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Abstract 23 

Clay-rich caprocks are essential for sealing underground energy storage formations, yet 24 

their micromechanical behavior under varying stress conditions is not well constrained. In 25 

particular, the influence of loading parameters on hardness, elastic modulus, fracture toughness, 26 

and time-dependent deformation of individual clay minerals remains insufficiently explored. 27 

This study addresses this gap through systematic nanoindentation experiments on ripidolite and 28 

illite, evaluating the effects of peak load, holding time, and loading rate on their mechanical 29 

response. Load-displacement curves revealed distinct behaviors: ripidolite frequently 30 

displayed pop-in events associated with localized plasticity, whereas illite deformed more 31 

smoothly. Across all conditions, illite showed shallower indentation depths, higher hardness, 32 

and higher elastic modulus, consistent with its stiffer microstructure and harder mineral 33 

inclusions. Ripidolite demonstrated a stronger indentation size effect in hardness and generally 34 

higher fracture toughness, indicating a greater ability to dissipate energy before crack 35 

propagation. Post-indentation imaging confirmed contrasting deformation modes, with 36 

ripidolite producing pronounced pile-up without visible cracking and illite showing limited 37 

pile-up but radial and lateral cracks. Creep tests revealed a two-stage response in both minerals; 38 

however, illite displayed higher creep ratios despite its greater strength, suggesting enhanced 39 

time-dependent deformation. Overall, these results highlight a fundamental trade-off: illite 40 

offers superior short-term resistance but is more vulnerable to brittle fracture and viscous strain, 41 

while ripidolite better resists crack growth but is more prone to immediate plastic deformation. 42 

Understanding such parameter-dependent behaviors improves predictions of caprock sealing 43 

performance under variable stress histories, informing risk assessments for subsurface energy 44 

storage operations. 45 

Keywords: Nanoindentation, Subsurface energy storage, Clay-rich caprock integrity, 46 

Hardness, Elastic modulus, Fracture toughness.  47 
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1. Introduction 48 

Clay minerals, a group of phyllosilicates with layered crystal structures, are among the most 49 

abundant constituents of fine-grained sedimentary rocks. Their structural units, tetrahedral and 50 

octahedral sheets, are bonded in various arrangements that govern their physical and chemical 51 

properties (Elmi, 2023). Owing to their abundance and low permeability, clay-rich rocks such 52 

as claystones, mudstones, and shales serve as key sealing formations in subsurface engineering 53 

applications, including underground hydrogen and carbon storage, hydrocarbon reservoirs, and 54 

waste isolation (Poda and Talal, 2025; Wethington et al., 2022).  55 

The sealing capacity of such formations depends not only on their petrophysical properties 56 

but also on the geomechanical behavior of the constituent clay minerals. Processes such as 57 

compaction, fracture initiation, interlayer slip, and time-dependent creep can modify pore 58 

networks, thereby creating or closing fluid flow pathways that directly impact permeability and 59 

sealing efficiency (Dilshan et al., 2024). Assessing the micromechanical response of individual 60 

clay minerals is therefore essential to understand how local deformation mechanisms influence 61 

fluid migration and seal performance.  62 

Traditional macroscale tests, such as triaxial compression, provide valuable data on the 63 

bulk elastic modulus and shear strength of clay-rich rocks (Ciancimino et al., 2024; Cosenza et 64 

al., 2023). For example, Ciancimino et al. (2024) reported a reduction in shear strength in a 65 

clayey caprock subjected to cyclic triaxial loading in the context of hydrogen storage. However, 66 

bulk tests average out the effects of mineral heterogeneity, grain contacts, and pore structures, 67 

masking the intrinsic response of individual minerals. Since sealing performance is strongly 68 

influenced by microscale deformation processes at grain boundaries and contact interfaces, 69 

methods capable of probing local properties are needed.  70 

Nanoindentation provides such an approach, measuring hardness, elastic modulus, and 71 

fracture toughness at submicron scales (Cheng et al., 2022; Mu et al., 2024). By probing 72 
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localized regions, nanoindentation captures mineral-scale plasticity, crack initiation, and creep 73 

that are not accessible through bulk tests. This is particularly important for clay-rich formations, 74 

where sealing behavior depends on microstructural heterogeneity and the mechanical response 75 

of individual phyllosilicate grains. Previous studies have applied nanoindentation to clay-rich 76 

rocks, including claystones (Bartier and Auvray, 2017) and shales (Ma et al., 2025; Wang et 77 

al., 2023), to extract mechanical properties of constituent clays in situ. However, interpretations 78 

are often complicated by matrix effects from surrounding minerals and pores (Shi et al., 2024). 79 

Investigations on single phyllosilicate minerals offer clearer insights into structure-property 80 

relationships. For example, Mukherjee and Misra (2023) related variations in mechanical 81 

response to interlayer cations and electrostatic interactions, while Zhang et al. (2013) 82 

demonstrated that the type and strength of interlayer interaction govern deformation 83 

mechanisms across different phyllosilicates.  84 

Among clay minerals, ripidolite (a chlorite) and illite are especially relevant to sealing 85 

performance. Both occur widely in clay-rich caprocks and contribute to low-permeability 86 

barriers, but they represent contrasting structural types. Ripidolite has a 2:1:1 layer structure 87 

with interlayer hydroxide sheets, while illite possesses a 2:1 structure stabilized by potassium 88 

ions in the interlayer (Konta, 2009). These structural differences control their ability to undergo 89 

plastic deformation, initiate fractures, and maintain dimensional stability under subsurface 90 

stresses. Illite commonly occupies grain boundaries in sealing rocks and enhances fine-grained 91 

matrix compaction, whereas chlorite, including ripidolite, can influence sealing through its 92 

reactivity and role in mineral transformations during fluid-rock interactions (Dje and Radonjic, 93 

2025; Yang et al., 2020). Despite their prevalence and functional significance, systematic 94 

nanoindentation studies on ripidolite and illite as single minerals remain scarce, leaving a gap 95 

in understanding how their intrinsic micromechanical properties influence sealing integrity.  96 
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This study performs systematic nanoindentation tests on ripidolite and illite to evaluate the 97 

effects of peak load, holding time, and loading rate on their hardness, elastic modulus, fracture 98 

toughness, and creep behavior. These parameters were chosen to simulate key subsurface 99 

conditions: peak load reflects stresses induced by pore pressure buildup, holding time 100 

represents sustained loading relevant to long-term storage, and loading rate captures the effect 101 

of injection or withdrawal dynamics (Bennett et al., 2015). Post-indentation morphologies are 102 

further analyzed to link micromechanical parameters with deformation mechanisms. The 103 

results provide insights into how intrinsic mineral properties and loading conditions interact to 104 

control deformation and fracture at the microscale, with direct implications for evaluating the 105 

sealing capacity of clay-rich formations in subsurface energy storage.  106 

2. Materials and methods 107 

2.1. Sample selection and preparation 108 

Two clay mineral samples were obtained from The Clay Minerals Society: ripidolite (CCa-109 

2 reference code) and illite (IMt-2 reference code). Their major chemical compositions, shown 110 

in Table 1, highlight differences in silica, alumina, and iron contents. As these are naturally 111 

sourced materials, they contain varying amounts of mineral impurities. The types and quantities 112 

of impurities, which influence mechanical behavior, are listed in Table 2 based on previous 113 

mineralogical studies (Gailhanou et al., 2007; Vogt et al., 2002). 114 

For nanoindentation, small chips of each clay mineral were embedded in epoxy resin to 115 

create solid mounts. A multi-step grinding and polishing procedure was used to achieve smooth 116 

and flat surfaces suitable for indentation. Initial grinding employed 54 µm and 20 µm grit size 117 

diamond abrasives, followed by polishing with 9 µm and 2 µm grit size alumina oxide abrasives. 118 

Final polishing was completed using 1 µm and 0.05 µm alcohol-based suspensions to minimize 119 

surface damage. Throughout this process, water was avoided as a lubricant to prevent clay 120 

swelling and preserve surface integrity. 121 
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Table 1 Major chemical compositions (wt%) of ripidolite (CCa-2) and illite (IMt-2) reference samples (The Clay 122 

Minerals Society). 123 

Mineral code SiO2 Al2O3 TiO2 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 

CCa-2 26.00 20.00 0.476 26.60 20.80 0.10 17.20 0.25 < 0.10 < 0.10 0.02 

IMt-2 49.30 24.25 0.55 7.32 0.55 0.03 2.56 0.43 0 7.83 0.08 

 124 

Table 2 Identified mineral impurities (wt%) in ripidolite and illite (Gailhanou et al., 2007; Vogt et al., 2002). n.d. 125 

= not detected. 126 

Mineral code Quartz Kaolinite Microcline Illite/mixed layer Chlorite Rutile 

CCa-2 n.d. n.d. n.d. 8.80 n.d. n.d. 

IMt-2 7.50 0.30 2.00 n.d. traces 0.87 

Cylindrical specimens approximately 10 mm in height and 20 mm in diameter were 127 

prepared for each mineral. Surface roughness of the polished samples was then assessed using 128 

a Sensofar confocal microscope at 20× magnification, with at least three measurements 129 

performed per sample to ensure accuracy. Each measurement covered an area of 877.20 × 130 

660.48 µm2, which provided a sufficiently large and representative region for subsequent 131 

indentation tests. The measured root mean square roughness (Rq) and arithmetic mean 132 

roughness (Ra) values are presented in Table 3. Illite exhibited higher surface roughness than 133 

ripidolite, likely due to its greater mineral heterogeneity and higher impurity content, which 134 

hinder polishing to a smoother finish. 135 

Table 3 Surface roughness (in µm) of ripidolite and illite. 136 

 CCa-2 IMt-2 

Rq 0.309 ± 0.026 0.508 ± 0.082 

Ra 0.242 ± 0.019 0.384 ± 0.054 

2.2. Nanoindentation technique 137 

2.2.1. Instrumentation 138 

Nanoindentation tests were conducted using an Anton Paar NHT2 Nanoindenter equipped 139 

with a Berkovich diamond tip. The depth-sensing indentation technique in the Nanoindenter 140 

records force and displacement continuously during loading, holding, and unloading, enabling 141 
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the determination of key mechanical properties such as hardness and elastic modulus (Fischer-142 

Cripps, 2007). The system uses a piezo-electric actuator to apply load and a capacitive sensor 143 

to measure displacement, with a load range of 0.1-500 mN at a resolution of 0.02 µN, loading 144 

rates of 0.1-10 N/min, and penetration depths of 40-200 µm at a resolution of 0.01 nm. A 145 

schematic of the nanoindentation system, indenter geometry, and representative load-146 

displacement curve is shown in Fig. 1. 147 

 148 

Fig. 1 (a) Schematic diagram of the nanoindentation system; (b) illustration of the Berkovich tip geometry and 149 

indentation imprint (adapted from Mishra et al. (2020)); (c) representative load-displacement curve (described in 150 

Section 2.2.3); (d) diagram of the indentation zone with key parameters: hs = surface displacement at the contact 151 

perimeter; hf = final indentation depth. 152 

2.2.2. Testing protocol 153 

Indentations were arranged in 3×3 or 2×3 grids for ripidolite and illite to enable statistical 154 

analysis of the mechanical properties. To minimize interaction effects between adjacent indents 155 
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and ensure the reliability of the results, individual indents within each grid were spaced 100 156 

µm apart, while a distance of 200 µm was maintained between separate grids.  157 

To investigate the influence of indentation parameters on the mechanical response, three 158 

sets of tests were conducted by varying the following test parameters:  159 

a) Peak load: Indentations were performed at peak loads of 20, 60, 120, 160, and 200 mN 160 

with a constant loading and unloading rate of 200 mN/min and a holding time of 5 s at 161 

maximum load. These tests were conducted to investigate load dependence and to 162 

specifically evaluate the potential indentation size effect (ISE) on hardness. 163 

b) Holding time: At a fixed peak load of 120 mN and a constant loading/unloading rate of 164 

200 mN/min, holding times of 5, 10, and 20 s were applied. These experiments were 165 

intended to explore the time-dependent deformation of the clay minerals and assess 166 

their potential creep behavior. 167 

c) Loading rate: To evaluate the rate-dependent sensitivity, loading rates of 150, 200, and 168 

300 mN/min were applied while maintaining a peak load of 120 mN and a holding time 169 

of 5 s. 170 

2.2.3. Analysis procedure 171 

A typical nanoindentation test consists of a linearly increasing loading phase, followed by 172 

a short holding period, and then a linearly decreasing unloading phase. Throughout this process, 173 

a load-displacement (P-h) curve is recorded, from which the mechanical properties of the 174 

material can be derived (Fig. 1 (c)). The loading phase captures both the initial elastic and 175 

subsequent plastic deformation, while the unloading phase reflects purely elastic recovery. 176 

The constant loading rate nanoindentation method, commonly referred to as quasi-static 177 

nanoindentation, operates based on principles extensively reviewed by Oliver and Pharr (1992). 178 

Using the P-h curve obtained during testing, key mechanical properties of the material can be 179 
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extracted through the well-established Oliver-Pharr (O-P) method, which remains a standard 180 

approach in nanoindentation analysis.  181 

Hardness (H) is calculated as the peak load divided by the contact area: 182 

 m

c

P
H

A
=  (1) 183 

where Ac is the contact area and Pm is the peak load. The contact area for nanoindentation using 184 

a Berkovich indenter is calculated as: 185 

 224.5c cA h=  (2) 186 

where hc is the contact depth (Fig. 1 (d)). The contact depth is given by: 187 

 0.75 m
c m

P
h h

S
= −   (3) 188 

where hm is the maximum indentation depth, S is the contact stiffness, which is obtained from 189 

the slope of the initial portion of the unloading curve: 190 

 
dP

S
dh

=  (4) 191 

The reduced elastic modulus Er is calculated as: 192 

 
2

r

c

S
E

A




=  (5) 193 

where β is a constant dependent on the indenter geometry (1.034 for a Berkovich indenter). 194 

Finally, the elastic modulus of the sample is derived from the following relationship: 195 

 

22 11 1 i

r i

vv

E E E

−−
= +  (6) 196 

where E is the elastic modulus and v is the Poisson’s ratio of the sample, while Ei and vi are 197 

those of the diamond indenter. For a Berkovich indenter, Ei = 1140 GPa and vi = 0.07. 198 

According to Cosenza et al. (2023), the Poisson’s ratios used in this study are 0.36 and 0.31 for 199 

ripidolite and illite, respectively. 200 
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The energy method was employed to evaluate the fracture toughness of the clay samples. 201 

As illustrated in Fig. 1 (c), the total energy (Ut) involved in the nanoindentation process can be 202 

partitioned into elastic energy (Ue), pure plastic energy (Upp), and fracture energy (Uf). Both 203 

the Ut and the Ue were derived directly from the P-h curves. The irreversible energy (Uir), 204 

which represents the energy not recovered upon unloading, was calculated as the difference 205 

between Ut and Ue (Cheng et al., 2002). A key assumption in this analysis is that no significant 206 

energy is lost at the indenter-sample interface; thus, the Uir is entirely dissipated through plastic 207 

deformation and crack formation. Accordingly, the Uf of cracks is obtained by: 208 

 
f ir pp t e ppU U U U U U= − = − −  (7) 209 

The loading and the unloading segments of the indentation curve are typically modeled 210 

using power-law functions (Liu et al., 2016): 211 

 
n

n

m n

l

h
P P Kh

h
= = , loading (8) 212 
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m
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−
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Using these fitted expressions, the Ue and Ut can be calculated as: 214 
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1

m

f
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h

P h h
U h h dh

m


−
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+  (10) 215 

 
0

( )
1

l m

l

h h
n m l

t m m m l
h

P h
U Kh dh P dh P h h

n
= + = + −

+   (11) 216 

where hl is the displacement at the beginning of the holding segment, and K, α, n, and m are 217 

the fitting coefficients obtained from curve fitting. 218 

For an ideal elastoplastic material in which no fracture occurs, the relationship between Upp 219 

and Ut is defined as (Zeng et al., 2017):  220 
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 (12) 221 

The critical energy release rate (Gc), defined as the energy released per unit area of the 222 

crack plane, is expressed as: 223 

 
f f

c

m

U U
G

A A


= =


 (13) 224 

where Am is the maximum crack area. For a Berkovich indenter, this area can be estimated as: 225 

 224.5m mA h=  (14) 226 

Thus, the fracture toughness of the material can be determined using the following 227 

expression: 228 

 c c rK G E=  (15) 229 

2.3. Microstructural characterization 230 

After nanoindentation testing, each indent was imaged using the system’s integrated optical 231 

microscope at 100× magnification. To obtain a more detailed view of the surface topography, 232 

the clay samples were further examined using a Sensofar confocal microscope at 150× 233 

magnification. This approach enabled the acquisition of high-resolution three-dimensional (3D) 234 

surface profiles for ripidolite and illite. These 3D images provided quantitative measurements 235 

of residual depths and pile-up heights, complementing the nanoindentation data with direct 236 

observations of deformation features.  237 

3. Results 238 

3.1. P-h curves 239 

Before analysis, a filtering step was applied to improve data reliability. Due to mineral 240 

impurities and surface heterogeneity, indentation curves showing significant deviations under 241 

identical test conditions were excluded. Optical microscopy images of the indents also helped 242 
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identify and eliminate abnormal cases. After this selection, one representative curve was 243 

chosen for each test condition and each mineral and is presented in Fig. 2.  244 

 245 

Fig. 2 Representative P-h curves for ripidolite and illite under different (a) peak loads, (b) holding times, and (c) 246 

loading rates. 247 

In Fig. 2 (a), indentation depth increases with peak load for both ripidolite and illite. At 20 248 

mN, their P-h curves are similar. However, with increasing load, the curves diverge, reflecting 249 

their structural differences. In all cases, the rate of depth increase slows as peak load rises, 250 

indicating a reduced incremental penetration response. The loading curves of ripidolite 251 

frequently display abrupt displacement steps, commonly referred to as “pop-in” events. These 252 

occur when the material suddenly undergoes localized plastic deformation, typically due to the 253 

dislocation nucleation or pore collapse (Ohmura and Wakeda, 2021). In contrast, illite shows 254 

smoother loading curves with no noticeable discontinuities, indicating more uniform 255 
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deformation. The frequent pop-ins in ripidolite are likely associated with its more porous and 256 

heterogeneous microstructure, as confirmed by optical imaging.  257 

According to Fig. 2 (b), pop-in persists in ripidolite across various holding times, while 258 

illite maintains a stable response. Interestingly, increasing holding time from 5 to 20 s shifts 259 

the curves slightly leftward, indicating reduced indentation depth. This effect may be attributed 260 

to the short holding times used here, which are insufficient to fully capture time-dependent 261 

deformation, leaving results more sensitive to local heterogeneity in minerals. Fig. 2 (c) shows 262 

that ripidolite again exhibits multiple pop-ins across different loading rates. In addition, another 263 

feature becomes apparent in the unloading portion of the curves. A sharp change in slope, 264 

known as an “elbow”, is observed, especially at the highest unloading rate of 300 mN/min. 265 

This reflects a viscoelastic response in the material, where elastic recovery occurs slower than 266 

the indenter retraction. As a result, the indenter partially loses contact during unloading, 267 

producing the characteristic elbow shape in the curve (Domnich et al., 2000).  268 

3.2. Indentation depth 269 

Fig. 3 presents the final indentation depth (hf) and maximum indentation depth (hm) for 270 

ripidolite and illite under varying test conditions. These parameters provide a quantitative 271 

comparison of their mechanical responses. In all cases, illite shows smaller indentation depths 272 

than ripidolite, indicating its greater resistance to deformation and thus higher mechanical 273 

strength. Despite this difference in magnitude, both minerals follow similar trends in how hf 274 

and hm respond to changes in test parameters.  275 
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 276 

Fig. 3 Final indentation depth ((a), (c), and (e)) and maximum indentation depth ((b), (d), and (f)) for ripidolite 277 

and illite under different test conditions: varying peak load, holding time, and loading rate. 278 

As shown in Fig. 3 (a) and (b), hf and hm increase with increasing peak load in both minerals, 279 

with divergence more pronounced at higher loads. For example, the mean hf of ripidolite 280 

increases from 729.76 nm at 20 mN to 3178.22 nm at 200 mN, representing an increase by a 281 

factor of 3.36. In comparison, illite shows a more moderate rise from 694.17 nm to 2200.52 282 

nm, corresponding to an increase by a factor of 2.17. These results indicate that ripidolite is 283 
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more susceptible to deformation under higher loads, while illite is more mechanically stable. 284 

Fig. 3 (c) and (d) show that both hf and hm decrease slightly with longer holding times, more 285 

strongly in ripidolite than in illite. While this reduction may indicate time-dependent recovery 286 

processes such as viscoelastic relaxation (Chudoba and Richter, 2001), the short holding 287 

durations applied here restrict firm conclusions. The stronger response in ripidolite is likely 288 

related to its more porous and structurally weaker framework, which is more sensitive to local 289 

variations. In Fig. 3 (e) and (f), an increase in loading rate results in a substantial rise in both 290 

hf and hm for ripidolite, whereas illite shows only minor changes. This behavior indicates that 291 

plastic deformation dominates the rate dependence in ripidolite. At slower loading rates, 292 

ripidolite can redistribute stress through microstructural adjustments such as interlayer slip or 293 

pore collapse, limiting penetration depth. At faster loading rates, these relaxation processes are 294 

suppressed, and the applied stress is more directly converted into localized plastic deformation, 295 

resulting in deeper indents. The rigid framework of illite, reinforced by inclusions, shows little 296 

sensitivity to rate changes.  297 

3.3. Post-indentation microstructure 298 

With the use of optical microscopy and confocal microscopy, both 2D images and 3D 299 

surface topographies of the indentations were obtained. Fig. 4 presents optical images, 3D 300 

surface maps, and corresponding altitude profiles of ripidolite subjected to indentation at 301 

representative peak loads of 20, 120, and 200 mN.  302 

From these images (Fig. 4), visible pores can be observed near the indentations. These pre-303 

existing surface features are likely responsible for the pop-ins identified in the loading 304 

segments of the P-h curves for ripidolite. In addition, pile-up is clearly evident under all three 305 

peak load conditions, indicating that material around the indent has plastically displaced 306 

outward. This behavior implies localized plastic flow at the contact boundaries and is consistent 307 

with observations reported for elastic-plastic materials under nanoindentation (Ma et al., 2024).  308 
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 309 

Fig. 4 Optical micrographs, 3D topographies, and altitude profiles of indents on ripidolite at peak loads of (a) 20 310 

mN, (b) 120 mN, and (c) 200 mN.  311 

At 20 mN, the imprint appears smallest in size, with a residual indentation depth of about 312 

0.44 µm and a pile-up height of about 0.80 µm. At 120 mN, the imprint becomes larger, with 313 

a residual indentation depth of 2.33 µm and a pile-up height of 1.26 µm. At 200 mN, the largest 314 

imprint is observed, corresponding to the greatest residual indentation depth and pile-up height, 315 

measured at 2.55 µm and 2.36 µm, respectively. When these residual depths are compared with 316 

the hf reported in Fig. 3 (a), which are 0.73 ± 0.04 µm, 2.32 ± 0.06 µm, and 3.18 ± 0.31 µm at 317 

20, 120 and 200 mN respectively, the values at 120 mN show good agreement. However, at 20 318 

and 200 mN, the residual depths measured from 3D profiles are lower than the instrumented 319 

nanoindentation results. At low load, this difference likely reflects the influence of surface 320 

roughness, as the indentation size is comparable to the scale of surface asperities. At high load, 321 

elastic recovery is less likely to dominate the response, and variability in local surface 322 

heterogeneity provides a more plausible explanation for the reduced residual depth.  323 
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Fig. 5 shows corresponding data for illite. Unlike ripidolite, illite exhibits fewer visible 324 

surface pores, although the optical images reveal the presence of distinct mineral grains, 325 

suggesting that illite is mixed with mineral impurities of different compositions.  326 

 327 

Fig. 5 Optical micrographs, 3D topographies, and altitude profiles of indents on illite at peak loads of (a) 20 mN, 328 

(b) 120 mN, and (c) 200 mN. 329 

Pile-up in illite is less prominent under all loading conditions, and the indentation sizes are 330 

generally smaller than those in ripidolite under the same loading. At 20 mN, the residual 331 

indentation depth is approximately 0.48 µm, with no detectable pile-up around the indent. At 332 

120 mN, the residual indentation depth increases to 1.56 µm, and a small pile-up of 0.37 µm is 333 

observed. At 200 mN, the residual indentation depth reaches 1.78 µm, accompanied by a pile-334 

up of 0.60 µm. Additionally, optical images show the presence of both radial and lateral cracks 335 

at 120 and 200 mN. Radial cracks are typically caused by tensile stresses generated during 336 

unloading, while lateral cracks are associated with shear-induced damage during loading (Chen 337 

et al., 2005). These cracking patterns are commonly observed in brittle materials under 338 

concentrated loading and have also been reported in previous nanoindentation studies 339 

(Kulshreshtha et al., 2012).  340 
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Compared with the hf values from Fig. 3 (a), which are measured as 0.69 ± 0.01 µm, 1.69 341 

± 0.13 µm, and 2.20 ± 0.03 µm for 20, 120 and 200 mN respectively, the 120 mN condition 342 

again shows good consistency. At 20 and 200 mN, the residual depths are lower than the 343 

instrumented indentation values, a discrepancy consistent with that observed in ripidolite and 344 

likely arising from surface roughness at low load and local surface heterogeneity at high load.  345 

In terms of residual depth, illite and ripidolite are comparable at 20 mN. However, at 120 346 

and 200 mN, illite exhibits significantly lower depths, consistent with Fig. 3 (a) and indicating 347 

greater resistance to penetration under increasing load. The pile-up behavior shows an even 348 

clearer distinction: ripidolite develops markedly higher pile-up than illite under the same 349 

conditions. This contrast demonstrates differences in deformation mechanisms. Optical images 350 

confirm that ripidolite undergoes substantial outward material flow with no visible cracking, 351 

whereas illite displays limited pile-up but visible radial and lateral cracks. These differences 352 

can be attributed to their microstructures. Ripidolite’s porous and structurally weaker matrix 353 

favors plastic flow and interlayer bending, producing pile-up. Illite, by contrast, is reinforced 354 

by harder mineral inclusions such as quartz, which enhance its stiffness, restrict plastic 355 

deformation, and promote brittle fracture.  356 

Because ripidolite and illite did not exhibit distinct indentation imprints under the holding 357 

time or loading rate conditions applied in this study, it was deemed unnecessary to present and 358 

compare their corresponding images for these test variables.  359 

4. Discussion 360 

4.1. Variations in H and E  361 

To examine the influence of loading parameters on H and E of the two clay minerals, bar 362 

charts were constructed as shown in Fig. 6. Across all loading conditions, ripidolite consistently 363 

exhibits lower H and E values than illite, with the difference particularly pronounced for H. 364 

For example, at a peak load of 120 mN with a holding time of 5 s and a loading rate of 200 365 
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mN/min, the mean H values are 0.62 GPa for ripidolite and 1.02 GPa for illite, whereas the 366 

corresponding mean E values are 41.21 GPa and 46.53 GPa, respectively. This distinction can 367 

be attributed to fundamental differences in microstructure, porosity, and mineral composition 368 

between the two clays. Ripidolite is characterized by a higher degree of structural porosity and 369 

a composition that promotes greater plastic deformation under load. Both minerals share a 2:1 370 

layered structure, as shown in Fig. 7, but ripidolite belongs to the chlorite group and features 371 

an additional brucite-like hydroxide sheet between adjacent layers, forming a 2:1:1 372 

configuration. This interlayer may facilitate layer bending or shearing during indentation 373 

(Pauling, 1930). In contrast, the 2:1 layers in illite are held together by interlayer potassium 374 

ions, which rigidly fix the layers and inhibit interlayer movement (Stixrude and Peacor, 2002). 375 

Moreover, illite also includes harder mineral impurities such as quartz, contributing to its 376 

greater mechanical resistance. These structural and compositional features result in illite 377 

exhibiting higher H and E values, while ripidolite shows greater susceptibility to localized 378 

plastic deformation. 379 

As shown in Fig. 6 (a), the H of ripidolite decreases with increasing peak load. This decline 380 

is particularly evident between 20 and 60 mN, where the mean H drops from 0.85 GPa to 0.64 381 

GPa. Such behavior is indicative of the indentation size effect (ISE), a phenomenon in which 382 

hardness decreases as indentation load or depth increases, especially near the surface of the 383 

material (Ma et al., 2021).This effect is amplified in ripidolite due to its higher porosity, which 384 

promotes localized plastic deformation under larger loads. In contrast, the E of ripidolite shows 385 

no consistent trend with increasing load. For illite, neither H nor E demonstrates a systematic 386 

dependence on peak load, suggesting that the ISE is not significant for this mineral under the 387 

tested conditions.  388 

Fig. 6 (b) illustrates that H increases with longer holding durations for both minerals, while 389 

E remains relatively stable. This trend indicates that some degree of time-dependent relaxation 390 
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or recovery occurs during the holding segment, reducing the indentation depth (as shown in 391 

Fig. 3) and thereby increasing the measured H. Such effects likely reflect viscoelastic or 392 

viscoplastic responses at the microscale (Chudoba and Richter, 2001). The stability of E values 393 

across different holding times suggests that the elastic behavior is unaffected by the duration 394 

of the hold segment.  395 

 396 

Fig. 6 Variations in H and E for ripidolite and illite under different (a) peak loads, (b) holding times, and (c) 397 

loading rates. 398 

 399 
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In Fig. 6 (c), H of ripidolite decreases as the loading rate increases, whereas illite shows no 400 

clear trend. In terms of E, neither mineral exhibits a consistent response to changes in loading 401 

rate. The decline in hardness for ripidolite is consistent with the corresponding increase in 402 

indentation depth at higher rates, indicating that rapid loading promotes more localized plastic 403 

deformation and deeper penetration. This response demonstrates the greater sensitivity in 404 

ripidolite’s porous and mechanically weaker structure to loading dynamics. In contrast, the 405 

more rigid framework of illite shows limited rate dependence under the tested conditions.  406 

 407 

Fig. 7 Schematic illustration of the structural characteristics of ripidolite and illite and their dominant mechanical 408 

responses under nanoindentation.  409 

4.2. Variations in Kc  410 

Fracture toughness of ripidolite and illite was determined using the energy method. The 411 

loading and unloading segments of the P-h curves were fitted with Eqs. (8) and (9), and the 412 

resulting fitting coefficients n and m, the reduced modulus (Er) and energy components (Ue, Ut, 413 

and Uf), are summarized in Table 4. These values were then applied in Eq. (15) to calculate Kc 414 

at various peak loads, as presented in Fig. 8 (a). It is important to note that certain P-h curves 415 
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exhibiting pronounced pop-ins could not be satisfactorily fitted and were therefore excluded 416 

from the analysis.  417 

Table 4 Summary of nanoindentation parameters used in fracture toughness calculations for ripidolite and illite.  418 

Mineral No. Pm (mN) n m Er (GPa) Ue (pJ) Ut (pJ) Uf (pJ) 

Ripidolite 

1 20 1.567 4.960 39.064 1639.668 7843.122 167.829 

2 20 1.459 4.523 38.864 1648.530 8161.380 230.047 

3 20 1.621 4.159 41.613 1461.721 7744.720 35.715 

4 60 1.885 3.862 37.205 7221.367 43186.680 1497.410 

5 60 1.787 3.717 42.310 6612.720 41814.055 714.906 

6 120 1.549 4.401 46.247 15886.594 145161.266 3503.148 

7 120 1.904 3.908 42.949 16525.246 130619.484 6256.615 

8 120 1.662 3.811 47.593 14690.109 135630.891 1343.346 

9 120 1.557 3.982 39.085 19112.688 145379.016 2876.298 

10 160 1.905 3.748 42.718 26204.547 188476.766 1799.948 

11 160 1.416 3.825 45.390 25264.785 229736.156 6687.201 

12 200 1.772 3.814 42.864 36707.824 287963.906 12892.236 

13 200 1.544 3.772 39.945 35350.789 330657.438 4279.559 

Illite 

1 20 2.199 3.738 38.727 1550.081 6383.299 191.534 

2 20 2.432 4.413 41.774 1551.833 5746.459 129.521 

3 60 1.682 3.413 38.345 8325.710 38478.867 854.390 

4 60 1.895 3.659 42.347 7959.652 34381.734 332.486 

5 60 1.658 3.566 42.048 7275.004 38851.785 262.650 

6 120 1.742 3.274 48.779 19281.889 98712.367 2596.570 

7 120 1.635 3.959 51.793 17383.584 115945.859 785.401 

8 120 1.702 3.695 46.794 20464.170 102702.977 1775.650 

9 160 1.469 3.594 45.166 33908.395 171382.766 1428.810 

10 160 1.852 3.599 39.090 34582.086 164084.875 1476.894 

11 200 2.115 3.731 43.965 44808.984 205135.875 9118.721 

12 200 1.603 3.821 40.282 47922.543 242527.484 1135.514 

 419 
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 420 

Fig. 8 (a) Kc of ripidolite and illite at different peak loads (x-axis in mN) calculated by the energy method; (b) 421 

correlation between Kc and H/E for both minerals. 422 

Both minerals exhibit significant standard deviation in Kc, reflecting strong microscale 423 

heterogeneity, consistent with earlier studies showing that microcracks, pore distributions, and 424 

impurity phases substantially influence fracture behavior in phyllosilicate-rich materials 425 

(Eberhardt et al., 1998; Gupta et al., 2020). For ripidolite, mean Kc generally increases with 426 

increasing peak load, although a slight reduction is observed at 160 mN. This trend suggests 427 

that higher loads create larger fracture process zones, which engage more grain boundaries and 428 

interlayer regions capable of absorbing energy before crack propagation, thereby enhancing 429 

the apparent toughness. Similar mechanisms, in which the size of the plastic zone influences 430 

indentation fracture toughness, are well documented in the indentation literature (Feng and 431 

Zhang, 2015). In contrast, illite shows no clear trend in Kc with load, which may reflect its 432 

structurally rigid nature and reinforcing mineral inclusions such as quartz, resulting in a 433 

fracture response less sensitive to load variation.  434 

At most peak loads, ripidolite shows higher Kc values than illite. For instance, at 60 mN, 435 

the mean Kc for ripidolite and illite are 0.68 and 0.54 MPa·m0.5, respectively. This disparity 436 

may stem from the greater capacity of ripidolite for localized plastic deformation, which 437 

dissipates more energy prior to fracture. Illite’s greater brittleness and limited plasticity likely 438 

facilitate earlier crack initiation with less energy absorption. Such behavior aligns with 439 
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observations in brittle materials where plastic work near the crack tip affects toughness 440 

measured via indentation (Zhao et al., 2021).  441 

As shown in Fig. 8 (b), both minerals present a negative correlation between Kc and H/E, 442 

with a particularly strong linear relationship in ripidolite. This can be explained by the way 443 

indentation work is partitioned into elastic storage and plastic dissipation. A higher H/E ratio 444 

indicates that the material stores more of the applied energy elastically and allows less plastic 445 

flow. When a crack initiates, the stored elastic energy is released and drives crack propagation, 446 

which lowers the apparent fracture toughness. Conversely, a lower H/E ratio reflects greater 447 

plastic accommodation during indentation. In this case, more of the applied energy is dissipated 448 

in plastic deformation near the crack tip, which shields the crack and delays its growth, leading 449 

to higher fracture toughness. The stronger correlation observed in ripidolite implies that its 450 

toughness is closely controlled by the balance between elastic storage and plastic dissipation, 451 

where illite’s weaker correlation suggests that its fracture resistance is influenced more by 452 

microstructural factors such as quartz inclusions and inherent brittleness. Such negative 453 

correlations between Kc and H/E have been reported in rocks and ceramics (Datye et al., 2018; 454 

Gupta et al., 2020).  455 

4.3. Creep behavior  456 

During the holding segment of the nanoindentation process, creep displacement as a 457 

function of time can be extracted directly. Fig. 9 presents representative creep displacement-458 

time curves for ripidolite and illite under various loading conditions, where the initial 459 

displacement and time are normalized to zero to facilitate direct comparison between minerals. 460 

Across all test conditions, the dispersion of creep curves is visibly smaller in illite than in 461 

ripidolite, indicating its uniformly mechanical response. By contrast, ripidolite shows a wider 462 

spread of creep curves, reflecting its time-dependent deformation may be strongly influenced 463 

by microstructural heterogeneity, particularly the presence of pores. 464 
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  465 

Fig. 9 Creep displacement-time curves for ripidolite and illite under (a) peak loads, (b) holding times, and (c) 466 

loading rates.  467 

As shown in Fig. 9 (b), the creep process of both minerals comprises two stages: an initial 468 

transient stage and a steady-state stage, in agreement with previous nanoindentation studies on 469 

geomaterials (Ma et al., 2022; Sun et al., 2020). The transition occurs at around 8 s, where the 470 

transient stage shows a progressively decreasing creep rate associated with rapid compaction, 471 

followed by a steady-state stage with an approximately constant creep rate. This behavior is 472 

also evident from the progressively reduced slopes of the curves in Fig. 9 (a) and (c). The 473 

transient stage corresponds to the rapid rearrangement and bending of layered clay structures, 474 

whereas the steady-state stage reflects slower viscoplastic processes such as interlayer slip and 475 

intergranular accommodation.  476 
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To quantify the creep response, the indentation creep ratio (CIT) was calculated using Eq. 477 

(16), where a higher value indicates greater time-dependent deformation (Wang et al., 2022b; 478 

Zhang et al., 2024).  479 

 100%m l
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h h
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=   (16) 480 

Fig. 10 summarizes CIT values for ripidolite and illite under different loading conditions. 481 

Across nearly all conditions, the standard deviation in illite is smaller than that in ripidolite, 482 

confirming the visual observations from Fig. 9. Moreover, illite generally exhibits higher mean 483 

CIT than ripidolite under the same test conditions, despite having higher hardness and elastic 484 

modulus. This apparent contradiction arises from the smaller hl values in illite during 485 

nanoindentation, which amplify the relative creep displacement in Eq. (16), and from 486 

microstructural factors such as the presence of harder impurity phases (e.g., quartz) that 487 

concentrate local stresses and promote time-dependent deformation via microcracking and 488 

interlayer slip (Wang et al., 2022a).  489 

In Fig. 10 (a), both minerals show a systematic decrease in creep ratio with increasing peak 490 

load, for example, the mean CIT decreases from 2.24 % to 1.17 % in ripidolite and from 2.81 % 491 

to 1.44 % in illite as the peak load increases from 20 mN to 200 mN. This can be explained by 492 

the increased hl at higher peak loads, which reduces the normalized contribution of creep 493 

displacement, and by the densification of the subsurface microstructure during initial loading, 494 

which limits subsequent time-dependent deformation (Charlton et al., 2023). In Fig. 10 (b), 495 

ripidolite shows insignificant change in CIT with holding time, while illite displays an increase 496 

in CIT with prolonged holding, indicating enhanced creep deformation over longer periods. This 497 

suggests that time-dependent damage mechanisms in illite, such as interlayer sliding and crack 498 

extension, are more active during sustained loading (Ma et al., 2025). In Fig. 10 (c), neither 499 

mineral shows a clear monotonic trend with loading rate, but both reach their highest CIT at 500 

200 mN/min. This suggests that creep reflects a balance between competing processes: slower 501 
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rates allow stress to relax during loading, reducing creep, while very fast rates drive mainly 502 

plastic penetration with limited time-dependent strain. At intermediate rates, elastic energy 503 

storage and relaxation both contribute, enhancing creep, consistent with rate-sensitive behavior 504 

observed in other geological materials (Wang et al., 2022b).  505 

  506 

Fig. 10 Indentation creep ratio of ripidolite and illite under (a) peak loads, (b) holding times, and (c) loading rates.  507 

4.4. Implications and limitations 508 

The combined trends in hardness, elastic modulus, fracture toughness, and creep behavior 509 

provide an integrated view of how ripidolite and illite control fluid pathways and contribute to 510 

caprock integrity. Illite’s higher hardness and elastic modulus indicate superior resistance to 511 

short-term deformation, but its generally lower fracture toughness makes it more prone to 512 

brittle cracking, which could generate new microfractures and increase leakage risk under 513 

stress concentrations. In contrast, ripidolite generally shows higher fracture toughness and thus 514 
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a greater ability to dissipate energy before crack propagation. Its softer response and relatively 515 

lower modulus promote localized compaction, which may close pore spaces and reduce 516 

permeability, though near-well deformation could still weaken seal locally.  517 

Creep results add a time-dependent dimension to these observations. Illite’s higher creep 518 

ratios indicate greater susceptibility to long-term viscoelastic or viscoplastic strain, which 519 

could widen existing pores and microcracks, compromising sealing efficiency over extended 520 

storage periods. Ripidolite’s lower creep ratios point to greater dimensional stability under 521 

constant stress, though its tendency for immediate plastic deformation still raises risks of 522 

compaction around injection zones.  523 

In real subsurface settings, additional factors such as high temperature, elevated pore 524 

pressure, and brine-mineral interactions further alter both fracture and creep mechanisms 525 

(Wang et al., 2021). The short holding times in this study limit direct extrapolation to 526 

geological timescales. Future work should therefore include extended creep tests under 527 

subsurface-simulated conditions to capture long-term responses. Additionally, seasonal 528 

hydrogen or hydrocarbon storage involves cyclic injection and withdrawal, which subjects 529 

caprocks to repeated loading-unloading sequences. Such cycles may induce fatigue damage 530 

and accelerate crack growth (Naderloo et al., 2023), particularly in minerals with lower fracture 531 

toughness. Understanding how mineral-scale deformation influences pore networks and fluid 532 

pathways is thus essential for accurately predicting caprock performance in underground 533 

energy storage operations.  534 

5. Conclusions 535 

This study applied systematic nanoindentation tests to ripidolite and illite under varying 536 

peak loads, holding times, and loading rates, focusing on hardness, elastic modulus, fracture 537 

toughness, and creep behavior. The key findings are: 538 
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1) Ripidolite frequently exhibited pop-in events during loading, reflecting localized 539 

plasticity triggered by pores and microstructural heterogeneity. Illite showed smoother 540 

loading curves and consistently smaller indentation depths, confirming its greater 541 

resistance to penetration.  542 

2) Microscopy revealed distinct deformation mechanisms. Ripidolite deformed primarily 543 

though pile-up without visible cracking, whereas illite displayed limited pile-up but 544 

radial and lateral cracks at higher loads. These contrasts highlighted ripidolite’s 545 

tendency for plastic flow around the indent and illite’s propensity for brittle fracture.  546 

3) Illite consistently showed higher hardness and elastic modulus, indicating its stiffer 547 

structure and harder mineral inclusions. Ripidolite, however, presented a stronger 548 

indentation size effect in hardness and generally higher fracture toughness, suggesting 549 

its greater ability to dissipate energy before crack propagation.  550 

4) Both minerals followed a two-stage creep response comprising a transient and a steady-551 

state stage. Illite generally showed higher creep ratios, implying greater susceptibility 552 

to time-dependent strain despite its higher strength. Ripidolite’s lower creep ratios 553 

indicated better dimensional stability under sustained load but greater susceptibility to 554 

immediate plastic deformation.  555 

Overall, illite offers superior resistance to short-term deformation but is more prone to 556 

brittle cracking and time-dependent strain, whereas ripidolite better resists crack propagation 557 

but undergoes greater plastic deformation under load. These contrasting behaviors underscores 558 

the importance of considering mineral-scale responses when evaluating the sealing capacity of 559 

clay-rich caprocks in subsurface energy storage applications.  560 
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