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ABSTRACT

Cold sintering of ZnO and MnO with dimethyl sulfoxide (DMSO)-based solu-

tions is demonstrated. For ZnO ceramics, density values approach 99% theo-

retical when cold-sintered at 180 �C with DMSO-HOAc and DMSO-Zn(OAc)2
solutions. MnO densified with aqueous HOAc solutions produces ceramics of

84% theoretical density that contain significant amounts of Mn(OH)2 secondary

phases. In comparison, using DMSO-HOAc solutions produces density values

of 94% theoretical at 250 �C with trace quantities of Mn3O4, verified via X-ray

diffraction. Scanning electron microscope analysis of sample fracture surfaces

containing Mn3O4 reveals numerous crystallites smaller than 100 nm that

nucleate on or between the considerably larger starting MnO grains. With

increasing temperature, these precipitates appear to coalesce and fill the

porosity that remains after initial compaction. These results identify an avenue

to cold sinter metal oxides that, in the presence of aqueous media, favor

hydroxide formation which inhibits further densification.

Introduction

Low-temperature densification methods for ceramics

have long been of interest. Densities greater than 90%

at temperatures less than 400 �C have been demon-

strated by both solvent-free approaches, such as field-

assisted sintering techniques [1–3], and solvent-as-

sisted approaches, such as cold sintering [4, 5]. This

paper will focus on the cold sintering approach,

which generally involves densification of ceramics

below 300 �C in the presence of a transport phase

(that is often an aqueous solution) under uniaxial

pressure conditions [4, 5]. Cold sintering shares

similarities to the hydrothermal hot pressing (HHP)

method demonstrated by Yamasaki, et al. [6, 7] in the

1980s that uses a dynamically sealed autoclave and

uniaxial pressing rods. More recent studies regarding

HHP (although termed hydrothermal sintering) have

noted similarities between the mechanisms of the two

processes, but pointed out that cold sintering uses an

open system and therefore any liquid phase present

is transient, while HHP or hydrothermal sintering

uses a closed system [8]. Cold-sintered ceramics with

density values exceeding 90% theoretical are reported
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from materials including alkaline molybdates,

NaNO2, KH2PO4, ZnO, V2O5, BaTiO3, etc., though

some require additional processing following cold

sintering [9–15]. Several reports now show that ZnO,

in particular, can be densified to 99% of its theoretical

value under uniaxial loading in a conventional pellet

die in the presence of either HOAc- or Zn(OAc)2-

containing solutions, as demonstrated by Funahashi

et al. [14] and Kang et al. [16], respectively.

Studies to extend cold sintering to multiple mate-

rial systems have identified aspects of formulations

that make achieving high densities through this

method challenging. These can be sorted into three

main categories: (1) formulations with high tendency

to form a hydroxide or hydrate phase at room tem-

perature, (2) formulations with low solubility of the

desired metal ion species in solution, and (3) formu-

lations with slow mass exchange kinetics at the solid–

liquid interface. In such cases, it can be difficult to

avoid a final product that is either a non-porous

composite or a porous single-phase green body [17].

The formulation aspect that appears particularly

challenging is that in the presence of water, many

binary oxides form hydroxides that are more

stable than their oxides below several hundred

degrees Celcius. These include the oxides of Group

IA, IIA, and many other transition metals (i.e., MnO,

Y2O3, Al2O3, CdO, etc.) [18]. Hydroxide formation is

also a concern as it consumes water-based transport

phases quickly, preventing dissolution–reprecipita-

tion events that participate in densification. In this

paper, we demonstrate the possibility to perform cold

sintering using a non-aqueous-based liquid solution

as a means to minimize hydroxide formation. The

experiments are conducted in the ZnO and MnO

systems with dimethyl sulfoxide (DMSO) as the liq-

uid component of the transport phase. ZnO was

chosen as it provides a model system for comparison

with an aqueous-based solution, while MnO was

chosen because it is a strong hydroxide former in the

presence of water. Controlling secondary phase for-

mation, such as hydroxides, is an important capa-

bility needed to advance cold sintering to a broader

palette of materials systems.

Experiment details

Pure MnO (Sigma-Aldrich, 99% pure) and ZnO

powders (Alfa Aesar, 99.9% pure) were ball-milled

for 24 and 48 h, producing an average starting par-

ticle size of approximately 1–2 lm and 150 nm,

respectively. A summary of solutions and their

abbreviations used for experiments are shown in

Table 1.

DMSO-based solutions were kept on a hot plate at

100 �C to remove residual moisture. The DMSO- or

water-based solutions were added to the MnO or

ZnO powder through a syringe and mixed with a

SpeedMixer (FlackTek Inc.). The powder mixture was

then poured in a half-inch diameter die with a 400 W

band heater and pressed uniaxially with a hydraulic

press under a pressure of 530 MPa for 30 to 60 min.

Upon pressure application, the die was heated to a

constant densification temperature that spanned

100 �C to 300 �C. After extraction from the die, the

pellets were dried in an oven at 80 �C for a minimum

of 12 h. Pellet density was determined by measuring

sample mass and calculating sample volume from

caliper dimensions. Relative density values were

calculated using theoretical values of pure MnO

(5.43 g/cm3) and ZnO (5.61 g/cm3). The crystalline

phases were investigated with X-ray diffraction per-

formed on the surface of the compacted pellets

(XRD—Panalytical Empyrean, HighScore Plus with

ICDD PDF-2 2010 database) and scanning transmis-

sion electron microscopy (STEM) with electron

energy loss spectroscopy (EELS) (FEI Titan G2 80-300,

200 kV accel. voltage, with Gatan Enfina detector).

Fracture surface morphology was investigated with

field-emission scanning electron microscopy (FEI

Verios 460L FESEM & Zeiss SIGMA VP-FESEM, 1 kV

accel. voltage each).

Table 1 Liquid-phase solutions used for experiments in this

paper and their corresponding abbreviations

Abbreviation Solution

DAc 10 vol% HOAc ? DMSO

DZnAc 0.67M Zn(OAc)2 ? DMSO

HAc 10 vol% HOAc ? H2O

HMnAc 1M Mn(OAc)2 ? 10 vol% HOAc ? H2O
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Results and discussion

Details of ZnO densification by cold sintering using

aqueous solutions are reported elsewhere [16]. As

described in these reports, phase pure pellets with

99% of theoretical density can be achieved at a tem-

perature of 120 �C with HOAc or Zn(OAc)2 aqueous

solutions. Compared to ZnO, MnO densification is

more challenging due to hydroxide formation ten-

dency. Figure 1 shows the tendency for secondary

phase formation via X-ray diffraction patterns for

MnO ceramic pellets cold-sintered using either water

or HAc as the transport phase and a dwell tempera-

ture of 120 �C. Diffraction peaks from Mn(OH)2 are

present in both cases. The measured densities were

74% and 80%, respectively. With the HMnAc solu-

tion, X-ray peaks from hydroxide are reduced dra-

matically; however, a similar density of 80% was

obtained. In spite of the low density, MnO pellets

synthesized with all three solutions were mechani-

cally robust. Fracture surfaces of MnO densified with

these aqueous solutions are shown in Fig. 2.

For all three samples, considerable porosity can be

observed. For MnO with pure water, grain surfaces

are populated with crystallites that often feature a

flake-like morphology which is consistent with the

Mn(OH)2 crystal habit [19]. Limited volume shrink-

age was observed for these pellets, as expected, since

water must be consumed for hydroxide formation.

Such binding without volume shrinkage is similar to

hydration in cold pressing of cements where new

phases must form [20]. For MnO processed with

aqueous HAc solutions, flattened grain junctions

appear in the fracture surfaces, indicating some

degree of densification by grain boundary formation.

This potentially occurred in the starting period before

liquid was consumed by hydroxide formation and

when solution pH was low enough to have sufficient

Mn2? ions for mass transport. As with the case of

pure water, populations of small particles are present

at grain surfaces and intersections in MnO processed

with HAc. These are likely a combination of

Mn(OH)2 and MnO that precipitate as water is con-

sumed, pH increases, and Mn2? becomes supersatu-

rated in solution. Note, however, that plate-like

crystals are less frequent and smaller, which is con-

sistent with the X-ray data, i.e., broader, weaker

hydroxide peaks. This result is consistent with the

more acidic conditions in which hydroxide formation

is less favorable [18].

MnO cold-sintered with HMnAc presents a dif-

ferent situation. X-ray diffraction in Fig. 1 shows only

trace amounts of crystalline hydroxide. The SEM

fracture surface in Fig. 2c shows much flatter grain

surfaces with oriented geometric features that appear

to be facets and few to no small particles in contrast

to other solutions. Since the HMnAc solution contains

additional Mn2? ions from dissociation of the acetate,

the concentration of Mn2? will be greater compared

to solutions where the ions come solely from the

dissolution of MnO grain surfaces, thus favoring

crystal nucleation. X-ray diffraction patterns show

very little hydroxide phase, suggesting that precipi-

tated material is primarily MnO. We cannot rule out

some degree of precipitated manganese acetate or its

decomposition product, but there is no evidence for

this in the diffraction or SEM data [21]. Samples were

prepared at higher temperatures using the same

solutions. In all cases, though not shown in Fig. 1,

hydroxide formation increased. The increasing frac-

tion of Mn(OH)2 is probably due to relatively slow

heating rates compared to the rate of hydroxide for-

mation; that is, the higher temperature promotes

more rapid hydroxide formation well before the

range it becomes unstable [19]. Furthermore, dehy-

dration temperature tends to increase significantly

with applied pressure [22]. Ultimately, when water is

present and temperatures are increased, hydroxide

formation seems unavoidable. In light of this result,

the natural path forward is pursuing non-aqueous

solutions. A candidate of choice is DMSO.

Figure 1 XRD of MnO starting powder and MnO pellets cold-

sintered with water, HAc solution, and HMnAc solution.

Experimental variables are 4 wt% liquid phase, 530 MPa,

120 �C, and 30-min process time. Reference codes are 01-075-

0626 and 01-073-1604 for MnO and Mn(OH)2, respectively.
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As a reference, our initial experiment explores ZnO

densification with DMSO instead of H2O. DMSO has

a high dielectric constant (47 at ambient conditions)

contributing to similar solubility properties as water

and can dissolve a significant amount of Zn(OAc)2
([ 100 g per 100 ml) at room temperature. Ultimately

DMSO-based solutions with similar concentrations of

Zn2? ions produced densification trends mirroring

those observed with aqueous solutions when pres-

sures, pressing times, and solution concentrations

were the same. Density values above 99% theoretical

were achieved with either DAc or DZnAc solutions.

DMSO-based solutions require process temperatures

between 180 and 200 �C, which is near the DMSO

boiling point (189 �C), just as 120 �C (the preferred

temperature for ZnO densification in aqueous liquid-

phase systems) is near the Zn(OAc)2 aqueous solu-

tion boiling point. We know that liquid additions

must escape the sample for densification to occur

[6, 15], and we speculate the temperatures near to the

liquid-phase boiling points facilitate this escape by

evaporation, promoting densification.

A typical microstructure of the ZnO starting pow-

der and pellets densified with DAc solution is shown

in Fig. 3. ZnO grains after cold sintering become

equiaxed as compared to the starting powders with

clean surfaces and very little pore space. Figure 4

shows XRD patterns of these ZnO pellets with only

crystalline ZnO wurtzite peaks visible. These results

are similar to aqueous solution-assisted densification

results with the exception of more grain growth,

which may be attributed to a higher process tem-

perature [14].

MnO was used to investigate the applicability and

potential secondary phase suppression of DMSO on

densification of a known hydroxide former. Figure 5

shows a plot of final density of MnO as a function of

pressing temperature at a constant pressure of

530 MPa, a 60-min dwell, and 5 wt% of DAc. The

dashed blue line corresponds to mass loss during the

post-densification drying step. Density increases with

increasing temperature from 77% at 120 �C to 92% at

250 �C. At 120 �C, significant mass loss was observed

after cold sintering, suggesting a large amount of

residual transport phase. At temperatures above

180 �C, there is significant densification and much

less residual solution, with a plateau at about 250 �C.
Figure 6 shows X-ray diffraction data for this series.

No Mn(OH)2 diffraction peaks were observed in any

sample; however, small reflections from Mn3O4 are

present at all temperatures. The peak intensities do

not depend strongly on process temperature. Mn3O4

may be generated from oxidation of dissolved Mn2?,

the MnO surfaces, or by the free radicals from DMSO

decomposition [23, 24], discussed later. For reference,

at ambient conditions, Mn3O4 is the more

stable structure, so some conversion during cold

sintering is expected [25].

SEM images of MnO fracture surfaces densified

under varying temperatures are shown in Fig. 7. At a

process temperature of 120 �C (Fig. 7a), the

microstructure is porous, but porosity decreases sig-

nificantly with increasing temperature. It is interest-

ing to note the abrupt microstructural change at

180 �C, after which populations of small grains

appear on the parent grain surfaces. This

microstructural addition is a companion to a nearly

10% jump in density. With increasing temperature,

porosity is reduced, and the population of small

grains increases.

Figure 2 SEM of MnO a starting powder and pellets cold-sintered with b water, c HAc solution, and d HMnAc solution. Experimental

variables are the same as Fig. 1.
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For MnO processed at 250 �C and 270 �C, there is a

transition to larger grain diameters for newly formed

grains. At first glance, this trend is difficult to

understand as no additional Mn2? ions are added by

the transport phase. This means that the Mn2? source

for the newly forming grains must be the surfaces of

the starting grains. Since the starting grains are much

larger, their curvature should prevent dissolution

and they should consume the smaller ones. However,

the opposite trend occurs. The present data suggest a

process where the applied uniaxial pressure causes

stress concentrations at grain–grain contacts that can

easily exceed 10 s of GPa at point contacts [5, 26, 27].

This in turn increases the local concentration of Mn2?

ions in solution that supports mass transport toward

regions of lower concentration where precipitation

Figure 3 SEM of a powder and b fractured surface morphology of ZnO pellet densified with DAc solution at 180 �C and 530 MPa with

2 wt% liquid phase. The measured density was 98%.

Figure 4 XRD of starting powder (black) and a ZnO pellet

densified with DAc solution at 180 �C and 530 MPa with 2 wt%

liquid phase (blue). Only crystalline wurtzite peaks are identifiable

(reference code 00-036-1451).

Figure 5 MnO pellets densified with DAc solution under varying

temperatures. Pressure and process time were 530 MPa and

60 min, respectively. The blue dashed line represents mass loss

after drying.

Figure 6 XRD of MnO pellets densified with varying process

temperatures. Experimental conditions were 5 wt% of DAc,

530 MPa of pressure, and 60 min of process time. Reference

codes are 01-075-0626 and 01-075-1560 for MnO and Mn3O4,

respectively.
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and/or growth can occur. Increasing temperature

increases the mass transport kinetics of this process,

leading to the larger diameters of the precipitated

grains. Unlike the aqueous analogue, competition

from hydroxide formation is reduced, allowing den-

sification to occur unfettered. Currently, the possi-

bility of Mn3? ions and/or DMSO decomposition

playing a role in densification cannot be supported or

refuted. As shown later, Mn3? formation occurs

during the densification process, but is limited to the

surface of the parent and precipitate grains.

In summary, the collection of SEM images in Fig. 7

suggests a densification process driven by nucleation

of small grains on the existing grain surfaces and

within the interstitial volume of the parent grains.

This produces a bimodal microstructure of grains

roughly 50–200 nm in diameter (presumably precip-

itated new grains) superimposed among the original

crystals with a grain size above 1 lm. As the cold

sintering temperature increases, the size of the newly

forming grains increases.

X-ray diffraction shows that trace amounts of

Mn3O4 are present for all pellets pressed at temper-

atures above 120 �C. The relative intensity of Mn3O4

changed less than 2% at temperatures greater than

120 �C, while the average size of the small grain

Figure 7 SEM images of fractured surfaces of MnO pellets densified with varying process temperatures: a, g 120 �C, b, h 180 �C, c,

i 200 �C, d, j 230 �C, e, k 250 �C, and f, l 270 �C, with 5 wt% DAc solution, 530 MPa of pressure, and 60 min of process time.
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population increased from * 25 to * 75 nm. Given

the Mn3O4 peak and its negligible temperature

dependence above 120 �C, we anticipate that only the

surface of these small grains is composed of Mn3O4.

To be certain, STEM–EELS analysis was performed

on a thinned MnO sample pressed at 250 �C. EELS
signals of the oxygen K edge and the Mn L2,3 edges

were used to identify the Mn valence and to infer the

crystal phase. Figure 8a shows a dark-field STEM

image corresponding to a region with small grains

(20–100 nm) at the boundary of a larger grain that is

microns in diameter. Dots overlaid on this image

correspond to locations where EELS spectra were

collected. The locations were chosen such that sam-

pling occurred over grain interiors, primarily for

small grains that precipitated during the cold sin-

tering process, and over grain boundaries. Spectra

from each position are presented in Fig. 8b and ref-

erenced by color and number to their specific loca-

tion. Spectra from grain interiors, which include a

large parent grain and several smaller new grains,

exhibit relatively sharp Mn L2,3 edges, and spectra

from the grain boundaries exhibit significant broad-

ening and a * 1 eV shift of the Mn–L2,3 edge. The

broadening and shift to higher energy loss of the Mn

L3 peak in the grain boundary regions indicate the

oxidation state of the interfaces is a mix of the bulk

oxidation state and a higher oxidized Mn state [28].

With this result, we conclude that Mn3O4 is limited to

the grain surfaces. Additional studies will determine

when this apparent surface/grain boundary oxida-

tion occurs.

Conclusions

In conclusion, cold sintering of ZnO and MnO with

DMSO-based solutions is demonstrated. For ZnO,

similar densification results as with aqueous solu-

tions are obtained with DAc and DZnAc solutions:

Over 99% of density is achieved with high phase

purity. Densification of MnO was investigated with

DAc solution with process temperatures from 120 to

270 �C. At 250 �C, maximum densities of 94% were

achieved. In comparison, sintering in aqueous solu-

tions could not exceed 80% at any temperature. For-

mation of Mn(OH)2 is reduced significantly based on

XRD phase identification. However, small amounts

of Mn3O4 form, which is understood by the propen-

sity for MnO to further oxidize even under ambient

conditions. Small precipitates with dimensions

between 50 and 200 nm nucleate and grow on the

surface of MnO grains. EELS analysis of Mn valence

suggests that these are MnO precipitates from the

solution with Mn3O4 surface characteristics. Further

improvement in MnO densification with DMSO-

Figure 8 STEM image of precipitates at grain boundary (left) and EELS spectra (right) of O–K and Mn–L edges taken from location

1–10 for MnO cold-sintered with DAc solution at 250 �C, 530 MPa for 60 min.
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based solutions should be possible with instrumen-

tation designed to control die sealing and ambient

gas environment in order to avoid contamination

from atmospheric water. These results suggest that

organic solvents with high polarities, such as DMSO,

provide an interesting pathway to develop cold sin-

tering process flows for an expanded number of

oxide formulations.
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