analysis software.

Acknowledgements.  The authors gratefully acknowledge the support from the industrial and 
academic members of the ThermoPlastic composites Research Center (TRPC), as well as the 
project partners Autodesk, KraussMaffei, Safran, Magneti Marelli and National Composites Centre.

References

 1. Boiko, Y.M., Guérin, G., Marikhin, V.A., Prud’homme, R.E.: Healing of interfaces of amor-
phous and semi-crystalline poly(ethylene terephthalate) in the vicinity of the glass transition 
temperature. Polymer 42(21), 8695–8702 (2001)

 2. Lamethe, J.F., Beauchêne, P., Léger, L.: Polymer dynamics applied to PEEK matrix com-
posite welding. Aerosp. Sci. Technol. 9, 233–240 (2005)

 3. Yang, F., Pitchumani, R.: Healing of thermoplastic polymers at an interface under noniso-
thermal conditions. Macromolecules 35, 3213–3224 (2002)

 4. Grouve, W.J.B., Warnet, L.L., Rietman, B., Visser, H.A., Akkerman, R.: Optimization of the 
tape placement process parameters for carbon-PPS composites. Compos. Part A 50, 44–53 
(2013)



300    T. Donderwinkel et al.

 5. Bouwman, M.M., Donderwinkel, T.G., Krämer, E.T.M., Wijskamp, S., Costa, F.: 
Overmolding – An integrated design approach for dimensional accuracy and strength 
of structural parts. In: Beckwith, S.W., Brusso, J., Busel, J., Fullwood, D., Hayden, M., 
Howell, D. (eds.) CAMX Conference 2016, pp. 387–401. CAMX, Anaheim (2016)

 6. Lee, W.I.L., Springer, G.S.: A model of the manufacturing process of thermoplastic matrix 
composites. J. Compos. Mater. 21(11), 1017–1055 (1987)

 7. Giusti, R., Lucchetta, G.: Modeling the adhesion bonding mechanism in overmolding 
hybrid structural parts for lightweight applications. Key Eng. Mater. 611–612, 915–921 
(2014)

 8. Colak, Z., Sonmez, F., Kalenderoglu, V.: Process modeling and optimization of resistance 
welding for thermoplastic composites. J. Compos. Mater. 36(6), 721–744 (2002)

 9. Lee, Y.: Physical properties of poly(ether ether ketone). Doctoral dissertations 1896 – 
February 2014 (739), University of Massachusetts, Amherst (1988)

 10. Marsh, J.J.: Characterisation of crystallization and melting in thermoplastic polymers using 
chip calorimetry. PhD thesis, University of Birmingham, Birmingham (2016)

 11. Furushima, Y., Toda, A., Rousseaux, V., Bailly, C., Zhuravlev, E., Schick, C.: Quantitative 
understanding of two distint melting kinetics of an isothermally crystallized poly(ether ether 
ketone). Polymer 99, 97–104 (2016)

 12. Furushima, Y., Nakada, M., Ishikiriyama, K., Toda, A., Androsch, R., Zhuravlev, E., Schick, 
C.: Two crystal populations with different melting/reorganization kinetics of isothermally 
crystallized polyamide 6. J. Polym. Sci. Part B Polym. Phys. 54(20), 2126–2138 (2016)

 13. Baeten, D.: Fast scanning chip calorimetry combined with time resolved X-ray diffraction : 
a new view on polymer crystallization and melting. PhD thesis, KU Leuven, Leuven (2016)


	Strength Development in Overmolded Structures
	Abstract.  
	1 Introduction
	1.1 Overmolding
	1.2 Interface Strength Development

	2 Experimental Study
	3 Numerical Study
	4 Results and Discussion
	4.1 Degree of Melting Modeling for Constant Heating Rates
	4.2 Degree of Melting Modeling for Non-constant Heating Rates
	4.3 Correlation with Structural Performance

	5 Conclusions and Outlook
	References




