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Abstract

To evaluate whether atmospheric-pressure plasma jet (APPJ) treatment induced early,
sintering-related, surface microstructural variations in 3 mol% yttria-stabilized zirconia
(3Y-TZP), with a particular focus on how treatment time affected the grain size and SEM-
derived surface dark-area fraction, this exploratory study examined time-dependent surface
microstructural changes in commercial 3 mol% yttria-stabilized zirconia (3Y-TZP) subjected
to air APP] exposure for 4, 8, 15, 30, or 60 min under fixed device settings. A separate
no-dwell furnace reference series was used to contextualize surface microstructural changes
during heating; it was not used to assign an equivalent temperature to APP] exposure. Field-
emission scanning electron microscopy was used to determine surface grain dimensions
and a threshold-derived surface dark-area fraction. No specimen-surface temperature
was recorded during APP] exposure. Surface grain dimensions remained similar through
15 min and increased at 30 and 60 min, whereas the surface dark-area fraction changed
modestly. Under the tested conditions, prolonged APP] exposure was associated with
marked surface grain coarsening and limited change in the SEM-derived dark-area fraction.

Keywords: ceramics; atmospheric-pressure plasma jet; surface microstructure; 3Y-TZP;
sintering

1. Introduction

The structural ceramic 3 mol% yttria-stabilized tetragonal zirconia polycrystal (3Y-
TZP) is widely used in dentistry because of its high strength, fracture resistance, chemical
stability, and favorable biocompatibility. In dental CAD/CAM workflows, zirconia blanks
are milled into restorations and subsequently subjected to final sintering to obtain the
microstructure and mechanical performance required for clinical service [1-4]. Accordingly,
the development of low-thermal-budget, efficient, and controllable sintering strategies has
become an important research direction in terms of 3Y-TZP processing [5-8].

In recent years, field-assisted sintering has opened up new approaches toward low-
thermal-budget ceramic processing [9,10]. An atmospheric-pressure plasma jet (APPJ) is
a remote external-field method that can operate in open air, combining reactive species,
electric fields, and interfacial physicochemical reactions. An APPJ can be readily integrated
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into continuous manufacturing workflows. For these reasons, APPJs have attracted increas-
ing attention in the non-contact material processing field. APPJs are used to treat surfaces,
for etching and deposition, and to aid in the manufacture of flexible electronics [11-13].

Nevertheless, direct use of a plasma jet for sintering of 3Y-TZP remains poorly in-
vestigated. The feasibility thereof and the microstructural consequences require further
exploration. During ceramic sintering, grain growth and densification are not entirely syn-
chronous. Variations in their timing are governed by multiple mechanisms, including sur-
face, grain-boundary, and bulk diffusion, and pore shrinkage [14,15]. The non-equilibrium
environment that develops under plasma treatment may change the composition of reactive
species, the energy-transfer pathways, and the interfacial reaction atmosphere, thereby
influencing mass transport between particles, grain-boundary development, and pore vari-
ation [8,16,17]. Therefore, grain size and surface dark-area fraction must both be considered
when assessing whether plasma treatment produces sintering-related changes [18,19].

Of the various processing parameters, treatment time is one of the most important
because this determines the cumulative extent of plasma—specimen interaction. A system-
atic time-series comparison might clarify whether APPJ treatment principally affects grain
enlargement, pore reduction, or both during the early stage of zirconia sintering. Therefore,
the present study assessed early sintering-related microstructural variation in 3Y-TZP under
APPJ treatment using grain size and surface dark-area fraction as the principal readouts,
with a particular emphasis on the effects of treatment time.

2. Materials and Methods
2.1. Materials and Specimen Preparation

Commercial 3 mol% yttria-stabilized zirconia (3Y-TZP; ST-Color®, Upcera, Shenzhen,
China) was supplied as green-state 3Y-TZP specimen blanks. Disk specimens (approxi-
mately 10 mm in diameter and 0.50 & 0.05 mm in thickness) were milled from the blanks
using X-mill 300 (XTCERA, Shenzhen, China). No post-milling polishing was performed
before APP] exposure or SEM observation, because the objective was to examine the as-
treated external surface. A total of 75 specimens were randomly assigned to 15 experimental
groups (n = 5 per group).

2.2. Experimental Design and Workflow

The design included two separate experimental series: (1) a no-dwell furnace reference
series that described the surface microstructural response of the material during heating,
and (2) an APP] exposure-time series that assessed time-dependent changes under fixed
plasma-device settings. These series were not designed as matched thermal-equivalence
experiments. The untreated group (CONTRAST) served as the common starting-state
reference. A routinely sintered group (SINTERED) was included as an endpoint reference
for surface morphology and the corresponding SEM-derived measurements.

The workflow was specimen preparation, group allocation, furnace or APPJ treatment,
FE-SEM observation of the relevant specimen surface, image-based quantification, and
statistical or descriptive analysis (Figure 1).

2.3. Conventional Thermal Microstructural Reference Series

Initially, one set of specimens was used to establish a conventional thermal microstruc-
tural reference series (“T groups”). The specimens were heated to 600, 1000, 1100, 1200,
1300, 1400, 1450, or 1500 °C (6T, 10T, 11T, 12T, 13T, 14T, 14.5T, and 15T). To establish the
baseline, all specimens were heated from room temperature to the target temperature at
10 °C/min. No dwell time was scheduled at the target temperature; rather, all specimens
were removed from the heat source immediately after they attained the preset temper-
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Conventional thermal
microstructural reference
series

ature and then cooled naturally to room temperature. This series was used to provide
a qualitative furnace-heating reference for surface microstructural evolution. It was not
used to assign an equivalent temperature, thermal dose, or sintering stage to any APP]J
exposure group.
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Figure 1. Experimental flowchart.

2.4. Atmospheric-Pressure Plasma Jet Treatment

All plasma treatments employed the same APPJ platform (Figure 2), comprising a
jet excitation unit, a grounded electrode, and a tungsten mesh support (99% W). The
input voltage was 220 V, the rated power was 1000 W, and the operating power was
800 W. Compressed air was used as the working gas; the supply pressure was 0.4 MPa,
the operating pressure was >0.2 MPa, and the nozzle-to-surface distance was 1 cm. Each
disk was exposed sequentially on both faces (half of the stated total duration per face). The
same handling sequence was used for all APP] groups. No specimen-surface temperature
or temperature distribution was recorded during exposure. Consequently, the present
study does not separate plasma-specific effects from local heat-input effects and does not
establish a thermal equivalence to furnace treatment.

For the time-series experiment, compressed air served as the working gas throughout,
with treatment times of 4, 8, 15, 30, and 60 min. The corresponding air-plasma time-series
groups are termed A4, A8, A15, A30, and A60, respectively.

No visually discernible warping was observed after treatment. This qualitative obser-
vation does not replace quantitative measurement of linear shrinkage or temperature unifor-
mity. Energy-dispersive X-ray spectroscopy (EDS) spectra acquired from 5 representative
post-treatment surface locations were used to screen for tungsten transfer. No W signal
was detected at the analyzed locations (Supplementary Figure S1).

2.5. Microstructural Characterization

After thermal or plasma treatment, all specimens were submitted for microstructural
examination. Surface morphologies were observed using an FE-SEM (SU8010, Hitachi,
Tokyo, Japan). Before observation, all specimens were sputter-coated with gold for 90 s.
Images were acquired at an accelerating voltage of 10 kV and at magnifications ranging
from 10,000 to 30,000 x. As different magnifications were selected by reference to actual
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surface features, all quantitative measurements of grain size and surface dark-area fraction
were calibrated using the scale bars of the individual SEM images.
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Figure 2. The APPJ platform in operation (h represents nozzle-to-surface distance).

Grain size and surface dark-area fraction appearing in SEM images were quantified
using Image-Pro Plus 6.0. Clearly identifiable surface grains were individually measured
(Figure 3). One hundred grains were sampled from each SEM image and at least five
images were analyzed per group, yielding at least 500 grain measurements for each group.
Surface-grain dimensions and SEM-derived surface dark-area fraction were quantified
from FE-SEM images using Image-Pro Plus 6.0. The dark-area fraction was introduced
as an image-based surface descriptor rather than as a material porosity measurement. In
secondary-electron SEM images of unpolished green-state zirconia, low-gray-value regions
may arise from open pore-like depressions, interparticle shadowing, local surface relief,
edge effects, charging-related contrast, or imaging contrast. Therefore, this parameter was
not interpreted as true porosity, bulk density, densification, or pore elimination.

To reduce contrast-related variability, all images used for dark-area analysis were acquired
using the same SEM platform, accelerating voltage, coating procedure, detector mode, and
comparable imaging conditions. Brightness and contrast were not adjusted individually
for quantitative segmentation after image acquisition. For each analyzed SEM field, the
scale bar and non-sample regions were excluded before image processing. Images were
converted to 8-bit grayscale and analyzed using the same predefined Image-Pro Plus 6.0
workflow. Low-gray-value regions were segmented using a fixed algorithmic thresholding
rule rather than manual selection. The threshold range was defined from gray value 0 to the
main histogram peak of each image, and the resulting segmented area was expressed as a
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percentage of the analyzed surface field. The same workflow was applied to all groups to
provide a standardized within-study descriptor of surface-visible dark features.

Because the measured value depends on SEM imaging conditions and grayscale
contrast, the SEM-derived surface dark-area fraction should be interpreted only as a relative
image descriptor within the present dataset. The dark-area fraction represents a two-
dimensional SEM image descriptor of surface-visible low-intensity regions and should
not be interpreted as true porosity, bulk density, or densification. Accordingly, the present
study uses this parameter only as a secondary surface-image metric, whereas surface grain
size is treated as the primary quantitative microstructural outcome.
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Figure 3. Use of Image-Pro Plus 6.0 to calculate grain size and surface dark-area fraction. (a) Grain-size
measurement. (b) Surface dark-area fraction calculation.

2.6. Statistical Analysis

Grain sizes and surface dark-area fraction values were compared with the aid of
Python 3.4. Data normality was first assessed using the Shapiro-Wilk test. As the grain-size
values exhibited skewed distributions, intergroup comparisons were performed using
nonparametric methods. The Kruskal-Wallis test was used for overall group comparisons,
and Dunn’s post hoc test was then applied for pairwise comparisons, with the p-values
subjected to correction using the Bonferroni method. A p-value lower than 0.05 was
considered statistically significant.

3. Results
3.1. Grain-Size Measurement and Distribution Characteristics

Kernel density plots revealed skewed grain-size distributions across all groups, with
broader right-tailed distributions in groups that exhibited more pronounced coarsening
(Figure 4). To improve interpretability, the distribution plots are shown separately for the
furnace reference series and the APP] exposure-time series (Supplementary Figure S2).
Such findings are consistent with sintering theory [20-22].

3.2. Surface Microstructure of the Conventional Thermal Microstructural Reference Series
3.2.1. Grain Size

In the conventional thermal microstructural reference series (Table 1 and Figure 5), the
median grain size of the untreated control group (CONTRAST) was 151.47 nm (interquartile
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range [IQR]: 53.87 nm). From 600 to 1450 °C, the grain size changed only modestly, with
median values ranging from 159.97 nm (IQR: 62.37 nm) to 229.78 nm (IQR: 50.92 nm). A
much larger increase appeared at 1500 °C, where the median grain size attained 514.82 nm
(IQR: 241.27 nm). Thus, under heat treatment alone, obvious grain coarsening was con-
centrated in the high-temperature region rather than progressing linearly across the full
temperature range.

—— CONTRAST
—— 600°C
1000°C

104

1100°C
1200°C
1300°C
—— 1400°C
1450°C
1500°C
—— 4min
— 8min
—— 15min
—— 30min
—— 60min
—— SINTERED

Density

0 250 500 750 1000 1250 1500 1750 2000
Grain size (nm)

Figure 4. The kernel density plots of all groups.

Table 1. The grain size and surface dark-area fraction under different conditions.

Group Grain Size, Median (IQR), nm  Surface Dark-Area Fraction, Mean + SD, %
CONTRAST 151.47(53.87) a¢ 22.8 +2,072
6T 159.97(62.37) 2 18.48 4 3.14 2
10T 159.97(54.8) 2 21.32 £2.172
11T 173.39(65.1) 2 21.83£1.902
12T 199.99(59.61) 22.35 4 0.50 2
13T 203.56(74.19) 2 23.02 +0.592
14T 182.12(49.24) 2 22.34 +0.602
14.5T 229.78(50.92) 2 8.00 £2.05P
15T 514.82(241.27) b 5.81 + 4.02 be
A4 156.86(23.14) © 21.15+3.652
A8 196.92(73.37) be 2222 4+0.712
Al5 209.28(61.31) P 23.52 4+ 4.282
A30 455.16(199.33) 2 18.94 + 5.88 2
A60 695.58(363.97) 2 18.96 +4.122
SINTERED 786.23(401.44) P 1.84 +1.27°¢

Within each experimental series, different superscript letters in the same measurement column indicate significant
differences (p < 0.05).

The Dunn post hoc comparisons showed no significant differences in grain size among
CONTRAST and the furnace reference groups from 6T through 14.5T. In contrast, 15T
and SINTERED exhibited significantly larger grain sizes than all groups from CONTRAST
through 14.5T, with no significant difference between 15T and SINTERED.
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Figure 5. Conventional thermal microstructural reference series for 3Y-TZP. (a) FE-SEM images
taken at different temperatures. (b) Box plots of the grain-size distributions at different temperatures.
(c) Surface dark-area fraction distributions at different temperatures. Different superscript letters
within the same column indicate statistically significant differences (p < 0.05).

Overall, grain size remained statistically comparable from the untreated condition
through 14.5T, despite a modest numerical increase at 14.5T, and increased markedly at 15T
and after routine final sintering.

3.2.2. Surface Dark-Area Fraction

In the conventional thermal microstructural reference series, the surface dark-area
fraction of CONTRAST was 22.84% =+ 2.07%. Between 600 and 1400 °C, the fraction re-
mained within a relatively narrow range of 18.49%~23.03%, indicating that pore elimination
was still limited at this stage. When the temperature increased to 1450 °C, the fraction
decreased sharply to 8.00% = 2.05%, and fell further to 5.81% =+ 4.02% at 1500 °C. The
porosity reduction became evident earlier than the marked grain-size jump at 1500 °C.

The Dunn post hoc comparisons revealed no significant differences among CON-
TRAST, 10T, 11T, 12T, and 14T. The 13T group showed the highest mean value, but it did
not differ significantly from the untreated control or from the 10T, 11T, 12T, and 14T groups.
The surface dark-area fraction decreased markedly at 14.5T and 15T. The 14.5T and 15T
groups were significantly lower than the untreated-to-intermediate-temperature groups.
The SINTERED group showed the lowest value; it was significantly lower than 14.5T,
whereas no significant difference was detected between SINTERED and 15T.

Together, the data show that, for the conventional thermal microstructural reference
series, grain growth and porosity reduction were not synchronized. Grain size began
to deviate from that of the untreated control at intermediate temperatures, but abrupt
grain coarsening was observed at only 1500 °C. In contrast, the surface dark-area frac-
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tion remained close to that of the control to 1400 °C and then decreased markedly at
1450~1500 °C.

Because this furnace series and the APP] series differed in temperature history, heat-
transfer conditions, and exposure variables, these results are used only to contextualize
the direction of surface microstructural evolution; they do not define an equivalent APPJ
processing temperature.

3.3. Effect of Air-Plasma Treatment Time on Surface Microstructure Metrics
3.3.1. Grain Size

In the air-plasma time-series groups (Table 1 and Figure 6), the median grain size was
156.86 nm (IQR: 23.14 nm) at A4, 196.92 nm (IQR: 73.37 nm) at A8, and 209.28 nm (IQR:
61.31 nm) at A15, thus exhibiting only limited variation within the first 15 min of treatment.
When the treatment time was extended, grain size increased sharply to 455.16 nm (IQR:
199.33 nm) at A30 and 695.58 nm (IQR: 363.97 nm) at A60.

Grain size variation over time

© Surface dark-area fraction distributions over time

Surface dark-area fraction (%)

TR 11T

Contrast

4min

8min 15min 30min 60min Contrast  4min $min 15min 30min  60min Time

Figure 6. Effect of air-plasma treatment time. (a) SEM images taken at different treatment times.
(b) Box plots of the grain-size distributions at these times. (c) Surface dark-area fraction distributions
at the various times. Different superscript letters within the same column indicate statistically
significant differences (p < 0.05).

For the APP] exposure-time series, the Dunn post hoc comparisons revealed no
significant difference in grain size between CONTRAST and A4. A8 showed a moderate
numerical increase, but it was not significantly different from CONTRAST, A4, or A15. A15
was significantly larger than CONTRAST and A4, but not significantly different from A8.
When the exposure time was extended to 30 and 60 min, grain size increased markedly.
A30 and A60 were significantly larger than CONTRAST, A4, A8, and A15, whereas no
significant difference was detected between A30 and A60. These results indicate that the
most evident transition in surface-visible grain size occurred between 15 and 30 min of
APP]J exposure.
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3.3.2. Surface Dark-Area Fraction

The SEM-derived surface dark-area fraction values were 21.15% =+ 3.65% at A4,
22.22% £ 0.71% at A8, and 23.52% =+ 4.28% at A15, remaining close to the untreated
control level during the first 15 min of APPJ exposure. When the treatment time was
prolonged to 30 and 60 min, the mean values decreased numerically to 18.94% =+ 5.88%
and 18.96% =+ 4.12%, respectively. However, no statistically significant pairwise differ-
ences in the SEM-derived surface dark-area fraction were detected among CONTRAST,
A4, A8, A15, A30, and A60. Taken together, the APPJ] exposure-time series showed a
clearer time-dependent response in surface grain size than in the SEM-derived surface
dark-area fraction. Surface grain coarsening became evident after 30 min of APPJ exposure,
whereas the surface dark-area fraction showed only a modest numerical decrease without
statistically significant differences among the APPJ groups.

4. Discussion

APPJ exposure was associated with surface grain coarsening, whereas the SEM-
derived surface dark-area fraction changed to a lesser extent. This indicates that the
present APPJ treatment affected the surface microstructure in a selective rather than a
fully balanced manner [23]. This pattern is compatible with early sintering-like surface
microstructural evolution, but it does not by itself establish a sintering mechanism. Because
specimen-surface temperature was not monitored, the observed response represents the
combined outcome of APPJ exposure and its associated local heat input. The present design
cannot distinguish a plasma-specific contribution from a thermal contribution.

The no-dwell furnace reference series was included to place the observed APPJ-
associated surface changes in a qualitative context. It showed that changes in surface
grain dimensions and in the surface dark-area fraction were not necessarily synchronized
during furnace heating. However, the furnace data cannot be used to assign an APPJ-
equivalent temperature or sintering stage because the thermal histories and heat-transfer
conditions were not matched. In the untreated control group, the median grain size was
151.47 nm (IQR: 53.87 nm). From 600 to 1450 °C, the median grain size remained within a
relatively narrow range of 159.97-229.78 nm, indicating only modest grain enlargement
over this temperature interval. A marked increase was observed only at 1500 °C, at which
point the median grain size attained 514.82 nm (IQR: 241.27 nm). In contrast, the surface
dark-area fraction remained close to the control level up to 1400 °C, varying only between
18.49% = 3.14% and 23.02% =+ 0.59%, and then decreased sharply to 8.00% =+ 2.05% at
1450 °C and 5.81% =+ 4.02% at 1500 °C. This difference is consistent with a view that
grain growth and pore reduction are governed by related but kinetically distinct transport
processes in play during sintering [16]. Accordingly, plasma-induced changes should not
be interpreted using either grain size or surface dark-area fraction alone.

A similar imbalance was observed in the APPJ time-series experiment. During early
treatment, both indicators remained relatively close to the control level. After treatment
times longer than 15 min, significant grain growth became evident, with the median grain
size increasing to 455.16 nm (IQR: 199.33 nm) at 30 min and 695.58 nm (IQR: 363.97 nm) at
60 min, whereas the surface dark-area fraction decreased to only about 19%. One possible
explanation is that APP] enhances both surface diffusion and grain-boundary mobility.
Therefore, grain coarsening may appear early, whereas surface dark-area fraction reduction
may lag behind in the identical plasma-processing window. Although increasing plasma-
treatment time was associated with the same directional trend for both indicators, namely
larger grains and lower surface dark-area fraction, the time response of grain size was
clearly stronger than that of surface dark-area fraction, suggesting that cumulative plasma
exposure preferentially promoted grain-boundary activity and grain coarsening. This
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suggests that the current processing window may be sufficient to trigger surface mass
transport and grain-boundary evolution, but not to induce a proportionate reduction in
surface dark-area fraction under the present measurement conditions [22]. In this sense,
the APPJ treatment of the present study is more appropriately viewed as a method that
regulates early sintering-related surface microstructural variation, not as a process that
ensures complete bulk sintering.

Several limitations define the scope of this work. First, only external-surface FE-SEM
images were analyzed; no cross-sectional imaging was performed. Second, the dark-
area metric is a two-dimensional SEM-image descriptor rather than a bulk porosity or
density measurement. For this reason, the dark-area fraction was not used as a direct
porosity or densification metric. Instead, it was retained as a standardized image-based
descriptor of surface-visible low-intensity regions within this specific SEM dataset. Third,
APP] specimen-surface temperature, temperature uniformity, and dimensional change
were not measured. Fourth, phase composition, densification kinetics, and mechanical
properties were not assessed. Therefore, the present findings should be interpreted as
evidence of time-dependent surface microstructural evolution under the selected APPJ
conditions, not as evidence of bulk sintering, phase stability, dimensional stability, or
improved mechanical performance.

Even with these limitations, the present work serves as a useful basis for further study.
From the perspective of surface microstructural variation, the study offers preliminary
support for the feasibility of APPJ-induced early sintering-like surface microstructural
evolution of 3Y-TZP, but not full bulk sintering. Future investigations could vary the
working gas composition to determine whether the plasma chemistries influence the
balance between grain growth and surface dark-area fraction reduction. In addition, APP]J
treatment may be combined with subsequent thermal sintering to test whether plasma
preconditioning improves later densification, microstructural homogeneity, or overall
sintering efficiency.

5. Conclusions

This study used a conventional thermal microstructural reference series and an air-
plasma treatment-time series of 3Y-TZP. The main conclusions are as follows: Under the
fixed air-APPJ settings used in this exploratory study, increasing exposure time was associ-
ated with time-dependent changes in the external surface microstructure of commercial
3Y-TZP. The lack of cross-sectional SEM analysis is a further limitation. Accordingly, no
conclusion is made regarding whether the observed surface-grain coarsening extended
into the interior of the green-state specimens. Surface grain dimensions increased most
clearly after 30 and 60 min, whereas the SEM-derived surface dark-area fraction changed
more modestly. The no-dwell furnace reference series provided qualitative context for
surface-microstructure evolution during heating but did not establish a temperature equiv-
alence for APP] exposure. Because the study did not measure specimen temperature,
phase composition, cross-sectional microstructure, bulk density, dimensional change, or
mechanical properties, it does not demonstrate bulk plasma-assisted sintering or improved
zirconia performance. The results instead identify an APP] exposure window that warrants
targeted follow-up studies of subsequent sintering behavior.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ cryst16080514/s1, Figure S1: EDS analysis of the sample surface.
(Upper panel: Typical SEM micrograph, where the yellow box indicates the selected area for EDS
analysis. Lower panel: The corresponding EDS spectrum obtained from the selected region. SEM and
EDS analysis of the sample surface.); Figure S2: The kernel density plots of each group.
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