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A B S T R A C T   

Hydroxyapatite is a well-known bioactive material widely employed in bone regeneration applications. Densi-
fying hydroxyapatite at the nanoscale remains challenging with conventional sintering methods. This investi-
gation focuses on the densification of commercially available nano-hydroxyapatite powders through the cold 
sintering process, utilizing water, acetic acid, and phosphoric acid solutions as transient liquids under 360 MPa 
pressure at 200 ◦C. The study systematically examines the influence of physical parameters of hydroxyapatite 
powder, liquid nature, and ionic concentrations of acid solutions on densification and microstructural charac-
teristics. The relative density of consolidated samples varied with respect to the ionic concentration of the acid 
solution. Notably, a maximum relative density of 90% has been achieved for hydroxyapatite cold sintered using 
2 M phosphoric acid solution without changing the original phase of hydroxyapatite. Overall, this study offers 
valuable insights into the impact of liquid chemistry on the densification of hydroxyapatite using the cold sin-
tering technique.   

1. Introduction 

Hydroxyapatite (HA), due to its chemical and structural resemblance 
to natural bone minerals, has found widespread use in orthopaedics and 
dentistry [1,2]. HA chemically known as calcium phosphate with the 
formula of Ca10(PO4)6(OH)2, possesses key attributes such as bioac-
tivity, biocompatibility, and osteoconductivity, making it an inevitable 
choice for biomedical applications, particularly in bone regeneration 
and drug delivery [3,4]. In general, HA bioactivity depends on different 
factors such as grain/crystal size, degree of crystallinity, Ca/P ratio, and 
microporosity [5]. In recent times, nano-sized HA, in both powder and 
consolidated form, has gained significant attention in orthopaedic im-
plants owing to its enhanced mechanical and biological properties 
compared to micron-sized HA [6,7]. In-vitro and in-vivo experiments 
have demonstrated that under physiological conditions, nanostructured 
HA grains dissolve more rapidly and enhance bio-mineralization as well 
as cell differentiation compared to micro-grain HA [8,9]. Therefore, 
nano HA helps to expedite the formation of a bioactive layer and 

promotes osteointegration. These processes are vital for faster bone 
regeneration [10]. Considering these advantages, nano HA is an ideal 
candidate for developing bioceramic implants that are expected to offer 
superior biological and mechanical properties. However, densifying HA 
on the nanoscale is quite challenging through conventional sintering 
techniques [11]. 

It is well known that densifying HA ceramic compacts through 
conventional high-temperature sintering processes typically requires 
temperatures exceeding 1000 ◦C and a longer holding period, often 
several hours. Besides the high energy and time consumption associated 
with conventional sintering, it promotes uncontrolled grain growth, 
alters stoichiometry through element evaporation, and might eliminate 
the hydroxyl groups. This will directly impact the biological activity of 
densified HA ceramics [12–14]. To overcome the adverse effects of 
conventional sintering and to facilitate the densification of HA at the 
nanoscale, the recent advancements in sintering technologies have 
provided an innovative platform through the cold sintering process [15]. 

The cold sintering process (CSP) is a non-conventional, low-energy 
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sintering technique that promotes the densification of ceramics in the 
presence of transient liquids under low temperatures (<300 ◦C) and 
pressures up to ≤600 MPa [16]. Diverse categories of ceramics, 
including composites in bulk and multilayer forms, have been success-
fully densified through the cold sintering process using suitable transient 
liquids [17–19]. Additionally, it provides a flexible strategy for inte-
grating materials of different thermal features such as polymers and 
metals into ceramics, which not being feasible through conventional 
methods [20,21]. In the context of cold sintering, the use of transient 
liquids plays a crucial role by providing a diffusion path for ions and 
molecules partially dissolving at the ceramic surface. Furthermore, the 
application of pressure and temperature drives the mass transport across 
grain boundaries through the pressure solution creep mechanism, 
facilitating particle rearrangement, precipitation, and recrystallization 
during cold sintering [22,23]. 

Several recent studies have demonstrated the advantages of the cold 
sintering process in densifying HA ceramics [24–28]. The literature 
provides evidence of successful densification, achieving relative den-
sities of up to 97%, for iodine-substituted HA [24], freshly prepared HA, 
and commercial HA with three different particle sizes. This densification 
was indeed accomplished without the use of any liquids, under high 
pressures (≧500 MPa), which diverges from the classical 
dissolution-precipitation mechanism in CSP [25,26]. Later, Shen et al. 
revealed the underlying mechanism by comparing the cold sintering of 
freshly prepared HA, as well as commercial HA without using liquids. 
They proposed that the presence of adsorbed or lattice water in the HA 
contributes to the formation of hydrogen bonds between the particles, 
thereby facilitating the densification exclusively under high pressure 
[25]. To address the negligible solubility issue of HA in water, Shen et al. 
demonstrated the simultaneous synthesis and densification of HA with 
CaHPO4⋅2H2O and Ca(OH)2 as an alternative [28]. However, the cold 
sintering of HA relies on the pressure solution creep mechanism, 
involving dissolution, diffusion, and precipitation. In this context, the 
dissolution/precipitation step is crucial and notably influenced by the 
liquid phase chemistry and the material’s solubility. Abdullah et al. have 
emphasized this influence while investigating the effect of liquid phase 
chemistry on the densification of ZnO under CSP [29]. In line with the 
aspect mentioned above, Anna et al. also reported the cold sintering of 
mussel shell-derived HA with different liquid phases, including ethyl-
enediaminotetraacetic acid, acetic acid, and phosphoric acid [27]. 
Despite these advancements, the densification behaviour of HA relative 
to the liquid phase chemistry and ionic concentration of liquid phases, 
regardless of pressure or temperature in cold sintering, remains poorly 
understood. Hence, there exists a necessity to uncover the role of 
liquid-phase chemistry during the cold sintering of HA. 

From the dissolution-recrystallization viewpoint, it is essential to 
take into account the dissolution behaviour of HA, which is the first 
stage in cold sintering [22]. Many researchers have extensively inves-
tigated the dissolution kinetics of HA in water, acids, and buffer me-
diums [30–33]. Consequently, several mechanisms have been proposed 
to describe the dissolution kinetics. The HA dissolution is known to be 
faster in acidic pH through the incongruent dissolution mechanism 
(equation (1)) than in neutral or alkaline pH, which leads to the for-
mation of thermodynamically metastable clusters, like Posner cluster or 
amorphous calcium phosphate (ACP) at the crystal surface [34,35]. 

Ca6(PO4)6(OH)2 H+

⇔
Ca2− x (HPO4)x(PO4)6− x(OH)2− x + Ca2+aq + HPO2−

4 aq

(1) 

Even though the dissolution experiments have been conducted in 
solutions with low solid content, it is important to note that dissolution 
kinetics and mechanism are influenced by critical factors including pKa, 
nature, and concentration of ions [34]. 

Based on those aforementioned considerations, the present study 
aimed to explore the role of liquid phase chemistry in cold sintering of 
HA ceramics under a moderate pressure of 360 MPa using acetic acid 

(weakly ionizable organic solvent), phosphoric acid (a strongly ioniz-
able inorganic solvent) and water (auto ionizable amphoteric solvent) as 
transient liquids. Special attention has also been paid to studying 
various physical parameters of the HA powder and the ionic concen-
tration of the chosen liquids on the densification and microstructure 
evolution during the cold sintering of commercial hydroxyapatite 
powders. 

2. Materials and methods 

2.1. Hydroxyapatite powders 

Cold sintering experiments were carried out with commercially 
available nano HA powders (nanoXIM.HAp201 & HAp202, CAS 12167- 
74-7) supplied by FLUIDINOVA S.A. Both powders consist of aggregated 
nano HA particles with identical physical properties, but they have 
different aggregate sizes as given in Table 1. The rationale behind the 
selection of these commercial HA powders (HAp201 & HAp202) relies 
on their favourable physical properties such as surface area, tap density 
(Table 1), and particle morphology (Fig. 5). Some reports assert that 
these factors exert a considerable influence on the densification of HA 
through the cold sintering process [35,36]. Additionally, these powders 
are well-suited for making composites with polymers due to their good 
flowability and dispersibility in liquids and polymer systems [37]. 
Furthermore, the consistent production and cost-effectiveness make 
those commercial HA powders a choice for our present and future 
studies. 

2.2. Cold sintering of hydroxyapatite 

Fig. 1 shows the experimental procedure and cold sintering setup 
used to densify the HA powders. To initiate the process, approximately 1 
g of the HA powder was individually wetted with different transient 
liquid phases through manual mixing. This was achieved by adding 10 
wt% of the respective liquids, including distilled water, as well as three 
different concentrations (0.5, 1.0, & 2.0 M) of phosphoric (H3PO4 85 wt 
% in H2O, CAS 7664-38-2, AppliChem PanReac) and acetic acid 
(CH3COOH, CAS 67-64-1, Carlo Erba Reagents) solutions using a pestle 
and mortar. Subsequently, the moistened HA powders were then 
transferred into a cylindrical steel die with a 13 mm inner diameter. The 
HA powders were insulated from direct contact with the piston surface 
using a 13 mm diameter kapton polyimide sheet to avoid contamination. 
A heating jacket was fitted around the die and a thermocouple was 
connected laterally to regulate the heating rate. The process began at 
room temperature, where the moistened HA powder was subjected to 
uniaxial compression using a mechanical testing machine in compres-
sion mode (Zwick Roell model Retroline 1185 with a 100 kN load cell) at 
360 MPa (7 kN/min head speed) with 15 min holding time. Subse-
quently, the sample was heated up to 200 ◦C (5 ◦C/min) and held for 10 
min. Displacement versus time was recorded during the compression, 
utilizing the machine’s built-in displacement transducer sensor to 
monitor density evolution during the CSP. The recorded displacement 
data were used for comparison without the correction for thermal 
expansion of the die. After cooling to nearly 60 ◦C, the applied pressure 

Table 1 
Physical properties of commercial hydroxyapatite (HAp201 & HAp202) and 
calcined HAp202 powders.  

Parameters HAp201 HAp202 HAp202_600 HAp202_900 

BET SSA (m2/g) 98.02 97.75 39.08 8.20 
Tap density (g/ml) 0.57 0.80 – – 
True density (g/cm3) 2.93 2.96 3.09 3.14 
Particle aggregate 

size distribution 
(μm) 

D10 1.67 1.82 1.69 1.40 
D50 2.82 5.71 5.42 4.98 
D90 5.25 16.21 15.96 15.20 

Crystallite size (nm) 32 ± 2 32 ± 2 36 ± 2 63 ± 2  
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was released, and then the densified samples were ejected from the die. 
In this way, the cold sintering experiment was done without the addition 
of any liquids for comparison purposes. For ease of convenience, the 
cold sintered samples were named upon the liquid tested as follows, 
CSP-W/L for the experiment without liquids, CSP-H2O, CSP-AcOH and 
CSP-H3PO4 for the samples densified using water, acetic acid and 
phosphoric acid as transient liquids. 

2.3. Characterizations 

The apparent density of cold sintered samples, including the open 
porosity, was measured according to Archimedes’ principle through 
hydrostatic weighing with water as the immersion liquid. Before the 
test, samples were kept in an oven at 110 ◦C overnight. For each 
experiment, a minimum of three samples were tested, and the average 
value was used in the calculation of relative density, as specified in 
Equation (2). To compute the relative density, the true density of HA 
powders measured using a Helium pycnometer Accypyc III (Micro-
meritics, USA), was taken into account. 

ρr =
mair × ρl

mliq/air − mliq/liq
×

100
ρT

(2)  

where, mair stands for the mass of the dry sample in air, mliq/air repre-
sents the mass of the water-immersed sample weighed in air, mliq/liq 
represents the mass of the water-immersed sample weighed in water, ρl 
& ρT is the density of immersion medium & true density of HA powder 
respectively. 

The particle size distribution of the HA powders was quantified with 
the laser particle sizer method, using Malvern Mastersizer 3000 equip-
ment. To determine the specific surface area (SSA) of both HA powders 
and cold sintered samples, the Brunauer-Emmett-Teller (BET) method 
was applied, employing the Micromeritics TriStar II equipment. Before 
the BET analysis, the powders underwent a 12 h degassing process at 
200 ◦C. Similarly, for the cold-sintered HA samples, the pellets were 
fragmented into micron-sized chunks before analysis. The phase purity 
of HA powders, both cold sintered and conventionally sintered samples 
were characterized by powder X-ray diffraction analysis. The diffraction 
pattern was recorded in the 2θ angle range from 20 to 70◦, with a scan 
step size of 0.013◦, utilizing the Panalytical X’Pert pro diffractometer 
equipped with Cu Kα (λCu = 1.542 Å) radiation at 40 Kv and 40 mA. The 
lattice parameters along the a and c-axis for the HA before and after cold 
sintering were determined according to Equation (3), considering the 
diffraction planes with Miller indices (002) and (300). 

1
d2 =

4
3

(
h2 + hk + l2

a2

)

+
l2

c2 (3)  

Where d represents the distance between the crystal planes obtained 
from XRD results at the (002) and (300) Miller plane. 

Morphological and microstructural assessments of HA powders and 
cold-sintered/conventionally sintered HA were conducted using a 
Hitachi SU5000 scanning electron microscope (SEM). For cold sintered 
samples, SEM observations were performed on the fractured surface 
coated with a platinum layer of a few nm thickness. For conventionally 
sintered samples, SEM observations were carried out after polishing and 
thermal annealing at 1100 ◦C, followed by metallization. The average 
grain size of conventionally sintered samples was calculated with 
ImageJ software by measuring at least 100 grains. The chemical struc-
ture of HA powder before and after cold sintering with different liquids 
was assessed from FTIR analysis. These analyses were carried out using 
Bruker IFS 66 V/S spectrometer (ATR-FTIR mode) from 4000 to 530 
cm− 1 wavenumber range in transmittance mode with a resolution of 4 
cm− 1. To assess the Ca/P ratio of HA before and after cold sintering, a 
micro XGT-9000 (Horiba scientific) X-ray fluorescence spectrometer 
was employed at an accelerated voltage of 50Kv with a spot size of 100 
μm. Before XRF analysis, the HA powder was pelleted by pressing under 
2 MPa pressure, and the cold sintered samples were used as such. For 
each sample, chemical composition was quantified from five different 
spots under vacuum and the average values were presented. The 
representative image of the spot made for XRF analysis was given in 
supplementary information (Fig. S1). Thermogravimetric analysis was 
carried out using a TGA Q500 (TA instruments) at a heating rate of 
10 ◦C/min, ranging from room temperature to 800 ◦C under a nitrogen 
atmosphere. 

3. Results and discussions 

3.1. Conventional sintering and microstructure 

As the HA particles are at the nanoscale in both the commercial HA 
powders, the impact of particle morphology and aggregate size on the 
conventional sintering density and microstructural features were 
examined. The sintering cycle was deduced from the linear shrinkage 
profile (Fig. 2(b)) obtained from the dilatometric measurements. The 
onset of linear shrinkage at 600 ◦C results from the elimination of nano- 
porosity within the aggregated particles and is completed between 890 
and 900 ◦C. The elimination of open porosity within the green compact 
commences at 1000 ◦C and the complete densification is realized at 
1200 ◦C. Under this understanding, the uniaxially compacted (2 ton) 
cylindrical HA green pellets (φ = 13 mm) were conventionally sintered 
in a programmable Nabertherm furnace at 1200 ◦C (5 

◦

C/min) for 2 h. 
Driving through the conventional sintering mechanism both the samples 
HAp201 & HAp202 achieved a relative density of around 95%. The 

Fig. 1. Experimental procedure involved in the densification of HA through the cold sintering process.  
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Fig. 2. (a) SEM images (b) dilatometry curve (dash lines represent the first derivative of the corresponding linear shrinkage curve), and (c) X-ray diffraction patterns 
of conventionally sintered commercial hydroxyapatite (HAp201 & HAp202). 

Fig. 3. (a) Relative density values obtained for densified HA corresponding to liquids solutions and their concentrations in CSP. Comparison of linear shrinkage 
profile obtained during the CSP under 360 MPa at 200 ◦C (b) without liquids, with water, 2 M AcOH and H3PO4 solution, (c) with different concentrations of AcOH 
solution, and (d) with H3PO4 solution. The measured volume shrinkage profile represents the total displacement not including a correction for the thermal expansion 
of the die. 
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calculated relative density values reveal that the particle aggregate size 
has a negligible influence on densification, although it could affect the 
grain growth dynamics [38,39]. The microstructure (Fig. 2(a)) of 
HAp202 consists of larger grains than HAp201. The average grain size 
was found to be 1.83 ± 0.52 and 2.10 ± 0.68 μm for HAp201 and 
HAp202, respectively. Interestingly XRD patterns in Fig. 2(c) evidenced 
that the conventional sintering process did not induce the decomposi-
tion of the HA phase or the formation of any secondary phases like tri-
calcium phosphate (α-TCP). On the other hand, conventional sintering 
promotes uncontrolled grain growth, to accomplish successful densifi-
cation it requires several hours and consumes more energy [11]. 

3.2. Liquid phase chemistry in CSP of HA 

The influence of liquid phase chemistry on achieving densification 
through a cold sintering process was experimented with HAp202 pow-
der using water, aqueous solutions of H3PO4, and AcOH of three 
different ionic concentrations as well as without using any liquids. The 
calculated relative density values are given in Fig. 3(a). The cold sin-
tered sample without the use of any liquids exhibited a relative density 
of approximately 66 %. Conversely the cold sintering of HA with tran-
sient liquids, a significant improvement in relative density was observed 
compared to the CSP without using any liquids. Like the HA samples 
cold sintered using aqueous acids, the relative density was varied with 
respect to the concentration of the respective acid solutions. Notably, 
the phosphoric acid solution promotes more effective densification than 
the acetic acid solution across the tested concentrations. Overall, the 2 M 
phosphoric acid solution promotes more densification than other liq-
uids. However, at low acid solution concentrations (0.5 M), the relative 
densities show no significant improvement over the use of water as a 
transient liquid. Given the observed effectiveness of 2 M phosphoric acid 
solution in promoting densification, the cold sintering of HAp201 was 
assessed using 2 M acetic and phosphoric acid. The measured relative 
density values for HAp201 (Fig. 3(a)) were similar to the values obtained 
for HAp202. Thus it can be concluded that the particle aggregate size of 
HA has no significant role in the densification through the cold sintering 
process. 

The role of liquids in the density evolution can be observed through 
the volumetric shrinkage profile, which is depicted in terms of 
displacement during the cold sintering process in Fig. 3(b, c & d). By 
comparing the cold sintering process without using liquids, water, 2 M 
AcOH, and H3PO4 solution (Fig. 3(b)), the initial volume shrinkage 
during the 15 min hold time under 360Mpa pressure is a result of par-
ticle rearrangement and contact flattening [40]. As the heating ramp 
starts, the dissolution process begins and continues until the saturation 
to promote mass transport across grain boundaries [29]. In the case of 
cold sintering without liquids, the mass transport is facilitated through 
chemical interactions between the adsorbed water molecules on the HA 
particles and this phenomenon contributes to the evolution of density 
[25]. On the contrary, the HAp201 powder contains around 5.6% 
adsorbed water molecules indicated by weight loss up to 200 ◦C (Fig. 7 
(b)). Despite this, no significant densification was found at 200 ◦C under 
360 MPa pressure when liquids are not employed. 

In the cold sintering of HA using water as a transient liquid, the 
added water molecules (10 wt%) have contributed to the density evo-
lution, as the water molecule has an auto-ionizable tendency which 
drives the dissolution and promotes the mass transport across the HA 
surfaces as mentioned in Equation (1) [25]. When considering acidic 
aqueous liquids, the evolution of density is found to be strongly 
dependent on both the strength and nature of the ions present. It is well 
known that phosphoric acid (pKa1 = 2.14, pKa2 = 7.21, pKa3 = 12.35) is 
inherently stronger than acetic acid (pKa = 4.76). Conversely, the pH 
depends on the concentration of acidic ions in the respective acid so-
lutions. Thus the dissolution of HA into the transient liquid is strongly 
controlled by the pH of acetic acid and phosphoric acid solutions which 
in turn influence the final densification. That is why the relative density 

varies upon the concentration of acid solutions. This fact is supported by 
the volume shrinkage profile presented in Fig. 3(c and d) recorded for 
the cold sintering process carried out using acetic and phosphoric acid of 
three different concentrations. 

Based on the aforementioned correlations, a generalized schematic 
representation of the cold sintering mechanism of HA is illustrated in 
Fig. 4. As described by equation (1), hydrogen ions play a crucial role in 
driving the dissolution of Ca2+/P O2−

4 ions from the HA surface. Under 
the action of pressure and temperature, these dissolved ions/particles 
generate a chemical gradient across the contacting particle surfaces. 
This gradient, in turn, promotes mass transport across grain boundaries. 
The dissolution process will continue until the solution reaches its 
boiling point or saturation level. The resulting supersaturated solution, 
containing Ca2+/PO4

2− ions, leaves amorphous calcium phosphate at the 
HA crystal surface, which subsequently undergoes recrystallization into 
HA across grain boundaries [33,34]. This process gives rise to the coa-
lescence of grain boundary, which progresses to the densification of HA 
through a pressure-assisted solution creep mechanism in CSP [40]. 
Therefore, phosphoric acid is found to be more effective than acetic acid 
or water in densifying nano HA through a cold sintering process. 

3.3. Microstructure/morphological aspects 

Fig. 5 demonstrates the morphology of the commercial HA powders 
(HAp201 & HAp202). Both the powders consist of fine micron-sized 
loosely aggregated nano HA particles. Comparatively, HAp201 powder 
consists of finer micron-aggregate particles than the HAp202 powder 
(Table 1). Despite this discrepancy, both HA powders have identical 
physical properties like specific surface area, true density, and crystallite 
size (Table 1). The presence of nano-sized crystals was further confirmed 
by the broader diffraction peaks from the XRD patterns reported in Fig. 7 
(a). 

Fig. 6 illustrates the microstructural features of the densified 
HAp202 powder through cold sintering without liquids, using H2O, 
AcOH (2 M), and H3PO4 (2 M). SEM images provide clear evidence that 
the microstructure of cold-sintered samples is primarily composed of 
densely packed nanograins. However, the level of dense packing varies 
depending on the relative density of the samples, and the presence of 
nanopores contributes to the open porosity of these samples. Further-
more, the decrease in the SSA values of cold-sintered samples can be 
attributed to the dense packing and diffusion of grain boundaries be-
tween the nanograins. This phenomenon renders the interparticle 
porosity inaccessible for the nitrogen used in SSA measurement [35]. 
Comparatively, the HA cold sintered with 2 M H3PO4 holds an SSA value 
< 10 m2/g, emphasizing its capability to enable higher densification 
than other liquids tested. 

Irrespective of the relative density, well-diffused grain boundaries 
are observed among the nanograins, thus there is densification not 
compaction. The grain morphology appears somewhat similar for sam-
ples cold sintered with 2 M AcOH, H2O, and without any liquids. In 
contrast, the surface area and grain morphology for the sample cold 
sintered with 2 M H3PO4 differs significantly from the other samples, 
indicating an effective dissolution process. Overall, the changes in grain 
morphology of HAp202 powders (as seen in Fig. 5(b)) are ascribed to the 
interplay of chemical and physical forces during the cold sintering 
process. Under the action of pressure (360 MPa), aggregates are broken 
down and rearranged into stacked lamellar grains with irregular edges. 
The dissolution process, induced by the temperature, pressure, and 
liquid phase, exerts a capillary force on the grain surface, facilitating the 
intergranular diffusion of ions [40]. This, in turn, leads to grain 
boundary diffusion and dense packing resulting from the liquid-assisted 
plastic deformation within the grains. Since dissolution primarily occurs 
at the grain surface, an increased level of dissolution is expected to 
produce an etched crystal surface [41,42]. Consecutively, the sample 
cold sintered with 2 M H3PO4 exhibits grains with blunt edges. 
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Therefore, the choice of solvent is crucial in the cold sintering process to 
promote effective densification while preserving the particle grain size. 

3.4. Phase and chemical structure 

Although the acid solutions have effectively promoted the densifi-
cation of HA compared to water, it is essential to assess the formation of 
any secondary phases. Powder XRD analysis was conducted on HAp202 
powder as well as samples cold sintered using acetic and phosphoric acid 
(0.5 & 2.0 M) as well as water, and the obtained diffraction patterns are 
presented in Fig. 7(a). XRD pattern confirmed that the HAp202 powder 
is phase pure (JCPDS 00-024-0033) somewhat not fully crystalline. It is 
noteworthy that the agglomeration of HA particles during the spray 
drying process is achieved without the use of any polymer additives. 
Instead, the water present in the nano HA suspension acts as a binding 
agent to hold the particles together after the spray drying. The ther-
mogram in Fig. 7(b) confirmed the aforementioned statement; the 
continuous weight loss of up to 650 ◦C was 6.9%, which stems from the 
removal of adsorbed and interstitial water molecules. Interestingly, the 

XRD patterns of all the analyzed cold sintered samples exhibit only 
diffraction peaks corresponding to the HA phase, similar to the HAp202 
powder. Furthermore, the crystallite size of the samples remained 
consistent after cold sintering. Typically, crystal growth is associated 
with temperature, and it was expected that the use of a temperature of 
200 ◦C in the cold sintering of HA would not encourage the crystal 
growth, primarily due to the dissolution and recrystallization process 
[30]. However, some slight changes in the lattice parameters along the a 
& c-axis were observed for the densified HA due to the ionic sub-
stitutions, and the results are provided in the supplementary informa-
tion (Fig. S2) [43,44]. 

Based on the TGA results (Fig. 7(b)), it is evident that the HAp202 
powder experiences a weight loss of approximately 4.3% up to 200 ◦C, 
attributed to the removal of adsorbed water molecules. In contrast, the 
mass loss up to 200 ◦C for the cold sintered samples, without liquid, with 
H2O, 2 M AcOH, and 2 M H3PO4 was around 2.7, 2.5, 1.8, and 1.1% 
respectively. Despite the addition of 10 wt % of liquids, this mass loss is 
notably lower compared to the HAp202 powder. Comparing the mass 
loss between HAp202 and HA cold sintered without liquid and with 

Fig. 4. Schematic illustration of the densification mechanism that occurs during the cold sintering of hydroxyapatite.  

Fig. 5. SEM images of the commercial hydroxyapatite powders (HAp201 & HAp202).  
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water, suggests that adsorbed water in HA likely participates in internal 
hydrolysis reactions such as the auto-ionization reaction of H2O, facili-
tating densification before evaporating during the 10 min holding 
period at 200 ◦C [25,35]. In the case of acid solution, the introduction of 

acidic (H+) ions enhances the extent of hydrolysis of adsorbed water. 
Consequently, this enhances dissolution-precipitation processes, ulti-
mately leading to higher densification compared to HA cold sintered 
with water or without liquids. Hence the observed mass loss is 

Fig. 6. SEM images of HAp202 powder cold sintered at 200 ◦C (a) without using liquids, (b) with H2O, (c) with 2 M H3PO4 solution, and (d) with 2 M AcOH solution.  

Fig. 7. (a) X-ray diffraction patterns of cold sintered HAp202 powder with H2O, (0.5 & 2 M) AcOH and H3PO4 solution, (b) Thermogram of cold sintered HAp202 
powder using H2O, 2 M AcOH & H3PO4 solutions. FTIR patterns plotted (c) between wavenumber rage 4000 to 1250 cm− 1, and (d) between wavenumber rage 1250 
to 530 cm− 1. 
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significantly lower for HA cold sintered with acid solutions. 
The FTIR spectrum, recorded for HAp202 powder and samples cold 

sintered with H2O, AcOH (2 M), and H3PO4 (2 M) are given in Fig. 7(c 
and d). The vibrational bands corresponding to HCO3

− (1700-1770 
cm− 1), and HPO4

2− (1200-1250 cm− 1) in all the analyzed samples are 
ascribed to the ionic substitutions within the HA lattice [44,45]. The 
formation of HCO3

− results from the chemical reaction between H+ ions 
from the liquid solutions and the type-B carbonates (1545-1400 cm− 1) 
adsorbed in the HA crystals [45,46]. In the case of HA densified with 2 M 
AcOH, the acetate ions are chemisorbed on the surface after cold sin-
tering, indicating that the temperature of 200 ◦C is insufficient to 
decompose the organic residue. According to TGA measurements (Fig. 8 
(b)), the chemisorbed acetate ions are found to be decomposed after 
400 ◦C. In the cold sintered samples, relative to HA, the changes in the 
intensity and broadening of symmetric and asymmetric vibration peaks 
for PO4

3− groups suggest the substitution of non-apatite groups (HPO4
2− ) 

in the HA lattice [47,48]. These changes were more pronounced in the 
CSP-2M H3PO4 samples. The peak for lattice water (1640 cm− 1) in the 
H3PO4 sample appears broader, possibly due to the formation of 
H-bonding with the dissolved PO4

3− ions. Another possibility is that the 
HPO4

2− ions from the H3PO4 solution might occupy the site where PO4
3−

ions dissolved from the HA lattice along the c-axis, forming hydrogen 
bonds with hydroxyl groups in HA. Moreover, TGA confirmed a 
consecutive weight loss after 350 ◦C for the H3PO4 sample, contributed 
by the loss of lattice water molecules and the thermal decomposition of 
non-apatitic groups [49]. Additionally, the deviation in the Ca/P ratio 
(supplementary information Fig. S3) for the CSP-2M H3PO4 sample in 
comparison to the stoichiometric ratio of 1.679 for HAp202 powders, 
suggests the inclusion of non-apatite groups from the phosphoric acid 
solution after cold sintering. Nonetheless, despite small changes in the 
crystal lattice parameters and stoichiometry, the use of 2 M H3PO4 
promotes maximum densification of HA in CSP. 

3.5. Influence of physical properties in CSP 

In the context of cold sintering, dissolution-recrystallization is the 
chemical force exerted by liquids to facilitate densification under pres-
sure and heat [22,23]. Therefore, surface area plays a crucial role by 
providing enough reaction sites for active ions in liquids to initiate the 
dissolution process. To verify this, the HAp202 powder underwent 
calcination aimed at removing the nano-porosity within the aggregated 
particles and water molecules. The onset and peak shrinkage points 
illustrated in the linear shrinkage curve (Fig. 2(b)) have guided the se-
lection of the calcination temperature, 600 and 900 ◦C. The calcined 
HAp202 powder was then named HAp202_600 and HAp202_900. 
Following the calcination at these temperatures for 1 h with a ramp rate 
of 5 ◦C/min, a weight loss of around 3.96 and 6.27 % was observed at 
600 and 900 ◦C respectively. Eventually, the changes in the particle 
aggregate size, specific surface area, and crystallite size relative to the 
calcination temperature (Table 1) serve as clear indicators of the loss of 
nano-porosity that leads to the shrinkage of particle diameter due to the 
pre-sintering effect [50]. Remarkably, the HAp202_900 powder is more 
completely crystalline than the HAp202_600 powder was confirmed by 
XRD patterns given in Fig. 8(a and b). 

To assess the influence of the surface area and crystallinity of HA 
powders in CSP, experiments were conducted with HAp202 powder 
calcined at 600 and 900 ◦C using 2 M phosphoric acid solution as a 
transient liquid. The densified samples were then named as CSP- 
HAp202_600 and CSP-HAp202_900. 

From the volume shrinkage profile (supplementary information 
Fig. S4), it is observed that the density evolution differs for both samples. 
The CSP-HAp202_600 sample achieved a relative density of around 
82%, while the CSP-HAp202_900 sample reached around 68%. Impor-
tantly, the cold sintered pellet sample CSP-HAp202_900 remains struc-
turally stable like other cold sintered samples during the density 
measurements conducted via hydrostatic weighing. This further implies 
the possibility of consolidation, not compaction. Furthermore, the XRD 
pattern (Fig. 8(a and b)) for the densified samples, revealed the presence 

Fig. 8. (a & b) Comparative XRD patterns for the HAp202 calcined powders (600 & 900 ◦C) and cold sintered calcined HA powders at 200 ◦C using 2 M H3PO4 
solution respectively. Microstructure of cold sintered (c) HAp202_600 powder, and (d) HAp202_900 powder. 
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of peaks corresponding to a secondary phase known as dicalcium 
phosphate (CaHPO4, DCPA). This suggests that during CSP, the dissolved 
Ca2+ ions might have reacted with HPO4

2− ions from the H3PO4 solution, 
subsequently recrystallizing as amorphous CaHPO4. The XRD peak for 
DCPA in the CSP-HAp202_600 sample was relatively less intense than 
that in the CSP-HAp202_900 sample, suggesting that there was partial 
recrystallization of dissolved Ca2+/PO4

2− ions into HA. While a few Ca2+

ions precipitate/recrystallize into CaHPO4 by reacting with HPO4
2− from 

phosphoric acid. This could be attributed to the surface area of the 
HAp202 powder calcined at 600 ◦C being quite higher than for HAp202 
powder calcined at 900 ◦C (Table 1) [26]. Additionally, the former still 
contained an amorphous phase (adsorbed/lattice water), which facili-
tated effective dissolution and promoted more densification compared 
to the latter sample. 

SEM images of the cold sintered samples HAp202_600 and 
HAp202_900 are given in Fig. 8(c and d), respectively. These images 
clearly illustrate that the densification is more pronounced in the case of 
the CSP-HAp202_600 sample. Although there is a visible difference in 
grain size and packing between both densified samples, the grains in 
both cases remain in the nano-range. The slightly larger grain size in 
CSP-HAp202-900 is a result of high-temperature calcination (900 ◦C). 
Furthermore, the HA grains in sample HAp202_900 sample are com-
pacted and rearranged under the applied pressure. Additionally, the 2 M 
phosphoric acid dissolute Ca2+ ions and re-precipitates them into 
amorphous CaHPO4, which recrystallizes across the grain boundaries 
between the particles. Phase separation might also be associated with 
the crystallinity of the HAp202_900 powders [26]. Based on these 
findings, it can be concluded that the physical parameters such as sur-
face area and crystallinity also influence the densification of HA through 
the cold sintering process. The fully crystalline HA with a low surface 
area was quite hard to densify through the cold sintering process. 

4. Conclusions 

Cold sintering of commercial hydroxyapatite powders was success-
fully demonstrated using water, and aqueous solutions of acetic and 
phosphoric acid as transient liquids by applying 360 MPa pressure at a 
temperature of 200 ◦C. The relative density was found to be increased 
with respect to the acidic strength of the corresponding liquids. This 
showed the significant influence of liquid phase chemistry on the 
densification of HA during the cold sintering process. Notably, the 
employment of 2 M phosphoric acid in the cold sintering of HA aided in 
achieving a maximum relative density of 90%. Furthermore, the XRD 
measurements and SEM observations confirmed the ability of the cold 
sintering process to preserve the original phase and grain size of hy-
droxyapatite even when acid liquids (2 M) were utilized. However, the 
use of 2 M H3PO4 slightly changes the lattice parameters and stoichi-
ometry of HA, owing to the ionic substitution resulting from the 
dissolution-recrystallization process. Additionally, the cold sintering of 
calcined HA powder using 2 M phosphoric acid provided valuable 
insight into the impact of physical parameters such as surface area and 
crystallinity of HA on density evolution. Concurrently, the formation of 
the secondary phase CaHPO4 served as evidence of the dissolution ef-
ficiency of phosphoric acid and illustrated the chemo-mechanical phe-
nomenon driving densification in the cold sintering process. Overall this 
study offers valuable insights into the significance of liquid phase 
chemistry and physical properties of HA powders in the cold sintering 
process, particularly for achieving nano-level densification of bio-active 
ceramics. 
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