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Some effects of substrate roughness on 
wettability 

S. J. H I T C H C O C K , *  N. T. C A R R O L L , t  M. G. N I C H O L A S  
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The influence of substrate roughness on wettability has been investigated at room and 
high temperatures using sixteen material combinations, mostly liquid metals and solid 
ceramics but also water, glycerol and solid nickel. The contact angles assumed by both 
wetting and non-wetting drops of all but two material combinations increased linearly 
with the relative steepness of the surface features, the effect being less for experiments 
conducted at high temperatures. In contrast, the contact angles of good wetting drops of 
glycerol and exceptionally good wetting drops of Easy-rio decreased when their silica and 
nickel substrates were roughened. Similarly, contact angles of both wetting and non- 
wetting drops were decreased by ultrasonic vibration. The experimental data can best be 
interpreted in terms of the metastable equilibrium configuration models in which an 
advancing liquid front has to overcome energy barriers associated with surface features. 
This occurs more readily if these barriers are small relative to the energy of the liquid 
which our data suggest can be equated with the enthalpy of the liquid. This interpretation 
enables the effects of substrate roughness at one temperature or with one liquid to be 
used to predict behaviour at other temperatures and with other liquids. 

1. Introduction 
It has been known for several decades that the 
wetting of a surface by a liquid is affected by its 
roughness and this has been exploited in techno- 
logical developments. Thus early studies with low 
energy solids and liquids showed that roughening 
decreased the already small extent to which a non- 
wetting liquid will spread [ 1-4] .  This phenomenon 
was used to enhance the water repellency of 
textiles [1-3] .  Recent work with high energy 
substrates and liquids [5-8]  has shown that 
similar effects occur, and this paper describes a 
study related to the development of foundry 
materials and brazing techniques. 

The effects of surface roughness on the wetting 
behaviour of sessile drops, defined by the contact 
angle subtended at the drop periphery by the 
liquid surface and the liquid-solid interface as 
illustrated in Fig. 1, have been carefully considered 
by several workers, but early theoretical treatments 

are in conflict. Wenzel [1] used a thermodynamic 
approach in which the additional surface area 
produced by roughening the substrate was regarded 
as effectively causing an increase in its surface 
energy and led to the prediction that 

cos OR = WR COS 00 (1) 

where Wit is the roughness area ratio (true area/ 
nominal area), OR and 0o are the contact angles 
of sessile drops on rough and smooth horizontal 
surfaces. This treatment implicitly assumes that 
the surface features of the substrate are insignifi- 
cantly small compared to the drop dimensions and 
that their geometry is of no consequence except in 
so far as it affects the surface area. In contrast, 

"Shuttleworth and Bailey [9] considered that the 
asperities on rough surfaces could pose significant 
barriers to the flow of a liquid attempting to take 
up the minimum energy contact angle predicted 
by the Wenzel relationship. By assuming that 0o 
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(a} (b) 

l~'gure I Prof'lles of (a) non-wetting and (b) wetting sessile drops resting on horizontal substrates. The contact angle, 
0 o , is subtended by the liquid interface and the liquid-silid interface at the drop periphery. 

was an inherent material parameter they concluded 
that 

0s = 0o + ~ (2) 
where am is the maximum slope of the surface 
feature at the liquid periphery as indicated in 
Fig. 2. While mathematically, am could be positive 
or negative and hence OR greater or less than 0o, 
considerations of the minimization of the surface 
energy of the drop led to the conclusion that an 
advancing liquid front comes to rest on a descend- 
ing slope and hence that a m will be positive, and 
that a receding front comes to rest on ascending 
slopes with negative ~m values. 

These treatments lead to conflicting predictions 
about the effect of  surface roughening. The 
Wenzel model predicts that the contact "angles o f  
non-wetting liquids will be increased and those of 
wetting liquids decreased by roughening a substrate 
whereas the Shuttleworth and Bailey treatment 
leads to the expectation that the advancing contact 
angles of  both non-wetting and wetting liquids will 
be increased. Another significant discrepancy is 
that the Wenzel model does not predict that surface 
roughening can cause hysteresis, a difference 
between the contact angles of advancing and re- 

treating liquid fronts, whereas Shuttleworth and 
Bailey's analysis suggests that this could be twice 
the maximum slope of the surface features, 2oqn , 
at the drop periphery. 

More recent detailed theoretical analyses, 
exemplified by those of Dettr6 and Johnson [10], 
Huh and Mason [11] and Eick and Good [12], 
have produced models that incorporate both the 
Wenzel and the Shuttleworth and Bailey treatments 
as possible, but not probable, effects of  surface 
roughness. These regard asperities as a series of 
energy barriers that must be overcome as the liquid 
front advances from one metastable configuration 
to another and spreads over the surface. The 
ability of  a liquid to overcome such barriers and 
spread is  regarded as depending on the relative 
sizes of  its vibrational energy and the barriers [ 13] 
and as the vibrational energy of the liquid increases, 
the Wenzel model becomes more applicable than 
that of  Shuttleworth and Bailey. 

Because of interest ha using surface texturing 
to modify and control the wetting of foundry 
materials and brazements, the studies described in 
this paper were undertaken to provide additional 
information about the effects of texture on the 

OR OR 

(a} (b} 

Figure 2 Schematic illustration of the effect of the steepness of surface features on the observed contact angles of 
(a) wetting and (b) non-wetting drops resting on a rough surface. 
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behaviour of  high energy substrates and liquids. 
Most of our experiments were conducted to deter- 
mine the advancing contact angles assumed at 
room or higher temperatures by sessile drops of  
water and several liquid metals resting on model 
and randomly rough ceramic surfaces. In addition 
a few experiments were conducted with nickel 
substrates, and studies of  the effects of liquid 
energy on wetting behaviour were extended by 
experiments in which sessile drop-substrate 
systems were ultrasonically vibrated. 

2. Expe r imen ta l  m e t h o d s  and t echn iques  
The liquids used in the wetting studies were 
distilled water and glycerol, and spectroscopically 
pure copper, gallium, mercury, nickel and tin 
obtained from Johnson Matthey Ltd. The sub- 
strates were obtained from a variety of  sources 
as indicated in Tables IA and B. Most of the 
experiments were conducted with high purity 
alumina, hafnium carbide, silica or vitreous carbon 
substrates, but a few employed a porous silica 
ceramic produced by spraying crashed angular grit 
mixed with binding agents, and others used electro- 
formed nickel plates. The alumina substrate surfaces 
were used in the as-received condition, but the 
textures of the other ceramics were modified. Those 
of the sprayed silica ceramics were coarsened by 
firing in air at 1000 ~ C to burn off organic binding 
agents. A few silica substrates were photoresist- 
etched using a molybdenum mask to obtain 
geometrically regular surfaces. Samples of three 
ceramics, hafnium carbide, silica and vitreous 
carbon, were abraded on a Lapmaster using 20/lm 
silicon carbide grit and then partially or completely 
repolished using 1/am diamond grit. 

In addition to optical and scanning electron 
microscopy studies, surface textures were charac- 
terized using Talysurf* and Talystep* surface 
profilometers. Such traces for photoresist-etched 
silica samples were used to derive the dimensional 
parameters identified in Fig. 3 from which values 
of %a and WR were calculated. Similarly, the 
traces for the other rough surfaces were used to 
derive values for Ra, the average deviation in 
height of  random points on the surface from a line 
drawn through the trace such that the cross- 
sectional areas of asperities above and the grooves 
below are equal, and Xa, the average distance 

s x 2 

x ..~k _ - 
W 

Figure 3 Cross-section of a photoresist etched silica 
substrate defining parameters whose dimensions are 
quoted in Tables IA and B. 

between the peaks of surface features. The ratio 
of R a to Xa was used to characterize the geometry 
of these randomly rough surfaces. 

Three types of  sessile drop test were conducted 
to determine the wetting behaviour of the rough 
substrates. In tests at room temperature, five 
0.03 ml drops of water or mercury were deposited 
from a hypodermic syringe onto levelled substrates 
and photographed. Before each drop deposition, 
the substrates were agitated in acetone and dried 
with a hot air blast. Similarly cleaned substrates 
and metals were used in high temperature sessile 
drop tests in which 0.03 ml cylinders of copper, 
gallium, nickel or tin were placed on substrates 
located in a vacuum furnace so that they could be 
seen through observation ports. The furnace 
chamber was evacuated to 10-3-10-4pa and power 
was supplied to a heating element in order to 
increase the sample temperature by regular intervals 
while their profiles were being photographed. 
Except for experiments with gallium, the drops 
assumed symmetrical profiles with contact angles 
that did not change measurably after 2min at 
temperature, suggesting that equilibrium had been 
achieved. The data quoted later were obtained 
from photographs taken 20min after the exper- 
imental temperature equilibrium had been reached. 
The sessile drops of  copper, mercury and water 
resting on the nickel substrates also had symmetrical 
profiles, but the marked grain of  the substrate 
caused the contact angle values derived from these 
profiles to vary with the viewing direction. Finally 
a few experiments were conducted in air in which 
Easy-flo* braze was deposited onto Easy-flo* 
fluxed nickel substrates. The braze wetting was 
good and contact angles had to be estimated from 
the volume and size of  the solidified drops. 

Two ultrasonic devices were used in experiments 
assessing the effects of  mechanical energy on 
wetting behaviour at room temperature, an ultra- 
sonic cleaner with a 50 watt output at a frequency 

* R e g i s t e r e d  t r a d e  n a m e s  o f  R a n k - T a y l o r - H o b s o n  P r e c i s i o n  I n s t r u m e n t s  L td .  

* T r a d e  n a m e  r eg i s t e r ed  b y  J o h n s o n  M a t t h e y  Me ta l s  L t d .  
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of  50kHz and a loudspeaker linked to a signal 
generator, amplifier and transducer with an output 
of  2.5 watts at a frequency of 10 to 20kHz. Drops 
of mercury or water were deposited onto alumina 
or silica discs resting on levelled platforms 
positioned on the vibrating surfaces of  the ultra- 
sonic devices. Ultrasonic vibration was applied for 
4 min during which time photographs were taken 
with a 35mm camera every 15sec. In a few 
experiments, a cin~ camera was used with a speed 
of 10 000 frames a second. 

The precision of the wetting and surface 
topography data measured in these various exper- 
iments is of significance because of the attempts 
made later at quantitative comparisons. The 
contact angles assumed by individual drops in 
identical conditions did not vary usually by more 
than plus or minus one or two degrees, and hence 
the standard error of the means of ten values 
quoted later was about half a degree or less. An 
exception to this precision was provided by the 
data for asymmetric drops of gallium for which 
the error was two to three degrees. The principal 
surface topography characteristics measured in this 
work were R a and Xa, and sampling showed that 
both parameters could be defined with an accuracy 
of plus or minus seven or eight per cent. Values 
for both parameters usually varied from the mean 
in the same manner, and the standard deviation of 
the ratio Ra/~k a was plus or minus ten per cent. 

3. Experimental results 
3.1. Photoresist etched silica substrates 
Photoresist etching silica sfibstrates produced 
model surfaces composed of cubic arrays of 
regularly shaped, truncated cones or pyramids up 
to 1.2/~m in height, such as that illustrated in 

Fig. 4. The surfaces were wetted by water, but not 
by mercury with sessile drop contact angles ranging 
from 25 to 43 ~ and 121 to 143 ~ respectively. The 
largest contact angles were observed for drops of 
both liquids resting on the substrates with the 
most steeply sided features and largest Wenzel 
area ratios. 

Detailed comparisons between the wettability 
and surface topography data are presented in 
Figs 5 and 6. These show that the cosines of  the 
contact angles of  both" wetting and non-wetting 
drops decreased linearly with the Wenzel area 
ratio, the slopes of the relationships being --5.5 
for water and -- 8.7 for mercury. In contrast, the 
angles themselves increased linearly with the steep- 
ness of  the surface features, with data plot slopes 
of + 1.23 for mercury and + 0.95 for water. 

These experiments at room temperature were 
supplemented by a few conducted in vacuum at 
300 to 500 ~ C using drops of  tin resting on heavily 
etched substrates - with rather irregular surface 
features up to 5/~m high, as illustrated in Fig. 7. 
Meaningful a m and WR values could not be derived 
but the tin drops were very non-wetting, with 
contact angles ranging from 154 to 158 ~ . Tin 
drops resting on the rougher substrates were very 
mobile and, after solidification, were not attached 
to the silica. These separated tin surfaces replicated 
the substrate texture poorly, as shown by com- 
parison of Figs 8 and 7 suggesting that the molten 
metal had not been in complete contact with the 
substrate. 

3.2. Other ceramics with non-model 
su rface textu res 

Scanning electron micrographs of ceramics with 
surface textures produced by sintering, abrasion 

(b) 

Figure 4 Structure of photoresist etched silica surface with an a m of 10.9 ~ and WR of 1.0021 revealed by (a) optical 
microscopy (X 60) and (b) surface profilometry (X 10 400 vertical) and (X 100 horizontal). 
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b~gure 5 Comparison of the Wenzel area ratios, WR, of 
photoresist etched silica samples with the cosines of the 
contact angles, 0 R, assumed by drops of mercury or water 
resting on their surfaces. Full symbols refer to surfaces 
with pyramidal features and hollow symbols to surfaces 
with conical features. 

or spraying are presented  in Fig. 9 and the relevant 

surface p ro f i l ome t ry  traces are shown in Fig. 10. 

The structures are chaot ic ,  wi th  random roughness 

parameters  that  ranged f rom 0.001 to 3 . 3 p m  for 

R a and f rom 6.5 to  1 4 6 # m  for Xa. Samples o f  

varying surface roughness were p roduced  for each 

ceramic,  but  the micrographs and p ro f i lomet ry  

traces shown in Figs 9 and 10 relate to  surfaces 

wi th  RaDk a ratios failing wi th in  the range 0.036 

to 0.056.  
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Figure 6 Comparison of the steepness, C~m, of photoresist 
etched features on the wetting of silica by drops of 
mercury or water, as defined by the contact angle O R . 
Full symbols refer to surfaces with pyramidal features 
and hollov~ symbols to surfaces with conical features. 

The irregularity o f  these ceramics made  it 

impractical  to a t t empt  to derive a m or  [4IN values 

f rom the p rof i lomete r  traces. The surface struc- 

tures were character ized therefore  in terms o f  the 

statistical parameters  R a and Xa, and their  ratio 

was used as a unique  measure  o f  surface texture.* 

More wet t ing  data  were obta ined  for drops o f  

mercury  or  water  resting on abraded silica surfaces 

at room tempera tu re  than for any o ther  systems 

and Fig. 11 shows that  their  contac t  angles 

*(Ra/Xa) can be related to W R and aa, the average inclination of surface features, by expressions of the type 

W R = 1 + K~ (Ra/ha) 2 (3) 

a a = tan-lK2 (Ra/ha) (4) 

where K~ and Kz are arithmetic factors equal to about 50 and 9. (For surfaces consisting of close packed arrays of 
uniform cones, square based pyramids or spherical domes, K 1 is 56.5, 64.6 and 45.4 and K 2 is 11.2, 8.04 and 7.11 
respectively.) For (Ra/ha) values up to about 0.06, the range of interest in this work, tan a a is a nearly linear function 
of c~ a and hence Equation 4 can be simplified further to 

a a ~ 500(.Ra/Xa) (5) 
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exhibited a simple linear dependence on the 
textural  parameter (Ra/Xa). For  both  non-wetting 
drops of  mercury and wetting drops of  water, the 
effect of  roughening the silica substrate was to 
increase their contact angles. The slope of  the data 
plot for mercury was greater than for water, the 
best fit slopes being 431 and 340 ~ respectively, as 

Figure 7 Structure of deeply photoresist etched silica 
surface as revealed by (a) and (b) scanning electron 
microscopy (X42) and (X 164) and (c) surface proffilo- 
metry (X 3100 vertical) and (X 124 horizontal). 

summarized in Table II. Also plot ted in Fig. 11 are 
a few data obtained for glycerol which was found 
to wet the abraded silica well, assuming contact  
angles that  increased with slight surface roughening 
and them to decrease with (Ra/Xa) values in excess 
o f  0.0108. 

A second series o f  experiments showed that the 
wetting behaviour of  drops of  mercury or water 
resting on roughened substrates of  other ceram[~:8 

Ic) 
Figure 8 The surface structure of the bottom of a solidified tin drop that had been in contact, at 500 ~ C, with the 
silica surface illustrated in Fig. 7, as revealed by (a) and (b) scanning electron microscopy (X 36) and (X 145) and 
fc) surface profilometry (X 25 O0 vertical) and (X 1 O0 horizontal). 
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Figure 9 Surface structures of non-model ceramics revealed 
by scanning electron microscopy (a)alumina (X 1680), 
(b) hafnium carbide (• 1680), (c) abraded silica (X 1680), 
(d) vitreous carbon (X 1579) and (e) sprayed angular silica 
(x 490). 

was similar to that observed for silica as shown by 
the data plotted in Fig. 12. Contact angles o f  non- 
wetting drops of  mercury and wetting drops of  
water increased linearly with the parameter (Ra/Xa). 

The slopes o f  the relationships were similar to those 
observed for abraded silica substrates, ranging 
from about 350 ~ for ceramics wetted by water to 
about 450 ~ for those contacted by mercury as 
summarized in Table II. 

The third series of  experiments with non- 
model ceramic substrates were conducted in a 
vacuum furnace at high temperatures using molten 
drops o f  copper, gallium, nickel or tin. Some 
difficulties were encountered during these exper- 
iments. Drops of  tin and gallium were too mobile 
to be used with silica substrates having (Ra/ka) 
ratios greater than 0.031. Gallium drops displayed 
signs of  melting at about 50 ~ C but did not appear 

721 



Figure/0Surface structures of 
non-model ceramics revealed by 
(a) alumina (• 2500 vertical) 
and (• horizontal), (b) 
hafnium carbide (X 50 000 
vertical) and (X 100 horizontal), 
(c) abraded silica (•  
vertical) and (X 100 horizontal), 
(d) vitreous carbon (X 10000 
vertical) and (• 100 horizontal) 
and (e) sprayed angular silica 
(• vertical) and (X 100 
horizontal). 

180 

Figure 11 Comparison of the wetting 
behaviour of drops of mercury, water 
and glycerol with the roughness of 
the abraded silica surfaces upon 
which they rested. The full symbols 
identify data reported by Tamai and 
Aratani [5]. 
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Figure 12 Comparison of the 
wetting behaviour of drops of 
mercury and water with the 
roughness of the ceramic surfaces 
u p o n  which they rested. 

to become fully molten and reflective until about 
400 ~ C, and even at 800~ were asymmetrical. 
However, tin melted at an apparent temperature 
within a few degrees of its true melting point to 
form reflective symmetrical drops, nor was any 
difficulty experienced in forming symmetrical 
sessile drops of copper or nickel resting on 
hafnium carbide or sprayed silica substrates. 

The rather scattered contact angle values for 
gallium did not change significantly as the exper- 
imental temperature was increased from 400 to 
800 ~ C, but those for tin decreased steadily with 

temperature in the range 300 to 1000 ~ C as illus- 
trated in Fig. 13. The contact angles for all the 
molten metals used in this series of experiments 
were larger on the rougher substrates and Fig. 14 
shows that they were a linear function of the ratio 
Ra/X a. The influence of surface roughness on 
wetting behaviour was different for each metal 
and, for tin, also varied with the experimental 
temperature, the greatest effect being displayed by 
tin at 400~ and the least by nickel at 1500~ 
as summarized in Table II. 

Many of the metal drops remained attached to 

Figure 13 The influence of  tem- 
perature on the wetting of 
abraded silica substrates by 
gallium and tin. 
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l~gure 14 Comparison of high temperature 
wetting behaviour of drops of molten 
copper, gallium, nickel or tin with the 
roughness of the ceramics upon which 
they rested. 

the ceramic substrates after they solidified, b u t  
some detached and it was noticed that the bottoms 
of the drops that had been in contact with v e r y  
rough substrates were relatively smooth. Thus 
Fig. 15 shows the bottom surface profile of  a tin 
drop that had been in contact at 500~ with the 
abraded silica substrate whose texture is illustrated 
in Fig. 10b. 

The final series of  experiments with non-model 
ceramics attempted to assess the influence of ultra- 
sonic vibration on wetting behaviour. Experiments 
conducted with a 2.5watt, 10 to 20kHz source 
produced no measurable change in the contact 
angle between mercury and alumina at room tem- 
perature even though significant drop distortions 
were produced by a square wave input as illus- 
trated in Fig. 16. However, using a 50 watt, 50 kHz 
source caused the contact angles of  both mercury 
and water to decrease linearly with time at 2.6 
to 3.2 ~ min -1 as shown in Fig. 17. Such changes 
were irreversible, no contact angle increase being 
observed during a five minute period after power 
to the vibration source had been switched off. 

3.3. E l e c t r o f o r m e d  nickel 
These substrates had markedly oriented surface 
textures, as typified by the profilometer traces in 
Fig. 18, and hence two extreme values of Ra/ka 
were needed to characterize each sample. This 
substrate directionality was reflected in the wetting 
behaviour of  water and several metals which tended 
to spread along the grain of the surface, and hence 
there were also two extreme values of  OR. 

The contact angles assumed by non-wetting 
drops of  mercury and wetting drops of water at 
room temperature advancing across the grain of 
the substrate surfaces increased linearly with the 
Ra/Xa ratios, the slopes of the data plots in Fig. t9 
being similar to those reported previously for the 
wetting of ceramic substrates by these liquids, 
Table II. The contact angles of  the drops of  copper 
advancing across the grain of  the nickel substrate 
surface at I I 00~  also increase slowly with the 
RaDt a ratio, but the contact angles for d rops  
advancifig along the grain decreased with the 
Ra/X a ratios. These data are presented in detail 
in Table III. 

Figure 15 Talystep trace across the bottom of a tin drop that had been in contact with the abraded silica surface 
illustrated in Figs 9b and lOb (X 500 vertical) and (X 200 horizontal). 
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Figure 16 Shapes assumed by a drop of  mercury  resting on alumina substrate vibrating at a f requency of lOkHz.  

Fi lmed at 10 000 frames a second. 
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An attempt was made to determine the effect 
of nickel substrate texture on a very good wetting 
liquid metal, Easy-fro braze. These experiments 
had to be conducted under a flux cover and hence 
contact angle data could not be obtained by direct 
viewing. However, approximate values were calcu- 
lated from the dimensions of the solidified drops 
and it was observed, Fig. 19, that these decreased 
as the values of the Ra/X a ratio derived from 
both across and along grain surface profilometry 
became larger. 

4 .  D i s c u s s i o n  

This study was designed to provide information 
about the influence of surface texture on the 

wettability of high surface energy substrates, and 
particularly the wetting of ceramics by molten 
metals. To this end, the wettability of four 
ceramics and one metal has been examined with 
varying thoroughness. Some of the data obtained 
and presented in the figures comparing wettability 
and surface texture parameters show significant 
scatter due to factors mentioned earlier, but the 
results of the study demonstrate clearly that 
roughening a substrate usually decreases its 
wettability. This behaviour was displayed by 
fourteen of  the material combinations examined, 
the exceptions being the very wetting glycerol- 
silica and Easy-rio-nickel systems. Such variations 
from normal behaviour are of particular interest 

(b) 

(dl 

Figure 18 Surface structures of 
electroformed nickel substrates 
as revealed by profilometry (a) 
and (c) across and (b) and (d) 
along the grain. 
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because they test the general applicability of  
theoretical models, and in the case of  Easy-flo 
relate to a technologically important material. 

The present work was untypical of  most studies 
o f  textural effects reported in the literature 
because it used high surface energy substrates and, 
often, liquids. However, it is not unique. Thus, a 
similar quantitative study Of the behaviour of  the 
mercury-sil ica system by Tamai and Aratani [5] 
and, qualitative' studies by Naidich et  al. [14] and 
by Crispin and Nicholas [15] for copper and nickel 
alloys on alumina have been reported. The practice 
of  abrading silica surfaces to produce various 
roughnesses adopted in this work follows that of  

T A B L E I I I Surface texture and wetting characteristics 
of nickel substrates contacted by copper drops at 1100 ~ C 

Across grain Along grain 

Ra/Xa OR: Ra/h a OR 

0.0009 19 0.001 19.5 
0.0044 18 0.0011 17.5 
0.0088 ~ 18.5 0.0052 16 
0.0157 20 0.0056 16.5 
0.0275 21.5 0.0098 13.5 

Tamai and Aratani, and it is noteworthy that 
Fig. 11 shows our data to be in good accord with 
theirs.* 

Effects o f  substrate texture on wettability 
observed in our work are also similar to those 
found during studies employing low surface energy 
organic substrates and liquids, work by Oliveretal.  

[6] with mercury deposited on a finely grooved 
nitrocellulose surface, and Dettr6 and Johnson [4] 
with several organic liquids in contact with wax 
showing that roughening tended to decrease 
wettability, This Conclusion was drawn also by 
Bartell and Shephard [2, 17] who deposited water 
and organic liquids onto scribed paraffin surfaces. 
By using such model textures, Bartell and Shephard 
and Oliver et  al. were able to demonstrate exper- 
imentally that advancing liquid fronts come to rest 
on descending slopes, confirming the conclusions 
reached by Shuttleworth and Bailey [9] in their 
analysis of  the effects of  substrate roughening. 

There have been many attempts to explain the 
changes in wetting phenomena produced by 
substrate roughening. Most attention has been 
paid to the changes in the contact angles of  sessile 

*There is also reasonable agreement between our 0o values and literature data derived from studies not concerned with 
surface texture effects. Thus Ramqvist [16] reported a 00 value of 132 ~ at 1150 ~ C for the copper-hafnium carbide 
system as compared to our 128 ~ at 1200 ~ C. 
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drops and both substrate structure insensitive and 
structure sensitive models have been developed as 
exemplified by the early work of Wenzel [1] and 
of Shuttleworth and Bailey [9]. Our work with 
photoresist etched silica substrates was specifically 
intended to generate data that would enable 
quantitative tests of the models derived from these 
treatments and examination of Figs5 and 6 
enables comparisons to be made between exper- 
imental observations and theoretical predictions. 
The data plotted in Fig. 5 are in direct conflict 
with the Wenzel model since they demonstrate that 
increasing the W R value of a substrate decreases 
its wettability by a wetting liquid, water. Although 
the cos O R values of non-wetting mercury decrease 
with W R is in accord with the Wenzel model, 
which predicts the slope should be cos 00, the 
experimental slope of -- 8.7 cannot be interpreted 
to yield a physically meaningful 00. In contrast, 
the linear increase in 0rt values of both non- 
wetting mercury and wetting water drops with ~n 
shown in Fig. 6 is in accord with the Shuttleworth 
and Bailey model. This predicts that the slope of 
the plots in this figure should be unity, close to 
the observed slopes of 1.23 for mercury and 0.95 
for water. Furthermore, if dOR/d(Ra/?ta) values 
for drops of mercury and water resting on abraded 
silica are divided by 500, (see Equation 5) so that 
the Ra/)k a values are converted into approximate 
am values, near unity gradients of 0.86 and 0.68 
are obtained. Similar gradients can be derived by 
drops of mercury and water resting on other non- 
model substrates from the data summarized in 
Table II. Thus the results of our room tempera- 
ture experiments provide substantial support for 
the Shuttleworth and Bailey:model. However, the 
effect of substrate roughening on the wetting 
behaviour of molten metals at high temperatures 
is less marked, gradients of 0.76 to  0.18 for plots 
of 0 k against ~A values being suggested by the 
dOR/d(Ra/Xa) values summarized in Table lI, 
demonstrating that the Shuttleworth and Bailey 
model is not entirely adequate. 

Other aspects of surface texture induced 
wetting behaviour observed in this study that have 
been the subjects of theoretical treatments are the 
mobility and incomplete liquid-solid contact of 
drops resting on very rough substrates, the tendency 
for liquids to spread along the grain of substrates 
with oriented surface textures, and the changing 
effect of  roughness on the wetting of silica by 
glycerol. Cassie and Baxter [3] treated the wetting 

of very rough, fibrous, substrates and concluded 
from a consideration of the energetics of various 
liquid-solid interface configurations that contact 
could be incomplete and that liquid drops would 
then be mobile. Their work related to the develop- 
ment of water repellant textiles, and scanning 
electron microscopy [6] has confirmed the validity 
of their approach for some model, low energy, 
surfaces while Our work suggests that such effects 
can be observed also when ceramics contact 
molten metals. Similarly Shuttleworth and Bailey 
[9] and Bikerman [18] among others have treated 
the preferential spreading along the grain, valleys, 
or an oriented surface texture. Johnson and Dettrd 
[ 13] argued from a consideration of the energetics 
of  the metastable configurations that might be 
adopted by a liquid resting on a rough substrate, 
that spontaneous spreading and wicking will occur 
if 

1 
WR > - -  (6) 

cos 0 o 

which could explain the reversal in the behaviour 
of glycerol. 

This variability in the nature and extent of 
changes in wetting behaviour produced by sub- 
strate roughening has been considered in recent 
theoretical developments such as those of Johnson 
and Dettrd [13], Huh and Mason [11] and Eick 
and Good [12] that roughened surfaces present a 
liquid front with a series of energy barriers between 
metastable configurations. Thus a liquid will be 
able to assume the minimum energy configuration 
predicted by the Wenzel model if its vibrational 
energy is large compared to that of the barriers, 
bu t  its wetting behaviour will approach that of the 
Shuttleworth and Bailey model if this is small. The 
vibrational energy of a liquid has been discussed 
but not analysed, by several workers. Johnson and 
Dettrd [ 13] regarded the vibrational energy of the 
liquid as an adjustable parameter which could 
modify the dependence of wetting behaviour on 
surface roughness defined in terms of the Wenzel 
area ratio, WR, as illustrated in Fig. 20, which can 
be related to  RaDk a. For both wetting and non- 
wetting liquids, the effect of increasing the 
vibrational energy is to reduce the rate at which 
adVancing contact angles increase with surface 
roughening. 

The nature of the vibration energy that is 
relevant to the advance of a liquid front over a 
rough surface has yet to be identified but our 
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work suggests that it can be related to the heat 
content, the enthalpy, EH, of  the liquid which 
can be calculated from the expression 

-T  
E H = j Cp dT + L F (7) 

o 

where Cp is the specific heat, T the temperature 
and L F the latent heat of  fusion. This parameter 
increases with temperature and is different for 
various liquids at the same temperature, thus 
possibly accounting both for the decreasing effect 
of roughening on the wetting behaviour of tin in 
contact with randomly abraded silica as the exper- 
imental temperature was increased from 400 to 
1000~ and also for the different effects of 
substrate roughening on the wetting behaviour of 
mercury and water at room temperature. Values 
of EH were calculated for different liquids and 
conditions from reference data [ 19] and compared 
with the rate of change ix/wetting behaviour with 
substrate roughening. As can be seen from Fig. 21 
there is a hyperbolic relationship between the two 
sets of data, including the rather scattered results 
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for gallium, that can be described by an expression 
of the type 

Hs 
EH = (d0R/d[Ra/Xa]) (8) 

where Hs is a constant. The curve drawn in 
Fig. 21 was calculated by assigning a value of 
5250kJmo1-1 deg -1 to Hs, but these peculiar 
units can be avoided if the ratio Ra/~k a is converted 
to an angular slope using Equation 5, in which case 
dOR/d(Ra/Xa) becomes a dimensionless parameter 
and Hs assumes a value of  10.5kJmot -1. The 
consistency of the data plotted in the figure 
with the empirical equations is such that inter- 
polations and extrapolations can be made with 
reasonable confidence. That is, the effects of 
substrate roughening on the wetting behaviour 
of liquids or at temperatures for which data are 
lacking can be made with some assurance. 

This interpretation of wetting data in terms of 
energetics can be applied also to the effects of 
ultrasonic agitation. The lack of effect of 10 or 
20 kHz vibrations is in accord with the energetic 
interpretation of effects produced by substrate 
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roughness because the total output of the 10 to 
20 kHz source was only 2.5 watts which, consider- 
ing the levelling platform has a mass of 75g, 
could have introduced a maximum energy of 
1.6kJmo1-1 into the mercury and 0.15kJmo1-1 
into the water drops during the course of the 
experiments. Both these energies are small com- 
pared to the liquid enthalpies and hence could not 
be expected to have a significant additional effect 
on wetting behaviour. However the 50 kHz source 
was twenty times more powerful and hence the 
total mechanical energy available for conversion 
into atomic or molecular movements is that much 
more comparable to the enthalpies of the liquids. 
Thus it is noteworthy that the contact angle 
decrease produced by this vibration was more for 
mercury than for water in accord with its lower 
enthalpy. Similarly, an energetic interpretation is 
consistent with the work of Labunov et  al. [20] 
showing that the wetting of steel by tin was 
enhanced by a 22kHz source with a power of 
400watts and of Smith and Lindberg [21] who 
found that increasing the output of  a 200 to 
800kHz source enhanced the wetting of rough 
nylon by water. 

The contact angle data for roughened sub- 
strates obtained during this work from exper- 
iments in which the thermal or vibrational energy 
of sessile drops were varied are, therefore, reason- 
ably consistent with, and explicable by, models 
that relate the effects to the surmounting of 
energy barriers. This approach can also account for 
the mobility of drops on very rough surfaces, for 
the reversal in the behaviour of  glycerol and 
for the preferential spreading of liquids along the 
grain of substrates with oriented textures. How- 
ever, the data obtained in this programme for 
roughened ceramics refer to at least nominally 
inert systems, and therefore are untypical of many 
reactive metal/ceramic combinations involved in 
technically important processes such as brazing 
or the containment of molten metal in crucibles. 
The surface texture of a ceramic may be altered 
if it reacts chemically with a liquid alloy with 
which it is in contact, but the few available data 
relevant to the wetting of Ceramics of  differing 
topographies by reactive metal alloys [14, 15] 
indicate that the initial textures can cause signifi- 
cant differences in wettability. 

Our work suggests, therefore, that the produc- 
tion of designed textures can be used in addition 
to, or instead of, techniques such as changing the 
temperature or chemistry of the liquid-solid 
system to modify or control wetting behaviour. 
However, it is not always convenient or possible 
to use such approaches in the development of 
all technologically important processes that 
depend critically upon wetting characteristics. 
For example, the opportunity of  varying the 
temperature or chemistry of  liquid-solid inter- 
faces encountered in melting and casting processes 
can be limited severely by economic and safety 
as well as technical factors. It may be significant, 
therefore, that the present work demonstrated that 
it could be possible to decrease the wettability of 
ceramic crucibles and mounds merely by texturing 
their surfaces without changing their compositions 
or the melting and casting conditions. 

5. Conclusions 
(1) Roughening a substrate usually causes its 

wettability by both wetting and non-wetting liquids 
to decrease. Exceptions to this generalization 
occur if the liquid is inherently very well wetting 
or the surface texture very rough. 

(2) The contact angles of  both wetting and 
non-wetting liquids often increase linearly with the 
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substrate surface texture parameter RaDk a where 
R a is the average amplitude and ka the average 
wavelength o f  the surface features. 

(3) The effect of  surface roughening on wetting 
behaviour is lessened if  the thermal or mechanical 
energy o f  liquid drops is increased by raising their 
temperature or subjecting them to ultrasonic 
vibration. 

( 4 ) A n  empirical re la t ionship exists between 
the enthalpy o f  a liquid and the extent  to which 
its wetting behaviour is changed by  substrate 
roughening which allows predictions to be made 
aboUt the behaviour of  uninvestigated liquids. 

(5) The development o f  certain types of  surface 
roughness may be usefully applied in the improve- 

ment of  foundry materials. 
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