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CHAPTER 1: INTRODUCTION 
 

1.1 Background Overview 

Spreading of liquids over solids, i.e., wetting and capillarity phenomena, have 

been a subject of a long lasting interest (de Gennes, 1985; de Gennes et al., 2004; Bonn et 

al., 2009). The associated engineering relevance has been related to industrial and natural 

processes, including: materials joining – e.g., soldering and brazing (AWS Brazing 

Handbook, 1991; AWS Soldering Handbook, 1999), material deposition – e.g., painting 

(Patton, 1979) and coating (Marrion, 2004), biological phenomena – e.g., hummingbird 

tongue and shorebird beak biological functions (Rico-Guevara and Rubega, 2011; 

Prakash et al., 2008), geology – e.g., molten lava flows (Lezzi and Ventura, 2005) and 

many others. 

More specifically, a low temperature soldering, and a high/ultra-high temperature 

brazing of metals and nonmetals play a significant role in multitude of applications, 

including: electronics (commercial, medical and military), automotive, and aerospace 

industries (AWS Brazing Handbook, 1991). The quality of the bond between materials, 

in any of those applications created by the soldering/brazing process, depends critically 

on the wetting/capillary kinetics of the molten metal filler (molten solder or braze). 

The wetting/capillary kinetics during soldering/brazing process has a strong 

influence on the subsequently formed microstructure of the joint and consequently, on the 

strength and durability of the bond between joined materials (Pan and Sekulic, 2002; 

Qian et al., 2003; Saiz et al., 2000). A quantitative prediction of capillary action and 

wetting kinetics of a molten metal is always desired for designing a bonding process. For 

example, brazing of dissimilar metals such as stainless steel and aluminum alloy requires 
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tight scheduling of the process, because wetting and the associated capillary action of a 

molten Al-Si filler over aluminum alloy is more pronounced than over stainless steel. The 

processing time is limited by the need to reduce the time available for the formation of 

brittle Al-Fe intermetallic phases (Roulin et al., 1999; Liu et al., 2005). Often, the 

inability to predict and control spreading kinetics is mitigated by adapting the mechanical 

design to the needs of joining (Shapiro and Sekulic, 2008). Such is the case of an 

excessive spreading of Ni-Mo fillers over Molybdenum and/or porous tungsten 

(Busbaher and Sekulic, 2009). In soldering case, the formation of the intermetallic layer 

at the interface, which plays an important role in bonding integrity, greatly depends on 

the dwell time at the peak soldering temperature (Suh et al., 2008). Moreover, lead-free 

solders feature a poor spreading and the kinetics is further complicated by strong 

interface reactions (Zhao et al., 2009). A satisfactory control of liquid metal wetting as 

well as the associated modeling needs to be explored further.  

In recent decades, owing to the extensive development and use of micro/nano 

technology, thus due to the development of refined methods for setting very well-

controlled micro- or nanostructures on solid substrates, wetting and capillarity have been 

exploited so to promote novel material properties, such as spontaneous filmification, 

superhydrophobicity, superoleophobicity, and interfacial slip. These phenomena require 

well controlled surface roughness (tuning surface topography) in such a way that could 

not be achieved before (Quere, 2008). Such novel properties have already brought a 

number of potential technical improvements in few fields, i.e., superolephobic surfaces 

for oil transportation (Tuteja et al., 2007), superhydrophobic paper and textiles (Ogihara 

et al., 2012; Wang et al., 2011), and, for example, a capillary force induced whitening 
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method (Chandra et al., 2009). Few studies, however, have been reported for materials 

joining, say soldering and brazing, in particular at the elevated temperatures, and the 

existing models of wetting/capillary spreading of liquid metals may fail to predict 

experimental results in a satisfactory manner.  

The research interest in this dissertation therefore would be directly related to 

exploring, explaining and modeling wetting or/and capillary phenomena involving 

interface reaction and surface topography modifications. The focus is on an ability to 

control the spreading/imbibition of the liquid phase (molten metal or in the benchmark 

tests the organic liquids) during soldering or brazing processes at various temperature 

levels. The major difficulties in modeling attempts will include: (i) the presence of 

diffusion/chemical reactions between molten solder/braze and the substrates, (ii) the 

adequate characterization of the spreading surface topography, and (iii) modeling of the 

physical mechanism by which the triple line propagates over topographically altered 

and/or reactive substrate. 

 

1.2 Research Objectives 

The main objectives of this dissertation are to (i) explain and model a liquid metal 

wetting/capillary phenomenon – the liquid phase imbibition induced by surface tension 

over topographical alterations of an intermetallic substrate, (ii) study experimentally 

isotropic/anisotropic imbibition of soldering materials over rough intermetallic surfaces 

at elevated temperatures but without chemical reactions, and (iii) explore a possible 

impact of surface alterations on a high temperature brazing with a strong chemical 

reaction.  
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The following objectives were accomplished: 

• Providing the empirical evidence and a fundamental physical understanding of 

wetting/capillary phenomena of liquids on rough intermetallic surfaces: isotropic 

and preferential imbibitions (the case of low temperature soldering). 

• Establishing theoretical models that describe the planar, radial and anisotropic 

imbibition of molten solders and organic liquids over intermetallic surfaces 

featuring various types of roughness composed of microsize grains.   

• Establishing theoretical and experimental methods for characterizing different types 

of surface roughness in order to support the modeling.   

• Establishing experimentally what kind of impact may topographical alterations 

have in a chemical reaction-dominated reactive wetting case (the case of high 

temperature brazing). 

 

1.3 Organization of the Dissertation  

The following chapter, Chapter 2, provides a detailed review of the fundamentals 

and recent progress in study of non-reactive wetting/capillary phenomena on both smooth 

and rough surfaces, and a brief introduction of soldering/brazing involving reactive 

wetting.  

The main contribution of this dissertation is summarized in Chapters 3, 4, 5 and 6. 

Chapter 3 offers a study of a non-reactive case of a capillary raise of a set of organic 

liquids upwards a microstructured intermetallic surface in a planar fashion and at room 

temperature. This set of experiments has been performed as benchmarking theoretical 

model beyond the materials parameters studied in Chapter 4 (i.e., a verification of the 
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validity of the Washburn-type model of spreading to be subsequently studied). The 

intermetalic substrate is prepared following the procedure used for subsequent 

experiments. Details about experiments, theoretical modeling process and the validation 

of the Washburn-type model are included.  

Chapter 4 focuses on phenomenological observation and modeling of a radial 

imbibition of molten solders on an intermetallic surface with a roughness composed of 

uniformly distributed grains. A Washburn-type kinetics has been registered empirically 

and theoretically. The chemical reaction has been minimized by using an intermetallic 

substrate in an attempt to simplify the problem. 

In light of the Chapter 4, Chapter 5 demonstrates a non-reactive preferential 

spreading of a molten solder over an anisotropically microstructured intermetallic 

substrate. In addition to an experimental examination of the correlation between the 

preferential spreading direction and the anisotropic features of the intermetallic grains, a 

theoretical model that describes the anisotropic imbibition has also been established. It is 

indicated that the preferential imbibition could be tuned by preferential formation of the 

intermetallic grains.  

In Chapter 6 a reactive wetting in a high temperature brazing process has been 

studied for both polished and rough surfaces. A linear relation between the propagating 

triple line and the time has been registered and the wetting is therefore proved to be 

dominated by a strong chemical reaction. In such a case, it is demonstrated that the 

topographical alterations of the substrates have a minimal impact on wetting kinetics. 

Conclusions and recommendations for the future research work have been 

addressed in the last chapter of this dissertation – Chapter seven. 
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The main body of the dissertation text is followed by a series of appendices. The 

material distributed in appendices, Appendix A - I, includes description of capillary 

length, determination of Bond number, criteria for no chemical reaction between Cu-Sn 

IMC and Pb-Sn solder, details for measurements of IMC grain features, description of 

parameters associated with porous media theory, raw kinetics data for all spreading tests 

studied in this dissertation and symbolism. 
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CHAPTER 2: REVIEW OF THE RELATED EXISTING WORK 
 

This chapter offers a general overview of relevant research work in connection with the 

scope of this dissertation. The review involves the broader fields of wetting phenomena 

and capillarity, as well as their specifics through engineering significance for liquid 

metals spreading in brazing and soldering. The content is split into four sections. The first 

section (Section 2.1) describes fundamentals of a wetting phenomenon and modeling of 

wetting kinetics for both smooth and rough surfaces. Subsequently, in addition to basic 

concepts about capillarity, Section 2.2 provides information on the kinetics of a liquid 

flowing in a single capillary channel and an open surface groove. A review of the 

capillary phenomena involving liquids spreading over various rough surfaces and the 

associated kinetics is included. A brief introduction of the fundamentals of the theory of 

flow through porous media is given in the following section, Section 2.3. Finally, Section 

2.4 introduces two practical manufacturing processes: soldering and brazing, and then the 

reason why a good wetting/capillarity is of importance and desired.  Moreover, a 

consideration of reactive wetting is introduced by offering a review of basic types of 

reactive wetting cases and the models which describe them.  

      

2.1 Wetting  

Wetting refers to interface phenomena of how a liquid maintains contact with a 

solid surface (in the scope of this dissertation). Surface chemistry (Durian and Franck, 

1987a) and surface forces such as van der Waals or electrostatic forces (de Gennes, 1985) 

play key roles for determining whether or not a liquid will wet a given surface (Durian 

and Franck, 1987b; Bonn et al., 2009; Vrij, 1966). There are multiple studies based on a 
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search involving molecular/atomic level beyond Yount’s equation (Webb et al, 2002; 

Webb and Grest, 2005; Benhassine et al, 2010). In addition, in recent decades, new 

concepts, such as patterned surfaces and surfactants, are being introduced to influence 

both the statics and dynamics of wetting. In general, Wetting phenomena are an area 

where chemistry, physics and engineering intersect, and are of key importance to 

numerous applications, i.e., manufacturing, chemical industry, glass, food, soil science, 

biology and so on (de Gennes, 1985; de Gennes et al., 2004; Bonn et al., 2009; Nalwa, 

2001) 

 

2.1.1 Surface Tension 

A solid or liquid is considered as a condensed state in which molecules attract 

each other (Bonn et al. 2009). A molecule in the midst of a solid or liquid interacts with 

all its neighbors around and it is in a “happy ” state (de Gennes et al., 2004). On the 

other hand, a molecule that locates on the surface loses half its cohesive interactions and 

becomes “unhappy ”, as indicated in Figure 2.1. 

Liquid or Solid

Gas

Happy

Unhappy















 

Figure 2.1:  A molecule in a “happy” state and an “unhappy” molecule at the surface. The 

latter is missing a half of its cohesive interaction energy, modified from (de Gennes et al., 

2004). 

When moved to the surface, a solid or liquid molecule is in an unfavorable energy 

state. If the cohesion energy per molecule is U inside the liquid, a molecule sitting at the 
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surface has the cohesion energy of approximately U / 2 (Rowlingson and Widom, 1982).  

The surface tension is a direct measure of such an energy difference per unit surface area. 

For the liquids with molecular interactions of the van der Waals type, the magnitude of 

the quantity of the surface tension is approximated as follows (Rowlington and Widom, 

1982) 

2( ) / (2 )k T aγ ≅           (2.1) 

 

where a is the approximated characteristic size of a molecule, and k(T) represents the 

thermal energy. For a silicone oil at room temperature (~25oC), k(T) is about 1/40 eV and 

the molecule size is in the order of 10-10 m, therefore the surface tension of a silicone oil 

is estimated to be 20 mN/m (de Gennes et al., 2004). And for mercury, which is a 

strongly cohesive liquid metal, the surface tension is about 500 mN/m (Bircumshaw, 

1931; Kernaghan, 1931). A liquid spontaneously minimizes its surface energy and that 

explains that liquids adjust their shape in attempt to expose the smallest possible surface 

area, i.e., a spherical water drop (Bonn et al., 2009). 

 

2.1.2 Wetting of a Smooth Surface  

When a small liquid droplet is positioned in contact with a flat solid non-reactive 

surface, two distinct equilibrium states may be noticed: partial wetting, or complete 

wetting. In cases of partial wetting, the wetted part of the solid substrate is delimited by a 

certain contact line that is usually called triple line, where three phases meet each other. 

The angle formed at the contact line, between the solid surface and the tangent to the 
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liquid surface at the line of contact with the solid, is known as a contact angle which is 

usually designated as θ (θE for an equilibrium state) as indicated in Figure. 2.2.    

Figure 2.2 offers three conditions for a solid smooth surface wetted by a liquid (de 

Gennes, 1985). Figure 2.2 (a) shows a “mostly non-wetting” situation in which the 

contact angle is larger than 90o. Figure 2.2 (b) gives an example of “mostly wetting” as 

the contact angle is smaller than 90o but larger than 0o.  Figure 2.2 (c) indicates an 

extreme case for the contact angle equal to 0o, which is called complete wetting. Note 

that the cases shown in Figure 2.2 (a) and (b) are generally called partial wetting 

comparing to a complete wetting. For water, Figure 2.2 (a) and (b) are referred to as 

hydrophobic and hydrophilic, respectively. Note that the case with the contact angle 

larger than 150o is registered as superhydrophobic state, which is also known as lotus 

effect (Bonn et al., 2009; Quere, 2008). 

 

Solid

Liquid

Gas

(a)

θE

 

Solid

Liquid
Gas

(b)

θE

 

Solid

Liquid
Gas

(c)  

 

Figure 2.2:  A droplet over a horizontal smooth surface in equilibrium: (a), (b) indicate 

the case of partial wetting, (c) represents the case of complete wetting with θE = 0.  

 

If a droplet on a solid smooth surface reaches its equilibrium as shown in Figure 

2.3, which means the energy must be stationary with respect to any infinitesimal shift of 

the triple line position (de Gennes, 1985), the relation between the surface tensions of 
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three phases and equilibrium contact angle can be described as Young’s Equation 

(Young, 1805)  

cos 0SG SL LG Eγ γ γ θ− − =     (2.2) 

 

where γSG represents the surface tension for solid-gas interface, γSL is the surface tension 

for solid-liquid interface and γLG is the surface tension for liquid-gas interface (γ is used 

in the later text as a short form and phases will be identifiable from the context). θE is 

contact angle in the equilibrium. Note that the surface tension is also determined by the 

chemical composition of each phase, which will be discussed in Section 2.1.4.    

 

 

 

 

Figure 2.3:  A small droplet over a horizontal smooth surface in equilibrium 

 

2.1.3 Kinetics of Wetting on a Smooth Surface  

If a droplet wets the substrate, thus experiences spreading, the wetting kinetics is 

considered as an important issue. Note that in the scope of this dissertation, wetting 

kinetics is defined as the relation between the triple line advancement and associated 

elapsed time. As indicated in Figure 2.4 (a), a droplet spreads on a solid substrate and the 

spreading radius increases as a function of time. Such a time evolution of the triple line 

movement (or spreading radius r) was studied by L. H. Tanner in 1979 and a theoretical 

model was established (Tanner, 1979) based on the earlier contributions for the study of 

Solid

Gas
θELiquid SLγ

LGγ

SGγ
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moving contact liquid-solid lines (Huh and Scriven, 1971; Lopez et al., 1976; Dussan and 

Davis, 1974; Dussan, 1976). 

With the edge configuration illustrated in Figure 2.4 (b), Navier-Stokes equations 

for slow viscous flow in two dimensions can be written as Equation (2.3) based on 

(Tanner, 1979), 

    
2 2 2 2

2 2 2 2( )          ( ) P u u P v v
x x y y x y

µ µ∂ ∂ ∂ ∂ ∂ ∂
= + = +

∂ ∂ ∂ ∂ ∂ ∂
 (2.3) 

 

As /sdy dx is sufficiently small, the spreading can be considered as one-

dimensional. The pressure gradient is provided by the surface tension associated with 

surface curvatture of the droplet. With an assumption that the front of the edge advances 

with a velocity U with a constant profile shape, a realtion between U and contact angle 

can be obtained from Equation (2.3) and expressed as follows (Tanner, 1979) 

 

 3 3U ( )sdy
dx

γ γ θ
µ µ

   (2.4) 

 

Note that the approximation / tansdy dx θ θ= ≈  is applied when θ is small 

enough. 

The same expression can also be derived by balancing the viscous dissipation and 

surface tension associated with the droplet spreading (Biance, 2004). The surface tension 

driving force of the droplet spreading can be expressed as 2(1/ 2)Fγ γθ= , (Biance, 2004). 

The retarding force which is the viscous force can be approximated as ( )UFµ µ γ , 
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(Biance, 2004). Therefore balancing those two forces could lead to the same relation 

between U and contact angle as indicated in Equation (2.4), (Hui, 2005).  

 

 

 

 

 

Figure 2.4: (a) A small droplet spreading on a substrate (Non-reactive case). (b) The 

domain within the red dotted block in (a) indicating the edge domain of the droplet  

 

Supposing the droplet can be considered as a sphere cap with a volume of Ω, a 

relation between spreading radius r and spreading time t would be obtained as follows 

 

 10 3r tγ
µ
Ω  (2.5) 

 

The tenth power law relation between the spreading radius and associated time 

(also known as Tanner’s law) is registered for a droplet spreading on a smooth substrate 

without considering a presence of any types of reactions. 

It should be noticed that for a droplet whose base radius is much larger than the 

associated capillary length, in which case the gravity is dominated and must be 

considered, the wetting kinetics can be described by a theoretically established seventh or 

eighth power law relation (Dodge, 1998; Brochard-Wyart et al., 1991). Recently Zhao 

and Sekulic (Zhao and Sekulic, 2008) found that Tanner’s law can be applied to the 
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wetting kinetics of a molten Al-Si alloy (AA4343) on an aluminum alloy (AA3003) 

substrate at elevated temperatures.   

 

2.1.4 Wetting of a Rough Surface 

The wetting behavior of an ideal smooth solid surface is controlled by its 

chemical composition which the surface tension depends on (see Young’s equation). But 

real solid surfaces are rough and associated wettability is affected by such a surface 

roughness as well. In this section, we first present the basic wetting models for the 

surfaces that are roughened/textured either physically (Wenzel’s model (Wenzel, 1936)) 

or chemically (Cassie-Baxter model (Cassie and Baxter, 1944)). Next, we will show how 

those two models can be combined in a hybrid case (a composite rough surface). 

 

2.1.4.1 Wenzel’s Model 

One of the earliest attempts to understand the influence of roughness on wetting 

behavior is due to R. N. Wenzel (Wenzel, 1936). In Wenzel’s study it is assumed that (i) 

the local contact angle is given by Young’s equation (Equation 2.2), (ii) the surface is 

physically rough but chemically homogeneous, and (iii) the roughness scale is much 

smaller compared to the size of the liquid drop.  

The roughness of the substrate, which is designated as r, is defined as the ratio of 

the real surface area (Asurface)to the apparent surface area that is the projection of the real 

surface area (Asurface) over the surface plane (Wenzel, 1936) 
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 1surface

projected

A
r

A
= ≥                                                           (2.6) 

 

The apparent contact angle θ*, which is the contact angle observed above the 

rough features on the virtual surface plane, can be evaluated by considering a small 

displacement dx of the triple line in a direction that is parallel to the base substrate, as 

indicated in Figure 2.5. Therefore the surface energies variation dE can be expressed as 

(Wenzel, 1936) 

 ( ) cos *SL SG LGdE r dx dxγ γ γ θ= − +                                     (2.7) 

 

where r is the roughness of the solid. The zero gradient of surface energy E (dE/dx = 0) 

defines equilibrium (de Gennes et al., 2004; Quere, 2008; Eustathopoulos et al, 1999). 

Note that the first term on the right hand side describes the surface energy change 

associated with replacement of solid-gas interface by solid-liquid one; the second term on 

the right hand side defines the surface energy change caused by the variation of liquid-

gas interface. 

The purpose of our analysis is to model the wetting equilibrium in terms of 

surface roughness and contact angles, i.e. the apparent contact angle θ* and the Young’s 

contact angle θE. 

In the case that the surface is considered as smooth, namely r = 1, the Young’s 

equation (Equation 2.2) is recovered at the equilibrium state from Equation 2.7.  
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Figure 2.5: (a) A small droplet wetting on a physically rough substrate with an apparent 

contact angle θ*. (b) The displacement within the domain of the right edge in (a).  

 

If the surface is rough, when r > 1, the equilibrium condition leads to the 

Wenzel’s relation  

 cos * cos Erθ θ=                                                  (2.8) 

 

where θE is Young’s contact angle defined by Equation 2.2. 

The Wenzel relation (Equation 2.8) predicts that the roughness plays a role of 

enhancing the wettability (Wenzel, 1936). If the roughness factor r is larger than 1, a 

hydrophilic solid (associated with “mostly wetting” condition with θE < 90o) becomes 

more hydrophilic (θ* < θE), and conversely, a hydrophobic solid (associated with “mostly 

non-wetting” condition with θE > 90o) shows an increased hydrophobicity (θ* > θE). The 

Wenzel relation, however, is limited to some extent if the Young’s contact angle of the 

liquid is within certain ranges (Quere, 2008). The domain of validity of Wenzel relation 

will be specified for different contact angle ranges in the discussion in “Composite rough 

surfaces” later in Section 2.1.4.3. 

(a) (b) 

Liquid θ*

Gas

Rough Solid

θ*

dx
Liquid

Rough Solid

Gas
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2.1.4.2 The Cassie-Baxter Model 

The Cassie-Baxter model (Cassie and Baxter, 1944) is dealing with a chemically 

heterogeneous surface. It is assumed that the surface is composed of two distinct 

materials (Figure 2.5), each characterized by its own contact angle θ1 and θ2, respectively. 

The fractional surface areas occupied by each of these materials are designated by f1 and 

f2 thus f1 + f2 = 1. It is also assumed that the individual areas of each material are 

significantly smaller than the size of a liquid drop.   

 

θ*
dx

Liquid

Rough Solid

Gas

f1 f2Solid
 

Figure 2.6: A small droplet wetting on a chemically heterogeneous substrate composed of 

different material characterized with the area fractions f1 and f2.  

 

The apparent contact angle, which is observed above the surface, is again 

designated as θ*. The surface energy variation due to the displacement dx indicated in 

Figure 2.6 will be expressed by Equation 2.9 in accordance with (Cassie and Baxter, 

1944) 

 1 1 2 2( ) ( ) cos *SL SG SL SG LGdE f f dxγ γ γ γ γ θ= − + − +                       (2.9) 
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where the indices 1 and 2 refer to those two material fractions swept by the liquid during 

the displacement, respectively. The minimum of surface energy E, combined with 

Young’s equation will lead to the Cassie-Baxter relation (Cassie and Baxter, 1944) 

 

 1 1 2 2cos * cos cosf fθ θ θ= +                                               (2.10) 

 

Therefore, the apparent angle is indeed restricted to the interval [θ1, θ2]. The 

Cassie-Baxter model can be applied to the air-pocket regime and penetration regime that 

we will discussed in the subsequent section about “Composite rough surfaces”.  

 

2.1.4.3 Composite Rough Surfaces 

The domain of validity of the Wenzel relation will be examined now in a more 

detail. The transition between Wenzel relation and Cassie-Baxter relation is discussed.  

If a substrate is hydrophilic (θE < 90o), under a certain pre-defined condition the 

liquid would start to penetrate the topographical features of the roughness. This process is 

similar to a thin porous medium penetrated by a liquid phase. Bico and Quere (Bico et al., 

2001) purposed a concept of a critical contact angle, which is designated as θC, for such a 

hydrophilic solid rough surface liquid penetration/imbibition. That critical contact angle 

is considered as the threshold for the wetting transition between Wenzel and Cassie-

Baxter conditions, Figure 2.7 (Bico et al., 2001). In the recent decades, a series of studies 

by Quere et al were devoted to analyze this wetting transition (Lafuma and Quere, 2003; 

Ishino et al., 2004; Quere, 2002; Bonn and Ross, 2001; Quere and Reyssat, 2008). 

 



19 

 

 

 

 

 

 

Figure 2.7: A droplet over a horizontal rough surface in equilibrium: (a) Wenzel’s model 

and (b) the penetration case (Cassie-Baxter model) 

 

For the purpose of simplicity of the penetration the surface roughness is assumed 

to be composed of an array of well-defined pillars or a network of grooves. The 

predefined surface roughness is penetrated and filled by a liquid and the top of the 

roughness remain dry. One of the objective is to calculate the apparent contact angle θ* 

in the configuration depicted in Figure 2.7 (b). Note that in this case the liquid will 

penetrate the surface roughness and the associated kinetics of such a triple line movement 

will be discussed in Section 2.2.4.  The relative fractions of the solid remaining dry and 

the liquid/gas interface area are designated as ϕs and (1 − ϕs) respectively. The drop is in 

fact sitting on a wetted substrate considered as a patchwork of a solid and a liquid. The 

Cassie-Baxter relation (Equation 2.9) can be applied to such a mixed surface, with 

contact angle θE (liquid/solid) and 0 (liquid/liquid), respectively. The apparent contact 

angle can be expressed by using Cassie-Baxter relation as follows (Bico et al., 2001; de 

Gennes et al., 2004) 

 s scos * 1 cos Eθ φ φ θ= − +                                                (2.11) 
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porosity/tortuosity, and micro channel cross-section geometry, for definition of these 

quantities see Appendix F, G and Section 3.3 in Chapter 3), (ii) wetting/spreading 

features (equilibrium contact angle and filling factor), and (iii) molten metal/substrate 

properties (viscosity and surface tension). Experimental data involving triple line kinetics 

represent the data set of locations of the triple line vs. time obtained by in situ monitoring 

of the spreading of molten metal systems over IMC substrates by using the controlled 

atmosphere hot stage microscopy. 

The triple line driven by surface tension and retarded by viscosity, in the absence 

of gravity (the assumption of the negligible gravity influence is discussed and justified on 

page 98), in most cases is modeled by a square root of time relationship, what is fully in 

accord with the well accepted Washburn’s Law (Washburn, 1921) for the flow through a 

capillary (but in absence of a reaction at the interface). Our interest is to explore whether 

a modeling of the surface tension driven spreading of liquid metal through the network of 

microgrooves of a rough non-reacting surface and in an absence of gravity influence, can 

also be based on a square root power law, and how the geometrical features of such a 

surface impact this spreading. 

 

4.2 Problem Formulation  

A surface tension driven flow of a molten metal micro layer over a metal surface 

is, as a rule, a reactive flow. For example, soldering processes involving tin (either lead 

or lead-free) alloys and cooper substrates are associated with Sn-Cu reaction leading to a 

fast intermetallics formation (say Cu6Sn5 and/or Cu3Sn over Cu). This reaction interferes 

strongly with the spreading process. However, to understand the sole impact of surface 
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Figure 4.3: (a) SEM image at a location of the spreading front; (b) SEM image illustrates 

cross section of a sample after the test. 

 

Our objective is to predict this spreading behavior, i.e., to correlate the triple line 

location with time. We are not necessarily interested only in fitting the empirical data 

with the adequate power law, rather we are interested in developing a theoretical model 

with a minimal input of empirical parameters. In the following sections, we present 

briefly the experimental procedure and data to be used in the model verification. 

Subsequently, we focus on building a model of spreading and its verification.  
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4.3 Materials and Experimental Procedures 

The substrate used in this study is IMC1, the manufacturing process of which is 

described in details in Chapter 3. The so manufactured substrate IMC1 was exposed to an 

experimental procedure aimed at establishing the kinetics of liquid metal spreading over a 

rough surface but void of intense interface reactions. Solder material’s solid state pellets 

of a specified mass (defined by the pellet size, i.e., its thickness and interface surface area 

were selected so that the solder mass at the onset of melting differs in subsequent tests). 

The equivalent radii are listed in Table 4.1, along with information about the extent of the 

ultimate spread at the onset of solidification. The equivalent radius is the radius of an 

equivalent circular interface surface area that corresponds to the actual non-circular area. 

The hot stage microscopy was used to analyze kinetics of the triple line 

movement by monitoring in real time and decomposing digital movies into instantaneous 

frames. A substrate coupon having overall dimensions of 10 mm × 10 mm × 0.3 mm (or 

0.5 mm) is positioned within the chamber of the LINKAM THMS 600 hot stage installed 

on an OLIMPUS BX51M optical microscope. A solder specimen was covered with a thin 

layer of RMA flux [EC-19S-8, Tamura Corp.]. The chamber was filled with ultra high 

purity N2 (99.999%), after purging with nitrogen for 120 minutes before an initiation of 

the heating cycle. The purging has secured at least 30 chamber’s volume replacements. 

Throughout the experiment execution, the steady stream of ultra high nitrogen was 

secured. The heating cycle consists of a ramp up, dwell and quench, as indicated in 

Figure 4.4. Note that tests studied in Chapter 5 were carried out with the same heating 

cycle as presented in Figure 4.4 (a). It is noticed that the spreading occurred under a non-

isothermal condition, but in this study it is assumed that the properties of the liquid metal 
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keep constant within the specific small temperature range, as indicated in Figure 4.4, see 

Appendix D. 

The heating ramp-up was specified as 100 K/min and the cooling ramp-down was 

80 K/min. Temperature stability was specified at the level of 0.1 K. Verification of actual 

solder temperature was performed by comparing temperature readings for a given instant 

of time at the onset of melting, with the eutectic solder melting point temperature known. 

It is established that this temperature was recorded with a consistent bias (due to thermal 

contact resistance along the conductive path from the silver block heater to the solder 

pellet) of less than 7K at the 473 K temperature level. Correspondingly, temperature 

readings were corrected and the bias was eliminated. The series of thermal contact 

resistances includes (i) Ag heating block - quartz glass interface, (ii) quartz - glass -

interface - substrate, and (iii) substrate-solder interface, in presence of flux. The peak 

temperature is set to be consistently 30K above the liquidus temperature of the 

corresponding solder. 

Table 4.1: Substrate/solder sample sizes 

Test  
No. 

Solder  Area of 
IMC-1 

substrate        
As × 106 

Initial 
thickness of 

the pellet  
δi × 103 

Initial area 
of solder 
material  
Ai × 106 

Initial 
equiv. 
radius  

r0 × 103 

Final area 
of solder 
material  
Af × 106 

Final 
equiv. 
radius   
r × 103 

  (m2) (m) (m2) (m) (m2) (m) 

1 
Sn37Pb 

100 0.05 0.11 0.188 27.45 2.956 

2 100 0.05 0.13 0.204 31.12 3.147 

3 Sn20Pb 100 0.05 0.23 0.270 34.35 3.306 

4 100 0.05 0.28 0.297 35.31 3.353 
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Figure 4.4: Heating cycle that consists of a ramp up, dwell and quench for spreading tests 

(a) for Test-1 and 2 for 63Sn-37Pb solder (b) Test-3 and 4 for 80Sn-20Pb solder. (Note 

that heating cycle in Figure 4.4 (a) is also used for tests studied in Chapter 5) 
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Figure 4.5 (a) offers a schematic of the hotstage microscopy system configuration 

indicating system components for heating, cooling, control, display and purging. Figure 

4.5 (b) illustrates thehotstage microscopy setup located in the Brazing Research 

Laboratory of the University of Kentucky. 
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Figure 4.5: (a) Configuration of the hotstage microscopy system, (b) hotstage microscopy 

setup in the Brazing Research Laboratory of the University of Kentucky 
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During the heating/cooling cycle, digital imaging is performed with 22 frames/s 

digital camera system. Movie clips were digitally decomposed into individual frames and 

associated with digitally recorded corresponding substrate temperature histories. The 

spreading segment of an experiment evolves not at the constant peak temperature, but 

within the range of temperatures (in most experimental runs). It is assumed that the 

temperature dependence of thermo physical properties of the liquid phase is not 

significant to cause non-linear effects in the spreading behavior. The triple line was 

closely approximated with an instantaneous equivalent sessile drop perimeter locus of 

points (representing the solder spread perimeter). This was possible because upon a very 

short initial period of spreading controlled by inertia and surface tension, the triple line 

forms in the shape of a perfect circle if the substrate is characterized with uniformly 

distributed micro roughness topographic features. Measurements of the triple line 

locations were performed using Image-Pro PLUS® software. The uncertainty in 

determining linear dimensions was smaller than 3%. The uncertainty was estimated by 

comparing measurement results of the same test conducted by two independent readings 

using image processing software. Two randomly selected tests were used for uncertainty 

evaluations. Calibration of microscope readings was performed using a linear graduated 

micrometer with the pixel count within 10 µm half-division. The dwell at the constant 

peak temperature during spreading lasts for 120 seconds with initial phase experiencing 

the ramp-up rate of 100°C/min before reaching the plateau   (solidification starts in 

average 100 seconds upon termination of the spreading observation period and the 

associated temperature is offered in Figure 4.4).  
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4.4 Experimental Results and Phenomenological Observations 

Figure 4.6 shows the equivalent radius of the triple line location r vs. time t data 

for tests designated as Test-1 through Test-4, see Table 4.1. Temperature history of the 

heating cycle for all tests is offered in Figure 4.4.  It can be noticed that each test features 

identical triple line kinetics profile trend: after initiation of the spreading and an initial 

hesitation of the liquid front, a fast ramp-up can be identified, followed by an asymptotic 

slow-down, and an ultimate spreading termination. Moreover, Figure 4.6 illustrates that if 

the initial solder material is more abundant (i.e., a larger initial liquid mass, See Table 

4.1) the power relation domain will be maintained for a bit longer period of time, but the 

spreading will dominantly follow the power trend only during the central phase of 

spreading, not sizably influenced by the initial source mass. Test-1 has the least liquid 

source material, so it enters the final spreading stage first. Test-2 has more source 

material than Test-1 but less than test-3 and test-4, thus it goes into the final stage 

somewhat later. Test-3 and Test-4 maintain the power relation for the longest time as 

they have the largest source material available. So, one may conclude that the size of the 

initial mass did not change the character of spreading in the surface tension-viscosity 

trade-off domain, what would not be the case for the domain of the inertia-controlled start 

of spreading and the asymptotic decay at its end. 
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Figure 4.6: Time t vs. spreading front for Test-1, 2, 3 and 4 

 

A large number of tests as illustrated by Figure 4.6 have been performed using 

IMC1, IMC2 and IMC3, with eutectic and non-eutectic Sn-Pb solders, as well as lead-

free solders (Liu et al., 2011b; Zhao et al., 2009a). All lead solders have consistently 

featured similar trends as the ones presented here. It is established that the central, power 

law domain keeps dominantly linear r vs. t1/2 dependence with an average adjusted R-

square value of 0.979 (so, it is very well correlated). Note that he R-square provides a 

measure of how well future outcomes are likely to be predicted by a model (Steel and 

Torrie, 1960). These tests confirm the reproducibility of the discussed behavior; hence 

offer a reliable data base for model building of the triple line kinetics, an objective of this 

study to be presented next. In anticipating the analysis that will follow the model 

presentation, it should be noted that if a cubic power law instead of quadratic is 

heuristically adopted, empirical data may be correlated for a longer central surface 
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tension-viscosity time domain (extending into the asymptotic termination phase), but 

with a larger data deviation within it (see the discussion section later). 

Based on these observations, one may conclude that the spreading process of a 

sessile drop on a rough surface having micro scallop-grain topography, such as Pb-Sn 

solders spreading on IMC1 surface, can be divided, in the first approximation, into three 

stages:  

The initial stage influenced by inertial forces (Courbin et al., 2009) (may be 

assisted or not by the gravity force; in our case, the substrate surface is horizontal and 

gravity effect may not be included if the Bo number is small (see the justification under 

item 4 of the list of assumptions in Section 4.6 on building the theoretical model). This 

stage is very short compared to the whole process, it is essentially linear and 

characterized with a large slope (a fast, short lived stage). In this study this initial stage is 

about ~1 second compared to a whole spreading process of ~25-30 seconds. Moreover 

within this initial stage spreading is completed by up to 20% as the spreading radius is 

concerned.  

The power-law stage: The relation between the spreading front and time obeys a 

certain power law (assumed to be a square root relation in this case, see the proof later, 

Equation (4.11)), but it may differ as has been well known from previous investigations 

of the same phenomenon over smooth non-reactive or weak reactive surfaces, following 

the balance of surface tension and viscosity forces and a suppressed impact of reactions. 

This stage is the main stage of spreading and covers a large portion of the whole process. 

Note the main stage in this study lasts up to about 11 ~13 seconds and covered up to 92% 

of the final spreading radius. 
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The final stage, featuring an asymptotic trend of spreading, diminishing slope 

impacted by diminishing liquid source’s quantity (in the case over non-flooded surface 

roughness alterations) follows.   

The focus of this chapter is on the power law stage which takes place roughly 

from 0.5~1-2 second into the spreading process and lasts up to a roughly 11~13 seconds 

into the spreading (that is, starting after about 20% of the final spreading radius is 

reached, up to ~92% of the final spreading radius), which apparently covers a large 

portion of the whole process. Our study does not involve modeling of the initial inertia 

vs. surface tension phase (Courbin et al., 2009) but focuses on the subsequent surface 

tension-viscosity phase. Our assessment obtained from empirical data on the spreading 

kinetics indicates, as stated above, the duration of the first phase of ~ 1-2 s, as indicated 

earlier, i.e., at least an order of magnitude shorter than the central, considered phase. The 

prediction of the initial phase duration in a spreading process was studied earlier for some 

spreading settings, e.g. a released sessile drop spreading over a flat non-reactive surface 

(Biance et al., 2004; Seveno et al., 2009), but for a different physical situation (a wetting 

balance configuration instead of sessile drop setup in this study) and will not be included 

in this chapter. Modeling of the initial spreading phase for the configuration considered in 

this study still waits for a solution. We should indicate that spreading over the flat 

surfaces, as well as various patterned surfaces, and in particular over surfaces with a 

reaction at the solid/liquid interface, may feature more than three distinct stages (Cazabat 

et al., 1986; Dezellus et al., 2003). The study presented here corresponds to a spreading 

through the network of micro-groves, featuring a scallop grain micro-pattern (rarely 

studied) – as opposed to spreading over rough surfaces where roughness alterations are 
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reviewed in Section 2.4.3.1 in Chapter 2, the kinetic of a reactive spreading will follow a 

linear relation (Equaiton (2.35)) for a number of reactive wetting systems (Kumar and 

Prabhu, 2007). It should be noticed that the main stage associated with a constant and 

large spreading rate covers up to ~ 95% of the total spreading domain. 

(iii) Asymptotic stage. A reduced concentration of Cu in AgCuTi molten filler 

due to the consumption of Cu during the main spreading stage (Cu concentration: original 

28 wt.%, after spreading ~6.23 ± 2.06 wt.%, confirmed by the EDS analysis, see Section 

6.3.2, leads to a decreased chemical reaction rate between TiAl and Cu. Consequently the 

spreading of the molten filler gradually slows down and ultimately, through the final 

asymptotic stage, reaches the maximum spread area and spreading termination. The final 

contact angle of the re-solidified braze on the TiAl substrate was determined to be ~30o 

with multiple measurements at arbitrary locations of the triple line domain after 

solidification, by using the Image-Pro PLUS software. This value is within the empirical 

range for the wetting of metal/metal systems suggested by Eustathopoulos et al 

(Eustathopoulos et al., 1999).  

The depletion of Cu from the liquid phase causes (1) an asymptotic slowing down 

and ultimate termination of the spreading process (note that the exhaust of the liquid 

source may be another reason for the asymptotic termination of the spreading); (2) re-

solidification of the edge domain of the filler dominated by Ag and Ti. It should be noted 

that at the peak temperature of 1273 K, which is much higher than the melting point of 

pure Ag, the re-solidification of the edge domain of the filler still takes place confirmed 

by the experimental observation as indicated in Figure 6.4. The possible reason for such a 
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re-solidification is that Ag-Ti alloy is in a solid phase when concentration of Ti is higher 

than ~6% in accordance with Ag-Ti binary phase diagram (Appel et al., 2011).   

 

6.3.2 Microstructure Analysis 

The microstructure analysis offers a better understanding of the interface 

configuration that is used to identify the reactive wetting conditions. It offers an evidence 

for the characterization of the chemical reaction products or intermetallic layers at the 

interface which may have impacts on the reactive spreading process. Figures 6.7 (a) and 

(b) show a top view of a resolidified AgCuTi filler metal by using Scanning Electron 

Microscopy (SEM). A line scan analysis, conducted by using Energy Dispersive 

Spectroscopy (EDS), across the radial direction of the filler spread over the substrate’s 

surface is marked in Figure 6.7 (b). Figures 6.7 (c) and (d) present the microstructure at 

the interface of an AgCuTi filler metal brazed on TiAl away from the triple line and in 

the triple line domain, respectively. The observations are as follows. 

It is noticed that the resolidified filler metal features a fairly regular circular triple 

line shape, as can be seen in Figure 6.7 (a). The main elements content, i.e. Ti, Ag, Cu, 

changes (approximately no change for Ti and a slight decrease for Ag and Cu) from the 

center to the edge of the resolidified AgCuTi braze filler, as documented in Figure 6.7 

(b). Furthermore, on the surface of the filler residue there is a minimal amount of Al, and 

the Ti concentration is much higher than that of the Cu. Such a lower concentration of Cu 

element could be attributed to its consumption by the associated chemical reactions, as 

indicated in Equations (6.1) and (6.2), during the wetting and spreading process. Namely, 

Cu element easily reacts with TiAl and forms AlCu2Ti phase at high temperatures and 
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with a prolonged dwell time, the Al-Ti-Cu ternary intermetallics products, i.e., AlCuTi, 

Ti3Al and Al4Cu9, will form consequently (Villars, 1995). Figures 6.7 (c) and (d) clearly 

indicate Al-Cu-Ti ternary phases thus confirming the presence of AlCu2Ti and 

AlCuTi+Ti3Al intermetallics at the interface. The reaction products between TiAl and 

AgCu based alloy have been studied in detail by Li et al. (Li et al., 2006). The reaction 

products were analyzed and confirmed by using the SEM (S-3200-N HITACHI) and the 

EDS (EVeX-EDS system).  

It is noted that the spreading front is irregular spatially at the micro scale, as can 

be seen in Figure 6.7 (d). During the spreading process, the elements distribution across 

the interface was changed due to the substrate dissolution into the molten filler, inter-

diffusion and chemical reaction between the substrate and the molten filler (as indicated 

in Equations (6.1) and (6.2) and Figure 6.6 (d)). The detailed study of the interface 

between an AgCuTi filler and a TiAl substrate was reported by Li et al (Li et al., 2006). 

More Cu from the filler metal had been continuously consumed, and Ti and Al from the 

TiAl had been dissolved into the molten filler. In the early stage of the spreading, Cu 

element was rich enough to support the chemical reaction and the spreading process; 

however, in the later stages of the spreading, there was not enough Cu especially at the 

spreading front. As mentioned in Section 6.3.1, as Ti concentration increases Ag-Ti alloy 

becomes solid after the concentration of Ti gets higher than ~6%, according to Ag-Ti 

binary phase diagram (Appel et al., 2011). The spreading process would then be affected 

by an earlier solidification of the front zone and the remaining molten filler would be 

confronted with an already solidified spread edge. Thus, the irregular morphology of the 

zone would be formed.   
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Figure 6.7: (a) Top view of a re-solidified AgCuTi filler metal. (b) The line scan analysis 

of the main elements, distribution across the radial direction of the re-solidified braze 

Microstructure of the interface of the AgCuTi filler metal brazed on TiAl (c) the cross 

section within the central domain of the re-solidified filler metal (d) the cross section 

within the edge domain of the resolidified filler metal.  

 

6.3.3 Phenomenological Analysis of Wetting Kinetics 

For non-reactive solid/liquid systems the dynamics of wetting/spreading of sessile 

drop on both smooth and rough/structured solid surfaces has been relatively well studied 

(de Gennes, 1985; Quere, 2008). A model describing wetting of silicon oil on a glass 
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surface (Tanner, 1979) was successfully devised long ago with Rn ~ t, n = 10, as we have 

reviewed in Section 2.1.3 in Chapter 2. Non-reactive wetting on a rough/structured 

surface follows in most cases a Washburn-type relationship (Washburn, 1921). For 

example, spreading of a liquid metal and organic liquids over a rough inert surface is 

characterized with Rn ~ t, n = 2 as indicated in the previous chapters, i.e., Chapter 3, 4 

and 5, (Liu and Sekulic, 2011; Liu et al., 2011a; Liu et al., 2011b; Liu et al., 2012). In this 

chapter, the spreading of molten AgCuTi filler on both polished and rough TiAl 

substrates features kinetics of the similar power law, apparently with n equal to neither 2 

nor 10, as indicated in Figure 6.4. The focus in this study is on the main stage of the 

spreading process, which covers ~95% of the spreading radius. 

It can be noticed in Figure 6.6 that within the main stage of spreading, a constant 

triple line velocity (U = dR / dt) has been observed which will lead to the relation Rn ~ t 

with n= ~1. The similar relation of R vs. t was also reported in (Dezellus et al., 2003; 

Landry and Eustathopoulos, 1996) for reactive wetting controlled by the reaction process 

at or close to the triple line, which is consistent with our hypothesis that the spreading of 

AgCuTi on TiAl is controlled by a chemical reaction.  

In accordance with the results of the interface characterization advocated in 

Section 6.3.2, Figure 6.8 offers an experimental evidence that supports the linear wetting 

kinetics (R ~ t) for such a reactive wetting system. Figure 6.8 (a) offers a SEM image for 

a cross section of the wetting front domain for such an AgCuTi – TiAl wetting system 

after the resolidification. It can be noticed that the resolidified filler is sitting on but not 

exceeding over the intermetallic layer front formed between the filler metal (Ag-Cu-Ti) 

and the base metal (Ti-Al). The configuration is the same as it is for a reactive wetting 
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case that is dominated by chemical reactions, as introduced in Section 2.4.3 in Chapter 2. 

Figure 6.8 (b), which is extracted from Figure 2.17(b), offers a scheme of such a 

configuration for reactive wetting. Therefore it can be stated that the reactive wetting of 

molten AgCuTi on a TiAl substrate is dominated by chemical reactions.  
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Intermetallic
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Intermetallic
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Solid
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Figure 6.8: (a) solidified AgCu filler sits on the production of chemical reaction at the 

interface, (b) a wetting configuration for reactive wetting system described in Chapter 2 

(Figure 6.6 (b) is extracted from Figure 2.17 (b)) 
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Note that the same Rn ~ t (n = ~1) relation for both polished and rough substrates 

in this study indicates that during the spreading controlled by chemical reactions the 

surface topography appears to have a small impact on the kinetics of the triple line. 

Therefore, in such a reactive wetting/spreading process, strong chemical reactions rather 

than surface topographical features may dominate. 

 

6.4 Summary 

Spreading experiments of the AgCuTi filler metal over a TiAl (TiAl) substrate 

under controlled high-purity argon atmosphere were carried out at elevated brazing 

temperatures by using advanced high temperature hot-stage microscopy. Triple line 

movement of molten AgCuTi filler on both polished and rough TiAl substrates feature 

the same spreading behavior in accordance with the empirical kinetics data. The 

spreading process can be divided into three stages: (i) the initial stage, (ii) the main 

spreading stage, and (iii) the asymptotic spreading stage. Within the main spreading 

stage, the constant slope of the triple line movement was obtained featuring a linear 

relationship between the equivalent triple line radius and time, Rn ~ t, n=~1. An evidence 

of the presence of Ag-based solid solution and Al-Cu-Ti ternary intermetallics, i.e. 

Ti3Al+AlCuTi and AlCu2Ti phases at the interface between the residue filler metal and 

TiAl substrate is established, which is consistent with a linear reactive spreading behavior 

as reported for other reactive wetting systems, i.e., for the spreading of AlSi alloys on 

carbon as reported in (Calderon et al., 2009). Moreover, as it has been reviewed in 

Section 2.4.3.1 in Chapter 2, the kinetic of a reactive spreading will follow a linear 

relation (Equation (2.35)) for a number of reactive wetting systems (Eustathopoulos et 
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al., 1999). This study, an AgCuTi/TiAl brazing case, indicated that the topographical 

modification of base metal surfaces may have a minimal impact on wetting kinetics of the 

braze providing the wetting is dominated by the Al-Cu-Ti ternary chemical reaction 

within the triple line domain.        

The spreading of AgCuTi filler over TiAl is proved to be highly reactive due to a 

pronounced formation of intermetallics within the interface domain, Figure 6.7 and 6.8. 

The topographical modification of the base metal surface appears to have a minimal 

impact on the wetting kinetics as demonstrated by the in situ observation and analysis of 

reactive spreading tests using both polished and rough substrates, as indicated in Figures 

6.4, 6.5 and 6.6. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 
 

In this Chapter, the last chapter of this dissertation, the results of the current research and 

associated contributions are summarized with a few final remarks. The recommendations 

for the future work are discussed briefly based on the study offered in this dissertation. 

 

7.1 Main Conclusions  

In this dissertation, an imbibition phenomenon has been experimentally registered 

for several representative liquid systems, i.e., low temperature organic liquids and 

elevated temperature molten metals’ spreading over topographically modified 

intermetallic surfaces. A Washburn-type theoretical modeling framework has been 

established for both isotropic and anisotropic non-reactive imbibition of liquid systems 

over rough surfaces. The roughness domain of the surfaces has been considered as a 

porous-like medium and the associated surface topographical features have been 

characterized either theoretically or experimentally. Empirical data have been utilized to 

verify the theoretical framework. The agreement between theoretical predictions and 

empirical data appears to be good (i.e., the relative error of the prediction for planar 

spreading of organic liquids is up to 8%, for axisymmetric and anisotropic spreading of 

liquid metals is up to 15%). Moreover, a reactive wetting in a high temperature brazing 

process has been studied for both polished and rough surfaces. A linear relation between 

the propagating triple line and time has been identified and the wetting is therefore 

proved to be dominated by a strong chemical reaction. Hence, the major findings and 

contributions are summarized as follows: 
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1. A theoretical framework was established for modeling of either an imbibition of 

low temperature liquids, i.e., organic liquids or molten metals, over rough 

surfaces. The imbibition phenomenon is modeled as a non-reactive fluid 

penetration of the micro layer of liquid along a two-dimensional porous-like 

medium domain, which is either spatially isotropic or anisotropic. The validity of 

the Darcy’s law has been assumed with both intrinsic permeability and associated 

porosity/tortuosity determined from the characterization of surface topography. 

The imbibition of liquids on a rough surface was expressed in terms of (i) the 

surface topography (i.e., permeability, tortuosity/porosity and geometry of micro-

channel cross section); (ii) wicking features (i.e., contact angle and filling factor); 

and (iii) physical properties of liquids (i.e., surface tension and viscosity). The 

filling factor is the only assumed parametrically changing empirical input for the 

theoretical model. It is found that the filling factor is the same constant for various 

organic liquids for the imbibition on the same type of IMC0 rough surfaces with 

an infinite liquid source. For a sessile drop configuration with the finite mass 

source, the filling factor for the imbibition is a function of the imbibition distance 

and associated time. At main evolution stage of the imbibition the filling factor 

can be assumed to be a constant. 

 

2. The practical approach to the characterization of a surface roughness was 

introduced. Topographic features such as those of an in house fabricated 

intermetallic substrate, i.e., IMC0, with a surface roughness composed of irregular 

surface structures (but uniformly distributed) can be experimentally determined 
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with surface roughness, permeability and porosity/tortuosity by using Atomic 

Force Microscopy (AFM) and 3D optical surface profiling. For the surface 

topographical features with a certain spatial orientation, such as for IMC2 and 

IMC3, AFM can be used to determine the surface roughness with the specific 

porosity and tortuosity. For the surface topographical features with relative 

regular shape and uniformly distributed, such as IMC1, a geometrical methods 

can be used to characterize the surface roughness: topographical features are 

simplified with regular polyhedrons so that parameters associated with surface 

roughness could be calculated.  

 

3. The kinetics of a planar-type of wicking of a set of five different organic liquids 

over rough surfaces in the gravity field positioned vertically, in absence of 

chemical reactions and with a negligible gravity influence, is described by a 

theoretically established model of a Washburn type. An excellent agreement (with 

a relative error in the range of 4% to 8%) between theoretical prediction and 

experimental data, both of which show a z vs. t1/2 relation, verifies the validity of 

the theoretical model. Scaled data indicate that for a specific rough surface, 

wicking kinetics of considered liquids depends on surface tension to viscosity 

ratios, and the formed equilibrium contact angles. Filling factor is determined to 

be within the range from 0.9 to 1.0. Empirical data indicate that for a rough 

surface (as in the case of IMC0) the filling factor keeps the same value for a 

capillary rise phenomenon for a variety of liquids.  
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4. Isotropic (axisymmetric) spreading of liquid metal (eutectic and hypo eutectic Sn-

Pb) over an intermetallic substrate (Cu6Sn5/Cu3Sn/Cu) is described with 

developed theoretical model as a surface tension and viscosity driven flow over a 

rough surface with a suppressed reaction at the interface. The prediction generated 

from the model has a relative deviation from empirical data within the range of 

5% to 15%.  After the short time period featuring the inertial forces controlling 

spreading (between 0 and ~1-2 s after the onset of spreading), a 1/2 power law 

spreading phase takes place. Spreading terminates asymptotically upon 

exhausting the liquid metal source. It is demonstrated that such a model based on 

the theoretical framework would overestimate spreading kinetics in initial and 

final stages of spreading. Filling factor in this study is determined by mass 

conservation principle and assumed to be a constant during the triple line 

movement. 

 

5. Preferential spreading of molten Sn-Pb alloy on IMC2 and IMC3 Cu6Sn5 

intermetallic substrates was studied and elliptical spreading patterns were noticed. 

It is experimentally proved that the spreading is preferential due to the grain 

orientation of the intermetallics. Moreover, the kinetics is governed by the 

topographical features of the surface, which can be characterized with 

porosity/tortuosirty. It is demonstrated that the IMC3 has a more pronounced 

orientation compared to the IMC2 so the imbibition on it indicates to a larger 

extent an anisotropy (in terms of a larger directional spreading ratio). This offers a 

possibility to develop a method to control or fine tune the flow of molten metal by 
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an alteration of the surface topography, induced by grain growth. It has been 

established that the early state of the imbibition of molten metal is driven by the 

capillary force and retarded by the viscous force. The kinetics is described by 

balancing those two forces during the central phase of the spreading and a 

Washburn-type relation can be obtained as a result.  An analytical model was 

established based on the theoretical framework to describe the kinetics of 

spreading of molten metal in both preferential and non-preferential directions over 

a complex microstructured rough surface, during the capillary-viscous phase (of 

up to ~4 seconds) with an average relative error of 6% − 10% for a selected range 

of filling factors. For a radial spreading (sessile drop) configuration, the central 

material source is of a finite mass and the spreading has been slowed down by 

approaching an exhaustion of the liquid mass source. The height of liquid metal 

contained within the roughness features composed of micro-grains will decrease 

over time, thus reducing the capillary driving force. The associated filling factor is 

described as a function of spreading time and distance and simplified as a 

constant for the central stage of spreading.  

 

6. Reactive spreading of the AgCuTi filler metal over a TiAl (TiAl) substrate under 

controlled atmosphere conditions with the high-purity argon atmosphere was 

studied in situ at elevated brazing temperatures. An evidence of the presence of 

Ag-based solid solution and Al-Cu-Ti ternary intermetallics, i.e. Ti3Al+AlCuTi 

and AlCu2Ti phases in the joint zone of the residue filler metal/TiAl is established. 

The Al-Cu-Ti ternary chemical reaction dominates the spreading process. 
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Spreading of molten AgCuTi filler on both polished and rough TiAl substrates 

feature similar behavior in accordance with the kinetics data. The spreading 

process can be divided into three stages: (i) the initial stage, (ii) the main 

spreading stage, and (iii) the asymptotic spreading stage. Within the main 

spreading stage, the constant slope of the triple line movement was obtained, 

featuring a linear relationship between the equivalent triple line locus of points 

radius  and time, Rn ~ t, n=~1. This study, for the  AgCuTi/TiAl system brazing 

case, indicates that the topographical modification of base metal surfaces may 

have a minimal impact on wetting kinetics of the braze providing the wetting is 

dominated by the chemical reaction within the triple line domain.        

 

Overall, this study offers an innovative Washburn-type theoretical framework for 

modeling of an imbibition of low and high temperature systems (organic liquids or 

molten metals) over a rough surface by treating the rough domain as a porous-like 

medium. The study also provides theoretical and experimental methods for characterizing 

the surface roughness parameters. An insight is given to the potential tuning and control 

of the imbibition of the liquid phase for a manufacturing process. Additionally, a reactive 

wetting of a brazing material system was demonstrated and a linear evolution of 

spreading was registered. 
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7.2 Future Work 

The following general statements regarding the future work can be advocated 

based on the experience gained during the execution of the current work. 

 

1. Improve the theoretical framework for the imbibition of liquids over rough 

surfaces by a further elimination or reduction of an empirical input. More 

precisely, providing an analytical model for the filling factor magnitude and/or 

modeling approach to eliminate such a factor altogether would advance the 

applicability of the theoretical approach. The theoretical framework should be 

further studied for a multi-dimensional imbibition (or penetration) acknowledging 

true nature of permeability embedded in the Darcy’s law as a second order tensor.  

 

2. Identify the impact of non-isothermal or near-isothermal condition on the 

spreading process, such as liquid metal behavior during phase change and the 

spreading kinetics. The spreading of a molten metal in the current study is 

performed under effectively non-isothermal conditions (although within a pre 

defined temperature range) and the spreading model sensitivity on the property 

variability would be useful to consider. 

 

3. A need for a study of the mechanism of the Cu6Sn5 intermetallic grains growth 

would be beneficial in order to understand the underlined physics that controls the 

process, important for a perceived potential to control the spreading preferentially.  
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The purpose would be to take a full control of the orientation of the roughness and 

associated molten metal flow.  

 

4. A theoretical model, with a minimal empirical input, for a much more complex 

reactive wetting case still needs to be developed. The wetting kinetics appears to 

be linear (R ~ t) but the parameters that would be needed to determine the exact 

form of such a relation should be identified. Those parameters include surface 

tension and viscosity of the liquid metal, surface topographical features, chemical 

reaction rates (i.e., the kinetics of the interface phenomena description and the 

impact on the spreading evolution) and so on.  

 

5. All theoretical models should be reconsidered in terms of non-dimensional 

parameters xxx. A scaling analysis on the relevant set of governing equations and 

boundary conditions should be revised. 

 

 

 

 

 

 

 
Copyright © Wen Liu 2012 
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APPENDICES 
 

Appendix A 

Bond number, Capillary length and the criteria for the negligible gravity effect 

Bond number, a non-dimensional number that is defined as the ratio of gravity 

and the surface tension force, is expressed as (Bejan, 2004) 

 
2glBo ρ

γ
=                                                         (A1) 

where for a liquid, ρ is the density,  g is the gravitational acceleration, γ is the associated 

gas-liquid surface tension, and l is the characteristic length of the liquid. 

If Bond number is small enough it means the gravity effect is sufficiently small 

compared to surface tension effect thus a negligible gravity. In such a case, we have 

 
2

21gl l l
g g

ρ γ γ
γ ρ ρ

⇒ ⇒                                   (A2) 

It is noticed that for a droplet on a surface, the associated characteristic length l 

can be considered as the base radius r. So with Equation B2 valid, we have 

1 r
g
γ κ
ρ

−=                                                  (A3) 

where κ-1 is defined as capillary length of the liquid (de Gennes et al., 2004).  

Therefore if in the case that the capillary length of a liquid is much larger than the 

base radius of a droplet of such a liquid, the associated Bond number is also sufficiently 

small, thus a negligible gravity.   
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Determination of Bond number for capillary rise in Chapter 3, and radial imbibition for 

Chapter 4 and 5. 

The Bond number associated with capillary rise of organic liquids in Table 3.3 in 

Chapter 3 is assessed for the liquid contained in a open triangular groove, as indicated in 

Figure A1 (a): Bo = ρgl2/γ = ρg(V/A)2/γ ≅ (2.1−2.7)×10-9.  The volume of the liquid 

contained in a V-groove is represented as V and A is the free surface area of the liquid. 

The Bond number associated with radial imbibition presented in Chapter 4 and 5 

is for a sessile drop above the rough surface. The Bond number for Chapter 4 is assessed 

as: Bo = ρg (V/A)2/γ ≅ 8.19 × 10-3 < 0.01. Bond number in Chapter 5 is: Bo = ρg(V/A)2 / 

γ ≅ 8.0×10-3. Note that the volume of the molten metal drop is expressed as V and the 

free surface area of the drop is presented as A, as indicated in Figure A1 (b). 

 

 

     

 

 

Figure A1: (a) Determination of Bond number for an open triangular groove, V 

and A represent the volume and free surface area of the liquid contained in a groove, 

respectively; (b) Configuration for a radial imbibition, V and A represent volume and free 

surface area of the liquid drop on a rough surface 
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Appendix B 

No reaction between Cu6Sn5 and PbSn solder 

 

Figure B1: Sn-Pb-Cn ternary phase diagram (Bolcavage et al., 1995; Shim et al.,, 

1996; Fecht et al., 1989; NIST, 2012). 

 

Figure B1 provides a ternary phase diagram for Sn-Pb-Cu ternary system 

(Bolcavage et al., 1995; Shim et al., 1996; Fecht et al., 1989; NIST, 2012). Table B1 

offers chemical reactions associated with Figure B1.  

As the tests studied in Chapter 4 and 5 were conducted within a temperature range 

which is below ~240 oC, reactions 1-10 and 12 listed in Table B1 are not possible. Only 

reactions 11 and 13 are possible for our tests described in this dissertation. Cu6Sn5’ is one 

of the products in reaction 13 but not the reactant, and the associated temperature is 

below the melting point of the eutectic Sn-Pb solder. Reaction 11 are possible for a liquid 

phase with a composition of 61Sn-39Pb which is different from solder materials used in 

this study. 
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Table B1: Reactions associated with Sn-Pb-Cu ternary system (Bolcavage et al., 

1995; Shim et al.,, 1996; Fecht et al., 1989; NIST, 2012). 
Reaction No.: Reaction Phase Mass % Cu Mass % Pb Mass % Sn 

1: L1 + (Cu) → L2 + beta  

760.2 oC 

Liquid 63.80 12.15 24.05 
(Cu) 85.38 0 14.62 

Liquid 2.93 95.71 1.36 
(beta) 78.43 0 21.57 

2: L1 + beta  →  L2 + gamma  

732.0 oC 

Liquid 59.50 11.14 29.36 
beta 75.15 0 24.85 

Liquid 2.34 95.32 2.34 
gamma 72.95 0 27.05 

3: L1 + L2 + gamma  → Cu3Sn  

675.5 oC 

Liquid 44.59 12.47 42.94 
Liquid 1.98 88.56 9.46 
gamma 60.78 0 39.22 
Cu3Sn 61.63 0 38.37 

4: L2 + gamma + Cu3Sn → Cu10Sn3  

640.1 oC 

Liquid 1.10 96.05 2.85 
gamma 65.95 0 34.05 
Cu3Sn 61.63 0 38.37 

Cu10Sn3 64.06 0 35.94 
5: L2 + gamma + Cu10Sn3 → 

Cu41Sn11  

590.0 oC 

Liquid 0.74 97.96 1.30 
gamma 68.56 0 31.44 
Cu10Sn3 64.06 0 35.94 
Cu41Sn11 66.56 0 33.44 

6: L2 + beta → (Cu) + gamma  

585.9 oC 

Liquid 0.80 98.60 0.60 
beta 76.12 0 23.88 
(Cu) 84.56 0 15.44 

gamma 73.94 0 26.06 

7: L2 + Cu10Sn3 → Cu3Sn + Cu41Sn11  

582.5 oC 

Liquid 0.69 98.07 1.24 
Cu10Sn3 64.06 0 35.94 
Cu3Sn 61.63 0 38.37 

Cu41Sn11 66.56 0 33.44 

8: L2 + gamma → (Cu) + Cu41Sn11  

518.7 oC 

Liquid 0.45 99.16 0.39 
gamma 72.71 0 27.29 

(Cu) 85.15 0 14.85 
Cu41Sn11 66.56 0 33.44 

9: L2 + Cu41Sn11 → (Cu) + Cu3Sn  

348.1 oC 

Liquid 0.08 99.87 0.05 
Cu41Sn11 66.56 0 33.44 

(Cu) 90.36 0 9.64 
Cu3Sn 61.63 0 38.37 

10: L2 + (Cu) → Cu3Sn + (Pb)  

326.2 oC 

Liquid 0.06 99.90 0.04 
(Cu) 91.04 0 8.96 

Cu3Sn 61.63 0 38.37 
(Pb) 0 99.97 0.03 

11: L2 + Cu6Sn5 → (Pb) + Cu6Sn5'  

187.5 oC 

Liquid 0.09 39.22 60.69 
Cu6Sn5 39.07 0 60.93 

(Pb) 0 81.72 18.28 
Cu6Sn5' 39.07 0 60.93 

12: L2 + Cu3Sn → (Pb) + Cu6Sn5  

277.9 oC 

Liquid 0.04 80.83 19.13 
Cu3Sn 61.63 0 38.37 
(Pb) 0 90.28 9.72 

Cu6Sn5' 39.07 0 60.93 

13: L2 → (Pb) + (Sn) + Cu6Sn5'  

181.7 oC 

Liquid 0.09 37.27 62.64 
(Pb) 0 81.23 18.77 
(Sn) 0 3.39 96.61 

Cu6Sn5' 39.07 0 60.93 
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Appendix C 

Measurement of Cu6Sn5 Grains size and determination of groove angle β for IMC1  

 
25 μm 

   

Figure C1: A SEM image indicating topographical features of IMC1 (left) and 

measuring process with Image Pro Plus software 
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Figure C2: Grain size distribution for IMC1 according to measurement 

 

Measurement was conducted at 5 different locations, with total 150 grains 

measured, on a SEM image (with magnification of ×1000) of IMC1 surface. The image 

on which the measurement was conducted is with the size of about 115 μm × 84 μm.  For 

each of those five locations 30 grains were measured. The average equivalent radius of 
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the grains is 1.09 μm with a standard deviation of 0.234 μm.  Equivalent radius of 70% of 

measured grains falls in the range of 0.75 μm to 1.25 μm. 

 

Table C1: Measured data for two IMC1 surfaces 

 Measurement-1 (surface-1) Measurement-2 (surface-2) 
1 49⁰ 63⁰ 
2 47⁰ 56⁰ 
3 39⁰ 51⁰ 
4 71⁰ 65⁰ 
5 70⁰ 70⁰ 
6 52⁰ 56⁰ 
7 76⁰ 54⁰ 
8 64⁰ 38⁰ 
9 59⁰ 52⁰ 
10 74⁰ 30⁰ 

Average (each)  60⁰ 54⁰ 
Average (all) 57⁰ ± 12⁰ 

 

  

Figure C3: Measured data for IMC1 surface: measurement-1 for surface-1 (right) and 

measurement-2 for surface-2 (left) 
 

The measurement of the groove angle is conducted to two IMC1 surfaces. The 

SEM pictures used for measurement are both with the magnification of ×3000. The 

software used for measure is Image Pro Plus. For each pictures, 10 random cross sections 

of grooves will be measured. Therefore there are 20 measured values totally. Then the 

average of those 20 values will be the groove angle used for all IMC1 surfaces. 
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Appendix D 

Non-Isothermal Spreading (Properties of liquid metals vs. Temperature Change) 

 

Spreading process is associated with a temperature range of 30 oC:  

For 63Sn37Pb: ~183 oC - ~213 oC 

For 80Sn20Pb: ~200 oC - ~235 oC 

For a Temperature range of ~195 oC to ~570 oC, Surface tension of SnPb alloy 

can be estimated as (Schwaneke et al., 1978; Howie and Hondros, 1982 

 

2[~ 510 ~ 5 10 ] /T mN mγ −= − ×                                    (D1) 

 

So a change of temperature within a range of 30 oC may cause a change of around 

0.3%, which can be negligible.  

Density change for a 30 oC range is roughly approximated to be less than 1% 

(Schwaneke et al., 1978) 

Viscosity change for a 30 oC range is also roughly estimated to be less than 5% 

based on the data reported by Thresh et al. (Thresh et al., 1970) 
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Appendix E 

Definitions of Geometrical Parameters for Surface Roughness Characterization   

Table E1, E2 and E3 summarize geometric parameters of the patterned surface 

(schematically presented in or related to Figures 4.7 and 4.8).  Note that the fluid contact 

angle formed between liquid and the groove walls, and the curve of free liquid surface 

caused by surface tension are included in the calculation of the area and volume of 

molten metal present in an open triangular groove as indicated in Figure 4.8 (that impact 

is not considered in case of an individual merging zone). 

It is assumed that there are M hexagons (M rows) in vertical direction and N 

hexagons (N columns) in horizontal direction, as indicated in Figure E1. Therefore the 

number of total number of hexagons on an IMC1 surface can be determined, as indicated 

in Table E1. 
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Figure E1: Configuration of IMC1 surface composed of regular hexagons 
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Table E1: Geometric length parameters for a simplified IMC1 surface 

Geometric 
Parameter Definition Description 

a  
610a −= m 

Length of the bottom edge of 
a hexagonal element 

0l  0 (1 (2 3 3) sin( 2))l a β= −  
Length of the top edge of a 

hexagonal element 

1l  
6

1 10l −= m 
Length of a lateral edge of a 

hexagonal element 

2l   2 12 sin( 2)l l β=  Width of a single V-groove 
(top) 

0h  0 1 cos( / 2)h l β=  Height of a single V-groove 

h  0h hη=  
Average height of molten 

solder in grooves (takes into 
account  the filling factor) 

L  
210L −= m 

Length of the side of IMC1 
substrate 

hexN  

 
( 3) [ (1.5 )]hexN M N L L a= × ≅ ×
 

Total number of hexagonal 
elements on IMC1 substrate; 
M and N are number of rows 
and columns of hexagonal 
elements, see Figure E1. 

 

 

Table E2: Geometric area parameters for a simplified IMC-1 surface 

Geometric 
Parameter Expression Description 

1A  
2

1 0(3 3 2)A l=  
Area of the top surface of a 

hexagonal element 

2A  2 0 1( ) 2A a l l= +  
Area of one side of a hexagonal 

element 
 

 

 

 

 

 


