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A B S T R A C T

Developing a nanocomposite that combines the stiffness of hydroxyapatite (HA), a bone-mimicking mineral, with 
the flexibility, and resorbability of polylactic Acid (PLA), a biodegradable polyester, presents significant potential 
in bone regeneration applications. The cold sintering process (CSP) offers a novel approach for consolidating HA- 
PLA composite at low temperatures, addressing the co-sintering challenge posed by higher consolidation tem
peratures requirement for HA compared to PLA’s compaction, or extrusion temperatures. This study investigates 
the effect of HA-to-PLA ratios and the plasticizing effect of PLA on the composite’s consolidation behavior and 
mechanical properties, with a specific focus on HA consolidation within the PLA matrix under CSP conditions at 
200 ◦C under 360 MPa pressure. Interestingly, the results revealed that the HA consolidation in composite matrix 
changes with PLA content and the plasticizing effect has a crucial role in enhancing this consolidation. An 
optimal HA-to-PLA weight ratio of 80:20 yielded superior HA consolidation and strong interfacial bonding be
tween HA particles and HA and PLA, achieving an ideal mechanical strength and structural integrity balance. 
Overall, the HA-PLA composites exhibit mechanical strength comparable to human cortical bone, making them 
suitable for potential biomedical applications.

1. Introduction

Available biomaterial options for treating critical-sized bone defects 
with infections or trauma-induced segmental bone loss are limited. The 
gold standard autogenous bone grafts, often become impractical due to 
the restricted volume of bone that can be safely harvested [1–3]. In some 
cases, treating such defects becomes even more challenging, especially 
for older individuals with limited regenerative potential [4]. Recent 
advancements in biomaterials engineering have shifted focus toward 
synthetic bone substitutes, particularly inorganic-organic composites as 
next-generation biomaterials for treating critical-sized bone defects. 
This logical approach for composite development is inspired by natural 
bone, which is a composite matrix primarily composed of collagen 
(organic phase) and apatite crystals (inorganic phase) [1–3]. Thus the 
current strategies aim to replicate the hierarchical structure and 

functionality of natural bone by combining the advantages of the 
strength and stiffness of synthetic bioactive ceramics, and the flexibility 
and biodegradability of biopolymers. However, developing composites 
with the necessary mechanical properties for load-bearing sites mostly 
relies on composite processing techniques.

A diverse array of bioactive ceramics and polymer materials have 
been explored for bone-regenerative applications. Synthetic nano- 
hydroxyapatite is the most encountered bioceramics, due to its struc
tural and chemical similarity to the inorganic-mineral phase found in 
natural bones [5]. In the realm of polymer, polylactic acid, a biode
gradable and biocompatible polyester, has gained significant attention 
for biomedical applications owing to its tailorable degradation rate, high 
stiffness, and wide processing temperature [6–9]. Poly(L-lactic acid) 
(PLA) is a semi-crystalline polyester with a Tm close to 180◦C and a Tg 
close to 60◦C, that can be readily modulated by copolymerization [10]. 
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Furthermore, PLA’s eco-friendly production from renewable, non-toxic 
feedstocks like sugarcane and corn starch enhances its suitability for 
human body applications. It is also classified as "generally recognized as 
safe" (GRAS) by the FDA [7]. Despite their advantageous features, HA 
and PLA possess inherent limitations; HA presents an elevated brittle
ness and PLA lacks bioactivity with low strength [5–7]. Consequently, 
integrating the beneficial properties of both HA and PLA has garnered 
significant interest, as their combination overcomes individual limita
tions, supports bone ingrowth, and facilitates the gradual replacement of 
implants with new bone tissue [4].

Despite the advantages of HA/PLA composite, achieving mechanical 
strength comparable to natural bone remains challenging when fabri
cating them via injection molding or solvent casting. For instance, 
adding 10–30 wt% of HA to the PLA matrix improves the mechanical 
properties of final composites, but they remain inferior to the natural 
bone [11–13]. Many researchers emphasized that the 
ceramic-to-polymer content and poor interfacial affinity between hy
drophilic HA and hydrophobic PLA significantly influence the me
chanical strength of the resulting composites. Moreover, the proportion 
of ceramic and polymer is a critical parameter to achieve composites 
with excellent mechanical properties [13–17]. However, 
melt-processing composites with higher ceramic content negatively 
impact the dispersion and homogeneity of HA within the PLA matrix, 
resulting in weaker mechanical performances [16,17]. Additionally, this 
method fails to consolidate the HA particles within the PLA matrix, 
which is crucial for achieving high strength [18]. HA typically requires 
high temperature (>1200 ◦C) for consolidation to enhance its mechan
ical properties, but it remains brittle. Due to the significant difference in 
melting temperatures between HA (>1200 ◦C) and PLA (>150 ◦C), they 
cannot be sintered together, making the consolidation of HA with the 
PLA matrix using conventional composite processing techniques highly 
complex [19].

Researchers have demonstrated that pressure-assisted consolidation 
techniques significantly enhance the consolidation of ceramic particles 
within the polymer matrix, resulting in improved interfacial bonding 
between the ceramic and polymer. This process also increases the me
chanical strength of bioactive composites with a higher ceramic content 
[18–20]. In this context, a low-energy sintering technique known as the 
cold sintering process (CSP) is gaining popularity for its simple experi
mental setup and ability to consolidate various ceramics, including 
bioceramics such as HA, at low processing temperatures (200–350 ◦C) 
under the application of transient liquids and pressures up to 600 MPa 
[21]. Consequently, the consolidation temperature aligns with the pro
cessing temperature of PLA, facilitating the co-integration of HA-PLA 
into a bioactive composite suitable for bone regenerative application 
[19,22].

Hu et al. [22], reported the cold sintering of in-situ drug-loaded 
HA-PLA composites proportions at various temperatures (60–120 ◦C) 
and pressures (100–700 MPa). Specifically, for the HA/PLA 80/20 wt% 
composite proportion, they observed that the relative density did not 
exceed 87 %, even with increasing temperature and pressure [22]. This 
leaves uncertainty regarding whether the consolidation was primarily 
dependent on temperature, pressure, or their interplay. Furthermore, 
the pattern of HA consolidation within the composite remains unclear. 
Alternatively, Pietrzykowska et al. [18], consolidated the 80/20 wt% 
HA/PLA composite using various protocols. They found that cold 
pressing at a pressure of 1 GPa achieved a relative density of up to 85 %. 
Moreover, a two-step process involving cold axial pressing at 1 GPa 
followed by hot isostatic pressing at 75 MPa and 165 ◦C resulted in a 
relative density of 99 % [18]. In the context of the cold sintering process, 
a suitable liquid phase is crucial to drive the dissolution-precipitation 
phenomenon at the particle surface, as several studies, including ours, 
have demonstrated. Freshly co-precipitated HA can be densified without 
using any liquid due to the presence of highly adsorbed water molecules 
[23,24]. Since PLA does not behave like aqueous liquids, the consoli
dation behavior of HA in HA/PLA composites processed without any 

liquids remains uncertain. It is important to mention that aqueous liq
uids cannot be used for HA/PLA composite consolidation, as PLA is an 
aliphatic polyester and is prone to hydrolytic degradation [25]. How
ever, the fluidity of PLA changes with temperature, and its binding 
properties can potentially be exploited to consolidate the composites.

The present study explores the consolidation behavior of HA/PLA 
composites under 360 MPa pressure at 200 ◦C. Our previous research 
demonstrated that commercial HA can achieve up to 67 % densification 
under these conditions without the use of liquids [24]. At 200 ◦C, HA 
particles are expected to consolidate, while PLA transitions into a fully 
viscous state, facilitating the integration of HA and PLA. Special atten
tion is also given to the plasticization effect of PLA in the consolidation 
of composites, as plasticizers are known to enhance the fluidity, flexi
bility, and ductility of PLA [26,27]. Tributyl citrate (TBC), a plasticizer 
with low molecular weight, was selected for its miscibility, biocompat
ibility, and proven effectiveness in improving PLA fluidity and 
compatibility with HA [26,27]. This study further examines the inter
facial bonding between HA and PLA, the effects of varying HA-to-PLA 
ratios, and the impact of PLA plasticization. An emphasis was placed 
on understanding how PLA fluidity influences composite consolidation 
and mechanical properties.

2. Materials and methods

2.1. Materials

A commercially available, HA powder (nanoXIM.HAp202, CAS 
12167–74–7) was procured from FLUIDINOVA S.A. These stoichio
metric HA powders (Ca/P ~ 1.67) contain spherically aggregated nano 
HA particles (d50 =5.0 ± 1 μm, BET specific surface area = 97 m2/g), 
and the detailed physical and chemical characteristics can be found 
elsewhere [24]. The PLA with the trade name Ingeo biopolymer PLA 
6201D (number-average molar mass (Mn) = 1,16,200 g/mol, dispersity 
(Ð = 2), obtained by Size Exclusion Chromatography (SEC) calibrated 
with polystyrene (PS) standard in CHCl3, D-isomer < 2 % according to 
the supplier), was supplied in granule form (between 0.3 and 0.5 mm) by 
NatureWorks LLC (USA). The solvent chloroform (CAS 67–66–3) from 
Chemlab analytical and the plasticizer tributyl citrate (CAS 77–94–1) 
(MW = 360.44 g/mol) from Sigma Aldrich were used as received.

2.2. Preparation of HA/PLA composite powder

HA/PLA composite powders at different mass fractions of HA/PLA 
(50/50, 60/40, 70/30, 80/20 wt%) were prepared via the solvent 
evaporation method. The schematic illustration of the process involved 
in the HA/PLA composite powder preparation and its consolidation 
using the cold sintering setup is shown in the supplementary informa
tion Fig. S1. Initially, the PLA was dissolved in chloroform at room 
temperature in a closed container under continuous magnetic stirring. 
Then, the required amount of HA powders was dispersed into the PLA 
solution under stirring for 3 hours. Following this, the container was left 
open overnight to allow a slow solvent evaporation under mild stirring 
conditions. The resulting composite solid mass was dried in a hot air 
oven at 80 ◦C for 6 hours. The HA:PLA 80:20 wt% powder was obtained 
in soft powder form without any lumps, while the other samples con
sisted of solid chucks. The description of composite powder morphology 
is given in supporting information Fig. S2. The solid lumps were sub
sequently cryo-milled using a Retsch vibro mill with a ball-to-mass ratio 
of 30:1. The milling was carried out at a frequency of 30 Hz for 9 min, 
divided into three cycles of 3 min each, with auto precooling to liquid N2 
temperature before each cycle. The prepared composite powders were 
named based on their compositions: HA:PLA 50:50, 60:40, 70:30, and 
80:20.
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2.3. Cold sintering of HA/PLA powders

Approximately 1 g of the respective HA/PLA powders was filled into 
a cylindrical steel die (∅ = 13 mm) equipped with a heating jacket and a 
thermocouple. A 1 mm thick polyimide pellet was used to prevent the 
PLA adhesion to the die surface. The composite powder underwent pre- 
pressing under uniaxial compression using a mechanical testing ma
chine (Zwick Roell model Retroline 1185 with a 100 kN load cell) at 
360 MPa (7 kN/min head speed) and held for 15 minutes at room 
temperature. Subsequently, the sample was heated to 200 ◦C at a rate of 
5 ◦C/min and held at that temperature for 10 min. During the cold 
sintering process at 360 MPa pressure, changes in the sample’s compact 
volume were recorded as a function of total displacement over time, 
using the machine’s built-in displacement transducer sensor to monitor 
the consolidation trend throughout the CSP.

2.4. Plasticization of PLA and cold sintering

To assess the effect of PLA fluidity, the PLA was plasticized with 
tributyl citrate at concentrations of 5, 10, and 20 wt% using a DSM micro 
compounder (15cc chamber with a vertical twin-screw configuration). 
The PLA was loaded into the preheated chamber at 190 ◦C, with the 
screw speed set to 30 rpm during feeding, and 100 rpm during mixing 
for 3 min. The required amount of TBC was then added and the mixture 
was compounded for 5 min. The extruded plasticized PLA was collected 
and allowed to solidify at room temperature. Subsequently, the HA:PLA 
80:20 wt% composite powder was prepared with the plasticized PLA 
and cold sintered using the previously discussed protocols. The resulting 
composite powders were designated as HA:5TBC/PLA, HA:10TBC/PLA, 
and HA:20TBC/PLA, corresponding to the different TBC concentrations.

2.5. Characterizations

The bulk density of the cold-sintered and compacted samples was 
calculated by measuring mass and geometric dimensions. At least three 
samples of each composition were considered and the bulk density was 
calculated using the following relation (1), 

R = 4m
/(

πd2hρ
)
× 100 (1) 

where R is the relative density, m is the mass, d is the diameter, ℎ is the 
thickness, and ρ is the theoretical density. The theoretical density was 
calculated using the relation 2, 

ρ =
m

(mHA/ρHA + mPLA/ρPLA)
(2) 

where mHA and mPLA represent the masses of HA and PLA in the com
posite, while ρHA and ρPLA represent the theoretical density of HA and 
PLA respectively. The measured true density of 2.96 g/cm3 for HA 
(Helium pycnometer Accypyc III (Micro-meritics, USA)), and 1.24 g/ 
cm3 for PLA (provided by the supplier) were used in the calculations. For 
the composite made with plasticized PLA, the measured density of the 
PLA, based on the Archimedes principle (mass/volume), was used in the 
bulk density calculation. The samples 5TBC/PLA and 10TBC/PLA had 
densities of 1.24 g/cm³ , while 20TBC/PLA had a 1.22 g/cm³ density.

The phase composition of the cold-sintered composites was charac
terized using a Panalytical X’Pert Pro diffractometer, equipped with Cu 
Kα radiation (λCu = 1.542 Å) operating at 40 kV and 40 mA. Diffraction 
patterns were recorded over a 2θ angle range of 10◦ to 40◦, with a scan 
step size of 0.013◦. The microstructure of the cold-sintered samples, 
including cross-sections of samples containing 20 and 30 wt% PLA, was 
examined using a GAIA 3 TESCAN field emission scanning electron 
microscope (FE-SEM) equipped with a Ga-focused ion beam (COBRA 
column) to prepare the cross-sections of the specimens.

The chemical bonding characteristics of the composites were 
assessed through Fourier transform infrared (FTIR) analysis using a 

Bruker IFS 66 V/S spectrometer in ATR-FTIR mode. The spectra were 
recorded over the wavenumber range of 4000–530 cm⁻¹ in trans
mittance mode, with a resolution of 4 cm⁻¹ . Micro-indentation analysis 
was performed using a Zwick Roell (ZHU 0.2) micro-hardness tester 
equipped with a Vickers diamond indenter. Indentations were made 
after polishing the sample surface (up to 2400 grit), with a load of 20 N 
applied for 13 seconds at a constant displacement rate of 20 N/min 
during the loading-unloading cycle. The reduced elastic modulus was 
calculated from the unloading load-displacement data using the Oliver- 
Pharr method [28]. 10 random indents were made on each sample, and 
two samples were tested for each composition. The average values of the 
elastic modulus and Vickers hardness are presented.

The thermal behavior of the cold-sintered composite samples and 
plasticized PLA was analyzed using the TA Q2000 model differential 
scanning calorimeter. Approximately 8–9 mg of each sample was used 
for experiments under a nitrogen atmosphere (50 mL/min). The exper
iments were conducted over a temperature range of − 80 ◦C to 200 ◦C, 
including an initial heating cycle to 200 ◦C, followed by cooling to − 80 
◦C, and then a second heating cycle to 200 ◦C, all at a heating/cooling 
rate of 10 ◦C/min. The glass transition temperature (Tg), crystallization 
temperature (Tc), and melting temperature (Tm) of the PLA and com
posites were determined from the second heating curve.

3. Results and discussions

3.1. Consolidation of HA/PLA

The extent of consolidation and the influence of HA-to-PLA content 
on the microstructure and density evolution during the CSP is illustrated 
by the compact volume shrinkage profile shown in Fig. 1(b). The inset 
dotted lines of Fig. 1(b) indicate the heating program during the CSP at 
360 MPa. Overall, when comparing the compact volume changes re
flected by the displacement over time for the composite samples (Fig. 1
(b)), the order follows: HA:PLA 80:20 > 70:30 > 60:40 > 50:50. How
ever, the relative density exhibits an opposite trend, suggesting differ
ences in the microstructure as well as the consolidation pattern between 
HA and PLA.

During the initial compaction phase at room temperature for 
15 minutes, HA particles undergo elastic deformation, while PLA par
ticles experience viscous deformation. This process causes a rearrange
ment of HA and PLA particles into a compact, dense structure, thereby 
reducing porosity [29,30]. This allows the compact to achieve a relative 
density of more than 80 % (Fig. 1(a)). However, the extent of elastic 
deformation of HA particles within the compact varies depending on the 
HA-to-PLA ratio. Increasing PLA content within the compact restricts the 
elastic deformation of HA particles compared to lower PLA content, as 
indicated by the differences in volume changes shown in Fig. 1(b). At 
this stage, the variation in relative density values of the compacted 
samples (Fig. 1(a)) suggests that lower PLA content facilitates greater 
interparticle bonding between HA particles, despite higher porosity. 
Conversely, increasing the PLA proportion reduces porosity by filling 
voids, as the PLA adheres to HA particles under the compaction effect 
[29–31].

During the heating phase up to 200◦C at a 5 ◦C/min ramp rate, two 
instances of negative volume shrinkage were observed between 30–50◦C 
and above 140◦C due to the thermal expansion of PLA. The first negative 
shrinkage (30–50◦C) arises from the release of internal stress as the rigid 
PLA chains transition into a less dense, flexible form [32,33]. This 
transformation promotes the elastic deformation of HA particles caused 
by the viscous flow of PLA within the compact, as reflected by the vol
ume shrinkage up to 140◦C. Between 140◦C and 200◦C, the softened PLA 
gradually transitions into a flowable state, accompanied by volume 
relaxation of the polymer chains, which contributes to the second 
negative volume shrinkage (Fig. 1(a)) [32,33]. This process may induce 
strong repulsion at the interphase, likely due to polarity differences or 
thermal expansion mismatches between HA and PLA [32]. During the 
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10-minute holding period at 200◦C, PLA remains in a flowable state, 
allowing for viscoelastic deformation during the subsequent cooling 
stage. This state facilitates further bonding with HA particles and fills 
any voids, thereby enhancing composite consolidation. However, the 
flowability or fluidity of PLA may vary with HA content, resulting in 
different consolidation patterns between HA and PLA. Additionally, the 
composite’s consolidation mechanism is considerably more complex 
compared to the consolidation of pure HA powders under similar 
conditions.

In our previous study on the cold sintering of the same HA powder 
used in this research at 200 ◦C without any liquids, the volume shrinkage 
profile (Fig. S3, left) indicates that consolidation occurs primarily 
through particle rearrangement driven by the elastic deformation of HA 
particles. During heating, the volume shrinkage is further influenced by 
viscous flow, which is triggered by precipitation-recrystallization re
actions across the grain contact points (grain boundaries), facilitated by 
adsorbed water molecules in HA powder. This process ultimately sup
ports the consolidation of HA, resulting in a microstructure composed of 
well-bonded nanograins (Fig. S3) with a relative density of 66 % [24]. 

However, this consolidation trend cannot be directly compared to the 
volume changes observed during the cold sintering of the HA:PLA 
composite. In the composite, the presence of PLA may influence the 
contact between HA grains or particles, introducing uncertainty in the 
comparison.

The differences in the observed consolidation and relative density 
trends can be commented on relating to the microstructure of the 
composite samples illustrated in Fig. 2. As seen in Fig. 2(b1 to d1), the 
mechanical interlocking between PLA and the HA aggregates becomes 
more pronounced with an increasing PLA content [30,31]. Additionally, 
Fig. 2(b2-d2) shows evidence of PLA infiltration into the interparticle 
gaps of the HA aggregates. In these cases, the increased PLA content 
hinders the breakdown of HA aggregates and affects their dense packing 
within the PLA matrix (Fig. 2(b1 to d1)). As a result, the consolidation of 
HA grains, as observed in Fig. S3, becomes less feasible with higher PLA 
content. Instead, cold sintering primarily facilitates consolidation be
tween HA aggregates and PLA, where PLA forms a uniform matrix that 
binds the HA aggregates, likely contributing to higher relative densities. 
In contrast, the microstructure of HA:PLA 80:20 sample (Fig. 2(a1&a2)) 

Fig. 1. (a) Relative density values of the compacted and cold sintered samples, (b) volume shrinkage profile of the compact recorded in terms of total displacement 
versus time during the cold sintering of composite under 360 MPa.

Fig. 2. Cold sintered composites microstructure (polished surface); (a1&a2) 80:20 fraction captured in SE mode at magnification 110Kx & 150Kx, (b1-d1) and (b2-d2) 
corresponds to 70:30, 60:40 and 50:50 fractions captured in BSE mode at magnification 2Kx and in SE mode at 150Kx magnification respectively.
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consists of well-consolidated nano HA grains with PLA homogeneously 
binding the inter-particle matrix grains. The packing of HA grains in the 
microstructure of the HA:PLA 80:20 sample is comparable to that of 
cold-sintered HA (Fig. S3). This suggests that the low PLA content (20 wt 
%) appears to facilitate the de-aggregation of HA aggregates into indi
vidual nanograins, promoting the consolidation of HA grains while PLA 
hierarchically binds them [29]. However, the dynamics of HA grain 
consolidation within the composite matrix remain uncertain. Advanced 
characterization techniques, particularly in-situ X-ray scattering anal
ysis, could provide deeper insights into these mechanisms [37].

Overall a different pattern of consolidation was observed depending 
on the HA-to-PLA content during the cold sintering. Additionally, the 
FIB cross-sectioned SEM images in Fig. S4 supported our statements. It 
reveals that the cold sintered sample HA:PLA 80:20 has a continuous 
nano HA grain matrix, while the HA:PLA 70:30 sample shows a densely 
packed HA aggregate as it is surrounded by more PLA matrix.

3.2. Plasticization effect on consolidation of HA/PLA

Plasticizers are widely recognized for enhancing the compatibility 
between the hydrophilic HA and hydrophobic PLA by improving the 
mobility of PLA chains [26]. The DSC curves of PLA plasticized with 
different TBC concentrations are presented in Fig. 3(a), and the sum
marized values of the thermal properties are given in supporting infor
mation Table S1. The changes in the Tc, and Tm of the plasticized PLA 
indicate that TBC partially disrupts the crystalline regions of PLA. As the 
TBC concentration increases, the Tg shifts to lower temperatures, con
firming that plasticization enhances the mobility of PLA chains [34,35]. 
Since the PLA used in this study is semi-crystalline, plasticization not 

only helps to improve the fluidity of PLA but is also expected to facilitate 
better interaction between HA and PLA [35].

The influence of plasticization on the consolidation behavior during 
CSP was tested with the 80:20 fraction of HA:PLA, where the HA de- 
aggregation is significant (see Fig. 2(a)1&a2). Comparing the volume 
shrinkage profile shown in Fig. 3(b) for the HA:TBC/PLA 80:20 com
posites and HA:PLA 80:20 composite, the consolidation pattern for 
composites made with plasticized PLA is the same as the unplasticized 
PLA. The elastic deformation at the initial compaction phase i.e., at 
room temperature is similar to those made with unplasticized PLA (HA: 
PLA 80:20). However, due to the enhanced fluidity of plasticized PLA, a 
visible difference in the viscoelastic deformation is observed near 
heating up to 140 ◦C. Moreover, as shown in Fig. 3(c), the relative 
density values of the plasticized PLA composites are improved with 
increasing TBC concentration and are higher compared to the unplas
ticized PLA composite. Further, by comparing the microstructure of 
80:20 composite made with unplasticized (Fig. 2(a1&a2)) and 20TBC 
plasticized PLA shown in Fig. 4, we can observe a significant improve
ment in the dense packing of nano HA grains bonded with PLA. Thus, 
plasticization positively impacts both the overall composite consolida
tion and the consolidation of HA within the composite matrix. This 
strongly emphasizes that the consolidation in the composite during cold 
sintering is significantly influenced by the fluidity of PLA.

3.3. HA consolidation extent in the composite matrix

The consolidation behavior of HA within the composite matrix can 
be demonstrated by the ability to recover the HA matrix after extracting 
PLA from the composite matrix. The PLA was extracted from the cold 

Fig. 3. (a) DSC thermograms of the TBC plasticized PLA, (b) volume shrinkage profile of the compact recorded in terms of total displacement versus time during the 
cold sintering of composite made with plasticized PLA under 360 MPa, and (c) Relative density values of the cold sintered composites made with plasticized PLA.
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sintered samples HA:PLA 80:20, 70:30, 60:40, 50:50, and HA:20TBC/ 
PLA, by the Soxhlet extraction method using chloroform, as it serves as 
PLA’s good solvent. After 24 hours of extraction, the HA matrix was 
retrieved (shown in Fig. S5) only for the sample with an 80:20 propor
tion indicating that the nano HA gains are successfully consolidated. 
Complete extraction of PLA from the composite matrix was confirmed by 
a weight change of 19.2 % after drying at 100 ◦C. In contrast, the other 
compositions only yielded the HA powders. This implies that the 80:20 
ratio promotes HA consolidation within the composite, providing 
structural integrity along with PLA bonding. The same observation was 
also found with HA:20TBC/PLA composite. Further to evaluate the 
impact of plasticization on the extent of HA consolidation after PLA 
extraction, SEM analysis along with specific surface area (SSA) deter
mination was carried out for the retrieved HA matrix from both plasti
cized (20TBC) and unplasticized 80:20 composite samples. From Fig. 5, 
it is confirmed that the HA matrix of both samples constitutes loosely 
bonded nanograins and has different SSA values (inset value in Fig. 5). 
Comparing the SSA values of these samples, the grain packing is denser 
for the composite made of plasticized PLA. From our previous study, in 
which we investigated the cold-sintering of pure HA without the use of 
liquids under the same conditions, we observed that the microsite con
sists of well-bonded nanograins with a relative density of 66 % and an 
SSA reduced to 33 m²/g (Fig. S3) after consolidation [24]. In general, 
densification progresses with mass transfer across grain boundaries and 
a reduction in surface area/energy [36]. In the case of HA-PLA com
posite, PLA likely hinders the consolidation dynamics of HA in the 
composite matrix. During cold sintering, PLA may partially shield the 
direct grain-to-grain contact that impedes incomplete mass transfer 
across HA nanograins. As a result, the HA grains within the composite 
are cohesively bonded but are not as dense as observed in the cold 
sintering of pure HA [24]. Interestingly, the plasticizing effect contrib
utes to a more cohesive consolidation of HA nanograins within the 

composite matrix due to the increased flexibility of PLA with a high 
content of TBC. However, a solid understanding of the cold sintering 
dynamics of HA grains within the composite matrix should be further 
validated through advanced characterization techniques, particularly 
in-situ x-ray scattering analysis [37].

3.4. Phase composition and thermal behavior

PLA6202D, being a semi-crystalline polymer with very low D-isomer 
content (<2 %) is easily crystallizable [38]. However, the cold-sintering 
temperature, integration pattern between the HA and PLA, and plasti
cization are known to influence the crystallization ability of PLA. 
Typically, PLA crystallizes into ordered α and α′ disordered polymorphs, 
depending on the crystallization temperature, as extensively discussed 
in the literature [38,39]. The DSC thermogram of the cold-sintered HA: 
PLA 80:20 composite fraction made with unplasticized and 20TBC 
plasticized PLA is shown in Fig. 6(a). The Tg of both the unplasticized 
(48.2 ◦C) and plasticized (39.6 ◦C) composite is significantly lower than 
the Tg of pure PLA (62.4 ◦C). This can be attributed to the restricted 
chain mobility due to improved interactions between HA particles and 
PLA. These interactions, likely involve hydrogen bonding or mechanical 
interlocking [30,31]. The existence of hydrogen bonding between HA 
and PLA was evidenced by the red-shift of the characteristic vibration 
peak for PLA6201D at 1748 cm⁻¹ , corresponding to C––O stretching, as 
shown in the FTIR spectrum in Fig. 6(c) [22,40]. Moreover, the Tm shifts 
from 168.7◦C for pure PLA to lower values in the composites. In both the 
composites, the Tm appears broader, indicating a disrupted crystalline 
structure caused by the nucleating effect of HA. Furthermore, the dif
ference in Tm between the plasticized (161.5 ◦C) and unplasticized 
(159.4◦C) composites suggests that the plasticization enhances the de
gree of crystallization or improves the molecular arrangement of PLA 
[38,39]. These observations are further supported by the XRD patterns 

Fig. 4. (a1&a2) Microstructure of the cold sintered composite (polished surface); HA:20TBC/PLA 80:20 fraction captured in SE mode at magnification of 110Kx 
& 150Kx.

Fig. 5. Microstructure of the HA matrix after extracting the PLA from cold sintered (a) HA:PLA 80:20 and (b) HA:20TBC/PLA 80:20 composite. The SEM images were 
captured in SE mode at a magnification of 150Kx.
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illustrated in Fig. 6(a). The XRD results indicated that the cold-sintered 
composites have HA and PLA phases. The diffraction peaks corre
sponding to the HA crystal phase align with the JCPDS 00–009–0432 
pattern. Both the composite shows the diffraction peaks at 2θ = 14.7, 
16.6, and 18.9◦ correspond to (010), (110)/(200), and (203) lattice 
planes of the α/α′ crystal forms of PLA [38,39]. The heterogeneity in the 
crystal form of PLA, attributed to the nucleation effect of HA, is further 
evidenced by the FTIR bands at 755 and 867 cm⁻¹ (Fig. 6(d)) [41]. While 
comparing the unplasticized composite, the diffraction peak at 16.6◦ in 
the plasticized composite slightly shifts to 16.8◦, accompanied by a 
minor increase in intensity. This shift suggests that plasticization en
hances the PLA crystallization during the cold sintering process [42].

The crystallization behavior of PLA in the composite varies (Fig. S6
(a)) due to the differences in the consolidation pattern between hy
droxyapatite (HA) and PLA, as shown in Fig. 2, with increasing PLA 
content. Additionally, these composites exhibit similar phase charac
teristics and H-bonding between HA and PLA, which are discussed in 
detail in the supporting information (Fig. S6).

3.5. Mechanical characteristics of the composites

The micro-indentation analysis reveals significant insights into the 
mechanical interfacial bonding between HA and PLA in cold-sintered 
composites. As illustrated in Fig. 7(a), the 80:20 HA-PLA composite 

Fig. 6. (a) DSC thermogram (b) XRD patterns and (c and d) FTIR plot of the HA:PLA 80:20 composite made with unplasticized and 20TBC-plasticized PLA.

Fig. 7. Stiffness/hardness values (a) for the cold sintered composites made with unplasticized PLA and (b) 80:20 composite made with TBC-plasticized PLA.
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exhibits the highest elastic modulus (Er = 25 GPa) and superior hard
ness, outperforming other composite compositions. In comparison, pure 
HA cold-sintered under the same conditions (RD 66 %) shows a slightly 
lower elastic modulus (Er = 21 GPa) but a higher hardness (112 HV), 
indicating that the PLA addition improves elasticity but reduces hard
ness due to the integration of flexible polymer matrix. PLA, being a soft 
material with low stiffness and hardness, the increasing proportion of 
PLA in composites reduces the hardness and Er values relative to HA. 
However, the lower PLA content (20 %) provides optimal mechanical 
performance, due to the cohesive consolidation of HA nanograins (Fig. 5
(a)) within the matrix facilitated by PLA’s binding effect. Similarly, 
when TBC plasticized PLA was used in 80:20 composites, the stiffness 
increased with higher TBC content, while hardness decreased (Fig. 7
(b)). The increase in stiffness is attributed to the plasticization effect, 
which enhances the cohesive consolidation of HA grains (Fig. 5(b)) 
within the composite matrix. The lowering of hardness values suggests 
that the plasticization strengthens and softens the PLA, as indicated by 
the DSC profile (Fig. 6(a)) [35]. As HA primarily provides stiffness, the 
consolidation of HA in the composite matrix contributes higher stiffness 
values for HA:PLA 80:20 proportion composites, offering excellent 
structural integrity through the combined effect of binding between PLA 
and HA. The microstructural observations and the results in Section 3.3
together support this conclusion. Overall, the obtained stiffness values 
are comparable to the stiffness value of human cortical bone reported in 
the literature [43,44]. The composite processed through the 
cold-sintering process is therefore suitable for bone substitutes at 
load-bearing sites.

4. Conclusions

This study offers new insights into the consolidation behavior during 
the cold sintering of HA-PLA composites at 200◦C under 360 MPa 
pressure. Cold sintering processing (CSP) facilitates the creation of high- 
strength composites with a relative density exceeding 90 %, effectively 
combining HA’s stiffness with PLA’s flexibility. The consolidation 
pattern between HA and PLA, as well as the consolidation of HA grains 
within the composite matrix, depends significantly on the HA-to-PLA 
ratio and the fluidity of PLA. Higher PLA content increases the overall 
density of the composite, as consolidation primarily occurs between HA 
aggregates and PLA. In contrast, lower PLA content promotes the 
consolidation of HA grains within the matrix, as well as between HA 
grains and PLA. In particular, the HA:PLA ratio of 80:20 demonstrates 
superior mechanical properties due to the strong cohesive consolidation 
between HA grains and the mechanical interlocking between HA and 
PLA. Plasticization plays a key role in enhancing the crystallization of 
PLA during cold sintering, thereby improving the consolidation of HA 
grains and strengthening the interaction between the well-crystallized 
PLA and HA. This leads to a stiffer composite structure, although the 
plasticizer introduces some flexibility, resulting in reduced hardness 
compared to the unplasticized composite. The cohesive consolidation of 
HA nanograins and the binding effect between HA and PLA create a 
strong chemical and mechanical interphase. While cold sintering suc
cessfully integrates HA and PLA through strong interfacial and chemical 
bonds, the HA-HA bonding remains critical for providing the necessary 
stiffness in the composite structure.
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