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a b s t r a c t 

The fibers of the deep-sea sponge Euplectella aspergillum exhibit exceptional mechanical properties due to 

their unique layered structure at a micrometer length scale. In the present study, we utilize a correlative 

approach comprising of in situ tensile testing inside a scanning electron microscope (SEM) and post- 

failure fractography to precisely understand mechanisms through which layered architecture of fibers 

fracture and improves damage tolerance in tensile loading condition. The real-time observation of fibers 

in the present study confirms for the first time that the failure starts from the surface of fibers and pro- 

ceeds to the center through successive layers. The concentric layers surrounding the central core sacrifice 

themselves and protect the central core through various toughening mechanisms like crack deflection, 

crack arrest, interface debonding, and fiber pullout. 

Statement of significance 

Biological materials often exhibit multiscale hierarchical structures that can be incorporated into the 

design of next generation of engineering materials. The fibers of deep-sea sponge E. aspergillum pos- 

sess core-shell like layered architecture. Our in situ study reveals astounding strategies by which this 

architecture delays the fracture of the fiber. The core-shell architecture of these fibers behaves like fiber- 

reinforced ceramic matrix composite, where the outer shells act as a matrix and the central core acts as 

a fiber. The outer shells take the environmental brunt and scarify themselves to protect the central core. 

The precise understanding of damage evolution presented here will help to design architected materials 

for load-bearing applications. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Biological materials often exhibit remarkable mechanical prop- 

rties due to their multiscale hierarchical structures. The inherent 

icrostructural design principles in these natural materials can be 

sed to elucidate novel means of engineering and designing syn- 

hetic materials. To successfully make this transition, i.e., mimick- 

ng the design principles in biological materials to synthetic mate- 

ials, it is critical to understand the precise mechanisms whereby 

he microstructure of biological materials controls their mechanical 

roperties. 

In recent years, much attention has been paid to a particular 

pecies of deep-sea sponge, Euplectella aspergillum , also commonly 

nown as the Venus flower basket. E. aspergillum exhibits multiple 
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tructural hierarchies ranging from the microscale to macroscale. 

t a macroscale it has a cylindrical basket-shaped structure made 

rom a complex arrangement of overlapping silica fibers cemented 

y additional silica-rich composite layers ( Fig. 1 (a)). This basket- 

ike structure has been reported to improve mechanical perfor- 

ance in various loading conditions [1–6] . Recent investigations 

sing extreme flow simulations found that the lattice-based struc- 

ure of E. aspergillum not only improves its mechanical perfor- 

ance but has also been optimized to reduce the overall hydro- 

ynamic stress on its skeleton [7] . At a fundamental level, the 

tructure of E. aspergillum consists of silica fibers also known as 

picules (30-60 μm thick). The silica fibers further exhibit a lay- 

red architecture as shown in Fig. 1 (b). As seen from the cross- 

ection, the fiber contains a central core surrounded by a concen- 

ric arrangement of silica layers. The solid core further contains a 

roteinaceous axial filament at its center and the concentric silica 

https://doi.org/10.1016/j.actbio.2023.03.024
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
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Fig. 1. (a) Photograph of E. aspergillum ’s skeleton, (b) SEM micrograph showing the layered structure of E. aspergillum ’s fiber, and (c) schematic of in situ tensile testing 

apparatus. 
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ayers are hypothesized to be separated by a very thin ( ∼5-10 nm) 

rganic material [8–10] . 

The mechanical properties of these natural silica fibers have 

een investigated in previous studies [10–20] with the major- 

ty focused on understanding the toughening and failure mecha- 

isms of E. aspergillum ’s fibers [ 11–13 , 15–21 ]. While it is generally

greed that the layered architecture improves toughness, the pre- 

ise mechanisms for damage evolution are not well understood. 

n particular, there are conflicting explanations for the evolution 

f damage in these materials. Mayer et al. [ 11 , 13 ] hypothesized

hat failure in tension begins at the outermost layer of the fiber 

nd subsequently moves toward the central core based on force 

ersus displacement behavior of fibers. However, a recent inves- 

igation by Morankar et al. [22] noted that flaws in the central 

ore were associated with regions of crack initiation, which sug- 

ests that cracks could initiate from the central core as well. Nev- 

rtheless, these reports are all based on post-failure assessment of 

he fibers, and whether crack initiation begins in the outermost 

ayer or at the central core of the fiber cannot be conclusively 

istinguished. 

The complex structure of E. aspergillum’s fibers makes it difficult 

o identify the site of failure initiation. The only way to investi- 

ate the precise failure mechanisms in these fibers, in a conclusive 

ay, is to study the evolution of damage in real-time. In this work, 

e report on in situ tensile testing of E. aspergillum ’s fibers inside 

 scanning electron microscope (SEM). The real-time investigation 

rovided unprecedented insight into crack initiation and evolution 

f damage in the fibers. Here we show that crack initiates in the 

uter layers of the fibers, and that the concentric arrangement of 

ayers protects the central core through various toughening mecha- 

isms, including crack deflection, crack arrest, interface debonding, 

nd pullout of the central core. Furthermore, we show that the sur- 

ace cracks propagate and are deflected through the multiple con- 

entric layers, thus protecting the central core of the fiber. A sys- 

ematic, mechanistic understanding of damage evolution in these 

aterials is presented for the first time. 
305 
. Materials and methods 

Straight anchor fibers from the basal part of the E. aspergillum ’s 

keleton were used for the in situ tensile testing (so-called “anchor 

picules,” which hold the sponge onto the sea floor). A paper frame 

echnique for fiber testing was used as shown in Fig. 1 (c) [22–25] .

efore tensile testing, the fibers along with cardboard frame were 

oated with a thin Au-Pd layer. A thin conductive layer does not 

ffect the tensile behavior of fibers as reported previously by Gao 

t al. [26] . Tensile testing was performed using a microtest tensile 

tage (Deben, UK) inside the SEM (Quanta 3D FEG, FEI, Hillsboro, 

R). All the tests in the present study were conducted using a dis- 

lacement rate of 1.67 μm/s. Force on the fiber was measured us- 

ng a 20 N load cell. The gage length of fibers tested was 3 mm.

 total of 24 fibers were tested. The results were observed to be 

epeatable across all tests. All the fibers were observed using sec- 

ndary electron mode in real-time while they were being pulled in 

ension. An accelerating voltage of 5 kV and the working distance 

f 10 mm were used in studying the deformation of the fibers. 

Results from three representative fibers, tested in situ in the 

EM, are shown in Figs. 3 and 4 . The failure of these fibers pro-

resses quickly and becomes difficult to capture in real-time. Op- 

imization of the scanning rate is required to successfully capture 

he fracture of these fibers. A lower scanning rate gives better tem- 

oral resolution but adversely affects the quality of the images. A 

canning rate of approximately 300 ns/pixel was used to obtain 

 balance in temporal resolution and adequate image quality. The 

mage consists of 1024 × 943 pixels, which means that the given 

canning rate captures images with an interval of 0.3 s. The live 

mages displayed on the screen were captured at the rate of 40 

rames/s to further generate a video. Additionally, the field of view 

f the SEM does not cover the full gage length of the fiber. These 

actors complicate the capture of the fracture process in real-time. 

o overcome these problems, the tensile tests were interrupted for 

-10 s after every 10 s to look for any hints of failure initiation on

he surface of fibers. The areas of crack initiation were identified 
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Fig. 2. Stress-strain curves for all fibers. 
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nd used to study subsequent cracking with increasing load. The 

lack arrows in Figs. 3 (a) and 4 (a) show the instances on stress-

train curves when the tensile tests were interrupted. The strain 

n the fiber was calculated by dividing the elongation of fibers by 

heir gage length. While the stress was calculated by dividing the 

orce measured by load cell by the cross-sectional area of fibers 

ear their fracture locations. The cross-sectional area of fibers was 

easured from multiple micrographs taken during the in situ tests 

s well as during the post-failure fractographic observations. 

. Results and discussion 

Fig. 2 shows the stress-strain curves for all fibers tested in 

he present study. The average strength based on these tests is 

48 ± 135 MPa, which is in good agreement with previous stud- 

es [ 18 , 22 ]. Fig. 3 shows the results of in situ testing for one of the

epresentative fibers. A surface microcrack is shown in Fig. 3 (c). At 

oint 2 in the stress-strain curve ( σ = 133 MPa), this microcrack 

pened by 1 μm as shown in Fig. 3 (d). As the stress increased on

ber, more cracks started to appear on the fiber surface ( Fig. 3 (d-

)). At σ = 450 MPa ( Fig. 3 (f)), a parallel crack was observed on

he surface of the fiber. From Fig. 3 (f), it appears that the parallel

rack was initiated from the already existing crack and propagated 

n both directions. The evidence of a parallel crack suggests that 

ebonding and crack deflection at the interface between the layers 

ook place. This is more evident in Fig. 3 (h) where the debonding 

f the interface connected existing cracks and detached outer lay- 

rs of fiber from inner layers. Fig. 3 (i) shows the fractured region 

f fiber where outer layers are separated from the fractured core 

nd a few inner layers, i.e., pullout of the central core. 

The debonding of interface and fiber pullout are toughening 

echanisms commonly observed in fiber-reinforced ceramic ma- 

rix composites due to a weak fiber/matrix interface [27–29] . In 

ost ceramic matrix composites, the interfacial coatings are used 

o engineer the weak interface by preventing chemical bonding be- 

ween the fiber and the matrix. Similarly, the layers in the fibers of 

. aspergillum are most likely bonded by weak organic interlayers. 

n the fibers of E. aspergillum , the outer layers behave as a ma- 

rix and the central core, and a few inner layers behave as a fiber.

he outer shell layers of fiber crack first like the matrix in fiber- 

einforced composites, transferring the load to the central core and 

otentially a few inner layers. In the last step of failure, the central 
306 
ore and a few inner layers get pulled out (fracture). These mech- 

nisms resist the propagation of cracks and are likely to increase 

he damage tolerance of the fiber. 

The above observations highlight the important role of the in- 

erface in the evolution of damage in E. aspergillum’s fibers. The 

ebonding between the layers observed during the tensile test sug- 

ests that the interface between the layers is weaker compared to 

he strength of the silica layers. The weak nature of the interface 

as also been reported in earlier investigations [ 10 , 22 ]. The precise

etermination of the composition, bonding, and properties of the 

nterface is important for understanding and modelling the tough- 

ning mechanisms of these architected fibers. This should be in- 

estigated in the future. 

Fig. 4 shows the results for two more representative fibers, 

hich reinforce findings based on Fig. 3 and shows the tortuous 

ath of fracture in more detail. Fig. 4 (b and c) show the same re-

ion of the fiber prior to and during the tensile test, respectively. 

s shown in Fig. 4 (c), multiple surface cracks appeared on the sur- 

ace of the fiber with the progression of damage. Fig. 4 (e and f)

how real-time images of another fiber taken at a higher magnifi- 

ation. At the start of the tensile test, a microcrack can be seen on 

he surface of the fiber ( Fig. 4 (e)). This microcrack opened with in-

reasing load as shown in Fig. 4 (f). Even though this crack opened, 

t did not propagate through the inner layers. In Fig. 4 (f), inner lay-

rs can be clearly seen to be intact. This further shows that the 

rack initiated on the surface does not immediately lead to the 

racture of the fiber. The fractured region of the fiber shown in 

ig. 4 (g) reveals the tortuous path of the crack and debonding of 

he interface as discussed earlier. 

Multiple cracking of the matrix is commonly observed in fiber- 

einforced ceramic matrix composites. In these composites, mul- 

iple cracks form in the matrix because of the continuous trans- 

er of load between the fiber and the matrix. When a crack forms 

n the matrix, the extra load is thrown onto the fibers. The fibers 

gain transfer this load to the matrix via interface, and this contin- 

es until multiple equally spaced cracks are formed throughout the 

atrix. The formation of multiple cracks and the spacing between 

hem depend on the properties of the interface. The mathematical 

reatment of this phenomenon is given in earlier studies [29–31] . 

he appearance of multiple surface cracks in the fibers of E. as- 

ergillum highlights their yet another similarity to fiber-reinforced 

eramic matrix composites. As discussed earlier, the central core 

f these spicules behaves like fiber and the surrounding layers be- 

ave as the matrix. In addition, the matrix in these spicules has 

ayers that provide them with additional mechanisms to increase 

he damage tolerance. 

Supplementary Fig. S2 shows micrographs of different fibers in 

hich the cracks can be seen to start from the fiber surface. The in 

itu results shown for fibers confirm that the failure of fibers initi- 

tes from the outer layers and not from the central core. The outer 

ayers of fiber are constantly exposed to environmental wear and 

ear. The wearing of outer layers can generate large flaws in them 

hich can act as local sites for stress concentration. Moreover, the 

uter layers of fiber are subjected to the plane stress condition, so 

hey can deform easily due to the bi-axial state of stress. Both of 

hese factors increase the probability of crack initiation in outer 

ayers. Once the outer layers are cracked, the load is transferred to 

he inner layers and the central core. An interesting thing to note 

s that the first crack initiated on the surface does not necessarily 

ead to the final fracture of fiber. The appearance of more surface 

racks on the fiber suggests a continuous transfer of load and a 

tochastic nature of fracture. Furthermore, the formation of mul- 

iple cracks dissipate energy. Due to this strategy, no single crack 

irectly leads to the catastrophic rupture of the fiber. 

The location of the crack initiation site plays an important role 

n increasing the damage tolerance of these fibers. The central core 
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Fig. 3. Results of in situ tensile test for one of the representative fibers: (a) stress-strain curve, (b) the whole fiber before start of the test, (c-i) sequential failure events of 

fiber captured using SEM in real-time. 
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f the fiber occupies half of the fiber volume. Therefore, a fracture 

f the central core if it occurs first will cause a significant reduc- 

ion in the load bearing capacity of the fiber. Moreover, if a crack 

tarts from the central core, it might reach a high enough veloc- 

ty that the interfaces between layers would not be able to arrest 

ts propagation. In this case, the layered architecture will not be of 

ny significance and the fiber will fracture catastrophically. On the 

ther hand, the initiation of failure from the surface of the fiber 

llows multiple toughening mechanisms to operate and prevents 

atastrophic fracture of the fiber. 

The use of fractographic analysis along with in situ testing pro- 

ided additional information on damage tolerance and strength 

imiting flaws needed to fully understand the fracture behavior of 

hese natural silica fibers. Fig. 5 and supplementary Fig. S3 show 

he SEM micrographs of fracture surfaces of the fibers. In Fig. 5 (a), 

he outer layers of the fiber appear to be separated from the cen- 

ral core and a few inner layers. This suggests that the outer layers 

ractured separately and at a different time than the inner layers. 

oreover, the fracture locations of outer layers and inner layers do 

ot appear to be in the same plane, which means the crack prop- 

gating from the outer layer to the inside was arrested after the 

upture of a few layers. A new crack was initiated at another loca- 

ion and fractured the remaining layers and the central core. The 
307 
echanism of arrest and re-nucleation of cracks has been previ- 

usly demonstrated by Rao et al. [32] for laminar ceramics. In lam- 

nar ceramics, the layers under residual compressive stress arrest 

he propagation of surface cracks thereby increasing the strength 

f the component. The arrest of the crack and its re-nucleation 

onsumes energy, which is one way the core-shell structure of E. 

spergillum ’s fibers increases its resistance to fracture. 

Fig. 5 (d) shows the magnified view of the fractured central core 

f Fiber-II. As labeled in Fig. 5 (d), the formation of mirror, mist, and

ackle fracture regimes is governed by crack velocity. The crack 

riginates from the strength limiting flaw and its speed gradually 

ncreases as it propagates. This leads to the formation of surfaces 

ith different roughness. More details about the mirror, mist, and 

ackle features are given in previous articles [ 22 , 33 ]. Locating a

rack initiating flaw is not possible every time due to its small size 

nd the limited spatial resolution of current tools, but the pres- 

nce of a mirror region points towards the location of a crack ini- 

iation site. Fig. 5 (e) shows the presence of mirror, mist, and hackle 

egimes in individual layers of fiber, which means that these lay- 

rs were fractured separately. This suggests that no single crack is 

ominant, and straightaways leads to the fiber fracture. The lay- 

red architecture of the fiber allows itself to fail gradually. Fig. 5 (f) 

hows the deflection of crack at the interface while Fig. 5 (b) shows 
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Fig. 4. (a-c) Results of in situ tensile test for one of the fibers: (a) stress-strain curve, the same region of fiber (b) before start of the test and (c) during the test. (d-h) Results 

of in situ tensile test for another fiber: (d) stress-strain curve, the same region of fiber (e) before the start of the test and (f) during the test, (g and h) fractured regions of 

the fiber. 

308
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Fig. 5. SEM micrographs showing fracture surfaces of fibers failed in in-situ tensile testing: (a) fracture surfaces of a fiber showing outer layers separated from a few inner 

layers and the central core. (b) crack propagation in the layer along the long axis of fiber, (c) the fracture surface of Fiber-II. The red, blue, and black boxes in (c) indicate the 

locations of (d), (e), and (f) respectively. (d) magnified view of the fractured central core showing mirror, mist, and hackle regimes. (e) fracture surface showing the presence 

of mirror, mist, and hackle regimes in individual layers. (f) crack deflection at the interface between the two layers. 

309 
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Fig. 6. Schematic representation of failure mechanism of E. aspergillum ’s fibers assessed from in situ tensile testing and post-failure fractography. 

t
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he crack propagated parallel to the long axis of the fiber, which 

ight be suggestive of debonding of the interface. All these frac- 

ographic observations point to the fact that the propagation of 

racks in these layered fibers is hindered by multiple barriers that 

ltimately improve the damage tolerance of these fibers. 

From the correlative study using in situ testing in the SEM and 

ost-failure fractography, the failure mechanism of E. aspergillum ’s 

bers can be explained as follows ( Fig. 6 (a)): 

1 Cracks initiate in the outermost layer and propagate through 

the successive inner layers. 

2 With increasing load, multiple cracks form on the surface of the 

fiber, and the formation of multiple cracks leads to energy dis- 
310 
sipation, relieving the external stress. Due to this, none of the 

cracks instantly propagate to the central core. 

3 The interface between the layers deflects cracks, reduces their 

speed, and in some cases arrests their propagation completely. 

The propagation of cracks through successive layers also results 

in the debonding of the interface between the layers. 

4 The last step is the pullout of the central core and a few inner 

layers. The crack initiates from the weakest flaw in the central 

core and leads to its complete fracture. 

In the present in situ study, we saw that the failure initiates 

rom the outer layers of the fiber. However, it is also possible that 

ne of the inner layers contains a larger flaw that can cause higher 
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tress concentration locally. In such cases, the failure can initiate 

rom the inner layer as well. 

. Conclusions 

In summary, we have utilized a correlative approach of in 

itu tensile testing and post-failure fractography to understand the 

echanisms of failure of onion skin-like architectured silica fibers. 

he real-time observation during in situ tensile testing revealed 

hat the failure initiates from the surface of the fiber and not from 

ts center. The in situ testing revealed several steps of damage evo- 

ution mechanisms, including multiple cracks on the surface of the 

ber, debonding and crack deflection at the interfaces between the 

ayers, and pullout of the central core and a few inner layers. These 

ould have been impossible to observe solely with post-testing 

ractographic analysis. On the other hand, the fractographic ob- 

ervations revealed minuscule details regarding crack propagation 

nd toughening mechanisms of fibers. Combining these techniques, 

he present study unambiguously shows that the concentric layers 

f E. aspergillum ’s fibers protect the central core through a range 

f mechanisms to make it damage tolerant. The silica fibers of 

. aspergillum provide an example of how the catastrophic failure 

f beams can be avoided by altering their internal structure and 

hrough interface engineering. 
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