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A B S T R A C T   

The experimentally explored ferroelastic behavior of yttria stabilized zirconia (YSZ) is studied by molecular 
dynamics simulation. The metastable, ferroelastic phase of YSZ is created through simulation of the experi
mentally proposed quenching process of the cubic phase of YSZ. The thermal expansion coefficient and the 
coulombic energy changes are analyzed to provide evidence of phase transition from the cubic phase to the 
ferroelastic phase during quenching. In addition, the effect of quench time versus tetragonality is studied. A few 
hysteresis loops of ferroelastic switching are generated to show the ferroelastic training of the produced meta
stable phase of YSZ and study its ferroelastic hysteresis behavior. The radial distribution function and virtual X- 
Ray diffraction patterns are used to analyze the phase structures in both the quenching and cyclic deformation 
steps.   

1. Introduction 

Tetragonal prime phase of yttria stabilized zirconia (t’-YSZ) is 
commonly used for the ceramic coating layer of multilayer thermal 
barrier coating (TBC) systems [1]. t’-YSZ is selected due to its high 
melting point, low thermal conductivity, chemical inertness, and 
compatible thermal expansion coefficient with the metallic substrates 
[2,3]. Common depositing techniques includes Air Plasma Spray [3], 
Electron Beam Physical Vapor Deposition [4], Solution Precursors 
Plasma Spray [5], and Plasma Spray Physical Vapor Decomposition [6]. 
All these processing methods involve a high-temperature quenching 
process from the cubic phase of YSZ to the t’-YSZ phase. At the standard 
atmosphere, YSZ has three different equilibrium phases: Cubic (C), 
Tetragonal (T) and Monoclinic (M) [7]. After the quenching of YSZ 
containing 6 to 13 mol% of yttria, t’ phase can be temporarily stabilized 
at room temperature [8]. Miller et al. showed the three equilibrium 
phases, their existing temperature and the process of quenching from the 
cubic phase to form t’-YSZ [8]. 

In slow cooling, YSZ transforms into the low-yttria tetragonal phase 
and the high-yttria cubic phase between 1500 ◦C and 600 ◦C. The 
tetragonal phase further transforms into monoclinic phase below 600 ◦

C. On the other hand, the non-equilibrium, high-yttria t’ phase can be 
temporarily stabilized at room temperature through a quenching pro
cess [8]. Since t’-YSZ is a metastable phase between the cubic phase and 

the tetragonal phase, it inherits a near-fluorite structure from the cubic 
phase with a slight distortion along one of the principal directions. As a 
result, t’-YSZ has three t’ variants, and Baither et al. observed the 
coexistence of these variants by electron microscopy [9]. Fig. 1 shows 
the comparison of a regular fluorite unit cell, a t’-YSZ unit cell and a 
tetragonal YSZ unit cell. It should be noted that the distortion is not 
exclusive to the zirconia atoms, and oxygen atoms shift along [110] 
directions by about ± 0.035 nm [10]. The c/a ratio of the t’-YSZ phase 
unit cell is around 1.011 [11]. The tetragonality difference between 
tetragonal and t’-YSZ is minimal, therefore the criterion for dis
tinguishing these two phases lies in the c/a ratio shown in Fig. 1. 

The current research on t’-YSZ has mostly concentrated on modi
fying its stability and mechanical properties. For example, experiments 
have shown that the heat-treating process, especially annealing at 
higher temperatures, can have great influence on the stability of the t’ 
phase [7,13]. Wang et al. examined the mechanical properties of the 
degraded t’-YSZ and concluded that long time annealing would cause 
softening of the material [14]. Other researches includes toughening of 
t’-YSZ by the addition of titania [15], and manipulating the thermal 
properties of YSZ by doping Al2O3 [16]. 

Aside from its excellent heat resisting properties, Virkar and Mat
sumoto proposed that ferroelastic domain switching (FDS) was a 
toughening mechanism for t’-YSZ, as it delays the crack propagation on 
the TBC surfaces [11,17]. Ferroelasticity can be described as the 
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spontaneous strain within a material under external stress. Such prop
erty is best observed by a hysteresis loop of stress versus strain [18]. t’- 
YSZ undergoes FDS with the application of certain amount of external 
stress. Furthermore, Pen et al. studied the connection between ferroe
lasticity and ferroelectricity and showed that the ferroelastic domains 
may vanish by the application of electric fields, which revealed the 
connection between force field and electric field within ferroelastic 
materials [19]. 

Due to the instantaneous nature of FDS, none of the previous 
experimental efforts were able to study the FDS phenomenon. Therefore, 
computer simulations have been utilized in attempting to recreate FDS. 
Time dependent Ginsburg-Landau (TDGL) theory was first used to study 
the formation of c-t’ along with a twin boundary back in 1995 [20,21]. 
Since then, more sophisticated computational methods were applied to 
study this phenomenon. Chen et al. applied Density Function Theory 
(DFT) to study the variant shuffling of stable and metastable tetragonal 
YSZ, and Carbogon et al. have proved that there are no intermediate 
state during the reorientation of YSZ variants [22,23]. Some other 
computer simulation studies, specifically molecular dynamics (MD) 
simulations and phase-field modeling (PFM), have been used to study 
phase transition or FDS in zirconia-based ceramics. Sun et al. studied the 
FDS on a crack tip using PFM, while Li et al. recreated an indentation test 
on an epitaxial YSZ thin film, both of which shows that ferroelastic 
domains brings toughing to the material and showed FDS [24,25]. On 
the other hand, Fang et al. also added a patterned structure to the crack 
tip model to further explore the effect of crack on built structure of t’- 
YSZ [26]. In another work, Fang and Luo investigated the effect of 
thermal aging on ferroelastic domains within a single crystalline t’-YSZ 
[27]. Fan et al. used MD simulation to reconstruct tetragonal phase of 
both YSZ and Sc-Y co-dopped Zirconia to examine their thermal 
expansion coefficient (TEC) at room temperature. In addition, the cubic 
to tetragonal phase transformation of YSZ was studied by Schelling et al. 
[28] using MD simulations, and separately the tetragonal to monoclinic 
phase transformation in YSZ system was studied by Ning and Asle Zaeem 
[29,30]. The reversible tetragonal to monoclinic in YSZ to study the 
superelastic and shape memory behaviors of zirconia was also studied by 
PFM [31–33]. To the best of our knowledge, the formation of experi
mentally explored ferroelastic domains in YSZ by quenching from the 
cubic phase and consequently its ferroelastic switching behaviors have 
not been studied by any computational modeling techniques. 

In this work, we utilize MD simulations to first create the t’-YSZ by 
simulating the quenching process and verify the phases by determining 
X-ray diffraction (XRD) patterns and radial distribution function (RDF) 
patterns. Then, we reconstruct a few compression-tension hysteresis 
loops to show the ferroelastic behavior and training of the t’-YSZ created 
by quenching. 

2. Methodology 

2.1. Interatomic potential 

We carried out MD simulations using the Large-scale Atomic/Mo
lecular Massively Parallel Simulator (LAMMPS) [34]. Born-Meyer- 
Buckingham Interatomic Potential is used to describe the short-range 
interatomic energy relationship. The system utilizes Buckingham po
tential in short range with cutoff of 15 Å while using the Ewald sum
mation method to calculate long range interactions. The potential 
between two atoms i and j with a distance of rij and charges qi and qj can 
be expressed by Eq. (1): 

E = Aij*e−
r
ρ −

C
r6 +

Cqiqj

∊r
, r < rc (1) 

Aij, ρ, and C are potential parameters that were used to replicate 
physical experimental results, and rc describes the critical radius. There 
are six different potentials that can be used to describe YSZ to fit specific 
mechanical behaviors. [28,35]. 

The work by Yin et al. [35] examined the existing interatomic po
tentials and discovered six difference interatomic potentials that could 
be used to calculate different properties associated with YSZ system. 
They evaluated each potential based on their lattice parameter of the 
cubic phase, the static dielectric constant and the elastic properties. 
However, Yin et al. [35] did not examine the lattice constants for a t’- 
YSZ. Therefore, in this paper, we recreated the t’ structure of YSZ as the 
initial state of the simulation using 8 x 8 x 8 unit cells. The resulting c/a 
ratio of each of the six potentials were recorded. By comparing the final 
product of relaxed t’ phase at room temperature, the Dwivedi potential 
[36] showed better results in recovering the c/a ratio of the t’ phase 
along the three principle directions, which enables creating t’-YSZ using 
this potential. Therefore, the Dwivedi potential [36] was chosen in this 
paper for running the MD simulations. The specifics of this potential are 
given in Table 1. 

2.2. MD simulation model 

MD simulations of quenching from the cubic phase to t’ phase of YSZ 
were performed in a simulation box with a size of 10 x 10 x 10 nm3 (20 x 

Fig. 1. (a) Primitive unit cell of cubic ZrO2; (b) Primitive unit cell of t’ ZrO2; (c) Primitive unit cell of t ZrO2. *Result from Ding et al. [12].  

Table 1 
Interatomic potential parameters for the YSZ in this simulation [36].  

Interaction A(eV) Р(Å) C(eVÅ6) 

Zr-O  985.869  0.376 0.000 
Y-O  1345.100  0.349 0.000 
O-O  22764.300  0.149 27.890  
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20 x 20 unit cells and 98,500 atoms) and with the isothermal-isobaric 
(NPT) ensemble. The simulation box has periodic boundary conditions 
along all three principal directions with unit cells consists of 12 atoms 
(Four Zirconium atom and Eight Oxygen atom) in a fluorite structure. To 
reach the charge balance within the system, while randomly replacing 8 
percent of zirconium atoms with yttrium atoms, the same number of 
oxygen atoms were also removed from the system. The simulations were 
run with a time step of 1 fs, and the temperature and pressure were 
controlled by a Nose-Hover thermostat [37] and Parrinello-Rahman 
barostat [38]. The simulation started with a cubic structure of YSZ 
with 8 at% YO1.5 at 2500 K. The length of the initial cubic unit cell was 
5.175 Å and the assigned charges for Zr, Y, O were + 4, +3 and − 2. The 
system was relaxed for a short time (20 ps) to reach a stabilized cubic 
phase, and then the quenching process from 2500 K to 50 K was simu
lated over 2000 ps in simulation time. Then the system was relaxed at 
50 K for 20 ps to reach an equilibrium state. The process of quenching 
follows the phase diagram created by Miller et al. [8], and the MD 
simulations represent the Air Plasma Spray methods of synthesizing YSZ 
which have very high quenching rates. We have run the quenching tests 
with different quenching rates in the Appendix I to show the relationship 
between quenching rate and the lattice change. 

To study the stress–strain relationship under cyclic loading, a strain 
driven uniaxial compression and tension test was performed in a cyclic 
manner after the quenching process. Fig. 6 shows the deformation his
tory of the cyclic test. A constant barostat was applied to the system in all 
three principal directions through the cyclic loading test. A constant 
tensile/compressive loading was applied in [001] direction until reor
ientation of ferroelastic domains were completed. 

2.3. Verification and validation 

To identify crystal structure of the system, a virtual diffraction 
method was used [39]. This technique maps the position of each atom in 
the reciprocal space and performs a linear analysis of the space to pro
duce a virtual diffraction result. The quenching simulation was recorded 
and analyzed every 200 ps, and the deformation simulation to produce 
tension–compression hysteresis loops was recorded and analyzed every 
40 ps. 

The main reference used to verify the t’-YSZ structure was the XRD 
pattern provided from physical experimental results by Ren and Pan [6]. 
The lattice parameter for the t’-YSZ phase at room temperature was 
reported to be c = 5.156 Å and a = 5.098 Å. However, due to the small 
ratio of c/a in the t’ structure, the corresponding reciprocal lattice point 
was also close to each other. From Coleman et al. [39], the reciprocal 
lattice points are detected using a user-defined mesh grid. To reduce the 
time for re-meshing the grid to find a particular point, and also to avoid 
the mesh becoming too fine, a small-scale prototype model (6093 atoms) 
was constructed to guide the large-scale model verification process. The 
distance spacing of t’-YSZ was then used in the large-scale model to 
validate the previous findings. 

It is worth noting that the virtual XRD result can be affected by the 
size of the simulation box. As described previously, the remapping of the 
atomic locations within the simulation is detected by a user defined grid. 
The number of grid points that are present within the region of interest 
greatly affects the result of these virtual XRD results. Since the t’-YSZ 
XRD points are within a tiny distance away from the cubic XRD points, 
simply using a finer mesh of grid points sometimes is not sufficient to 
solve the problem. Therefore, we had developed a technique where we 
used the information from a smaller size simulation (8x8x8 unit cells) 
and applied a relatively fine mesh to this XRD result to obtain an esti
mation of where the t’ points would be for the larger system. Then we 
applied these points using the “manual” option of the XRD function to 
specifically be looking for these t’-phase points. Through this method, 
we have successfully captured a series of XRD peaks along the whole 
quenching process. 

In addition to XRD, we have also extracted RDF from our simulation 

box. RDF analysis helped us to determine the type and distance within 
the neighborhood of each atom, and also to statistically collect the total 
number of desired atoms within the desired range. By looking at the 
third nearest neighbor of each zirconium atom, we were able to generate 
a distribution of lattice parameters within simulation model. 

3. Result and discussion 

3.1. Formation of t’-YSZ 

We monitored the lattice parameter change during the quenching to 
find signs of phase transformation from cubic to t’ phase, as shown in 
Fig. 2(a). At around 780 K, the lattice parameter experienced a sudden 
change. To distinguish this phase transformation from the normal c-t 
phase transformation, we measured the lattice parameter and calculated 
the c/a ratio at 800 K for the 8 x 8 x 8 until-cell model. The c/a ratio of 
this simulation is approximately 1.008, which fits the criterion of 
smaller than or equal to 1.011 described in Fig. 1 to be considered as t’- 
YSZ. We have also utilized virtual XRD and RDF to track interatomic 
distance change during the quenching process. This XRD test was taken 
at the end of the relaxation after the quenching process. The two peaks 
shown in Fig. 2(b) were the [004] and [400] peaks of the simulation 
crystal. These peaks refer to the distance between each zirconium atom 
and the nearest oxygen atom around it. From Fig. 2, the XRD result had 
changed from one peak to two different peaks from the beginning to the 
end of the quenching process, which means the distance between the 
two atoms also contains a probability of having a longer distance along 
one of the principal directions. We compared the virtual XRD results 
extracted from MD simulations with experimental XRD results by Ren 
and Pan which was produced specifically for t’-YSZ at room temperature 
[6]. The difference between the 2ϴ angle of the current simulation and 
Pen’s work was smaller than 0.5 %, which we conclude to be a successful 
simulation of the physical experiment. It should be noted that that the 
lattice constant is recorded at each temperature during quenching by 
taking the average of 8 lattices along [100], [010] and [001] directions 
of the simulation box. 

To further examine the interatomic relationship between Y-Zr and 
Zr-Zr, we took RDF within the lattice and observed a deviation from 
overlapping peaks to two different peaks, as shown in Fig. 2(c). The 
separation of the peaks suggests a change in the interatomic Y-Zr dis
tance, which is longer than that of a Zr-Zr distance. This means that the 
majority of the tetragonality that we observed from the virtual XRD and 
the lattice parameter change come from the extension of the Y-Zr dis
tance. Assuming that oxygen vacancies are related to the appearance of 
yttria in the lattice due to charge balance within the lattice, this provides 
a fundamental evidence of ferroelastic domain nucleation around 
Yttrium atoms or oxygen vacancies within the YSZ lattice. 

The formation of a new phase during an endothermic process is 
usually accompanied with abrupt changes in the total energy of the 
system. From Equation (1), the total energy of each particle that makes 
up the system is the summation of the coulombic energy and the short- 
range energy. To further prove the formation of a new phase, we 
determined the coulombic term in Buckingham potential. As shown in 
Fig. 3, as soon as the lattice parameter experienced a sudden change, 
there was also a coulombic energy reduction. This means the repulsive 
force within the lattice is temporarily increased while the attractive 
force is decreasing. This would create a lattice distortion in which we 
identify as the phase transformation from the cubic phase to the t’ phase. 
The coulombic energy stayed linear before and after the phase transition 
due to the total energy reduction of quenching. 

Although the virtual XRD captured the difference in the [400] and 
[004] peaks, the larger simulation box (20 x 20 x 20 until cells) length 
did not have as significant of a change as the prototype model (8 x 8 x 8 
until cells). On the other hand, the change in length of the simulation 
box is highly related to the thermal expansion of the material through 
the quenching process. Utilizing the thermal expansion coefficient at the 
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different temperatures, we can separate the volumetric change of the 
simulation box between thermal expansion and phase transformation. 
Fig. 4 shows the relationship between thermal expansion coefficient and 
temperature. 

From Fig. 4, the thermal expansion coefficient experienced a sudden 
drop, which meant the system did not shrink due to cooling of a pure 
cubic phase, and this sudden drop was a sign of a phase transformation. 
The change in the slope of the thermal expansion curve was also at a 
higher temperature (900 K) compared to the measurements make by 
Hayashi et al. (600 K) using a dilatometer [16]. This means that a phase 
transformation has occurred to work against the shrinkage. The MD 
simulation result of the high temperature thermal expansion coefficient 
(above 1923 K) was within the range described by Ushakov et al. (7 ±
2e-6 K− 1). 

Twin boundaries are commonly observed in unstrained ferroelastic 
materials such as quenched t’-YSZ crystals [11]. The origin of twin 
boundaries comes from the reduction of symmetry from c-t’ phase 
transformation [40]. However, some previous research have shown that 

quench rate is influential on the formation of the t’ phase and the 
associated twin boundaries [41,42]. To be specific, quenching processes 
faster than 4.17 K/s is known to disrupt the formation of ferroelastic 
domains [9]. Consequently, due to the high quench rate in MD simula
tions, formation of t’ domains were not obvious right after quenching. 
However, we observed the formation of ferroelastic domains and the 
associated twin boundaries right after the first loop of mechanical 
loading. 

3.2. Ferroelastic hysteresis loop 

The simulation box was deformed under cyclic compression-tension 
loading to create three hysteresis loops, as shown in Fig. 5. The first 
cycle appeared to behave differently than cycles two and three. The 
main reason for this behavior was the distribution of oxygen vacancies, 
which were randomly spread across the whole simulation box due to the 
quenching process. From Kushima and Yildiz, the external stress is one 
mechanism to trigger internal oxygen vacancy movement [43]. In this 

Fig. 2. (a) Change of lattice parameter during the quenching process, (b) Virtual XRD at 300 K, and (c) RDF through the quenching process.  

Fig. 3. (a) Change of coulombic energy during quenching with linear fit before/after formation of t’; (b) Change of short-range energy during quenching with linear 
fit before/after formation of t’. 
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simulation, the first cycle serves as the activation of the oxygen mobility, 
providing sufficient energy for each vacancy to react to external stress. 
As a result, the first cycle was applied as the initiation loop to train the 
material in order to show a ferroelastic hysteresis behavior. As the 
simulation enters the second cycle, a near symmetrical hysteresis loop is 
observed. 

In Fig. 5, a strain of about ± 3 % was applied to create three 
consecutive loading cycles. The first cycle, shown in blue, represents an 
activation (or training) cycle of ferroelasticity. Without this activation 
cycle with at least a strain equal or greater than ± 3 %, a ferroelastic 
behavior could not be observed. The second and third cycles (shown in 
green and red) represented symmetrical ferroelastic hysteresis behaviors 

indicating the reorientation of the t’ phase. The model experienced 
softening at the saturation stress (i.e., maximum stress required for 
phase transformation) due to the reorientation. From Fig. 5, the elastic 
modulus of the two states before and after the saturation stress were 
similar. This could be the proof that reorientation of the same phase 
happened during this period instead of phase transformation. The 
simulation was extended after the saturation stress was reached to 
ensure the reorientation was completed. The saturation stress was ~ 7 
GPa, which was close to the maximum stress value of 7.9 GPa reported 
by Masuda et al. for a single crystal micropillar [44]. The lower satu
ration value compared to the experiment may have come from the fact 
that our quenching simulation resulted in a lower density of defects and 
lower lattice distortion. Although the simulation used a quenching 
process similar to experiments, no obvious dislocations were observed 
within the domain of study to stop the flow of stress through the 
simulation box. In addition, the total shift of the saturation stress at both 
ends of the hysteresis loop also coincided with the drop of the total 
energy in each cycle described in Fig. 5. Due to the fact that this model 
was generated through a fast quenching of the cubic phase, the cubic 
phase within the simulation box was only partially transformed to t’ 
phase. By continuous cyclic loading, there were more portions of the 
remaining cubic phase that received enough energy from the external 
stress to transform to the t’ phase. The change in energy during different 
cycles is shown in Fig. 5, and the specific distribution of different phases 
in the 3rd cycle in Fig. 5 is shown in Fig. 7. 

In Fig. 6, the blue line shows the energy change during the hysteresis 
loops while the red line represents the applied strain. The increase in 
energy in the first cycle was significantly larger than that of other cycles. 

Fig. 4. Change of thermal expansion coefficient (TEC) during the quenching process.  

Fig. 5. Stress–strain curve of t’-8YSZ during cyclic loading.  

Fig. 6. Changes in energy and strain during cyclic loading.  
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This is the result of the activation energy requirement for ferroelastic 
domain switching to happen. From Fig. 6, by comparing the total energy 
at − 0.03 strain, the first loop shows a much higher value. As the di
rection of the applied strain changes, the total energy experienced a 
sudden drop. Due to the phase transition that happened in the second 
and third cycle, the energy experienced a sudden increase prior to the 
largest strain (both positive and negative). In addition, by comparing the 
cycles, the lowest energy point of these cycles decreased continuously as 
the cycle number increases. This shows a trend that the material is 
adapting to the cyclic loading and would potentially lead to ease of 
ferroelastic switching. 

Fig. 7 provides the coordination analysis of the hysteresis loop.Fig. 7 
(III) shows the coordination number of each atom during the deforma
tion. The division between the regular t’-YSZ and plastically deformed 
t’-YSZ lies around 3.1 Å and is shown in a dashed line in Fig. 7(II). At 
point (b) and (d), the simulation box was plastically deformed and two 
of the eight oxygen atoms surrounding a zirconium atom was pulled 
towards the deformed direction, causing reduction of the coordination 
number by 2 (with a cutoff at 3.1 Å), which was restored when the strain 
recovered at (a), (c) and (e) points. Therefore, by showing the reduction 
of the coordination number, we can observe the part of the system where 
reorientation happened. Only the lattices plastically deformed after the 
saturation stress was reached had the potential to reach a lower coor
dination number temporarily, which are shown in Fig. 7(III) (b) and (d). 
From (b) and (d) snapshots in, the pattern associated with the un
changed portion was also different. Since this loop was constructed 
between the second cycle and the third cycle, this also shows training of 
the material by cyclic loading. The amount of unchanged portion in (d) 
snapshot was significantly less than that of (b) snapshot, which means 
the ferroelastic domain switching was promoted during this cyclic 
change. 

4. Conclusion 

In this study, MD simulations were performed to investigate the 
formation of t’-YSZ and study its ferroelectric hysteresis behavior during 
cyclic compression-tension loading. Through comparison of virtual XRD 
and lattice parameter results with those from physical experiments, it 

was shown that the reconstructed quenching process by MD simulations 
could successfully reproduce the t’-YSZ phase. This study also generated 
the thermal expansion coefficient curve and ferroelastic hysteresis loops 
to demonstrate that MD simulations were capable of not only providing 
the physical properties of the t’-YSZ phase, but also studying the fer
roelastic behavior of YSZ. The cyclic loading simulations showed that an 
initial training cycle with ± 3 % applied strain was needed to activate or 
train ferroelastic behavior, after which, the consecutive compression- 
tension loading cycles resulted in almost symmetrical hysteresis loops 
of ferroelastic switching. The saturation stress was predicted to be ~ 7 
GPa, which was very close to the experimentally reported value of 7.9 
GPa. Analysis of the energy changes during cyclic loading pointed to 
decrease in the amount of energy required to complete the hysteresis 
loops by increasing the number of cyclic loading. A conclusion can be 
made that the ferroelastic switching behavior in YSZ can occur easier by 
the application of a greater number of cyclic loading, and this is 
promising for utilization of YSZ in applications requiring higher cycles 
of ferroelastic switching. 

The developed MD simulation framework in this research can be 
applied for further investigations of the fatigue and fracture behaviors of 
ferroelastic YSZ and the relationship between ferroelasticity and oper
ating conditions (e.g., temperature and strain rate). 
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Appendix I 

Aside from selection of a proper interatomic potential, the quenching rate is another important parameter in creating the t’-YSZ structure. We 
tested a wide range of quenching rates, shown in Fig. 8, and we found that with a quenching rate of 1.389 x 109 K/s, the t’-YSZ structure was created 
(shown by black line). With slower quenching rated, the system did not form the t’-YSZ phase (shown by the red and blue). The red line shows with 
quench rate of 1.042 x 109 K/s which did not deliver enough energy to facilitate the transformation to t’-YSZ phase. From Fig. 8, we chose the quench 
rate of 1.389 x 109 K/s to reconstruct t’-YSZ from quenching of the cubic phase.

Fig. 8. The influence of quenching time on the final lattice parameter using the Dwivedi potential.  
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