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Abstract

High-temperature interaction of liquid Gd in contact with
dense, polycrystalline TiO, substrate, was investigated.
Wettability and reactivity tests were carried out at two dif-
ferent temperatures (1362°C and 1412°C) in flowing gas
(Ar, 850-900 hPa) using the sessile drop method and clas-
sical contact heating of the examined couple of materials.
The procedure was combined with a drop pushing proce-
dure. During high temperature studies, images of the Gd/
TiO, couple were continuously recorded by a high-resolu-
tion CCD camera. The results of wettability tests of liquid
gadolinium on titanium dioxide substrate show that the Gd/
TiO, system is non-wettable at both test temperatures (in
either case the final contact angle was 100°). The results
of structure examinations on the cross-sectioned samples
show the dissolution of the TiO, substrate in liquid Gd and
the presence of two sublayers at the drop/substrate inter-
face: Gd,TiO, (from the drop side) and Gd,Ti,O, (from the
substrate side).

Keywords: Gd, TiO,, sessile drop, wettability, reactivity, in-
terfaces

1. Introduction

Gadolinium is a common alloying additive applied in
order to improve functional and performance properties
of advanced materials [1-2]. Many Gd-rich alloys are
characterized by a liquid-liquid miscibility gap, which
makes them attractive candidates for high performance
metal-matrix composites fabricated by liquid assisted
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processing [3—4]. Therefore, establishing reliable data on
critical temperatures of Gd-rich alloys is crucial in terms
of their practical applications. On the other hand, high
melting points, high chemical reactivity and affinity to
oxygen strongly hinder their melting and casting, makes
it difficult for an experimental evaluation of the thermo-
physical properties of such materials by conventional
container/crucible-assisted methods. Thus, a selection
of non-wetting and non-reactive materials that could be
applied as crucibles for high temperature examinations
of liquid alloys with additions of reactive elements (such
as Gd or Ti), is deemed a demanding task.

In this study, the TiO, substrate as a potentially prom-
ising material for contact with Gd-rich alloys was se-
lected for testing based on the thermodynamic stability
data of oxides [5] and the authors’ own experience.

2. Experimental procedure

For the wettability tests, dense, polycrystalline TiO,
substrate (about 98% of the theoretical density) was
prepared from powder with a purity of 99.90% by
high pressure sintering. Prior to testing, the substrate
was mechanically polished to a roughness of about
120 nm, using the same TiO, powder from which it was
sintered, in order to avoid foreign phase inclusions in
the substrate. Subsequently, it was purified in C,H,O
(isopropanol) alcohol for 5 minutes using an ultrasonic
cleaner, to remove impurities and to degrease the test
surface. The prepared material served as a substrate
for studying the wetting behavior of liquid gadolinium
(99.99% — Sigma Aldrich).
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Fig. 1. Sessile drop method combined with classical contact heating and the drop pushing procedure used during
the wettability tests

Studies of the Gd/TiO, interaction were carried out
using a sessile drop method combined with contact
heating of the examined couple of materials and
a drop pushing procedure (Fig. 1). The original ap-
paratus described in detail in [6] served as test equip-
ment. The same test procedure as was used for the
Gd/ZrO, system was applied [7]. High-temperature
studies of the interaction between liquid Gd and TiO,
substrates were conducted in an inert gas Ar atmos-
phere (99.9992% purity) at two different temperatures
1362°C and 1412°C, holding the system for 5 minutes
at each temperature. These temperatures are 50°C
and 100°C above the melting point of pure gadolinium
T =1312°C and they were selected for the purpose
of future works devoted to measurements of thermo-
physical properties of Gd-rich alloys.

During wettability tests, the images of the Gd/TiO,
couple were recorded with a high-resolution Microtron
1310 digital camera at a speed of 1 frame per second
during heating of the system to the desired test tem-
perature and during cooling to room temperature. Dur-
ing melting of gadolinium and subsequent tests carried
outat 1312°C and 1462°C, the images were recorded
at a rate of 10 frames per second. For calculating the
contact angle 0, the obtained images were analyzed by
ASTRAZ2 computer software developed by IENI-CNR,
Genua, ltaly [8,9].

Examinations of the sample surface and the cross-
section structure after the wettability studies were car-
ried out using a Zeiss Observer.Z1m optical micro-
scope (OM) and a Hitachi TM3000 scanning electron
microscope (SEM) equipped with an EDS (Energy
Dispersive Spectroscopy) analyzer for chemical analy-
sis.

Measurements of the microhardness of individual
phases using a Vickers indenter were performed on
the sample cross-section using a multifunctional meas-
urement platform for testing the mechanical proper-
ties of solid materials and the properties of coatings
and layers subjected to nano- and microscale loading
using HVO0.1 N.

3. Results and discussion

It was found that the Gd/TiO, system is non-wettable
during heating to and at the test temperatures of 1362°C
and 1412°C. The registered final value of the contact
angle was 6/‘ = 100° and it is the same for both tem-
peratures.

After the wettability tests, the solidified Gd/TiO, cou-
ple (Fig. 2a) shows a color changeover of the initially
white TiO, substrate to dark gray, which might be related
to oxygen loss and the formation of nonstoichiometric
TiO,_, while heating the system to the test temperature
[10]. A similar behavior was observed in the case of
ZrO, substrate [7] during the study of its interaction
with liquid Gd conducted under the same testing condi-
tions. As discussed in detail in [11], this phenomenon
is common for transition metal oxides that can lose
oxygen with the formation of nonstoichiometric phases
at high temperature, particularly in contact with a strong
oxidizer.

The visual top-view observation (Fig. 2a) shows
that the Gd drop has an asymmetric shape after high
temperature exposure, probably due to the attempts to
move it over the surface of the oxide substrate directly
in the test chamber, when the drop pushing procedure
was applied. Unfortunately, this attempt was not fully
successful because the pusher was made of alumina,
which was well wettable by liquid gadolinium. In addition,
a light gray ring on the TiO, substrate around the solidi-
fied drop is well distinguished both by visual observation
(Fig. 2a) and under SEM (Fig. 2b).

Figure 3 displays the results of detailed SEM obser-
vations of the structure of this ring. Area 1 corresponds
to the structure of the drop/substrate interface formed
during wettability tests and revealed at the highest test
temperature of 1412°C during drop pushing. Areas 2-7
represent the structures of the gray layer at different
distances from the drop. EDS analysis showed that the
gray layer is composed of fine Gd-rich crystals densely
packed in the vicinity of the Gd drop. With increasing dis-
tance from the drop, the number of crystals decreases
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Fig. 2. The Gd/TiO, couple after wettability tests: a) photo, b) SEM top-view image
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Fig. 3. SEM top-view images of the structure of a grey layer formed on the TiO, surface around the Gd drop at different
distances from the drop: area 1 — corresponds to the structure of the drop/substrate interface formed during wettability
tests and revealed at the highest test temperature of 1412°C during drop pushing, areas 2-7 — correspond to the structure
of the layer formed by Gd evaporation-condensation mechanism
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and are accompanied by a change of their shape. Since
the crystals are located both inside the grains and along
the grain boundaries of the substrate, we suggest that
the Gd evaporation-condensation mechanism is respon-
sible for the formation of gray rings on the substrate
surface around the Gd drop. This phenomenon will be
discussed in detail in the next publication devoted to
comparative studies on high temperature interaction of
liquid Gd with different Ti-rich substrates, including TiO,),
pure Ti, and oxidized Ti.

The structural investigations of cross-sectioned
specimens were carried out separately for the Gd drop
(Figs. 4, 5a) and the TiO, substrate (Fig. 5b) because
the drop was detached from the substrate during cool-
ing of the Gd/TiO, couple after the wettability tests.

Figure 4 shows the microstructure of the cross-
sectioned Gd/TiO, couple as observed by OM. The
analysis of the drop/substrate interface indicates that
it is composed of two sublayers with different shades
of grey. The dark gray continuous sublayer #1 at the
drop-side interface with a thickness of about 100 ym
and a microhardness of 513 HV is composed of crystals
with an irregular shape and the surface more developed
on the drop side. Additionally, numerous cracks were

Gd-matrix

HL D58 x40

also detected in this zone. The sublayer #2 extending
over the entire length of the substrate-side interface
has a much brighter color. It is about 50 ym thick and
has a compact structure without cracks. Its microhard-
ness is 257 HV, while the microhardness of the TiO,
substrate and the Gd-matrix material are 195 HV and
67 HV, respectively.

Figure 5 demonstrates the structures of the drop-side
(Fig. 5a) and substrate-side (Fig. 5b) interfaces record-
ed under different magnifications by scanning electron
microscopy (the substrate was in situ detached from
the drop during cooling of the Gd/TiO, couple). SEM
observations proved the results of OM characterization
(Fig. 4) that are demonstrated by the presence of new
phases in the initially pure Gd drop and the existence of
two interfacial sublayers of dissimilar structure, chemis-
try, hardness and color. SEM/EDS analysis of both the
drop surface (shown in Fig. 2b) and the cross-sectioned
drop (shown in Fig. 5a) displayed numerous Ti-rich pre-
cipitates and areas of typical (Gd + Ti) eutectic structure
predominantly located between Gd grains.

It should be emphasized that reliable chemical analy-
sis of the Gd drop as well as the drop-side interface
(shown in Fig. 5a) was difficult due to smearing of gado-
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Fig. 5. a) SEM image of the detached Gd drop of the Gd/TiO, couple, b) SEM/EDS analysis of the substrate-side
interface of the Gd/TiO, couple performed on the substrate in situ detached after the wettability test
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Fig. 6. Phase diagram data: a) Gd-O [12], b) Gd-Ti [13], ¢) Gd,O,-TiO, [14]

linium on the specimen surface during polishing and due
to its fast oxidation. Due to methodological problems,
the EDS analysis of the sublayers was performed on
the cross-sectioned substrate in situ detached from the
drop during cooling the Gd/TiO, couple. The most repre-
sentative results of EDS analysis of interfaces are given
in Figure 5b. The bright grey sublayer #1 (Fig. 5b, P.1)
located at the drop side is mainly composed of oxygen
and gadolinium with dissolved Ti (up to 11.4 at. %). The
light grey sublayer #2 (Fig. 5b, P.2) located at the sub-
strate side is mainly composed of oxygen and titanium
and contains 17.4 at. % gadolinium. The EDS analysis
of the titanium dioxide substrate (Fig. 5b, P.3—-4) proves
that it lost oxygen during the high temperature test that
in turn caused the shift of the substrate chemistry to
nonstoichiometric composition of TiO, .

According to the literature data, liquid gadolinium is
capable of dissolving in about 30 at. % oxygen [12] and
about 12 at. % titanium [13] at a temperature of 1412°C.
According to the equilibrium phase diagram Gd,O,-
TiO, [14] the existence of ternary compounds, such as
Gd,TiO, and Gd,Ti,O,, has been reported. Based on
the chemical analysis of the reactively formed interfacial
sublayers we may suggest that the sublayers #1 and
#2 correspond to two phases, i.e. Gd,TiO, (formed at
the drop-side interface) and Gd,Ti,O, (formed at the
substrate-side interface), respectively.

A comparison of the results of this study with those
obtained in our previous work [7] on the wetting and
reactivity of the Gd/ZrO, system [7], shows that in both
Gd/TiO, and Gd/ZrO, systems, the interaction is accom-
panied with the dissolution of the substrate in liquid Gd
and the formation of an interfacial layer. The difference
between the two systems is related to the structure of
this layer: it is composed of only one phase (Gd,Zr,0,)
in the Gd/ZrO, couple while in the Gd/TiO, couple, two
layers of dissimilar structure, chemistry and micro-
hardness are very distinguishable (Gd,TiO,, Gd,Ti,0,).
These observations are in agreement with the existing
phase diagrams of the Gd,0,-ZrO, [15] and Gd,O,-TiO,
[14] systems, respectively.

It should be highlighted that the formation of two com-
pounds in the Gd/TiO, couple proves high reactivity
between Gd and titanium dioxide. However, liquid Gd-
Ti-O drop, produced after interaction with TiO, substrate,
forms a high contact angle on the interfacial Gd,TiO,
sublayer at the drop-side interface. Thus one may con-
clude reactively formed Gd,TiO, phase is non-wetting
behavior combined with the formation of interfacial reac-
tion products, that prevents further interaction of liquid
Gd with the TiO, and plays the role of self-crucible, which
can be beneficial for melting of Gd and Gd alloys in the
TiO,-based crucibles.

4. Summary

The results of wettability tests of the Gd/TiO, system
performed in flowing Ar at temperatures of 1362°C and
1412°C show that, liquid gadolinium does not wet tita-
nium dioxide substrate and at both test temperatures,
it forms high contact angles of 100°.

Based on top-view SEM observations and cross-sec-
tional SEM/EDS analysis of the solidified Gd/TiO, cou-
ple, it can be concluded that the following phenomena
occur in the investigated system at high temperatures:

1) the evaporation of Gd and its deposition on the TiO,
substrate around the Gd drop;

2) the dissolution of the TiO, substrate in liquid Gd;

3) the formation of two sublayers at the drop/sub-
strate interface, i.e. Gd,TiO, (from the drop side)
and Gd,Ti,O, (from the substrate side) that pre-
vent further interaction of liquid Gd with the TiO,
substrate;

4) despite the fact that the Gd/TiO, system is reactive,
liquid Gd-Ti-O drop, produced after interaction with
TiO, substrate, forms a high contact angle on the
reactively formed interfacial Gd,TiO, sublayer.

Transactions of FRI 4/2017
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Non-wetting behavior of the Gd/TiO, couple combined
with the formation of interfacial reaction products can be
beneficial for melting of Gd and Gd alloys in the TiO,-
based crucibles as a self-crucible concept.

Acknowledgements

This study was done in the frame of the collabora-
tion program between the German Academic Exchange
Service DAAD and the Ministry of Science and Higher
Education of Poland. Financial support from the National
Science Centre of Poland (program HARMONIA, project
No. 193624) and the German Academic Exchange Ser-
vice DAAD (Project No. DAAD-56269397) is gratefully
acknowledged.

The authors acknowledge M.Sc. Janina Radzikowska
for technical assistance with optical microscopy charac-
terization.

References

1. Hiramitsu Y., T. Homma, S. Kamado. 2014. “Improve-
ment of the mechanical properties of Mg-Gd-Y-Zn alloy
castings by grain refinement”. IOP Conference Series:
Materials Science and Engineering 21 (1) : 1-8.

2. TissotL., A. Blaise. 1970. “Magnetic and crystallographic
properties of Pr-Gd alloys”. Journal of Applied Physics
41 (3) : 1180-1182.

3. Kaban |., M. Kohler, L. Ratke, R. Nowak, N. Sobczak,
N. Mattern, J. Eckert, A.L. Greer, S.W. Sohn, D.H. Kim.
2012. “Phase separation in monotectic alloys as a route
for liquid state fabrication of composite materials”. Jour-
nal of Materials Science 47 : 8360-8366.

4. Sobczak N., R. Nowak, A. Siewiorek, B. Korpala,
G. Bruzda, I. Kaban, O. Shuleshova, J.H. Han, N. Mat-
tern, J. Eckert. 2014. High temperature study of monotec-
tic transformation, wetting and reactivity of liquid Gd-Ti
alloys. In Proceedings of the 71t World Foundry Con-
gress, Bilbao, Spain.

5. Reed T.B. 1971. Free Energy Formation of Binary Com-
pounds: An atlas of charts for high temperature chemical
calculations. Cambridge, MA: MIT Press.

10.

1.

12.

13.

14.

15.

Sobczak N., R. Nowak, W. Radziwill, J. Budzioch,
A. Glenz. 2008. “Experimental complex for investigations
of high temperature capillarity phenomena”. Materials
Science and Engineering A 495 (1-2) : 43-49.

Turalska P., M. Homa, G. Bruzda, N. Sobczak, |. Kaban,
N. Mattern, J. Eckert. 2017. “Wetting behavior and re-
activity between liquid Gd and ZrO, substrate”. Journal
of Mining and Metallurgy Section B-Metallurgy 53 (3)
B :285-293.

LiggieriL., A. Passerone. 1989. “An automatic technique
for measuring the surface tension of liquid metals”. High
Temperature Technologies 7 (2) : 82-86.

ASTRA Reference Book, Oct. 2007, IENRI, Report.

Diebold U. 2003. “The surface science of titanium diox-
ide”. Surface Science Reports 48 (5-8) : 53-229.

Durov AV., M.V. Karpets, T.V. Sydorenko, B.D. Kostyuk,
Yu.V. Naidich. 2017. “The role of stoichiometry in contact
interaction of zirconia with metal melts”. Powder Metal-
lurgy and Metal Ceramics 55 (9-10) : 612-616.

McMurray J.W. 2014. Thermodynamic modeling of ura-
nium and oxygen containing ternary systems with gado-
linium, lanthanum, and thorium. PhD thesis, University
of Tennessee, http://trace.tennessee.edu/utk_gradd-
iss/3152/ [Accessed 18 May 2017].

Mattern N., J.H. Han, O. Fabrichnaya, M. Zinkevich,
W. Loser, J. Werner, R. Nowak, |. Kaban, O. Shuleshova,
D. Holland-Moritz, J. Bednarcik, N. Sobczak, J. Eckert.
2013. “Experimental and thermodynamic assessment of
the Gd-Ti system”. Calphad: Computer Coupling of Phase
Diagrams and Thermochemistry 42 : 19-26.

Waring J.L., S.J. Schneider. 1965. “Phase equilibrium
relationships in the system Gd,0O,-TiO,”". Journal of Re-
search at the National Bureau of Standards — A. Physics
and Chemistry 69A (3) : 255-261.

Fabrichnaya O., Ch. Wang, M. Zinkevich, F. Aldinger,
C.G. Levi. 2005. “Phase equilibria and thermodynamic
properties of the ZrO,-GdO, .-YO, , system”. Journal of
Phase Equilibria and Diffusion 26 (6) : 591-604.

308

Prace 10d 4/2017


http://trace.tennessee.edu/utk_graddiss/3152/
http://trace.tennessee.edu/utk_graddiss/3152/

	Abstract 
	1. Introduction 
	2. Experimental procedure 
	3. Results and discussion 
	4. Summary 
	Acknowledgements 
	References 

