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Due to the high demand for innovative parts from the aerospace, biomedical, and automotive industries, 3D
printing of titanium parts is widely researched. Electron beam melting (EBM) is one of the few additive
manufacturing techniques that can quickly generate high density components. However, additive manu-
facturing techniques based on powder beds are characterized by subpar surface finishing, which also
results in poor mechanical performances that are not suitable for industrial standards. Thus, surface
finishing post processing is generally needed. Since fatigue behavior is strongly affected by surface quality,
this work aims to highlight how chemical machining impacts this type of mechanical response. Rotating
fatigue beam testing method has been chosen for the experimental campaign since it intrinsically stresses
more the sample surfaces, in this way the effect of surface finishing is highlighted.
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1. Introduction

Metal additive manufacturing (AM) methods offer a funda-
mental shift in established manufacturing paradigms, especially
for structural elements. The advantages of using AM techniques
are primarily in the efficient use of materials, high design
flexibility, and property customization. Compared to the
various raw materials used in conventional manufacturing
processes, these advantages are even more evident if powders
are used as feedstock because they are flexible, can be
manipulated locally, and produce relatively little material waste.

Despite its advantages, structural component design is still
in its infancy, especially for periodically loaded parts. In recent
years, the interest of companies in the use of additive
manufacturing (AM) for both prototyping and mass production
has increased the volume of components manufactured in this
way and their quality (Ref (1-4). When compared to the fatigue
behavior of traditional materials, AM parts behavior is poor and
requires further exploration (Ref (5, 6). This is because a
variety of flaws, particularly surface roughness, porosity,
unmelted powders, and others, can affect the fatigue limit.

Titanium, which has outstanding mechanical qualities,
corrosion resistance, and biocompatibility, is one of the most

utilized metals in AM (Ref (6-8). The automotive, aerospace,
and biomedical industries are typical fields of application.

Electron Beam Melting (EBM) is a rising AM technology
since the vacuum chamber facilitates the manufacturing of parts
with high density; however, surface roughness is typically
worse when compared to other powder bed fusion technologies.
The possibility to 3D print titanium alloys creates new
opportunities for designing and manufacturing of load carrying
components (Ref (9), but fatigue behavior needs to be further
investigated (Ref (10, 11). Most studies (Ref (12, 13) are based
on the investigation of the build direction influence on fatigue
performance, some researchers focus attention on the influence
of beneficial heat treatments to reduce the dimensions of
internal defects (Ref (14, 15). Regarding surface modification
treatments (Ref (9), researchers in literature have extensively
investigated the impact of machining while there�s a consid-
erable gap of knowledge the fatigue behavior of additively
manufactured parts after tool-less treatments, especially chem-
ical finishing.

A lot of methods are studied in the literature to limit the
existence of internal defects, control microstructure, and/or
reduce surface roughness, which are specifically intrinsic
characteristics of all 3D printing techniques. Thermal treat-
ments can be used to control the quality of bulk materials; hot
isostatic pressing is one of the most used, it reduces the size of
internal pores (Ref (16, 17) and encourages recrystallization,
however, thermal treatments by themselves generally are not
sufficient to increase fatigue performances because superficial
imperfections are not affected by the treatment.

According to current state of the art, there are several
methods for surface post processing of metal AM components,
regardless of the method, they can be classified according to
their type of interaction with the parts, such as mechanical,
thermal, chemical/electrochemical, or a mixture of these.

Mechanical contact treatments are the most used methods,
but they are not suitable for complex geometries typical of AM
parts. CNC machining (Ref (18), shot peening (Ref (19, 20),
vibratory polishing, and sandblasting (Ref (21) are the most
common processes in this category. Given the challenging and
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complex properties of AM metal components, various methods
used in other fields are an attractive topic for surface treatment.
Fluidized bed, hydrodynamic cavitation grinding and abrasive
flow machining techniques are examples (Ref (22-25). Except
for the latter techniques, mechanically based surface treatments
have significant limitations in terms of physical access of tools
and abrasives to complex shaped components that can be
achieved by AM. The same can be said for surface treatments
based on thermal interaction. This area is primarily concerned
with laser polishing, a process based on surface remelting.

Laser polishing provides better process control than other
methods because the characteristics of the laser source are
accurate and process parameters, for example laser power, scan
speed, overlap between tracks, etc., can be easily regulated.
This feature is highly desirable for a smoothing technique
applied to a surface with random texture, such as that produced
by AM processes; however, as with various mechanical
treatments, the application of laser polishing is hindered by
the need for physical access of the laser beam to intricate
internal structures, and for this reason, the number of possible
applications is limited. Given on these assumptions, numerous
authors (Ref (26-28) have studied laser polishing performance
for different materials.

Chemical surface treatments, on the other hand, remain one
of the most promising methods for homogeneous smoothing of
complex parts and surfaces, such as lattice structures. The
fundamental perk of chemical treatments relies on the mobility
of ions in aggressive solutions, which can be precisely
regulated and enhanced when controlled by an electric potential
(Ref (29). Scherillo et al studied the chemical polishing on
AlSi10Mg specimens fabricated by SLM and Ti6Al4V fabri-
cated by EBM with a simple geometry and found a significant
improvement in surface quality as measured by various
indicators (Ref (30, 31). In addition, Wysocki et al (Ref (32)
demonstrated the efficacy of chemical processing in improving
the surface quality of Ti6Al4V scaffolds fabricated by EBM
and the ability of the treatment to integrate bone cells.

In conclusion, post processing procedures are widely
investigated in literature, and they are often effective. Examples
of this may be seen in Obeidi et al research on laser polishing,
which shows that the surface roughness of Ti6Al4V specimens
generated by laser powder bed fusion can be decreased from the
initial value by up to 90% (Ref (33) (final Sa of 3 lm for both
flat and cylindrical specimens). Most analyses of fatigue life
have compared as-built specimens to machined ones, and, as
demonstrated by several authors (Ref (16, 34, 35), machined
specimens often exhibit improved fatigue behavior; however,
tool-less treatments should be preferred to most of the
conventional processes since they are not suited for complex
shapes, such as ones that may be advantageously achieved by
additive manufacturing.

The contribution of this work is intended to fill gap of
knowledge regarding the influence of chemical machining
treatments and particularly HNO3/HF based solutions for EBM
Ti6Al4V since few works currently investigated the influence

of treatment on fatigue life for SLM parts (Ref (36, 37) while
researches such as Rony et al.�s are focused on surface cleaning/
polishing by removing unmelted particles by means of acid
treatment (Ref (38).

In this research, the influence of chemical surface finishing
for Ti6Al4V has been investigated and related to fatigue
performances after treatment. In order to highlight the surface
quality contribution for fatigue behavior, rotating beam fatigue
tests have been carried out on chemically treated EBM
Ti6Al4V specimens and their behavior has been compared to
as-built EBM Ti6Al4V tested in the same way.

Fatigue behavior of treated parts resulted enhanced if
compared to untreated parts, in addition, the chemical process
is capable of reaching similar results to conventional machining
or other mechanical treatments on Ti6Al4V EBM parts (Ref
(37).

2. Materials and Methods

EBM was used to print the samples tested for this work,
feedstock material was Ti6Al4V powders (powder size ranging
from 45 to 106 lm), whose composition is listed in Table 1.
For this project, the Italian Aerospace Research Center (CIRA)
provided an ARCAM A2X EBM machine. The samples
manufacturing was carried out in a vacuum chamber with a
pressure of 10-4 mbar and were made using standard Ti6Al4V
melting themes. Beam current and beam velocity were adjusted
to keep the energy density constant at a value of 40 J/mm3

according to algorithms developed by the manufacturer in an
effort to achieve full dense as-built parts with consistent
microstructure and properties.

Since the algorithm is covered by copyright, beam current
and beam speed time-dependent diagrams are hidden to the
users. The beam employs a back-and-forth raster pattern. The
raster pattern changes direction every layer: the beam moves
parallel to the x-direction for the first layer and it moves along
y-direction for the subsequent layer. A line offset of 0.1 mm
was set. Wafer mounts were used to aid in heat dissipation.
Finally, the samples were scaled to account for thermal
shrinkage (ARCAM recommended scaling factors: 1.0092 for
the x and y directions and 1.0132 for the z direction), the layer
thickness was of 50 lm. During the EBM process the entire
build is kept at elevated temperatures, assuring a correct
microstructure and parts free from residual stresses, hence no
post process heat treatment was performed after manufacturing.
Materialize Magics software was used to set the orientation and
position of the parts in the build chamber.

To lessen the impact of the staircase effect and ensure the
best vertical alignment of the samples (Ref (39), they were
created vertically in the build chamber and their geometry was
designed according to ISO1143 rotating bending fatigue
standard. No contour plan optimization was used to deal with
the worst surface quality possible.
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Samples were cut by means a metallographic abrasive cutter
and the parallel and orthogonal sections, to respect additive
growing direction, were observed using Hitachi TM 3000
electron microscope and Zeiss Axioplan optical microscope.
Before observation the sample were polished to mirror like
finishing and etched using a solution made of H20 and 1 ml HF
(48 wt%). On as polished samples micro-hardness measure-
ments were conducted using a CV Instrument micro-hardness
tester and an indentation force of 500 g.

The effect of fluid velocity on the capability of chemical
machining to reduce surface roughness of EBM samples was
studied in detail, to this aim cylindrical shaped samples with
initial diameter of 8 mm were immersed in the acidic solution
and put in rotation around their ax for 90 min according to
setup reported in Fig. 1.

Three different conditions were analyzed: high rotational
speed (HRS) corresponding to 450 RPM, low rotational speed
(LRS) corresponding to 50 RPM and finally stagnant (ST). An
HF-HNO3 aqueous solution (HF (48 wt%) 28 ml, HNO3 (69
wt%) 225 ml, H2O 736 ml) was employed.

Every 15 minutes, the diameter reduction was measured,
and surface topology was acquired in a covered area of 3X10
mm2. The effect of the treatment was studied by observing the
total Sa, roughness (Ra), and waviness (Wa) surfaces, by the
use of Leica DCM 3D confocal microscope and LeicaMap
software. Wa and Sa were separated applying Gaussian filter
with a cut-off of 0.08 mm.

The as-built AM Ti6Al4V fatigue behavior is well studied in
the literature, and it is well known that surface finishing of parts
has an impact on fatigue life, particularly the life under high
cycle fatigue (HCF) conditions (Ref (40). The tests have been
performed using an experimental rotating beam fatigue testing
setup, designed, and produced in collaboration with a local
company. Constant amplitude rotating beam fatigue testing was
performed with a stress ratio of R = � 1 while load frequency
was set to 70 Hz at room temperature, similarly to a previous
work from the authors regarding axial fatigue testing (Ref (41).
Three different stress levels have been investigated: the
maximum stress tested was 900 MPa to determine the LCF
fatigue limit (around the 103 cycles life); 300 MPa was set to
highlight the fatigue limit (considering 107 cycles as runout)
according to preliminary results from the above mentioned
work and literature findings (Ref (6, 42, 43) for AM Ti6Al4V
fatigue tests, and a middle stress level was imposed at 500 MPa
to provide further information to the experimental curve. The
as-built and treated specimens fatigue curves were obtained by
testing three specimens for each stress level, finally HITACHI
TM3000 scanning electron microscope and Nikon SMZ 745T
stereomicroscope were used to examine the fracture surfaces

Table 1 Composition of Ti6Al4V powders

Element Al V Fe O N H C Ti

Wt% 6.40 4.12 0.18 0.14 0.01 0.003 0.01 Balance

Fig. 1 Detailed setup of chemical machining procedure: (a) rotating
spindle, (b) sample holder with fatigue specimen, (c) acidic solution

Fig. 2 Detailed geometry of fatigue specimen
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after failure. Detailed geometry of the as-built fatigue specimen
is reported in Fig. 2.

3. Results and Discussion

The microstructure of EBM specimens is made of tiny
lamellae of a phase separated by intergranular b phase
(Fig. 3c), indicating fast cooling from temperature above the
b-transus. On higher scale the parallel section (Fig. 3a) is made
of columnar structure aligned in the direction of heat flow.
Those structures represent the b grains that firstly solidify from
liquid, then during b-transus the a + b lamellar structure
nucleates and grows. The orthogonal section reported in
Fig. 3(b) appears homogeneous, some defects like pores are
recognizable. The profile of as-built specimen (Fig. 3d) is
characterized by the presence of many irregularities like
diffused small cracks.

The measured hardness resulted equal to 331 ± 3 HVon the
parallel section and 333 ± 4 HV on the orthogonal, these
values indicate negligible anisotropy.

The three different treatments are effective in reducing
surface roughness as demonstrated by Fig. 3, in the best case
analyzed the value of Ra decrease from the initial value of
7.69 ± 0.59 lm to the final value of 0.82 ± 0.03 lm.

The reduction in roughness by chemical machining occurs
mainly because reaction products accumulate within the valleys
where the reaction rate is lower if compared to peaks (Ref (44).

The roughness reduction occurred mainly in the first
15 min, as reported in Fig. 4, then the roughness decreases
slowly toward an asymptotic value, in fact at the beginning the
treatment the surface is characterized by deep and sharp valleys
and the effect of accumulation of reaction products is
maximized, then, as the surface becomes smoother the
treatment efficiency decreases.

The final chemically machined surface is characterized by a
predominant waviness and the final value of Sa depend mainly
on Wa, to this scope the chemical solution is not effective in
reducing Wa because waviness surface is made of round and
smooth profiles and, as said before, the chemical solution is
effective forward sharp profiles.

The presence of waviness also in the case of stagnant
condition excludes that it is due to some fluid dynamic cause;
however, the origin of waviness is unclear and, probably, it is
related to the pre-existing layer by layer structure of the EBM
samples. At the end of the chemical treatment the measured
roughness of HRS results lower even if comparable to LRS, in
both these conditions the final Ra is smaller than stagnant case,
instead in terms of Wa no differences are noticed between the
three treatments. On the contrary the treatments differ in term of
diameter reduction, as showed in Fig. 5(c), the HRS condition
results in highest etching rate followed by LRS and ST

Fig. 3 (a) Parallel section (b) orthogonal section (c) detailed lamellar microstructure (d) surface profile
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The three employed conditions correspond to different fluid
dynamics regimes, the evaluated Reynolds numbers for as-built
specimen:

Re ¼ Xr2

g

where X (rad/s) is the angular velocity, r (m) is the cylinder
radius, and g (m2/s) is the kinematic viscosity equal to
1.49 10�6 m2/s in the present case, are reported in Table 2.

Obviously Re = 0 in stagnant condition while LRS corre-
spond to moderate turbulence and HRS to strong turbulence.

In the case of stagnant flow, the mass transfer between the
metal surface and solution occurs via molecular diffusion and
the concentration gradient on the surface is driving force of the
process, in turbulent regimes the diffusion sublayer, i.e., the
zone across which mass transfer occurs, depends on Re and
decreases as Re increases. In smooth surfaces the entire mass
transfer between solid and solution is driven by molecular
diffusion inside the diffusion sublayer.

Furthermore, if the surface is smooth the diffusion sublayer
is well developed and the only effect of increasing Re is to
lower the sublayer thickness, in this way the concentration drop
between surface and bulks solution occurs in a smaller distance

with the consequence that the concentration gradient increases
and so mass transfer (see Fig. 6a).

Different is the case of rough surfaces, if the roughness is
much smaller than the diffusion sublayer thickness, the
diffusion sublayer is not perturbated by fluid motion and the
mass transfer occurs in the same way of smooth surfaces.
However, if roughness is comparable to diffusion sublayer the
effect of fluid motion is to break the sublayer; small eddies are
generated on the surface and the mass transport mechanism is
no more molecular diffusion but convection inside the eddies
zone with the effect of increasing mass transfer rate (see
Fig. 6b).

In a rough surface made of alternating peaks and valley, the
effect of enhanced mass transfer does not concern the fluid
inside the valleys where the eddies difficulty penetrates and the
fluid is stagnant, but the action of the eddies is strong around
the peaks where the dissolution rate is very high.

In the present case the thickness of diffusion sublayer was
estimated to be comparable to Sa in both LRS and HRS
conditions (Ref (45, 46) The turbulence is responsible to
respect stagnant condition to the higher values of etching rate
and the lower value of final roughness. Moreover, the increase
in turbulence level increases the kinetic energy of eddies and

Fig. 4 (a) Surface morphology and Sa in as-built condition, (b) after ST treatment, (c) after LRS treatment and (d) HRS

Journal of Materials Engineering and Performance



their mass transport capability, the higher turbulence level of
HRS condition causes, to respect LRS, the greater etching rate.

Rotating beam fatigue testing has been carried out on both
as-built specimens and chemically machined specimens in HRS
condition since this condition resulted in the lowest value of Ra
and. The chemical treatment results in an enhancement of
fatigue behavior, particularly on HCF life, in fact, at the stress
level of 300 MPa all the as-built specimens undergo to failure
while two treated samples experienced runout and the third
failed at about 29 106 cycles as shown in Fig. 7.

Fracture surfaces was analyzed to highlight their main
features and treatment influence. Depending on the stress level
and starting surface quality, it is possible to highlight the
differences between treated and untreated fracture surfaces after
fatigue testing.

Specimens subjected to the maximum stress (900 MPa)
exhibit different fracture surfaces, particularly the as-built case
has multiple crack initiation sites evidenced by a circular shiny
zone on the outer part of the surface, the multiple crack

Fig. 5 Trend of (a) Wa, (b) Ra and (c) diameter in ST, LRS and HRS conditions

Table 2 Evaluated Reynolds numbers for the three
different conditions

ST LRS HRS

Reynolds number 0 1.1Æ104 1.0Æ105

Fig. 6 (a) effect of Reynolds number on diffusion sublayer
thickness on smooth surfaces; (b) formation of turbulent eddies on
rough surface
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initiation observed is compatible with the profile reported in
Fig. 3(b); the treated part, instead has different shiny areas
originated by single defects, superficial or sub-superficial,
brought to surface by the chemical treatment. In this case, the
fracture surface is more like a mild stress concentration case.

The stress of 500 MPa results in a similar surface morphol-
ogy to the case of 900 MPa with a small difference on the
dimensions of crack propagation and failure areas. Also in this
case, the untreated specimen is characterized by a shiny circular
zone while the treated specimen has evident tracks of crack
propagation originated from metallurgical defects.

Finally, the 300 MPa stress level was enough for detecting
failure in untreated specimens while a fatigue limit is found for
treated specimens. However, one of the three treated parts failed
prematurely because of a big pore brought to surface from the
treatment, the pore is evident in both Fig. 8(d) and 9(b).

A SEM inspection is capable of further detailing the
different cracking initiation system, as shown in Fig. 9. Image
(a) shows the multi cracking system typical of the untreated
specimens while image (b) highlights the cracking initiation
from single defects. Image (c) and (d), respectively, represent
the crack propagation and fracture zone which are similar on
both treated and untreated specimens. The propagation area is
characterized by the typical morphology deriving from
R = � 1 fatigue stress type, exhibiting compression bands
deriving from the alternate stress. The fracture zone, instead, is
characterized by dimples typical of a ductile failure.

To sum up, for untreated specimens, cracking initiates from
multiple superficial sites, while for treated parts cracking
always initiates from a specific site (generally a superficial/sub-
superficial flaw).

Fig. 7 Whoeler�s curves for treated and as-built Ti6Al4V EBM fatigue specimens

Fig. 8 Comparison between as-built and treated specimen fracture
surface, at different stress levels: (a) as-built specimen stressed at
900 MPa; (b) treated specimen stressed at 900 MPa; (c) as-built
specimen stressed at 500 MPa; (d) treated specimen stressed at
500 MPa; (e) as-built specimen stressed at 300 MPa; (f) premature
failure of treated specimen stressed at 300 MPa
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4. Conclusions

Considering the findings of this study, the following
conclusions can be made:

1. Chemical machining is capable to improve the surface
quality of Ti6Al4V specimen produced by EBM. In all
the three analyzed conditions the roughness is consider-
ably reduced; however, at the end of the treatment the
surface is characterized by predominant waviness. The
waviness is not related to some fluid dynamic effects
since it develops also in stagnant conditions, it is, proba-
bly, related to the pre-existing layer by layer structure of
the EBM samples. At high Reynolds number the turbu-
lence generates eddies that break the diffusion sublayer
and increase the mass transfer rate. The eddies, also, en-
hance the selectivity forward peaks of the process.

2. Compared to untreated specimens, the fatigue behavior
of treated specimens shows improved results particularly
in HCF. The negative effects of poor surface quality on
fatigue life are mitigated by chemical treatment; however,
crack initiation is always associated with a surface/sub-
surface defect. The occurrence and size of defects can be
reduced by improving the quality of the base material
prior to treatment.
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