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Abstract

In the course of the industrialization of the Additive Manufacturing (AM) process of
metallic components, the surface finish of the final parts is a key milestone. ‘As-built’ AM
surfaces feature a high initial surface roughness (i.e. R, > 10 um), which often exceeds the
specification for technical applications. In order to apply AM for highly stressed and cyclically
loaded components, the as-built surface roughness needs to be reduced. Since conventional
surface finishing processes as machining or blasting often show a limited applicability to
complex shaped AM parts, an enhanced electrolytic polishing process was developed
(3D SurFin®). Within the present study, Ti-6Al-4V AM plates and fatigue samples were
produced in a powder bed laser beam system. The enhanced electrolytic polishing process led to
a significant roughness decrease of approximately 84 % for a treatment time of 60 min. Also, a
notable improvement of the fatigue performance of 174 % was achieved after a treatment time of
40 min in comparison to the as-built reference samples.

1. Introduction

The additive manufacturing (AM) technology is gaining increasing attention for actual
industrial applications. Especially for the aerospace industry the processing of AM titanium
components — and particularly the alloy Ti-6Al-4V (Ti64) — matters due to its beneficial
corrosion resistance, its low density and the specific high strength [1]-[3]. Since the AM
technology provides for a significant design freedom, topology optimized Ti64 components can
be built by this layer-based manufacturing process leading to considerable savings of raw
material, weight and therefore costs. This has triggered various studies, that report about the
mechanical properties [4]-[8], the microstructural development [9]-[13], as well as various
applications [14]-[16] of additively manufactured components.

Powder bed based laser beam melted (LBM) Ti64 parts are known to feature a high initial (,as-
built‘") surface roughness of typically more than R,= 10 pm right after the manufacturing
process [8], [17]-[19], which strongly depends on the orientation of the surfaces in the build
chamber. This effect can be a limitation for the application of cyclically loaded or highly stressed
components, as well as for further post-processing procedures applied on the surface. Therefore,

" The ,as-built* condition later on refers to the morphological aspect of the initial rough surface regardless of the
thermal history of a specimen.
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the as-built surface roughness needs to be decreased. Although different build-up strategies
during the manufacturing process can be employed to reduce surface roughness [20], [21],
additional surface finishing processes are typically needed [22], [23]. As presented elsewhere, the
focus of the surface finishing process is still on conventional machining procedures, which are
known to increase the fatigue performance in comparison to the as-built samples [24]-[27]. Since
the applicability of machining is limited for complex shaped parts as is the case for most AM
components, new surface finishing procedures need to be developed. Due to their wet-chemical
nature, electrochemical processes are very attractive for smoothening of complex shaped parts
[19], [26]. Conventional electropolishing processes have already been studied on AM parts
previously and showed promising results with respect to roughness reduction [19], [22], [28].
However, little is known about the enhancement of the fatigue performance of LBM Ti64 parts
treated by these processes.

Figure 1 shows a schematic of the experimental setup for an electropolishing process consisting
of two cathodic counter electrodes, a direct current supply and the component as the anode. The
electrolyte filling level, as well as the temperature can be controlled. A circulation pump is used
to create a suitable convection within the electrolyte.
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Figure 1: Process flow scheme of the experimental test setup for electrolytic polishing

For each application, the electrolyte needs to be chemically adapted to the alloy to be treated.
Upon applying a direct current, an ion movement is initiated in the bath. During conventional
electropolishing processes, roughness peaks are reduced when the flow conditions are such that
transport through then near surface layer becomes the rate controlling step. However, the
electrolytes used typically feature a high concentration of hazardous acids or alcohols [19], [22],
[29], [30]. In addition, the treatment often comes along with substantial treatment times, or an
undesirable high material removal leading to a considerable rounding of edges. Using alcohols in
the electrolyte also induces the risk of explosion. Therefore, a new process based on the plasma
electrolytic polishing process was developed, which will be referred to as the 3D SurFin® process
in the following. The main differences to conventional electropolishing are the higher applied
voltage range of approximately 200 — 400 V, the shorter treatment times and the use of REACh
compliant electrolytes that are essentially based on water as reported elsewhere [26], [31]-[34].
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Within this study, the influence of the treatment time of the 3D SurFin® process on the roughness
of as-built LBM Ti64 plates was investigated. The focus was not only on the surface morphology
but material removal and fatigue performance as well. Thus, fatigue samples were treated and
compared with as-built samples to evaluate the effect of a smoothened surface on the fatigue
performance.

2. Experimental

2.1 Sample manufacturing

The plates subsequently used for the characterization of the surface morphology were
built at the Fraunhofer Institute ILT using a M270 laser beam system from EOS GmbH as
described elsewhere [23]. All fatigue samples were manufactured by Liebherr Aerospace on a
M290 laser beam system also from EOS GmbH. For all samples, TLS Technik GmbH supplied
Ti-6Al-4V powder showing a spherical shape and an averaged particle size of 44 pm (Dpso). The
nominal layer thickness during manufacturing was 30 um. The plates were built with an energy
density of 54.3 J/mm?, whereas an energy density of 55.6 J/mm? was used for the build-up of the
fatigue specimens. Prior to the removal from the build platform, all samples were stress relieved
for 4 h at 540 °C under vacuum and cooled in an argon atmosphere. Afterwards, all samples were
hot isostatically pressed (HIP) for 2 h at 810 °C and 2000 bar in an inert gas atmosphere to
reduce the risk of fatigue failure by inner pores or other imperfections.

The characterization of the surface morphology prior and after the surface treatment was
performed on plates with dimensions of 105 mm x 75 mm x 2 mm. They were built with an angle
of 45° with respect to the build platform. According to [35]-[37], the surface facing the build
platform at this angle shows the highest surface roughness without the use of support structures.
Additionally, round fatigue samples were built vertically in z-direction under the same conditions
in order to evaluate the effect of the surface treatment on the change in morphology and the
corresponding fatigue behaviour. As described in [23], a build-up angle different to 90° would
result in a significant deviation from the sample geometry, as well as the symmetry axis affecting
the load transfer during subsequent testing. According to DIN EN 6072 [38], the sample
geometry FCE type 25A with a diameter of 5.64 mm was chosen (K= 1.035, length: 80 mm).
Figure 2 shows the corresponding drawing of the net shape geometry. One series was built with
this exact geometry, whereas two other series were built with a minor additional offset of 0.3 mm
within the diameter to cover the material removal during the surface finishing process. The
threads (M16x1) were machined after the manufacturing, respectively after the surface finishing
process.
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Figure 2: Round fatigue sample type FCE 25A (K; = 1.035, length: 80 mm) according to DIN EN
6072 [38]

2.2 Surface finishing

Prior to surface smoothening, the plates and fatigue samples were cleaned by an alkaline
cleaning detergent (P3 Almeco from Henkel) for about 15 min at 65 °C + 3 °C. Afterwards, all
samples were immersion rinsed in deionized water for 3 min at room temperature and
subsequently dried at 60°C + 2 °C in a circulating air oven.

The 3D SurFin® process was performed in a 200 1 bath containing an electrolyte consisting of
ammonium fluoride, sulphuric acid and a complex builder in accordance to [39]. The main
ingredient of the electrolyte is deionized water with a mass percentage of > 80 wt.-%. As shown
schematically in Figure 1, the electrolyte was continuously recycled by a pump and temperature
was kept at 80 °C =3 °C. All samples were immersed vertically into the electrolyte with a set
voltage of 300 —350 V. Each of the three plates was treated sequentially to obtain a total
treatment time of 2 min, 5 min, 10 min, 20 min, 40 min and 60 min. The two sets of fatigue
specimens were separately smoothened for 20 min, respectively 40 min. After the treatment, all
samples were immersion rinsed and dried according to the procedure after alkaline cleaning.

2.3 Material characterization

For the characterization of the surface condition prior to and after the treatment, the
surface roughness was analysed according to DIN EN 4287 [40]. The roughness values R,, R,, R;
and R, were measured using a Hommel Etamic Waveline profilometer T8000 with an accuracy of
0.002 um. All roughness values were determined three times in longitudinal direction on each
side of the three plates.

A scanning electron microscope (SEM) JSM 6320F from Jeol was employed to obtain high
resolution micrographs. Each sample was sputtered with a platinum layer with a thickness of
4 nm prior to the SEM investigations. Additionally, an Auriga SEM from Zeiss equipped with a
X-Max" 50 detector from Oxford Instruments was used to determine the chemical composition of
the surface by energy dispersive X-ray spectroscopy (EDX). For titanium surfaces, the
penetration depth was calculated to be 1.7 um for the characterization of the chemical
composition by EDX.
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The material removal was determined by differential weighting on a balance from Kern with a
accuracy of + 0.01 g.

2.4 Fatigue testing

The fatigue samples were tested on two machines from Rumul. The samples with the as-
built surface condition were tested on a Mikrotron test rig, whereas the electrolytically polished
samples were tested on a Fractronic test rig. Both machines were equipped with a 24 kN load cell
and calibrated prior to testing. The accuracy of the stress amplitudes were found to be within
+ 1 % of the nominal values for both machines. The tests were performed at ambient temperature,
a frequency of approximately 110 Hz and with an axial fatigue stress ratio of R = 0.1 at constant
maximum stress levels. The fatigue limit was set to 3 x 10 cycles, which will be referred to as
‘run-out’ in the following.

The fracture surfaces of broken fatigue specimens were analysed using the JSM 6320F SEM for a
detailed investigation of fracture morphology and crack initiation sites.

3. Results

3.1 Surface morphology

As described in [23] the as-built surfaces of additively manufactured Ti64 parts show a
high initial surface roughness resulting from partially melted particles on top of the surface. This
is demonstrated in Figure 3, which shows an irregular distribution of the particles leading to
locally varying surface conditions. Moreover, it demonstrates a significant surface waviness,
which can be classified as primary roughness caused by the melt pool during the manufacturing
process [25]. The surface shown in Figure 3 also features deep roughness furrows, which are
hardly visible due to the particles on top of the surface contour.

- 50 um

Figure 3: SEM micrograph of an as-built surface revealing partially melted particles responsible
for the high initial surface roughness

The averaged roughness values measured on the so called ‘downskin’ surface, which is facing the

build plate, as well as on the “upskin’ surface on the opposite side are pointed out in Table 1 for
the three plates. The R, values show a difference of approximately 11 % between both sides,
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whereas the downskin face features higher roughness values in the as-built state. The standard
guidelines for most technical applications often call for much lower roughness values, and the
results in Table 1 demonstrate that the as-built surfaces by far exceed the specifications.

Table 1: Surface roughness values of the upskin and downskin side averaged out of three plates
prior and after surface finishing (after 60 min)

Ry, pm R, pm Ry, pym Ry, pm
Upskin as-built surface 15613 1189+93 1459+20.0 51.2+3.2
Downskin as-built surface 176 0.7 131.5+7.8 1563+£12.6 563+4.0
Upskin surface after 3D SurFin® 28 +£0.5 194 £51 269 +9.1 89 £1.8

Downskin surface after 3D SurFin® 26 £03 170 £29 23.1 £6.1 80 £1.2

Figure 4a) demonstrates the roughness decrease of the R, value of the upskin, as well as of the
downskin surface after different surface finishing treatment times. The averaged results for both
sides of the plate out of all three plates were calculated. The values after 60 min are also listed in
Table 1 for both sides. Averaged over all three plates, the roughness could be reduced by about
84 % for a treatment time of 60 min. In addition, the initially different values of both sides
became similar during the process. Although most of the change in surface roughness occurred in
the first 40 min of the process, the material removal was still ongoing during the final 20 min (see
Figure 4b)). Within that time, a weight loss of approximately 7.27 g+ 0.01 g resulted. In total,
the plates lost an average weight of approximately 20.87 g+ 0.01 g. According to Figure 4b), the
material removal follows a nearly linear trend over time despite the change in surface
morphology.
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Figure 4: (a) averaged results for the roughness values R, of the upskin and the downskin surfaces
of all three plates after different treatment times for the 3D SurFin® process; (b)
corresponding weight decrease
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Figure 5 shows the corresponding SEM micrographs after each treatment time from 2 min to
60 min. After 2 min, Figure 5a) already demonstrates an obvious attack on the single particles, as
well as on additional roughness features. Higher magnifications of this surface revealed an
additional compact layer around the particles, as well as on top of the surface contour, which was
partially dissolved. Applying a treatment time of 5 min (Figure 5b)), a significant roughness
reduction was visible and most of the partially melted particles could be removed. To some
extent the compact layer was still visible after 5 min, but fully vanished after a total treatment
time of 10 min. As shown in Figure 5c), all particles could be removed after 10 min. and the
microstructure of the substrate became visible. Although the SEM micrographs in Figure 5d)-f)
indicate no further substantial change in morphological structure, isolated remaining roughness
valleys as exemplary shown in Figure 5d). Further material removal could decrease the furrows
and led to a more homogeneous surface morphology (Figure 5f)).

(@) () @©
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Figure 5: SEM micrographs of LBM Ti64 surfaces after different treatment times: (a) 2 min, (b)
5 min, (c) 10 min, (d) 20 min, (e) 40 min, (f) 60 min

A SEM micrograph of the LBM Ti64 surface after a treatment time of 2 min is shown at a higher
magnification in Figure 6a). It details the initial powder particles, which were partially removed
and coincidently encased with a material, which was different from bulk alloy. The thickness of
this layer was approximately 3 - 6 um. The corresponding EDX analyses are displayed in Figure
6b) and (c). As seen in Figure 6¢), the central surface of the larger particle mainly consists of the
elements expected for the bulk material Ti64 accompanied by some minor decontamination from
the electrolyte (fluoride, sodium) and the environment (carbon). Figure 6b) reveals the element
distribution of the layer formed on top of the particles. Besides typical contaminations (carbon,
oxygen), this layer mainly consists of a titanium-fluoride compound and additional elements,
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which can be found in the electrolyte. Additional EDX analyses have been conducted in more
areas on this sample, which all confirmed this trend.
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Figure 6: (a) Backscatter SEM micrograph of the LBM Ti64 surface after a treatment time of
2 min; (b) EDX analysis of the surface layer formed on top of the roughness particles;
(c) EDX analysis of a particle from the bulk material

3.2 Fatigue results

The results of the fatigue specimens with as-built and after 3D SurFin® with 20 min and
40 min treatment time are displayed in Figure 7. The as-built test series demonstrated a
substantially lower fatigue performance in comparison to samples with smoother surfaces. Two
‘run-outs’ were manually stopped after 3 x 107 cycles at 250 MPa and 350 MPa. A typical crack
initiation site for this test series is shown in Figure 8 for a sample that failed after 4.1 x 10* cycles
at a maximum stress level of 500 MPa.
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Figure 7: Comparison of the fatigue results of samples with as-built surface and with surfaces
resulting from the 3D SurFin® process after treatment times of 20 min and 40 min

In Figure 8a) the crack initiation site is marked by a white rectangle. The higher magnification in
Figure 8b) reveals a nucleation from a roughness valley at the outer surface contour. This type of
crack initiation was typical for all as-built samples.

2) - | b)

=

. : =2 S % 50 um :
Figure 8: SEM micrograph of the fracture surfaces of a sample with an as-built surface condition
that failed at a maximum stress of 500 MPa: (a) overview of the fractured surface, (b)
detailed micrograph at the crack initiation site

N

In order to investigate the influence of the surface finishing process on the fatigue behaviour, two
additional test series with a treatment time of 20 min and 40 min were tested as seen in Figure 7.
For both series, the fatigue life improved substantially compared to the as-built samples. A ‘run-
out” was obtained after 3 x 10" cycles at 400 MPa for the fatigue specimens smoothened after a
treatment time of 20 min. Figure 9a) demonstrates the most prevalent crack initiation site using
the case of a sample broken after 1.6 x 10° cycles at a maximum stress level of 500 MPa. The
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nucleation site is again marked with a white rectangle. The higher magnification in Figure 9b)
reveals nucleation from a roughness valley at the outer surface contour.

The samples that were treated for 40 min using the 3D SurFin® process, achieved a more
significant improvement of the fatigue performance compared to the treatment time of 20 min. In
this case, three ‘run-outs’ were obtained at a maximum stress level of 700 MPa, 875 MPa and
890 MPa after 3 x 10 cycles. Taking the averaged maximum stress values of the ‘run-outs’ of the
as-built and the 40 min polished test series into account, an increased fatigue performance of
approximately 174 % can be calculated compared to the as-built condition.

500 pm

Figure 9: SEM micrograph of fracture surfaces of broken samples after the 3D SurFin® process
with a treatment time of 20 min ((a), (b)) and 40 min ((c), (d))

Figure 9c) indicates the crack nucleation site of a sample treated for 40 min, which failed after
4.1 x 10° cycles at a stress level of 925 MPa. Again, the crack nucleation is marked by a white
rectangle. As seen at the higher magnification in Figure 9d), the crack nucleated within the bulk
material. This failure mode was prevalent for this entire test series.
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4. Discussion

As reported elsewhere [8], [15], [19], the LBM Ti64 parts feature a high initial roughness
resulting from the manufacturing process. The morphological difference between the upskin and
the downskin surface of the plates built under an angle of 45° can be attributed to the so called
staircase effect as described in [35], [36]. Consequently, as-built surfaces reveal significant
roughness valleys and therefore notch effects, which cause a considerably lower fatigue
performance as expected from previous reports [6], [17], [18]. The enhanced electrolytic
polishing process (3D SurFin®) significantly reduced the surface roughness. Although different
roughness values R, were initially measured for the upskin and the downskin side, the final
values of both sides converged to an average roughness of R, = 2.7 um + 0.5 um after a treatment
time of approximately 40 min. As demonstrated by the SEM micrographs, most of the features
being responsible for the high roughness could be removed after approximately 10 — 20 min with
the 3D SurFin®™ process. The material loss tended to show a linear decrease over time, i.e. the
behaviour is similar to conventional electropolishing processes [19] in this respect.

As presented in Figure 6a) - b), a 3 - 6 um thick layer was built-up on top of the surface during
the first 2 min. The layer mainly consists of a titanium-fluoride compound and a few additional
elements, which are present in the electrolyte as well. This layer could also be found on the
surfaces between and underneath the former powder particles. As it contains a considerable
amount of titanium, the layer might result from the first dissolved material agglomerating or
complexing close to surface areas with low electrolyte replacement due to less convection. The
layer could be removed completely after a treatment time of approximately 10 min.

Clearly, the as-built surfaces cause a substantial decrease in fatigue performance in comparison to
conventional cast or wrought parts [2], [3]. By contrast, the smoothened fatigue samples
demonstrated increased fatigue life, especially the specimens treated for 40 min. This can be
attributed to the change in surface morphology as the SEM micrograph in Figure 5e) indicates
that no roughness valleys and no initial powder particles remained at the surface after this
treatment. This even led to an improvement of the performance compared to milled (hot
isostatically pressed) LBM Ti64 samples [23], [25]. As indicated in Figure 9c), the broken
specimens typically failed due to crack initiation in the bulk material but no longer by cracks
formed at the surface. The slight scatter within the results, which differ from the expected shape
of the fatigue curve, might be referred to the fact that the applied stress amplitudes are close to
the plastic deformation regime for hot isostatically pressed LBM Ti64 [7].

By comparison, the roughness decrease after a treatment time of 20 min showed a substantially
smaller fatigue improvement of approximately 33 %. From Figure 5d), it becomes apparent that
particles were no longer present on the surface, but some considerable roughness valleys
remained due to unsufficient material removal. Therefore, a treatment time of at least 40 min is
needed in this process to obtain a balanced relation between material removal and increase in
fatigue performance.

This effect leads to the assumption that there is no direct correlation between the fatigue

performance and the individual roughness values. This effect was previously shown in [23]. The
roughness valleys in Figure 5d) might be missed by tactile roughness measurements leading to
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more optimistic results. Alternative surface characterization methods such as imaging techniques
or dye penetrant inspection could be used to assure the absence of surface defects.

5. Conclusion

Additively manufactured metallic components feature a high initial surface roughness
right after the manufacturing process, which needs to be decreased for further post-processing as
well as for the application in cyclically loaded components. In the present study an enhanced
electrolytic polishing process (3D SurFin®) was applied on LBM Ti64 plates and fatigue
specimens in order to evaluate its efficiency in terms of roughness reduction, as well as
improvement of fatigue performance. Based on the results, the following main conclusions can be
drawn:

e A high initial surface roughness with an averaged R, of 16.6 pm £ 1.0 um was measured
on the LBM Ti64 plates for the as-built surface condition. This is a result of partially
melted powder particles, as well as a high surface waviness caused by the manufacturing
process.

e The notch sensitive LBM Ti64 samples with the as-built surface condition displayed a
deteriorated fatigue performance with two run-outs at 250 MPa and 350 MPa after
3x 107 cycles.

e The application of the 3D SurFin® process could reduce the initial roughness to a final
averaged value of R, =2.7 pm + 0.4 um within a treatment time of 60 min.

e Treating fatigue samples by the enhanced electrolytic polishing process, the fatigue
performance could considerably be increased. For a treatment time of 40 min, the
technical endurance limit was around 820 MPa after 3 x 10’ cycles, which is similar to the
value obtained for hot isostatically pressed, milled LBM Ti64 fatigue samples.

e A treatment time of 20 min resulted in a lower improvement which could be attributed to
an insufficient material removal leaving occasional roughness valleys, which could still
cause a crack initiation from the outer surface contour.
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