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Computational — Experimental Reactive Wetting of Hf-Ti-Me Alloy Melts with B4C
Arturo Bronson and Vinod Kumar, The University of Texas at El Paso

Project Summary
This research project investigates the processing of Hf-Ti-Nb alloy melts with B4C to form
boride-carbide precipitates in a Hf-Ti-Nb alloy matrix. Although the ultimate goal of the research
endeavor is to enhance significantly the oxidation resistance of ultrahigh temperature ceramic
composites (UHTCC), the processing of these reactive metals must be improved dramatically to
control the eventual development of the oxide scale. The objective of the proposed research is
to study the (Hf-Ti-Nb)Liq/B4C processing driven by computational fluid dynamics (CFD)
and computational thermodynamics through the following three integrated research thrusts:
. Investigate the use of surface tensions of liquid Hf-Ti-Nb alloys to predict their infusion
into a B4C packed bed by computational fluid dynamics at 2800 K (2527°C);
. Investigate the effect of the temperature gradient on the fluid dynamics, as well as the
stable and metastable phases within the boride-carbide/Hf alloy composite.
. Investigate the reaction path of (Hf-Ti-Nb)Liq/B4C through the microstructures formed at
temperatures greater than 2800 K (2527°C) toward controlling the precipitation.
The surface tension of the alloy melt will be linked to the depth of melt penetration and the
segregation of the alloying elements (i.e., Hf, Ti and Nb) within the pores. The segregation
can then be exploited to place elements for developing a protective oxidizing scale as the
composite oxidizes. With an understanding of the fluid dynamics of the Hf alloy melt through
varying-spatial pore channels, the elemental components should segregate the carbide and
boride phases creating a directional microstructure causing a tactical development of the
scale interphase upon oxidation.
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1. Introduction

Ceramic composites and intermetallics have become the core materials to meet the strength
and extreme temperature needed for gas-turbine engines and hypersonic aerosurfaces' The
successful integration of an ultrahigh-temperature, ceramic composite (UHTCC) for these
applications requires careful and optimal consideration of processing, mechanics and oxidation.
The research focuses on predicting the fluid flow of liquid melts from mainly the Hf family (i.e.,
Hf and Ti) into a packed bed of B4C. During infiltration, reactions between the Hf-Nb-Ti alloy
melt and B4C will form an HfB,-HfC/Hf-Ti-Nb composite, which may eventually develop oxide
layers of HfO,-TiO»- Nb2Os, HfO,-TiO; and TiO».

On a previous study, the computational-experimental approach was used to investigate the
effects of thermal mismatch and growth stresses on the ZrBo/ZrC/Zr-Si system?. However, the
operational boundaries must be pushed by using rutile instead of silica to control vaporization® and
Hf components rather than Zr compounds to attain better ultrahigh temperature performance. In
addition, to acquire the ultimate Hf protective-scale system, the processing of the Hf melts with
B4C must be better controlled.

2. Status of Effort
2.1. Computational Effort on the Liquid Metal Infusion into a Packed Bed - In this
section the computational effort is only summarized. A full paper is in its final form for submittal
to Metallurgical and Materials Transactions B has been appended.

In considering the dynamic wetting of liquid metal infusion into a packed bed, the effect
of the contact angle on the penetrating rate and distance was analyzed by examining the
momentum balance of the liquid within a capillary, as well as the initial movement assuming a
reactionary front. A numerical solution for liquid Ti infusing into a 10 um radius, cylindrical
capillary was determined as a function of contact angle for a non-reactive case with initial and
final contact angles of 80°and 0°, respectively. If the reactive front of liquid Ti on a substrate is
assumed to depend on the rate-determining step of the adsorption of Ti onto a surface defect (e.g.,
vacancy), the contact angle becomes controlled by the rate constant of the reaction for adsorption.
The maximum velocity of the imbibing rate of liquid Ti into a capillary occurs near 1 ps and
depends on the contact angle though the meniscus velocity for liquid Ti infusion decreases slightly
with increasing contact-line friction at the liquid/substrate interface. For the interactions among
the contact angle, contact-line friction and the adsorption of Ti onto the surface adjacent to the
advancing liquid front, the contact angle appears to contribute the most to the imbibing rate.

The terms for forces of inertia and end-drag contribute as dramatically as the surface
tension at infusing times less than 1 pus. As a consequence, the end effects and the wetting- or
contact-line friction was expected to change the maximum velocity. Without a contact-line
friction, the maximum velocity for penetration occurring near 1 us decreases with increasing
contact angle between liquid Ti and the substrate. The meniscus velocity for liquid Ti infusion
decreases with increasing contact-line friction at the liquid/substrate interface. The interfacial
interactions suggest that the contact line friction becomes a contributory factor in the pm and nm
scale affecting nanomaterial processing.
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The adsorption of atoms onto the surface from the liquid phase becomes an equally
contributing factor. The adsorbed species (i.e., Ny; 445) 1s directly related to the thermodynamic
activity of a liquid component (e.g., ari), which affects obviously the surface tension. Although
the Gibbs adsorption isotherm is not the focus in the

present study, the adsorbed species contributes to the Lacgon Gas our
surface tension. However, the maximum height IZIgL
. . . . . . 5 e
increases with decreasing time-constant, which is the | ——sampies
. . . Z
reciprocal of the rate constant as developed in the /////////////////////
. . . o s
appended manuscript. The maximum velocity o
. . . . ///////////
decreases slightly with increasing the end-effect i
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parameter but seems to affect the imbibing rate less A
. . . . z s
than the contact line friction and the rate of reaction. 7
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2.2. Experimental Study on the Infusion of
Hf-Ti-Nb alloys into B4C: The previous processing Figure 1-- Sketch of graphite enclosure
technique of infusing liquid Zr-Si alloys into B4C used to infuse experimentally Hf-Y-Ti
was changed to study Hf-Nb-Ti melts into a B4C melts into B4C
packed bed. A graphite enclosure will be used for
the processing of the composite, as shown in Figure 1. The samples were previously placed at the
top part of the graphite crucible packed with a B4C bed maintained in the hot zone of the furnace

Oscillator Unit
[

Induction Power Generator

T

.| Stand with Two Pyrometers
3 S —

Quartz Reaction Tube

Water Cooled Furnace Housing

Figure 2 -- Induction Furnace Facility with major components identified.
(i.e., 1750°C). The configuration has an hot zone for the experimental temperature and a cold
zone. If needed, our present study will use a cold zone to fix the oxygen potential with the Al-C-
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O system. The CO generated from the residual oxygen within the enclosure will serve as a carrier
gas pulling oxygen from the hot zone to the cold zone. Towards the bottom is the zone where the
Al melt seals the crucible thus controlling the oxidation potential within the graphite enclosure
serving as a closed thermodynamic system. For example, the oxidation potential of 1047 atm will
be fixed at the triple point of Al/Al2O3/AlsCO4. Although the previous experimental configuration
was used for the study of Al-Sm-Me alloys by Dr. Shantha-Kumar,?” the present study may have
the liquid Al at the top of enclosure because the temperature in the furnace shown in Figures 2 and
3 is hotter at the bottom.

The major components of the induction furnace facility are completed, as shown in Figure
3. The furnace housing has three openings for pyrometers to determine temperature gradients
developed axially and radially from exothermic reactions resulting from the liquid Hf alloys

Reaction tube
exhaust

Water cooled
Reaction tube

exhaust
Pyrometer #3
Reaction tube (gptional)
cap
Pyrometer #1
Hot zone
Water cooled Furnace z
housing
Pyrometer #2

Reaction tube inlet
injected with Ar gas
inlet

Figure 3 -- Ultra-high temperature operation

contacting the B4C packed bed. The major effort is determining the temperature of the B4C bed,
liquid Hf-Ti-Nb alloy and the liquid alloy with B4C, so the experimental configurations were
designed as shown in Figure 2 and 3.

Graphite crucibles were used to hold liquid metal and allowed to drain into the surrounding
annulus which contained B4C particles of 1 to 10 um size. The temperature extremes generated
from temperatures exceeding 2000°C at the center of the packed bed may synthesize metastable
ternary and quaternary compounds. The heat and mass transfer will also generate temperature and
concentration distributions expected to affect microstructures within the HfB,-HfC/Hf-Ti-Nb
composite. As determined by the experimental results of Nb/B4C, the Nb melted indicating a
temperature of greater than 2477°C was achieved. Hence, the researcher devoted time to measure
accurately the temperature outside and inside the graphite crucibles containing the metal or alloys
placed on top of the B4C packed bed, as explained in section 2.4 of the report. An improved
technique is obviously needed on carefully placing and aligning the pyrometers to sighting
cavities.
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Hf-Ti-Nb melts
located in the
center to enter B,C

bed as an annulus.

Graphite crucible with
holes on side allowing
movement of alloy
melt to B,C bed.

B4C annulus.

Graphite crucibles
used as sighting
cavities for
pyrometers.

Figure 4 -- Experimental configuration for Hf-Nb-Ti liquid reacting with B4C.

Besides the surface tension controlling the penetration rate of liquid infusion, the contact
angle has an integral part. Although the contact angle governing the liquid/solid interfacial surface
tension may range for 0 to 1 as a result of the cos 6 incorporated in the force term for the surface
tension, the penetrating rate or velocity
would decrease. The contact angle will
obviously affect the depth of penetration
(h) with the contact angle ranging from 0
to 80°.

2.3. Microstructural Observations of Hf
Liquid Alloys Reacting with B,C -
Experimental runs were performed with
metal contained in graphite crucibles with
a side hole allowing liquid metal to flow
into the annulus containing B4C. This
experimental configuration gave an
obvious indication that the metal did not
oxidize, but the XRD should provide a
definite check that the oxygen potential
without a cold zone was sufficiently low to

Figure 5 - Optical microstructure after infusing
liquid Nb into B4C at greater than 2477°C.

Bronson-Kumar (University of Texas at El Paso) Page 6
DISTRIBUTION A: Distribution approved for public release.



form no oxides. In a few crucibles, elemental components were melted together to create an alloy,
which were then added in a follow-up melt heat.

Figure 6 - Optical microstructure after Figure 7 - Optical microstructure after
infusing liquid Hf-Ti alloy into B4C at infusing liquid 60Hf-40Nb-10Ti alloy into
greater than 2477°C. B4C at greater than 2477°C.

The phases within the microstructure were not fully identified, yet, though they will be analyzed
with X-ray diffraction (XRD) followed-up with scanning electron microscope — energy dispersive
X-ray spectroscopy (SEM-EDXS) in the next stage of the research. The XRD will determine
phases and whether any oxide was formed because the oxygen potential and thus experiments will
then transition into a two-zone configuration as described for Figure 1. Also, available binary and
ternary phase diagrams from the literature (e.g., NIST-JAmCeram database) are used to establish
correctly the phases in the microstructure, as well as using calculated stability diagrams (e.g., Nb-
C-O system) at the experimental temperature. The reaction path is MBy-Me;Cs-B4C with the
stoichiometry of the M borides and Me carbides depending on the compound formation with Hf,
Nb, and Ti. Acicular formation of the borides would be minimized by adding carbon to prepare a
B4C-C mixture and precipitate a globular, rectangular or less acicular morphology contingent on
the growth of the carbide at temperature.

2.4 Effects of Temperature: An accurate placement of the measuring pyrometer was a challenge
especially since the calibration of the pyrometer with a Pt wire (melting temperature of 1768°C)
and the positioning of the pyrometer onto a sighting cavity or an annulus sector was attempted
simultaneously during measurement. The radiation emitted obscured the Pt wire so techniques
were changed to view timely the Pt melting, but the concern was the accurate measurement of the
temperature of the inner crucibles shown in Figure 4. The outer crucible was cut to form a annulus
sector allowing measurement of the temperature axially and radially for the surfaces of the inner
crucibles and the outer crucible. However, the adjustment of the pyrometer to measure the
temperature of both surfaces will be solved in the next stage of the research. The researchers view
the temperature measurement as very critical to determining the progress of the reactions.
Although the effect of a temperature gradient on the surface tension could explain the fluid
flow into a porous media, irreversible thermodynamics with the phenomenological equations using
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gradients and mobility coefficients could also analyze the behavior. For example, with considering
only a temperature (T), the fluxes (J;) with mole composition (N;) will have the following form:

D;N; M . daT
Ji= —W (Hi +Qi)a

The terms in parenthesis symbolizing the partial molar enthalpy of solution (H}) and the heat of
transport (Q;) could change the sign of the flux, though usually the temperature gradient (dT/dx)
increases the flux of the species. It is hypothesized that the temperature gradient segregates the
elemental components (i.e., Hf, Ta, Nb, B and C) corresponding to the hot and cold sides of
temperature. For example, a steep temperature gradient will segregate the B and/or C elements to
the cold side, for which superhard alloy surfaces can be exploited. The extent of the segregation
with dT/dx will be investigated in the next stage of the research.

2.5. Objectives Achieved: The objectives met during the research effort:

1.

2.

The simulation of liquid Ti infusion into a packed bed was published in Metallurgical and
Materials Transactions B in 2019.

The study of the effect of the contact angle, reaction kinetics for Ti liquid movement and
contact line friction on the imbibing rate of liquid Ti into a capillary was simulated and a
manuscript (appended) is in the final stages of preparation prior to submittal to
Metallurgical and Materials Transactions B.

The infusion of liquid Hf, Zr and Ti was simulated with computations performed by using
an in-house software, Exa-Scale Pore-Elastic Network Simulator (EXPNS), which
incorporates efficient the Directed Acyclic Graph (DAG) for efficiency, modified nodal
analysis algorithm for speed, and Trilinos and Dakota for massively parallel implementation
and Uncertainty Quantification (UQ).

The induction furnace facility installation was completed and experiments with the Hf-Ti-
Nb alloy melt reacting with B4C at temperatures greater than 2477°C have started. A
temperature of 2477°C was attained, because we melted Nb which has a melting
temperature of 2477°C.

2.6. Future Goals: The research tasks possible for the project are as follows:

1. Characterize the reactive infused B4C samples with XRD and SEM-EDXS to determine
the reaction path of the (Hf-Nb-Ti)Li¢/B4C and to minimize formation of acicular borides.

2. Expand the extended finite volume code to incorporate the boride and carbide
precipitates.

3. Extend the experimental temperatures greater than 2500°C with the induction furnace
facility.

4. Check temperature measurements with the use of radiative cavities primarily made from
graphite crucibles and acoustic emission to determine accurately the effect of the
temperature gradient on the surface tension.

5. Link the penetration rate to the contact angle coupled with the surface tension as well as
the temperature gradient.

6. Expand the exascale software to incorporate surface tensions of ternary liquid alloy
compositions.
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3. Accomplishments/New Findings

Accomplishments — Three journal publications have resulted from the research effort
for the past year, as summarized in Section 5. The investigation has developed the exascale
computer code to simulate the fluid dynamics of reactive liquid metals (i.e., Hf, Ti, Y and Zr)
through the pores with a size distribution from 1 to 10 pm within a packed bed. The depth and
rate of penetration were predicted with uncertainty quantification acquired to assess statistically
the simulations. In addition, an algorithm was developed to predict machine learning

Relevance to Air Force Mission -- The computational fluid dynamics of the infusion of
Hf alloy melts could optimize the placement of precipitates to improve mechanical and oxidizing
properties for HfBo/HfC/Hf-Ti-Nb at temperatures greater than 2000°C. The effects of surface
energies, diffusion of components within the liquid phase, and interfacial reactions could be used
to optimize the reactive infusion process. With the use computational fluid dynamics in liquid
processing of boride/carbide systems at temperatures greater than 2000°C, the processing
simulations of ceramic composites could predict the formation of stable and metastable phases to
more extreme ultrahigh temperatures upon coupling of the modeling with thermodynamics.

4. Personnel Supported

Dr. Sanjay Shantha-Kumar is primarily supported by AFOSR funds. Sanjay Shantha-
Kumar’s primary responsibility was building and establishing an induction furnace facility for the
experimental part of the study to verify the computational efforts. Laura Sandoval aided Dr.
Shantha-Kumar with the experimental tasks but was limited with time because of her other duties
involved in investigations with Dr. Ramana on the processing of thermoelectric materials and with
Dr. Kumar’s computational effort. Laura Sandoval was funded from the NSF Center for Materials
Research during the academic year and the AFOSR project during the summer. Arturo Rodriguez,
an undergraduate in the Department of Mechanical Engineering, aided Arturo Schiaffino, as well
as Dr. V. M. Krushnarao Kotteda (University of Wyoming) who collaborates and works on a
Department of Energy project with the exascale simulations with Dr. Vinod Kumar.

S. Publications/Interactions

In Metallurgical and Materials Transactions B (2019, Vol. 50B, pp. 1559-1565), the
paper entitled “Sensitivity of Viscosity on Molten Ti Infusion into a B4C-Packed Bed at the
Microscale” (V M Krushnarao Kotteda, Arturo Schiaffino, Ashesh Chattopadhyay, Shantha-
Kumar Sanjay, Vinod Kumar, and Arturo Bronson) was published.

In Powder Technology, the paper entitled “Uncertainty Quantification of Fluidized Beds
Using a Data-Driven Framework was published (V. M. Krushnarao Kotteda, J. Adam Stephens,
W. Spotz, V. Kumar and A. Kommu, 2019, Vol. 354, pp. 709-718) as contributed by Drs. Kotteda
and Kumar.

With the FactSage thermodynamic software/database funded by AFOSR, publication
consisted of: V. Zade, B. Mallesham, S. Shantha-Kumar, A. Bronson, and C. V. Ramana,
“Interplay between Solubility Limit, Structure, and Optical Properties of Tungsten Doped Ga>O3
Compounds Synthesized by a Two-Step Calcination Process,” Inorganic Chemistry, 2019, Vol.
58,3707-3716.

The paper appended and entitled “An Analysis of the Effect of Contact Angle on the Liquid
Metal Infusion into a Packed Bed” was published on-line (2021, hard-copy will follow) in
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Metallurgical and Materials Transactions B . Chris Harris of Shell Oil, Krushnarao Kotteda of
University of Wyoming, Sanjay Shantha-Kumar (UTEP) and Arturo Bronson (UTEP) are the co-
authors.

For the conference papers and presentations, the following were made:
1. A Schiaffino, Sanjay Shantha-Kumar, V Kumar, A Bronson, VMK Kotteda,
“Uncertainty quantification of molten Hafnium infusion into a B4C packed bed”,
Proceedings of the ASME-JSME-KSME Joint Fluids Engineering Conference
2019, San Francisco, USA.

2. A Schiaffino, Sanjay Shantha-Kumar, V Kumar, A Bronson, VMK Kotteda,
“Predicting the depth of Penetration of molten metal into a pore network using
Tensor flow”, Proceedings of the ASME 2018 5th Joint US-European Fluids
Engineering Summer Conference FEDSM 2018, Jul 2018, Montreal, Canada.

3. ZNieto, Sanjay Shantha-Kumar, V Kumar, A Bronson, VMK Kotteda, “Utilization
of Machine Learning to Predict the Surface Tension of Metals and Alloys”,
Proceedings of the ASME 2018 5th Joint US-European Fluids Engineering
Summer Conference FEDSM 2018, Jul 2018, Montreal, Canada

6. Patent Disclosures/Awards
A patent was issued by the Patent Office with US patent No.10266739 in April 2019,
entitled Compositions, Devices, Systems and Methods for Concentrating Solar Power. The
calculations made with thermodynamic FactSage software/database which was funded by AFOSR
was the basis for the patent.
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An Analysis of the Effect of Contact Angle ®

Check for

on the Liquid Metal Infusion into a Packed Bed

CHRISTOPHER K. HARRIS, V.M. KRUSHNARAO KOTTEDA,
SANJAY SHANTHA-KUMAR, VINOD KUMAR, and ARTURO BRONSON

In considering the dynamic wetting of liquid metal infusion into a packed bed, the effect of the
contact angle on the penetrating rate and distance was analyzed by examining the momentum
balance of the liquid within a capillary, as well as reactive and non-reactive processes occurring
in the vicinity of the contact line. A numerical solution for liquid titanium infusing into a 10 yum
radius cylindrical capillary reported previously was extended to include the effect of contact line
friction, which has a significant influence at early times when meniscus velocities are high, and
the reaction of the titanium with the substrate which takes effect at longer times and is assumed
to decrease the contact angle. The contact line friction reduces the maximum meniscus velocities
previously reported, while the increase in penetration depth during the reaction of the liquid
metal with the substrate interpolates between the theoretical results for contact angles
corresponding to fully unreacted and fully reacted substrates.
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I. INTRODUCTION

THE dynamics of liquid metal reactive wetting on
metals and ceramics often include an initial spreading
that precedes the onset of reaction between the liquid and
the underlying substrate. In a previous study, the present
authors!) examined the dynamics of liquid titanium,
yttrium, hafnium, samarium, and zirconium ingress into a
packed ceramic bed by treating a pore entrance into the
bed as a fine capillary tube extending the Semlak—Rhines
equation.””’ The Semlak—Rhines relation was applied to
liquid metals (e.g., copperat 1098 °Cto 1140 °C, 1371 K to
1413 K) and has the same form as the Lucas—Wash-
burn—Rideal (LWR) equation originally established for
water and organic solutions.® > The original observation
of a capillary penetration length changing with the square
root of time and explanation for it in terms of a balance of
capillary and viscous forces is due to Bell and Cameron,®
whose experiments involved water, alcohol, and benzene.
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In our previous study,!"! an analysis was done using a
modified form of the LWR valid for times less than 0.001
second with a maximum velocity of liquid titanium
decreasing from 7 to 2.7 m/s into a 10 um diameter pore
for a contact angle increasing from 0 to 80 deg, respec-
tively. The maximum velocity occurs between 1 and 10 us
depending on the contact angle for liquid titanium,
yttrium, hafnium, samarium, and zirconium for a non-re-
active penetration.

For the initial sta%es of spreading, Kumar and
Prabhu,l”! Saiz et al.®! and Eustathopoulos[()l have
reviewed the changes in the contact angle of the
Young—Dupre equation. The Young—Dupre equation
assumes a non-reactive interface and relates the surface
tensions along with the solid/gas interface (osg), solid/
liquid interface (osy), and liquid/gas interface (orG)
according to a force balance (i.e., 6sg = osi. + oLG
cos(f)). However, liquid metals may react with the
substrate changing the contact angle and typically
decreasing with time. For reaction-limited wetting,
Dezellus er al.'® proposed an exponential decay of the
cosine of the contact angle with time as follows:

cos(0) = cos(0x) — {cos(0) — cos(by) } exp [— ti] [1]

where the logarithm of the difference between the ini-
tial contact angle (6y) and the final contact angle (6.,)
vs. time (7) gives a slope of 1/tg. The behavior of
Eq. [1] agreed with the data for sessile drops of liquid
Cu40Si alloys placed onto a graphite substrate at tem-
peratures ranging from 1373 K (1100 °C) to 1523 K
(1250 °C).
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For the reactive mode, a product layer or sometimes
even layers form usually corresponding to compounds
expected from a  phase diagram  though
metastable phases may form upon cooling (e.g., Ti-Nb
alloys!'""'?). However, the initial stages of wetting
incorporate the dissolution of the substrate, reaction
of the liquid with the substrate, the movement of the
liquid across the substrate as a result of inertia, end
drag, and viscous flow. Saiz er al!'¥ reported that the
wetting also depends on the liquid/substrate chemical
interactions affected by temperature. As a consequence,
the dissolved oxygen within the liquid metal affects the
contact angle along with the surface tension caused by
the adsorption of dCthe surface species, as reported by
Gallois and Lupis.!

Blake and Haynes,!"” later reviewed by Blake,
developed an expression for the velocity (dL/d¢)
described as molecular kinetic theory (MKT). The
theory assumes molecule moves on a substrate at an
amplitude of displacement (1) between adsorption sites
with a characteristic frequency (k°) and establishes a
relation between the dynamic contact angle 6p, the
static contact angle s, and the contact line velocity:

[16]

dL
— =2k° h
; k° A si 2k

/12
T (cos s — cos Op) 2]

The dynamic contact angle refers to the liquid
spreading toward a final value, or static contact angle
of fg, (sometimes termed equilibrium contact angle) and
the other symbols refer to the Boltzmann constant (k)
and temperature (7). If the argument of the sinh
function is small (i.e., 2kgT > JLG}.Z(COS 0s — cos Op)),
the velocity becomes:

dL 013 OLG
a =k°2 kBT(cosﬁs cos Op) 3]

Blake termed the quantity { = kg T/ (k°i3) the contact
line friction factor.

Benhassine ez al.l'” used molecular dynamics (MD) to
validate the MKT theory for Cu-Ag alloys and reported
on a decreasing trend of the contact angle from initially
about 160 deg to plateauing toward 30 deg within 5 ns.
In the review of MD simulations to wetting, De Coninck
and Blake!"® reported on contact angles of a liquid
imbibing into a capillary within a 5 ns to 1 second time
frame. They also evaluated the coefficient of contact line
friction, which appears to become a contributory factor
at high wettm% speeds and times less than 1 second. Saiz
and Tomsial'”’ observed wetting speeds ranging from 0.1
to 1 m/s for liquid Cu and Au on Mo substrate. Also,
Saiz et al®™ have reported on the velocity of liquid
copper and gold spreading on nickel decreasing linearly
with increasing contact angle with the slope related to
the wetting- or contact line friction ranging from 1 to 2
Pa-s.

For reactive dynamic wetting, the contact angle
initially may depend on the rate of reaction between
the liquid metal (i.e., Ti) and the substrate (C or B,C),
the solubility of the elemental components of the
substrate within the liquid metal, and the possible

ensuing formation of a reaction product (e.g., TiC), as
reviewed by Aizenshtein, Froumin, and Frage.*
Whether the liquid metal spreads for brazing of
ceramic surfaces or infuses into the pores of a packed
bed of non-metallic particles, the initial dynamic
wetting of the liquid seems to attain velocities greater
than 1 m/s initially, although for a time greater than 10
us they decrease substantially and follow the inverse
dependence on the square root of time as described in
Semlak and Rhines.” Eustathopolus,”) who also
reported on liquid alloys on carbide and oxide sub-
strates, shows the usual decreasing trend of the contact
angles with time for reactive and non-reactive systems.
Although the decreasing trend of the contact angle is
usually considered related to a kinetic process, the
objective of the present study is to compare the kinetics
of the rate-determining reaction with the contact line
friction.

In the following section, the theoretical aspects of the
penetration of liquid metal into a packed bed combine
the fundamental concepts of fluid mechanics and chem-
ical reactivity. The development involves first a momen-
tum balance of the fluid infusing the packed bed.
Afterward, a reaction sequence for an atom to jump
away from liquid onto a vacancy or defect to spread the
dynamic wetting across the substrate. The section closes
with the conversion into a dimensionless representation
of the equation.

II. THEORETICAL BASIS
A. Fluid Mechanics

Consider the geometry shown in Figure 1, where a
tube of internal radius R contains a liquid meniscus with
contact angle 0. Subsidiary quantities are the angle o
and meniscus radius r,, and defined as follows:

o==—10 [4]

and

It then follows that

ho = rm{1 — cos(x)} = R%

The volume V7 of the liquid contained within the two
planes, represented by horizontal dashed lines in Fig-
ure 1, is given by

[6]

Vi = nR’hy — {2_71{1 —cos(a)}rd — % (nR?)rm cos(oc)}

I {(1 = cos(a )}2(1 + 2 cos(a))
~3 sin® (o)

[7]

In terms of the contact angle 6, we have, using Eq. [4]
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t>0s

h+ hy

Fig. 1—Capillary tube is lowered onto the surface of a liquid that wets the tube. (Left) Liquid interface arranges to an equilibrium capillary
shape when the bottom of the tube contacts the liquid. (Right)!! Liquid imbibes into tube under the influence of capillary forces.

Il sin(0)}2(1 + 2sin(0))

V== 8
LT3 cos3(0) 18
Furthermore,
(1 —sin(0))
= Ri
ho cos(0) ]
We also introduce the quantity A, given by
49
=— 1
I nR2 [10]
At equilibrium, the capillary rise height /. is given by
2
he = o cos(0) (1]
pgR

The height of the capillary at time t depends on the
conservation of momentum as similarly developed by
Kumar et all and is given by the rate of momentum
accumulation equated to terms consisting of forces of
the surface tension with the contact angle (6), viscosity
(p), gravity (g), and end drag as follows:

dhcol

%(anzh + V1) =5 = 2mRe cos(0)
1 dh
—87‘5,u<h+h0+ZR,()a
dheor\ 2
— onR%*he — R2 [ ===
prR°hg /pn (dt)
[12]

where heoy = h + hgy — hg + hp is the average height
of the liquid column from the base of the capillary
tube to the liquid—vapor meniscus. Here, /g is the ini-
tial value of hy. Equation [12] is subject to the bound-
ary conditions (Eq. [4] from Reference 1)

dh

/1(0) = 0, a o

=0 [13]

METALLURGICAL AND MATERIALS TRANSACTIONS B

The quantity y appearing in the second term on the
right-hand side of Eq. [12] is the contact line friction
coefficient and is related to the contact line friction
factor { introduced below Eq. [3] by { = uy. In general,
the range of friction coefficient is from 10 to 1000.%

Equation [12]is similar to Eq. [3] of Reference 1, except
that %y in the drag term on the right-hand side is
augmented by % Ry, and the pre-factor of 1/4 in the
end drag, or entrance effect, the term is replaced by ¢. This
is to accommodate other authors who have argued the
values 0*% or 1/61** as being the most appropriate value
for &. The value ¢ = 1/4 was adopted by Wang et al.*®!

In the non-reactive case, the contact angle 6 is
assumed to be constant (and less than 90 deg so that
the liquid metal wets the solid). For the reactive case, the
contact angle is assumed to decrease with time from a
value 8 = 0, to 6 = 0.. according to Eq. [1]. The force
incorporating the surface tension with the contact angle
is referred to sometimes as the capillary force as termed
by Blake.['®!

B. Reaction Sequence

Although the dynamics of the contact angle were
explained according to Eq. [1], a possible reaction
sequence is proposed here for simplicity with a graphite
substrate though a similar sequence may be developed for
a C or a B4C substrate. The initial dynamic wetting is
assumed to occur under a reaction-controlled process
without the bulk diffusion of components for the move-
ment of the three-phase line consisting of liquid, solid, and
gas. A reaction sequence involving liquid metal adsorbing
onto the surrounding substrate could occur in steps
similar to the adsorption—desorption steps developed
similarly by Grabke and Horz*"" and Wang ez al.*® for
gases adsorbing onto metals. Similarly, liquid titanium
(Tiy) adsorbing onto the surrounding surface of a
substrate starts initially with Ti atoms moving on the
surface according to the following reaction.

Tip = Tisyr [14]
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The physically adsorbed Ti on the surface (Tigy,) will
move on the substrate and combines with an empty site
(V) such as a surface defect, vacancy, or kink to create
adsorbed Ti (Tiags) according to the following reaction:

V + Tigyr = Tiags [1 5]

The adsorbed Ti will than combine with carbon
exposed on the surface to form TiC as follows:

Tiags + C = TiC + V [16]

The movement of Ti, its combination with a vacancy
to create an adsorbed Ti species, is shown in Figure 2. If
the reaction causing the formation of an adsorbed Ti is
the rate-determining step for the reaction sequence, the
rate () for Ti adsorption is proportional to the moles/
area of adsorbed Ti (nriads) and with the rate constant
(k») for reaction [15] the rate equation is deduced as:

dnri ads
dt

After rearranging, the integration from an initial Ti
moles/area content (n%; ,4,) to Ti moles/area at the time

(1) as nf 4, vields the following result:

/ . (18]

Integrating and setting a time constant tr = (k)™ ',
the concentration of the adsorbed Ti becomes

P = = konti Ads (17]

t
T, ads

/ dntiads
NTi,Ads

0
nTi.z\ds

o t
NTiads = N7 ads€ J (19]

The rate-determining step (Eq. [15]) of the reaction
sequence is converted into a wetting velocity (dL/dt) of
the moving titanium liquid by the density of titanium
(p1;) and atomic mass (M) as follows:

dnTiads _ dr
pTidt dl

My [20]

The wetting velocity or rate of adsorption converted
to the adsorbed Ti (nriads) and dL/dt (or dh/d?) is
substituted, the foregoing equation becomes:

Dissolved
substrate

The

Tigiq

'dnTi‘Ads . dL o dh o kzMTi "o e,/TR [21]
Toppdt — dt  di \ pg )T

dh kQMTi %
— = 2. R 22
dt ( Pri )nTl,adse [ ]

The foregoing equation shows that the imbibing rate
depends on the exponential of time for the adsorption of
Tiags atoms (onto the immediate surrounding area of
the liquid titanium (Tip).

C. Dimensionless Parameters

Note that V1 and /,_ as well as h, will also depend on ¢
as they are functions of 6. We will assume that 6..< 0,<
7/2 in this study with a comment on other cases at the
end. We introduce equilibrium capillary rise heights
corresponding to contact angles 6, and 0.. by

20 cos(by) 20 cos(0x)
pPgR pgR

We introduce the non-dimensional time 7 and capil-
lary rise height / by

heo = 5 heoo = [23]

=t g; /’;:h, ;;L—hL; Ecol—hv
hEOO h()OO hEOO heoo [24]
ﬁ_ho_Rl—sm(H) R—i
0 Boso cos(0) " oo
In terms of these, Eq. [12] may be rewritten as
d dhcol
hmgﬁ{ (pmR¥hea) = }
= 2nRao cos()
25]

dh
_875,“\/ ec§ heoo<h+h0+ R7>d_

~ 2
— e pR*hg — thessgpmR? (dz?")

l.‘TiSur

/ rTiAds

TOTATaTeTATaTA ~ —

TiC

Fig. 2—Sketch of the movement of a titanium atom from the liquid titanium onto the surface of the substrate to combine with a vacancy to

form an adsorbed titanium atom.
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Note that Os has simply been written as 6 in Eq. [25].
Dividing Eq. [25] by pgnR’h.(assuming that p is
constant), we obtain

d ~ N dhe 20 cos(0)
-= h h = -
dt {( + L) dt } g R
- 8;¢<E+Eo +1R;¢> an_;
where fi = p—tes
p

474 )di
~ 2
. dhcol
dr
R2\/gheo

Substituting Eq. [23] into Eq. [26] and making use of
Eq. [24], we obtain

d |- dho| - i
d_i{hcolv} =1- (1 - heO) eXp (_g)

[~ -~ 1-\dh -
—8u<h+h0+4Rx>dl~—

~ 2
dheol
— 8( T > [27]

IR = 1R/ &/ heso

[26]

where /;eo = heO/heoo;

D. Numerical Solution

It is convenient to scale the dimensionless meniscus
height and time as follows:
}; = /’;L()]‘NI; f: T};LO [28]

Here, /’;LO is the value of EL at the initial contact angle
0. Then Eq. [27] can be written as

r 7 I:Ico r T
i{Hcold—J} =1- (1 - he())exp(— ~—)
dT dTr . Tr

. dH - -
— B(H + Hyer) — — Hh
5( + Hy, ff) a7 LO

. (df}d) ’ 29]

where Hy,H,, Flcol, Tk , and p are given by

- h - hy - J
HL:~_L§ HOZJ_O; H001:3001§
h]_@ hLO h]_’() [30]
~ t R
Tr = =34 B = Sphio; Hyor = Hy +Zh—}(
hL() Lo

We perform the numerical solution for liquid tita-
nium, at its melting temperature of 1668 °C, infusing
into a 10 um radius cylindrical capillary composed of
B4C. The surface tension and density of the liquid metal
were taken to be 1.555 N m~' and 4.17 kg m ~,
respectively,*” while the viscosity used was 3.3 (10) * kg
m~ ' s7!, extrapolating data from Ishikawa er al.F%” We

METALLURGICAL AND MATERIALS TRANSACTIONS B

do this first for the non-reacting case, so that the static
and final contact angles are equivalent (0y = 0..,. Then
Eq. [29] becomes

d (-~ dH . dH -
dT{( + )dT} B(H + o,ff)dT Lo
()
—&|l —=
dT

subject to the boundary conditions (Eq. [4] from Ref-
erence 1)

31]

- H
S 32]
dT|7=o

Note that, in writing Eq. [31], we have neglected the
effect of the changing meniscus shape on the liquid
column height and have simply taken Hp to be unity.
Three different contact angles are considered, as shown

Velocity (m/s)
W A U1 &N 9

(5]

Velocity (m/s)

S =N W A NS -

(c)

2.0 —x=0 - - x=50 ----x=200

- e e e e e e e e e e e = e = e e .

Velocity (m/s)

Time (us)

Fig. 3—Velocity of the initial capillary rise for liquid titanium with
values of the contact line friction coefficient () at the melting point
into a 10 um radius capillary of B4,C: (a) equilibrium contact angle 0
= 0 deg, (b) 0 = 40 deg, and (¢) 6 = 80 deg.
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Table I. Geometrical and Associated Parameters Depending
on the Contact Angle for Titanium Melt Infusing into
Capillary Tube of B4C with a Radius of 10 mm

0 (deg) AL (um) ho(um) Ho he(m) I p

0 3.33 10 3 7.60 6966 0.0244

20 2.92 7.00 239  7.14 6753 0.0221

40 2.16 4.66 2.16 582 6097 0.0181
1.31 2.68 2.05 3.80 4926 0.0135

80 0.436 0.874 2.01 1.32 2903 0.00768

in Figures 3(a) thwough (c). To acquire a sense of the
geometrical and assdgjated parameters for the contact
angles,_parameters are sSsqumarized in Table I.
Equation J31] is marched forward according to
U=dH/dT
Let Tk, Uy, and Hydsqote the vilyes of 7, U, and H
at step k. Then

Hy = Hi + Uk(TkJrl - [33]

(Hip1 + D)Upyy = (Hg + 1) Uy
+ {1 = hoHy — B(Hi + C)Ug — U }

(T/chl - Tk)
(34]

The timesteps are chosen according to the following
rule:

Ty =kAT; k=0,1...n [35]

~ _ 1 k—n
Tk:nAT{l—i—Z} i k=nn+1...N [36]

III. RESULT,

The meniscus velocity fge-the three contact angles is

shown in Figure 3,~We take AT =0.00001 and
n = 1000. For egetf"contact angle, the numerical calcu-
lation is rug 46 1000 us.

Figupe~3(a) shows the results of the calculations of the
mgarScus velocity for the three contact angles, where the
entrance effect of 1/4 (¢ = 1/4), x = 0 and the
corresponding values of ff and H, are given in Table I.
Exact solutions of Eq. [31], subject to Eq. [32], are
available for Hy = 1,y = 0 and ¢ = 0 and/or = 0.
The sensitivity of meniscus velocity to the friction factor
for three different contact angles can be seen in
Figures 3(a) through (c). The velocity decreases with
an increase in the friction factor as well as the contact
angle. We also studied the entrance/end effects on the
maximum meniscus velocity for the three contact angles
(see Figure 4). These show a decrease with an increase in

=0, 1/6 and 1/4 top, middle and
- bottom of each set of curves

= =10
- = 6=40°

Maximum Velocity (m/s)
'S

1 10 100 1000
Contact Line Friction Coefficient y

Fig. 4—Maximum meniscus velocity for liquid Ti, at melting point,
as a function of friction coefficient ¢. The effect of different values of
the end-effect coefficient ¢ is also shown.

—
>
=

|
1

Forces Balancing Capillary
Force, as a Fraction

Forces Balancing Capié
Force, as a Fractig

0.0 - — - T

Forces Balancing CapNlary
Force, as a Fraction

02 = Acceleration Term = = Viscosity Term
) ===-CLF Term = ¢ =V Squared Term
-0.4
0.01 0.1 1 10 100 1000
Time (us)

Fig. 5—Relative contributions of the acceleration, viscosity, contact
line friction (CLF), and velocity squared terms in balancing the
capillary force, for the rise of liquid titanium, at the melting point,
in a 10 um radius B4C capillary with an equilibrium contact angle of
0deg. (@) x = 0, (b) x = 50, and (¢) x = 200.

the contact line friction with a modest effect of the
choice of the end-drag coefficient ¢. The relative contri-
bution of the force due to the contact line friction (CLF)
on the infiltration of the liquid metal is divided by the
surface force (or capillary force) and shown in Figure 5.
As expected, since this force (CLF) is proportional to
velocity, but not infiltration length (as is the case for the
viscous drag), it rises to a maximum and then falls off.
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List of Symbols and their Units—(a) Roman Symbols

List of Symbols and their Units—(b) Greek Symbols

Parameter Description Symbol Unit Parameter Description Symbol Unit
Height 4 Normalized with Respect H — Normalized Viscosity 8/ opuf pRZ\/(he, p —
to hrg N «8)}
Meniscus Extent 4, Normalized H, — End-effect Coeflicient e —
with Respect to /g ~ Contact Line Friction Factor 4 kgm™!s7!
Effective Normalized Meniscus Ho o Contact Angle 0 —
Extent = (hy + Ya Ry)/hio ~ Initial Contact Angle 0o —
h. Normalized with Respect to its H; — Equilibrium Contact Angle 0., —
_Initial Value ~ Dynamic Contact Angle 0p —
H at Timestep k Hg — Static Contact Angle Os —
Capillary Radius R m Atomic Displacement Amplitude A m
Absolute Temperature T K Liquid Viscosity u kgm™'s7!
Time ¢ Normalized with Respectto T — Normalized Viscosity hemu{pRz\/(he, i —
(hiolhe )V (he o/ 2) 3 «8)}
Reaction Time g Normalized with Ty — Liquid Density P kg m?
_ Respect to (fpo/he, ‘x,)\/(he,‘x,/g) ~ Liquid—Vapor Surface Tension o kg s>
T at Timestep k Tk — Liquid—Vapor Surface Tension oLg kgs
Normalized Velocity: di/d¢ Di- U Solid—Vapor Surface Tension 0sG kg s
vided by \/(hc,wg) Solid-Liquid Surface Tension osL kg s72
U at Timestep k Uk — Reaction Time Constant (= 1/k») TR s
Volume of Liquid Above Meniscus Vi m’ Contact Line Friction Factor Coeffi- X —
Base cient
Acceleration due to Gravity (9.81) ¢ m s
Meniscus Height h m
Meniscus Height Normalized with /4 —
Respect to Capillary Rise Height At the maximum meniscus velocity, inertial force is
Height of Contact Line Above Base /g m negligible, and the V-squared term (or (d//dr)?) is a
of Meniscus ~ maximum.
ho Normalized with Respect to ho — Extending the calculations to the reacting case, we use
Capillary Rise Height the example of titanium melt infusing into a 10 um
VL Divided by Capillary hy m radius B4C capillary tube as before, and take 0, = 80
Cross-Sectional Area - deg, 0..= 0 deg. We explore the effect on the meni
hy Normalized with Respect to hr - 8, Voo cg. we explore the ellect o ¢ meniscus
Capillary Rise Height velocity profile of varying Tg. It is useful to note that
hy at Initial Contact Angle 0, hio m . 2 .
h1o Normalized with Respect to /;];0 — h_L - png(l —sin(0))"(1 + 2sin(0))
Capillary Rise Height he 60 cos*(0)
Capillary Rise Height for Contact heo m png(l + 2sin(0))
Angle Remaining at 0, ~ = ; 5 (37]
heo Normalized with Respect to heo — 60 (1 + sin(0))
Capillary Rise Height ,
Capillary Rise Height h%w m We further have
ioecutar Motion " e i I _ pgR(1 = sin(0)’(1 + 2sin(0))
Reaction Rate k> st oo 60 0054(9)
Boltznzqzann’s Constant (1.381 x kg kgm?s 2 K™! _ pgR*(1 + 2sin(0)) cos(0) 38]
10~ = ; )
Moles p)er Unit Area of Adsorbed n m~> 6o (1 +sin(0)) 005(0o)
Titanium i 0 L The results for the dynamic case are shown for
Initial Moles per Unit Area of " m various values of tg in Figure 6. Numerical benchmark-
Adsorbed Titanium ing of the solution for reactive infusion was perf d
Radius of Meniscus Surface Fm m g ol . periorme
Time : s by taking advantage of the fact that, if the gravity and
Time Normalized with Respect to 7 _ end-effect terms are removed (i.e., ¢ is set to zero) from
V(he, /2) Eq. [29], and H, is set equal to Hy, the equation may be
Reaction Time Scale in Eq. [1] IR s integrated once analytically.
tr Normalized with Respect to iR —

V(he, /g)
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The short-time behavior will be characteristic of the
behavior of a non-reactive melt with contact angle 0,
and the effect of the reaction will become evident in the
LWR or Semlak—Rhines part of the meniscus velocity
vs. time curve. Here, inertial terms and the end effect
may be neglected, and Eq. [31] reduces to

0= (1 _/;LO) eXp(—Tl) —ﬁ([j]—‘r ﬁo)T—H/’lL()

R

Equation [39] is valid for some 7 > Ts, where,
certainly, Ty > 1. If Tp < Ts , the exponential term
can be neglected and H,, can be replaced by H,... In that
case, the Semlak—Rhines behavior is the same as for the
non-reactive case with contact angle ... For Tr com-
parable to or larger than Tg, there is a cross-over
behavior that we now examine. Let us take /g = 1072
second and choose tg of 10, 50, 100, 200, and 1000

seconds. Rewriting Eq. [27] in terms of / and 7 we obtain

0= (1) exp<f> — 85+ dh i o)
IR ds

Equation [40] is solved for 7 > 7. subject to /;_; = hs.

The value of hg. to be used is determined from the
solution of Eq. [29]. For the case of liquid titanium melt
with an initial contact angle 6, = 80 deg, rs = 1072
second corresponds to T' = 82477.39.

The above calculations were performed for infusing
reactive liquid metal with an initial contact angle 0y and
a finite contact angle .. such that .. < 6, < /2. While
the literature indicates that reaction renders the liquid
metal more wetting to the solid (i.e., 0.. < 0y), it is also
possible to have 0., < 7/2 < 6. In this case, the reaction
proceeds without infusion until the contact angle
reaches /2, at which point the infusion starts.
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Fig. 6—The effect of reaction time constant (fgr) on the meniscus
height for titanium melt infusing into a 10 um radius capillary tube.
The initial and final contact angles are 80 and 0 deg, respectively.
The bold curves are the results for a non-reactive melt with contact
angles of 0 and 80 deg. Here, ¢ = 0 and y = 1/4.

IV. DISCUSSION

This work presents three extensions to our previous
papert! on liquid metal infusion into a porous solid
comprising of B4C particles. The first extension is the
inclusion of a contact line friction term related to
adsorption of the liquid metal onto the interface,
which is significant compared with the drag due to
viscosity in the early stages of capillary rise when the
liquid column is short, and the velocities are high. The
drag coefficient y is assumed to be in the range 10 to
1000, in accordance with literature studies,”? and
reduces the maximum velocity, as shown in Fig-
ures 3(a) through (c), which depict the velocity vs.
time for three different values of the friction coeffi-
cient, and in Figure 4, which shows the maximum
velocity vs. x. Also, for a second extension as there
has been some debate in the literature, the effect of
varying the entrance effect coefficient ¢ was investi-
gated and was found to be fairly modest for values
less than Y4 considered.

Relative contribution of the forces acceleration,
contact line friction, viscosity, and end drag divided
by the capillary force or balancing the driving
capillary action is shown in Figure 5. The forces
of acceleration and capillary action are clearly
significant at time less than 1 us. The viscosity and
capillary forces increase with increasing time beyond
approximately 50 wus though the end drag and
contact line friction become prevalent between 1
and 50 us depending on the contact line friction
coefficient (y).

The third extension is the inclusion of a reaction
between the liquid metal and the ceramic preform,
which has the effect of lowering the contact angle.
Dezellus, Hodaj, and Eustathopoulos?®' reported the
product layer as a thin layer of SiC formed between
Cu-Si liquid and C substrate. They reported that in the
initial time span, the contact angle decreases rapidly
followed by a slower linear rate. Another consideration
is the time span of the product layer forming between
the liquid and substrate. Aizenshtein et al.*' reported
the product layer of TiC, and TiB, forming also behind
the triple line or between the dissolved Ti in a Cu-Ti
liquid and the B4C substrate. They also reported a
microstructure showing liquid Ti contacting directly
B4C between the produce layer and the triple line at the
juncture of the liquid Ti/B4C and atmosphere. The
liquid Ti/B4C interface infers that the product layer of
TiC, or TiB; does not form immediately upon the
contact of liquid Ti with B4C, but the product layer
evolv[?% by nucleation and growth, as reported by Saiz
et al'™”

The analysis resulting from the calculations in
Figure 6 shows a reaction timescale assumed to be of
the order of 1 to 100 seconds. In addition, the results
show a dependence of the liquid penetrating distance
vs. time that interpolates between those of an unreacted
and completely reacted 10-um radius tube according to
the reaction timescale of less than 100 seconds, as
shown in Figure 6, where unreacted and completely
reacted contact angles are assumed to be 80 and 0 deg,
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respectively. The results do indicate that the reacting
product shifting the time constant may increase the
contact angle causing the penetrating height to
decrease.

V. CONCLUSIONS

In considering the dynamic wetting of liquid metal
infusion into a packed bed, the effect of the contact
angle on the penetrating rate and distance was analyzed
by examining the momentum balance of the liquid
within a capillary, as well as reactive and non-reactive
processes occurring in the vicinity of the contact line. If
the advancing front of liquid Ti on a substrate, prior to
the onset of the reaction of Ti with the B4C to form TiC
and TiB,, is assumed to depend on the rate-determining
step of the adsorption of Ti onto a surface defect (e.g.,
vacancy), the dynamic contact angle 6p becomes con-
trolled by the rate constant of the reaction for adsorp-
tion and leads to an effective contact line friction. The
imbibing rate of the liquid into a pore increases with
decreasing static contact angle 05 with a maximum
velocity near 1 us for the micrometer-sized capillary
considered here. This maximum velocity decreases with
increasing contact line friction. Later on, at times ¢ of
the order of 1 to 1000 seconds, a decrease in contact
angle 0, due to the presence of the reaction products TiC
and TiB, results in a penetration depth that follows a
rough '/? dependence interpolating between the theo-
retical results for a fully unreacted and fully reacted
substrate.
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