
HAL Id: hal-03335481
https://hal.science/hal-03335481

Submitted on 30 Sep 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Deformation mechanism of a metal-organic framework
glass under indentation

A. Qiao, T. To, M. Stepniewska, H. Tao, Laurent Calvez, Xianghua Zhang,
M.M. Smedskjaer, Y. Yue

To cite this version:
A. Qiao, T. To, M. Stepniewska, H. Tao, Laurent Calvez, et al.. Deformation mechanism of a metal-
organic framework glass under indentation. Physical Chemistry Chemical Physics, 2021, 23 (31),
pp.16923-16931. �10.1039/d1cp02213j�. �hal-03335481�

https://hal.science/hal-03335481
https://hal.archives-ouvertes.fr


ACCEPTED MANUSCRIPT - CLEAN COPY

Deformation mechanism of a metal-organic framework glass 
under indentation 

Ang Qiao,ab‡ Theany To,a‡ Malwina Stepniewska,a Haizheng Tao,b Laurent Calvez,c Xianghua Zhang, 

c Morten M. Smedskjaer, *a and Yuanzheng Yue *ab

Revealing the deformation mechanism of brittle materials under sharp contact loading (indentation) is important for their applications since this knowledge 

is crucial for identifying the origin of flaw and scratch formation on their surfaces. As a newly emerged glass family, metal-organic framework (MOF) glasses 

have not been studied concerning the mechanism of their indentation-induced deformation. Here, we explore this mechanism for ZIF-62 glass (a typical 

MOF glass system). The fractions of densification and shear flow during indentation were determined by atomic force microscopy, while the elastic 

deformation was analyzed via nanoindentation. The results show that ZIF-62 glass deforms primarily through densification and elastic deformation under 

the sharp contact loading. Pile-ups around indents were not observed, indicating that no or limited shear flow occurs in the glass during indentation. This 

behavior could be attributed to three structural factors, namely, high free volume, easily densified glass structure, and limited translational mobility of 

structural units.

1. Introduction

Inorganic glasses, except some metallic glasses, are well known for 

their inherent brittleness and low fracture toughness, leading to easy 

breakage under tensile stresses.1 The ability of these glasses to resist 

the formation of surface indents, cracks, and scratches is crucial as 

these defects are the strength-limiting factors.2-3 As such, hardness 

is an important glass property, which measures the glass’ ability to 

resist sharp penetration under indentation loading. During the 

indentation process, three main deformation modes determine the 

indentation response of the glass, i.e., elastic deformation, shear 

flow, and densification.4 Elastic deformation is a reversible 

deformation that can fully recover upon unloading.4 Shear flow is a 

shear-induced volume conservative displacement, usually resulting 

in pile-ups around the indent.5 Densification is a non-volume 

conservative compression that increases the density around the 

indent.5 A comprehensive understanding of the indentation 

deformation mechanism is critical for improving the hardness and 

crack initiation resistance of glasses. The indentation deformation 

mechanism of oxide glasses has been well studied,4-8 whereas such 

study has not been performed on metal-organic frameworks (MOF) 

glasses, which is a new family of melt-quenched (MQ) glasses.9 The 

majority of currently known MOF glasses are derived from zeolitic 

imidazolate frameworks (ZIFs). ZIFs feature a zeolite-like three-

dimensional framework structure, consisting of the metal node-

ligand tetrahedral network, which are constructed by coordination 

bonds.10,11 ZIF glasses possess a disordered, but fully polymerized 

network, similar to that of silica glass composed by [SiO4] tetrahedral 

units,12-14 but the former ones feature a higher degree of short-range 

disorder.12 

Since the discovery of the MQ ZIF glasses, some studies have 

been carried out concerning their mechanical properties.14-16 

Originally, due to the lack of suitable methods for preparing bulk 

bubble-free ZIF glasses, only nanoindentation studies were 

performed on ZIF glasses with the nano- or micron-size to measure 

their elastic modulus and nano-hardness.15 Recently, new synthesis 

strategies have emerged (vacuum hot-pressing methods), enabling 

the preparation of large size (~10 mm) bubble-free ZIF glasses. This 

makes it possible to measure the macro-scale mechanical properties 

of ZIF glasses, as done in three recent studies. First, Li et al. studied 

the creep resistance, strain-rate sensitivity, and scratch properties of 

a series of MQ ZIF glasses.15 Second, Stepniewska et al. reported the 

cracking patterns and shear bands induced by indentation in the 

representative ZIF-62 glass with the composition Zn[Im1.75bIm0.25], 

where Im is imidazolate and bIm is benzimidazolate.14 The shear 

bands found in the ZIF glass are in strong contrast to the deformation 

behavior of other types of fully polymerized glasses. Third, To et al. 

measured the fracture toughness of the bulk ZIF-62 glass by using a 

self-consistent single-edge precracked beam method.16 The fracture 

toughness of the glass was found to be ~0.1 MPa m0.5, much lower 

than that of all known brittle oxide and metallic glasses. By 

combining reactive molecular dynamics simulations and ab initio 

calculations, the unique fracture behavior was attributed to the weak 
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coordinative Zn-N bonds. Despite these findings, the following 

questions remain unanswered: what is the indentation deformation 

mechanism of ZIF glass? What structural factors affect indentation 

deformation? 

To answer these questions, we investigated the indentation 

deformation of ZIF-62 glasses. Nanoindentation was performed to 

determine the extent of elastic deformation of the glasses. Sub-Tg 

(where Tg is the glass transition temperature) annealing on indented 

samples were performed in dry argon gas and subsequently, the 

indents were imaged using laser scanning microscopy and atomic 

force microscopy (AFM) to detect the morphology and volume 

changes of the indents upon annealing. In this way, the ratio of the 

plastic deformation and densification during indentation can be 

obtained. By comparing the indentation behaviors of the 

compressed and the standard ZIF-62 glasses, we studied the effect of 

structural densification on the crack initiation resistance and 

hardness of ZIF-62 glasses. Finally, the structural origin of the 

indentation deformation of ZIF glasses was discussed. 

2. Experimental

2.1 Preparation of ZIF-62 glasses 

The ZIF-62 crystal was first synthesized by solvothermal method (see 

Supporting Information). The crystalline nature of the as-prepared 

ZIF-62 sample was confirmed by X-ray diffraction (XRD), as shown in 

Fig. S1. The melting temperature (Tm) of ZIF-62 crystal determined by 

calorimetric measurement is 693 K (Fig. S2).  

Subsequently, the ZIF-62 crystal powder was heated to 738 K at 

10 K/min and held for 5 min, and then cooled to room temperature 

in a tube furnace (in inert argon atmosphere) and thereby ZIF-62 

glass was obtained (See XRD pattern in Fig. S1 and the glass transition 

peak in Fig. S2).  

 This glass was crushed to powder using agate mortar. The 

powder was used to produce bulk ZIF-62 glass by spark plasma 

sintering (SPS) under vacuum (HP-D 10 SPS, FCT System GmbH, 

Germany). Specifically, 0.15 g glass powder was filled into a graphite 

die (10 mm in diameter) protected by papyex foil and a K-type 

thermocouple was inserted into a hole in the wall of the die and be 

touched with the sample. The process chamber was evacuated and 

the temperature was raised to 593 K at 50 K/min by the resistive heat 

generated by passing a pulsed direct current (max. 0.35 kA) at 4.65 V 

through the graphite parts. After the dwelling time of 5 min, the 

samples were cooled at about 50 K·min-1.  

Since ZIF-62 glass was subjected to a pressure of 60 MPa during 

SPS synthesis, we denominated the as-prepared glass as 

‘compressed glass’. Note that the Tg of the glass obtained at the 

ambient pressure was measured to be 599 K by a differential 

scanning calorimeter (DSC). By reheating the compressed  glass to 

633 K in DSC, and holding it at this temperature for 5 min, we 

obtained a relaxed glass, which was designated as ‘standard glass’. 

Subsequent to indentation, the standard glass was annealed at 0.9Tg 

in argon for 2 h in order to recover the volume densified by 

indentation.17 We refer to this sample as ‘annealed ZIF-62 glass’. 

2.2 Characterizations 

The density of the glasses was measured at room temperature 

according to the Archimedes’ principle with ethanol as the soaking 

solution. For the indentation measurements, the standard and 

compressed ZIF-62 glass samples were ground using SiC paper of grit 

size 2400, and 4000, and finally polished using a suspension of 

diamond particles with 1 μm. The hardness was measured using 

Vickers indentation (CB5000, Nanovea) with 0.49 N loading. The 

loading and unloading rates were set to ascertain 6 sec loading time 

(9.8 N·min-1), and 15 sec creeps at the highest load was applied. The 

indent images were subsequently obtained by an optical microscope 

and the hardness value (HV) was calculated as: 

𝑯𝐕 = 𝟏. 𝟖𝟓𝟒𝟒
𝑷

(
𝒅𝟏+𝒅𝟐

𝟐
)𝟐
, (1) 

where P is the load, and d1 and d2 are the lengths of the indent 

diagonals. To evaluate the crack resistance (CR) of the glasses to 

sharp contact loading, the indentations were performed under 

various loads (0.16 N). Dividing the total number of cracks by the 

total number of corners (four in each) of the Vickers indents leads to 

the crack probability at each specific load. Cracking resistance curves 

were obtained by plotting the crack probability against the load. CR 

is defined as the load, at which the crack probability is equal to 50%.  

To clarify the elastic deformation behavior, we measured the 

load-displacement curves using nanoindentation experiments. This 

was done using a Triboindenter instrument (Hysitron, Inc., 

Minneapolis, MN), which has a high data acquisition rate of up to 104 

s-1. The experiments were performed under loads of 1000-4000 

with a Berkovich tip. 

The laser scanning microscopy (Lext OLS 4100, Olympus) was 

performed on series Vickers indents to observe topographical images 

Table 1. Comparison of the mechanical properties for the ZIF-62 glasses 

Samples Density 

(g/cm3) 

Microhardness 

(GPa) 

Nanohardness 

(GPa) 

Reduced modulus 

(GPa) 

Crack 

resistance (N) 

Elastic 

recovery (%) 

Compressed ZIF-62 

glass 
1.5060.005 0.590.02 0.700.03 7.540.03 3.8 58.7 

Standard ZIF-62 

glass 
1.4810.003 0.520.02 0.740.03 6.770.02 3.9 50.4 

Annealed ZIF-62 

glass 
N/A 0.530.02 0.670.02 6.670.02 N/A 50.5 
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of the indent sites. About 80 different depth of focus images were 

recorded to generate the 3-dimensional image of an indent. The 

indentation impressions were also observed using a Ntegra (NT-

MDT) AFM. The volume change caused by annealing was measured 

in tapping mode at room atmosphere (RH ~50%, ~20 oC). The AFM 

cantilever had a silicon tip with a scanning frequency of 1.4 Hz. 

3. Results

Fig. 1a shows the load-displacement (P-h) curves for the two types of 

ZIF-62 glasses, i.e., standard and compressed ones. The P-h curves 

provide a mechanical fingerprint of the deformation response to 

indentation load, and mechanical properties such as Young’s 

modulus (E) and hardness (H) can be obtained.18-20 Young’s modulus 

can be calculated based on the Oliver-Pharr method.21 The reduced  

modulus (Er) and nano-hardness derived from the nanoindentation 

measurements, as well as the density and Vicker micro-hardness, are 

listed in Table Ⅰ. Compared to the standard ZIF-62 glass, the 

compressed glass possesses a 2% higher density (Table Ⅰ), implying 

that the pressure used during the SPS process densifies the glass 

structure. Upon reheating to above Tg, the structure of the 

compressed glass can partially relax. Vickers hardness of the 

compressed ZIF-62 glass is also higher than that of the standard one, 

indicating that the pressure-induced densification makes the ZIF-62 

glass harder, as found in various oxide glasses.22,23 However, this 

enhancement of hardness is not observed in the nanoindentation 

experiments on the same glasses, likely because the slight difference 

in hardness values is hidden within the error range of hardness 

measurements via the nanoindentation due to the indentation size 

effect. By calculating the displacement difference, i.e., (hmax-hf)/hmax, 

we obtained the elastic deformation of both the compressed and the 

standard ZIF-62 glasses, which are 58.7% and 50.4%, respectively. 

This implies that the elastic deformation contributes more than half 

to the total deformations during indentation.  

Next, we consider in more detail the unloading curves that can 

be used to determine the elastic displacements, contact areas, 

Young’s modulus, and nanohardness. When the unloading curve can 

be fitted by a power-law relationship [Eq. (2)],21,24,25 then these 

mechanical properties can be determined: 

𝑷 = 𝜶(𝒉 − 𝒉𝐟)
𝒏,   (2) 

where  and n are material constants. By using this equation, we fit 

the unloading curves of the glasses, finding good agreement (R-

square is 0.99) between the measured and fitted curves (Fig. 1b), 

implying that the mechanical properties (especially reduced modulus) 

derived from the nanoindentation measurement are accurate.21 The 

fitting parameters are listed in Table Ⅱ. 

Then, based on the Oliver-Pharr method,21,26,27 the reduced 

modulus (Er) of the sample can be derived from unloading data using 

the following equation: 

𝑬𝒓 =
√𝝅

𝟐

𝑺

𝜷√𝑨
 ,         (3) 

where S is the measured stiffness (S = dP/dh) of the upper portion of 

the unloading data, β is the shape constant for the nanoindentation 

Fig. 1. Load-displacement curves for ZIF-62 glasses. (a) Loading-unloading 

curves obtained under 2000 N maximum load for compressed and standard 
ZIF-62 glass. hmax is the maximum displacement at the maximum loading and 
hf is the final depth after unloading; (b). Unloading curves for the compressed 
and standard ZIF-62 glasses. Solid curves: the power-law fits [Eq. (2)].25 

Table 2. Fitting parameters for the loading and unloading curves. The unloading curves were fitted by the power-law proposed by Loubet et 

al. [Eq. (2)].25

Samples Constant  Constant n R-Square Young’s modulus (GPa) 

Compressed ZIF-62 glass 0.880.01 1.4040.002 0.998 6.660.03 

Standard ZIF-62 glass 0.920.01 1.4240.002 0.999 5.970.02 
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tip (1.034 for the used Berkovich tip), A is the projected area of the 

elastic contact. Further, Young’s modulus (E) of the ZIF-62 glasses 

could be calculated from the equation27: 

𝑬 =
(𝟏−𝟐)

𝟏

𝑬𝒓
−
𝟏−𝒊

𝟐

𝑬𝒊

,              (4) 

where v is Poisson's ratio for the ZIF-62 glasses, Ei and vi are the 

parameters for the diamond indenter, which are 1141 GPa and 0.07, 

respectively27. Er values have been obtained by using Eq. (3) (See Tab. 

Ⅰ). Poisson's ratio of the ZIF-62 glass was reported to be 0.34.14 

Hence, Young’s modulus data of ZIF-62 glasses are calculated and 

listed in Table Ⅱ. 

Fig. 2 shows laser microscopy images of Vickers indents in the 

three ZIF-62 glasses under the load of 0.98 N. Generally, the shear 

flow during indentation results in pile-ups around the indent.4,5 

However, from the images of the indents of the ZIF-62 glasses with 

the depth scale (Fig. 2 and 3a), no clear signs of pile-ups can be 

observed around the indents. This suggests that a low degree of 

plastic deformation occurs in ZIF-62 glasses during indentation. The 

AFM and laser microscopy cross-section profiles (Figs. 3b and c, and 

Fig. S3) also confirm that there are no pile-ups.   

The indent volume of the compressed ZIF-62 is ~40% smaller 

than that of the standard one (Figs. 3a and 3c), implying that 

significant pre-densification occurs during the SPS process, which 

Fig. 2. Laser microscopy images of Vickers indents. (a) Standard, (b) annealed, and (c) compressed ZIF-62 glasses. 

Fig. 3. Three dimensional images and cross-section profiles for indents upon 0.98 N load on the ZIF-62 glasses. (a). 3-D images captured by the laser 

microscopy for (left to right) the standard, annealed and compressed ZIF-62 glasses; (b). Cross-section profiles obtained by AFM measurements for the 

standard and annealed ZIF-62 glasses; (c). Cross-section profiles obtained by AFM measurements for the compressed and standard ZIF-62 glasses. 
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could be associated with partial collapse of the framework cavities. 

This is likely due to the flexibility of the ZIF glass structure with a large 

size linker and free volume,9,14 in addition to weak Zn-N coordinative 

bonds. By performing indentation on the standard glass and 

subsequently sub-Tg (0.9Tg) annealing, we can qualify the 

densification and plastic shear flow contributions to the total 

indentation deformation by investigating the volume changes (Fig. 

3b).4,5 In addition, since the densification can induce both reversible 

and irreversible volume changes, the former can recover upon the 

sub-Tg annealing. Therefore, by calculating the volume changes upon 

annealing (Fig. 3b), we can obtain the ratio of densified volume to 

total deformation volume, and this ratio is so called “volume 

recovery ratio”. The volume recovery ratio of ZIF-62 glass is found to 

be 48.4 %. Fig. 4 shows the relationship between Poisson’s ratio and 

the volume ratio of recovery for various glasses reported by Satoshi 

et al..4 Owning to both high Poisson’s ratio (~0.34) of ZIF-62 glass14 

and a volume recovery ratio as high as (most) soda-lime-silicate 

glasses, the ZIF-62 glass does not obey the general trend of volume 

recovery ratio vs. Poisson’s ratio reported for many glass formers, 

e.g., silica and metallic glasses. Since the ZIF glass structure differs

from that of oxide and metallic glasses, this might explain the 

deviation, although its exact origin remains unknown. However, we 

note that such deviation from the general trend has previously been 

observed in some oxide glasses,22 indicating that Poisson’s ratio is 

not the only factor affecting the volume recovery ratio. A more 

quantitative study should be conducted to verify the correlation 

between the volume recovery ratio and Poisson’s ratio as well as the 

glass structural factors.  

Fig. 5 shows the indentation cracking resistance curves for both 

the compressed and the standard ZIF-62 glasses. As mentioned in the 

experimental section, CR is defined as the load required for 

generating two radial/median cracks on average, i.e., a 50% crack 

probability for Vickers indentation.31 Interestingly, the CR values for 

both compressed and standard samples are almost the same (~3.8 

N), as shown in Fig. 5. On the contrary, in most oxide glasses, pre-

densification leads to reduced CR due to the pressure-induced 

decrease in deformation through densification, as the latter in turn 

is believed to reduce the residual stress that drives indentation 

cracking.32  

4. Discussion

We have observed pronounced densification in ZIF-62 glasses during 

the indentation, with the ratio of densification to the total 

indentation volume of about 50%. There should be two types of 

structural changes induced by densification during indentation.33,34 

One involves the breakage of bonds, leading to permanent volume 

changes, while the other is related to the distortion of structural 

units and a decrease of the free volume in glass. The latter part of 

the structural change caused by the densification can recover upon 

annealing at 0.9Tg. Compared to the oxide glasses, the easier 

densification in the ZIF-62 glasses could be ascribed to its three 

different structural features, i.e., (1) the softer Zn[Im/bIm]4 

tetrahedral network constructed by the weaker coordination bonds, 

(2) larger cavity and (3)  the presence of larger ligand.9,14 This unique 

structural unit leads to the high flexibility of the structure due to the 

compressible and rotatable organic units. The pressure could also 

distorts the medium-range (< 20 Å) structural units involving a group 

of Zn[ligand]4 tetrahedra. Moreover, the penetration of the sharp 

indenter could induce the breakage of the weak Zn-N coordinative 

bonds. Thus, in the area subjected to the load, the glass network is 

compressed, leading to both the reversible changes (e.g., the 

rotation of organic ligands and distortion of the tetrahedral 

network), and the irreversible ones (e.g. the breakage of the local 

bond induced by high stress). We also note that although the cavities 

in crystalline ZIF-62 partially collapse during melting, some of these 

cavities survive and remain in the glass structure, but with smaller 

sizes (4-8 Å).35-37 These remaining cavities can be compressed upon 

indentation, thus contributing to the densification. Furthermore, the 

existence of numerous cavities also gives rise to a high degree of free 

Fig. 4. Relationship between Poisson’s ratio and the volume recovery ratio 
from indentation. Comparison of the data for ZIF-62 glass with that of 
other reference glasses from refs. 4, 28, 29, 30. Poisson’s ratio of ZIF-62 
glass is obtained from ref. 14. 
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volume in ZIF-62 glass. Although the accurate free volume of ZIF-62 

glass cannot be given in this work, we introduce a comparison for the 

atomic packing density (Cg) for ZIF glass with other kinds of glasses. 

Cg is the ratio between the volume occupied by the ions and the 

corresponding effective volume of glass, reflecting the free volume 

in the glass. The calculation of Cg is provided in the Supporting 

Information. As shown in Tab. S1, Cg of ZIF-62 glass is found to be 

0.08, much lower than that of silica glass (0.45), as well as other 

glasses. It proves that the free volume of ZIF glass is significantly 

higher than other glasses. A high degree of free volume in ZIF glass 

means a low ability to resistant the compression.   

The easy densification of the ZIF glass structure is also 

confirmed by the higher ratio of the density increase () to the 

applied pressure (P) for the ZIF-62 glass, compared to oxide glasses 

(Fig. 6).38-46 In other words, this is most likely due to the fact that the 

coordination bonds in the former are much weaker than the ionic-

covalent bonds in the latter.14  

The high flexibility of Zn[ligand]4 tetrahedra47 gives rise to glass 

structure with a high degree of elastic deformation, i.e., the ZIF glass 

network undergoes a certain extent of distortion at the early stage 

of the loading. Moreover, large organic ligands can also be subjected 

to a certain degree of distortion, leading to a change in their 

morphology upon pressure. In other words, the high flexibility of the 

ZIF glass structure contributes to the elastic deformation during 

indentation. Hence, we observe the pronounced elastic deformation 

for ZIF-62 glass during indentation. 

Upon indentation, the plastic deformation can induce an 

upwards slippage in oxide and metallic glasses, leading to pile-ups 

around the indents.48-50 However, almost no pile-ups are observed in 

ZIF-62 glasses upon indentation, implying that the shear flow gives 

little contribution to the indentation deformation. This behavior is 

evidently similar to that in silica glass.51 The extent of pile-up during 

indentation is affected by multiple structural factors. Specially, for 

the studied ZIF glass, three structural factors should be related to the 

lack of pile-ups. (1) The remaining cavities with size of 4-8 Å in the ZIF 

glass structure after melt-quenching,35-37 and the remarkably low Cg 

value indicate that ZIF glass has higher free volume compared to 

other glasses. It is well known that glasses with high free volume 

possess a lower tendency to pile-up.51 (2) It has been reported that 

glasses with high propensity to densify during indentation do not 

show pile-ups,52 since such glass structure exhibits densification 

rather than shear flow. The ZIF glass network can be easily densified 

due to the weak Zn-N coordination bonds (compared to the ionic-

covalent bonds in oxide glasses), which fracture easily upon 

mechanical loading.16 Moreover, the high free volume also 

contributes to the easy densification, leading to the significant local 

deformation rather shear flow. (3) It has been suggested that the 

indentation induced shear flow in glass is correlated with the viscous 

behavior of the corresponding melt.53 Specifically, for a glass that 

undergoes no shear flow during indentation, its liquid state often 

possesses relatively high viscosity that hinders the translational 

motion of the involved structural units. Silica glass and ZIF-62 glass 

both possess very high viscosity at Tm (105.5 and 105 Pa·s, 

respectively).54 

According to previous studies,28,55 densification dominates the 

indentation deformation of oxide glasses with low Poisson’s ratio (< 

0.25) or relatively high network polymerization degree, i.e., those 

with low modified contents, whereas the shear flow is more 

predominant for glasses with high Poisson’s ratio. However, ZIF-62 

glass exhibits a pronounced densification and only a minor extent of 

shear flow upon indentation, although it possesses a relative high 

Poisson’s ratio (~0.34) and a fully polymerized network. This 

anomalous phenomenon could be attributed to the following 

scenarios. In contrast to the tetrahedral [SiO4] unit in oxide glasses, 

the tetrahedral structural unit in ZIF glasses is much bigger, because 

they are constituted by a metallic node (Zn) and four Im/bIm ligands 

that are significantly bigger than oxygen. Thus, the structure of ZIF-

62 glass is easier to be distorted and densified under mechanical 

load, rather than shear deformation despite its higher Poisson’s ratio 

(0.34) compared to the polymerized oxide glasses. Moreover, the 

weaker Zn-N bonds are also the reason for the high degree of 

densification and only limited shear flow since such bonds readily 

break and thereby easily induce a deformation of medium-range 

structure.9 

5. Conclusions

Based on the indentation study of ZIF-62 glass, we found that 

more than 50% of the total deformation during load-unloading 

arises from the elastic deformation, while the densification 

dominates the permanent volume change during indentation. 

The easier densification of ZIF-62 glass (compared with other 

types of network glasses such as silicate glasses) is attributed to 

both the higher flexibility of the glass network and the higher 

porosity. Interestingly, the shear flow does not occur in ZIF-62 

during indentation, and this distinct feature can be ascribed to 

three structural factors: high free volume, easily densified 

Fig. 6. Pressure dependence of density difference (ρ1- ρ0) in glasses. ρ1 and ρ0 
are the density values of compressed and initial glasses, respectively. ZIF-62 
is from this study. Oxide glasses: GeO2,38 Na2O-CaO-B2O3 (NCB),39 Na2O-B2O3-
SiO2 (NBS),40 SiO2,41 CaO-Al2O3-SiO2 (CAS),42 K2O-Al2O3-SiO2 (KAS),42 Na2O-
Al2O3-SiO2 (NAS),42  Na2O-3SiO2 (NS3) and Jadeite43; Metallic glasses: Zr-Al-Ni-
Cu44 and Zr-Cu-Ag-Al45; Polymer glasses: PIB46, PS46 and PMPS46 are taken 
from publications. 
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structure and strong steric hindrance of the fully polymerized 

network structure. The lack of shear flow during indentation is 

indirectly connected with the significantly higher viscosity of 

ZIF-62 glass compared with other not-fully polymerized 

network glasses. 
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