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The eutectic temperature and composition of the TiO2-CuO system were carefully measured to be
1010 ± 10 �C and 83CuO:17TiO2, respectively. Subsequently, a TiO2-CuO phase diagram was computed,
representing a correction and major improvement from the phase diagram available in literature. Dila-
tometry measurements and isothermal sintering experiments unequivocally demonstrated the activated
(enhanced) sintering of TiO2 with the addition of CuO, occurring at as low as >300 �C below the eutectic
temperature. High resolution transmission electron microscopy (HRTEM) characterization of water-
quenched specimens revealed the formation of nanometer-thick, liquid-like, intergranular films (IGFs),
a type of grain boundary (GB) complexion (a.k.a. 2-D interfacial phase), concurrently with accelerated
densification and well below the bulk eutectic temperature. Consequently, activated sintering is
explained from the enhanced mass transport in this premelting-like complexion. An interfacial ther-
modynamic model was used to quantitatively explain and justify the stabilization of liquid-like IGFs
below the eutectic temperature and the temperature-dependent IGF thicknesses measured by HRTEM. A
GB l diagram was computed, for the first time for a ceramic system, to represent the thermodynamic
tendency for general GBs in CuO-doped TiO2 to disorder.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Titania (TiO2) has excellent electronic and optical properties that
enable its applications in photovoltaic, sensing, and a variety of
other types of devices (where some levels of low-temperature
sintering are often involved) [1e3]. Furthermore, TiO2 has excel-
lent dielectric properties for possible applications in electronics;
however, the high sintering temperatures of pure TiO2, which are
generally in the range of 1200e1400 �C [4], make it incompatible
with the low-temperature co-fired technology [5] that requires the
sintering temperature to be appreciably lower than the melting
temperature of themetal conductors, such as Cu (Tm¼ 1083 �C) and
Ag (Tm ¼ 961 �C) [6]. Thus, researchers have made great efforts to
lower the sintering temperature of TiO2, e.g., via using mono-
disperse TiO2 powder [7] or making sol-gel films [8]. A more
common and practical method is to add a small amount of sintering
aids to lower the sintering temperature [9]. While CuO is perhaps
one of the most effective sintering aid for promoting low-
temperature densification of TiO2 [10,11], its exact underlying
lsevier Ltd. All rights reserved.
mechanisms remain elusive, which motivated this study.
It is well known that CuO doping can reduce the sintering

temperatures of TiO2 to ~850e950 �C, which was generally attrib-
uted to a liquid-phase sintering effect in prior studies [10,12,13].
However, Lu et al. reported a computed eutectic temperature of
919 �C for the TiO2-CuO system [14]. Recently, de la Rubia et al.
suggested that the eutectic temperature is ~1000 �C via differential
scanning calorimetry (DSC) and thermogravimetric (TG) analysis, in
conjunction with hot-stage microscopy [15]. These results casted
doubt on the previously-hypothesized liquid-phase sintering
mechanism for CuO-doped TiO2, since the significant densification
appeared to occur well below the eutectic temperature, though
what is the exact/real eutectic temperature was still controversial
prior to this study.

In this study, we conducted careful experiments to unequivo-
cally show that the low-temperature densification of CuO-doped
TiO2 is a case of sub-eutectic activated sintering, rather than the
commonly-believed liquid-phase sintering. First, we measured the
eutectic temperature and composition of the CuO-TiO2 system via
calibrating the furnace and characterizing well-quenched speci-
mens. Specifically, we showed that the eutectic reaction takes place
between 1000 �C and 1020 �C in air and determined the eutectic
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Fig. 1. SEM images of an 80 mol. % CuO þ 20 mol. % TiO2 specimen isothermally
annealed at 1020 �C for 0.5 h and water-quenched, showing the formation of a eutectic
structure. A quantitative composition analysis of the region highlighted in (b) was
performed to measure the eutectic composition (to be ~83CuO:17TiO2).
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composition to be ~83CuO:17TiO2. Subsequently, we showed that
enhanced densification can start below 700e800 �C, well below the
bulk eutectic temperature. Furthermore, we observed the stabili-
zation of nanoscale liquid-like intergranular films (IGFs) well below
the bulk eutectic temperature by high resolution transmission
electron microscopy (HRTEM) and attributed the sub-eutectic
activated sintering in CuO-TiO2 to the enhanced mass transport in
this nanoscale liquid-like complexion (a.k.a. 2-D interfacial phase)
that is stabilized below the eutectic temperature at grain bound-
aries (GBs), analogous those reported previously for Bi2O3-doped
ZnO [16] and Ni-doped W and Mo [17e19].

Furthermore, we computed a binary phase diagram for the TiO2-
CuO system, which represents a major improvement from (and a
correction of) the phase diagram available in literature. Subse-
quently, a GB l diagram was also computed to represent the ther-
modynamic tendency for general GBs in CuO-doped TiO2 to
disorder, for the first time for any ceramic system. We adopted an
interfacial thermodynamic model to quantitively explain the sta-
bilization of liquid-like IGFs below the bulk eutectic temperature,
and to further justify the temperature-dependence of the IGF
thicknesses measured by HRTEM.

2. Experiments

To determine the eutectic temperature and composition, rutile-
phase TiO2 (99.9þ%, purchased from US research Nanomaterials,
Inc.) was mixed with CuO powder (99.999%, purchase from Sigma-
Aldrich) in a mortar. The mixed powder was uniaxially compressed
to pellets at 450 MPa. The surfaces of the pellets were slightly
grinded to remove any contamination from the dies. The pellets
were then placed in small sapphire crucibles (>99.9% purity, pur-
chased from AdValue Technology), annealed isothermally at
desired temperatures (with a heating rate of 5 �C/min before
reaching the desired isothermal annealing temperature), and water
quenched. Quenched samples were then sectioned, ground, and
polished.

Specimens for sintering experiments were made by either a dry
mixing or a wet chemistry method. In the dry mixing method,
4 mol. % CuO powder weremixed with rutile-phase TiO2. In the wet
chemistry method, an appropriate amount of Cu(NO3)2$2.5H2O
(99.99%, purchased from Sigma-Aldrich) was dissolved in DI water
to make an aqueous Cu2þ solution. Subsequently, rutile TiO2
nanopowder was impregnated in the Cu2þ solution. The mixtures
were then dried in an oven at 85 �C for 12 h. The dried powders
were ground in a mortar for 10 min, followed by annealing in air at
500 �C for 1 h (to decompose Cu(NO3)2 into CuO, which occurs
at ~ 180 �C). After annealing, the powders were ground for another
10 min. The final powders (made by either method) were uniaxially
pressed at ~200 MPa to make green pellets of 6.35 mm in diameter.
The surfaces were slightly ground to remove contamination from
the dies. Green densities of the pellets were measured to be ~40%.
Linear shrinkages of compacted pellets were measured by a dila-
tometer (DIL, NETZSCH Group) up to 1000 �C at a constant heating
rate of 5 �C/min in air.

In the second batch of sintering experiments, specimens were
isothermally sintered in a muffle furnace (Thermolyne Furnace
F6000, Thermo Scientific), for which the temperature profile was
carefully calibrated using a second thermocouple before the ex-
periments to ensure the accuracy of temperature controls and
measurements (for accurately determining the eutectic tempera-
ture). This batch of sintered specimens were quenched in water to
preserve the high-temperature GB structures for subsequent
HRTEM characterization. The densities of specimens were
measured using both the weight/dimension and the Archimedes
method.
Microstructures and compositions were characterized by a field-
emission, ultra-high resolution scanning electron microscope (UHR
SEM, FEI XL30) operating at 10 kV, equipped with an Oxford
energy-dispersive X-ray spectroscopy (EDS) analyzer. X-ray
diffraction (XRD) experiments were conducted using a Rigaku Ul-
tima IV diffractometer (Cu Ka radiation).

Transmission electron microscopy (TEM) samples were pre-
pared using a focused ion beam (FIB, FEI Scios DualBeam). Atomic-
level GB structures were characterized by HRTEM using a FEI Titan
microscope operating at 300 kV.
3. Results

3.1. Determination of eutectic temperature and composition

SEM images of CuO þ 20 mol. % TiO2 specimen (that was a near-
eutectic composition selected for the initial experiment vs. the
actual eutectic composition subsequently measured to be
~83CuO:17TiO2) after annealing at 1020 �C for 0.5 h are shown in
Fig. 1; here, a eutectic structure, in which the light-contrast rods
were homogeneously embedded in a dark-contrast matrix, can be
clearly seen. In contrast, Fig. 2 shows the microstructure and
elemental mappings of a CuO þ 20 mol. % TiO2 (rutile) specimen
after annealed at a slightly lower temperature of 1000 �C for 8 h,
where a similar eutectic structure clearly did not form. The corre-
sponding EDS mappings revealed that the light-contrast phase is
copper oxide, while the dark-contrast phase is TiO2, with no
apparent reaction and virtually no mutual (solid) solubilities. In
addition to the SEM images, visual inspection of the specimens also
clearly showed the specimen melt at 1020 �C but not at 1000 �C.
These results (Fig. 1 vs. Fig. 2) undoubtedly suggested that the
eutectic temperature of TiO2-CuO is 1010 ± 10 �C.

The XRD patterns of the CuO þ 20 mol. % TiO2 specimens
quenched from 1000 �C to 1020 �C, respectively, are shown in Fig. 3.
Only the two equilibrium CuO and rutile TiO2 phases were detected
from specimens that were annealed at 1000 �C for 8 h and water
quenched. The CuO þ 20 mol. % TiO2 specimen annealed at 1020 �C
melted (into a nearly-eutectic liquid so that we did not anneal it
longer to prevent the spreading of the liquid and minimize its re-
action with the Al2O3 crucible), the non-equilibrium Cu2O and
Cu3TiO4 phases, as well as the sapphire Al2O3 impurity phase, were
found in the water-quenched specimen (where the crucible was
quenched together with the eutectic liquid into the water).

Further quantitative EDS analysis from multiple measurements
of the eutectic structures seen in SEM showed the average
measured composition corresponded to a cation ratio of Cu:



Fig. 2. (aec) SEM images and (def) EDS elemental maps of titanium, copper, and
oxygen of an 80 mol. % CuO þ 20 mol. % TiO2 specimen that was isothermally annealed
at 1000 �C for 8 h and water-quenched, where a eutectic structure is lacking. The
specimens were made by a dry mixing route; large particles of CuO remained and the
originally-smaller TiO2 particles sintered, whereas no indication of any reaction was
evident.

Fig. 4. Linear shrinkage vs. temperature curves of pure TiO2 and 4 mol. % CuO-doped
TiO prepared by two different methods (via wet chemistry and dry mixing routes). All
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Ti ¼ 4.95 ± 0.11, i.e., the eutectic composition is ~17 mol. %
TiO2 þ ~83 mol. % CuO.
2

powders were uniaxially pressed at 200 MPa and measured using a dilatometer with a
constant ramping rate of 5 �C per minute.
3.2. Sub-eutectic activated sintering

Fig. 4 shows the linear shrinkage vs. temperature curves of
undoped and 4 mol. % CuO-doped TiO2 (rutile) measured by dila-
tometry at a constant heating rate of 5 �C per minute. The doped
powders were prepared by either a dry mixing or a wet chemistry
method described in the “Experiments” section. At 1000 �C,
undoped TiO2 specimen had ~15% linear shrinkage. In contrast,
CuO-doped TiO2 specimens had ~32% and ~28% linear shrinkage,
respectively, for specimens prepared by the wet chemistry and dry
mixing methods, respectively. Both doped TiO2 specimens had
~99% of the theoretical density after the sintering experiments
(including possible extra densification during the cooling in the
furnace after the dilatometry experiments). These results clearly
demonstrated that the addition of CuO effectively promoted the
densification of rutile TiO2 below the bulk eutectic temperature,
where the significant enhanced densifications occurred at
200e300 �C below the bulk eutectic temperature. The specimen
prepared by the wet chemistry method, where the doping was
Fig. 3. X-ray diffraction patterns of 80 mol. % CuO þ 20 mol. % TiO2 specimens
isothermally annealed and quenched from (a) 1020 �C and (b) 1000 �C, respectively.
presumably more uniform, exhibited significant enhanced densi-
fications at even lower temperatures (Fig. 4).

To further investigate the sintering mechanism, 4 mol. % CuO-
doped TiO2 specimens were isothermally annealed (sintered) at
800 �C, 850 �C, and 900 �C, respectively, for 8 h and subsequently
water-quenched. The microstructures of the fractured surfaces of
the sintered specimens are shown in Fig. 5 and the measured grain
sizes are shown in Fig. 6. Specifically, Fig. 5(aef) show the SEM
images of sintered CuO-doped TiO2 specimens prepared by the wet
chemistry method. Low-magnification images show uniform
structures and the average grain size increased substantially from
800 �C to 900 �C. Interestingly, a secondary phase (presumably
CuO) appeared to wet some triple-grain junctions (with low dihe-
dral angles that, in addition to the nanoscale IGFs at GBs, can also
promote sintering and affect microstructural development, as
reviewed and discussed by Castro and Gouvêa [20]) of the
Fig. 5. SEM images of 4 mol. % CuO-doped TiO2 prepared by two different methods via
wet chemistry and dry mixing routes, respectively, isothermally annealed at 800 �C,
850 �C, and 900 �C, respectively, for 8 h, and water-quenched.



Fig. 6. Measured grain sizes of 4 mol. % CuO-doped TiO2 specimens, made by the wet
chemistry (red) and dry mixing (blue) routes, isothermally annealed at 800 �C, 850 �C,
and 900 �C, respectively, for 8 h, and water-quenched. The grain growth behaviors are
similar for specimens doped by two different methods. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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specimen sintered and quenched from 900 �C (Fig. 5f), but not in
those at lower temperatures. Fig. 5(gei) display high-magnification
SEM images of the CuO-doped TiO2 prepared by the dry mixing
method, sintered at 800 �C, 850 �C, and 900 �C, respectively, for 8 h,
and subsequently water quenched. Substantial neck formation and
growth were evident in all sub-eutectic sintered specimens
(Fig. 5dei). Finally, we note that the grain growth followed similar
trends for the specimens doped by the wet chemistry and dry
mixing routes, both of which contained 4 mol. % CuO and were
isothermally annealed at 800e900 �C for 8 h (Fig. 6).
3.3. Stabilization of liquid-like GB complexion below the bulk
eutectic temperature

Figs. 7 and 8 display the HRTEM images of representative GBs in
4 mol. % CuO-doped TiO2 specimens that were equilibrated (by
isothermal annealing for 8 h) at 800 �C, 850 �C, and 900 �C,
respectively, in a calibratedmuffle furnace and subsequently water-
quenched. In all cases, the GB planes were carefully oriented to be
parallel with the incident electron beam to ensure edge-on con-
ditions. Nanometer-thick, structurally-disordered (liquid-like) IGFs
were observed in all specimens quenched from 800 �C, 850 �C, and
900 �C after annealing for 8 h, at all GBs that were examined. The
measured individual and average thicknesses of the IGFs were lis-
ted in Table 1. Specifically, the average measured thickness of the
liquid-like IGFs formed at 800 �C (and ± one standard deviation)
was 0.70 ± 0.07 nm, which increased to 0.86 ± 0.06 nm for the IGFs
formed at 850 �C and 0.98 ± 0.09 nm for the IGFs formed at 900 �C.
These nanoscale IGFs represent a liquid-like interfacial complexion
that is thermodynamically stabilized at the general GBs below the
bulk eutectic temperature; this stabilization will be quantitively
justified by an interfacial thermodynamic model in x4.2 and its
roles in activated sintering will be discussed in x4.3.
4. Modeling and discussion

4.1. The TiO2-CuO binary phase diagram and bulk thermodynamic
function

In 2001, a binary TiO2-CuO phase diagram had been calculated
via assuming that the liquid phase is an ideal solution, which
produced an eutectic temperature of 919 �C [14], being substan-
tially lower than the ~1000 �C eutectic temperature that was later
suggested via DSC and TG analysis in 2012 [15], which is confirmed
more directly and accurately by the current study. That diagram
reported in 2001 [14] represents the only TiO2-CuO phase diagram
available in literature and has beenwidely cited. The more accurate
measurements of the eutectic temperature and composition ob-
tained in this study, which were consistent with the independent
DSC/TG study in 2012 [15], demand a further assessment (and
correction) of that TiO2-CuO phase diagram, which will also pro-
vide the thermodynamic function of the liquid phase that will be
useful for the interfacial thermodynamic model presented and
discussed in the following section.

To compute the binary phase diagram, we assume that CuO and
TiO2 are mutually immiscible in the solid states (since no detectable
solid solubility was reported in literature, which was also verified
by EDX analysis in the current study) and use the solid phases as the
reference state. The free energy of the TiO2-CuO liquid phase
(referenced to the two bulk solid phases) is expressed as a Redlich-
Kister polynomial (n ¼ 0 and 1 for a subregular solution):

DGLiq ¼ XLiq
CuODG

Liq
CuO þ XLiq

TiO2
DGLiq

TiO2
þ RT

�
XLiq
CuOlnX

Liq
CuO

þ XLiq
TiO2

lnXLiq
TiO2

�
þ

X
n¼0;1

Ln
�
XLiq
CuO � XLiq

TiO2

�n
XLiq
CuOX

Liq
TiO2

(1)

where XLiq
i is the bulk molar fraction of the i component (i ¼ CuO,

TiO2) and LLiqn is the interaction parameters. DGLiq
i , the bulk molar

fraction and free energy of forming the liquid phase from the solid
phase of the i component, can be derived as

DGLiq
i ¼ �

Tmi � T
�
DSmelt

i þ
ZT
Tm
i

DCPðiÞdT � T
ZT
Tm
i

DCPðiÞ
T

dT (2)

where Tm
i is the melting temperature,DSmelt

i is the molar entropy of
fusion (melting), and DCp ¼ CLiq

p � CSol
p is the molar heat capacity

difference between solid and liquid phases. For the TiO2-CuO sys-
tem, these thermodynamic parameters of individual components
(TiO2 and CuO) were taken from Ref. [14], which were originally
obtained from a CRC handbook [21]. Subsequently, we obtained the
parameters L0 ¼ 8:4kJ=mol and L1 ¼ �13:0kJ=mol by solving two
equations: DGLiq ¼ 0 and vDGLiq

vXCuO
¼ 0 to match the experimentally

measured eutectic temperature (TEutectic ¼ 1010 �C) and composi-
tion (XEutectic

CuO ¼ 0:832). Here, the liquid phase is a subregular solu-
tion (Ln ¼ 0 for n � 2 in the Redlich-Kister polynomial). From the
derived thermodynamic function (Eq. (1)), we calculated the binary
(bulk) phase diagram for the TiO2-CuO system, which is shown in
Fig. 9.



Fig. 7. HRTEM images of 4 mol. % CuO-doped TiO2 specimens isothermally annealed at 800 �C, 850 �C, and 900 �C, respectively, for 8 h and water-quenched.

Fig. 8. HRTEM images of 4 mol. % CuO-doped TiO2 specimens equilibrated and
quenched at 800 �C, 850 �C, and 900 �C, respectively, at a higher magnification.

Table 1
Measured IGF thicknesses of 4 mol. % CuO-doped TiO2 specimens equilibrated (isotherma
general GBs were measured for each of three specimens. For each of the nine GBs, the
deviations (that represent the uniformities of IGF thicknesses along the individual GBs)

Specimens 800 �C 850 �C

Measured Thickness of
Individual IGFs (nm)

GB #1 GB #2 GB #3 GB #1
0.68 ± 0.05 0.69 ± 0.04 0.75 ± 0.10 0.89 ± 0.0

Mean ± 1 Std. Dev. (nm) 0.70 ± 0.07 0.86 ± 0.0
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We should further note that CuO reduces to Cu2O at 1029 �C in
1-atm air [22] so that the above computation only represents the
case that CuO would remain stable at high temperatures (achiev-
able at higher PO2). Unfortunately, there is no data available for us to
calculate the exact the TiO2-CuO-Cu2O pseudo-binary phase dia-
gram in 1-atm air, but we sketch the possible transitions as the
dotted lines in Fig. 9 based on the CuO-to-Cu2O reduction tem-
perature and the melting temperature of Cu2O, which are the only
known points in the TiO2-CuO-Cu2O phase diagram. Nonetheless,
this CuO-to-Cu2O reduction occurring at 1029 �C should not affect
the eutectic reaction at 1010 �C and the stabilization and
temperature-dependence of sub-eutectic liquid-like GB
complexion (to be discussed in the next section).
4.2. An interfacial thermodynamic model and the computed GB l

diagram

The thermodynamic stability of nanoscale quasi-liquid IGFs
(specifically) and GB complexions (in general) have been reviewed
[23,24]. Furthermore, GB l diagrams have been computed and
proven useful for predicting trends in activated sintering in (at
least) several refractory alloys [25e31]. Here, we made a first suc-
cessful attempt to extend the prior successes from metallic alloys
[25e31] to a ceramic system.

At the length scale of 0.5e5 nm, a phenomenological interfacial
lly annealed for 8 h) at 800 �C, 850 �C, and 900 �C for 8 h and water-quenched. Three
IGF thicknesses were measured at 10 different locations; the mean and standard

were reported.

900 �C

GB #2 GB #3 GB #1 GB #2 GB #3
5 0.82 ± 0.07 0.86 ± 0.06 1.01 ± 0.07 0.92 ± 0.07 1.03 ± 0.07
6 0.98 ± 0.09



Fig. 9. Computed TiO2eCuO phase diagram of (a) the full composition range and (b) an
enlarged section of the CuO-rich region. It should be noted that CuO is reduced to Cu2O
at 1029�C in air [22] and CuO would remain stable at higher temperatures only at
higher PO2. Due to the absence of the Cu2O-TiO2 thermodynamic data, we can only
calculate the TiO2eCuO phase diagram. The dotted lines represent the possible tran-
sition lines in air with the CuOeCu2O transformation, while dashed lines represent the
calculated phase transformation lines for the TiO2eCuO system assuming no reduction
at high temperatures.
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thermodynamic model can be formulated for premelting-like IGFs
inmulticomponent ceramics by combining a sharp-interface model
of premelting in unary systems [32] and the Clarke model for
equilibrium-thickness IGFs [33,34]. Here, an IGF in the TiO2-CuO is
treated as a confined liquid-like interfacial film (a.k.a. a specific 2-D
interfacial phase) with modified thermodynamic properties. The
excess grand potential as a function of the film thickness (h) can be
written as:

sxðhÞ ¼ 2gcl þ DGðvolÞ
amorph$hþ sshort�rangeðhÞ þ svdWðhÞ

þ selec:ðhÞ þ :::; (3)

where gcl is the crystal-liquid interfacial energy (that is well
defined as h/ þ∞) and DGðvolÞ

amorph is the volumetric free energy for
forming an undercooling liquid from the equilibrium solid phases.
The last three terms are short-range, van der Waals (vdW)
dispersion, and electrostatic interfacial interactions, which should
all vanish as h / þ∞ by definition. A premelting-like GB
complexion can be stabilized below the bulk eutectic temperature
if the energy penalty for forming an undercooled quasi-liquid film
(interfacial phase) of thickness h is overcompensated by the
reduction in the total (effective) interfacial energy:

�Dg$f ðhÞ>DGðvolÞ
amorphh (4)

where

Dg≡2gcl � sxð0Þ (5)

and f(h) is a dimensionless interfacial coefficient (that varies from
f ð0Þ ¼ 0 to f ðþ∞Þ ¼ 1 by definition, but not necessarily mono-
tonically), defined as:

f ðhÞ ¼ 1þ
h
sshort�rangeðhÞ þ svdWðhÞ þ selec:ðhÞ þ…

i
Dg

(6)

The equilibrium thickness, hEQ, corresponds to the minimum of
Eq. (3), which implies:

( dsxðhÞ
dh

����
h¼hEQ

¼ 0

d2sxðhÞ
dh2

����
h¼hEQ

>0

: (7)

Based on the thermodynamic criterion for stabilizing a sub-
eutectic, liquid-like, GB complexion (Eq. (4)), we again adopt
(and, in the next step, quantify) a thermodynamic parameter, l, to
represent the thermodynamic tendency for general GBs to disorder,
following earlier studies of metallic alloys [25e31], which is
expressed as:

l≡
�Dg

DGðvolÞ
amorph

; (8)

To quantify values of l, DGvol
amorph, the volumetric free energy

penalty of forming an undercooling liquid below eutectic temper-
ature, is expressed as:

DGvol
amorphzDGmol

amorph

.h�
1� XIGF

CuO

�
VmðTiO2Þ þ XIGF

CuOVmðCuOÞ
i

(9)

where XIGF
CuO is the average IGF composition and

DGmol
amorph ¼ DGLiqðXIGF

CuOÞ, which can be calculated using Eq. (1) and
the thermodynamic function and data obtained in the prior section
for the TiO2-CuO liquid phase. Here, the most common and
convenient way is to select the XIGF

CuO that maximizes l, as discussed
in prior studies of metallic alloys [25e31].

To quantify Dg, sxð0Þ≡gð0ÞGB , the average general GB energy of
pure TiO2 (with no adsorption), was measured in a prior experi-
ment to be 0.87 J/m2 [35]. Analogous to both a “macroscopic-
atoms”model [36,37] and a lattice model [38] (with modifications),
we estimate the average interfacial energy for the crystal-liquid
interface between a pure TiO2 solid and a TiO2-CuO binary liquid
using the following expression:

gcl ¼
DHmelt

TiO2

km�1
1 V2=3

m

þ
ULiq
CuO�TiO2

km�1
1 V2=3

m

�
XIGF
CuO

�2
; (10)

where the two terms represent the enthalpic (fusion) and chemical
(interaction) contributions, respectively, to the crystal-liquid
interfacial energy. Here, DHmelt

TiO2
is the molar enthalpy (latent heat)

of melting, ULiq
CuO�TiO2

¼ L0 is the regular-solution parameter for the
liquid phase, Vm is the molar volume of TiO2, k is a geometric factor
(k≡Am=V

2=3
m , where Am is the area of 1 mol of molecules spread as a

monolayer [38]), and m1 is the fraction of bonds across the crystal-
liquid interface. The value of km�1

1 in Eq. (10) depends on the lattice
structure and orientation of the interface and we use
km�1

1 ¼ C0z4:5� 108 to represent the average of different orien-
tations [39] to represent IGFs formed at the average general GBs.

Subsequently, we computed l values and plotted them in the
bulk TiO2-CuO phase diagram to construct a GB l diagram for CuO-
doped TiO2, as shown in Fig. 10, similar to the GB l diagrams con-
structed in prior studies for several metallic alloys [25e31]. In the
sub-eutectic two-phase region, the computed l increases with
increasing temperature, suggesting increasing thermodynamic
tendency for average general GBs to disorder that should result in
increasing densification rates, consistent with both the intuition
and experiments.

A more rigorous and accurate assessment of IGF thickness (hEQ)
vs. temperature requires the quantitative information about the
short-range, vdW dispersion, electrostatic, and any other interfacial
interactions in Eq. (3), which is unfortunately not available for the
current case of TiO2-CuO as well as virtually all other ceramic sys-
tems. However, we may adopt a simplified model to justify the
observed temperature-dependent IGF thicknesses in the interme-
diate temperature region (to be defined and discussed subse-
quently), as follows. First, prior analyses showed that the vdW
dispersion interaction, which is always attractive for the IGFs, will
be overwhelmed by the DGvol

amorph term that represents a signifi-
cantly higher attractive pressure than the vdW dispersion pressure
at DT ≡ T e TEutectic � 100 �C [24,40]; thus, the vdW dispersion



Fig. 10. A computed GB l diagram, where the dash lines represent l ¼ 2 nm, 4 nm, and 8 nm, respectively, and the color represent the relative thermodynamic tendency for the
average general GBs in CuO-doped TiO2 to disorder.

Fig. 11. The average IGF thicknesses vs. equilibration temperatures measured by
HRTEM. The three solid lines represent the computed equilibrium thickness (hEQ.) as
functions of temperature with three different coherence lengths (x ¼ 0.3 nm, 0.38 nm,
and 0.5 nm, respectively, where x ¼ 0.38 nm represents the best fit with the experi-
mental data).
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interaction can be neglected well below the eutectic temperature.
Moreover, either the short-range or electrostatic interaction can be
approximated with an exponentially-decaying form (and only one
of them likely dominates in a specific ceramic system). Thus, in a
simplified model, we can adopt an exponentially-decaying inter-
facial potential, f ðhÞ ¼ 1� expð�h=xÞ, so that Eq. (3) can be
rewritten and simplified to:

DsðhÞ≡sxðhÞ � sxð0Þ ¼ Dg$f ðhÞ þ DGðvolÞ
amorph$h

¼ Dg$½1� expð � h=xÞ� þ DGðvolÞ
amorph$h;

(11a)

where x is a coherent length [27]. Eq. (11a) can also be rewritten
into a dimensionless form:

DsðhÞ
�Dg

¼ h
l
þ expð � h=xÞ � 1: (11b)

Minimizing Eq. (11b) with respective to h produces the equi-
librium IGF thickness:

hEQ ¼ x lnðl=xÞ: (12)

We should further make two notes. First, Eq. (12) is obtained via
assuming a fixed average film composition that maximizes l in Eq.
(8). Alternatively, we may minimize Eq. (11a) with respective to
both h and XIGF

CuO. Our numerical analysis showed negligible differ-
ences between the calculated “hEQ. vs. T” curves using the two ap-
proaches so we choose the simpler approach [by using Eq. (12)].
Second, this simplified model [Eq. (11) and Eq. (12)] can only be
used for the intermediate temperature region. On one hand, at
higher temperatures (T ~ TEutectic), the divergence of hEQ predicted
from this model should be limited by the attractive vdW dispersion
interaction. On the other hand, at lower temperatures, this con-
tinuum model is no longer valid when hEQ < ~0.5 nm because it
does not consider the discrete nature of ion sizes and bond lengths.
Nonetheless, this simplified model can be used to justified the
measured temperature-dependent IGF thicknesses in the inter-
mediate temperature region of 800e900 �C for the current case,
which is the range of interest for activated sintering.
Specifically, Fig. 11 plots the means and standard deviations of
IGF thicknesses measured by HRTEM from specimens equilibrated
at 800 �C, 850 �C, and 900 �C, along with the computed “hEQ. vs. T”
curves for three different selections of the coherent length, x. The
computed “hEQ. vs. T” curve with x ¼ 0.38 nm produced the best fit
to the experimental data, while the sensitivity of the different se-
lections of x was also tested. Although we do not have the knowl-
edge of the exact value of the coherent length, the value that
produced the best fit (~0.38 nm) is about twice of the O-Cu bond
length or the size of a Cu-On polyhedral unit, which appears to be
reasonable. Thus, this rather simplified model can justify the sta-
bilization of liquid-like GB complexions below the eutectic tem-
perature as well as the temperature-dependent interfacial widths
(the measured “hEQ. vs. T”) observed by HRTEM.
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Lastly, we should also recognize the possibility that some of
these IGFs exhibit discrete (instead of continuous) thickness (to
form Dillon-Harmer GB complexions [23,41]) for certain specific
GBs, e.g., some special GBs with low-index grain surfaces, as shown
in a prior study for a (001)//(100) GB in a (CuO þ SiO2) doped TiO2
bicrystal specimen [41]. The origin of the discrete thicknesses and
the formation of Dillon-Harmer GB complexions can be explained
in the same interfacial thermodynamic framework discussed above
via incorporating (adding) an oscillatory structural interaction (as a
result of a fixed, finite, atomic size using a hard-sphere approxi-
mation) in Eq. (3) or the interfacial coefficient f(h) [31,41e43].

4.3. Further discussion of activated sintering mechanisms and
beyond

The current study measured the eutectic temperature of the
TiO2-CuO system to be 1010 ± 10 �C in air, which was higher than
that reported in 2001 [14], but similar to that suggested by a DSC
and TG study in 2012 [15]. This warrantees our re-assessment and a
correction of the TiO2-CuO phase diagram reported in Ref. [14] in
2001 based on our measured bulk eutectic temperature and
composition to compute an improved (corrected) TiO2-CuO phase
diagram in Fig. 9; this assessment also provided the thermody-
namic function for justifying the stabilization of a sub-eutectic
liquid-like GB complexion, which leads to enhanced interfacial
mass transport and subsequently activated sintering.

The combination of our experimental results undoubtedly
demonstrated that the enhanced sintering of CuO-doped TiO2
occurred in the sub-eutectic region, starting at >300 �C below
the bulk eutectic temperature. Thus, this study clearly dis-
approved the theory that the enhanced sintering in CuO-doped
TiO2 at ~850e950 �C is due to liquid-phase sintering, that was
widely assumed in prior studies [10,12,13]. Instead, this study
strongly suggested, via a combination of HRTEM and thermo-
dynamic modeling, that the addition of CuO promoted the for-
mation of a liquid-like GB complexion in TiO2 well below the
bulk eutectic temperature, which provides a fast mass transport
pathway to enhance sub-eutectic densification. After completing
all of our experimental and modeling work, we noticed a most-
recently published independent study by Paek et al. [44] dur-
ing the final revision of our manuscript, where the authors also
found similar nanoscale IGFs in CuO-doped TiO2 in the temper-
ature range of 850e950 �C and proposed a similar low-
temperature sintering mechanism (without quantitative
modeling) [44]. Similar solid-state activated sintering behaviors
and mechanisms have also been observed/identified for several
ceramic (Bi2O3-doped ZnO [16]) and metallic (Ni-doped W and
Mo [17e19]) systems.

We should recognize that observing the formation of premelting
like IGFs (Figs. 7 and 8) at the same temperature range of sub-
eutectic activated sintering (Figs. 4 and 5) is a very strong sugges-
tion, yet not a direct proof, of the proposedmechanism of enhanced
sintering in CuO-doped TiO2. Thus, we should further discuss
alternative mechanisms that may enhance sintering below the
eutectic temperatures. Specifically, a recent study by Wu, Dho-
labhai, Uberuaga, and Castro showed that the reduction of Mn
cations from 3þ to 2þ in Mn-doped CeO2 can result in significant
coarsening [45]. In Mn-doped CeO2, Mn inhibited grain growth/
coarsening below 800 �C and this inhibition effect became inef-
fective at >800 �C due to reduction of Mn [45]. In the current study,
adding CuO promoted sintering at all temperatures (~600e1000 �C)
as compared with pure TiO2 (Fig. 4) with only moderate (not
discontinuous) grain growth/coarsening (Fig. 6); thus, the same
mechanism proposed for Mn-doped CeO2 cannot apply directly.
Yet, we recognize other possible doping or reduction effects that
change the defect concentrations either at interfaces or in the bulk
phase, which may subsequently change the sintering rates by
changing the bulk or interfacial ion/mass transport rates. In the
current case, CuO can be reduced to Cu2O at ~1029 �C [22] (with
some partial reduction starts at ~1000 �C in the CuO-TiO2 binary
system as shown in an earlier study [15]), whereas the enhanced
densification occurred at much lower temperatures (as low as
700e900 �C; Figs. 4 and 5). Thus, it is unlikely that the reduction of
CuO played a major role in enhancing sintering at sub-eutectic
temperatures (~700e1000 �C) in the current case of CuO-doped
TiO2.

Moreover, IGFs should form quickly enough to enable the pro-
motion of densification in the initial stage of sintering, which is
possible due to the typical fast surface and GB diffusion rates at
such temperatures; this is even easier to be realized in specimens
prepared by the wet chemistry route where CuO could spread on
the surfaces of TiO2 particles upon annealing at 500 �C, similar to
those demonstrated in various supported (monolayer) oxide cata-
lysts and other (nanoscale) surface phases [46e49]. Specifically, a
most-recently published independent study by Paek et al. [44] also
showed the formation of IGFs in earlier stages (e.g., after annealing
at 850 �C for 1 h) in CuO-doped TiO2. The time that is needed for
forming IGFs, which presumably enhance sintering subsequently,
can also explain the observed result that the densification rates in
specimen prepared by the wet chemistry route were higher than
those made by the dry mixing method at low temperatures
(particularly in ~650e800 �C, as shown in Fig. 4).

The thermodynamic stabilization of nanometer-thick quasi-
liquid IGFs below eutectic temperature in CuO-doped TiO2 has been
well-justified by estimating relative interfacial energies via both
experimental data and a statistical model as well as quantifying
free-energy penalty for forming undercooled liquids using CAL-
PHAD data. Subsequently, an interfacial thermodynamic model is
used to justify the temperature-dependent interfacial width.

Following the earlier successes of constructing GB l diagrams to
predict useful trends in high-temperature GB disordering and to
subsequently forecast activated sintering behaviors (and poten-
tially other materials properties such as creep resistance) in several
W- and Mo based metallic alloys [25e31] (as well as more rigorous
computed GB complexion diagrams with well-defined transition
lines, such as that for Bi-doped Ni in a most recent report [50]), this
study made a first successful attempt to extend the model and
method to compute the first GB l diagram for a ceramic system
(CuO-doped TiO2). In future studies, similar or more rigorous “GB
diagrams” should be developed for other ceramic systems, which
can have broad applications. This is in part because this class of
nanoscale IGFs are more ubiquitous and technologically-important
for ceramics than metals in general. Furthermore, it is worth noting
that nanometer-thick IGFs investigated in this study only represent
one of several types of GB complexions discovered recently
[23,51e53]; such GB complexions (a.k.a. interfacial phases that are
thermodynamically 2-D) exist ubiquitously in both metallic and
ceramic materials, where they can often critically influence or even
control a board range of transport, mechanical, and physical
properties [23,25,27,43,51,54e71] beyond sintering.

5. Conclusions

The eutectic temperature of the CuO-TiO2 system has been
determined to be 1010 ± 10 �C and the eutectic composition was
measured to be ~17TiO2:83CuO (or ~17 mol. % TiO2 þ ~83 mol. %
CuO). Based on the measured eutectic temperature and composi-
tion, we computed the binary TiO2-CuO phase diagram (repre-
senting a significant improvement from, and essentially a
correction of, the phase diagram available in literature) and
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formulated the relevant thermodynamic function. A combination of
dilatometry measurements and isothermal sintering experiments
unequivocally demonstrated the occurrence of activated sintering
in CuO-doped TiO2 at as low as >300 �C below the bulk eutectic
temperature. HRTEM characterization of well-quenched specimens
further revealed the formation of nanometer-thick, liquid-like IGFs.
It is likely that the enhanced mass transport in this premelting-like
complexion can result in the sub-eutectic activated (enhanced)
sintering observed in this system. We further calculated a GB l

diagram, for the first time for any ceramic system, to represent the
thermodynamic tendency for general GBs in CuO-doped TiO2 to
disorder and used an interfacial thermodynamic model to quanti-
tively explain and justify the stabilization of nanometer-thick,
liquid-like IGFs below the bulk eutectic temperature as well as
the temperature-dependent IGF thicknesses measured by HRTEM.
In future studies, similar or different (more rigorous and sophisti-
cated) types of GB diagrams should be computed for other ceramic
materials, which can potentially have broad scientific and techno-
logical impacts.
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