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Abstract

Fibre-metal laminated shells possessing initial cylindrical curvature are and experimentally
tested. These shells display thermally-driven snap-through behaviour, that is, they abruptly
snap to new shapes by sole application of thermal loading. Additionally, the shells display
deadband hysteretic behaviour, snapping at different temperatures depending on whether they
are heated or cooled. This behaviour is broadly similar to several existing approaches towards
thermal snap-through, however the physical mechanism utilized herein is distinctly different.
This fact, combined with the use of composite materials, yields a concept which is free from
the extensive geometric limitations of current thermal snap-through approaches, and thus may
be potentially useful in morphing and fluid control applications. Experimental results are com-
pared to two contemporary analytical multistability models as well as a finite element model.

1. Introduction

Thermally actuated structures are defined by their ability to exhibit a shape change in response
to temperature change. This shape change can be driven by thermal expansion, or to be more
specific, the associated driving stresses can be generated by thermal expansion coefficient (CTE)
mismatch between two or more materials. Other methods of thermal actuation have been ex-
plored, including shape memory materials and phase-change systems, however the aforemen-
tioned CTE-mismatch strategy forms the basis of this study.

Work can be extracted from CTE-mismatch structures using a bimorph mechanism, whereby
two or more constituent materials are joined in a laminate such that each material’s thermally
induced tensile and compressive stresses act remote from the neutral axis, thus generating a
bending moment. This behaviour is observed in the common bimetal strip, and has found ap-
plications in thermostats, circuit breakers, and spacecraft passive thermal management systems.
The use of isotropic materials, however, limits the acceptable range of actuator geometries
available to the designer. Mansfield has shown that because the bending stiffnesses and thermal
moments are equal in all directions for such a laminate, the energetically preferable direction
of bending is determined by the laminate’s geometry [1], and thus 1-dimensional bending ac-
tuation in a targeted direction is only achievable using slender, strip-like structures. Bending
deformation perpendicular to the structure’s long axis, such as that required for a trailing edge
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Figure 1. Basic geometries utilized for achieving nonlinear temperature response with isotropic materials.

airfoil control surface, would be untenable without the use of directional stiffening mechanisms
such as stringers or corrugations. The use of composite materials opens the possibility to create
thermal actuators which are anisotropic in terms of both stiffness and thermal moments. The
direct result of this is that bimorph actuators may be created which exhibit bending action in
a direction determined by material orientations, thus allowing the designer freedom to specify
general planform geometries.

Free-standing thermal bimorph beams exhibit approximately linear bending response to tem-
perature change, yet for many applications, the designer may instead which to specify a highly
nonlinear response, such as displacement concentrated within a temperature window, or per-
haps even a step-change response. This is currently achievable with isotropic bimorphs using
various permutations of either the end-constrained beam or shallow dome approaches [2], as il-
lustrated in Fig. 1. While the effectiveness and reliability of these mechanisms has been proven
in circuit breaker and thermostat applications, their limited geometrical design space restricts
them from general actuation and morphing applications, particularly where the actuator skin is
to be employed as an aerodynamic surface.

We seek to demonstrate that the tailorability of composite materials, combined with the geomet-
rically nonlinear large-displacement response of thin shells, can yield thermal bimorph actuators
with highly nonlinear displacement response to temperature change. Step-change displacement
response, snap-through, and even multistability become possible. No fixed end-constraints are
necessary, allowing for the sort of cantilevered implementations that would be required for trail-
ing edge aerodynamic surfaces. Additionally, a much greater variety of planform geometries
are feasible than what is possible with isotropic materials.

2. Mechanics
2.1. Exploiting Geometric Nonlinearity of Thin Shells

Although a nonlinear response to temperature change can be achieved with certain smart ma-
terials, we seek to demonstrate that such behaviour can also be attained using conventional
engineering materials. As thermal stresses tend to scale approximately linearly with tempera-
ture for most structural materials, significantly nonlinear response must instead be achieved via
exploitation of geometric nonlinearity, or in other words, by designing a structure whose stiff-
ness is highly dependent upon shape. Thin shells with initial curvature display such behaviour
when loaded with bending moments perpendicular to the initial curvature direction [3]. Con-
sider the shell shown in Fig. 2, with an applied internal bending moment (perhaps from thermal
loading) along the x-direction, M™. From a beam-mechanics perspective, the effective bending
stiffness of the structure as a whole along this direction is a function of not only the laminate’s
D-matrix terms from classical lamination theory, but also the geometric stiffness granted by
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Figure 2. Response of curved shell to applied internal bending moment perpendicular to initial curvature direction.

the curvature in the y-direction. This stiffens the plate in the same manner that an extended
carpenter’s tape measure is stiffened by its transverse curvature. Alternatively, one can view
the problem from a shell mechanics perspective, whereby a singly-curved surface will initially
resist development of Gaussian curvature through storage of membrane strain energy. When
M™ exceeds some critical value, it becomes energetically favorable for thin-walled structures
to instead accommodate load with bending strain energy, manifested by curvature generation in
the x-direction. As shown in Fig. 2b-c, this increase in «, is accompanied by of loss of «, as
required to minimize Gaussian curvature and its associated membrane strain energy. Return-
ing to the beam perspective, the geometric bending stiffness granted by transverse curvature
is lost upon Brazier collapse [4] of the section to a flat strip, allowing the beam to deform in
the direction of moment application. This behaviour can be observed by bending an everyday
carpenter’s tape measure.

2.2. Generation of Internal Moments

Generation of thermal stress requires selection of lamina possessing mismatched CTEs. In
particular, actuation forces are maximized by selecting high modulus materials with greatest
possible CTE mismatch [2]. Unidirectional (UD) carbon-epoxy composite fulfills the role of
the low-expansion element. It possesses a near-zero CTE in the fibre direction, but is highly
anisotropic, thus allowing for the direction of primary bending moment to be closely controlled.
While the high-expansion element can also be of composite construction by utilizing the rela-
tively high @, of carbon-epoxy lamina as achieved with unsymmetric (e.g. [0/90] laminates),
Daynes and Weaver [5] demonstrated that fibre-metal hybrid laminates yielded superior thermal
moments relative to all-composite unsymmetric laminates on account of the superior modulus
of engineering alloys relative to E, of carbon-epoxy UD lamina. For this study, we have se-
lected 5251-H22 aluminium alloy as our high-expansion element on the basis of its relatively
high CTE and widespread availability.

3. Modelling Methodology

Researchers in the field of multistable structures have produced a host of analytical models
aimed at predicting the large-displacement response of initially curved shells to internal mo-
ments, and thus these models form the basis of our analysis. In this study, we utilize the work
of Refs. [6] and [7] to analytically model the response of a composite thermal actuator. The
former model fully accounts for temperature-dependent material properties continuously with
respect to temperature. The latter model has been solved at 30°C increments, with the corre-
sponding material properties updated at each increment; thus temperature dependent properties
are still accounted for, albeit in an incremental manner.
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Layup [metal/composite] [Al;/0;]
Al sheet thickness [mm)] 1.20
AS7/M21 UD ply thickness [mm] 0.286
Side Lengths L,, L, [mm)] 230
x-direction tool curvature [mm™'] 0
y-direction tool curvature [mm™'] -1/400

Table 1. Test article manufacturing parameters.

The model presented in Ref. [7] is an energy based approach to describe the stability of doubly
curved shells of elliptical planform. Vidoli decoupled the membrane and a bending components
of total potential energy, then used the in-plane equilibrium equations and the compatibility
conditions between in-plane strains and curvatures (Gauss Theorema Egregium) to express the
membrane component of the shell’s total potential energy in terms of curvatures only. By so
doing, the membrane equilibrium can be solved separately using a finite element model. The
shell’s stable equilibria are then obtained by minimizing the total potential energy with respect
to the curvatures. Using a similar approach, we solve the membrane problem using the dif-
ferential quadrature method [8]. In this work, we use Legendre polynomials to express the
out-of-plane displacements. This approach brought several improvements in the model, espe-
cially regarding the description of the deformed shapes and their boundary layers.

A finite element (FE) benchmark model was created using ABAQUS 6.12 with a mesh of 256
S8R quadratic shell elements. Because the structure under investigation displays negative stiff-
ness upon snap-through, the conventional iterative nonlinear solution techniques classically
used for multistability analysis [9] fail to converge. Although these solutions can be stabi-
lized using artificial damping techniques, we found that in practice, the resulting displacements
were highly sensitive to the degree of damping applied, and convergence of displacements for
incremental reductions in artificial damping could not be achieve before solution stability was
compromised. Thus, we instead adopted an arc-length solution technique, as implemented in
ABAQUS as the Riks method. Solution convergence was verified on the basis of both dis-
placements and snap-through temperatures in terms of both mesh density and arc length time
step.

4. Experimental Technique

A laminated fibre-metal shell was constructed to the specifications in Table 1. The aluminium
panel was roll-formed along the grain direction to match the tool radius 400 mm. The bond sur-
face was roughened with 200 grit sandpaper, then washed with acetone. The aluminium and uni-
directional prepreg were bonded during the autoclave cure cycle using the native prepreg resin,
1.e., no interlayer adhesive was utilized. The cure cycle was modified from its manufacturer-
specified form in that pressure was released before cool-down, as opposed to the conventional
post-cooling pressure release. This change prevents the cured part from being constrained to
the shape of the tool during the cool-down process, thus reducing thermal stresses. Despite this
precaution, some matrix cracking was observed in the finished part.

After trimming to size, a 6 mm hole was drilled in the center of the plate, through which a
single screw joined the laminate to a dial gauge rig via a post, as shown in Fig. 3. The rig



ECCM-16"™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 22-26 June 2014

Figure 3. Test article mounted on dial gauge rig. Note that the speckle pattern visible is not relevant to this
particular experiment.

Hexcel AS7/M21 UD Al 5251-H22
Temp. E, E, Gi» Vi2 ) 1073 E v a
[°C]  [GPa] [GPa] [GPa]l [] [%=] [%F] [GPa] [-] [
30 129.55 885 528 033 -23 234 720 033 230
60 12799 842 488 033 -2.1 278 71.3 033 230
90 127.47 792 465 033 -15 28,6 70.6 033 230
120 12718 7.57 450 033 -05 300 698 033 232
150 126.11 7.18 426 033 1.7 321 684 033 234
170 12558 6.76 401 033 26 335 677 033 236
180 12531 648 377 033 23 335 670 033 236

Table 2. Thermoelastic material data for AS7/M21 UD composite and 5251-H22 aluminium alloy. Thermal
expansion coefficients use a reference temperature of 20°C.

consisted of a steel bed, to which an array of four dial gauges were mounted so as to measure
transverse displacement at a point along 0°, 90°, and +45° paths from the laminate’s centerpoint.
In order to minimize the laminate’s distortion due to contact forces from the dial gauge probes,
the gauges’ internal return springs were removed, thus the weight of the probe itself was the
sole contributor of contact force. Graphite lubricant was applied at each probe contact point
to minimize measurement error due to friction. Curvature components «, and k, were found
by determining the radii of circular arcs constrained to be tangent to the laminate centerpoint
while passing through the point where the respective 0° and 90° dial gauges made contact.
Twist curvature «,, was computed from the difference in displacements along the +45° paths,
and was found to be negligible throughout the experiment, thus it will be henceforth neglected.
The laminate was heated by placing the complete dial gauge assembly in an oven and ramping
the temperature up to 180°C at a rate of 1°C/min, followed by an equivalent-rate cool-down to
20°C. Temperature was measured using a thermocouple adhered to the laminate with the aid of
thermally conductive paste.

Temperature-dependent material data for Hexel AS7/M21 UD prepreg was obtained by ex-
periment as detailed in Ref. [6], and is reproduced in Table 2. Material data for 5251-H22
aluminium alloy was sourced from Ref. [10], and is also contained in Table 2. Where data at
intermediate temperature values was unavailable, data from similar alloys was utilized to aid
interpolation.
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Figure 4. Stability diagram showing potential laminate shapes for a range of initial curvatures and temperatures
for the layup given in Table 1. The dotted line represents the initial curvature of the experimentally tested laminate.

5. Results

The model from Ref. [6] was used to plot the predicted shape and stability landscape of the
stacking sequence described within Table 1 across a range of temperatures and initial curva-
tures, as shown in Fig. 4. The model predicts that the thermal snap-through process consists
of an inversion of major curvature sign, and an orthogonal shift in major curvature orientation,
similar to the classic shape change exhibited by unsymmetric bistable laminates as detailed
in Ref. [11]. For a given initial curvature, the predicted temperature of snap-through depends
on whether the structure is being heated or cooled, with the heating snap-through occurring at
a higher temperature than the cooling snap-through. Between these two critical temperatures
exists a window within which the laminate is bistable. These behaviours are similar to the
deadband hysteresis displayed by end-constrained bimorph beams as installed in anti-chatter
thermostats. There also exists a minimum initial curvature magnitude required for the laminate
to take on snap-through behaviour, below which the structure will instead undergo a smooth
shape transition through a saddle shape.

Results from experiment are compared with model predictions for the shell described in Table 1,
and are shown in Fig. 5. The experimental results show curvatures as measured during both
heating and cooling cycles. The window of bistability predicted by the models is qualitatively
replicated by experiment, however there exists significant error in prediction of the snap-through
temperatures. Given that the models are in general agreement with each-other, a likely source
of error is the existence of any non-thermoelastic strains, which are presently not accounted for
in our analysis. Daynes and Weaver [5] observed significant non-thermoelastic strains in their
coverage of bistable plates incorporating metal layers, and attributed these strains to slippage
between the fibrous and metallic layers during the cure process. It is also possible that the
matrix cracking mentioned in Section 4 has led to localized relaxation of thermal moment M}h
This would have the knock-on effect of allowing «, to be suppressed more easily by the primary
thermal moment M, thus leading to premature transition to a «,-dominated shape upon cool-
down. Other potential sources include tool-part interactions [12, 13] and resin shrinkage [14].
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Figure 5. Curvature diagram showing the laminate’s nonlinear response to temperature change. Dotted lines
indicate snap-through paths. The laminate’s predicted bistability window lies between the dotted lines for each set
of results. Unstable branches predicted by the models are omitted for clarity.

The experiments also confirm the deadband hysteresis behaviour predicted when cycling across
and beyond the range of the bistability temperature window. Further investigation using me-
chanical forcing confirmed that the laminate was in fact bistable between the two snap-through
temperatures. While the experimentally measured heating and cooling curves are nearly iden-
tical at temperatures below the bistability window, they differ significantly above the window.
Modelling results do not predict this apparently hysteretic behaviour, and although matrix plas-
ticity is suspected, we cannot verify a definitive cause at this time. Further investigation will be
required to determine whether this observed behaviour is consistent under additional thermal
cycling.

6. Conclusion

A concept for achieving thermally driven snap-through behaviour has been experimentally
demonstrated using a fibre-metal laminate. This is achieved by orienting unidirectional, low-
expansion carbon fibres perpendicular to the direction of initial curvature. With sufficient
stress-free initial curvature, the transition from one cylindrical shape to its orthogonal con-
jugate occurs in an unstable, non-smooth manner. In addition to the observed snap-through
behaviour, a temperature-curvature relationship was achieved such that the laminate was nearly
inert upon cool-down from cure temperature, up until the cooling snap-through temperature
was approached. This result could potentially be useful for applications whereby the designer
wishes to concentrate a thermal actuator’s displacement within a small temperature window.
Additionally, deadband hysteresis behaviour was observed, with the laminate also demonstrat-
ing bistability between the two snap-through temperatures. Two analytical models as well as
a finite element model were compared, and although the models predicted similar results to
each-other, all significantly underpredicted the snap-through temperatures. This is attributed to
the presence of non-thermoelastic strains, which are not presently accounted for in the analysis.
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