
J O U R N A L O F M A T E R I A L S S C I E N C E 4 0 (2 0 0 5 ) 1929 – 1935

A thermal imaging technique for studying crack
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A thermal imaging system has been used for monitoring fracture in wood under both static
and fatigue torsional loading. The thermal images of softwood test-pieces containing a
knot under torsional loading predicted the cracking time and crack position that agreed well
with visual observation. The thermal images obtained under torsional fatigue loading
indicated a temperature increase during the unloading part of a loading cycle, which meant
that thermal energy was dissipated during the relaxation stage of the loading cycle. The
maximum temperature reached also increased as the loading cycles increased. Results
from thermal images of a softwood indicated that the earlywood exchanged more thermal
energy than latewood. Optical microscopy and SEM confirmed that in earlywood the
region near a growth ring is the weaker area. For all the test pieces, whether softwood or
hardwood, with or without a knot, the hotspots revealed during thermal imaging appeared
before the load dropped sharply and these were confirmed to be the positions for crack
initiation. This shows that it is possible to predict and depict failure and its progress using
thermal imaging techniques. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
It is known that when wood test pieces are loaded ei-
ther statically or under fatigue conditions, there will
be a change of stored energy when the test-pieces are
loaded, unloaded, starting to fail or failing by the nucle-
ation, development and propagation of flaws [1]. It has
been reported that there is a decrease in the hystere-
sis energy during the cyclic torsional testing of both
softwood and hardwood [2] and that some of this en-
ergy is dissipated as surface and sound waves when the
test pieces are loaded in bending, torsion or tension [2–
5]. The released energy deriving from microcracking
will cause a small increase in the temperature of the
test-piece. According to the Plank radiation law [6], a
certain amount of emitted energy will be at a maxi-
mum level in the thermal region of the electromagnetic
spectrum. This invisible radiation can be detected by a
thermal camera and the information about the temper-
ature distribution in this area at a given instant can be
measured and shown as a thermal image, with different
colour distributions corresponding to the temperature
distribution. By measuring the temperature distribu-
tion in a thermal image at a given instant, significant
changes taking place in the wood, such as localised hot
spots at places where microcracks are forming, can be
monitored.

The thermal phenomenon can also be described by
the heat conduction equation [7]:

ρCα Ṫ + div q = D1 + r + ρT
∂2ψ

∂αj∂T
α̇j, (1)

where,

ρ: the mass density
Cα: the heat capacity when (αj) j = 1, . . . , n
αj: internal state variables ( j = 1, . . . , n). If the load is

in elastic stage, α1 = εe (an elastic strain tensor)
q: the heat influx
r : the external heat supply
D1: the intrinsic dissipation; or heat source.
ψ : the specific free energy ψ (T , αj)
T : absolute temperature
D1ρT ∂2ψ

∂α j ∂T α̇ j : the dissipation energy associated to the
state variables (αj), j = 1, . . . , n

So in the elastic stage, the dissipation energy will
change as the elastic strain tensor εe changes. During
elastic loading there is an increase in αj which leads to
a decrease in the dissipation energy and a temperature
decrease. When a material loses elastic strain energy
at locations where cracking begins, the internal state
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variable αj decreases and this causes a localized tem-
perature increase. This energy conversion changes the
thermal radiation emitted from the sample.

The early thermal imaging technology was mostly
used in military applications after the first infrared de-
tector appeared in 1830 [8]. With advances in technol-
ogy in the 1990s, particularly in thermal imaging sys-
tems when high-resolution focal plane arrays (FPAs)
and uncooled FPAs were introduced, the applications
for thermal imaging systems have been developed into
the other areas such as the method of determining the
spatial distribution of heat in objects, material inspec-
tion by monitoring temperature disturbance caused by
defects, and nondestructive testing where heat is ap-
plied in a periodic fashion, etc. [9].

The main thermography methods for NDT are called
pulse [10–12], heating up and lock-in [13] thermogra-
phy. Using lock-in thermography, Sembach et al. [14]
detected 19 mm wide drilled slots at a depth of 4–5 mm
beneath the surface of medium density fibre boards
and chip boards respectively, and were able to sep-
arate badly laminated from correctly laminated chip-
board. Wu and Busse [15] detected 4 mm diameter
holes beneath the substrate of different wood species,
and knots in the substrate beneath a 2 mm thick ve-
neer with the same methods. Using heating up ther-
mography Xu et al. [16] detected 0–50 mm large areas
without glue with a contrast up to 0.7◦C beneath 1.3–
3 mm thick surface layers of white Seraya. Berglind
and Dillenz [17] also detected the glue deficiency in
laminated wood with this technology. All these meth-
ods above need controlled heat injection to produce
radiation.

Some research using thermal imaging without heat
injection has been done by Chrysochoos et al. [7, 18]
who have studied the localization mechanism in steel
under static and fatigue tensile loading. They used a
thermal camera to monitor the testing process directly
without heat injection. They observed the release of the
stored energy or heat dissipation during elastic unload-
ing (reversible path), or after deformation [18]. Using
infrared thermography and speckle techniques, they de-
termined a link between the distribution of heat sources
and the strain rate fields on the surface of steel sam-
ples during monotonic tensile tests [19]. Bardet [20]
used the same thermal imaging technology for moni-
toring the energy changes in wood under cyclic tensile
loading. She reported that the dissipation of thermal
energy would decrease with an increase in cycle num-
ber and decrease in deformation rate. This informa-
tion provided a basis for a research programme to use
thermal imaging techniques to monitor and identify the
effects of defects such as knots, localized changes in
grain orientation and other structural discontinuities on
the fracture process during static and torsional fatigue
loading.

2. Materials and testing methods
A thermal imaging camera was used to monitor crack
nucleation and propagation during torsional loading.
Initially the effect of knots on the fracture of the soft-
wood, Scots Pine was investigated using round cross-

Figure 1 A diagram of the test-piece shape and the area viewed during
static torsional testing of a softwood containing a knot.

Figure 2 The arms of the fixture connected to the moving ram and load
cell of a DARTEC tensile testing machine.

section test-pieces 20 mm diameter and 200 mm long
(Fig. 1). An AGEMA-880 thermal camera connected to
a computer was used in the early stages of this research.
The distance between the sample and camera was set
at either 190 mm or 500 mm and the thermal camera
speed was 2 pictures per second. The test-pieces were
coated with oil gloss grey paint with a high emissivity
at 20◦C. A DARTEC tensile testing machine was used
for the preliminary work with an attached rig (Fig. 2),
which adapted the tensile operation of the equipment to
give torsional loading [2]. In later experimental work a
special portable rig for applying torsional loading was
designed. The design of this rig comprised a square
cross-section sample grip fixed to the bed frame with
the other grip connected to a moving arm. The moving
arm derived its motion from a connecting arm attached
to an eccentric wheel on a motor at one end and to the
bed frame through a bearing at the other end. A slot in
the moving arm made the arm’s connecting point mov-
able in order to change the load. A strain gauge proving
ring in the middle of the connecting arm was used to
measure the load during the test. In this later work,
hardwood (Red Lauan) and softwood (Sitka Spruce)
test-pieces with a rectangular cross-section were used.
This made it easier to capture the thermal images dur-
ing torsional loading. For the later experimental work
a faster thermal camera CEDIP was used for imaging.
The camera speed was set at 30 pictures per second
and 150 pictures per second. The distance between the
sample and camera was 500 mm. The change of load
with time during tests using the two camera speeds were
monitored and recorded by computer and XY recorder
and the data was processed using a programme written
with MATLAB software.
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3. Results
3.1. Monitoring the static torsional testing

of a softwood containing a knot using
an AGEMA-880 thermal imaging
system

Captured thermal image data for increasing times af-
ter loading commenced are shown in Figs 3, 4 and 5
in order of increasing time. The scale of these pictures
is 16:1, and the legend to the right of these pictures
is absolute temperature. The load speed was set at 0.5
degrees of twist angle per second. These figures show
that when a crack appears, there is a temperature change
around part of the knot. It has been confirmed that the

Figure 3 Thermal image of a softwood with a knot under static torsional
loading after loading for 6 s. The spectrum to the right is in absolute
temperature.

Figure 4 Thermal image of a softwood with a knot under static torsional
loading after loading for 8 s. The spectrum to the right is in absolute
temperature.

Figure 5 Thermal image of a softwood with a knot under static torsional
loading after loading for 8.5 s. The spectrum to the right is in absolute
temperature.

Figure 6 A softwood testpiece containing a knot showing the crack path
around the knot.

Figure 7 The temperature produced by thermal radiation and the shear
stress as a function of testing time, for the static torsional loading of a
softwood with a knot.

position where the temparature change occurred cor-
responds with the location of cracking (Fig. 6). These
thermal images provide information that visualises the
process of crack initiation and development under tor-
sional loading.

The temperature at the point (115,70) within the
cracked area in Figs 3–5 has been measured. The
changes in temperature and shear stress in the test-piece
with increasing time is shown in Fig. 7. There is a small
temperature increase when the test-piece is loaded and
when a crack appears, the temperature of the measured
point increases more. This phenomenon confirmed that
there is some thermal energy dissipation during loading
and cracking of the test-piece. The dissipating thermal
energy belongs to the energy that is released when the
material fails or starts to fail by the nucleation, devel-
opment and propagation of flaws. Both Figs 6 and 7
show that a torsional crack forms, with an orientation
at 30◦–60◦ with the twist axis, at the interface between
a knot and the clear wood.

3.2. Thermal imaging experiments for a
hardwood test-piece having a 0◦ grain
angle (parallel to the twist axis) and
loaded in static torsion

Figs 8, 9 and 10 show the fracture process in a hard-
wood test-piece under torsional loading. The load speed
was set at 5.2 degrees of twist angle per second. At
the start of loading a “hot-spot” at coordinate posi-
tion (115, 75) appeared (Fig. 8). The position of the
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Figure 8 Thermal image of a hardwood with a 0◦ grain angle under
static torsional loading after loading for 2.833 s. Picture scale: 3.2:1.
The temperature spectrum to the right is in Celsius.

Figure 9 Thermal image of a hardwood with a 0◦ grain angle under
static torsional loading. Testing has run 2.867 s. Picture scale: 3.2:1. The
temperature spectrum to the right is in Celsius.

Figure 10 Thermal image of a hardwood with a 0◦ grain angle under
static torsional loading. Testing has run 3.167 s. Picture scale: 3.2:1. The
temperature spectrum to the right is in Celsius.

“hot-spot” shown in Fig. 10 corresponded with the po-
sition of crack nucleation. A comparison of the curve of
temperature versus time with the curve of shear stress
versus time (Fig. 11) shows that before the load reaches
a maximum level, the temperature of the “hot-spot” has

Figure 11 The temperature of the deep red spot, the average temperature
produced by thermal radiation and shear stress as a function of testing
time for static torsional testing of hardwood with a 0◦ grain angle. The
points at time 0.25 s and 3 s indicate crack nucleation.

increased. This abrupt increase in the temperature of
the “hot-spot” with time indicates crack initiation well
before final failure.

It indicates that the thermal behaviour observed here
presages the crack nucleation. Fig. 11 also compares
average temperature with the temperature of the deep
red spot in Figs 8–10 with increasing time. This shows
that the temperature in the position where the cracking
begins is higher than the average temperature from the
start of the test. So the thermal imaging also foretells
the site of crack development.

3.3. Thermal imaging experiments for a
softwood test-piece having a 45◦ grain
angle and loaded in static torsion

For a softwood with a 45◦ grain angle, the positions
in the earlywood where the temperature was measured
are the points (85, 60) and (95, 60) in Figs 12–14. The
cracking position where the temperature was measured
is the point (115, 60) in Figs 12–14. The temperatures
of both the earlywood, the position where cracking oc-
curred and shear stress values, respectively, versus time
have been plotted in Fig. 15. The load speed was set at
2.6 degrees of twist angle per second. It shows that
there is more thermal energy radiating from the early-
wood part of the growth ring than in the latewood before

Figure 12 Thermal image of a softwood with a 45◦ grain angle under
static torsional loading. Testing has run 0.333 s. Picture scale: 3.0:1. The
temperature spectrum to the right is in Celsius.
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Figure 13 Thermal image of a softwood with a 45◦ grain angle under
static torsional loading. Testing has run 1.140 s. Picture scale: 3.0:1. The
temperature spectrum to the right is in Celsius.

Figure 14 Thermal image of a softwood with a 45◦ grain angle under
static torsional loading. Testing has run 1.193 s. Picture scale: 3.0:1. The
temperature spectrum to the right is in Celsius.

Figure 15 The temperature at the cracking position, the temperature in
the earlywood, the average temperature produced by thermal radiation
and shear stress as a function of testing time for static torsional loading
of the softwood with a 45◦ grain angle.

the crack appears. Observations of the softwood test-
piece, after torsional loading, using Scanning Electron
Microscopy showed that cracks tend to form in the ear-
lywood near a growth ring (Fig. 16). Since the sample’s
face was not perfectly normal to the thermal imaging
direction during testing, the thermal imaging system

Figure 16 SEM photo of the cross-section of a softwood that has been
tested under static torsional loading.

detected more dissipation energy in the sample’s left
side than the right side as shown in Figs 12–14. The
cracking position was just at the right hand side of the
sample. Consequently the temperature at this position
is lower than the average temperature for most of the
time before the load reaches its maximum level. But
Figs 12–14 still show that cracking takes place in the
earlywood.

3.4. Thermal imaging experiments for a
hardwood test-piece having a 45◦ grain
angle and loaded in cyclic torsion

Fig. 17 shows the change in average temperature ver-
sus test time compared with changes in shear stress
with time for a hardwood having a 45◦ grain angle. The
rate of load cycling was always less than 32 cycles per
minute (0.53 Hz) under unidirectional (pulsating) load
with twist angle control mode. The twist angle for each
cycle test was 4.2◦ . The temperature was measured at
point (25, 60) in Figs 18–20 where a “hot spot” ap-
peared and which eventually developed into a crack.
It indicates that there is a large temperature increase
which presages cracking, in the cycle before cracks are
observed. It also indicates that the temperature will go
down when the sample is loaded and will rise when
the sample is unloaded. The maximum temperature for
each load cycle will increase with cycle number before
cracking takes place, which means that with increasing
cycles, more thermal energy is dissipated. This result

Figure 17 The temperature in the crack position produced by thermal
radiation and the shear stress as a function of testing time for cyclic
torsional loading of the hardwood with a 45◦ grain angle.
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Figure 18 Thermal image of a hardwood with a 45◦ grain angle under
cyclic torsional loading. Testing has run 1.333 s and is in the first loading
cycle. Picture scale: 3.0:1. The temperature spectrum to the right is in
Celsius.

Figure 19 Thermal image of a hardwood with a 45◦ grain angle under
cyclic torsional loading. Testing has run 5.333 s and the specimen is
just unloaded from the third loading cycle. Picture scale: 3.0:1. The
temperature spectrum to the right is in Celsius.

Figure 20 Thermal image of a hardwood with a 45◦ grain angle under
cyclic torsional loading. Testing has run 6.666 s and a crack has prop-
agated. Picture scale: 3.0:1. The temperature spectrum to the right is in
Celsius.

agrees with those obtained from test monitoring using
acoustic emission, where the acoustic energy dissipated
from the sample will increase with cycle number when
failure approaches [2].

TABLE I The influence of various factors on the localised temperature
changes in wood under torsional loading

Factors influencing the temperature Temperatures change
produced by the thermal radiation +: Temperature increase
from the test-piece surface −: Temperature decrease

Elastic loading −
Elastic unloading +
Internal friction +
Crack propagation

Friction due to rubbing +
Unloading +

Microcracking +

4. Discussion
Using a thermal imaging approach, the influence of var-
ious factors on localised temperature changes is sum-
marised in Table I. It shows that elastic unloading, in-
ternal friction, microcracking, relaxation unloading and
crack propagation will lead to a temperature increase,
whereas elastic loading and relaxation loading will re-
sult in a temperature decrease.

For both the softwoods with and without a knot dur-
ing static loading, before a maximum load is reached,
the localised temperature at the crack position decreases
or remains constant and then sharply increases as crack-
ing begins (Figs 5, 7, 11 and 15). It is well known that
the formation of a crack leads to an overall elastic-
energy decrease. The heat conduction Equation 1 shows
that the value of the internal state variables αj increases
during elastic loading (in the same way that the elastic
strain tensor εe increases when the sample is loaded),
which results in a decrease in the dissipation energy. As
a consequence the local temperature of a test-piece at
the crack will decrease. After cracking, the internal state
variables αj will decrease strongly (the strain tensor
εj and internal state variables will decrease strongly).
So the dissipation energy will increase and the sur-
face temperature of the sample rises. The value of the
temperature increase after cracking has occurred will
be much bigger than the value of the temperature de-
crease before cracking, because the value of the in-
crease in the tensor εj and other internal state variables
during a steadily increasing load, are relatively much
smaller than the reduction in the values of the internal
state variables during cracking. So the relatively large
increase in temperature during or after cracking can
be used to determine whether any cracking has taken
place.

Persson [21] listed the elastic parameters for early-
wood and latewood in the softwood, Norway Spruce.
His data shows that latewood has a higher stiffness than
earlywood, which means that latewood needs more en-
ergy than earlywood to achieve the same strain. This
will make the internal state variables αj in Equation
1 for latewood higher than those for earlywood, so
that latewood dissipates less energy than earlywood.
This is why the earlywood shows a larger tempera-
ture increase than latewood during torsional loading
(Figs 13–14). For hardwood, it is probable that the
stiffness difference between earlywood and latewood
is small, so the temperature difference for earlywood
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and latewood is not so discernible during torsional
loading.

For test-pieces under cyclic torsional loading, the sur-
face temperature of a sample changes in two ways. On
the one hand, the temperature will decrease and increase
as samples are loaded and unloaded elastically at each
loading cycle (Fig. 17). A similar phenomenon has been
reported by Bardet [20] during the tensile fatiguing of
wood. This can be explained by Equation 1 because an
increase and a decrease in the internal state variables
αj leads to a temperature decrease and increase. On the
other hand, the maximum temperature of each cycle in-
creases with increasing cycle number, possibly because
of a relaxation of the sample, or internal friction. This
will cause the internal state variable αj to reduce and
the dissipation energy increase.

Since the temperature increase often happens when
the sample is unloaded, the onset time for a localised
temperature increase always lags behind the actual on-
set time for crack nucleation and propagation. This
method can be used for recording the process of fail-
ure and to determine the position of the crack. But this
method cannot record or predict the actual time of fail-
ure. Comparing this method with the acoustic emission
(AE) technique it should be noted that the AE can record
the onset time of crack nucleation but cannot record the
position of the crack [2].

5. Conclusions
1. In static torsional testing of wood, the temper-

ature change produced by thermal radiation will de-
crease a little when a sample is loaded but increase
quickly after cracking takes place. The thermal imaging
picture can display the origin of crack nucleation and
the progress of crack propagation. The thermal imag-
ing of softwood indicated that earlywood exchanged
more thermal energy than latewood. It is confirmed by
SEM that earlywood near the growth ring is the weaker
area.

2. The thermal imaging of softwood containing
knots shows that there is a change of temperature dis-
tribution around the areas of crack formation during
failure. The areas of temperature change corresponded
to the crack position.

3. The thermal imaging of wood under torsional fa-
tigue loading shows that the temperature will decrease
when the sample is loaded and it will increase when
the sample is unloaded. The maximum temperature
reached will increase with loading cycle, which means
that there is thermal energy dissipation during the re-
laxation stage. The crack position will dissipate more
thermal energy than other places in the early cycles be-
fore the loading cycle which leads to failure. The ther-
mal imaging of softwood under cyclic torsional loading
also showed that the earlywood dissipated more energy
than latewood.

4. The hot spots in both softwood and hardwood un-
der static or fatigue torsional loading were confirmed
to be cracking positions. This shows that it is possible
to predict failure using thermal imaging.
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