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Abstract The incremental sheet metal forming process
combines a series of characteristics, such as the capacity
to produce large deformations, flexibility and low-cost
tooling, making it preferable to conventional forming
processes. One of the key factors in this process are
the contact conditions between the forming tool and the
sheet to be formed. The incremental forming process of
titanium and its alloys is widely studied; on the other
hand, the influence of some heat treatments that can in-
duce superficial modifications is not fully known and
understood yet. In this study, the influence of thermal
oxidation and tool-sheet contact conditions on the form-
ability and the surface quality of grade 1 titanium thin
sheets manufactured by incremental forming was investi-
gated by using both a sphere and a hemispherical head
tool. The results of the experimental campaign, based on
the production of conical and pyramid frusta, highlight
the beneficial effects of the heat treatment on the process
repeatability, reducing the occurrence of galling for all
the contact conditions, and provide information on the
quality of the worked surfaces.
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oxidation . Formability . Surface quality

1 Introduction

Titanium and its alloys, despite being considered among the
most difficult metals to process [1], are largely used for the
production of jet engines, aircrafts components, sporting
goods and surgical instruments, thanks to their properties of
biological inertness, high specific strength, corrosion resis-
tance and light weight [2, 3].

Given the request of customised production in a wide range
of applications and relatively to the sheet metal forming tech-
niques, the interest for the incremental forming in all its vari-
ants [4] is growing, due to its flexibility and ability to respond
quickly to market demands. The basis of this class of forming
processes is the imposition of localised deformations to a pe-
ripherally clamped sheet by using a tool, typically with hemi-
spherical head, describing a path controlled through a CNC
machine [5].

The tool-sheet contact is an important issue in the incre-
mental forming of titanium and its alloys that are characterised
by poor tribological properties [6–8], including high and un-
stable friction coefficient, severe adhesive wear, susceptibility
to fretting wear, scuffing and a strong tendency to seize [9].
These poor tribological properties are due to its electron con-
figuration, crystal structure and lubrication conditions [6].
However, the tribological properties of titanium and its alloys
can be changed by means of surface treatments promoting the
growth of an adherent and harder oxide layer on the surface,
leading to a change of the wear mechanism and to a lowering
of the wear rate [10].

Many methods were adopted to produce the above-
mentioned oxide layer on the Ti surface [11] such as anodising
[12–14], ion implementation [15, 16], oxygen diffusion [17],
palladium-treated thermal oxidation [18] and thermal oxida-
tion [19, 20]. The thickening of the passive layer through the
application of thermal oxidation (TO) is a simple and cheap
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method of modifying the surface of titanium and its alloys
[21]. The so-modified surface shows better properties than
the ones modified by others methods [11]. Moreover, this is
a treatment capable to enhance the wear resistance of titanium
alloys by inducing the formation of a thick, highly crystalline,
tough and hard rutile oxide layer (TiO2) [6, 22, 23]. As a rule,
such an oxide layer is poorly bonded to the substrate [24, 25];
nevertheless, its hardening effect is sufficient to enhance the
wear resistance of titanium alloys [6, 12, 21–25].

Furthermore, thanks to this treatment, a change in the
wear mechanism was also observed [26]; in particular, the
occurrence of galling was avoided. The galling is a type of
adhesive wear caused by macroscopic transfer of material
between metallic surfaces during relative sliding motion
that can generate scratches on the worked surfaces. This
phenomenon constitutes a very relevant problem in the
sheet metal forming industry [27, 28] that mostly affects
the titanium alloys [29].

In this study, the material investigated is the unalloyed ti-
tanium, grade 1 that is mainly used for airframes, aircraft
engines, marine chemical components, heat exchangers, con-
denser and evaporator tubing and shows good formability,
ductility, weldability and corrosion resistance [30].

In a previous paper on the incremental forming of this
material, it was stated that the most relevant aspect is that
only the sphere as tool guarantees a good process repeat-
ability [31]; for the severest tool-sheet contact conditions,
the formability decreases as effect of the galling phenom-
enon. Moreover, the effect of stress-relieving heat treat-
ment on the surface topography and the dimensional ac-
curacy of parts formed by incremental forming was also
investigated [32]. These studies were carried out on un-
treated sheets; the influence of a superficial treatment on
the forming behaviour of titanium alloys is to date, to the
authors best knowledge, not fully known and understood.

Aiming to fill this lack of knowledge, in this study, the
influence of the TO treatment on the incremental forming
process of grade 1 titanium sheets was investigated. This
treatment, as previously discussed, changes the sheets sur-
face properties and, consequently, the tool-sheet contact
conditions. To this scope, both treated and untreated grade
1 titanium thin sheets were incrementally formed under
three different tool-sheet contact conditions, by using as
forming tools (i) a sphere, (ii) a fixed hemispherical head
and (iii) a rotating hemispherical head.

The formability angles were evaluated through the
varying wall angle conical frusta (VWACF) tests [33];
instead, scanning electron microscope (SEM) observa-
tions and the analysis of the forming forces and of the
main roughness parameters were carried out on pyramid
frusta specimens with a fixed wall angle. The last anal-
yses supported the results of the formability tests and
provide useful indications on the surface quality.

2 Materials and methods

Titanium grade 1 rolled sheets, 0.66-mm thick, were used
in this experimentation; the chemical composition and
the main mechanical properties of this material are re-
ported in Tables 1 and 2, respectively.

Following as done by the authors in a previous paper
[26], the TO treatment was carried out in a warm air fur-
nace, under atmospheric pressure and at a temperature of
650 °C for 6 h, in order to obtain the desired rutile layer.
After the exposure at high temperature, the samples were
allowed to cool in the furnace for about 10 h.

Aiming to evaluate the influence of the TO treatment,
detailed metallographic observations were carried out on
both untreated and heat-treated sheets, by using a Hitachi
TM 3000 SEM equipped with an EDX microanalysis
probe. Moreover, micro Vickers hardness tests, aiming to
highlight the hardness increase due to the heat treatment,
were carried out according to ASTM E384 standard on
specimens cut from both untreated and treated sheets; at
least five valid measurements were obtained for each
specimen, setting an indentation load of 100 g and a load-
ing time of 20 s.

Both conical frusta with an arc of circle as a generatrix
and pyramid frusta were manufactured by incremental
forming; the equipment used during the tests is reported
in Fig. 1. On the basis of previous papers [34, 35], in
which it was proved that the temperature influences the
softening of the material to be formed but not its forming
behaviour, it was chosen to carry out the forming process
at room temperature. The geometrical features of the pro-
files are reported in Fig. 2: concerning the conical frusta
(Fig. 2a), Rg is the generatrix radius, DMAX the maximum

Table 1 Chemical
composition of titanium
grade 1 (AMS 4901T
SAE standard)

Element % in weight

Carbon <0.10

Hydrogen <0.015

Iron <0.30

Nitrogen <0.030

Other, total <0.30

Oxygen <0.25

Titanium 99.2

Table 2 Mechanical
properties of titanium
grade 1 (AMS 4901T
SAE standard)

Hardness, Brinell 200

Ultimate tensile stress (MPa) 430

Yield strength (MPa) 340

Young modulus (GPa) 102

Elongation at break (%) 28
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diameter and α0 the initial wall angle; regarding the pyr-
amid frusta (Fig. 2b), LMAX is the side of the major base,
α the wall angle and h the height. The previously defined
features are given in Table 3.

The clamping system of the sheets has a square forming
area, 100 mm × 100 mm; the forming tests were carried out
by a C.B. Ferrari high-speed four-axis vertical machining
centre. Spiral tool paths were described in anticlockwise
direction, and a feed of 3000 mm/min was set. For the
cones, an angular step of 1° was set, whereas for the pyr-
amids, two different vertical steps were chosen: 0.5 and
1 mm.

Different tool-sheet contact conditions were investigat-
ed, as stated in Sect. 1, by using as tools a sphere and a
cylindrical punch with hemispherical head, both made of
steel and with a radius of 5 mm. Moreover, the punch was
tested both in unrotating and in rotating conditions, at an
anticlockwise rotational speed of 500 rpm. Such a deci-
sion, i.e. to use a steel tool, was done on the basis of a
previous work of the authors [36], in which the contact
between a steel tool and both treated and untreated titani-
um sheets was studied and it was pointed out that the
occurrence of the galling was avoided when the titanium
sheets were properly treated. During the forming tests, the
sheets to be formed were lubricated with a thin layer of oil
to reduce the friction and, thus, the risk of failure.

The formability angles were evaluated by means of the
VWACF tests; five tests were carried out for each case
study. The tests were stopped when the failure occurred
and the crack, together with the tool path advancement,
propagated circumferentially; the formability angles were
evaluated in correspondence with the failure, so as illus-
trated in Fig. 3.

Therefore, further considerations based on the inter-
pretation of the forming forces and on the analysis of
the formed surfaces of the pyramid frusta were done.

Relatively to the forming forces, the clamping system
of the sheets is rigidly fixed to the upper plane of a Kistler
load cell, in order to measure two components of the reac-
tion forces of the sheets (Fz and Fy). Of each square spiral
of the tool path, only two tracts were considered, since the
other two show substantially the same absolute force
values, but with opposite sign. Figure 4 schematises the
forming process with the correct orientation of the forces
components and highlights the two tracts (the arrow indi-
cates the tool path direction): the first one (a), in which the
sheet reacts to the friction by the tool-sheet relative motion
and the flattening of the feed rate; the second one (b), in
which the contribution linked to the thrust on the faces of
the pyramid frustum prevails [37].

In order to study the phenomena occurring on the sheets
during the forming process under the different contact condi-
tions, the surface of the sheets after the forming process was
observed through the SEM microscope.

Finally, a quantitative surface analysis was carried out
through the evaluation of three linear roughness parameters,
i.e. the mean roughness (Ra), the root mean square roughness
(Rq) and the mean roughness depth (Rz), and a hybrid areal
roughness parameter, i.e. the developed interfacial area ratio
(Sdr). This last parameter is defined as the percentage of ad-
ditional surface area contributed by the texture as compared to
an ideal plane (the sampling area) and may further

Table 3 Values of the geometrical features of the profiles

Rg (mm) DMAX (mm) α0 (°) LMAX (mm) h (mm) α (°)

50 80 30 80 39 50

Fig. 3 Formability angle by VWACF testsFig. 2 Features of the profiles for conical (a) and pyramid frusta (b)

Fig. 1 Equipment for the incremental forming tests
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differentiate surfaces of similar amplitudes and mean rough-
ness. Therefore, the Sdr indicates the complexity of a surface
thanks to the comparison of the curvilinear surface and the
support surface. A completely flat surface will have a Sdr
equal to 0%, instead of a complex surface that will have a
Sdr of some percents. The linear parameters were measured
perpendicular to the direction of the tool movement, by means
of a rugosimeter Surftest SJ-301 with differential inductance
used as the detecting method and with Gaussian filter.
Measures with different cut-off values, 0.8 and 2.5 mm, were
carried out according to ISO 4288-1996 standard relatively to
the recommended cut-off values. Ten measures were recorded
for each case, divided equally over two contiguous internal
faces of the pyramid frusta to avoid casual errors linked to any
anisotropic behaviour in terms of sheet roughness. The areal
parameter was measured by means of a confocal microscope
Leica DCM 3D with a magnification of ×10 on a sampling
area equal to 5.0 × 5.0 mm, according to ISO 25178.

3 Results

With regard to the influence of the TO treatment on the unde-
formed sheets, the surfaces of the untreated and heat-treated
sheets, obtained by SEM, are given in Fig. 5. Moreover, from
micro Vickers hardness tests, mean values of 164.0 and 200.4

were evaluated for untreated and treated sheets, respectively,
with standard deviations of 2.5 and 8.2.

Relatively to the formability, Table 4 reports the formabil-
ity angles, both in terms of mean and standard deviation
values (reported between round brackets), obtained by
VWACF tests.

Regarding the remaining analyses, pyramid frusta were
manufactured by using both the sphere and the hemispherical
head tool, but only in unrotating conditions; in fact, the rotat-
ing tool was not considered yet, due to the very low surface
quality reached with this contact condition.

The process was successfully completed for all the cases,
even if the frustum formed under the severest conditions (i.e.
using an untreated sheet, the hemispherical head tool and a
vertical step of 1 mm) shows failures that occur at the corners,
that is the most stressed zones [38], and they propagate along
the edges (Fig. 6).

For each case, the ratio Fy/Fz was considered; Fig. 7 reports
an interval of the steady-state curves after an increasing initial
phase.

Relatively to the surface analysis, Fig. 8 reports SEM ob-
servations of the pyramid frustum surfaces for all the four
different conditions; moreover, the values of the investigated
roughness parameters are reported in the histograms of Figs. 9
and 10 (for the linear ones, both in terms of mean value and
standard deviation). Table 5 summarises the specimens’ IDs

Fig. 5 SEM images of the top surface of untreated (a) and heat-treated undeformed sheets (b)

Table 4 Formability angles by VWACF tests

Treatment Tool Formability angle (°)

Untreated Sphere 71.16 (0.67)

Hemispherical head—0 rpm 65.18 (3.16)

Hemispherical head—500 rpm 65.16 (4.36)

Treated Sphere 71.08 (0.81)

Hemispherical head—0 rpm 67.32 (1.02)

Hemispherical head—500 rpm 67.38 (0.98)Fig. 4 Schematisation of a forming process with the forces components
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reported as abscissas of the histograms (S0t and S0u are relat-
ed to treated and untreated undeformed sheets).

4 Discussion

As can be observed from the images of Fig. 5, the heat
treatment changes the superficial microgeometry of the
sheets. The TO treatment causes the formation of an oxide
layer on the top surface of the sheet, confirmed by the EDX
spectra of Fig. 11; this layer is harder than the base material,
as highlighted by the results of the microhardness tests.

Analysing the values of formability (Table 4), it is evident
that the heat treatment provides beneficial effects in terms of
process repeatability, not only by using the sphere; in fact, the
standard deviation of the formability angles results to be very
lower than the untreated sheets. In particular, when using the
hemispherical head tools, the heat-treated sheets do not show
localised failures that, conversely, for the untreated ones can
occur before reaching the maximum values of the formability
(Fig. 12, tool rotating); this can determine a premature failure
of the sheets and, consequently, the higher variability
highlighted by the standard deviation. Nevertheless, the

Fig. 7 Ratio between the horizontal and the vertical force components by
incremental forming of pyramid frusta for: sphere, vertical step of 0.5 mm
(a); sphere, vertical step of 1 mm (b); hemispherical head tool unrotating,

vertical step of 0.5 mm (c); hemispherical head tool unrotating, vertical
step of 1 mm (d)

Fig. 6 Fractures along the edges of a conical frustum (untreated sheet,
hemispherical head tool, vertical step of 1 mm)
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phenomenon of galling also occurs for the treated sheets, es-
pecially when the rotating tool was used, as shown in Fig. 13.

However, it does not involve any premature failures of the
specimen and, then, it does not affect the formability.

Fig. 8 SEM images of the worked surface for untreated sheet, hemispherical head tool unrotating (a); heat-treated sheet, hemispherical head tool
unrotating (b); untreated sheet, sphere (c); and heat-treated sheet, sphere (d)

Fig. 9 Values of linear roughness
parameters
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Finally, the mean values of formability angles high-
light the goodness of using the sphere, in keeping with
the results of a study on the sheet incremental forming of
four grades of aluminum alloys [39].

Passing to the analysis of Fy/Fz trends (Fig. 7), they
show a peak when the tool reaches the corner of the path,
between the tracts a and b. It is possible to highlight that

& the values for the tract b are almost equal for all the
cases (0.35); then, they do not depend on the contact
conditions, the vertical step and the heat treatment but
only depend on the wall angle of the obtained geometry.

& the heat treatment is almost irrelevant on the tract a
when the sphere is used. In fact, the curves overlap for
both vertical steps (Fig. 7a, b) and assume a higher
value as the step increases (about 0.25 against about
0.35); this is a consequence of the higher flattening at
which the sheet is subject. The observations in these
two ultimate bulleted points confirm what previously
anticipated [37].

& both the untreated and heat-treated sheets are subject to
galling when the tool with hemispherical head is used
(Fig. 7c, d); in fact, the curves result more jagged as a
consequence of the scratching. In addition, Fy/Fz values
are very higher, compared to the sphere, due to the in-
crease of friction, for the tract a; relatively to this, the
figures highlight the influence of the treatment, since
the treated sheets show the lowest value, compared to
the untreated ones.

Relatively to the surface quality, galling phenomenon
can be observed for both treated and untreated sheets

formed by the hemispherical head tool (Fig. 8a, b). The
severity of the galling is different; in particular, the untreat-
ed sheets show a much more severe galling wear (Fig. 8a)
with respect to the heat-treated ones (Fig. 8b). This result is
also in agreement with the measured forces: in fact, looking
at the diagrams presented in Fig. 7c, d, it is possible to note
a higher frictional force for the untreated sheets. In this
case, the treatment, by promoting the growth of a harder
oxide layer, causes a change in the contact conditions, with
a reduction of the severity of the galling phenomenon as
previously said and as proved by the presented images.
SEM images of the surfaces formed by the sphere reveal a
completely different superficial morphology (Fig. 8c, d). In
this case, the contact conditions are completely different
and as first result, by observing the previously reported

Fig. 10 Values of areal
roughness parameter

Table 5 Identification of the specimens for the interpretation of the
roughness results

Specimen ID Sheet Tool Vertical step (mm)

S0t Treated – –

S0u Untreated – –

S1 Treated Sphere 0.5

S2 Untreated Sphere 0.5

S3 Treated Hemispherical head 0.5

S4 Untreated Hemispherical head 0.5

S5 Treated Sphere 1.0

S6 Untreated Sphere 1.0

S7 Treated Hemispherical head 1.0

S8 Untreated Hemispherical head 1.0
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images, it is possible to affirm that the galling phenomenon
does not occur for both treated and untreated sheets. Once
again, this result is in agreement with the measured forces
(Fig. 7a, b); indeed, the frictional forces measured when the
sphere was the forming tool are much lower than the ones
measured when the hemispherical tool was used. In this
case, i.e. spherical tool, the surface appears cracked for both
treated and untreated sheets. The TO treatment seems to
promote the occurring of these cracks; as a matter of fact,
the treated surface appears much more cracked (Fig. 8d)
than the untreated one (Fig. 8c). Such is a result, because
the TO leads to the formation of an oxide layer that is brit-
tle; so when the bulk material experiences plastic deforma-
tion, the oxide layer (that behaves as a ceramic material) is
not able to follow the same deformation entity involving in
the formation of the cracks. Concerning the untreated ma-
terial, the natural oxide layer is less brittle, so there is a
reduced formation of cracks. It is important to point out that
these cracks are appreciable only at high magnification; the
macroscopic appearance of the surfaces is good in both the
cases.

In Fig. 9, it is possible to highlight that the roughness in-
creases with the vertical step, especially using the hemispher-
ical head tool. Moreover, the sphere guarantees a quality of the
worked surfaces almost comparable to the one of the unde-
formed sheets; in particular, an almost regular profile, in
which only the technological signatures due to the tool-sheet

contact occur, characterises the surface obtained by the sphere
(Fig. 14a, b). Conversely, the tool with hemispherical head
causes an increase of roughness; this contact condition gener-
ates a scratched surface, consequent to the overlay of abraded
material with the technological signatures (Fig. 14c, d).
Nevertheless, in all the cases, the Ra values are included in
the category of the surfaces obtained by machining or hand
grinding, according to ISO 4287/1.

Relatively to the influence of the heat treatment, it is sub-
stantially uninfluential when using the sphere, whereas with
the hemispherical head tool, the roughness is always slightly
higher for the treated sheets. This can be due to the action of
the tool on the abraded material, as a consequence of galling;
this smearing effect is more significant on the untreated sheets
(as also highlighted by the higher values of the forces for the
tract a in Fig. 7c, d), since their surface shows lower hardness,
compared to the treated ones, and this reduces the roughness.
Nevertheless, the untreated sheets show a greater surface ir-
regularity, as highlighted by the higher values of Sdr (Fig. 10).

Summarising the previously discussed results, both the
forming tool and the treatment deeply influence the forming
process; the best results are obtained with the sphere as
forming tool and with heat-treated sheets. The combination
of treatment conditions and forming tool used determines
the contact conditions and the final appearance of the formed
surfaces.

Fig. 13 Scratched sheet, heat-treated, formed by hemispherical head tool
rotating

Fig. 12 Localised failures on untreated sheet formed by hemispherical
head tool rotating

Fig. 11 EDX spectra of untreated (a) and heat-treated undeformed sheets (b)
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In a future work, it will be interesting to find which is the
maximum deformation of the sheets that can be achieved
without cracking the oxide layer.

5 Conclusions

This study compares untreated and thermally oxidised incre-
mentally formed grade 1 titanium thin sheets, in terms of
formability and surface quality, by using a sphere and a cylin-
drical tool with hemispherical head, both rotating and
unrotating. The main results can be summarised as follows:

& the thermal oxidation treatment induces the formation of a
harder oxide layer on their surfaces;

& the maximum formability angle from varying wall angle
conical frustum tests reaches a value of about 71.2° when
using the sphere on untreated sheets;

& the process repeatability, in terms of formability, is guar-
anteed for the heat-treated sheets under all the investigated
tool-sheet contact conditions;

& the process effectiveness is worse for the untreated sheets,
despite their lubrication, when the sphere is not used, be-
cause of the occurring of the galling. This wear phenom-
enon also occurs, but for smaller scale, on the heat-treated
sheets;

& the thermal oxidation treatment has a slight influence on
the linear roughness, whereas guarantees higher regularity

of the worked surfaces, since it preserves them from
galling.
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