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Abstract
Magnesium alloy sheets have low formability at room temperature due to their hexagonal closed-packed microstructures. 
In order to increase the formability of magnesium alloy sheets (AZ31) and fabricate a complex geometry, an incremental 
forming process with external heat sources such as the near-infrared heater and heated tools can be employed. Cylindrical 
cup shapes and Pyramidal cup shapes with various angles were fabricated to find out the formability limits. The maximum 
formable angle of the cylindrical cup shape increased from 20° at the room temperature to 72° by employing the incremental 
forming process using two external heat sources. It means that the temperature of AZ31 was increased to a proper forming 
temperature very efficiently.

Keywords Incremental forming · Magnesium alloy sheet · Near-infrared lamp

1 Introduction

A magnesium alloy has excellent mechanical properties, 
usually attributed to high specific strength [1, 2]. An appli-
cation of magnesium alloy sheets is increasing in industries 
such as in transportation equipment for automobiles, air-
planes, and general machines [3]. However, a magnesium 
alloy sheet has low formability at room temperature due to 
its hexagonal closed-packed (HCP) microstructure. A mag-
nesium alloy sheet is not suitable for the sheet metal forming 
process in room temperature. Figure 1 shows the engineering 
stress and engineering strain curves of the specimen used in 
this work [4]. As the temperature increases, the elongation of 
the material increases, and at the same time, the flow stress 
of the material decreases. Compared with the room tempera-
ture, the elongation of the material at 250 °C increased 2.7 
times. Also, the material shows isotropic behavior.

There have been numerous researches on the warm form-
ing of magnesium alloy sheets [5]. It was found that warm 

forming with a temperature of approximately 250 °C maxi-
mized the formability of a magnesium alloy sheet (AZ31). 
Zhang et al. [6] analyzed warm deep drawing experiments 
of rolled magnesium alloy sheets. Zhang et al. [7] evalu-
ated the limit drawing ratio (LDR) and limit dome height 
(LDH), which is the formability measurement in the draw-
ing process, at temperatures from 50 to 240 °C. Wang et al. 
[8] studied the evolution of springback and neutral layers of 
magnesium alloy sheets concerning temperature. Park and 
Kwon [9] manufactured a lightweight dash panel part using 
AZ31 by the increasing working temperature around 250 °C.

The incremental forming process of the sheet metal is one 
of the emerging forming technologies which can offer flex-
ibility [10, 11]. In the incremental forming process shown 
in Fig. 2, as the tool moves along a certain path, very small 
plastic deformation occurs. The final target shape can be 
formed by moving the tool according to the shape to be man-
ufactured. The incremental forming process does not require 
a specific die set according to the target shape, and thus it is 
utilized in the manufacturing of various products required 
in small quantities. The forming limit of the incremental 
forming process is higher than that of the other sheet metal 
forming processes.

Ambrogio et al. [12] and Kim et al. [13] investigated the 
formability of AZ31 in a warm incremental forming pro-
cess. The formability of AZ31 magnesium alloy increased 
dramatically in warm forming conditions near 250 °C. 
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Previous warm forming processes heated the die-set and 
the sheet metal. The warm forming process requires more 
energy than heating the sheet metal only. Therefore, the 
problem can be solved by using an external heat source, 
which can be used to heat the material reliably. Duflou 
et al. [14] developed the laser-assisted incremental form-
ing process. By using a laser at the opposite side of the 
tool, the formability and dimensional accuracy were 
increased. Fan et al. [15] and Ambrogio et al. [16] studied 
a low-cost incremental forming technique, employing an 
electric current to heat the sheet metal. Lee et al. [4] pro-
posed a new incremental forming process using external 
heating sources. Two types of external heating sources, 
such as a near-infrared (NIR) heater and the heated tool 
were employed in order to increase the temperature locally. 
They presented the possibility of the incremental forming 
process with external heating sources. However, detailed 
researches were not studied.

In this work, the incremental forming process using two 
external heating sources is investigated experimentally. In 
addition, the effect of the external heating sources and form-
ing limits of AZ31 is studied through the fabrication of cup 
shapes having various angles. The macroscopic observation 
was conducted to find out the formability improvement.

2  Experimental Setup

A NIR heater is a low-cost heating device compared to the 
other heating devices such as a laser or an induction heat-
ing [17]. The maximum temperature of the NIR heater is 
900 °C, and the efficiency is nearly 90%. It is non-toxic, 
lead-free, odorless, noiseless and can be installed easily with 
other forming tools. Unlike other heating sources, more than 
90% of the heat is transferred by radiation. An LCB-50 (Infl-
idge Industrial Ltd.) was employed. The maximum power 
of the NIR heater was 75 W. The distance between the NIR 
heater and the sheet was 35 mm, which is the focal distance. 
The condensed diameter of the light was 2 mm.

The heating of the tool uses high-frequency induction 
heating, to locally raise the temperature of the tool without 
affecting the surroundings. The heated tool locally raises 
the temperature of the material by conduction in the area in 
contact with materials.

Experimental equipment with two external heat sources 
was constructed as shown in Fig. 3. The three-dimensional 
position of the spindle was fixed. The spindle was connected 
to a DC motor. The maximum rotation speed of the spindle 
is 5000 rpm. The material is connected to a sheet holder. 
The sheet holder is movable in the x, y, and z directions. The 
advantage of fixing the tool in a three-dimensional position 
is that it is not necessary to move the tool and the external 
heating sources simultaneously. Because the tool is fixed, 
the NIR heater can always be locally heated to the point 
where deformation occurs by placing it directly underneath 
the material-tool contact.
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Fig. 1  Engineering stress-engineering strain curve of AZ31 sheets [4]
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The movement speed of the holder was fixed at 400 mm/
min. The revolution speed of the tool was 200 rev/min. The 
pitch in the z-axis in one cycle was 0.5 mm. The process 
variables, such as the rotation speed, the tool speed, and 
the step size in the z-direction (Δz) has large effects on the 
formability and surface quality [11]. The pitch in the z-axis 
has large impact on the surface roughness. Small pitch in 
the z-axis, small size of the tool and slow moving speed of 
the tool reduce surface roughness. In The objective of this 
work is to study the feasibility of the incremental forming 
process with external heating sources. Therefore, the process 
variables such as rotation speed, step size, and the tool speed 
were fixed with above values.

Three DC motors controlled the movement of the sheet 
holder. The G-code for the three-axis table was generated 
using a MATLAB program with the desired tool path. Two 
examples of tool paths are shown in Fig. 4. The tool path was 
generated with a spiral tool path instead of a contour tool 
path because the spiral tool path results in a smooth surface 
of the final products [11, 18].

3  Experimental Results

3.1  Effects of the NIR Heater

In previous works, it was found that the deformation in the 
incremental forming process is mainly shear deformation, 
and follows the sine rule [19]. Instead of LDH and LDR, the 
maximum forming angle of the cup was used as a measure 
of formability. As the angle of the cup (θ) increases, the 
plastic strain in the wall angle increases. In the incremental 
forming process of the cup shape, the angle of the cup shape 
represents the formability of the material. If the cup angle is 
high, large plastic deformation occurs.

The effects of the NIR heat were studied. Figure 5 pre-
sents the temperature distribution when the NIR heater was 
placed in the center. The temperature was measured with 
the thermal camera (NEC Thermo Tracer). The maximum 
temperature was 160.9 °C.

In order to investigate the effect of the external heating 
sources, the incremental forming process without external 

heating sources was performed. The cup shape with various 
angles were tested. The diameter of the cylindrical cup shape 
was 60 mm. In the forming process without external heating 
sources, the cylindrical cup shape with the angle (θ) of 20° 
was fabricated. However, there was a fracture in the forming 
of the angle of 25°. Figure 6 presents the fractured surface of 
the cylindrical cup shape with the angle of 25°. Without any 
heating sources, the formability of AZ31 is too low.

Figure 7 presents the experimental results of the incre-
mental forming process with the NIR heater. The cup shapes 
with angles (θ) of 30°, 37.5°, and 45° were fabricated. When 
the NIR heater was employed, the maximum forming angle 
of the cup was 45°. The radius of the base circle was 42 mm. 
By employing the external heating source, the maximum 
formable cup angle was increased from 20° to 45°. It means 
that the formability increased due to the increase in tempera-
ture with the NIR heater.

However, some problems were observed on the sur-
face. As the angle of the cup shape increases, microcracks 
occurred on the surface in the transverse direction. On sur-
face A, the surface was very clear. However, on surface B, 
microcracks can be observed. On the surface C, as shown 
in Fig. 7f, the cracks occurred along the rolling direction 
(R/D) on the surface of the material. These cracks on the 
surface mean the low formability of the material, and that 
the sheet was not heated sufficiently for the forming process. 
Therefore, it is necessary to raise the temperature of the tool 
to increase the local temperature of the material further.

Δz Δz

Contour Tool Path Spiral Tool Path

Fig. 4  Tool path for the incremental forming
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Fig. 6  Fractured surface of the cylindrical cup shape with the angle 
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3.2  Effects of the Heated Tool

In order to investigate the effect of the heated tool, a 
pyramidal geometry with an angle of 45° was formed. 
The size of the pyramid was 60 mm × 60 mm × 25 mm. 
Three cases were compared: (1) the pyramidal shape was 
fabricated with the NIR heater only, (2) the pyramidal 
shape was fabricated with the heated tool, (3) the pyrami-
dal shape was fabricated with both heating methods. The 
tool temperature was controlled to 300 °C using a thermo-
couple. The NIR heater was operated at maximum power 
(75 W).

Figure 8a presents the experimental results with the 
NIR heater. The height of the products when the fracture 
occurs  (hf) is 8.4 mm. Figure 8b presents the experimen-
tal result with the heated tool. The height of the products 
when the fracture occurs  (hf) is 9.4 mm. In both cases, 
the fracture occurs along the rolling direction. When the 
individual heater was used in the incremental forming pro-
cess, although the sheet was heated, it was not enough to 
increase the formability of the AZ31 sheet.

The maximum forming angle of the cup shape using the 
NIR heater was only 45°. However, it was not possible to 
form a pyramidal shape with an angle of 45°, as shown in 
Fig. 8a. However, for the pyramidal shape, the tool path 
was a rectangular shape. In order to form a pyramidal 
shape, the tool moves along the transverse direction after 
the rolling direction, in turn. In the forming process of the 
pyramidal shape, the crack occurs along the rolling direc-
tion. Because of the geometric constraint of the circular 
shape, the formability of the material was increased.

3.3  Incremental Forming Process Using Two 
External Heat Sources

In order to increase the formability, the two external heated 
tools (the NIR heater and the heated tool) were employed 
at the same time. The temperature of the sheet shown in 
Fig. 9 was measured with the thermal camera in the form-
ing process of the cup shape. Due to some noises, external 
heating sources were turned off. The maximum temperature 
occurred at the contact point between the tool and the sheet. 

Fig.7  Experimental results of 
the incremental forming process 
using NIR heater
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The value was over 250 °C, which is the recommended 
forming temperature for AZ31.

Figure  10 shows the experimental results when two 
external heated sources were used. The size of the pyrami-
dal shape was the same as in the previous experiments. A 
pyramidal shape with an angle of 45° was fabricated without 
any defects. On the surface of the products, there were no 
microcracks.

Figure 11 displays the sectional view of the formed prod-
ucts. The initial thickness of the sheet is 1 mm, the minimum 
thickness of the products is 0.65 mm, and the angle of the 
wall is 45°. At the slope of the pyramidal shape, the thick-
ness distribution was significantly small. The strain can be 
calculated from the thickness ratio. When  tf is the thickness 
after the forming process and the  t0 is the initial thickness, 
the strain is ln(t0/tf). In this case, the strain is 0.43. In addi-
tion, the thickness of the sheet after the incremental forming 
process can be predicted using the sine law, as shown in 
Eq. (1). The predicted wall thickness was 0.707 mm. The 
difference between the predicted value and the measured 
value was very small.

However, the shape had some defects. In this experiment, 
the die was not used. The working area of the sheet was 
100 mm × 100 mm, and the size of the pyramidal shape was 
60 mm × 60 mm × 25 mm. The size of the pyramidal shape 
was smaller than the size of the working area. Due to the 
bending of the sheets, unwanted deformation occurred. In 
order to reduce the unwanted bending deformation in the 
sheet, a die shape corresponding to the desired shape was 
required.

Furthermore, it was found that when the conduction and 
radiation are simultaneously employed to heat the sheet, the 
cup shape could be formed with an angle of 60° or more. 
As shown in Fig. 11, the cup shape can be formed without 
cracks. The surface roughness was also significantly reduced 
compared with the case where the heated tool was not used. 
Section F in Fig. 11 shows the surface of the transverse 
direction. The surface roughness in section F in Fig. 11 is 
slightly higher than the surface roughness in the section G 
in Fig. 12.

The sectional view of section F and section G is presented 
in Fig. 13. Section F, which has a higher surface roughness, 
shows the smaller thickness. The original thickness of the 
material was 1 mm. The minimum thicknesses for sections 

(1)tf = t0 sin (90 − �)
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F and G were 0.49 mm and 0.52 mm, respectively. There 
were some differences in the minimum thickness between 
the section F and the section G. Due to the process asym-
metry and anisotropic properties of the material, thickness 
changes resulted. The predicted wall thickness from the sine 
was 0.5 mm; the average value of the thickness from experi-
mental results was almost the same. The difference in the 
predicted value and the average value was 0.01 mm, which 
is 1% of the initial thickness.

In both sections, the unwanted deformation occurs. The 
working area of the sheet was 100 mm × 100 mm. The size of 
the cup shape was 60 mm in diameter and 40 mm in height. 
Due to the small size of the products, unwanted bending 
deformation occurred. In sections F and G, unwanted defor-
mation was observed. The amount of the unwanted deforma-
tion of the cup shape was smaller than that of the pyramidal 
shape because the cup shape gives a geometric constraint to 
the products.

3.4  Incremental Forming Process for Maximum 
Forming Angle

An experiment with varying cup angle was conducted with 
two external heat sources. The geometry of the section is 
shown in Fig. 14. The tool path was generated using Eq. (2). 
In this experiment, θi was 30°,  ri was 43 mm, α was 1.2, and 
Δz was 0.05 m. Figure 15 shows the experimental results. 
The diameter of the base circle was 86 mm. The final height 
of the product was 34.4 mm, and the final slope of the prod-
uct was 72°. At this point, the fracture occurred on I along 
the rolling direction as shown in Fig. 15.

Figure 16 shows the sectional view along section H. 
Figure 17 shows the distribution of the thickness of the 
predicted results and measured results with respect to the 
radius. As the angle of the cup shape increases, the thickness 

(2)

zn = zn−1 + Δz, �n = �n−1 + �Δz, rn = rn−1 −
Δz

tan(�n)
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of the wall decreases. In the normal direction of the fracture 
surface, the minimum thickness is 0.19 mm. At this point, 
the fracture strain is ln(t/tmin) = 1.66. By using two external 

heat sources, the maximum forming angle of the slope was 
72°.

4  Discussion

4.1  The Current Process: Problems 
and Improvements

As the temperature of the material increases, the formability 
and the maximum formable cup angle increase. Figure 18 
shows the maximum formable cup angle with respect to the 
forming process. The proposed method using the two exter-
nal heating sources shows the highest cup angle.

Since the formability of the magnesium alloy sheet 
depends on the temperature of the material, it is necessary 
to accurately measure the temperature of the magnesium 
alloy sheet in the external heat assisted incremental form-
ing process. However, it is difficult to measure the tempera-
ture precisely with a thermocouple or other indirect meth-
ods. Attaching a thermocouple to the sheet is not possible 
because the NIR heater may affect the thermocouple. At 
the same time, the thermo-graphic camera for measuring 
temperature is also not accurate due to the usage of the NIR 
heater. In order to establish stable process conditions later, 
the problem of material temperature measurement during 
the process should be resolved.

The power specification of the NIR heater in this work 
is 75 W. The power of the heater was not enough to heat up 
the material to 250 °C. If a NIR heater with more power is 
employed, the material could be heated to 250 °C. In such a 
case, the heated tool is not necessary. Currently, our research 
group is developing a new incremental forming process that 
uses a more powerful NIR heater and can also measure the 
temperature of the material.
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In the conventional single point incremental forming pro-
cess, the unwanted bending deformation of the sheet shown 
in Figs. 11 and  13 is an inevitable problem. When the tool 
touches the material first, the bending deformation occurs, 
because there were no supports on the opposite sides of the 
tool. In the previous works, in remove bending deformation 
of materials, a die-set or two-point incremental forming pro-
cess was employed [11].

4.2  Surface Roughness of the Products

The surface roughness is one of the measurement factors of 
the formability. Figure 19 presents the distribution of surface 
roughness of the cup-shaped product. The cup-shaped prod-
uct was fabricated through the incremental forming process 
using two external heating sources. The surface roughness 
of the initial sheet was nearly zero. However, a cup shape 
was shaped with 30°; the average value of the surface rough-
ness  (Ra) was observed to be 4.5 um. As the forming angle 
increases, the average value of the surface roughness also 
increases. When the angle of the cup shape was 60°, the 
average value of Ra was 7.8 um. The difference between the 
maximum value and the minimum value was 4 um.

In conclusion, as the angle of the cup shape increases, 
the surface roughness increases. With this characteristic, the 
formability of the material can be predicted. If the surface 
roughness of the material is measured, the surface roughness 
can be employed as a measurement of formability.

5  Conclusions

In this work, in order to improve the formability of the mag-
nesium alloy sheet in the incremental forming, two exter-
nal heat sources were employed. On one side, a NIR heater 

was employed. On the other side, the tool was heated with 
the induction coil. The temperature of the material was 
increased efficiently up to 250 °C, which is the proper form-
ing temperature of AZ31.

During the incremental forming of the cylindrical cup 
shape at room temperature, low formability of Magnesium 
alloy sheet limited the maximum cup angle to 20°. But with 
the employment of a single external heating source such as 
the NIR heater, the maximum forming cup angle of 45° was 
fabricated. Furthermore, incremental forming with vary-
ing cup angle with two external heating sources yielded the 
maximum forming angle of 72°. The thickness distribution 
showed good agreements with the predicted results from 
sine law. In conclusion, the formability of the magnesium 
Alloy sheet was improved by the local heating method 
through the use of external heating sources.
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