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Thermal Analysis and Thermodynamic Calculations in

Rare-Earth Oxide Based Systems
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Outline:
1. Introduction
2. Y3ALO4, (“YAG” = yttrium aluminum garnet)

3. REScO; and related rare-earth scandates
(distorted perovskites)

4. Summary _MRSBUHBtm
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Q: How much Y3* can be exchanged
by Nd3*? (Doped YAG crystals up to
2.5 at-% Nd available. Nd;Al;O,, as
pure phase yet unknown.)
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« Problem: Thermodynamic data for all systems RE,O5-Al, 05 (solids & melts) are available in
FactSage (Wu, Pelton, J. Alloy. Comp. 179 (1992) 259-287.), except for RE =Y.
« Ternary interactions RE,05-RE',05-Al, 05 almost not available.
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Getting data for Y;Al.O,,:

lonic radii: Y3* in 8-fold coordination: 115.9 pm
Ho3* in 8-fold coordination: 115.5 pm
A H, (B)
“Mixer” in the FactSage compound module:
(actually, derived from Hess's law)

Ar]_[2 ArHS

2 Ho,ALO, + 3 Y,05 — 2 YAIO,, + 3 Ho,05 \©/

I RE

—~ 400 -

X

E 300
data for Y;Al:O,, measured by ) ] e  Konings (1998), meas.
Konings et al., thermochimica acta 313 (1998) 201-206: S 900 | calculation with "mixer

L/

* adiabatic Calorimetry from 5 to 420 K G(T)=—T387342.19 + 3854.78457 T — 3.7656 x 10~* T*
* drop calorimetry from 470 to 880 K 100 ¢ +6326731.0/T — 8283.84604 VT — 170451139.0/T2
» (/. Alloys. Compd. 436 (2007) 204-208) . —573.3126 TIn T

0 500 1000 1500 2000
T(°C)
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The concentration triangle ALO, - NdAIO, - Y ALLO,

Congruent melting is a condition for being component of a subsystem.
“G" section: (Y,,Nd,);Al;0,, garnets. No thermodynamic data - ideal solution as approximation
“P" section: (Y,,Nd,)AlO; perovskites. Again ideal solution as simple model.

rish = 115.9 pm, 7ok, = 124.9 pm

YoO3 Nd>O3



DTA experiments on the “G” section
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NETZSCH STA 409C with graphite furnace. 12-18 mg substance in W crucible.

3 heating/cooling cycles. Sample (Y, 75sNd; 55)5Al: 0,5 is shown.

For T~ 1870°C an offset is observed in all runs. T4 drops with x and marks the
liquidus.

For all samples x > 0.25 (except 15t heating) a sharp endothermal peak near 1700°C,
attributed to melting. Tdrops slightly for larger x.

DTA curves exhibit sometimes non-reproducible exothermal peaks on heating - non-
equilibrium (cf. Caslavsky).
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X-ray experiments on the “G” section (Y, Nd,);Al:O,, with
nanopowders

« AI(NO;); dissolved in water

* Y,05+6 CH3;COOH — 2 Y(CH;COO0); + 3 H,0 (Nd,05 analogously)

+ 1,2-ethanediol (“ethylene glycole”) added as complexing agent, drying by slow
evaporation

« ground + preheated at 800°C, then annealed <1200°C

+ “Garnet compositions” with 0-100 at-% Nd were prepared. (Numbers in the
micrographs give Nd concentration in %.)

+ “Garnet compositions” up to 27.5 at-% Nd were single phase; above also
(Nd,Y)AIO; perovskite was found.

+ Garnet: a,=12.006 + 0.0023 x

(a,: lattice constant in A; 12,08
x: molar fraction of Nd). 12,07 -
» Why only x <0.025 during 1206 w-PD crystals
Czochralski growth? T
‘w1205
» p-PD crystals up to 14%! o = Exp.points
falumina ceramic N % 12,04 - — Linear fit
Irf coil > § 1203 - :
3 E
lcrucible ﬁ 12,02 4 ! B E a=12,006 + 0.0023 x
! I
fafterheater : 12,014 i E
o _IE A I :
crystal T 12,00 - T } " T T
7 B 4] 5 10 15 20 25 30
x- %Nd
lseed 4
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I - liquid

g - garnet

p - perovskite

a - a-Al,O5 (corundum)

B -“Balumina”=Al;;NdO,g

The red line marks onset of melting.

< garnet section calculated under the assumption of
ideal miscibility in the “g”, “p”, and “I" phase.

Summary Nd:Y;Al:O,, garnet

The solubility of Nd3* in YAG is very high: 27.5%
at ~1200°C proven, the ideal model proposes
even ~80% around 1000°C.

The much smaller doping limit ~2.5% during
melt growth results from segregation during
crystallization.

Metastability in the subsolidus likely, e.g.,
resulting from garnet-perovskite transitions.
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"Strain engineering" with distorted perovskites

(submitted to Cryst. Res. Technol.)

REScO;4

g z PPN ,‘f“
L S

Perovskite CaTiO;
_ . _ _ . AxmaTtoBckas konb (Ural)
Figure 1 Left: One (cubic) unit cell of SrTiO3 [12] contains 1
formula unit. Right: One (orthorhombic) unit cell of NdScOs3
K.J. Choi et al., Science 306 (2004) 1005: [13] contains 4 formula units.
"Biaxial compressive strain has been used to markedly enhance the ferroelectric properties of BaTiO; thin films. This strain,
imposed by coherent epitaxy, can result in a ferroelectric transition temperature nearly 500°C higher and a remanent
polarization at least 250% higher than bulk BaTiO; single crystals. "
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courtesy D. Schlom, Cornell
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- except LUAIO,, CeScO; and LaScO; all crystals are grown at IKZ.
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Kompl.Peakausw:
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04 o azse o« Annealed powder samples, starting with
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Peak:. 21453 :C gen:l;:t 5534 :C . .f. tl
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* The pseudobinary system is almost ideal.
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« Thermodynamic assessment:
0.0 Only for the solid phase (solid solution)
G(SS) = Go + Gig + Gey
1950 0 aeo 2o 2150 20 asmall contribution
emperatur Gex =x (1 _X) A
(A=10.9 kJ/mol) needed.
LaLuO5 - LaScO,
-2430 2700 T T T T 4.2
= . 2400
£ <
2 LaLu,,Sc,O4(ss) b o
22;0_ 2600} 2
2300 4154
2500} ‘Zw 1
2450+ 2200 'S
410+
2400
12100
2460
Laluo, 02 o« x o6 08 s 20 02 04 06 08 o
LaO 942Lu1 05803 . LaO 94SC1 00002 9



“NdLuO,"

DTA /(pV/mg)
4]
1.5 T exo Onset: 2084.4 °C
-1.8
T
Onset: 2950.4 °C
17 ™~

2.0
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The existence of P type NdLuOs is discussed
controversially in the literature.

Pure Lu,05 is C-type, pure Nd,O5 is A-type.
Annealed powders with nominal composition

NdLuO5 are mixtures of Lu-rich C-type and Nd-rich

B-type Nd,_Lu,O5 phases.

(cf. Hirsch et al., Cryst. Res. Technol. 52 (2017) 1600237).

But: NdScOs is stable!
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Polymorphism of the rare-earth sesquioxides:
Zinkevich, Prog. Mat. Sci. 52 (2007) 597-647.
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(cf. Hirsch et al., J. Crystal Growth 505 (2019) 38-43.)
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systems and a FactSage thermodynamic assessment.
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Binary interactions:

G&P = OLxoxg + 'Lxexg (Xa—xg) + *LXoXs (Xe—X5)?

Ternary interactions:

GLP7 = OLx,xsx,

Phase NdzOg—L'lleg NdzDg—SCzOg 111203—512203 NdzOg—Llleg—SCzOg NdzOg—SCQ_Dg
L L L
Cc 27000 20000 15000 20000 - -
B 10500 0 0 20000 - -
A 20900 — 10000 0 0 - -
H 17200 — 37000 15995 20000 - -
X 12600 — 48000 12850 0 - -
L 0 — 80000 0 — 30000 —17000 —30000
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Summary

1. Experimental thermal analysis at very high T>2000°C is
often a challenge. But fortunately, the theoretical
description is often not very difficult, because many

phases approach ideal behavior.

2. Missing Gibbs free energy data can often be estimated

from data of isostructural phases (e.g., garnets).

3. The mutual solubility of RE based perovskite and garnet
phases is often high - enabling tuning of structural and

physical properties.

4. Thank you for your attention!

lattice parameter [A]
[4)]

&,
o

o
o

% Max-Born-Str.2 < 12489 Berlin < Germany < detlef.klimm®@ikz-berlin.de «

6.0
—__..__.__.___

— Regression of current data
- - Regression of literature without [29]

5.9 4
+-o-0-0_ |

(A04EI00 02 04 06 08 10 [ BOI(0I 3

NdLuO,

NdScO,

www.ikz-berlin.de <

i 6.0
:— 5.9
L 5.8
I 5.7

E‘T_GTCW:

- 5.6

=W Wy - — o




