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NoN-wettiNg to wettiNg traNsitioN temperatures of Liquid tiN oN surfaces of differeNt steeL  
sampLes correspoNdiNg to their spoNtaNeous deoxidatioN

The goal of this paper is to measure the non-wetting to wetting transition temperatures of liquid tin on surfaces of different 
steel samples in vacuum with residual pressure of 10–8 bar. The experiments were conducted on four steels (C45, s103, CK60 and 
EN1.4034) of varying compositions using pure tin (99.99%) by the sessile drop method. Non-wetting to wetting transition (contact 
angle decreasing below 90°) by liquid tin was observed as function of increasing temperature in the range of 820-940 K for low alloyed 
steels C45, s103 and CK60, while it was considerably higher (around 1130 K) for high chromium EN1.4034 steel. it is concluded 
that at about the same temperatures, the surfaces of the steel samples are spontaneously deoxidized due to the combined effect of 
high temperature, low vacuum and C-content of steels. After the oxide layer is removed, the contact angles of liquid tin on steel 
surfaces were found in the range of 45-80° for low alloyed C45, s103 and CK60 steels and around 20° for high chromium EN1.4034 
steel. These relatively high contact angle values compared to other metal/metal couples (such as liquid Cu on steels) are due to the 
formation of not fully metallic intermetallic compounds (Fesn and Fesn2) at the interface (such do not form in the Cu/Fe system). 
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1. introduction

wetting as a sub-field of interface science has garnered 
attention since the early 19th century [1]. industrialization lead-
ing to the need for advancement in structural fabrication has 
revolutionized the metallurgical joining techniques in which 
wetting plays a major role. Definition of wetting, its importance 
and various factors affecting the wetting were discussed in detail 
in [1-10] (see also Fig. 1): 
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where, θ (°) is the contact angle of a liquid on a surface of solid, 
σsv (J/m2) is the surface energy of the solid, σsl (J/m2) is the solid-
liquid interfacial energy, σlv is the surface tension of the liquid, 
Wa (J/m2) is the adhesion energy between solid and liquid. 

The equilibrium contact angle depends on the nature of the 
contacting liquid and solid phases [11-13]. Depending on the 
nature of the solid/liquid couples in the given experiment, three 
types of wetting are defined: non-reactive wetting [11], reactive 
wetting [11] and dissolutive wetting [12-13]. usual wetting 

studies were carried out using sessile drop technique. Depend-
ing on method of formation of sessile drop, the technique was 
classified into two modes: the classical contact heating method 
and the dispensed drop method [14]. some methodological is-
sues, advancements and improvements in the experimentation 
techniques were discussed in [15-17].

steels are usually covered with a native oxide layer at room 
temperature under normal conditions. The common oxide is 
Fe2o3 [18-19], but it varies as function of composition of the 
steel with Cr2o3 dominating the high Cr-steels [20]. Evolution 
of oxide layers on various steel surfaces and their subsequent 

Fig. 1. schematic of wetting of a liquid droplet on a solid surface
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deoxidation was discussed in the literature [21-26]. The steel 
surface deoxidation is due to the chemical interaction of carbon 
dissolved in steel with the oxide covering its surface leading to 
the formation of volatile Co / Co2 [19,22,25]. Furthermore, 
non-wetting to wetting transition temperature of liquid Cu-Ag 
alloy due to deoxidation of the originally oxidized surface of 
a stainless steel was found by Kozlova et al. [22]. 

metal/metal wetting systems were in focus of scientific 
investigations mostly for joining materials. since sn-alloys and 
Cu-alloys are mostly used as joining materials in form of solders 
and brazes, the research is highly focused on them. A brief review 
of the vast literature available in metal/metal wetting systems is 
presented here. wetting of metallic liquids like Cu, sn, Ag and 
Au on their own solid surfaces was reported in [2,27] and contact 
angles in the range of 0-10° were reported by them. The contact 
angles of liquid sn on surface of pure iron were reported in the 
range of 30-60° in the temperature range between 673-1000 K 
[28-29]. wetting between different metallic solid/liquid systems 
was also studied in the literature [30-32]. Liquid sn and sn based 
alloys were used for wetting characteristics on various metallic 
substrates and the formation of various sn-intermetallic com-
pounds were reported in [33-37]. similar results were published 
by [38] with Cu and Ni as solid substrates and when sn-alloys (in, 
zn, Cu) were used as molten liquids. The wettability of tin based 
alloy solders on the laser treated steel surfaces were reported in 
[39-42]. wetting by sn and sn-zn alloys of varying compositions 
on Cu and Al substrates were discussed by [43] under inert gas 
environment between 250-500°C. They concluded liquid sn-zn 
alloys need protective environment for good wetting of metallic 
substrates [44]. more recently, similar experimental results were 
also reported in [45-46] where the focus was kept on formation 
of intermetallic layers during the wetting by sn-alloys. 

in the present paper, tin is selected as an appropriate metal 
to study non-wetting -to- wetting transitions on steel substrates 
starting from a relatively low temperature to a relatively high 
temperature. The transition temperature to be measured is at-
tributed to the spontaneous removal of the oxide layer from steel 
surface, as already proven in the literature. However, the experi-
mental findings reported in the literature so far are extended in 
this paper to other steel types. 

2. selection of a wetting/non-wetting metal 

For our purposes, a metal is needed that satisfies the fol-
lowing requirements: (i) has a wide temperature range of its 
stability in liquid state, (ii) wets unoxidized steels with the 
contact angle below 90o, (iii) poorly wets oxidized steels with 
the contact angle above 90o. The latter condition is satisfied for 
the majority of liquid metals. our final choice is tin. it has a rela-
tively low melting point (505 K) and it is stable as a liquid up to 
1,155 K at the residual pressure of 10–8 bar in vacuum (Fig. 2). 
moreover, it is widely used as a basic component for soldering 
[47-48]. so, all the experiments were conducted in this study  
with liquid tin. 

Fig. 2. Equilibrium vapor pressure of tin plotted as function of tem-
perature calculated from data of [49]. The actual residual pressure in 
our furnace is shown by a horizontal dotted line; under these conditions 
tin is a stable liquid below 1155 K

3. materials and experimental

The compositions of the steels studied in this paper are 
tabulated in Table 1. The steel samples were cut to dimensions 
10 mm × 7 mm × 4 mm. Then, the samples were ground with 
180 µm, 220 µm and 320 µm grit size sandpapers before polish-
ing with a 3 µm grit polishing paper using alumina paste for ob-
taining a mirror like finish. Pure sn (99.99%) sample with mass 
in the range of 0.02-0.05 g was used for wetting experiments. 

TABLE 1 

Chemical composition of steels used in this study (mass %)

steel c cr mn s fe
C45 0.45 — 0-0.5 0.030 rest
s103 0.61 — 0.25 0.020 rest
CK60 0.25 0.15 0.75 0.070 rest

EN 1.4034 0.15 12 1.0 0.035 rest

A solid tin piece was placed on the surface of steel (Fig. 3a) 
inside a resistance heating high vacuum furnace at a residual 
pressure of 10–8 bar. The furnace was equipped with Pt/Pt-rh 
thermocouple for measuring the temperature with a heating 
rate of about 20°C/min. The experiments were conducted up to 
temperature of 1230 K. As the furnace is heated continuously, 

Fig. 3. Contact heating sessile drop arrangement of the wetting experi-
ment. The solid tin piece before melting (Fig. 3a) and post experiment 
after cooling and solidification (Fig. 3b)
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the solid tin melts and forms a molten droplet on the surface of 
steel. when tin is melted, it first forms a poorly wetting droplet 
on the oxidized surface of steel. Then, the system is being con-
tinuously heated further and at a special temperature the droplet 
spreads relatively fast, within 10 K, or so. The tin droplet during 
the experiments was continuously recorded by a video camera 
connected to the furnace via a computer making the image analy-
sis possible for calculating contact angles. The contact angles 
were measured by using KsV software. The samples were then 
cooled down to room temperature via spontaneous cooling (left 
overnight), taken out and mounted in resin and polished for 
scanning electron microscopy (sEm) investigation using Carl 
zeiss EVo mA10 equipment at 20 KV accelerating  voltage. 

in addition to energy dispersive X-ray spectroscopy (sEm-
EDs), electron backscatter diffraction (sEm-EBsD) technique 

was used to identify different phases of the intermetallic com-
pounds formed at the Fe/sn interface. The sEm-EBsD was 
carried out using Thermoscientific Helios G4 PFiB CXe (EDAX 
HiKAri) equipment at 20 KV accelerating voltage. 

4. results and discussion

As the sn/steel couple is contact heated, tin melts at 505 K 
and forms a near spherical non-wetting shape on the surface of 
all steel samples. This is obviously due to the presence of oxide 
layer on surface of the steel samples [2,50]. However, as the 
temperature is increased, the near spherical non-wetting droplet 
of tin is gradually transformed into a wetting sessile droplet  
(Fig. 4). 

Fig. 4. Photographs of liquid tin droplets on various steel substrates at different temperatures. Figs. a, c, e and g show the non-wetting droplets, 
while Figs. b, d, f and h show the same tin droplets after the wetting transition. The unusual shape of a sessile drop in Fig. h is due to the forma-
tion and floating of Fesnx intermetallics to the upper drop surfac



472

The measured contact angles of liquid tin on different 
steels were plotted as function of temperature in Fig. 5. The 
transition temperatures measured from Fig. 5 are collected in 
Table 2 (similar transition temperature by liquid Cu-Ag eutectic 
was reported by Kozlova et al. [22] under similar conditions). 
Non-reactive liquid metals have weak adhesion energy with 
inert oxides due to weak van-der-waals forces. when the oxide 
layer is removed and true metal/metal contact is established, the 
adhesion energy increases, and the contact angle decreases as 
follows from Eq. (1). in Table 2, the contact angles of liquid tin 
are also shown measured at temperatures exceeding the transition 

temperatures by 100 K. These measured contact angles values 
agree well with literature data [28-29]. 

Fig. 6 show post experimental cross-sectioned images of 
the interface formed between tin and various steels with for-
mation of Fe-sn intermetallic layer / particles at the interface. 
intermetallic layer observed at the steel/sn interface, a part 
of which is lifted up in the molten tin due to buoyancy force. 
The average thickness of intermetallic layer was found to be 
around 20 µm. EBsD analysis of the interface was also car-
ried out to identify these intermetallic compounds as Fesn and 
Fesn2 (Fig. 7). As liquid tin has a higher density compared to 

Fig. 5. Contact angles of liquid tin on the surface of different steels as function of temperature at residual pressure of 10–8 bar in vacuum. Different 
steels are denoted by different symbols: diamond: C45 steel, triangle: s103 steel, x: CK60 steel and squares: EN1.4034 steel

Fig. 6. sEm micrographs of cross-sectioned sessile drop couples showing intermetallic layers consisting of Fe/sn compounds formed at the sn/
steel interface 
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Fesnx intermetallics [51-52], the intermetallic particles will 
float up within liquid tin to the upper surface of the drop-
let. For the case of the longest holding time and the highest 
temperature, this even leads to the unexpected shape of the  
droplet (Fig. 4h). 

it is important to note that the Fesnx intermetallic com-
pounds are not fully metallic [53-54] and that is why the ad-
hesion energy between them and liquid tin are considerably 
lower compared to usual metal/metal couples, such as at the 
Cu/Fe interface, forming no intermetallics [55-57]. This not 
fully-metallic behavior of the intermetallic compounds is fur-
ther supported by the specific resistivity values of the Fe-sn 
intermetallic compounds (Fesn and Fesn2) as compared to the 
specific resistivity values of pure Fe and sn in Fig. 8 [58-60]. The 
values of specific resistivity are one order of magnitude higher for 
the intermetallic compounds. This means that the intermetallic 
compounds are less conductive, i.e. less metallic than the pure 
metallic Fe and sn. Let us mention that the formation of partly 
metallic intermetallics lead to the decrease of adhesion energy 
only relative to the metal/metal interfaces. However, if the initial 
interface is covalent with very low adhesion energy [61], then the 
formation of partly metallic imCs actually leads to the increase 
of the adhesion energy, as is the case of the replacement of Al/C 
interface by Al/TiC interface [62]. 

in some cases, the observed contact angle decreases upon 
heating due to evaporation of the droplet and decreasing its 
volume at constant base diameter. To make sure that in our 
experiments the non-wetting to wetting transition took place 
not due to the evaporation of the droplet, but rather because 
of the removal of the surface oxide layer, the base diameter 
and the height of the droplets were measured and plotted in 
Figs. 9-10. As follows from Figs. 9-10, the base diameter and 
height of the droplets as function of temperature are in qualita-
tive agreement with Fig. 5 showing the temperature-dependence 
of contact angle. in other words, the change in the contact angle 
in Fig. 5 is accompanied by the appropriate changes in the base 
diameter and height of the droplets supposing no evaporation 
of the droplet. The absence of evaporation during our experi-
ments is further confirmed by comparing the measured masses 
of the (steel + sn) couples before and after high-temperature 
experiments (Table 3). This also follows from the low equi-
librium vapor pressure of tin even at temperatures as high  
as 1230 K (Fig. 2). 

TABLE 3 
measured mass of (steel + sn) couples before and after  

the sessile drop tests 

steel
Before (g) after (g)

steel sn steel +sn
C45 2.21 0.04 2.25
s103 2.57 0.03 2.60
CK60 1.89 0.04 1.93

EN1.4034 2.14 0.02 2.16

Fig. 8. specific resistivity values of the intermetallic compounds identi-
fied at the steel/sn interface compared to the special resistivity values 
of pure Fe and sn at room temperature (T = 298 K) [58-60] 

Fig. 7. EBsD analysis of the sn/EN1.4034 steel interface (shown top down compared to macroscopic reality) with the identified phases. Fig. 7(a) 
shows the sn/steel interface as observed under sEm. Figs. 7(b, c) show Fesn and Fesn2 intermetallic compounds formed at the sn/steel interface. 
Figs. 7(d, e) identify the presence tin and Fe elements in the image. Furthermore, the solidified Fe was identified as Ferrite in Fig. 7(e)

TABLE 2

Transition temperatures for liquid tin on various steels  
and the measured contact angles of liquid tin at temperatures above 

the transition temperature by 100 K (from Fig. 5)

steel transition temperature (K) 
at 10–8 bar contact angle (°)

C45 833 ± 10 45 ± 10
s103 923 ± 10 50 ± 10
CK60 933 ± 10  80 ± 10

EN1.4034 1133 ± 10 20 ± 10
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5. conclusions

•	 Non-wetting	to	wetting	transition	by	liquid	tin	on	the	sur-
face of four different steels was observed as function of 
temperature under vacuum at residual pressure of 10–8 bar. 
The transition temperature was measured and was found to 
depend on the compositions of steels. 

•	 This	observed	transition	is	connected	with	the	spontane-
ous removal of the oxide layers from the surface of steel 
samples due to the combined action of high temperature, 
low vacuum and the chemical reaction between the oxide 
layer and carbon content of the steels leading to the forma-
tion of volatile Co/Co2 reaction products. This transition 

temperature was found in the range of 830-930 K for low 
alloyed C45, s103, CK60 steels, while the same was found 
around 1130 K for high chromium EN1.4034 steel (the lat-
ter value was in agreement with literature, while the other 
measured values are novel in the literature).

•	 Successful	joining	of	steels	without	a	flux	is	possible	only	
above the transition temperatures found in this paper (under 
given residual pressure of around 10–8 bar). However, a flux 
removing the oxide layer should be applied for joining steels 
below the transition temperatures given here. 

•	 Good	wetting	was	achieved	by	liquid	tin	on	all	the	steels	
after removal of the oxide layer from the surface of steels. 
Contact angles of liquid tin on steel surfaces were found 

Fig. 9. Base diameter of the liquid tin sessile drops plotted against temperature for the 4 steel samples at 10–8 bar residual pressure in vacuum. 
symbols: diamond: C45 steel, triangle: s103 steel, x: CK60 steel, square: EN1.4034 steel

Fig. 10. Heights of the liquid tin sessile drops plotted against temperature for the 4 steel samples at 10–8 bar residual pressure in vacuum. symbols: 
diamond: C45 steel, triangle: s103 steel, x: CK60 steel, square: EN1.4034 steel
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in the range of 45-80° for low alloyed C45, s103 and 
CK60 steels. The contact angle of liquid tin on the high Cr 
EN1.4034 steel was around 20°. 

•	 The	above	mentioned	relatively	high	contact	angle	values	
(if compared with metal/metal Cu/Fe system) are due to 
the formation of not fully metallic Fe/sn intermetallics at 
the interface. 
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