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Abstract 

The time-evolution of dynamics, microstructure and mechanical response of phosphate-based 

geopolymers was probed using X-ray photon correlation spectroscopy and rheological tests.  

The analyzed relaxation processes in the freshly prepared geopolymer mixes evidenced a q-

independent mode of the autocorrelation function, ascribed to density fluctuations of the already 

established molecular network, undergoing reconfiguration without significant mass transport.  

Upon curing, the detected motions are localized and depict a system evolving towards structural 

arrest dominated by slower hyperdiffusive dynamics, characterized by a compressed exponential 

regime, pointing to a structural relaxation process subjected to internal stresses, in a context of 

marked dynamical and structural heterogeneity.  

The system ages through a ‘densification’ process producing a declining small angle scattered 

intensity, as two finely intermixed gel-like reaction products, namely, one hydrated 

aluminophosphate and one hydrated silica, form a percolated network possessing surface fractal 
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scaling of progressively shorter average correlation length. In this scenario, the nominal Al/P 

molar ratio of the mix, being an index of network-forming ability, is positively correlated with 

the dynamic viscosity and the overall kinetics, whereas the contrary occurs for the fraction of 

water. 

I. Introduction 
Inorganic polymers exhibiting cohesive properties are of interest for a number of applications 

(e.g., inorganic foams, structural cements, matrices for waste encapsulation, refractory materials, 

coatings, and bioceramics) because of their excellent chemical and thermal stability and good 

mechanical performance 1–3. Phosphate-based geopolymers (PBGs), alternatively known as 

phosphoric acid-based geopolymers, silico-aluminophosphate geopolymers or chemically-

bonded phosphates, form by the reaction of a solution of phosphoric acid with an aluminosilicate 

source (e.g., calcined clay) 4. It is generally accepted that the formation of PBGs starts with the 

dissolution of the aluminosilicate source in the acidic environment. The released Al3+ ions poly-

condense with the phosphate anions into an aluminophosphate hydrogel network 1,2. Information 

about the reaction mechanisms and structural details of the material is still incomplete because of 

the number of variables influencing the reaction path, such as the concentration and amount of 

acid solution, the nature and characteristics of the aluminosilicate source (e.g., powder fineness 

and calcination temperature), and the presence of additional ions in the solution 5–8. However, 

such information is of crucial interest in order to tune the properties in view of the potential 

applications of the material. 

In a series of experiments, the progressive dilution of the concentrated phosphoric acid solution 

was found to improve the mechanical performance of the obtained PBG up to a concentration of 

about 65 wt.%  8,9. This was related to the attained nominal Al/P molar ratio, considered optimal 

when close to 1, as commonly observed in aluminophosphate minerals and zeolites 10. 

A similar behavior has been extensively discussed for geopolymers obtained by reaction of MK 

with an Na,K-silicate solution, which harden through analogue dissolution-polycondensation 

reaction steps controlled by the alkali/Al molar ratio 1. The presence of a crystalline product 

(AlPO4) and of an amorphous network exhibiting Si−O−P−O connectivity were proposed on the 

basis of results of X-ray diffraction and infrared spectroscopy, respectively 8. More recent results 

pointed instead to Al−O−P and Si−O−Al distinct amorphous products11. In addition, due to the 
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low solubility of silica in the acidic environment, during MK incongruent dissolution the Si-rich 

amorphous domains of high specific surface area are left behind 12,13. It follows that the final 

product exhibits intrinsic heterogeneity on a length scale of a few hundred nanometers. 

Depending on the liquid-to-solid weight ratio (L/S) and H3PO4 concentration of the solution, the 

viscosity of the reactive mixtures of PBG may also be very high (up to 7 MPas in concentrated 

systems)9. It is of interest to gain control over the rheological properties in view of considering 

the material for specific applications, such as for 3D printing or sprayable coatings 14,15. The 

viscosity of the as-prepared (‘fresh’) reactive mixture was found to decrease with the increase in 

water content at the same nominal Al/P, as well as with the increase in the Al/P maintaining the 

same L/S 16. These changes were associated to structural modifications in the amorphous 

networks whose nature could not be fully ascertained. Moreover, they also impacted on the 

apparent rection kinetics, detected as time to set (e.g., to form the monolith). So far, there is no 

information on the time-evolution of the bulk rheology during the PBG setting reaction, as well 

as on the time-evolution of the microstructure. Because they are closely linked to the reaction 

mechanisms, their investigation may help to shed light on the reaction mechanisms in PBG. 

One of the main difficulties encountered in previous studies was to tackle the 

gelation/densification steps. In fact, they are non-equilibrium processes and, as such, are difficult 

to describe experimentally because they exhibit relevant structural and dynamical changes that 

span a wide range of time and length scales.  

Among the few methods that allow the tracking of the microstructure and dynamics of 

disordered materials at the nanometric scale is the scattering with coherent light. In this respect, 

X-ray photon correlation spectroscopy (XPCS) has been successfully applied to investigate a 

number of systems in soft and hard-condensed matter science 17,18. In this work, XPCS was 

employed to follow the changes in structure and dynamics during the formation of two distinct 

PBG formulations, differing in the concentration and amount of acid phosphate solution, with a 

direct impact on the overall kinetics and paste rheology. Compared to bulk rheology and 

dielectric spectroscopy, rarely documented for these systems 16,19, XPCS is well-suited to obtain 

information on the rheological and dynamical response of PBGs. In fact, bulk rheology suffers 

from a limited capability of elucidating heterogeneities, which play a crucial role in determining 

material performance, whereas addressing dynamic issues allowed us to gain insights into the 

physics behind the processes. 
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II. Materials and Methods 

A. Sample preparation 
The PBG samples used in this study were prepared by mechanically mixing a phosphoric acid 

solution with industrial metakaolin (Mephisto L05) obtained from České lupkové závody, a.s. 

(Czech Republic) and produced by kaolinite de-hydroxylation at high temperature (750 °C for 

2h). Two different formulations, which, according to the literature 20,21, promote MK dissolution 

and reactivity, were prepared: the first one attaining an Al/P molar ratio of 1.5 and a L/S of 0.9, 

adopting a phosphoric acid solution 60 wt.% and a second one with Al/P molar ratio 1, L/S=1.2, 

adopting a phosphoric acid solution 63 wt.%. 

At room temperature, the poly-condensation step, leading to the solidification of the material, is 

extremely slow and may take several days; for this reason, it is found convenient to accelerate 

the consolidation by heat treatment at 40 – 70 ℃ for few hours. In our case, the temperature of 

60 °C has been adopted. 

For the in-situ rheological tests, after mixing, the obtained slurry was transferred to the 

rheometer cup and equilibrated at 25 °C before starting the test procedure detailed below. 

For the XPCS experiment, after mixing, the obtained slurry was injected in 2 mm  glass 

capillaries by means of a syringe. The capillaries were sealed at one end and placed vertically on 

the sample stage for data collection at room temperature. Aging was obtained by placing the 

prepared sample capillaries in oven. The first measurement was conducted on the two 

formulations immediately after preparation (time 0). Then, the capillaries were kept at 60 °C and 

extracted at different times (1h, 3h, 6h, 16h) for data collection.  For the ex-situ tests, it is 

assumed that out of the oven, at room temperature, the sample ageing is virtually ‘quenched’, 

and the reaction is restarted once back in the oven 11. 

The naming convention used throughout this article will be X_Y_Z, where X identifies the L/S 

(09 for 0.9 and 12 for 1.2); Y identifies the concentration of phosphoric acid (60 for 60 wt.% and 

63 for 63 wt.%); Z identifies the aging time (in hours). 

B. Analytical Methods 
Rheological measurements were performed with a Brookfield rheometer DVNXRV (Brookfield, 

USA) mounting an RV7 spindle. The relaxation of the residual stresses before each measurement 

was obtained by a pre-shear cycle to ensure the same starting conditions for all tests. 

Measurements were performed in-situ after equilibration at 60 °C in shear stress-shear strain 
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mode and dynamic viscosity () was obtained by averaging data collected for 1 min at a speed of 

50 rpm in the linear regime. The adopted experimental protocol entailing shear-rate-growth and 

shear-rate-descending was similar to the one reported in other works on acid-base cements 22,23. 

For a second set of samples, the measurements were conducted ex-situ, that is, after equilibration 

at 25 °C with aging obtained by placing the samples in oven at 60 °C for different times. 

Additional dynamic rheological measurements were performed using a stress-controlled 

rheometer MCR Evolution Series (Anton Paar) in parallel plate geometry. After the preparatory 

step, a series of strain sweep tests of increasing amplitude, aimed at assessing the critical strain 

marking the end of the linear regime and ensuring the reproducibility of the measurements, were 

conducted at T = 25°C and angular frequency 10 rad s-1. 

The complex shear modulus G* = G’ + iG” was measured bringing the samples at 60 °C in-situ 

and by applying strain oscillations of amplitudes lower than the critical strain of the network, that 

is, 0.05% for the sample 09_60 and 0.01% for the sample 12_63 at angular frequency 6.2832 rad 

s-1. Measurements were stopped after 1h and 3h for sample 09_60 and 12_63, respectively, to 

prevent deformation of the test geometry. 

XPCS data have been collected in small-angle X-ray scattering (SAXS) geometry at the 

beamline ID10 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France 

covering a range in q from 0.07 nm–1 to 2.6 nm–1 24. A 21.67 keV beam was monochromatized 

with a Si(111) crystal, and its partially coherent part was selected by means of a set of slits and 

focused to a 16 m × 65 m spot at the sample position, resulting in a flux of 4.0 1011 photons/s. 

Guard slits were positioned a few cm upstream of the sample to remove the parasitic scattering 

produced by the primary slits. Forward scattering patterns were recorded on a EIGER 4M (2,070 

× 2,167 pixels, 75 m pixel size) placed 5.0 m downstream of the sample. A fast shutter placed 

upstream of the sample was synchronized with the detector to avoid unnecessary sample 

irradiation. The negligible time-evolution of the sample dynamics at room temperature (i.e., once 

removed from the oven) allowed the collection of thousands of frames with exposure times in the 

range of 0.05  1 s.  
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III. Results and discussion 

A.  Rheology 
The recorded rheological response at 25 °C, as viscosity vs. shear rate and shear stress vs. shear 

rate (plots are provided as supplementary material Fig. S1) evidenced a shear thinning behavior 

for the PBG samples. Similar behavior has been also observed in fresh geopolymers obtained by 

MK dissolution in alkaline environment 25,26. The values of viscosity  resulted higher in 09_60 

respect to 12_63, as also confirmed by the fresh reactive mixtures measured during in-situ aging 

(Fig. 1): 19.1 Pas for 09_60 and 6.8 Pas for 12_63. Notably, the time-evolution of  in the 

former sample follows a steeper increasing trend, such that the value after 1h is very close to the 

value reached after 3h in 12_63. The ex-situ viscosity tests produced very similar results (see 

supplementary material Table I), indicating that in this way the aging process was effectively 

‘quenched’ 11, thus, the XPCS results can be considered equivalent to those of an in-situ 

experiment. 

 

 

Fig. 1. Time-evolution of the viscosity of PBG samples during aging at 60 °C. 

 

Previous results indicated that dilution of the liquid component (by increasing water content) 

reduced  16 of the pastes, which may explain the lower value exhibited by the sample 12_63 at 

time t = 0, when there is virtually no Al in solution 27. The slower time-evolution of this sample 

should be ascribed to the slower kinetics, since there is agreement in the literature regarding the 

accelerating effect of the nominal value of Al/P on the apparent overall reaction rates 16.  

Insights into the mechanisms at the origin of the rheological behavior may be gained from the 

dynamic tests. Fig. 2(a) illustrates results of some of the strain sweep measurements conducted at 
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25 °C on the two formulations, which allowed to identify the amplitude of the strain oscillations 

in the linear viscoelastic regime adopted in the time-resolved tests. At low applied strain, the 

linear regime is characterized by a flat response of the moduli; the energy supplied is reversibly 

stored in deformations and the material behaves as solid. G’ is higher than the loss modulus G” 

until a critical value of strain, beyond which G’ decreases and the material starts to flow. G’ and 

G” curves eventually cross at higher stress, and the viscous character dominates. In principle, the 

yield stress (0) can be estimated from the results of strain sweep measurements 28,29. The yield 

stress can be defined as the point when the structural breakdown in the material allows the 

viscous flow to initiate. Despite this clear definition, there is no univocal approach to its 

experimental determination 29–31. To date, results from PBGs are few 32, therefore our results will 

be also compared with MK-based alkaline geopolymer pastes and acid-base cements, 

characterized by dissolution-polycondensation reaction paths. All in all, literature data on 0 

were obtained adopting different experimental methodologies 25,26,32–38; for our purposes, we 

follow the definition that identifies 0 as the crossing point of G’ and G” according to 33: 

 

𝜎0 =  𝐺∗ ∙  𝛾𝐺′= 𝐺" =  (𝐺′2 +  𝐺"2)
0.5

∙  𝛾𝐺′= 𝐺"      (1) 

 

The  G’=G’’ was located between 0.5 and 2%; the obtained 0 ranged between 23−27 Pa for 

12_63 and 105−130 Pa for 09_60. The former sample exhibits values comparable to those 

reported for some fresh alkaline geopolymer pastes 25,26,33,34, whereas higher values, around 100 

Pa and above (i.e., similar to 09_60), have been reported for some PBGs formulations and acid 

base-cements 35–38. 
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Fig. 2. Examples of results of strain sweep tests for the indicated samples at (T = 25 °C) and = 

6.2832 rad s-1 (left); evolution of viscoelastic parameters during ageing at 60 °C at 6.2832 rad s-1 

(right). 

 

The mechanisms of energy storage in the PBGs samples have been studied in fresh MK-based 

alkaline geopolymer pastes 26,27,33. In these works, the critical strain marking the end of the linear 

regime was observed at about 0.1% 27,33, similarly to our samples (Fig. 2(a)). It was shown that, 

in these formulations, because of the low volume fraction of solid added to the solution, the 

colloidal interactions between the grains of MK are negligible, whereas the viscosity is 

controlled by the development of an Al—rich gel forming very early at or near the surface of the 

MK grains. The early formation of this percolating network with surface fractal dimensions, was 

found consistent with the time-evolution of the viscoelastic moduli 39. Notably, the viscoelastic 

parameters exhibited a time evolution similar to the one recorded in the samples of PBG 

investigated here (Fig. 2(b)) 27,33,39,40. The curves are characterized by an initial fast increase 

followed by a slower pseudo-linear increase of the modulus. It is reasonable to suppose that the 

values of the moduli recorded in our tests differ from those formed in alkaline geopolymers 

because of the different type of gel formed. We also note that in the PBG samples it is likely that 

the very beginning of the curves illustrated in Fig. 2 was not captured by the experiment due to 

the time needed to equilibrate the samples at the measuring temperature of 60 °C. Nonetheless, it 

is evident that both formulations are dominated by the elastic modulus (as observed in the strain 

sweep tests in the linear regime at 25 °C). According to the model described above, the yield 

stress is controlled by the percolation of the gel between the MK particles. The gradual increase 

in the elastic modulus should be ascribed to the progressive thickening of this gel, which has 
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been linked to the kinetics of dissolution and diffusion of Al 27 and thus depends on solution 

composition. This explains both the faster time-evolution and the higher values exhibited by 

sample 09_63 (Fig. 1-2). In addition, the process produces an inhomogeneous distribution of Al 

in solution and, consequently, of the precipitated gel. The solution was found to possess a nearly 

pure viscous behavior, which evolves as the composition evolved during the progress of the 

reaction.  

The abrupt change in slope after 1h illustrated in Fig. 1 by the sample 09_60 marks the formation 

of the monolith by the stiffening of the gel network, which is conventionally referred to as the 

material setting 27. Setting is producing a similar abrupt increase in modulus, as documented in 

alkaline geopolymers 27. The event was not captured in Fig. 2 because the measurements were 

stopped in order to preserve the instrument integrity.  

 

B. Evolution of the microstructure 
The I(q) SAXS curves resulting from the azimuthal average of the SAXS intensity recorded by 

the detector are illustrated in Fig. 3 in a double logarithmic plot. The 09_60_16 was lost because 

the capillary broke inside the oven, perhaps due to material expansion. Common to all the 

spectra is the presence of a scattering regime at low q (< 0.3 nm–1) in which the intensity scales 

with q–n, with n = 3.2  3.4, and of an interference peak at about 0.6 nm–1. Similar features have 

been reported during the formation of acid-base cements based on magnesium oxide and 

potassium phosphate (MPCs) 41. In the time interval covered during the experiment, a 

progressive decrease in scattering intensity is observed at low q, whereas at high q (> 1 nm–1) the 

scattered intensity decreases up to 3h to increase later, with sample 12_63 exhibiting a more 

marked time-evolution. 

Although the SAXS profile contains information on the shape and size distribution of the 

scattering centers, the interpretation of the signal on a sound physical basis may be challenging 

and is model-dependent. However, the analysis of the slope of the scattering curves provides 

information about the nature of the scattering surface. This approach has been adopted for 

geopolymers and acid-base cements, exhibiting similar dissolution and densification steps 40,42–45. 

The exponent in the low q region is diagnostic of scattering from surface fractals with fractal 

dimension DS = 6–n = 2.6  2.8, covering a range of length scales (defined as 2/q) from 21 to 

91 nm. In analogy with the above-mentioned systems, this scattering region includes a 
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contribution from the incompletely dissolved grains of MK. Conversely, the products of the PBG 

polycondensation reaction should give a negligible contribution to the scattering in this q-range; 

in MK-based alkaline geopolymers, the products of MK dissolution and reaggregation into small 

units of the gel have been reported to contribute to the I(q) mostly at higher q (> 0.5 nm–1) 40,45. 

Therefore, the small increase in intensity detected above ~1 nm–1 can be ascribed to this process. 

 

 

Fig. 3. SAXS curves of samples at different times, as indicated. Insets illustrates the time-

evolution of the I(q) for q = 0.072 nm-1 using the same scale for I(q). 

 

As for the fractal dimension and the I(q) trend at low q, a similar surface fractal structure with DS 

= 2.7 was reported to form in the first reaction stages of MPCs, reflecting the accumulation of 

the reaction products at the grain surface 41, a process bearing analogies with the early formation 

of the C−S−H gel in Portland cement 46, and consistent with the mechanisms of development of 

the macroscopic elastic modulus described above. In fact, at the beginning of the reaction the 

system is diluted and the low q region may be thought to represent the structure of the large-scale 

aggregates of the gel around the dissolving MK grains and possessing surface fractal scaling. It 

can be argued that, with time, a contribution from the growing solid matrix-pore interface 

increases, and, as a consequence, this densification process is accompanied by a coarsening of 

the microstructure, which produces a decrease in the scattering intensity at low q, in analogy 

with the abovementioned systems and the densification processes in nanophase ceramics in the 

same q-range 47–49.  
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C. Evolution of the dynamics 
The two-time correlation function is calculated for each defined value of q as: 

 

𝐺(𝑡1, 𝑡2, 𝑞) =  
〈𝐼𝑝(𝑞,𝑡1)𝐼𝑝(𝑞,𝑡2)〉𝑝

〈𝐼𝑝(𝑞,𝑡1)〉𝑝 〈𝐼𝑝(𝑞,𝑡2)〉𝑝
        (2) 

 

where Ip(q, t) is the pixel intensity at the detector at different times t1 and t2=t1+t, and the 

brackets indicate the average at the same value of q 50. An example of two-time correlation 

function for the fresh sample 12_63_0, is illustrated in Fig. 4. The contours drawn parallel to the 

diagonal with t1=t2 are similar, indicating the negligible evolution of the dynamics due to the 

natural aging effect, and confirming that the time-average over  15 min is, in this case, possible 

without loss of information.  

 

 

Fig. 4. Two-time correlation function observed for sample 12_63_0 and q=0.26 nm-1. 

 

Further insights into the dynamical processes can be obtained by calculating the autocorrelation 

function g(2)(q, t): 

 

𝑔(2)(𝑞, 𝑡) =  〈𝐶(𝑡1, 𝑡1 + 𝑡, 𝑞〉𝑡1        (3) 
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The g(2) is related to the intermediate scattering function f(q, t) via the Siegert relation 51, which 

provides information on the density fluctuations within the material, and is typically fitted to the 

Kohlrausch-Williams-Watts (KWW) exponential function: 

 

𝑔(2)(𝜏) = 1 + 𝛽𝑖|𝑓(𝑞, 𝑡)|2  = 1 + 
𝑒𝑥𝑝

 exp [−2 (𝑡
𝜏(𝑞)⁄ )

𝛾(𝑞)
]    (4) 

 

where i is the instrument contrast, which was determined using a static vycor sample, t is the lag 

time, (q)is the apparent relaxation time, and (q) is the stretching exponent or shape parameter, 

which, together with the dependence of τ on q, is related to the kind of observed dynamics. For 

Brownian motions, τ  q–2 and = 1, for ballistic dynamics, τ  q–1 and = 2 52, while many 

arrested systems exhibit some intermediate behavior of  with τ scaling as q–1 53–57. 

The analysis of the autocorrelation functions determined along the vertical (here, azimuthal angle 

 = 0°) and horizontal ( = 90°) directions showed a marked anisotropy. Fig. 5(a) 

illustrates these different regimes for two values of q in the sample 12_63_0, with a faster decay 

in the vertical direction. The samples 12_63 exhibited a two-step decay of the intermediate 

scattering function, with the exception of 12_63_1 and 12_63_16, where the slowest relaxation 

was outside the time window set by the duration of their respective XPCS measurements. The two-

step decay is frequently modeled with empirical functions, such as the linear sum of two stretched 

exponentials58,59: 

 

𝑓(𝑞, 𝑡) = 𝑏 exp [− (𝑡
𝜏1(𝑞)⁄ )

𝛾1(𝑞)
] + (1 − 𝑏) exp [− (𝑡

𝜏2(𝑞)⁄ )
𝛾2(𝑞)

]   (5) 

 

This type of relaxation behavior is documented for a wide range of disordered structures, 

including glasses, colloidal gels, emulsions and foams. The fast decay is commonly ascribed to 

the motions of individual particles or small clusters confined in the cage formed by their 

neighbors, whereas the slow relaxation may display different dynamical features (e.g., diffusive, 

subdiffusive, ballistic, hyperdiffusive) and it is thought to reflect structural rearrangements of the 

bond network at larger length scales 58–61: It should be observed that in systems going towards 

structural arrest, the slower decay is typically characterized by temporal and spatial 

heterogeneities, where the former produces temporal fluctuations of the dynamics, and the latter 
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is responsible for changes at different position on the sample 60,62. This may probably explain its 

absence from 12_63_1 and 12_63_16. 

In order to link the time-evolution of the macroscopic rheology, the microscopic dynamics and 

the underlying reaction mechanisms, our analysis will be mainly focused on the study of the fast 

component, common to both studied samples, by fitting the autocorrelation functions using Eq. 

(5) for samples 12_63, whereas for sample 09_60 the fit has been conducted adopting Eq. (4) 

(examples of fits are reported in Fig. 5 and in the supplementary material Fig. S2), whereas 

example of fit showing the two relaxation components, as obtained adopting Eq. (5) is reported 

as supplementary material Fig. S3.  

 

 

Fig. 5. (a) Intensity autocorrelation functions in the vertical ( = 0°) and horizontal direction ( = 

90°) for two values of q, as indicated, in the sample 12_63_0; (b) set of intensity autocorrelation 

functions of sample 12_63_0 for the indicated values of q at  = 90°. Solid lines are fits to Eq. 

(4). 

 

The q-dependency of the relaxation rates (1/τ) in the horizontal direction for the investigated 

samples at different aging times is illustrated in Fig. 6, and supplementary material Fig. S4 for 

the slow relaxation process. The results of the fit evidenced for both the relaxation processes and 

samples a q–1 scaling, which is accompanied by a faster-than-exponential decay of the correlation 

function, with the stretching exponent  around 1.5 and decreasing with q. Notably, both ‘fresh’ 

samples (aging time = 0) behaved differently, exhibiting a q0 scaling and   > 1. 

The q–1 regime and the compressed shape of the autocorrelation function with    1.5 has been 

documented for a number of arrested systems, such as colloidal gels, polymer nanocomposite 
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melts, polymer aerogels, and other soft matter disordered systems 53–57,63. According to previous 

models, such faster than diffusive motion has been interpreted as the result of the relaxation of 

residual stress dipoles randomly distributed inside the sample 57,64. There is indication that such 

systems are also characterized by a marked heterogeneity of the dynamics. 

As for the q-independent modes, they were found to be a feature common to many complex 

systems with slow dynamics when the probed length scale is much larger than any nearest-

neighbor distance in the system 65–67. Their origin has been associated with the presence of 

independently relaxing regions in absence of single-particle diffusion and suggests the presence 

of a crossover to diffusive dynamics (τ  q–2) at even smaller q 67,68. In fact, this type of 

relaxation dynamics has been observed adopting light scattering in some semi-diluted polymers 

and rodlike micelles, as well as in DNA-based transient networks 68,69. The presence of finite τ in 

a range of q has been observed also in liquid systems with other X-ray based techniques 70,71, 

whereas, in XPCS experiments, it has been reported for fluidized glasses, associated with 

stretched relaxation 72,73.The situation presented here, however, is slightly different, since τ  q0 

is accompanied with a compressed relaxation, which makes a straightforward association to an 

existing theoretical framework difficult. 

 

 

Fig. 6. Relaxation rate (1/ τ) vs. q in the horizontal direction for the two samples at different 

times, as indicated. Solid lines represent the linear fit through the data. Standard errors within 

symbols are omitted. 
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The marked difference in the relaxation dynamics along the horizontal and vertical directions 

indicates the presence of anisotropic stress fields, which are attributed to the different boundary 

conditions experienced by the material within the capillary in the two directions (e.g., due to 

adhesion to the capillary walls), rather than being an effect of sedimentation 74. In fact, 

sedimentation should give rise to oscillations in the autocorrelation function in the vertical 

direction, which are not observed here 75. Moreover, at variance with sedimentation experiments, 

from 1h onward, no deviations from the q–1 regime occurred 75.  

As illustrated in Fig. 7, the asymmetry in the stress relaxation vanishes at long ages in both 

samples, whereas the relaxation rates are low in the fresh samples, exhibit a maximum between 1 

and 3h, and decrease thereafter. Moreover, irrespective of the azimuthal direction, the maxima in 

the 1/τ vs. time plots are shifted at longer times in the sample 12_63, pointing to a slower time-

evolution of the aging process. The slow relaxation (plots are provided as supplementary 

material Fig. S5), seems to replicate the same trends, although with less points. 

 

 

 

Fig. 7. Relaxation rate vs. aging time for both samples in the horizontal (full symbols, left axis) 

and vertical (empty symbols, right axis) direction and q = 0.126 nm-1. Standard errors within 

symbols are omitted. 

 

The plateau at small lag times of the intensity autocorrelation functions, defining the 

experimental contrast bexp (Fig. 5(a)), also shows a remarkable time-evolution, that is, at time 0, 

the values are significantly lower in the horizontal direction with respect to the vertical direction, 

but this difference is sensibly reduced already after 1h and is vanishing afterwards. 
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Values of bexp lower than the Siegert factor b0 are a telltale indicating the presence of processes 

faster than the time-window probed by the experiment. The analysis of the dependence of bexp on 

q and time provides information on the fast motions outside the experimental time-window. The 

accepted model for glass-like materials assumes semi-localized motions, with particles 

constrained by their neighbors and with the intermediate scattering function decreasing with q to 

the non-ergodicity factor fq 55,74,76,77, expressed in the form of the Debye-Waller factor: 

 

𝑓𝑞  = 𝑓0 exp (−𝑞2 𝑟𝑙𝑜𝑐
2 6⁄ )  =  𝑏𝑒𝑥𝑝 𝑏0⁄       (6) 

 

where rloc is the localization length, which characterizes the range of fast, localized, motions in 

the system; f0 is the fraction of particles in the scattering volume exhibiting localized motions 

with average root-mean-squared displacement rloc, whereas 1−f0 is the fraction of scatterers free 

to move over a range of lengths >> 1/qmin  11.3 nm.  

According to Eq. (6), rloc and f0 were calculated by fitting the negative logarithm of bexp/b0 as a 

function of q2 (Fig.8). Points at low q are likely influenced by the structure factor 76,78, which, in 

our case, could not be reliably determined. Thus, the first three points, which deviated from the 

linear behavior, were excluded. Fig. 8(b) shows that in both PBG samples f0 < 1 at time 0, 

confirming the presence of a fraction of fast-moving particles. After 1h, this population almost 

completely disappeared, and at 3h, all the dynamics are localized (f0 = 1). Along with the 

vanishing fraction of particles exhibiting non-localized dynamics, rloc decreases over time, 

indicating increasingly restricted motions, interpreted as the stiffening of the network leading to 

the formation of the monolithic structure 74,76,77. 
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Fig. 8. Negative logarithm of the non-ergodicity factor bexp/b0 vs. q2 at time 0 and 1h, as 

indicated (a) in the horizontal direction. Solid lines are fit to the Eq. (6). Localization length rloc 

((b) top) and fraction of particles exhibiting localized motions f0 ((b) bottom) up to 3h. Standard 

errors within symbols are omitted. 

 

D.  A unified model for the PBG reaction  
Bulk rheology and the analysis of the non-ergodicity factor indicated monotonic trends, although 

with different characteristic times, for the two reacting PGB samples. This apparently conflicts 

with the ‘peaked’ time-evolution of the relaxation rates depicted in Fig. 7. However, when 

considering the origin of the missing contrast, the results may be consistent with a scenario in 

which the fraction of particles with fast dynamics progressively enters the experimental time-

window as the system evolves towards structural arrest, thus producing the apparent increase in 

the relaxation rates observed between 1 and 3h; eventually, at longer times, the overall slowdown 

of the dynamics prevails, and the relaxation rates drop. 

Similar dynamic heterogeneities, encompassing populations of particles exhibiting localized and 

delocalized motions, have been observed in many systems approaching structural arrest 79–81. In 

gel networks, dynamic heterogeneity appears to be linked to large scale structural heterogeneity 

for a wide range of densities; such inherently structurally heterogeneous nature of the formed 

networks has been confirmed by numerical simulations and experimental works 82,83.  

As previously mentioned, intrinsic heterogeneity has also been confirmed for the aluminosilicate 

gel formed from MK dissolution in alkaline environments, which exhibits a time-evolution of 
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rheological properties analogous to PBGs 27. Some amorphous materials in the system SiO2–

Al2O3–P2O5 were found to consist of domains rich in AlPO4 and SiO2 structural units 84,85. PBGs 

possess analogous structural heterogeneity at the length scale of the order of hundreds of nm 21, 

owing to the coexistence of a network with Al–O–P bonds and a hydrated silica network formed 

by the rearrangement and amorphization of the residue of MK dissolution 86. To date, 

information regarding their structural details is incomplete. Dissolution experiments of MK in 

sulfuric and hydrochloric acid evidenced the formation of a mesoporous amorphous silica 

material with pore size distribution peaked at 1.7÷3 nm 86–88. An aerogel prepared to replicate a 

silicate glass hydrated alteration layer at pH = 3 exhibited an open porosity mostly between 6 and 

9 nm, although the porosity and the size of the scattering objects derived from the SAXS curves 

were found to depend on the reaction conditions 89. However, in analogy with our PBGs (Fig. 3), 

the I(q) evidenced a broad interference peak spanning the range 0.4 ÷ 1 nm-1, ascribed to the 

scattered intensity from small dimers or trimers with radius of gyration  3 nm incorporated into 

larger structures contributing to the main slope. This was found in agreement with the formation 

of silica gel networks by the coalescence of clusters that, owing to the silica low solubility and 

surface charge at low pH, are aggregates of randomly branched chains 90. 

In order to obtain additional structural information on the PBG reaction products, an empirical 

model developed for gels 91 and adopted to describe the nucleation of the phosphate hydrate 

amorphous products in MPC 41, was applied. The I(q) was fitted to a linear combination of a 

power law, which accounts for the scattering at low q, a broad peak function, and a flat 

background. The intensity was calculated as:  

 

𝐼(𝑞) =
𝐴

𝑞𝑛 +  
𝐶

1+(|𝑞−𝑞0| 𝜉)𝑚 + 𝐵       (7) 

 

where A is the power law scale factor, n is the power law exponent, C is the scale factor of the 

peak function, ξ (which is the inverse of the peak half-width-at-half-maximum) is the correlation 

length, q0 is the peak position, and B is the incoherent flat background. The exponent m refined 

to values close to 2, defining a Lorentzian shape. The increase in I(q) at high q for 12_63 was not 

modeled, given the too short q range available. Numerical results and a graphical example of the 

least squares fit are provided in the supplementary material. 
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The first term, the low q feature, characterizes the fractal structure of large clusters, whereas the 

peak position describes the average distance between large structures (d = 8.6÷10.3 nm) 41,92–94. 

The correlation length ξ (2.5÷3.5 nm), characterizes the internal structure, similar to the mesh 

size in gel networks 92,95,96, and is ascribed to the density fluctuations originating from smaller 

clusters. A comparison with the results reported for MPCs (d ~ 7.9 nm and ξ ~ 3 nm), suggests 

some structural similarities with PBG, likely related to their common dissolution-condensation 

mechanisms. 

  

Fig. 9. Representation of the PBG network with phase-separated regions (indicated 

by the circles) separated by a characteristic length scale, d and characterized by mesh size ξ. 

 

In MPCs, the amorphous phosphate networks were thought to form very early, owing to the high 

dissolution rates of the oxide, by the coalescence of clusters of PO4
3- and solvated magnesium 

units 97,98. The system ages through a ‘densification’ process entailing a decrease in SAXS 

intensity at low q, a decrease in the fraction of mobile scatterers, a decrease in their diffusing 

volume, and a decrease in the number of mesopores 41. In fact, such trends are replicated by the 

PBG samples, as illustrated in Fig. 2 and Fig. 8(b).  

It can be conjectured that in PBGs, the networks also start to form very early in the freshly 

prepared samples, with the dissolution of MK and the accumulation of products near and at the 

surface of MK, owing to the high concentration gradients 13. This explains the occurrence of the 

surface fractal scaling with DS ~ 2.7, already observed in MPCs, as well as in alkaline 
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geopolymers and synthetic aluminosilicate networks 39,43. In fact, similar values are typical of 

highly concentrated systems, when the density allows for the formation of percolating networks, 

irrespective of the cluster aggregation mechanisms (otherwise predicting a lower fractal 

dimension) 99. This also agrees with the time-evolution of the viscoelastic moduli (Fig. 2), which 

we have proposed to originate owing to the early formation of a percolating network with surface 

fractal dimensions. The low pH attained favors the formation of small Si polymeric units, which 

interpenetrate each other (entangle), forming additional branches. Concomitantly, components of 

the aluminophosphate hydrogel network grow by gathering together in solution Al3+ ions 

released from the MK and PO4
3- ions 11. They are thought to form clusters, in analogy with the 

formation of the amorphous phosphate hydrate in MPCs. In the freshly prepared samples, at the 

initial stages of the densification process, these building blocks are already arranged in large 

structures and only a small fraction of scattering objects is allowed to freely diffuse, as indicated 

by the fraction of particles exhibiting fast dynamics detected with XPCS (Fig. 8(b)). With aging, 

the dynamics become localized, as their movement is restricted by the growth and stiffening of 

the finely intermixed networks. The localized motions are confined to a volume that coincides 

with the size of the mesh network defined by the SAXS model. Moreover, the small but clear 

decrease in both d and ξ with aging, points to a densification process, as observed in gel 

networks 95. In reason of the higher amount of potentially available Al, favoring the formation of 

the hydrated silicate and aluminophosphate networks, the process is faster in 09_60, as 

confirmed by their time-evolution, the time-evolution of the dynamics (Fig. 7), of the fraction of 

freely diffusing particles (Fig. 8(b)), and the mechanical response (Fig. 1-2).  

This view bears similarities with the description of amorphous domains of alkaline geopolymers, 

colloidal gels and glasses as percolating networks, in which confined motions occur within the 

network, whereas the mobile particles are located in the voids and in proximity to the network 

surface 39,76,100–102. However, unlike alkaline geopolymers, in which the formation of a rigid 

network is connected with the segregation of water, in PBGs (and MPCs), the water is 

progressively subtracted and incorporated into the products, progressively hindering the ion and 

particle mobility 97. 

We speculate that the basic network topologies in the freshly prepared samples are already 

present at the time of the XPCS measurements. The q-independent relaxation mode 

characterizing the collective density-density correlation function (Fig. 6) has been proposed to 
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stem from the density fluctuations of the molecular network undergoing reconfiguration without 

significant mass transport 67. This suggests that the structural evolution and the recorded 

densification occurred through minor rearrangements and limited long range particle diffusion.  

This picture is consistent with the recently proposed evolution of gel systems towards 

mechanical stability (aging) attained by forming a percolated structure through events of bond 

stretching/breaking and by increasing the overall compaction 103. The internal stresses, which are 

concentrated in the weak part of the network, are released during this coarsening process, and the 

relaxation of such independent regions is reflected in the compressed exponential regime 

detected in the aging samples with XPCS. Coherently, the SAXS curves preserved their main 

features, comprising a contribution from the large gel structures, described by their surface 

fractal scaling, and a network with average mesh size ξ with inhomogeneities characterized by 

their distance d. The declining I(q) at low q is the result of the microstructure coarsening with the 

development of a denser body 47 accompanying the entire aging process all the way through the 

formation of the monolith (Fig. 9). 

IV. Conclusions 
In this work we report the time-evolution of the dynamics, microstructure and mechanical 

response of two phosphate-based geopolymer formulations. The overall picture suggests a 

scenario in which the Al/P molar ratio and water content of the raw mix impact on the reaction 

path (entailing dissolution-condensation) through the evolution of two distinct amorphous gel 

reaction products. 

The key findings are summarized as follows: 

- The autocorrelation functions of the studied relaxation processes indicated that the 

establishment of density fluctuations and the development of internal stresses in the 

forming gel network are the main mechanisms that characterize the evolution of the 

sample dynamics towards structural arrest.  

- The presence of fractions of particles exhibiting localized and delocalized motions points 

to dynamic heterogeneities, which are likely accompanied by structural heterogeneities. 

They explained the ‘peaked’ time-evolution of the relaxation rates, as fast scatterers 

progressively enter the experimental time windows with the overall slowdown of the 

dynamics as the system ages. 
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- The analysis of the small-angle scattering curves suggests a system that ages through a 

‘densification’ process producing a declining intensity at low q as the gel reaction 

product forms near or around the MK particles, giving rise to a structure with fractal 

scaling. 

- The correlation lengths model adopted to fit the I(q), in analogy with gel structures, 

describes a network with an average mesh size coinciding with the size of confinement 

obtained from the analysis of the dynamics (2 ÷ 3 nm).  

Consistent with this analysis, the number of freely diffusing particles vanishes with time, 

whereas the volume of confinement decreases because of the restrictions imposed by the 

growth and stiffening of two finely intermixed networks: one containing Al–O–P bonds 

and hydrated silica; the latter being the residue of dissolution of the dehydroxylated clay. 

- We believe that initially, complex percolating networks evolve by the addition of Al3+ 

ions released from the metakaolin and PO4
3- ions in solution, on one side, and by 

increasing entanglement and branching of the Si polymeric units, favored by the low pH 

of the chemical environment, on the other.  

The later evolution is instead dominated by a limited reconfiguration of the network 

without significant mass transport, entailing the release of the accumulated internal 

stresses. 

- Accordingly, the availability of Al accelerates the kinetics of the process, whereas 

dilution (by increasing the water content), has the opposite effect. The bulk rheology 

confirms these evidences with a time-evolution synchronous with the one exhibited by 

the dynamics. Moreover, the Al/P molar ratio of the mix, as somewhat an index of 

network forming ability, positively correlates with dynamic viscosity and negatively 

correlates with the water fraction. 

 

Supplementary Material 

The following supplementary material is available: rheological response at 25 °C shear stress-

shear strain mode; time-evolution of viscosity as obtained from the samples equilibrated at 60 °C 

in the rheometer; set of intensity autocorrelation functions of sample 09_60_0; example of fit of 

the autocorrelation function to Eq. (5); plot of relaxation rate vs. q in the horizontal direction for 

the slow relaxation; relaxation rate vs. aging time for the fast and slow components for the 
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sample 12_63; description of the model adopted to fit the SAXS data; figure illustrating an 

example of fit of SAXS data according to the model; table of relevant numerical parameters of 

the model adopted to fit the SAXS data. 
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