
Bishop et al. J Mater. Sci: Mater Eng.          (2025) 20:110  
https://doi.org/10.1186/s40712-024-00200-9

ORIGINAL PAPER Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Journal of Materials Science:
Materials in Engineering

Atmospheric pressure plasma etching 
of Ti‑6Al‑4 V using SF6 etchant
Alex Bishop1, Zhaorong Huang1*   , Claudiu Giusca1, Adam Bennett1, Marco Castelli2 and Tian Long See3 

Abstract 

Atmospheric pressure plasma (APP) etching has been developed recently into a manufacturing technique for silicon-
based materials used for large optical lenses. However, there are few reports published regarding APP etching of non-
silicon-based materials. We report here the development of an APP process using SF6 for the etching of Ti-6Al-4 V 
metal alloy. Ti-6Al-4V is extensively used in aerospace and biomedical fields for its excellent properties; however, 
these properties also make it difficult to machine. Current techniques such as precision grinding and laser polishing 
can be slow, energy intensive, and cause damages and defects which reduce the lifetime of vital components. The 
results in this paper demonstrate effective material removal and little surface damage by APP etching of Ti-6Al-4V. 
Material removal rates between 0.5 and 2 mm3 min−1 were obtained, and the proposed material removal mechanism 
is through the formation of volatile VFx and TiF4. These results show that APP etching is a promising technique for sur-
face finishing of Ti-6Al-4V, particularly for large- and complex-shaped components.
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Graphical Abstract

Introduction
Plasma etching is a commonly used noncontact mate-
rial removal process for the manufacturing of precision 
lenses and integrated circuits due to its accuracy, selectiv-
ity, and the excellent surface finishes achievable (Leiber-
man & Lichtenberg 2005). While plasma etching is often 
done under vacuum conditions, the need for a vacuum 
chamber significantly increases machining time and costs 
for large components. Recently, atmospheric pressure 
plasma (APP) etching of materials has attracted extensive 
research interest. APP etching of silicon-based materials 
has been developed successfully into a key technology 
for the surface finishing of large precision optics (Guo 
et al. 2020; Krumpolec et al. 2017). However, very limited 
research has been published looking into APP etching of 
other materials besides polymers (Fricke et al. 2010) and 
tantalum/tungsten (Jeong et al. 1998). This work reports 
the development of an APP etching process capable of 
safely etching Ti alloy Ti-6Al-4V.

Ti-6Al-4V (Ti6Al4V) is the most common alloy of 
titanium, used extensively in the aerospace (Boyer 
1996) and biomedical (Avila et  al. 2018) sectors for 
its high strength at high temperatures, biocompatibil-
ity, and corrosion resistance. Due to these properties, 
Ti6Al4V is classed as a difficult-to-machine material 
(Veiga et  al. 2013). The final surface finishing process 
of Ti6Al4V is commonly done using mechanical pro-
cesses (Revankar et al. 2014) or laser polishing (Obeidi 

et al. 2022). However, these processes can leave subsur-
face damage, microfractures, and changes in the micro-
structure which can in turn reduce the operational life 
of the component (Solheid et al. 2020). Mechanical con-
tact machining techniques used for finishing Ti6Al4V, 
such as precision grinding, also have drawbacks, such 
as high running costs, expensive tool replacement, high 
tool wear, long processing times (Lee et  al. 2021), and 
substantial residual stresses (Nespor et  al. 2015). Wet 
chemical etching (Garich & Hall 2018) such as elec-
tropolishing (Urlea & Brailovski 2017) has also been 
used for the surface finishing of Ti6Al4V parts; how-
ever, this can be very time-consuming and requires the 
use of harmful chemicals. Ion beam finishing (IBF) is a 
well-established technique for nanoscale alterations to 
a surface. While highly accurate, IBF is very slow, and 
the process requires a vacuum, making it unsuitable for 
large samples (Lee 1979).

If an APP etching process can be developed for the 
surface finishing for Ti6Al4V, it would leave negligible 
surface damage and sufficiently high material removal 
rate for large components. This ion energy-driven 
etching involves both ion bombardment and chemi-
cal etching, and the etching rate is often dominated by 
chemical processes (Leiberman & Lichtenberg 2005), 
meaning a suitable etchant must be chosen which is 
capable of forming volatile compounds with the target 
material (Flamm et al. 1983).
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There are two main impacts on the plasma which 
need to be considered when shifting from vacuum to 
atmospheric pressure conditions: Firstly, the increase 
in ionization energy required under atmospheric pres-
sure (Leiberman & Lichtenberg 2005), and, secondly, 
the reactions between the plasma and elements in the 
air. It has been reported that even increasing a vacuum 
chamber pressure from 1 to 5 Pa can lead to a signifi-
cant drop in etch rates for various etchants (CCl4/O2 
and CCl4/CCl2F2/O2 mixes) when etching Ti6Al4V 
(Blumenstock & Stephani 1989).

Numerous studies have been carried out investigat-
ing plasma etching of titanium at low pressure, using 
various halogen etchants (Loffler et  al., 2012; Amirov 
et al. 2016). Blumenstock and Stephani (Blumenstock & 
Stephani 1989) proposed that the addition of fluorine 
in a chlorine plasma jet catalyzed the material removal 
by slowing down the decomposition of TiClx into TiO2. 
Fracassi and d’Agostino (Fracassi & d’Agostino 1992) 
proposed that fluorinating a titanium surface ena-
bles it to react more readily with chlorine. Li (Li et al. 
2014) investigated various fluorine compounds (CF4, 
C2F8, and SF6) to etch BaTiO3 thin films in an induc-
tively coupled plasma system. They showed using SF6 
led to higher etch rates, and less nonvolatile by-prod-
ucts remained on the surface. These studies show that 
both fluorine and chlorine etchants can chemically 
etch titanium, creating volatile products, but TiClx are 
more volatile than TiFx compounds (Norasetthekul 
et  al. 2001). However, under atmospheric conditions, 
chlorine containing compounds should be avoided, 
and many previously used chlorine sources such as 
CCl4 or BCl3 have either been banned or are too dan-
gerous to use. Chlorine radicals readily hydrolyze with 
water vapor in the air, which can pose a danger to the 
machine integrity and the operators. Metal chlorides 
remaining on the substrate surface will also hydrolyze, 
forming hydroxides and oxychlorides which can pre-
vent etching (Coburn & Winter 1979). For this reason, 
the use of fluorine would be highly beneficial as com-
pounds such as SF6 and CF4 are already widely used in 
industry and are deemed safe with precautions already 
in place.

To our knowledge, APP etching of Ti6Al4V has not 
been reported in literature. In this work, we try to develop 
an APP process using a fluorine-based etchant (SF6) for 
the etching of Ti6Al4V alloy. After obtaining initial posi-
tive feasibility results in static dwell and dynamic trench 
etch experiments, microstructural characterization of 
etched surface was combined with thermodynamic mod-
elling to reveal the material removal mechanisms. Areal 
etching operational parameters for a specific sample pro-
file were estimated based on the trench etching results. 

The obtained experimental results were then compared 
to the respective theoretically calculated ones, and the 
reasons for any discrepancies are discussed.

Materials and methods
Ti‑6Al‑4V alloy
Ti6Al4V is an α + β alloy, meaning it is comprised of a 
mixture of hexagonal close-packed (HCP) α and body 
central cubic (BCC) β-crystal structures. In general, the 
HCP phase provides strength, and the BCC phase pro-
vides ductility. In Ti6Al4V, aluminum is the α-phase 
stabilizer, and vanadium is the β-stabilizer. Depend-
ing on the quantity of each, the β-transition tempera-
ture (β-transus) can range from ∼700 °C to over 1000 °C 
(Lutjering & Williams 2007). Ti6Al4V contain between 5 
and 30% volume of β-phase (Boccchetta et al., 2021).

Ti6Al4V samples were purchased from TIMET UK 
Ltd., measuring 50 × 50 × 16 mm3. The material com-
position was given by the supplier as 5.5–6.75% wt. 
aluminum, 3.5–4.5% wt. vanadium, and up to 1.145% 
wt. other impurities, with the remainder composed of 
titanium.

The as-received samples were sanded, polished, and 
cleaned to allow for interferometer measurements before 
and after etching. Sanding was carried out by hand using 
alumina (40–180 grit) and silicon carbide (240–2400 
grit) sandpapers to initially smooth the surface. Hand 
sanding was preferred to prevent local crystal structure 
changes, thermal damage, or residual stresses which may 
be induced through grinding (Malkin & Guo 2007). The 
polishing slurry used was L1 finishing liquid from LAM 
PLAN®, specifically designed for polishing of Ti alloys. 
The cleaning process involved an initial wash with de-
ionized water and then isopropanol (IPA) and dried with 
clean dry air.

Atmospheric pressure plasma system
Plasma etching was carried out using the Helios-1200 
machine (RAPT Industries Inc., USA). The energy cou-
pling in the plasma torch can be either electrically domi-
nated (E mode) or magnetically dominated (H mode) 
due to the design of the copper coil (Fig. S1). At low 
powers, the torch operates in E mode, and at high pow-
ers (above ∼800W), there is a transition to H mode, lead-
ing to an increase in plasma temperature and ionization 
(Yu 2016; Castelli 2012). Figure S1a shows a cross sec-
tion of the torch, and the coil has five helical turns, the 
top 3 of which are water cooled with the bottom 2 made 
from solid copper. The purpose of this design is to allow 
for plasma ignition without the need for an additional 
ignition device such as a Tesla coil. The processing was 
done using an argon plasma at flow rates of 20 L min−1 
as a shield gas and 0.8 L min−1 Ar (90%)/SF6 (10%) mix 
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as the reactive species. The pure argon is required to act 
as a curtain around the reactive species, preventing reac-
tions with the air. The operating power was 1.2 kW at a 
frequency of 40.25  MHz, and the stand-off (top of the 
torch to sample surface) distance was 6 mm, which pre-
vious experiments showed to be the distance where the 
greatest concentration of fluorine radicals was present 
(Castelli 2012). Table  S1 summarizes these operational 
parameters used in the experiments. At these operat-
ing conditions, the torch operates in H mode and can be 
considered thermal, where the electron temperature is 
approximately the same as the heavy particle (ions/neu-
trals) temperature.

Most of the operating conditions of the plasma etch-
ing experiments throughout the results presented in this 
work were kept constant, with the dwell time, raster pat-
tern, and plasma beam moving speed (actually, sample 
moving speed) being the only variables. Other operating 
parameters such as the stand-off distance, input power, 
pitch size, and reactive gas composition/concentration 
have been previously optimized for the etching of Si-
based materials (Castelli 2012). This work builds on pre-
vious work by applying similar principles to an entirely 
new substrate, i.e., metals, and focusing on the plasma-
surface interaction. Initial tests showed that the material 
removal is negligible with pure argon plasma (Fig. S2). 
This confirms the material removal contribution from ion 
sputtering is negligible.

Theoretical description of plasma etching
The etching rate of a reactive plasma jet is dependent 
on the chemical reaction rate, which in turn is tempera-
ture dependent. In order to model the plasma etching 
process, the material removal rate must be determined 
and the relevant parameters be identified. The mate-
rial removal rate function of a plasma etching process, 
R(x, y), can be estimated as the convolution of the beam 
function, B(x, y), and the dwell time function τ(x, y) as 
shown in Eq. (1) where * signifies the convolution opera-
tor (Drueding et al. 1995) and x and y are coordinates of 
the plasma beam. This is based on convolution algorithm 
used for ion beam figuring. Here, the dwell time function 
τ(x, y) has units of s mm−2 and describes the amount of 
time the torch dwells over a given area. The beam func-
tion is taken as the characteristic footprint of a given 
plasma torch and workpiece, typically a 3D Gaussian, and 
has units of nm s−1. These functions are determined via 
multiple experiments to achieve a trend of etch depth 
against time (Drueding et al. 1995).
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For areal etching, a technique of dividing an area 
into strips is adopted where each strip has a width and 
a velocity function associated with it (Drueding et  al., 
1995). The so-called partial Cartesian discretization of 
the Eq. 1 is approximated as follows in Eq. (2).

The simplified dwell time function T(u,v) is determined 
by the beam moving speed V(u) and the strip width Δv, 
shown as in Eq. (3) (Drueding et al. 1995).

So, if the beam moving speed and the strip width are 
defined, and the beam function B(x, y) is known, the 
material removal function R(x, y) are determined.

The beam function B(x, y) is usually defined as a 
symmetrical 3D Gaussian, shown in Eq.  (4), with 
A = 143 nm s−1, based on the derivative of a linear rela-
tionship for etch depth against processing speed, and σ 
was calculated as FWHM/ 2

√

2ln(2)  , where FWHM is 
the full width at half maximum as determined from the 
trench etching. The average FWHM observed during the 
trench experiments was measured as ~ 10 mm.

Plasma etching procedures
Initial experimental stationary dwells were carried 
out at the center of the Ti6Al4V surfaces to determine 
time dependency of the material removal rate. Build-
ing on this, trenches were then etched to show tempo-
ral and spatial stability of the etching process. The beam 
moving speed for the trenches was varied from 50 to 
250 mm min−1 in 50 mm min−1 intervals. These experi-
ments showed the dynamic etching requires the surface 
to be preheated to etch a clean trench. The preheating 
pass used a pure argon plasma jet at an input power of 
1.2 kW and 6- mm standoff at a speed of 50 mm min−1. 
This was kept consistent throughout the experiments. 
This pass was carried out directly before the SF6 was 
injected into the plasma stream.

Initial areal etching experiments were carried out by 
overlapping trenches at a constant speed at 100 mm min−1 
and at a pitch width (separation of strips Δv) of 5 mm. The 
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pitch of 5  mm was chosen as half the average FWHM 
determined from the trench etching. This rastering back 
and forth at a constant speed is called a neutral removal 
process (Fig. S3a). This was first done by overlapping three 
trenches (to observe if the pitch of 5 mm would result in 
a smooth removal footprint) and then seven, to cover the 
entire measured surface. An alternate pass pattern, as 
shown in Fig. S3b, was also employed, to investigate any 
effect of the raster pattern on the etching rate.

For simplicity, the required velocity function V(u) 
was obtained through an empirical method, as shown 
in Fig.  1. For a particular etching requirement (Fig.  1a), 
the relationship between the etching depth and speed 
V was obtained from the trench experiments, i.e., 
etch depth = 334450 • V−1.36 . The processing speed 
V was set to result in a height of 0  nm for each pixel. 
Beam moving speed V was calculated for each pixel in 
the surface measurement matrix, leading to a velocity 
map (Fig. 1b). This velocity map was averaged into areas 
of 5 mm × 1 mm to input into the Helios-1200 machine 
(Fig.  1c), which does not have enough memory or the 
capability to change velocity at each pixel (∼193,000 pix-
els in each measurement area). The velocity was set to 
500 mm min−1 when the height of the pixel was equal or 
below 0, i.e., when no etching was required.

Using the above obtained beam function and the dwell 
time function (obtained from Eq. 3), a material removal 
function R(x, y) can be calculated. This calculated mate-
rial removal pattern was compared to the actual obtained 
experimental pattern. As the time function was the same 
for the experiment and the calculation, this compari-
son can be used as an investigation to the adopted beam 
function, or, precisely, the assumptions used in obtain-
ing the beam function, which are discussed in the “ Areal 
plasma etching” section.

Methods for surface characterization
The material removal was characterized using FST10 
(Fisba Optik, Switzerland) and DynaFiz® (Zygo, USA) 
interferometers in phase-shifting mode. The surface of 
each sample was measured before and after plasma pro-
cessing to determine the amount of material removed. 
Each measurement was carried out using a Φ40-mm 
measurement mask, resulting in a 1020 × 1020 pixel 
surface using the FST10 interferometer and a 440 × 440 
pixel surface using the DynaFiz®. The surface roughness 
was measured using a Form Talysurf 120-L profilometer 
(Taylor Hobson, UK). The areal surface roughness was 
characterized using a Talysurf 6000 (Taylor Hobson, UK) 
coherence correlation interferometer (CCI).

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDS) analysis were carried 
out using a TESCAN Vega-3 SEM equipped with AZtec 

from Oxford Instruments for EDS. Results were obtained 
at three stages of the process: (i) before etching, (ii) after 
etching, and (iii) after etching and polishing. The samples 
required post-etching polishing for a few seconds since 
an opaque layer was formed which prevented optical 
measurements using the DynaFiz interferometer. SEM 
and EDS results were obtained at step (ii) to characterize 

Fig. 1  Steps taken to build the velocity map V (x, y) used for areal 
plasma etching: a The required material removal (etch depth) 
pattern. b Each pixel assigned a processing speed V (calculated 
from etch depth = 334,450 • V−1.36) to reduce the surface height 
to 0 and (c) averaged velocity map for areas of 5 mm × 1 mm
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the nature of this opaque layer. 3D microstructural char-
acterization of the etched and polished surface was car-
ried out using a Bruker Veeco Dimension 3100 atomic 
force microscopy (AFM) system in tapping mode and a 
measurement area of 25 × 25 µm2.

Results and discussion
Thermodynamic simulations
Thermodynamic simulations at equilibrium were carried 
out using FactSage™ software, which calculates the prod-
ucts formed under equilibrium conditions given the reac-
tants and their quantities. This software calculates the 
products based on the minimization of Gibbs free energy. 
The surface temperature experienced by the substrate 
during etching when using the Helios 1200 torch is esti-
mated to be ∼850 K based on previous work (Revankar 
et  al. 2014). From this, simulations were run with input 
reactants as Ti, Al, V, and SF6 in their respective quan-
tities (Table S2). Table 1 shows the top products formed 
at equilibrium at 850 K. The melting and boiling points 
for each compound are also listed in Table  1. Fractions 
of VFx compounds were not available since the software 
predicts negligible amounts formed due to the low con-
centration of vanadium; however, the melting and boiling 
points for VF4 and VF5 are also included in Table 1. These 
thermodynamic simulations were carried out at tempera-
tures between 500 and 1500 K in 50-K intervals. Figure 2 
shows the calculated fraction (%) of TiF4 produced fol-
lows an exponential trend as temperature increases. If 
TiF4 is the only volatile titanium product formed, these 
simulations suggest that the etch rate is exponentially 
related to the surface temperature.

There are several limitations of these simulations. The 
main problems are as follows: (i) it does not take account 

of the ionization of the plasma jet, and (ii) it assumes 
equilibrium conditions. Both are not valid for the plasma 
etching in this work. However, these simulations at least 
can provide a list of possible products. As ionization 
of the gases in the plasma jet can increase the reaction 
activities substantially, the formation of some products 
could be much more than the predicted by this software. 
The fact that the addition of SF6 to the plasma jet can 
etch Ti6Al4V alloy, as will be shown below, suggests that 
much more TiF4 may have been formed than the pre-
dicted by this simulation.

Stationary and dynamic plasma etching
Despite the unpromising simulation results, initial exper-
imental test results proved more encouraging. Prelimi-
nary plasma etching tests for a few seconds turned the 
surface optically opaque, and no optical measurements 
could be carried out (Fig. S4a). However, after hand pol-
ishing for a few seconds, these samples were reflective 
enough for optical measurements (Fig. S4b). Figure  3a 
shows an example of a dwell footprint as measured 
from the FST10 phase-shifting interferometer after a 5 s 
dwell time and a profile along the x-axis in the center 
of the sample (Fig.  3b). The profile confirms that the 
etching footprint resembles a Gaussian function. Fig-
ure  3c and d shows the variation in FWHM and etch 
depth against dwell time respectively. These results were 
taken from 3 repeats at each dwell time with the error 
bars showing ± standard deviation of the results. Dwell 
times below 5  s showed no measurable etching. The 
increase in FWHM with dwell time up to 10  s suggests 
the torch footprint is not stable below 10  s. Even after 
a dwell time of 10  s on Ti6Al4V, the FWHM has only 
reached ~ 9.5 mm and does not appear to be levelling off. 
This is very different from the APP etching of Si-based 
materials where a plateau in FWHM ~ 11 mm is reached 
after a dwell time of 1 s (Solheid et al. 2020).

Table 1  Thermodynamic simulation results from FactSage™ 
showing the most formed products when Ti, Al, V, and SF6 coexist 
at 850 K and their respective melting and boiling points

a Melting and boiling points not available in literature

Product Fraction (%) Melting point (°C) Boiling 
point 
(°C)

TiF3 80.9 1200 1400

TiF2 15.2 a a

AlF 3.8 × 10−2 a a

AlF3 6.5 × 10−4 Sublimates 1297

AlF2 4.2 × 10−4 a a

TiF 5.6 × 10−7 a a

TiF4 4.3 × 10−7 Sublimates 284

VF4 - Sublimates 325

VF5 - 20 48

Fig. 2  Fraction of TiF4 formed at temperatures between 500 
and 1500 K as calculated from FactSage™. The amount of TiF4 
increases exponentially with temperature
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Initially trenches showed unstable etching as shown 
in Fig. S5a. To solve this, the samples were preheated by 
passing a pure argon plasma over the surface immediately 
before etching at a speed of 50  mm  min−1. This speed 
was chosen to sufficiently heat the surface, and measure-
ments showed this preheating pass did not remove any 
additional material. This preheating led to clean trenches 
as shown in Fig. S5b, as well as higher etch rates than 
expected based on the stationary dwells (during the time 
for the torch to travel the length of FWHM, i.e., 10 mm) 
as the latter had no preheating. Fig. S6 shows the trench 
footprints as measured by phase-shifting interferom-
eter techniques for processing speeds between 50 and 
250 mm min−1.

The etch depth varied against beam moving speed in an 
inverse power way between 50 and 250 mm min−1 after 
doing the preheating pass (Fig.  4a). The trend shown is 
of the form a • x−b where a = 334,450 and b = 1.36. Again, 
the error bars show ± standard deviation of three separate 
results at each data point. Figure  4b shows the FWHM 
of the torch footprint is variable with respect to beam 
speed. This implies that the surface-torch interface has 
not reached a thermal equilibrium since the FWHM has 
not reached a plateau. With a variation in FWHM from 
∼9 to ∼12.5 mm, 10 mm was taken as an average FWHM. 
From these etching footprints, the material removal rate 
(MRR) can be calculated (Eqs. S2 & S3 in the Support 
Information). Figure  4c shows how MRR varies with 

beam speed. Comparing this with typical MRR for alter-
native techniques, this plasma etching process leads to 
MRR values (0.5 mm3 min−1–2 mm3 min−1) at the lower 
end of typical APP etching MRR of silicon-based materi-
als (0.1 mm3 min−1–50 mm3 min−1). However, this is still 
significantly greater than alternative techniques such as 
IBF (∼0.01 mm3 min−1) and comparable to that of mag-
netorheological finishing (MRF) (0.3 mm3  min−1–13 
mm3  min−1) for Si-based materials [29]. It is also worth 
noting the repeatability of the process. The error bars 
shown in Figs.  3d and 4a are narrow (< ± 40  nm in all 
except the trench depth at 50 mm min−1) over multiple 
samples. This shows the plasma etching process is highly 
deterministic and repeatable when etching an individual 
trench or dwell within the time period investigated.

The roughness of the etched surface Ra was measured 
using profilometry across the trenches. This was found to 
increase with the decreasing raster speed (Fig. 4d). Before 
plasma etching, the Ra was measured to be between 
6 and 12  nm. This was increased to 50  nm after etch-
ing at 250 mm min−1 and reached more than 200 nm at 
50 mm min−1.

Microstructural and compositional analysis of the surfaces
SEM images were taken for all the three stages: before 
etching, after etching, and after etching and polishing. 
Figure  5a shows a low magnification secondary elec-
tron (SE) SEM image of a Ti6Al4V surface after plasma 

Fig. 3  Static dwell experimental results. a 2D plot of an interferometer measurement of the pitch footprint after a 5 s dwell. b Its 2D footprint 
profile in x direction. The profile fits very well by a Gaussian function. c Dwell full width at half maximum (FWHM) and (d) dwell depth against time 
between 5 and 10 s dwells. Error bars show ± standard deviation of three results at each data point
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etching and polishing. The trench etched can be seen in 
the center of the image (bright contrasted) which was 
carried out at a beam moving speed of 100  mm  min−1. 
SEM images were taken at various points across the 
width of the trench to determine variations in sur-
face morphology and grain structure across the area of 
plasma influence. These points are labelled in Fig.  5 as 
B–P. The distance between two adjacent measurement 
points, such as from B to C, is 2 mm. In total, 14 images 
were taken over a width of 26 mm across the direction of 
etching. The center of the trench appears to be between 
B and C in Fig. 5a. The etching footprint as shown in Fig. 
S6b suggests that the etching is symmetric; indeed, simi-
lar morphology was observed for the pairs of B and C, D 
and J, E and K, F and L, G and M, and H and N (where 
the morphology was very much the same as that for the 
untreated sample). Figure 5b, c, d, e, f, g, h and i shows 
SEM images taken at the positions shown in Fig.  5a at 
B–I, respectively, across half of the trench. These images 
show that the etching is the deepest at the centers B (b) 
and C (c) and progressively reduces towards the edge G 
(g) and H (h). At I, the surface was almost featureless (i), 
the same as for the untreated area.

Figure  6 shows a back-scattered electron (BSE) SEM 
image and EDS line-scan results across grain bounda-
ries with the line profiles for Al, V, and Ti peaks. It shows 
clearly that the dark region is vanadium rich and poor in 

titanium and aluminum. The bright contrasted region 
is relatively aluminum rich. These suggest that the dark 
region is the β-phase, and the bright contrasted region is 
the α-phase (Fig. 6 top & Fig. 7). The apparent Ti reduc-
tion is probably due to the existence of small amount of 
etch residue in the β-region which has a much lower Ti 
concentration (this will be discussed below in Fig.  8). If 
so, the morphology of the sample as shown in the above 
SEM images corresponds to an equiaxed structure as 
opposed to lamellar or bimodal structures (Lutjering 
& Williams 2007; Bocchetta et  al. 2021). The α:β ratio 
for the samples used here was then determined, using 
thresholding in ImageJ, to vary between 8.2 and 19.5% β 
for the SEM images in Fig. 5b, c, d, e, f, g and h, which 
sits within the range between 5 and 30% of the β-phase 
stated in literature. The average ratio was determined as 
0.87α:0.13β. This is similar to the α:β ratio of 0.83α:0.17β 
determined from the SEM images of the un-etched areas. 
An example of a thresholding SEM image is shown in Fig. 
S7 for point B (in Fig. 5a), where Fig. S7a shows only the 
α-phase and Fig. S7b shows only the β-phase. The orig-
inal SE SEM image, Fig. S7c, is included as a reference. 
The same equiaxed morphology and similar α-β ratios 
between the clean and etched surfaces confirm that the 
plasma etching process has not exceeded the β-transus 
temperature of 1268 K (Lutjering & Williams 2007).

Fig. 4  Atmospheric pressure plasma dynamic trench etch experimental results. a Maximum trench depth, (b) full width at half maximum (FWHM), 
(c) materials removal rate (MRR), and (d) surface roughness Ra against beam processing speed for trenches between 50 and 250 mm min−1 
after preheating with an argon plasma. The trend shown in (a) was calculated as 334,450 · x−1.36. The trend line equation in (d) is calculated 
as 5841x−0.85. The error bars show ± standard deviation of three separate results at each data point
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The above SEM images suggest the β-grains were 
etched more than the α-grains. AFM measurements were 
then carried out to determine the extent of this prefer-
ential etching. The scan shown in Fig. 7a was carried out 
at the center of a trench after plasma etching and polish-
ing. The trench was etched at a speed of 50 mm min−1. 
The results clearly show the β-phase was etched signifi-
cantly more than the surrounding α-phase. Line scans 
confirm that the β-phase has been etched up to 500 nm 
deeper than the surrounding α-phase, where the blue, 
red, and green points are taken to compare the relative 
height of the surface (Fig. 7b & c). The narrow width of 
the β-grains also means that phase-shifting interfer-
ometer (PSI) measurements will not be able to detect 
the β-phase, and only the α-phase is detected. As the 
trench depth is ~ 1 µm, this leads to the conclusion that 
the β-phase is etched up to 50% faster than the α-phase. 
This preferential etching of the β-phase means that the 
ratio of α-β phases and the grain size of each phase for 

a particular Ti6Al4V sample will affect the etch rate and 
surface topology after etching. It is noteworthy to com-
pare this to the electrochemical dissolution behavior of 
Ti6Al4V. Experiments investigating the corrosion resist-
ance of Ti6Al4V have shown that in a 15% wt. NaCl solu-
tion, the α-phase is preferentially etched, compared to 
the preferential etching of the β-phase seen in the reac-
tive plasma here using SF6 (Li et al. 2022).

Mechanism of the plasma etching of Ti6Al4V
Microstructural characterization was also carried out for 
the sample surface immediately after the plasma etch-
ing procedure, before any after-processing polishing 
was done. Figure 8a shows a low magnification SE SEM 
image of a Ti6Al4V surface immediately after an APP 
etching at a beam speed of 50 mm min−1. As above, SEM 
images were taken at various points across the width of 
the trench to determine variations in surface morphology 
and grain structure across the area of plasma influence. 

Fig. 5  SEM images of Ti6Al4V surface after plasma etching and polishing. a Wide-field image at low magnification. A trench etched at a beam 
moving speed of 100 mm min−1 can be seen in the center of the image. b, c, d, e, f, g, h, i Are images taken at points B–I shown on (a), respectively. 
Each image is taken 2 mm apart
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These points are labelled in Fig.  8a as B–H and span 
12 mm with each point 2 mm apart. The corresponding 
SEM images for each point are shown in Fig. 8b, c, d, e, 
f, g and h.

At first glance, the surface appears cracked towards the 
center of the trench, as seen in Fig.  8b and c. However, 
upon further investigation and comparing the morphol-
ogy to the other SEM images, it can be deduced that this 

Fig. 6  SEM image and EDS line scans showing chemical composition of aluminum, vanadium, and titanium (from top to bottom respectively) 
across grain boundaries along the line shown in the SEM image at the top. EDS line scan results indicate that the dark contrasted regions are 
vanadium-rich β-phase and the bright contrasted grains are aluminum-rich α-phase
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Fig. 7  Atomic force microscopy scan results. a 3D and (b) 2D scan taken at the center of a trench etched at 50 mm min−1 after etching 
and polishing. c Shows the profile across the line in (b). The results indicate that the β-phase grains are preferentially etched than the α-grains
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is the residue or redeposition from the plasma etching 
process. This residue is thick enough at the center of the 
trench (Fig.  8b, c, d) that the secondary electrons can-
not penetrate the redeposited layers to reach the detec-
tor, so only the redeposited material surface can be seen. 
However, away from the center of the etched trench, such 
as in Fig. 8e, the shape of the etched surface (dark con-
trasted areas) can be seen together with the redeposited 
material, indicating the surface shape of the redeposited 

materials follows the morphology of the preferentially 
etched β-grains. Further away from the center, at F 
and particularly at G (Fig.  8g), the shapes of the etched 
β-grains (dark contrasted) become more apparent, and 
the redeposited materials are less obvious but still vis-
ible. No cracks of the redeposited layer can be found in 
G (Fig. 8g). Further away from the center of the trench, 
such as at position H, there is little redeposition (Fig. 8h), 
and the slightly etched β-grains are observable. Outside 

Fig. 8  SEM images and surface compositions of Ti6Al4V surface immediately after plasma etching at 50 mm min−1. a At low magnification. b, 
c, d, e, f, g, h Are secondary electron images taken at points B–H shown on (a), and the scale bar is 10 µm. Each image is taken 2 mm apart. h Is 
the image from the untreated area. i Atomic percentage (%) of different elements across the width of the plasma footprint for positions B–H in (a) 
immediately after plasma etching
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of the trench footprint, the almost featureless morphol-
ogy resembles that of the clean, un-etched surface.

EDS was then employed to analyze the chemical com-
position of the residue material. Figure  8i displays how 
the chemical composition varies with respect to the 
position across the plasma pitch. It illustrates how the 
amounts of fluorine, oxygen, and titanium correspond 
to the amount of etching taking place. At position H in 
Fig. 8a (outer part of the plasma footprint), only titanium, 
aluminum, and vanadium are present with no oxygen 
or fluorine present. Towards the center of the trench, 
at position B, the atomic percentages are as follows: 
O = 37.9%, F = 42.7%, Al = 7.9%, V = 0.1%, and Ti = 11.4%. 
This means the amount of Ti is reduced significantly, with 
Ti/Al (atomic) ratio reduced from 7.4 at position H to 1.4 
at position B. The concentrations of oxygen and fluorine, 
however, increase significantly towards the center of the 
trench, reaching a combined concentration of over 70% 
at positions B, C, and D. Vanadium is reduced towards 
the trench center to ∼0.2% at positions B, C, and D. The 
concentration of aluminum remains relatively stable, 
varying between 5.5 and 7.9% from positions F to B. The 
very brief (a few seconds) cleaning and polishing process 
after the plasma etching returns the ratio of elements to 
approximately the pre-etching composition, as afore-
mentioned. This proves that this presence of oxygen and 
fluorine is in fact residue which is only adsorbed onto 
the surface in the form of fine dusts, and not chemically 
bound to the surface.

These results are summarized as below:
	(i)	 Vanadium does not exist in the redeposited materi-

als, meaning all the etched vanadium is evaporated 
as volatile compounds.

	(ii)	 The titanium concentration in the redeposited 
materials is less than 20 at. %, much less than 
the ~ 90 at % concentration in the original Ti6Al4V, 
and the Ti/Al ratio is reduced significantly from 
its original value, implying much of the titanium 
is also evaporated during etching as volatile com-
pounds.

	(iii)	 The redeposition has a rough composition of 
between 20 and 30% at. (Al, Ti):80–70% at. (O, F).

	(iv)	 The redeposition is concentrated within the plasma 
footprint. Outside of the plasma jet area of influ-
ence, the elemental composition and morphology 
are close to that of a clean, un-etched sample (~ 8).

By combining the above SEM and EDS results with 
the FactSage simulations, the plasma etching mecha-
nism can be proposed. Firstly, it requires time to heat the 
sample surface close to the plasma temperature, which is 
∼850 K. At this temperature, some metal fluoride com-
pounds, such as TiF4 (b.p. = 557  K), VF5 (b.p. = 321  K), 

and VF4 (b.p. = 598 K), are volatile; hence, the vanadium 
will be chemically etched and removed in the form of 
VF4 and VF5. The facts that (i) TiF4 is the only volatile 
titanium fluorine compound around 850 K, (ii) Ti6Al4V 
can be etched at relatively high MRR by SiF6 contain-
ing plasma, and (iii) the FactSage simulation result that 
a small amount of TiF4 and a large amount of TiF3 are 
formed at this temperature under equilibrium conditions 
prompt us to suggest that the main process of material 
removal is the formation of TiF4 volatile compound in 
the plasma. This is most likely through the formation of 
TiF3 (or TiF2 to a less extent) first and then reaction with 
the fluorine radicals to form TiF4. This is because TiF3 
and TiF2 are thermodynamically favorable to be formed 
at around 850 K, but this temperature is much less than 
the boiling temperatures of TiF3 (higher than 1600 K) or 
TiF2 (the boiling point of TiF2 is unknown but likely to be 
higher than that of TiF3); hence, Ti is unlikely to be lost 
as TiF3 or TiF2. However, we could not rule out the direct 
formation of TiF4 in the plasma environment. As for the 
aluminum removal, we suggest this is a consequence of 
the titanium and vanadium removal. This is based on the 
facts that (i) there should be no volatile aluminum con-
taining compound at this temperature, (ii) less than 7% 
wt of aluminum exists in the Ti6Al4V alloy, and (iii) the 
concentration ratio (atomic) of Ti/Al/titanium is close to 
1.4 at the center of the etching residue, about 1/6 of the 
nominal concentration ratio (~ 8) of the clean Ti6Al4V. 
This suggests a significant amount of aluminum, if not all, 
remained in the residue or the redeposition. Based on this 
mechanism, it can be explained that the lack of etching 
seen in dwell times below 5 s, and in the trench without 
preheating, is due to the time required to heat the sample 
to sufficient temperature close to 850 K. The preferential 
etching of the β-phase can also been explained. Appar-
ently, vanadium is the easiest to be etched and removed, 
followed by titanium, while aluminum is the most diffi-
cult to be etched and removed. The β-phase is vanadium 
rich, compared to the α-phase which is aluminum rich. 
The density of the α- and β-crystal structures may also 
play a role in the etch rate. Since the β-phase takes on a 
BCC structure, which is less dense than the HCP struc-
ture of the α-phase. The increased density means more 
atoms will be present per unit volume in the α-phase. 
Since the removal mechanism of the plasma etching pro-
cess is chemical, this increased amount of atom means 
more reactions will have to take place to remove the 
same volume of material in the α-phase compared to the 
β-phase. The grain size may also have an impact, since the 
grain boundaries are where the plasma etching process 
will initiate. Since the β-grains are much smaller than the 
α-grains, the percentage of atoms at a grain boundary for 
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the β-grains is much higher that of the α-grains, meaning 
layers of material can be removed faster in the β-grains.

Areal plasma etching
The neutral removal footprints, shown in Fig.  9, dis-
play the material removed after (a) three and (c) seven 
trenches overlapped at 5  mm apart at a beam speed of 
100  mm  min−1. Figure  9b and d displays the cross sec-
tions of the footprints at x = 20  mm for Fig.  9a and c 
respectively, showing how etch rate varies with each pass. 
The trenches started from the bottom right-hand side of 
the sample and progressing to the top left-hand side. The 
final pass in Fig. 9c was carried out at y = 35 mm which 
is why the material removal decreases towards the top of 
the image, and the sharp increase in surface height rep-
resents the edge of the Gaussian beam. The three-pass 
neutral removal footprint (Fig.  9b) shows a relatively 
flat footprint with ± 100-nm deviation in the material 
removal over the center 20 mm. This becomes less con-
sistent after the seven-pass raster (Fig.  9c). A distinc-
tive feature in Fig. 9d is the apparent higher etch rate at 
y > 20 mm than y < 20 mm. We believe this was due to the 
higher sample temperatures at y > 20 mm than y < 20 mm 
because the raster started at y = 5  mm and finished at 
y = 35 mm. To reduce this effect, further etching was car-
ried out using the alternate raster pattern (Fig. S3b).

The material removal of the areal plasma etching 
experiments was compared to a calculated material 
removal function, predicted using Eq. 1. As discussed in 

the “ Introduction” section, this equation makes assump-
tions which are not accurate for the temporal stabil-
ity, spatial stability, and linearity of the etch rate with 
respect to time, and it provides a simple estimate which 
is not computationally intensive and easy to compare 
the actual and predicted material removals. Figure  10 
shows the PSI measurements of the Ti6Al4V surface (a) 
before plasma etching and (b) after plasma etching and 
polishing after applying the alternate pass raster pattern 
at the calculated (100%) velocity map. Figure 10c shows 
the actual material removed, and Fig. 10d shows the dif-
ference between the actual material removal and the cal-
culated (the convolution of the dwell time and the beam 
function, Eq. 2) material removal (called “the difference” 
hereafter). In Fig.  10d, the positive values on the z-axis 
correspond to a greater amount of material removed 
than predicted and vice versa for the negative values. 
Further experiments were carried out to investigate the 
effect of processing speed on the “difference” as well as 
on the flatness of the surface. Figure  10e and f displays 
the cross-section profiles of the actual and calculated 
material removal at x = 20 mm and y = 20 mm for raster 
speeds of 100%, 125%, and 150% of the calculated pro-
cessing speed for the alternate raster path. These higher 
speeds should remove less materials on each scan. The 
profiles for the raster speed of 100% for the standard 
neutral removal raster path are also displayed for com-
parison purpose. A few features can be noted: (i) compar-
ing the samples before and after the plasma etching, the 

Fig. 9  Areal etch using neutral raster paths. a Interferometer measurement of plasma etch footprint after three passes, raster at constant speed 
of 100 mm min−1. b Cross section at x = 20 mm in (a). c Plasma etch footprint after seven passes, raster at constant speed of 100 mm min−1, and (d) 
cross section at x = 20 mm in (c)
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Fig. 10  Plasma areal etch experimental and calculated results. Surface measurements of (a) unprocessed sample, (b) after plasma etching 
and polishing, (c) material removed, and (d) the difference between the actual material removed and the material removal as calculated by Eq. 1 
after applying the alternate pass raster pattern at the calculated (100%) velocity map. Cross sections of the differences between the actual 
and the calculated materials removal for 100%, 125%, and 150% of the calculated speeds in (e) along x and (f) y directions. The results using 
the standard raster path at 100% of the calculated speed is also plotted for comparison. (g) Illustrating the origin of the ring seen in the etching 
difference profile (d). The points initially measured to be needing 0-nm etching are overlaid to (d)
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surface form became smoother, or the dome height has 
been reduced significantly after plasma etch under all the 
beam speeds; (ii) for 100% and 125% speed, the difference 
profiles stay in positive for the whole range of 5–35 mm, 
and only for 150% high speed some parts are below zero; 
(iii) the shapes for all the three cases are similar, i.e., the 
difference is the largest at the center of the sample; (iv) 
the difference between 100 and 125% is smaller than 
the difference between 125 and 150%; and (v) the pro-
files are roughly symmetrical for y = 20  mm but less so 
for x = 20 mm. The difference when x > 20 mm is appar-
ently larger than at x < 20 mm; (vi) the difference for the 
standard raster pattern is larger than the alternate raster 
pattern.

From the results in Fig. 10, it is apparent that there is 
significant deviation between the calculated and the 
actual material removal. The actual removal at the center 
of the sample is much higher than the calculated and 
reached a maximum 600  nm at the center (x = 20) for 
the 100% speed using the alternate path. This difference 
progressively decreases towards the edge of the sample, 
achieves roughly 0 at a radius about 10  mm from the 
center, i.e., when x = 10 mm, and then it starts to increase 
again towards the edges of the samples. An “O” ring with 
a radius about 15 mm centered at the sample center has a 
local maximum of the difference between the actual and 
the predicted material removal. We can demonstrate this 
“O” ring is an artifact due to the mechanical limitation 
of the motion stage. As the pre-etched surface is dome 
shaped (due to the edge roll-off effect during hand sand-
ing), the points which require no etching (etching height 
equals zero) are shaped like an “O” ring, and Fig. 10g dis-
plays this “height zero” in black dots overlapped on the 
image shown in Fig.  10d. The “height zero” positions 
overlap with the second maximum of the “difference” 
almost perfectly. This happens at the places where the 
motion stage is required to rapidly accelerate/deceler-
ate. Theoretically, it requires the stage has an infinitely 
large speed at those positions so that the etching time is 
zero, but in practice, the motion stage has a limited speed 
capability, so it stayed there longer than is required, 
resulting an etching more than required there.

Discussion
We believe the above results indicate that the assump-
tion that the beam function can be approximated by a 
constant Gaussian function is not valid, and tempera-
ture dependence needs to be considered. The initially 
estimated beam moving speed, as calculated from the 
simple relation height/etch rate, is an overestimate, as 
this etch rate is obtained from the single trench experi-
ments, and it does not take consideration of the mate-
rial removal from the adjacent plasma passes in raster. 

Nor does it take into account the heating contribution 
when the plasma beam was more than 5 mm (half of the 
FWHM) away. However, this does not affect the discus-
sion on the difference between the actual and the calcu-
lated material removal since the calculated etching using 
Eq. 1 also considered material removal from the adjacent 
plasma beams. As the time function is the same for both 
calculated and actual material removal functions, the cal-
culated material removal should be equal to the actual 
removal if the idealized 3D Gaussian beam function is 
the true representation of the practical etching.

A number of reasons can contribute to the fact that the 
beam function is not a perfect Gaussian function, one 
being temperature variations. During the plasma etching, 
the center of the sample becomes hotter than the outer 
part of the sample due to less heat loss. This leads to an 
increased rate of chemical reactions at the hotter center 
according to the Arrhenius equation. Secondly, the dome 
shape of the pre-etched sample means the calculated 
speed at the center is the slowest, this means there will 
be more SF6 or fluorine radicals at the center, and this 
higher concentration of fluorine radicals can also lead to 
higher chemical reactions there.

Generally speaking, a chemical reaction rate changes 
with temperature exponentially but linearly with reactant 
concentration, so we focus our discussion on the sample 
surface temperature under the plasma beam. Accord-
ing to the above discussion, the difference between the 
actual and calculated material removal is an indication 
on the temperature difference between the areal etch-
ing and the trench etching (from which the beam func-
tion is obtained). If the surface temperature under the 
plasma beam is higher than the temperature during the 
trench etching, the difference should be positive. If the 
temperature is lower than at the trench etching, the dif-
ference should be negative. At y = 5 mm, during the first 
pass of the plasma scan for the areal etching, the sam-
ple temperature is similar to the trench etching; hence, 
the difference is close to 0. With subsequent passes, the 
sample temperature increases due to the heat supplied 
from the plasma beam; hence, the difference become 
larger. For the same reason, the difference is negative at 
the edge of the sample because the temperature is lower 
than at the trench etching due to the larger heat loss at 
the edge of the sample. This can also explain why the 
etching is not symmetrical to y = 20  mm for a standard 
raster pattern. As the raster started from y = 5  mm and 
finished at y = 35 mm, the sample temperature should be 
higher when the plasma beam passed at y = 35 mm than 
at y = 5  mm. However, when using the alternate raster 
pattern, the temperature difference between at the two 
positions reduces; hence, the etching is much more sym-
metrical about the y = 20-mm axis.
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This temperature dependence of the beam function 
has been investigated for figuring of large optics before. 
Meister and Arnold (Meister & Arnold 2011) consid-
ered both the heat flux from the plasma jet and thermal 
conduction within the substrate after applying proper 
boundary conditions and proposed a modified version of 
Eq. 1, shown in Eq. 5, where px(t) and py(t) are the current 
torch position, T(x,y,t) is the spatially and temporally 
dependent surface temperature field, and B(x,y,T) is the 
local temperature-dependent beam function (Meister & 
Arnold 2011). Taking all these factors into account obvi-
ously makes the determination of the material removal 
function far more complex, with reported computational 
times of 16–20 h.

From the above discussion, it can be seen that some 
useful and definite conclusions can be drawn about the 
beam function using our simple calculation approach. 
The usually used other approach is to apply a much 
more calculation demanding de-convolution process 
to obtain a dwell function using the assumed beam 
function. The obtained material removal will then 
be compared to the actual material removal to draw 
some conclusions about the beam function proper-
ties. Another technique is to heat up the sample to an 
appropriate temperature so that a dynamic equilibrium 
of the surface temperature is reached quicker under the 
plasma beam; hence, a stable beam function can pos-
sibly be defined (Castelli 2012).

We suggested the formation of the volatile TiF4 via 
the reaction of TiF3 with fluorine radicals *F as the main 
mechanism for the plasma etching of Ti6Al4V alloy. This 
is a similar mechanism to that of APP etching of silicon-
based materials, which has been well established for 
the manufacturing of semiconductors and optics. Many 
techniques used for etching silicon-based materials can 
be adopted for etching of metals such as Ti6Al4V. How-
ever, caution needs to be taken when doing so due to sig-
nificant differences in the thermal conductivity between 
the silicon-based materials and metals such as Ti6Al4V. 
The thermal conductivities for all the silicon based optic 
materials, such as fused silica (1.3 Wm−1 K−1), quartz (1.3 
Wm−1  K−1), ULE (1.31 Wm−1  K−1), Zerodur (1.46–1.62 
Wm−1 K−1), and BK7 (1.1 Wm−1 K−1), are much smaller 
relative to metals such as Ti, Al, V, and Ti6Al4V which 
are 15.6, 225, 34.6, and 6.6 Wm−1 K−1, respectively. This 
means it will take much longer for a metal sample under 
the plasma beam to reach a stable temperature or a sta-
ble etching rate compared to silicon-based materials. The 
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consequence of this to the beam function nonlinearity 
requires further study.

Conclusions
The feasibility of atmospheric pressure plasma etching 
of Ti6Al4V using an SF6 etchant has been demonstrated 
in this work. The process is shown to be repeatable 
and leads to significant material removal rates of 0.5 
mm3  min−1–2 mm3  min−1. A preheating pass using 
pure argon is required to heat the surface before the 
etching rate begins to stabilize and for volatile products 
to be formed. Significant nonlinearity of the etching 
rate or a nonconstant beam function has been observed 
during the areal etching, and these are suggested to be 
related to the temperature dependence of the material 
removal rate by reactive plasma etching.

The chemistry involved in the process of etching 
Ti6Al4V surface is complex; however, the key results 
show preferentially etching of the β (BCC)-phase, which 
is vanadium rich compared to the aluminum-rich (HCP) 
α-phase. This preferential etch is significant, ∼50% 
greater than the etch rate of the α-phase. The plasma 
etching process also leads to a significant amount of resi-
due being left on the etched surface, comprising of high 
concentration of oxygen and fluorine at the center of an 
etched trench. The mechanism for removal of titanium is 
proposed to be in the form of TiF4 via the interaction of 
fluorine radicals in the plasma jet with the formed TiF3.
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