
27 July 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

What can we learn from the cloudsat radiometric mode observations of snowfall over the ice-free ocean? / Battaglia, A.,
Panegrossi, G.. - In: REMOTE SENSING. - ISSN 2072-4292. - 12:20(2020), pp. 1-17. [10.3390/rs12203285]

Original

What can we learn from the cloudsat radiometric mode observations of snowfall over the ice-free ocean?

Publisher:

Published
DOI:10.3390/rs12203285

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/2858253 since: 2020-12-17T16:43:12Z

MDPI AG



ScienceDirect

Available online at www.sciencedirect.com

Procedia CIRP 126 (2024) 692–697

2212-8271 © 2024 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 17th CIRP Conference on Intelligent Computation in Manufacturing Engineering 
(CIRP ICME‘23)
10.1016/j.procir.2024.08.289

17th CIRP Conference on Intelligent Computation in Manufacturing Engineering (CIRP ICME ‘23)

Keywords: Metal Additive Manufacturing; Surface Mechanical Treatment; Ti-6Al-4V alloy; Electron Beam Melting; Microhardness; Wettability

1. Introduction

For many decades, metals and their alloys have been widely
used in medical implants [1,2]. Compared to other metallic 
biomaterials, the low density, high specific strength, excellent
corrosion resistance and high biocompatibility of titanium and 
its alloys make them widely used in clinical applications as the 
biomedical material [3,4]. However, titanium materials are well 
known as expensive and hard to process using traditional 
methods [5]. Additive manufacturing (AM) technology, known 
as the fourth industrial revolution, has become an attractive 
technology for manufacturing titanium-based alloys parts [6].

Electron beam melting (EBM), an emerging metal AM is 
considered as an innovative industrial production technology to 

produce medical implants and aviation components [2,7–9].
This technology uses a high energy electron beam as a heat 
source in the vacuum environment to fabricate alloy parts on a 
powder bed based on a computer aided designed (CAD) model
[10,11]. It should be noted that a vacuum environment and pre-
heat the powder feedstock before starting the EBM process led 
to producing a fully dense part of a series of important 
engineering alloys. Moreover, the high power of the electron 
beam led to a fast processing cycle and a high building rate [12].
Manufacturing parts by the EBM process allows the highest 
geometrical flexibility, accuracy, and defect-free components 
compared to the laser-based AM processes [13,14]. It is well 
reported that the EBM technique is suitable for the rapid 
production of medical implants based on the needs of each 
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individual patient [15]. Therefore, from the industrial 
perspective, EBM becomes a great alternative method for 
producing complex metal-based components, particularly those 
with complex shapes such as the porous Ti–6Al–4V (TC4)
implants [16]. However, besides the aforementioned issues, it 
should be noted that the EBM process still has some 
disadvantages, such as high surface roughness and tensile 
residual stress near the surface layer [17,18]. These problems 
led to decreased corrosion resistance and mechanical properties 
of AM parts compared to conventionally manufactured ones. It 
should be noted that the surface roughness originating from the
partially melted particles is one of the reasons for weak fatigue 
performance [9,19]. Therefore, post-processing of metal AM 
components is required to eliminate the superficial defects [18]. 
According to recent reports published by Wohler Report, Post-
processing is one of three major phases of producing AM parts 
and nearly 27% of the production cost for the AM parts [20]. 
Recently, different post-treatment approaches such as thermal, 
mechanical and chemical methods were developed to improve 
the surface characteristics of the AM component [18]. 
According to previous studies, the post-treatment methods can 
be selected based on the application requirement, geometry 
complexity, size of parts and required surface quality [21]. 
Several studies have reported that (thermal or chemical) post 
processing enhances the surface quality and integrity of AM 
titanium (TC4) parts [19]. Hence, various mechanical surface 
treatments such as shot peening [22], vibratory finishing [23], 
tumbeling [24], ultrasonic shot peening (USSP) [25], laser 
peening (LP) [26], cavitation peening [9] and surface 
mechanical attrition treatment (SMAT) [27] are widely used to 
improved surface characteristics and mechanical properties of 
the AM metal component. Recently, Zhang et al. used 
ultrasonic nanocrystallization to modify the surface of AM TC4
parts and consequently enhance their fatigue performance. 
They found that, after ultrasonic peening, the surface roughness 
(Ra) can be reduced from 10.6 µm to 1.3 µm [28]. The 
efficiency of such a deformation-based SMAT process depends 
very much on the plasticity of the AM material [27]. Persenot
et al. reported that even if the USP process can induce beneficial 
compressive stress, finer microstructure due to severe plastic 
deformation and low surface roughness of EBM TC4 parts, but 
many macroscopic subsurface residual defects will remain. The 
mechanism leading to formation of subsurface defects is folded 
protruding peaks of rough surface by mechanical surface post-
treatment and creates a new surface which entraps the tip of the 
initial defects. They proposed that the benefits of USP as a 
mechanical post-treatment for metal AM parts could be further 
improved when combined with another post treatment to 
smooth surface irregularities before utilizing USP [29]. 

Despite lots of research that has been performed on the 
surface modification of the metal AM parts, far too little 
attention has been paid to the effect of various post-surface 
treatments of the surface characteristics of titanium parts 
fabricated by the EBM process. Hence, the main objective of 
this work is to investigate the effect of different surface post-
treatment operations on the roughness, microhardness and 
wettability of the EBM Ti64 samples.

2. Material and methods

2.1. Material and specimen preparation

Rapidly solidified (plasma atomized), pre-alloyed powder 
of (TC4) (Arcam, Sweden) was used as a feedstock material in 
this work. Fig. 1(a) shows the powder morphology and size 
distribution, which is illustrated quantitatively in the histogram 
of Fig. 1(b). As shown in Fig. 1(b), the average powder size is 
68 µm (d10=45 µm, d50=62 µm, d90=85 µm). The fabrication of 
Cubic samples with dimensions of 20×20×5 mm3 was 
performed using an Arcam A2X system (GE Additive, Arcam 
Sweden) operating under a vacuum atmosphere. The layer 
thickness was fixed at 50 µm. The samples were printed with 
the standard predefined EBM process parameters 
recommended by Arcam to minimize the final porosity in the 
samples.

Fig 1. Powder morphology and size distribution of pre-alloyed Ti6Al4V.

2.2. Surface post-treatment

To enhance the surface quality of the EBM manufactured 
specimens, three different post-processing methods, including 
surface grinding (G), drag finishing (DF), and surface 
mechanical treatment (SMT), are used in this work. First of all, 
for grinding treatment, the surface of the as-built (AB) samples
was ground with SiC grinding paper down to a 1200 grit finish. 
Thereafter, for the drag finishing operation, the as-built samples 
were treated at 220 rpm rotation for 3 hours using ceramic 
abrasive media with a cylindrical shape. 

For SMT, The surface of the specimen was shot peened for 
20 min using a similar set-up proposed by Naito et al. [30]. In 
summary, the recirculation shot peening as a mechanical 
surface treatment utilizes balls (typically 1-8 mm diameter) 
made of stainless steel or ceramic that repeatedly impact the 
surface of the specimen in random directions. During the 
process, the shots are accelerated by a water jet with an 
injection pressure of 10 MPa. The strong impact input work 
hardening and compressive stress to the top surface of the 
workpiece. Hence, In this study, 250 ceramic shots with a 
smooth surface finish of 0.04 µm (Ra), 5 mm diameter and 
hardness of 1100 HV0.1 were used for the surface treatment.

2.3. Material characterization

After different post-processings, the surface region of the 
AB and treated specimens were analyzed using a scanning 
electron microscope (SEM), and X-ray diffractometer (XRD). 
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SEM observations were carried out using an SEM (JEOL, 
Japan) operated at an accelerating voltage of 20 keV. The X-
ray diffraction (XRD) analysis in the as-built state and after 
surface treatment was performed using a Philips X’pert MPD 
X-ray (Philips, Netherlands) diffractometer with the CuKα1 
radiation at 40 kV and 30 mA and at 2θ range of 20 to 80°. The 
lattice micro-strains and crystallites size in the near-surface 
layer were estimated based on the changes in the physical width 
of the diffraction peaks and achieved by employing
Williamson–Hall (W–H) method.

The surface roughness of the treated surfaces was 
determined three times at different locations on each specimen 
using a MarSurf RTP80 tester according to ISO 428/JIS 80601 
standard. The surface roughness was measured at a transverse 
speed of 0.5 mm/s. The microhardness of the specimen was 
measured with a Vickers indenter load of 0.1 kg.f (HV0.1) and 
a dwell time of 10 s. Three measurements were carried out in 
different places of the treated zones for each case, and the 
average magnitude was reported. A contact angle goniometer 
was used to assess the water contact angles and surface tension 
using double distilled water. Five measurements were taken 
and averaged after depositing a droplet of water on the sample 
surface for 10 s under ambient circumstances. From contact 
angle data, the surface energy 'Es' was calculated [31].

3. Results and discussions

3.1. Surface Morphology

To study the effect of post-treatments on the AB samples, 
microscopy observations were performed on the surface of the 
samples. Fig. 2 compares the surface morphologies of the 
samples after different surface post-treatments with the AB 
sample. 

Fig. 2. SEM micrograph showing the top surface morphology of all samples, 
(a) AB; (b) G; (c) DF; (d) SMT.

As shown in Fig 2 (a), many partially melted particles and 
ripples in the molten tracks can be seen on the surface of the 
AB sample. As mentioned in previous reports, the surface of 
the AB sample has several regions that are ideal sites for crack 
initiation and low fatigue strength [22,32]. Fig. 2(b) and 2(c)

show a surface with some scratches introduced by mechanical 
grinding and a relatively smooth surface with crushed metallic 
powders after DF, respectively. After SMT (Fig. 2(d)), the 
impact of the ceramic balls on the AB surface would remove
some of the peaks and partially melted particles due to plastic 
deformation and/or fracture of materials. However, the surface
valleys are still present.

3.2. Surface Roughness 

The microscopic observations in Fig. 2 are confirmed by 
surface roughness measurements reported in Fig. 3. 

Fig. 3. Surface roughness parameters of the AB Ti6Al4V manufactured by 
EBM and after (G), (DF) and (SMT).

The surface roughness parameters Ra (arithmetic mean 
deviation of the assessed profile), Rz (maximum height of the 
profile) and Rt (total height of the profile) for the AB and 
treated samples are shown in Fig. 3 (a,b). The results indicate 
that the Ra and Rz for all post-treatment methods decreased as 
compared to the AB sample. Ground specimen represented the 
lowest surface roughness even compared to the DF series. 
Moreover, the surface roughness of the SMT sample is very 
close to the DF specimen and lower than the AB one. Indeed, 
in the SMT, the interaction between the surface and flying balls
during the post-treatment decreased the roughness of the AB 
TC4 sample. The displaced materials from the deformed peaks 
fill the surrounding valleys and cover up some of the deep 
valleys. Thus, it can be concluded that a fraction of original 
valleys can be disappeared due to the filling or covering up by 
the deformed material of the peaks. This is in line with the 
numerous studies demonstrating the reduction of surface 
roughness of AM components after different mechanical post-
treatment [24,27,33]. Overall, it is obvious that all these post-
treatments improve the surface topography of the AM 
specimens.
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3.3. Surface characteristics

Fig. 4 (a) compares the XRD patterns of the AB and various 
post-processed specimens.

Fig. 4. a) XRD pattern of all the samples b) Top surface grain size; c) 
Measured micro-strain in all the specimens.

As can be seen, the dominant phase in all the specimens 
from the AB state to the samples after the post-treatments is
alpha together with a small amount of beta–Ti. Meanwhile, the 
diffraction peaks of SMT samples are broader, which can be as 
a consequence of the refined domain sizes and increased 
microstrain on the surface caused by the plastic deformation.

According to XRD analyses and the Williams-Hall 
equation, the average crystallite size and amplitude of surface 
microstrain can be evaluated as presented in Fig. 4(b,c). As it 
demonstrated, plastic deformation induced by the SMT process
caused grain refinement on the surface of the treated sample.
This grain refinement produced by SMT was also previously 
reported by other researchers [27–29].However, no significant
changes were revealed for the MP and DF samples. Indeed, the 
amplitude of the microstrain increases from 14% in the AB

state to about 17% in the SMT sample. This may be explained 
by the work hardening behaviour of the material during 
treatment [9,28,33]. The microhardness results presented in the
next section support this argument.

3.4. Hardness test

The hardness and stress state of any material are also crucial 
characteristics with respect to its operational life. The surface 
hardness values of the AB and post-processed specimens are
shown in Fig. 5.

The hardness of the AB sample is about 338 HV which is in 
the range reported in previous works[2,19]. When the hardness 
of the AB sample is compared with the post-processed 
specimens, it is observed that the hardness of the SMT 
specimen was much higher than the AB and other post-treated
specimens. The difference between the lowest and highest
hardness is approximately 12%. According to previous results, 
it is obvious that the SMT operation causes strain hardening 
and grain refinement on the top surface of the specimens.
Therefore, according to the Hall-Pitch relation, the measured 
hardness on the SMT surface is much larger than AB and other
post-processing operations. Other researchers reported this 
trend that the peening treatments caused a plastic deformation 
and work hardening effect on both the Direct Metal Laser 
Sintering (DMLS) and EBM surfaces [19,34]. It is worth to be 
mentioned that this trend seems to be useful in terms of the 
wear resistance of these EBM manufactured specimens. 

Fig. 5. Average top surface microhardness of the different samples.

3.5. Wettability

The outcomes of the surface wettability tested for measuring 
contact angle and surface energy by the sessile drop method 
with the shape of the water droplet formed on the surface of the
AB and treated samples are presented in Fig. 6.

Fig. 6. Variation in contact angle and surface energy for the AB and post-
treated samples.
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Fig.6 clearly shows that the surface energy and wettability 
of the samples changed after the different surface post-
treatments. Based on the XRD results, the SMT induced crystal 
defects on the topmost surface of materials, which results in the 
formation of a layer with higher surface energy, leading to 
enhance wettability. Hence, it should be noted that these 
changes to surface integrity may also directly affect the nature
of the interaction between surface and surrounding 
environments, such as physiological solutions [35]. Previous 
studies have shown that increasing surface wettability can also
be connected to accelerated adhesion of blood proteins, which 
is linked with the initial stage of the tissue healing process
[36,37]. In addition, it is worth to be mentioned that surface 
energy is affected by surface roughness as well. So, the water 
angle of AB and G were different. However, these values are 
very close with minimal differences. Therefore, it can be stated 
that the SMT sample would be more suitable for the 
construction of long term implants produced by AM methods 
where strong bonding to hard tissues is required.

4. Conclusion

In this paper, the effect of different post surface treatments 
on the surface characteristics of TC4 samples fabricated via 
EBM was investigated. The main conclusions that can be 
drawn according to the key finding are as follow:

• The average surface roughness of G, DF, and SMT
samples decreased by about 92%, 72% and 86%,
respectively.

• The XRD analyses showed that SMT led to the broadening
of the diffraction peaks, caused by the reduction in domain
size of the alpha phase and increasing microstrain in the
near-surface layers.

• Vickers microhardness results show that SMT enhances
the mechanical properties of the AB samples by 11%.

• The hydrophilicity test revealed that the wettability and
surface energy of the treated surfaces were more than the
AB surface.

Accounting for the results obtained from surface morphology, 
roughness, XRD analysis, microhardness and wettability, the 
SMT can be recommended for the production of AM
biomedical implants.
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