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The authors report on the development of a step-heating infrared thermography method for nondestructive
evaluation of a cast-iron Buddha head made in the Song Dynasty (AD 960-1279) in China. In particular, this
method measures the wall-thickness distribution, which can be used as an indicator for the condition of the
object. Unlike other areas of analysis, inspection of cultural relics requires special attention to safety. To avoid
the heat shock associated with traditional flash thermography, a step-heating method with a mild heating

process is considered to be more acceptable for evaluating cultural relics made from various materials. Before
application to inspection of the Buddha head, a numerical analysis and experimental tests were performed to
verify the accuracy of this step-heating thickness measurement method. Finally, thickness images of the Buddha
head were acquired and analyzed. The step-heating thickness measurement method has a high accuracy and can
be safely used for inspecting cultural relics.

1. Introduction

China has a long and unique history preserved in countless cultural
relics. Therefore, protecting this inheritance is important. Most relics
need to be non-destructively inspected and evaluated before a reason-
able preservation plan can be developed. Many nondestructive eva-
luation techniques have been applied in this area. For example, X-ray
diffraction (XRD) has been used to analyze the mechanism of corrosion
of metallic relics, examine weathering products of stone, and sometimes
to analyze materials of paintings [1]; Radar, ultrasonic and impact-echo
analyses have been applied to inspect concrete and masonry structures
[2]; and Raman spectroscopy is capable of detecting stratification of
artworks [3]. In some circumstances, minimal destructive analysis of
relics is allowed to obtain important information required to better
protect the object; however, in most instances, the testing methods
must be nondestructive and preserve the sample. Thus, many common
contact techniques are not appropriate for evaluating relics.

Thermal imaging is a non-contact and nondestructive method,
which can determine the subsurface structures or defects of objects by
analyzing their surface temperature variation and distribution. This
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technique has been successfully applied to many areas, such as aero-
space, petroleum and petrochemical, electric power, and construction
[4-8]. In recent years, thermal imaging has been applied to studying
cultural relics [9], focused mainly on ancient architecture [10], rocks
[11,12], paintings [1,13-16], wooden and metal objects [17-20]. For a
test object in thermal equilibrium with its surroundings, a kind of
controlled excitation is needed to generate thermal signatures related to
the internal material. This process is usually termed active infrared
thermography. Many excitation methods have been developed in-
cluding flash lamps, lasers, halogen lamps, LED lamps, eddy currents,
and ultrasonic pulses [14-23]; among these flash lamps are most
commonly used for both qualitative [15] and quantitative [24-27] in-
spections. However, a flash lamp supplies a large amount of energy in a
short time period, e.g., 1-5ms [28]. This impulse may cause a tem-
perature increase of tens to more than a hundred of degrees at the
heated surface, which can be harmful to precious objects. In addition, a
flash lamp requires a large and heavy power supply, which makes it
inconvenient for field applications. By comparison, step-heating
methods, e.g., based on a halogen lamp, provide a mild heating process
that is more appropriate for evaluating cultural relics in field
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conditions. Besides the step-heating, there are other excitation methods
which provide low heating intensity, such as lock-in and others, al-
though they require substantially more instrumentation [14,17,22].

With regard to metal artifacts, corrosion monitoring [20], manu-
facturing processes [19], ancient materials [18], and condition eva-
luation [18-20] have become hot topics of research. These aspects are
often interrelated with each other. This study aims to develop a step-
heating infrared thermography method for measuring the wall-thick-
ness distribution of a cast-iron Buddha head made in the Song dynasty
(About 1000 years ago). Cast-iron technology was developed more than
a thousand years earlier than that in Europe [29]. Among artifacts
produced in the 1400 years from the beginning of the Northern and
Southern Dynasties (AD 420-589) to the middle of the Qing Dynasty
(CE 1616-1912), a total of 619 pieces of ancient large-scale cast iron
have been studied to date, of which 22 are extra-large weighing more
than 10 tons [30]. These include Buddha statues, portraits, lions, cows,
clocks, towers, stoves, and cannons. Most of the artifacts are iron
castings with irreplaceable artistic value. The quality of the art work
and casting technology level are very high. China’s large cast-iron
cultural relics are also the first of their kind in the world [29,30]. As a
physical parameter that indicate the condition of these relics, the wall-
thickness distribution and its measurement are meaningful for both
cultural relic preservation researchers and for investigating ancient
casting processes. For preservation purposes, if the wall thickness of the
Buddha head is known, it is possible to avoid concentration of force in
thinner areas during transportation and to develop targeted preserva-
tion plans. Additionally, investigations of ancient casting processes can
provide more information on these ancient artworks. However, safety is
always the most important thing for cultural relics inspection. Although
the advantage of the low heating intensity in the step-heating method is
less important for evaluating cast-iron objects, the developed method
may also be applied to evaluate other cultural relics made from other
materials that are more sensitive to temperature changes.

This paper is organized as follows. In the next section, the step-
heating thickness method is introduced. Its precision was verified by
analytical simulations and experimental testing. Then, the method was
applied to measure the wall-thickness distributions of a cast-iron
Buddha head and the effectiveness of the method was discuss.

2. Methods
2.1. Principle of step-heating thermography

The transmission step-heating setup applied in this study is shown
in Fig. 1. In the basic test configuration, the sample is a semi-infinite flat
plate with a thickness L and the infrared camera and the heating source
are placed at either side of the sample. The heating source supplies a
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Fig. 2. Ideal intensity variation of a step-heating source.

step-heating excitation to the back surface at z = L, while the infrared
camera captures the temperature transient of the front surface at z = 0
before and after the heating. The start heating time is set to be zero.
When heating starts, the temperature of the heated surface increases
instantly; the energy then conducts to the inner areas; and finally
reaches the other side of the sample to be detected by the infrared
camera. Because most of the heat conduction occurs in the depth di-
rection, a 1D formulation can be used to model this heat transfer pro-
cess.
The governing equation for heat conduction within the sample is:

T 1)
P T

3T (z, t)

k
0z?

@
where z is the depth direction of the sample, as shown in Fig. 1, p, c, k
are respectively the density, specific heat, and thermal conductivity of
the material, and T (z, t) is the temperature at depth z and time t. The
authors further assume that the initial temperature of the sample is zero
T(z,0) =0, (0 <z <L) and all the boundaries are insulated.

For perfect step-heating with a heat flux F, as shown in Fig. 2, its
formulation is:

F() = {Fo, (t>0)

0,(t<0)’ @)

The function of the temperature variation with time and depth can
be derived from the governing Eq. (1) and the initial and boundary
conditions [31]. After a step-heating source was applied to the back
surface of the sample, the temperature of the front surface can be ex-
pressed as [32],

Y4

L

Heating Source

Fig. 1. Schematic diagram of the experimental system.
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Table 1
Parameters of the stainless steel used in the ANSYS analysis.
Conductivity Specific heat Density
W/(mK) J/(kgK) kg/m?
Stainless steel 14.2 489 7930
RL| « 1 2« (- n2rat
T(O,t)z[t——z exp| — .
2 2 2 2
k L 6 T el n L (3)
Setting % = f, and % = f;, Eq. (3) can be rewritten as:
1 2 & (-
TO, 0 =f|ht—= -5 D S exp(=fnPr)|.
6 7.5 N ()]

This function has four parametersF (T, t, f;, f,). The temperature T
and time ¢t can be obtained from an experiment or a numerical simu-
lation, and f;, f, can be calculated by a nonlinear fitting method, as
described in [33]. Once f, is determined, the thickness L becomes
known with a given thermal diffusivity «a, or vice versa.

2.2. Analytical validation

To validate the accuracy of the step-heating thickness measurement
method under ideal circumstances, a finite element analysis was per-
formed using the ANSYS software. For consistency with the real test
sample, a stainless-steel material was applied here. The material para-
meters used in the simulation are shown in Table 1. Six models with
different thicknesses varying from 5 to 50 mm (see Table 2) were built
and calculated. As shown in Fig. 3, the modeled geometry was a square
plate with a lateral width 5 times as great as the thickness for each
model. Therefore, the grid length became larger as the thickness in-
creased, and surface refinements were applied to all the models. The
heat flux was 2500 W/m? in all simulations.

The duration of the simulations was dependent upon the plate
thickness. According to our previous experimental work, if the data
acquisition length (or duration) is longer than the half-rise time ,,
which is 0.14L%/a, the fitting results will not be notably affected [33]
(here the thermal diffusivity a can be obtained with the parameters in
Table 1: a = k/pc = 3.66mm?/s). Therefore, the calculation lengths for
all models (except for M6, which was equal to ,,) were set to be 2
times as long as 4,,, based on their own thickness.

The temperature-time data of the unheated surface calculated from
the six models were fitted with Eq. (4) based on the nonlinear fitting
algorithm described in our previous work [32,33]. As shown in Fig. 4,
excellent fittings were obtained for the calculated data of all models.
From the fitted parameter f, = a/L? and the known thermal diffusivity
a = 3.66 mm?/s, the thicknesses of all models were calculated and are
listed in Table 2.

As Table 2 shows, all the fitted thicknesses had high accuracy with
errors no greater than —0.3%. Furthermore, the error of the result was
stable, and not influenced by the thickness of the object. Thus, the
method should be reliable for testing thick objects.

2.3. Experimental validation

In the experimental setup, a cooled infrared camera SC4000 whose
parameters is listed in the Table 3 was used. A 500-W halogen lamp was

Table 2

Fitting results of analytical data.
Real thickness (mm) 5 10 15 20 30 50
Fitted thickness (mm)  4.99 9.99 14.99 19.96 29.94 49.86
Error (%) -0.20 -0.10 -0.07 —-0.20 —-0.20 -0.28
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Fig. 3. Example of model and resulting images from ANSYS analysis.
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Fig. 4. ANSYS results and their fitting curves of models.
Table 3

Parameters of the infrared cameras used in this study.

Camera SC4000 VarioCAM hr
Detector Cooled Uncooled
Focal plane array size 320 x 256 640 x 480
Spectral range 3-5pum 7.5-14 um

25 mK nominal or
18 mK at typical situation

NETD 30 mK (@30 °C)

24.08 mm

17.76 mm 11.38 mm 5.09 mm

127 mm >

wuw ¢

Fig. 5. Schematic diagram of the sample.

used as the heat source. A stainless-steel (SS304) step-wedge sample
was used in this experimental validation. As illustrated in Fig. 5, the
sample had four different thicknesses: i.e., 5.09, 11.38, 17.76, and
24.08 mm. Because the surface of the sample had a low infrared
emissivity and high optical reflection, a very thin graphite coating (< 1
um) was applied to both sides of the sample surface to improve emis-
sivity. According to the literature, the thermal diffusivity of SS304 is
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3.66 mm?/s at room temperature [34,35]. In the experiment, the frame
capture rate and the total test duration were balanced for the different
sample thicknesses. This is because the speed of the temperature rise on
the imaged surface is inversely related to the sample thickness. Thus,
narrow steps require a high capture rate and short capture time,
whereas thick steps require a long capture time and low capture rate.
To balance these factors, the infrared camera frequency and the capture
duration were set to 200 Hz and 25s for each experiment; a total of
three experiments were performed.

Compared with the ideal step-heating source, Eq. (2), the halogen
lamp used in the experiment required a long time (tens to hundreds of
milliseconds) to reach to a constant light intensity as shown in Fig. 2.
This intensity rise time of the real heat source affected the surface
temperature, which in turn affected the thickness measurements.
Therefore, the surface temperature expression in Eq. (4) for an ideal
step-heating source should be corrected according to the real heating

curve:
F(t) = Fp(1 — e™"?), ©)]

where p is the temperature rising time of the heating source. Our pre-
vious work has also derived this corrected surface temperature ex-
pression as [31]:

T, 1) =f{f,t— é - pf,(1 —etP)

_zi

n=1

e—nzﬂzfzt

(_1)n _pf e,t/p }
1 - n’n’pf, | n’n? ? (6)

The experimental data were fitted with Eq. (6) and the fitting curves
for four representative points are illustrated in Fig. 6. At the two thinner
steps, the energy penetrated at short times and the temperature in-
creased rapidly. At the two thicker steps the temperature changed more
slowly and failed to reach the linear domain at the end of the 25-s data
acquisition time. The experimental data length in the fitting process
was 2 times as long as 4, for the three thinner steps but only 1 times as
long as 4, for the thickest step (f/, =22.25). After fitting each pixel of
the data, the thickness image was obtained, as shown in Fig. 7. The
center area, illustrated as a white square in Fig. 7, was selected to
calculate the average predicted thickness for every step and the results
are listed in Table 4. The predicted thickness for the thinnest step had
the largest error of 5.09%; the error decreased sharply for the second
thinnest step to 1.4%; and the error decreased to —0.1% for the thickest
step. Thus, the results were reasonable for all the steps and particularly
thicker ones. Notably, the error behavior is unlike that of flash ther-
mography, where measurement accuracy degrades with sample thick-
ness. The increase of the measurement error for thinner steps was due

5.09mm

11.38mm

T(°C)

17.76mm

24.08mm

15 20 25

10
t(s)

Fig. 6. Experimental data for the step-wedge sample.
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Fig. 7. Measured thickness image of the step-wedge sample (unit of thickness
scale in mm).

Table 4

Predicted thickness and error analysis for the step-wedge sample.
L (mm), real 24.08 17.76 11.38 5.09
Predicted 24.06 + 0.25 17.96 + 0.06 11.54 = 0.08 5.38 = 0.04
Error (%) -0.1 1.1 1.4 5.6

to the assumption of a constant heating time p. However, detailed
measurements show that the real heating curve near t = 0 is not
modeled well by a constant p in Eq. (5). Additional studies on this as-
pect are underway and the results will be published elsewhere.

3. Buddha head application

Fig. 8a shows a picture of the cast-iron Buddha head made in the
Song Dynasty, which now belongs to the Palace Museum in Beijing,
China. The high quality of the sculpted art and casting technique give
this particular artifact a high historical heritage value. This Buddha
head is approximately 35 cm long and the diameter of its cross section is
approximately 20 cm. The maximum thickness is approximately 3 cm
[36]. Overall the sculpture is in good condition; however, some surface
areas have minor rusting. The head has a hollow structure and the wall
thickness ranges from several to tens of millimeters according to the
features of the head.

In this experiment taken in the Palace Museum, a 14 cm long 800 W
halogen light tube was used as the heat source, since the light intensity
will affect only the fitting parameter f, in Eq. (6) which has no influence
to the accuracy of the thickness measurement derived from the fitting
parameter f,. The Buddha head was excited from the inside surface
[37]. A portable uncooled camera VarioCAM hr was used to capture the
temperature variation of the outside surface. Its parameters are listed in
Table 3. The capture rate in this experiment was 50 Hz and the test
duration was ~ 6. Fig. 8b shows a typical raw thermal image from the
experiment. Such images can be used for qualitative assessment of the
wall-thickness variation because thinner sections of wall will transfer
heat more quickly giving a faster temperature rise. Thus, a temperature
difference should be apparent between the thin and the thick areas.
Fig. 8b shows that some areas, such as the temple, the corner of the eyes
and the mouth, and the forehead are thinner, whereas other areas such
as the nose, the face, and the chin were thicker. Because the light source
was not long enough to reach fully inside the artifact, the temperature
of the crown area changed little.

The transmission step-heating thermography data, as illustrated in
Fig. 8b, might also produce quantitative results of the wall thickness
based on the aforementioned method. After fitting every data pixel with
the theoretical Eq. (6), the thickness distribution over the entire imaged
surface was obtained. Because the authors were not able to get an ac-
curate diffusivity value of this old material, here the ordinary thermal
diffusivity of the cast iron at 17.03 mm?2/s was applied [35]. Fig. 8c
shows the calculated wall-thickness image of the Buddha head. There
was a wide range of thickness variation for this Buddha head, from less
than 2 mm at the corners of the eye and mouth, the temple, and fore-
head areas, to more than 25mm at the nose area. Fig. 9 shows the
experimental and fitting curves at three representative points from the
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Fig. 8. (a) Photograph, (b) raw thermal image and (c) thickness image of the front view of the Buddha Head (thickness scale in mm).

corners of the eye (P1), face (P2) and nose (P3) area. For P1 which
represents a thin area, the raw data fluctuated more than those at the
other two points. This result can be attributed to two reasons. First, rust
effects the diffusivity in a different way to the substrate material (i.e.,
cast iron). For thick areas, the thin surface layer of rust can be neglected
but for thin areas it has a greater effect. Another reason for the fluc-
tuation is lateral thermal diffusion. The temperature of thin areas is
higher than that of surrounding thick areas; hence, as time passes the
temperature difference rises and lateral diffusion becomes more pro-
nounced. For this reason, the temperature at P1 was lower than ex-
pected at end of the test. The point P2 in Fig. 9 shows a perfect fitting
state. However, the temperature rise at P3 was only 0.1 °C. This result
indicates that the 6-s test duration was too short to resolve the thickness
at the top of the nose area, which was even thicker than that at P3. This
result is agreement with the estimate maximum thickness (3 cm) of the
Buddha head.

Fig. 10 shows the experimental and analysis results for the two sides
of the Buddha head. In general, these results are consistent with those
in Fig. 8.

4. Conclusions

This study aimed to develop a method for evaluating the conditions

of an ancient cast-iron Buddha head. The authors find that the trans-
mission step-heating thermography is suitable for wall-thickness mea-
surements. This work leads to the following conclusions:

The analytical results demonstrated the high accuracy of the step-
heating thickness measurement method, with an error of less than
0.3%, for the thickness range from 5 to 50 mm. These results illustrate
the capability of this method to analyze thick objects. Therefore, this
method might complement traditional flash thickness measurement
methods, which are more sensitive to thinner objects.

Experimental results for a 4-step-wedge SS304 sample were used to
validate the application of the step-heating thickness measurement
method. The measurement error decreased with thickness, from 5.6%
for the thinnest step of 5mm, to 1.4% for the second thinnest step at
11.4 mm, and finally to —0.1% for the thickest step at 24 mm. The error
of the thin steps is mainly caused by the assumption of the temperature
rise time of the halogen light and work is underway to address this.
Nevertheless, this result illustrates that the method is effective for
measuring thick objects.

The step-heating thermography method was successfully used to
evaluate the condition of an ancient cast-iron Buddha head. The mea-
surements provided detailed wall-thickness distributions over the entire
casted head. These results will be valuable for researchers examining
both cultural relic preservation and ancient iron casting processes.

5

T (°C)

Pl:
Thickness = 2.04mm

P2:
Thickness = 9.57mm

P3:
“] Thickness = 25.94mm

t(s)

Fig. 9. Experimental and fitting curves at three representative surface points.
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Fig. 10. (a) Photographs, (b) raw thermal images and (c) thickness images of the side views of the Buddha Head (thickness scale in mm).
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