
INTRODUCTION

Flash sintering (FS) is a promising technique due to the 
time it takes to happen (in the order of seconds) in furnace 
temperatures much lower than those used in other sintering 
techniques. It consists of applying an electric field (E) through 
the ceramic sample being heated in a furnace. At a certain 
critical temperature, the thermal runaway phenomenon 
occurs, quickly heating the sample and densifying it in a few 
seconds [1–5].

FS can be divided into three stages, characterized by 
their electric current values: stage (I) or incubation, during 
this initial stage, the applied voltage drives a relatively low 
electrical current through the sample. The resulting Joule 
heating is effectively dissipated into the environment, 
preventing any significant temperature rise; stage (II), or 
flash event, this is the defining stage of FS, marked by a 
sudden, nonlinear increase in electrical conductivity. As the 
current reaches a critical threshold, Joule heating surpasses 
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Abstract

Flash sintering, renowned for its rapid densification of ceramic materials, lacks comprehensive studies on the influence of electric 
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the sample’s ability to dissipate heat, triggering thermal 
runaway. This rapid temperature rise promotes enhanced 
mass transport, leading to accelerated densification; stage 
(III) or steady-state, in this final stage, the system stabilizes 
as the power supply switches to the current control mode. 
The sample temperature reaches a dynamic equilibrium, 
balancing heat generation and dissipation. Densification 
continues but at a slower rate compared to the flash event. 
The steady-state stage determines the final microstructure of 
the sample [3,6–9].

Also, according to studies conducted by Grasso et al. 
[10], it is estimated that FS heating rates reach values close 
to 104 °C.min-1, depending on the parameters involved [10]. 
This heating rate favors densification with low grain growth, 
allowing the achievement of refined microstructures [11–14] 
with density values close to theoretical ones [15–17].

Despite the FS advantages, there are still some challenges 
to using this technique on an industrial scale, e.g., the 
need for conductive pastes to improve contact between 
sample and electrodes [18,19], difficulty in sintering 
homogeneously complex shape geometries [20,21], and the 
presence of thermal gradients among the specimens [15,22]. 
Furthermore, the importance of the ratio between surface 



area and volume (A/V) in FS is emphasized as a limiting 
agent for the densification process. Some authors reported 
microstructural and densification heterogeneity, resulting 
from the thermal gradients generated in samples with 
volumes greater than their surface areas (e.g., the cylinders 
used in the present study, where the thickness and diameter 
result in a volume greater than the surface area) [23–25]. 
Currently, the literature lacks studies relating to the influence 
of FS parameters on different sample geometries.

In general, FS studies seek to design the ideal conditions 
for an adequate microstructure with a set of desired properties 
to enable the understanding of how these conditions relate 
to mass transport mechanisms, electrical conductivity, 
onset temperature, FS stage III temperature, and the final 
properties of sintered materials. However, reproducing the 
results from the literature involves many parameters since 
most of the furnaces and equipment used are adapted for FS 
and differ in terms of sample geometry, mode of application 
of electric current, and the applied E [26–28].

The experimental design and response surface 
methodologies (RSM) exhibit excellent applicability in 
the development of methods based on multiple variables 
[29,30]. Therefore, these methodologies can be applied to 
understand how variables affect flash sintered samples and 
enable finding the optimal conditions of the FS parameters 
(using a limited number of experiments), such as E and 
electric current density (J), among others, regardless of 
sample format.

One should also notice that RSM allows us to identify 
the appropriate parameters to be used in the process while 
minimizing the number of samples and time, making 
it advantageous for FS-related studies. Moreover, the 
technique allows us to optimize experimental responses 
by simultaneously assessing the variables involved in the 
process and identifying how they influence each other, 
and how they influence the final material properties and 
interactions [29,31,32].

In view of this, this study aimed to use the RSM 
technique to determine the ideal E and J values to optimize 
the densification of flash sintered 8YSZ cylindrical and 
dog-bone samples. Through interpolation and validation of 
mathematical models obtained via the RSM technique, the 
influence of E and J magnitudes on the densification, onset, 
and steady-state temperatures of flash-sintered samples was 
evaluated.

MATERIAL AND METHODS

The procedures for developing and validating the technique 
involve conducting experiments under different conditions to 
create a dataset for use in modeling and subsequently in the 
validation and exemplification of the model.

Commercial zirconia powder stabilized with 8 mol% 
yttria (8YSZ; TZ-8Y, Tosoh Corp., Japan) was used in 
sample preparation. For this, a suspension was prepared 
in an aqueous medium with 3.5 wt.% of the DURAMAX 
D-3005 dispersant and 2.5 wt.% of the DURAMAX B-1022 

(Dow Chemical, USA) binder in a ball mill for 24 h. Then, 
the suspension was dried by hot air flow and passed through 
a 100-mesh sieve.

The resulting powder was compacted by uniaxial 
pressing, using 200-MPa pressure, in two geometries: 
cylindrical and dog-bone, as illustrated in Figure 1. After 
conformation, samples were calcined at 800 °C for 120 min, 
with a heating rate of 2 °C.min-1 to remove the binder and 
the dispersant.

Figure 2 illustrates the tubular furnace used in FS 
[25], and how platinum electrodes were positioned in both 
sample geometries. Flash conditions were controlled by a 
programmable power supply (751iX II series, California 
Instruments) and data acquisition was done via the LabVIEW 
2013 (NI) software.

For the experimental design, the atmosphere (ambient 
air), furnace heating rate (20 °C.min-1), frequency of the 
applied E (1000 Hz), and flash time (60s) were fixed. The 
surface area to volume ratio (A/V) (through which the 
electric current passes) for the cylindrical and dog-bone 
samples was 1.33 and 1.91 mm-1, respectively.

Minimum and maximum values of E and J were, 
respectively, 80 and 200 V.cm-1 and 80 and 200 mA.mm-2, for 
both geometries. These were determined according to previous 
studies [33–36] and power supply limitations to assess a range 
of these variables that could be applied to our samples.

A central composite design (CCD) with three central 

Figure 1: Dimensions of the “green samples” in cylindrical and 
dog-bone shapes.

Figure 2: Representation of the furnace used for flash sintering, 
focusing on the positioning of the cylindrical and dog-bone 
samples.
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points, combined with the RSM, was used to investigate the 
influence of E and J on densification, onset temperature, and 
the black body radiation (BBR) model-estimated temperature 
during the FS steady-state of 8YSZ samples, resulting in 11 
experiments.

With the boundary values of the independent variables 
defined (representing the manipulated E and J values in 
the experiment), the Statistica software (v. 13.5, StatSoft, 
Tulsa, USA) was used to derive the experimental conditions 
under examination. The operational conditions used in 
experimental design, represented by variables E (V.cm-1) and 
J (mA.mm-2), and their coded values X1 and X2 are shown 
in Table 1. Coded variables were used since they allow 
us to observe the relative importance of the effects. The 
comparative analysis of the selected geometries was based 
on the response surfaces obtained by the variables encoded 
at levels -1.41, -1.00, 0.00, 1.00, and 1.41. Applying coded 
variables (as 1.00 and -1.00) is common to dimensionalize 
experimental levels and is called coding the data. This 
coding aids in the interpretation of the coefficients fit to 
any experimental model. After factor settings are coded, 
center points have the value “0.00”. It is a simple linear 
transformation of the original measurement scale.

With E and J combinations generated by experimental 
design (Table 1), 8YSZ cylindrical and dog-bone samples 
were subjected to FS. Then, the relative density (ρ) was 
measured using Archimedes’ principle, according to ASTM 
C373-18 [37]. The mean values of relative densities were 
expressed according to theoretical density.

FS onset temperature was measured immediately before 
the power supply changed from voltage to electrical current 
control. The estimated temperature of the samples in the 
steady-state (stage III) was estimated by the BBR model 
[38], as shown in Eq. (A):

TS = T0 +
1/4

W
A= sS

 				    (A)

where TS is the estimated sample temperature; TS, the 
furnace temperature; A, the total surface area of the sample 
(assumed as the measurement section);   refers to the 
material emissivity (  =0.9 is the emissivity of most oxides); 
W is the electrical power dissipation; and sS , the Stefan-
Boltzmann constant, equivalent to 5.67 × 10−8 W.m2. K−4.

To estimate sample temperature (TBBR) in the steady-
state, the data obtained in the last 5 s of sintering were used, 
thus ensuring that E and J values were already stabilized.

Both geometries subjected to FS and the values of each 
dependent variable were used to estimate the coefficients of 
a polynomial model, as shown in Eq. (B):

Y=b0+b1X1+b2X2+ b11X1+b22X2+b12X1X2		  (B)

where Y is the estimated response, Xi, the independent 
coded variable of the process at scale, and bi , the model 
coefficient for the variable i. Variance analysis (ANOVA), 
the lack-of-fit test, regression coefficient determination, and 
response surface generation were performed in the Statistica 
software. Only statistically significant coefficients (p < 0.05) 
were maintained in the regression and generation of response 
surface models.

In the second modeling stage, the most desirable points 
for the process were obtained. The equations obtained by the 
Design of Experiments (DoE) method were delimited by a set 
of contour constraints determined by the generated response 
surfaces and the qualitative analyses of the sintered samples.

As an example, the most desirable process points were 
obtained within defined boundaries. Optimization was 
performed from a set of constraints determined according to the 
results for response surfaces. To prevent temperatures that may 
induce sample melting, onset values ranging from 700 to 900 °C 
were selected, and a maximum TBBR of 2000 °C. Table 2 shows 
the constraint sets used to determine the optimized parameters 
for best densification according to these boundaries.

Mathematica software optimization tool (see 12.3.1, 
Wolfram Research, Inc., USA) was used to determine the 
most desirable E and J operating conditions, i.e., those in 
which high densification occurs. The experimental validation 
of the optimal points allowed the comparison between the 
cylindrical and dog-bone geometries.

RESULTS AND DISCUSSION

Computational modeling was carried out on three fronts 
to acquire the three types of predictive models: one for 
densification, another for onset temperature, and a third for 

Table 1 - Values for E (V.cm-1) and J (mA.mm-2) and 
their respective coded variables, X1 and X2, applied to 
experimental design.

Run E (X1) J (X2)
1 97.60 (-1.00) 97.60 (-1.00)
2 97.60 (-1.00) 182.00 (1.00)
3 182.00 (1.00) 97.60 (-1.00)
4 182.00 (1.00) 182.00 (1.00)
5 80.00 (-1.41) 140.00 (0.00)
6 200.00 (1.41) 140.00 (0.00)
7 140.00 (0.00) 80.00 (-1.41)
8 140.00 (0.00) 200.00 (1.41)
9 140.00 (0.00) 140.00 (0.00)
10 140.00 (0.00) 140.00 (0.00)
11 140.00 (0.00) 140.00 (0.00)

Parameter Restriction 
E (V.cm-1) 80 ≤ E ≤ 200

J (mA.mm-2) 80 ≤ J ≤ 200
Onset (°C) 700 ≤ Onset ≤ 900

TBBR (°C) ≤2000

Table 2 - Constraint values used to optimize the densification 
of sintered samples.
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steady-state temperature. The outcomes from each modeling 
process and validation are delineated in the subsequent 
sections.

Table 3 summarizes the results obtained via experimental 
design for 8YSZ samples in both geometries. In the E and 
J columns, it is possible to find the (operational and coded) 
independent variables generated by experimental design. 
The remaining columns show the other results obtained 
by sintering with the E and J combinations generated by 
experimental design (dependent variables).

For the central points 140.00 (0.00), dispersions in the 
values of ρ, Onset, and TBBR were observed as 0.6%, 14.5°C, 
and 7.4°C for cylindrical samples, and 2.1%, 29°C, and 
96°C for dog-bone samples, respectively.

Based on the results obtained through experimental 
design, regression coefficients for coded second-order 
polynomial equations were determined (βi) (Eq. B), the 
ratio values between variances (F), probability (p), and 
determination coefficients (R2), as shown in Table 4.

The resulting equations were tested through variance 
analysis (ANOVA). The adjusted models demonstrated 

adequacy, exhibiting significant regression, low residual 
values, lack-of-fit, and satisfactory determination 
coefficients. Figs. S1, S2, and S3 (supplementary material) 
present the residual plots of the predicted versus observed 
values, comparing the models considering the non-significant 
values with the models in which the non-significant values 
were discarded. As expected, the model is not significantly 
altered when the non-significant values are considered. 
Furthermore, the linear relationships between predicted 
and observed values indicate a strong correlation between 
the results obtained with the experimental data and those 
generated with the model.

Figure 3 shows the response surfaces for the relative 
density of cylindrical and dog-bone-shaped samples. Both 
surfaces indicate that the E values have a negligible impact 
on densification. As Table 4 shows, the β1 and β11 coefficients, 
referring to linear and quadratic E values, respectively, were 
non-significant in the relative density equation used for both 
geometries. These results corroborate the findings from 
the literature [19,33,36,39], in which densification directly 
relates to the applied J magnitude, rather than to the E value.

Run E (V.cm-1) (X1)
a J (mA.mm-2) (X2)

a ρ (%DT)b Onset (°C)b TBBR (°C)b

C
yl

in
dr

ic
al

1 97.60 (-1.00) 97.60 (-1.00) 81 804 1504
2 97.60 (-1.00) 182.00 (1.00) 91 801 1885
3 182.00 (1.00) 97.60 (-1.00) 82 715 1579
4 182.00 (1.00) 182.00 (1.00) 92 718 1977
5 80.00 (-1.41) 140.00 (0.00) 84 825 1681
6 200.00 (1.41) 140.00 (0.00) 90 704 1765
7 140.00 (0.00) 80.00 (-1.41) 80 747 1490
8 140.00 (0.00) 200.00 (1.41) 87 753 1999
9 140.00 (0.00) 140.00 (0.00) 87 751 1760
10 140.00 (0.00) 140.00 (0.00) 88 727 1763
11 140.00 (0.00) 140.00 (0.00) 88 753 1749

D
og

-b
on

e

1 97.60 (-1.00) 97.60 (-1.00) 93 817 1275
2 97.60 (-1.00) 182.00 (1.00) 97 801 1555
3 182.00 (1.00) 97.60 (-1.00) 94 748 1446
4 182.00 (1.00) 182.00 (1.00) 95 716 1658
5 80.00 (-1.41) 140.00 (0.00) 98 904 1451
6 200.00 (1.41) 140.00 (0.00) 96 728 1510
7 140.00 (0.00) 80.00 (-1.41) 92 759 1257
8 140.00 (0.00) 200.00 (1.41) 98 721 1665
9 140.00 (0.00) 140.00 (0.00) 98 728 1497
10 140.00 (0.00) 140.00 (0.00) 95 708 1601
11 140.00 (0.00) 140.00 (0.00) 94 765 1410

Table 3 - Independent (operational and coded) and dependent variables (results) used in our experimental design 
to obtain regression coefficients.

Independent variable values (those between brackets are coded variables).B Experimental design results. ρ: apparent density (%DT); Onset: 
flash starting temperature (°C); and TBBR: estimated temperature of black body radiation at the stationary stage (°C), respectively.
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Variations in relative density values and the J value (β2 
coefficients in Table 3) are more significant for cylindrical 
samples than for dog-bone samples, possibly due to the 
surface area-to-volume ratio (A/V) values. The applied J 
is equal for both sample types and is directly related to the 
densification and temperature of the process. However, our 
cylindrical samples have a larger cross-sectional area and a 
greater surface area in contact with the metallic electrodes. 
In this case, this difference is associated with the joule 
heat dissipated during the process and transferred to the 

environment (via conduction to the electrodes, convection, 
and radiation to the furnace air).

Studies by Grimley et al. [20] and Campos et al. [40] 
showed that the surface area to volume ratio (A/V) limits 
FS. Depending on the free surface area, thermal and 
microstructural heterogeneity are observed in the sample 
[20,40]. This is directly related to material densification. 
Possibly due to this, dog-bone samples showed higher 
relative density values than cylindrical ones, when using the 
same electrical parameters. Thus, the geometry effects (A/V) 
and the presence of the metallic electrode in cylindrical 
samples result in greater heat loss compared to dog-bone 
samples, leading to reduced densification.

Figure 4 shows the onset temperature behavior 
as a function of E and J for cylindrical and dog-bone 
format samples, respectively. According to the results, 
onset temperature is strongly affected by the applied E, 
dramatically falling as E increases. J variation failed to show 
a significant influence on onset temperature. These findings 
also corroborate the results observed in the literature 
[7,36,41].

The response surfaces for onset temperature show a 
slightly concave curvature due to the β11 coefficient, which 
was significant for these surfaces. Furthermore, dog-bone 
surfaces show a greater sensitivity to increasing E values, as 
the larger green region in Figure 4 and the β1 and β11 values 
show. This difference is possibly due to thermal losses by 
conduction to the electrodes occurring in cylindrical samples 
since electrical contact is made with the use of platinum discs 
on flat surfaces for this geometry. In this configuration, a 
significant amount of heat is dissipated by conduction to the 
electrodes. So, for the same E and J conditions, cylindrical 
samples will require a higher furnace temperature to achieve 
onset than dog-bone ones [22,27,40].

Figure 5 shows the response surfaces for the temperature 
estimated by the BBR mathematical model during the FS 
steady-state. When analyzing the regression coefficients for 
TBBR (Table 4), a notable influence of the β2 coefficient on J 
was observed in both samples. Moreover, the β11 coefficient 

Coef. ρ (%DT) Onset (°C) TBBR (°C)

C
yl

in
dr

ic
al

b0 84.43 747.27 1751.89
b1 NS -42.75 35.65
b2 3.77 NS 187.22
b11 NS 9.85 -14.88
b22 NS NS NS
b12 NS NS NS
R2 0.66 0.96 1.00
F 17.46 219.19 1717.68

p-value <0.002 <0.017 <0.023

D
og

-b
on

e

b0 95.27 732.75 1484.00
b1 NS -50.12 NS
b2 1.78 NS 133.7
b11 NS 38.96 NS
b22 NS NS NS
b12 NS NS NS
R2  0.50 0.87 0.77
F 8.98 37.51 29.9

p-value <0.015 <0.000 <0.000

Table 4 - Coded second-order regression coefficients for 
apparent density, onset, and BBR temperature for cylindrical 
and dog-bone samples.

NS: Non-significant (p > 0.05).

Figure 3: Response surface of relative density (%DT) of cylindrical and dog-bone samples.
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negatively contributed to the response surface of cylindrical 
samples, explaining their convex curvature (Figure 5).

Higher temperatures and a broader temperature range 
were observed in cylindrical samples compared to those 
in dog-bone samples. By comparing TBBR (Figure 5) and 
relative density surfaces (Figure 3). This can explain the more 
pronounced variation in the relative density values observed 
in cylindrical samples (Figure 3). The estimated temperatures 
for dog-bone samples under different conditions showed 
very close values, explaining their smaller density variation. 
Furthermore, as shown, cylindrical samples tend to reach 
higher TBBR values than those estimated for dog-bone samples. 
Thus, during sintering, a higher power is provided for 
densification. However, the density values were, in general, 
lower for cylindrical samples, likely due to the microstructural 
heterogeneity usually observed for this geometry [40].

The TBBR difference is related to thermal losses. As 
discussed earlier, heat dissipation by conduction to the 
platinum electrodes during cylindrical sample sintering 

causes lower electrical conductivity. Thus, the flash event 
happens at a higher furnace temperature for cylindrical 
samples than dog-bone ones. Since TBBR estimates raise 
furnace temperatures to the fourth power, as Eq. (A) shows, 
this explains the increase in the estimated temperature for 
cylindrical samples.

Utilizing the constraints specified in Table 2, optimized 
values for E and J were estimated. Subsequently, FS 
was conducted using the obtained values to validate the 
optimized mathematical model. Cross-validation was also 
executed to assess the models’ generalization capacity, with 
the objective of evaluating their accuracy and subjecting 
them to testing with all available data.

Table 5 shows the predicted and experimental ρ, onset, 
and TBBR values obtained for the validation FS and the cross-
validation of the mathematical models using the optimized E 
and J values obtained by the Mathematica software.

As can be seen, the predicted and experimental values 
agree well. Validation and cross-validation results exhibit 

Figure 4: Response surface for the onset temperature of the flash event in cylindrical and dog-bone samples.

Figure 5: Response surface for the temperature estimated by BBR in cylindrical and dog-bone samples.
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a variation of less than 5 % between the values estimated 
by the optimized models and the experimental values, 
except for onset temperature and TBBR in the validation 
of dog-bone samples, which showed an 11 % and 13 
% variation, respectively. When performing the cross-
validation, the density value obtained for dog-bone samples 
was slightly higher than that obtained by optimization 
validation. Furthermore, experimental TBBR values for the 
cylindrical samples were higher than the restriction value 
for the optimization model (2000 °C). These variations 
may relate to physical and microstructural characteristics 
that were ignored in the used models, such as grain size, 
real sample emissivity, activation energy, and electrical 
conductivity, among others. Irrespective of that, in general, 
we found no significant differences between the estimated 
and experimental values, indicating that the methodologies 
applied here are efficient for designing FS experiments.

CONCLUSIONS

The utilization of the RSM technique demonstrated 
effectiveness in acquiring optimal E and J values to 
enhance the densification process of flash-sintered 8YSZ 
cylindrical and dog-bone samples. Furthermore, it facilitated 
comprehension and prediction of the influence of E and J 
values on ρ, onset temperature, and TBBR. One of the key 
benefits of this statistical approach is its ability to predict 
the best processing conditions with a limited number of 
experiments, making it highly efficient for materials with 
high costs or limited quantities. This capability is especially 
valuable when considering the scaling-up of the technique. 
Thus, RSM optimization emerges as an efficient tool for 
determining optimized FS parameters across samples with 
varied geometries, enabling correlation among multiple 
variables inherent to the process and understanding their 
trends and interrelations. Future studies could extend this 
statistical methodology to encompass boundary conditions 
applied to different sample geometries.
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mathematical model and Expe. - Obtained by the experimental performance.
b Electric field (E) and electric current density (J) values obtained by optimization and used in sintering.
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