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ABSTRACT 

Understanding the response of fillers in the epoxy resin crosslinking process and characterizing 

polymer-filler dynamics are key features that guide the engineering of new thermosetting resin 

composites. In this work, X-ray photon correlation spectroscopy (XPCS) is used as a thermal 

analysis tool to track the microscopic changes occurring during the cure of a functionalized 

cellulose nanocrystal (mCNC)-epoxy composite. In contrast, traditional methods such as 

differential scanning calorimetry (DSC) and curing rheology are used to understand the kinetics 

and properties on macroscopic length scales. Of interest is the influence of the mCNC on the curing 
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kinetics and properties of the thermosetting resin. Two levels of modification (increasing 

hydrophobicity) were chosen to observe the effect of functionalization. Before cure, the highly 

functionalized CNC (mCNC3) shows a 44% increase in complex viscosity (η*), while the less 

functionalized CNC (mCNC2) shows a similar η* value to the neat resin. As the cure cycle 

progresses, results from DSC, rheology, and XPCS further show the enhancement in dispersion 

for mCNC3. The results show a clear difference in the maximum drift velocity, maximum heat 

flow, and complex viscosity during the ramp to the isothermal cure temperature (Tcure). Such 

results suggest that mCNC3 contains a well-dispersed network of particles due to the higher level 

of functionalization. During Tcure, a transition in elastic modulus (G') occurs only for the highly 

functionalized CNC particle system. We believe that heat-induced aggregation occurs, and the 

crosslinked resin ultimately dominates the macroscopic properties of the final cured system for all 

samples. The results from the three techniques are in good agreement and showcase XPCS as a 

beneficial experimental tool for characterizing the microscopic dynamics of particulate-filled 

thermosetting resins. Hence, we envision this to be a fundamental curing study for the design of 

thermosetting resin composites. 

INTRODUCTION 

Epoxy resins show several advantages compared to other polymers, including high mechanical 

strength, corrosion resistance, and ease of processability.1 The high-performance properties and 

versatility of epoxy resins allow the material to be used for structural applications, adhesives, 

corrosion-resistant coatings, and more.2 To expand epoxy resins applications further, nano- and 

micro-sized fillers are often incorporated into the epoxy resin. Fillers such as carbon fiber, glass 

fibers, and carbon nanotubes have been widely used to increase epoxy resins' toughness, 

conductivity, strength, and other performance properties.3,4 In addition to the fillers mentioned, 
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cellulose nanocrystals (CNCs) have recently been explored as potential filler materials in 

polymeric nanocomposites.5,6 The anisotropic, rod-like crystalline materials are biodegradable, 

renewable in nature, lightweight, and are quickly processed. CNCs have comparable performance 

properties to the more commonly used fillers but have a significantly lower cost.7 The lower 

manufacturing and processing costs of CNCs make them an ideal low-cost, high-performance filler 

material to be used to produce functional, lightweight, advanced composites8,9. 

Furthermore, CNCs have an abundance of -OH groups on the nanoparticle's surface that allow for 

a wide range of functionalization.10 Several groups have used different functionalization 

techniques to adjust and alter the level of hydrophilicity of CNCs, thus allowing them to be 

dispersed into a broader range of solvents and polymer matrices.11–14 One common technique used 

to increase the hydrophobic nature of CNCs is surface esterification15,16. 

Esterification is a chemical reaction in which two reactants (typically an alcohol and an acid) form 

an ester as the reaction product.17 Regarding CNCs, the -OH groups serve as the alcohol, and an 

acid, such as acyl chloride, stearoyl chloride, or lauroyl chloride, serves as the second reactant.18 

At the end of the reaction, the hydroxyl groups are converted to esters, resulting in a CNC with 

less hydrophilic properties.16 The level of hydrophobicity depends directly on the amount of acid 

present during the reaction. Tailoring of the surface chemistry of CNCs allows for dispersion into 

non-polar, hydrophobic mediums, such as epoxy resins.16,19  After the CNC has been modified and 

dispersed into the desired matrix, it is necessary to understand how the two interact. Several works 

have been dedicated to understanding filler-matrix interactions and how they translate to changes 

in the overall macroscopic properties.19–23 

During the cure of the epoxy resin, a network is built due to the formation of crosslinks. These 

crosslinks directly contribute to the final macroscopic properties.24 The crosslinks are formed in 



 4

two different steps. First, epoxy groups react with the amine-hydrogen, resulting in the formation 

of a hydroxyl group. In the second step, the linking of chains occurs due to the amine-hydrogen 

groups' presence at the end of the molecular chains.25 This process continues until amine-hydrogen 

groups are no longer available. Incorporating CNCs into this two-part thermosetting resin is of 

interest to enhance the neat system's macroscopic properties. However, the presence of the CNCs 

during the crosslinking reaction will influence and affect the rate at which the crosslinked epoxy 

network is formed. 

Different experimental techniques can be used to investigate the curing kinetics and thermal 

transitions that occur during the crosslinking of composites based on thermosetting resins. 

Differential scanning calorimetry (DSC) and rheology are two standard methods used to explore 

and track macroscopic changes during the formation of the crosslinked network within epoxy 

resins.26–31 However, few works have been dedicated to understanding the effect of fillers on 

creating this crosslinked network. Furthermore, the reactions during the thermal cure of epoxy 

resins are complex due to the several reactive processes co-occurring. 32  

Incorporating a filler amid this reaction can complicate the analysis and interpretation of the 

results. Therefore, other experimental techniques must be explored to understand the effect fillers 

have on the thermal transitions within the composite. In a recent study, X-ray photon correlation 

spectroscopy (XPCS) is used to track the curing reaction of LOCTITE 3536 CSP, an industrial 

epoxy adhesive33. The formulation contained 25 wt% alumina fillers (polydisperse with a mean 

diameter ~ 2 µm) as a marker to resolve the dynamics of the epoxy during the curing process. The 

results showed a correlation between the exothermic heat released during DSC measurements and 

the nanoscale changes in dynamics during the isothermal cure. As the reaction proceeds (as 

measured with DSC), the dynamics rapidly slows down.   
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Nevertheless, a complete elucidation of the dynamics of mCNC type of fillers in thermosetting 

resins that considers all the problematic aspects is still lacking. With XPCS, the thermoset 

composite's dynamical properties can be studied through the motion of the nanoparticles within 

the resin.34–36 During XPCS measurements, electron density gradients cause X-rays to scatter 

within the functionalized CNC-epoxy system.37 This scattered X-ray gives rise to a scattering 

image or speckle pattern. It is expected that the arrangement of the CNCs will change with time, 

and this dynamic behavior results in a change in the speckle pattern over time. 

In thermosetting resins, filler dynamics or aggregation processes occur at the macromolecular level 

and still need to be better understood. This work investigates surface-functionalized cellulose 

nanocrystals' (mCNC) influence on a commonly used epoxy resin's curing kinetics and 

macroscopic properties (EPON 828). A particular interest lies in a possible change in the structure 

and arrangement of the highly loaded cellulose nanocrystals during post-processing. To understand 

and track the changes that occur during the formation of the three-dimensional network in the 

presence of the mCNCs, XPCS will be employed to study the dynamical properties of the three-

component (mCNC, resin, crosslinking agent) system. The results from the XPCS will provide 

qualitative and quantitative information regarding the cure behavior of the CNC-epoxy composite 

and are used to corroborate information obtained from traditional thermal analysis techniques such 

as DSC and curing rheology. While DSC and rheology are reliable tools for understanding 

macroscopic properties such as degree of cure, gel point, and elastic modulus. XPCS can provide 

additional information to better understand the composite's properties at the nanoscale. Several 

studies showcase enhanced dispersion of CNCs after modification12,13,16,19. However, there are no 

reported studies on how this dispersion changes during post-processing. 

RESULTS AND DISCUSSION 
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Figure 1. Schematic illustration of (a) chemical structures of CNC surface modification. (b) mCNC 
dispersion and formulation method and final crosslinked state of the composite after thermal cure. In the 
schematic representation of the modified CNC in epoxy resin composite, gold represents the CNC particles, 
blue represents the epoxy resin, and the red segments correspond to the crosslinking agent. 

 

CNC surface modification  

To study the effect of the CNC's hydrophobic surface, two different degrees of substitution have 

been obtained upon modification shown in Figure 1a. Transmission electron microscopy is used 

to confirm the rod-like shape of the CNCs, while Fourier transform infrared spectroscopy (FTIR) 

a) 
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and x-ray diffraction (XRD) confirmed the differences in the levels of surface modification. In 

addition, dispersibility tests show changes in the compatibility of the mCNCs in various solvents, 

and small-angle x-ray scattering (SAXS) measurements provided insight into the overall structure 

of the mCNCs once dispersed in the epoxy resin. 

The TEM image of the unmodified CNCs is shown in Figure S1, where the average length and 

width are 126 ± 41 and 13 ± 3.8 nm, with an average aspect ratio of ~10. The mCNCs 

functionalization with lauroyl chloride was qualitatively confirmed using FTIR and XRD. Figure 

S3 shows the XRD pattern and the FTIR spectra of the neat and modified CNC powders. The FTIR 

spectra show a broad peak from 3600–3200 cm−1 due to the CNC's surface's hydroxyl groups.10,16 

This peak is evident for all samples, which shows that even at the highest level of the modification 

(10%), -OH groups are still present. However, the most notable change was the appearance of the 

peak at 1743 cm-1, corresponding to the carbonyl C=O stretching from the CNC grafted lauroyl 

chloride.16 The XRD pattern for the neat CNC shows the expected characteristic diffraction peaks 

at 2θ values (and their corresponding plane) of 14.9° (100), 16.5° (101 ̅), 22.7° (002), and 34.5° 

(004).10,38–41 The observed peaks correspond to the typical reflection planes of the CNC. After 

modification, a new peak appears around 20°. This peak is most evident for the mCNC2 (7%) and 

mCNC3 (10%) modification and corresponds to the fatty acid chain grafted on the CNC's 

surface16,42. Furthermore, the intensity of the peaks from the diffraction pattern can be used to 

calculate the crystallinity index (CI) of the neat and modified CNCs (Table S1). After 

modification, the minimal change in CI suggests that the crystalline particle maintained its original 

structure despite removing -OH groups during the esterification reaction.16,43  

CNCs dispersion in solvents and epoxy resin 

After modifying the CNCs, the dried CNCs (unmodified and modified) were dispersed into various 

solvents with varying polarities (water, ethanol, DMSO, acetone, toluene, and cyclohexane). The 
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images are shown in Figure S4. The naturally hydrophilic CNC is readily dispersed in water 

(Figure S4a). The hydrophilicity of CNC is owed to the abundance of hydroxyl groups on the 

surface. In the remaining solvents, the unmodified, naturally hydrophilic CNC either forms a 

cloudy mixture, or complete sedimentation occurs (see Figure S3b-f). The CNC modification 

involved an esterification reaction, resulting in grafting of a hydrophobic fatty acid, lauroyl 

chloride. The highly modified CNC (mCNC3) formed homogeneously dispersed suspensions in 

toluene and cyclohexane (see Figure S3e-f), showcasing a CNC particle with hydrophobic 

properties.  

Following confirmation of the surface modification, the mCNCs were then dispersed into the 

mostly non-polar epoxy resin, and the structure of the two modified systems (mCNC2, mCNC3) 

were assessed using SAXS, which is performed simultaneously during XPCS measurements. 

During the measurement, electron density gradients cause x-rays to scatter within the disordered 

CNC-epoxy system, giving rise to a diffraction image (speckle pattern).44 The changes in intensity 

as a function of q provide a direct assessment of the nanostructure of the CNCs. The two-

dimensional SAXS images (Figure S5) showed isotropic, circular patterns; therefore, results were 

azimuthally averaged to obtain intensity, I, versus wavevector, q, plots. The I vs. q plots for 

mCNC2 and mCNC3 at 25°C are shown in Figure 2. The modeling and interpretation of the I vs. 

q data can be challenging due to the high level of polydispersity, the anisotropic rod-shaped CNC 

particle, and the high loading of the CNCs.35,45–47 However, extraction of the power-law exponent, 

where I(q) α q-p can provide key information about the CNC's general nature and overall cluster 

size. As shown in Figure 2, mCNC2 and mCNC3 have different p values of 3.39 and 2.47 at low 

q values (q<0.0015 A-1).  This trend is consistent throughout the cure, as shown in Figure S6. The 

p-value associated with mCNC2 is directly correlated to the presence of larger aggregates. It is 



 9

expected that mCNC2 would have larger clusters due to the increased attractive forces amongst 

the CNC particles and the lack of compatibility in the mostly non-polar resin. An increase in the 

p-value is often observed when larger clusters are formed and coupled with the essential "loss" of 

the primary particle.48 This specific arrangement should be avoided for systems that desire 

gelation, as this arrangement can prevent percolation and the formation of a structured network.48,49  

 

Figure 2. Small-angle x-ray scattering measurements and power-law fits of mCNC samples. The intensity 
(I) vs. q plots for mCNC2 and mCNC3 are shown at the beginning of cure (25°C) with the corresponding 
power-law fits (p) where I(q) α q-p. 

 

At q >0.0015 A-1, the mCNC2 and mCNC3 curves overlay. The curves overlap shows that the 

most prominent differences in structure are on larger length scales (q<0.0015 A-1), and the clusters 

formed within mCNC2 and mCNC3 are composed of similar intermediate structures. Additionally, 

the variations in the power-law dependence as a function of q indicate a system of CNCs comprised 

of varying microscopic structures.5 The results from the SAXS measurements confirm the changes 
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in structure (mCNC2 vs. mCNC3) and indicate the presence of larger aggregates in the sample 

containing the less modified CNC. 

Dynamics of CNCs during thermal cure 

XPCS was used in this study to reveal the effect of surface-modified CNCs on the nanoscale 

properties of EPON 828 during crosslinking and, thus, to showcase the use of XPCS as a valuable 

technique for understanding the thermal curing of polymeric nanocomposites. During XPCS 

measurements, the nanoscale motion of the rod-like mCNC is measured. We believe that this 

motion can be directly related to the evolution of the epoxy-amine network surrounding the 

mCNCs.34 We measure dynamical properties during the composites' thermal cure to understand 

thermally induced transitions in the mCNC2 and mCNC3 samples. 

At tage=0 min, the temperature ramp (5°C/min) to 90°C starts from room temperature (~25°C). 

After 13 min, the sample reaches 90°C, and the isothermal cure starts. In Figure 3 (a-b), the one-

time correlation functions according to Equation (2) are shown throughout the cure cycle of 

mCNC2. The correlation functions shown in Figure 3 were obtained for q=0.0061 A-1, 

corresponding to a length scale of about 100nm. The evolution of g2 is distinct during the 

temperature ramp from 25-90ºC and during the isothermal cure at 90°C. During the ramp, the 

dynamics speed up until the sample reaches 90ºC. This is shown through a shift in the g2 curves to 

the left. After the temperature reaches 90ºC, the g2 curves shift to the right, and the value of τ0 

starts increasing with time. While the τ0 values obtained by fitting the correlation functions with 

Equation (2) represent the dynamics of the mCNC, it also serves as an indirect measurement of 
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the epoxy crosslink formations. Consequently, as the epoxy crosslinks form, the movement of the 

mCNC is restricted, resulting in slower dynamics.  

 

Figure 3. XPCS one-time autocorrelation function g2 during the isothermal cure for the mCNC2 sample 
from (a) 25-77°C and (b) throughout the isothermal cure at 90°C. 

 

a) 

b) 



 12

mCNC2 and mCNC3 display different τ0 values at 25ºC, where mCNC2 exhibits faster dynamics 

(τ0=29.5 s) than mCNC3 (τ0=77.6 s). At room temperature, there is no significant influence of 

viscous forces from the polymer or the formation of crosslinks, which means that the differences 

in the dynamics are purely due to the network of dispersed CNCs. At tage=15.4 minutes, the sample 

reaches a temperature of 77°C. During the ramp, τ0 decreases for both mCNC2 (τ0=2.27 s) and 

mCNC3 (τ0=12.41s) at q=0.0061 A-1. This decrease in τ0 attributes to an increase in the thermal 

motion of the epoxy resin. The higher τ0 value displayed in mCNC3 (compared to mCNC2) 

showcases the competition between the polymer's viscous forces and the elastic properties of the 

CNC network. The polymer's thermal motion is less evident in mCNC3, where the CNCs are better 

dispersed. In contrast, mCNC2 yields a significantly faster τ0 due to a more aggregated network of 

CNCs, resulting in more dominant viscous forces from the epoxy resin.  

While the discussion above regarding τ0 is specific to a particular q value, it is also imperative to 

assess the change in dynamics as a function of the wave vector, q. The q-dependent dynamics give 

insight into whether the motion is diffusive or ballistic.37,50 As shown in Figure S7, we find the q-

dependence of τ0 to be linear throughout the entire cure, where τ0=vd
-1q-1. vd, also known as drift 

velocity, describes the ballistic motion of the mCNCs.33 This linear dependence on q, as opposed 

to the power-law dependence seen in diffusive systems, is typical for systems with highly 

interacting colloids.51 By tracking the drift velocity of the system during the cure, the nanoscale 

dynamics are revealed. 

Figure 4 shows the evolution of vd for mCNC2 and mCNC3. At tage=0, there is an order of 

magnitude difference of the vd values shown in mCNC2 (2.3 nm/s) and mCNC3 (0.13 nm/s). The 

higher vd value associated with mCNC3 suggests the dynamics are faster than those of mCNC2. 

The slower dynamics observed in mCNC3 are due to an organized and well-spanned network of 
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CNCs. We attribute this enhancement in dispersion to the higher level of modification imparted 

on the CNC's surface. During the temperature ramp to 90°C, vd quickly increases for both mCNC2 

and mCNC3. The faster dynamics are also shown through the changes in τ0 discussed earlier. For 

the mCNC3 sample, where the CNC network is most prevalent and well dispersed, the maximum 

drift velocity is slightly lower than that of the mCNC2.  

 

Figure 4. XPCS dynamics measurements during the thermal cure of the mCNC samples. Local velocity 
(τ0=vd

-1
 q) is measured for mCNC2 and mCNC3, and the corresponding time-dependent power-law fits are 

shown, where vd α tage
-n. 

 

Once we reach the isothermal cure temperature T=90°C (tage>13 min), a power-law fit is used to 

quantitively compare the changes, where vd α tage
-n. In the tage region 13 to 73 min, there is a clear 

difference in the power-law exponent for mCNC2 (n=4.35) compared to mCNC3 (n=2.73). The 

faster decrease of vd for mCNC2 compared to mCNC3 is a direct consequence of the underlying 
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microstructure. The more dispersed state of the CNCs in mCNC3 prevents the formation of 

crosslinks, thus slowing the reaction rate and a more gradual reduction in vd. As expected, the 

aggregated and larger structures present in mCNC2 allow the more rapid crosslinking of the resin 

(cellulose is not in the way of the resin as in mCNC3), resulting in a more rapid decrease in vd. 

Finally, at tage=135 min, both modified systems' drift velocity plateau reaches the exact value of 

6.4x10-3 nm/s. The identical final vd values imply that the modified system's final nanoscale 

properties are the same despite the difference in dynamics before and during the cure cycle. 

In addition to τ0, we can also gain insight into the nature of the dynamic processes by extracting 

the stretching exponent, γ, of the exponential decay function (see Equation 2). γ>1 for a 

compressed exponential function, γ<1 for a stretched exponential function, and γ=1 for a simple 

exponential function.37 In this study, γ>1 throughout the entire cure cycle (Figure S8). Thus, the 

sample's relaxation is faster than exponential. The ballistic motion combined with the compressed 

shape of g2 is commonly observed in colloidal gels, emulsions, concentrated samples, and 

suspensions.52–58 This integrated feature is often attributed to elastic strain within systems due to 

heterogeneous internal stresses.56,59,60 The quantitative and qualitative results from the one-time 

and two-time autocorrelation functions provide additional insight into the nanoscale motion 

changes that occur in the CNC-epoxy composite during thermal cure. Additionally, results from 

the SAXS measurements confirm the nanoscale changes. The faster τ0 and vd values in mCNC2 

are due to the formation of isolated clusters of CNCs (compared to mCNC3) and a more significant 

impact during cure from the viscous epoxy resin.  

DSC Thermal Analysis 

While XPCS provides information about changes during curing on the nanoscale, DSC is a 

traditional thermal analysis tool used to understand macroscopic changes of thermosetting 
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resins.27,61 DSC provides information regarding the thermal transition points within the cure cycle. 

In a study done by Yavitt et al., researchers correlate the heat generated during post-processing of 

a thermally cured epoxy resin and directly related to the changes in drift velocity obtained from 

XPCS studies. This study explores this theory further with functionalized particles, where mCNC2 

and mCNC3 are isothermally cured at 90°C for 120 minutes. During this study, the heat flow was 

measured over time. The results are shown in Figure 5 and display the effect of surface 

modification (mCNC2 vs. mCNC3) on thermal properties. There is a decrease in the maximum 

heat flow when the surface modification is increased. The heat flow or reaction rate is the highest 

at the beginning of the isothermal cure when the sample reaches 90°C. A maximum heat flow is 

observed when the unreacted material concentration is highest.62 mCNC2 and mCNC3 each 

contain a CNC loading of 15.5vol%. However, mCNC3 shows a lower maximum heat flow due 

to the network of CNCs throughout the matrix. 

Additionally, the inset figure (Figure 5) highlights the differences in the initial decay of the heat 

flow. The power-law fit displays a faster decay of heat flow for mCNC2 (4.00) as compared to 

mCNC3 (2.59). The differences in the decay of heat flow can be correlated to the variations in 

structure between the two modified systems. In mCNC2, where the system is comprised of 

aggregated CNCs, heat can readily flow throughout the system. This increases exothermic heat, 

allowing for the reaction to proceed more rapidly. For mCNC3, where the particles are better 

dispersed, the heat flow throughout the epoxy matrix is slower due to the presence of the CNCs, 
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resulting in a 'delay' of crosslinking and a slower decay of heat flow. As the crosslinking process 

proceeds and all the epoxy crosslinks are formed, the heat flow decreases and plateaus to zero. 

 

Figure 5. Isothermal DSC thermograms of the mCNC samples heated at 5°C/min and held at 90°C for 120 
minutes. The embedded plot (top right) shows a power-law fit (Q α tage

-n) expressing the differences in the 
initial decay of the heat flow at the start of the isothermal cure. 

 

Curing Rheology 

In addition to DSC, curing rheology is often used to understand the formation of the crosslinked 

network within epoxy resins.63 The construction of the three-dimensional network can be tracked 

by observing the viscoelastic behavior over time.64 The measurement of complex viscosity (η*), 

modulus (storage- G' and loss- G"), and gel time (tgel) were employed to trace any changes in 

structure that occur during thermal crosslinking. In the rheology experiments, at tage=0 min (as in 
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XPCS and DSC), the temperature ramp is started at 25°C to heat to 90°C (5°C /min). At a tage of 

13 min, a temperature of 90°C is reached.  

In Figure S10, the evolution of the complex viscosity, η*, is shown for the neat, mCNC2, and 

mCNC3 samples. The measured η* values before cure (25°C) of neat, mCNC2, and mCNC3 

samples are 70.6, 74.3, and 124.0 Pa, respectively. The viscosity is lowest in the neat system, 

where no fillers are present. Despite fillers in mCNC2, the lack of compatibility between the matrix 

and the filler yields a material with minimal elastic behavior (compared to mCNC3). Without 

proper modification to the naturally hydrophilic surface, the particles are likely to aggregate, 

forming large clusters within the polymer matrix.5 In contrast, mCNC3 contained CNCs with a 

higher functionalization level and showed a higher η* value at room temperature. The surface 

modification allows for enhanced dispersion in the non-polar polymer, forming a network of 

CNCs, rather than isolated aggregates. 

A complete evolution of the viscoelastic properties of the neat, mCNC2, and mCNC3 samples are 

shown in Figure 6. During the ramp to reach 90ºC, all samples show an immediate decrease in G' 

due to increased thermal motion. While all samples show a similar trend in G', G' is higher (at T< 

90°C) for mCNC3 due to an arranged network of the CNCs. In the mCNC2 sample, G' is higher 

than that of the neat resin due to the presence of fillers. After 13 minutes at 90°C (tage=26 min), G' 

for mCNC3 drops slightly below that of mCNC2. This decrease in storage modulus is possibly 

due to a shift from a well-dispersed arrangement of CNCs into a more aggregated state. This shift 

in properties was also observed during XPCS measurements through the changes shown in vd 

(Figure 4).  
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Figure 6. Rheological measurements of the viscoelastic properties of neat EPON 828 and mCNC samples 
during thermal cure. The storage modulus (G') values are denoted as solid symbols and loss modulus (G") 
as open symbols. The inset graph showcases the power-law dependence (G' α tage

n) from tage= 18-27 min. 

 

Further, between the tage range of 35-41 min, a crossover of G' and G" occur for all samples. The 

cross over time (tgel) indicates the onset of a viscoelastic network. Gelation occurs when particles 

percolate and span space to form an interconnected network. Regarding the epoxy crosslinks, 

gelation is initiated by applying heat and progresses through a chemical crosslinking process. 

During the reaction, polymer chains link to form a 3D network. The measured tgel values (which 

include a ramp time of 13 min from 25 to 90°C) of neat, mCNC2, and mCNC3 are 41.1, 35.8, and 

37.30 minutes, respectively.   
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For mCNC3, the well-dispersed system of CNC's has a higher elastic modulus at tage=13 min 

(90°C). As a result, the dispersed particle system slows down the rate of crosslinking, leading to a 

gelation time higher than that of mCNC2. For mCNC2, the value of G' at tage=13 min is higher 

than that of the neat resin but lower than that of mCNC3. However, the aggregated state gives rise 

to a higher crosslinking rate (than mCNC3), decreasing tgel to a value of 35.8 minutes. Figure 6 

(inset) illustrates this point where G' is plotted as a function of time at the beginning of the curing 

reaction. As shown in the inset, G' is higher for mCNC3, but the rate at which it grows is slower 

(as seen from the power-law exponent), giving rise to a higher tgel value. 

 

Figure 7. A schematic diagram of the structural changes in mCNC2 and mCNC3 at the beginning and end 
of the cure. 

 

As the cure progresses, each system reaches the same final G' value despite the initial structure of 

CNCs present in each sample. A schematic of the possible change in the structure of the mCNCs 

is shown in Figure 7. A nanoscale analysis (XPCS and SAXS) of the neat resin is not possible due 

to the lack of scattering from the sample. However, the similar plateau value of vd shown in Figure 
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4 and the final G' values in Figure 6 suggest that the final nanoscale properties of the neat, mCNC2, 

and mCNC3 are similar. Furthermore, the equivalent values of G' also indicate that the crosslinked 

resin ultimately dominates the macroscopic properties of the composite. Thus, the changes on the 

nanoscale observed in XPCS correlate well with the macroscopic changes observed in the 

rheological and DSC studies, showcasing XPCS as a valuable tool in understanding and 

characterizing CNCs based composite materials. 

In summary, three techniques have been used to understand the curing kinetics of a highly filled 

epoxy-CNC composite. DSC directly measures the kinetics of the crosslinking process through 

changes in heat flow. Curing rheology measures the elastic properties of the system as the 

crosslinked network is formed, and XPCS tracks the nanoscale motion of the mCNCs embedded 

within the network. While each technique measures different 'features' of the system, this study 

highlights important relationships and trends amongst the three methods and measured values. The 

degree of cure (α- DOC) is a well-known relationship used to quantify residual cure within 

crosslinked networks and compares the results obtained from XPCS and DSC. Additionally, a 

fractional G' (FG') is calculated to showcase the evolution of G' in a similar fashion. The DOC and 

FG' can be described through the following relationships: 

𝛼஽ௌ஼ =  
ு(௧)

ு೟೚೟ೌ೗
                (5)               

𝛼௑௉஼ௌ =  
௩೏బି௩೏(௧)

௩೏బି௩೏ಮ
                (6)               

𝐹 ᇱ =   
ீᇱ(௧)ିீᇱబ

ீᇱಮିீᇱబ
                 (7)               

The DOC and FG' are shown in Figure 8 and were calculated at the isothermal cure (90°C). It is 

well known that many epoxy systems will start polymerization during ramp-up, before curing 
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temperature (<90°C). However, the number of crosslinks formed is negligible at T<90°C. The 

DOC and FG' comparison obtained from the XPCS, DSC, and rheology under isothermal 

conditions was presented in this research and established a good correlation among the three 

methods.  

 

Figure 8. A comparison plot showcasing the overall progression of cure using the three techniques: DSC, 
XPCS, and rheology for mCNC3.     

 

Figure 8 highlights the gelation time of mCNC3 as it relates to the DOC. For mCNC3, tgel occurs 

at a DOC of 0.84 (DSC) or 0.88 (XPCS). While XPCS does not technically measure the dynamics 

of the crosslinked resin, the similar DOC values at gelation indicate that XPCS is a valuable tool 

in understanding the dynamics of fillers and tracking the crosslinking reaction of thermosetting 

resins. This correlation supports in situ cure monitoring during the fabricating process using XPCS 
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and rheology. On the other hand, XPCS provides critical information on the filler dynamics in 

resin composite. 

CONCLUSIONS 

XPCS is employed to characterize and understand the evolution of morphology and dynamics 

during the thermal cure of a highly filled mCNC thermoset composite. Functionalized CNCs (at 

varying surface modification levels) were incorporated into an epoxy resin with the best dispersion 

achieved at the higher level of modification (mCNC3). The nanoscale dynamics of mCNC's in the 

epoxy matrix were characterized through the two-time correlation functions during the thermal 

cure cycle. mCNC2 and mCNC3 exhibited ballistic, hyper-diffusive motion (τ0 α q-1, γ>1) 

throughout the cure. While both modified systems display similar dynamical properties, the 

influence of surface modification is reflected quantitatively with differences in power-law 

exponents, n, where vd α tage
-n. The slower dynamics observed in mCNC3 (n=2.73) (compared to 

mCNC2 (n=4.35)) suggest the sample contained well-dispersed CNCs, resulting in a network 

formation of the functionalized particles.  

Nanoscale dynamics and macroscopic rheology of the composites are strongly influenced by the 

curing reaction. Once curing begins, for mCNC3, vd continues to decrease due to the crosslink's 

formation in the epoxy resin, but the magnitude of vd drops below mCNC2. A similar shift can 

also be observed during the curing rheology studies, where the magnitude of G' shifts to a value 

lower than G' for mCNC2. Finally, at the end of the cure cycle, both mCNC2 and mCNC3 exhibit 

identical nanoscale and macroscale properties. Two significant conclusions can be shown from 

this study. 1) For mCNC3, heat-induced aggregation during the thermal cure results in the 

formation of a more aggregated cluster, similar to that of mCNC2. 2) While fillers were present at 

high loadings, the crosslinked resin dominated the final macroscopic properties.  
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The results from XPCS provide quantitative information regarding the cure behavior of the CNC-

epoxy composite and correlate well with macroscopic properties obtained from DSC and curing 

rheology experiments. XPCS studies provide a nanoscale view of the changes during the thermal 

cure and demonstrate how the CNC functionalization levels influence the nanoscale structure and 

crosslinking kinetics. This technique can explain changes on the nanoscale related to the relaxation 

and spatial organization of CNCs. The control of nanofillers' organization and arrangement can be 

challenging but is necessary to produce enhanced polymeric nanocomposites and expand the 

application of the materials.  

MATERIALS AND METHODS 

All chemicals and solvents were purchased from Sigma-Aldrich at the highest purity available and 

used without further purification. Spray-dried CNCs in powder form were used as received from 

the manufacturer (CelluForce, Montreal, Canada). EPON 828 and EPIKURE 3300 (Hexion) 

(Figure S2) served as the 2-part resin system to prepare the nanocomposites. 

Modification of lauroyl fatty acids on CNC 

Dried CNC (3wt%) was added into toluene and sonicated for 1 hr. until a uniform dispersion was 

achieved. The dispersion was then transferred into a three-neck round bottom flask, fitted with a 

condenser, and placed into a silicone oil bath. Pyridine (base) was added at 2wt% (10g [0.126 

mol]), and the toluene-CNC dispersion was heated to 90°C. Lauroyl chloride was added drop by 

drop at two different levels (7wt% (35 g [0.160 mol]) and 10wt% (50 g [0.229 mol]). The reaction 

was then refluxed to 110°C (under nitrogen atmosphere) with constant stirring for 1 hr. After 1 

hour, the flask was removed from the heat, and ethanol was added to terminate the reaction. The 

modified CNCs are extracted by thoroughly washing with ethanol and acetone three times. The 
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modified CNCs were then dried and stored at room temperature for further characterization and 

processing. 

Composite Formation 

As shown in Figure 1, the composite formation involves 4 steps: 1) addition of the mCNCs into 

the resin, 2) sonication of the resin-mCNC mixture, 3) addition of the crosslinking agent, 4) high 

speed centrifugal mixing of the resin-mCNC-crosslinker mixture. In this study, the neat sample 

and the composite systems containing three different levels of surface modification on the CNC 

are prepared. The final CNC concentration (both modified and unmodified) for all studies of the 

composite was set at 15.5vol% (10wt%), and the samples will be referred to as mCNC1 (neat 

CNCs), mCNC2 (low-level modification), and mCNC3 (high-level modification). 

Characterization Methods 

Differential Scanning Calorimetry 

The thermal transitions of the CNC-epoxy composite were analyzed using differential scanning 

calorimetry (DSC). DSC was performed using a DSC-250 (TA Instruments) under a constant N2 

flow of 50mL/min. The uncured sample was placed into a sealed Tzero aluminum hermetic DSC 

pan, where sample weight varied from 9-12mg. For each sample, the isothermal measurements 

were performed to determine thermal transitions during cure. The isothermal measurements 

followed similar conditions to that of the XPCS in-situ curing measurements. Each sample was 

placed into the DSC at 25°C and heated at 5°C/min 90ºC. The sample was held at the isothermal 

temperature for 120 minutes. 

Rheology 
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Rheological characterization of the CNC-epoxy composite system was carried out using an Anton 

Paar MCR 302 stress-controlled rheometer. A disposable parallel plate system was used for all 

experiments (25mm top plate). All experiments were carried out in the linear viscoelastic regime 

(0.1-1% strain) at a frequency of 1 Hz. The storage modulus (G'), loss modulus (G"), and complex 

viscosity (η*) were determined over time at 90°C. The measurements were performed at similar 

conditions as the XPCS measurements. 

X-ray Photon Correlation Spectroscopy & Small-Angle X-ray Scattering 

Simultaneous small-angle x-ray scattering (SAXS) and XPCS measurements were used to 

investigate the changes in structure and dynamics during the thermal cure of the mCNC-epoxy 

prepreg. The SAXS and XPCS measurements were performed at the Coherent Hard X-ray 

scattering beamline (CHX, 11ID) at Brookhaven National Laboratory (NSLS-II). The curing agent 

is added to the pre-mixed mCNC-epoxy mixture, and the samples are immediately loaded into an 

aluminum holder between two Kapton windows (diameter= 3mm). The sample thickness is 2 mm. 

The samples were loaded at room temperature (25°C), ramped at 5°C/min to 90°C, and held at that 

temperature for 1.5 hours. For SAXS and XPCS measurements, a partially coherent X-ray beam 

with a size of 40 x 40µm2 (FWHM) and x-ray energy of 9.646 keV (wavelength, λx-ray = 1.284 A-

1) was used. All data were collected over a q-range of 0.0006-0.025 A-1 (with the wave vector 

amplitude q=4πsin(θ)/λx-ray), corresponding to the scattering angle 2θ. The exposure time for each 

frame varied from 0.02-2.5s, and 500 frames were collected for each measurement. The 

combinations of exposure time and X-ray beam attenuation (by double-sided polished silicon 

wafers) were chosen to keep the X-ray dose below the threshold for beam damage, i.e., in the 

regime where the dynamics were found to be dose-independent. In addition, the sample position 
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was shifted laterally across the beam by ~75μm after each measurement. All data were analyzed 

using python code and the computing infrastructure of the CHX beamline (NSLS-II GitHub). 

The structural dynamics observed during XPCS measurements can be quantified using the 

autocorrelation function g2 
65,66. 

                         𝑔ଶ(𝑞, 𝜏) =
⟨𝐼(𝑞, 𝑡) ∙ 𝐼(𝑞, 𝑡 + 𝜏)⟩௤

〈𝐼(𝑞, 𝑡)〉ଶ
௤

                                                                    (1) 

In Equation 1, the angular brackets indicate the ensemble averaging over the scattering volume 

and assume that the dynamics are in equilibrium. The intensity is measured over the wave vector 

q, at time t, and delay time τ. The angular brackets in Equation 1 indicate both the average over all 

pixels in the scattering pattern with similar wave vector amplitude (q± A-1) and the average over 

t, thus assuming equilibrium dynamics. This study collected data over a q range of 0.0006-0.025 

A-1. This q-range allows us to study dynamics at length scales (nm to μm) relevant to changes 

occurring within thermosetting composites33. Experimental data is often described using the 

Kohlrausch-Williams-Watts (KWW) equation, a stretched exponential function67. 

        𝑔ଶ(𝑞, 𝜏) = 1 + 𝛽(𝑞) exp[−2(𝜏/𝜏଴(𝑞))ఊ]                                 (2) 

Here, β is the setup dependent contrast factor (determined as β≈0.12 using a static sample), τ0(q) 

is the relaxation time, and γ is the stretching exponent. The KWW function is widely used to 

describe relaxations in systems that do not obey simple exponential dyanmics68. As stated above, 

Equation 1 assumes that dynamics are in equilibrium, meaning the dynamics timescales are 

independent of the measurement time t. If different regions relax on different time scales in the 

sample, then out-of-equilibrium dynamics must be considered and accounted for in the calculation 

of g2. Many systems display such non-equilibrium dynamics33,36,51,69, and time-resolved 
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experiments can monitor their behavior. In XPCS, this behavior is measured using the two-time 

autocorrelation function, where the correlation analysis must be performed explicitly as a function 

of time. The two-time correlation function measures out-of-equilibrium dynamics using the 

following relationship70: 

𝐶(𝑞, 𝑡ଵ, 𝑡ଶ) =
⟨𝐼(𝑞, 𝑡ଵ) ∙ 𝐼(𝑞, 𝑡ଶ)⟩௤

⟨𝐼(𝑞, 𝑡ଵ)⟩௤ ∙ ⟨𝐼(𝑞, 𝑡ଶ)⟩௤
                                        (3) 

An average time or "age" of the sample can be defined as tage=t1+t2/2 and represents the time along 

the t1=t2 diagonal on the two-time autocorrelation plot. Additionally, delay time τ is now described 

as |t2-t1|. If the dynamics is quasi-stationary over an age interval tage±Δtage, a one-time correlation 

function  

𝑔ଶ൫𝑞, 𝑡௔௚௘ , 𝜏൯ =

ർ𝐼 ቀ𝑞, 𝑡௔௚௘ −
𝜏
2

ቁ ∙ 𝐼 ቀ𝑞, 𝑡௔௚௘ +
𝜏
2

ቁ඀
௤,௧ೌ೒೐±∆௧ೌ೒೐

ർ𝐼 ቀ𝑞, 𝑡௔௚௘ −
𝜏
2

ቁ඀
௤,௧ೌ೒೐±∆௧ೌ೒೐

∙ ർ𝐼 ቀ𝑞, 𝑡௔௚௘ +
𝜏
2

ቁ඀
௤,௧ೌ೒೐±∆௧ೌ೒೐

          (4) 

can be obtained from the two-time correlation function in Equation (3), which can be fitted with 

Equation (2) for quantitative analysis. During the thermal cure of the mCNC samples, time and 

temperature-dependent changes occur. The two-time correlation plots showcase the changes in 

dynamics and qualitatively provide information about the sample's out-of-equilibrium dynamics 

within that specific snapshot or measurement window. The average time or age time (tage=(t1+t2)/2) 

is measured along the distance of the diagonal (denoted with solid black-see Figure S7a). Along 

the diagonal, t1=t2. The intensities extracted from two speckle patterns (collected at times t1 and t2) 

are used in the calculation of g2 (equation 3) and the color variations represent the values of g2. 
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