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Abstract.

BACKGROUND: The environmental impact on industrial X-ray tomography systems has gained its attention in terms of
image precision and metrology over recent years, yet is still complex due to the variety of applications.

OBJECTIVE: The current study explores the photothermal repercussions of the overall radiation exposure time. It shows
the emerging dimensional uncertainty when measuring a stainless steel sphere by means of circular tomography scans.
METHODS: The authors develop a novel frame difference method for X-ray radiographies to evaluate the spatial changes
induced in the projected absorption maps on the X-ray panel. The object of interest has a simple geometry for the purpose of
proof of concept. The dominant source of the observed radial uncertainty is the photothermal effect due to high-energy X-ray
scattering at the metal workpiece. Thermal variations are monitored by an infrared camera within the industrial tomography
system, which confines that heat in the industrial grade X-ray system.

RESULTS: The authors demonstrate that dense industrial computed tomography programs with major X-ray power notably
affect the uncertainty of digital dimensional measurements. The registered temperature variations are consistent with dimen-
sional changes in radiographies and hence form a source of error that might result in visible artifacts within the 3D image
reconstruction.

CONCLUSIONS: This contribution is of fundamental value to reach the balance between the number of projections and
radial uncertainty tolerance when performing analysis with X-ray dimensional exploration in precision measurements with
industrial tomography.

Keywords: computed tomography, digital manufacturing, digital metrology, infrared imaging, thermal expansion, photother-
mal effect

1. Introduction

X-ray computer tomography (CT) has become an ideal measuring method for industrial components
to measure inner contours nondestructively, becoming accepted as a metrology tool [1]. Nonetheless, no
reference measurements of high accuracy for internal geometry, e.g., a coordinate measuring machine
(CMM), are available to compensate for systematic errors of CT; hence, for the case of difficult-to-
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reach part features, easy-to-deform or flexible structures, under- and overuncertainty measurements
have been reported [2].

The measurement process and analysis of CT data for dimensional measurements involve various
factors, as described by Villardga Gémez et al., which may be resumed by the overall CT measurement
uncertainty ucr as

— 2 2 2 2 2
Ucr = \/usys. + M(ijA + Uenv. + uap. + uproc.’ (1)

where one distinguishes between the specific uncertainty contributed by the system u,,., dependent on
the resolution of the industrial CT device, the uncertainty of the proper object of interest invoking its
uncertainty u,,;, due to its position, material, dimensions and surfaces, of course the uncertainty induced
by the environment u.,, , the practical knowledge of the operator, and the uncertainty manipulated by
the process parameters u ..., such as the photon energy introduced on the workpiece every CT scan.
All aspects can further be distinguished between those uncertainties that determine the precision

of X-ray radiography uy and those inherent to the tomographic process: ucr = /u% + u%mc_. This

metrological subdivision facilitates the complexity reduction of the dimensional precision analysis
according to Equation (1), not considering the individual contribution of the operator u,, resulting in

aA 2
Uy ~ \/M%y& + u()bj. + Mgnv.. (2)

Currently, only two aspects are considered for internal CT measurement uncertainty analysis [2], the
systematic maximal permissible error of the CT machine under uy, , and the environmental temperature
instability ur incorporated within u,,,..

Following the fundamental principles of dimensional metrology, it is standard practice to operate
measurements at the 20°C reference temperature as a natural way to prevent dimensional changes
related to temperature fluctuations and then possible thermal expansion [3].

Hence, in a rigid workpiece, measurement variations are associated with thermal changes. When
neglecting changes in the workpiece form, elasticity or roughness, significant uncertainty is introduced
by thermal expansion and the indirect dimensional measurement method [4], resulting from the planar
projection onto a rectangular distribution. Then, all values of error have as source the fluctuation %
of the mean temperature over the volume [2, 5], which in turn relates to the uncertainty ur associated

with variations in temperature during measurement deviations as

1 ; T
V3t2
Here, [ is the average measured dimension of the workpiece (e.g., its length) at 20°C, 8T is the

temperature fluctuation with respect to the mean temperature 7 over the volume, and 8 is the coefficient

of thermal expansion of the workpiece with its uni-dimensional form 8 = %%, including the partial

derivative of [ with respect to 7.

Recent insights of thermal impacts in dimensional metrology with X-ray CT have been developed
by Villarraga et al. [2] on internal features. In [6], they offer an analysis of environmental uncertainty
contributors, with special attention to the CT system temperature of the X-ray source and the scanning
position. However, reported temperature inferences on the CT system are related to general heating
aspects rather than being induced by the high-energy photon beam. Others [7] show that a rectangular
distribution of heat within industrial CT is prone to errors: the larger the distance to the X-ray source;
this covers the magnitude of the radiation fluence or the power density per area unit and thus may
represent a approximation to a thermally induced dimensional error. Bircher et al. [8] characterized
the displacement of a transmission X-ray tube target due to thermal effects. All observations clearly

3)

ur



V.M. Moock et al. / Photothermal effect in X-ray images for computed tomography of metallic parts 445

add up to the dimensional error. Nevertheless, the conversion of X-ray energy to thermal energy, that
is the photothermal effect, has not been reported previously.

To improve the resolution with CT scans, it is important to position the workpiece close to the
X-ray source and increase the number of projections. Under these conditions, the source induces
temperature variations that may influence the precision of the dimensional measurement [9]; the X-ray
beam scattering correlates with heat conduction according to the ballistic-diffusive heat-conduction
equation in [10]. Moreover, high-resolution CT demands correction due to time-dependent electron
beam drift and focal spot movement due to thermal deformation of the X-ray tube [8, 11, 12]. The
quality of tomographic reconstruction can be significantly improved by digital inverse spot movement,
therefore achieving better accuracy of dimensional CT measurements and ameliorating the design of
transmission X-ray tubes.

For X-ray CT with high photon energy (max. 225 ke V'), photoelectric emission in metals is likely to
occur. In metals with a low atomic number, it will be accompanied by Compton scattering: detachment
of electrons from the innermost orbitals, which collide either with other electrons or the bulk. These
interactions are the source for energy conversion from high-energy radiation to heat after electron-
electron, electron-phonon, and phonon-phonon collisional interactions. The photoelectric component
diminishes and becomes negligible for field radiation higher than 50 kV [1, 13—15]. Since the field
energy for the CT of metallic parts is commonly obtained at approximately 200 kV, energy transfer
mechanisms related to the Compton effect are treated macroscopically as transport phenomena. Within
this scope, the sample’s density p is a determinant of the amount of heat O induced in the sample,
while its thermal conductivity « is related to the thermal diffusivity o through the bulk in heat transfer
analysis. According to the first law of thermodynamics, the change in internal energy %—lt] equals the
difference between heat QO and work W done by the system; hence,

oU oV

E—Q—W—CpPV‘FPa, “4)
where ¢, is the specific heat capacity at constant pressure p and V is the volume of the workpiece. The
heat dissipation across the sample-surrounding interface depends on the roughness of the surface (i.e.,
the effective surface area) and the effusivity. Under all these conditions, the induced heat would change
in magnitude, depending on the sample material properties, and its rise shall not be instantaneous, nor
will its dissipation. Consequently, volumetric elastic incrementation is expected, albeit with no plastic
or chemical alteration of the sample.

Industrial X-ray radiographies represent a two-dimensional intensity map of the line integrals accord-
ing to the Lambert-Beer law [1]. Since radiation from X-ray tubes is not monochromatic and it has
an energy distribution, integrations over the distribution of the X-ray energy E need to be conducted
according to

I = /E I(E)e " dE, (5)

where u is the corresponding X-ray energy absorption coefficient and Ij is the initial intensity, at the
point of interaction on the sample, while L is the thickness of the sample (monomaterial).

X-ray CT inspection of metal parts is typically prone to ill tomographic imaging related to complex
photon scattering causing image artifacts within the reconstruction volume. In CT for metal appli-
cations, the augmentation of energy by denser CT scans and the number of photons prompting the
photothermal effect increase the probability of image artifacts, which results in reducing the dimen-
sional precision of CT as a metrological tool [16, 17]. The amount of energy radiated during the X-ray
CT scanning process is likely to increase the temperature over the metallic parts under inspection with
industrial tomography. The uncertainty generated by this phenomenon should be studied and quantified
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to improve the accuracy of dimensional measurements with CT technology.

All physical systems at room temperature radiate thermal energy. Infrared (IR) cameras capture
radiation in the long-IR range of the electromagnetic spectrum and produce images of that radiation,
called thermograms. Combined X-ray CT and IR thermography have been implemented for different
purposes, mainly biomedical implementations; the concept was introduced in 2018 for ink-dying
studies [18]. Other recent contributions to this interdisciplinary field include mechanical tests [19],
preclinical research [20], cancer therapy [21], etc., but the metrologic importance of digital dimensional
measurements for CT has not yet been identified. In the following, an IR camera is implemented in a
CT system to monitor possible photothermal effects in metal parts.

2. Scope

This work develops a bimodal analysis to improve estimations of the dimensional uncertainty for
high-energy industrial X-ray CT combined with IR imaging. The scope of this analysis concerns dimen-
sional changes trackable in radiographies of metal parts, monitoring the environmental temperature
within the CT system. In particular, the authors evaluate the dependency of the number of projections,
consequently the photon-energy accumulation in the sample’s bulk, on volumetric changes related to
heat. As a central contribution, dimensional changes within radiographies are related to the photother-
mal energy of the bulk caused by massive photon scattering. The proposed methodology is independent
of reference measurements but confirms by two image modalities the importance of thermic considera-
tions for dimensional uncertainty considerations for industrial X-ray CT. The objects of interest in this
report are 304 stainless steel spheres. Stainless steel is a common material in industrial applications,
spanning diverse fields from automotive to medical. Its versatility has led to a widespread demand for
computed tomography (CT) as an inspection and metrological tool [22—-24]. The authors consider two
different diameters of spheres for reproducibility and consistency aspects. The simplest 3D geometry
is key to attain general implications by the results of this contribution, since photothermal transport
aspects are highly dependent on properties of the matter and shape. Stainless steel is a dense material
with a high number of free electrons and a relatively low heat transfer coefficient, which makes it a
good example to start a case study of metal parts and the proposed methodology for monitoring pho-
tothermal effects in CT systems. Furthermore, CT image artifacts of metal samples are very common
and treated frequently with image (post-)processing on computational 3D reconstruction.

3. Materials and methods

The proposed methodology is structured in the following three subsections: 3.1. The bimodal exper-
imental setup with an IR camera within the X-ray CT system, 3.2. the radiography difference method
for the detection of dimensional changes, and 3.3. the theoretical volume expansion in projection on
the CT panel as an orientation for the expected results.

3.1. The bimodal experimental setup

The current investigation involved sampling radiographies of a single stainless steel sphere with
an industrial X-ray CT system and simultaneously monitoring the thermal energy radiated from the
surface of the workpiece during the acquisition of CT images.

3.1.1. The object of interest
The sample is a stainless steel 304 sphere of diameter that was measured with a MITUTOYO dial
calliper at a controlled room temperature of 20°C. This sphere was allocated 50 4= 0.01 mm distant
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to the X-ray target, according to the CT positioning system. In the experimental system we report,
this sphere is positioned on an acrylic hollow acrylic (mylar foil) cylinder with an inner diameter
of 10.34 £ 0.01 mm. Special care was taken to ensure that the cylinder axis and the sphere center
were aligned and that their relative positions with respect to the source were the same for every
CT scanning performed in these tests. For repeatability of the proposed methodology, the following
radiographies CT program of four sets of tomographies was reiterated the procedure with a smaller
sphere of 7.90 &+ 0.01 mm diameter at 30 & 0.005 mm distance from the target within the X-ray cone,
on top of a cylinder with an inner diameter of 7.39 4= 0.01 mm, on a different day. The experimental
inspection of the workpiece conforms to the general aspects for dimensional measurements with an
X-ray CT system and follows recommendations with respect to the industrial norm VDI/VDE [25];
ASTM [26] recommends length bars that coincide with the spheres in their circular section image.
In summary, the spherical geometry, because of its symmetry, is the best geometry for displaying the
distribution of the induced photothermal phenomena.

3.1.2. X-ray image acquisition

Radiographic image acquisition was realized with NIKON’s microfocus CT system XT H 225 (max.
225 keV with reflection target), composed of four tomographic sets of the same stainless steel sphere,
interrupted by a cooling break of 30 minutes. Although this CT system may not be the best for dimen-
sional metrology and the inability to find a publicly reported maximum permissible error (MPE), the
proposed methodology radiographies differences are invariant to the focal spot displacements (see
further details of the method in Subsections 3.2 and 4.1). The present report is on considerably few
projections to minimize the effects of heat of the CT system itself and possible thermomechanical
movements. The photon energy generated by the system during CT image acquisition is determined
by the X-ray settings and set at 200 & 0.5 £V, with a current of 420 + 0.5 A and a 3.175 £ 0.01 mm
thickness stainless steel plate as the X-ray filter to obtain a uniform and constant spectral distribution
[27]. Every tomography distinguishes in their number of projections and hence the overall time of
exposure for image acquisition: the first accumulated information from equidistant projections over a
circular 360° scan; the angular uncertainty of the CT system is +=0.0005 degrees. These 180 radiogra-
phies, acquired within 8 minutes, serve as reference point evaluations of the larger tomographies, since
fast tomographic image acquisitions are unlikely to affect the ambient temperature of the system. The
second tomography had twice as many projections (360 projections in 16 minutes of X-ray exposure);
the third set had three times as many projections (540 projections in 24 minutes of X-ray exposure);
and finally, the fourth set was performed with 720 projections in 32 minutes of X-ray exposure. The
imaging parameters were established to 3 s exposure for every projection image (radiography) and 1
x binning using the flat panel X-ray detector of PERKIN ELMER XRD 1611 [28] with a total sensing
area of 409.6%> mm? producing radiographies of 4050 x 4060 pixel (height, width). When comparing
the two sets of CT programs of spheres of different diameters with respect to the composition of their
radiographies, the number of white pixels referring to the background within both sets is similar; hence,
the magnification is proportional to the inverse of its diameter. The position of the turning table of
every tomography was kept unchanged by the CT program. NIKON’S CT PRO 3D software was used
when calculating the center of rotation about an offset in the x-axis correction of —0.338 £ 0.009 mm
in the case of the large sphere, and —0.318 &+ 0.008 mm: in the case of the small sphere.

3.1.3. IR radiation monitoring

The IR camera FLIR A300 (30 Hz, 18 mm lens, 25° FoV, accuracy £2%) [29], remotely controlled,
as schematically shown in Fig. 1, is positioned at the same height as the CT target but with an almost
perpendicular view as the CT system, monitoring temperatures of the scene and taking into account
consistent emissivity values: some spots of the IR camera observe the temperature changes of the
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Fig. 1. (a) The bimodal experimental setup with the industrial CT system, the rotation axis for the object of interest on the
rotation stage, as well as its rotatory orientation is marked in orange; (b) IR image of the scene from the point of view of the
thermal camera, and (c) a radiography of the stainless steel ball by the industrial CT.

stainless steel 304 (with respect to its emissivity of 0.85), and some other spots monitor the background
temperature at the painted wall within the cabin of the CT system (emissivity of 0.95) within the cabin
of the CT system. The ideal setup to capture IR images of the metal sphere is either thermally isolated
from the surroundings or with a uniform gauge to dissipate thermal energy by radiation, diffusion,
or convection of energy. The workpiece is placed on a hollow cylinder, whose axis, the sphere itself
and the CT rotation coincide. The workpiece interface with the surroundings is under the temperature
control of the CT chamber. The thermal conditions of the sphere surface in contact with the cylinder
differ from those of the remainder of the surface.

3.2. The radiography difference method

Here, the authors envisaged that with the successive process of image subtraction, namely, the frame
difference method, one can make apparent the dimensional differences between the initial projection
and any number of successive CT projections [30, 31]. Because the workpiece is rotating around a fixed
axis within the programmed four tomographies in a row, every two images for the same view-point
at the same rotation angle can be compared. The angular precision at the rotation stage of NIKON’s
CT system XT H 225 can be reviewed at [32]. The proposed radiography difference (RD) method
estimates dimensional fluctuations of the object of interest caused by the projection image acquisition
itself, independent of the choice of 3D image reconstruction and further data processing. For a given
CT beam energy, the corresponding RD algorithm relates the incrementation of the projection count
to dimensional differences in the projection plane of the panel. Indeed, the achievable dimensional
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Fig. 2. Polar graph of the RD comparison strategy: the first 180 projections, illustrated by 18 black circles, repeat in their
angular position within the following CT sets. Note that the circles are a schematic representation of the number of projections
while keeping constant the relative position between the radiation source, sample and imaging panel.

uncertainty depends on the distance from the workpiece to the imaging screen and the number of pixels
involved in imaging the CT projections.

The 180 projections with common rotation angles in all sets are declared as the reference images.
Furthermore, all longer tomographies repeat these 180 frames every second, every third, and every
fourth radiation due to the total number of projections. Henceforth, the experimental setup allows
to subtract information that is potentially the same unless thermal expansion has occurred. The RD
comparison strategy is illustrated in a reduced form of the polar graph in Fig. 2, demonstrating that
every rotation angle of the reference radiographies from the set of 180 projections (every group of 10
projections is depicted by one black circle) finds its pair within all three other sets of 360 (red circles),
540 (green circles) and 720 (blue circles) projections.

It is important to note that the RD method would detect any thermomechanical movements of the
workpiece, e.g., due to focal spot drifts, although CT programs with under 1000 projections have not
confirmed these effects. Environmental noise, which resembles salt-and-pepper-type noise in digital
images, also affects the results of this strategy [30]. Therefore the computational routine involves 2D
median filtering on the image difference. Finally, the outcome image, as a matrix of gray values, is
summed.

3.3. Theoretical volume expansion

Objects expand when heated; the current case of a sphere can be treated according to the linear
thermal expansion f. For the current working conditions, § of stainless steel 304 is considered to
be constant': B = 17.2 x 107%°C~!. Indeed, there are conditions at which it could be assumed as
a variable, but those are outside the scope of this analysis. From its definition in Equation (3, for
a measurable local increase in temperature AT = (T — 20°C) in the workpiece at 20°C reference
temperature, the linear dimension is expected to change according to

Al = BIAT (6)

Thttps://metalscutd4u.com/blog/post/304-stainless-steel-vs-316-stainless-steel.html#
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Fig. 3. Schematic dimensional relation between the target, the specimen and its projection on the panel.

where an object with length / changes by Al when the temperature changes from 7 to T + AT;
instantaneous fluctuations of are related to instrumental noise. The volumetric expansion of a stainless
steel sphere corresponds to a multiple of 8 with factor %ﬂ. For example, and in prevision to the
experimental methodology, for the case of the sphere of stainless steel 403 with diameter [ = 17 &
0.01 mm would expand by

4m —60 ~—1 -3 o —6
AL~ (5% 172 107°C™)(AT x 107 m)(6°C) ~ 7.35 x 10 m
~ 735+ 0.04 um,

if the temperature rises by 6 = 0.4°C. Considering the source-to-object distance SOD = 50 mm
and the source-to-detector distance SDD = 1045 mm, the magnification of the experimental setup
equals % = 20.9. Accordingly, Al would be projected to x & 0.15 mm. In agreement with the panel
specifications, the length 409.6 mm of the panel is represented by 4050 pixels (almost 1 mm +— 10
pixels), hence, the radial extension on the detector x would be represented by approximately 1.5 pixel.

Asnoted before, with each projection, a given amount of thermal energy is transferred to the sample as
a byproduct from the Compton interactions. The dissipation of this thermal energy is not instantaneous;
rather, it is cumulative [15]. Then, one should expect that after a given number of projections, made at
near constant CT scan energy, the internal temperature of the workpiece would reach the threshold at

which the photon-induced thermal energy will cause expansion of the workpiece volume.

4. Results

The results of the proposed methodology are structured in three subsections consistent with the
methodology in Section 3: 4.1. The compilation of X-ray measurements with the RD evaluation of the
two spheres, 4.2. IR monitoring of the sample and CT system and 4.3. photothermal reference analysis
data for the dimensional uncertainty approximation of the present case study with industrial CT.

4.1. X-ray measurements with RD evaluations

Essentially, the X-ray RD analysis focuses on variations in the image composition. The resulting
difference image consists of black areas that sum up zero values with no variation or movements and
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Fig. 4. Example of the RD implementation between every two radiographies at one specific angle of rotation (here at 360
degrees) of the small sphere: (above) logarithmic histogram insight of the RD image; the threshold is set at the upper quarter
of all present gray values (below) binarized RD image; at twice, triple and quadruple X-ray exposure time with respect to the
reference tomography run of 180 projections.

white areas, regions of volume extension or movements. Clearly, the determination of the threshold is
crucial. The authors find empirically that the uppermost quarter of the RD gray value spectrum is white,
and the rest will be considered black. This dynamical threshold value aligns in the following numerical
evaluation to the theoretical linear volume expansion presented earlier. The gray value distribution of
the RD outcome essentially has its mean in the dark values. The more projections that are implemented
during the scan, the brighter the mean gray value. Fig. 4 offers insight into the representative image
logarithmic histogram (above), as well as its manual threshold determination. As a result, an increase
in the number of projections within a tomography raises the median gray values. Furthermore, one
can observe by means of the subtraction of images, that the radial dimension increases over specific
directions with the increase in the number of projections. The presence of the crescent in all RD images
confirms that no thermomechanical drift of the spot size or the workpiece took place in the described
sets of CT programs. The RD method is invariant to positioning imperfections (miscentering).

The evaluation of the RD method includes two interpretations: first, a global measure where all
pixel gray values of the 2D radiographs are taken into account and summed up; second, the local
incrementation of the radius of the sphere is counted by the white pixels on a 1D centerline of the
projected sphere, further evaluated in mm on the X-ray panel. Fig. 5 depicts both evaluations of the
RD method for the two sphere sizes. Different imperfections influence the direct results, such as the
influence of the surrounding air on the linear attenuation coefficient. Furthermore, the radial extension
x is dependent on a global threshold setup; for the present implementation, the authors consider the
same noise conditions throughout the CT program. With the increase in the number of projections, one
can observe a gain in the sum of pixel differences: the RD algorithm of 720 projections (blue) tends
to result in values above the 540 projections (green), which again tend to result in values above the
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Fig. 5. The RD algorithm evaluates the sum of pixel differences in gray values (upper figures) and the radial extension (lower
figures) with respect to the threshold (bold lines); the corresponding thin lines depict the £1% threshold error consideration
of the large (left) and the small (right) spheres.

360 projections (red). The differentiation is even more noticeable if the object of interest is closer to
the X-ray source, as is the case for the small sphere. This implemented measure is equivalent to the
differentiation of the gray value distributions in the histogram of the RD outcome, as exemplified in
Fig. 4 (above).

One may also take into account that / in Fig. 6 of the large sphere is mapped onto 3480 pixels, while
in the case of the small sphere it is mapped onto 2772 pixels of the X-ray image panel of the system.
Considering the projected area of the spheres 77(//2)?, the large sphere is represented by approximately
9,4 M pixels (57 % of the radiography capacity), and the small sphere has only 5, 9 M pixels (36 %
of the 4050 x 4060 available pixel on the X-ray panel). To fulfil the task of dimensional uncertainty
analysis with an industrial X-ray tomography system, the radial extension in pixels is more expressive.

4.2. IR registrations

The central interest of the global linear tendencies of T of the metal workpiece over the time span
covering all CT scans, without loss of general temperature changes (noise) of the environment. The IR
camera detects contactless and measures IR energy of the metal object of interest for every 2 degrees of
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Fig. 6. Temperature measurements with the IR camera on the metal sphere (thick lines, “@ ball”) and on the inner wall of
the CT system (thin lines, “@ wall””) within the X-ray system during the scanning procedures.

rotation of the CT turntable, as well as the inner wall of the X-ray system. The measurement accuracy
of the FLIR camera is of 2 % according to [29], ur = £0.5 °C for laboratory calibrated measurements.
Throughout the four tomographic scanning procedures, a background heating of approximately 1°C
was detected, whereas a mean temperature variation over the whole sphere of over 3°C was registered.
This global temperature information throughout the tomography program of the four full turn scans
is documented in Fig. 6, including noise B-spline filtering. Temperature variations between the two
spheres during the fourfold CT scan can be related to their proximity to the cool target; therefore, one
can expect a warmer temperature on the large sphere at 5 cm than on the small sphere at only 3 c¢m
distance to the X-ray source. Nonetheless, the irregular temperature jumps within the set of the four
tomographic scans demonstrate the instability of the CT system for dimensional metrology.

The temperature measurements in Fig. 6 lead to the following overview in Fig. 7, where the mean
temperature variation during the CT scans with 180, 360, 540 and 720 projections (black, red, green
and blue) over the rotation angle can be observed. The temperature difference between the sphere and
the background remains almost constant during scanning. Furthermore, an increase in the number of
projections generates an increase in the temperature registered with the IR camera for the metallic
sphere with respect to the background. In addition, very different temperature measurements were
observed for the same experimental setup (CT acquisition parameters), disregarding the positioning
of the sphere.

4.3. Photothermal analysis

Since both measurements of the dimensional expansion, the sum of the gray values of the RD image
and the radial extension x in mm, are influenced by the number of projections in a quite similar way,
Fig. 8 suggests the direct comparison of the two measurement techniques, taking into account the time
of the scanning process: the duration of the three tomographies as well as the two 30-minute breaks,
where no X-ray information is available. This proposal is in accordance with the strong relation between
temperature variations and the histogram information taken from the RD image. The increasing mean
gray value of the longer CT scans can be explained by the described energy dissipation, as the gray
value weighted area of the histogram equals the amount of kinetic energy in the CT system. Energy
dissipation is exhibited through the registered volume extension integrated as the RD sum of gray
values or even as the approximated radial extension in pixels. Fig. 8 illustrates how the proposed RD
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analysis of radial extension for both spheres aligns with the mean temperature measurements: in the
case of the global RD gray value evaluation, the temperature acts as an upper bound of the dimensional
uncertainty within radiographies; for the case of local radial extension, the small sphere represents an
upper bound for the temperature difference as well as the RD analysis of the large sphere. Hence, it is
possible to conclude that IR mean temperature measurements taken on the flight during CT scanning
are in close proximity to the volume expansion of the two or more stainless steel spheres registered
with their radiographies by an industrial CT system.

Based on the increasing step function shown in Fig. 8, for every 180 projections an approximate
RD radial extension 0.15 mm appears. The estimation would approximate that after running the CT
program of 720 projections, the RD radial extension would attain at most 0.6 mm on the panel, or
physical sphere diameter extension 29.4 um according to Fig. 3. This estimated result is in agreement
with the prediction from the numerical evaluation of Equation (6)., for an approximated temperature
difference of 6 °C, the IR image registration as shown in Fig. 1 b) reflect this temperature difference
at the boundary (non-homogeneous heat transport), taking into account the geometry factor of %T”.
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5. Conclusions and future work

This study documents the importance of the photothermal effect in stainless steel spheres on dimen-
sional uncertainty during industrial tomography. High-energy X-ray photon activity is observed in a
series of repeated radiographs with a NIKON CT system XT H 225, and thermal differences are moni-
tored with a FLIR A300 IR camera within the CT system. This bimodal methodology relates industrial
measurements to quantum theories of solids and describes heat transfer in high-density and conduc-
tive materials, such as metallic alloys, that have not been considered before, especially in short-term
tomographies with less than 1000 projections.

The combined X-ray RD method with IR thermography turns out to be a feasible and self-consistent
strategy for a dimensional uncertainty analysis, although the available technologies metrological cer-
tificates. Under the present experimental conditions and scales, the photothermal results imply that
the more projections there are for high-energy CT measurements, the less certain they become dimen-
sional measurements based on X-ray radiographies. This conclusion should be taken into account for
general CT image acquisition, which preferably requires a dense scanning procedure (3> 2000 projec-
tions), if one wants to avoid cone beam artifacts at the poles of this workpiece, when reconstructing
the 3D volume with the Feldkamp-Davis-Kress (FDK) algorithm, implemented on most industrial CT
systems.

This scientific contribution to the forward problem of CT imaging detects photothermal changes
in the system: photon-based volume extensions became visible in the radiographies and thermal dif-
ferences arose in IR images. The authors demonstrate the photothermal effect of high-energy CT on
the dimensional uncertainty analysis and propose an extension of the concept of Villarraga et al. [2],
where temperature variations on the scanned part as well as the CT system environment (boundary
temperature radiation at the wall) are considered and increase with the number n of CT projections
due to the photothermal impact. If one assigns the contribution of interactions between the process
parameter that determines the X-ray photon source conditions and the object of interest with its specific
material conditions to the environmental uncertainty, it is possible to resume at least for the present

experimental setup
Ueny, ~ \/ uzT + u%’T (7)

with the photothermal contribution of
upr = én ®)

where ¢ is a scaling factor dependent on operational aspects such as the position of the object of interest.
The above uncertainty description of type B is independent of the machine inherent imprecision. An
approximate quantification of the novel parameter §, here for the case of stainless steel 403, would
affect ucr with § = % um. For example, a 2160 projection CT program of the same workpiece would
include a photothermal dimensional uncertainty of approximately 8.4 wm, according to the results in
Subsection 4.3; this uncertainty is relevant for precision engineering applications, as compared with
[33]. Of course, it would be useful to attain general conclusions on metals and alloys and constitute
further interesting open problems in the field, including a tolerance study of the material conditions
at high energy for a larger number of projections. Using the proposed methodology in a consistent
way for several reference samples, one could obtain tolerance tables to calibrate the instrument for
dimensional tolerance and image resolution, hence paving the way for using an industrial CT system
as a self-validated dimensional metrology tool.

Most notably, to the best of the authors’ knowledge, this is the first study that investigates the
perturbative nature of the number of projections in terms of its high-energy photon impact on the
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dimensional uncertainty; the correlations to beam hardening artefacts in metal CT scanning are close
and will be investigated in further contributions of this field. The photothermal effect, resulting from the
X-ray interaction, provides compelling evidence of its importance in CT imaging of metals. Here, the
authors show the feasibility of acquiring key information from non contact temperature measurements
in a nonintrusive manner. According to cutting edge contributions of the photothermal effect, e.g., in
spectroscopy [34], it can picture relevant variations in qualitative and quantitative values for metrology.
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