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This study aimed to analyze the wettability characteristics applied to the surface of heat-treated 
pure titanium grade 2. Titanium is widely used for applications in implants produced by incremental 
sheet forming (ISF), where the 3D model resulting from tomography was used to produce the part. 
Since the ISF process creates residual stresses in the sheet, heat treatments were applied to relieve 
them. Also analyzed were roughness, researching what the literature recommends to enable surface 
wettability. Tests were conducted to assess geometric discrepancy using 3D scanning. The results 
obtained prove the efficacy of the experiment in assessing wettability as a characteristic of bioactivity, 
which is necessary for applications involving the human body. In addition, geometric discrepancy 
analysis enables the prosthesis to be used with the best esthetic and functional comfort possible.
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1. Introduction
Titanium alloys have been widely used in biomedical 

devices due to their excellent mechanical, physical and 
biological characteristics. Titanium is largely used to 
replace bone tissues and joints, in dental implants, oral and 
maxillofacial restorations, cardiovascular devices (stents), 
external orthoses (temporary prostheses) and surgical 
instrumentation1,2. These applications are due to their excellent 
mechanical properties, such as low modulus of elasticity (in 
relation to steel, but an average of 4 to 5 times superior to 
human bone), resistance to corrosion (superior to stainless 
steel and cobalt alloys) and biocompatibility characteristics3. 
The metallic materials used for biomedical purposes include 
stainless steel, Co-Cr-Mo alloys, titanium alloys and more 
specialized alloys such as Au-Pd4.

In addition to its unique physical, chemical and mechanical 
properties, titanium exhibits characteristics related specifically 
to biomechanics, including resistance to corrosion and reactivity, 
due to the rapid formation of an oxide layer on the surface 
when in contact with organic tissues; density appropriate for 
use as prostheses is 4.45 g/cm3 – while that of human bone is 
1.35 g/cm3; modulus of elasticity superior to that of human 
bone (ETi = 116 GPa; Ebone = 13.5~22.5GPa); biocompatibility, 
because its presence in the organism does not cause rejection 
(swelling and inflammation) at the implant site or in the 
biological system (allergies); biofunctionality, performing 
esthetic and practical functions (static and dynamic), due to 
its dimensional stability; bioinert characteristic since there is 

practically no fibrous encapsulation around the prosthesis; 
in addition to being sterilizable4-8.

The titanium surface has been extensively studied 
due to the formation of oxides in contact with the fluids. 
Two classes of surface modification are described in the 
literature: textures (including patterns and pores) and 
chemical modifications. On a millimeter scale, several 
studies seek to understand the natural roughness of 
titanium and its influence on performance. A wide range 
of roughnesses and textures have made it possible to 
understand the relation of this characteristic with bone 
contact. However, textures/pores in a range of 100µm 
and 500µm are likely important9.

Certain characteristics are needed with respect to the 
relationship between the biomaterial and tissue, such 
as the physicochemical interface phenomena related 
to the first contact between the biomaterial, tissue and 
implantation environment; tissue and organic medium 
response to the presence of the material; changes in the 
materials as a result of the action of the medium (tissue, 
organic fluids): degradation and corrosion; and reaction 
of some part of the organism, not directly in contact with 
the implant10,11.

Among the manufacturing processes, incremental sheet 
forming uses low-cost generic tools to produce sheets with 
different geometric shapes6. The process demonstrates a 
number of applications in terms of the need to manufacture 
complex three-dimensional parts without using specific tools 
when compared to conventional forming6,8. In addition, the 
ISF process to manufacture prototypes or small batches of *e-mail: gustavo.lucca@satc.edu.br
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parts is not feasible with conventional ISF because of the 
high costs involved12.

Different studies10,13 on ISF processes have shown that 
forming capacity increases with a decline in tool and vertical 
step size (ΔZ), and decreases with sheet thickness; high 
vertical step sizes raise roughness; a rise in vertical step size 
and tool diameter increases deformation forces; since there 
is a maximum wall angle limitation in a single pass, several 
passes are needed for forming with large wall angles; the spiral 
tool path is preferable to its contour counterpart; lubrication 
is essential for the tool to be able to slide and distribute the 
touch pressure on the sheet, preserving the integrity of both14,15.

The problems caused by elastic return are greater in ISF 
than in traditional processes. Although it is easy to implement 
and low-cost, its characteristic deformation mechanism is quite 
complex, and the resulting elastic return significantly compromises 
final precision. Moreover, the process parameters often exert 
conflicting influences on different aspects of the final result, 
including material formability, geometric precision, surface 
roughness and process time. All of these characteristics make 
compensating elastic return in ISF a difficult challenge16,17.

Deformation in different areas of a stamped component 
varies from one point to another. Thus, the aim is to use 
methods and procedures to decrease elastic return of the 
sheet after forming, in order to reach the closest possible ideal 
value to the expected geometry, thereby avoiding substantial 
discrepancies in the stamped part at the end of the process18.

Titanium and its alloys are heat treated to develop specific 
microstructures and mechanical, properties for particular 
applications. Heat treatments can also be combined with 
sequential thermo-mechanical processes to further improve 
the properties and optimize the microstructures of a desired 
device or component19.

The stress relieving process is a low-temperature treatment, 
typically between 483 ºC and 704 ºC, followed by controlled 
cooling. High temperatures normally relieve stresses in a 
short time, occurring with greater intensity in the first minutes 
and stabilizing after 15 minutes. Slow cooling in an oven is 
necessary to avoid the emergence of new internal stresses. 
This process relieves internal stresses that occur during 
manufacturing, such as forging, welding, machining, etc14.

Wettability is a physical characteristic of biocompatible 
materials surface that increases bone apposition and promotes 
cell adhesion, growth and proliferation on the implant surface, 
making it more stable and adhered to organic tissues. It is a 
technique that involves measuring the angle formed at the 
liquid-air-surface interface; in particular the angle formed 
between a plane tangent to a drop of liquid and a plane 
containing the surface where the liquid is deposited2,20.

The present study aimed at investigating the behavior of 
the wettability angle as well as the geometric discrepancy of 
a cranial prosthesis produced by incremental sheet forming. 
The study was conducted using geometric analysis with 3D 
scanning and an apparatus built in the laboratory to measure 
the wettability angle.

2. Material and Methods

2.1. Material
The material used in the study was pure titanium 

grade 2 – ASTM F67, supplied by the Realum company 
and analyzed in the laboratory using a Shimadzu EDX 
7000 X-ray fluorescence spectrometer, available at the Center 
for Technology of University Center UNISATC. The sheet 
obtained from the company contains 98.71% titanium.

2.2. Methods
First, incremental titanium sheet forming was performed 

using a special tool made of 4340 steel (non-biomedical) 
and the pure titanium grade 2 insert (tip). A CNC Romi D 
600 device with an advancing speed along the XY axes of 
800 mm/min, drilling speed along the Z axis of 300 mm/min, 
free rotation with parallel tool movement, containing a Z 
increase of 0.3mm. An alternative inert characteristic of animal 
origin (pig fat) was used. After incremental sheet forming, 
the prosthesis was removed to undergo heat treatment, in 
order to relieve stresses and reduce elastic return.

Heat treatment was performed at three temperatures, 
according to the literature (480 ºC, 540 ºC and 595 ºC (Figure 1). 
The furnace used was of the muffle type, in an uncontrolled 
atmosphere. A heating ramp of 20 ºC per minute was used 

Figure 1. Heat-treated samples: (a) Temperature of 480 ºC. (b) 540 ºC. (c) 595 ºC.
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very similar. Qualitative analysis of the two samples 
demonstrated that the sample at 595 ºC obtained a 
better result. All the samples exhibit deformations at 
the points of attachment to the mold. This process had 
to be performed in order to cut the prosthesis.

The average roughness (Ra) obtained in the prosthesis 
after ISF was 820 µm for the external part and 1100 µm 
for the internal part. The literature13 recommends between 
100 and 500 µm for biomedical materials. As such, 
polishing was performed using 600 and 1200 grit water 
sandpaper, obtaining an average of 207 µm in the final 
sample. Figure 8 shows the roughness measurement for 
the sample treated at 595º C. The process was conducted 

Figure 2. Heating and cooling ramp. (a) Heat treatment at 480 ºC; 
(b) Heated treatment at 540 ºC; (c) Heat treatment at 595 ºC.

Figure 3. Geometric discrepancy analysis based on the laser 
incidence (LdSM).

until the oven reached the established temperature, which 
was maintained for 2 hours, after which the oven was turned 
off and cooled for around 22 hours, totaling approximately 
24 hours of heat treatment for each part (Figure 2). After 
the heat treatment stage, the sheets were cut, and fixed in 
the mold with screws.

Following heat treatment, cutting and removal from the 
mold, 3D scanning was used to determine the geometric 
discrepancy between the CAD model and the final prosthesis. 
Scanning was carried out in the LdSM (Material Design 
and Selection Laboratory) of the Federal University of Rio 
Grande do Sul (UFRGS), using a Tecnodrill DIGIMILL 3D 
milling and digitization laser scanner, with a tolerance of 
± 0.2 mm (Figure 3).

Sample roughness was measured using a Mitutoyo SJ-
310 surface roughness meter, measuring the external and 
internal part of the prosthesis.

The wettability angle was determined with a measuring 
apparatus assembled in the 3D Pronto Laboratory of the 
University Center UNISATC (Figure 4), using a 1ml syringe 
with a 4.5 x 13mm needle and a Mitutoyo depth micrometer 
of 0 to 75mm, with 0.01mm resolution. For the wettability 
test, the KOKUBO solution produced by the Laboratory 
for Research in Corrosion (LAPEC) of UFRGS was used. 
A digital microscope with the manufacturer´s software was 
used to determine the contact angle.

According to guideline D7334 – 0821, the syringe was 
placed 3mm from the substrate, the 20µL drop limit was 
controlled by a micrometer, three drops were deposited 
on the samples, and the contact angles of both sides of 
the drop were measured, calculating the average of the 
three drops.

The images were removed 20s after the drop was 
deposited. The samples were washed with water and 
neutral soap to remove organic contaminants using the 
KOKUBO solution.

3. Results and Discussion
Figure 5 shows a geometric comparison of the prosthesis 

as received after removal from the mold (a), and heat treated 
(b). A significant difference can be seen with the heat treatment 
process to relieve stresses.

Observing the samples presented in Figure 5, in (b) it is 
possible to observe a significant amount of oxygen, this is 
mainly attributed to the use of the oven without a controlled 
atmosphere. In this way, EDS Mapping was carried out, in 
order to obtain the amount of titanium before and after heat 
treatment, as shown in Figure 6. Table 1 is also presented, 
containing quantitative data.

The results obtained by heat treatment are presented 
in Figure  7. Figure  7a shows the result of geometric 
discrepancy analysis for the sample heat treated at 540 ºC, 
Figure 7b the result of geometric discrepancy analysis 
for the sample heat-treated at 540º C,. and Figure  7c 
geometric discrepancy analysis of the sample heat treated 
at 595º C. The scale shows that the sample (a) displays 
deviation differences of up to 2.0 mm between the 3D 
model and the stamped prosthesis. Quantitative analysis 
of the samples treated at 540 ºC and 595 ºC obtained 
a virtual tie. That is, the dimensional deviations were 

Table 1. Composition of O obtained from the EDS Mapping for the 
surface of samples before and after UVC irradiation.

Sample O (wt., %)

As Received 11.44

Heat Treated 595 Photofuncionalized (20 min) 32.12
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Figure 10 presents the results obtained for the sample 
heat treated at 595º C. This sample was analyzed because it 
obtained the best result in geometric discrepancy analysis. 
Figure 10a shows the angular measures of Drop 1, (b) Drop 
2 and (c) Drop 3.

The angle obtained in the sample was 88.80º, characterizing 
it as hydrophobic, since the angle must be below 45º to be 
considered hydrophilic.

Figure 5. Comparison between samples as received and heat treated at 595 ºC.

Figure 4. (a) 3D project of the measuring apparatus (b) Measuring apparatus in the Pronto Laboratory 3D.

satisfactorily in order to achieve the objective recommended 
by the literature.

Figure 9 presents the wettability angle observed in the “as 
received” sample as substrate. Figure 9a illustrates Drop 1 with 
the angle measured on both sides, Figure 9b presents Drop 
2 with the measures of both sides, and Figure 9c Drop 3 and 
the angles of both sides. The angle obtained for sample 1 was 
94.46º, exhibiting a hydrophobic characteristic on the surface.
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Figure 7. (a) TT of 480 ºC; (b) TT of 540 ºC; (c) TT of 595 ºC.

Figure 8. Roughness in the central region of the sample treated at 595º C.

Figure 6. Analysis by EDS Mapping: (a) amount of O in the “as received” sample; (b) amount of O in the sample heat treated at 595 ºC.
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4. Conclusion
Heat treatment of 595 ºC obtained the best result using 

3D scanning of the prosthesis. The roughness recommended 
by the literature was also achieved. Comparison with the 
result obtained for the contact angle demonstrates an average 
decline of only 5º. Thus, other surface treatment processes 
are needed to transform the sample from hydrophobic to 
hydrophilic. However, the heat treatment performed achieved 

the initial goal, which is to provide the patient with comfort 
and good esthetics. The change in sample roughness exhibited 
a better result than roughness outside literature standards.
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Figure 9. Wettability of the “as received” sample. (a) Drop 1, (b) Drop 2 and (c) Drop 3.

Figure 10. Wettability angle of the sample heat treated at 595 ºC; (a) Drop 1, (b) Drop 2 and (c) Drop 3.
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