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Abstract
The present work focuses on a new approach to hot form hard-to-work materials by Single Point Incremental Forming (SPIF) 
technology using a global heating of the sheet. A set of trials was carried out in order to identify the optimum temperature 
cycles to minimize geometric distortions associated to each process stage on the fabrication of parts made of Ti–6Al–4V. 
On the one hand, heating trials allowed defining the optimal procedure to improve the temperature distribution homogeneity 
along the sheet and consequently to minimize its thermal distortion previous to the forming stage. On the other hand, the 
influence of both working temperature and the applied cooling on the geometric accuracy was evaluated by means of SPIF 
trials. For this purpose, a generic asymmetric design with typical aeronautical features was used. These trials pointed out 
that high forming temperatures allow reducing significantly the material springback whereas a controlled cooling (with an 
intermediate stress relief treatment) minimizes both the distortion of the part during the cooling and the mechanical stresses 
accumulated on the clamping system. Furthermore, the work includes a post-forming material evaluation to determinate the 
influence of the employed processing conditions on microcracks, alpha-case layer, microstructure and hardness.

Keywords  Ti–6Al–4V · Incremental forming · Global heating · Heating equipment · Temperature cycles · Geometric 
accuracy

1  Introduction

Today, the aviation industry is facing a twofold challenge. 
On the one hand, the more and more demanding environ-
mental concerns push the industry towards the decrease in 
fuel consumption and its associated emissions. This is being 
solved through the progressive adoption of lightweight con-
cepts which make growing use of composites, high strength 
aluminum alloys and titanium. On the other hand, forecasts 
of not only market growth but the arrival of new players as 
well are pushing the industry to reconsider traditional pro-
duction methods under cost-efficiency and agility premises.

Titanium and its alloys still represent the preferred option 
combining lightweight with high resistance at high temper-
atures and their choice is today frequent not only for the 

airframe but also for low temperature areas of the engine. 
Concerning their forming technologies, hydroforming, hot 
stamping and superplastic forming are recurrent ones. They 
all rely on very expensive and dedicated tooling which rep-
resents a severe drawback when facing common situations 
such as last-minute design modifications, production of 
spare parts (i.e. repair) or the smallest size batches.

Due to the ability to produce parts with no dedicated tool-
ing, just through a numerically controlled tool which follows 
a programmed path, incremental sheet forming appears as a 
technology with the potential to decrease costs and gain agil-
ity when facing small series of sheet metal parts [1–3]. For 
titanium applications, hot incremental sheet forming needs 
to be approached in most cases due to poor formability of 
this material at room temperature and high elastic recovery 
of the formed parts [4]. Among the existing process variants 
depending whether a support or not is used, Single Point 
Incremental Forming (SPIF), the one skipping any support 
and based on a single forming tool, seems the logic choice 
since the use of a support at medium–high temperatures 
would cut out agility and economic feasibility requested to 
hot forming technologies for prototyping, small size series 
or spare parts.
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In order to hot form titanium by SPIF a key aspect is 
the heating system to be used, a topic already addressed by 
previous research both for titanium alloys and other difficult-
to-deform materials. Work up to date can be classified in two 
main groups based on the heating concept developed.

The first group relates to the local heating of the sheet 
around the area to be deformed and has attracted a larger 
number of studies. Certainly, localized heating seems the 
logic option when the sheet is deformed locally. Both Duflou 
et al. [5] and Göttmann et al. [6] propose SPIF laser-based 
systems to form Ti–6Al–4V whereas works done by Fan 
et al. [7], Ambrogio et al. [8], Honarpisheh et al. [9] or 
Najafabady et al. [10] present for the same process variant 
and material concepts based on the Joule’s effect instead. 
Some authors propose as well the combination of electri-
cally-assisted heating and the Double Side Incremental 
Sheet Forming (DSISF) process variant [11–13]. Usually, 
electrically-assisted forming makes use of the resistive heat-
ing generated in the tool-sheet interface to enhance mate-
rial formability [7]. However, Asghar et al. [12, 13] use the 
phenomenon of electro-plasticity to deform a titanium alloy 
using high density DC pulses where the reduction in the 
flow stress is due to electron-dislocation interaction. Nev-
ertheless, none of the works found consider the high levels 
of stresses induced on the sheet resulting of combined local 
mechanical and thermal loads. Geometric deviations of the 
formed parts are shown after unclamping for some cases 
[10] but how to ensure that the geometry is kept after trim-
ming the part has not been yet addressed by any of these 
solutions.

A second group of works including those from Ambrogio 
et al. [14], Ji et al. [15, 16], Zhang et al. [17, 18], Khazaali 
et al. [19] and Palumbo et al. [20] have developed hot SPIF 
by heating the entire sheet, basically by means of a cham-
ber equipped with heating elements around the clamping 
perimeter and/or inside the chamber cavity. Apparently less 
energy efficient, by this option lower temperatures, even 
for Ti–6Al–4V in Khazaali et al. [19] and Palumbo et al. 
[20] have been recorded. By heating the entire sheet, lower 
internal stresses and therefore lower geometric deviations 
when trimming the part should be expected, though no work 
provides results in this sense.

Geometric accuracy is another relevant aspect concern-
ing hot forming by SPIF, in particular for titanium which 
shows springback issues even under tooling-based hot form-
ing. Najafabady et al. [10] report geometric accuracy data 
of Ti–6Al–4V parts achieved by their dynamically assisted 
local heating though parts are symmetrical and have not 
been trimmed. Palumbo et al. [20] provide deviation pro-
files under different process conditions and temperatures for 
an asymmetric real geometry made of Ti–6Al–4V but also 
without accuracy data after trimming. Though not applied 
on hot formed titanium parts, most promising contributions 

in this sense refer to tool path correction based on machine 
learning predictions. Work done by Khan et al. [21], Fioren-
tino et al. [22] and Zwierzycki et al. [23] confirm all signifi-
cant improvements in the accuracy.

Finally, works done by Fan et al. [7], Ambrogio et al. [8], 
Honarpisheh et al. [9] and Khazaali et al. [19] focus mainly 
on the relationship between process parameters and form-
ability aiming to define adequate windows for Ti–6Al–4V 
forming. Work presented by Najafabady et al. [10] also 
includes surface quality and hardness measurement results.

Therefore, the implementation of heating means, tool 
path correction algorithms and the identification of the pro-
cess parameters effects are all required to hot form by SPIF 
titanium (and other materials with poor formability at room 
temperature) ensuring admissible formability and geometric 
accuracy.

In this sense, the present paper studies the heating cycles 
for heating up the sheet, forming and cooling down the part 
in a Ti–6Al–4V hot SPIF operation based on the global heat-
ing of the sheet. The objective is to lead to the lowest geo-
metric deviations. The unclamping and trimming conditions 
have been both considered. A post-forming material evalu-
ation of the best obtained part in terms of accuracy has also 
been done to check the effect of the employed processing 
conditions on microcracks, alpha-case layer, microstructure 
and hardness.

2 � Experimental Plan and Set Up

A set of trials using 500 × 500 mm2 Ti–6Al–4V sheets of 
1.6 mm thick were made. These trials were performed, see 
Fig. 1, on an in-house 5-axis gantry machine equipped with 
a furnace, a sheet clamping device and a housed head that 
protects it against temperature increase.

When a conventional rigid punch tool is used adhesive 
wear plays a major role in the part surface. When sliding 
friction occurs at the tool-sheet interface, the material can be 
scraped from the sheet and then adhered to the tool surface 
[24, 25]. This issue could be more relevant when using Tita-
nium as material to deform, due to its ease to react with other 
metals, so in this case a ceramic wheel tool with a 11 mm 
forming radius and boron nitride as lubricant were chosen 
to provide adequate contact conditions during forming. The 
forming wheel was air cooled during forming. The furnace 
shows heaters both on the walls and the bottom and holds a 
10 kW power. The metal sheet to deform is put, supported 
on the metallic frame, on its top as a cover. Additionally, a 
cover with ceramic fiber blanket insulator can be laid over 
the sheet when no forming is performed and a controlled 
cooling is required. The clamping unit is also equipped with 
a frame of heaters which can provide up to 3 kW power to 
heat up the sheet perimeter covered by the clamping. The 
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temperature at both the furnace and the clamping units is 
controlled by two independent thermocouples, placed one 
inside the furnace cavity and the other in a gap between the 
frame of heaters and the metallic frame, respectively.

With the aim of studying the hot SPIF of Ti–6Al–4V to 
define the optimum temperature cycles leading to improve 
the geometric accuracy of the fabricated parts, three different 
types of trials were made: (i) heating trials aiming to iden-
tify an adequate heating up for the sheet, (ii) forming trials 
aiming to identify an adequate forming temperature and (iii) 
cooling trials aiming to identify an appropriate method to 
cool down the sheet after forming it.

2.1 � Trials for Identifying the Optimal Heating 
Procedure

In order to identify the adequate heating method four differ-
ent conditions, see Table 1, were tested. Sheets were heated 
up according to the trial conditions from room temperature 

up to 900 °C at the furnace and 500 °C at the clamp unit 
(temperature control points). These temperatures were 
selected because of being associated to power values close 
to the equipment limits. Previous tests had provided data 
about the time required to heat the sheet up to those tempera-
tures. This information allowed to set heating times shown 
in Table 1. The 4 trial conditions are graphically depicted 
in Fig. 2 where the furnace temperature evolution associ-
ated to each heating procedure is shown. Two iterations of 
each method were performed with the aim of evaluating the 
repeatability of results.

To carry out a temperature analysis, thermal recordings 
were obtained by means of a thermographic camera once 
the sheet temperature stabilized. The camera used to obtain 
all thermographic measurements was a XENICS ONCA-
1380 whereas these data were analysed by means of the 
software Xeneth64. As Xu et al. [26] did, the emissivity of 
the material was previously calibrated for different surface 
conditions. In this case, a trial consisting on heating up a 
previously deformed Ti–6Al–4V sheet (with Boron Nitride 
lubricant applied) at different furnace temperatures was 
carried out in order to obtain at the same time temperature 
readings with the thermographic camera and thermocouples 
at three different zones of the sheet (see Fig. 3/1-deformed 
zone, 2-flat zone at sheet center, 3-flat zone near a sheet 
edge). During the calibration trial one single emissivity 
value valid for the three zones was adjusted by the software 

Fig. 1   Hot SPIF equipment used for the trials

Table 1   Heating trial conditions

Procedure Heating mode Heating 
time (h)

H1 150 °C steps 1
H2 150 °C steps 2
H3 50 °C steps 1
H4 50 °C steps 2

Fig. 2   Furnace temperature evolution during the heating trials
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for each furnace temperature. This value corresponds with 
the emissivity at which temperatures measured by ther-
mographic camera matched well with those obtained by 
thermocouples. For furnace temperatures above 700 °C the 
estimated emissivity for Ti–6Al–4V sheets with the lubri-
cant applied was 0.885, value used for all thermographic 
measurements performed in this work.

After the heating, the sheet was unclamped without form-
ing and was measured in a “table of flatness” to estimate the 
induced deviations on the sheet for each heating method. 
As Fig. 4 shows, to carry out this estimation the sheets were 
supported on the table and height measurements were done 
by means of a gauge in all intersections of X, Y = 50, 100, 
200, 250, 300, 400 and 450 mm.

2.2 � Trials to Analyse the Influence of the Working 
Temperature on the Geometric Accuracy

For the forming trials, four different working temperatures 
were selected to analyse their influence on the material 

springback and as consequently on the final accuracy of the 
fabricated parts.

Table  2 shows the temperatures and the geometry 
designed. It represents a generic design with asymmetric 
features representative of aeronautic titanium sheet metal 
parts. The part has an upper perimeter of 280 × 280 mm, 
48.5 mm in height and three differentiated zones. The top 
one with a drastic wall angle variation zone from 15° to 35°, 
the middle one with an almost constant wall angle (35–38°) 
and the bottom almost flat.

In all SPIF trials, parts were produced at a 1000 mm/
min feed rate and a 0.29 mm tool step down except in the 
bottom that a 0.5 mm tool step along the part surface was 
used. These parameters were defined taking into account 
the Ti–6Al–4V formability evaluation that previously had 
been carried out [27], since this study showed that the maxi-
mum material formability, that is, the maximum wall angle 
was obtained employing this parameters combination. The 
heating up of the sheets was made following conditions H4 
according to Table 1, whereas the cooling of the parts con-
sisted on switching off both the furnace and the heater frame 
after the forming stage without unclamping the parts until 
complete cooling down of the part.

To correlate the furnace temperature and the sheet tem-
perature on the one hand and to analyse the sheet tempera-
ture homogeneity on the other one, in each SPIF trial tem-
perature distributions of the upper face of the sheet were 
recorded with the thermographic camera before the forming, 
once the temperature stabilized. Moreover, during T3 and 
T4 trials temperature distributions of the sheets were also 

Fig. 3   Sheet coated with boron nitride for emissivity calibration trial

Fig. 4   Table of flatness to measure the non-deformed sheets

Table 2   SPIF trials temperature conditions and shape produced

Trial Furnace T [ºC]

T1 700

T2 800

T3 850

T4 900
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measured at the initial toolpath layer (Z = 0) and at the layer 
corresponding with a Z = − 40 mm part depth. The thermal 
images were captured using the same equipment described 
in the previous subsection.

All the fabricated parts were measured using the optical 
3D system ATOS COMPACT SCAN 5 M of GOM and the 
obtained clouds of points were aligned for comparison with 
the original CAD by means of the GEOMAGIC CONTROL 
software. For the visualization of deviations after the align-
ment, the GOM INSPECT software was employed.

2.3 � Trials for Identifying the Optimal Cooling 
Procedure

To analyse whether there is an influence of the cooling type 
on the geometric accuracy, two additional parts were fabri-
cated according to heating up and forming conditions H4 
and T4, respectively but using two different cooling proce-
dures. These procedures consisted on:

1.	 C1: free cooling by switching off both the furnace and 
heater frame after unclamping the sheet.

2.	 C2: controlled cooling without unclamping the sheet and 
according to stress relief conditions recommended by 
literature [4]. To obtain optimal conditions regarding the 
stress relief, after the forming stage the part was covered 
with the thermally insulated cover.

For these trials 2 temperature control points were defined. 
One corresponds to the furnace temperature recording 
(located at the furnace cavity) and the other to the sheet 
center (upper face of the sheet). Temperature of this point 
was obtained either from thermal images obtained with the 
thermographic camera (cooling C1) or from a thermocouple 
passing through the sheet cover (cooling C2). Temperature 
evolution for both cooling procedures and control points can 
be seen in Fig. 5. The temperature evolution during C1 trial 
(unclamping the part just after forming) is considered the 
same as in T4 trial (no unclamping the part until complete 
cooling down) since, in both cases, the furnace and heater 
frame are switched off after the forming stage and no ther-
mally insulated cover is employed as in C2 trial.

As in the previous subsection, the fabricated parts were 
measured in the optical 3D system and the obtained clouds 
of points were compared with the original CAD.

Furthermore, the parts fabricated with C1 and C2 cooling 
procedures were trimmed to extract a cross-shaped sample 
by means of a waterjet cutting machine with abrasive with 
the aim of performing an evaluation of the residual stresses 
accumulated on the parts once cooled and unclamped.

Finally, a metallographic analysis was performed in the 
C2 part, since it was the one obtained employing of the best 
heating, forming and cooling conditions previously ana-
lysed. Thus, five metallographic specimens were extracted 
as illustrated in Fig. 6 and another one was obtained from 
as-received (non-deformed) Ti–6Al–4V blank to carry out 
a post-forming material evaluation to investigate the influ-
ence of the temperature on microcracks, “α-case” thickness, 
microstructure and hardness. Designation and location of the 
specimens are shown in Table 3. Location of the specimens 
(Ref 1–5) was defined in order to analyse the influence of the 

Fig. 5   Furnace and sheet temperatures during cooling trials C1 and 
C2

Fig. 6   Location of the specimens for metallographic analysis a 0 position on the as-received Ti–6Al–4V blank, b 1, 2, 3 and 4 positions located 
on the 3D CAD geometry and c 1, 2, 3, 4 and 5 positions on the C2 sample
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different strain levels generated along the part associated to 
the different geometrical features depicted in Table 2.

Vickers hardness test were carried out on the core of the 6 
references analysed through microscopic observation. These 
have been measured in two different sections (T and L) of 
each reference, being:

•	 T: section perpendicular to the feed direction of the tool 
(values measured in this section are associated with the 
feed direction of the tool).

•	 L: section perpendicular to T and aligned with the direc-
tion of the feed of the tool.

Figure 7 shows the positions of T and L sections of each 
one of the references, and the rolling direction of the sample, 
from which references 1 to 5 have been extracted, and refer-
ence 0 (as-received Ti-6Al-V blank).

3 � Results and Discussion

3.1 � Optimal Heating Procedure

The thermal images obtained during the heating trials were 
analysed to define an adequate heating up for the sheets. Due 
to the symmetry of the heated system, the area shown in 
Fig. 8 was defined as representative of the entire free work-
ing area (400 × 400 mm2) which was not entirely captured 
and being the same in the four cases under analysis (H1, 
H2, H3 and H4). As it can be observed, the area consists of 
the triangular segment defined between the sheet center and 
two consecutive corners. From each thermographic area the 
representative temperature values shown in Table 4 were 
extracted. These values correspond with the mean values of 
each heating mode.

A quantitative analysis of the results extracted from 
Table 4 regarding the temperature distribution homogene-
ity points out that:

•	 Although the commanded temperatures were identical 
in all trials (900 °C at the furnace, 500 °C at the clamp-

ing) both maximal and minimal sheet temperatures were 
approximately 10–15 °C higher by selecting 50 °C heat-
ing steps (trials H3 and H4) than by selecting 150 °C 
ones (trials H1 and H2). Hence, the gradual heating up 
allows the heating system formed by the furnace and the 
clamping to reach higher temperatures.

•	 Despite such difference at peak values, the Max–Min 
value is similar for all trials and the same trend is 
observed at the deviation. The significant tempera-
ture difference within the sheet is due to the tempera-
ture drop achieved along the sheet perimeter because 
of lower power of heaters over this area. This aspect 
makes the average temperature values of the entire sheet 

Table 3   Table of specimen 
references and their associated 
conditions

Ref Condition

0 As-received Ti–6Al–4V blank
1 Part C2 (heating H4, T4 forming, cooling C2). Curved wall with 15° angle
2 Part C2 (heating H4, T4 forming, cooling C2). Transition zone between the curved wall with 38° 

angle and almost flat area
3 Part C2 (heating H4, T4 forming, cooling C2) Bottom edge of the sample with a 35°–38° wall angle
4 Part C2 (heating H4, T4 forming, cooling C2). Almost flat bottom zone
5 Part C2 (heating H4, T4 forming, cooling C2). Area without any strain (zone out of the CAD geom-

etry with not tool contact)

Fig. 7   Illustration of the positions of T and L sections
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to decrease, not being a suitable indicator to define the 
percentage of points where a uniform temperature dis-
tribution is maintained. Therefore, as shown in Table 4, 
the mode of the temperature histograms, that is, the tem-
perature value that more is repeated, of each method has 
been used to define this range, that is, mode ± 20 °C.

•	 Slightly higher temperatures achieved by 50 °C heating 
steps (H3, H4) combined with deviations similar to those 
achieved by 150 °C steps (H1, H2) lead to lower tem-
perature deviation in relative terms when using the lower 
steps, as reflected by the coefficient of variation. In any 
case, the absolute 50 °C temperature variation observed 
within the sheet in all cases could be relevant in terms 
of the Ti–6Al–4V plastic behaviour since its formability 
starts increasing drastically from 500 °C when the tem-
perature is increased. [27]

•	 The percentage of temperatures within the mode ± 20 °C 
is very similar (65% approximately) in all trials and 
reflects very small differences in the temperature homo-
geneity despite heating up conditions. However, this per-
centage highlights that the entire geometry depicted in 
Table 2 would lie in the range where a uniform tempera-

ture distribution is maintained since the area to deform 
(approximately 280 × 280 mm2) represents around 50% 
of the entire free working area (400 × 400 mm2).

The temperature distribution within the sheet was also 
analysed along lines A and B shown in Fig. 8. Graphs in 
Fig. 9 showing the extracted lines point out that:

•	 All lines show two clearly differentiated zones. The first 
one shows a temperature increase as a result of the transi-
tion between the colder sheet perimeter area influenced 
by the clamping heaters and the rest of clamping ele-
ments and the central area influenced by furnace heat-
ers. In the second zone the temperature features a steady 
evolution since it corresponds to the central area only 
influenced by the furnace.

•	 The temperature increase along the first zone is slower for 
lines A due to the corner effect produced because of the 
square geometry of the sheet and the higher heat losses 
at this zone as typically occurs in the induction heating 
of large titanium slabs or carbon steel RCS billets [28]. 
Hence, in lines A the temperature needs 80–100 mm to 
reach the steady zone whereas in lines B it is reached just 
after 35–40 mm.

Fig. 8   Thermographic image of the sheet during one of the heating 
trials with the area and lines defined for the temperature analysis

Table 4   Representative temperature values for each heating proce-
dure

Test H1 H2 H3 H4

Maximum (°C) 725 727 731 736
Minimum (°C) 478 477 485 494
Max–Min (°C) 247 250 246 242
Average, x (°C) 685 686 691 696
Standard deviation, s (°C) 52 53.9 51.3 49.1
Coefficient of variation, s/x (%) 7.6 7.9 7.4 7.1
Mode ± 20 °C (%) 65.3 64.3 65.5 65.6

Fig. 9   Temperature distribution of lines B (above) and line A (below) 
once temperature is stabilized in trials H1, H2, H3 and H4
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•	 The steady temperature reached in the second zone is 
identical for both lines A and B, being in all cases quite 
homogeneous, with variations below 10 °C.

•	 The heating method seems to have a slight influence 
on the temperature slope in the first zone. Thus, trials 
made using 50 °C heating steps (H3, H4) reach the 
steady zone earlier than those made using 150 °C steps 
(H1, H2), in particular for lines A, where the steady 
temperature can be reached up to 20 mm earlier. This 
behaviour is in concordance with the values of coeffi-
cient of variation shown in Table 4 which point out an 
improvement on the temperature distribution homoge-
neity when using 50 °C heating steps and more specifi-
cally the H4 procedure.

The heating up of a clamped sheet introduces internal 
stresses that can lead to undesired deformations when the 
sheet is unclamped. Based on the hypothesis that these 
stresses might be different depending on the selected heating 
method applied the geometrical deviations of blanks after 
being heated up and then cooled down (with no mechanical 
deformation applied) were analysed.

Height measurements described in previous section 
were plotted into deviation maps, as illustrated in Fig. 10, 
and their representative values were extracted from them. 
Table 5 shows the obtained values. As mentioned in the pre-
vious section, measurements were only taken over the sheet 
surface laying within the clamping, but they are referred to 
those points over the entire surface having direct contact 
with the measurement table (height = 0).

From these values it can be observed that despite the 
maximum heights and deviations do not differ much among 
trials, the mean deviation shows a clear improvement when 
using 50 °C heating steps combined with the 2 h heating 
(trial H4) which is aligned with the results observed from the 
thermal images. In this case (see Fig. 10), most of deviations 
maintain below 7.5 mm except in areas adjacent to the cen-
tral zone of two facing edges of the sheet where the devia-
tions increase up to values around 20 mm. The maps corre-
sponding to the two heating H4 trials show the same pattern 
but with a 90° rotation. Whereas in H4_I trial the maximum 
deviations are found in edges aligned with the Y axis (X = 50 
and 450 mm), in H4_II trial the maximum deviations are 
observed in the other two edges (Y = 50 and 450 mm). This 
behaviour could be related to the sheet clamping stage before 
the heating, since none specific procedure was followed to 
control the order in what the four edges of the sheet were 
clamped from one trial to other. The influence of this aspect 
should be studied in depth in the future.

The results are confirmed by plotting the cumulative his-
tograms of the sheets deviation, see Fig. 11, where it can be 
observed that the amount of points showing the lowest defor-
mations is clearly higher under H4 trials condition. Thus, 

around a 75% of the points show deviations within 0–10 mm 
for this trial whereas for the other ones is below 20%.

3.2 � Influence of the Working Temperature 
on the Geometric Accuracy

Figure 12 shows the temperature histograms and their asso-
ciated representative temperature values for each SPIF trial 
of the same triangular area defined in previous section before 
just forming starts.

Fig. 10   Geometric deviations maps for H4_I and H4_II heating trials

Table 5   Mean deviation values of each heating procedure

Procedure H1 H2 H3 H4

Maximum (mm) 21.3 22.2 20.6 19.7
Average, x (mm) 14.7 14.1 11.4 7.6
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The histograms show that, in all cases, the largest per-
centage of temperatures is found around the peak value that 
corresponds with the more homogeneous temperature dis-
tribution of the sheet center. However, as Fig. 9 showed, 
the sheet suffers an abrupt drop of temperature due to the 
cooling effect of clamping system. The results indicate that 
as the working temperature increases this effect is more rel-
evant due to the limited power of the heater frame that is 
not able to supply enough heat to the edges of the sheet, 
thus increasing the differences between the temperatures of 
the sheet center and edges. As the histograms show, these 

differences are found around 60–70 °C in T1 (furnace at 
700 °C) whereas in T2 (furnace at 800 °C) and T3 (furnace 
at 850 °C), which have a similar distribution, the differences 
increase to 130–140 °C and in T4 (furnace at 900 °C) to 
200–210 °C. The highest peak value and the narrowest dis-
tribution of its histogram, highlight that the more homogene-
ous temperature distribution is obtained in T1, that is, with 
the lowest temperature value at the furnace. The increase 
of the coefficient of variation of temperature and the drop 
on the percentage of points in the range peak value ± 20 °C 
(see Fig. 12), confirms also the decrease on the homogene-
ity of temperature distribution as the working temperature 
increases.

Figure 13 shows the relation between the furnace temper-
ature and the sheet top face average temperature associated 
to each trial. As it was expected, as the furnace temperature 
increases the sheet temperature also increases. However, in 
the analysed range there is not a linear relation between the 
both temperatures. In fact, this relation of temperatures can 
be described by means of a third-order polynomial. This 
tendency points out that the heating rate of the sheet is 
accelerated considerably from 500 °C approximately when 
increasing the furnace temperature. This evolution of the 
sheet temperature could be associated to rapid microstruc-
tural changes that Ti–6Al–4V features above 500 °C associ-
ated to dynamic recovery or continuous and discontinuous 
dynamic recrystallization. Furthermore, the titanium surface 
is embrittled by oxygen above 540 °C as a function of time 
and temperature [4]. These temperature results match well 
with the material behaviour observed by Ortiz et al. [27] 
where it was concluded that the formability of Ti–6Al–4V 
starts enhancing drastically from 500 °C approximately.

In spite of having the more homogenous temperature dis-
tribution, T1 trial finished before obtaining the final part 
since the sheet broke during the forming at the final stage. 
As we observe above, the temperatures reached on the sheet 
in this case are not high enough to enhance the material 
formability as the study of Ortiz et al. [27] points out. In 

Fig. 11   Cumulative deviation histograms of the sheets after heating 
trials of H1, H2, H3and H4

Test T1 T2 T3 T4

Max [°C] 413 510 586 711

Average, x [°C] 396 480 553 664

Deviation, s [°C] 11.7 23.6 27.7 50.4

Coefficient of variation, s/x [%] 2.9 4.9 5.0 7.6

Mode ± 20 °C [%] 87.8 77.2 71.7 60.5

Fig. 12   Temperature histograms and representative values for each 
SPIF trial

Fig. 13   Furnace-sheet temperature relation
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fact, in T1 temperature is around 400 °C so the formability is 
similar to that obtained at room temperature. Thus, the maxi-
mum wall angle of the target part is higher than the admis-
sible wall angle that can be formed at this temperature that 
according to Ortiz et al. [27] is lower than 40°. In the rest of 
trials, the temperature was high enough to enhance the mate-
rial formability and the parts were fabricated safely. How-
ever, it can be said that T2 temperature conditions are in the 
limit to fabricate the part successfully since the temperatures 
are found on the range where the formability of Ti–6Al–4V 
starts increasing. The change on tendency around these tem-
perature values in the relation between the furnace and sheet 
temperatures depicted in Fig. 13 suggested a microstructural 
change of the material. Therefore, taking into account this 
aspect the temperature analysis during forming has been 
focused on T3 and T4 trials.

For the analysis of the temperature evolution during 
forming, two lines have been extracted from the selected 
areas. The lines position within the part is exactly the same 
than that selected for analysing the heating trials, see Fig. 8. 
Line A represents the temperature distribution of a section 
containing a corner of the part whilst line B represents the 
temperature distribution of a section containing a flat wall. 
As Fig. 14 shows the results at Z = 0 point out that the entire 
part lies in the range where a uniform temperature distribu-
tion is maintained (temperature in a range of 20 °C in T3 and 
in a range of 10 °C in T4 approximately). The value of this 
range increases in T3 since in this case the application of the 
lubricant over the sheet was not so uniform as in T4, thus, 
introducing a source of noise on the temperature readings 
with drastic temperature variations between adjacent areas 
containing different amount of lubricant.

Anyway, though in Z = − 40 mm temperature differences 
between the corner and the flat wall along the deformed 
zones (1–1′ versus 2–2′ in Fig. 14) are observed, the most 
relevant aspect is that the results suggest that the tempera-
ture on the stretch to deform by the tool (1′–3 and 2′–3 in 
Fig. 14) in each moment maintains in a uniform range during 
all forming stage (a range of 20 °C for both cases). Both in 
T3 and T4 there is a sudden drop of temperature near point 
3 due to the influence of the cooling air of the tool. In the 
deformed zones the temperature is higher along the flat wall 
(2–2′) than along the corner zone (1–1′) since this area is 
closer to the heaters of the furnace.

Table 6 shows representative deviation values of each part 
extracted from the maps of deviations depicted in Fig. 15.

From the obtained results it can be said that all parts 
share the same deviation pattern. All parts suffer an initial 
negative overforming deviation that is mainly related to 
the bending effect around the perimeter area since during 
these trials the working area was 400 × 400 mm2 whereas 
the part features a perimeter of 280 × 280 mm2. By increas-
ing temperature, positive underforming deviations at the 

Fig. 14   Temperature distribution of A and B lines during T3 (in 
green and purple) and T4 (in blue and red) trials at a Z = 0 and b 
Z = − 40 mm
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flat areas decrease due to the reducing effect of tempera-
ture on material springback. This reduction of springback 
effect is clearly observed in Fig. 16 (image above, B sec-
tion in Fig. 15) where deviation of each part regarding the 

target geometry along the section of a flat wall is depicted. 
The elastic recovery (springback) in the flat wall is con-
siderably minimized in T4, as highlight the decrease of 
underforming and the flatter profile of the part. Taking into 
account temperature values of Fig. 14, Young modulus 
of elasticity (see Fig. 17) is found around 70 GPa for the 
entire part in T3 whereas in T4 this value decreases down 
to 25 GPa approximately. Therefore, as occurs in the work 
performed by Khazaali and Fereshteh-Saniee [19], the 
springback is reduced since the drastic flow stress reduc-
tion at higher temperatures[27] overcomes the Young’s 
modulus diminution that, as it is known, would increase 
the springback. Figure 16 also shows (image below, A sec-
tion in Fig. 15) that springback is not so critical aspect in 
the corners due to the rigidity of these zones in compari-
son with walls and consequently all parts share almost the 
same behaviour along them.

Table 6   Deviation results 
of SPIF trials at different 
temperatures

Trial Max + (mm) Max − (mm) Average + (mm) Average − (mm) ± 1 mm (%)

T2 5.38 − 12.96 1.75 − 2.95 25.3
T3 4.70 − 13.52 1.47 − 2.67 27.5
T4 4.27 − 11.10 1.45 − 3.16 29.7

Fig. 15   Colour map of deviations for T2 (above), T3 (middle) and T4 
(below) trials

Fig. 16   Deviations along a flat wall (above, B section) and a cor-
ner (below, A section) of the part extracted from deviation maps of 
Fig. 15
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Regarding T2 part, taking into account its temperature 
values represented in Fig. 12 and considering that tempera-
ture is maintained around the same values along the area to 
deform in each instant as in T3 and T4 (see Fig. 14), its asso-
ciated Young modulus of elasticity is found around 85 GPa, 
a value quite similar to that of T3 though slightly higher. 
The opposite occurs with the flow stress reduction that for 
T2 temperature condition is slightly lower than for T3 tem-
perature condition [27]. Thus, the combined influence of 
these two parameters (Young modulus and flow stress) over 
the springback is similar in both cases and for this reason the 
deviation profiles of T2 and T3 are so similar.

Temperature increase leads also to better results at the 
bottom area with lower deviation values and less variation 
on the results.

Moreover, the higher the temperature, the lower the 
deviation around the perimeter of the part at the flat walls 
and their corner intersection. On the contrary, at the area 
with lower wall angle at the top of the part, the tempera-
ture increase seems to increase overforming. Thus, on bal-
ance, temperature increase lead to higher deviations at the 
part perimeter area. This is mainly due to the higher the 
temperature the higher the plastic strain and consequently 
the higher the unwanted bending of the sheet around the 
perimeter using the system proposed that does not feature a 
backing plate for the part.

In general, the maps representative deviation values point 
out that within the analysed range a temperature increase 
has an overall positive effect since the positive underform-
ing deviations that are mainly related to the springback 
effect decrease. The percentage of deviations in the range 
of ± 1 mm is an indicator of it and as Table 6 shows, the best 
results were obtained in T4 trial, that is, with 900 °C at the 
furnace (665 ± 50 °C on the sheet). On the other hand, exces-
sive negative overforming deviations, mainly related to the 
bending effect around the perimeter area, are unavoidable 

despite of increasing temperature and significantly minimize 
the percentage of deviations in the range of ± 1 mm.

3.3 � Optimal Cooling Procedure

The cooling procedure is expected to decrease residual 
stresses induced by both thermal and mechanical means so 
that differences in the part geometry before and after the part 
is unclamped and trimmed are minimised. In order to ana-
lyse the effect of cooling deviation maps of parts produced 
were also analysed. Maps associated to each of the cooling 
procedures are shown in Fig. 18 and representative values 
extracted from these maps can be found in Table 7. Test T4 
where no specific cooling was applied (heaters switched off 
after forming, part unclamped when cooled) was taken as a 
reference and its results are also included. In this sense, the 
results of C1 trial are used to analyse the effect of unclamp-
ing the sheet just after the forming stage whereas the results 
of C2 trial serve to analyse the effect of applying a controlled 
cooling with an intermediate stress relief treatment.

As in the previous subsection, negative overforming 
deviations, mainly related to the bending effect around the 
perimeter area, are excessive in all cases. The part has an 
upper perimeter of 280 × 280 mm2 whereas the entire free 
working area is 400 × 400 mm2. Thus, the free area of the 
sheet which does not belong to the target geometry (60 mm 
in length from each side of the part to the clamping zone) 
represents a relevant source of error in terms of the obtained 
geometry and at the same time it is considered a disturbance 
element in the analysis of results as it is explained below. To 
overcome this issue in the future, the presence of a backing 
plate is necessary to reduce to the maximum this free area 
affected by the bending.

In any case, a preliminary quantitative analysis of the 
deviations maps represented in Fig. 18 points out that:

•	 In C1 though positive underforming deviations are 
slightly reduced, basically at the bottom of part walls, 
negative overforming deviations around the entire perim-
eter of the part increase with respect to T4 trial. This 
aspect indicates that, as the temperature evolution on 
the part can be considered the same in both cases, the 
unclamping moment of the part (before or after the cool-
ing down) is a factor to consider since influences the final 
accuracy.

•	 In C2, as in the previous case, positive underforming 
deviations are slightly reduced at the bottom of the part 
walls. Regarding the negative overforming deviations 
along the perimeter of the part, two different behaviours 
are observed. Thus, in the zones with higher wall angle 
values these deviations increase considerably whereas in 
the zone with lower wall angle, overforming deviations 
decrease slightly.

Fig. 17   Young modulus of elasticity for Ti–6Al–4V at temperatures 
of 20, 100, 250, 400, 500, 600, 700 and 800 °C [27]
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Considering the results of Table  7 it could be con-
cluded that, in principle, C1 is the best cooling procedure 
since in this case the percentage of deviations within the 
range of ± 1 mm is the highest. However, these results are 

completely affected by the lack of a backing plate and a 
deeper analysis of the deviation maps suggests something 
different. In this sense, the application of C2 cooling could 
have a positive effect on the elimination of mechanical 
stresses accumulated on the clamping system due to the 
stress relief treatment on the one hand, and avoiding the 
part distortion associated to an abrupt cooling on the other 
hand. Thus, the part is not distorted so much as in T4 and C1 
trials during the cooling stage and after changing boundary 
conditions, that is, after being unclamped.

Firstly, Fig. 19 suggest that, though negative overforming 
deviations are higher, C2 part maintains more accurately the 
shape obtained just after forming operation as the following 
aspects point out:

•	 The target geometry in this section is a flat wall and the 
depicted wall features a flatter profile in the case of C2 
trial whereas in T4 and C1 trials the same wall shows 
a slight curvature related to an elastic recovery during 
cooling stage.

•	 In the three cases the obtained walls are almost paral-
lel. However, the characteristics of the sheet edge (left 
zone of the image) differs from case to case. Unlike 
in C1 and T4 trials, C2 trial conditions lead to a quite 
horizontal sheet edge. This combination of geometrical 
features indicates that a sharper edge is defined at the 
top of the wall in C2 part (Duflou et al. [5] explained 
that a sharper edge of this zone of the part suggested a 
systematic reduction of springback and unwanted plastic 
deformation due to the use of elevated temperatures, tak-
ing as reference 3D part measurements without unclamp-
ing the sheet). This means that the stress relief treatment 
performed in C2 is beneficial to minimize mechanical 
stresses accumulated on the clamping system whereas 
in T4 and C1 these stresses are not eliminated. Thus, the 
part at this zone shrinks after unclamping or during the 
non-controlled cooling and consequently negative over-
forming deviations are minimized.

Secondly, as mentioned before, the high negative over-
forming deviations in the perimeter of the part are generated 
to a large extend due the lack of a backing plate and the 
resulting bending of the sheet around the mentioned zone, 
generating unwanted plastic deformations at the sheet edges 
not belonging to the target geometry. However, the map of 
C2 also reveals that whereas this effect is very relevant at 

Fig. 18   Colour map of deviations for C1 (above), T4 (middle) and C2 
(below) trials

Table 7   Results of cooling 
procedures

Trial Max + (mm) Aver + (mm) Max − (mm) Aver − (mm) ± 1 mm (%)

C1 3.42 1.06 − 13.26 − 3.82 37.3
T4 4.27 1.45 − 11.10 − 3.16 29.7
C2 3.24 1.09 − 16.06 − 4.16 30.3
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the flat walls and the zones with abrupt wall angle changes, 
the zone with low wall angle (15°) is very close to the target 
geometry (see Fig. 20) pointing out that the effect of bend-
ing at this zone is significantly lower. This could be related 
to the lower forces employed to deform this area that are not 
high enough to generate high plastic deformations of the 
material in the sheet edge surrounding the mentioned area 
unlike what happens in sheet edges surrounding zones with 
high wall angles where the higher forces employed produce 
higher plastic deformations over a more extensive area. On 
the contrary, as Fig. 20 also shows, the accuracy of T4 part 
and especially of C1 part in this zone is lower. Assumed 
that, as explained above, C2 part maintains more accurately 
the shape obtained just after forming operation due to the 
applied stress relied treatment during cooling stage (part 
distortion associated to the cooling stage is minimized), 
in T4 and C1 the part at this zone spread, thus increasing 
the overforming due to the non-controlled cooling and the 
stress relief just after unclamping the part. However, there 

are significative differences between deviations obtained 
with T4 or C1, highlighting the influence of the unclamping 
moment of the part (before or after the cooling down). This 
issue should be studied more in deep in the future.

Therefore, it could be concluded that the proposed cool-
ing procedure, C2, is beneficial to reduce the global spring-
back of the part, defined by Jeswiet et al. [29], that occurs 
after the final unloading and dismounting from the clamps.

On the other hand, final residual stresses accumulated on 
the parts once unclamped can be considered almost identical 
for both parts, C1 and C2, as Fig. 21 shows.

In fact, the two samples trimmed show an identical devia-
tion pattern with respect to their reference part. In general, 
the deviations after trimming can be considered very low 
since the maximum values are bounded to zones close to 
the trimming path and highlight the effectiveness of the high 
process temperatures to minimize residual stresses along the 
shaped area and consequently to eliminate the third kind of 
springback defined by Jeswiet et al. [29] that it is usually 
generated after trimming.

Fig. 19   Shape profiles of a flat wall of high angle (C section) 
extracted from the deviation maps of Fig. 18

Fig. 20   Shape profiles of a wall with low (15°) and high (38°) angle 
(D section) extracted from the deviation maps of Fig. 18

Fig. 21   Map of deviation and table of results of the cross-shape sam-
ple/Fit between the sample and C1 part (above) and C2 part (below)



313International Journal of Precision Engineering and Manufacturing-Green Technology (2020) 7:299–317	

1 3

3.4 � Post‑forming Material Evaluation

The material characterization has been performed to inves-
tigate the influence of the temperature on microcracks, 
“α-case” thickness, microstructure and hardness. In the 
previous section, the sample C2 has been considered as the 
one with optimal working temperature results and along 
this section, a metallurgical analysis on this sample will be 
presented.

3.4.1 � Microcracks and Alpha‑case

The microcracks and the α-case have been analysed on both 
surfaces (inner and outer) of each specimen, considering:

–	 Inner surface: surface in contact with the tool.
–	 Outer surface: the surface facing the furnace.

Table 8 shows the optical micrographs of the studied 
specimens corresponding to the zones next to both inner 
and outer surfaces of the sheet. This table also shows the 
thickness values of “α-case” in each evaluation zone on the 
specimen.

The micrographs show that the absence of microcracks is 
generalized for all the areas observed. These results, com-
pared to studies developed by Ortiz et al. [27], show that 
reducing the wall angle the presence of microcracks is also 
decreased due to the lower strain suffered. The geometry of 
referenced research work showed an angle of the specimen 
wall of 55° constant and in the present work have a maxi-
mum wall angle of 38°. Thus, microcracks were observed 
in specimens within the part deformation area and on both 
sheet surfaces [27]. Their absence from the non-deformed 
bottom area of the part suggested that they result from fail-
ure of the alpha-case layer affected brittle material under 
the action of the forming tool. Examined specimens also 
revealed that microcracks did not extend over the alpha-case 
layer.

Regarding the “α-case” layer, based on the microscopic 
observation and measurement, there are not significant dif-
ferences among the values of the specimens corresponding 
to deformed areas (Ref. 1 to Ref. 4) of the part. In fact, as 
Fig. 14 showed, the difference of temperatures between an 
upper (point 1) and bottom (point 1′) zone of the part dur-
ing the forming (representative zones of the 1–4 specimens 
location) are not significant (20–25 °C). The “α-case” in 
Ref. 5 is lower since it corresponds to a zone out of the 
CAD geometry and close to the clamping system where 
the temperature decreases considerably as Fig. 9 pointed 
out. Furthermore, in all cases the values in both faces, 
inner and outer, are very similar due to the employed cool-
ing procedure (C2) leading to a drastic minimization of the 

temperature gradient between inner face and outer face of 
the part as Fig. 5 showed (C2 vs C1).

3.4.2 � Microstructure

As Fig. 22 shows, in all references, the microstructure con-
sists of elongated grains of alpha (white) and intergranular 
beta (gray).

The areas with different strain level, as well as the ones 
that reached varied process temperatures, did not show sig-
nificantly different grain shapes. Concerning to the strain 
level, Ref. 3 shows the highest one, while Ref. 1 and Ref. 
4 are opposed to it due to the low wall angle and an almost 
flat area, respectively. The references 2 and 4 are posi-
tioned on the deepest locations of the sample, closer to the 
furnace heaters, and due to this they suffered the highest 
temperature levels. Ref. 5, extracted nearby the clamp-
ing zone (no strain zone) and where the temperature level 
achieved is the lowest, shows an equiaxial microstructure 
which reaffirms the results achieved by Ortiz et al. [27].

3.4.3 � Hardness

The following chart, Table 9, shows the results of the 
Vickers hardness testing performed on the center of T and 
L sections of each Reference (0–5) shown in Fig. 7. The 
average values of the testing are displayed on the table.

The values obtained in the sections perpendicular to 
the tool advance (T) are slightly higher in all the sections 
affected by the tool working (Ref. 1–Ref. 4), as presented 
by Ortiz et al. [27], due to the grain stretching along the 
feeding direction of the tool. Opposite to this, Ref. 0 (as-
received material) and Ref. 5 show higher L section val-
ues, than of T, being L values the ones associated with 
the perpendicular section to the rolling direction for Ref. 
0. However, in the case of Ref. 5, the difference between 
L and T sections is not sizeable and suggests that a slight 
softening of the material is produced due to high process 
temperatures. In all the areas studied of the processed 
part (Ref. 1–Ref. 5) the microhardness does not vary 
significantly, just slightly, and it can be considered quite 
homogenous throughout the piece contrary to what hap-
pens in the study of Najafabady and Ghaei [10] where a 
local-dynamic electric heating is used and consequently 
the hardness increases considerably from the flange to the 
vertex of the analysed part. In the present work, the homo-
geneous behaviour of the microhardness is in concordance 
with the results of microstructure shown above where no 
significantly different grain morphology among the studied 
zones is observed.
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4 � Conclusions

The present work focuses on the determination of the opti-
mal working temperature conditions to form Ti–6Al–4V 
parts by global hot SPIF by using a supporting chamber 
and a clamping frame both equipped with electrical heat-
ers. A set of heating and SPIF trials were carried out point-
ing out that:

•	 The homogeneity of the temperature distribution over the 
sheet improves when heating at small temperature incre-
ments and consequently the sheet deviation is reduced. 
The improvement is more significant when heating along 
a longer time since it leads to a higher homogeneity and 
as a result to lower deviations.

•	 As the working temperature increases the geometric 
accuracy of the fabricated part increases since the devia-
tions related to the springback effect are reduced. Sheet 

Table 8   Optical micrograph of the Ti–6Al–4V specimens and their α-case thickness evolution (a) inner surface and (b) outer surface

Ref
Optical micrograph and α-case thickness average value (µm)

Aver.(a) Inner (b) Outer

0

– –

–

1

36 34

35

2

37 39

38

3

38 34

36

4

38 42

40

5

12 16

14
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temperatures above 650 °C are recommendable to signifi-
cantly enhance geometric accuracy of Ti–6Al–4V parts. 
However, in general, temperature increase has a nega-
tive effect on the part perimeter area which shows higher 
deviations due to bending as a result of lower stiffness of 
the sheet flange at higher temperatures.

•	 Uniform temperature during forming also contributes to 
low distortions when part trimming since lower thermal 
stresses are induced. In any case, a controlled cooling 
down is necessary to ensure that the production cycle 
remains free from thermal loads. By introducing an ade-
quate stress relief treatment, the effect of the localized 

Fig. 22   Microstructure of Ti-6Al-4 V: a As-received, Ref.0, b Ref.1, c Ref.2, d Ref.3, e Ref.4 and f Ref.5 extracted from a previously heated and 
formed sample (× 400 magn.)
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action of the forming tool can be counteracted and final 
distortion after trimming is low.

•	 The alpha-case thickness analysis confirms a uniform 
alpha-case layer in all the studied strained zones. Fur-
thermore, both microstructure and hardness do not pre-
sent relevant variations between the measurements on the 
several references carried out. These results point out a 
homogeneity of the analysed post-forming material prop-
erties along the entire part, highlighting that differences 
in strain due to geometry and slight temperature inhomo-
geneities do not generate significant divergences in the 
alpha-case, microstructure and hardness of the resulting 
part.

Despite the improvements presented in the geometric 
accuracy, further progress is needed to produce accurate 
Ti–6Al–4V parts by hot SPIF using the system proposed. 
Thus, the deviations on the part perimeter area must be 
reduced. The use of a backing plate seems necessary in this 
sense. Furthermore, a higher homogeneity between tempera-
tures of the clamped and free to form areas seems also rea-
sonable. On the other hand, the combined use of the system 
and procedures proposed in this paper with a tool path cor-
rection algorithm appears as the adequate solution to achieve 
acceptable accuracies.
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