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a b s t r a c t 

Silica aerogel is the ultimate thermal insulator thanks to its record-breaking low thermal conductivity ( λ), 

open porosity and hydrophobicity. Silica aerogel’s thermal conductivity is lowest at intermediate densi- 

ties ( ρ ≈ 0.11 g/cm 

3 ) and, because of the strong, power-law dependence of the E modulus on density, 

this rather low density so far led to low E moduli. Even with polymer reinforcement, increasing stiffness 

is only possible at higher density, thus higher conductivity. This paper explores the synthesis of silica 

aerogel granules using ambient pressure drying to provide enhanced mechanical stiffness whilst main- 

taining thermal conductivities well below 20 mW m 

−1 K 

−1 . The aging and drying conditions affect the 

interplay between mechanical and thermal properties, and are varied to optimize the physical properties. 

The dense ( ρ≤0.29 g/cm 

3 ), but superinsulating ( λ≈15 mW m 

−1 K 

−1 ) silica aerogels presented in this pa- 

per challenge the community’s understanding of heat transport in aerogels, and do not rely on polymer 

reinforcement. The underlying microscopic structural parameters affecting the mechanical and thermal 

transport properties are investigated by modelling and simulation of the aerogel back-bone. Short aging 

times reduce the cross-section of, and heat transport through, inter-particle necks, leading to an overall 

decrease in thermal conductivity through the solid skeleton ( λs ). In addition, short-aged gels undergo a 

partial pore collapse during ambient pressure drying of the pore fluid due to less aged, hence weaker net- 

work structures. The resulting denser structure contains additional point contacts that increase stiffness, 

by up to an order of magnitude. However, heat transport through these newly formed point-contacts is 

limited and the gas phase conduction ( λs ) is further suppressed due to the even smaller pore sizes. Strong 

and superinsulating particles are ideal fillers for aerogel composites, concrete and renders. The optimized 

APD aerogels, available as granules, are finally compiled in a composite thermal insulation board with an 

effective thermal conductivity down to 20 mW m 

−1 K 

−1 with improved strength: a 2-fold increase for E, 

compared to a board produced from classical silica aerogel granulate. The possibility to improve mechan- 

ical properties of pure silica aerogels can help aerogels to break into new high-strength, superinsulating 

structural applications needed to reduce carbon emissions of the built environment. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Aerogels [ 1 , 2 ] have unique material properties ( λ, ρ , surface

rea) and a range of applications [3–9] , most notably as thermal 

nsulation [10] . Although silica aerogels constitute a global market 

f ~300 Mio US$ per annum, their potential is restricted by their 
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ow stiffness and high brittleness [11] . Silica aerogel blankets, com- 

rising of silica aerogel embedded in a glass or polymer fiber felts, 

nable a wider range of application and are the most commonly 

old aerogel product today. Also the silica aerogel phase itself can 

e reinforced: a wide body of scientific and patent literature ex- 

sts on reinforcement with organosilanes, synthetic or biopolymers 

12–19] , but a strong increase of E most often still requires a si- 

ultaneous increase in density, which in turn increases thermal 

onductivity [20–24] . 
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The mechanical properties of silica aerogels strongly depend 

n their density with three domains in terms of their response 

o uniaxial compression [24] . At low densities, silica aerogels are 

on-brittle, very compressible, and deform plastically: under con- 

rolled laboratory conditions, low-density silica aerogels can be 

ompressed to relative strain values well in excess of 50%, with- 

ut brittle rupture, but the deformation is almost entirely perma- 

ent and the materials do not recover their original volume after 

he load has been removed. At intermediate densities, silica aero- 

els are brittle, but the deformation becomes increasingly elastic 

ith increasing density and the aerogels can recover most of the 

train upon decompression. High density silica aerogels are very 

rittle, but much less compressible than low to intermediate den- 

ity aerogels. As is typical for most aerogel systems [ 22 , 25 ], the

-modulus of classical silica aerogel displays a strong power-law 

ependence on density E~ρα , with values for α in the range of 

.6-3.7 [ 24 , 26–29 ]. Aside from density as the first-order control on

he mechanical control, other parameters also affect the mechan- 

cal properties, including the synthesis conditions (e.g. aging) and 

icrostructure. The experimentally derived mechanical properties 

f aerogels have long been interpreted analytically, but recent nu- 

erical simulations of aerogel structures and properties are start- 

ng to provide insight into the deformation mechanisms [27–34] . 

Thermal transport through aerogels occurs through the gas 

hase, the solid particle network, and radiation 

15,16 . Aerogels owe 

heir extremely low thermal conductivity to a unique combina- 

ion of intermediate density, small pores and high solid network 

ortuosity [35] . At low density, the pores are large and λg re- 

ains high, but with increasing density, the pores become smaller 

han the mean free path length of the gas (~70 nm for air at 

oom temperature) and λg is strongly reduced through the Knud- 

en effect. Conversely, λs through the silica skeletal particle net- 

ork increases with increasing density [35] . Radiative contribu- 

ions to thermal conductivity are generally lower and decrease 

ith increasing density. To produce the lowest λ materials, it is 

hus necessary to find the best compromise among these contri- 

utions, leading to the current paradigm that aerogel materials 

isplay a minimum in thermal conductivity at intermediate den- 

ity: at ~0.11 g/cm 

3 for silica aerogels [ 21 , 23 , 24 ], at ~0.16 g/cm 

3 

or resorcinol-formaldehyde aerogels [ 20 , 23 , 36 ], and at ~0.20-22 

/cm 

3 for polyurea and polyurethane aerogels [ 37 , 38 ]. Some excep- 

ional, organic-inorganic hybrid aerogels have been reported with 

ow thermal conductivities at relatively high density (~15 mWw 

 

−1 K 

−1 at 0.160-0.220 g/cm 

3 ) [ 39 , 40 ], but no pure silica aerogels

ave been reported with λ< 17 mW m 

−1 K 

−1 for ρ> 0.20 g/cm 

3 . 

In this work, we first investigate silica aerogel cylinders pre- 

ared by supercritical drying (SCD) to evaluate the effects of den- 

ity and aging on the mechanical properties and thermal conduc- 

ivity (Scheme 1). We then describe a modified fabrication route, 

ased on ambient pressure drying (APD), that enables the pro- 

uction of silica aerogel granulate with a very low thermal con- 

uctivity (~15 mW m 

−1 K 

−1 ) at twice the density (0.24 versus 

.12 g/cm 

3 ) and up to an order of magnitude higher stiffness of 

tandard silica aerogel. The comparison of the SCD and APD re- 

ults, combined with numerical simulations of thermal conductiv- 

ty, highlight the importance of inter-particle necks for heat con- 

uction. Finally, glued composites prepared from the stiff, ther- 

ally superinsulating silica aerogel granulate retain the excep- 

ional mechanical and thermal properties. 

. Materials and methods 

.1. Silica aerogel synthesis 

All silica aerogels were prepared according to the process 

cheme as described by Iswar et al. [41] and the materials de- 
2 
cribed here are very similar. Here, we focus on the thermal 

onductivity and mechanical properties of SCD and APD aerogels 

Scheme 1). The gelation of an ethanolic sol containing colloidal, 

re-polymerized tetraethyl orthosilicate (TEOS) [42] was initiated 

y the addition of a base catalyst, followed by aging, hydropho- 

ization (silylation) with acidified hexamethyldisiloxane, and ambi- 

nt pressure (APD) [43] or supercritical CO 2 drying (SCD). The gels 

ntended for SCD were aged at 65 °C for either 2 or 24 hours, and

erogels of varying ρ were obtained by varying the starting SiO 2 

quivalent concentration (0.038-0.171 g/cm 

3 ). The gels intended for 

PD were aged for 2, 4, 6, 8, 16 or 24 h for a fixed SiO 2 equivalent

oncentration in the sol of 0.057 g/cm 

3 . For e.g., for a silica pre-

ursor concentration of 0.057 g/cm 

3 , 9 ml of polyethoxydisiloxane 

PEDS), a pre-polymerized form of tetraethyl orthosilicate (TEOS) 

referred to as PEDS-P 750E20 ) was diluted with 21 ml of ethanol and 

ith 1 ml of distilled water under constant stirring conditions for 

-10 min at room temperature. Gelation occurred approximately 10 

in after the addition of 0.36 ml of 5.5 M ammonium hydroxide 

olution (NH 4 OH in water). The gels were covered with an addi- 

ional 0.4 ml of ethanol to prevent exposure to the air due to sol- 

ent evaporation during aging, and aged at different times at 65 °C. 

he aged gels were hydrophobized by soaking them in a mixture of 

0 ml of hexamethyldisiloxane (HMDSO), 0.24 ml of concentrated 

ydrochloric acid (37% purity) and 2.2 ml of ethanol at 65 °C for 

4 h. The hydrophobized gels were dried at ambient pressure for 

h at 150 °C. Additionally, the hydrophobized silica gels of varying 

ensities were dried in an autoclave (4334/A21-1, Separex, France) 

rom supercritical carbon dioxide (SCD). 

From the same series of differently aged gels, APD aerogel gran- 

late with a range of envelope ρ were obtained due to the aging 

ime dependent partial pore collapse during drying [41] . The aero- 

els were characterized in terms of ρ , λ, surface area (S BET ), E and

tiffness. Aerogels prepared under near-identical conditions were 

tudied previously by SEM, TEM, SAXS and solid-state NMR and 

re fully amorphous [41] . 

.2. Density and pore size analysis 

The bulk density ( ρ) of monolithic SCD aerogel samples was 

alculated from the weight and envelope volume. The bulk den- 

ity of APD silica aerogel granulate was obtained by a Geopyc 

360 (Micromeritics). A 12.7 mm diameter chamber was used to 

easure with a consolidation force of 4 N. 10 cycles were car- 

ied out for each measurement. The specific surface area (S BET ) 

as determined from the nitrogen sorption isotherms (Micromerit- 

cs TriFlex) using Brunauer −Emmet −Teller (BET) analysis [44] . The 

pecific pore volume (V pore ) was calculated from the bulk and 

keletal density of the aerogel (V pore = (1/ ρbulk ) – (1/ ρskeletal )) 

nd a skeletal density of approximately 2.0 g/cm 

3 was used [45] . 

he average pore diameter was calculated from the pore vol- 

me and surface area (D pore = (4.V pore )/S BET ) rather than the 

arrett −Joyner −Halenda (BJH) analysis [46] , which for aerogels is 

ffected by mechanical deformation in the desorption branch of 

he capillary condensation range and is in effect a second drying of 

he gel from liquid nitrogen including a deformation with spring- 

ack [47] . 

.3. Thermal conductivity 

The thermal conductivity ( λ) of SCD monolithic square plate 

ilica aerogels (EN 12667 at 10 °C) was determined directly with 

 custom built guarded hot plate device specifically designed for 

mall samples of low λ materials. This device has been described 

n detail in a previous study [48] . The thermal conductivity mea- 

urement is more complex for the APD materials, because they are 

nly available in particulate form. The thermal conductivity of a 
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acked bed APD silica aerogel, in a 63:37 granulate:powder ra- 

io, optimized to minimize the effect of air-pockets between the 

rains [49] was measured using the same guarded hot plate de- 

ice. The intrinsic thermal conductivity of APD silica aerogel gran- 

late was determined from the values derived of the packed bed 

sing previously described calibration procedures [49] . Briefly, ref- 

rence SCD silica aerogel monoliths of variable density, hence vari- 

ble thermal conductivity, were produced. The thermal conductiv- 

ty of the plates was determined by guarded hot-plate. The mono- 

iths were subsequently broken up in to granulate and powder and 

he thermal conductivity of the packed bed was determined using 

he same mixing ratio, packing procedure and measurement con- 

itions to cancel out the often large effects of the bed properties 

50] as much as possible. Note that for our measurements, the ef- 

ect of interstitial air has already been reduced by using an opti- 

ized mixing ratio between granules and powder. As a result, the 

acked-bed measurements were higher than that of the monolithic 

lates by only 1.4 to 2.3 mW m 

−1 K 

−1 . For packed beds of granules

ith a narrow particle size distribution, the volume of interstitial 

ir is much higher and the packed bed thermal conducitivities can 

e up to 10 mW m 

−1 K 

−1 higher than those of a compacted bed or

he aerogel material itself [ 50 , 51 ]. The combined data on the refer-

nce aerogels, measured both in monolithic and packed-bed form, 

s the basis for a calibration curve that enables the calculation of 

he intrinsic thermal conductivity from the packed-bed measure- 

ents [49] . Note that the magnitude of the correction needed to 

o from packed-bed to intrinsic thermal conductivity is on the or- 

er of 2 ± 1 mW m 

−1 K 

−1 , i.e. less than half of the observed ef-

ect size of the partial pore collapse (see below). Although the un- 

ertainty on the accuracy of the guarded hot-plate measurements 

s relatively high at 1.0 mW m 

−1 K 

−1 due to e.g. systematic de- 

iations with the device and/or calibration, the reproducibility of 

he measurements is better than 0.5 mW m 

−1 K 

−1 , particularly for 

easurements on monolithic SCD plates. 

.4. Mechanical tests 

Mechanical characterization of the SCD aerogels was performed 

n monolithic cylindrical samples using a universal mechanical 

esting setup (Zwick/Z010, Zwick/Roell, Germany), with a 2 kN 

orce transducer (KAP-S, AST Gruppe GmbH, Germany) at 23 °C and 

0% RH. Samples were compressed at a rate of 1 mm/min up 

o 80% strain and elastic moduli were calculated from the linear 

egime of the curves (at 7 ± 3% strain). For the APD materials, no 

ylinders for uniaxial compression are available and therefore an 

lternative approach was considered. The mechanical test of the 

PD silica aerogel granulate were carried out using a microme- 

hanical compression testing machine (FemtoTools) where the dis- 

lacements are controlled with a stepper motor and compression 

orces measured with a capacitive load cell. The samples were 

ompressed up to 50 μm at a rate of 1 μm/s followed by de- 

ompression at the same rate. The compression tip has a square 

ection with 50 μm side, i.e. much smaller than the ~2 mm large 

ranules that were partially embedded in epoxy for fixation. The 

easurements were repeated 4-6 times, testing at different loca- 

ions on the surface of the granules and the average stiffness value 

as calculated from the force-displacement curves. Note that with 

he micromechanical testing, only extrinsic properties can be cal- 

ulated, e.g. stiffness, but not the elastic moduli. Because the area 

f the sample that experiences compression is larger than that of 

he tip, the area of material that resists against the compression is 

ot well defined and the E modulus cannot be extracted from the 

orce-displacement curves. 
3 
.5. 3D simulations of λ through inter-particle necks 

A full 3D picture of the silica aerogel microstructure, and the 

nter-particle necks in particular, remains beyond the spatial reso- 

ution of current imaging techniques. We therefore decided to sim- 

late λ based on a simple geometric model that ignores the com- 

lex pore structure in silica aerogels. Similarly to previous work 

 52 , 53 ], we base our calculations on the local λ of a contact of two

verlapping spheres (5 nm diameter) within a surrounding gaseous 

edia. However contrary to previous work, the contact region, rep- 

esenting both the pore and the solid pearl necklace structure was 

iscretized into a network of local λ values [54] , with a voxel size 

f 0.05 nm. The λ of the contact unit cell was calculated using a 

nite difference scheme and assuming constant temperature at the 

urfaces perpendicular to the direction of the temperature gradi- 

nt and zero heat flux through the unit cell surfaces parallel to the 

eat flow. In this way any coupling effect between the solid and 

as λ is taken into account implicitly. The model enables a qualita- 

ive comparison of λ across the different contacts, but most likely 

verestimates the absolute λ. The λ of the solid phase was as- 

umed to be that of bulk amorphous silica (1.35 W m 

−1 K 

−1 [53] ),

.e. we neglect the reduction of the solid λ due to the small size of 

he primary particles (5 nm) with respect to the phonon mean free 

ath in amorphous silica (4 nm [55] ). The gas phase λ most likely 

s overestimated because the local mean free path in the direction 

f the contact is infinite based on our unit cell. A full discussion 

n these limitations and the model is provided in the supporting 

nformation. 

.6. Synthesis of glued composites 

For preparation of the composites (50 × 50 × 10 mm 

3 ), part 

f the granules were broken up into a fine powder with a blender. 

ranules (63 vol%) and powder (37 vol%) were then combined and 

tirred manually. Filling factors of the composites, defined as the 

ulk volume of the aerogel divided by the volume of the mould, 

ere between 114% and 125%. Separately, a water-soluble glue was 

ixed with water and a small quantity of surfactant (0.08, 0.06 

nd 0.002 g for each cm 

3 of sample volume, respectively). This 

olution was added to the aerogel mixture, stirred manually for 

ve minutes, filled into a Teflon mould, compressed by tightening 

he screws on the mould, and left to cure under compression for 

4 h under ambient conditions. The amount of surfactant was se- 

ected to enable sufficient wetting of the aerogels with the glue 

olution, but avoid excessive infiltration/degradation of the aerogel 

tself. After curing, the glue is located on the outside of the aerogel 

articles. Note that composites prepared from dense granulate and 

ense powders displayed significantly higher thermal conductivi- 

ies, compared to “mixed” samples that comprised of both dense 

ranulate and light powder, most likely because of the different 

ompression behaviour during gluing. 

. Results and discussion 

.1. Silica aerogels produced by supercritical CO 2 drying 

To clarify the effects of reduced skeletal conduction and den- 

ification as a result of APD, a series of identically aged reference 

els of variable density were dried by SCD. Note that in contrast 

o APD, the SCD process limits shrinkage even for short-aged sam- 

les and the SCD aerogel density is determined primarily by the 

ilica concentration in the sol, not by the aging time. The BET sur- 

ace areas display only moderate variations as a function of density 

nd aging time (Table S3). Consequently, the SCD aerogels display a 

ystematic decrease in average pore diameter (calculated form the 

ensity and surface area) with increasing density: from ~60 to ~15 
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Figure 1. Properties of SCD silica aerogel reference samples as a function of aging time and density. The variation in density is due to variable silica precursor concentrations. 

a) λ versus ρ; b) Compressive stress-strain curves; c) E versus ρ (linear plot); d) Log( E) versus log( ρ); the slopes are similar for both aging times, with α equal to 2.94 for 

2 h aging and 2.87 for 24 h aging. The reproducibility on λ, ρ and E are estimated at 0.5 mW m 

−1 K −1 , 2% and 5%, respectively. 
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m for an increase in density from ~0.075 to ~0.265 g/cm 

3 (Table 

3, Figures S1,S2). 

The SCD reference aerogels display a typical dependence of 

hermal conductivity on density, with a minimum in λ at inter- 

ediate densities ( Fig. 1 a), with higher λ at lower density due to 

arger pore sizes (Figure S2) and higher λ at higher density due 

o an increase in solid conduction. Both the values of λ and their 

ariation as a function of density are consistent with previous re- 

orts in the literature [ 21 , 23 , 24 ]. The sample with a density near

0.12 g/cm 

3 has the lowest λ in this study, but the true minimum 

ay be at somewhat higher densities, e.g. ~0.14 g/cm 

3 but no aero- 

els around this density have been prepared. A systematic offset 

o lower thermal conductivity is observed for samples prepared at 

he shortest aging time ( �λaging ). �λaging amounts to 1.9 mW m 

−1 

 

−1 for the lowest ρ , decreases to 1.3 mW m 

−1 K 

−1 at the opti-

um in density, and increases to 3.0 mW m 

−1 K 

−1 for the highest 

ensity (Table S1). Aging increases λg , albeit to a small extent, be- 

ause it leads to systematically lower surface areas and larger pore 

izes (Table S3) and hence a less pronounced Knudsen effect. This 

echanism will have the biggest impact on overall thermal con- 

uctivity at low density, where the contributions of λg are more 

rominent. Aging also increases λs , because it increases the cross- 

ection of, and thermal transport through, the inter-particle necks 

hat link up the primary silica particles, through a dissolution re- 

recipitation process akin to Ostwald ripening [ 41 , 56 , 57 ]. In ad-

ition, the connection of dangling particle chains to the rest of the 

article network may increase the solid connectivity. The aging ef- 
4 
ect is most effective at high density, where the solid phase con- 

uction is more dominant. 

For both aging times, the stress ( σ ) – strain ( ε) response of 

erogels under uniaxial compression indicates that aerogels with ρ
 0.2 g/cm 

3 are brittle ( εmax < 10%), while those with ρ < 0.1 g/cm 

3 

an sustain at least 80% strain without breaking ( Fig. 1 b), consis- 

ent with an earlier report [24] . As expected, E displays a power- 

aw ρ dependence (E~ρ2.9 ) with a 40- to 50-fold increase in E for a 

- to 4-fold increase in ρ ( Fig. 1 c,d). A direct comparison to mate- 

ials in other studies can be difficult because of variations in syn- 

hesis and measurement protocol. However, the value of 2.9 for the 

caling exponent α is in line with previous experimental and mod- 

lling results for silica aerogels [ 24 , 26–29 ] and also the values of E

re in line with those observed in previous studies on silica aero- 

el [24] . For a given ρ , increasing the aging time from 2 to 24 h,

early doubles E ( Fig. 1 c, Table S1), because of the increased stiff- 

ess in the gel network due to the strengthening of the solid net- 

ork structure and the inter-particle necks in particular [ 56 , 57 ], 

ut this effect is small compared to the much larger effect of den- 

ity. 

.2. Silica aerogels produced by ambient pressure drying 

.2.1. Density and thermal conductivity 

Considering the APD materials, we observed that in addition to 

he expected density induced strengthening, the structural collapse 

eads to a surprisingly low thermal conductivity for a given density. 
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Figure 2. Properties of APD silica aerogel as a function of aging time and density. The variation in density results from aging time dependent pore collapse. a) λ versus 

ρ for a SiO 2 equivalent concentration of 0.057 g/cm 

3 ; the intrinsic λ was determined with the procedure of Huber et al. [49] (Table S2); b) Force displacement curves; c) 

Stiffness (k) versus ρ (linear plot) where the open symbols are individual measurements and the filled symbols denote the average; d) Log(k) versus log( ρ). Numbers next 

to the data markers denote the aging time in hours. The uncertainty on λ and ρ are estimated at 1.0 mW m 

−1 K −1 and 4%, respectively. 
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r  
ote that the variation in density for the APD samples is due to the 

ging time dependent pore collapse, rather than precursor concen- 

ration as for the SCD aerogels. The nitrogen sorption isotherms as 

 function of aging time have been reported for APD aerogels pro- 

uced with the same protocol in a previous study [41] . With in- 

reasing aging time from 2 to 24 h, the surface area decreases from 

01 to 816 m 

2 /g and the average pore diameter increases from 12 

o 39 nm. 

The thermal conductivity of the APD silica aerogel with a den- 

ity near 0.12-0.14 g/cm 

3 is in line with other APD silica aerogels 

rom the literature [ 49 , 58–60 ] and commercial silica aerogel gran- 

late. The variation of the intrinsic λ of APD silica aerogel granu- 

ate is plotted as a function of density in Fig. 2 a. Most strikingly,

he intrinsic λ remains near 15 mW m 

−1 K 

−1 even for ρ~0.24 

/cm 

3 , which challenges the understanding that silica aerogel only 

isplay λ~15 mW m 

−1 K 

−1 for density values around 0.12 g/cm 

3 

 22 , 24 ]. The very low thermal conductivity of the short aged, high

ensity silica granulate cannot be fully explained by aging-induced 

stwald ripening and dangling chain effects alone ( Figure 3 b), as 

λaging is limited to 2-3 mW m 

−1 K 

−1 based on the SCD data 

 Figs. 1 and 2 a). The additional offset in thermal conductivity, des- 

gnated here as �λcollapse has a magnitude of up to 4 mW m 

−1 

 

−1 , and must thus be related to the APD induced partial pore col- 

apse ( Figure 3 c) 21 . Combined, �λaging and �λcollapse amount to 

 difference in λ of 6 mW m 

−1 K 

−1 for aerogels with the same 

ensity but different synthesis protocol (SCD, long aging versus 

t

5 
PD short aging, Fig. 2 a). The additional offset in thermal con- 

uctivity of the partially collapsed APD aerogels most likely is re- 

ated to two main factors: i) low solid conduction through the 

oint contacts formed during APD induced partial pore collapse 

see Section 3.2.2 ) and ii) a possible further reduction of the gas 

hase conduction because of a preferential decrease in pore size 

f the larger pores, under the assumption that larger pores rep- 

esent weaker areas of the gel that are more prone to collapse 

han smaller pores. In the absence of thermal conductivity data 

ollected at low pressure [50] , the relative importance of both ef- 

ects cannot be determined quantitatively. However, the fact that 

his effect is so prominent at high aerogel densities, where solid 

onduction is the dominant heat transport mechanism, indicates 

he importance of the former process (i). 

.2.2. Heat transport through inter-particle necks 

Solid heat conduction in aerogels is affected by both the tortu- 

sity of the solid network and the contacts between the primary 

s well as secondary (porous) particles that make up the aerogel 

ackbone. During densification, secondary particles may merge and 

heir empty pore space may accommodate primary particles from 

eighbouring assemblies [61] . At the same time, the secondary 

articles themselves may densify. Both processes create new con- 

acts between primary particles. The inter-particle necks play a key 

ole for solid heat conduction [ 52 , 53 , 62 , 63 ]. Because (3D)-imaging

he necks at the required resolution is not feasible due to their 
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Figure 3. Strongly reduced λs in high ρ , low λ silica aerogels. a) TEM image of silica aerogel. b) Growth of silica in the inter-particle necks. c) Schematic illustration of 

solid heat conduction paths for an initial and collapsed structure as well as local structures that resemble the unit cells used for the calculations (sub-figure d and e). d) 

Calculation box for an aged contact between 2 silica particles. e) Calculation box for a point contact between 2 silica nanoparticles. f) Modelled λ parallel ( λy ) and orthogonal 

( λx , λz ) to the particle chain as a function of ρbulk . 
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nstability in the electron beam, we modelled the heat transport 

hrough a neck composed of two overlapping spheres (Supporting 

nformation). The simulated λ values are much higher across an 

nter-particle neck with a significant cross section compared to a 

oint contact, particularly in the direction parallel to the particle 

hain, λy ( Fig. 3 d-f). For the model aged contact, the strong in- 

rease in λy with increasing density can no longer be compensated 

y the decrease in λx and λz related to the (small) reduction in 

ore size and gas phase conduction ( Fig. 3 f). Long and short aged

CD silica aerogel have a single type of inter-particle neck with 

arge and small cross sections, respectively, and this difference ac- 

ounts for the observed �λaging ( Fig. 2 a). The short-aged APD sil- 

ca aerogel has at least two types of inter-particle necks: i) con- 

acts generated during the sol-gel step with a small cross section 

ecause the short aging limited silica growth at the inter-particle 

eck, and ii) new contacts generated during the partial pore col- 

apse that are closer to true point contacts because prior surface 

ilylation effectively prevented further Si-O-Si condensation and 

eck growth. The limited heat flow through these point contacts 

 Fig. 3 f) means that only few new heat conduction paths are cre- 

ted during drying-induced partial pore collapse and densification 

 Fig. 3 c). Similar point contacts may be present in silica aerogels 

ensified irreversibly by uniaxial compression during a separate, 

ost-production step. [ 51 , 64 ] 

.2.3. Mechanical properties of APD aerogels 

The increase in density with decreasing aging time for the APD 

erogels leads to a marked increase in the stiffness ( Fig. 2 b,c). Sim-

lar to the E modulus of SCD aerogels, the stiffness (k) displays a 

ower law dependence on density (k~ρ2.4 ), with a 10-fold increase 

n stiffness for a 2.4-fold in density ( Fig. 2 d, Table S2). Thus, the

igh density APD silica aerogels are stiffer by an order of magni- 

ude over conventional silica aerogel, but retain the ultra-low λ. In 

ontrast to the monolithic SCD silica aerogel, for which extensive 
6 
echanical datasets are available in the literature, few mechani- 

al data are available for silica aerogel granulate. As in this study, 

ery recently, Hamelin et al. carried out compression testing on 

ndividual granules, but in contrast to our micro-penetration study, 

hey used compression plates with areas larger than the individual 

ranules [65] . As a result, their study provided a unique look into 

he effect of granule morphology and density on fracture proper- 

ies, but was less informative about the stiffness of the material 

tself. 

.2.4. Composites from dense, but superinsulating silica aerogels 

Strong, superinsulating silica aerogel granulate is an attractive 

llers for applications where the final product benefits from the 

nique combination of thermal and mechanical properties, for ex- 

mple aerogel composite boards, concrete, gypsum boards, ren- 

ers or 3D printing [9] . A higher volume fraction of high ρ , low 

granulate could be added without compromising the composite 

echanical properties, leading to a lower λ at the same mechan- 

cal performance. Alternatively, a substantially higher mechanical 

trength is attainable for the same composite λ. As a first, not 

et fully optimized demonstration, we present the benefits of in- 

luding high ρ , low λ aerogel granulate into glued aerogel com- 

osites ( Fig. 4 ). The increased stiffness of dense aerogel granulate 

lmost triples the E-modulus and nearly doubles the final com- 

ressive strength of the glued aerogel composites compared to one 

roduced with standard density silica aerogel granulate, with only 

 limited penalty in thermal conductivity (5-14%) ( Table 1 ). Note 

hat based on our experience in compounding aerogels the glue 

s estimated to increase thermal conductivity by ca. 2-3 mW m 

−1 

 

−1 for both composites, produced from standard density or high 

ensity aerogel. 
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Table 1 

Thermo-mechanical properties of glued composites. 

Aging time (h) (G + P for mixed samples) λ (mW m 

−1 K −1 ) E (MPa) σ max (MPa) 

For a nominal filling factor a) of 125% b) 

24 20.7 0.117 0.105 

24 20.1 0.124 0.160 

2 + 24 21.5 1.017 0.850 

2 + 24 21.3 0.479 0.265 

24 + 2 22.3 0.254 0.415 

24 + 2 20.9 0.098 0.113 

For a nominal filling factor c) 114% b) 

24 18.1 0.300 0.037 

24 18.1 0.241 0.038 

2 + 24 20.6 0.766 0.066 

2 + 24 20.7 0.770 0.059 

G - granulate, P - powder 
a) Filling factor of aerogel inside the mould during gluing, V env /V mold = (m G / ρG + 

m D / ρD )/V mold . 
b) 50 × 50 × 10 mm 

3 plates for both the λ measurements and compression tests 
c) 50 × 50 × 10 mm 

3 plates for λ measurements, 30 × 30 × 30 mm 

3 cubes for compres- 

sion tests 

Figure 4. Compression curves of glued aerogel composites. The “24” curves corre- 

spond to glued composites prepared with conventional granulate and powder (24 h 

aging). The “2 + 24” curves contain high ρ , low λ granulate (2 h aging, 63 vol%) and 

conventional silica aerogel powder (24 h aging, 37 vol%). 
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Scheme 1. Aerogel synthesis and

7 
. Conclusions 

The general view of silica aerogel is that of a superinsulat- 

ng, but mechanically poor material. Aside from cost, these lack- 

ustre mechanical properties limit a widespread adoption far be- 

ond their niche application of pipeline insulation. Our discovery 

f ultra-low λ silica aerogel granulate that is an order of magni- 

ude more stiff than conventional silica aerogel can change the per- 

eption of silica aerogels as weak and costly materials, and allow 

he advance of the next generation silica aerogel into new, struc- 

ural applications. The lower thermal conductivity is the result of 

hort aging to limit the growth of thick inter-particle necks and the 

oncomitant increase in thermal conductivity. In addition, shorter 

ging results in (slightly) larger pore sizes and may reduce the 

robability to connect dangling particle chains to the rest of the 

etwork. Finally, new contacts formed during drying-induced par- 

ial pore collapse can be considered as true point contacts because 

he surfaces have been hydrophobized (passivated) prior to drying. 

he modelling and experimental data indicate that, while these 

ewly formed point contacts do not increase thermal conductivity 

f the densified aerogels, they do increase the resistance against 

ompression, i.e. stiffness. This effectively decouples thermal con- 

uctivity and mechanical strength, which are often correlated be- 

ause of their co-dependency on network connectivity (tortuosity 

nd inter-particle necks). Of practical importance, the increase in 
 characterization strategy. 
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tiffness is simply due to a densification of the silica matrix and 

oes not rely on the addition of polymer co-precursors or rein- 

orcing agents that may deteriorate the fire behaviour and high- 

emperature stability. In addition, this new type of strong, superin- 

ulating silica aerogels are synthesized with a shorter processing 

ime (reduced by 10-50% due to shorter aging) and are accessible 

y ambient pressure drying, which eliminates the cost intensive 

CD process commonly used for polymer or polymer-reinforced 

erogel processing. 

upporting information 

Table S1: Thermo-mechanical properties of SCD silica aerogels. 

Table S2: Thermo-mechanical properties of APD silica aerogels. 

Table S3: Different properties of SCD silica aerogels. 

Table S4: Calculated thermal conductivities λ of particle con- 

acts with different envelope densities ( ρbulk, assuming a solid 

ensity of 2.0 g/cm3), and diameter of the contact are between 

rimary particles (dcontac). Calculated conductivities are reported 

n x, y and z direction, where the particle contact is arranged in 

he y direction. Also shown are averaged values assuming a serial 

 λser) and parallel ( λpar) arrangement of contacts in different di- 

ection as well as a parallel arrangement of λser and λpar ( λav). 

lso reported are other physical properties of the particle contact 

nit cell, such as the specific surface area (Aspec), the surface per 

olume ratio of the pores (Apore/Vpore) and the average pore size 

alculated using the maximum included sphere method (dpor). 

Figure S1. Nitrogen sorption isotherms of SCD silica aerogels for 

ifferent starting silica concentrations aged at (a) 2hrs. and (b) 24 

rs. 

Figure S2. (a) Influence of starting silica concentration on pore 

iameter and (b) thermal conductivity ( λ) as a function of pore 

iameter of SCD silica aerogels aged at 2 hrs. and 24 hrs. respec- 

ively. 

Figure S3. a) Discretized primary particle contact unit cell used 

or the numerical calculations. b) Assumed periodicity for calcu- 

ation of mean free path in the gas phase. c) Schematic view of 

stimation of the macroscopic thermal conductivity based on the 

alculation of the thermal conductivity of the particle contact unit 

ell in different direction, where λpar assumes parallel resistances 

ith the pearl necklace structure arranged in different directions; 

ser assumes serial resistances and finally λavg a parallel arrange- 

ent of λpar and λser. In our model, a change of structure and 

ensity influences both the local gas conductivities as well as the 

elative importance of the conduction through the solid backbone. 

Figure S4. Evolution of the calculated conductivities with in- 

reasing particle contact radius (a) and with increasing envelope 

ensity (b). The points shown correspond to the averaged thermal 

onductivity λavg, while the error bars are the parallel and serial 

imits ( λpar and λser). 

Figure S5. Thermal conductivity as a function of the E modulus 

or SCD aerogels for 2 different aging times. The variation seen is 

he result of the density dependencies of the thermal conductivity 

nd the E modulus. 
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