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Abstract
Titanium and its alloys take attention, especially in aerospace, automotive, and biomedical applications
because of their strength, corrosion resistance biocompatibility. Titanium components, in general, are
produced by sheet metal forming. However, the springback effect is a critical problem in the forming
process due to the di�cult formability of titanium sheets. In the present study, the hot forming process
was applied to sheets to investigate the effect of deformation temperature on microstructure, mechanical
properties, and springback behavior of commercially pure grade 2 (CP2) titanium sheets. The springback
angles were measured at the CAD model after the sheets were scanned by the 3D scanner. The tensile
test, hardness measurements, and microstructural analysis were examined by using specimens that were
cut from the side-wall and bottom of the deformed sheet as U-pro�le. The results reveal that the
microstructure is substantially changed, and springback is reduced with increasing temperature, and thus,
optimum results were obtained compared to the data obtained at room temperature.

1. Introduction
The development of titanium alloys was started with aerospace applications because of the requirement
of higher strength-to-weight ratios, stable mechanical properties at high temperatures, low density, and
high corrosion resistance [1]. Because of these properties, titanium alloys were found in a more extensive
range of application areas such as chemical, biomedical, marine, automotive, sports equipment,
petroleum re�ning pulp, paper plants, etc. [2-4]. The titanium alloys have four groups, α and near- α alloys,
which are named commercially pure (CP) titanium as well, β alloys and  α+β alloys [5]. The commercially
pure titanium is also divided into four classes which are from Grade 1 to 4. This classi�cation is based on
the carbon, oxygen, hydrogen, iron, and nitrogen content of titanium [1], and the yield strength increases
from 170 MPa to 480 MPa, as the grade number increases [6].

Titanium alloys can be produced in various forms such as ingot, bar, billet, plate, strip, tube or sheet [7].To
form sheet metal titanium alloys, there are many forming processes, for example, roll forming, stretch
forming, power spinning or press forming [8]. The cold press forming of titanium materials is di�cult due
to springback, and like other sheet materials, springback is a critical problem for the cold press forming
process of titanium sheets [9]. 

Springback is occurred due to elastic recovery after removed the loading. The parameters such as sheet
thickness, tool dimensions, contact between tool and workpiece, material properties have affected the
magnitude of the springback [10,11]. Many researchers have investigated the springback behavior of
titanium alloys and effective parameters. Ozturk et al. [12] studied the effect of temperature on the
springback behavior of CP2 titanium sheets with a thickness of 0.8 mm. They aimed to found optimal
forming parameters for CP2 titanium sheets and decrease the springback effect. Gisario et
al. [13] achieved a higher bending angle and ignored the springback angle of CP2 titanium alloy with a
combination of external force laser-assisted bending and contact pressure of the tool. Zhao et
al. [14] investigated the in�uence of the electric pulse on the springback of Ti-6Al-4V. They found that
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electric pulses can replace the conventional forming processes and effectively decrease the springback
effect. Hamedon et al. [15] achieved that decrease forming load and increase the formability of Ti6Al4V
titanium alloy by using resistance heating. Khayatzadeh et al. [16] investigated the factors that affect
springback during the Gr50 titanium sheet alloy forming process. Li et al. [17] studied the springback
behavior of high-strength titanium bent tubes and developed explicit/implicit 3D �nite element models to
correlate the springback with material properties and the geometrical dimensions. Another model was
developed by Badr et al. [18]. They examined V-bending and roll forming for the mill annealed cold-rolled
Ti-6Al-4V  sheet and then developed FEA (Finite Element Analysis) simulation and HAH (Homogeneous
Anisotropic Hardening) model. Ao et al. [19] examined the effect of electropulsing on springback and
microstructure during V-bending of Ti-6Al-4V sheet. Gheysarian and Abbasi [20] applied solution
treatment, annealing, and aging to Ti-6Al-4V titanium alloy sheets. Then, they studied the effect of aging
on springback behavior and formability of Ti-6Al-4V. 

In this study, a hot forming process was applied to increase the formability of titanium sheets. We
examined the springback behavior of CP2 titanium sheets, which hot formed at elevated temperatures.
The Grade 2 titanium sheets were formed using a U-shaped die and then scanned with a 3D scanner to
measure springback behavior. Tensile test, Vickers hardness test, and microstructural analysis were
carried out using specimens cut from the sidewall and bottom of the U-shaped pro�le to examine the
effect of formability.

2. Experimental Methods
The chemical compositions and mechanical properties of CP2 titanium with a thickness of 1 mm were
given in Table 1 and Table 2, respectively. 

Table 1. Chemical compositions of CP2 titanium (wt%).

Material C O N H Fe Al Ti

CP2 titanium 0.021 0.140 0.210 0.008 0.049 0.161 Balance

 

Table 2. Mechanical properties of CP2 titanium at room temperature.

Material Tensile
Strength

(MPa)

Yield
Strength

(MPa)

Young’s
Modulus

(GPa)

Elongation
(%)

Hardness
(HV)

CP2
titanium

344 280 105 20 140
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In the sample preparation process, CP2 titanium sheets were cut into blanks with a size of 500×400 mm,
and the blanks’ length direction was along the rolling direction. The heating of the blanks was performed
for 10 minutes in a conventional furnace for 350 oC, 450 °C, 550 °C, 650 °C, 750 °C, 850 °C and 950 °C. At
the end of this process, the heated blanks were directly transferred to the press and subsequently formed.
The transfer time from the furnace to the cold die was 5 s, and the temperature drop was around 50 oC.
 The hot forming process was carried out on a 200 tons hydraulic press with 10 mm/s punch speed. The
blanks were formed and held for 1 min between the die and punch. The experimental set-up and
geometries of die and punch are shown in Fig. 1, in which the punch and die were made by tool steel.

The images of the U-pro�les were taken with an Olympus digital camera with a white light scanning
system to determine the springback behavior. A wireframe model was generated from the digital images,
and texture mapping was done using the RapidForm software. The scanned data was registered into the
CAD data to display the data sets by using the software. The springback behavior of the U-pro�les was
de�ned by the sidewall angle, having the most critical effect on dimensional accuracy and thus affects
the subsequent assemblies [20]. The springback amount was measured by the angle (θ) between the
deformed shape of the blank before and after springback (Fig. 2). 

The tensile and hardness tests were performed to observe the mechanical properties of the U-pro�le CP2
titanium alloy. All tests were performed at room temperature. The specimens were cut from the vertical
direction of the bottom and side-wall of the U-pro�le by using a laser-beam cutting machine, as shown in
Figure 3 (a). The dimensions of specimens according to the ASTM E8 standards were given in Figure 3
(b). Tensile tests were performed at 10 mm/min constant strain rate on UTEST 25 tons universal tensile
testing machine. The Vickers hardness test was applied using an indentation load of 0,5 kg and dwell
time of 10 s, with Metkon Duroline-M hardness test machine. The hardness was measured from 5
different sample points for each sample and the average hardness values were calculated.  

Microstructural analyses were performed using an optical microscope (Nikon MA100) at 50x, 100x, and
200x of magni�cation levels. For observing microstructure, the specimens were polished and etched with
an etchant including 2% hydro�uoric acid (HF), 8% nitric acid (HNO3) and 90% pure water (H2O) for 20 s.

3. Results And Discussion
3.1. Mechanical Properties

Side-wall and bottom specimens of U-pro�le sheets formed at room temperature (RT), 350 oC, 450 °C, 550
°C, 650 °C, 750 °C, 850 °C and 950 °C were subjected to tensile test at room temperature, and results were
plotted in Figure 4. It was observed that the strength and strain were mostly affected fromelevated
temperatures. The bottom specimens' strength had higher values on average, around 5-10% at all forming
temperatures than sidewall specimens, except RT specimens. It is thought that this difference is because
the bottom surface of the punch contacts the sheet earlier than the sidewall surfaces of the sheet during
hot forming. So rapid cooling starts from higher temperatures of the bottom surface. Besides,
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deformation hardening occurs due to compression by punch and die increase at the bottom surface of
the blank.

The tensile strengths of the bottom specimens were slightly increased with increasing forming
temperature until 850°C. There was obtained a considerable increase in strain and a decrease in tensile
strength at 650 °C. After 850 °C, the strength increased dramatically, about 47% until 950 °C. When the
true stress-true strain curves of specimens given in Figures 5a and 5b are examined, it is seen that
signi�cant strain hardening is observed at bottom specimens compared with sidewall samples. The true
stress curve of the sidewall specimens became �at due to the ductile behavior of the material, indicating
that the deformation rate is lower than the bottom region. Fig. 4 also shows the total strain results of the
specimens. The total strain of the sidewall specimens was signi�cantly higher than bottom specimens
with increasing temperature, indicating that the deformation mechanisms vary with the deformation
temperature and position of the sheet in the die. The sidewall specimens strain had higher values on
average, around 15-33% at all forming temperatures than sidewall specimens, except for specimens
formed at RT and 950oC. While a signi�cant increase in strain has not occurred in bottom and sidewall
specimens until 850 °C, it has decreased substantially between 850-950 °C. This decrease was about 65%
for the sidewall specimens and about 50% for the bottom specimens, indicating that the micro
constituents and microstructures varied with forming temperature.

The microhardness change of bottom and side-wall specimens of CP2 titanium hot formed at RT, 350oC,
450 °C, 550 °C, 650 °C, 750 °C, 850 °C and 950 °C is presented in Fig. 6. The hardnesses of bottom
specimens were measured as higher than sidewall specimens. The increase was highest at 950 °C with
2%. Temperature-dependent hardness variation was obtained in both side-wall and bottom samples
parallel to each other. This showed that the bottom surface specimens had a deformation hardening and
rapid cooling effect.

3.2. Microstructures

The microstructure evaluation of the formed sheets was given in Fig. 7. The microstructure images of
bottom and sidewall samples are very similar, and consist of equiaxed grains except specimens hot
formed at 850 oC. The sheets formed at room temperature consisted of equiaxed α grains exhibiting the
same twin bands, and the average diameter of the α phase was in the size of 60-100 µm (Fig. 7a and Fig.
7b). There are numerous carbides, mostly inside grains. It is seen that the microstructure does not change
at 350 °C forming temperature at bottom and sidewall samples. Nevertheless, the few recrystallized
grains occurrence was observed locally at 450 °C forming temperature at bottom samples. The start of
recrystallization in sidewall samples was observed at higher temperatures (550 oC). However,
recrystallization is more evident in the bottom wall. This was due to higher deformation rates and higher
dislocation density for the bottom wall. Recrystallized grains are uniformly �ne (with a diameter of
around 20 µm) and equiaxed at these forming temperatures. In addition, twin intersections are seen
where the dislocation density is high and the recrystallized grains are �ne.
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After this temperature, it is seen that the microstructure does not change until 750 °C forming temperature
(Fig. 7b, Fig. 7c, Fig. 8b and Fig. 8c). But the number of twins was gradually decreased. Alpha grains were
similar to room temperature-formed sheets with an average grain size of 80 µm. At 750 °C, a slightly grain
coarsening was seen with grain size 105 µm. The grain size continued to increase at 850 °C. The position
and quantity of the carbides were changed and became prominent. Heating above 850 oC caused a
noticeable increase in the alpha grain size. Hot forming at 950 °C showed colonies of serrated bright
etching α plates and particles of dark etching retained β.

According to the literature [23], beta particles are formed at high temperatures (between 900-950 oC).
Because this temperature is the beta transus temperature which alpha grains transform to beta grains,
but on the other hand, the presence of acicular alpha is also seen at this temperature.

3.3. Fracture Morphology

In this study, the fracture surfaces of the tensile samples cut from the formed materials at room
temperature, 350, 750, 850 and 950 oC were investigated. According to the bottom specimens, dimples
are seen at room temperature and 350 oC, representing ductile fracture. At 350 oC, an increase in the
number of dimples was observed, and there is elongation in the dimples. Therefore, higher ductility is
expected at 350 oC, and according to Figure 8, a higher strain value occurred at 350 oC. There are dimples
and voids at 750 oC. In some areas, dimples have become smaller. Voids and small dimples are known to
reduce ductility. Indeed, the total strain has dropped at 750 oC in Figure 8. At 850 oC, it is seen that voids
are in a state of disappearance. For this reason, the total strain and ductility slightly increased. There are
smooth and shiny surfaces at 950 oC, representing brittle failure, and the lowest strain value was also
obtained at this temperature. When the temperature increased from room temperature to 350 °C, the
dimples were elongated in some regions and the dimples have also increased. This indicates an increase
in ductility and Figure 9 supports this. Micro voids are available at 750 °C and have an effect reduces
ductility. At 850 oC, dimples became smaller and the ductility decreases. Brittle fractures are observed,
and therefore, smooth and shiny surfaces are formed at 950 oC. Because of this reason, the lowest strain
value was obtained at 950 oC. The brittle fracture causes low ductility.

Besides, when the macroscopic photographs of the samples given in Figure 10 are examined, ductile
fracture type is seen in all samples except the sample at 950 oC.

3.4. Springback Angles

The temperature up to room temperature is found to be effective for reducing the strength. However, the
decrease in strength does not mean an increase in formability in this temperature range. The formability
results are seen in Table 3. According to the �gure, it increased after 350 oC. As known from the literature,
Ti has a hexagonal close-packed (HCP) crystal structure with a limited number of slip planes. For this
reason, Ti has lower formability at RT, but at high temperatures, the existence of alternative slip systems
improves the formability [13]. The �ndings at high temperatures have supported the mentioned reason.
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Springback is commonly related to high strength and elastic energy. As the temperature is increased, the
strength of the material is also substantially increased, and the high strength of a sheet material
indicates the greater the degree of springback.

Table 3. Springback angles of hot formed sheets.

Temperature RT 350 450 550 650 750 850 950

Angle (o) 15 12 10 8 9 9 10 11

4. Conclusion
In this paper, the formability properties of Grade 2 titanium sheets were examined. The materials were
heat-treated and bent with a U-shaped die. After the bending process, springback angles were measured.
To observing the effects of mechanical and microstructural properties on springback behavior, tensile
test, hardness test, and microstructural analysis were carried out. The main results are as follows:

The bottom specimens' strength and hardness had higher values than sidewall specimens, because rapid
cooling starts earlier on the bottom surface, and deformation hardening is observed. Side strain values
were obtained higher than bottom strain values. This showed that the position of the sheet in the mold
affected the mechanical properties. The highest strength value and the lowest strain value were obtained
at 950 oC in all samples. The high springback value obtained at room temperature was reduced by
forming at high temperatures. Thus, when the forming process at high temperatures is selected as an
alternative, it provides both higher strength and a lower springback than room temperature.
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Figure 1

The experimental set-up of (a) hydraulic press and (b) geometries of die and punch used for hot forming.

Figure 2

Schematic representation of the springback angle in the U-pro�le.
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Figure 3

(a) Cutting areas of the samples on the U-shaped pro�le and (b) tensile specimens dimensions in mm.

Figure 4

The effect of the temperature on tensile strength and total strain
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Figure 5

Stress-strain curves of samples taken from (a) boottom and (b) side-wall of CP2 titanium blanks hot
formed in various temperatures.
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Figure 6

Microhardness change of CP 2 titanium sheets hot formed in various temperatures
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Figure 7

Microstructure characteristics of commercially pure titanium Grade 2 sheets at different temperatures.
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Figure 8

Fracture morphology of the specimens taken from bottom side of the U pro�le hot formed in (a) RT, (b)
350 °C, (c) 750 °C, (d) 850 °C and (e) 950 °C.
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Figure 9

Fracture morphology of the specimens taken from side-wall of the U pro�le hot formed in (a) RT, (b) 350
°C, (c) 750 °C, (d) 850 °C and (e) 950 °C.
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Figure 10

Macroscopic images of fractured samples.


