
An Infrared Temperature Measurement Method
for Hot Stamping Parts Considering Directional

Emissivity

Y. K. Gu1,2, Z. H. Zhao1,2, J. C. Wang1,2, J. Y. Min1,2, J. P. Lin1,2(B), P. X. He3,
L. Y. Shi3, and R. L. Wang3

1 School of Mechanical Engineering, Tongji University, Shanghai 201804, China
jplin58@tongji.edu.cn

2 Shanghai Key Laboratory for A&D of Metallic Functional Material, Tongji University,
Shanghai 200092, China

3 Jinan Aotto Automation Co., Ltd., Jinan 250306, China
he_puxuan@aotto.cn

Abstract. Infrared temperature measurement technology is widely used in the
detection of surface temperature distribution of hot stamping parts. However, the
accurate infrared temperature measurement for complex parts is still a problem
due to the deviation of emissivity. In this study, a novel directional emissivity
calibration was proposed for 22MnB5 hot stamping steel. A mathematical model
considering directional emissivity was established and verified. Based on the pro-
jection and interpolation method, the directional emissivity is assigned to each
pixel in the thermograph shot by infrared thermal imager. Finally, a high mea-
surement precision within ± 25 °C was achieved for temperature measurement
on 22MnB5 hot stamping parts.

Keywords: Directional emissivity · Infrared temperature measurement · Hot
Stamping

1 Introduction

Hot stamping of 22MnB5 steel is an advanced forming process to improve the strength
of automobile safety parts (e.g., B-pillar and bumper beam) and in favor of automobile
lightweight [1, 2]. The temperature history of sheet metal during hot stamping deter-
mines the properties of the formed parts [3–5]. For example, the sheet metal temperature
before mold closing should be higher than Ar3 to avoid the deterioration of mechan-
ical properties caused by the transformation from austenite to ferrite [6, 7]. With the
development of hot stamping technology, formed parts with tailored performance can
be obtained through accurate temperature control [8]. Therefore, it is of great signifi-
cance to obtain the sheet metal temperature with efficiency and accuracy for the quality
control of formed parts.

In China, more than 300 hot stamping production lines have been equipped with
infrared thermal imagers for temperature measurement of 22MnB5 sheets. The key to
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improve the accuracy of the measurement depends on the appropriate emissivity of
22MnB5 [9]. However, it is difficult to accurately calibrate the emissivity of 22MnB5
during hot stamping due to several influence factors [10]. For hot stamping parts with
complex surfaces, the observation angle significantly affected the calibration of emissiv-
ity. The emissivity of an object in different directions is not a fixed value, which is defined
as directional emissivity [11, 12]. Although directional emissivity of certain materials
(e.g., aluminum [13]) has been studied, the effect of observation angle on the emissivity
of 22MnB5 steel with Al-Si coating before and after stamping is still unclear. Besides,
the temperature measurement method considering directional emissivity of 22MnB5
during hot stamping has not been reported.

This study focused on obtaining accurate surface emissivity of hot stamping steel
22MnB5. Firstly, a calibration experiment of emissivity of 22MnB5 steel under differ-
ent observation angles was conducted. To control the consistency of oxidation degree,
each sample experienced the same temperature history as in the hot stamping process
temperature history. After that, two mathematical models of directional emissivity were
established at 730 °C and 220 °C. Then, an innovative method was proposed to assign
the accurate emissivity to each pixel of the thermograph shot by infrared thermal imager.
Finally, this proposed calibration method of directional emissivity was applied to the
temperature measurement of an industrial hot stamping part, and a high measurement
precision was obtained.

2 Experiment and Results

2.1 Material and Setup

2-mm-thick 22MnB5 sheets with 40 μm hot-dipped Al-Si coating were used in this
work. All samples were prepared by wire cutting and the final size was 100 × 100 mm.
A commercial infrared thermal imager was used to calibrate the emissivity. The field
angle of the imager was 90° × 64° and FOV/f = 7.7 mm, where f was the focal length.
The resolution of the imager was 640 × 480.

2.2 Experimental Procedure

A K-type thermocouple was spot-welded at the center of the sample. This temperature
history is presented in Fig. 1, which is an actual process of a production line. First, the
sample was heated over its austenitizing temperature at 750 °C and kept heating until
the total heating time reached 5 min in a muffle furnace. The sample was then placed at
ambient condition for cooling, which is to simulate the temperature decrease during the
transfer of sheet metal from the roller furnace to the press.When the surface temperature
of the sample dropped to 730 °C, the first emissivity calibration was conducted. After
that, the sample was cooled by high-speed nitrogen gas flow to simulate the quenching
process in mold. When the sample temperature continuously decreased to 220 °C, the
emissivity of the sample was calibrated again. Then, the procedure above was repeated
by changing the observation angle.
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Fig. 1. Diagram of temperature variation during hot stamping of 22MnB5 steel.

Fig. 2. Emissivity at different observation angles.

2.3 Experimental Results and Emissivity Modeling

Emissivity at 730 °C and 220 °C first increased and then decreased as indicated in Fig. 2.
The maximum value of emissivity can be found at 60° or 70°. The emissivity at 730 °C
is higher than that at 220 °C, and this was explained by the change of Al-Si coating on
the sample surface [14].

In order to calculate the emissivity at arbitrary angles, a phenomenological model of
emissivity εT and observation angle α was established by 5th-degree polynomial fitting.
The emissivity model was shown in Eq. (1), in which the value of each coefficient and
R-square values are listed in Table 1.

εT (α) = p1α
5 + p2α

4 + p3α
3 + p4α

2 + p5α + p6 (1)
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Table 1. Coefficients and R-square values of polynomial fitting function.

Model p1 p2 p3 p4 p5 p6 R-square

E220(α) -2.20E-09 3.51E-07 1.89E-05 4.15E-04 -2.75E-03 0.646 0.9995

E730(α) -2.11E-09 3.28E-07 -1.68E-05 3.42E-04 -2.95E-03 0.679 0.9999

Fig. 3. Surface discretization by gridding method by taking a bumper beam as an example.

3 Extraction of Observation Angles on Complex Part Surface

3.1 Surface Discretization by Elements Meshing

In order to extract the observation angle of each point on the part surface, a surface
discretization was compulsory. As presented in Fig. 3, the surface of the bumper beam
hasmeshed with shell elements. Then the normal vector of each element’s center−→ni , and
the direction vector pointing to the lens center of the imager −→vi was derived. Therefore,
the observation angle of each element’s center αi can be calculated by Eq. (2).

αi = arccos
−→ni · −→vi

∣
∣−→ni

∣
∣ · ∣

∣−→vi
∣
∣

(2)

3.2 Coordinate Transformation

The key optical component of an infrared thermal imager is its focal plane array (FPA)
sensor. The radiation emitted by the object was imaged on the focal plane after being
converged by the lens. This principle is illustrated schematically in Fig. 4. Therefore, a
projection method was used to transform the coordinates of elements center on the part
surface from three-dimensional space to two dimensions in a thermograph.

As presented in Fig. 4, the center of the imager lens (Point O) was supposed to be the
origin. A projection plane perpendicular to the axis of the imager was determined. The
distance between the plane and origin was set to 1 for the convenience of calculation. Pi

(xi, yi, zi) is a point on the surface of the bumper beam. It’s easy to obtain coordinates
of the projection Pi*(xi*, yi*, zi*) of Pi on the projection plane through the geometric
relationship.
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Fig. 4. Schematic diagram of the principle of projection method.

The FOV of the infrared thermal imager is a pyramid as shown in the yellow part in
Fig. 4. The area where the pyramid intersects with the projection plane was visible to
the imager as shown in light blue in Fig. 4. The length and width of this area are marked
as xmax and ymax. If the horizontal and vertical field angles were marked as αh and αv

respectively, xmax and ymax can be easily calculated according to the definition of field
angle by Eq. (3).

xmax = 2 tan
αh

2
, ymax = 2 tan

αv

2
(3)

To match projected point coordinates with that in the thermograph, the top-left point
was set as the new origin of coordinates (O*-x*y* in Fig. 4) in the projection plane. The
coordinates of the projected point Pi*(xi*, yi*, zi*) in the new system were calculated,
and then the dimension of the coordinates can be reduced. That was, the coordinates in
space can be transformed into plane coordinates.

From the geometric relationship, coordinates of new origin O* under system O-xyz
can be easily obtained:

O∗(x∗
0, y

∗
0, z

∗
0) = (−ymax

2
sinθ − cosθ, −xmax

2
,
ymax

2
cosθ − sinθ) (4)

where θ (0° < θ < 90°) in Eq. (4) is the pitch angle of the imager, which should be
measured after the imager was fixed. Next, calculate the distance from the point Pi*
to the new coordinate axes Y* and X*, that was, the horizontal and vertical coordinate
values of Pi* in the new coordinate system:

P∗
i = (y∗

i − y∗
0,

x∗
i − x∗

0

sin θ
) (5)

The visualization process of coordinate transformation is shown in Fig. 5a and 5b.
Lastly, the coordinate values were scaled by the scaling factor k to match the real

resolution (i.e., pixel coordinates) of the thermograph:

k = rx
xmax

= ry
ymax

(6)
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Fig. 5. Visual process of coordinate transformation: (a) The projected points Pi* in systemO-xyz,
(b) The projected points Pi* in system O*-x*y*.

Fig. 6. Observation angle contour of the bumper beam after interpolation.

where rx and ry in Eq. (8) were the horizontal and vertical resolution of the imager. After
that, the coordinate of Pi was transformed into the two-dimensional coordinate system
in the thermograph, and the rescaled points were marked as P∗

s,i(x
∗
s,i, y

∗
s,i).

3.3 Calculation of Observation Angle Matrix

The observation angle of each point on the bumper beam surface and its coordinates in
the thermograph had been obtained. The observation angle and the coordinates are in
one-to-one correspondence, i.e., αi = f

(

x∗
s.i, y

∗
s.i

)

. The pixels of the thermograph can be
regarded as an arrangement by grids. However, the coordinates of grids were integers
while both x∗

s,i and y
∗
s,i were not. Therefore, a multivariate interpolationmethod is used to

query the angle value of each pixel. The interpolation results were shown in Fig. 6. It was
an observation angle matrix of a bumper beam with a dimension of 640 × 480. Figure 6
vividly shows the observation angle distribution on the part surface when monitoring
the bumper beam by an infrared thermal imager.
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Fig. 7. Coincident area proportion of thermograph and color map obtained by calculation.

3.4 A Verification of the Projection Method

To verify the consistency of the part profile between the thermograph shot by the imager
and the color map like Fig. 6, two figures were overlayed together to calculate the
proportion of the coincident area. A sheet metal part composed of four planes was
selected as the observation object for verification. Validation experiments were carried
out at three different observation positions. The results are shown in Fig. 7. The overlap
proportion is not less than 91.7%, which is acceptable in engineering applications. The
reason for incomplete overlap was the measurement error when measuring the relative
position of the imager to the part.

4 Industrial Application

Through the emissivity model and the obtained observation angle of the part surface,
each pixel in the thermograph can be assigned an accurate emissivity for temperature
measurement. An example of engineering practice was given to show the improvement
of temperature measurement accuracy.

Two emissivity distributions were assigned to parts in Fig. 8a and 8b respectively and
the current temperature is 730 °C measured by thermocouples spot welded on the part
surface. The emissivity can be regarded as a constant value when the surface temperature
was in the range of 670 °C and 760 °C, which has been acknowledged in engineering
practice [15, 16]. A fixed emissivity value of 0.61, which is widely accepted in industrial
temperature measurement for boron steels, was assigned to the whole thermograph in
Fig. 8a, and a measurement error of over 98 °C was obtained. Meanwhile, the method
considering directional emissivity was used to process the same thermograph. In Fig. 8b,
the measurement error was reduced to only 7 °C. This case proves that the temperature
measurement method considering directional emissivity proposed in this study has more
advantages than the traditional method. The comprehensive measurement error of this
system can be controlled within ±25 °C after repetitive verifications.
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Fig. 8. Comparison of measurement accuracy at 730 °C: (a) Before optimization, (b) After
optimization.

5 Conclusion

In this study, the directional emissivity of hot stamping steel 22MnB5 was accurately
calibrated by simulating the temperature history in the hot stamping process. After that,
an infrared temperature measurement method considering directional emissivity was
proposed and an industrial application case was given.

(1) Based on a rigorous emissivity calibration experiment by simulating the hot stamp-
ing temperature history, a mathematical model considering directional emissivity
was established.

(2) The calculated angle contours were obtained through projection and interpolation.
The overlap ratios of part profiles between calculated angle contours and thermal
images are not less than 91.7%.

(3) The comprehensivemeasurement accuracy of the temperaturemeasurement system
considering directional emissivity proposed in this study can be controlled within
±25 °C in industrial applications.
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