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Abstract: Usage of pyrolytic carbon (PyC) to produce mechanical heart valves (MHVs) has led to
heart valve replacement being a very successful procedure. Thus, the mechanical properties of
employed materials for MHV production are fundamental to obtain the required characteristics of
biocompatibility and wear resistance. In this study, two deposition methods of PyC were compared
through a multiscale approach, performing three-point bending tests and nanoindentation tests.
Adopted deposition processes produced materials that were slightly different. Significant differences
were found at the characteristic scale lengths of the deposited layers. Setting changes of the deposition

ek process permitted obtaining PyC characterized by a more uniform microstructure, conferring to the
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1. Introduction

Heart valve dysfunction affects the physiological working conditions of the heart, caus-
ing serious damage and heart failure. It is estimated in 2009 that, worldwide, 300,000 pa-
tients per year undergo heart valve replacement [1-3]. Moreover the percentage of valve

replacement is expected to increase at a rate of 10-12% per year [4]. According to data
found in the literature, 55% of total implanted valves are mechanical heart valves (MHVs).
The remaining demand is covered for the 45% by the biological heart valves (BHVs), and 5%
is fulfilled by autograft or homograft valves [5-7]. Even if BHVs can restore the blood flow
into the heart, ensuring physiological hemodynamics, their working lives have a limited
time span of 15/20 years [2,8]. Instead, the functionality of a MHV remains unchanged
over time, more than the life span of the patient [8]. Although progressive improvements
in MHV design made the replacement of native heart valves an efficient and successful
surgical intervention [7,9], patients need anticoagulant therapy over their entire lifespans.
Indeed, the risk of extreme bleeding cannot be underestimated [8].

Pyrolytic carbon (PyC), thanks to its hemocompatibility [10,11] and high mechanical
properties [12-14], is the main material used for MHYV fabrication. In late 1969, PyC was
firstly used for the realization of an MHV component [9]. Since then, further studies were
was conducted, and, in 1977, the implantation of the first MHV entirely fabricated with PyC
took place [9]. PyC coating used for heart valve production is obtained through the steady
state fluidized bed carbon deposition process [15-17], which takes place in a fluidized bed
reactor [14,18]. PyC used for MHV production is highly isotropic and its microstructure is
characterized by ultrafine grain [14]. However, proper wear resistance can be achieved by
adding a small amount of silicon (10%) [13,17,19,20], obtaining what is known as alloyed
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PyC. In the following, authors use PyC to indicate alloyed PyC, and references to other
types of PyC will be clearly declared. After the deposition process of PyC, due to the
impossibility of real time monitoring of coating growth, a machinery procedure is required
to obtain MHVs with proper shape and geometry [17]. Moreover, further surface treatment
is necessary to achieve appropriate roughness values of the exposed surfaces, conferring
the required thromboresistance characteristics to the device [21-23].

Mechanical characterization of the deposited and machined PyC played a crucial role
in the development of MHV production and, even today, covers a crucial role. Furthermore,
knowledge of the mechanical properties of the deposited material is fundamental for
quality control purposes and to ensure a successful assembly procedure of MHVs [24].
Different types of tests and studies were carried out during the past 60 years in order to
assess the mechanical properties of deposited PyC. Three-point bending tests were carried
out to determine Young’s modulus, fracture stress, fracture strain, and fracture mode of tiny
rectangular strips [25,26]. Prior to 1972, the fatigue behavior of PyC was unexplored [12],
but its application for MHV production required a more detailed comprehension of the
material response when subjected to cyclic stress conditions. Since then, there has been
interest in studying the fatigue behavior of this material and several works were carried
out [13,14,27].

Thanks to technological and theoretical advancements, the nanoindentation technique
was increasingly applied to mechanical characterization of bulk materials and coating.
Being able to measure force less than mN and displacement smaller than nm, the nanoin-
dentation test permits obtaining information at a very local level [28,29]. Thus, a single
layer of deposited PyC can be characterized [30,31], allowing a very precise identification of
its mechanical properties. As found in the literature, studies on the mechanical properties
of highly oriented PyC were carried out, combining the information obtained through
nanoindentation tests and computational methods [32,33].

Mechanical properties of PyC (at macro and micro nanoscales) were extensively
(but not exhaustively) studied, due to high sensibility regarding the setting parameters
of the PyC deposition process [34]. The deposition process of PyC for the biomedical
application is affected by several factors. Among them, those with the most impact are:
temperature of the reaction, type of reactor, duration of exposure, type of hydrocarbon
injected in the reactor chamber, type of inert gas, dimensions of the substrate being coated,
and injection rate of gases [17,20]. Slightly changing one of these factors causes little
alteration of the mechano—physical properties of the final product. Based on a previous
study conducted by the LivaNova company (Sorin Group Italia s.r.l.), to decrease the
number of rejected devices at the end of the manufacturing chain, modifying the coating
rate during the deposition process permitted a more compact coating characterized by a
reduced number of pores. Indeed, PyC microlayers were deposited on graphite substrates
adopting two different deposition processes: the historical process and the modified process
characterized by a reduced coating rate. To compare the quality of the PyC deposited
through the two deposition processes, the mechanical properties were evaluated at the
macro and micro scale.

To the authors” knowledge, no studies were carried out adopting a multiscale mechan-
ical characterization approach, on low temperature deposited PyC, varying the coating
rate. Indeed, the focus of this work is to study PyC at the macro and micro scale in order
to understand how the variation of coating rate impacts the mechanical properties of the
deposited PyC layers.

2. Materials and Methods
2.1. Sample Preparation

Three types of orifices (components where the leaflets of the MHVs are housed), were
prepared by LivaNova company (Sorin Group Italia s.r.1.) in a fluidized bed reactor. Gases
inflated in the reactor were propane, methyltrichlorosilane, and nitrogen as inert gas. The
temperature of the reactor was set at about 1300 °C. Graphite mandrel, i.e., the substrate
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adopted for the PyC deposition, was used to produce MHV orifices. Three different
sizes: 21 mm, 25 mm, and 29 mm (corresponding to the external diameter of the orifice)
were produced. PyC was deposited on the graphite substrates following two different
deposition processes: the historical process and the modified process. The historical process
is characterized by a constant coating rate of about 0.042 um/s and a duration of about
8 h. The modified deposition process is characterized by a halved coating rate (0.021 pm/s)
only during the first hour of deposition. The duration of the two processes were the same.
Obtained specimens are summarized in Table 1.

Table 1. Number of specimens of mechanical heart valve (MHV) orifices obtained through the two
deposition processes.

Size @ (mm)

Deposition process 21 25 29
Historical 26 26 26
Modified 26 26 26

MHYV orifices were properly machined and polished to obtain the optimal surface
characteristics needed to confer thromboresistance characteristics. After that, the orifices
were cut along the centerline, eliminating the leaflet housing, in order to be tested through
the three-point bending test procedure (Figure 1a).

Specimens that underwent to nanoindentation tests were embedded in epoxy resin and
properly polished. To obtain the required surface roughness the samples were firstly coarse
grinded using increasingly fine-grained grinding wheels. The last one was characterized
by a grain size of 15 um. The optimal roughness was obtained using a lapping cloth and a
diamond paste of decreasing granulometry, from 6 um to 1 um (Figure 1b).

(a) (b)

Figure 1. Representation of a typical specimen for: (a) three-point bending test; (b) nanoindentation test.

2.2. Three-Point Bending Test

To obtain the approval from the Food and Drug Administration (FDA), three-point
bending tests were performed following the ASTM F 417-78.

The schematization of the experimental set-up is shown in Figure 2.

The set-up settings and the mean values of the dimensions, as reported in Figure 2,
are summarized for all kinds of specimens in Tables A1 and A2 of Appendix A.

A total of 78 specimens, 13 for each size and deposition process, were tested. The load
P was continuously registered through a load cell placed above the loading roller.
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cross section

Figure 2. Representation of the experimental set-up for the three-point bending test. The specimen is
represented by the arch, which lays on the support rollers. On the top of the specimen is the loading
roller that transmits the force applied by the testing machine.

Since sample geometry slight differs from the parallelepipedal one provided by the
normative, the maximum flexural stress was calculated through the following relation [35]:

omax = (Pmax x tan()/2) x [1/A — (R/]I) X yintl, 1)

where yiy; is the distance from the neutral axis of the cross section to the position of the
fiber where the stresses are maximum. R is the curvature radius of the centerline of the
specimen, A is the cross section, Pypjax is the load registered before the specimen failure,
I'is the moment of inertia of the cross section, and « is the angle where the normal stress
and the bending moment are maximum. The position of the neutral axis, considering
the geometry of the samples, can be assumed coincident with the center of gravity of the
transverse section.

The maximum stress, as reported in Equation (1), is the summation of two contribu-
tions: the normal stress and bending stress. Moreover, due to the geometry of the samples
cross section and the large radius of curvature, the contribution of the normal stress can
be neglected.

Young’s modulus was calculated by comparing the work done by the internal and
external force that, as stated by the principle of the virtual work, must be equal. Indeed,
neglecting the contribution of the normal stress, the following expression was derived:

E = (Ppax x R3/481) x [(a — sin(cx)cos(ex)) /(cos?(«))], ()
where b is the displacement registered in correspondence of the maximum load.

2.3. Nanoindentation Test

Indentation tests were performed with the Nanoindenter XP (MTS system Corporation,
Eden Prairie, MN, USA), equipped with a modified Berkovich indenter, opportunely
calibrated on a standard silica specimen. Thus, the area function of the indenter cross
section was obtained through the standard procedure [36,37]. A fine calibration of the
offset between the optical system, used to identify the indentation site, and the indentation
column, was performed before every indentation matrix.

For each specimen, a matrix of 30 indentations (6 rows and 5 columns) was generated.
Specifically, the indentations were performed normally to the direction of the PyC deposi-
tion. The matrix was built to characterize the inner layers obtained during the first hour of
deposition and the outer layers obtained during the following hours. Such a matrix can be
divided into two submatrices, as represented in Figure 3.
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The first point of the indentation matrix was chosen 20 um far from the interface
between the graphite substrate and PyC. The indentation matrix was designed in such
a way that the columns were perpendicular to the deposition layers. To do that, the
indentation matrix was rotated at an opportune angle calculated, considering the radial
direction of the deposition layers and the position of the specimen mounted in the sample
try of the indenter.
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Figure 3. Schematization of the indentation points: (a) on the pyrolytic carbon (PyC) deposited through the historical
process; (b) on the PyC deposited through the modified process. In yellow, the inner layers (deposited during the first hour
of the process) in light blue, the outer layers (deposited after one hour the beginning of the process). d; is the distance
between the graphite substrate interface and the first indentation equal to 20 um. d; is the distance between the graphite
substrate interface and the indentation sites on the outer layers equal to 250 pm. py is the distance between indentations
along the matrix raw equal to 24 um. py; is the distance between two consecutive indentations on the inner layers equal to
12 pm. pyy is the distance between two consecutive indentations on the outer layers equal to 24 um.

Tests were performed in displacement control, setting the indentation depth to 800 nm.
This value guarantees an indentation contact area large enough to reduce the uncertainty
related to its calibration process, but sufficiently small to characterize only one layer.

The strain rate, for both the loading and unloading phase of the indentation process
(Figure 4), was kept constant at 0.01 s~!. Before the onset of the unloading phase, the
maximum load, reached in correspondence of the fixed maximum values of the indentation
depth, was held for 30 s.
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holding

Load (mN)

Displacement (nm)

Figure 4. Explanatory curve of the indentation process. The discontinuities in the last part of the
unloading phase is characteristics of the thermal drift measurement process.

The holding time necessary to stabilize the viscous phenomena was precautionary set,
even if the time dependent phenomena for this type of material are negligible. The Oliver
and Pharr method [36] was applied to extrapolate the mechanical properties by the experi-
mental curves, namely the nanoindentation modulus and the nanoindentation hardness.

2.4. Statistical Analysis

The outliers were discarded through the modified Thompson’s Tau method results.
After the normality of data were checked, they were analyzed by using the analysis of
variance (ANOVA). The statistical analysis of variance was carried out through the program
MATLAB® (R2019b, The MathWorks Inc., Natick, MA, USA, 1994-2021) with a significance
level of 5%.

3. Results
3.1. Three-Point Bending Test

Young’s modulus and fracture stress mean values obtained from three-point bending
tests are shown in Figures 5 and 6, respectively. The mean values of the maximum load
(value of load before the failure of the specimens) and the corresponding displacement for
the three sizes of the samples are reported in Tables A3 and A4 of Appendix A.

iy
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Figure 5. Mean values of Young’s modulus obtained from the three-point bending test for the three
different orifice sizes.
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Figure 6. Mean values of the fracture stress obtained from the three-point bending test for the three
different orifice sizes.

Obtained mean values of the Young’s modulus are in accordance with those found
in literature [13,25,26,38]. Instead, fracture stress values resulted in being slightly lower
if compared with that found in literature [14,25,26,38]. The fact that the obtained fracture
stress values are lower than that found in literature is probably due to the different geometry
of the specimens. Samples here tested are the orifices of the MHVs characterized by the
typical geometry of the depressed arch, which are different from the standard PyC sheets
usually tested.

Statistical analysis has revealed no significant difference (p > 0.05) between the two
deposition processes at the macroscopic level. Moreover, the mean values of the Young's
modulus obtained for PyC deposited through the modified deposition process resulted in
a slight reduction, with respect to the modified process. On the contrary, for mean values
of the fracture stress obtained by adopting the modified deposition process, an increase
was registered, with respect to the values obtained through the historical one.

3.2. Nanoindentation Test

Two representative curves, respectively for the inner layer and the outer layer, obtained
for the samples produced through both the deposition processes, are shown in Figure 7.

40
—Inner Layers ; —Inner Layers
—---Outer Layers ---Outer Layers
~30
Z
E
o 20
©
o
—10
L " L ; O L L " " J
400 600 800 1000 0 200 400 600 800 1000
Indentation depth (nm) Indentation depth (nm)
(a) (b)

Figure 7. Explanatory curves of nanoindentation tests performed on: (a) specimens obtained with the historical deposition

process; (b) specimens obtained with the modified deposition process.

Reported curves obtained through the indentation tests carried out in our laboratory
are in agreement with similar indentation experiments found in the literature [30-32,39].
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Thus, unsurprisingly, the deposited PyC recovers more than 90% of the deformation.
A little hysteresis loop, which could be addressed to energy dissipation due to the friction
phenomena, characterizes all of the curves. Here, no discontinuities in the indentation
curves were observed, indicating the absence of crack initiation.

The mean values of the nanoindentation modulus and of the nanoindentation hardness
for all of the samples are reported in Figures 8 and 9, respectively.

inner layers
48+ l+l f*+\ ,% I outer layers
I % s %
35 M1 1

Nanoindentation modulus (GPa)

* e e——
L g —— I 'rI:‘\T 1‘ 'L+II
30 - i I I
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201
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5.
oL T W . .

21 historical 21 modified 25 historical 25 modified 29 historical 29 modified
Process

Figure 8. Mean values of nanoindentation modulus, for the inner layers and the outer layers. On the abscissa the diameter
(mm) of the orifice and the deposition method. Where the * indicates significant differences between the mean values (p < 0.05).
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Figure 9. Mean values of nanoindentation hardness, for the inner layers and the outer layers. On the abscissa the diameter
(mm) of the orifice and the deposition method. Where the * indicates significant differences between the mean values (p < 0.05).

The reported values agree with those found in the literature [30,39].

Color maps reported in Figure 10 were obtained through a smoothing procedure
of the nanoindentation data (other representative color maps, Figures Al and A2, are
reported in Appendix A), in order to give a better representation of the distribution of the
mechanical properties at the microscopic scale, and to better explain the nanoindentation
results. The new setting of the chemical vapor deposition (CVD) process reduces the
differences between the inner and outer layers.
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Figure 10. Representative color maps of the micromechanical properties obtained for orifice samples characterized by a
diameter of 21 mm. (a,b) represent the distribution of the nanoindentation modulus obtained for the old deposition process
and the new deposition process, respectively; (c,d) represent the distribution of the nanoindentation hardness obtained for

the old deposition process and the new deposition process, respectively.

PyC deposited through the new process shows a slight decrease of elastic properties
in the analyzed areas. For the nanoindentation hardness, a reduction of the mean values
obtained for the inner layers was observed. In general, through the new deposition process,
a significant reduction of the difference of the nanomechanical properties between the inner
and outer layers was registered.

4. Discussion

In this study, two different deposition processes adopted to produce MHVs were
compared. As reported in the literature, changing the parameters of the deposition process
impacts the mechanical properties of the deposited layers [31]. To verify if some significant
variations in mechanical properties occurred, three-point bending and nanoindentation
tests were performed.

PyC analyzed here was produced through a deposition process at low temperatures
(about 1300 °C) to obtain isotropic PyC [40]. In this case, the crystallite orientation of the
PyC is completely random, generating the so-called random texture, characterized, thus,
by a chaotic microstructure [41]. Moreover, comparable values of the elastic properties
obtained at the macro and micro scale is a direct consequence of the PyC microstructure.

Three-point bending tests measure the bulk properties of the deposited PyC. At this
scale level, due to the tiny layer deposited during the first hour of the process, possible
changes of the mechanical properties are difficult to detect. Furthermore, the results of the
three-point bending tests indicate that the two deposition processes lead to a PyC with
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comparable mechanical properties. Interestingly, the slight reduction of the mean values
of Young’s modulus and the increase of the fracture stress values, even if not significant,
point out that reducing the coating rate allows improving the performance of the deposited
material. PyC that can be easily deformed with a higher fracture resistance reduces the
probability of orifice damaging during the assembling procedure.

The mechanical properties of the analyzed areas, at microscale length, are significantly
influenced by the indentation site and the deposition process. Thus, the nanoindentation
technique was able to reveal the effectiveness of setting variations of the deposition process.
Even though both indentation sites and deposition processes significantly impact the
nanoindentation results, it can be speculated that reducing the coating rate during the first
hour of the deposition permits reducing the inhomogeneities between the layers. Indeed,
at this scale level, no significant difference was found between the inner and outer layers
obtained through the modified deposition process.

The CVD process adopted here is very sensitive to the parameters setting. A slight
variation of the set parameters permits modification of the microstructure of the PyC
without impacting its macroscopic characteristics, as revealed by the performed tests. A
halved deposition rate improved the quality of deposited pyrolytic carbon, obtaining a
material characterized by a finer granulometry than that deposited through the historical
deposition process. A reduced granulometry permitted to: (i) obtain layers that better
copy the geometry of the substrate, which is critical where the substrate presents complex
geometry, i.e., at the housing of the leaflet; (ii) reduce the presence of voids that are the
main reason of rejection since they could generate crack and clot. Furthermore, reduction of
discrepancies between the mechanical properties of the deposited layers through the new
deposition method reduces stress concentration and the probability of crack generation
and propagation. As matter of fact, the fracture stress evaluated through the three-point
bending tests increases.

5. Conclusions

The study presented here provides a multiscale approach for the mechanical charac-
terization of deposited PyC. Information of the nanoscale was crucial in order to assess
improvements introduced by the modified deposition process—improvements that were
impossible to detect through the three-point bending approach. In such a manufactur-
ing process, where the global characteristics strictly depends on the quality of the single
deposited layer, it was crucial to characterize the devices at a different scale length.

Reduction of the deposition rate drastically reduced the number of rejected devices at
the end of the manufacturing process. A slower deposition rate set during the first hour of
deposition made possible to obtain layers characterized by a high grade of homogeneity.
The high quality of the final products, before the introduction of the new deposition method,
was achieved, rejecting an enormous number of devices at the end of the manufacturing
process. The introduction of a modified deposition process drastically reduced the number
of rejections.

The presence of voids and inhomogeneity in the PyC microstructure affects the char-
acteristics of the final products. Indeed, the design and the manufacturing of MHVs would
benefit from further understandings of the role of defects in determining the microstructure
of the deposited materials and, thus, the characteristics of the final product.
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Appendix A

Dimension mean values reported in Tables A1 and A2 were obtained measuring all
tested specimens through the optical measurement system SmartScope® VR208 (Optical
Gaging Products, Inc.) and a caliper VR226 (Mitutoyo).

Table Al. Settings values of the experimental set-up and characteristic dimensions of samples produced through the
historical deposition process that underwent the three-point bending test. R;, t, b, d; o and s indicate, respectively: the
internal radius, the thickness, the width, the roller diameter, the support angle, and the half distance between the supporting

rollers.
Size @ (mm) R; (mm) t (mm) b (mm) d (mm) «(°) s (mm)
21 8.59 + (0.01) 0.73 + (0.01) 6.64 + (0.02) 15 34.95 + (0.06) 447
25 10.56 + (0.03) 0.74 + (0.01) 7.70 + (0.02) 1.5 26.93 + (0.09) 4.47
29 12,51 + (0.02) 0.75 + (0.01) 8.67 + (0.02) 15 30.37 + (0.07) 5.97

Table A2. Settings values of the experimental set-up and characteristic dimensions of samples produced through the
modified deposition process that underwent the three-point bending test. R;, t, b, d; « and s indicate, respectively: the
internal radius, the thickness, the width, the roller diameter, the support angle, and the half distance between the supporting

rollers.
Size @ (mm) R; (mm) t (mm) b (mm) d (mm) o (°) s (mm)
21 8.57 + (0.01) 0.73 + (0.01) 6.65 + (0.01) 1.5 34.95 + (0.06) 4.47
25 10.56 = (0.01) 0.73 & (0.01) 7.70 £ (0.02) 15 26.93 £ (0.02) 447
29 12.54 £ (0.01) 0.72 & (0.01) 8.66 & (0.01) 15 30.37 £ (0.03) 5.97

Tables A3 and A4 report the mean values of the load P and the displacement &
registered before the failure of the specimen.

Table A3. Mean values of maximum load and corresponding displacement obtained through the
three-point bending test procedure before the failure of the sample produced through the historical
deposition process.

Size @ (mm) P(N) 8 (mm)
21 41.12 + (2.74) 0.24 + (0.02)
25 53.34 + (5.83) 0.18 & (0.01)
29 46.71 + (4.49) 0.33 + (0.03)

Table A4. Mean values of maximum load and corresponding displacement obtained through the
three-point bending test procedure before the failure of the sample produced through the modified
deposition process.

Size @ (mm) P (N) 8 (mm)
21 43.52 + (4.24) 0.26 + (0.02)
25 54.01 £ (6.12) 0.20 + (0.02)

29 4655 + (6.51) 0.37 + (0.04)
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Figure A1. Representative color maps of the micromechanical properties obtained for orifice samples characterized by a
diameter of 25 mm. (a,b) represent the distribution of the nanoindentation modulus obtained for the old deposition process
and the new deposition process, respectively. (c,d) Represent the distribution of the nanoindentation hardness obtained for
the old deposition process and the new deposition process, respectively.
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Figure A2. Representative color maps of the micromechanical properties obtained for orifice samples characterized by a
diameter of 29 mm. (a,b) represent the distribution of the nanoindentation modulus obtained for the old deposition process
and the new deposition process respectively. (c,d) Represent the distribution of the nanoindentation hardness obtained for
the old deposition process and the new deposition process, respectively.
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