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Improvement of the surface quality of titanium-based design objects
produced through WAAM technology using chemical machining:
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Abstract. The quality of the surface is one of the most important factors in the fabrication of a
component via additive manufacturing (AM). In particular, when considering the manufacture of
workpieces in titanium and its alloys the successful use of surface treatments is essential. In fact,
many fracture-related events, in particular fatigue cracks, start near the surface of the component.
Numerous techniques based on machining, shot peening, or laser polishing have been proposed to
enhance the surface quality. The limitations of these treatments stem from the challenges posed by
focusing on complex form components. One of the most promising approaches for achieving
homogenous smoothing of intricate objects with internal channels and lattice structure continues
to be chemical-based surface treatments. It is a pivotal method to remove material that has been
polluted by oxygen during processing. In this instance, the resistance to crack initiation and
fracture is fundamentally improved by the removal of a hard, brittle top layer. In this work,
HF/HNO3s-based treatment tailored for 3D printed design products is presented.

Introduction
The quality of the surface is one of the most important factors in the fabrication of a component
via additive manufacturing (AM) [1]. Surface quality has a significant impact on the mechanical
characteristics of the component: sharp peaks and valleys which serve as stress concentrators are
typically found on the surface of an additive-manufactured product [2]. In particular, when
considering the manufacture of workpieces in titanium and its alloys the successful use of surface
treatments is essential [3]. This is due to the fact that many fracture-related events, in particular
fatigue cracks, start near the surface of the component [4]. Numerous techniques based on
machining, shot peening, or laser polishing have been proposed to enhance the surface quality [5].
Steel has long been subjected to shot peening processes to increase its resistance to the onset of
fatigue cracks by applying a compressive force to the surface. Although not novel, the use of this
approach to titanium alloy components is more recent than it is to steel [6—8]. Titanium
components with stress-free surfaces have a relatively poor resistance to fatigue: the fatigue
strength at 10 cycles to failure, expressed as a percentage of the yield stress is typically between
0.4 and 0.5 [9]. This value is further diminished when damage from production procedures like
milling is added. Local plastic deformation during shot peening introduces compressive stresses
into the material’s near-surface region to prevent this additional decrease in fatigue resistance [8].
More recently, it has been demonstrated that applying a laser to induce compressive stress on
the surface is quite advantageous [10,11]. This method applies a localized pressure to the material's
surface using a high-intensity pulsed laser. This pressure causes residual compressive stress since
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it is greater than the yield stress. The enhanced depth of the compressive stress layer with about
the same stress magnitude is the main benefit of laser shock processing over traditional shot
peening [12].

The limitations of these treatments stem from the challenges posed by focusing on complex
form components [13—15]. One of the most promising approaches for achieving homogenous
smoothing of intricate objects with internal channels and lattice structures continues to be chemical
and electrochemical-based surface treatments [16—18]. It is a pivotal method to remove material
that has been polluted by oxygen during processing. In this instance, the resistance to crack
initiation and fracture is fundamentally improved by the removal of a hard, brittle top layer. The
fundamental benefit of these methods arises from the high mobility of the chemically aggressive
solutions, whose smoothing effects can, in certain situations, be more precisely regulated and
enhanced if driven by an electric current [19]. As a result, this class of treatments offers the greatest
employment opportunity. Several authors exploited chemical polishing to conduct experimental
research on the surface finishing of AM components. In a recent study, Tyagi et al. [20] evaluated
the chemical polishing of SLM-produced SS316L components and achieved surface roughness
reductions of around 92% for both the inner and outer surfaces. Scherillo [21] studied the impact
of chemical polishing on AlSi10Mg samples produced by SLM, yielding notable surface quality
improvements assessed by a number of surface texture indicators on less complicated geometries.
Furthermore, Wysocki et al. [22] demonstrated that chemical machining was efficient in enhancing
the surface quality of Ti6Al4V scaffolds produced by EBM while the treatment did not influence
the capacity of the surface to integrate bone cells. In a more recent activity, Scherillo et al. [23]
proposed a chemical machining approach to treat components produced by Ti6Al4V using EBM.
Since HF and HNOs are typically used to treat this alloy, the goal of this work was to determine
how the ratio of HF to HNO3 affects the final surface quality, with a particular emphasis on the
chemical-physical phenomena that take place throughout the process. The surface quality of
Ti6Al4V components produced by EBM has been shown to be drastically improved by chemical
machining, and all the solutions used, with varied HF/HNOs3 ratios, have been shown to have
smoothing properties. The ultimate quality of a metal surface is improved by the addition of HNOj3,
and the decrease of the studied surface parameter increases with increasing HNO3 concentration.
Moreover, it was demonstrated that there are two main phases in the smoothing process. The
unfused particles that were left on the surface are removed in the first stage, and the distinctive
sharp peaks are selectively dissolved in the second. The solution's transport characteristics have
proved to be crucial in producing this outcome; as the concentration of HNOj rises, the viscosity
increases, and the smoothing effect changes appropriately. Without HNO3, gaseous H: is formed
on the metal surface, with the gas bubbles serving as a barrier between the surface and the solution,
resulting in a lower material removal rate and worse final quality. A passivation step was further
introduced by the injection of HNO3, and during this stage, ligands were found to be redistributed
on the surface, reducing the change in surface composition relative to the bulk alloy. Following
what has been done in the previous literature studies, it is therefore important to determine the best
approach for reducing surface defects and removing oxides from the surface of titanium
components manufactured using different AM technologies and characterized by more
complicated geometries. It is also required to identify treatments with a minimal environmental
effect that improve aesthetics (in terms of roughness, gloss, etc.) for the creation of design items
in titanium alloys.

Materials and methods.

Titanium alloy samples were produced using WAAM technology. In order to improve both the
aesthetic appearance and functionality of the samples, a chemical machining and brightening
treatment was performed on the samples. Each sample was cut into sections by making two cuts
using a metallographic cut machine, using a K-B type grinding wheel. The larger-area specimen
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was used for the chemical machining treatment, while the remaining two were used for
metallographic preparation and as backup reference specimens before performing machining and
treatments, as shown in Fig.1.

Metallographic Chemical polishing Backup
analyses

Figure 1. Schematic representation of sample cutting.

The purpose of the analyses performed before the treatment is to evaluate thicknesses to be
removed. In fact, when titanium is exposed to an oxidizing atmosphere, in addition to the oxide
layer, there is usually an additional layer called the "alpha case," which, due to the presence of
oxygen, is harder and therefore more brittle than the bulk material. It is therefore necessary to
assess the thickness of the alpha case and remove it completely to prevent the manufactured object
from easily surface damage during use. The sample portions used for metallographic analysis were
pre-embedded in hot mounting resin; afterwards, the samples were grinded and polished.
Subsequently, in order to observe the microstructure, a chemical etching treatment was carried out
using a solution made of 1 ml of hydrofluoric acid (48 wt%) and 100 ml of H>O. The embedded
samples were observed employing the optical microscope in order to evaluate the different
microstructures present in the border and bulk before treatment and verify the removal of oxides
and alpha case after treatment

The chemical treatment was carried out with a solution of hydrofluoric acid (48 wt%) and nitric
acid (69 wt%) in a molar ratio of HF/HNOs3 equal to 1 to 3. Treatment times of 30, 60, and 90
minutes were evaluated. The samples were completely immersed in the solution, with the lateral
walls shielded using epoxy resin to ensure material removal only on the top and bottom surfaces
of the samples. The solution was kept agitated using a magnetic stirrer throughout the treatment.
No auxiliary heating or cooling equipment was used, and a sketch of the equipment used for the
treatment is shown in Fig.2
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Figure 2. Scheme of the setup for chemical machining treatments.

In order to assess the effectiveness of chemical machining treatment, the samples were
analysed, weighed, and measured before and after treatment. The samples were observed under an
optical microscope to evaluate their microstructure and measure the thickness of oxide and alpha
case. An example of a micrograph of an untreated observed sample is shown in Fig.3.

Result and discussion.
An example of a micrograph of an untreated observed sample is shown in Fig.3.

Figure 3. Optical micrograph of untreated specimen with evident the alpha case.

Fig.3 shows the effect of the different reactivity to the metallographic etching solution between
the alpha case and the bulk, as evidenced by the demarcation lines. This allows for a certain
determination of the total thickness of the alpha case. It is possible to establish that the thickness
of material to be removed, in order to ensure complete removal of the alpha case, is approximately
100 microns.
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In order to evaluate the amount of material removed during the treatment, the weights of the
samples before and after the treatment were measured. The amount of material removed increases
non-linearly with increasing treatment time, as shown in Fig.4, which shows the graphs of the

percentage weight loss (Figure 4a) and percentage thickness reduction (Figure 4b) for the different
treatment times.
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Figure 4. a) Percentage weight loss after 30, 60, and 90 seconds of treatment b) Percentage
thickness reduction after 30, 60, and 90 minutes of treatment.

It is evident that the treatment carried out guarantees the removal of a thickness of material
from the surface of the samples.

In order to appreciate the variation in brightness of the samples after the chemical treatment and
make an initial assessment of the morphological changes of the samples, the images were acquired
using a stereomicroscope of the samples before and after treatment. In Fig.5, it is possible to
observe the comparisons between samples that underwent machining treatment for 90 minutes.

Figure 5. Observation through stereomicroscope of a) Untreated sample b) Sample after a 90-
minute chemical machining treatment.
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It can be noticed that, as the treatment time increases, the peaks on the surface as well as on the
side walls become smoother. After 90 minutes of treatment, the samples appear particularly shiny
and smoothed.

The samples were observed under an optical microscope to evaluate the microstructure and the
removal of alpha case present at the border. In Fig.6, Fig.7 and Fig.8 it is possible to observe the
comparisons between micrographs of samples that underwent machining treatments lasting
respectively 30,60 and 90 minutes.

Figure 6. Observation under optical microscope of a) Untreated Sample b) Sample after 30
minutes of chemical machining treatment.
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Figure 7. Observation under optical microscope of a) Untreated Sample b) Sample after 60
minutes of chemical machining treatment.
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Figure 8. Optical microscope observation of a) Untreated Sample b) Sample after 90 minutes of
chemical machining treatment.

It is evident that after 30 minutes of treatment, there is not complete removal of the alpha case.
After 60 minutes of treatment, the microstructure at the border appears completely similar to that
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of the bulk. After 90 minutes of treatment, in addition to the removal of the alpha case, it is also
possible to notice morphological modifications of the contour of the samples.

Conclusions
The proposed chemical treatment demonstrates to be effective in removing alpha layer, in
particular 90 min are enough to remove 100 um thickness of alpha layer. Even if more analysis
are necessary the surface quality of the sample seems improved, the surface after chemical
machining appears very shiny and smooth and this result is of particular interest in many
applications.
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Partnership and received funding from the European Union Next-GenerationEU (PIANO
NAZIONALE DI RIPRESA E RESILIENZA (PNRR) — MISSIONE 4 COMPONENTE 2,
INVESTIMENTO 1.3 — D.D. 1551.11-10-2022, PE00000004). This manuscript reflects only the
authors’ views and opinions, neither the European Union nor the European Commission can be
considered responsible for them.
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