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1  |   INTRODUCTION

The cold sintering process (CSP), developed by Randall 
et al.,1,2 can produce almost fully dense ceramic parts (>95% 
full density) at unusually low temperatures. In CSP, water, an 
alkaline or acidic aqueous solution, or non-aqueous organic 
solvent is used as a transient solvent to facilitate densification 
(sintering) of a ceramic green body under uniaxial pressure 
(up to ≈450 MPa) and at temperatures between ambient and 
≈300°C. CSP overcomes several limitations imposed by tra-
ditional high-temperature (>1000°C) ceramic sintering pro-
cesses, such as the onset of phase transformations, elemental 
diffusion, and reactions between different phases. CSP also 
offers reduced energy consumption and a reduced carbon 
footprint. Furthermore, CSP represents a frontier in advanced 
manufacturing of ceramic materials that may be exploitable 
as a post-process densification step, for example, in ceramics 
additive manufacturing. Thus far, CSP has proven achievable 

in a wide range of ceramic systems, including non-oxides and 
even hybrid materials.3 It has attracted much attention from 
the materials research community and has been applied to 
materials targeted for applications ranging over composites,4 
solid-state electrolytes in lithium batteries,5 high-frequency 
dielectrics,6 and structural ceramics.7 However, the operative 
mechanism of CSP remains uncertain, a deep understanding 
of which could guide future development and application of 
this emerging technology.

We present novel in situ experiments using ultra-small- 
and small-angle X-ray scattering (USAXS and SAXS)8,9 
methods to characterize the evolving pore morphology 
during CSP applied to a model ceramic system, KH2PO4 
(KDP), in real-time under known conditions of tempera-
ture and uniaxial pressure. The selection of KDP as our 
model material was determined by the need to minimize 
absorption and multiple scattering effects of the X-ray 
beam at the X-ray energy used, while remaining consistent 
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with a practical in situ uniaxial pressure geometry. KDP 
has a molecular weight of 136.09 and skeletal density of 
2.34  g/cm3 and has been shown to densify readily under 
CSP conditions.2 Interestingly, KDP cannot be densified at 
conventional sintering temperatures because it decomposes 
at temperatures well below those required for conven-
tional sintering. Simultaneous wide-angle X-ray scatter-
ing (WAXS) measurements have allowed the use of X-ray 
diffraction (XRD) to monitor any phase evolution or onset 
of reprecipitated nanoscale grain formation during CSP. 
These experiments have necessitated the development, test-
ing, and setup of a prototype CSP apparatus for controlling 
and measuring both applied pressure and temperature for 
a sample within the X-ray beam. Our preliminary studies 
demonstrated that the USAXS/SAXS signal is sensitive to 
the processes occurring at the liquid-wetted grain/pore in-
terfaces as a result of the partial dissolution and reprecipi-
tation effects underlying the core of CSP,1-3 thus providing 
new insights into this behavior and the consequent progress 
of densification. The success of our experiments with KDP 
has spurred consideration of how such studies can be better 
optimized and adapted for CSP investigations in more tech-
nologically relevant ceramic systems.3

2  |   EXPERIMENTAL

KDP powder (catalog no. P285, >95% mass pure) was ob-
tained from Thermo Fisher Scientific Inc. (Fair Lawn, 
NJ)**, and was used as received for CSP tests after the ad-
dition of deionized water at 5% mass. CSP tests were first 
performed ex situ under various temperatures and uniaxial 
pressures to determine suitable processing conditions for 
time-dependent densification during the in situ X-ray 
measurements.

Immediately prior to each in situ measurement, small 
pellets of sample were prepared by adding deionized water 
to the solid KDP powder at 5% mass, then pushing the pellet 
into a quartz capillary (internal diameter 0.75 mm), which 
was then mounted into a compact compression stage. This 
stage was adapted from a load-cell compression stage de-
tailed elsewhere.10 Our main modification was the addition 
of a custom-made capillary holder and adapter that allowed 
the capillary to be mounted with aligned steel plungers to 
provide uniaxial compression, applied using the compres-
sion stage and measured with its load cell. The capillary 
holder incorporated a pair of heating collars with thermo-
couples to control the sample temperature. In principle, the 
load cell was rated accurate to within ±1 N (±2.3 MPa uni-
axial pressure) and the temperature was calibrated to within 

±1°C. In practice, frictional forces on a moving plunger 
acting on the powder compact within the tight capillary 
resulted in greater uncertainties in the applied pressure (al-
though still small with respect to the nominal pressure). 
Figure 1 shows the sample stage and the measurement 
setup. Two experiments were conducted: one (Experiment 
1, slow) for 470 min in which both the pressure and tem-
perature were gradually increased from ambient conditions 
to 450 MPa and 95°C, and the other (Experiment 2, rapid) 
for 650 min in which the pressure and temperature were 
nominally fixed at 350 MPa and 95°C.

USAXS, SAXS, and WAXS measurements were car-
ried out at the USAXS facility, 9-ID-C beamline,9 of 
the Advanced photon Source (APS), Argonne National 
Laboratory, Argonne, IL. Scattering or diffracted inten-
sity data, I(q), were measured as a function of q, where 
q  =  (4π/λ) sinθ, λ is the X-ray wavelength (0.05904  nm 
for 21 keV X-rays), and θ is one-half of the scattering or 
diffraction angle. Slit-smeared USAXS, SAXS, and WAXS 
data were reduced and absolute intensity was calibrated 
using the USAXS facility suite computer programs for data 
reduction and analysis: Indra, Irena, and Nika, written in 
Igor Pro (WaveMetrics Inc.).11,12 Small-angle scattering 
datasets of intensity as a function of q can be interpreted 
using well-established scattering models to quantify the 
underlying sample microstructure from which the scatter-
ing arises.8,9 In this case, a 3-component microstructural 
model, which incorporated different types of voids and 
other scattering features (Figure 2A), was used to inter-
pret the reduced and combined USAXS/SAXS data (Figure 
2B,C,D); this analysis was accomplished in the Irena pro-
gram suite.11

3  |   RESULTS AND DISCUSSION

As shown in Figure 2, the 3-component microstructural 
model comprised lognormal volume fraction size distribu-
tions of the following scattering features: macroscale pores, 
nanoscale core-shell pores, and ultra-fine nanoscale cylin-
drical features (needle-like or disk-like), and was used to fit 
the data shown in the range 0.002 nm−1 < q < 5.0 nm−1. The 
macroscale pores were shown to be largely responsible for 
the scattering data for q < 0.1 nm-1 and their time evolution 
is associated with general densification of the sample during 
CSP. The nanoscale core-shell pores give rise to the appear-
ance and disappearance of the deep trough in the scattering 
data at q ≈ 0.7 nm−1, observed early on in the in situ CSP 
experiments. We associate these core-shell features with the 
dissolution and reprecipitation of solid KDP during CSP, 
as discussed below. While both macro- and nanoscale pore 
populations are likely to comprise irregular pore shapes, 
a globular pore shape has been assumed for simplicity in 

 **Any mention of commercial products is for information only; it does not 
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these initial studies. In order to obtain acceptable fits across 
the entire q-range (Figure 2c), it was necessary to include a 
third component comprising ultra-fine cylindrical features. 
Scattering from this component yields the shallow q-depend-
ence (q−2 to q−1) of the scattering intensity for q > 2.0 nm−1, 
observed especially during the later stages of CSP. Further 
studies are needed to clarify the nature of this component. 
We tentatively attribute it to high defect concentration mate-
rial of reduced mass density emerging between the sintering 
powder grains and associated with the aqueous-mediated 
dissolution and reprecipitation process.13 Figures 3 and 4 
present selected results of fitting this three-component to the 
in situ scattering data, mainly from Experiment 1. Results 
from Experiment 1 are emphasized because its conditions 
caused CSP to occur sufficiently slowly for the measure-
ments to reveal different parts of the process occurring in 
real time, whereas the CSP process in Experiment 2 fol-
lowed the much more rapid timescale observed in previous 
studies of CSP in KDP.2 A fuller summary of the results 
is presented in graphical form in Figures S1 to S12. Based 
on the instrument history of comparable model fitting to 
USAXS/SAXS data,9 estimated standard uncertainties of ± 
10% are assigned to the volume fractions, surface areas, and 
mean pore or feature dimensions plotted in Figures 3 and 4, 
as well as in Figures S1 to S10.

In each experiment, working assumptions were made re-
garding the X-ray scattering length or form-factor densities14 
of the microstructural features in the initial and final states 
of the sample. Initially, we assume all pores are water-filled 
with X-ray form-factor density of 9.42 × 1014 m−2, but with 
an outer shell at the pore/solid interface having form-factor 

density of 14.63 × 1014 m−2. This is mid-way between that of 
water and the surrounding fully dense KDP medium, which 
has a form-factor density of 19.84 × 1014 m−2. In the final 
state, we assume that water is no longer present, having been 
released during CSP, leaving pores with an X-ray form-fac-
tor density of zero. Any remaining shell is assumed to be 
reprecipitated KDP with a high defect density and reduced 
physical density, here assumed for convenience to be 50% of 
the KDP skeletal density with X-ray form-factor density of 
9.92 × 1014 m−2. We make this same assumption for the ul-
tra-fine cylindrical features at all times during the CSP stud-
ies: 50% dense material within the fully dense KDP medium. 
In SAXS, the scattering intensity for each component is pro-
portional to the scattering contrast factor, which is the square 
of the difference between the X-ray form-factor density in 
the pores (water or nothing) or cylindrical features (50% 
dense KDP) and that in the surrounding medium (fully dense 
KDP). Core-shell scattering effects are also significant when 
the shell thickness is not negligible compared to the pore di-
ameter. In practice, this applies mainly to the nanoscale pores 
in the water-filled regime at early stages of CSP. The tran-
sition from the initial to final conditions does not appear to 
progress linearly through CSP densification. Changes in the 
feature dimensions, together with changes in porosity, based 
on various contrast factor scenarios, point to a definite tran-
sition region during the process, in which much of the den-
sification takes place as water is lost from the system. The 
proposed transition regions are shown in Figures 3 and 4 for 
both CSP experiments.

As shown by comparing Figures S2, S5 and S10, the total 
pore volume is dominated by the macroscale pores in both 

F I G U R E  1   Cold sintering compression cell with schematic of sample mounted in thin quartz capillary for in situ X-ray studies. Two stainless 
steel plungers provide the uniaxial pressure for CSP. The heating element is omitted for clarity [Color figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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experiments. At the initial stage, quantitative analysis of these 
coarse features may be slightly affected by multiple scatter-
ing from the powder green body samples and the largest pores 
are outside the measurement range of the USAXS instrument. 
However, thereafter, results for the macroporosity (typical 
diameter ≈ 2.5 μm) are consistent with a decrease in poros-
ity from ≈20% to ≈5% in the final state of each experiment. 
This densification is broadly consistent both with the decrease 
in sample X-ray transmission (Figure S1) and with a visual 
decrease in uniaxially compressed sample volume within the 
capillary during the experiments of at least 30%. The residual 
macropore population is consistent with that found by electron 
microscopy for CSP of KDP.2 The observed behavior of the 
macropore population and its associated scattering is qualita-
tively similar to that found elsewhere during in situ studies of 
ceramic densification under various conditions15,16 and will be 
investigated more quantitatively in future studies. As measured 
by the total surface area of all pores (Figure 3), the main de-
cline occurs during the transition region indicated above. In 

Experiment 1, this happens between 300  min and 350  min 
after the start of CSP, whereas in Experiment 2, much of the 
decline occurs within 20 min from the start of CSP.

Figure 4A,B shows the behavior of the nanoscale core-
shell pores during Experiment 1. Their mean total diameter 
(core plus shell) increases slowly from ≈40 nm to ≈60 nm 
until the transition region is reached, during which this di-
ameter increases dramatically to ≈400  nm. Such marked 
change in the discrete nanoscale pore population (not influ-
enced by any assumed changes in scattering contrast, etc.) 
suggests that these pores open up and become a fine compo-
nent of the main macroscale pore size distribution. Indeed, 
this change appears to be a hallmark of the transition region. 
Meanwhile, the thickness of the shell around these nanoscale 
pores steadily decreases from a maximum ≈4 nm to ≈0.4 nm 
once the system is dry after the removal of water. In the early 
stages of CSP, the shell comprises some 20% of the over-
all mean total pore diameter, and this accounts for the deep 
trough observed in the data at q ≈ 0.7 nm−1 in Figure 2.

F I G U R E  2   Microstructural model and its relationship to combined USAXS/SAXS slit-smeared data from in situ CSP studies: (A) 
Microstructural 3-component model showing macropores and core-shell nanopores (initially water-filled), late-stage nanopores (air-filled), and 
late-stage ultra-fine cylindrical features; (B) Data for Experiment 1: pressure, p, ramped to 450 MPa, and temperature, T, ramped to 95°C, at 
intervals for 470 min; (C) Data from early stage of Experiment 1 with typical microstructural model fit; (D) Data from Experiment 2: p and T held 
at 350 MPa and 95°C for 650 min. In (a), the thick dark blue boundary represents the low-density KDP shell around each nanopore, as discussed in 
the text. In (B) and (D), the color code shows the sequence in time, pressure, and temperature. Power law dependencies, associated with the ultra-
fine cylindrical features, are discussed in the text. In (C), vertical bars indicate computer-estimated standard uncertainties for reduced data after 
background subtraction [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Figure 4C shows the variation in the volume fraction of ul-
tra-fine cylindrical features (i.e., the third component) during 
CSP Experiment 1. Regardless of assumptions about the X-ray 
form-factor density and scattering contrast, the volume frac-
tion remains very small, but persists through densification. The 
stochastics of these initial experiments made it difficult to es-
tablish whether such features are more needle-like or disk-like. 
Our results suggest that some growth occurs in their radius of 
gyration in whichever geometry is favored, suggesting a length 
or diameter growing from ≈1 nm to ≈3 nm (CSP Experiment 
2 also indicated objects of this size once the transition region 
is passed). We have conducted some preliminary N2 isotherm 
studies of the KDP pore size distribution in partially densi-
fied CSP samples. While the results do indeed provide some 
indication for the presence of nanoscale pores, the KDP sam-
ple porosity becomes closed off with little significant porosity 
(and no macroporosity) accessible after densification during 
CSP; so these results are not discussed further here. We also 

note that development of nanoscale solid/pore morphologies 
has been observed, elsewhere, in CSP,1-3,7,13 as well in more 
conventional sintering processes.16 Finally, we should com-
ment on the WAXS (XRD) data obtained in these experiments. 
Both experiments showed a progressive broadening of some 
diffraction peaks, not necessarily correlated with the transition 
region discussed above, but possibly associated with the for-
mation of nanocrystalline grains during reprecipitation—see 
Figures S11 and S12. Overall, we note the potential for the in 
situ USAXS/SAXS/WAXS studies to characterize and quan-
tify the aspects of CSP, not revealed elsewhere.

4  |   CONCLUSIONS

This first in situ SAXS-based characterization of the pore 
morphology evolution of a ceramic material, KDP, dur-
ing CSP demonstrates that the X-ray scattering intensity is 

F I G U R E  3   Total pore surface areas, derived from microstructural model fit results, versus processing time for (A) KDP CSP Experiment 
1; (B) KDP CSP Experiment 2. The transition regions are discussed in the text. Interpolated lines are weighted smooth curve guides to the eye. 
Vertical bars are estimated standard uncertainties of ±10%, based on instrumental history and overall scatter in the fit results [Color figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  4   Model fit results for selected microstructural parameters versus processing time for KDP CSP Experiment 1: (A) Mean total 
diameter of nanoscale core-shell pores; (B) Mean shell thickness in core-shell pores; (C) Volume fraction of defected ultra-fine cylindrical features. 
The transition regions are discussed in the text. Interpolated lines are weighted smooth curve guides to the eye. Vertical bars are estimated standard 
uncertainties of ±10%, based on instrumental history and overall scatter in the fit results [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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sensitive to the critical microstructural changes that enable 
this process. Our measurements have revealed the forma-
tion and evolution of pore features that appear to be associ-
ated with the dissolution and reprecipitation of KDP close 
to the grain/pore interfaces. We have demonstrated how 
these features can be modeled and quantified, as well as 
the reduction in overall porosity during densification. For 
future experiments, we will redesign the compact uniaxial 
compression stage to ensure better alignment of the com-
pression pistons (plungers) and reduce frictional effects on 
the capillary walls, at the same time allowing water or other 
sintering aid to escape during compression. By tracking the 
progress of CSP under controlled pressure and temperature 
regimes over extended timescales, it should be possible to 
determine the activation energies for different component 
phenomena of CSP for a range of ceramic materials. We 
will also investigate further the conditions under which 
XRD peak broadening is observed and determine if this 
is associated with nanoscale material being reprecipitated 
after dissolution, or whether observed broadening arises 
principally from defect formation or from microstrain ef-
fects during the CSP compression.

To extend in situ SAXS-based studies of CSP to techno-
logically relevant ceramics (usually with higher molecular 
weights and skeletal densities, e.g., ZnO, TiO2, and ZrO2), 
we need to work with significantly higher (>50 keV) X-ray 
energies to penetrate through samples of sufficient thick-
ness in a practical uniaxial compression stage. This is pos-
sible by moving such studies to high-energy SAXS beam 
lines at APS or elsewhere (X-ray energies 50 to 100 keV, 
compared to 21  keV used here). It will result in the loss 
of the USAXS low-q regime, but such information can be 
recovered by ex situ USAXS measurements of partially 
densified thin samples. Meanwhile, the q-range associ-
ated with the dissolution and reprecipitation morphologies 
should be well captured at high-energy SAXS beam lines. 
For the moment, we believe this initial study has shown the 
feasibility for real-time quantitative microstructure charac-
terization of CSP applicable to a broad range of technolog-
ical ceramic materials.
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