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a b s t r a c t

Toolepart interactions play an important role in the deformation of composite components during
forming, especially for thin laminates. In this paper, taking into account the effect of slipping between the
tool and composite laminates, an analytical model is proposed to predict the through-thickness residual
stresses and warpage of a composite part during the curing process without extensive resin character-
ization. A parametric study examining the effects of various interfacial shear stresses on warpage is
performed and the results are compared with experimental data in the literature. Good agreements are
obtained. The results show that warpage is enhanced linearly with the increase of interfacial shear stress
and the stress distribution does not take on an exponential form for [90/0]s lay-up. It is also shown that
this model could successfully predict part processing deformations without extensive resin
characterization.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Autoclave assisting cure of fiber-reinforced polymers using
prepregs is an important manufacturing method to fabricate high
performance composite parts. In this process, a composite laminate
is laid up on a tool surface and then covered with bagging materials
such as bleeder layers, breather cloths or vacuum bags. And then,
the entire assembly is subjected to a controlled cycle of tempera-
ture and pressure in an autoclave. Residual stresses invariably arise
during this process and often cause the formed composite part to
distort from the shape of the tool from which it is laid up on
removal of the tool. This distortion is known as ‘warpage’ or
‘spring-in’. A variety of factors affect the magnitude and distribu-
tion of residual stress, such as toolepart interaction, curing
shrinkage of resin, properties of each ply including thermal
expansion coefficient, pressure cycles applied during the fabrica-
tion process and non-uniform cooling of laminate due to severe
temperature gradients [1e6]. Residual stress during fabrication
greatly decreases the fatigue life and dimensional accuracy of
composite parts [7]. Therefore, it is important to evaluate the

magnitude and distribution of residual stress, as well as predict its
effects on the performance of composite parts.

In terms of the resources, residual stresses in composites are
classified into two categories: micro and macro residual stresses.
The micro stress is in a single fiberematrix composite and mainly
results from the mismatch in thermal expansion coefficient and
Young's modulus between fiber and matrix. On the macro-
mechanical level, if the material is not stacked symmetrically
with respect to the mid-plane, then during cooling down from high
curing temperature, macro residual stress will generate in the
laminates, which would further result in bending moments and
warpage. However, stresses caused by toolepart interaction due to
the mismatch of Coefficient of Thermal Expansion (CTE) between
the tool and part should not be neglected [8e11], which is focused
in this study.

Usually the tool material has much higher CTE than the com-
posite.When the tool and composite part are forced together due to
autoclave pressure and subjected to a temperature ramp, a shear
interaction between the tool and the part along their interface will
arise and place the laminate in tension, as shown in Fig. 1. Curing
composite part has a very low shear modulus, therefore, plies close
to the tool are stretched more than the plies further away, which
will create a stress gradient through the thickness of the laminate.
This non-uniform stress gradient locks in as the material cures
upon removal of the tool, causes the composite part towarp. That is

* Corresponding author. Tel.: þ86 2162813475; fax: þ86 2162826575.
** Corresponding author. Tel./fax: þ86 2988493717.

E-mail addresses: wyongjun@nwpu.edu.cn (Y. Wang), xqpeng@sjtu.edu.cn
(X. Peng).

Contents lists available at ScienceDirect

Composites Part B

journal homepage: www.elsevier .com/locate/compositesb

http://dx.doi.org/10.1016/j.compositesb.2016.01.016
1359-8368/© 2016 Elsevier Ltd. All rights reserved.

Composites Part B 91 (2016) 408e413

mailto:wyongjun@nwpu.edu.cn
mailto:xqpeng@sjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2016.01.016&domain=pdf
www.sciencedirect.com/science/journal/13598368
www.elsevier.com/locate/compositesb
http://dx.doi.org/10.1016/j.compositesb.2016.01.016
http://dx.doi.org/10.1016/j.compositesb.2016.01.016
http://dx.doi.org/10.1016/j.compositesb.2016.01.016


the reason for thin balanced laminates fabricated on flat tool to
exhibit warpage after curing. It has been noted that, besides CTE
mismatch, this stress gradient is also affected by other parameters
such as the magnitude of autoclave pressure and tool surface
condition.

The processing induced warpage of composite part has been
studied over past 25 years. A number of predictive techniques that
consider warpage effects have been presented in the literatures.
Finite element method (FEM) is now a widely matured and
increasingly accepted technique for modelling temperature, resid-
ual stress and warpage of composite part [12e14]. However, this
approach often requires extensive experimental and material
characterization and numerical processing capability. In contrast,
closed form analytical solutions have the advantage for under-
standing the mechanisms of the residual stress and warpage. The
classical lamination theory (CLT) and energy method solved in
closed form solutions have beenwidely used to predict the shape of
asymmetric laminates after the curing process [15e19]. However,
toolepart interaction is themain reason for symmetric laminates to
induce warpage after curing. Consequently, the main objective of
the current work is to develop an analytical model to investigate
the through-thickness stress and warpage due to toolepart inter-
action and improve the predictive capability of closed form solu-
tions without considering the complications associated with cure
kinetics and nonlinear material characterization. With the use of
experimental data, the interfacial shear stress between the
toolepart is calibrated to an appropriate value and reasonable
predictions could be made for other parts.

2. Interaction between tooling and composite part

A composite part is stretched due to the expansion of the tool
during heating-up and it can be simplified to a classical beam un-
dergoing tractions at the top and bottom surfaces as shown in Fig. 2.
The stress and displacement can be written in the following form
[10]:
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, kn¼ (2n�1)p/l, n¼ 1,2,3,..., uxx and

sxx are the beam axial displacement and stress, respectively, and txy
is the shear stress, Exx and Gxy are the beam axial elastic modulus
and transverse shear modulus, respectively, εtherm is the axial free
thermal strain, l is the length of the laminate in the x direction. An

and Bn are unknowns and can be calculated by applying the

boundary conditions at the bottom and top surfaces
(txy¼ tb at y¼ 0 and txy¼tt at y¼ t), as shown in Fig. 2.

The composite part is made of multi-layers of laminate with
different fiber orientations, as shown in Fig. 3. From Eq. (1), axial
displacement and stress variation in the thickness direction can be
given by:
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where a superscript of i denotes the coefficients connectedwith the
i-th layer; Ai

n and Bin are unknowns associated with the i-th layer.
For m layers, there are 2m unknowns which can be determined
from the equilibrium and continuity conditions on the interface
between the layers.

The layer axial displacement and shear stress should be equal on
the interface between the two neighbor plies, which means that at
a generic i-th interface (y¼ yi), these are:

uixx ¼ uiþ1
xx and tixy ¼ tiþ1

xy (3)

which result in the following two equations:
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Fig. 1. Schematic of a composite part under sliding friction conditions due to tool
expansion.

Fig. 2. Schematic of a beam under applied shear tractions on the top and bottom
surfaces.

Fig. 3. Model of the laminate.
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