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Abstract

Design, Fabrication and Test of an Apparatus to
Monitor the Wetting Behaviour of High Service
Temperature Brazing Materials

Rafid A. Khoja-Mendwi

In high temperature brazing processes, the substrate wetting and the spreading of the
filler metals into the joint gap is crucial for successful joining. In this work, a new
approach for the assessment of the molten filler spreading behaviour is proposed based
on an existing and well accepted wetting behaviour characterization method. This method
is based on recording the spreading behaviour of the molten filler video-graphically, for
which requires sophisticated hardware. For this reason, the remainder of the work is
focused on providing the means to implement the proposed test considering the specific
demands of the brazing process and the test method. Accordingly, a high temperature
brazing facility with the capacity to monitor the test sample, has been designed,
implemented and successfully tested to fit the purpose of the proposed test. The data
collected from the preliminary tests were refined and analysed using image analysis
techniques. The results of this analysis showed very promising potentials for the testing

facility and the selected characterization method.
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Chapter 1 Introduction

The choice of joining process for a specific application involves many different
parameters such as cost, joint strength, geometry and dynamic loading. Brazing is an
attractive choice when a permanent joint with high integrity is needed. It is very attractive
for the applications that involve highly engineered materials that can not tolerate
microstructure or shape distortion and residual stresses. Brazing provides a strong,
uniform and leak proof joint and it can be the choice for joining inaccessible parts and
multi component complex geometry assemblies. However, as the braze filler has a lower
melting temperature than the base metal, brazing can face challenges in high temperature
applications [1]. For this, nickel-based brazing alloys are well known for brazing
superalloys and high-alloyed steels for high service temperature applications in industries
such as nuclear and aerospace [2]. One of the main characteristics of nickel brazing fillers
is it contents a relatively high concentration of metalloids (boron, phosphorus and silicon)
as melting point depressants (MPD) that reduce the composition melting point to
somewhere between 1000°C (1832°F) and 1250°C (2282°F) [3]. This property is put into
application in transient liquid phase (TLP) bonding. This brazing technique is based on
the change of the brazing seam composition through the diffusion of the melting point
depressant from the brazing filler toward the base metal until isothermal solidification
takes place. This technique produces joints that can perform at temperatures that exceed
the brazing filler melting point [4]. On the other hand, the brazing as an industrial process
can be challenged by other parameters like the process success rate and reliability. Such
parameters are mostly influenced by the wetting of the work piece by the molten filler

metal. As wetting is essential for the validity of the process and one of its most important



evaluation parameters, then the understanding and the ability to assess the filler wetting
and spreading behaviour is essential to control the industrial process.

In its most abstract concept, the triple phase equilibrium wetting configuration was first
described by Young (1805) as a mechanical balance between the energies of the involved
surfaces at their common point of contact. This balance was accordingly characterised by
the macroscopic angle of contact between condensed phases. At the same time, Laplace
(1806) put forward the relation between pressure difference across liquid surface and its
curvature. Dupré (1869) related Young’s contact angle to the work of adhesion through
the liquid surface tension. The three contributions set the knowledge base for the
capillary flow concept [5, 6].

Brazing filler spreading and wetting of the substrate is way more complex than the simple
wetting concept. Reaching the equilibrium state is arrested by solidification and
spreading behaviour is usually dominated by one or more of several competing sub
processes. These sub processes, permanently or temporarily, alter the real nature of the
materials and their interactions at the exact interface. This is especially true in the case of
brazing high service temperature alloys due to the higher affinity for diffusion,
evaporation and reaction at elevated brazing temperatures. Furthermore, the influence of
the trace impurities and the alloying elements can dominate the interface interactions
during the process [7]. This deems the solidified or even equilibrium contact angle
measurement at most non-representative and leaves the industry with no well agreed
upon method to assess the wetting behaviour. For this reason, the exact relation between
the process input parameters and wetting behaviour is not well established. The industrial

practices are usually based on general scientific guidelines, experience and statistical



predictions [8]. In high temperature brazing, the critical areas of application and the high
cost of materials imposes the need for a better characterization technique to predict the
effect of the involved industrial practices during the process on its output success and
reliability [9]. Accordingly, this work is motivated to propose a different way to test and
evaluate the spreading of the brazing filler metal. As the new testing approach is not
established yet, there is no commercially available test facility to implement such a test.
This fact set the objective of this work is to provide the mean to implement the proposed
test.

In this thesis, chapter 2 is dedicated to review the current understanding of the spreading
phenomena and to highlight some of issues that influence high temperature wetting
behaviour specifically in brazing. Based on the literature review, this study favoured one
wetting behaviour characterization technique and comments on its potential importance
as a testing method. The chapter ends by an overview of some of the experimental
techniques used to assess high temperature spreading behaviour. Chapter 3 is focused on
the design of the testing facility and the design relation to the process requirements and
the components specifications. The chapter also includes details about the apparatus
implementation. Chapter 4, the details of the test facility basic functions are presented
and followed by the details of the results of testing some spreading samples. The method
used to analyse the data collected from the real test is explained. This data is presented
and discussed in chapter 5. This chapter ends with some concluding remarks

contributions and future recommendations.



Chapter 2 Background
2.1 Wetting and spreading of brazing filler

2.1.1 Non-reactive wetting and spreading

2.1.1.1 Static wetting

Early attempts to shed light on the wetting and spreading in capillary joining processes
were mainly focused on the relation of equilibrium thermodynamics to the success of the
joining process. A good review can be found in Baily and Watkens [10] and Milner [11].
The concept of equilibrium wetting was established through the earlier studies for low
energy solids and liquids, and was used to study soldering as it takes place at lower
temperatures. Some of the most important issues around this concept are addressed
below.

For ideal surface (smooth, homogeneous, rigid, and non volatile), Gibbs (1876) [12]
suggested three conditions for equilibrium. The first is Young-Dupré equation, the
second is Laplace equation and the third is the balance between the chemical potentials
and gravitational intensities of the fluid components [13]. Massive contributions can be
found in the scientific literature to expand the concept to include the complexities of the
real surface, even though some of these efforts [14-17] ended up questioning the integrity
of Gibbs and Young’s approaches. Wenzel [18] proposed the addition of a roughness
factor to Young equation to account for the difference between the actual surface area
and the geometrical surface area (obtained from measuring the boundary that encloses the
actual surface area). The factor compensate the mismatch between the net change in
liquid surface area and the net corresponding change in solid liquid interface during the

liquid spreading or repelling. The increase of the roughness according to Wenzel’s [18]



approach has a magnifying effect on the spreading or repelling of the liquid. This
treatment takes into account the effect of surface roughness with an implicit assumption
that the features of the substrate surface are significantly small. Suttleworth and Bailey
[19] expanded Wenzel’s [18] approach and included the effect of surface features on
spreading. In the course of their work, they explained the surface roughness contribution
to contact angle hysteresis which is used to be attributed only to the chemical
heterogeneity of the surface. Hitchcock et al. [20] studied the effect of the surface texture
on a combination of high and low energy liquids and substrates under thermal and
mechanical disturbance effects. In conclusion, they suggested that the increase in surface
roughness will decrease the wettability of both wetting and non-wetting liquids. They
suggested as well that the effect of roughening the surface reduced by increasing the
liquid thermal or mechanical energy. Cassie and Baxter [21] expanded Wenzel’s
reasoning beyond physical heterogeneity to include chemical heterogeneity. In this
treatment, the contact angle is considered to be the sum of the contact angle values for
each surface domain multiplied by its fraction of the surface. Cassie [22] discussed the
difference between the advancing and receding contact angle in terms of multi-molecular
adsorption theory to indicate that the advancing contact angle can be unique, whilst the
receding one generally less than the advancing and should not have a unique value. Li
and Neumann [23] argued that in spite of the fact that Wenzel’s and Cassie’s treatments
identified the appropriate equilibrium contact angle for heterogeneous surface, still it is
not very useful. As for a heterogeneous surface there are different metastable contact

angles.



To establish the relation between the equilibrium contact angle and spreading, Harkins
and Feldman [24] proved that the spreading or non-spreading of a liquid can be presented
through a very simple thermodynamically determined coefficient called the spreading
coefficient. The spreading coefficient is the result of simple comparison of the work of
adhesion between the liquid and the substrate, which drives the spreading, and the work
of cohesion of the liquid which resists the spreading. According to Padday [25] the first
concept of the spreading coefficient is attributed to Dupre (1869). In a tutorial fashion
Youst [26] reviewed Gibbs thermodynamics of capillary, with focus on nonreactive
spreading process and utilized Buff-Goodrich [27-29] vector approach to calculate

various meniscus shapes and wetting forces.

2.1.1.2 Spreading and wetting dynamics

While static wetting describes the equilibrium state, the process by which the final state is
achieved is described by wetting dynamics [30]. Milner [11] analyzed the brazing joint
filling in analogy to the fluid flow in a pipe. The filler metal driving force was calculated
from the surface tension theory and the flow resistance was determined from the fluid
flow theory using Newton-Poiseuille streamline flow [31] approach. This approach is
widely cited to provide some qualitative analysis to relate the measured contact angle to
brazing filler spreading in spite of the fact that Milner’s calculations showed that the
model failed to predict even the order of magnitude of the experimental data reported in
the literature [32].

Wetting dynamics as a phenomenon is a vast area of research and researchers in the field
of fluid dynamics are keen on separating the different physical regimes to be addressed

with key experiments and simplified analysis. For example, to reduce the gravity effect,



smaller drops can be used. The size of the system has to be very small in comparison with
its characteristic capillary length in order to neglect the effect of the gravity. On the other
hand, the capillary driven spreading, as an irreversible thermodynamic process, is energy
dispersive. Accordingly, in most of the work done to study the capillary spreading
phenomena, the driving force is calculated from unbalanced Young forces, while the
energy dispersion channels is diversely considered [33]. To bring into attention the state
of the art understanding of the phenomena some of the significant contributions in this
regard will be reviewed. In this context Schonhorn [34] measured experimentally the rate
of change of the dynamic contact angle toward its final value, for a spherical drop, and
correlated it to the change in the drop radius, surface tension and viscosity. Newman [35]
substituted Schonhorn’s time dependent contact angle into Poiseuille’s law to predict the
rate of penetration in capillaries and slits. Based on these two contributions, Yin [36]
derived a formulism for the spreading of a spherical cap shaped droplet on a smooth
horizontal surface. He assumed that spreading is promoted by net surface tension at the
interface only and retarded by the viscous friction in the bulk of the liquid. Later on
Hoffman [37] tested the forced flow of silicon oils on a glass capillary where it was
concluded that the apparent contact angle is a function of the capillary number. In another
approach, Voinov [38] introduced formalism for the hydrodynamics of wetting. The two-
dimensional motion of a liquid with a free surface was considered. In this formulism the
dynamic contact angle was considered at the microscopic scale, the boundary conditions,
and the scope of application for the hydrodynamic description of the fluid were
established. The change of the surface energy and the work of the surface forces were

considered equal to the energy dissipation due to viscosity and the energy dissipation at



the microscopic scale. Different aspects of spreading phenomena were explained based
on the provided solution, including the previous findings that the spreading of liquids of
the same viscosity on different smooth surfaces occurs in a similar manner. Voinov’s
calculations showed that for spontaneous spreading of a spherical droplet, which
completely wet the substrate, the droplet radius is proportional to the time with the power
of one tenth. In another development Tanner’s [39] experiment revealed a relation
between the edge velocity and the free surface maximum slope that occurs at an
inflection point close to the moving wedge. This relation corresponds to a power
exponent of 2/3. It is concluded, based on the data analysis, that the edge velocity is
approximately proportional to the cube of the slope at the inflection. In light of these
contributions, Lelah and Marmur [40] tested the spreading of water and some other
liquids on glass. The graphical representation of their data and some other data from the
literature showed a power low relation between the spreading area and the time for both
of complete and partial wetting cases. Whereas in a review of the wetting statics and
dynamics, de Gennes [41] discussed the energy dissipation channels of the hydrodynamic
theory and suggested that the processor film plays an important role in the process. Based
on the work of Hoffman [37], Tanner [39], and Lelah and Marmure [40], a power law
relation had been proposed between time and the drop radius at constant volume and the
characteristic velocity (surface tension to viscosity ratio V*) as represented by equation
(1) [41].

R3M+1 ~ yrm (1)
The contradiction between the hydrodynamic theory utilization of the traditional no-slip

boundary condition, and the moving wedge led to the divergence of Navier—Stokes



equation solution were the forces exerted by the liquid on the solid become infinite. For
this reason, the no-slip condition has to be released at a certain distance from the contact
line [42]. Different models varied in their assumptions of the viscous dissipation
mechanisms and in their treatments for the distance where the no-slip condition has to be
released and in the range of contact angle treated [41, 43, 44].

On the other hand, Blake [45, 46] departed from the continuum solution in the molecular
kinetic theory to utilize what is introduced as Frankel / Eyring [47, 48] view of liquid
transport. Wetting is described as energy activated hopping of the molecules between
adsorption sites in the three phase zone. The motion of the contact line is determined by
statistical dynamics of the molecules adsorption and desorption and is assumed to be a
stress modified molecular rate process. The molecules in the three phase zone have to
overcome energy barriers to advance or recede, considered as the wetting line friction,
while the surface tension out of balance is the driving force. The macroscopic dynamic
angle is linked directly to the triple line motion. In its simplest formulation the molecular
kinetic approach oversees the viscous interaction between the bulk liquid molecules. On
the other hand, Voinov [38] pointed out that when the velocity is sufficiently small, the
hydrodynamic effect is unimportant and referred to other phenomena to take over such as
Blake’s [45] liquid kinetics approach. This led other researchers [49-51] to work on
hybrid models to integrate the hydrodynamics of wetting and the contact line friction
together.

Blake [52] introduced a brief comparison between the different models as depicted in

Figure (1).
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Figure 1 A: The viscous bending in the hydrodynamic approach B: the molecular kinetic approach
[52].

At the beginning of the spreading process, wetting forces are still fresh and overcome
easily the viscous resistance, the contact line moves fast with nearly constant
configuration at the triple line. In this phase, the liquid inertia resists the motion and
dominates spreading. The contact line speed is damped by the rate at which the liquid
moves from the drop bulk to the triple line, driven by the difference in the capillary
pressure. As spreading goes along, the driving forces decrease as well as the contact
angle, accompanied by increase in the viscous friction, both leads to damp the speed of
spreading and the reduction of inertia forces till the crossing to a hydrodynamic
dominated wetting. Eustathopoulos et al. [53] explained based on previous experimental
observations and simple calculations that for liquid metal viscous friction can be

important only in very late stage of completely wetting systems.

2.1.1.3 The effect of high temperature

In an attempt to correlate between the on going efforts to understand the low-temperature
spreading phenomena and the less addressed high-temperature spreading, Size et al. [54]

studied the non-reactive spreading of liquid metal and oxides on molybdenum substrate,
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using drop transfer technique with high-speed videography. It had been found that for
liquid metals, the models based on the viscous dissipation predicted triple line speeds
higher than the experimentally recorded ones. The molecular kinetic model was more
representative in triple line speed prediction, temperature dependence of the liquid-solid
friction, and the solid-liquid wetting activation energy. For the higher viscosity oxide
droplets, the combined model used successfully to predict spreading. This led to the
conclusion that the molecular interaction energies of liquid molecules, appears as a
higher surface energy and work of adhesion in high-temperature liquids, play a

determining role in the dominant spreading energy dissipation channel.

2.1.2 The effect of Oxygen at high temperature

In this section, some of the work done to understand the most important effects of the
presence of oxygen in the atmosphere of high temperature brazing process will be
discussed. It is not unusual for the researchers to emphasize on the influence of the
oxygen content in the atmosphere of high temperature interfacial experiments and
processes. It can be said that the oxygen content is one of the hardest to control
parameters in these experiments and processes [55]. It is literally impossible to eliminate
oxygen existence in the process atmosphere as it is one of the biosphere constituents and
also comes out of the humidity decomposition at high temperatures. The influence of
oxygen on the high temperature processes is a combination of complex effects, one or
more of these effects might end up dominating the whole process. It is essential here to

bear in mind that the important difference that distinguishes the surface and interfacial

11



properties from the bulk properties is that, a very small amount of surface active
components, at the level of few parts per million can dramatically change the surface
tension and its temperature dependency [56].

Thermochemistry of oxide formation and disassociation during high temperature brazing
process is adequately shown in the work of Milner [11]. The equilibrium
thermochemistry of oxide formation can express the energetic potential for the bulk
oxidation reactions. However, a lot of work is done to establish the understanding of the
kinetic and interfacial energetic influence of oxygen on the high temperature processes.
Some of this work will be highlighted hereafter.

In an approach to estimate the effect of a strong surface active solute on the surface
tension of liquid metals, Belton [57] represented group VI elements fractional coverage
of the surface in Gibbs isotherm by Langmuir (ideal site-fillage) isotherm, to evaluate its
degradation to the surface tension of liquid metals. The resulted isotherm found to be a
very good representation for the available data. In another attempt using the available
data also, Ricci and Passerone [58, 59] investigated the effect of oxygen on the surface
tension of a group of liquid metals at constant temperature. Surface tension as a function
of the oxygen partial pressure (from a very low value close to zero up to the liquid
saturation) shows typical sigmoidal curves. A model was presented to describe this
behaviour based on Fowler-Guggenhime [60] isotherm and the assumptions are: 1) the
system adsorption can be described by a monolayer and 2) only the nearest neighbour
interactions are effective. The model considered the transfer of oxygen atoms from the
liquid bulk to the surface free sites (surface segregation reaction). The dependence of the

surface tension on the oxygen content is divided into three regions of the sigmoidal
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curve. In the first region, at a very dilute solution, there are a large number of free sites at
the surface; the surface tension shows a linear dependency on the surface composition. In
the second region, when the surface oxygen concentration is sufficient enough for
oxygen-oxygen atoms interactions, each atom prevents the occupation of the free sites
around it by other oxygen atoms. The surface tension changes in a steep function with the
surface oxygen concentration up to the oxygen maximum adsorption. In the third region,
the surface tension decreases almost in a logarithmic function up to saturation where

oxides start to appear on the surface of most of the metals.
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Figure 2 The S-shape representation of the influence of oxygen on surface tension, redrawn based on
Ricci and Passerone [58].

Based on these contributions, Yuchu et al. [61] used Belton’s [57] equation to estimate
the effect of sulphur and oxygen presence on the surface tension of steels and nickel
alloys. To achieve more understanding of the oxygen influence on the surface tension of
alloys, Lee et al. [62] studied the surface tension of liquid Fe-Cr-O alloys at 1823K using
sessile drop technique. It was found that the surface tension of the alloy decreases
markedly by increasing the oxygen content and fixing the chromium content. The

variation of chromium with fixing the oxygen content showed almost no effect on the
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surface tension. The variation of both oxygen and chromium content showed a steeper
decrease in the surface tension of the alloy with the increase of oxygen at higher
chromium content. As the surface tension of Fe-Cr alloy has no composition dependence,
this decrease in surface tension can be attributed to the stronger affinity of chromium to
oxygen.

Surface tension degradation is not the only influence of oxygen presence in the
atmosphere of high temperature metallurgical processes. Turkdogan et al. [63] concluded
on a theoretical base that the rate of vaporization in a stream of neutral gas should
increase with the increase of the partial pressure of a reactive gas such as oxygen. The
increase of the oxygen partial pressure increases the oxygen flux towards the metal
surface; this in turn decreases the thickness of the boundary diffusion layer which leads to
increase the metal evaporation rate. As the oxygen partial pressure further increases, the
oxygen flux toward the surface accordingly increases till a critical point where the metal
evaporation rate reaches a value near the rate of evaporation in vacuum. Any further
increase in the oxygen partial pressure, the flux of oxygen towards the surface becomes
greater than the metal flux and surface oxides form. Experimental results verified the
validity of these theoretical considerations. On a broader base Costa et al. [64] considered
the rates and sequence of diffusion and reaction in the gas phase, which controls the gas-
metal surface exchange, to evaluate the oxygen concentration near the surface of the
liquid metal and the effective oxygen supply to the liquid phase. Based on Astarista [65],
four characteristic reaction regimes where defined based on the evaluation of the Thiele
modulus @ (the ratio of reaction to diffusion rates) and €° parameter (the ratio between

the metal to oxygen fluxes). The first regime (Figures 2- and 3- a) the reaction is slow

14



enough not to affect the gas-metal surface exchange. The second regime (Figures 2- and
3- b) is a fast reaction with excess oxygen, in such a case all the metal vapour gets
consumed and the reaction is confined near the metal surface. The excess oxygen is the
actual oxygen supply to the surface. The Third regime (Figures 2- and 3- c) is a fast
reaction with excess metal vapour, in this case all the oxygen is consumed and the
reaction is confined to the atmosphere side of the boundary diffusion layer. The fourth
regime (Figures 2- and 3- d) is instantaneous reaction and it is confined to a narrow
intermediate region inside the boundary diffusion layer. Based on this approach, Ricci et
al. [66] provided a kinetic-flow dynamic description for the process that might take place
at the liquid vapour interface in the presence of an inert carrier flow containing definite
amount of oxygen. This description leads to the determination of the possible reaction
regimes based on a graphical evaluation of the relation between &° and the Thiele
modulus @ on a log-log diagram. This approach allows the definition of the stability field
for a chosen oxide. This description of the process at the interface allows a kinetic-fluid
dynamic description of the system by knowing the flow parameters and the geometry of

the experimental setup. The different possible regimes are illustrated in Figures (3) and

4.
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surface exchange, Redrawn based on Costa et al. [64] and Ricci et al. [66]
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On the other hand, for a system under Knudsen regime, Castello et al. [67] modeled the
process of oxygen exchange at the interface between a gas and a liquid metal. In this
model, global fluxes of metal and oxygen were considered, taking into account the
double contribution of molecular O, and the volatile oxides to the oxygen content. As the
vacuum discharge keeps the system out of equilibrium, non-equilibrium steady-state
conditions are obtained when the degree of saturation remains constant. Such steady-state
conditions are used to express the oxygen activity in the liquid as a function of the
residual oxygen pressure and the vapour pressure of the volatile oxide in the system. The
thermodynamic driving force in this scenario is function of the concentration gradients.
Based on each region across the interface, four steps of mass transfer were taken into
account; mass transfer inside the liquid phase, liquid-interface mass transfer, interface-
gas phase mass transfer, and mass transfer in the gas phase. Based on the assumption that
the transport process in the gas phase has no influence on the total mass exchange at the
interface (due to the large mean free path of gas molecules in a system under Knudsen
regime), the interface mass transport was considered to be mainly controlled by interface
phenomena and by oxygen penetration equilibrium inside the liquid. The model utilized
kinetic coefficients in its thermodynamic based equations to account for the transport
kinetics. The work came short in terms of justification and explanation of these
coefficients.

In an effort to find the best compromise between a higher metal evaporation rate at
higher vacuum and higher oxidation potential at higher atmosphere dew point, Sakamoto
[68] measured the area of spreading and the final contact angle of several selected high

temperature brazing filler drops and substrates as a function of the pressure and the inert
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gas (argon) flow. It had been concluded that a very low level of atmosphere impurities
can be maintained by the control of the argon flow rate and the furnace pressure in the
pumping range of the mechanical evacuation without deteriorating the joint mechanical
properties.

Meclean and Houndors [69] pointed out that at early stages of oxide formation the
interface energies at the metal oxide and the oxide vapour interface may contribute
significantly to stable oxides formation at oxygen potentials below those derived from
bulk oxide thermodynamic data. For high temperature alloys that form in soluble non-
vacuum degradable oxide layers, like alumina formers, heating in vacuum produces an
imperfect oxide film at the surface. Wall and Milner [70] investigated experimentally the
mechanism of surface oxide film removal by liquid metals in vacuum of some alumina
forming alloys. By heating different specimens of different aluminum content in air
subsequent to heating in vacuum, it had been observed that the ones contain more than
1% aluminum had developed a considerable oxidation resistance during the vacuum heat
treat compared to these with less aluminum content. In other test, aluminum containing
alloys showed a visible oxide film when heated in air, but subsequent heating in vacuum
led to the disappearance of this film. It had been concluded that aluminum containing
alloys encounter a selective oxidation process in vacuum were the lower atmosphere
content of oxygen allows enough time for aluminum atoms to diffuse out of the bulk to
form a transparent layer of alumina. A combination of the aluminum containing and
selectively oxidized samples with non aluminum containing ones were used in spreading-
drop test. Spreading under the oxide film was verified by the observation of lifting the

oxide layer adjacent to the spreading front. Experimental observations led to believe that
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metal penetrates the oxide film by vapour phase diffusion. On the aluminum containing
samples the spreading process were related to the mutual solubility between the liquid
metal and the substrate. While limited solubility led to good spreading, large solubility
led to substrate erosion with limited spreading. The samples that contained no aluminum
were not affected by solubility. It had been further noticed that if the furnace partial
pressure exceeded “Critical Value”, specific for each alloy, the surface oxidizes

substantially and the brazing cannot be accomplished satisfactorily.

2.1.3 Alloying element and reactive wetting

This section will be dedicated to review some of the work performed to understand the
importance of alloying elements and surface reactions.

Wetting behavior and adhesion are strongly affected by the presence of oxides at the
wetting front. Some alloying elements are usually added to the brazing paste to
undermine, dissolve, or react with surface oxides, or at least, to improve wetting and
adhesion over the oxide surface.

Skapiski [71] presented a simple model to relate the surface tension to the heat of
vaporization. Based on the test of the model Skapiski concluded that the calculated
surface tension values for liquid metals show a negative deviation from its experimental
values. This deviation was blamed on the model shortage in counting for the contribution
of the change in the electrons kinetic energy at the surface. However, Wassink [72]
presented the same model (even more simplified by neglecting the surface tension
temperature coefficient) for rough surface tension estimation. Based on this approach and
Gibbs surface thermodynamics, the latter indicated a relation between the heat of alloying

for random solutions and the interfacial tension. As the solubility at a specific

19



temperature depends on the entropy of mixing as well as the heat of mixing, Wassink
went to evaluate the possibilities of their combined effect. This confirmed the
experimental findings that metal with no mutual solubility should show poor wetting
behavior. Even though this approximate model is not sufficient to calculate the wetting
contact angle, the model and the argument behind it are used to explain the role of
alloying elements in commercial brazing alloys. For the base metal filler combinations
that are insoluble in each other, a limited addition of an alloying element that is soluble in
both can enhance their wetting characteristics. It had been demonstrated that the basic
assumptions of the model cease to hold for combinations that form intermetallics.

In an effort to describe the role of alloying element on the non-reactive wetting of iono-
covalent oxide by liquid metal, Li et al. [73] estimated the trend of change of contact
angle and work of adhesion with the concentration of infinitely dilute solution in the
matrix of another metal. The monolayer model for the surface of regular solutions was
used to describe the surface tension for a binary liquid metal in contact with an external
phase. At first, to describe the surface tension of the liquid alloy, the external phase was
replaced by vacuum. The liquid-oxide interface is then described using the surface
tension model after adding the bond energy between the metal and the oxide atoms. For a
system in which the molecular exchange energy over temperature ratio is very negative
(or very positive) the model could only predict the sign and the order of the magnitude
for the surface tension slope for high volume fraction of one constituent, i.e., for the
extremes of the binary isotherm. For this reason, Li et al. [73] focused on the trend of
change rather than the exact magnitude of the change. According to this model [73], it

had been concluded that the adsorption of the solute at the liquid metal oxide interface
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can be divided into the adsorption of the solute into the free liquid surface and the
adhesion to the oxide. Based on the comparison between the surface tension and the work
of adhesion of the solute and the matrix to the substrate, different types of isotherms for
the work of adhesion and contact angle were considered. The authors demonstrated the
applicability of the isotherm to the representative systems in the literature [73]. In
conclusion, it had been proposed that a lower solute surface tension and a higher
adhesion with the oxide in comparison with that of the matrix should result in lower
contact angle and higher work of adhesion between the binary alloy and the oxide. Under
these conditions, repulsive or attraction interaction (between the solute and the matrix)
should accordingly lead to amplifying or attenuating this effect, respectively.

To study the wetting enhancement mechanism by a non-reactive alloying element
addition to a system that encounter poor wettability, Kritsalis et al. [74] studied the effect
of chromium addition to the system copper alumina. In this work, the first assumption
that is chromia forms from the reaction of chromium with the dissolved oxygen or from
the reduction of alumina was rejected based on the analysis of solidified drop in the bulk
and at the interface (The micrograph of the interface showed no evidence of alumina
dissolution). Still though, based on the experimental evidences the authors related the
increase in the work of adhesion and the reduction of the contact angle to the oxygen
mole fraction in the liquid. The reduction in the interfacial tension was related through
Gibbs adsorption isotherm to the oxygen activity rather than its mole fraction. The
authors showed by thermodynamic analysis that in the absence of chromia, the chromium
in the alloy should result in a considerable decrease in the oxygen activity in the liquid. It

means that the oxygen is not responsible for the increase in the work of adhesion. This
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led to believe that the active species at the interface should be chromium monoxide CrO
clusters, which were adsorbed strongly at the metal-oxide interface because of the iono-
covalent character of CrO.

Aksay et al. [75] studied the wetting phenomena under chemical equilibrium and non
equilibrium conditions. Based on Johanson’s [15] treatment for Gibbs surface
thermodynamics approach, wetting equilibrium was analyzed rigorously. This led to the
correlation between the interfacial energies, the interfacial areas, and the contact angle
configurations at the triple point. For wetting under chemical equilibrium conditions, the
formation of the solid liquid interface was considered in analogy to the formation of a
solution between the liquid and the vapor phase. The construction of this interface is
considered as the result of the readjustment of the particles, which were originally part of
the solid vapor and liquid vapor interfaces, to minimize the structural discontinuity and
maintain equilibrium across the interface. Even though, the value of equilibrium surface
tension has to be between the solid vapor and the liquid vapor value. If it is greater than
both, then true interface does not form, while if it is less than both a transient condition,
involving chemical reaction, will take place. It had been proposed that the specific free
energy of the reaction at the involved interface contributes to the value of the interfacial
tension. This contribution results in negative surface energy during the reaction, which
promotes spreading or emulsification, unlike the equilibrium surface energy which
always has a positive value in comparison to the bulk. Based on this argument, Aksay et
al. [75] provided a detailed description of the spreading scenarios in the cases where the
liquid or the solid is not saturated with some or all of the other phase constituents. The

authors mentioned that the same reasoning applies to the cases where both of the solid
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and the liquid are not saturated with each other’s constituents and to the compound
forming reactions.

To test Aksay et al.’s [75] argument, Espie et al. [76] designed an experiment that
allowed the change of Gibbs free energy of the interfacial reaction, which means the
change of the specific free energy of the reaction at the involved interface, while keeping
the same interfacial chemistry. This was approached using a drop of titanium containing
alloy, with fixed titanium activity, on three different oxide substrates that exhibit different
reactivity with respect to the liquid alloy. The final measured contact angles on the three
substrates are equal. The role of titanium in enhancing wettability was attributed to two
effects. The first is the reaction of the dissolved oxygen in the liquid alloy to form surface
active species that get adsorbed on the interface and reduce the interfacial tension, while
the second is the formation of an intermetallic layer at the interface that shows better
wetting characteristics than the original substrate. This led to the conclusion that the
contribution of the specific free energy of the reaction, at the involved interface, is
negligible to the wetting processes and the final wetting angle is that of the liquid on the
interfacial products. However, Espie et al. [76] admitted that the free energy of the
reaction could contribute to the wetting process in some other cases, when the reaction is
heavily localized at the triple line.

To test the effect of reaction rate on the contact angle and the wetting kinetics, Landry et
al. [77] compared the effect of changing silicon mole fraction as a reactive alloying
element on the wetting behavior of copper-carbon and copper-silicon/carbide systems.
They concluded that the reaction products of the first system (copper-silicon alloy on a

carbon substrate) is silicon carbide, in spite of the difficulty to demonstrate that through
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experimental analysis as it is not easy to screen carbon owing to the thinness of the
reaction products layer. Based on the same experimental analysis, they mentioned that the
layer of reaction products is grown outside the area of contact between the liquid alloy
and silicon carbide substrate before cooling. For the second system (copper-silicon alloy
on silicon carbide substrate), the analysis showed no trace of reaction except a very slight
dissolution of the substrate, just enough to saturate the liquid drop with carbon. It was
observed from the plot of the contact angle variation with time at the tested compositions
for both systems that the final contact angle for all the studied cases is around the same
value. This final contact angle was considered to be the equilibrium contact angle for the
system copper-silicon alloy on a silicon carbide substrate. However, the rate of the
decrease in the contact angle, from its initial value, increases with the increase of the
silicon mole fraction. It had been observed for the second system that the contact angle
decreaseing rate is of several orders of magnitude higher than the characteristic rate of
non-reactive systems, in spite of the absence of experimental evidence for reaction
existence. This contradiction was justified by the existence of an oxide reduction
reaction. The silicon oxide SiO,, forms on the drop and substrate surfaces during heating,
was reduced by the excess silicon in the drop to a gaseous silicon monoxide SiO which
gets dissipated in the atmosphere. The comparison of the graphs reported in [77] at a 25
at. % silicon showed three distinguishable spreading stages for the first system and only
two stages for the second. The first stage was considered related to oxide reduction
reactions in both systems, and not a characteristic of the studied system. While the last
spreading stage in both of the systems was considered for spreading over silicon carbide

till equilibrium. The middle stage in the first system was attributed to the interfacial
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reaction between the alloy and the carbon substrate. As the work of adhesion and the final
contact angle did not change by the change of the reaction rate, it had been concluded
that interfacial free energy contribution to the reactive wetting driving force is negligible.
The authors proposed that the final contact angle and reaction kinetics are independent of
the type of interfacial reaction that might exist beyond 100 seconds. Nevertheless, for
faster reactions, the contribution of the interfacial reaction free energy cannot be

excluded from wetting driving force.

2.1.4 Brazing filler characteristic flow

Ambrose et al. [78] experimentally examined the wetting behavior of eutectic Ni-P
brazing filler alloy on several laboratory produced Fe-Cr and Fe-Cr-Ni work pieces as
well as commercial martensitic, austenitic steels and nickel based supper alloys. The
spreading tests were followed by a careful examination of the sample features to predict
the chemistry behind the observed spreading behavior. The resulted observations were
summarized by Ambrose et al. [79] and the data were analyzed in consideration of the
fundamental models of liquid flow. The log-log plot of the drop radio variations with
time showed some characteristic curvature indicating sophisticated behaviors, still though
the data could be fitted around a straight line with a slope of (0.13 to 0.16). For Yin’s
[36] model to be satisfied the slope should be 0.2 and for de Gennes [41] model to hold,
the slope should be 0.1 (provided that the integration constant was neglected and the
power of the apparent contact angle from Hoffman relation (m) was fixed to 3 according
to de Gennes [41]). Ambrose et al. [79] tested the applicability of de Gennes’ relation by
presenting the data on a log-log plot between the drop radios R and the contact line speed

dR/dt, both normalized to their values at 5 seconds. The plot showed a quantitatively
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similar behavior for all the substrates where three characteristic stages for spreading were
distinguished. The first and last have a slope of -2.5 and -4.5, respectively, while the
slope of the middle stage was slightly positive as can be seen in Figure (5). It is worth
noting that according to de Gennes [41], the slope of the first and last stage should be

around 3.

Ni - fiP on Fe - 20Cr

Based on de Gennes
model [41]

In (dR / dT at 5 seconds)

"El' 1 ] 1 ] 1 ] 1 ]

0.0 0.2 0.4 0.6 038
In (drop radius/ drop radius at 3 seconds)

Figure 5 The change of the characteristic velocity of the brazing filler (redrawn based on Ambrose et
al. [79)).

The deviation of the slope of the first and the last stages (when the system is considered
microstructurally stable) from de Gennes [41] model was justified by the change of the
liquid volume resulted from the substrate dissolution. The middle stage is related to the
production of a new phase at the interface. This stage did not show a power low behavior
but the data were fitted empirically by an exponential relation. The authors showed that

this relation is also successful to describe the behavior of some other systems from the
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literature that encounter compound formation from the reaction of liquid metal with
ceramic substrates. This led to believe that the proposed empirical equation may
represent the characteristic behavior of broad class of liquid spreading where reaction
occurs with the substrate. Even though de Gennes’ [41] relationship was applied when
the substrate was microstructurally stable, the work of Ambrose [80] showed that the
spreading rates were by far slower than those predicted by de Gennes [41] model.
Ambrose [80] suggested, based on the experimental observations, that oxide reduction by
dissolution acted as an additional damping force.

In spite of the importance of the current work for modeling the spreading behavior of

brazing alloys, it can be more important in characterizing the industrial process behavior.

2.1.5 Observations and motivation

It is important to realize that the most significant work of Schonhorn [34], Hoffman [37],
Tanner [39], Lelah and Marmur [40] and Ambrose et al, [79] relied mostly on
experimental curve fitting. At the same time, it is obvious from the work of Ambrose et
al. [79] that the graphical representation of the brazing filler flow data displays well, the
stages and trends of the brazing filler flow process, regardless of their real complexity.
This representation can reveal the influence of the input parameter on the actual
spreading behavior during the brazing process. This approach might lead to defining the
exact window of operation for the process based on the dominant parameters.

The mean to monitor the brazing drop spreading in a real environment at high
temperature with a redundant flexibility to change the process input parameters is needed.

As the required equipment is not available commercially and it is usually customized for
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the purpose, this work will be dedicated to the detailed design, construction and testing of
an apparatus suitable to study wetting and spreading behavior at working condition
similar to those used during brazing operations. During designing this equipment all the
concerns and concepts in this chapter were taken into consideration (as will be discussed

in chapter 3).

2.2 An overview of the experimental techniques

It is usual to find authors in the literature who emphasize on the lag of high temperature
spreading experimental work than its low temperature counterpart [54]. It is quite logical
to guess that the sensitivity of the process and the capital cost of the equipments increase
with the increase of the temperature of the experiment. This becomes significant at
elevated temperatures where controlling the atmosphere becomes complex and even
challenging to a certain extent. At the same time, the material selection becomes critical
where it has to account for temperature, atmosphere and reactivity challenges [81]. Two
major approaches are used to monitor high temperature liquid spreading; the first is using
a hot stage with an optical or scanning electron microscopy, the second is using a high
temperature furnace with imaging capability [78, 82-88]. The first method can reach a
higher magnification. High magnification is desirable in the experimental set-ups.
However, it implies that the monitoring screen should be in close proximity to the sample
which can lead to the condensation of vapors from the high temperature liquid on the
colder monitoring screen. More than that, the optics and the monitoring screen should be
able to tolerate the high temperature and the chamber should stay vacuum-tight at low

and high temperatures [86].
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In the following part, an overview of the equipments and techniques used to evaluate
solder and brazing filler spreading, equilibrium contact angle and liquid metal surface
tension will be presented. Different techniques can be found in the literature to evaluate
spreading including transferred, dispensed and spreading drop methods. At the same
time, equilibrium contact angle measured using Sessile drop and Wilhelmy plate
methods, while sessile, confined, pendant, and oscillating-levitating drop methods used to
measure the liquid surface tension [53, 78, 99]. Sessile and spreading drop methods are
by far the most used due to their simplicity and ease of implementation. However, they
are criticized to be affected by solid and liquid surface contamination during heating and
the confusion between sample melting and spreading in early stages [53]. On the other
hand, Wilhelmy plate is criticized to be measuring non-equilibrium contact angle and for
this reason some researchers used the approach to measure the dynamic contact angle, but
it also measures the force driven dynamic contact angle and bypasses the complexity of
liquid contamination [13, 100]. The same criticism applies to the transferred and
dispensed drop methods where the drop is driven at the beginning of the transfer by
inertia. These methods are also blamed for the complexity of the approach and the fact
that for reactive liquid metal, there can be interaction between the liquid and the drop
dispensing mechanism [53]. In some cases, special techniques are used, like tilted drops
and drop shearing by moving objects to measure the advancing and the receding contact
angle. In other cases, the spreading of brazing filler in slits was monitored to resemble the

actual brazing gap [101, 102].
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In all of the techniques used in the literature, heating method was either resistive or
inductive. While inductive heating is faster temperature control is easier and more
accurate in resistive heating [103].

Imaging techniques varied from still photography, videography and flash videography
and samples were illuminated by light or X ray [104, 105]. The contact angle and the
spreading area use to be measured from the hard images at early times. This was replaced
by specialized hardware for edge detection as a part of the video circuits and specialized
software based on thresholding and other edge detection techniques in imaging software

era [106].
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Chapter 3 Apparatus
3.1 Design outline

The goal of this work is to build a testing facility that can satisfy the demanding
conditions required to study the wetting behavior of elevated service temperature
materials used for capillary joining process. The equipment should also provide the
capability to monitor and record the spreading behavior of the brazing filler metal under
precisely controlled experimental parameters.

The joining environment requirements for Inconel718 as substrate, which is considered as
one of the brazing environment sensitive nickel superalloys because of its titanium
contents, and nickel filler metal AWS BNi-2 are used as a reference for the apparatus
design. Based on the properties of these materials the furnace hot zone maximum
operation temperature is selected to be 1450°C (2642°F). This exceeds the melting
temperature of the metalloids containing nickel brazing filler alloys which is in the range
of 1000 to 1250°C (1832 to 2282°F) [3].

A pre-brazing vacuum stage is needed to bring the brazing chamber and the sample
surrounding environment to vacuum of at least 1x10™ torr before heating the sample.
This brings the chamber to the range of the dry-down vacuum zone to allow the best
possible removal of the adsorbed oxygen, moisture and the volatile organic compounds in
appropriate time [107].

Precisely controlled flow and partial pressure of high purity argon are needed. This will
allow the evaluation of the effect of argon partial pressure on the spreading behavior of

brazing fillers. Where the brazing chamber partial pressure is a compromise between the
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higher amount of atmosphere impurities, such as oxygen and water vapor, which result
from the increase of the argon partial pressure and the evaporation of the volatile braze
filler contents that result from the increase of the vacuum at the test temperature [68].
Sample insertion to the hot zone should take place after the required temperature has been
reached to acquire rapid sample heating. This is needed to achieve high sample heating
rate that results in limiting the diffusion of melting point depressant (MPD) from the
braze filler toward the bulk or the surface of the substrate prior to the melting of the braze
filler. Melting point depressant diffusion out of the brazing filler prior to spreading leads
to MPD depletion of the sample. MPD depletion might cause isothermal solidification on
the sample periphery which in turn entangles spreading [108].

The droplet diameter estimated to be between one and three millimeters, this should
minimize the effect of gravity on spreading to a negligible limit, and the substrate is
around one square centimeter.

An externally heated tube furnace with 1.5 inch (3.8 cm) tube diameter is found to be the
best suggested fit considering the sample size and the requirements of environment
control. The choice of a vacuum tight tube with standard vacuum flange end-caps for the
hot zone is an easy to implement and affordable design. One of the end-caps should be
connected to a viewing port within not more than 35 centimeters form the sample to
enable the special optics to acquire the droplet image in the hot zone at an acceptable
zoom to monitor the spreading phenomena. An illustration of the furnace design based on

similar systems in the literature [68, 87, 89-98] is shown in Figure 6.
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Figure 6 Schematic diagram for the wetting and spreading behaviour testing apparatus.

The need of the hot zone temperature to exceed 1250°C (2282°F) eliminates the use of
Silica glass (fused quartz) for the furnace tube because its maximum operation
temperature is 1200°C (2192°F) [109]. For the same reason, the use of K type
thermocouple for the furnace temperature control is also eliminated as it can be
accurately used for a maximum of 1250°C (2282°F). The need for an o-ring to connect
the furnace tube to the vacuum end-caps impose that the temperature of the furnace tube
ends does not exceed 200°C (392°F) in case of using Viton o-ring according to the

manufacturer technical information. Because of the need to be as close as possible to
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monitor the droplet and the limitation of the hot tube ends temperature, water cooling is
needed for the furnace end sides.

The sample has to be transferred from the cold zone to the hot furnace core without
breaking the vacuum, a special arrangement has to be done for this purpose. This will be

discussed in more details later in the sample delivery subsystem section.

3.2 The apparatus subsystems

The described apparatus is composed of many components that perform different
functionality either as a major contributor to the process or as a support for the other
components. The apparatus design can be viewed as a collection of subsystems that are
integrated to produce the desired performance and it can be sub-classified based on the
different parts functionality as explained below:

e Furnace subsystem: This subsystem is responsible for heating the sample. It is
composed of the heating core and the controller. The heating core is made to
satisfy the dimensions and temperature requirements described in section (3.1).

e Vacuum subsystem: This subsystem is responsible for evacuating the system and
to drive the argon flow. It is composed of two vacuum pumps, two pressure
gauges, valves and standard vacuum connections.

e Argon subsystem: This subsystem is responsible for the control of the argon flow
and ensures that the apparatus remains under controlled atmosphere throughout
the entire test period. It is composed of an argon cylinder, different types of
valves to isolate the different parts of the system and to control the flow, and

mass flow controller.
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Water cooling subsystem: this support subsystem is necessary to the functionality
of the furnace core and the diffusion pump as their operation requires water
cooling. It is composed of valves, hoses, connections and a flow meter.

Control subsystem: This subsystem is responsible for the sequence, the logic and
operation of the different parts in the vacuum and argon subsystems. It is
composed of two major control units and a pneumatic manifold in addition to the
different sensors and the pneumatically controlled valves.

Imaging subsystem: This subsystem is responsible for the sample illumination
and image acquisition. It is composed of a high speed camera and an optics
system including the lens assembly, illumination light source, a timer and an
assembly holder.

Sample delivery subsystem: This subsystem is responsible for moving the sample
from the cold zone to the furnace core hot zone without breaking the vacuum, in
addition to the sample temperature data acquisition. It is composed of a

thermocouple and a temperature data logger and a vacuum feedthrough assembly.

The next section will explain the details of each subsystem.

3.3 The furnace subsystem

The furnace hot core and controller is designed and implemented by Thoughtventions

Unlimited LLC according to the design requirements expressed in section 3.2. Detailed

views of this subsystem are shown in Figures 7 to 12.

The furnace hot zone is enclosed inside a smooth alumina tube as it has a working

temperature of 1600°C (2912°F) and its vapor pressure is around 7.6 X 107 at this

temperature [110]. These properties of alumina made it suitable for the high temperature
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operation and to tolerate the vacuum at that temperature. This alumina tube is suspended
on two aluminum end blocks that are part of the furnace frame. The contact between the
end blocks and the alumina tube is sealed with Viton o-ring. As the manufacturer
(DuPont) recommended a maximum working temperature of 200°C (392°F) for Viton
beyond which it releases toxic gases including hydrogen fluoride, the aluminum end
blocks is water cooled by circulating water in a jacket inside these blocks as shown in

figure 7.

Murnina tube

Figure 7 Hlustration for the furnace hot core design

The alumina tube is externally heated using a 25 cm cylindrical silicon carbide heating
element. As the SiC element has 1600°C (2912°F) maximum surface temperature, the use
of the furnace is limited to 1450°C (2642°F) to prevent the oxidization of the element
because oxidization is the main drawback of this type of elements [111].

The heating element is warped with two layers of insulator. The first layer is made of
alumina bricks and the second is alumina wool. A small air gap is left between the
aluminum end blocks and the heat insulators to allow the alumina tube to have some

temperature gradient between the hot zone and the water cooled ends.
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The alumina tube end in the aluminum blocks is interfaced on the opposite side of the
aluminum end blocks with a standard bulkhead clamp base to allow standard interfacing

with the vacuum and the argon subsystem as shown in Figures (8 and 9).

Figure 8 View of the furnace hot core

Bulkhead Clamp base 1

Blumina heat insulator covering the heating
block elements and the hat zone fube

Aluminum end

= Alumina shield
for the R type
thermocouple

Figure 9 View of the furnace hot core during assembly
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The heating process is controlled by a closed loop temperature control system to achieve
a precise temperature control (See figures 10 to 12). This kind of temperature control
requires a power controller to feed the heaters. As the resistance of silicon carbide heaters
changes with aging and with temperature, a phase angle firing SCR power control with
soft start and current limiting feature is used. These features allow smooth temperature
ramping and prevent rapid element heating. This reduces the element oxidation and leads
to longer element life. The power controller circuit is provided with a current limiting fast
acting class T fuses to protect against elements short circuiting.

The silicon controlled rectifier receives a 4-20 mA signal from a panel programmable
Proportional Integral Differential (PID) controller. This signal is based on a user set
program and the feedback of an R type thermocouple to the SiC elements. This set-up
gives a true proportioning control for the heating element temperature. The R type
thermocouple is a platinum rhodium based thermocouple where it is known to be stable
and suitable for high temperature measurements 1450°C (2642°F) with significantly
reduced drift due to ageing and lower basic tolerance 0.25%. It is necessary here to stress
that the furnace measured temperature represents the heating element temperature which
might differ form the local temperature inside the tube. This imposes the necessity to
measure the local sample temperature at the test time and to account for the variation

when setting the furnace test temperature.
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Figure 10 Illustration of the control circuit of the furnace
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Figure 11 External view of the furnace controller
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Figure 12 Internal view of the furnace controller

3.4 The vacuum subsystem

The vacuum subsystem has a dual role. The first is to circulate the argon under partial
pressure. The second is to clean the sample and the environment around it by the removal
of the undesirable adsorbants.

For argon circulation, the positive displacement oil sealed vane type rotary pump can
drive the argon at the test desirable partial pressure and flow in a suitable cost. The use of
this type of pumps can exceed the range of 10™ torr but still its use is limited by oil vapor
pressure at the operation temperature [112]. Exceeding the oil vapor pressure under
molecular gas flow shall increase the rate of oil back streaming. Oil back stream is the
major drawback of this type of pumps. The gas blast facility makes this choice more
attractive where it allows the brazing paste to be dried in the same furnace prior to the

test. Figure 13 shows the rotary pump used here.
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Figure 13 Rotary vane type pump used for rough vacuum

For the purpose of cleaning the sample from any adsorbed contaminants, the positive
displacement oil sealed type pumps cannot handle the task satisfactorily. It is not
recommended to run this pump in the molecular gas flow region [112]. The need for
another displacement pump to handle this task practically narrows the choice between the
vapor jet and the turbomolecular pumps. Because of the fact that the turbomolecular
pump involves an accurate high speed moving parts, it is an expensive and maintenance
demanding choice. The vapor jet, on the other hand, is simple and less expensive choice.
However, using this kind of pumps is more demanding in control and operation.
Generally speaking, vapor jet pumps are more favorable except in the processes that are
very sensitive to oil contamination. In general, the regular level of oil contamination
generated from the oil diffusion pump is deemed acceptable for many processes including
brazing [113]. Based on this compromise the oil diffusion pump is used here for

adsorbents cleaning. The diffusion pump used in the current work is shown in Figure 14.
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Figure 14 Oil diffusion pump used for deep vacuum

Even though the oil diffusion pump can perform up to a vacuum pressure lower than 107
torr, still the system ultimate vacuum pressure is dominated by the other components in
the system. For the rough vacuum prior to the diffusion pump operation and to provide
the required critical backing vacuum to operate the diffusion pump, the oil sealed vane
type pump is used. This is the third role of the oil sealed vane type pump.

The triple role of the oil sealed rotary pump is managed through multi path layout
controlled by valves and controllers. For backing the oil diffusion pump the foreline is
linked to the rotary vane type pump via a line controlled by an isolation valve as seen in
Figure 15. To handle the chamber rough vacuum, a roughing line linked the oil sealed
rotary pump with the vacuum chamber. The flow through the roughing line controlled by
isolation valve and butterfly throttle valve as can be seen in Figures 15 and 16. The
throttle valve is used to differentiate between the foreline and chamber pressure. Figure

15 illustrate the complete system layout.
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Figure 15 Schematic of the layout for the vacuum and argon subsystem
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Figure 16 View of the vacuum subsystem tubing layout

To protect the vacuum chamber from the rotary pump oil contamination at high vacuum,
the diffusion pump act as a seal against the rotary pump back streaming. However, it is
still necessary to keep a slight flow of argon in the furnace chamber during rough
vacuum. This argon flow should keep a viscous gas behavior in the furnace chamber to
drift the back-streamed oil towered the pump [112]. As it is not recommended to start the
diffusion pump when there is viscous gas flow at its inlet, the argon partial pressure has
to be kept in the transition region between the viscous and the molecular flow. For this
purpose, a manually controlled throttle valve is used on the roughing line to control the
gas drift. A pneumatic auto soft valve is also used to protect the sample from being

drifted at the beginning of the roughing process where a high gas flow rate is expected.
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Stainless steel tubes and fittings are used to connect the different vacuum components
and the furnace. These components are linked together using standard ISO quick flanges

as shown in Figure 17.

Centering
ring

Figure 17 Standard 1SO flanges used to connect between the vacuum components

The standard flanges are sealed using Viton O rings. The use of Viton in the flange
assembly set the maximum vacuum in the range of 10° torr according to the
manufacturer data sheets. This can be considered the theoretical ultimate vacuum
pressure for this system. This limit is higher lower the practically expected pressure
because of the different sources of out-gassing and virtual leaks epically the water
adsorbed on the different internal walls of the system. Even though the system cannot be
baked out due to the fact that many of the system components have a low baking
temperature, still the system performance should be continuously enhanced with the use

of the vacuum system. This expectation of performance enhancement with the system use
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relies on the condition that the set-up has to be kept continuously under vacuum and it
should be vented using dry argon rather than air.
To measure the chamber pressure and to control the vacuum subsystem operation,

convection enhanced thermal conductivity vacuum gauge (Figure 18) is used.

Thermal
conductivity

gauge

Figure 18 Convection enhanced Pirani gauge

For this type of gauge, it is important to keep in mind that for the range covered by
sensing the gas convection (around 1 torr to atmospheric), the measurement accuracy is
affected by the position of the gauge. The gauge should be positioned aligned to the
horizontal axis. It is also important not to position this gauge in a hot environment as its
principle is based on sensing the difference between the gauge hot filament temperature
and the environment temperature [114]. The hot filament cooling rate is pressure and gas
dependant where gases of different molecular size show different readings for the same
pressure [114]. This is an important issue that should be considered when argon is used in

this setup as the commercially available gauges, in general, are initially calibrated for air
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or nitrogen use. When a thermal conductivity gauge that is filled with argon and
calibrated with nitrogen, it will show a lower reading than argon actual pressure. This
might lead to over pressurizing the chamber which can be considered as safety hazard
[112].

To measure the vacuum pressure beyond the thermal conductivity gauge working range,
an X-ray enhanced hot cathode ionization gouge (Bayard-Alpert) shown in Figure 19 is

used.

Figure 19 X-ray enhanced hot cathode ionization gauge (Bayard-Alpert)

The gauge tungsten hot filament should not be exposed to a pressure more than 10~ torr
during operation. If the hot filament is exposed to air at a pressure higher than this limit,
the filament will be oxidized. Because of the pumping effect in this type of gauge,

degassing has to be done from time to time to ensure accurate gauge reading.

3.5 The argon subsystem

The argon is used to provide a dry inert test environment that satisfies the requirements of

the brazing process and to support the vacuum subsystem operation. Precise control of
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the gas flow and partial pressure provides the ability to test the effect of the process
atmosphere dew point and the oxygen potential on the brazing process. Because of the
argon flow subsystem and the vacuum subsystem act on the same furnace chamber, it is
important for the argon subsystem to provide the required vacuum seal during the deep
vacuum operation. As the argon is brought into the system using bottled gas, there is a
possibility that the system might accidentally be exposed to positive pressure. Many of
the components designed to work under vacuum and have a very limited tolerance to
positive pressure. Precautions have to be taken not to allow positive pressure in the
system. As the thermal conductivity gauge cannot be trusted for this task because its
readings are gas dependant and because of its slow time response, a capacitance
manometer pressure switch is used to trigger a valve that vents the system to the
atmosphere if the chamber pressure exceeds 30 torr Gauge. The diaphragm manometers
are independent of the gas type and have fast response [114].

For the sensitivity of the test materials to the atmosphere impurities, high purity argon is
used. To keep the gas purity, rubber and polymer pipes and fittings are not appropriate in
high purity gas handling where the gas can be contaminated from these materials
themselves [8]. At the same time, copper tubes and fittings are not suitable to handle
pressurized gas. All metal stainless steel tubes and fittings are used in this setup where
the different parts are interconnected using VCR and compression fittings. As the gas
handling components are used unbaked there is a possibility for the gas to be
contaminated from the adsorbed water and oxygen on the inner walls of the pipes and
fittings used to handle the gas. To reduce the effect of the gas contamination a micron

filter used in the late stage of the gas handling. This micron filter reduces the amount of
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the impurities in the gas up to 1 part per million according to the manufacturer
specifications. This type of filters causes a high pressure drop in the line and limits the
gas flow. This feature can be considered as an additional protection for the system from
the cylinder pressure.

As the pressure drop in the system might vary with changing the valves settings and as
the pressure drop in different parts of the system changes with the diameter of that part,
thermal mass flow controller (0-50 standard cubic centimeters per minute (SCCM)) is
used to control the gas flow in the system. This gives accuracy, flexibility and ease of
control of the gas flow. Benefiting from the lairized input and output of the controller, a
simple potentiometer is used to select the desired input portion of the maximum
controller flow and a simple linear display used to display the measured flow. In spite of
the possibility to connect the mass flow controller that is designed to function on vacuum
system directly to the vacuum chamber, a smooth vent isolation valve is used in between

as shown in Figure 20.

Mass flow Smooth vent 3 Compression
Controller isolation valve fitting

To the argon
cylinder gauge Viewing
manifold ‘ port

Figure 20 View of the argon inlet line
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The use of the smooth vent valve allows the possibility to use many flow controllers
together to act on the system. This arrangement gives the flexibility to expand the argon
flow range and to mix different gases. The flexibility of mixing different gases accurately
gives an opportunity to test the vacuum leak effect on the system and to test the fluxing
effect of different gas mixtures.

To facilitate a more flexible pressure control at higher chamber pressure, a thin line used
to pass the gas from the chamber to the mechanical pump. On this gas line, an isolation
valve is used to seal the system during vacuum and a metering valve are (seen in Figure

15 and 21) used for precise flow control.

System vent
isolation
valve

Capacitance

manometer
pressure
switch

Isolation
valve

Metering
valve

Figure 21 View of the argon exhaust and safety arrangements
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3.6 The control subsystem

The operation of the vacuum and argon subsystems is fairly complex and requires a good
attention against catastrophic failure that might end with system contamination or safety
hazard. The control subsystem designed and implemented by the author to facilitate
reasonable operation and to provide the necessary protections.

The control subsystem logic circuit and dash board is distributed in two control boxes

shown in Figures 22 and 23.
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Figure 22 Control and communication board
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Figure 23 Valves and sensor synchronization board
The circuit can be operated manually based on user input, see Figure 24, or to be
controlled using a digital signal from a computer or a microcontroller. The last feature

made the whole apparatus readily computerizable.
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Figure 24 Control dash panel

Besides the user input the controllers receive different inputs from the sensors around the
system. The behavior of the pumps and the different valves around the system results
from the combination of these different inputs and the control circuit logic. The control
circuit receives the feedback from the sensors and the valves indicators to assess the

success or the failure of the process. All the isolation valves in the system are normally

closed and pneumatically operated.
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A 24 VDC pneumatic manifold handles the signal interfacing between the control circuit
and the isolation valves. The tasks preformed by the control subsystem can be explained
based on the steps of system operation.

The requirements for rough vacuum are that the rotary vane type pump should be
running and the roughing line isolation valve has to be opened. At the time the flow of
the gas reaches the transition region between the viscous and the molecular flow, the
argon flow should be started by opening the smooth vent valve. The high vacuum is
divided into two operational steps. The first part is when the diffusion pump oil starts
warming before reaching a fully developed jet. The second is when the jet is fully
developed and the pumping starts. At the pre-developed jet operation the rotary pump has
to keep roughing the furnace chamber besides backing-up the diffusion pump. This
means that the backing and the roughing valves have to be open but the diffusion pump
inlet valve has to stay closed. The argon flow should continue while the throttle valve has
to differentiate between the chamber and the backing pressure. The high vacuum
operation starts when the oil jet gets fully developed. The diffusion pump should handle
evacuating the chamber at high vacuum with no argon flow while the rotary pump should
keep backing the diffusion pump. For the high vacuum operation, the roughing valve and
argon flow valve should be closed while the diffusion pump inlet and backing valves
should be open. When the high vacuum operation end the chamber has to be filled with
clean argon. This implies that when the diffusion pump stops and its inlet and outlet
valves are closed the roughing valve has to stay closed not to have the air backfill the

furnace through the rotary pump.
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The argon flow pass through two different routes. At higher chamber pressure, the argon
should flow through thin line for better pressure control. The isolation valve on the argon
line should be opened while the isolation valves on the roughing line, the inlet and the
outlet of the diffusion pump are kept closed. At lower chamber pressure, the argon passes
through the roughing line by closing the valves on the argon thin line and the inlet and
the outlet valves of the diffusion pump and opening the isolation valve on the roughing
line.

The sensors and the feedback around the system distributed to fulfill the requirements of
each step of the operation in terms of performance and protection. The rotary pump use
for the roughing purpose is the first step of operation and does require any special
control. As a protection for the system operator the three phase motor on the rotary pump
gets operated through a contactor that receives 110 VAC signal from the control circuit.
An essential condition for the operation of the diffusion pump is that the backing
pressure remains less than the critical backing pressure set by the manufacturer. This is
monitored by the thermal conductivity gauge pressure switch and the foreline isolation
valve feedback. Similarly the successful operation of the diffusion pump implies that the
pump cooled walls temperature does not exceed the temperature defined by the
manufacturer. Another important condition is that the oil boiler temperature does not
exceed 200°C (392°F). These temperatures are monitored by thermally snap switches. All
the mentioned conditions for the diffusion pump sound operation are guarded by the
control circuit. The failure of any of them means that the diffusion pump will fail to start
or will shut down and close the inlet and the outlet valves to prevent the contamination of

chamber. To predict the right moment to switch from the diffusion pump pre-developed
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jet operation to fully developed jet operation, the diffusion pump exit temperature has to
meet the manufacturer specifications. This is monitored by a thermally snap switch.
Another protection is added by setting a 10 minutes delay timer from the moment the
pump starts till the opening of the pump inlet gate. When both of the conditions satisfied
roughing line isolation valve will close and the diffusion pump inlet valve opens. To
protect the diffusion pump inlet from being exposed to high pressure side, the pump inlet
isolation valve is activated using the feedback signal from closing the roughing line
isolation valve. To protect the diffusion pump from the argon high pressure, the argon
circuit is deactivated by activating the diffusion pump inlet valve. To protect the
ionization gauge from being exposed to high pressure the gauge power is activated by the
thermal conductivity gauge relay signal. For the argon flow operation, the argon circuit is
activated through the pressure switch relay and the diffusion pump inlet valve closed
feedback.

For switching the system operation to computer mode, 5 volts relays are arranged in a
way that can manipulate the panel operation and take over the system control. This is in
addition to the fact that all the gauges and the controllers in the system accept 0-5 volt

signal or have a 0-5 volt output.

3.7 The imaging subsystem

The main role of the imaging subsystem is to monitor the braze filler behavior during
spreading. Also, it can be used for sample thermocouple calibration and to estimate the
thermocouple time lag by monitoring samples that possess a well known melting

temperature.
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As the furnace tube diameter is 1.5 inch (3.8 cm) and the sample width can be around 1
cm and the braze droplet diameter should be between 1 and 3 mm. The proposed field of
view is 9X3 mm. The depth of field suitable for this scenario should be more than half of
the diameter of the spread droplet. To monitor the braze droplet at a distance of 300 mm
which came from the dimensions of the furnace, it is not easy to provide a large depth of
field with a suitable resolution. For this reason, the depth of field of the commercially
available lenses can be enough to monitor the droplet profile. As the initial stage of the
spreading phenomena can happen in one tenth of a second, the camera required to
monitor the phenomena should be fast enough to monitor its progress. The regular video
cameras standard can be 25 or 30 fps and some can be 60 fps interlaced. To acquire
higher frame rates a special machine vision camera is needed. As the imaging shutter
speed increases the exposure time is reduced. The light collection efficiency of the lens
depends on the numerical aperture and the exposure time. The numerical aperture is
defined by the sample distance, the effective aperture and the resolution. As the braze
filler spreading phenomenon occurs at elevated temperatures exceeding 1000°C, this
means that the sample and its environment should be bright enough to overcome the
challenges imposed by the distance and the imaging speed. However, the excess
brightness of the sample surroundings might affect the image clarity and blur the edges of
the sample. This effect can be more serious in the case of using a CCD sensor where it is
well known about its light sensitivity and the blooming effect. For this reason, the COMS
censor can be a better choice for this application, where it has a high dynamic rate as its

structure prevents blooming, in spite of its reduced light sensitivity.
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Taking into account all the details mentioned above, the imaging subsystem is built from
the following components. A stand alone high speed (25 — 250 fps) C-mount camera that
has a 2/3 inch 8 bit COMS monochrome sensor. This camera has a 1280 X 1024 pixel
array at 25 fps and 640 X 480 at 250 fps and provided with 512 MB of internal memory
which can give 8.7 seconds of continuous recording at 250 fps. The camera has an LCD
view finder with a panel trigger as well as a USB view finder interface that allows
computer trigger. The camera can accept contact closer or TTL signal for synchronization
and trigger. The trigger starts recording till the memory gets filled or recording is
interrupted keeping whatever recorded in the memory. This gives the flexibility to trigger
after seeing the action on the viewfinder. A telecentric 1X fix magnification lens is used
with this camera. This can give a field of view of 9X9 mm at the distance of 305 and a
depth of field of 1.82 mm and a resolution of 0.015mm. To reduce the effect of vibration
on the image the lens is mounted on a heavy holder that allows flexible position and
direction adjustments. A variable intensity halogen light source with a flexible fiber optic
extension is used to illuminate the sample during the sample adjustments prior to heating
where the sample is not bright at that period. As the coaxial illumination affects the light
collection efficiency of the lens, a side mounted illumination used in spite of the space

limitation in front of the furnace tube as can be seen in Figure 25.

58



High speed
camera

m ‘\ ‘ 1 C
Camera stand "" Telecentric fix
Y magnification lens

-

Flexible fiber Variable intensity

optic extension halogen light source

~

Figure 25 View of the imaging subsystem

3.8 The sample delivery subsystem

To achieve the highest possible sample heating rate, a mechanism that allows introducing
the sample in to the furnace after reaching the set temperature without disturbing the
vacuum is added. This mechanism also allows attaching a thermocouple to the sample to
acquire the most accurate heating rate and local temperature. An additional benefit can be
taken from this assembly is predicting the furnace temperature profile to have an exact
expectation about its performance.

This mechanism is simply a Viton o ring sealed compression flange and a 2 inch (1.3
cm) stainless steel tube slides through it. Inside the tube, a K type thermocouple probe

with an inconel 600 clad passes in the furnace. The stainless steel tube and the Inconel
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clad are sealed together using stainless steel compression fittings. An Inconel 600 plate is
welded on top of the thermocouple cladding to be the sample platform as can be seen in

Figure 26.

Sample

Stainless
platform

steel tube

Inconel
clad

O ring sealed
compression flange

Figure 26 View of the sample delivery assembly

This assembly should not be used beyond 1150°C according to the manufacturer
specifications.

As it is not possible to use the exposed type thermocouple to avoid breaking the vacuum,
also, it is not preferred to use the grounded thermocouple because of the possibility for
signal interference. Hence, an ungrounded thermocouple is used. The use of the
ungrounded thermocouple type imposes limited time delay in the thermocouple
measurements. A USB thermocouple data logger with a temperature update rate of 30 Hz

is used for temperature acquisition.
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Chapter 4 Testing and Measurements

The efforts summarized in the previous chapter were focused on the design and the
implementation of the desired facility. These efforts ended successfully in constructing

the test facility shown in Figure 27.

.

Figure 27 View of the complete facility to monitor the spreading behaviour of the brazing filler
metals at high temperature

This chapter will be focused on testing the essential functions of this equipment and the
type of data obtained using it. For the description of the control panel functions and some
preliminary guide lines for operation see appendix A.

As the essential design requirement of the heating subsystem is the capability to operate

at high temperature up to 1400°C (2552°F), the furnace hot core was tested successfully
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at 1450°C (2642°F) for long time. However this temperature is near the ultimate limit of
some of the materials used in this setup. Hence, continuous operation of the equipment at
this temperature is not recommended, because it may cause fast ageing of these materials.
Nevertheless, this equipment is not intended to be used as a standalone furnace and in
most cases the sample delivery system, which is limited to 1200°C (2192°F) maximum
temperature, will be used. If testing at higher temperature is required, the sample delivery

system must be upgraded. Figure 28 shows the heating panel during operation.
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Figure 28 View of the heating panel during operation

The test of the vacuum operation showed that the system is leak tight. It is important to
note that degassing occurs after quite a long time from the starting point (8 hours) which
may appear as a leak in the system. This degassing is due to the residual humidity on the

inner walls of the system components. The degassing was dramatically decreased by
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keeping the system continuously under vacuum. On the other hand, the test of the
vacuum operation showed a sound and successful operation of the related controllers
which kept the system functional and fault free during the operations. It was possible to

keep the system under vacuum in the range of 107 torr as shown in Figure 29.

Figure 29 View of the vacuum control panel during operation

The test of the argon flow showed stability for wide range of operation and precise
control of the argon flow rate and the chamber partial pressure. The gas flow was
controllable up to 10* division of the mass flow meter full range (50 standard cubic

centimeters per minute SCCM); while the partial pressure was controllable in 0.01 torr

steps as shown in Figure 30.
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Figure 30 View of the argon subsystem during operation

Testing the imaging subsystem showed the ability to observe small objects at low
temperature down to room temperature, where the sample was illuminated using the
coaxial light source. Operating at low temperature is more difficult because at high
temperatures the sample is emitting light. Figure 31 shows an image at room temperature
for a 1 mm brazing filler drop with a resolution of 640X480 while figure 32 shows the
same sample at 1100 °C. Both figures were acquired at the speed of 30 frames per
second, at higher imaging speed the obtained image becomes darker and hard to be

presented in printing.
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Figure 31 View of a 1 mm sample in the furnace at room temperature

Figure 32 View of a 1 mm sample in the furnace at 1100°C

65



It was also possible to monitor the sample at 320X240 resolution as shown in Figure 33.
This option increases the image acquisition duration which is limited by the camera’s

internal memory.

Figure 33 Image acquired at a lower resolution

As the basic function of the system has been tested and well established, the efforts are
directed towards examining the potential output data. Few tests were conducted using
different high temperature alloys like SS410, INCO625 and INCO718. As the target of
the experiment is to examine the capabilities of the test facility rather than the material
properties, there was no attention paid to the sample preparation requirements or the
choice of the test atmosphere. In general, due to the use of COMS sensor, the large zoom
and the high recording speed, the acquired images were relatively dark. When the
imaging speed is very high, the images might be non-presentable and difficult to analyze.

For this reason, digital image processing and analysis techniques are used to obtain

66



meaningful data out of the original images. To facilitate this task freeware programs have
been used. VIPBase Program [115] has been used to break the video into images then
these images were flipped upside down, thresholded, edge detected and inverted. This
treatment ended in representing the substrate and the drop shape by an easy to analyze

curve. Figure 34 shows the steps used in image analysis.

A | Original image B Flipped upside down

C | Thresholded D Edge detected

E Inverted

Figure 34 The steps used for image analysis
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MB-Ruler [116] and SCALE 2.0 [117] programs have been used to measure the screen
dimensions and the apparent contact angle for a selected set of images. The screen
dimensions are certainly different than the real sample dimensions and there might be
some distortion in the image aspect ratio. However, it is assumed that the distortion is
constant through the image and it should not affect the frame to frame comparison. The
relation between the screen measurements and the real dimensions can be established by
the precise measurement of the droplet dimensions before and after the test.

It is important to note that the use of software for droplet measurements on the screen
might end up confusing as the magnitude of on screen zoom used in a specific scenario
might influence the extracted results. A good judgment is necessary for accurate
measurements. In this work, the height of the droplet and the contact angle measurements
were fairly manageable, whereas measuring the width of the droplet was more
challenging. As the substrate in the digitally modified images is some time represented
by a smooth line (see Figure 35) and in other times by more of a distorted line (see figure
36), it was not possible to conclude in any case if the difference is based on the existence
of a thin layer of liquid or measurement artifact resulted from the image quality and/or

the used image analysis technique.
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Figure 35 Example of a substrate represented by a smooth line
Base line
distortions
g —l—'—‘—_‘___l__n_
L1
[a]
Q

Figure 36 Example of a distorted substrate

69



This artifact can be caused by on one or more reasons such as the imaging analysis, the
low imaging resolution, the vibration, the possible mismatch between the optical axis and

the substrate plane and the optical illusion due to the glow and the illumination.
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Chapter 5 Discussion, concluding remarks,
contributions and future recommendations

5.1 Discussion

In this chapter, some basic issues concerning the observed spreading behavior will be
highlighted and some elementary analysis will be carried out. The purpose here is to
demonstrate the fitness of the test facility for monitoring the brazing filler spreading

behavior.

The test of a large sample, 3.5 mm in diameter, showed a nonsymmetrical spreading that
can be an indication of the influence of the liquid gravity on the wetting behavior. The
acute contact angle in the direction of spreading indicated a capillary driven spreading,
while the curvature of the liquid front indicated inertia inhibited spreading as the liquid
still was sluggish at the beginning. Figure 37 shows an early stage of a large drop

spreading.

Figure 37 View of the spreading of a large drop hindered by inertia.
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As melting is completed the flow of the liquid in the bulk of the drop resulted in inertia

assisted spreading as it can be seen from the liquid front shape in figure 38.

Figure 38 View of the spreading of a large drop assisted by inertia

Testing of a smaller droplet, 1 mm in diameter, shows a more uniform spreading which is
an indication of the dominance of capillary forces on spreading as shown in Figure 33.
The change in the droplet height, width, left contact angle and right contact angle with
time for a selected number of frames measured and listed in table 1. As spreading starts
with melting, there is a period where the changes in height and width start while the
liquid surface still forming and not well defined. The contact angle in this period is

designated by M in the table.
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Width
at
Frame Time Height Width Left contact Right contact angle
30%
No (sec) (mm) (mm) angle (°) ®)
of the
height
0 0 188 315 251 M 90 M 90
25 1 183 317 251 M 90 M 90
50 2 177 315 251 M 90 M 90
75 3 164 320 262 M 90 M 90
100 4 148 325 270 68 57
125 5 103 352 283 41 35
150 6 63 373 328 28 22
175 7 50 376 339 23 21
200 8 48 389 344 21 19
300 12 40 381 354 18 13
400 16 37 365 368 16 11
500 20 32 368 402 10 8
600 24 29 373 376 9 7
700 28 29 386 362 8 8
800 32 26 405 402 8 7
900 36 29 368 368 8 8
1000 40 24 413 413 7 7
1500 60 21 405 405 5 5
2000 80 21 362 362 4 4

Table 1 The data obtained from the analysis of the primary facility test results
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The data in Table 1 are plotted against the time to examine the trend of change in each
set. The drop height change with time, shown in Figure 39, indicates a clear dependence

on time.
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Figure 39 The change of the height of the brazing filler drop (measured from the magnified image)
with time

The plot of the change of the drop base width with time started to show a clear trend at
the beginning, till the drop height decreased to a level that influenced the measurements.

From that point the scatter of the data dominated the curve, as shown in Figure 40.
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Figure 40 The change of the width of the brazing filler drop with (measured from the magnified
image) time.
The plots of the contact angle change with time for the both sides are shown in Figures
41 and 42. Distinctive time dependant behaviour is observed, very similar to what had

been seen for the drop height with time.
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Figure 41 The change of the left contact angle with (measured from the magnified image) time.
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Figure 42 The change of the right contact angle with (measured from the magnified image) time.

To examine the three stages of spreading, the changes in the height and width of the
liquid drop with time are plotted on a log-log diagram. The plot of the height against the
time, see Figure 43, showed a clear three distinctive regions. In a very similar fashion to
what had been reported by Ambrose et al. [79]. This behaviour is considered as a
characteristic function of the spreading of a specific material at certain experimental

conditions [79].
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Figure 43 The plot of the change of the height of the drop with time on a log-log diagram.

The plot of the drop width change with time on a log-log diagram, Figure 44, shows the
three-region trend, except the fact that the data in the third region are scattere due to the

previously mentioned problem in measuring the width accurately.
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Figure 44 The plot of the change of the width of the drop with time on a log-log diagram.
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5.2 Concluding remarks

The final remarks can be summarized as following.

The survey of the current understanding of high temperature brazing filler metal
spreading phenomenon revealed a great deal of complexity and sensitivity.
Although the scientific and academic contributions are steadily advancing
towards understanding this complex behavior, the direct implementation of this
basic knowledge in the applied field still far away from completion.

The current practice in industry for the brazing process quality control is
empirical, while the wettability test (static contact angle measurement) is used for
no more than an educated guess. This wettability test is not a reliable indicator for
the process success.

The absence of the appropriate well agreed upon test to characterize the high
temperature spreading of the brazing filler metal is due to the lack of a well
established test concept rather than the technology to implement such a test.

The empirical characterization of the spreading behavior of the brazing filler
metal was achieved by the use an easily accessible technology.

The spreading test results can be combined with the other experimental analysis

techniques to reach a better understanding of this phenomenon.

5.3 Contributions

An approach to assess the wettability of the high temperature brazing filler metals have

been proposed based on a well accepted brazing filler metal characterization method. The

required test facility was designed, constructed and successfully tested to meet the
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requirements of testing the wetting and spreading behavior of sensitive materials such as

titanium containing Ni super alloys.

5.4 Recommendations for the future work

The integration of the brazing filler spreading characterization technique with the
currently used statistical quality control methods can result in more realistic
process evaluation which in turn should relax the current specifications and
enhance the process reliability.

The long term use of the flow characterization method combined with the other
metallurgical analysis can result in clear distinction of the influence of each
contributing phenomena on the spreading process.

A Significant enhancement to the apparatus can be achieved by adding a residual

gas analyzer, this will enhance the ability to assess the real sample atmosphere.
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Appendix A: Steps for the apparatus operation

1. Prepare the sample according to the nature and the requirements of the specific

sample

2. Load the sample into the furnace chamber

3. Adjust the sample and the camera to bring the sample into focus

a.

Start the camera and the illumination light (see the camera supporting
documents)

Start the computer and the camera software

Change the camera speed to 25 fps

Adjust the camera height and the sample angle and distance until focus is

achieved

4. Bake out and degas the sample and the furnace ( Figure 1,2,3)

Start the argon flow

Turn-on the air

Switch the control panel power on

Switch on the mechanical vacuum pump

Adjust the argon flow until the chamber partial pressure reaches 1 torr
Turn the cooling water on

Heat to 125 °C for two hours

Stop the heating

Verify and adjust the diffusion pump cooling water flow based on the
rotameter reading as marked on the device

Start the diffusion pump heater
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Turn the argon flow off before the diffusion pump gate opens (
approximately 9 minutes after starting the diffusion pump)
Keep the diffusion pump for several hours (according to the specific

sample and experiment requirements)and then turn it off

5. Test and imaging

a.

Start and adjust the argon flow till you reach the desirable pressure in the
chamber

Start heating towards the test temperature

At around 900°C change to the desired frame rate and turn off the
illumination if required

Further adjust the image if required and keep monitoring the sample

At the right moment trigger the camera

Turn-off the heating

When the furnace temperature reach less than 150 shut the cooling water

off
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Figure 45 View of the control panel during roughing vacuum
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Figure 46 View of the heating controller
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Figure 47 View of the control panel during diffusion pump operation
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Figure 48 View of the control panel during argon flow operation
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