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ARTICLE INFO ABSTRACT

Keywords: Tungsten (W) has a unique combination of excellent thermal properties, low sputter yield, low hydrogen
Chemical vapor deposition/infiltration retention, and acceptable activation. Therefore, W is presently the main candidate for the first wall material in
Tungsten fiber reinforced tungsten future fusion devices. However, its intrinsic brittleness and its further embrittlement during operation bears the
Comsol multiphysics

risk of a sudden and catastrophic component failure. As a countermeasure, tungsten fiber-reinforced tungsten
(W, /W) with extrinsic toughening is being developed. A possible synthesis route is chemical vapor deposition
(CVD) using heated W fabrics as substrate. The challenge is that the growing CVD-W can isolate domains from
precursor access leading to strength-reducing pores. To deepen the process understanding and to optimize
the CVD parameters, models were developed with COMSOL Multiphysics and validated experimentally. W
deposition rate equations as function of the temperature and the partial pressures of the precursors H, and
WF, were experimentally validated in previous work. In the present article, these equations are applied to
obtain partial pressures within the CVD reactor. The results are taken as input for transient simulations in
the microscale, in which W coatings, growing onto multiple adjacent W fibers, were simulated via mesh
deformation and remeshing. The surface-to-surface contact of the W coatings and the corresponding potential
pore formation were simulated by implementing sophisticated deposition rate stop conditions. Within the
measuring uncertainties of ~ +1%, the models are validated successfully by experimental comparison regarding
the deposition rate, pore structure, and relative densities ranging from 0.6 to 0.9.

Macroscopic reactor model
Microscopic pore formation model
Scripted metallographic image analysis

1. Introduction has the drawback of a high ductile-to-brittle transition temperature

(DBTT), which ranges from 300-1200 K, depending on the fabrication

To realize commercial fusion power plants the development of process and treatment [9,10]. Furthermore, it is suspected to increase

high-performance materials with adequate lifetimes is essential. One by several hundreds Kelvin due to neutron irradiation within a year of
of the ultimate reactor-design challenges is to deal with the enor- fusion operation [11,12].

mous heat and particle fluxes, plasma erosion, neutron irradiation, and Studies have shown that thermal stresses induced by transient

transmutation [1-4]. Tungsten (W) is currently the main candidate
material, as it well meets most of these requirements [5,6]. As all
pure metals, tungsten has a high thermal conductivity. Further, it has
the highest melting point of all metals (3695 K) and a high plasma
erosion resistance. The reason for these properties is the combination
of a high atomic number (Z = 74) and a high atomic binding energy
(approx. 11.8 eV [7]), which is e.g. approx. 4.6 times the binding
energy of lead (Pb, Z = 82) [8]. However, polycrystalline tungsten

events during plasma instabilities can lead to the failure of complete
plasma-facing components consisting of W sheet material [13]. This is
particularly problematic for smaller reactor designs, which have even
higher material requirements. New materials are being developed to
overcome this issue [14]. One of these new materials is a tungsten fiber-
reinforced tungsten (W, /W) composite, in analogy to fiber-reinforced
ceramics [12,14-19]. Due to the increased toughness and damage
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Nomenclature

i,j Placeholders for species (here WF¢, H,, HF
or W)

A Area [m?]

Dy, Effective ordinary diffusion coefficient
[m? s7!]

D;; Binary ordinary diffusion coefficient
[m? s~!]

D i Knudsen diffusion coefficient [m? s']

Dy, Thermal diffusion coefficient [kg m~! s7!]

dyecel siart Surface-to-surface distance below which
the surfaces are decelerated [m]

dginal Final surface-to-surface distance [m]

E, Activation energy [J mol~!]

ko, ki, ky Constants for deposition rate equations
[m 5! Pa_("H2+”WF6)]

kg Boltzmann constant [1.381 x 10723 J K~1]

Lojar Characteristic length between nearest walls
[m]

N Number of gas species [-]

n; Reaction order [-]

P,y Total pressure [Pa]

2 Partial pressure [Pa]

R Gas constant [8.314 J mol~! K™!]

Ry Deposition rate of W [m s~!]

Ry dep. Ry, dependent on pyr, [ms™']

RyFgindep. Ry, independent on pyy, [m s™']

R? Coefficient of determination [-]

T Temperature [K]

At Deposition duration [s]

V,- Volume flow rate [sccm]

x; Mole fraction [-]

Drel Relative density [-]

Abbreviations

CVD Chemical vapor deposition

DBBT ductile-to-brittle transition temperature

FEM Finite element method

4 Tungsten

w,/W Tungsten fiber-reinforced tungsten

resistance below the DBTT of pure W, W,/W is expected to provide
longer lifetimes, especially after neutron irradiation [20].

As first step to produce W, /W, potassium doped drawn W fibers
are coated by a thin layer (currently Y,05 is coated by physical vapor
deposition), which must have a weaker fracture energy than the W
fibers. The reason is that it later has to function as a fiber-matrix-
interface, which enables crack energy dissipating mechanisms within
the W,/W composite [21]. These mechanism provide pseudoductility
despite of a brittle matrix [22,23]. As next step, the coated fibers
are embedded in the W matrix. Besides powder metallurgy utilizing
short fibers [24-26], chemical vapor deposition (CVD) on long fibers
or fabrics [27,28] is a possible synthesis route. For this work, CVD was
used with tungsten hexafluoride (WF4) and hydrogen (H,) as gaseous
precursors. They react on surfaces heated above 550 K to solid W with
high purity [29] and gaseous hydrofluoric acid, as described by Eq. (1).

WFq(8) + 3H,(g) — W(s) + 6HF(g) m
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Fig. 1. Fracture surface of a W,/W tensile test specimen that has delaminated due to
too large pores. More details can be found in [30].

One of the major process challenges is that pores can remain, if the solid
W matrix growing from adjacent fibers connects and seals off gaseous
domains from the precursor supply. These pores in the matrix between
the fibers weaken the mechanical properties of the composite, as they
lead to a stress concentration which could lead to a premature matrix
crack initiation and delamination of coated layers, as it happened in
the tensile test specimen shown in Fig. 1.

The porosity can be reduced by increasing the fiber-to-fiber dis-
tances, however this reduces also the fiber fraction and hence the fiber
reinforcing effect. Therefore, the current work was motivated by the
question whether the porosity in W,/W can also be reduced by just
optimizing the CVD process parameters (temperature, gas flow rates
and pressure) without decreasing the fiber fraction. To answer this
question, CVD models were developed utilizing the commercial Finite
Element Method (FEM) software COMSOL Multiphysics [31] (from now
on referred to as Comsol).

The first development step focused on the influence of the CVD
process parameters on the W deposition rate, presented in [32]. The
present article focuses on applying the W deposition rate equations to
model and experimentally validate the infiltration of multiple adjacent
fibers within a W fabric. The fabric, which is also the CVD substrate,
can be seen in Fig. 2.

The working procedure for the present article is summarized in
Fig. 3. The W,/W produced by W-CVD on a W fabric was evalu-
ated microscopically regarding fiber positions and relative densities.
For the models a multi-scaled approach was chosen. A macro-scaled
stationary model, named “Reactor Model”, took as input the mean
fiber positions and the experimental CVD process parameters. As output
the Reactor Model returned spatially resolved partial pressures above
the fibers, which were taken as input for a separate and transient
microscaled model, named “Single Pore Model”. Additional inputs were
the detailed fiber positions from the experimentally evaluated W /W
cross-section. As output, the Single Pore Model returned the relative
density (p,,;) around each pore (45 in total), which were compared to
the experimental results to validate the models.

2. Experimental procedure
2.1. W;/W production
The W fabric (Fig. 2) was produced by weaving W fibers with

a shuttle loom followed by a roll to flatten the fabric via plastic
deformation of the weft fibers [27,33].
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W warp fiber _T

(150 ym diam.) j

W weft fiber

r (50 um diam.)

— |-

232 + 25 um
71 + 21 um warp fiber distance fabric height

Fig. 2. (a) W fibers (top) and fabric (bottom) within a paused shuttle loom (weaving
machine), (b) Close-up of a W weft fiber and W warp fibers, (c) sketch of a cross-
sectional slice showing the fabric dimensions, whereby the weft fiber distance (missing
third dimension) was approx. 3 mm.

Evaluation

microscopic image masking
& scripted image analysis

v
averaged detailed
vy ¥ v

Reactor Model Single Pore Model

2D, transient, constant 7, ordinary
& Knudsen diffusion, without gas
flow, size: ~ 0.5 x 0.6 mm?

2D axial sym., stationary, ordinary
& thermal diffusion, with gas flow,
size: 250 x 750 mm?

L partial
pressures relative densities
above fib for model validati

Fig. 3. Flow chart illustrating the procedure of the presented work; with the methods
and models in light gray, and the inputs and outputs in dark gray.

5 x 5 cm? fabric pieces were clamped into frames for straightening
and coated via physical vapor deposition with a 1-2 pm thick Y,03
interface. Next, the fabric was placed onto a heating table located inside
of a bell-shaped vessel (radius 0.5 m, height 0.75 m), to which the gas
inlets, the vacuum pumps, and the exhaust gas handling was connected.
The base pressure of the chamber was < 0.1 kPa. During heating up an
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Fig. 4. Picture of a W,/W production step: a fabric was mounted on previously coated
fabric layers grown onto the heating table inside of the CVD chamber.
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Fig. 5. Different temperatures vs. experimental time.
Table 1

CVD process parameters used for the first layerwise W /W production. For the symbols
please see the Nomenclature.

Theater 873 K
T facen 797-831 K
P, 9.5 kPa
VI_‘IZ’ e 1500 scem
V\;jé:’ 400 scem
At 45 min

Ar and H, flow was sent vertically to the center of the fabric. After
thermal equilibrium was reached, the Ar flow was replaced by WF, to
start the W deposition. A picture of a mounted fabric is shown in Fig. 4.

A thermocouple in the inner of the heating table was used to hold
Theater @t 873 K. Another thermocouple (for Ty, 7,..) Was placed onto
an outer edge of the fabric. During the deposition 7, /.. started at
797 K and increased asymptotically to 831 K as shown in Fig. 5. The
surface temperatures are lower than the heating temperature due to
gas flow cooling and heat radiation losses. The reason for the surface
temperature increase is that the thermal conductive contact between
the fabric and the thermocouple is improved over time while the CVD-
W grows around them. The temperatures and the other applied CVD
process parameters are listed in Table 1.

The here investigated W /W composite was produced layerwise, as
developed in [18], in the frame-work of an experimental fiber-fiber-
distance parameter study [34]. The sample with the closest mean warp
fiber distance (Fig. 2c) was chosen to be simulated, to obtain a strong
precursor depletion inside of pores for a clearer model validation.

2.2. W, /W evaluation

The W /W sample was cut and polished perpendicular to the warp
fiber axes. It was investigated with an optical microscope (Zeiss) in the
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Fig. 6. Example for the image masking procedure with (a) input: dark-field optical
microscopic image, (b) output: masked areas for the CVD-W (white), the W fibers
(light gray), the pore areas (black), and the ground/heating plate (dark gray).

dark field mode at maximum microscope brightness. This was neces-
sary to avoid that the W,/W porosity appears too large due to light
scattering at the W edges rounded off by polishing. The correctness of
this method was validated using a Scanning Electron Microscope (Zeiss
DSM 982 Gemini).

The ground (heating plate) and the pores were masked semi-
automatically using a combination of the magic wand tool, selection
enlargement, and area filling in Adobe Photoshop. Sections of the
unmasked and masked microscope image are shown in Fig. 6(a) and
(b), respectively. As measuring uncertainty the pore area selections
were enlarged or reduced by +2 pixels (= +1 pm), which changed e.g. a
mid-sized pore area having approx. 70.000 by approx. +3.000 pixels.
The warp fibers (91 in total), were masked by transparent 150 pm
circles. As measuring uncertainty of the fiber positions +1 pm shifts
in x- and y-direction were taken.

Taking the masked images as input, the warp fiber coordinates
and relative densities (p,,;) were obtained via scripted image analysis
around each pore between three adjacent warp fibers. The fiber center
coordinates were obtained using the Python library “Skimage” [35].
Based on the coordinates, an area, named control area, was defined
around each pore, in which the relative density (p,,;) was calculated
and compared to the simulation. Such a control area is visualized in
green in Fig. 7 and calculated by Eq. (2a). The pore areas were ob-
tained by summing up the black pixels. Finally, p,,, was calculated via
Eq. (2b). The respective Python script can be downloaded from [36].

Y1+, Y2+
Ammrol =X ! 2 + (X3 - XZ)% (Za)
A
pore
Pret =1 — (2b)
e Acnmrol
with
Aconrol Control area [pm?]
x,y Local fiber center coordinates [pm]
1,2, 3: Left, middle, and right fiber
Prel - Relative density [-1
A : Pore area [m?]

pore
3. Model descriptions
3.1. Reactor model

The Comsol model of the CVD reactor was developed to obtain an
estimate for the species partial pressures above the fabric needed as
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Fig. 7. Scheme for the evaluation of the fiber coordinates and the pore area of a pore
i. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 8. (a) Reactor Model geometries with a close-up of the gas shower in (b), and
the heated W fibers in (c).

input for the microscaled Single Pore Model (as depicted in the bottom
left of Fig. 3). The Reactor model was simulated stationary. The Comsol
model file for the Reactor Model as well as for the later described Single
Pore Model can be downloaded from [36].

3.1.1. Geometry and boundary conditions

The model geometry is shown in Fig. 8. As in the experiment, the
gas enters at approx. 523 K with the same flow rates through a steel
pipe connected to a gas shower, which is aligned over the W-fibers and
the heating table. The simulation was done in 2D for simplification and
faster calculations. Despite of the square shape of the fabric, an axial
symmetry was chosen as it results with the 2D-constraint in the most
realistic gas flow behavior: as in the experiment the gas enters through
a tube and spreads radially in all directions when hitting the plate.
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Fig. 9. Different temperatures (7,,,.) Vs. experimental time with an estimation of
mean T,

wrface> averaged over time and from the fabric center to the edge. The estimation
is based on the experimentally coated thickness and on deposition rate modeling. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

The fibers were modeled via two circles that were cloned by two
arrays. The circle centers equaled the mean values from the experi-
mental image analysis. As the fibers are coated with CVD-W, their outer
radii and thus their total reaction area grow until their surfaces contact
after a period of time Ar.. To account for the resulting increased mean
precursor consumption compared to the initial radius, the stationary
modeled radius was increased to a value that a transiently modeled
radius would have reached after 4r,/2. This is approximately the initial
radius (here 75 pm) plus a quarter of the distance between two adjacent
fiber surfaces (here 21.3 pm).

Since in previous work the experimental temperature was well
known in a different setup designed for obtaining the W deposition
rate equation [32], in this work the rate equation was used to deduce
the experimental surface temperature Ty, .., from the experimental
deposition rate. In detail, the mean value and uncertainty of T, 4,
was obtained iteratively to be 829 + 5 K (Fig. 9, blue line), by matching
the simulated W coating thicknesses on top of the upper fibers towards
the experimental coating thicknesses at the same locations (from center
to the outer edge, perpendicular to the warp fiber axes).

3.1.2. Chemistry and rate equations

The chemical reactions at the heated surfaces were described by
fast solving simplified rate Egs. (3), (3a) and (3b) as experimentally
validated in [32]. The species mass fluxes towards (WF4, H,) and from
(HF) the reactive surfaces are calculated via the stoichiometry, resulting
from Eq. (1), in conjunction with the reaction rate (Eq. (3)). The heat of
reaction is calculated via the thermodynamic properties of the species
as listed in [32].

RW,sim = min(RW'Fﬁindep.’ RWFGdepA) 3)

with Ry, gep. from Eq. (32) and Ry, ingep, from Eq. (3b).

-1

L 1 (3a)

RWFsdep =
’ ki pwi -E
HWES ey exp <R_TA> [Pu, 1'% [Py, 11/

with E, = 64 kJ/mol, k; = (32.63 + 2.88) x10™° m s~ Pa~! and k, =
(45.79 + 1.28) x10~7 m s~ Pa~2/3 [37].

)
Ruwggindep. = ko exp (R_TA> (s, 1" [P, I° (3b)

with E, = (737 + 09)kJ/mol and k, = (3822 + 4.85) x 106
ms~1Pa~!/2 [32]. The equations are for H,:WF, ratios > 3.
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Table 2
Polynomials a,, a; and a, to calculate D;; according to Eq. (4) [32].

ij a, [Pam? s71] a, [PaK! m? s71] a, [PaK? m? s71]
H, WF, —2518 1,521 % 102 1.459 % 1075
HF WF —6.384 x 107! 2.922 %1073 5.583x 10°¢
H, HF —4.832 2.885x 1072 3.498 x 1073

3.1.3. Fluid dynamics and heat transfer

The gas mixture is considered as continuum. For the mono-species
H,, WF4, and HF, the heat capacity was fitted to tabulated data
from [38]. The gas density, dynamic viscosity, and thermal conductiv-
ity are calculated from the Lennard-Jones parameters (¢/Kp, o, and
up) as in [39]. The values used are tabulated in [32]. The spatially
resolved gas mixture properties are calculated by Comsol [31] based on
the mono-species values and the local mass fractions. Similar equations
can be found in [40].

The Reynolds number Re reaches values of 1200-1300 only in a
small model-coaxial cylindric domain (10 mm height, 1 mm radius)
within the gas shower, where chemical reactions do not take place yet.
Potential eddies (Re,,;; ~# 1200) would dissipate quickly before reaching
the reaction surface and would thus not affect the CVD modeling
results. Therefore, it was decided to model the gas flow with Comsol’s
laminar flow interface [31]. For simulating thermal conduction, con-
vection, and radiation, Comsol’s inbuilt functions were used without
modifications [31].

3.1.4. Diffusion

Diffusion can be sectioned into ordinary diffusion driven by con-
centration gradients, into thermal diffusion driven by temperature
gradients, and into Knudsen diffusion taking into account gas-solid
interactions at gap widths in the range of the free mean path of the
gas molecules.

Since the macroscaled Reactor Model is stationary, the distances
between the fibers remain large enough to neglect Knudsen diffusion.
Ordinary diffusion was calculated via the Stefan-Maxwell formulation
described in [41]. For this the Comsol interface “transport of concen-
trated species” needs as input binary diffusion coefficients (D;;) for all
involved species pairs. D; ; were calculated by Eq. (4) as derived in [32]
for the gas mixture with WFg, H,, and HF (N = 3).

2 k
D. = Z a. T @

ij
k=0 Ptor

with ay, a;, a, listed in Table 2.

Thermal diffusion describes the effect that in a fluid, which con-
tains heavy as well as light molecules, heavy molecules are repelled
from hot domains and thus light molecules are concentrated in these
domains [42]. Heavy molecules (such as WFy) have a positive thermal
diffusion coefficient (D) and light molecules (such as H,) a negative
Dy [43]. Due to thermal gradients towards the heated reaction surfaces,
thermal diffusion becomes relevant for the Reactor Model. For a given
gas mixture, Dy; depends only on 7' and the mole fractions (x;).
However, the calculation includes the division of the determinants of
a (2N x2N)- and a 2N X 2N + 1)-matrix, whereby each element of
the matrices has to be calculated by formulas involving the gas species
properties [39]. To save a lot of computational effort a Python script
was written [36], which prepares the values for D;; as a lookup table
that can be imported and interpolated in Comsol. In Fig. 10 Dr wr»
Dry,, and Dy gy are plotted for different T and for an x; slice from
25% WF, and 75% H, to 100% HF.

3.2. Single Pore Model

The Single Pore Model is capable of predicting the microscaled pore
size and shape after CVD on the first fabric layer. This was achieved by
a transient mesh deformation, which moved the solid surfaces into the
gas domain with the same velocity as the W deposition rate (Ryy).
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Fig. 10. Thermal diffusion coefficients of H,, WFs and HF as function of gas composition and 7.

3.2.1. Chemistry and rate equations

The same rate equations as in the Reactor Model were used. How-
ever, to achieve faster convergence and a higher model robustness,
practically irrelevant low deposition rates, due to the WF4 consumption
inside of the pores, were not considered. This was achieved by multi-
plying Ry, (Eq. (3)) with a smoothed step function being 1 for WF;
gas concentrations > 1 x 10~ mol/m? and zero for <1 x 10~ mol/m?3.
For comparison, inlet concentrations were ~ 0.25mol/m?>.

3.2.2. Geometry and boundary conditions

In Fig. 11 the geometry and boundary conditions of the Single Pore
Model are shown. The model was chosen to be 2D without axial sym-
metry, which matches better to the experiment in this microscale. The
temperature in the entire model was set constant to the experimentally
measured T,,.,. The partial pressure at the top boundary (p;”” ) was
taken from the Reactor Model results at the corresponding height and
heating plate radius (r). Species transport within the gas domain was
modeled via diffusion only. At the gaseous geometric side boundaries
the species fluxes were set to zero. The growth of the W coating and
thus deformation of the reactive surfaces is taken into account via
Comsol’s deforming mesh interface, which was configured as shown in
(Fig. 11b). The cyan boundaries equal the dark blue boundaries until
the pore is sealed. After sealing, the flux and motion is stopped at
the dark blue boundary. Since the geometry changes drastically over
time, Comsol’s standard settings for the chosen free triangular mesh
and for the solver had to be changed as described in the Appendix in
Appendix A.1.

3.2.3. Pore sealing workarounds

In the experiment, the W coating grows on adjacent fibers until it
unites to a single connected solid domain creating potentially a sealed
gas domain. However, in the Comsol version used (v. 5.4) two separate
solid domains cannot be merged transiently and new domains cannot
be created during the simulation. All domains need to be defined from
the start on. Further, the simulation fails when the surface meshes start
to overlap, which happens by using a constant time step size. For a
variable time step size, the simulation will take infinitely long as the
time steps and wall distance become infinitely small as the surfaces
approach each other.

To solve this problem, the reaction surfaces moving with a velocity
equal to the W deposition rate (Ry;) were decelerated at a gap size
decel stare @0d stopped at d;,,, by multiplying Ry with a step function
(fs1ep) Plotted in Fig. 12. Larger values for d;,, and dy,c, siqr improve
the simulation speed and robustness, but can lead to a too fast diffu-
sion. dgecergign = 4 pm and dy;,,; =2 pm showed a good compromise
regarding speed and robustness with negligible influence on the results.

a) Species transport boundaries  b) Deforming geometry

%107 [T T T ] T T —
m constant pfop 1 r fixed 1
501 1 s J
450 ] | fno normal- |
40F | no flux ] L |displacement i
35+ 4 F J
30t 1 L J
251 q - 4
20 - - 1
15 q s J
10k flux due to | | move |

st Ry A L with Ry i

0 2 X107 m 0 2 x10™ m

Fig. 11. Single Pore Model boundaries for (a) species transport, (b) deforming
geometry. Following figures with the same geometry as in this figure have the same
axes. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Lchar [pm]
decel.start “final

co0 4 2 4/3

walls approach decelerate

0.8

0.6

fslep(Lchar_l ) [-]
(=}
~

0.2

I
I
I
I
I
I
I
I
I
I
5

0 1.25 2.5 3.75 6.25 x10°

L, '[m]

‘char

Fig. 12. Smoothed step function f,,,([L.s,]™"), which is multiplied with Ry, to
decelerate Ry for L, < de g and to set Ry to zero for L, <dfq-

To track the gap size between all nearest surfaces in form of a
transient and spatial variable, needed as input for f;,,,, a characteristic
length (L., ) was defined by Eq. (5).

char

Lepgr =min(dyys py  +dy g0 dupspy s+ dugs du gy +dg) (5)
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Fig. 13. 2D color maps for (a) the wall distances d, , d,, and d,, (b)
characteristic length between nearest walls L, (Eq. (5)), and (¢) [L,,,]"', which
can be seen as a field variable tracking the wall to wall distance very sensitively with
respect to smaller gap sizes.

withd,; 7, ., dy, s, and d,, , being the distances to separated wall parts
as shown in Fig. 13a, b, and c, respectively.

Eq. (5) returns the minimum of all wall distance pair-sums, which
equals the nearest wall-to-wall distance and thus the needed variable
L.par shown in Fig. 13d. To understand Eq. (5) better: If one looks at an
arbitrary imaginary point in the blue color map in Fig. 13d, for example
between the middle fiber (#2) and the right fiber (#3), L, equals
the distance towards the nearest surface of fiber #2 plus the distance
towards the nearest surface of fiber #3. Moving the imaginary point
in parallel to the connection line of the fiber centers (#2-#3) does not
change L., Moving further out of the gap increases L,,,,, as it should
be.

By taking the reciprocal of L., (Fig. 13e) as argument for f,,
(Fig. 12) the simulation solves faster and becomes more robust. The
reason is that [L,,,]”' changes the more, the closer the walls get;
therefore, [L,,,]~" is more sensitive within the distance range being
of interest for decelerating and stopping Ryy.

The gap-workaround described above solves the first problem (mesh
collision or infinitely long simulation), however, it causes a new prob-
lem. The gas species can diffuse through the artificial gap into the
pore, even if it is only 2 pm broad or less. This phenomenon keeps
the deposition reaction and thus pore filling going, which would have
stopped already in reality.

Therefore, a stop condition needs to be applied on Ry, within the
pore after the pore got sealed. The challenge is to find the correct
sealing time step. Taking the time step when the gap size reaches
diyq does not work as this event is delayed by the technically needed
deceleration. Therefore, instead of tracking the fiber radii along the
direct connection between the fiber centers (/), they are tracked at an
angle w (Fig. 14). o (Eq. (6)) is the angle at which the sum of the
simulated fiber radii (r,(¢) + r,(r)) reaches /, when the pore would have
been sealed at a single virtual contact point without being affected by
the artificial deceleration. Based on this, the transient stop condition,
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ddecel.smrt

Fig. 14. Illustration of the workaround for the surface-to-surface contact problem in
Comsol. dy,..; a i the distance between the transiently simulated CVD surfaces, at
which the surfaces start to decelerate from Ry, towards zero (compare to Fig. 12). [ is
the distance between the fiber centers. r(7) is the fiber radius plus the transient coating
thickness at an angle @ towards / so that the point at the surface (x) is as close as
possible to the pseudocontact point, while still being unaffected by the deceleration of
Ry
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Fig. 15. Color map for [y, (Lope — dyinar/2)™") plotted within A’ . For the pore area

integration black is counted as one (pore) and yellow as zero (solid).

shown in Eq. (7), was implemented to stop Ry within the pore at a
realistic time step.

L _ ddecel,start
d
@ = arccos % = arccos(1 — decelL:mn) ®)
when ri(H)+r,(t)>1: Ry inpore=0 )

3.2.4. Diffusion

Since thermal gradients can be neglected in the Single Pore Model,
there is also no thermal diffusion. However, Knudsen diffusion becomes
relevant as the surfaces of adjacent fibers approaches to wall distances
in the order of magnitude of the free mean path of the gas molecules.
Therefore, the ordinary diffusion is slowed down by collisions between
the gas molecules and the wall, which was taken into account by
implementing the Knudsen diffusion coefficient (D, ;, Eq. (8)) [44,45].
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Fig. 16. Color maps for (a) temperature (T), (b) gas flow speed, (c) H, partial pressure (py,), and (d) WF partial pressure (pyy, ) vs. the Reactor Model coordinates (y: height,
x: radius). The black vectors represent the total gas flow direction and speed. The sections show the area below the gas shower and a further zoom towards the W fibers. The
red line marks from where the partial pressures were taken as input for the upper boundary of the Single Pore Model. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

1
d 8RT \ 2
Dini =3 (”_M> ®
with d being the gap width of an infiltrated trench. In the Single Pore
Model, the transient and spatial variable L, (Eq. (5)) was taken for
d.

The ordinary diffusion description via the Maxwell-Stephan formu-
lation is not compatible with Knudsen diffusion. The reason is that for
the Knudsen diffusion one coefficient per species i is obtained; however,
the Maxwell-Stephan formulation consists always of a set of differen-
tial equations taking into account all involved spatial dimensions at
once. Therefore, in order to implement Knudsen diffusion, the ordinary
diffusion was modeled following the Wilke approximation [46], which
returns via Eq. (9) also a single mixture-averaged effective (ordinary)

diffusion coefficient (D, ;) per species i.

N -1
Xj
Dypi=U-x)| X 5~ ©
i=1,j#i

To implement Knudsen diffusion, the mixture-averaged ordinary
diffusion coefficient (D, 7f,1) was replaced by D; ffKni (Eq. (10)), which
changes the more from D, ; towards the Knudsen diffusion coefficient

(Dk,,i> Eq. (8)) the smaller the gap size becomes.

1 1\
D' = —+
eff Kni <Deff,i DKn,i >

3.2.5. Calculation of the simulated relative density
The simulated relative densities (p,, ,;,,) around the pores are calcu-
lated in the same way as for the experimental results (Eq. (2)), except

10
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Table 3
Averaged results based on the W,/W evaluation of 45 pores within the first fabric
layer. The coordinates are as illustrated in Fig. 7.

Fiber center coordinates [pm] exp. rel. density (p,ec.,) [%]

mean un-cert. std. dev. mean un-cert. std. dev.
X 0.0 +1.0 +0.0 77.3 +1.1 +7.3
x, 2227 +1.0 +21.6
x; 4410 +1.0 £22.0
» 142.7 +1.0 +25.3
» 225.8 +1.0 +24.3 Fiber volume fraction [%]

3 143.4 +1.0 +25.1 22.5 +2.5

partial pressures above fibers
[kPa]

0 0.005 0.01 0.015 0.02

heating plate radius [m]

Fig. 17. Partial pressures p; above the fibers for H,, WFy, and HF versus the heating
plate radius. (====): simulation result with transparent areas showing the influence of
the 10 K uncertainty in 7,,, (===): estimation based solely on the inlet gas flow
ratio and the total pressure.

that the simulated pore area (A4,,, ;) is acquired differently. Instead
of counting pixels a Comsol-internal area integration of the earlier
presented step function (Fig. 12) is used. Before calculating the relative
density from the simulated pore structure, the artificial gaps, which
were needed to avoid mesh collision during the simulation, are filled
with solid W (yellow stripes in Fig. 15). This was achieved by modifying
the argument of f,,, from L., t0 (L.pe — dfing/2)"" as shown in
Eq. (11).

Al
pore,sim _
Apore,sim = ﬂi} fstep ((Lchar - dfinal/z) 1) dA (11)
with
Hore.sim : pore area including the artificial gap [m?]
Apore sim : (corrected) pore area without the gap [m?]

Fstep : step function (Fig. 12) with
(Lepar = dfing /27" as argument [-]

4. Results and discussion
4.1. Experimental

The mean experimental results from the scripted image analysis of
the W /W polish (Fig. 7) are shown in Table 3. The detailed values for
each pore can be found in [47].

The large standard deviations of the fiber coordinates and the mean
relative density (p,,.y,) are advantageous for the Single Pore Model
validation since they allow for the variations necessary for a solid
model validation. Each pore can be seen as individual small experiment
with its own fiber positions and p,,,.

4.2. Reactor model

Fig. 16 shows 2D maps of the quasi stationary equilibrium in the
Reactor Model for the quantities 7', the gas flow speed, PH,> and PWF,-
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4.0 min

0.0 min

Pwr, [kPa]

Fig. 18. Frame series for the Single Pore Model (pore #0). Gray domains: substrate
(fibers and ground), white domains: growing CVD-W, colored domains: gas, showing
pwr, with black arrows for the total diffusive flux of WF,. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

The gas streams out from the gas shower, hits the fabric, is heated
up and redirected in radial direction. The precursors WF¢ and H, are
consumed along and between the hot substrate (ground and fibers),
thus py, and pyy, decrease.

From the Reactor Model result several simplifications were deduced
for the model setup and boundary conditions of the Single Pore Model.
Fig. 16a shows that T is constant around the fibers and within the
pores. Fig. 16b shows that the gas flow provides the precursors near
the upper fiber surface, whereby the gas flow between the fibers is close
to zero (Fig. 16b) and the major species transport into the pores takes
place by diffusion. Therefore, in the Single Pore Model the gas flow
can be neglected and the species transport can be modeled based on
diffusion only with the top boundary having constant p; values.
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a) experimental
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b) simulated

Pore # 29

c¢) overlayed

Fig. 19. Pore structure result comparison example for pore #29-35. (a) section of the dark field microscopic image of the experimental result, (b) concatenation of the seven

single pore simulation results (c) overlay.

Furthermore, in Fig. 16c—d can be seen that the major partial
pressure (p) gradient, within the scale of a single pore, is radial for
H, and vertical for WFg. The reason for this behavior is the difference
in their molecule size and mass, and thus in their diffusion coefficients.
The fast diffusing H, molecules can flatten the gradient towards the
heating plate caused by the consumption of the precursors. However,
for the slow WFg molecules, the supply via diffusion cannot compensate
the consumption completely (a higher heating temperature increases
the gradients even further). If the CVD process is driven in H, over-
stoichiometry (H,:WFg > 3:1), as it was done in the present work, WF¢
is the deposition rate limiting precursor [32]. This fact added to the
fact that for pyy, the major gradient is vertical is also the reason for
that in the Single Pore Model the species fluxes at the geometric side
boundaries could be set to zero.

In the following Fig. 17, p; line plots along the red lines in the
zoomed sections in Fig. 16 are shown. The red lines are at the same
height as the upper boundary of the Single Pore Model and thus these
values of the Reactor Model were taken as input for the Single Pore
Model. Additionally pyp is plotted, which increases radially according
to Eq. (1).

For comparison, constant calculated estimations for p; were added,
which base solely on the inlet gas flow ratios and the total pressure
(dashed lines). The simulated py, starts lower than in the simple estima-
tion, since HF is already present in the center. However, interestingly,
the simulated pwy, near the center is actually higher than in the
estimation. The reason can be seen by comparing Fig. 16(c) to (d):
Within the gas shower the light H, molecules diffuse outwards much
faster than the heavy and WF, molecules, which increases pyg, in the
center.

4.3. Single Pore Model

In Fig. 18 an example for the growing W coating (white) on multiple
fibers (gray) is shown with a color map for pyg, in the gaseous
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domain. For + = 0 to 8 min the pore entrance becomes narrower,
pwr, decreases within the pore and the diffusive flux increases due
to larger concentration gradient. At + = 10 min the right entrance is
sealed (or quasi-sealed, since an artificial gap remains). Due to the
implementation of Knudsen diffusion, the diffusive flux within the
artificial gap is reduced so strongly that the diffusive flux in the upper
right part of the pore switched its direction, which would be also
reasonable without an artificial gap, as in reality. At = 11 min the pore
is almost completely sealed. The diffusive flux through the remaining
left entrance is maximal and pyy, within the pore is near zero, since
WF; is still consumed. Between ¢ = 11 to 13 min the pore is completely
(quasi-)sealed. From now on Ry as well as the consumption of WFg
are set to zero within the pore by Eq. (7). Due to the diffusion through
the remaining artificial gaps, the pore is filled with WF again, which
would not happen in reality. In reality pyp, would stay zero (dark
blue) within the pore for + > 13 min. This could not be achieved in
the simulation, since setting the diffusion coefficient to zero within the
artificial gaps resulted in infinitely high gas concentration gradients
so that the simulation could not converge and thus failed. However,
the resulting pore structure and the microscaled relative density (p,,;)
should still be correct, since they do not change anymore once the pore
got quasi sealed. Only the coating on top of the fibers continues to grow
until the deposition process is stopped at + = 45 min, as in reality.

Similar as described above, all 45 pore shapes were simulated and
their corresponding p,,; calculated. More detailed results are shown in
the following section while being directly compared to the experimen-
tal results.

4.4. Simulated vs. experimental results

In Fig. 19 an example for the graphical comparison between the
experimental and simulated W ,/W pore structure is shown (Pores #29-
35). As it can be seen in the overlay (c), the match is very good. The
pore structure looks identical. The experimental coating thickness on
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Fig. 20. Experimental relative density (p,,.,,) vs. simulated relative density (p, y,)-
(a) Simulated without precursor consumption and thus with a constant W deposition
rate (Ry). (b) Simulated with precursor consumption and thus with a spatially and
transiently changing Ry,. The thin colored horizontal lines in (b) mark the shift of the
Prelsim data points from (a) to (b). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

top of the first layer of fibers is a bit higher. However, as mentioned
in Section 2.1, the sample was produced with multiple fabric layers
in the frame-work of an experimental fiber-fiber-distance parameter
study [34]. After subtracting the coating thickness below the fibers of
the second layer (red arrows in Fig. 19c¢), also the coating thickness on
top of the first layer is well in agreement.

However, from just a visual overlay it is not possible to obtain a
quantitative comparison of the pore sizes. It looks like that the CVD-W
was deposited evenly along the surfaces within the pores (same coating
thickness on the fiber and on the ground). If this was true, one could
use a sole geometric approach with rectangles and circle segments
to calculate p,,;, with no need to include the complicated precursor
consumption and diffusion mechanisms into the model. To demonstrate
that such an approach is indeed not sufficient, the experimental results
are compared quantitatively at first to simulated results, in which Ry,
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was set constant (by deactivating Comsol’s transport of concentrated
species interface so that the species concentrations remained at their
initial values over the entire geometry). The result of this simplified
comparison is shown in Fig. 20a. For this plot, the experimental and
simulated p,,; data points were calculated as described in 2.2. Each
data point (exp.-sim. pair) belongs to a certain pore-# with a certain
substrate geometry (= fiber coordinates). The meaning of “pore-#” can
be understood from Fig. 19b.

For two pore-#, the W deposition within the pore continued in
the experiment after the upper pore entrance was sealed already. The
reason was that the pore entrance of an adjacent pore-# was at least
33% larger than for the evaluated one. In addition, the fibers were
positioned high enough so that in the experiment the precursors could
still diffuse in sidewards below the side fibers of the investigated pore,
after the top entrance was sealed already. This was not possible in the
simulation due to simulating only one pore with a “no flux” condition
at the side boundaries (Fig. 11a). Therefore, the two corresponding data
points marked as (x) were excluded from the linear regression (black
line) and all further statistics summarized in Table 4.

For a perfect match between simulated and experimental results,
the data points would line up along the red 45°-line and the slope
of the black regression line would be 1.0. In contrast, the regression
line in Fig. 20a (pinned to the coordinates x-y = 1-1), has a slope of
1.15 with a coefficient of determination (R2) of 0.84. The mismatch
can be assumed to be caused mainly by the simulated p,,; ;,, being too
large (too far right). The reason is that the precursor consumption was
neglected in these simulations resulting in that most of the pores were
filled much better in the simulation than in reality. Furthermore, it can
be seen that this overestimation increases with decreasing p,,; (going
from top right to bottom left). For lower p,,;, and thus larger pores, also
the reaction surface area within the pore becomes larger. The larger
the reaction surface, the more pronounced becomes the neglect of the
precursor consumption and thus the overestimation of the pore filling.

By including the WF, and H, consumption (and HF formation), the
fitting slope in improves from 1.15 to 0.97 as shown in Fig. 20b. By
applying only the measuring uncertainties for the simulation input,
which are summarized in Table 4, the fitting slope varies by + 0.03.
Thus, the slope of 0.97 is already within the range of the simulation
input measuring uncertainties. Additionally, the scattering of the data
points is reduced significantly by including the precursor consumption,
which improves R? from 0.84 to 0.93. The reason is that the simulated
data points are shifted by varying distances towards lower x-values
(visualized as differently colored thin lines in Fig. 20b). This can be
explained by the variations in the fiber positions and pore entrance
sizes, which determine how strongly the precursor consumption affects
the pore filling with CVD-W. In addition, as it can be seen from Table 4,
by including consumption the sim.-to-exp. difference regarding the
mean p,,; improves from 0.031 to 0.006, whereby only the latter is
within the range of measuring uncertainties.

In an additional side-study the effect of the Knudsen diffusion on the
simulation results has been investigated. The result can be also seen in
Table 4. Including only the consumption, but not yet Knudsen diffusion
reduced, the mean p,,, by 0.027 (first to second row in Table 4).
Including additionally Knudsen diffusion, reduced p,,, by further 0.01
(second to third row). The reason is that by including Knudsen diffusion
the precursor supply into the pore is reduced, which increases the Ry,
gradients towards the bottom end of each pore and thus increases the
final pore sizes.

On the one hand, without Knudsen diffusion the fitting slope results
in 1.02 and the difference to the experimental results in the mean p,,; is
only 0.004, which matches both slightly better to the experimental re-
sults. On the other hand, the standard deviation of p,,, and R? matches
slightly better with Knudsen diffusion. Since the simulations without
and with Knudsen diffusion are both within the range of the measuring
uncertainties, only one final thought: If in reality the pores were filled
on average slightly more than in the simulation, the explanation could
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Table 4
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Differently simulated results vs. the experimental results; mean relative densities (p,,,), uncertainties, and standard deviations based on 43 data points as plotted as o-symbols in
Fig. 20. The simulated uncertainties come from the simulation input. In detail, mainly from the fiber position uncertainties (+0.0049), and from the temperature and top boundary
partial pressure uncertainties (+0.0022). The experimental uncertainties come from the pore size measurement.

Precursor consumption Knudsen diffusion Dimensions Prer [%] Linear regression Plotted in Fig. 20
exp. vs. sim.
Mean uncert. std. dev. Slope R?
No No 80.8 +~0.5 +6.6 1.148 0.840 a
Simulated Yes No 2D 78.1 +~0.7 +6.7 1.020 0.929 -
Yes Yes 77.1 +0.71 +7.1 0.973 0.934 b
Experimental Yes Probably 3D 77.7 +1.1 +7.1 - a+b
Table 5 review & editing. H. Gietl: Methodology, Countless scientific discus-
Cor;lslol mesh settings to meet the challenges of the transient Single pore infiltration sions, Ongoing feedback and suggestions, Writing — review & editing. T.
moael. . . . . o . . .
Hoschen: Conceptualization, Countless scientific discussions, Ongoing
In general At W surface At first contact . ‘s . s . .
feedback and suggestions, Writing — review & editing. Ch. Linsmeier:
max element size 20 pm 10 pm Funding acquisition, Project administration, Countless scientific dis-
min element size 0.8 pm ions, Ongoing feedback and tions, Writing — review & edit:
max element growth rate 1.2 1.1 .CLISS ons, A going rtee .a.c a sugges 0. S o .g - e € e. g
Curvature factor 0.3 0.12 ing. O. Guillon: Supervision, Countless scientific discussions, Ongoing
Resolution of narrow regions 1 3 feedback and suggestions, Writing — review & editing.

be, that in reality the precursors could diffuse along the not simulated
third dimension. One can imagine that a 3D pore network has a better
and longer averaged precursor supply if it is connected to a large pore
entrance. Therefore, the simplification of no-Knudsen diffusion (easier
pore infiltration) may have outweighed the 2D simplification (harder
pore infiltration).

5. Conclusion and outlook

A model has been developed with Comsol Multiphysics to simulate
the chemical vapor deposition/infiltration of closely adjacent W fibers
by solid W. Furthermore, several workarounds for a pseudo surface-to-
surface contact were successfully implemented in Comsol to simulate
how growing CVD-W coatings can seal off gas domains.

The model results were compared to a metallographic cross section
of a tungsten fiber reinforced tungsten (W,/W) composite specimen
containing 91 fibers. The model is capable of correctly describing the
W deposition rate as well as the resulting W,/W pore structure and
microscaled relative densities within the measuring uncertainties (~
+1%). Key factors were the precursor transport and its consumption,
which determine the partial pressure distribution macroscopically in-
side of the reactor as well as microscopically inside of the pores. At a
given temperature, these partial pressure distributions determine the W
deposition rates and thus the coating shapes inside of the pores.

The model presented and validated here was applied in a CVD
process parameter study for the W,W synthesis, in which relative
density, coating uniformity, WF, demand, and process time were op-
timized [47,48]. These results are likely to be transferable and thus
useful for other CVD applications as well.
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Appendix A

A.1. Mesh and solver configurations in Comsol for the Single Pore Model

The time-dependent solver was set to ensure element distortions
< 1.1 and as option for a consistent initialization ‘“Backward Euler” was
chosen. Further, the maximum simulated time step size was limited to
5 s. The settings for the automated initial meshing and remeshing are
listed in Table 5. The general and coarser settings are applied on the
complete model geometry. To account for near surface steep gradients
in p; and L, the elements along the W surface were limited in their
maximum size and growth. Further, around the pseudocontact and in
the area of the moving entrance of the artificial gap, quantities such as
the wall distances, the diffusion coefficient, and the wall velocity (equal
to Ry) change spatially rapidly. Therefore, despite of the smoothed
deceleration of Ry, a very high mesh resolution is still necessary to
avoid the simulation crashing due to discontinuities. To further increase
the mesh resolution only where needed, the curvature factor at the
W surface is decreased significantly. A lower curvature factor causes
more elements to be used to approximate the true shape of a curve. As
the curvature of the W surface is particularly high at the entrance of
the artificial gap, a high mesh resolution is created automatically only
where needed. Finally, the resolution of narrow regions was increased
from 1 to 3 where the first contact takes place.

The resulting mesh deformation and automated remeshing is shown
in Fig. 21. The subplots for six time-steps show close-ups of the pseu-
docontact between two CVD-W surfaces growing on adjacent fibers.



L. Raumann et al.

11.1 min
x10™ “'v"i
IS
" S o
Ra S5 <
2 ay, Vi K
8 . Sl o SEEl =
22 <> S S
' bl R %
21 Yol A Yty YOS
L %0y 45‘ VoK
2 Vo wa SINNUR T A, S
VA v vy s <
19 A ECRNRRCTT REs &
PR & =
1.8 5 A AVA N VAV K
SRR
L AR R
1.6 BORRRCS
LR
1.4 Ko
1.3} A
D7 i
o .
X S
2.4 ﬂl
” oA
Vi
¥ R
' YA AVay, 2 -
2 5?5 ‘5»’:' a ‘éE
1.9 S R R
' = 5 RETR 25
2 R R
0 \YaVAV. % DORERE e
1.5 SEA
b KLE
13 J

Fig. 21. Mesh evolution during a CVD-W pseudocontact. The filling color of the
elements illustrates the element skewness, which is a measure for the element quality.
For a perfect quality all 3 inner angles equal 60°, shown in green in the gas and in
white in the solid domain. Elements with a bad quality would be red in the gas and
black in the solid domain. As it can be seen, the element quality remains good. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

From 11.1 to 12.0 min, the mesh movement can still be covered by
mesh deformation, since it only slightly reduces the element quality
between the fibers. At 12.6 min, the element deformation would be too
high. Therefore, a remeshing is done resulting in a finer mesh without
mesh deformation around the contact point due to the adjustment of
the resolution of narrow regions. Between 13.0 and 14.9 min the pore
is sealed, the lower part no longer moves. The upper part continues to
grow, while the fine mesh area moves upwards. The meshing settings
(Table 5) allow also for a recovery to a coarser mesh, where a fine mesh
is no longer required. For example at 20.0 min the artificial gap width
is resolved by only one element, if it is far enough away from sharp
surface radii, which saves computational time.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.nme.2021.101048.
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