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The ability of the high-temperature polymorph of tricalcium phosphate, a-TCP, to hydrolyse to calcium-deficient
hydroxyapatite underlies many developments in the field of synthetic bone grafts, including calcium phosphate
cements, foams, and self-setting inks. The objective of the present work was to investigate the effect of humidity
on o-TCP powder reactivity. The results showed that a 3-week incubation at high relative humidity (80%) had no
impact on reactivity, but, as the incubation was prolonged, the powder started to hydrolyse. This reactivity was

associated to the presence of defects and to an amorphous phase induced during powder milling. Moisture studies
performed under static/dynamic conditions gave comparable water adsorption percentages. The dynamic studies
further proved irreversible water sorption, indicating that some water molecules reacted with the powder after
short incubation times. Taken together, these results demonstrate that, although a-TCP powder adsorbs water
from moisture immediately, the impact on reactivity appears only after several weeks of storage.

1. Introduction

The first publication on the use of calcium phosphates for bone
regeneration dates back to 1920 [1]. Since then, calcium phosphates
and, particularly, a-tricalcium phosphate (a-TCP), have been the focus
of extensive research. A very promising application of «-TCP is in the
formulation of hydraulic bone cements [2,3]. More recently, o-TCP
combined with hydrogels has gained interest in the formulation of
injectable self-setting inks for applications in minimally invasive surgery
and in the field of 3D-printing for the design of personalized bone grafts
[4-6]. In all these applications a-TCP powder is brought into contact
with water to trigger its hydrolysis reaction. The outcome of the reaction
is the precipitation of a network of calcium deficient hydroxyapatite
(CDHA) crystals similar in composition to the bone mineral phase.
However, the setting reaction is not instantaneous, and the reaction
proceeds forming an initial mouldable plastic paste that gradually
hardens by the entanglement of the precipitating crystals [7]. The
control of the reaction kinetics is crucial in all the above mentioned
applications, and particularly for 3D printing, where the rheology of the

self-setting ink is controlled by the powder reactivity. There are various
strategies that can be used to tune the setting of cements and these
typically include adding accelerants and nucleation seeds in the cement
formulation or the modification of a-TCP features such as the particle
size, crystallinity and the content of amorphous phase [8-10].

In these last years there has been substantial interest to explore the
potential of altering o-TCP features to manipulate the cements’ reac-
tivity [8,9,11]. In the works of Durucan and Brown [12] and Ginebra
et al. [13] a-TCP was milled with different protocols to produce powders
with different particle sizes, hence different reactivities. Gbureck et al.
[14] proved that besides a reduction in particle size, the prolonged
milling of a-TCP induced the formation of an amorphous phase in the
powder causing a drastic increase in reactivity. Camiré et al. [15]
studied in detail the influence of milling of a-TCP on the powder reac-
tivity and concluded that the increased reactivity was mostly due to the
presence of amorphous phase rather than the reduction in particle size
or the increase in specific surface area. Later studies by Hurle et al. [16]
found that the amorphous phase reacts first, followed then by crystalline
a-TCP and determined the reaction enthalpies which allowed to estimate
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the heat release to the surrounding tissue during the cement setting
reaction [17].

Despite the wealth of data on the control of the reactivity of a-TCP in
water, one aspect that has so far been overlooked is the role of moisture
during powder storage. Indeed, the reactivity of a-TCP in water makes
this issue particularly important, as moisture can potentially alter the
powders’ reactivity and hence the final properties of the set cement.
Specifically, a premature hydrolysis of the powder in presence of hu-
midity could compromise the subsequent reactivity of the powder.

The association of moisture with crystalline solids can result in water
adsorption, absorption, deliquescence and capillary condensation, this
being particularly important in porous solids [18]. Already the mildest
interaction, i.e. adsorption, where water molecules associate on a ma-
terials’ surface, can affect the properties of materials [19,20]. In the case
of water absorption, since water penetrates the bulk solid structure,
changes in the properties of the material are to be expected in the same
way as for deliquescence (dissolution of the material in its own sorbed
water) and capillary condensation (water condensation inside pores) for
water reacting compounds. This was in fact observed in the work by
Gbureck et al. [21] who investigated the shelf-life of p-tricalcium
phosphate/monocalcium phosphate cement powders when stored in
sealed containers at ambient conditions (22 °C, 60% relative humidity)
and observed that the powders converted to dicalcium phosphate
anhydrous after a few days. They attributed this conversion to a dis-
solution/precipitation process triggered by the condensation of humid-
ity on the particles’ surfaces acting as reaction medium.

All the changes that moisture can bring to crystalline solids become
more evident in amorphous compounds due to their greater sorption
capacity [22]. Indeed, the higher surface energy and greater molecular
disorder in amorphous solids favour water penetration. The present
study aims to investigate how ageing of a-TCP powders stored in sealed
containers at different relative humidities affect powder reactivity. Dy-
namic vapor sorption studies were carried out to assess the reversibility
of the process. Moreover, the approach used in this study confirms that
monitoring the pH of a-TCP slurries is a very sensitive tool to assess
small changes in powder reactivity.

2. Materials and methods
2.1. Preparation and characterization of alpha tricalcium phosphate

a-TCP was synthesized by solid state reaction heating in a furnace
(Hobersal CRN-58) a 2:1 M ratio of CaHPO, (Sigma C7263) and CaCOs3
(Sigma-Aldrich C4830). The reagents were mixed (WhipMix) and
heated in a platinum crucible as follows: the powders were first heated
at a 2,5 °C/min rate to 300 °C, left to dwell for 2 h, then heated to
1100 °C at 2,5 °C/min and left to dwell for 2 h and raised up again to
1400 °C at 2,5 °C/min where they were left to dwell for 2 h. Next, the
a-TCP was removed from the furnace and rapidly quenched in air to
prevent the formation of B-TCP. The a-TCP was then milled using a
planetary mill (Pulverisette 6, Fritsch GmbH) with an agate bowl and
balls into fine powder. This involved milling the powder with 10 balls (d
= 30 mm) at 450 rpm for 60 min, followed by 500 rpm for 40 min, and
lastly using 100 balls (d = 10 mm) at 500 rpm for 60 min. Roughly 20
min were left between each stage to allow to cool down before the next
stage began. Two separate batches of 150 g of a-TCP each were made. As
a control to test how the presence of the seed affects reactivity, one batch
was left without seed (NS), whilst to the other batch 2 wt% of precipi-
tated hydroxyapatite (Alco ref. 1.02143) was added which acted as seed
(S). The powder was then kept in a desiccator until use. The seed was
expected to act as a nucleating agent for the formation of CDHA during
the cement setting reaction.

The particle size distribution upon milling was determined by laser
diffraction (Mastersizer 3000, Malvern Instruments, UK) using 96%
ethanol as dispersant. The particle refraction and absorption indices
were set to 1.63 and 0.1 respectively.
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2.2. Moisture adsorption tests

The moisture adsorption on the powders was investigated under
static and dynamic conditions at room temperature for different periods
of time depending on the experiment. In the former method a closed jar
with the relative humidity (RH) of interest was used. This configuration
has the advantage of simplicity but the disadvantage of exhibiting longer
sorption times to reach equilibrium since only the Brownian movement
of the gas was involved in the sorption process. Experiments performed
in the closed jars were conducted for time periods that ranged from
several days up to 20 weeks depending on the type of experiment as will
be explained in the following sections. For the dynamic studies a Dy-
namic Vapor Sorption device (DVS) was used. In a DVS instrument there
is vapor constantly flowing with the help of a gas carrier, thus allowing a
faster equilibration. In addition, the DVS instrument incorporates a
microbalance to constantly monitor the weight of the sample during
analysis, allowing in situ weight measurements. The experiments per-
formed by DVS typically lasted 100 min, as it was observed that this time
was sufficient for equilibrium conditions to occur.

2.2.1. Moisture adsorption under static conditions

Initially the powders were dried in an oven at 120 °C until they
achieved a constant weight (around 2 h). The dry powders were then
cooled down in a desiccator and subsequently placed (10-15 g) in sealed
containers with different relative humidities (RH). The different RH
were attained using selected saturated salt solutions following the ASTM
Standard E 104-85 (Standard practice for maintaining constant relative
humidity by means of aqueous solutions). Specifically: 22,5% RH was
created using a saturated solution of potassium acetate (Panreac,
141479.1211), 43,2% RH with potassium carbonate (Emprove,
04924.500), 84,3% RH with potassium chloride (Panreac,
131494.1210) and for 100% RH water was used. At specific time points
roughly 1 g of the humidified powder was taken and accurately weighed
(hydrated mass, my,), dehydrated in an oven at 120 °C for 2 h and then
kept in a desiccator to cool down before being re-weighed (dried mass,
mg). The difference between weights was expressed as the percentage of
water adsorbed by the sample:

% adsorbed water:M x 100 (€D}
my

2.2.2. Moisture adsorption under dynamic conditions

Adsorption/desorption isotherms were obtained in a DVS device,
consisting in a thermogravimetric balance equipped with a controlled
humidity chamber Q500SA Sorption Analyzer (TA Instruments, New
Castle, USA). Approximately 60 mg of sample was placed into a sample
pan, dried under a nitrogen flow and subsequently brought to different
RH ranging from 30 to 98% at 25 °C. Different sorption/desorption
experiments were done to assess the reversibility of the process.

The different codes to identify the experiments are.

powder incorporating seed: S (seed)

powder without seed: NS (no seed)

dehydrated powder (120 °C, 2 h): D (dehydrated)

thermally treated powder (600 °C, 1 h): 600 °C

power subjected to specific RH (22,5/43,2/84,3/100%) is rounded
and named as 20RH, 40RH, 80RH and 100RH.

2.3. Characterization of the powder

2.3.1. Powder reactivity

The reactivity of the powders, before and after the sorption studies,
was analysed preparing a slurry and monitoring the pH (Crison GLP 22).
The slurry was made using 1 g of a-TCP in 20 ml of deionised water,
which was maintained at 38 °C using a jacketed reaction vessel con-
nected to a constant temperature water bath (Huber Kaltemaschinenbau

18229



M. Espanol et al.

5

Volume (%)

5 10 15 20 25 30 35 40 45 50
Particle size (um)

Fig. 1. Particle size distribution of the synthesized a-TCP powder after milling.

GmbH, Germany). The slurry was continuously stirred using a Teflon-
coated stir bar. The pH was measured every minute with a glass elec-
trode. At selected times the slurry was removed, and the reaction
stopped by centrifugation to isolate the powder from water. Subse-
quently, the solids were rinsed twice with ethanol, centrifuged again and
kept in a desiccator until use.
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2.3.2. Phase composition

X-ray diffraction analyses (XRD) were performed in a D8 Advance
Diffractometer (Bruker, Karlsruhe, Germany) to check the composition
of the powders. The diffractometer equipped with a CuKa X-ray tube was
operated at 40 kV and 40 mA. Data were collected in 0,02° steps over the
20 range of 10°-60° with a counting time of 2 s per step. The content of
amorphous phase was quantified by the internal standard method using
alpha-alumina (purity 99,99%, Taimicron). Phase quantification was
carried out by Rietveld refinement using Profex 4.0.3 as refinement
software [23]. The following formula was used for the amorphous cal-
cium phosphate (ACP) quantification:

100 Ox
mxlOOx (I_E) (2)

ACP% =
Where Q4 is the percentage of internal standard added and Qu is the
percentage of internal standard calculated in the Rietveld refinement
[24]. For the refinement, the following structures from the Joint Com-
mittee on Powder Standards Diffraction were used: 9-432 (CDHA,
Cag(HPO4) (PO4)s(OH)), 9-348 (a-TCP, Ca3(PO4)») and 04-004-2852
(a-Al203). Moreover, the peak shape was refined by the parameters k2
(micro-strain) which was refined isotropically and the parameter Bl
(crystallite size) was refined anisotropically. Additionally, the param-
eter GEWICHT which controls texture (preferred orientation) was
refined increasing the parameter to SPHAR6. Refinement was consid-
ered complete when changing the above parameters no longer improved
the fit. The parameter k1 which modifies the crystallite size distribution
was not refine.

2.3.3. Thermal analysis
Thermal behaviour of the powders was determined using differential
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Fig. 2. a) pH profiles of slurries prepared using a-TCP powder without seed (no seed: NS) and dehydrated (NS-D), with seed and dehydrated (S-D) and using powder
without seed subjected to a thermal treatment to 600 °C (NS-600 °C). The red arrow indicates the time taken for ACP to hydrolyse, b) DSC analysis of NS-D, NS-
600 °C powders, and the NS-D powder isolated from its corresponding slurry after 300 min reaction (NS-D-300min), ¢) XRD of NS-D and NS-600 °C as-prepared
powders and the same powders isolated from their corresponding slurries after 300 min reaction and d) SEM micrographs of the surface of the powders from c).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

18230



M. Espanol et al.

Ceramics International 49 (2023) 18228-18237

(a) 0.4 (b)0.4
B 20RH-NS m 20RH-S
= ® 45RH-NS = ® 45RH-S
9:0.3- A B80RH-NS =031 A 8O0RH-S
o) S
§ 2 A 2 4 A
< 0.2 < 0.2-
Py (0]
§ A 4 . 5 .
£01{ & 4 3 0.1 ¢ & B
< . i ] al *
[ . m i' N
0.0m : 0.0m :
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Days Days
14 14
(c) (d)
12 v 100RH-NS v " 12] v 100RH-S
X X
< 10; =10-
o 2 1 v
g 8; g 84
o v T |
6 ® B-
£ v - "
ﬁ 4 b § 1 v
2- vv' 2- vy
opr Yy o
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Days

Days

Fig. 3. Water adsorption curves obtained for the NS (a, ¢) and S (b, d) powders subjected to different moist conditions (a, b) ~20, 40, 80% RH and (c, d) 100% RH

under static conditions at room temperature.

scanning calorimetry (DSC, TA 2920). The powder, between 10 and 15
mg, was placed in aluminum pans, crimped using an automated press
and subjected to a heating rate of 10 °C/min up to 600 °C in a nitrogen
atmosphere.

2.3.4. Surface microstructure

The surface structure of the particles was visually assessed using
scanning electron microscopy (SEM, Zeiss Neon 40 SEM) after coating
the samples with a thin layer of gold-palladium.

2.3.5. Specific surface area

The SSA was determined by nitrogen adsorption using the Bru-
nauer—Emmett—Teller (BET) method (ASAP 2020, Micrometrics In-
strument Corp, Norcross, GA). Before the measurement the samples
were outgassed in vacuum conditions (10 mmHg) at a holding temper-
ature of 120 °C.

3. Results and discussion
3.1. Characteristics of the reactivity of the starting powder

The size distribution of a-TCP powder after milling is shown in Fig. 1.
The percent of the volume of distribution that lies below the 10, 50 and
90% of the population is: Dv10 = 0.9, Dv50 = 2.89, Dv90 = 12.5 pm.

Monitoring the pH of the slurry proved to be a simple and sensitive
test to validate the reactivity of the powders, particularly after moisture
adsorption. Indeed, other researchers earlier reported the usefulness of
pH monitoring to assess the progress of the setting reaction of cements
and particularly for a-TCP hydration [25]. Based on those studies we
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adapted the settings to monitor the reactivity of a-TCP.

Fig. 2a depicts the pH profiles obtained at 38 °C of slurries prepared
with the following powders: powder with/without seed (S/NS) which
was dehydrated (D) to remove any trace of moisture (i.e. S-D and NS-D
respectively), and NS-D powder subjected to thermal treatment at
600 °C (NS-600 °C). The profiles were totally different. While the as-
prepared NS and S powders showed an initial pH raise to 9.5 and 9.2
respectively, followed by a steep drop to pH 8.0 and a continuous
decrease in pH, the thermally treated powder barely showed any pH
change (value around 8) apart from a slight increase at the beginning.
The marked increase in pH observed for S-D and NS-D is associated with
the dissolution of the powder and the simultaneous uptake of protons by
the phosphate PO;  into HPO3Z~ and H,POj in agreement with the
observation of other authors [11]. Previous works have also reported
that the final pH value characteristic of complete conversion to CDHA
oscillates around pH 6 [26]. This implies that the hydrolysis reaction of
a-TCP to CDHA should then be characterised by a continuous pH drop
[25,26] and failure to see this would indicate that the reaction is not
taking place or that the rate of hydrolysis is extremely low [11]. Indeed,
the XRD taken after 300 min of reaction of a slurry prepared with the
thermally treated powder (Fig. 2c) showed an identical pattern as the
starting powder prior to hydrolysis (NS-D) demonstrating that the re-
action did not progress. However, the XRD of a NS-D slurry after 300 min
of hydrolysis proved that CDHA began to form as observed from the
“hump” growing around 31° and the peak appearing at 26°. This dif-
ference in reactivity was attributed to the presence of an amorphous
phase on the NS-D powder which was formed during the milling pro-
tocol. Indeed many authors have proved that extensive and intensive
milling of a-TCP powder causes amorphization of the powder [15-17,
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Smooth surface

15d RH100 NS-D

37d RH100

Fig. 4. Microstructure of the surface of the powders observed by SEM taken at different magnifications for the following conditions: as-prepared NS-D powder, NS-D
powder subjected to 15d of moist conditions at 100RH at room temperature and NS-D powder subjected to 37d of moist conditions at 100RH at room temperature.

26,27]. The content of amorphous calcium phosphate (ACP) in the
milled NS o-TCP powder amounted to 21 wt%. Despite the
non-negligible ACP content, this phase was not observed by XRD, where
only a general decrease in the intensity of the diffractogram peaks was
detected, in line with other published work; in fact, much higher con-
tents are required to translate into appreciable changes - such as the
appearance of a “hump” - in the diffractogram. The presence of the
amorphous phase was confirmed subjecting the as-prepared powder to a
heating cycle up to 600 °C in a differential scanning calorimeter (Fig. 2b)
and the exothermic peak observed at ~530 °C was assigned to recrys-
tallisation of the amorphous phase [15,28]. As expected, this peak was
not observed on the thermally treated powder proving that heat treat-
ment of the milled NS powder at 600 °C recrystallised the amorphous
phase. Further analysis of the pH and DSC profiles in Fig. 2a and b for the
different powders, allows associating the reactivity of the amorphous
phase to the initial changes in the pH profile (i.e. the first 300 min for
NS-D and the first 200 min for S-D) characterised by the fast pH rise and
the steep pH drop observed at the beginning of the profiles. This was
verified through DSC of the NS-D powder hydrolysed for 300 min
(NS-D_300min). The lack of recrystallisation peak confirmed that after
300 min of hydrolysis all the amorphous phase had transformed. These
results were in agreement with the works by Hurle et al. [17,29] where
they proved that ACP reacted earlier than crystalline a-TCP by in situ
XRD investigations of the hydration process [16].

Furthermore, SEM images of the microstructure of the particles kept
in the slurry for 300 min confirmed the reactivity of NS-D powder,
observed by the formation of nanometric needle-shaped crystals on the
surface of the powder (Fig. 2d). The formation of these nanometric
crystals also explains the broad endothermic peak around 100 °C in the

DSC curve of NS-D_300min that accounts for the dehydration of the
crystals. In contrast, the microstructure of the powder heat-treated at
600 °C after hydration was hardly altered compared to the microstruc-
ture of the pristine NS-600 °C powder, demonstrating its low reactivity
(Fig. 2d).

An additional aspect worth noting from the pH profiles was the
“progress” of the hydrolysis reaction for powders without ACP (NS-
600 °C) or for powders after ACP hydrolysis (e.g. NS-D after 300 min). In
the former case the pH profile remained flat while in the latter case the
pH curve showed a continuous pH decrease. This different behaviour
can be explained by the presence of defects in the lattice of a-TCP in the
NS-D powder due to the milling step but also to the presence of newly
formed CDHA after 300 min which could act as a seed, i.e. as a substrate
for heterogeneous nucleation, accelerating the nucleation reaction and
subsequent crystal growth [10,30].

The accelerating effect of the seed is also visible adding commer-
cially available hydroxyapatite to the cement formulation. Indeed, the
incorporation of a 2 wt % precipitated hydroxyapatite with a high SSA
(in this case of 65,58 m?/g) in the a-TCP powder is a common strategy to
accelerate the hydrolysis reaction [10,26,31]. Both, the stable nature of
the seed (i.e. hydroxyapatite) and its elevated surface area favours
heterogeneous nucleation and improves the overall reactivity. This is in
fact reflected in Fig. 2a where the curve corresponding to the pH profile
for the S-D powder proved a faster reactivity of the amorphous phase
compared to the NS-D condition. In fact, the amorphous fraction in the
NS-D powder took approximately 300 min to hydrolyse while less than
200 min were needed in the presence of seed (S-D).
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Fig. 5. (a) DSC analysis of S powder that has been previoulsy incubated in moist conditions at RH100 at room temperature for different days. The grey shaded region

highlights the exothermic peak associated to recrystallisation of the amorphous
regions indicate the position where the major peaks of CDHA appear. (c) and
different moist conditions.

3.2. Moisture uptake under static conditions

Fig. 3 shows the water sorption curves under static conditions for the
a-TCP powder with and without seed at different RH. The curves showed
that moisture equilibrium conditions were achieved for all RH < 80.
Instead, an exponential water uptake profile was observed for the
powders placed at 100% RH. The anomalous behaviour at 100% RH was
a consequence of capillary condensation triggered by the condensation
of water on pores and between particles, which led to the gradual hy-
drolysis of a-TCP to calcium deficient hydroxyapatite [18]. This gradual
transformation of o-TCP with smooth surfaces (Fig. 4, NS-D) to an
entangled network of nanometric CDHA crystals (Figs. 4 and
37d_100RH-NS) provides a larger surface area for water sorption (Fig. 4)
and therefore to greater percentages of adsorbed water (Fig. 3). Crystal
precipitation was however only observed on confined regions where it
was easier for water to condense. On more open surfaces it was difficult
to detect the precipitation of crystals and only a slight roughening of the
particle surface was seen (Figs. 4 and 15d_100RH-NS). Interestingly, the
macroscopic observation of the powder as hydration progressed showed
a marked agglomeration between particles confirming that water
condensation was preferably taking place in the gaps between particles
where stronger capillary forces can develop (Fig. 4) [32].

It was also observed from Fig. 3 (curves 45RH and 80RH) that the

phase. (b) XRD of selected powders before and after moisture incubation. Red shaded
(d) pH profiles of powder slurries prepared using powders previously subjected to

samples containing 2 wt% of seed almost doubled the amount of mois-
ture weight compared to the NS ones. This was attributed to the presence
of seed. Indeed, even if only a 2 wt% was added, the nanometric size of
the seed provided a large surface area which greatly contributed to the
water sorption process. In fact, comparing the values of SSA obtained for
the seed (65,58 mz/g) and a-TCP NS (2,22 m?/ g), the presence of 2 wt%
of seed contributes with 37% to the total SSA which is rather consistent
with the increase in the percentage of adsorbed water.

To gain further insights into the reactivity of the powder at 100% RH,
additional experiments by differential scanning calorimetry were made
allowing to monitor the consumption of the amorphous fraction with
time (Fig. 5). The gradual decrease in enthalpy associated with recrys-
tallisation of the amorphous phase (peak at ~530 °C) with time pointed
towards hydrolysis of this phase at 100% RH and the simultaneous
precipitation of CDHA nanocrystals, as indirectly observed by the broad
endothermic peak around 100 °C associated with crystal dehydration
(Fig. 5a). In addition, the results by XRD of the powder subjected to
moisture (Fig. 5b) confirmed the gradual precipitation of CDHA. Indeed,
the broad peaks centred at 26° and 32° accounted for the precipitation of
very small crystals of CDHA. Regarding the pH profiles of the slurries
with powder subjected to 100% RH, it is observed that the ACP fraction
takes progressively less time to transform (Fig. 5S¢ and d). This can be
explained by the presence of CDHA already in the powder, which acts as
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Fig. 6. DVS profiles monitoring the weight change of the powders when submitting them to controlled moisture cycles: (a, b) NS powders and (c, d) S powder. (a, ¢)
Overall plot, (b,c) closer look of the weight changes during the desorption step. The blue solid line shows the humidity cycles performed while the black line registers
the associated weight changes. The red-dotted line was drawn to help visualising changes in the weight of the powder upon desorption. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

a seed accelerating the hydrolysis process. However, we cannot exclude
the effect of a lower content of ACP remaining in the pre-hydrolysed
powder.

3.3. Moisture uptake under dynamic conditions

Fig. 6 shows the sorption profiles obtained through DVS studies to
help determining more accurately the water sorption characteristics.
This technique allowed to continuously monitor the weight change
when submitting the powder to controlled moisture cycles. The blue
solid line in the graphs shows the humidity cycles performed while the
black line registers the associated weight changes. After every RH
equilibration it followed a drying step to assess the reversibility of the
water sorption process. Each analysis began by drying the powder under
a nitrogen flow and this was followed by the various hydration-
dehydration cycles. As expected, similar equilibration curves with
comparable water uptake percentages to the ones observed under static
conditions (for conditions below 98% RH) were obtained. However, the
dehydration step performed after each moisture cycle showed that not
all the sorbed water was removed suggesting that a fraction of the sorbed
water became very tightly bound or ended up reacting with the powder.
This raises the question as to whether this reacted or tightly bound water
(i.e. strongly associated with the material) could influence the reactivity
of the powder.

3.4. Influence of moisture sorption on powder reactivity

To determine the changes in the reactivity of powder subjected to
specific moisture conditions at RH < 100, the pH of the corresponding
slurries was monitored as described in section 3.1. Fig. 7 compares the

different profiles obtained for the NS-D and S-D powders subjected to
80% RH for different periods of time. Despite the high RH and a rela-
tively long incubation time of 3 weeks, and contrary to what happened
to the 100RH samples (Fig. 5), there were no noticeable changes in the
reactivity of the amorphous fraction. This was concluded upon
observing that the time taken for the amorphous phase to hydrolyse (i.e.
250 min for the powder without seed and around 200 min for the
powder with seed) remained unaltered on powders kept at 80% RH for
less than 3 weeks. In addition, the pH profiles of powders subjected to
moisture (<3 weeks) but subsequently dehydrated presented an almost
identical pH profile to that of the as-prepared powders suggesting that
under static conditions water sorption was not influencing reactivity.
Differences in the pH profiles were however observed on powders
subjected to long incubation times as observed in the pH profiles ob-
tained at e.g. 12 and 20 weeks for the NS and S powders respectively
(Fig. 7). The amorphous fraction required less time to transform, indi-
cating a faster reactivity. This can be explained if a prehydrolysis similar
to that observed for 100RH occurs during powder storage (Fig. 5). In
fact, the formation of CDHA is expected to act as a seed that accelerates
the reaction. To check whether partial hydrolysis occurred during
storage of the powder in RH80 (Fig. 7), XRD analyses were performed
(Fig. 8). Fig. 8 compares the XRD of the as-prepared NS powder with the
same powder subjected for 12 weeks to moisture at a 80% RH. Although
no distinct CDHA peaks were found to justify the transformation of the
amorphous phase to crystalline CDHA, the diffractogram clearly showed
a decrease in the intensity of the a-TCP peaks after incubation, which we
associate to the hydrolysis of this phase to a probably amorphous cal-
cium phosphate. In fact, this decrease was also observed in samples
incubated at 100RH, however, in that case it was associated with the
hydrolysis of a-TCP to CDHA. The fact that we now do not “yet” see
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Fig. 7. Representative pH profiles of slurries prepared using NS powders (a), and S powders (b). Prior to pH monitoring the powders were subjected to incubation in

different moisture conditions (graph legend).

CDHA we believe is due to the less efficient hydrolysis at 80RH
compared to 100RH, where in the latter case water condensation occurs.

The overall results demonstrate that, despite the inherent affinity of
milled a-TCP powder for water, moisture uptake under high relative
humidity conditions did not appear to compromise the reactivity of the
powder in the three weeks of incubation at 80% RH, although it did for
longer incubation times. Further studies would be needed to disclose the
long-term stability of the powder and provide the shelf-life for this type
of materials.

4. Conclusions

The results of the present study shed light on the moisture degra-
dation of a-TCP powders. Despite the high affinity for water and the

presence of a highly reactive amorphous phase created during milling,
studies conducted under static conditions showed that in the tested
powder, for at least three weeks, the reactivity of the powder remained
unchanged when stored at 80% RH at room temperature. This was
concluded by analyzing the evolution of the pH curves of the powder
slurries, together with morphological, structural and thermal analyses
performed on the powders. However, it was also shown that longer in-
cubation times at 80% RH eventually affected the reactivity of the
powders. Although changes in reactivity were only visible after long
incubation times, dynamic sorption studies revealed that shortly after
the water adsorbed on the powder surface, a fraction of the adsorbed
water was irreversibly bound. Thus, static and dynamic sorption studies
demonstrate that despite water sorption takes place irreversibly, these
changes only alter reactivity after long incubation times. This work
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highlights the effectiveness of simple tools, such as pH monitoring of a
slurry, to detect fine changes in powder reactivity that could affect its
performance as a main component of hydraulic cements and self-setting
inks.
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