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Abstract. In deep drawing of aluminum and magnesium alloys, it is known that many alloys are 
difficult to form at room temperature. In particular, many commonly used magnesium alloys are 
very difficult to form at room temperature. To improve formability, warm processing is used. 
However, the problem is that the mold requires heating and cooling equipment and its control 
equipment. In the present study, we attempted warm deep drawing using frictional heat 
generation. To heat the punch itself, a frictional heat generation structure was incorporated inside 
the punch. The materials of the friction heater jig were several kinds of stainless steel and alloy 
steel tools. The relationship between the heat generation temperature of the frictionally heated 
punch and the working time was investigated. In addition, the amount of wear due to friction of 
each jig was investigated. It was found that sufficient working temperatures were obtained in the 
friction-heated combination of austenitic stainless steel and alloy tool steel. It was also found that 
good formability of the deep-drawn cup was obtained in warm deep drawing using the prototype 
friction heated punch.  
Introduction 
In recent years, efforts have been made to improve the fuel efficiency of next-generation vehicles 
such as electric vehicles, hybrid vehicles, and fuel cell vehicles in order to reduce carbon dioxide 
emissions. In the case of automobiles, the weight of the vehicle body tends to increase due to the 
expansion of equipment such as electronic parts. In addition, rapid progress is being made in the 
combination of multiple materials with different properties, in other words, the use of multi-
materials to achieve higher strength and lighter weight [1]. In the case of vehicle bodies for 
transportation machines such as automobiles and aircraft, the use of resins and light metals instead 
of steel materials is being promoted in order to reduce weight [2, 3]. Aluminum (Al) alloys and 
magnesium (Mg) alloys are attracting attention as representative light metals [4, 5]. Cast or 
extruded parts are used for many Al alloys and Mg alloys. Recently, from the viewpoint of mass 
production, material yield, and thinning of products, it has been desired to apply press processing 
to sheet materials [6]. However, it is known that some alloys are difficult to process at room 
temperature [7, 8]. For example, in the case of Mg alloys processed by rolling or extrusion, it is 
difficult to form them due to the characteristic texture formed during deformation [9, 10]. 
Currently, press processing is often used in the manufacture of automobiles using parts that make 
up automobiles such as bodies and doors [11]. Press forming has been used for a long time as a 
typical plastic working technique. This technique has relatively high productivity because it allows 
products to be produced in large quantities with fewer steps. Furthermore, by changing the mold, 
it can be processed into multiple shapes such as shearing and bending. One of these processing 
methods is deep drawing. This is a technology in which a blank metal sheet is placed in a metal 
mold called a die, and a punch tool is used to apply a predetermined load to form a seamless three-
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dimensional container. Although it is known as a severe processing method in press processing, it 
is relatively suitable for mass production. It is widely used in industrial products such as 
automotive parts such as sensor cases and battery cases, and in daily necessities such as beverage 
cans and cooking pots [12, 13]. As mentioned above, however, many Al alloys and Mg alloys have 
lower ductility and poor formability than steel materials. In particular, in the case of Mg alloys, 
many alloys are difficult to process at ambient temperature, with the exception of beta-type alloys 
[14] and microstructurally controlled alloys [15, 16]. For this reason, it is currently very difficult 
to form the material using cold deep drawing. One method to improve forming performance is 
warm deep drawing [17]. This process heats the flange before forming to reduce deformation 
resistance, thereby improving the formability of deep drawing. Formability is also improved by 
increasing deformation resistance and strength by cooling the part that contacts the punch shoulder. 
In the case of warm forming, however, the current problem is that a control device with a heating 
and cooling structure is required for the forming mold and the high cost associated with such 
equipment.  

In the present study, we focused on the frictional heat generated during friction stir welding 
(FSW) and friction joining (FJ). In FSW and FJ technology, this is a technology in which materials 
softened by frictional heat are stirred and welded. Many studies have been reported on joining 
dissimilar materials [18, 19]. In the case of steel materials, it is known that the temperature 
generated by friction is over 900oC [20]. In order to heat the metal punch itself, a frictional heat 
generation structure was incorporated inside the punch. In other words, a friction heat generating 
jig made of different metals was built inside the punch. Warm deep drawing was attempted using 
the frictional heat generated by the rotation of the jig. The relationship between the frictionally 
heated punch temperature and working time was investigated. Warm deep drawing was also 
performed using a friction heated punch.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Deep drawing method by using friction heating. 
Experimental procedures  
The prototype punch was heated by frictional heat. A deep drawing equipment consisting of punch 
and die was installed on a drilling machine. A schematic illustration of the warm deep drawing 
equipment using frictional heat is shown in Fig. 1. The punch is heated by the spindle of the drilling 
machine. At the tip of the punch, when a predetermined temperature is reached, the spindle is 
lowered by rotation of the drilling machine handle. The upper part of the rotary shaft connected to 
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the rotary jig was attached to the gripping section of the drilling machine. The rotational speed 
ranged from 2400 to 2800 rpm. The rotating shaft was fixed by two bearings installed inside the 
punch. The temperature generated by frictional heating was measured by several thermocouples. 
The measurement locations were near the heater jig and the die shoulder radius.  

The material of the rotary jig was tool steel or stainless steel. The heater jig was the same alloy 
tool steel used for the die. These jigs used are material grades and designation defined in JIS 
(Japanese Industrial Standards) standards. In the deep drawing process, the blanks used were Al 
alloy A5052 and Mg alloy AZ31. The blanks were 35 mm in diameter and 0.5 mm thick. The 
punch was a commercially available stainless steel SUS304 pipe. SUS304 is chromium-nickel 
austenite stainless steels. This steel is a material grade and designation defined in JIS G4303 
standard. It was 160 mm long, with outer and inner diameters of 20 mm and 16 mm, respectively. 
The punch had a diameter of 20 mm and a shoulder radius of 3 mm. The die had a hole diameter 
of 21 mm and a shoulder radius of 4 mm. The lubricant was a heat-resistant molybdenum disulfide-
based work oil. The clearance between the punch and the die was 0.5 mm. Table 1 shows working 
conditions in friction heating. 
 

Table 1. Working conditions in friction heating. 

Rotary jig 

Alloy steel 

SUP9 (spring steel, Cr-Mg steel), 299 HV 
SUJ2 (bearing steel, high-carbon Cr steel), 318 HV 
SCM440 (Cr-Mo steel), 326 HV 
SKS3 (Mn-Cr-W steel), 210 HV 

Alloy tool steel 
SKD11 (cold work tool steel), 232 HV 
SKD61 (hot work tool steel), 220 HV 
SKH51 (high-speed tool steel), 231 HV 

Stainless steel 

SUS303 (austenite stainless steel), 300 HV 
SUS304 (austenite stainless steel), 188 HV 
SUS310S (austenite stainless steel), 237 HV 
SUS316L (austenite stainless steel), 249 HV 
SUS403 (martensitic stainless steel), 206 HV 
SUS430 (ferritic stainless steel), 188 HV 
SUS327L1 (duplex phase stainless steel), 273 HV 
SUS630 (precipitation hardening steel), 415 HV 

Heater jig Alloy tool steel 
SKD11 (cold work tool steel), 232 HV 
SKD61 (hot work tool steel), 220 HV 
SKH51 (high-speed tool steel), 231 HV 

Rotating velocity 2400 - 2800 rpm 
Surface roughness of worked surface  
(by polishing paper, particle size: d) 

Sa*: 0.33 mm, Sz**: 5.97 mm  
(abrasive paper count: #240, d: 0.08 mm) 

Load force of rotary jig 200 - 400 N 
* Sa (ISO 25178) is a parameter that extends an arithmetic mean height Ra to a surface. 

** Sz (ISO 25178) is the extension of a maximum height Rz to a surface. 
After friction processing, the surface state of the rotary jig and heater jig that generated heat 

was observed with a digital microscope. The wear depth was also measured for the rotary jig and 
the heater jig after processing. The wear depth was defined as the dimensional change in the depth 
direction from the surface before and after processing. The maximum length before and after 
friction heating was measured with a digital micrometer in the rotary and the heater jigs.   
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Results and Discussions 
The relationship between the punch temperature heated by friction and the processing time of 
friction was investigated. The temperature of the heater jig was measured when the rotary jig was 
in contact with the heater jig while rotating. The relationship between the temperature and working 
time of heater jig SKD11 is shown in Fig. 2. The rotary jig was alloy steel type (a) and stainless 
steel type (b). The broken line in the figure indicates the temperature at which the rotary jig stopped 
rotating, which is 350°C. In the warm forming of light metals, it is generally known that the 
forming limit is greatly improved when the metal is heated to approximately 300°C [21, 22]. In 
the preliminary test, the heater jig reached a temperature of more than 500°C after a few minutes 
due to friction with the rotary jig. Since a heating temperature of approximately 300°C was 
sufficient for forming light metals, the rotation of the rotary jig was stopped when the heating 
temperature reached 350°C. The temperature of heat generated by friction was 350oC or higher in 
all rotary jigs. After the rotary jig stopped rotating, the heat temperature increased. When the rotary 
jig was made of stainless steel, the maximum temperature of the heater jig was approximately 
400°C . Moreover, the time during which the temperature was maintained at 350°C or higher was 
long, i.e., 100 s or longer. This is because the thermal conductivity of stainless steel is lower than 
that of other steel materials [23].  

The effect of the material of the heater jig on heat generation was investigated. When the 
material of the heater jig was changed, there was little effect on the relationship between the 
frictional heat-generating temperature and the processing time. The maximum temperature of the 
stainless steel type rotary jig was found to be higher, and the retention time above 350°C was also 
longer. The relationship between heat generation temperature and rotation time is shown in Figs. 
3 and 4, respectively.  

 
 

(a) Rotary jig: alloy steel type        (b) Rotary jig: stainless steel type 
Fig. 2. Variations of heat generation temperature with working time for heater jig SKD11. 

 
 

(a) Rotary jig: alloy steel type       (b) Rotary jig: stainless steel type 
Fig. 3. Variations of heat generation temperature with working time for heater jig SKD61. 
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(a) Rotary jig: alloy steel type       (b) Rotary jig: stainless steel type 
Fig. 4. Variations of heat generation temperature with working time for heater jig SKH51. 

 
 

(a) Heter jig: SKD11                  (b) Heater jig: SKD61                (c) Heater jig: SKH51 
Fig. 5. Relationship between thermal conductivity and holding time of over 350oC. 

Differences in time were observed between different types of rotary jigs in terms of holding 
time at heating temperatures above 350oC. In the rotary jigs made of stainless steel, the time to 
hold the heating temperature above 350oC was long. This is because the thermal conductivity of 
stainless steel is smaller than that of other steel materials. Therefore, the relationship between the 
time for which the temperature is maintained at 350°C and the thermal conductivity was 
investigated. The relationship between holding time and thermal conductivity in various rotary jigs 
is shown in Fig. 5. The heater jigs are SKD11 (a) , SKD61 (b) and SKH51 (c). Especially, the 
holding time of SUS304 and SUS310S was 120 s or longer. In other words, the thermal 
conductivity of these materials is low. The thermal conductivity of tool steel is approximately 45.1 
W/(m-K), while that of stainless steel SUS304 is approximately 16.0 W/(m-K) [24]. Therefore, 
the use of stainless steel as the rotary jig was found to be effective for heating the punch. 

After frictional heating, the surface condition of the rotary and heater jig was observed. The 
surfaces of the rotary jig SUS304 and heater jig SKH51 after friction processing are shown in Fig. 
6. Although traces of friction were observed, no seizure was observed. Similarly, almost no seizure 
was observed in other combinations of rotary jigs and heater jigs.  

The amount of wear on the rotary jig and heater jig after frictional heating was investigated. 
The amount of wear was defined as the wear depth obtained by measuring the dimensional change 
of the jig. The wear depth after friction tests on alloy tool steel type (a) and stainless steel type 
rotary jigs is shown in Fig. 7. The heater jig was SKD11. In the case of rotary jigs made of alloy 
tool steel, the wear depth for all rotary jigs was less than 0.02 mm. In the case of rotary jigs made 
of stainless steel, the wear depth was more than 0.02 mm. Due to the low thermal conductivity of 
stainless steel, heat tends to accumulate in the surface layer. The softening of the surface layer is 
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thought to have increased the amount of wear. In stainless steel rotary jigs, the wear depth of 
SUS310S, SUS403, and SUS630 was 0.04 mm or more. The exact reason why the wear amount 
of the three types of steel was higher is currently unknown.  

Similarly, when the heater jig was changed to SKD61 or SKH51, the amount of wear of the 
stainless steel type jig increased compared to that of the alloy tool steel jig. The wear depth after 
friction tests on alloy tool steel type (a) and stainless steel type rotary jigs is shown in Fig. 8. The 
heater jig was SKD61. 
 

 
 

(a) Rotary jig: SUS304                                          (b) Heater jig: SKH51     
Fig. 6. Surfaces of rotary jig and heater jig after friction processing.  

 

 
(a) Rotary jig: alloy tool steel type               (b) Rotary jig: stainless steel type    

Fig. 7. Wear depth of rotary jig relative to heater jig SKD11. 

 
(a) Rotary jig: alloy tool steel type               (b) Rotary jig: stainless steel type 

Fig. 8. Wear depth of rotary jig relative to heater jig SKD61. 
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(a) Rotary jig: SUS304                 (b) Rotary jig: SUS310S  
Fig. 9. Variations of wear depth of rotary jig with number of working. 

The effect of the number of friction tests on the wear depth was investigated. The friction test 
was performed multiple times in succession to measure the amount of wear. The wear depth after 
multiple friction tests on the stainless steel type rotary jig is shown in Fig. 9. The number of steps 
in the wear test was 10 times. In the second and subsequent wear depth measurements, the length 
of the jig before the test was used as the standard. The rotary jig was made of stainless steel 
SUS304 (a) and stainless steel SUS310S (b). The heating jigs were SKD11, SKD61, and SKH51. 
In both rotary jigs, the rotary jig was worn in the first test. In the second and subsequent tests, the 
depth of wear for SUS304 did not change much from the depth of wear in the first test. In the tenth 
test, the jig wear depth was less than 0.05 mm for the three types of heater jigs. On the other hand, 
when the rotary jig was made of SUS310S, the wear depth increased significantly after the second 
test; at the 10th test, the wear depth ranged from 0.20 mm to 0.26 mm. In austenitic stainless steels, 
the addition of Cr and Ni in SUS310S is higher. The Cr and Ni content in SUS304 is 18 wt.% and 
8 wt.%, and that in SUS310S is 20 wt. % and 25 wt. %. When the Ni content is high, the work 
hardening rate decreases; the work hardening coefficients for SUS304 and SUS310S are 
approximately 0.44 and approximately 0.34. The reason why the wear of SUS310S jigs is greater 
than that of SUS304 jigs is because the hardness of the surface layer during friction is lower.  

The effect of the material type of the heater jig on the wear depth after multiple friction tests 
was investigated. There was almost no effect of material on the wear depth of SUS304 and 
SUS310S rotary jigs. 

 

 
 
(a) Rotary jig: SUS304            (b) Rotary jig: SUS304, SUS310S  

Fig. 10. Variations of Vickers hardness with number of working. 
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R.T. (4.8 kN)        133 oC (4.2 kN)                    R.T. (fractured)              210 oC (2.9 kN)        

(a) Aluminum alloy A5052                            (b) Magnesium alloy AZ31  
Fig. 11. Appearances of drawn cups by using friction heated punch. 

Differences in the depth of wear after multiple friction tests were observed for the SUS304 and 
SUS310S rotary jigs. The hardness of the surface layer of both jigs after the multiple friction test 
was examined. The relationship between the hardness of the surface layer of the rotary jig and the 
number of friction tests is shown in Fig. 10. Each figure shows the change in hardness of the rotary 
jig SUS304 with respect to three different heater jigs (a) and the change in hardness of two different 
rotary jigs with respect to the heater jig SKD11 (b). In the rotary jig SUS304 (a), as the number of 
tests increased, the hardness for the three types of heater jigs also increased. When the number of 
tests was 10 times, the hardness of the rotary jig was approximately 250 HV. The hardness of the 
rotary jig was approximately 1.3 times higher than the pre-test hardness. Microstructural 
observation of the cross section showed that fine microstructures were observed in the surface 
layer. After the rotation of the rotary jig stopped, recrystallization is thought to have occurred in 
the worked layer. As the number of tests increased, the area of fine structure expanded. Regarding 
the rotary jig SUS304 and SUS310S for the heater jig SKD11 (b), the hardness of the rotary jig 
SUS310S decreased as the number of tests increased. In the surface layer of the rotary jig 
SUS310S, few areas of fine structure were observed.  

Warm deep drawing was performed using the punch heated by frictional heating. The 
appearances of the drawn cup A5052 (a) and drawn cup AZ31 (b) are shown in Fig. 11. The 
temperature of the process was measured inside near the shoulder of the die. In the A5052 blank 
(a), formability was good. The cup could be formed at room temperature, and the warm forming 
load was reduced. The maximum loads were 4.8 kN and 4.2 kN at room temperature and warm 
forming. In the AZ31 blank (b), fracture occurred at room temperature due to poor ductility. At 
warm temperatures, however, the formability was improved. In warm forming, the maximum load 
was 2.9 kN. The thickness distribution of the warm drawn cups was measured; the maximum 
reduction in thickness for the A5052 and AZ31 cups was approximately 5 % for both cups.  
Summary 
Friction heating was performed on several combinations of steel materials using the punch with a 
built-in friction heater jig. The following results were obtained: (1) When the rotary jig was made 
of alloy tool steel or stainless steel, a heat generation temperature of 370 to 400oC was obtained at 
a rotation time of 180 s; (2) When the rotary jig was made of austenite stainless steel, a holding 
time of more than 350oC was obtained for more than 100 s due to low thermal conductivity; (3) 
No trace of burning was observed on the friction surfaces where the rotary jig and heater jig contact 
each other; (4) When the rotary jig was made of stainless steel, the depth of wear increased 
compared to other grades of rotary jigs, but the maximum value was less than 0.1 mm; (5) The 
proposed method was capable of heating to the punch. Therefore, it was found that there was a 
possibility to improve the workability of Mg alloys by warm deep drawing. 
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