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In the last years, bistable composite structures are finding interest in several aeronautical applications
such as power harvesting devices or morphing applications on very small aircraft/drones, not needing
servo-activated control systems. Residual stresses, developed upon cooling after curing, leads to warped
the composite laminates. Several batches of unsymmetrical and unbalanced [0�/90�] laminates were
cured in an autoclave according to a standard temperature cycle, following the pre-preg supplier sug-
gested curing cycle. In order to increase the thermal stresses (and hence the bistability phenomenon),
these laminates were removed from the autoclave immediately after the curing reaction and rapidly
cooled down at room temperature not applying the indicated cool rate between 2 and 5 �C min�1.
During storage at room temperature, thermal stresses changed over time, indicating that asymptotic
stress relaxation occurs. The first part of this work looks at residual stress characterization of bistable
composite plates measuring the changes of shape observed during room temperature annealing.
Rectangular plates were produced and the bistable geometric shapes were accurately assessed using a
laser scanner system over several days, in order to monitor the curvature changes due to stress relax-
ation. Then phenomenological viscoelastic predicting models were proposed for a quick estimate for
the strain/stress relaxation phenomenon. The loss of bistability was demonstrated with the help of
numerical simulation and experimental testing. The final goal was to gain a better knowledge of the rela-
tion between processing and final shape of bistable laminates, in order to make them suitable for appli-
cation on small air vehicles.
� 2019 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 12th International Con-
ference on Composite Science and Technology.
1. Introduction

In recent years, the nonlinear behavior of thin asymmetric com-
posite laminates inspired researchers to explore bistable structures
that can be used for morphing and energy harvesting. The bistabil-
ity phenomenon of a structure is the property of possessing two
stable equilibria, each of which is an equilibrium position [1–3].
Therefore, the structure can settle at either of them without
demanding an external load: asymmetric [0�/90�] composite lam-
inates exhibit mechanical bistability that enables them to assume
large deflections from one equilibrium position to another with
only small energy input (ideal for morphing structures [4–7] and
power harvesting systems [8–11]).
The final room-temperature shapes of composites laminates
depend on the laminate size, thickness, layup and cure tempera-
ture. The bistability of a composite laminate occurs due to residual
stresses, generated during rapid cooling down at room tempera-
ture, resulting from differences in coefficients of thermal expan-
sion and elastic properties for each lamina [12]. So during the
manufacturing process of these composite laminates, the residual
thermal stresses play a key role in their bistable behavior; the lat-
ter was analyzed by a number of authors. In [13] sensitivity anal-
ysis was performed on analytical models of bistable composite
laminates to establish the influence of material, geometric and
environmental uncertainties on laminate curvatures. The results
reveal significant sensitivities of the laminate to Young’s moduli
E, the transverse thermal expansion coefficients, ply thickness
and the temperature change from cure. Brampton et al. [13] con-
cluded that significant improvements in the accuracy of bistable
laminate shape predictions can be achieved if the laminate mate-
lations,
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Table 1
Physical properties of HexPly�8552 unidirectional prepreg.

Properties Units Values

Nominal cured ply thickness mm 0.131
Nominal laminate density g/cm3 1.57
0� Tensile Modulus GPa 164
90� Tensile Modulus GPa 12
Poisson’s Ratio – 0.316
0� Coefficient of thermal expansion 1/K �0.1E-6
90� Coefficient of thermal expansion 1/K 31E-6
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rial properties, structure and operating environment are accurately
characterized. The main purpose of Moore in [14] was to investi-
gate the effect of the temperature dependency of material proper-
ties on the cured shapes of graphite-epoxy composite laminate
with different stacking sequence. Furthermore the effect of the
resin layers thickness on the actuation loads that triggers the
snap-through and snap-back phenomena were also studied.

Despite the bistable composite laminates have received a great
deal of research work due to their promising performance, a lim-
ited number of scientific literature sources took into account a
strain–stress models of bistable composite laminates including
time dependent effects. Cho et al. [15] presented a theoretical anal-
ysis and experiments on the room-temperature curvature shapes
of unsymmetric laminates, including relaxation effect. From this
analysis, the processing parameters influencing the final cured
shape of laminates were globally investigated by quantitative pre-
diction of relaxation coefficients. By experimentally identifying
relationships between slippage coefficients and measured curva-
ture values, a parametric study and general simulations were car-
ried out. The curvature of fully cured unsymmetric [0�/90�]
laminates was measured and analyzed by Wijskamp et al. in
[16]. This curvature was demonstrated to be a good measure for
the transverse stress being present in the 90� ply before the lami-
nate is released from the tool. Firstly, the transverse stress was pre-
dicted using an analytical, linear elastic approach including
thermal shrinkage and contraction of the resin due to crosslinking.
Secondly, the residual stress state before release from the tool was
calculated numerically applying a viscoelastic material model. The
model incorporated the cure conversion and the resulting change
in viscosity, both fitted on experimentally obtained data. Cowley
and Beaumont in [17] carried out measurements of the residual
stress in a thermoplastic matrix and a toughened thermosetting
matrix, both reinforced with carbon fiber. Stress relaxation effects
at 20 �C were measured by recording the curvature of unsymmet-
rical specimens over 5000 h: stress relaxation occurred at room
temperature and residual stresses can decrease by up to 25%. The
effect of cooling rate from the molten state and annealing from
the amorphous state on residual stress development in graphite
fiber reinforced polyetheretherketone laminates was experimen-
tally studied by Unger and Hansen in [18]. The degree of stress
relaxation occurring during the cooling cycle was studied by mea-
suring curvature change of nominally processed specimens as a
function of time and temperature. It was found that most stress
relaxation occurred in the vicinity of the glass transition tempera-
ture Tg: the curvature changed of only 18.8% for a dwell time of
146 min. At temperatures above and below Tg, stress relaxation
effects were found to be negligible.

In this work the dynamical characterization of time dependent
stress in bistable composite plates, due to curing cycle and cooling
down during manufacturing process is presented. Several bistable
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plates were fabricated and cured in autoclave; the main stress
relaxation effect was monitored by measuring the maximum
chamber of each stable state by laser scanner acquisitions of bis-
table plate shapes. The assumption of intralaminar transverse
relaxation or interlaminar shear relaxation were tested. Analytical
and Finite Elements (FE) models were adopted in order to simulate
and better understand the physical mechanism underlying the
stress relaxation in the mentioned bistable composite laminates.
The analysis, validation and experimentation processes are
sketched in Fig. 1: the dotted double arrow lines indicate the cor-
relation between experimental and analytical or numerical results.
2. Materials

Asymmetrical [0�/90�] laminates were fabricated laying up 2
unidirectional prepreg plies made of IM7 carbon fiber and 8552
epoxy matrix (HexPly�8552 from Excel). Prepreg mechanical and
physical properties are shown in Table 1.

Three identical batches of two rectangular plates (see Fig. 2)
with aspect ratio (AR) of 2 (80 mm � 160 mm) were manufactured.

The rectangular shape of the laminates was chosen in order to
enhance the asymmetry between the 0� and 90� oriented plies,
thus increasing the maximum curvature after curing and cooling
to room temperature. Samples were cured in autoclave using the
recommended cure cycle (shown in Fig. 3) for the HexPly� 8552
prepreg.

In order to increase the thermal residual stresses and to obtain a
higher level of curvature in the samples, each batch was removed
from the autoclave immediately after the curing reaction and
rapidly cooled down in open air (dotted line in Fig. 3) not adopting
the recommended cool rate of 2–5 �C/min, i.e. the continuous line
in Fig. 3. Upon cooling to room-temperature, each laminate was
observed to have the two expected stable states.

Moreover, stress-relaxation tests were performed on 16 plies
unidirectional laminate from Hexply�8552 prepreg, cured as sug-
gested by the manufacturer.
al 
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Fig. 2. (a) Batch of two composite laminates; (b) vacuum bag.

Fig. 3. Recommended cure cycle (continuous line) and actual cooling down (dotted line) for HexPly�8552 unidirectional prepreg.
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3. Experimental set-up

A dynamometer LLOYD LR50K (Fig. 4(a)), equipped with a load
cell of 50 kN and an oven to keep the specimens at constant tem-
perature between curing and room temperature, was used. Strains
were measured by a strain gauge.

The cured shapes of the bistable plates were measured using a
laser scanner Shape Grabber LM600 (Fig. 4(b)). The laminate sur-
faces were measured with a resolution of 0.1 mm over the mea-
surement range, performing for each shape five scans for the
measurement repeatability.

An *.STL data file, containing the point clouds coordinates of
surfaces, was obtained by Shape Grabber SGCentral software. The
maximum chamber was obtained from longitudinal and transver-
sal cross-section by MeshLab software. The maximum chamber
reached a constant plateau value in 10 days.
4. FE and analytical models

4.1. FE model

The FE model, developed in ANSYS Workbench environment for
the two stable shapes shown in Fig. 5, was used (i) to numerically
determine the plate shape due to the cooling down from curing
temperature and (ii) to simulate the stress relaxation as possible
cause leading to chamber decrease during storage at room temper-
ature either using a time dependent modulus E2 either adopting a
friction coefficient between the two laminae, so assuming an inter-
laminar shear stress relaxation mechanism.
Please cite this article as: F. Nicassio, G. Scarselli, F. Lionetto et al., Stress rela
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In the case of E2 modulus relaxation, only one geometrical sur-
face was drawn and the ‘‘Layered Section” option was imple-
mented to simulate [0�/90�] stacking sequence. While, when an
interlaminar shear relaxation mechanism was assumed, two dis-
tinct facing surfaces were necessarily meshed (with 0� and 90� ori-
entations, respectively) to allow the two contacting geometries to
carry shear stresses up to a certain magnitude across their inter-
face before they start sliding. The option ‘‘Large Deflection” was
employed because of large deformation of the studied laminates.
The temperature profile, applied to the mesh nodes to simulate
the cooling down process, was a linear ramp in the transient anal-
ysis from 180 �C to 20 �C in 60 s. The final relaxed shapes were
achieved by splitting up the numerical nonlinear analysis in two
load cases: first step with the thermal load, assuming a linear elas-
tic behavior of composite, and second step (10 days equal to
864,000 s) with time dependent material properties in order to
simulate transversal E2 modulus relaxation or the activation of
‘‘Frictional Status” between the two surfaces to simulate the inter-
laminar shear effect. In particular as a consequence of the high
deformation gradients (fast increases of deformation of the lami-
nate during cooling) the minimum time step was set at 1e-3 s,
whilst for low deformation gradients (slow decreases of deforma-
tion of the plate during the relaxation at room temperature) the
minimum time step was 36 s. In this way, the convergence is guar-
anteed for each time step.

4.2. Analytical Zener model

The bistable plate, when deformed by a thermal load, can be
idealized as mass – spring – damper system (Fig. 6a)): the system
xation in asymmetric bistable composites: Experiments and simulations,
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Fig. 4. (a) LLOYD Instruments LR50K Plus materials testing machine equipped with oven; (b) ShapeGrabber LM600 3D scanner Batch of two composite laminates.

Fig. 5. FE stable shapes (the contour plot provides minimum values, in blue, and maximum values, in red, of nodal displacements). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Bistable plate mechanical model; (b) and (c) free body diagram of point 1
and 2.
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(with mass m equal to the actual plate mass, stiffness k and damp-
ing c in Fig. 6(a)) represents the entire bistable plate. More complex
systems could provide a better approximation of the actual lami-
nate, but this two degrees of freedommodel (characterized by ver-
tical displacements x1 and x2) can provide a phenomenological
interpretation of the observed relaxation behavior. The mechanical
model is the standard linear solid model, Zener model in Kelvin
representation, and it consists of two springs (for the sake of sim-
plicity assumed with equal stiffness) and a damper.

By using the free body diagrams in Fig. 6(b) and (c), the motion
equation of the bistable Zener model can be stated as:

m€x1 þ k x1 � x2ð Þ ¼ 0
0€x2 þ c _x2 þ kx2 � k x1 � x2ð Þ ¼ 0

�
ð1Þ

where x1 is the vertical displacement of the main system, corre-
sponding to the actual maximum chamber of the bistable plate
and x2 is a fictitious point.

It is noteworthy that Eq. (1) represents an unforced damped
system: it was solved with initial boundary conditions equal to
the actual maximum chambers (one per stable state) due to the
cooling down process. The aim of this analytical model is to simu-
late the exponential decay of these chambers, by using k and c
coefficients as ‘‘fudge factors” in order to fit the experimental
results.
Fig. 7. Actual maximum chamber time evolution (scatter plot) and relative
exponential fitting (dotted line).
5. Results

The maximum plate chambers in both stable states were mea-
sured via laser acquisition immediately after cooling and until the
9th day.
Please cite this article as: F. Nicassio, G. Scarselli, F. Lionetto et al., Stress relaxation in asymmetric bistable composites: Experiments and simulations,
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Fig. 8. Comparison between experimental values (scatter plot) and FE maximum
bistable chamber evolution (a) and (b) due to resin modulus relaxation (c).

Fig. 9. Comparison between experimental values (scatter plot) and FE maximum
bistable chamber evolution due to interlaminar shear.

F. Nicassio et al. /Materials Today: Proceedings xxx (xxxx) xxx 5
As shown in Fig. 7, a clear exponential trend in the measure-
ments can be observed. The decay curves f1/2(t) for each stable state
can be fitted by:

f 1=2 tð Þ ¼ f 1=2ð0Þe
� t
s1=2 ð2Þ

where f1/2(0) is the maximum chambers for each stable state due to
the cooling down process, while s1/2 is the relaxation time of each
stable shape at which the chamber is reduced to 1/e times its initial
value. The different relaxation behavior of the chambers of investi-
gated plates was clearly identified in Fig. 7: the smaller chamber,
ba

Fig. 10. Comparison between experimental values (scatter plot) and exp
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measured along the laminate width, relaxed (�20% after 9 days)
less than the bigger one (�31% after 9 days), measured along the
laminate length.

At first, the relaxation of E2 modulus of each lamina considered
responsible of this behavior.

Fig. 8(c) shows E2 modulus evolution needed in FE simulations
to fit the chamber change at room temperature (Fig. 8(a) and (b)).
The isothermal stress relaxation experiments showed that E2 only
relaxed for 5% of initial post curing value (instead of 41% needed in
FE simulations).

This suggest that the intralaminar relaxation cannot be consid-
ered responsible of the chamber reduction measured at room
temperature.

Excluding that relaxation can occur in fiber direction, the inter-
laminar shear was assumed as mechanism leading to bistable
relaxation. In this FE scenario, the two contacting surfaces started
sliding relative to each other after the cooling down step. The fric-
tional model automatically defined an equivalent shear stress at
which sliding on the geometry began as a fraction of the contact
pressure. Once the shear stress was exceeded, the two geometries
slid relative to each other because of thermal residual stress in
each lamina. The coefficient of friction, equal to 0.998, provided
the results plotted in Fig. 9: because of the long time required for
contact computation, the evolution of the maximum chambers
was simulated only for 3 days after the cooling down. A good cor-
relation between this FE model results and experimental data is
observed.

In order to overcome the long FE computational time, the phe-
nomenological standard linear solid model shown in Fig. 6 was
developed. The boundary conditions were perturbed by the initial
maximum chamber values and the underdamped solutions of
Zener model is reported in Fig. 10 (dotted line) with the decay
envelope describing how the oscillation decays exponentially. Dif-
ferent pattern of relaxed chamber (analytical trend in continuous
line vs experimental data in circle) indicated that the used analyt-
ical model is too simple and k and c factors are insufficient to
describe correctly the relaxation of the bistable plate.

In the light of the results of the presented study, the targets of
future works will be to:

- investigate the interlaminar shear, by means of a double-notch
shear test with IM7/8552 specimens in order to measure inter-
laminar shear relaxation;

- upgrade the computing power to carry out increasingly com-
plex FE simulation;

- develop a generalized analytical model (combining more
spring-dashpot elements) in order to accurately reflect the
relaxation behavior of bistable plates.
onential decay of the Zener model (continuous line): (a) f1; (b) f2.

xation in asymmetric bistable composites: Experiments and simulations,
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6. Conclusions

In this paper the bistable composite plate behavior in terms of
stress relaxation was studied, using experimental data, FE and ana-
lytical simulations. The main target of this work was to investigate
the key element of this phenomenon: the interlaminar shear
among the laminas. The experimental campaign provided many
information about the relaxation in terms of the maximum cham-
ber reduction of the two stable states. Only the frictional FE model
gave good numerical/experimental correlations, whereas the resin
relaxation simulations and the Zener model behavior demon-
strated the inconsistency of the used decay resin properties and
the inadequacy of the simple analytical model, in terms of maxi-
mum chambers evolution and time relaxation. The investigation
of the bistable features after cooling down process was needed to
define the starting point for the next goal: dynamical models of
bistables, with stack sequences optimized through Genetic Algo-
rithms [19], including interlaminar shear time dependent effects.
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