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Single-point incremental forming (SPIF) was conducted on a 1-mm-thick commercially pure titanium grade
2 (Ti-G2) sheet metal in a CNC vertical milling unit. A hardened steel ball of 12 mm diameter was used as
forming tool. Frustum cups were formed with varying spindle speeds between 300, 450, and 600 RPM.
Other process parameters including the vertical step down and feed rate were kept as 0.2 mm and 300 mm/
min, respectively. The metallurgical and mechanical properties of the formed material were investigated by
cutting samples from the frustum cup walls. Electron-backscattered diffraction (EBSD) investigation re-
vealed limited change in grain size with an increase in spindle speed. Dislocation density was measured by
x-ray diffraction peak broadening analysis. The results indicate that an increase in spindle speed resulted in
an increased dislocation density. The EBSD-based textural studies revealed a strong basal texture with near
P and B type orientations visible at the maximum spindle speed. The tensile tests demonstrated a pro-
portional increase in tensile strength with an increase in spindle speed along with a significant reduction in
total ductility. The enhanced dislocation density and the formation of a strong basal texture were considered
as the main drivers for the improvement in the tensile strength. A maximum tensile strength of nearly 550
MPa was obtained for samples extracted from the walls of the frustum cup at the maximum spindle speed of
600 RPM. This translates to an 80% enhancement of the tensile strength when compared to the base metal .
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1. Introduction

The titanium grade 2 (Ti-G2) is considered as the workhorse
of the chemical and piping industry where superior chemical
resistance, excellent strength-to-weight ratio, good weldability,
and good formability are required (Ref 1). Its uses include
tubing or piping systems, gas and oil storage and delivery
systems, pressure vessels, chemical reaction vessels, heat
exchangers, liners and various other industrial applications
(Ref 2). These applications may involve various forming
operations. Ti and its alloys are successfully employed in these
applications with achievable tolerance levels comparable to

stainless steels. However, the tolerance achieved is inferior to that
of steels. Ti-G2 (commercially pure grade) ismostly used for cold
forming operations (Ref 3). The commercial pure grade of Ti
exhibits typically hexagonal closed pack (HCP) crystal structures
at low temperature and a body-centered cubic (BCC) crystal
structure at elevated temperatures (above 800�C). Typically, the
deformation of Ti occurs due to a twining-based mechanism and
exhibits a different stress–strain behavior in tension and com-
pression (strength differential effect) (Ref 4). Ti alloys are
sensitive to strain rate and better formability is achievedwhen it is
formed at low strain rates at ambient temperature. Efforts have
been made by several researchers to understand the forming
behavior of Ti and its alloys through the conventional punch
stretch test (Ref 4-6) as well as through various incremental
forming techniques (Ref 7-9). Unlike the conventional punch
stretch test, the single-point incremental forming (SPIF) test
utilizes a point contact on the sheet metal surface and incremen-
tally conveys the desired shape on it. This necessitates special-
ized computer numerical control (CNC) forming equipment.
SPIF does not require a conventional punch and die setup and
only a relatively simple fixture support (Ref 10, 11). SPIF has
been demonstrated to attain higher forming limits than any other
conventional sheet metal forming processes. To capitalize on this
potential elevated formability, it is essential to investigate how
the process parameters affect the success of the forming process.
The most significant process parameters in SPIF are sheet metal
thickness, tool diameter, tool shape, vertical step down, spindle
speed, and lubrication (Ref 12). The literature reports that
formability may be increased with an increase in sheet metal
thickness duringSPIF (Ref 13, 14). Subsequent papers suggest an
optimized sheet metal thickness resulting in improved formabil-
ity (Ref 15). In line with the above, an increase in tool diameter
(Ref 16-18) and an increase in spindle speed (Ref 16, 19)was also
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demonstrated to improve formability during SPIF of various
sheet metals. Researchers also suggested that a decrease in both
vertical step down and feed rate results in better formability (Ref
17-22). From the literature, it therefore inferred that an increase in
tool diameter and spindle speed both have positive effects on
formability whereas the increase in vertical step down and feed
rate may affect the formability. The effect of SPIF process
parameters on the formability of various metallic materials (Ref
12-14, 17, 19-21) and Ti alloys (Ref 16, 22, 23) has been
investigated. However, there are no reports for Ti-G2 that
correlate the SPIF process parameters with the mechanical
properties obtained for the resulting incrementally formed
components. In general, Ti-G2 displays higher formability as
well as lower spring back when compared to the other
commercial pure grades typically used. Also due to the lower
mechanical properties of the commercially pure grades, when
compared to the higher alloy grades, they are typically utilized in
less structurally important applications (Ref 24). This paves the
way to also improve their usability if the mechanical properties
may be significantly enhanced by the incremental forming
process.

Ajay (Ref 25) in a recent study reported that the significant
process parameters for the SPIF process are the spindle speed,
the vertical step down, and the feed rate. However, lowering the
vertical step down and feed rate with moderate spindle speed
resulted an optimal outcome in Ti alloys. The outcomes
considered by the aforesaid author are the wall angle, surface
roughness, and thinning. In our earlier report on SPIF of Ti-G2,
the higher tool diameter and higher spindle speed produced
better forming limit strain (Ref 16). From the other reports (Ref
17-22), it is understood that lower vertical step down and feed
rate enhances formability in SPIF. Hence, for the present
investigation, a higher tool diameter, lower vertical step down,
and lower feed rate have been chosen to attain higher
formability in the frustum cups and these parameters were
unaltered during the entire study. Besides an attempt is made in
this investigation, to primarily understand the effect of a spindle
speed alone on the formability of Ti-G2. This is because the
primary intention of this experimental study is to attain
maximum formability in a shorter time interval, which can
reduce the cycle time of the SPIF process. This is potentially
possible by increasing the spindle speed. Furthermore, the
subsequent mechanical properties of SPIF Ti-G2 frustum cups
are experimentally evaluated in this study. The correlation
between the properties and the structure resulting from the
single-point incremental formed Ti-G2 frustum cups conducted
at various spindle speeds can provide an insight about the
mechanical properties attainable to eventually widen the
potential applications for commercially pure Ti.

2. Experimental Procedure

2.1 Preliminary Testing of Base Metal (BM)

The chemistry (in wt.%) of the BM (Ref 9) is 0.03 N, 0.08
C, 0.014 H, 0.2 Fe, 0.17 O, and balance Ti. The tensile
properties of the base metal were evaluated by tensile test. The
samples for tensile test (microtensile) were prepared along the
rolling direction of sheet metal using wire-cut electrical
discharge machining (WEDM). The tensile tests were con-
ducted with a crosshead speed of 1 mm/min using a Tinius

Olsen 50KL tensile tester. Tensile properties were reported
based on an average of three tensile tests conducted.

2.2 Single-Point Incremental Forming (SPIF)

In the present study, the sheet thickness of 1mm was chosen.
Further, a constant tool diameter of 12 mm, vertical step down
of 0.2 mm, and a feed rate of 300 mm/min was employed. The
higher tool diameter produced higher forming limit strain,
which was predicted experimentally from our earlier report
(Ref 9). Hence, a tool diameter of 12 mm was chosen. After
experimentally evaluating the various combinations of vertical
step down (0.2, 0.4 and 0.6 mm) and feed rates (300, 600 and
900 mm/min), the lower value of vertical step down and feed
rate was chosen, as it has produced higher formability in SPIF.
However, it is not shown in the present study. The spindle
speed was varied as 300, 450 and 600 rpm. Grease was used as
a lubricant.

Forming specimen was manufactured by shearing the
procured BM material (1-mm-thick sheet) into 150 mm
squares. Circular grids of 2 mm diameter in a rectangular array
were engraved to a depth of 0.05 ± 0.005 mm (on one side of
the sheared sheet metal) using a laser-assisted unit. Laser-
engraved sheet metals were secured in a specially fabricated
fixture setup. A vertical milling CNC machine (GSK 928 MA)
was employed to carryout SPIF (refer Fig. 1a). The tool
comprised of a hardened steel ball (12 mm diameter) attached
to the tool shank. The machine was coded to form the frustum
cups at the various spindle speeds, i.e., 300, 450, and 600 rpm.

Fig. 1 (a) experimental setup for SPIF, (b) frustum cup obtained
after SPIF, (c) region of extraction of tensile sample from the
frustum cup, (d) microtensile samples (before and after tensile tests),
and (e) Dimensional details of microtensile specimens (redrawn
based on the work of Nadammal et al., 2015 (Ref 26)
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However, the vertical step down was fixed as 0.2 mm while, the
feed rate was kept as 300 mm/min. Grease (Molybdenum
disulfide) were applied at the tool and blank contact area during
SPIF. Frustum cups with a wall angle of 55� were formed based
on the above parameters. SPIF continued until the Ti-G2 sheet
metal displayed a fracture at the bottom edges of frustum cup
(refer Fig. 1b).

2.3 Frustum Cup Strain Investigation

Completed frustum cups were investigated for limiting
strains by referring to the circular engravings. The strains
transformed the circular engravings into elliptical shapes from
which it was possible to measure the major and minor axes of
the ellipses to then infer the forming and fracture limiting
strains. These results and analysis are reported elsewhere (Ref
9). Since the primary focus of this study is to investigate the
mechanical properties of the formed material microtensile test,
samples were prepared from the walls of the formed frustum
cups (see Fig. 1c). Formed frustum cups typically have a near
uniform wall thickness and therefore makes tensile testing
possible. Tensile tests using a similar setup to the base metal
testing (‘‘Single-Point Incremental Forming (SPIF)’’ Section)
were conducted on the frustum cup wall sourced specimen. The
effect of spindle speed on the grain size distribution and
misorientations, on a local scale, was examined by scanning
electron microscopy with attached electron-backscattered
diffraction (SEM-EBSD) detection. The samples for the EBSD
investigation were also obtained from the walls of the frustum
cup and were prepared manually to eventually be electropol-
ished in a Struers-Electropol-IV at 38 V (DC) for 20s in the
presence of 80% methanol and 20% perchloric acid electrolyte
solution. The orientation image micrographs (OIM) were
recorded by a FEI-Quanta 3D FEG-SEM with a step size of
0.3 lm. TSL OIM 4.6 software was used to analyze the EBSD
maps. Additional 10 mm square specimen were also removed
from the formed frustum cup walls to be used for the x-ray
diffraction (XRD) studies. XRD was conducted on a Rigaku
Ultima III unit with 1.5406 Å wavelength radiation source (Cu-
Ka) and a fixed scan rate of 2�/min.

3. Results and Discussion

3.1 Microstructural Characterization

The microstructural characterization of the BM and the
formed frustum cup specimen was conducted by SEM-based
EBSD techniques. Inverse pole figure (IPF) maps, grain size
distribution, and misorientation plots of the BM and subsequent
SPIF specimen at the various spindle speeds are presented in
Fig. 2(a-l). Figure 2(a) represents the standard stereographic
representation, which indicates the orientation of grains shown
in IPF maps. The color legend map is common for all the IPF
maps presented in Fig. 2. The appearance of grains in the BM
(refer Fig. 2a) shows near equiaxed grains and resembles a
rolled microstructure, mostly, as the BM was procured as a
sheet metal (Ref 27). The average grain size reported by the
BM is 6lm (Fig. 2a) and the grains are observed to display
mostly (78%) low angle grain boundaries (LAGBs) with
misorientation less than 15� (refer Fig. 2c).

The specimen formed at 300 RPM (Ti-G2 300) shows
slightly more refined grains (�10% of grains are < 1lm) than

the BM (�5% of grains are < 1lm) (Fig. 2d). The average
grain size is 5lm (Fig. 2e). The misorientation of grains in Ti-
G2 300 is of 70% LAGBs and 30% high-angle grain
boundaries (HAGBs).

The IPF map observed for the 450 RPM specimen (Fig. 2g)
displays a considerably coarser grain structure when compared
to the BM. A significantly higher average grain size of 10lm is
demonstrated in Fig. 2(h). The Ti-G2 450 sample (Fig. 2i)
displays 62 and 38% fractions of LABs and HAGBs respec-
tively.

The IPF map 600 RPM (Ti-G2 600) specimen are presented
in Fig. 2(j). The average grain size for Ti-G2 600 is 6lm with
5% of grains being < 1lm (Fig. 2k). The grain misorientation
is 70% of LAGBs (Fig. 2l).

None of the misorientation plots (Fig. 2c, f, i, and l) show
traces of �65 and 85� grains which are considered to be the
preferential orientation of deformation twins in commercially
pure Ti (Ref 28).

The EBSD analysis showed that the grains are oriented
along the vertical step-down direction of the SPIF tool
(indicated with arrow heads in Fig. 2d, g, j). In general, the
SPIF processed Ti-G2 samples show limited change in average
grain size when compared to the BM. However, there did occur
a limited local refinement due to an increase in the fraction of
grains that have grain sizes £ 1lm. This is specifically
apparent in the Ti-G2 300 sample when compared to the BM.
The fraction of these smaller grains (<1lm) is similar for the
BM and Ti-G2 600. The intermediate spindle speed 450 RPM
sample did however display a coarser grain size than both the
BM and the samples prepared at 300 and 600 RPM. A similar
increase in average grain size for an intermediate set of process
parameters was also reported by Shrivastava and Tandon (Ref
29) when conducting SPIF on commercially pure aluminum.
They reported that during SPIF, the sheet metal blank
undergoes stretching and strain hardening, which will result
in a fine and stretched grain structure (increase in aspect ratio of
grains), which is potentially a function of its process param-
eters.

3.2 X-ray Diffraction and Texture Analysis

X-ray diffractograms of the BM and the Ti-G2 processed
samples are shown in Fig. 3(a-d). The peaks observed are of
mostly a-Ti. Peak shift (toward the low angle side of 2h) is
significant (refer the peak intensity) while the broadening of
peaks is marginal when comparing the SPIF samples with the
BM (refer Fig. 3a-d). The peak shift is attributed to strain
accumulation whereas the broadening of peak is due to grain
refinement (Ref 30). Because the SPIF process involves
stretching and strain hardening, an increase in dislocation
density is potentially possible. To evaluate the dislocation
density (area) for the SPIF samples an XRD peak broadening
analysis (XRDPBA) was conducted utilizing the Williamson–
Hall (W-H) method. Parameters including crystal size and
lattice strain are obtained from the W-H method and is
explained in the work of Zak et al. (Ref 31) and Krishna et al.
(Ref 32). The parameters obtained from the XRDPBA are used
to obtain the dislocation density by substituting into equation
1(Ref 33):

q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qD � qS
p ðEq 1Þ

where qD - dislocation density because of domain size, qD ¼
3
D2

� �

and qS - dislocation density due of strain broadening,
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Fig. 2 IPF maps, grain size distribution and misorientation plot are given in order for: (a, b, c) BM, (d, e, f) Ti-G2 300, (g, h, i) Ti-G2 450, (j,
k, l) Ti-G2 600. (inset in Fig. (a) represents the standard stereographic triangle)
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qS ¼ Ke2

b2

� �

: Also K ¼ 6p and the Burgers vector is b ¼
0:3249nm (Ref 34). D and e denotes the crystallite size and
lattice strain, which are also obtained from XRDPBA.

The dislocation densities for the BM material and the SPIF
samples obtained from XRD are shown in Table 1. It clearly
shows that compared to the BM the dislocation density
increased significantly when subjected to the incremental
forming process. The dislocation density also increased as a
function of spindle speed with the highest and lowest densities
being demonstrated for the commensurate highest and lowest
spindle speeds.

IPF maps displaying grain orientation (texturing) are shown
in Fig. 2(d), (g), and (j) for the SPIF processed samples at the
different spindle speeds. To investigate the texturing, an

attempted is made by utilizing the Lotgering factor (Lhkl).
The Lotgering factor determines the preferred orientation of
particular crystal planes, when compared with its coarse grain
parent material. The Lhkl factor of various crystal planes for the

Fig. 3 X-ray diffraction patterns of: (a) BM, (b) Ti-G2 300, (c) Ti-G2 450, (d) Ti-G2 600, and (e) Lotgering factor (Lhkl) against process
condition

Table 1 Dislocation density values obtained through
XRDPBA against various process conditions

Process condition Dislocation density (1014,m2)

BM material 0.63
Ti-G2 300 5.95
Ti-G2 450 9.22
Ti-G2 600 9.37
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SPIF samples is presented in Fig. 3(e). The Lhkl factor is
obtained from the work of Hajizadeh and Eghbali (Ref 35),
which are as follows:

L hklð Þ ¼
P hklð Þ � PR

hklð Þ

1� PR
hklð Þ

ðEq 2Þ

P hklð Þ ¼
I hklð Þ
RIj

ðEq 3Þ

PR
hklð Þ ¼

IRhklð Þ

RIRj
ðEq 4Þ

where. I ðhklÞ denotes the intensity of the diffraction peak in the
processed material, IRðhklÞ signifies the intensity of the diffraction
peak of the reference material (mostly, annealed – coarse
grained material). I j and IRj are the intensities of any diffraction
peak in the processed and reference material, respectively.
LðhklÞ, the Lotgering factor, stipulates the difference in orien-
tation of crystal planes among the processed material. An
increase in LðhklÞ implies a higher variation in crystal orienta-
tion. By implication if LðhklÞ ¼ 0, then there exists no crystal
orientation variation between the reference material and
processed material. The dashed line in Fig. 3(e) represents
the BM and acts as reference. Fig. 3(e) shows that planes (110)
and (200) are significantly affected by the forming process and
is furthermore also affected by spindle speed.

Figure 3(e) shows that preferred orientation has taken place
in the Ti-G2 while varying the spindle speed. Through SEM-
EBSD, the obtained pole figures of the BM, Ti-G2 300, Ti-G2
450 and Ti-G2 600 are shown in Fig. 4(a-d), respectively. The
texture was recorded on the same location, which was used to
record the IPF maps shown in Fig. 2. The pole figures (exper-
imental) of (0 0 0 1) – basal plane, (1 0 1 1)–prismatic plane
and (2 1 1 0)–pyramidal plane is documented in this study.
Figure 4(a) represents the initial texture of the BM and the (0 0
0 1) pole figure represents the c-axis of basal plane, in which
the majority of grains are oriented at an angle of—30 to—60�
along the transverse direction (TD–notated as A1 in pole figure)
to field direction (FD–notated as A2 in pole figure). This
preferred orientation of the basal plane is parallel to the initial
rolling direction of Ti-G2 sheet metal, whereas the (1 0 1 1)and
(2 1 1 0) pole figures, representing the a–axis of material,
display no preferred orientation (random texture). Similar
rolling textures were observed in the BM of commercially pure
Ti (Ref 36), in which the basal plane showed preferred
orientation and the prismatic and pyramidal planes showed no
preferred orientation. The texture intensities for different planes
for the BM and the formed samples are reported as contour
plots in Fig. 4. Ti-G2 300 (refer Fig. 4b) and Ti-G2 450 (refer
Fig. 4c) display a significant weakening of texture along with a
corresponding reduction in texture intensity compared to the
BM. This is attributed to the induced shear deformation during
SPIF, which resulted in a change in the microstructure. This
texture intensity value however increases with increasing
spindle speed. Ti-G2 600 displayed the maximum texture
intensity amongst the different spindle speeds which is also
higher than the texture intensity value of BM. This is because
the texture in basal plane is dominant (refer to (0001) pole
figures in Fig. 4) in the case of BM and Ti-G2 600. Parallelly,
this can be visualized from the IPF maps of BM and Ti-G2 600

shown in Fig.2, which show predominantly (0001) oriented
grains (large area of red coloured grains is evidenced). These
grains are the indication for the evolution of stable orientation
during plastic deformation towards the basal plane. However,
this stable orientation is not observed in the case of Ti-G2 300
and Ti-G2 450. Among the three pole figures, the basal plane
pole figure is dominant and exhibiting preferred orientation.
The sample for Ti-G2 600 displays particularly a strong
orientation of basal texture. Beausir et al. (Ref 37) identified
five significant textural components including P, B, Y, C1 and
C2 when deforming HCP metal plastically, When comparing
the prismatic pole figure (refer Fig. 4) with its ideal pole
figure (Ref 37), the increase in texture intensities near the ideal
locations on the pole figure confirms the presence of P type
texture and the formation near B type texture. The present
results correlate closely with the report of Qarni et al. (Ref 36),
where commercially pure Ti subjected to incremental equal
channel angular pressing (i-ECAP) showed a strong P texture
and B type texture.

3.3 Tensile Properties

Engineering stress–strain plot for the BM and the formed
samples are shown in Fig. 5. The BM demonstrated a total
elongation (TE) of 45% with an ultimate tensile strength (UTS)
of 305 MPa. The Ti-G2 300 sample displayed a 26% higher
UTS and a 59% reduction in TE when compared to the BM.
The Ti-G2 450 sample displayed a 54% higher UTS and a 53%
reduction in TE and the Ti-G2 600 sample a 79% higher UTS
and a 73% reduction in TE. This clearly indicates that the
forming process increases the UTS and reduces the elongation.
This is typical for of most of the forming processes. The results
do however also indicate that the UTS and the elongation are
functions of spindle speed. An increase in spindle speed
increases the UTS while it correspondingly reduces the total
elongation. The increase in strength proportional to the spindle
speed is attributed to the effect of dislocation accumulation due
to the SPIF process. During plastic deformation, the density of
obstacles to the dislocation movement increases. These include
dislocations, grain refinement, twinning and mechanical fiber-
ing that all resists plastic deformation and enhances the strength
of the material (Ref 38). The highest dislocation density was
measured for the Ti-G2 600 sample which is commensurate
with its highest tensile stress. As the reduction in grain size is
not significantly affected spindle speed (see ‘‘Microstructural
Characterization’’ Section), the predominant increase in
strength must be due to the pile up of dislocations. The
influence of the strong basal texture (Fig. 4(b-d) of (0001) pole
figure) with predominantly P type orientation is also respon-
sible for an enhancement in strength for the formed samples.
Amongst the formed samples Ti-G2 600 displays a strong P
type and B type texture with distinct texturing, which also
displayed the highest dislocation density. Dislocation pile-up
strengthening as well as the strong basal texture therefore has
resulted in the highest tensile strength properties for Ti-G2 600.
In line with the above various authors (Ref 38, 39) have
reported enhanced mechanical properties for titanium due to the
presence of a strong basal texture. An increase in spindle speed
produces a significant change in grain orientation of basal
planes, which supports an enhancement in strength. Although
the BM holds high texture intensity than Ti-G2 300 and Ti-G2
450 it showed reduced tensile strength. This is because as the
BM was subjected to tensile loading along its rolling direction
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(longitudinal direction), whereas the tensile samples obtained
from the walls of the frustrum cups (refer to Fig. 1c) were
transverse to the initial rolling direction. Hence, a monotonic
increase in tensile strength is observed in the case of Ti-G2 300,
Ti-G2 450 and Ti-G2 600 when compared to BM. In support to
the present investigation, Bache and Evans (Ref 40) also
reported superior tensile strength in the Ti alloy subjected to
tensile loading along the transverse direction when compared to
highly textured Ti alloy subjected to tensile loading along the
longitudinal direction. Further, the aforementioned authors
evidenced the variation in tensile strength irrespective of its
texture intensity according to the direction of principal stress
relative to the basal plane texture. The tensile loading in
transverse direction acts perpendicular to basal plane texture
lying conjunction with the longitudinal–short transverse plane
promoted additional tensile strength in Ti alloys. Hence, the
monotonic increase in the strength irrespective of texture
intensity may be due to the influence of loading direction.

Fig. 4 Pole figures representing the formation of texture in the basal plane (0001), prismatic plane (1 0 1 1 1) and pyramidal plane (2 1 1 0)
for: (a) BM, (b) Ti-G2 300, (c) Ti-G2 450 and (d) Ti-G2 600. (The colour scale denotes the intensities of textures to the corresponding
condition.)

Fig. 5 Engineering stress–strain plot for the BM, Ti-G2 300, Ti-G2
450 and Ti-G2 600 (The tensile samples were obtained from the
walls of frustum cups, which were processed with varied spindle
speeds as 300, 450 and 600 RPM.)
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3.4 Limitations and Future Scope

The current investigation has shown that the number of
HAGBs are increased with an increase in spindle speed
(Fig. 2c, f, i and l). It may therefore be possible to further
increase the HAGBs with a commensurate increase in spindle
speeds. Similarly, an increase in the number of ECAP passes
also resulted in more HAGBs. Furthermore, Ti-G2 exhibits
dynamic recrystallization at elevated temperatures (Ref 36). If
the spindle speed is increased further (> 600 RPM), this may
induce additional frictional heat to promote dynamic recrystal-
lization. A suitable vertical step down can enhance deformation
which may then lead to the fragmentation of the new grains as
suggested by Mashinini et al. (Ref 41). The dynamic recrys-
tallization is a recovery process due to deformation; the
dislocations accumulate inside the grains and form sub-grains
with LAGBs. On further straining, with high spindle speeds
along with a suitable vertical step down, the probability for the
rotation of sub grains and the misorientation increases (> 15�)
and creates new smaller grains around HAGBs (Ref 36, 42). As
the already present HAGBs acts as nucleating sites for the sub
grains, it is believed that grain refinement occurs at the outer
edges of coarse grains and spreads towards inwards. It is
therefore possible that a further increase in spindle speed along
with a suitable vertical step down may promote further grain
refinement in Ti-G2, which may enhance the mechanical
properties further .

4. Conclusions

Single-point incremental forming (SPIF) was used to
manufacture frustum cups from titanium grade 2 (Ti-G2) 1
mm sheet metal. A uniform wall angle of 55� was selected with
forming continuing util fracture occurred at the edges. The
spindle speed was varied between 300, 450 and 600 RPM. The
vertical step down and feed rate were kept constant at 0.2 mm
and 300 mm\min, respectively. Grease was used as lubricant.

The investigation has resulted in the following conclusions:

• The grains were oriented along the direction of vertical
step down and were elongated along the same direction.
An increase in spindle speed (tool rotational speed) has
no significant effect on grain size.

• An increase in spindle speed resulted in a commensurate
increase in strain hardening due to a proportional increase
in dislocations density. The dislocation density at a spin-
dle speed of 600 RPM displayed an increased from 0.63
91014\m2 for the BM to 9.3791014\m2.

• The preferred orientation of the crystal planes was identi-
fied by the Lotgering factor and further confirmed through
texture studies based on electron-backscattered diffraction.
An increase in spindle speed weakened the base metal
texture initially; however, the basal plane texture was
intensified. A further increase in spindle speed to its maxi-
mum level resulted in a strong basal texture and an en-
hanced texture intensity along with increased intensity of
grains near P type and B type textures.

• Tensile testing indicates that the forming process increases
the UTS and reduces the elongation. The results indicate

that the UTS and the elongation are functions of spindle
speed. An increase in spindle speed increases the UTS
while it correspondingly reduces the total elongation. The
accumulation of dislocations and formation of strong basal
plane texture were identified as the potential reasons for
the increment in strength.

• The results indicate that a significantly enhanced (com-
pared to the BM) tensile strength of 550 MPa along with
a 12% elongation is achievable by utilizing a spindle
speed of 600 RPM during SPIF of Ti-G2 titanium sheet.
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