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Abstract
Conditions in hypersonic flight generate non-uniform temperature distributions that affect the performance and longevity of
aircraft components. Historically, a limited amount of experimental work has been performed on the mechanical behaviour of
reinforced aircraft structures subjected to very high temperatures. In this work on Hastelloy-X plates, non-contact techniques
were used to measure the full-field temperature and deflection of a 1 mm thick plate with reinforced edges. The geometry was
designed to emulate an aircraft’s skin with the reinforced edges performing the function of stringers and ribs. High temperatures
were achieved using quartz lamps arranged in various configurations with controllable power output. Digital image correlation
(DIC) was used to measure surface displacements and a micro-bolometer mapped the temperature distribution across the plate.
Deflection results for the reinforced plate showed it to behave as a dynamic system that buckles out-of-plane when heated before
relaxing to a steady state. It is demonstrated that the out-of-plane displacement field experienced by the plate is influenced both by
the in-plane temperature gradient and the energy supplied.

Keywords Reinforced plate . Dynamic response . High temperature . Plate deflection . Thermal buckling . Digital image
correlation

Introduction

The behaviour of thin plates operating in high-temperature
environments is relevant to a number of applications, includ-
ing exhaust-wash structures associated with embedded en-
gines in aircraft, reusable space vehicles, sustained hypersonic
flight vehicles and breeder blankets in fusion nuclear reactors.
Thin-gauge components, such as plates and panels used in
these structures, are particularly affected by elevated temper-
atures that might induce a reduction or loss of structural sta-
bility as a result of the development of in-plane compressive
stresses associated with the constraint of thermal expansion

[1]. In a limiting situation, these stresses reach a critical value
leading to thermally-induced buckling.

Past analytical and computational studies focused on the
influence of thermal stresses on the modal behaviour of plates.
Mead [2] investigated, analytically and computationally, the
effect of thermal stresses on the resonant modes and frequen-
cies of free Kirchoff plates, which had been thermally
stressed, and the results showed non-uniform temperature dis-
tributions to induce localised areas of compression and tension
which influenced the dynamic behaviour of the structure.
Chen and Virgin [3] confirmed these results for a simply-
supported plate heated deeply into its post-buckled state, i.e.
beyond the temperatures at which the plate buckles due to the
heating. The authors showed vibrational mode switching to be
associated with a change in the equilibrium configuration of
the structure induced by the thermal buckling. More recent
work, using computational mechanics, has included the devel-
opment of models of functionally-graded plates resting on
elastic foundations and subject to thermo-mechanical loading
[4, 5]. Adineh and Kadkhodayan [5] applied a sudden uniform
mechanical load to a simply-supported aluminium plate and
their results showed the centre of the plate to spring-back after
reaching a maximum out-of-plane displacement. This
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reflected earlier results for functionally-graded plates subject-
ed tomechanical [6] and thermo-mechanical [7, 8] loading. As
a combined result of thermal gradients through the thickness
and the different elastic properties of the constituent materials
of these structures, Vel and Batra [9] predicted a similar out-
of-plane dynamic response to a rapidly increasing thermal
load. While, Steeves et al. [10] and, more recently
Yamamoto et al. [11], have analysed the thermal behaviour
of thin bimaterial structures tailored to provide specific coef-
ficients of thermal expansion.

A limited amount of experimental analysis has been per-
formed on thermally loaded plates using full-field measure-
ment methods. The influence of thermally-induced compres-
sive stresses on resonant frequencies and modal shapes were
confirmed by Bailey [12] in a double-wedge square-cantilever
and by Kaldas and Dickinson [13] who introduced a weld at
the centre of a rectangular plate. Murphy et al. [14] used a
centrally-located strain gauge and several thermocouples to
monitor the behaviour of a rectangular stainless steel plate
subjected to sinusoidal and broadband excitation while being
heated. Other efforts have focused on fully-clamped or
simply-supported plates and evaluated thermal buckling by
plotting the central deflection as a function temperature
[15–17]. Jin et al. [15] used digital image correlation to study
a circular composite plate with its edges clamped using a
titanium ring and subjected to a spatially uniform temperature
distribution. Whilst Yuan et al. [16] took a similar approach
when studying the critical buckling temperature and post-
buckling behaviour of sandwich panels with truss cores.
Thornton et al. [17] showed substantial out-of-plane bending
to be strongly related to compressive membrane stresses
caused by in-plane spatial temperature gradients. They used
15 linear variable differential transducers (LVDT) and 29
thermocouples to monitor displacements and temperatures
across an unreinforced, simply-supported plate made from
Hastelloy X and subjected to non-uniform heating. Pan
et al. [18] presented analytical and experimental data that
characterised the dynamic behaviour of the out-of-plane
deflection in honeycomb sandwich panels used for thermal
protection in hypersonic flight. Their thick, multi-material
sandwich panels were placed in the vertical plane standing
on an edge without any fixation and heated using infrared
radiation on one side. Hence, from a review of the litera-
ture it can be concluded that there is a lack of experimental
data describing the behaviour of geometrically-reinforced
isotropic plates under thermal load and an attempt to bridge
this gap is presented here. The aim of the current work is
to establish a relationship between out-of-plane deflection
and temperature non-uniformity during thermal loading of a
thin plate with reinforced edges, and to do so by generating
high-quality full-field temperature and displacement data
that can be used both for understanding the plate response
and validating detailed simulations.

Experimental Procedure

Materials and Apparatus

The study was conducted using a 250 × 150 mm Hastelloy X
(American Special Metals Inc., Miami, FL, USA) [19] plate
with reinforced edges as shown in Fig. 1, vertically suspended
using two stainless steel wires looped through two small holes
in the plate’s upper corners (also visible in the top corners of
Fig. 1). The wires allowed the plate to hang from an alumin-
ium portal frame bolted to an optical table and were sufficient-
ly long and thin that there was negligible heat transfer through
them. The specimen was manufactured by machining a
4.5 mm thick plate down to 1 mm thickness in the centre,
while leaving a 10 mm wide frame of thickness 4.5 mm
around its edges. The intention of the design was to represent
the reinforcement in aircraft skins produced by stringers and
ribs, which do not fully clamp the thin-gauge structure but
constrain it by imparting a higher resistance to deformation.
Several small holes were drilled in the reinforced edges so that
multiple mounting options were available, but only one option
was used in the results reported here.

The specimen was thermally loaded using arrays of halo-
gen quartz lamps (QIR 240 1000 V2D, Ushio, Steinhöring,
Germany) with a maximum power output of 1 kWeach and a
colour temperature of 3210 K. The lamps were uniformly
spaced in an array of six as shown in Figs. 1 and 2 and their
power output was regulated by a controller using TRIAC
semiconductors. The specimen and lamps were not enclosed
in a furnace so that there were substantial heat losses from the
apparatus, but the optical access was excellent. The lamps
were substantially longer than the plate’s corresponding di-
mension (see Fig. 2) such that the energy flux from the lamps
should be uniform over the transverse length of the plate, i.e.
in the vertical direction.

Fig. 1 Photograph of plate showing speckle pattern with quartz lamps
behind the plate
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The full-field temperature distribution in the plate was
monitored using an uncooled micro-bolometer (TIM 400,
MICRO-EPSILON UK, Birkenhead, UK) with a 25 ×
25 μm focal plane array of 382 × 288 pixels, which had
been calibrated by the manufacturer in the 150–900 °C
range and had an accuracy of ±2 °C or ± 2% (whichever

is greater). The instrument can be purchased with a cali-
bration in the range 0–250 °C or 150–900 °C; hence, a
compromise was made to use a camera calibrated in the
150–900 °C range with an option selected that permitted
its operation from 150 °C to room temperature. This result-
ed in a significant amount of noise for room temperature
readings, which decreased the system’s accuracy to 5–7 °C
(worst case scenario), according to the manufacturer. Since
the work presented here is primarily focused on phenome-
na at temperatures beyond 150 °C, the higher uncertainty
of measurements at lower temperatures was accepted. A
schematic and a photograph of the described experimental
setup is shown in Fig. 2 which resulted in a spatial resolu-
tion of 1.1 mm/pixel for the micro-bolometer array.

The displacements of the thin section of the plate were
measured using stereoscopic digital image correlation
(DIC). The plate was prepared for high-temperature DIC
by spraying a uniform layer of commercially-available
black paint (VHT Flameproof, Cleveland, Ohio, USA) on-
to the front and back surfaces. A white variation of the
same paint was used to create a random speckle pattern
on the plate. The reverse colour scheme was considered
but the use of black paint as the background was the pre-
ferred option because it allowed for larger absorption of
radiation and, therefore, higher temperatures to be
achieved in the specimen. The reinforced edges of the plate
were painted black but not speckled, as the focus of this
study was the thin section of the plate. At room tempera-
ture, the difference in emissivity of the white and black
paint used in the DIC speckle yielded differences in appar-
ent temperature that were below the resolution of the cam-
era; so that, the speckle pattern was not visible in the in-
frared images from the micro-bolometer. As will be seen
below, the scale of the temperature gradients when ther-
mally loading the plate was much larger than the difference
in readings imparted by the different paints.

The effect of temperature on the emissivity of the
painted plate was analysed using a K-type thermocouple
and comparing point-wise temperature measurements to
those acquired with the micro-bolometer. Thermocouple
measurements at different temperatures were plotted
against local readings at the corresponding location from
the micro-bolometer and a second-degree polynomial was
fit to the data (R2 = 0.9) and used to correct the full-field
temperature maps.

A pulsed-laser digital image correlation (PL-DIC) sys-
tem was used to acquire and process displacement fields
during thermal loading. The system consisted of
commercially-available stereoscopic DIC system (Q-400
system, Dantec Dynamics GmbH, Ulm, Germany) com-
bined with a Nd:YAG laser (Nano L200–10, Litron,
Rugby, England). The laser emitted a 4-ns pulse of light
at 532 nm from which the speckle was removed using an

Fig. 2 Schematic (top) and photograph (bottom) of the test set-up
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optical Fourier filter and expanded to illuminate the entire
specimen. High-quality images were acquired by two
1624 × 1234 pixel CCD Firewire cameras (2MP Stingray
F-201b, Allied Vision Technologies GmbH, Stradtroda,
Germany) fitted with optical bandpass filters with a centre
wavelength of 532 nm and bandwidth of 4 nm, i.e. corre-
sponding to the laser illumination, so that cameras were
not blinded by the lamps providing the heating. The max-
imum frame rate of the cameras was 14 frames per second
at the full resolution of 1624 × 1234 pixels, which
corresponded to an average spatial resolution of 0.23mm/pixel.
Synchronisation of the PL-DIC system was achieved by using
a timing box that provided a trigger signal for both the laser and
the CCD cameras. Image processing and calculation of data
fields of out-of-plane displacement was performed using the
Istra 4D software supplied with the system, employing square
facets of 25 pixels (5.75 mm) with a 4 pixel (0.92 mm) overlap
that corresponded to the pitch of the displacement data.

Prior to any experiments, the plate was thermally loaded for
10 min using six lamps at full power, symmetrically posi-
tioned about the plate’s centre. This procedure was followed
to relieve some of the residual stresses introduced by the
manufacturing of the specimen and created an initial curvature
of the plate that was convex towards the lamps, as shown in
Fig. 3, which better represents real components that are rarely
flat. As seen by Thornton et al. [17], this initial curvature
determined the direction of deformation in the following
experiments.

Two types of experiments were conducted, in which the
energy supplied to the plate was incremented: in the first set
of experiments, different numbers of lamps were used in the
thermal loading of the specimen; whilst the second set in-
volved heating the plate with a constant number of lamps
whilst controlling their power output. These heating regimes

resulted in non-uniform temperature distributions and near-
uniform temperature distributions, respectively, which are
shown in Fig. 4. Experiments were limited to 10 min duration
to avoid accumulating changes due to material aging, which
occurs when heating to temperatures around 760 °C for ap-
proximately 3 h [20]. Similarly, all experimental temperatures
were kept below the recrystallisation or critical temperature of
the material (1163–1191 °C) to avoid annealing or solution
treating [20]. After each experiment, the specimen was
allowed to air cool to room temperature.

To estimate the noise floor for the out-of-plane measure-
ments, a series of 30 images were acquired with the panel in a
static configuration at room temperature and then processed
using Istra 4D. The mean value of the out-of-plane displace-
ment component was then calculated and the noise floor was
found to be approximately 16.6 μm. There were some con-
cerns that local variations in the refractive index of the air
between the specimen and cameras would introduce noise into
the digital image correlation; however, Pan et al. [21] ob-
served that this did not occur when the specimen is vertical
and perpendicular to the optical axis, as was the case in this
study. Hence, no discernible local variation in refractive index
were observed.

Experiments on Non-uniform Temperature
Distributions

The suspended reinforced plate was thermally stressed using
successively six, four, two and one quartz lamps, with their
axes parallel to the short side of the plate. The lamps were
uniformly distributed with a centre-to-centre spacing of
3.5 cm and positioned symmetrically about the plate’s trans-
verse and longitudinal axes. DIC and temperature data acqui-
sition began at room temperature after which the lamps were
switched on at full power and after about 200 s the plate
reached a stable temperature distribution. The acquisition fre-
quencies were 1 Hz and 4 Hz for the temperature data and DIC
images respectively. In order to estimate the error associated
with the measurements, the same acquisition method for full-
field temperature and DIC data was used when transversely
loading the plate six times using 2 lamps at full power. The
standard deviations of the datasets for the displacements and
temperatures at the mid-point (facet for the displacements) of
the plate were calculated and are shown in Fig. 5. In addition,
for each repeat, the location of the facet where the maximum
displacement occurred was identified and this location varied

Fig. 3 Initial shape of the thin plate at room temperature calculated from
DIC measurements using Istra 4D following an initial thermal cycle
corresponding to heating with six lamps at full power for 10 min from
room temperature and then allowing the plate to cool in air to room
temperature. The shape is shown as z-direction displacements from the
x-y plane

�Fig. 4 Steady state temperature measurements for the thin section of the
reinforced plate subjected to non-uniform heating using a variable num-
ber of lamps at full power (left) and nominally uniform heating using six
lamps (right); with constant rates of energy supplied on each row but
decreasing from top to bottom
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by nomore than a vector pitch (4.83 mm) in the transverse and
longitudinal directions.

In order to facilitate comparison with results from previous
investigations [1–3], the Istra software was used to remove
rigid body motions prior to selecting the data for the out-of-
plane deflection at the centre of the plate and plotting it as a
function of time together with the corresponding point-wise
temperature results at the centre of the plate for each thermal
loading scenario in Fig. 6(a).

Experiments on Uniform Temperature Distributions

The use of a different numbers of lamps, in the previous sec-
tion, produced a series of non-uniform spatial distributions of
temperature along the longitudinal axis of the plate; and, the
energy supplied to the plate (Qin) was also changed by the
number of lamps used. Hence, to better understand the ob-
served behaviour, experiments were conducted using the max-
imum number of lamps to achieve an approximately uniform
temperature distribution; but, adjusting the energy supply to
the lamps so that Qin corresponded to values in the previous
set of experiments. Six lamps were used in this set of experi-
ments, and the energy output of each lamp was defined as a
function of the rate of energy supplied to the plate at steady
state, Q̇in when using six, four, two and one lamps. It was
assumed, for steady state conditions, that the heat transfer
from the plate to the environment was equal to heat supplied,
Q̇in. This heat transfer was evaluated using the average tem-
perature of the plate calculated using a surface integral fitted to
the steady-state, full-field temperature measurements using
the nearest neighbour method in MATLAB. The conduction
heat losses through the hanging wire were found to be negli-
gible and so, the sum of the steady-state convection and

radiation heat transfer rates were equated to the unknown rate
of heat supplied, Q̇in. The reinforced edges were excluded
from this analysis from which a calibration graph for the rate
of heat supplied, Q̇in, against controller settings was obtained
using the temperature data collected with six lamps; and this
graph was used to identify controller settings for the six lamps
that yielded an approximate rate of heat supplied, Q̇in compa-
rable to four, two and one lamps at full power. These settings
were deployed using the same experimental methodology and
data analysis as described in 2.1. The resultant out-of-plane
deflection and temperature data are plotted in Fig. 6(b).

Results and Discussion

The temperature fields and corresponding fields of z-direction
displacement, relative to the initial shape of the plate, mea-
sured in each experiment in the steady-state after 10 min are
presented in Figs. 4 and 7, respectively. In all cases, the plate is
suspended from wires at its top corners and hence the dis-
placement at these corners is nominally zero; however, the
z-displacement in the bottom corners has positive values vary-
ing from close-to-zero to approximately 1.5 mm as the plate
rotates about its attachment points to counteract the buckling
of its centre in the negative z-direction, i.e. to keep its centroid
in the same x-y plane as the attachments. For a constant num-
ber of lamps supplying energy, the out-of-plane displacement
field increases in magnitude with the rate of energy supplied,
Q̇in to the plate but without a significant change in shape (right
column in Fig. 7). However, the response was different when
the number of lamps was varied (left column in Fig. 7) be-
cause both the magnitude and shape of the displacement field
changed with heat supplied.

The measured displacement fields are unlikely to contain
significant errors because it has been previously shown that
the errors associated with the PL-DIC system are less than 4%
for dynamic events [22]. Room temperature measurements of
the curvature of the plate were made before and after each
thermal loading and the difference found to be below the noise
floor of the setup (16.6 μm). Therefore, it was concluded that
the shape of the plate had not significantly changed as a con-
sequence of each loading scenario. The plate appeared to fol-
low the same deformation path under heating and cooling
conditions.

The point-wise analysis of the out-of-plane displacement at
the centre facet of the plate is presented in the top row of Fig. 6
as a function of time and shows a dynamic response to the
thermal loading. When the temperature reaches a constant
value, the rate of plate deformation reverses and the plate
relaxes to a steady-state position with a spring-back of the
order 40% for heating with six lamps at full power. This be-
haviour is present for all lamp and power configurations in

Fig. 5 Standard deviation (SD) of the displacement (left axis and blue
markers) and temperature (right axis and red markers) measurements at
the mid-point of the thin plate based on six repetitions of heating the plate
to a steady state using two lamps at full power
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Fig. 4, except for the lowest level of heat supplied to the plate,
i.e. one lamp at full power and six lamps at 6% of Q̇inð Þ. In
these two low energy cases, the rate of temperature increase
with time was substantially lower than in the other cases and
asymptotically approached a constant value with the result
that the plate relaxes gently to a deformation of 13% to 16%

lower than the maximum deflection. For the experiment con-
ducted with a single lamp at full power, there appeared to be
have been some fluctuation of lamp power output, which is
evident in the temperature and DIC measurements as small
perturbations. The estimates of uncertainty in Fig. 5 show
the standard deviation of both displacement and temperature

Fig. 6 Point-wise displacement at the centre of the plate (top) and corresponding temperature measurements (bottom) as (a) a function of the number of
lamps (non-uniform heating) and (b) the power output of six lamps (nominally uniform heating). For illustrative purposes, symbols were only included
with the plotted lines at 60 s intervals. The level of central spring-back is shown in brackets in the displacement plots and the displacements are relative to
the initial shape of the plate shown in Fig. 3 (convex towards the lamps) and exclude rigid body motion

Exp Mech (2020) 60:81–92 87



Fig. 7 Steady-state measured out-of-plane displacements (including rigid body motion and relative to the initial shape in Fig. 4) for the thin section of the
reinforced plate subject to the thermal loads characterised by the temperature measurements shown in Fig. 4
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readings at the centre of the plate to be below 45 μm and 7 °C,
respectively, which supports the conclusion that the differ-
ences between the experiments, in terms of the displacement
and temperature measurements in Fig. 6, are significant.

The temperature data in Fig. 6 (bottom) were plotted as a
function of the displacement measurements in Fig. 6 (top) and
the results are shown in Fig. 8. For both sets of experiments,
the gradients of these graphs for the first 10 s are within 1.5
standard deviations of the mean of each set of experiments,

see Table 1; i.e., varying the power or the number of lamps
does not have a significant effect on the initial rate of change
in the central displacement with temperature. Figures 6(a) and
8(a) show that the largest central displacement occurred when
using four lamps at full power, with the next largest being for
two lamps at full power. Hence, the central deflection of the
reinforced plate under thermal load was not proportional to the
rate of energy supplied when the spatial distribution of the
energy supplied was also changed. A comparison of the re-
sults in Fig. 8(a) and (b) suggests that the larger central deflec-
tions are associated with thermal loading of a narrower region
of the plate and, therefore, a steeper gradient in the spatial
distribution of temperature in the longitudinal direction. This
agrees with early analytical work by Mansfield [23] and com-
putational predictions by Liu et al. [4] that suggested the buck-
ling temperature of a composite plate decreased with an in-
creasing in-plane temperature gradient. A likely explanation
of this behaviour is that the maximum temperature in the four-

Fig. 8 Point-wise displacement values at the centre of the plate as a
function of the corresponding temperature when heating the specimen
as a function of (a) the number of lamps and (b) the power output of
six lamps. For illustrative purposes, symbols were only included with the
plotted lines at 60 s intervals of loading. The displacements are relative to
the initial shape of the plate shown in Fig. 3 (convex towards the lamps)
and exclude rigid body motion

Table 1 Measured rate of temperature change and displacement at the
centre of the plate for each condition in the first 10 s of heating with rigid
body motion excluded from the displacement measurements

Nominal
temperature
distribution

Heating
condition

Initial rate
of
temperature
change
(°C/s)

Initial
displacement
rate (μm/s)

Initial
displacement/
temperature
gradient
(μm/°C)

Non-uniform 6 lamps 13.6 ± 5.1 117.6 ± 12.7 8.6 ± 2.5
4 lamps 10.7 ± 5.1 127.7 ± 12.7 11.5 ± 2.5
2 lamps 9.7 ± 5.1 97.9 ± 12.7 10.1 ± 2.5
1 lamp 4.0 ± 5.1 25.6 ± 12.7 6.4 ± 2.5
Mean 9.5 ± 5.1 92.2 ± 12.7 9.2 ± 2.5

Uniform 100%
Qiṅ

13.6 ± 5.1 117.6 ± 12.7 8.6 ± 2.5

57% Qiṅ 7.7 ± 5.1 72.0 ± 12.7 9.4 ± 2.5
27% Qiṅ 3.5 ± 5.1 32.2 ± 12.7 9.1 ± 2.5
6% Qiṅ 0.4 ± 5.1 5.3 ± 12.7 10.8 ± 2.5
Mean 6.3 ± 5.1 56.8 ± 12.7 9.5 ± 2.5

Fig. 9 Point-wise displacement of the centre of the plate as a function of
power supplied. The measurements presented were acquired at steady
state and rigid body motion has been removed
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lamp case is approximately the same as the six-lamp case (see
Fig. 6 bottom left panel); so, the local reduction in modulus
and local thermal expansion will be approximately the same in
the centre. However, the temperature towards the edge of the
plate is much lower in the four-lamp case (see Fig. 4 top left
two panels) so that the local reduction in modulus will be
smaller leading to a higher level of constraint and this renders
a local out-of-plane deflection at the centre more likely in the
four-lamp case, as seen in the measurements (see Fig. 8). Note
that the dynamic modulus of elasticity of Hastelloy X reduces
from 205 GPa at room temperature to 161 GPa at 760 °C [19],
which is a 20% reduction; while the mean coefficient of ther-
mal expansion increases by about 13%, from about 13.9 to
15.8 m/m °C [19], over the same range.

However, in experiments using nominally uniform heating,
the location and number of the heat sources was not changed;
hence, the same area of the plate was heated in every case,
causing the shape of the temperature fields shown in Fig. 4 to
remain similar. In this scenario, the central displacement is
proportional to the power supplied, except at the lowest level
of power supplied, as shown in Fig. 9. These results for the
out-of-plane deflection at the centre of an isotropic plate with
reinforced edges are similar those observed by Pan et al. [18]
for the dynamic behaviour of a thick honeycomb sandwich
panel subject to thermal loads. Pan et al. noted the central
displacement of the heated panel to be strongly dependent
on the temperature difference between the front and back sur-
faces of the structure. In the present study, it was not possible

Fig. 10 Point-wise temperature
measurements at the centre and
edges of the plate (top) when
heating the structure with 2 lamps
which results in the temperature
distributions shown (bottom) that
include the reinforced edges. The
temperature differences between
the point locations shown in the
top diagram are also shown. The
central displacement of the plate
with rigid body motion removed
is provided for comparative pur-
poses and symbols are shown for
illustrative purposes only
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to measure this temperature difference because the heating
lamps obstructed optical access to one surface of the plate.
However, the micro-bolometer was used to measure tempera-
tures on the top surface of the plate, perpendicular to its plane,
during one experiment using 4 lamps at full power. The results
showed the difference between the temperatures at the front
and back edges of the reinforced edge was less than 5% of the
temperatures measured on the front of the plate. This suggests
that additional mechanisms, to those postulated by Pan et al.,
are contributing to the deformation observed in this study.
Namely, that the maximum temperature at the centre of the
plate, shown in all of the spatial distributions of temperature in
Fig. 4, will lead to a larger thermal expansion in the centre
than at the edges, which in turn, will cause the plate to buckle
out-of-plane to accommodate this local expansion.

In addition, this is exacerbated by the thin plate heating up
more quickly than the reinforced-edge, due to the difference in
thermal capacities resulting from the difference in thickness;
so that, when the plate initially buckles, the reinforced-edge is
at a lower temperature and continues to expand due to its
rising temperature which relaxes the constraint on the thin
plate causing the magnitude of the out-of-plane displacement
in the thin plate to be reduced.

Some evidence for this is provided in Fig. 10 where point-
wise temperature values at the centre and edges of the plate,
when using two lamps, have been plotted as a function of
time. The centre of plate was always hottest and transverse
edge was always the coolest; however, the temperature differ-
ences between the plate’s centre and the longitudinal and
transverse edges are not constant and exhibit maxima that
occur shortly before and after, respectively, the maxi-
mum out-of-plane displacement. These differences drive
the differential thermal expansion and hence the in-
plane membrane stress; thus, when the temperature dif-
ferences are greater the buckling would be expected to
be greater and to decrease as the temperature differences
reduce to the steady state. This mechanism will operate
regardless of whether the initial shape of the plate is
convex or concave towards the heat source, as shown
by the results in Fig. 11 for the plate in both positions.

Hence, it can be concluded that the in-plane temperature
distribution had a significant impact on the magnitude and
shape of the deformation, with localised heating causing larger
deflections to occur. The finding that the behaviour is more
influenced by the distribution of the energy flux rather than the
mean magnitude of the flux is likely to be important in design-
ing the skin of structures subject to high heat fluxes. However,
other parameters including plate thickness, variation of me-
chanical properties of the material with temperature and resid-
ual stresses introduced during manufacturing, are all likely to
influence the behaviour. Nevertheless, the results from this
study will be relevant in cases, such as hypersonic flight,
where the thermal loading is cyclic and non-uniform, which

contributes to component fatigue and, eventually, ultimate
failure of the structure.

Conclusions

Thermal loading of an edge-reinforced thin plate has been
conducted using multiple configurations of heating lamps
and power outputs that achieved maximum temperatures of
around 700 °C. Full-field displacement and temperature data
were concurrently acquired while thermally loading the plate
for 10 min and during this time period the temperature rose
from room temperature to an approximately steady state tem-
perature in about 200 s. The results showed that the reinforced
plate behaved as a dynamic system in response to this thermal
loading with a post-buckled shape that was dome-shaped.

It was observed that the plate deformation was not propor-
tional to the amount of energy supplied to the plate but depen-
dent on the in-plane temperature distribution because heating
of narrow sections across the plate appear to induce substantial
compressive membrane stresses that caused out-of-plane
buckling. This correlates well with predictions from
Mansfield [23] and Liu et al. [4].

Full-field data suggested this behaviour to be at least par-
tially associated with the evolution of temperature difference
between the thin plate and its reinforced edges during the
loading. The decrease in this temperature gradient reduced

Fig. 11 Point-wise measurements of centre displacement, with rigid body
motion removed, for the plate in its original orientation (square markers)
with the initial shape convex towards the lamps, as in Fig. 3, and rotated
by π about its transverse axis (diamond markers) with the initial shape
concave toward the lamps
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the differential thermal expansion and hence relaxed the con-
straint imposed by the reinforced edges on the thin plate,
which sprung back until it reached a stable state.
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