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ABSTRACT
Amorphous calcium phosphates (ACPs) represent a family of bioactive compounds particularly relevant to bone regeneration. 
However, due to their intrinsic metastability, their processing into 3D- shaped materials cannot be undergone by conventional 
sintering methods and requires cold sintering approaches. Also, their microstructure and local compositional changes still have 
to be explored in detail. To this aim, spectroscopy techniques are particularly appealing to probe local chemical environments at 
the microscale. Concerning ACPs, one question regards the distribution of (hydrogenated) phosphate species, as they may lead 
to various evolutionary trends. In this contribution, we purposely exploited the laser–beam interaction through Raman mapping 
to trigger the in situ HPO4

2−- to- P2O7
4− transformation. Analysis by a multivariate approach allowed us to spot P2O7

4− clusters 
resulting from HPO4

2−- rich initial domains. Moreover, a blue shift of the ν1PO4
3− band was noticed in the close vicinity of these 

clusters, thus evidencing a local evolution of the chemical composition of the ACP. These results, corroborated by differential 
thermal analysis, demonstrate the relevance of using the laser–sample interaction through local heating to probe the spatial 
evolution induced, in our case, by an ultrafast compaction process. Comparison of outcomes obtained using two different laser/
power strategies finally evidenced the need to adapt the Raman analytical conditions to the behavior of the metastable material 
to analyze.

1   |   Introduction

Raman microspectroscopy has proven to be a well- suited char-
acterization technique to investigate the local repartition of 
species (i.e., through mapping) or local changes in chemical en-
vironments in diverse samples [1, 2]. It has thus been used for 
decades in a wide variety of application fields to take advantage 
of its versatility and relative ease of use, whether in dry or wet 
states. This opens up a large set of characterization opportunities 
and less feasible by other spectroscopy techniques such as solid- 
state nuclear magnetic resonance (NMR) or Fourier transform 
infrared (FTIR) (the latter being notably responsive to water).

One such field of interest is that of bone substitute materials, 
which includes in particular the family of calcium phosphates 
(CaP) [3–5], that can lead to the fabrication of bioactive bone 
substitutes capable of activating bone healing and potentially 
releasing active agents. Among appealing CaP compounds, 
amorphous calcium phosphates (ACPs) are often considered 
as precursors of new bone formation in vivo (prior to crystal-
lizing into nanocrystalline nonstoichiometric apatite) and are 
growingly studied in this field [3, 6–8]. Besides their phospho- 
calcic nature close to natural bone mineral, their amorphous 
character enables a rather high resorption rate after implan-
tation, thus allowing for rather rapid release of bioactive ions 
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(and possibly of associated drugs/bioactive molecules). One 
challenge remains, nonetheless, to prepare cohesive three- 
dimensional (3D) scaffolds of ACP while preserving its amor-
phous nature and potentially exhibiting a porous network to 
favor ion diffusion, resorption, and neovascularization.

Shaping ACP into such 3D constructs without inducing crystalli-
zation remains arduous. To face this difficulty, a new strategy has 
emerged in recent years, namely, by applying a “cold sintering” 
approach [9–12]. This strategy typically uses mechanical pressure 
to consolidate a powder without heating or under low- temperature 
heating, but exploiting non- thermally activated diffusion pro-
cesses. The successful low- temperature shaping of ACP was 
shown to be effective by low- temperature spark plasma sintering 
(“SPS”) (adding magnesium and carbonate ions as apatite growth 
inhibitors to stabilize the amorphous state) [13] or alternatively by 
ultra- high- pressure compaction [14, 15], eventually adding an ex-
ternal liquid phase to enhance the densification process [16].

Very recently [17], we presented and investigated the effect of ultra-
fast compression of an ACP phase at room temperature and under 
moderate pressure as another cold sintering approach. The pecu-
liar ACP used in that study was obtained by spray drying (SD). 
This powder, with a Ca/P ratio of 1.3, contained a large amount 
of water (15.5 mol H2O per mole) and HPO4

2− ions (4 HPO4
2− per 

9 Ca2+), notably higher than in regular Posner's clusters. This 
large amount of water in the initial powder was shown to enable 
this cold sintering strategy via ultrafast compression to be imple-
mented successfully. 3D disk- like scaffolds were therefore pro-
duced, and they exhibited mechanical properties and porosity well 
suited for the production of bone scaffolds for non- loading zone 
and allowing appropriate handling/cutting for clinicians directly 
in a surgical room. That study also showed that, although the over-
all ACP composition did not undergo major alterations upon com-
pression, a low amount of HPO4

2− ions seemed to undergo changes 
in their local environment after compression. The relative stability 
of the overall chemistry of the powder with the applied pressure 
was expected as the use of a pressure usually witness change of 
structure (i.e., polymorphism) rather than change of chemistry 
[18–20]. Yet, the slight modifications pointed out by NMR and 
FTIR spectroscopies may be linked to the cold sintering strategy. 
Although the exact underlying mechanism is not fully elucidated, 
it is most probable that the water contained in the ACP composi-
tion should play an active role in the densification process even 
in such soft sintering conditions, as was already shown for other 
hydrated metastable compounds like biomimetic apatites and lay-
ered double hydroxides (LDHs) [11].

Although Raman (micro)spectroscopy is increasingly used in 
diverse fields of research including calcium phosphate–based 
bone substitutes, the scattering efficacy significantly depends 
on the nature of the species in presence, making it a rather 
“selective” technique. In fact, some species are particularly re-
sponsive, such as PO4

3− or the pyrophosphate ion P2O7
4−. These 

ions actually provide deep information in terms of local envi-
ronment modification and/or localization (for mapping) even 
at dilute concentrations. On the other hand, some species are 
only associated with a poor response, such as the hydrogenphos-
phate ion, HPO4

2−. The latter will therefore provide only limited 
information in terms of evolution of the local environment or 
localization (for mapping) when they are poorly concentrated in 

the material of interest. In other words, an ortho/pyrophosphate 
composite can be mapped and distinguished more easily than 
an ortho/hydrogenphosphate composite [21].

In addition to this “pseudo” selectivity, Raman spectroscopy—
as a laser- based technique—induces beam–matter interaction 
that may result in a local rise of temperature [22]. Depending on 
the analysis conditions, this increase of temperature can reach 
up to several hundreds of degrees Celsius, which may in turn 
induce locally alter the material studied and therefore change 
the Raman spectral signature. Although this effect is particu-
larly desired and induced in the field of art and archaeological 
research [23, 24], it is generally sought to be a limitation in the 
field of biomaterials research, where the tendency is to prevent 
samples alterations upon beam exposure. However, the inten-
tional recourse to such beam- induced amorphous- to- crystalline 
phase transformation thermal effects could be advantageously 
exploited to better reveal local heterogeneities of composi-
tion. In the field of CaP compounds, such an enhancement in 
terms of “chemical mapping” could potentially be expected for 
HPO4

2−- bearing phases, as these hydrogenphosphate ions will 
condense into pyrophosphate ions P2O7

4− beyond a certain 
temperature threshold (typically in the range 300–450°C for 
HPO4

2−- containing ACP or biomimetic apatite, based on ther-
mal analyses), following Equation (1). By inducing the local for-
mation of such pyrophosphate ions (P2O7

4−), the localization of 
the HPO4

2− present prior to the condensation reaction can be 
deduced.

This approach has been pursued in the present work, as an illus-
trative example of the exploitation of beam–sample interaction, 
for the analysis of ACP discs consolidated by ultrafast compres-
sion in a previous study [17], with the view to further investi-
gate the spatial distribution of species after this “cold sintering” 
process, and thus better understand the possible mechanisms at 
play. To this aim, Raman microspectroscopy mapping exploiting 
this beam–matter interaction was implemented and completed 
by differential thermal analysis (DTA). To our knowledge, no 
publication refers to the use of the beam–matter interaction to 
induce a chemical reaction in situ to create highly sensitive spe-
cies from less sensitive ones, with the view to facilitate the spa-
tial distinction of chemical species.

2   |   Materiel and Methods

2.1   |   Reagents

Phosphoric acid, PA (H3PO4 85%), and monohydrate calcium 
acetate, CA (Ca (CH3COO)2, H2O) were purchased from Sigma- 
Aldrich (Darmstadt, Germany).

2.2   |   Powder Synthesis and Cold Sintering Pellet 
Fabrication

The HPO4
2−- bearing ACP powder used in this work was ob-

tained according to our previous study [25]. Briefly, a calcium 

(1)2 HPO4
2−

→ P2O7
4−

+H2O
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phosphate solution was prepared by dissolving 5 g of CA in 1 L 
of deionized water and with the addition of 1.18 mL of PA. The 
addition of PA was done under vigorous stirring dropwise in a 
minute of time. When the clear transparent solution is ready, 
it is spray- dried using a BUCHI B 290 mini spray drier (Büchi 
Labortechnik AG, Flawil, Switzerland) with an inlet tem-
perature of 160°C, a gas flow of 414 L.h−1, and a liquid flow of 
0.3 L.h−1.

A white powder was obtained after spray drying, composed of 
grains of about 3 μm in size, themselves exhibiting a substruc-
ture of aggregated nanoparticles of around 100 nm. The powder 
obtained was stored at room temperature in a closed vial with-
out any further treatment.

To prepare the ACP pellet, this powder was processed using 
a pharmaceutical- grade compaction simulator STYL'One 
Evolution (Medelpharm, Beynost, France) with a EuroB flat- 
faced punches (6 mm) at different forces ranging from 25 to 
200 MPa at 100% speed and with a dwell time of 20 ms. The de-
tails of the cold sintering process and results are given in our 
previous article [17].

2.3   |   Raman Mapping

Raman analyses of the pellet were performed using a confocal 
RAMAN LabRAM Evolution Horiba Yvon Jobin microscope. 
The samples were exposed to continuous laser radiation sup-
plied by a diode laser at 532 nm with a power of 48.6 mW. 
These analysis conditions were selected to trigger the conden-
sation of the HPO4

2− ions into P2O7
4− under the beam, with 

the aim to avoid stronger structural alterations leading to ACP 
crystallization.

For these mapping experiments, the samples were placed under 
an Olympus BX 41 microscope and focused under an objective 
100× numerical aperture of 0.90, which gave the system a lat-
eral resolution of 0.72 μm (1.22 × λ / ON) and an axial resolution 
of 2.61 μm (4 × λ/O.N2). The maps were acquired using an XYZ 
motorized stage with a measurement step of 5 μm along the X 
and Y axes. The use of an autofocus, whose amplitude range 
was optimized with the roughness of the area studied, allowed 
for the self- adjustment of the focus. The representation of the 
Raman mapping pixel corresponds to the main contributor 
spectra, and RGB unmixed mode representation was preferred 
to facilitated the reading.

A reference Raman mapping was also achieved in non- altering 
conditions using a 633 nm laser with a power of 4.24 mW and the 
same objective as above.

The equipment was wavenumber- calibrated with a silicon stan-
dard using the first- order line of silicon at 520.7 cm−1, with an 
accuracy of ± 1 cm−1.

a. The spectrum of each point was acquired using a 600 tr.
mm−1 grating with a spectral resolution of 1 cm−1 and col-
lected with a quantum well detector cooled to −60°C by 
double Peltier effect (CCD Synapse). Each spectrum of the 
maps was acquired with a 10 s time and 1 accumulation. 

Data processing was performed using the LabSpec 6 soft-
ware (Version 6.6.1.11). Multivariate analysis (MVA) was 
performed using multicurve regression (MCR) of the MVA 
module of the LabSpec 6 software. A multivariate curve 
resolution alternating least squares (MCR- ALS) algorithm 
was implemented to identify complex mixture constituents 
and contributions [26]. Two requirements are only needed 
to apply MCR to a multicomponent system, namely, the ex-
perimental data can be structured as a two- way data matrix 
or a multiset structure

b. The data set can be explained reasonably well by a bilinear 
model using a limited number of components.

The MCR bilinear model is usually written D = CST where D is 
the raw data set, for example, a spectroscopic data table, and ST 
and C are the matrices of the pure spectra and the related con-
centration profiles for each of the compounds (contributions), 
respectively.

The number of variables (number of components) was set in 
order to adjust the cumulative variance of the components as 
close of 100% as possible.

All spectra were recorded at ambient temperature and pressure.

2.4   |   DTA

The powder and consolidated pellets obtained upon mechan-
ical pressure at 25 and 200 MPa were characterized using a 
SETARAM (Setsys Evolution System, France) TGA/DTA appa-
ratus, from 25°C to 1000°C at 5°C/min under air flow (20 mL/
min), preceded by a plateau at 25°C for 30 min for preliminary 
equilibration.

3   |   Results and Discussion

In order to better resolve the position of the HPO4
2−- bearing 

compounds within the ACP pellet obtained by ultrafast com-
pression, a Raman mapping strategy was set up. A typical ap-
proach was to use the 532 nm laser beam with the objective to 
transform locally the low responsive HPO4

2− ions into high re-
sponsive P2O7

4− species. To identify and point out the possible 
changes of chemical environment and/or the spatial distribution 
of the different phosphate groups induced by the compaction 
process, a mapping of a radial section of the 100 MPa pellet was 
performed.

In a first- intention stage, a univariate analysis approach was 
used to interpret the data. Results are shown in Figure 1a and 
the associated spectra are specified in Figure 1b. This analysis 
suggests the presence of three different components, as empha-
sized in Figure 1ai–iii by the spatial distribution represented as 
split channels with three mapping colors. The red color is associ-
ated with a low signal, likely attributable to the Raman spectrum 
noise. It may be noted that the spectral signature of magnesium 
stearate (MgSte)—used as lubricant during the compression pro-
cess—cannot be detected here, which can be associated with the 
low amount of MgSte used or the possible degradation (burn) of 
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this component. Two other spectral contributions are observed 
via this univariate data analysis: a major one, in green that cor-
responds to the band area integration around 950 cm−1 and that 
can be associated with the ν1PO4 vibration mode of the PO4

3− 
ions in ACP [27], and a minor one, in blue that corresponds to the 
area integration of the 954 and 1048 cm−1 bands. The blue contri-
bution is characterized by three main bands at 954 (main), 1048 
(medium), and 750 cm−1 (low). Whereas the band at 954 cm−1 
relates to ν1PO4

3− with a modified environment compared to 
regular ACP, the two other bands are assignable to P2O7

4− ions 
(respectively corresponding to the νsPO3 and vasPOP vibration 
modes) [28]. These two latter peaks (at 1048 and 750 cm−1) were 
not present in the initial powder before compression, neither in 
the Raman spectra recorded in our previous study using a less 
powerful red laser (633 nm at 1 mW). They may thus reasonably 
be considered as the result of the condensation of HPO4

2− ions 
into P2O7

4− ions. The relative abundance of the three colors cor-
responds to 78.7% of green, 15% of blue, and 6.3% of red (data 
extract from LabSpec6 software): The large number of green 
pixels (i.e., relatively unchanged ACP) is in agreement with the 
statement in our previous paper that the overall composition of 
the ACP after ultrafast compaction stays essentially unchanged 
except for some HPO4

2−. These results suggest that our enhanc-
ing strategy based on beam–matter interaction has successfully 
allowed Equation (1) to occur, thus facilitating the localization 
of initial HPO4

2− ions in the examined sample.

However, because of the rough univariate analysis approach im-
plemented to obtain Figure 1, it is not clear if the bands occur-
ring within the blue component are due to a physical mixture of 
(modified) ACP and calcium pyrophosphate or a solid solution 
(viz., modified ACP phase incorporating some P2O7

4− ions). To 
overcome the limitation regarding the identification of the blue 
contribution in Figure 1, a more developed data interpretation 

strategy using a MCR has been implemented. This chemom-
etric approach may indeed allow identifying “hidden” infor-
mation for complex data sets and could therefore prove helpful 
for a better identification of species. The resulting Raman 
mapping is given in Figure 2a, and the associated spectra are 
reported in Figure 2b, the former showing a general good cor-
respondence with the univariate analysis. However, a decom-
position into four main components (as opposed to 3 in the 
univariate approach) appears more suitable. Components #1 
at 950 cm−1 (in green) and #3 at 954 cm−1 (in purple) can be 
attributed to the orthophosphate phase (ACP), the latter being 
thus blue- shifted compared to the former, and characterized by 
a narrower width. Component #4 (in blue) corresponds to the 
pyrophosphate signature at 1048 and 750 cm−1. Finally, com-
ponent #2 (in red) corresponds to the Raman spectrum back-
ground (noise).

The presence of clearly split spectra allows us to assess that 
the sample is mainly a physical mixture of (modified) ACP 
and calcium pyrophosphate after the beam–matter interaction 
(Figure 2b). However, spectra #3 and #4 present a minor band 
at 1048 and 954 cm−1, respectively, suggesting also a partial in-
corporation of pyrophosphates in the orthophosphate phase and 
vice versa. This partial blending of the two phases can be inter-
preted as a progressive continuous domain between the differ-
ent areas (interphase) rather than an abrupt crossing from one 
phase to the other.

To further investigate the spatial proximity of the identified 
phases, Figure 2c,d was plotted. On these plots, a pixel is repre-
sented by a point for which the coordinates characterize the con-
tribution of the different component. A pixel with the equivalent 
amount of two components will be close to the bisecting line 
(represented by red dots); and the farther the point is from this 

FIGURE 1    |    Monovariate analysis of Raman mapping (532 nm, 48.6 mW) of a radial section of a 100 MPa consolidated ACP pellet. (a) Raman 
mapping of the split channel (i), (ii), and (iii) and the corresponding spectra (b).
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line, the less components are in equivalent proportion. Figure 2c 
thus presents this analysis with components #4 and #1 (i.e., py-
rophosphate and the unchanged ACP). As may be seen, the over-
all cloud of points is far from the bisecting line and close to the 
abscissa axis (the non- modified ACP), indicating that compo-
nents #4 and #1 are rather distinct from each other. On the other 
hand, Figure 2d shows a higher concentration of points in the 
close vicinity of the bisecting line. This depicts a close proxim-
ity between component #4 (pyrophosphate) and component #3 
(modified or blue- shifted ACP). In turn, this result indicates that 
the formation of the pyrophosphate- rich phase and the modified 
ACP are spatially close.

Additional information may be drawn from the exploration 
of the blue shift of the 950 cm−1 ν1PO4

3− band. Figure 3a rep-
resents the corresponding mapping. It can be observed that 
the more P2O7

4− phase is present and densely packed, the more 
shifted the 950 cm−1 band is. These two phenomena seem 
therefore concomitant. Figure S1 presents a superimposition 
of the Raman mapping from Figure  1aii and Figure  3a. It 

emphasizes the spatial coexistence of the 1048 cm−1 band and 
the 950 cm−1 blue shift. Figure 3b also illustrates this effect, 
with a greater blue shift when increasing the intensity of the 
band at 1048 cm−1 relating to pyrophosphate (component #4). 
This result indicates a change in the local environment of the 
PO4

3− ions in the surrounding of the P2O7
4−- rich domains or 

“clusters.” A positioning of the ν1PO4
3− band at higher Raman 

shift could correspond to an evolution from an amorphous en-
vironment of PO4

3− ions to a more OCP- like environment. In 
fact, the ν1PO4

3− Raman bands of the OCP phase are located at 
959 and 966 cm−1 [27]. The overall formula of the starting ACP 
powder used in this study [17] is [Ca3(PO4)2]2.[CaHPO4]3. 15.5 
H2O (corresponding to a particular Ca/P molar ratio of 1.3). 
Interestingly, this composition can be rewritten in the form 
[Ca8(PO4)4(HPO4)2], [CaHPO4], 15.5 H2O, then evidencing 
some OCP- like and DCPD- like subcomponents (both rich in 
HPO4

2− ions). The compaction of this ACP powder might thus 
have induced a modification in the organization of the ions or 
clusters of ions while not totally demixing into separate OCP 
and DCPD phases.

FIGURE 2    |    Multivariate analysis of Raman mapping (a) of the section of an ACP pellet consolidated at 100 MPa, associated spectra (b), 
contribution of component 4 and component 1 (c), and component 4 and component 3 (d) per pixel.

FIGURE 3    |    (a) Raman mapping of the 950 cm−1 ν1PO4
3− band shift and (b) superimposition of three spectra to emphasize the relationship between 

the 950 cm- 1 blue shift and the intensity of the 1048 cm−1 band of P2O7
4− ions.
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If we admit that P2O7
4− ions result from the condensation of 

neighboring HPO4
2−, the pyrophosphate- rich domains can be 

the signature of inhomogeneities of the HPO4
2− dispersion in the 

sample prior to the condensation reaction (1). In fact, in the pre-
vious study [17], we demonstrated that few components of the 
hydrated layer were impacted with the applied pressure. Among 
them, some HPO4

2− ions were nonetheless found to undergo a 
change in their local environment. These changes can be associ-
ated with the clustering of HPO4

2− ions that is here highlighted 
by the Raman mapping and the observation of P2O7

4− clusters. 
In fact, one of the underlying mechanisms of consolidation with 
the cold sintering approach relies on the mobility of the ions 
constituting the hydrated layer. By bringing together two ad-
jacent hydrated layers (from neighboring particles), their ionic 
components can interact/bind and therefore induce the consol-
idation of the material, as was suggested before for biomimetic 
apatites [11]. However, the mobility of the hydrated layer ions 
is probably not limited solely to the surrounding hydrated lay-
ers but may also affect a larger volume within the consolidated 
pellet. This may be facilitated by the transient formation of a 
liquid (or liquid- like) phase during the cold sintering process. 
Beside such ion diffusion phenomena, water itself is also likely 
affected by the consolidation process, and several cold sintering 
studies have indeed reported the loss of structural water upon 
consolidation. In the present case, about 25 wt% of water was 
found to be removed from the material upon our ultrafast com-
paction process. All of this implies that diffusive mechanisms 
are at play and likely affect all components (ions and water) of 
the amorphous compound. By diffusing, the water can carry 
ions that can further lead to a distribution of ion clusters. The 
stability of Ca2+ • HPO4

2− ion pairs has been established in solu-
tion [29–31]. However, within the ACP pellet, such ion pairs may 
present a different stability and potentially clusterize, which 
could explain our present observations from Raman mapping. 
This clusterization tendency might also remind the “amorphous 
calcium hydrogenphosphate phase” (ACHP) referred to by Eden 
et al., although this was not involving a cold sintering setting. 
The spatial partitioning of the HPO4

2− and the PO4
3− phases 

therefore creates HPO4
2−- rich domains surrounded by OCP- 

like PO4
3− in an overall matrix of essentially unchanged ACP. 

The overall mechanisms involved in the compaction of ACP and 
with the laser interaction are summarized in Figure 4.

The HPO4
2− clustering combined with the beam–matter inter-

action and the associated temperature rise offer a propitious 
environment for condensation reaction (1) to occur. This nor-
mally happens at relatively high temperature (e.g., in the range 
of 350–600°C [32]); however, the beam–matter interaction could 
cause a local temperature rise sufficient to trigger this reaction.

All of the above Raman analyses were carried out with a diode 
532 nm laser at a power of 48.6 mW (on the pellet compacted 
under 100 MPa), as the main objective was to exploit the beam/
material interaction to finely trigger the local HPO4

2−- to- P2O7
4− 

condensation reaction; and our above results confirmed the 
success of this approach to analyze metastable compounds such 
as ACPs. It is a necessary step to evaluate, on the one hand, 
the presence and value of a potential laser power threshold for 
this condensation and, on the other hand, the effect of the ac-
cumulation of energy caused by the mapping mode. Figure S2 
shows Raman analysis obtained on spots and carried out with 
different laser wavelengths and powers. Key results are that 
the νsPO3 band at 990 cm−1, the ν2 P- OH elongation band, and 
both deformation bands giving rise to components at ∼1072, 
∼910, ∼535, and ∼390 cm−1, respectively [33], characteristic 
of a hydrogenphosphate- bearing phase, decrease in intensity 
when the laser power reaches a value of 12.15 mW (25% of the 
maximum 532 nm laser output) and above. This decrease is as-
sociated with the increase of νsPO3 band intensity at 1048 cm−1 
but also at νsPOP at 762 cm−1 characteristic of the pyrophos-
phate phase [28], attesting to the HPO4- to- P2O7 condensation 
reaction. These observations suggest that the “condensation 
threshold” is in the 12–24 mW power range. However, the more 
intense the laser power, the easier the identification of the bands 
due to a higher intensity of the νS PO3 pyrophosphate band as 
it can be observed on the 532 nm laser at 100% maximum out-
put (48.6 mW). Moreover, the resulting Raman mapping and 
relating monovariate analysis outcomes with a 633 nm laser at 
4.24 mW (100% of the maximum 633 nm laser output) are repre-
sented in Figure 5a for the same 100 MPa sample as previously. 
In this figure, we can observe a relatively homogeneous distri-
bution of the green (950 cm−1 relating to PO4

3− in ACP) and blue 
(992 cm−1 possibly relating to HPO4

2− in ACP) colors and with 
a similar overall Raman signature to the starting powder. Also, 
no specific blue shift of the 950 cm−1 band can be detected. And 

FIGURE 4    |    Schematic representation of the mechanisms involved in the successive steps upon ACP compaction and Raman analyses. From left 
to right, the initial powder is homogeneous with a hydrated layer that embeds mobile ions. The compaction then affects the mobility of species within 
the hydrated layer and triggers the clustering of “Ca2+ • HPO4

2” ion pairs. Interaction with the laser finally triggers the condensation of HPO4
2− ions 

into P2O7
4− allowing Raman mapping of P2O7

4−- rich clusters and thus revealing the localization of initially HPO4
2−- rich domains.
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most importantly, the beam–sample interaction using the less 
powerful 633 nm laser did not lead to a detectable contribution 
at 1048 cm−1, thus insinuating the absence of pyrophosphate 
formation. These last analyses therefore show that these less 
energetic conditions are not adequate to deeply probe the modi-
fication of the HPO4

2− ions environments in calcium phosphate 
phases, although beam–matter interaction by Raman analysis 
using the more powerful 532 nm laser appears particularly suit-
able to this aim.

DTA from 25°C to 1000°C at a 5 K.min−1 rate were conducted 
in air on the starting powder and on pellets corresponding to 
increasing pressures of compaction. A focus on the exothermic 
peak at 700°C is provided in Figure S3 (it may be noted that no 
further significant exothermic peak could be detected in the 
range of 600–1000°C; Figure S3, top right insert). On the initial 
powder, only one broad exothermic peak is detected in the DTA 
plot. However, analysis by Raman spectroscopy of the sample 
heated to 1000°C demonstrated that two crystallized phases 
are present and identified as β- TCP and β- CPP in accordance 
to our previous study [17]. This suggests that several crystalli-
zation phenomena concurred to contribute to this exothermic 
event. A modification of this exothermic peak aspect is clearly 
seen after compaction, with a general tendency to occur as lower 
temperature and with the presence of two maxima. A closer 
analysis toward the lower temperature portion of the DTA sig-
nal further allows identifying a third underlying and broad con-
tribution. The mathematical decomposition of the DTA curve in 
this temperature region was undergone using three Gaussian 
components. The illustrative example of the sample compacted 
at 25 MPa was added in Figure S3 (the curve of the mathematical 
fit has been downshifted for the sake of clarity). Among these 
three components, the curves corresponding to “gauss 1” and 
“gauss 2” are rather sharp exothermic contributions, whereas 

“gauss 3” is very broad. Although the two former contributions 
can likely be attributed to separated crystallization peaks for 
the β- TCP and β- CPP phases cited above (also evidenced by 
Raman spectroscopy on the pellets), it is reasonable to suggest 
that the broad contribution could be related to unseparated β- 
TCP/β- CPP phases crystallizing from the unchanged ACP. The 
corresponding areas under these three Gaussian components 
was evaluated and reported in Table S1 for pellets prepared at 
25 and 200 MPa. These results point out an increase of the area 
under the two narrow peaks with the compaction. On the basis 
of our discussion based on Raman mapping in the previous 
paragraphs, the clearer detection of these two sharp peaks could 
then be explained by the formation of clusters or seeds of either 
PO4

3−- rich or HPO4
2−- rich domains, easing the crystallization 

of β- TCP and β- CPP, respectively.

4   |   Conclusion

ACPs are particularly appealing bio- inspired compounds in the 
field of regenerative medicine as in orthopedics and maxillo-
facial surgeries. However, a series of ACPs can be prepared by 
diverse wet chemistry approaches, ending up in a wide family 
of amorphous compounds with various possible ionic composi-
tions and water contents. In turn, these different compositions 
likely modify noticeably the thermodynamic stability and the 
reactivity of these ACP compounds, making them particularly 
relevant as tunable bone substitutes. The processing of ACPs 
is however made difficult due to their metastability, and cold 
sintering strategies have been developed, including by ultrafast 
powder compaction. One question however systematically re-
mains on the possible presence of compositional inhomogene-
ities and the potential segregation of ions prone to evolve upon 
compaction or further processing into separate phases. In the 

FIGURE 5    |    (a) Monovariate Raman mapping recorded with a He–Ne 633 nm laser and (b) associated Raman spectra to identify the two associated 
green and blue components and comparison of (c) average spectrum of the 633 nm, (d) average spectrum of the 532 nm of the green area of Figure 2, 
(e) average spectrum of the 532 nm of the purple area of Figure 2, and (f) average spectrum of the 532 nm of the blue area.
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present contribution, we have exploited, in an original way, the 
laser beam–matter interaction through in- depth Raman map-
ping analyses to purposely induce in situ controlled evolution of 
ACP pellets and thoroughly monitor vibrational features. With 
the objective to determine the localization of HPO4

2−- rich do-
mains within the compacted samples, we have thus exploited 
the local rise of temperature produced by the laser to force the 
HPO4

2−- to- P2O7
4− local transformation. Raman mapping, asso-

ciated with mono-  and multivariate analyses and corroborated 
by DTA experiments, allowed us to show the local forma-
tion—upon laser irradiation—of HPO4

2−- rich clusters within 
the samples, thus complementing our previous investigations. 
This approach based on beam–sample interaction, often consid-
ered as a drawback of the Raman technique, was here advan-
tageously implemented, provided that the laser characteristics 
(here 532 nm, 48 mW) are adapted to the metastable behavior of 
the material of interest.
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