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Abstract

The purpose of this work is to investigate the wettability and the corrosion of a SIAION ceramic with amorphous carbon additive (5, 10 and
20 wt.%) by a SiCa treated liquid steel. The carbon additive provokes a change in the substrate nature during the sintering process. Meanwhile
these substrates are not wetted and exhibit a relatively good resistance to the corrosion by molten steel mainly because of the formation of a
continuous alumina layer on the substrate resulting from SIAION oxidation. An analysis of the solid-liquid interface allows explaining the
corrosion mechanisms.

© 2004 Published by Elsevier Ltd.
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1. Introduction Although the results are obtained on a few grams in a
well controlled atmosphere, this evolution can send back
Due to the importance and the cost of chemical corrosion information transferable for a ceramic optimisation in high
of refractory materials and the contamination of steel in met- tonnage ingots or continuous casting.
allurgical industry, the interactions between liquid steel and
ceramic materials have to be minimised. TBISIAION is
actually a very studied ceramic material in the industry be-
cause of its well known thermomechanical performances at
elevated temperaturé<. In steelmaking industry, the carbon
additive is commonly used in refractory components in or-
derto improvg theirthermal shoc.k resistgnce. It js the réasoNmetallurgy with a granulometry afso < 4 wm. The chem-
why we were interested in studying the interaction between ., analysis of this powder is given ifable 1 The X-ray

a SIAION-carbon mixture and liquid steel. Our study Was gitrraction pattern of this powder shows the presence of
based on the wettability and corrosion of sintered ceramic gy 4| quantities of alumina as impurity.

substrates by molten steel. The purpose was to minimise the o amorphous carbon powder “lamp-black” is commer-

refractory corrosion via lowering the metal—-ceramic contact .i5jised by Prolabo and has a granulometry of 0.2003
surface. This can be obtained by reducing the wettability of a¢q, burning in oxygen atmosphere the residual ash is less

the solid ceramic by liquid steel. Wetting was studied by 54 0 7506, The steel used is a SiCa treated steel whose
the sessile drop method and corrosion through the Charac'melting point is 1515C. Its chemical composition is given
terization of the solid-liquid interfaces. The analysis of the ;, Tapje 2

solid-liquid interface and the results of wettability allow to

explain the corrosion mechanisms. 2.2. SQubstrate sintering

2. Experimental
2.1. Sarting materials

The SIAION powder was supplied by Pechiney-Electro-

+ Corresponding author. Three substrates with 5, 10 and 20% by weight of carbon

E-mail addresses: labbe@unilim.fr (J.C. Labbe), quintard@unilim.fr ~ @re prepared by uniaxial pressure sintering in a graphite
(P.E. Quintard). resistor furnace in a nitrogen atmospherd§k 10° Pa). The
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Table 1 .
Chemical composition of the usggISIAION N
N

Element (major only) liquid "\ Oy

Si Al 0 N Ca b a
Percent 35.4 24.3 20 20 0.3 . 4 Osv
Table 2
Chemical composition of the used steel (major only) Fig. 2. Sessile drop on an ideal substrate (flat, smooth and horizontal).

Element (major)
c Mn P S Si Al The accuracies given hereunder are obtained at a 98%

confidence level (Student's test) from a three times
measuremerit. They are slightly lower than that given

Percent 0.0809 1.396 0.016 0.0038 0.344 0.031

Element in our initial study>® of the precision measurement of
B Ca N 0, Fe our apparatus and its analysis method. The marks on
ppm 3 1 32 9 Bal. the figure curves indicate the increment of the measure-
ments.

The device consists of a CCD camera (25images/s) in
sintering temperature is 177Q and a dwelling time of 1Lh  conjugation with a furnace heated by a graphite resistor.
is performed under a pressure of 25 MPBhese substrates  The maximum usable temperature is around T&50The
were machined after sintering and then polished with SiC stability and horizontality of the samples are ensured. The
paper during 10 min. The densification rate was 99% for the drop and its substrate are observed through quartz windows.
substrates containing 5 and 10% carbon and 90% for the The resistor incandescence is high enough to illuminate
one with 20% carbon. The surface roughness obtained afterthe drop at temperatures above 1000 The almost 430,000
polishing is 0.30-0.50.m for the different percentages of (756 x 572) square pixels of the camera sensor and the
carbon additives. The characterization of the substrates bymacro-lens provide a 16m resolution. A MatroX™ ME-
X-ray diffraction and micro-Raman spectrometry presents TEOR frame grabber digitalizes the pictures from the cam-
an evolution of the substrate structure during sintering. This era.
evolution leads to a decrease of the SIAION quantity as well  Wetting experiments were performed in a very pure ar-
as the formation of silicon carbide and aluminium nitfide  gon atmosphere (18 hPa) as a function of temperature up

in the substrate beside of SIAION and carbé&ig( 1). to 1625°C with a rate of 4C/min and also as a function of
time at two constant temperatures 1550 and T%7Which
2.3. Experimental procedure are usual casting temperatures. After cooling, the drops were

cut perpendicularly to the interfaces, polished with SiC paper
The contact angled] that characterizes the wettability of and 3um diamond paste during 10 min and then the char-
a solid substrate by a liquid was measured by the sessileacterization by optical microscopy, X-ray diffraction, SEM

drop methodFig. 2). and micro-Raman spectroscopy were performed.

The experimental arrangement allowing the measurement When hydrostatic pressure is balanced by capil-
of the contact angle and the solid—liquid tensiem( is lary tension, the mechanical equilibrium everywhere on
given inFig. 3 the liquid surface, can be described by the Laplace’s

400 T I

x :SiC
> 0:ALO;3
= X, 0 + :AIN
; 300 0 :Si;ALO3Ns
5 #:ALC;
3 200 +o
s X
2
.7’ X
g 100 #
0 f ! !
10 20 30 40 50 60 70 80 90

20 angle (°)

Fig. 1. X-ray diffraction pattern of a 80%SiAION-20%C sintered substrate.
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Fig. 3. High temperature sessile drop method experimental set-up.

equation: The transformation of profile points from polar co-ordinates
1 1 oLy to Cartesian co-ordinates provides expressionsRand

oLV (R— + R_> = pgz+ 27 Q) sing depending orx andz
1 2

The LaplaceEq. (1)becomes:
with o1y, surface tension of the liquidR;, Ry, princi-

pal radii of curvature,p, density difference between lig- 42, b( dz>2 dz ( ﬁz) |: dz 2:|3/2
- 1+ (5)

dx

uid and surrounding fluid, equivalent to liquid density in b@ +-(1+ 2+ — o

o L . X dx b
solid—liquid—gas systemgy, gravitational acceleratior,

radius of curvature at the apex (wheke = R). ®)
Using Bashforth and Adam’s notatioRi¢. 4),6 the pre-

vious Eq. (1) becomes: The same expression was obtained by Shan&fan,

b Bz derived from a minimisation of the free energy in a

R + )—csin¢> =2+ > (2) solid-liquid—gas system. This non-linear second-order dif-

ferential equation is analytically insoluble. An approximate
with R, radius of curvature, e.dr; on sectionPy; ¢, angle  solution can be obtained either graphically or by numerical

between (@M) and the vertical axis, andl = (pgb?/o1v), integration with a computer. In any case, the generated com-
shape factor. puted profile of the drop is compared to the experimental

The shape factop characterizes the difference between one and the difference between the two lines is minimised.
the drop profile and a circle® This allow to calculate the surface tensiepn, from the

y

X
X

tangente

Fig. 4. Representation of Bashforth Adam’s equation variables.
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Fig. 5. Micro-Raman spectrum of the sintered substrate, 80%SiAION-20%C and 95%SiAION-5%C.

optimal 8 value; and the contact angé from the slope at  120°) and remains practically constant as a function of tem-

z = 0 of the calculated profile. perature. For 5% of carbon additive it decreases at 1660
and then remains nearly constant above %70t must be
2.4. Micro-Raman experiments noted that in this case a solid layer appears at the surface of

the drop just after melting and disappears at 1860vhen

The Raman spectroscopy experiments provide useful in-the contact angle starts to decreasig(6).
formations about the diagnostic of the material and the struc-  1he time dependent experiments at 1550 and 1870
ture, on the scale of a few lattice constants, amorphousduring 1h also show the non-wetting contact angles higher
or not. It begins to be used in ceramic/steel analysis. The than 120 for all of the substrates.

Raman spectra were obtained at ambient conditions in the

range 100—2000 cn range using a Dilor spectrometer (XY ~ 3-1.2. Liquid—vapour tension

model) equipped with a charge-coupled device (CCD) detec- The liquid—vapour tensioro(y) remains nearly constant
tor and an AY laser (514.5 nm exciting line), in a backscat- (&ccuracyt 2%) for the substrate with 0 and 5% of carbon.
tering geometry, through a microscope (objective 10 It decreases continuously after a small increase in the other
The area observed is around a few square micron surfacecases. The high values of this parameter in the later cases
on the sample with a penetration depth~e0.5um. The must be attributed to the drop swelling observed notably
laser power was chosen up to 100 mW, but after crossing“nt” 1550°C and/or to the formation of a solid layer at the
the fore monochromator and after the different losses of en-drop surfacegig. 7).

ergy along the optical pass, the power on the sample was o )

less than 6 mW. Under such conditions the temperature on3-1-3- Solid-liquid tension _

the sample was inferior to 400K as checked by the intensity 1€ solid-liquid interfacial tensiorv§, ) was calculated

of the Stokes/anti-Stokes bands. using the Young's equatioms. = gsy — oLy COSf.

A typical spectrum of a sintered substrate with 5 and 20%  1he solid—vapour tensionogy) used in this equation
carbon is given ifFig. 5 The bands at 1580 and 1350tk 1S unknown for the SiAION-carbon mixtures, but be-
are assignéd to amorphous carbon. The wide band centred CaUS€ our main interest lies in the evolutionagj more
at nearly 910 cm? is assigned to the vibrations of the bridge than in its absolute values, we consider in our calcula-
Si—O-Si and Si—O—Al and the band at 796¢nis charac- tion a constant value for solid—vapour tension equal to

teristic of SIC1L12 The broad band at 1100 cthevidences ~ 1000mN/m as it was previously proposéd®. In such
alumina. a way theog| evolution as a function of time, given in

AIN when present shows an intense band at 660tm Fig. 8 passes through a minimum for the substrate con-

with a shoulder at 610 and a broad band centred at 90@cm  t8ining 5% of carbon. According to several auttfdrinis
kind of evolution is a proof of a chemical interaction at the

solid—liquid interface. For the other substrades decreases

3. Results slightly.
3.1. Wktting 3.1.4. Work of adhesion

The work of adhesion was computed by using the equation
3.1.1. Contact angle Wag = orv (1+ cosh). Its evolution, illustrated irig. 9 for

The contact angled] of the liquid steel over the sub- different temperatures, shows an increase with temperature
strates containing 10 and 20% of carbon is non-wetithg ( rising for the substrate containing 5% of carbon. For the 10
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Fig. 6. Evolution of the contact angle vs. temperature (accutato).
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Fig. 9. Evolution of the work of adhesion with temperature (accuta&o).

and 20% additives it decreases continuously at temperatures3.3. Interface characterization
above 1560 and 154, respectively.

In Fig. 10we give the evolution of the work of adhesion The observation of the solid—liquid interfaces by SEM
versus carbon content for two usual casting temperatures.discloses that the substrate containing 20% carbon was
It was measured after a 60 min dwell time. The work of greatly corroded by the molten steel. The iron has pene-
adhesion is low£1000 mN/m) and is reduced by increasing trated over a thickness of {0n in the substrate. In contrast,
carbon content except for the 5% carbon additive which on the corrosion thickness over the other substrates was not
the other figures also exhibit anomalies which are discussed.detected.

The X-ray diffraction pattern of these substrates, out of
3.2. Chemical composition of molten steel the contact zone with liquid steel, exhibits,8l3 phase and
an increase in AIN pics relative intensitki¢. 12.

During the experimentations we remarked that the melt-  Indeed, the micro-Raman spectrum of the substrates with
ing point of the steel decreases and the first liquid at the 5 and 10% of carbon, illustrated ig. 13 does not show
metal—ceramic interface appears at a temperatures lower thathe amorphous carbon pics that will appear at 1350 and
the melting point of our steel (at 140Q over the substrate 1580 cnT119 (seeFig. 2).
containing 20% of carbon instead of 1515). This leads us In addition, over the same substrates in the contact zone
to analyse the molten steel after contact with ceramic sub-with liquid steel, a white phase appears which presents the
strate. A typical analysis performed on a steel drop after 1 h characteristic micro-Raman bands of AMN?® and alumina
of contact with the 80%SiAION-20%C substrate at 1520  (more clear on the X-ray spectrum). This substrate, after
is presented irFig. 11 It shows an enrichment in carbon, interaction with the liquid steel, no longer presents Raman
aluminium and silicon content of the steel. carbon bands.

—{—T=1550"C
—0—T=1570"C

0 } } t {
0 5 10 15 20
Carbon content (%)

Fig. 10. Evolution of the work of adhesion with carbon content at two usual casting temperatures after a dwell time of 60 min.
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Fig. 11. Chemical analysis of the steel drop after 1 h contact with a substrate. For 0, 5, 10 and 20% carbon content.
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Fig. 12. X-ray diffraction pattern of a 80%SiAION-20%C after experimentation.
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Fig. 13. Micro-Raman spectrum of a 90%SiAION-10%C substrate after experimentation.
4. Discussion e a decrease in the intensity of X-ray SIAION pics;

o the formation of aluminium nitride and alumina;
These results and observations allow to conclude that dur-e the vanishing of carbon in the superficial layers in contact
ing the experimentation the substrate is the seat of a complex with the liquid steel of the substrates containing 5 and
transformation checked by 10% of carbon; and
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e acorrelative enrichment of the steel in carbon, aluminium the continuous casting process, this can explain the observed

and silicon.

Consequently, the substrate corrosion must be explained

lowering of contamination.

through a SIAION decomposition in AIN, Si and volatile References

species such as 40, AlIO and AlO, followed by an AIN
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