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Abstract
A hot stamping process of quenchable steel tubes using a mandrel reinforced with eco-friendly fibers was developed to 
produce ultra-high strength steel hollow parts having enhanced lightweighting and crashworthiness. High internal pressure 
was generated to improve the die quenchability and shape accuracy of the formed parts by the fiber reinforcement. Wood 
sawdust, shredded copy paper, and plant fiber made of recycled toilet paper were chosen as the fibers, and not only the 
strength was evaluated from a uniaxial compression test but also the melting behavior of the mandrel was examined. The 
influence of the fiber reinforcement on the shape accuracy and die quenchability of hot-stamped parts was investigated. The 
generated internal pressure with the fiber-reinforced ice mandrel was higher than that with the pure ice mandrel without the 
reinforcement, and thus, the shape accuracy and die quenchability of hot-stamped parts were significantly improved even 
for a comparatively small change in internal volume of tubes.
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1  Introduction

With the continuous development of the automobile indus-
try, the efforts to reduce the entire weight of automobiles and 
consequently reduce carbon dioxide emissions by improv-
ing energy consumption have become the main goals of the 
modern automobile industry. The utilization of high spe-
cific strength materials such as high strength steel is not 
only considered in terms of vehicle weight reduction but 
also ensures crashworthiness and safety due to their high 
tensile strength. For producing complex ultra-high strength 
steel products having a tensile strength of about 1500 MPa, 

hot stamping is a favorable forming process [1, 2]. In hot 
stamping, quenchable steel sheets are heated up to above 
the austenite transformation temperature (around 900 °C) 
and then simultaneously formed and quenched at a cooling 
rate of over 30 °C/s to ensure transforming into martensite 
by holding with dies at the bottom dead center of a press 
slide [3].

The use of hollow components leads to further light-
weighting by eliminating the required overlap margin for 
joining separated stamped parts as well as improving the 
structural rigidity and strength of chassis parts such as axle 
beams due to the continuous welded closed-sectional shape. 
This, in turn, confirms the necessity for the development of 
forming processes for high strength steel hollow products. 
On the other hand, hot stamping of tubular components is 
restricted by their poor shape accuracy during compression 
deformation due to their hollow shape, which results in low 
shape accuracy and cooling for die quenching.

Tube hydroforming is a common manufacturing process 
to form a metal tube into a complex hollow shape using a 
simultaneous application of high fluid pressure and axial 
load [4]. On the other hand, the high fluid pressure is 
replaced with a passive generated pressure by compression 
of a fluid-filled tube to prevent the buckling, while the tube 
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is mainly formed by closing a moving punch. This leads to 
a significant reduction of the required internal pressure and 
die-closing force compared to the high forming pressure [5].

Since heating can remarkably improve the ductility 
of materials, warm and hot forming processes have been 
applied to tube forming. However, for temperatures over 

Fig. 1   Hot stamping of tubes: 
a without internal pressure, b 
with ice mandrel, c with ice 
mandrel and insulation sheets, 
and d with fiber-reinforced ice 
mandrel

Fig. 2   Sequence of hot stamping of tubes using fiber-reinforced ice mandrel and resistance heating

Fig. 3   Preparation of fiber-
reinforced ice mandrels
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300 °C, fluids are generally not appropriate [6], and utiliza-
tion of gaseous media has been increasingly developed to 
provide higher heating temperatures [7, 8]. Although the 
gaseous media has a significant impact on improving the 
formability, it is still difficult to sufficiently quench the steel 
tubes with gas due to the low cooling rate. Neugebauer et al. 
[9] developed a hot tube gas forming setup by increasing the 
compressed gas pressure up to 70 MPa. To ensure sufficient 
quenchability, high internal gas pressures for attaining com-
plete contact with forming tools are necessary, and thus, the 
energy for compressing the gas is high, and the equipment 
becomes costly. Talebi-Anaraki et al. [10] proposed a sealed 

air gas forming process for producing ultra-high strength 
bulged hollow parts under an initial sealed pressure of less 
than 3 MPa. However, it is still difficult to form small corner 
radii with sealed air.

Heat-resistant shapeless solids such as ceramic pow-
ders and sands can be utilized as the alternative forming 
medium to provide required pressure with short pressure 
build-up times and more safety compared with gas media 
[11, 12]. Grüner and Merklein [13] confirmed that the pres-
sure distribution inside the granular media is not hydrostatic 
and depends on the direction that the media is pressurized. 
Yang et al. [14] determined that the friction between the tube 

Fig. 4   Microscopic view of utilized fibers for fiber-reinforced ice mandrels

Fig. 5   Experimental setup for 
hot stamping of tubes using 
fiber-reinforced ice mandrel and 
resistance heating

Table 1   Chemical composition 
of quenchable steel tube [wt%]

C Si Mn P S Cr B

0.187 0.159 1.37 0.0170 0.0040 0.29 0.0039
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and granular media has a significant effect on the formed 
product. Chen et al. [15] utilized high-temperature granular 
materials for the press hardening of steel tubes. However, 
the process is still limited due to the non-hydrostatic and 
frictional properties of the granular medium.

Talebi-Anaraki et al. [16] utilized an ice mandrel in hot 
stamping of steel tubes not only to prevent buckling but also 
to improve the quenching behavior. To prevent rapid melt-
ing of the pure ice mandrel, thermal insulation sheets were 
utilized, and the tubes were rapidly resistance-heated. How-
ever, the generated pressure by ice depends on the strength 
of the ice mandrel. Moreover, it is still difficult to obtain 
full hardening of tubes in low compression ratios without 
changing the internal volume of tubes by pure ice mandrels. 
Therefore, it is desirable to increase the strength of pure ice 
mandrels to further improve the forming accuracy of hot-
stamped steel tubes in both high and low compression ratios.

The inclusion of fibers is an effective method for improv-
ing the strength characteristics of products. Carbon fibers 
[17] and glass fibers [18] are widely utilized for the strength-
ening of plastics and resin products. Since the forming tools 
are generally costly and the lead time is relatively long, 
plastic tools have been noticed in manufacturing processes. 

However, the strength of plastic tools is still limited, and 
reinforcing is required for them [19]. Therefore, the utiliza-
tion of fibers for strengthening the forming tools can be an 
attractive solution.

This paper aims at utilizing fiber reinforcements to 
improve the ice characteristics as a forming mandrel in hot 
stamping of hollow components. First, to study the fiber-
reinforced ice properties, the strength and melting behavior 
of the mandrels were examined. Afterward, the ice man-
drels reinforced with natural fibers were employed to inves-
tigate the forming behavior and die quenchability of the 
hot-stamped tubes. The strength of pure ice mandrel was 
improved by the utilization of natural fibers, and the shape 
accuracy and die quenching of press-hardened hollow prod-
ucts were significantly enhanced even in low compression 
ratios.

2 � Application of ice mandrels reinforced 
with natural fibers to improve generated 
internal pressure in hot stamping of tubes

2.1 � Prevention of melting and reinforcement of ice 
mandrel using natural fibers

In hot forming process of a tubular product by compres-
sion, buckling tends to occur due to the inside hollow struc-
ture of the tube material, which leads to reduce the shape 
accuracy as shown in Fig. 1a. Moreover, the strength of the 
hot-stamped products is gained by performing a rapid cool-
ing by die quenching at the bottom dead center of a press 
machine which is required a high contact pressure to obtain 
a sufficient cooling rate; however, die quenching of tubes 
becomes more difficult due to the low contact pressure of 

Table 2   Conditions of hot stamping of tubes using fiber-reinforced 
ice mandrels

Parameter Value

Current density [A/mm2] 30 (5.6 kA)
Heating time [s] 13.5
Distance between electrodes [mm] 100
Holding time at bottom dead center for quenching [s] 10
Total process time [s] 24–25

Fig. 6   Temperature distribu-
tions of tubes with and without 
fiber reinforcements just after 
the end of resistance heating
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tubes. Therefore, a reaction force from the inside of the tube 
is required to compensate for the lack of contact pressure and 
heat transfer rate during hot stamping of hollow products.

Ice is a low-cost natural substance that is environmen-
tally friendly and completely free of risk and waste, which 
offers a great potential to be employed as a mandrel in tube 
forming processes as shown in Fig. 1b. However, pure ice is 
considered a brittle material, and thus, its limited strength 
and rapid melting especially at elevated temperatures act 

as the most challenging obstacles in their applications for 
obtaining enough die quenching. Therefore, as it is shown in 
Fig. 1c, insulation of ice mandrels by insulation sheets was 
found to significantly reduce the rapid melting of ice and 
increase the cooling rate of both inner and outer surfaces 
of the tube; however, the production of ice mandrels with 
insulation sheets is time-consuming. Moreover, the strength 
of pure ice mandrels to full hardening the formed products 
in low compression ratios is still insufficient.

Fig. 7   Dimensions of dies for 
hot stamping of tubes using 
fiber-reinforced ice mandrel: 
a high volume compression 
by flat die and b low volume 
compression by square die

Fig. 8   Dimensions of designed 
mold to prepare ice billets
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To further improve the strength of ice-based man-
drels, composite ice mandrels have become attractive. 
“Pykrete” composite ice which produces by adding wood 
sawdust and water was proposed to improve the mechani-
cal properties of ice, especially for construction struc-
tures [20, 21]. Moreover, the thermal conductivity of ice 
can be reduced by choosing fibers having lower thermal 
conductivity which leads to prevent rapid melting of the 
fiber-reinforced ice (FRI). Pure ice rapidly melts under 
pressure, while fiber-reinforced ice can withstand more 
pressure. Wu et al. [22] compared the strength of plain 
ice and fiber-reinforced ice under uniaxial compres-
sion. Lou et al. [23] proposed a shear constitutive model 
to predict the relationship between shear strength and 
deformation of fiber-reinforced ice by considering the 
influence of temperature and fiber content. Ohashi et al. 
[24] developed cold bending of steel tubes by a filling 
medium of fiber-reinforced ice to prevent buckling of 
the bent tubes. However, research on fiber-reinforced ice 
and its applications has not been conducted extensively. 
Therefore, to enhance the shape accuracy and quenching 
behavior in compression of ultra-high strength steel hol-
low products, the contact surface pressure between the 

die and tube was significantly improved by increasing the 
required reaction force using fiber-reinforced ice mandrel 
as shown in Fig. 1d.

The procedure  for hot stamping of an ultra-
high strength hollow part using fiber-reinforced ice man-
drel is shown in Fig. 2. First, a quenchable steel tube 
containing fiber-reinforced ice is clamped between cop-
per electrodes, and both ends of the tube are sealed by 
ice stoppers to prevent the projection of fiber-reinforced 
ice during flattening. To apply not only rapid heating of 
fiber-reinforced ice-filled tube but also integrate the heat-
ing and stamping steps without the requirement for trans-
ferring, resistance heating is utilized. After the tube is 
heated to austenite temperature, the heated tube is imme-
diately compressed and quenched in die simultaneously 
by holding at the bottom dead center of a press slide.

Fig. 9   Prepared ice billets for 
compression test

Fig. 10   A schematic of the 
compression tools

Table 3   Conditions utilized for the uniaxial compression test

Parameter Value

Amount of compression [mm] 20
Compression speed [mm/s] 0.5
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The selected reinforcements for ice mandrel should 
not only be eco-friendly and accessible but also requires 
air gaps to reduce the heat conductivity. Hence, three 
types of natural fiber-reinforcing materials consisting of 
wood sawdust (Japanese cedar with < 1 mm mesh size), 
shredded paper (copy paper, 67 g/m2), and plant fiber 
composed of recycled toilet paper were nominated as 
ice reinforcers. As it is illustrated in Fig. 3, the reinforc-
ing material was shredded and evenly mixed with water 
(1:1 in weight) using a mixer to reach the target uniform 
distribution. Finally, the obtained composite material was 
filled in the tube and solidified in a commercial freezer 
at − 50 °C.

Figure 4 shows the microscopic view of the utilized 
fibers for fiber-reinforced ice mandrels. Long carbon 
and woven fibers are mainly employed to obtain the high 
strength of structure products; however, random short 
fibers are more suitable for ice mandrels due to the easy 
preparation and removal of fiber-reinforced ice mandrels 
from the formed products.

2.2 � Procedures and conditions of hot stamping 
of tubes using fiber‑reinforced ice mandrel 
and resistance heating

The designed setup for hot stamping of tubes using fiber-
reinforced ice mandrel and resistance heating is illustrated 
in Fig. 5. A quenchable steel tube having the outer diameter, 
thickness, and length of 38.1 mm, 1.6 mm, and 140 mm was 
sandwiched between the copper electrodes under an average 
pressure of 2 MPa. The chemical composition of the as-
received quenchable steel tube provided by the Nippon Steel 
Corporation Group is shown in Table 1. A DC power sup-
ply with a current density of 30 A/mm2 (5.6 kA) was used 
to rapidly heat the tube by resistance heating. Moreover, to 
uniformly heat the tube and gain a uniform distribution in 
electrical contact resistance, the fitting between the tube and 
electrodes was increased by inserting tin-coated flat copper 
braids at the interface between them. The austenite trans-
formation temperature (Ac3) of the as-received steel tube 
was approximately 820 °C, and thus, the tube was heated up 
to above 900 °C in 13.5 s. The resistance-heated tube was 
immediately held for 10 s at the bottom dead center of an 
800 kN CNC servo press (Amada Co. Ltd, SDE-8018) under 
an average speed of 200 mm/s during stamping. The condi-
tions utilized for hot stamping of tubes using fiber-reinforced 
ice mandrels are given in Table 2. Each experiment was per-
formed three times to ensure acquired data repeatability, and 
the results were averaged.

In the preliminary experiments of the study, to thermally 
insulate the ice mandrel and reduce the heat transfer, three 
layers of insulation sheets are inserted between the tube and 
fiber-reinforced ice mandrel and is defined by (np = 3). The 

thickness and weight of each layer of thermal paper were 
0.12 mm and 67.5 g/m2, respectively. Consequently, due to 
the prevention of melting of ice by natural fibers, the insula-
tion sheets were removed, and hot stamping of tubes using 
fiber-reinforced ice mandrels was performed without using 
insulation sheets (np = 0).

The temperature distributions of the tubes with and with-
out fiber reinforcements just after the end of resistance heat-
ing were measured by a two-color radiation thermography 
(Nobby Tech. Ltd., Thermera-NIR2) to omit the effect of the 
changing in surface emissivity by oxidation and are shown 
in Fig. 6. Utilization of the fiber-reinforced ice mandrel led 
to a more uniform temperature distribution on the surface of 
the tube compared with that of the pure ice mandrel.

Ultra-high strength steel hollow products were formed 
in both high and low compression conditions. A flat die 
that compressed the internal volume of the tube by 50% 
was utilized for high compression ratios and formed a flat 
cross-section, while a square die that hardly compressed 
the internal volume of the steel tube was designed for low 
compression ratios. The dies were made of carbon steel of 
S50C in JIS, and the details of the forming dies are shown 
in Fig. 7. Moreover, to prevent ice projection during high 
compression, both ends of the tubes were covered with steel 
sheets which are called ice stoppers.

3 � Mechanical and thermal properties 
of natural fiber‑reinforced ice

3.1 � Uniaxial compression test of fiber‑reinforced ice

To characterize the mechanical properties of fiber-reinforced 
ice mandrels, cylindrical billets of each type of ice mandrel 
were prepared, and uniaxial compression tests were con-
ducted. The cylindrical billet having 35 mm in diameter 
and 35 mm in height was located on the lower plate and 
compressed by the upper plate using a cylindrical slide. The 
compressing distance of the samples was 20 mm.

The designed mold to prepare the billets is shown in 
Fig. 8. The split-type mold was made of carbon steel of 
S50C in JIS and had a cylindrical hole with a diameter and 
depth of 35 mm. To prepare the ice billet, first, the joint of 
the molds were sealed with clay, and a thin production film 
is wrapped around the side surface and the bottom surface 
of the hole. Subsequently, the prepared mandrel material is 
filled and frozen under the same conditions as the experi-
ment. Finally, due to the expansion of the volume of the ice 
billet after freezing, the solidified billet is shaved, and the 
cylindrical billet with flat top and bottom surfaces is sepa-
rated from the mold. The appearance of the fiber-reinforced 
ice billets is shown in Fig. 9.
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A schematic diagram of the compression tools and the 
appearance of the compression die set are shown in Fig. 10. 
A hydraulic servo press with a maximum capacity of 300 kN 
was utilized for uniaxial compression, and the displacement 
of the slide was measured by the displacement meter provided 
in the servo press, and the load was measured by a load cell 
and recorded by a data logger. The upper and lower dies were 
precooled to − 50 °C (similar to the ice billet temperature) to 

prevent ice melting due to the direct contact with the ice billet. 
The surface that compressed the lower portion of the billet is 
counterbored to 40 mm diameter and a depth of 5 mm to pre-
vent the billet from ejection during compression. Moreover, 
to avoid pressurization and compression of the billet due to 
the weight of the tools during the installation stage, floating 
springs were set between the upper and lower dies.

Fig. 11   Compressed ice bil-
lets with and without fiber 
reinforcements after uniaxial 
compression test

Fig. 12   Engineering stress–
punch stroke curves of ice 
billets with and without fiber 
reinforcements

Fig. 13   Engineering stress–
punch stroke curves of 10 wt% 
plant fiber ice billets with differ-
ent ice temperatures
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The conditions utilized for the uniaxial compression 
test are presented in Table 3. The compressed billets after 
the uniaxial compression test are shown in Fig. 11. The 
results indicate that the ductility of the fiber-reinforced ice 
significantly improved compared with that of the pure ice 
billet, which was immediately broken after the start of the 
compression.

The engineering stress–punch stroke curves of the ice 
billets with and without fiber reinforcements are shown 
in Fig. 12. The ice billet without fiber reinforcements was 
immediately broken, while the compression load is largely 
influenced by the utilization of ice reinforcements. With the 
continuous increase of punch stroke, the compression load 
of the 10 wt% shredded paper decreased gradually. However, 
the plant fiber-reinforced ice was shown a more uniform and 
constant ductile behavior. Moreover, by increasing the fiber 
content to 20 wt%, the stress of the plant fiber-reinforced ice 
billet reached up to about 35 MPa.

To study the effect of the ice temperature on the uniaxial 
compression characteristics of ice mandrel, the 10 wt% plant 
fiber billets were frozen at different temperatures of − 18 °C 
and − 50 °C. The results indicate that by decreasing the ice 
temperature, the stress of the ice remarkably increased as 
shown in Fig. 13. Although the type and content of fiber 
are different from the previous studies, the obtained results 
are found to be in good agreement with their findings [22, 
23]. Therefore, by decreasing the ice temperature, a larger 
reaction force can be obtained by the fiber-reinforced ice.

Fig. 14   A schematic of placement of ice billet on ceramic hot plate

Fig. 15   Residual ice rate just after heating for various types of ice bil-
lets

Fig. 16   Temperature changes of fiber-reinforced ice mandrels during 
resistance heating

Fig. 17   Hot-stamped tube using a 10 wt% shredded paper fiber-rein-
forced ice mandrel with three layers of insulation sheets (np = 3) in 
flat dies
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3.2 � Thermal insulation of ice mandrels by fiber 
reinforcement

To investigate the melting behavior of ice mandrels at ele-
vated temperatures, the ice billets were placed on a ceramic 
hot plate as shown in Fig. 14. The ice billets were put several 
times, and residual ice were measured. The temperature of 
the hot plate having a 250 mm × 250 mm square area was 
adjusted to 450 °C to ensure homogeneous distribution of 
heat on ice billets, and the samples were set in the center of 
the hot plate for 13.5 s. To prevent the repeatable switch-
ing of the hot plate, the current was cut off just before each 
experiment. Subsequently, the mass of the remained ice was 
measured to determine the residual ice rate with respect to 
the mass of the initial ice mandrel before heating.

The residual rate of several types of ice mandrels just 
after the experiment is shown in Fig. 15. The pure ice 
mandrel immediately began to melt from its bottom por-
tion, and evaporation occurred between the bottom side of 
the ice billet and hot plate. However, by attaching insula-
tion sheets at the bottom of the pure ice billets, the melting 
was reduced compared with that without insulation sheets. 
In the case of utilizing wood sawdust fibers, the melted 
water led to not obtain the sufficient reaction force. Conse-
quently, shredded paper and plant fiber-reinforced ice man-
drels showed obvious superiority with excellent thermal 
insulation performance and thermal stability even without 
the requirement of insulation sheets due to the absorption 
of the slightly melted water by fibers. The residual ice 
by utilizing shredded paper and plant fiber-reinforced ice 
mandrels were approximately 25% higher than that of pure 
ice mandrel. Therefore, the insulation sheets to prevent 

melting of the natural fiber-reinforced ice billets can be 
omitted, and it led to easy preparation of fiber-reinforced 
ice mandrels.

To measure the temperature changes of fiber-reinforced 
ice mandrels during resistance heating, K-type thermo-
couples were embedded in the specified distance of fiber-
reinforced ice mandrels and subsequently were frozen with 
the ice-filled tubes. It should be noted that the difference 
between the initial temperatures of the thermocouples 
embedded fiber-reinforced ice samples and main experi-
ments was generally related to the required time for setting 
up this measurement test; therefore, the heating was started 
at about − 20 °C. The temperature changes of the fiber-rein-
forced ice mandrels during resistance heating are shown in 

Fig. 18   Cross-sections of 
hot-stamped tubes using ice 
mandrel with and without fiber 
reinforcements in hoop direc-
tion with three layers of insula-
tion sheets (np = 3)

Fig. 19   Comparison of buckling depth of hot-stamped tubes using ice 
mandrels with and without fiber reinforcements with three layers of 
insulation sheets (np = 3)
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Fig. 20   Cross-sections of hot-
stamped tubes using fiber-rein-
forced ice mandrels with and 
without insulation sheets

Fig. 21   Comparison of buckling 
depth of hot-stamped tubes 
using fiber-reinforced ice 
mandrels with and without 
insulation sheets

Fig. 22   Remained fibers at the 
center of hot-stamped tubes by 
twice tapping the tubes after 
experiments: a with 10 wt% 
shredded paper and b 10 wt% 
plant fiber
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Fig. 16. The temperature of the outer portion of the fiber-
reinforced ice mandrel which is measured at a distance of 
7 mm from the inner surface of the tube (point A) gradually 
increased; however, the temperature of the center portion 
of the fiber-reinforced ice mandrel (point B) was approxi-
mately constant for fiber-reinforced ice mandrels. Therefore, 
decreasing the installation and heating time can cause an 
increase in the generated reaction force by ice.

4 � Influence of fiber materials on forming 
behavior of hot‑stamped tubes in high 
and low compression ratios

The hot-stamped tube using a 10 wt% shredded paper fiber-
reinforced ice mandrel in flat dies is shown in Fig. 17. The 
cross-sections of the central portion of the hot-stamped tubes 
using ice mandrels with and without fiber reinforcements are 
shown in Fig. 18. The results indicate that by using fiber-
reinforced ice mandrel, a clear reduction in buckling can be 
observed as compared with that of a pure ice mandrel.

The buckling depth of the hot-stamped tubes was meas-
ured by a laser profile measurement, and the comparison 
between the buckling depth of the hot-stamped tubes by 
ice mandrels with and without fiber reinforcements and 
three layers of insulation sheets (np = 3) is shown in Fig. 19. 
Compared to the pure ice mandrel, the use of the fiber-
reinforced ice mandrel showed a significant reduction in 
buckling depth. In the case of the utilization of pure ice 
mandrel, the slight melting of the ice led to a change in the 
temperature distribution of the upper and lower portion of 
the tube. Therefore, the deformation tends to occur on the 
upper portion due to high temperature. Consequently, it can 
be confirmed that fiber-reinforced ice mandrels were able 
to provide a large reaction force and improved the shape 
accuracy of hollow products.

As it was previously shown in Fig. 15, the melting of 
ice mandrel was suppressed even without the utilization of 
insulation sheets. Moreover, omitting the insulation sheets 
allowed an easier preparation of the fiber-reinforced ice man-
drels. Therefore, in order to compare the forming results, the 
hot stamping of tubes using fiber-reinforced ice mandrels 
was performed without insulation sheets.

The cross-sections and buckling depth of the hot-stamped 
tubes using fiber-reinforced ice mandrels with and without 
insulation sheets are shown in Figs. 20 and 21, respectively. 
The results indicate that the cross-sections and buckling 
depth of the formed tubes without insulation sheets are 
almost the same as the formed tubes with three layers of 
insulation sheets. However, in the case of utilization of 
the 10 wt% shredded paper with insulation sheets, the soft 
insulation sheets acted as a cushion and led to generate 
a gap between the fiber-reinforced ice mandrel and tube. 

Therefore, buckling depth tended to slightly increase due to 
the generated gap.

Moreover, utilizing plant fiber as a reinforcement material 
led to not only further prevention of buckling but also easy 
removal of fiber-reinforced ice mandrel from the formed 
tube compared with that of shredded paper as shown in 
Fig. 22.

The forming load histories of the hot-stamped tubes by 
fiber-reinforced ice mandrels without using insulation sheets 
(np = 0) are shown in Fig. 23. The maximum forming loads 
of tubes by 10 wt% shredded paper and 10 wt% plant fiber 

Fig. 23   Forming load histories of the tubes formed by fiber-rein-
forced ice mandrels without insulation sheets (np = 0)

Fig. 24   Estimated internal pressure of tubes with and without fiber 
reinforcements for flat dies by using ice stoppers
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are 25.4 kN and 33.7 kN, respectively. It can be inferred that 
by utilizing a 10 wt% plant fiber, a larger reaction force can 
generate by the compression of the ice, which led to further 
reduction of buckling and improvement of the contact surface 
pressure with the die during quenching. However, the form-
ing load dropped sharply after reaching its maximum value. 
Therefore, it can be concluded that by gradually decreasing 
the pressing speed, the rapid force drop during pressing can 
be reduced, and the die quenching of tubes improved.

The estimated internal pressure generated by ice with and 
without fiber reinforcements estimated from the forming 
force is shown in Fig. 24. To calculate the estimated inter-
nal pressure, the maximum load of formed tubes with ice 
mandrels was subtracted from that of without ice mandrels 
and subsequently was divided by projected compressed area. 
By utilizing the fiber-reinforced ice, the maximum internal 
pressure of tubes reached up to above 10 MPa which led 
to a further decrease in the buckling of hot-stamped tubes.

Since the fiber-reinforced ice mandrel increases the gen-
erated reaction force, hot stamping of tubes using the fiber-
reinforced ice mandrel was also performed in low compres-
sion conditions by using square dies. The cross-sections and 
buckling depth of the hot-stamped tubes in low compres-
sion ratios with and without fiber reinforcements are shown 
in Figs. 25 and 26, respectively. The results indicate that 
utilization of the fiber-reinforced ice mandrel improved the 

contact pressure between the die and tube by further prevent-
ing buckling. Therefore, 10 wt% plant fiber can significantly 
improve the shape accuracy and lead to obtaining buckling-
free flat portions in both upper and lower sides even in low 
compassion ratios by square dies.

Fig. 25   Cross-sections of 
hot-stamped tubes using ice 
mandrel with and without fiber 
reinforcements in hoop direc-
tion in low compression ratios 
by square die

Fig. 26   Comparison of buckling depth of hot-stamped tubes using ice 
mandrels with and without fiber reinforcements in low compression 
ratios by square die
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5 � Influence of fiber materials on hardness 
distribution of hot‑stamped tubes

The Vickers hardness distributions of the hot-stamped tubes 
with and without fiber reinforcements are shown in Fig. 27. 
The Vickers hardness significantly increased by utilizing the 
fiber-reinforced ice mandrels compared with the pure ice 
mandrel. By utilizing 10 wt% plant fibers, the hardness of 
both the upper surface and lower surface of the tube raised to 
almost 450 HV10. Moreover, the decrease in hardenability 
of the tube even in the corners that did not come into contact 
with the dies was small, and the hardness above 400 HV10 
was obtained in the corners as well without the requirement 
of cooling channels for tools.

In the case of utilization of pure ice mandrel, quench-
ing of tube in square dies is still insufficient due to the 
low compression ratios. The Vickers hardness distributions 
of the central portion of the hot-stamped tubes with and 

without fiber reinforcements for ice mandrels in square dies 
are illustrated in Fig. 28. It is found that a 10 wt% plant 
fiber can remarkably enhance the quenching of the hot-
stamped tube by not only generating a sufficient reaction 
force but also facilitating rapid cooling by ice. Therefore, 
full-hardened hot-stamped tubes can be obtained by insert-
ing fiber-reinforced ice mandrels in low compression ratios 
without the change in the internal volume of the tube.

6 � Conclusion

To enhance the shape accuracy and quenchability in 
forming processes of hollow products in high and low 
compression ratios, a natural composite ice mandrel was 
developed and utilized in hot stamping of steel tubes. 
By adding fiber reinforcements to the pure ice, the melt-
ing of the ice is greatly prevented, and the generated 

Fig. 27   Vickers hardness 
distributions of hot-stamped 
tubes using fiber-reinforced ice 
mandrels in flat dies in hoop 
direction of center of tube

Fig. 28   Vickers hardness 
distributions of hot-stamped 
tubes with and without fiber 
reinforcements for ice mandrels 
in square dies in hoop direction 
of center of tube
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reaction force from the ice mandrel was increased. The 
fiber-reinforced ice mandrels significantly improved the 
shape accuracy and die quenching of tubes without the 
requirement of thermal insulation sheets. The fiber-rein-
forced ice mandrels displayed certain ductility compared 
with the brittle pure ice mandrel. However, the shredded 
paper and plant fibers were considered more advanta-
geous than the wood fiber due to their excellent water 
absorption capabilities. The estimated maximum internal 
pressure of tubes using fiber-reinforced ice mandrels was 
increased about twice compared with pure ice mandrels. 
Finally, the strength of the formed hollow products in 
both high and low compression ratios was heightened by 
increasing the hardness to above 400 HV10 even in the 
portions not in contact with dies without the requirement 
of cooling channels for tools.

The benefits mentioned above are not the only advantages 
gained by the utilization of fiber-reinforced ice in industrial 
applications. However, the performance of various types of 
fiber reinforcers, optimization of fiber length, and reusabil-
ity of the mandrels are essential to fulfill the requirement 
of mass production. Moreover, as the generated force by 
fiber-reinforced ice mandrel is high, it can be used not only 
in compression processes but also in other applications of 
forming processes of sheets and tubes such as bulging and 
bending.
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