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Abstract:  

The use of in situ characterization techniques is detrimental for the development of low 

temperature sintering techniques such as the Cold Sintering Process. This is particularly 

interesting for the investigation of interface regions, thus for grain boundaries. In the present 

work we focus on the evolution at room temperature, after the cold sintering of two ZnO 

ceramics sintered at 200 and 250 °C, and show the influence of the presence of remaining 

acetates on the final properties. Based on in situ impedance measurements at room temperature, 

the present results highlight the importance of paying attention to the behavior of cold sintered 

samples and their evolution after sintering, due to the potential presence of even small amounts 

(< 1 wt.%) of remaining liquid species that may strongly alter the final properties of the 

specimen, with almost 2 orders of magnitude resistivity increase.  

1. Introduction 

Lowering the sintering temperatures of ceramics has been pursued for years, not only for an 

energy consumption gain, but mainly in order to allow the fabrication of new types of devices, 

materials, composites, multilayers… Significant improvements were made with the 

introduction of low temperature sintering techniques such as Hydrothermal Hot Pressing [1–3], 

Hydrothermal Sintering [4,5], or low temperature Spar Plasma Sintering [6,7]. More recently, 

the Cold Sintering Process (CSP) was developed at PennState University by Randall’s group 

[8–10], which represented a breakthrough in the field of low temperature sintering. Due to its 

technical simplicity and its high efficiency for the preparation of dense ceramics at extremely 

low temperature (< 400 °C and down to room temperature), it has attracted a major attention in 

literature. It has allowed the preparation on novel composite materials [11–13], new multilayer 

devices [14,15], and allowed in some cases to avoid grain growth and obtain extremely low 

grain sizes < 50 nm [16–18].  
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However, beyond its great efficiency, the mechanisms involved in this process remains complex 

and still not perfectly understood [19–21]. Although it appears clear that the sintering proceeds 

through dissolution-precipitation phenomenon [22], there is still some open questions about the 

nature of interfacial reactions (solid-liquid interfaces) and grain boundary formation process. 

These interfaces, that lie at the core of the cold sintering process efficiency, may be highly 

changed by the sintering conditions, therefore leading to altered properties, despite an important 

densification level [8]. This brought the attention towards the importance of paying attention 

not only to the densification and grain sizes to determine the properties of ceramics, but also 

their grain boundary (GB) nature, composition and quality.  

This reaction complexity is well exemplified in by the work of Funahashi et al. [23] where the 

authors showed the full densification of ZnO in the presence of acetic acid, while no 

densification could be obtained in pure water by using the CSP. In another work by Gonzalez-

Julian et al. [24] demonstrated by FAST/SPS the possibility to densify ZnO at only 250 °C, 

both in acetic acid or pure water, by using lower amount of liquid phase and higher temperature 

ramps, avoiding the grain growth in the case of pure H2O as a liquid phase.  

These modifications of sintering conditions may have an influence on the properties of the 

sintered ceramics. For instance, in the application of CSP to ZnO with various liquid phases, it 

has been shown that samples sintered with acetic and formic acid, although they have similar 

densities, their mechanical fracture toughness can be doubled (from acetic to formic acid) [25]. 

This shows the importance of considering the interfaces formed during the CSP. In addition, 

Jing et al. [26] showed the possibility to increase by 4 orders of magnitude the conductivity of 

ZnO ceramics as-cold sintered and post annealed samples at 500 °C. All of these observations 

highlight the importance of paying attention to GB interfaces during CSP.  

However, not much attention has been paid to the evolution of interfaces with time, after cold 

sintering. In conventional sintering techniques, the temperatures involved to densify materials 

are sufficiently high to remove any liquid and/or organic phase from the samples. This induces 

more intrinsic interface/grain boundary stability over time at room temperature. Oppositely, the 

Cold Sintering Process involves the presence of liquid phase during sintering, that may or may 

not be completely removed during sintering thermal cycle. This may lead to room temperature 

evolution of grain boundaries, similar to what occurs in the case of low temperature degradation 

of zirconia ceramics for biomedical implants [27]. Therefore, there is a need for focused studies 

in the field of ageing effects on low temperature sintered materials. 
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To analyze these GB formation and evolution, in situ impedance spectroscopy analysis setup 

was introduced in our group [28] to measure the evolution of GB and solid-liquid interfaces 

contributions to impedance during the sintering dwell time. This was applied to CSP of ZnO in 

the presence of acetic acid, and allowed to highlight the conditions for acetate species 

elimination, changing the final properties of the samples after cold sintering in various 

temperatures ranging from 150 to 250 °C. However, this work did not explore the evolution of 

these properties after cooling down to room temperature and its evolution with time. In the 

present work, we continue this work, and investigate the impedance evolution of cold sintered 

ZnO after sintering. Then, structural, microstructural and optical properties of the prepared 

materials were characterized in order to explain the observations made by impedance.  

2. Experimental 

The sample preparation and characterization were done accordingly to the work described in 

[28]. ZnO was obtained from Alfa Aesar (99%) with particle size of 40-100 nm and acetic acid 

from Sigma Aldrich (>99%). Acetic acid was mixed with distilled water to prepare 1 M 

solution. For the sintering experiments, 3 g of powder were mixed with 0.28 mL of 1 M acetic 

acid solution and manually mixed in a mortar. After 5 min of manual mixing, the powder was 

poured into a 20 mm diameter WC die. To prevent direct contact between the die and the 

powder, a graphite foil was placed between the powder and each punch, and the inner wall of 

the die was covered with Kapton foil to prevent direct electrical contact between the die and 

the sample. A 100 MPa uniaxial pressure was applied and maintained constant throughout 

sintering process with an Atlas T25 automated hydraulic press during all experiments. 

Temperature and sintering time for the various samples prepared are described in the results 

section. After sintering, graphite foils were removed manually with a razor and sample surfaces 

were polished to remove graphite residues on surfaces before further characterizations could be 

performed.  

In situ electrochemical impedance spectroscopy (EIS) measurements were achieved using a 

MTZ35 (Bilogic company) impedance analyzer in the frequency range 0.1 Hz - 1 MHz under 

an AC voltage of 100 mV. The measurements taken after sintering, when the sample was at 

room temperature, for a period of 200h. These were made with the sample still in the die, 

exposed to ambient air. The setup was  Data were fitted with the Zview software (from Scribner 

Associates) using series R-CPE equivalent circuit.  

Density of the samples were determined from their weight and geometrical measurements.  
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SEM observations were done with a TESCAN Vega 3 microscope using 10 kV acceleration 

voltage on fractured samples. XRD analyzes were achieved using a Bruker D4 Endeavor 

diffractometer with Cu-Kα radiation on 30-65° (2θ range), on both polished surfaces and 

powders obtained from crushed sintered pellets.  

Diffuse reflectance spectra were recorded using a Cary 5000 UV-vis spectrometer for 

evaluation of the band gap of ZnO nanoparticles. Thermo Gravimetric Analyzes were 

performed with a Mettler Toledo TGA/DSC equipment with a 10 °C/min thermal ramp from 

room temperature to 600 °C under air. 

3. Results  

The temperature and pressure profile of the samples prepared in this study is described in 

Figure 1. The impedance measurements were performed for all samples after 2h of cooling at 

the end of the dwell time, when the sample temperatures were back to room temperature. The 

measurements were then recorded every hour for 200h. Two samples were measured in this 

way in air without removing them from the die, after sintering them at 200 and 250 °C 

respectively, based on the previous work [28]. The reason for such measurement setup relies 

on the necessity to avoid any remaining liquid phase evaporation from the die that would have 

occurred in case of metal paste application and heat treatment, or even with metal evaporation 

to deposit electrodes on the sample’s surfaces.  

 

Figure 1: Temperature and pressure profile of experiments, showing the time periods for impedance 

measurements from t0 to t+200h after sintering dwell time finishes. 

The EIS data of both samples sintered at 200 and 250 °C are presented in Figure 2. Firstly, the sample’s 

data must be decomposed in two sets of data: i) a low frequency straight line (see Figure 2a inset) which 

can be attributed to the contribution arising from remaining acetates in the ZnO grain-grain interfaces, 

and ii) a higher frequency loop arising from ZnO electronic conductivity (as previously described in 

[28]). Comparing both samples (200 and 250 °C), it clearly appears that the acetate contribution is only 

visible after 200 °C sintering, while at 250 °C, only the ZnO contribution is observed (see Figure 2b). 

Another feature arising from these data relates to the time dependance of EIS data. After 200 °C 
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sintering, only a slight evolution of resistivity between 2 and 100h is observed, while no evolution is 

detected between 100 and 200h. This implies a quasi-stable electrical behavior of the sample after 

sintering. On the other hand, the sample sintered at 250 °C shows a noticeable evolution of impedance 

during the whole time from 2 up to 200h. This observation suggests a strong evolution of the material 

that may arise from microstructural evolution, chemical reactions, or interfaces modifications. 

To have a closer look at the ZnO contribution for both samples, Figure2 c&d for the 200 °C and e&f for 

the 250 °C sample, a magnified view of imaginary part of impedance is plotted versus real part on one 

side (Nyquist plots) and versus frequency on the other side. These data were fitted using a R-CPE 

equivalent circuits to fit the ZnO contribution to impedance, regardless of the acetate part at low 

frequency for Figure 2 c&d. These plots highlight the presence actually two contributions in the loop, 

that must be used to fit the experimental data. These can be ascribed to grains (highest frequency) and 

grain boundaries (GB) at lower frequency.  
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Figure 2: Impedance data recorded after sintering and after cooling down to room temperature, for 200h after 

sintering for the sample sintered at a-c) 200 °C and d-f) 250 °C; a) & d) correspond to Nyquist plots at different 

selected  ageing times, while b-c) correspond to a magnified view of Nyquist and Bode plots respectively, for the 

sample sintered at 200 °C after 5h, while e-f) correspond to the one sintered at 250 °C after 40h. The fits rely on 

a equivalent circuit made of 2 R-CPE connected in series to model the ZnO impedance behaviour.   

To investigate the impedance evolution, data fitting was done for both samples over the ageing 

time up to 200h after sintering. These fits were done on the ZnO contribution (> 100 Hz) 

considering 2 R-CPE contributions [29,30]. From the fitted data, three data are obtained: i) 

R: resistance (in Ω), ii) Q: CPE simulation parameter related to capacitance and iii) 

n: dimensionless parameter ranging from 0 to 1. R was extracted and used to calculate resistivity 

according to: 
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 ρ = R.
A

t
 (1) 

Where ρ is the resistivity (in Ω cm), A and t the area (in cm²) and thickness (in cm) of the 

sample measured geometrically. Then, Q and n were also used to calculate the equivalent 

capacitance Ceq using [29]: 

 Ceq = (R1−n. Q)1/n (2) 

The resulting data were plotted versus temperature both for the GB and grains contributions 

(see Figure 3). The sample sintered at 200 °C shows small evolution of both ρ and Ceq, while 

the sample sintered at 250 °C shows a huge evolution during the whole ageing time. Both grains 

and GB resistivities increase by few orders of magnitude. However, the main evolution is seen 

for the GB, with more than x500 higher ρGB after 200h (compared to x15 for ρgrain). In the 

meantime, the value of Ceq is almost stable for the grains (Cgrain(t+30h) / Cgrain(t+200h) = 1.01), 

while it decreases strongly for the GB (CGB(t+30h) / CGB (t+200h) = 30).  

According to these observations, two questions arise: i) why is there an evolution of impedance 

properties of the sample sintered at 250 °C while no clear evolution is visible after sintering at 

200 °C, and ii) what is the mechanism involved that could explain why GB are more affected 

than grains in terms of electrical properties. 

 

Figure 3: Fitting results from EIS data showing a) resistivity and b) equivalent capacitance for grains and GB 

contributions to impedance 
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To investigate these, two other samples were prepared with the same sintering conditions 

(temperature, pressure and time), and were immediately characterized and compared to the first 

two aged samples (sample named t0 and t+200h). Figure 4 displays the SEM observations 

made on fractured samples at 2 different magnification levels. As expected, the grain sizes are 

affected by the sintering temperature with a clear increase from 200 to 250 °C (~ 0.3 to 1.1 µm). 

However, on the basis of these observations, no drastic evolution from t0 to t+200h can be 

evidenced, whatever the sintering temperature. This excludes that the evolution of impedance 

after 250 °C sintering arises from a microstructural evolution (grain size increase or decrease, 

porosity formation). As expected, samples densities, summarized in table 1, confirm the 

absence of evolution after ageing at room temperature. 

 

Figure 4: SEM images of fractured samples sintered without ageing at (a-b) 200 °C,(c-d) 250 °C and samples 

aged 200h before observation, sintered at (e-f) 200 °C and (g-h) 250 °C 

Table 1: Densities measured on pellets after sintering at 200 and 250 °C and different ageing time at room 

temperature 

 t0 t+200h 

200 °C 97.5 ± 0.5% 97.9 ± 0.5% 

250 °C 97.9 ± 0.5% 98.1 ± 0.5% 

 

Diffuse reflectance measurements were performed and Tauc plots (αhν² vs. hν, where α stands 

for the relative absorption and hν the photon energy) were drawn to determine the optical band 

gap of these samples. All of them exhibit a similar behavior, showing a clear band gap of 
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~3.1 eV, which is typical of a ZnO ceramic [31,32]. However, while giving a closer look to the 

evolution of this band gap between samples freshly sintered and aged ones, one can notice a 

slight increase of 0.1 eV for both sintering temperatures.  

 

Figure 5: Tauc plots of diffuse reflectance of ZnO ceramics sintered at a) 200 °C and b) 250 °C without ageing 

and after 200h ageing at room temperature 

Additionally, the samples were characterized by XRD. As shown on all patterns, all peaks 

belong to ZnO wurtzite phase, and no evidence of a second phase, due to transition nor 

decomposition of the material, can be detected. These patterns were then used to perform a 

profile refinement (see supplementary Figure S1), showing a good agreement with the P6/3mc 

space group, and good χ² reliability factors. These refinements were used to determine cell 

parameters and volumes that are reported in Figure 6b. They show that both samples at t0 show 

similar lattice parameters (see also Figure S2 summarizing the a, c and cell volumes of the 

different samples), while they both exhibit a cell volume (along with a and c, although less 

pronounced for c parameter at 250 °C) reduction after 200h of ageing at room temperature. 

Although it is slightly higher for the sample sintered at 200 °C than 250 °C (-0.027 Å3 and -

0.016 Å3 respectively) they tend to show a similar behavior.  

For the two samples sintered at 200 °C and the 250 °C t0, no crystallite size can be determined 

since the only peak broadening observed is related to instrumental contribution (crystallite sizes 
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> 200 nm). Conversely, the 250 °C samples show a different behavior. While at t0, no clear 

difference can be visible with 200 °C samples, it shows a drastic evolution after 200h ageing, 

with a peak broadening, related to a crystallite size reduction to ~50 nm (obtained from XRD 

refinement).  

 

Figure 6: a) XRD patterns of samples sintered at 200 and 250 °C, aged 200h and not aged (figure inset 

corresponds to a magnification of the main (101) peak) and b) the refined lattice cell volumes of each sample. 

4 – Discussion 

The crystallite size reduction, determined from XRD analysis on the sample aged at 250°C, can 

be surprising by two aspects: i) no grain size reduction has been observed in the SEM images 

performed on the sample aged 200h and ii) there is no apparent reason for a room temperature 

evolution of the microstructure.  

However, one explanation can be invoked, dealing with the presence of remaining acetates after 

sintering. In the present work, CSP was done in the presence of acetic acid for all samples, 

which is known to have a strong influence on the dissolution-precipitation of ZnO, not only 

during CSP [23,33,34], but also in mild conditions [35]. One could expect that the remaining 

acetates present in the porosities and/or grain boundaries (between adjacent grains) play a role 

in the evolution of these grain boundaries chemistry and properties.  
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To check whether acetates species remain present in the samples after sintering, TGA analyses 

were performed on 2 samples aged 200h after sintering at 200 and 250 °C. The results are 

presented in Figure 7 and show two mass losses for the sample sintered at 250 °C. The weight 

loss < 100 °C can be assigned to physiosorbed water, while the one at 330 °C (also visible on 

the sample sintered at 200 °C) has been previously attributed to the decomposition of acetates 

[23]. This confirms the presence of remaining acetates in both samples, even for the 250 °C 

one, where the EIS seems to indicate the absence of acetate contribution. In the meantime, the 

sample at 200 °C shows both the presence of acetates in TGA and EIS.  

 

 

Figure 7: a) TGA and b) DTG analysis of samples sintered at 200 and 250 °C and aged 200h before 

measurement 

To explain why acetate presence can be confirmed by TGA while not being detected by EIS, 

one has to consider the fact that in the electrical pathway for EIS measurement, the current has 

to flow through the major phase (ZnO). However, it does not have to flow through the acetate 

layers (in GB) if there is a possible path through purely ZnO. This comes from the fact that 

acetates will increase the overall resistance (grains + GB + acetates). Thus, acetates are 

eliminated from GBs but are still present in triple points, it could not be detected by EIS.  

In the case of the sample sintered at 200 °C, the acetates must be present in all GBs as Zn 

acetates stable species [25,33]. Thus, the measured EIS is stable after sintering as no chemical 
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reaction occurs at room temperature and pressure after sintering, although the electrical 

conductivity is lowered by the presence of these acetates. 

In the case of the sample sintered at 250 °C, acetates started to be eliminated, and GBs free 

from acetate started to form, increasing the GB conductivity [28]. However, some acetate must 

be trapped into triple junctions, and could not be evacuated at the end of sintering. This has led 

to the situation drawn in Figure 8. After coming back to room temperature and pressure, EIS 

shows a strong evolution of resistivity and capacitance, especially for GBs. This suggests that 

the trapped acetates may have interacted through further dissolution-precipitation reactions 

probably occurring by reaction/diffusion along the GBs, as presented in Figure 8. This 

dissolution-reprecipitation may leading to nucleation of small particles (as observed in CSP of 

Bi2O3 by Tsuji et al. [36]), leading to wider XRD peaks, smaller crystallite size and generating 

defects in the lattice. This phenomenon is similar to what has been shown by Taveri et al. in 

the case of densification of silica after room temperature ageing [37]. According to the 

evolution of EIS data, these interactions keep on working during more than 200h after cooling 

back to room temperature.  

 

Figure 8: Schematic representation of the GB degradation process after sintering at 250 °C in the presence of 

remaining acetates inside the porosities. 

According to the lattice size reduction, along with band gap increase and grain impedance 

evolution, there must be reaction of ZnO with acetates also located in the bulk. However, its 

magnitude must be much lower than the one encountered in GB. Since most of the 

acetate/ceramic interactions at room temperature should occur in GB, and because grain sizes 

(according to SEM observations) are > 500 nm, GB represent a very small amount of matter, 
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in comparison with grains. Therefore, only characterization techniques that are sensitive to 

these GB, such as impedance measurements, can highlight their evolution.  

Therefore, two main phenomena must occur in the present case: i) a GB localized degradation 

due to the presence of remaining acetates after sintering, leading to huge impedance 

modification after sintering at 250 °C, where part of GB were clean from acetates; and ii) a bulk 

interaction with acetates, leading to slight evolution of lattice volumes, band gaps, and grain 

conductivity. This latter leads a quite important bulk evolution at 250 °C, where conductivity 

is almost 3 orders of magnitude higher than after 200 °C sintering (at t0). Conversely, it is of 

much lower magnitude in the sample sintered at 200 °C, since the acetate species remain present 

after sintering in the whole interface regions. 

To better describe the evolution of the remaining liquid phase in porosities, one possibility 

would be to analyze the sintered samples during ageing with SAXS methods, as recently 

developed for in situ measurements during Cold Sintering by Allen et al. [38,39]. It may allow 

to track the possible elimination of liquid though solid/liquid reaction and the formation of gas 

phase, probably trapped in the remaining porosity. 

5. Conclusions 

This work highlights the room temperature evolution of ZnO ceramics prepared by CSP with 

acetic acid. The characterizations before and after ageing, but also in situ during this ageing at 

room temperature for 200h show that: 

i. ZnO bulk and GB resistivity remain stable after 200 °C sintering, while they both gain 

few orders of magnitude after sintering at 250 °C and ageing at room temperature; 

ii. Most of the evolution deals with the GB contribution, pointing its implication in possible 

chemical reactions at interfaces; 

iii. Acetate species, although not contributing to impedance, are not eliminated and remain 

present after sintering at 250 °C, leading to a room temperature evolution of the 

sample’s properties; 

iv. ZnO grains face only slight changes of crystallinity and optical properties, pointing the 

more important evolution located at GB 

This work shows the importance of paying attention to the possible evolution of ceramics after 

CSP treatment, particularly if the elimination of liquid phase is not complete. It also shows that 

a very small amount of this liquid phase may have an important impact on the resulting 
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properties of the samples sintered. Moreover, it highlights the predominance of GB reactivity, 

requiring characterization techniques dedicated to their analyses. This way, impedance analysis 

has shown great sensitivity and capability to detect slight evolutions in these GB, and present a 

great tool to characterize cold sintered materials. 
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