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Abstract
For heat-assisted single point incremental sheet forming (SPIF) works of Ti-6Al-4 V sheets, the use of lubricant has shown 
significant effects on surface quality and geometric accuracy at higher temperatures. Molybdenum disulphide (MoS2) is a 
common lubricant widely used in SPIF works, however, it usually indicates ineffective performance at high temperatures. 
This article has studied different lubricants of MoS2 lubricants and proposed a novel mixture of MoS2 to provide better 
surface quality and improve geometric accuracy. A forming tool with a ball-roller and water channel was designed to enable 
the MoS2 mixture to pass through the tool tip, allowing easy application of the lubricant on the localised area and reduce 
the thermal expansion on the ball-roller. Surface roughness analysis has revealed that the water-cooling MoS2 mixture per-
formed well in reducing friction effects and achieved better geometric accuracy. Forming forces measurements, scanning 
electron microscope (SEM), energy-dispersive X-ray analysis (EDX) and micro-hardness tests also indicated that a higher 
strain hardening behaviour was detected for the water-cooling MoS2 mixture.

Keywords  Hot incremental sheet forming · Lubricant · Wear · Surface roughness · Micro-hardness · Microstructural 
analysis · Geometric accuracy · Thickness profile

1  Introduction

Single-point incremental forming (SPIF) is a flexible sheet 
forming process which has been investigated over decades 
to deform sheet metal to produce complicated prototypes. 
However, the deformation of high strength materials, such 
as Ti-6AI-4 V alloy, remains a challenge. In recent years, the 
heat-assisted SPIF process has been thoroughly researched 
to produce a heat source to soften and deform the mate-
rials to the designated shape. For instance, Honarpisheh, 
Abdolhoseini [1] applied an electrical current system to the 
SPIF to deform the Ti-6AI-4 V sheet at a temperature range 
of 400 to 500 °C. The sheet was successfully deformed to 
the designated shape with various wall angles. However, 
the pass-through of a high current flux on the workpiece 
produced electric sparks at the contact area of the forming 
tool and the workpiece surface, which significantly affected 
the surface quality. As the current flux passed through the 
whole workpiece, the geometric accuracy was also affected. 
Another study by Göttmann, Bailly [2] applied a laser heat-
ing source to the SPIF system, which enabled a localised 
temperature to be applied on the Ti-6AI-4 V sheet, which 
improved the geometric accuracy. However, the laser heating 
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also raised the risk of cracks occurring in the workpiece 
and the performance of the surface quality was impaired. 
To improve the surface quality and retain geometric accu-
racy, recent studies by Ambrogio, Gagliardi [3] introduced 
an induction heating SPIF system, which enabled localised 
heating that was generated from the sheet material’s centre. 
The results showed high geometric accuracy of Ti-6AI-4 V 
deformed sheets and with a reduced risk of cracks. However, 
the surface quality suffered and had declined at the end of 
the process. Among the heat-assisted SPIF systems, it can 
be seen that surface roughness is a serious challenge that 
occurred in all hot SPIF processes.

MoS2 is the most common lubricant used in the major-
ity of hot SPIF works. By researching electric heat-assisted 
SPIF of Ti-6Al-4 V studies [4, 5], it could be seen that 
the common MoS2 was insufficient at temperatures above 
450 °C, with electric sparks having a significant effect on the 
removal of the water-solubility of the lubricant. As the tool 
passed through the lubricant ash, the remaining lubricant 
adhered to the surface increasing the wear, which affected 
the surface quality. Cheng, Li [6] and Li, Zhai [7] have 
studied the ultrasonic vibration-assisted (UV) SPIF process 
and proposed positive effects in enhancing the geometric 
accuracy and surface quality using liquid lubricant (Shell 
M68) to improve the contact condition. Another study by 
Liu, Lu [8] proposed a novel ball-roller for electric heat-
assisted SPIF of Ti-6Al-4 V sheets, which provided a better 
surface quality by reducing friction between the tool and 
the workpiece with common machine grease. The studies 
of induction heat-assisted SPIF works of Ti-6Al-4 V have 
revealed a slightly better outcome as shown in the study by 
Ambrogio, Gagliardi [9]. Results revealed that without the 
effects of electric sparks, the common MoS2 paste is more 
functional than when used with electric heat-assisted SPIF 
with the assistance of cryogenic cooling. However, the rapid 
change of temperature on the upper and lower surface of the 
workpiece still resulted in the ineffectiveness of the lubricant 
and an unsustainable performance. Another study by Ortiz, 
Penalva [10] revealed that high-temperature lubricant oil in 
induction heat-assisted SPIF of Ti-6Al-4 V sheets produced 
more favourable results showed that on surface quality than 

the common low-temperature lubricants. However, the sus-
tainability was still insufficient at the end of the process, 
with a large amount of adhered wear observed.

In summary, it was revealed that the performance of the 
surface quality is mainly attributed to the effectiveness and 
sustainability of lubricants during the process. The majority 
of common lubricants are ineffective at the higher tempera-
ture (above 400 °C) deforming process. The dissipation of 
lubricant in the high-temperature SPIF is a common phe-
nomenon that results in significant adhesion wear. In this 
analysis, a Nickel alloy ball-roller tool has been designed 
and integrated into a high-frequency induction heat-assisted 
SPIF system. By increasing and maintaining a localised tem-
perature of 700 °C, the performance of different lubricants 
has been studied, and a novel method of lubricant applica-
tion was proposed to improve the surface quality and remain 
geometric accuracy.

2 � Materials and methods

2.1 � Materials

All workpieces in this analysis were standard hot-rolling Ti-
6Al-4 V alloy sheets with a size of 150 mm × 150 mm and 
a thickness of 0.8 mm. The chemical composition of the 
Ti-6Al-4 V alloy used is shown in Table 1.

The lubricants used in this analysis can be classified into 
three lubricants. Lubricant 1, provided by CRC Ltd, is a 
standard graphite grease that consists of graphite particles 
and MoS2 paste. According to the supplier information, 
the lubricant can be serviced between -30 °C and 650 °C. 
lubricant 2 is a mixture of lubricant 1 and machine lubri-
cant oil provided by Ambersil Ltd, which has a protective 
agent based on rust inhibitors and surfactants enabling it to 
reduce friction and wear on the workpiece surface. Accord-
ing to the supplier information, the lubricant oil can service 
up to 300 °C. Lubricant 3 has used lubricant 2 as the main 
component on the workpiece surface with an external liquid 
lubricant from the water cooling channel. The liquid lubri-
cant is a mixture of coolant with MoS2 powder. The coolant 

Table 1   Chemical composition 
of Ti-6Al-4 V (wt%)

Ti Al V C O N H Fe

Balanced 5.3 3.8 0.1 0.2 0.05 0.01 0.3

Table 2   Details of lubricants Lubricant Content Mix method State

1 Graphite grease Non Paste
2 Dispersion of lubricant 1 (20%) in machine oil 600 rpm of 30 min Paste
3 lubricant 2 with external lubricant from water 

channel (2% MoS2 powder in water coolant)
600 rpm of 60 min Paste/Liquid
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is provided by AZURE Ltd, which contains anti-corrosion 
additives to reduce friction and rust. The MoS2 powder is 
98.5% pure with an average of 1.5 μm particle size provided 
by OKS Spezialschmierstoffe GmbH Ltd. To mix MoS2 pow-
der with the coolant, DISPERMAT shear dissolver was used. 
According to the previous study by Hussain, Gao [11] on 
the investigation of lubricant effects on SPIF, a high weight 
(20%) of MoS2 powder has been used to increase the dis-
persion. However, it can be seen that the mixture lubricant 
has not provided high surface quality. The other study by 
Azevedo, Farias [12] has commented that high condensa-
tion can be observed in the dispersion of lubricant powder in 
water which affects the performance of the mixture lubricant. 
Diabb, Rodríguez [13] has proposed that the small size pow-
der has better solubility than other liquid agents. The shear 
dissolver can provide a high shear force to dissolve the MoS2 
powder into the coolant by laminate orientation without the 
phenomenon of condensation. The details of each lubricant 
are illustrated in Table 2.

2.2 � Tool and SPIF system design

To deform high strength metal sheets like Ti-6Al-4 V, a 
high forming force is required for the process. Wear and 
friction tracks are a common phenomenon usually present 
on the formed workpiece and forming tool [5, 14–17]. A 
previous study by Iseki and Naganawa [18] first introduced 
the ball-roller tool tip to reduce the friction force between 

a workpiece and the tool tip in the SPIF process. Another 
study by Liu, Lu [8] improved the design with a water cool-
ing channel to achieve better surface quality in electric heat-
assisted SPIF of Ti-6Al-4 V. In this analysis, a 10 mm IN 
625 nickel ball was attached to the stainless-steel forming 
tool to enable a rotational motion. According to the sup-
plier’s information, the maximum operating temperature 
is 980 °C, which is sufficient for this study. To reduce the 
thermo-expansion on the ball-roller tool tip, the tool shank 
was made with a hollow inner structure that allowed the 
water to flow in and out with a separation board. The details 
of the tool design are illustrated in Fig. 1(a), During the 
experiment, a water container with a tube was connected 
to the water-in valve to allow a water flow pass through the 
channel and smooth the ball-roller. At the meantime, another 
tube connected the water-out valve to a water tank to pump 
out the remaining water in the channel. The water tube was 
5 mm diameter and connected to a pump with power of 
300 rpm throughout the whole process.

The induction heating system for the SPIF design is 
displayed in Fig. 2. The induction heating machine has a 
900-kHz alternating current (AC) inductor with a maxi-
mum power of 6.6 KW. An electromagnetic field is gener-
ated between the workpiece and the heating coil as shown in 
Fig. 2(a). A rapid eddy current is created from the centre of 
the workpiece to the outer surface, enabling recrystallisation 
from the inside of the material without affecting the surface 
features. To provide accurate localised heating, the heating 

Fig. 1   Tool design: (a) isotropic view of tool design, (a) cross-section view of tool design

Fig. 2   Induction heat-assisted 
SPIF system: (a) working view 
of the tool-workpiece-heating 
coil; (b) fixture of load cell and 
infrared thermo-couple
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coil diameter is 10 mm, the same as that of the ball-roller tool 
tip as shown in Fig. 2(b). The induction heater can provide 
a rapid and constant temperature to the workpiece with an 
error of 2% for at least 20 h. A flexible support fixture has 
been designed to connect the heating head and tool to allow 
a synchronised movement in XYZ directions. A 50 kN low 
profile diaphragm load cell and an infrared thermo-couple 
have been fixed on the tool to measure the reaction force from 
the tool and monitor the temperature change. The measure-
ment range of the thermocouple is 400 °C to 1200 °C with 
an error of 2%.

2.3 � Experimental parameters

The final shape is a truncated cone that has a 100 mm major 
diameter, 30 mm height, and 45° wall angle as shown in Fig. 3.

The tool path was generated by MATLAB, and a G-code 
was obtained from the MATLAB coordinates output file to be 
used as a toolpath to control the computer numerical control 
(CNC) machine. The detailed parameters and working tem-
peratures are listed in Table 3.

3 � Results and discussion

3.1 � Temperature distribution and forming force

The temperature distribution for experiments with lubri-
cants 1, 2 and 3 are illustrated in Fig. 4. It can be seen 
that the temperature distributions for lubricants 1 and 2 are 
very close, the temperature rose rapidly for around 30 s to 

a relatively steady-state stage and then increased gradually, 
but marginally, until the end of the process. The temperature 
at the end of the experiment (final 100 s) was around 20 °C 
higher than the target temperature (700 °C). As the forming 
area was getting smaller, according to the SPIF process, 
the temperature was more concentrated thus resulting in 
a re-heating behaviour that increased the temperature. For 
the lubricant 3 experiment, it took around 60 s to increase 
the temperature to the steady-state stage and it maintained 
that level almost constantly until the end of the process. It 
was evident that the water-cooling system was sufficient to 
balance the temperature increase throughout the process. It 
should be noted that the measured temperature distributions 
were smoothed using Savitzky‐Golay smoothing filter [19] 
to reduce the noise.

The forming force profiles from the experiments with 
lubricants 1, 2 and 3 are illustrated in Fig. 5. Lubricants 
1 and 2 have relatively similar profiles, whilst lubri-
cant 3 differs. This is mainly attributed to the effects of 
water cooling throughout the process. As the sustainable 
localised coolant support from the forming tool, the hot 
strain-hardening work on the workpiece surface is reduced 
which results in a higher forming force, especially at the 
initiation stage. By comparing the results with the previ-
ous study by Honarpisheh, Abdolhoseini [1], on electric 
heating SPIF, and another by Al-Obaidi, Kräusel [20], 

Fig. 3   The design of formed 
shape: (a) dimensions of the 
formed shape; (b) isotropic 
view of the formed shape

Table 3   Experimental parameters

Experimental parameters Target  
temperature (700 
◦
C)

Feed rate (mm/min) 1000
Step size 1.0
Power (kW) 5.5
Frequency (kHz) 700 Fig. 4   The measured experimental temperature history for SPIF for 

lubricant 1, 2 and 3
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on induction heating assisted SPIF of Ti-6Al-4 V sheet, 
it could be found that the forming force at the initiation 
stage is unstable, as the dynamic recrystallisation (DRX) 
at this stage is insufficient to form isotropic microstructure 
to maintain a constant forming force. This is the same 
reason for the forming force growth in this article. Due 
to the sustainable support of coolant, the temperature dis-
tribution on the surface of the lubricant 3 experiment is 
maintained better than lubricants 1 and 2 thus resulting in 
a relatively graduate growth of forming force. Please note 
that forming profiles are smoothed by Golay smoothing 
filters to reduce the noise frequency.

3.2 � Surface roughness

For each formed workpiece (using lubricants 1, 2 and 3), 
three Sects. (5mm2) were removed from the upper, centre 
and lower regions to determine surface roughness. All meas-
urements were taken using the Alicona Infinite Focus optical 
3D surface measurement system with a 50 nm minimum 
vertical resolution and 0.03 μm minimum measurable rough-
ness and 2% error.

The cut samples and optical microscope measured data 
for lubricants 1, 2 and 3experiments are illustrated in Figs. 6, 
7 and 8.

It can be observed from Fig. 6(a) that lubricant 1 pro-
duced the worst surface quality as wear micro-cracks 
and observable cracks appeared on the workpiece sur-
face. From the upper to lower region (Fig. 6[b–d]), the 
lubricant dissipated according to the process. However, 
since the heating temperature was higher than that recom-
mended for the lubricant, the rapid dissipation resulted in 
a layer of contamination that adhered to the forming tool 
and workpiece surface, which increased the friction force 
that caused adhesive and abrasive wear. Similar results 
were observed in a study by Najafabady and Ghaei [5], 
on high-temperature SPIF of Ti-6Al-4 V sheets, provid-
ing additional evidence that insufficient support from the 
lubricant is a common challenge in the high-temperature 
SPIF process. As the process progressed from the upper 
to lower region, the increase in temperature and dissipa-
tion of lubricant lead to severe wear tracks that formed 

Fig. 5   The experimental forming force profiles for lubricant 1, 2 and 
3

Fig. 6   OM measurements for 
lubricant 1: (a) locations of 
sample collection; (b) upper 
region sample; (c) centre region 
sample; (d) lower region sample
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surface cracks incrementally, resulting in unfavourable 
surface quality.

For lubricant 2, the result is displayed in Fig. 7(a), it can 
be seen that the surface quality has been improved signifi-
cantly than lubricant 1. There are no observable surface 
cracks in the upper region as shown in Fig. 7(b), and the 
centre and lower regions in Fig. 7(c–d) also reveal better 

surface quality. The lubricant oil from lubricant 2 has indi-
cated a strong reason to retain the presence of lubricant 1 in 
high-temperature SPIF work. Although lubricant 2 was not 
functional throughout the whole process, the lubricant still 
exhibited enhanced performance over lubricant 1.

The best surface quality was achieved with lubricant 
3, as shown in Fig. 8(a). It can be observed that the wear 

Fig. 8   OM measurements for 
lubricant 3: (a) locations of 
sample collection; (b) upper 
region sample; (c) centre region 
sample; (d) lower region sample

Fig. 7   OM measurements for 
lubricant 2: (a) locations of 
sample collection; (b) upper 
region sample; (c) centre region 
sample; (d) lower region sample
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tracks increased from the upper region to the centre region 
as shown in Fig. 8(b–c). A slight track of micro-cracks has 
been observed in the lower region as illustrated in Fig. 8(d). 
These results provide evidence that the sustainable coolant 
lubricant support from the water-cooling system is sufficient 
to reduce friction on the workpiece. Referring back to Fig. 4, 
it appears that the coolant lubricant also functioned to bal-
ance temperature within a steady range, enabling lubricant 3 
to remain effective throughout the whole high-temperature 
SPIF process. The surface quality of lubricant 3 is observable 
better than lubricants 1 and 2, and the results are comparable 
with the study by Ao, Gao [21], on electric heat-assisted SPIF 
of Ti-6Al-4 V sheets which has indicated significant current-
carrying wear, and another study by Ambrogio, Filice [4], 
on induction heat-assisted SPIF of Ti-6Al-4 V sheets where 
severe adhesive wear remained.

The 3D surface topography roughness measurements 
of lubricants 1, 2 and 3 (upper, centre and lower) samples 
are presented in Figs. 9, 10, to 11. The readings of average 
area surface roughness ( Sa ) are shown in Fig. 12. The detail 
roughness values of root-mean-square height ( Sq ), maxi-
mum peak height (Sp) , maximum valley depth (Sv) , maxi-
mum height (Sz) of each lubricant of lubricant are listed in 
Table 4.

In Fig. 9(b–c), it can be seen that lubricant 1 produced 
a high density of surface cracks in the centre and lower 
regions and these cracks expand a high difference between 

the workpiece outer surface layer and substrate. lubricant 
2, Fig. 10(b–c), reduced the effects significantly, and no 
observable surface cracks appeared when using lubricant 
3, Fig. 11(b–c).

Figure 12 shows that the growth of surface roughness was 
the same for all three lubricants. The measurements of Sa 
increased incrementally through the process. The increase 
in Sa with lubricant 2 is less pronounced than for lubricant 
1, and lubricant 3 results in the lowest growth trend. These 
results agree with the observations were seen in Fig. 6 to 
Fig. 8.

By investigating the measured amplitude parameters of 
each sample in Table 4, it can be observed that the Sq is 
following the same trend as Sa. This provides evidence that 
friction is increased as the lubricant dissipates. It should 
be noticed that the Sz values (difference between Sq and 
Sv) upper regions of all three lubricants are in similar val-
ues, indicating the effective performance of the lubricants 
at upper regions. The Sz values for lubricant 1 centre and 
lower regions are incredible high, providing clear evidence 
that surface cracks destroyed the workpiece surface and left 
a valley between the outer layer and substrate. lubricant 2 
generated slightly less damage, with significantly improved 
results than lubricant 1 and lubricant 3 has revealed the best 
performance in reducing surface damage. Please note that 
all presented data were filtered by the Gaussian filter for 
inclined planar surfaces to reduce the noise.

Fig. 9   3D surface topography surface roughness measurements for lubricant 1: (a) upper region; (b) centre region; (c) lower region
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3.3 � Geometric profile

Geometric accuracy is a significant factor that reveals the 
overall performance and quality characteristics of products 

made by the SPIF process. The FARO Edge-scan 8-axis 
laser 3D scanning arm has been used in this study to meas-
ure the 3D geometric accuracy of the deformed parts. The 
resolution of this system is 40 μm, with an error of ± 0.2 μm. 

Fig. 10   3D surface topography surface roughness measurements for lubricant 2: (a) upper region; (b) centre region; (c) lower region

Fig. 11   3D surface topography surface roughness measurements for lubricant 3: (a) upper region; (b) centre region; (c) lower region

8246 The International Journal of Advanced Manufacturing Technology (2022) 120:8239–8257



1 3

Geomagic was then used to process the cloud of points and 
obtain a highly accurate measurement of the final profile and 
thickness distribution.

The geometric profile of lubricants 1, 2 and 3 are shown 
in Fig.  13. The experimentally measured profiles were 
obtained using FARO 3D scanning on the clamped work-
piece to reduce the spring-back effects from unclamping and 
cooling. As illustrated in Fig. 13, there was no significant 
difference between the three lubricants. By dividing the pro-
files into three stages, it can be seen that all three lubricants 
were practically identical at stage 1 (upper region). lubricant 
3 then started to diverge slightly at stage 2 (centre region), 
before all three lubricants became diverse from each other at 
stage 3. The reasoning can be explained by the temperature 
and forming force profiles in Figs. 4 and 5. For the experi-
ments of lubricants 1 and 2, the temperature support for the 
upper regions was insufficient to dissipate the full volume 
of the lubricant on the surface. As the process progressed 
to the centre and lower regions, the dissipation of lubricant 
was more pronounced, thus increasing the surface roughness 
accordingly. The forming force distributions also indicated 
that the growth of lubricant 3 is more stable than lubricants 
1 and 2 from the upper to centre region which revealed that 

the water-cooling lubricant has support to cool down the 
tool and the corresponding workpiece surface and balanced 
the temperature at the lower region. Therefore, lubricant 3 
revealed a superior geometric profile due to its relatively 
stable temperature and forming force distributions which 
provided better control of the geometric accuracy.

It was observed that the successful application of rapid 
localised heating enhanced the deformation process. Hence, 
it can be concluded that induction heat-assisted SPIF can 
deform Ti–6Al–4 V sheets with high geometric accuracy by 
increasing the DRX in the material microstructure. This is a 
typical phenomenon that occurs in high-temperature SPIF as 
the thermomechanical behaviour may induce high residual 
stress and stress relaxation in the material, which can result 
in spring-back and pillow effects. Similar observations were 
also reported in a previous study by Ortiz, Penalva [22], 
on the geometric accuracy of the high-temperature SPIF 
process.

3.4 � Thickness profile

For each lubricant, the thickness profiles, measured from 
the sheet edge to its centre were determined, as illustrated in 
Fig. 14. The sheet thickness was obtained using the FARO 
3D scanner for two paths, with one path on the upper sur-
face of the deformed workpiece and the other one on the 
lower surface. The X, Y and Z coordinates were collected 
accordingly, and the data obtained using Eq. 1, the theoreti-
cal thickness profile can be obtained from the sine law as 
shown in Eq. 2. Cao, Lu [23] studied the incremental sheet 
forming (ISF) process and reported that the sine law is effi-
cient to predict the thickness distribution of deformed parts.

The sheet thickness can be calculated using Eq. 1:

(1)t =

√

(

x
1
− x

2

)2
+
(

y
1
− y

2

)2
+
(

z
1
− z

2

)2

Fig. 12   Average surface roughness measurements (Sa) for lubricants 
1, 2 and 3 (upper, centre, lower)

Table 4   Measured amplitude parameters of each lubricant sample

Sq( µm) Sp( µm) Sv( µm) Sz( µm)

lubricant 1 upper region 1.012 5.221 3.827 9.048
lubricant 1 centre region 2.116 6.098 5.751 11.849
lubricant 1 lower region 2.261 6.985 6.913 13.898
lubricant 2 upper region 0.806 5.005 1.509 6.514
lubricant 2 centre region 1.381 6.135 5.593 11.728
lubricant 2 lower region 1.913 6.774 5.622 12.436
lubricant 3 upper region 0.504 2.155 1.334 3.444
lubricant 3 centre region 1.051 2.744 3.636 6.380
lubricant 3 lower region 2.247 4.185 4.913 9.231

Fig. 13   Geometric profile for lubricant 1, 2 and 3 experiments
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where t is denoted as the sheet thickness, x
1
,y

1
,z
1
 are the 

coordinates of nodes on the top surface path, x
2
,y

2
,z
2
 are the 

coordinates of nodes on the lower surface path.
The theoretical thickness distribution can be obtained by 

applying cosine law as in Eq. 2:

where tf is the final thickness of the workpiece, t
0
 is the ini-

tial thickness of the workpiece, θ is the wall angle.
This equation was proposed in a previous study by  

Hussain and Gao [24], to estimate the thickness distribution 
in SPIF. Lu, Fang [25] also applied the same principle to 
predict the theoretical thickness of double-side ISF. Another 
study by Tolipov, Elghawail [26], on multi-point forming, 
again verified the equation’s efficiency in estimating the 
thickness distribution in sheet metal forming.

As illustrated in Fig. 14, it can be seen that the sheet 
thinning is proportional to the cone depth. The sine law 
predicted sheet thinning of 0.565 mm for a 45° wall angle. 
By dividing the profile into 3 stages, it is observed that 
all three lubricants had diverse growth at stage 1 before 
converging into stage 2. However, the stage 2 progressed 
diversity was detected again at the thinnest thickness area, 
before convergence at stage 3. Similar to the geometric 
profile, such phenomenon can be attributed to the tem-
perature and forming force profile, as shown in Figs. 4 
and 5, respectively, but with opposite results since the 
lubricant effects are not sensitive at the early stages. At 
stage 1, insufficient temperature and an unstable form-
ing force resulted in differing initial profiles for the three 
lubricants. Once the temperature and forming force reach 
a steady-state between stages 1 and 2, good correspond-
ence was achieved by all three lubricants. The lubricant 
dissipation effects were shown to be most pronounced at 
the thinnest thickness area in stage 2. Here the temperature 
and forming profile were relatively stable, but the unstable 

(2)tf = t
0
sin θ

friction force from lubricant 1 was the main reason that 
caused the change in its profile. Once the critical point is 
passed at Stage 3, all three lubricants tended to converge 
as the DRX for all experiments is fairly initiated. Studies 
by Ao, Gao [21] and Vahdani, Mirnia [27] also reported 
similar findings for the high-temperature SPIF process of 
Ti-6Al-4 V sheets.

3.5 � SEM

A tabletop Hitachi TM3030 SEM was used to analyse the 
microstructure of the as-received and deformed samples. 
The SEM and EDX images of the investigation area were 
taken at magnifications of 600 × to 2000 × with an accel-
erating voltage of 15 kV. The SEM samples were divided 
into two groups, surface samples and cross-section samples. 
The surface samples group: The as-received samples and 
deformation samples (upper, centre and lower) of each lubri-
cant were cleaned with 70% alcohol and then ultrasonically 
cleaned with 100 W and 40 kHz for 20 min to remove any 
contamination from the samples. During the SEM investi-
gation, the area with major surface cracks and contamina-
tion was the focus of EDX zone mapping. The cross-section 
samples group: the cross-section of the as-received sample 
and deformation samples (upper, centre and lower) for each 
lubricant were mounted, chemically and mechanically pol-
ished with 0.04 µm Colloidal Silica (OP-S) suspension and 
etching using Kroll's reagent (2 ml HF, 10 ml HCl, 88 ml 
H2O) to investigate the microstructural evolution throughout 
the workpiece.

3.5.1 � SEM investigation on surface samples

As shown in Fig. 15, the black area is the remaining con-
tamination that was impossible to remove from the surface 
by cleaning. It can be seen that the contamination and sur-
face cracks became more pronounced from the upper to 
lower region. At the centre region, there was clear growth 
of micro-cracks that stretch the deformation surface and 
contaminants were generally located at the boundaries of 
the micro-cracks. As the growth of micro-cracks increased 
in the lower region, a large area of the remaining contami-
nation was observed. By cross-referencing the surface 
roughness measurements in Fig. 9, it could be concluded 
that the increase in surface roughness is due to the growth 
of the microstructural cracks and residual contamination. 
The phenomenon is pronounced for lubricant 1 as apparent 
cracks and contamination are observed on the centre and 
lower region scanning area. Lubricant 2 (Fig. 16) indicated 
a better deformation surface as the phenomenon of micro-
cracks was reduced by comparing with lubricant 1 (Fig. 15). 

Fig. 14   Thickness profile for lubricant 1, 2 and 3 lubricant experi-
ments
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The upper region could be deemed as clean as there was no 
detectable ‘black area’ and the micro-cracks at the centre 
region were reduced significantly. In the lower region, due 
to dissipation of the lubricant, contamination was detected 
in different areas rather than one single area. This is clear 
evidence that lubricant 2 has shown a better surface qual-
ity. For lubricant 3, shown in Fig. 17, no detectable micro-
cracks were observed in the upper region and the growth of 
micro-cracks at the centre and lower region was significantly 
reduced, which produced the best surface quality among the 
three lubricants.

3.5.2 � EDX zone mapping

To investigate the content of the elements of the sample 
surfaces, EDX analysis was applied to the same scanning 
area as the SEM investigation. Please note that the red col-
our is the Molybdenum (Mo) element, the green colour is 
the Carbon (C) element and the blue colour is the Titanium 
(Ti) element.

It can be seen from Fig. 18 that in the upper region 
of the lubricant 1 sample there were detectable levels 
of the elements Mo and C, which are the main compo-
nents of the lubricant contamination [28]. The growth 
of the contamination was more apparent at the centre 
and lower region, where the area with micro-cracks has 
been covered by these elements. This is clear evidence 

that the contaminations are caused by the dissipation of 
lubricants due to the temperature during the process. The 
loss of lubricating function led to micro-cracks devel-
oping on the deformation surface and the contaminants 
have adhered to the boundaries of the micro-carks thus 
resulting in great growth of contamination according to 
the process. The use of lubricant 2, shown in Fig. 19, 
illustrates a comparably low content of contamination in 
the upper region indicating there was good functioning of 
the lubricant at the starting stage. However, in the cen-
tre and lower regions, contaminants still adhered to the 
surface due to the dissipation of lubricant. The volume 
of contamination is significantly reduced for lubricant 
3, as shown in Fig. 20. It can be seen that the detect-
able content of contamination was very low in the upper 
region and the growth of contamination was very limited 
in comparison with lubricants 1 and 2. A previous study 
by Careri, Umbrello [29], on the investigation of tool 
wear in IN718 heat treatments, revealed similar results, 
and the study concluded that high temperature was the 
main reason for adhesive wear between the workpiece 
surface and the tool, and the force from the deformation 
speed enhanced the adhesive wear, resulting in abrasive 
wear. Other studies [30, 31], on the deformation and sheet 
forming of titanium alloys, were in agreement that high 
deformation force and temperature result in the forma-
tion of micro-cracks that encourage contaminants from 
the lubricant to adhere and accumulate at the boundaries 

Fig. 15   SEM images of the 
deformation surface for lubri-
cant 1: (a) upper region; (b) 
centre region; (c) lower region
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of the micro-cracks. A study by Wang, Zhang [32] on the 
materials removal process also indicated that water cool-
ing has balanced the thermal expansion of the tool in a 
toolpath with rapid rotating movement. This is evidence 

that the water-cooling lubricant from the water channel 
has sustainable support to reduce the thermal effects on 
the ball-roller tool tip, and enhance the rotating movement 
in the hot SPIF process.

Fig. 16   SEM images of the 
deformation surface for lubri-
cant 2: (a) upper region; (b) 
centre region; (c) lower region

Fig. 17   SEM images of defor-
mation surface lubricant 3: (a) 
upper region; (b) centre region; 
(c) lower region
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3.5.3 � SEM investigation on cross‑section samples

To investigate the microstructural evolution through the 
thickness of the material the lower region samples of each 
lubricant were compared with the as-received sample. As 
observed in Fig. 21(a), the as-received sample indicated a 
microstructure composed of the high content of primary α 
phase with random equiaxed grain shape and an estimated 
α grain size from 5 to 10 μm. The detectable intergranular β 
phase grains are distributed at the boundaries of the α phase. 
At the lower region samples of all lubricants in Fig. 21(b–d) 
revealed a noticeable growth of finer α grains detected and 
the grain size was significantly reduced. There was no signif-
icant difference in the microstructures between lubricants 1 
and 2, providing evidence that the temperature profile is rela-
tively the same for these two lubricants which initiated close 
DRX behaviour. Lubricant 3 indicated a microstructure with 
relatively coarse intergranular β grains which revealed the 
effects of the water-cooling lubricant system that enhances 
the cooling rate of the surface.

Ambrogio, Gagliardi [3] and Honarpisheh, Abdolhoseini 
[33] have investigated the hot SPIF process of Ti–6Al–4 V 
sheets and commented that a phenomenon of slight oxidising 
on the deforming surface which was caused by the heating 
temperature above 700 °C. By comparing with microstruc-
tural evolution between the images in Fig. 21(b–d), it could 
be seen that there was no observance of the oxide layer and 
α-case on the top surface, which means the temperature has 
been controlled well without exceeding to form alpha-case at 
the deformation direction. In addition, there is no observed 
reaction between the surface and the lubricant to form an 
oxide layer. By investigating Fig. 21(d), it can be seen that 
lubricant 3 has revealed relatively coarse intergranular β 
grains than lubricants 1 and 2 which indicated a slight rapid 
cooling rate has been received on the sample. The observed 
DRX behaviour in Fig. 21(b–d) was attributed to the tem-
perature raising rate from the SPIF process, lubricants 1 and 
2 have slightly higher raising rates and lubricant 3 has rela-
tively stable temperature distribution, thus the DRX behav-
iour was pronounced at lubricant 1 and 2 to produce finer 

Fig. 18   EDX zone mapping of 
the lubricant 1 adherence on the 
surface: (a) upper region; (b) 
centre region; (c) lower region
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α grains and the nucleation of DRX has been reduced for 
lubricant 3.

As lubricants 1 and 2 have similar microstructures, 
thus the cross-sectional thickness of lubricants 1 and 3 
has been presented in Fig. 22(a, b). It can be noticed that 
lubricant 1 has revealed finer grains in the thickness sec-
tion and lubricant 3 has overall coarse grains with a slight 
phenomenon of secondary �

II
 Lamellae which indicated 

the rapid cooling is still sufficient at the thickness section. 
The results are in agreement with a study by Qu, Tang 
[34] and Oberwinkler, Riedler [35], on the microstructure 
and oxidation behaviours of titanium alloy at low tempera-
tures. Another by Ding and Guo [36] on the investigation 
of hot deformation of Ti–6Al–4 V alloy concluded that 
the heat-treatment of Ti–6Al–4 V alloys above 700 °C was 
sufficient for DRX initiation in producing finer grains and 
enhancing the ductility and formability for deformation. 
Therefore, the sustainable water-cooling lubricant support 
from lubricant 3 was sufficient to produce constant temper-
ature support from the beginning to the centre region and 

balanced the temperature at the lower region with reduced 
DRX behaviour. The system improved the surface quality, 
geometric accuracy and thickness profile at an even growth 
of DRXed grains in microstructural evolution when com-
pare with lubricants 1 and 2.

3.6 � Micro‑hardness

A Wilson® hardness tester was used in this project to pro-
vide highly accurate hardness results of the as-received and 
deformed samples. The measurements follow the GB/T 
4340.1–2009 HV 0.1 metal hardness testing standard with 
a testing load of 100 gm. The machine reading error is 0.5%.

The micro-hardness measurements were determined 
by making indents on the surfaces of each deformation 
and cross-sectional sample. The orientation of the indents 
was in a step-down arrangement, covering measurements 
from the upper sample edge to the lower edge. A total of 9 
indents were applied to each sample. To illustrate the most 

Fig. 19   EDX zone mapping of 
the lubricant 2 adherence on the 
surface: (a) upper region; (b) 
centre region; (c) lower region
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significant effects of the samples, only the lower samples 
were tested.

In Fig. 23(a), it can be seen that for all three lubricants 
the micro-hardness profile of the deformation surfaces 
followed a similar flat trendline. lubricants 1 and 2 had 
very close results whereas lubricant 3 had higher readings. 
This is supportive evidence that the water-cooling system 
is sufficient to reduce the temperature on the ball-roller 
and further lead to a reduction in the contacting area. The 
temperature reduction during the hot SPIF process caused 
a slight quenching effect which increased the strain hard-
ening work thus indicating higher reading measurements. 
Dai, Wang [37] and Abbas, Seif [38] have investigated the 
heat treatment and hardness of Ti–6Al–4 V alloy and com-
mented that the quenching has a strong effect on increasing 
the hardness due to the rate of quenching. Julien, Velay 
[39] and Wang, Wu [40] also commented that the quench-
ing enhances a rapid lamellar coarsening in the micro-
structural evolution which increased the dislocations dur-
ing the plastic deformation and enhances stress relaxation. 

Even though the water-cooling lubricant system is insuf-
ficient to provide a rapid cooling on the deformation sur-
face, the slight decrease of temperature on the contacting 
area between the ball-roller and workpiece still presented 
relatively higher hardness measurements.

Reviewing the micro-hardness profiles for the cross-
section samples in Fig. 23(b), it can be seen that the use of 
lubricants 1 and 2 resulted in a low–high-low distribution 
profile, whilst lubricant 3 exhibits a high-low profile. Such 
behaviour can be attributed to the working mechanism of 
induction heating. In the system, the magnetic field pen-
etrates the workpiece generating a rapid alternating eddy 
current at the centre of the material, which is then spread-
ing to the outer regions. Thus, due to the mechanism of 
induction heating and movement of the tool, the highest 
thermomechanical strain will occur in the centre region 
in the lubricant 1 and 2 experiments. However, for the 
lubricant 3 experiment, the water cooling on the work-
piece applied a strong strain hardening on the workpiece 
surface and diffused in the thickness. Such a phenomenon 

Fig. 20   EDX zone mapping of 
the lubricant adherence on the 
surface: (a) upper region; (b) 
centre region; (c) lower region
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enhanced the hardness readings of the lubricant 3 on the 
deformation surface and top surface of the workpiece. 
By passing through the centre region, the readings have 
been reduced and tend to get close to lubricant 1 and 2 
experiments.

Overall, it can be noticed that the readings on the defor-
mation surfaces were slightly higher than for the cross-
section surfaces. A previous study by Dai, Wang [37], on 
microstructure and hardness of Ti–6Al–4 V sheet surface 
under heat-treatment work, reported that the average hard-
ness readings on the deformation surfaces are higher than on 
the substrate region, due to the surface finishing process that 
induces thermal-strain. Such behaviour may result in lim-
ited oxidation that enhances the α-stabilising of Ti-6Al-4 V, 
thus increasing surface hardness. It was observed that the 

deformation process in this analysis applied a strong strain 
hardening force on the workpiece, which resulted in higher 
micro-hardness readings.

A previous study by Najafabady and Ghaei [41], on the 
investigation of effects on the hardness of Ti-6Al-4 V alloy 
by heat incremental forming, reported that strain hardening 
was pronounced above 600 °C, and was effective in increas-
ing the micro-hardness. Another study by Sabat, Surya 
Pavan [42], on the texture and microstructure evolution of 
Ti-6Al-4 V alloys, revealed that the strain hardening and 
grain deformation induced higher micro-hardness readings 
at 600 °C. However, the temperature was insufficient to gen-
erate the full DRX process, resulting in the creation of a 
deforming microstructure, demonstrated by the presence of 
a strong deformation texture. Using a higher temperature of 

Fig. 21   SEM images of the top 
surfaces of cross-section: (a) 
as-received; (b) lubricant 1; (c) 
lubricant 2; (d) lubricant 3

Fig. 22   SEM images of the 
thickness of cross-section: (a) 
lubricant 1; (b) lubricant 3
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700 °C accelerated the dislocation mobility and resulted in 
full DRX, which manifested in grain refinement, as shown 
in the measurements readings in this analysis.

4 � Conclusion

•	 The lubricant grease (lubricant 1) was not sufficient to 
support the whole induction heat-assisted SPIF process 
as it dissipated rapidly halfway through the working 
process. Significant adhesive and abrasive wear were 
detected and huge areas of surface cracks appeared on 
the workpiece.

•	 The mixture of lubricant grease with lubricant oil (lubri-
cant 2) performed better and the sustainability is much 
longer than the lubricant 1. Surface quality was also 
improved.

•	 The best performance was achieved by applying the 
water-cooling system in lubricant 3. The water-cooling 
lubricant was efficient to reduce the temperature on the 
ball-roller and the corresponding contact area on the sur-
face and produced a better surface quality.

•	 The stable temperature distribution in lubricant 3 has pro-
duced a stable forming force behaviour which induced 
better geometric and the thickness profile.

•	 The microstructural evolution indicated that lubricant 
3 has revealed coarse β grains with regional �

II
 grains 

which indicated a slight quenching effect that increasing 
the strain hardening work.

•	 The micro-hardness measurements on deformation sur-
faces for all lubricants are in flat distribution and higher 
than the cross-section values which indicated a slight 
increase from the adherence of lubricant. Lubricant 3 
indicated the highest values where the rapid cooling rate 
enhancing the hardness on the deformation surface.

•	 The micro-hardness measurements on cross-section 
surfaces for lubricant 1 and 2 indicated low–high-low 
profiles due to the centre mass heating from induction. 
Lubricant 3 indicated high-low profile which indicated a 
diffusion from the cooling work that improved the micro-
hardness on the deformation and top surface. The read-
ings were reduced and getting closer to lubricant 1 and 2.
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