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Effect of Chromium on the Surface Tension of Fe-C-Cr M odel Alloys

Vliv chromu na povrchové napéti Fe-C-Cr modelovych dlitin
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Drozdovg; prof. Ing. Jana Dobrovskd, CSc.

VSB — Technica University of Ostrava, Faculty of Metallurgy and Materials Engineering, Regional Materials Science and
Technology Centre, 17. listopadu 15/2172, Ostrava-Poruba, Czech Republic

The presented paper is focused on the experimental study of the surface tension of selected Fe-C-Cr model alloys. The
surface tension was measured by the sessile drop method in the temperature interval from the melting point of the given
model alloys to the temperature of 1,600°C. The effect of the temperature and the chemical composition on the surface
tension of the model alloys was studied. Therefore, the model alloys with different chromium content (0.92 — 4.76 wt. %)
were chosen for an examination of this influence. Experimental surface tension measurements were repeated
for each sample and then statistically evaluated by statistical computing environment R (R Core Team (2018).
R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
URL https://www.R-project.org) to assess the reproducibility of the measured data. During evaluation of the surface
tension dependence on temperature, it has been shown that the surface tension of the alloys increased slightly with the
increasing temperature, i.e. that the temperature coefficient of the surface tension de/dT was positive. The positive
character of the temperature coefficient can be attributed to the presence of the surface active elements, especially the
sulphur, in the selected samples. It was found that the surface tension of the alloy samples also raised with the increasing
chromium content.
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PredloZeny prispévek je zameren na experimentalni studium povrchového napeti vybranych Fe-C-Cr modelovych slitin.
Povrchové napeti vybranych slitin bylo méreno pomoci jedné z kontaktnich metod — metodou leZici kapky v pozorovaci
vysokoteplotni trubkové peci Clasic. Dana mereni probihala v teplotnim intervalu od teploty likvidu modelové slitiny do
teploty 1600 °C behem ohsevu s rychlosti 5 °C-min™. Jednotlivé modelové slitiny byly beéhem experimentu v kontaktu
s vysoce cistym Al,O3 (korundovym) substratem. Byl studovan predevsim vliv teploty a chemického slozZeni na povrchové
napeti. Pro vySet/ovani vlivu chromu byly vybrany modelove slitiny, které se vzajemné liily jeho obsahem. Obsah chromu
ve vySetrovanych slitindch se pohyboval v intervalu 0,92 — 4,76 hm. %. Z diivodu reprodukovatelnosti namérenych dat byla
jednotliva experimentalni méreni povrchového napéti vidy pro konkrétni vzorek nekolikrat opakovana a poté statisticky
vyhodnocena. Statistické analyzy byly uskutecneny prostrednictvim pocitacového programu R (R Core Team (2018).
R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org). Pri posouzeni zavislosti povrchového napéti na teplote se ukazalo, Ze povrchové napéti danych
slitin mirné vzrista s rostouci teplotou a teplotni koeficient povrchového napéti do/dT je pozitivni. Tento jev lze pricist
obsahu povrchove aktivnich prvki, predevSim siry ve vybranych vzorcich. Pozitivni charakter teplotniho koeficientu
povrchového napéti se projevil nejvyraznéji u vzorki 2 — 4, jejichZz obsah povrchové aktivnich prvki (kyslik, sira) byl
nejvyssi. Zde povrchové napéti statisticky vyznamné vzristalo s rostouci teplotou (celkovy F-test, p-hodnota << 0,010).
Takrka konstantni zavislost na teplot¢ se projevila u vzorku 5, ktery obsahoval nejméné povrchove aktivnich prvkii.
Statisticky vyhodnocen byl také vliv obsahu chromu na povrchové napéti, ktery se ukazal jako statisticky vyznamné odlidny
(Kruskal-Wallisziv test, p-hodnota <<0,001). Bylo pozorovano, Ze povrchové napéti zkoumanych vzork:i se s rostoucim
obsahem chromu zvySuje.

Kli¢ova slova: Fe-C-Cr slitiny; povrchové napeti; metoda leZici kapky; vliv chromu

The surface tension of Fe-alloys is one of the essential
parameters that influence the steel processes. The
knowledge of this thermophysical quantity leads to
abetter insight to various phenomena associated with
refining, casting, welding processes including the
separation of inclusions from steel to slag, spreading of
inclusions in slag and others. However, its experimental
determination is usually complicated, time-consuming,
costly, and it also brings practical difficulties that make it

more challenging. Mainly, methodological differences in
experimental procedures between different laboratories
and research groups are a significant source of
discrepancy in the determination. There are severa very
different surface tension measurements techniques, for
example, the sessile drop, maximum bubble pressure,
pendant drop, capillary rise and levitation methods
(electromagnetic,  electrostatic  and  aerodynamic
levitation). Presently, many thermodynamic and empirical
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models for the calculation of a given quantity exist.
Nonetheless, not all models can be used for multi-
component systems in wide temperature and
concentration range [1, 2]. Therefore, experimental data
areirreplaceable.

In principle, the surface tension or surface energy arise
from a phenomenon that atoms near a free surface have
partially empty coordination shells, which require higher
energy states than the atoms in the bulk of the solution. In
a multicomponent alloy, atoms energy state of which is
affected least by the surface, are segregated to the surface
region, and this reduces the magnitude of the surface
energy. Elements such as oxygen, sulphur, selenium are
among the strongly surface-active elements in metallic
melts. They markedly influence surface tension due to
their low solubility [3-5].

Moreover, elements like chromium and other metallic
aloying elements can also affect the surface tension,
although to a lesser degree. It is because they possess
smaller magnitudes of the energy changes associated with
their segregation.

Regarding the effect of chromium, it has already been
investigated by several researchers. However, a scientific
standpoint on whether to include chromium among
surface-active elements is vague. Tretyakova etal.
investigated the dependence of surface tension on
chromium content (up to 1 wt. % Cr) in Fe-Cr-O systems.
In this case, the minimum surface tension occurred when
the melt was the most microheterogeneous. The presence
of chromium increased surface tension due to its ahility to
penetrate between the clusters, which made the melt more
uniform [6]. The influence of chromium on surface
tension was also investigated by Li and Mukai [7, §].
They found that chromium dlightly increases surface
tension. Further, the chromium possesses a strong affinity
to oxygen and facilitates its adsorption.

Therefore, a higher concentrations (above 10 wt. %)
oxygen lowers the surface tension of Fe-Cr-O systems|[9].

The presented work is focused on the experimental study
of temperature and concentration dependencies of the
surface tension of selected Fe-C-Cr model alloys with
different chromium content. The surface tension was
determined by the sessile drop method when the molten
alloy was in contact with the alumina substrate.

1. Experimental
1.1 Samples preparation

Five model alloys (samples 1 —5) were selected and used
for experimental measurement of the surface tension by
the sessile drop method. The chemical composition of
chosen dloys is shown in Tab. 1. From the given aloys,
samples of the diameter 5 mm, height 5 mm and weight
approximately 0.7 g were prepared. Each sample was
thoroughly mechanically polished before the experiment
to remove surface oxides and then purified in acetone.

Tab.1 Chemica composition of the investigated alloys before

experimental trials (wt. %)

Tab.1 Chemické slozeni zkoumanych slitin pred experimentem
(hm. %)

Sample| Cr C (0] S Mn w Co
1 0.924 | 0.344 | 0.0021 | 0.0675 | 0.056 - 0.013
2 1.925 | 0.345 | 0.0187 | 0.0521 | 0.049 | 0.015 | 0.020
3 2970 | 0.342 | 0.0195| 0.0522 | 0.050 | 0.024 | 0.020
4 3.772 | 0.335 | 0.0167 | 0.0545 | 0.053 | 0.028 | 0.014
5 4.760 | 0.340 | 0.0015 | 0.0062 | 0.042 | 0.044 | 0.010

Contents of other elements (Ni, Si, Ti, Mo, P, Al, Cu and
Zr) present in aloys were below 0.005 wt. %. The rest
was represented by iron.

The high purity Al,Os (99.8 %) plate
(37.3x44.7x20mm) was used as a substrate
(anon-wettable plate) in this study. Each Al,O; plate was
annealed at the temperature of 1150°C for 6 hours. The
surface was cleaned with acetone, dried and used without
touching the surfaces to avoid possible contamination.

1.2 Measurement of surface properties

Experimental determination of surface tension by the
sessile drop method was carried out in the observation
high-temperature tube furnace Clasic (Fig.1). The
temperature range has been set from the melting point of
the aloy to the temperature of 1600°C. The method is
based on automatic recognition of the geometric shape
of a liquid metal sessile drop, which is in contact with
a non-wetting surface.

Fig.1 Schematic illustration of the observation furnace Clasic

1) heating elements, 2) front flange, 3) rear flange, 4) CCD
camera, 5) high-vacuum stopcock, 6)type B thermocouple,
7) vacuum pump, 8)alumina tube, 9)sample, 10) alumina
substrate, 11) gas inlet, 12) gas outlet

Schématické zobrazeni pozorovaci pece Clasic

1) topné elementy, 2) predni priruba, 3) zadni priruba, 4) CCD
kamera, 5) vakuovy ventil, 6) termoclanek typu B, 7) vakuova
pumpa, 8) korundova trubice, 9)vzorek, 10)korundova
podlozka, 11) privod plynu, 12) odvod plynu

Obr. 1

Shapes of experimental drops were fitted to the solution
of the Laplace-Young equation. This Laplace's method
uses the global information provided by the shape of the
investigated object.
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Prepared sample (alloy/Al,O; substrate) was placed in the
workspace of the furnace, which was hermetically sealed
and then evacuated to approximately 0.1 Pa and washed
with argon (> 99.9999%). This step was repeated severd
times. The heating rate was 5°C-min™, and the maximum
reached temperature measured by athermocouple
Pt—13% Rh/Pt was 1,600°C. The experiment was
carried out under an inert atmosphere of argon to prevent
oxidation of the sample during measurement. The images
of the forming process of the metallic melt drop during
heating were captured by the camera CANON EOS 550D
and then saved in the PC. The dtatistical analysis of
surface tension measurements was carried out by the
computing environment R (R Development Core Team,
2018).
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Temperature (°C)
Fig.2 Temperature dependencies of the surface tension for the
sample 1 (0.924 wt. % Cr)
Obr.2 Teplotni zavislosti povrchového napéti pro vzorek 1
(0,924 hm. % Cr)
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1,490 1,510 1,530 1,550 1,570 1,590 1,610

Temperature (°C)

Fig.4 Temperature dependencies of the surface tension for the

sample 3 (2.970 wt. % Cr)
Obr.4 Teplotni zavidosti povrchového napsti
(2,970 hm. % Cr)

pro vzorek 3 Obr.5 Teplotni

2. Results and discussion

The temperature dependencies of the surface tension of
examined Fe-alloys samples were measured successively
to confirm the repeatability of the results and to assure
their dtatistical evaluation. Figs.1-5 show the
dependencies of the surface tension on temperature for
individual samples, each measured three times. The linear
model is represented by a solid line. Besides, the figures
contain a plot of confidence interval which covers with
a95 % reliability the expected mean surface tension
observed at a given temperature and a 95 % prediction
interval, at which the surface tension (individual
observation) is located with 95 % reliability at a given
temperature (dotted line).
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Temperature (°C)
Fig. 3 Temperature dependencies of the surface tension for the
sample 2 (1.925 wt. % Cr)
Obr.3 Teplotni zavislosti povrchového napéti pro vzorek 2
(2,925 hm. % Cr)
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Fig.5 Temperature dependencies of the surface tension for the
sample 4 (3.772 wt. % Cr)

zévisosti povrchového napéti

(3,772 hm. % Cr)

pro vzorek 4

10



Hutnické listy ¢. 5/2018, ro¢. LXXI
ISSN 0018-8069

Recenzované vyzkumné ¢lanky
Peer-reviewed Research Papers

2,000

1,200 ! T T T T T !
1,490 1,510 1,530 1,550 1,570 1,590 1,610

Temperature (°C)

Fig. 6 Temperature dependencies of the surface tension for the sample
5 (4.760 wt. % Cr)

Obr. 6 Teplotni zavislosti povrchového napéti pro vzorek 5
(4,760 hm. % Cr)

The normality of the measured data was verified by the
Shapiro-Wilk test, which showed that the measured data
were not normally distributed.

Tab.2 Statistical evaluation of the surface tension dependencies on

temperature
Tab.2 Statistické vyhodnoceni zavislosti povrchového napéti na
teploté
Sample 6 =f(T); ¢ (MN-m™), T (°C) F-test (p-value)

1 o(T) = 1,451 + 5.14-10%(T - 1,512) 0.007

2 o(T) = 1,463 + 1.48-(T - 1,510) <<0.001

3 o(T) = 1,586 + 1.10-(T - 1,508) <<0.001

4 o(T) = 1,633 + 8.01-10*(T - 1,506) <<0.001

5 o(T) = 1,706 + 3.34-102(T - 1,496) 0.807

The models 1-4 were statistically significant at the
significance level of 5% according to overall F-test
(Tab. 2). For the sample 5 with the chromium content of
4.76%, the datisticaly significant influence of
temperature on the surface tension was not observed
(overal F-test, p-value 0.807). The surface tension,
regardless of temperature, was around 1,707 mN-m*. The
table also contains the equations of the surface tension
dependence on temperature, which are valid in the
measured temperature intervals.

Fig. 7 summarizes previous figures and shows the
dependencies of the average surface tension of individual
samples on temperature. From the figure, it is evident
that the surface tension increases with the increasing
temperature, and therefore the coefficient of surface
tension do/dT is positive for al observed samples.
A positive coefficient of surface tension can be explained
according to [10] where, based on the Gibbs adsorption
theory, the free surface of a metal droplet is covered by
amonolayer of surface active elements (sulphur, oxygen)
with alower surface tension than the volume phase itself.

11

With the increasing temperature, the surface-active
elements are desorbed into the bulk of the liquid metal
causing a dlight increase in surface tension. This
phenomenon was described for samples with higher
sulphur content [11], and it is the most conspicuous at the
samples 2-—4, which possess the highest content of
surface active elements. The minimum can be observed in
the sample 5, which contains the fewest of these elements.

1,800
£1,600 - %«P, g
P ) J
£
5
‘% 1,400 A
s e Sample 1 (0.924 wt. % Cr)
o ® Sample 2 (1.925 wt. % Cr)
(8]
£1,200 ® Sample 3 (2.970 wt. % Cr)
a ® Sample 4 (3.772 wt. % Cr)
e Sample 5 (4.760 wt. % Cr)
1,000 T T T T T

1,490 1,510 1,530 1,550 1,570 1,590 1,610

Temperature (°C)
Fig. 7 Dependencies of average surface tension on the temperature for
thesamples1 -5
Zéavidlosti primérného povrchového napéti na teploté pro
vzorky 1 -5

Obr. 7

The influence of chromium content on surface tension
was analyzed by the Kruskal-Wallis test. Further, the
effect was statistically significant because the p-value was
<<0.001. The differences in surface tension were
statistically significant at al observed chromium levels.
Thisresult isaso illustrated by the box plot (Fig. 8).

As it can be seen from the figure, the surface tension of
the examined samples increased with the increasing
content of chromium assuming that surface tension
dependencies on temperature are of no practica
significance.
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Fig. 8 Boxplot of chromium effect on the surface tension
Obr. 8 Krabicovy graf znazorujici vliv chromu na povrchové napéti
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Conclusions Centre - Feasibility Program" funded by the Ministry of
Education, Youth and Sports of the Czech Republic.

The surface tension of three Fe-C-Cr dloys, varying in

chromium content, was measured in the temperature
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Na Vysoké skole bainské — Technické univerzité Ostrava byla podepsana smlouva na
moder nizaci HPC systémi pro | T4l nnovations narodni super poditaéove centrum

Na VSB — Technické univerzité Ostrava byla v listopadu 2018 podepsana smlouva na modernizaci HPC systémii pro
IT4Innovations narodni superpoéitatové centrum. Jedna se o rozSiteni klastru Anselm a dodé jg spolecnost Atos IT
Solutions and Services, s.r.0. Superpogita¢ bude mit nové teoreticky vykon piesahujici 800 teraflopt za sekundu, bude
tedy vice nez 8krét vykonngjSi nez jeho predchiadce, ktery byl spustén v roce 2013. Vypocetni kapacity systéma, které
provozuje | T4Innovations, jsou v ramci grantovych soutéZi k dispozici celé védecké komunité Ceské republiky. Termin
dodéani nového stroje je duben 2019.

V naro¢ném soutéznim dialogu, jehoz vitézem se stala firma Atos, byl kladen diraz nejen na cenu, ae také na pouziti
nejvyspélejich momentalng dostupnych technologii. Cedti védci tak ziskaji pristup k nejmoderngjsi generaci procesort
Intel ataké k ngvykonngjSim GPU akcelerdtoram od firmy NVIDIA.
» Poptévka ¢eskych védci po vypodetnich zdrojich pievysuje naSi momenta ni dostupnou kapacitu zhruba o 100 %. Tato
modernizace navys naSe kapacity a pomiZe nam tento problém feit. Cedti védci soucasné dostanou k dispozici stroj
s ngimodernéjSimi technologiemi, coz jim umozni si tyto technologie osvojit a drzet tak krok se svétem,” vysvétlil Vit
Vondrék, feditel 1T4lnnovations.

— z tiskové zpravy —
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