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a b s t r a c t

The wettability of some refractory materials, including Mo, Pt, W, polycrystalline Al2O3, MgO, and graphite,
by a molten 38.7 wt.% SiO2–44.3 wt.% MnO–11.4 wt.% TiO2–5.6 wt.% FeOx (x = 1 or 1.5) slag was investigated
at temperatures between 1473 and 1673 K in an Ar atmosphere. The slag wets these materials quite well
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urface
nterfaces

and the work of adhesion is in the range of 0.60–0.75 J m , except for graphite. A strong reaction between
the slag and Al2O3 as well as MgO leads to small apparent contact angles (∼10 ± 2◦) and good adherence.
The wettability of the refractory metals depends not only on temperature but also on metal species. At
1473 K, the wettability is in the order of Pt > W > Mo. An increase in temperature considerably promotes
the wettability of Mo and W while only mildly for Pt. The wettability and adhesion of graphite by the slag
is poor. However, a temperature-dependent reaction leads to a considerable decrease in the contact angle
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as well as a foaming behav

. Introduction

Knowledge of the wettability of a solid by a liquid is the first-
tep for a complete understanding of the adherence between them.
he wettability is usually characterized by contact angle, �, which is
elated to the surface or interface free energies according to Young’s
quation:

sv = �sl + �lv cos � (1)

here �sv, �sl and � lv are the solid–vapor, solid–liquid and
iquid–vapor interfacial free energies, respectively. The adherence
s determined to a large extent by the work of adhesion, Wad,
efined as the energy needed to separate the liquid from the solid
urface, given by the Young–Dupré equation:

ad = �sv + �lv − �sl = �lv(1 + cos �) (2)

low �sl or a small � is thus normally indicative of a strong adhe-
ion. It should be noted, however, that Eq. (2) does not include a
erm for strain energy and thus mainly applies to the systems where
ne of the phases is liquid [1].

There have been a number of studies aimed specifically at the

ettability and adhesion of refractory materials by molten slags or

lasses. Nakashima and Mori briefly reviewed the contact angles
etween some refractory materials and liquid slags. They indi-
ated that liquid slags wet most refractories, especially when there

∗ Corresponding author. Tel.: +86 431 85094699; fax: +86 431 85094699.
E-mail address: shenping@jlu.edu.cn (P. Shen).
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f the sessile drop.
© 2008 Elsevier B.V. All rights reserved.

s a tendency to react with each other. Slags with higher FeO
ontents tend to have relatively lower contact angles [2]. Towers
howed that the wettability of platinum by various CaO–SiO2 and
aO–Al2O3–SiO2 slags varied only slightly with the slag compo-
ition or temperature but could be significantly improved by the
resence of MnO in the composition [3]. An almost perfect wetting
� = 2◦) was observed for Pt by MnO–30% SiO2 in a nitrogen atmo-
phere at 1673 K [3]. Pask et al. performed a series of studies on the
etting and adhesion between metals, such as Au, Pt, Ni, Fe, Cu,
g, Mo, W, Ti, Zr and Ta, and molten sodium silicate (Na2O–SiO2)
lasses in different atmospheres [4–7]. They suggested that the
etting of a metal by molten glass depends on lowering of the

urface energy of the solid by the liquid. The fundamental require-
ent for good adherence of glass to metal is the development and
aintenance of a strong chemical bond at the interface [1]. Of

articular interest, considerable attention was paid to the effect
f atmosphere. An enhancement in wetting and adhesion can be
chieved in an oxygen-incorporated atmosphere by the formation
f a metal–oxygen bond or a metal oxide at both the metal–vapor
nd metal–glass (or slag) interfaces [4–6,8–11].

It was also found that the mixtures of molten oxides, either
lags or glasses, do not wet graphite, and their interfacial bonding is
nsured by weak, van der Waals, interactions [12]. The non-wetting
f graphite by oxide slags is regarded as one of the advantages

f carbon bricks in a blast furnace [3]. However, for some slags,
he contact angle appears to decrease with time towards values
ower than 90◦ as a result of interfacial reaction between the
lag components and carbon [3,13,14]. Sahajwalla et al. investi-
ated the wettability of graphite and other carbonaceous materials

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:shenping@jlu.edu.cn
dx.doi.org/10.1016/j.matchemphys.2008.10.021
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Fig. 1. Variation in the contact angle with time for the slag dropped on the Mo
surfaces at 1473–1673 K.

Fig. 2. Variation in the contact angle with time for the slag dropped on the Pt
surfaces at 1473–1673 K.
82 P. Shen et al. / Materials Chemis

y CaO–SiO2–Al2O3–MgO–FeOx slags in the temperature range
673–1873 K [13–16]. They showed that the wettability could be
mproved by increasing the iron oxide content and temperature.
ecause of the reaction-induced gas formation, foaming of the
roplet was observed at high temperatures and the apparent con-
act angles displayed a fluctuation behavior. Moreover, the height
f the foam was reported to increase with increasing the iron oxide
ontent in the slag [17,18].

In this study, we investigated the wettability of some refrac-
ory materials by a molten SiO2–MnO–TiO2–FeOx slag, which is the
y-product of a newly developed welding wire after arc welding
provided by Welding Company, Kobe Steel, Ltd., Japan). The main
urpose of this work is to find a suitable material with the least

nteractions with this slag at high temperatures so as to be used
s crucible, mould, or substrate to measure some important ther-
ophysical properties such as surface tension and density of this
aterial.

. Experimental procedure

The slag as-received was 38.7% SiO2–44.3% MnO–11.4% TiO2–5.6% FeOx (x = 1 or
.5) (in mass%). The composition was determined by both wet chemical analysis
nd fluoroscopy analysis and the two methods gave the similar values. The melt-
ng temperature, as determined by differential thermal analysis, was 1407 K. The
efractory materials used in this study were molybdenum (99.95% purity), platinum
99.98% purity), tungsten (99.95% purity), polycrystalline alumina (99.99% purity),

agnesia (>99% purity), and graphite (>99% purity). They were in either plate or
isc shapes with surface dimensions of 20 mm × 20 mm or �20 mm and heights of
–5 mm. Their surfaces were mechanically ground and carefully polished using dif-
erent sizes of diamond pastes to average roughness (Ra) of less than 40 nm for the

etal substrates and less than 100 nm for the ceramic and graphite substrates (Ra
as measured by a Dektak 3 surface profilometer, Veeco Instruments, Inc., Wood-
ury, NY, USA). Both the slag and the substrate were ultrasonically cleaned in acetone
or three times before wetting experiment.

The wetting experiment was performed in an Ar atmosphere using a modified
essile-drop method. A detailed description of the experimental apparatus and pro-
edure could be found elsewhere [19]. In all the experiments, the chamber was first
vacuated to a vacuum about 4 × 10−4 Pa at room temperature and then heated at a
ate of 20 K min−1. When the desired testing temperature was reached, the purified
r gas (99.999% purity) was introduced into the chamber. After the temperature and

he pressure in the chamber were stabilized, the slag sample, initially placed in a
lass tube outside the chamber, was dropped through an open alumina tube into
he chamber and then rested on the substrate surface. The weight of the slag was in
he range of 0.1–0.2 g, depending on the substrate material (e.g., a small mass of the
lag sample was used for the metal substrates because of excellent wetting and a
elatively large mass of the slag was used for graphite because of poor wetting). The
ollution of the slag by the alumina dropping tube was avoided by controlling the
ropping distance and immediately lowering the slag sample when it contacted the
ubstrate surface. Depending on the testing temperature, it took several seconds to
ens of seconds for the slag to melt after it was dropped. As soon as the melting was
bserved, the drop profile was recorded by a high resolution CCD camera and the
ime was defined as the start point for the wetting. On the other hand, if the slag
as found to adhere to the alumina dropping tube, the results were discarded and

he experiment was repeated.
After the wetting experiment, most of the samples were furnace-cooled at a

ate of 20 K min−1 and some were cooled at 10 K min−1 to examine the effect of
ooling rate. Selected samples were immersed in resin with hardener and then
ectioned perpendicular to the slag–substrate interface after natural drying. Cross-
ections were ground on wet silicon carbide sandpapers and carefully polished
y diamond pastes down to 0.25 �m to prepare the metallographic specimens.
nterfacial microstructures were examined by a confocal scanning laser micro-
cope (Keyence, VK-8550, Osaka, Japan) and an environmental scanning electron
icroscope (ESEM-2700, Nikon Co., Kanagawa, Japan) with X-ray energy dispersive
icroanalysis (EDAX) capability.

. Results and discussion

.1. On refractory metals (Mo, Pt and W)
Figs. 1–3 show the time variation of the contact angles for the
olten slag on the Mo, Pt and W surfaces at 1473–1673 K, respec-

ively. As indicated, the slag wets these metals quite well. The
ettability depends not only on the metal species but also on

Fig. 3. Variation in the contact angle with time for the slag dropped on the W
surfaces at 1473–1673 K.
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3.2. On alumina and magnesia

Fig. 6 shows the variations in the contact angle and normal-
ized drop base diameter, which is defined as the proportion of the
ig. 4. Interfacial microstructure and elemental mapping graphs for the slag–Mo w
icrostructures were also observed at the slag–Pt and slag–W interfaces.

emperature. At T = 1473 K, the wettability is in the order of
t > W > Mo. With an increase in temperature, the wettability of Mo
nd W by the slag is significantly improved. Perfect or nearly per-
ect wetting (� → 0◦) appears on the W surface at 1673 K. For Pt,
owever, the improvement is minor.

The cooling rate at 10–20 K min−1 does not seem to greatly affect
he detachment behavior of the slag from the substrate surfaces.

ost of the solidified slag drops were peeled off from the substrate
urface, indicating poor adherence to these metals during furnace-
ooling to room temperature. However, it seems that the adhesion
as strongest for the slag on the Pt surface since some slag–Pt wet-

ing couples were not separated after cooling. Towers suggested
hat Pt could react with the manganese silicate slag, which leads to
ery small contact angles (� < 10◦) [3]. Instead, Bowen and Shairer
uggested a direct reaction between Pt and ferrous silicate slag
20]. They argued that Pt reduced the ferrous silicate to metallic Fe,
hich immediately alloyed with Pt. A study performed by Adams

nd Pask on the wettability of Pt by molten sodium silicate with var-
ous iron oxide additions (ranging from 2.4 to 44.4 mol%), however,
ndicated that the iron concentration in the sodium silicate glass
id not essentially affect either the contact angle or the adherence
21]. Here, we calculated the changes in the standard Gibbs free
nergies (�G◦) for all the potential reactions between the metallic
ubstrates (Mo, Pt and W) and the slag components, and suggested
hat the following reactions might be possible at T ≥ 1473 K from
he viewpoint of thermodynamics (i.e., �G◦ < 0) [22]:

Mo(s) + 2Fe2O3(s) = MoO2(s) + 4FeO(s),

�G◦ = −4855–77.4T J mol−1

W(s) + 2Fe2O3(s) = WO2(s) + 4FeO(s),

�G◦ = −7784–72.08T J mol−1

W(s) + 3Fe2O3(s) = WO3(s) + 6FeO(s),

�G◦ = 26, 608–120.45T J mol−1

hese reactions might account for the temperature and time depen-

ent behaviors of the contact angle, as shown in Figs. 1 and 3. Ringel
lso suggested that the dissolved Fe3+ could react with Mo at the
nterface to form MoOx, which lowered the solid–liquid interfacial
nergy and resulted in the decrease in the contact angle [23]. Micro-
copic examinations, however, did not reveal a significant reaction

F
v
m
t

couple tested at 1573 K for 10 min and then cooled at a rate of 10 K min−1. Similar

ut only limited interdiffusion between the slag and the metal (Mo,
t and W) substrates (see, for example, Fig. 4). The comparatively
tronger adhesion for the slag on Pt may result, on the one hand,
rom the effect of surface adsorbed oxygen with regard to great
dsorption affinity of Pt for oxygen (it was reported that removal of
ll chemisorbed oxygen from the Pt surface requires a vacuum of
10−7 Pa at temperatures approaching the melting point of Pt [1,6]),
nd on the other hand, from the smaller thermal stress caused by
he difference in the coefficients of thermal expansion (CTE). The
emperature dependence of the CTE values of the slag, Pt, Mo and

[24] is shown in Fig. 5. The relatively smaller difference in the
TE between Pt and the slag, as compared with that for W and
o, decreases the interfacial stress and thus leads to the stronger

dhesion during cooling. In addition, it is worth mentioning that
he detachment was found to occur mostly at temperatures below
73 K, where the CTE difference between the slag and the metal
ubstrate is much larger.
ig. 5. The temperature dependence of the CTE values of slag, Pt, Mo and W. The
alues of Pt, Mo and W are taken from Ref. [24]. The inset figure shows the ther-
omechanical analysis result of the line expansion strain (ε) of the slag at elevated

emperatures.
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ig. 6. Variations in contact angle and normalized drop base diameter with time for
he slag dropped on the Al2O3 and MgO substrates at 1473 K.

ynamic base diameter (Dt) to the initial base diameter (D0), with
ime for the molten slag on the Al2O3 and MgO substrates at 1473 K.
n both cases, the contact angle decreases rapidly in the first 3 min
nd then gradually reaches a steady value. The initial and the final
ontact angles are, respectively, 40◦ and 11◦ for Al2O3, and 42◦ and
◦ for MgO.

Fig. 7 shows the interfacial microstructure and elemental
apping graphs for the slag on the alumina surface. Similar
icrostructure was also observed on the MgO surface. As indi-

ated, a significant dissolution of the substrate into the molten
lag during the wetting occurred and a concave reaction layer
as developed beneath the drop. The spreading front of the slag
eets the reaction front in the horizontal direction, implying that

he spreading and the reaction proceeded almost at the same
peed. In a strict sense, the measured contact angles are not the
oung angles since the interface at the triple junction is no longer
traight.
Examination of the samples after cooling revealed that the slag
pread extensively over the alumina and magnesia surfaces. The
eriphery of the slag drops, however, did not form a smooth circle,

mplying a non-uniform spreading. The samples exhibited strong
dherence at room temperature.

f

F

t

ig. 7. Interfacial microstructure and elemental mapping graphs for the slag–alumina we
ig. 8. Variation in the contact angle with time for the slag dropped on the graphite
ubstrates at 1473–1673 K.

.3. On graphite

Fig. 8 shows the variation in the contact angle with time for
he slag on the graphite surfaces at 1473–1673 K. As indicated, the
lag does not wet graphite. An increase in temperature considerably
romotes the wettability. The contact angles, on the other hand, dis-
lay a fluctuation behavior at high temperatures. The frequency of
he fluctuation increases with increasing temperature. Fig. 9 gives
ome representative photographs showing this phenomenon.

Fig. 10 shows the interfacial microstructure and elemental map-
ing graphs for the slag on the graphite substrate at 1573 K after
0 min. The presence of metallic Fe at the slag–graphite interface
learly indicates that the following reaction took place:

eOx(s) + xC(s) = Fe(s) + xCO(g) (6)

The carbon monoxide might further reduce the iron oxide to
orm carbon dioxide:
eOx(s) + xCO(g) = Fe(s) + xCO2(g) (7)

The fluctuation is the result of the gas evolution in the reac-
ion process. At low temperatures (e.g., T = 1473 K), the reaction

tting couple tested at 1473 K for 10 min and then cooled at a rate of 20 K min−1.
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Fig. 9. Representative photographs showi

roceeded slowly so that the generated gas had time to escape,
eading to a progressive decrease in the contact angle. With the
ncrease in temperature, the reaction and the gas evolution were
ignificantly promoted. As indicated in Fig. 9, when the gas gener-
tion rate exceeded its escaping rate, the gas could accumulate in
he drop bulk, making the drop inflate and the liquid front advance.
nce the gas released, the drop contracted. At higher temperatures

e.g., T = 1673 K), the reaction was so vigorous that the formation
nd release of the gas bubbles finished in a short time, and there-
ore the slag drop displayed a frequent fluctuation behavior rather
han a significant volume inflation.

It is not easy to evaluate the extent of the wetting improvement
y the chemical reaction between the slag and graphite because
f the drop fluctuation. The wetting, however, is indeed improved
y the reaction, as witnessed by the decrease in the contact angle
nd spreading of the triple line at low temperatures, where the
nfluence of the gas evolution is insignificant. Formation of metallic
e at the slag–graphite interface might contribute to this result, as
nferred from the foregoing good wetting of the metals (Mo, Pt and

) by the slag.
Examination of the solidified samples showed that the slag was

obustly adhered to the graphite substrates. Reaction traces such
s the reduced iron and many pinholes as a result of gas evolution
ere visible at the periphery of the drops after contraction.
.4. Work of adhesion

Although the surface tension of the slag could be calculated
ogether with the contact angle by using an axisymmetric-drop-
hape analysis (ADSA) program adopted here, the values obtained

W
t
i
a
e

ig. 10. Interfacial microstructure and elemental mapping graphs for the slag–graphite w
drop fluctuation phenomenon at 1573 K.

rom the slag resting on the Mo, Pt and W substrates vary consid-
rably due to good wettability, small weight of the slag samples
nd possible distortion of the drops during spreading, and thus
hey are not reliable. On the other hand, the results obtained
rom the molten slag on the graphite substrates could be unfor-
unately affected by the chemical reaction. Therefore, only the
alues obtained from the slag–graphite system within a short time
0–10 s) after the formation of the drop were thought as reliable,
nd the surface tensions of the slag were calculated to be 385 ± 9,
79 ± 7 and 366 ± 11 mJ m−2 at 1473, 1573 and 1673 K, respec-
ively.

The work of adhesion, Wad, in terms of Eq. (2), was then calcu-
ated using the available contact angle and surface tension values,
nd the results are given in Table 1. As indicated, the values of Wad
n the slag–metal (Mo, Pt, and W) and slag–oxide (Al2O3 and MgO)
ystems at high temperatures are quite similar (between 0.60 and
.75 J m−2) and are much larger than those in the slag–graphite
ystem. If we take the empirical relationship of Wad ≈ 0.2Wc(l)
where Wc(l) is the cohesion of liquid and is equal to 2� lv) as a typ-
cal characteristic of the physical interaction due to van der Waals
ispersion forces, while Wad>0.2Wc(l) as a chemical interaction in
ature [12], we can conjecture that the high-temperature adhesion

n the slag–metal (Mo, Pt and W) and slag–oxide (Al2O3 and MgO)
ystems are ensured by chemical interactions, whereas that in the
lag–graphite system by van der Waals (i.e., physical) interactions.
ith the progress in the chemical reaction, the adhesion between
he molten slag and the graphite surface enhanced and a chemical
nteraction was eventually developed. It is worthwhile to mention
gain that the work of adhesion discussed here does not include the
ffect of the strain energy resulting from the difference in the CTE

etting couple tested at 1573 K for 30 min and then cooled at a rate of 20 K min−1.
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Table 1
Work of adhesion between the slag and various substrates and work of cohesion of the liquid slag.

Temperature (K) Work of adhesion, Wad (mJ m−2)a Work of cohesion, Wc (mJ m−2)

Mo Pt W Al2O3
b MgOb Graphite liquid slag

1473 591 (675) 740 (762) 697 (735) 680 671 32 (158b) 770 ± 18
1573 660 (698) 738 (753) 734 (748) – – 60 (198b) 758 ± 14
1673 722 (724) 724 (726) 729 (732a) – – 100 (255b) 732 ± 22
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a If not specifically indicated, the values outside the parentheses are taken from
nd ‘b’ are taken from the moments t = 480 and 1800 s, respectively.
b For alumina and magnesia, no values of Wad at t = 600 s are indicated since the fi

alues between the slag and the refractory materials, as we have
ndicated before.

. Conclusions

The wettability of Mo, Pt, W, Al2O3, MgO and graphite by the
8.7% SiO2–44.3% MnO–11.4% TiO2–5.6% FeOx slag at 1473–1673 K
as investigated using the sessile drop method. The slag wets
o, Pt and W quite well. Increasing temperature considerably

romotes the wettability of Mo and W but only mildly for Pt.
owever, because of the large difference in the thermal expansion
oefficients between the slag and the metals, the solidified slag
eadily detaches from the metal surfaces during cooling. For the
olten slag on the alumina and magnesia substrates, a strong dis-

olution/reaction leads to an extensive spreading, small apparent
ontact angles (∼10 ± 2◦) and good adherence. On the other hand,
he slag does not wet graphite, making it potential for the appli-
ation as crucible, mould or substrate for measurement of some
hermophysical properties (e.g., surface tension and density) of the
lag. However, the chemical reaction between the graphite and the
lag at high temperatures brings a considerable enhancement in
he wettability and adhesion as well as a foaming behavior of the
rop, making it also undesirable for such applications.
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