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Biaxial stress controlled three-dimensional helical
cracks

Li Wang1,4,5, Xiang-Ying Ji2,5, Nü Wang3, Jing Wu3, Hua Dong1,4, Jiexing Du3, Yong Zhao3, Xi-Qiao Feng2

and Lei Jiang1,3

Cracks are Janus-faced, which cause material failure on one hand and serve as a powerful approach for material processing

on the other. To predict cracks and control them in a desired manner, foundational fracture mechanisms are continuously being

pursued, based on simplified modes of planar cracks. In reality, cracks usually occur in a three-dimensional (3D) irregular

manner. Prediction of 3D fractures is of particular significance for understanding the fundamental fracture mechanisms.

However, controlling cracks in typical 3D modes is rare. Here we report that controllable 3D helical cracks on heterogeneous

spindle knots are induced by biaxial thermal stresses. The thermal expansion mismatch between the tough core and brittle shell

during the heating process generates biaxial stresses in the axial and circumferential directions. Surface cleavage and interface

delamination driven by the release rate of elastic strain energy are harmonized due to the unique spindle geometry and

cooperate to produce a 3D helical crack. This finding is helpful for understanding complex cracking mechanisms and provides

a promising prospect for controlling or eliminating 3D cracks.
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INTRODUCTION

Cracks are often regarded as an undesirable phenomenon, because
they may induce material failure, breakdown of devices and collapse
of buildings. For prediction and prophylaxis of fracture, foundational
fracture mechanisms are established by analyzing simple planar
cracks. Various methods from continuous1,2 to atomistic
mechanics3,4 have been developed to investigate the failure of
materials spanning a wide range of temporal and spatial scales.5–7A
crack is initiated when the stresses exceed the material strength and
will tend to propagate along whichever path allows the most energy to
be released. According to the type of applied stress, cracks are typically
classified into three different modes: opening, sliding and tearing;
each propagates straight through a homogenous material. If cracks are
under mixed-mode loading,8 such as tensile and shear stresses, they
often propagate in a curved or kinked manner.9–12 Under certain
conditions, the kinking paths may continue regularly to form various
crack patterns.13,14 For example, two-dimensional spiral or sinusoidal
cracks can arise in the dried crusts of aqueous suspensions15 or in
glass slides under gradient temperature fields.16,17 In contrast with

two-dimensional planar cracks, three-dimensional (3D) cracks are
more universal and controlling. Cracks in normal 3D modes are of
significance not only in theoretical studies, but also for practical
applications. In engineering, there have been many efforts devoted to
obtaining cracks in an orderly fashion. Until now, experimental and
theoretical investigations for controlling cracks in normal 3D modes
have been rare. Here, controllable 3D helical cracks on heterogeneous
spindle knots (the knots with spindle shape) induced with biaxial
thermal stresses are reported, which are of great significance for
fracture mechanisms and material fracture techniques.

MATERIALS AND METHODS
A 3D helical crack on a heterogeneous spindle knot is fabricated as follows.

First, a thin layer of a titania/polymer sol was dip-coated onto a columnar glass

microfiber with a uniform smooth surface (Supplementary Figure S1,

Supplementary Information). Intact heterogeneous spindle knots18,19 are

created using a simple dip-coating procedure, which takes advantage of the

Raleigh instability20 of the liquid layer. The dried droplets form a series of

periodic core-shell spindle knots. When the dried spindle knots are calcined,
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a 3D helical crack forms on each knot as a consequence of thermal biaxial

stresses. A detailed preparation process, is as follows:

(1) Preparation of sol-gel: Pluronic P123 (1 g) was dissolved in 10 g of an

ethanol and 1-butanol solution (1:1 by weight). Subsequently, 0.018 mol

precursor (for details, see the Supplementary Information) and 2.4 g HCl/

acetic acid of solution were added under vigorous stirring for 30 min and

aged for 24 h.

(2) Formation of helical crack: A glass microfiber was ultrasonically cleaned

for 5 min in purified water, acetone and then ethanol. After drying, the

microfiber was immersed in the sol-gel solution with a dip-coater

(WPTL5-0.01, Shenyang Kejing Instrument Corporation, Shenyang,

China) at a velocity of 20 mm min�1, held for 1 min, and then

horizontally drawn out at a velocity of 40 mm min�1. A thin metal-oxide

sol film formed on the fiber; the liquid film spontaneously broke up into a

series of tiny barrel solution droplets within several seconds. After these

droplets dried, the periodic spindle knots formed on the microfiber. The

spindle-knotted samples were aged in a high humidity chamber

(RH460%) at 20 1C for 24 h. Finally, the dried knots were calcined with

a heating rate of 0.5 1C min�1 from ambient temperature up to 5001C,

and held for 4 h to remove any organic compounds.

(3) Optical microscopy characterization of helical cracks: The sample was

placed on a clean slide glass (25.4� 76.2� 1.2 mm) and was observed

using transmitted light on an Olympus microscopy system Model BX51

(Olympus, Tokyo, Japan).

Scanning electron microscopy characterization of helical cracks: Scan-

ning electron microscopy images were collected with an accelerating

voltage of 3 kV (JAPAN Electron OPTICS LABORATORY Ltd., Tokyo,

Japan, SEM 6700). The helical angle distributions of the cracks were

determined using image analysis techniques.

Micro X-ray computer tomography (Micro-XCT) of helical cracks:

Specimens were first sealed with a liquid epoxy to prevent damage. After

pouring in the liquid epoxy, the samples were placed under vacuum for 1 h

to remove air bubbles and then cured at 80 1C for 24 h. The solidified

specimens were frozen in liquid nitrogen and cut into columns (3 mm in

length with a diameter of 1.5 mm). The whole operation was aided by a

BX51 microscope. The microscale morphology of the helix was observed

using a 3D MicroXCT-200 (Xradia Inc., Concord, MA, USA) at 40�
magnification. Computed tomography facilitated the 3D viewing of the

object. Transmission X-ray imaging of the specimen was performed using

X-rays at 90 kV and 8 W.

(4) Theoretical analysis: Numerical simulations of the stress distributions in

the specimens were calculated using the finite element method.

RESULTS AND DISCUSSION

Figure 1 shows the morphologies of spindle knots before and after
calcination. The dip-coated core-shell spindle knots have intact
smooth surfaces before calcination (Figure 1a). After calcination,
screw-shaped cracks appeared on the spindle knots (Figure 1b).
Detailed morphologies of a typical helical crack (Figures 1c–e) show
that the crack spacing is relatively uniform along the entire fracture
orbit. The crack penetrates the entire shell thickness, whereas the
inner fiber remains intact (Figure 1c). Magnified images (Figures 1d
and e) reveal that the cleavage surface is smooth, indicating a brittle
fracture governed by linear elastic fracture mechanics.21 It is evident
that the interface between the shell and the fiber core has entirely
delaminated after cracking (Figure 1e). These results imply that helical
crack propagation, involving both surface cracking and interface
delamination, should be motivated by a single steady mechanism.

It is well known that heat treatments will result in thermal stresses
in a material16,17 and that cracks can arise when the stress intensity
exceeds the strength of the material. Such cracks usually propagate
along various unpredictable random patterns, such as the notorious
cracked glazes on pottery; this is also the case for a glass/titania core-
shell fiber with uniform shell thickness that undergoes a heating
process (Supplementary Figure S2, Supplementary Information). On
the spindle core-shell specimen (Figure 1c), however, highly regular
3D helical cracks emerged after calcination. We therefore assume that
the special spindle morphology4 and heterogeneous interface12,22,23

have important roles in shaping the unique helical crack.
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Figure 1 Intact and helically cracked spindle knots before and after calcination. (a) Optical image of periodic spindle knots wrapped around a uniform

smooth glass microfiber. Inset of scanning electron microscopy image of a spindle knot showing the intact smooth surface. (b) Screwed microcracks formed

on the spindle knots after calcination. (c) A typical helically cracked spindle knot with seven coils.(d, e) Magnified views of the helical crack showing the

brittle fracture and completely interfacial delamination between the core and shell.
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To reveal the underlying fracture mechanism, the von Mises
equivalent stress distribution in the specimen was calculated.24

Figure 2a presents the obtained stress distribution state, which shows
that the stresses are more concentrated at the two spindle ends than in
the middle due to the shell thickness gradient of the spindle knot.

According to the Griffith fracture criterion, the driving force for
crack propagation is the release rate of the elastic strain energy per
unit crack advancement G. Only when G is high enough to meet the
fracture resistance Gc of the material can the crack propagate in brittle
materials.25 It is apparent that a helical tunneling crack can
continuously carve a curved surface into a core-shell structure. At
the same time, the single-sided interface delamination between the
created helix and the shell is facilitated by the helical tunneling crack.
The interface delamination extends the entire helix pitch and
advances simultaneously with the surface crack propagation,
resulting in a steady channel cracking delamination failure mode.
According to these indications, a simulated scenario of how the crack
propagates is hereby proposed. For a heterogeneous system with a
brittle shell and a tough core, fracture would start at the free surface
of the shell and then tunnel through the specimen. The crack should
initiate randomly at either of the two ends (Figure 2b). When the
crack reaches the interface,22,26 delamination occurs between the
outer shell and the inner fiber (Figure 1e), and complete detachment
appears after the crack tip has advanced (Figure 2c). In this model, we
use a cylinder with radius R with the shell and interface under
uniform biaxial stresses, with the two principal stresses, s1 and s2,
along the axial and circumferential directions, respectively
(Figure 2d). The assumed 3D crack in our model has been verified
using Micro-XCT, as shown in Figure 3. The section image in the
axial direction (Figure 3b) shows the planar spiral notch of a crack
(also see Supplementary Movie S1 and Supplementary Figure S3,
Supplementary Information), which is in good agreement with our
simulations (Figure 2c). Because of the X-ray contrast between the
heterogeneous core and shell, the cracked spindle knot can be viewed
as a spring by technically fading the glass core in the Micro-XCT
(Figure 3c and Supplementary Movie S2 in the Supplementary
Information).

Considering the unique shape of the helical crack, the total energy
release rate during this process includes the contributions of the
coupling channel cracking and interface delamination. If there was no
interface delamination, the surface crack would be a typical opening
mode crack and grow along the direction perpendicular to the
principal stress, rather than along the observed helical orbit. The
interface delamination is therefore critical to the formation of
the helical crack. Because of the spindle configuration (Figure 1a),
the axial normal stress is slightly larger than that in the circumferential
direction. Under such a stress state, a circumferential or axial crack
having an inclination angle of 01 or 901 will be governed by one of the
two mechanisms for maximum energy release rate, with the other
having a supporting role. As a result, the crack will compromise into
an optimal helix shape that maximizes the strain energy release rate
under a specific biaxial stress state, as observed in our experiments.

We assume that a circumferential crack with length 2c initiates at
one end of the glass fiber. The biaxial stress kinks the crack along an
inclination angle y (Figure 2b) with respect to the circumferential
direction, whereas the interface is simultaneously delaminated. Let G1

and G2 denote the two contributions of the energy release rate
induced by surface cleavage and interface delamination, respectively,
which will be calculated separately. As previously mentioned, G1 will
be maximized if the surface crack propagates along a circumferential
direction or, in other words, in a pure opening mode. For this case,
the specimen will be fragmented into an array of doughnut shapes
without interface delamination. When interface delamination is
considered, however, the real fracture process becomes the releasing
of not only the elastic strain energy corresponding to the axial stress
s1, but also the release of strain energy from s2. An increasing value
of y results in a higher energy release rate G2 despite the relative
decrease of G1.

The energy release rate of the surface crack G1 is calculated as
follows. When the first principal stress is along the axial direction, for
a pre-existing circumferential crack of length 2c, the stress intensity
factor (SIF) for opening mode loading KI is proportional to s1 and
the square root of the half crack length

ffiffi
c

p
. The coefficient is related

to the cylinder radius R.27 An approximate description of KI as

Figure 2 (a) Von Mises stress distribution in the outer spindle shell (MPa). (b–d) Scheme of the cracking model. (b) The helical cracking orbit and the

forming helical angle y with the circumference plane. As the crack tip advances, the interface delaminates at an almost identical speed. Interface

delamination is continuous and synchronous with surface crack propagation. (c) Imaginary cross-section of the cracked sample with a surface crack and

interface delamination. After cracking, the outer shell detaches from the inner fiber. (d) The biaxial stresses inaxial and circumferential directions around

the cracking tip are mainly caused by thermal expansion mismatch.
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KI ¼ s1

ffiffiffiffiffi
pc

p
1þC c/Rð Þ½ � is taken to let the factor reduce safely to the

planar condition with infinite R, where C(c/R) is a dimensionless
function of c/R, which passes through the origin. Upon viewing an
existing SIF solution for a crack in a thin wall of a cylindrical
shell,28,29 we write C(c/R) as m (c/R)2, where m reflects the influences
of the shell thickness and the existence of the inner fiber. The SIF for
sliding mode loading KII is zero. For a kinking tip with an angle y
from the original route, the SIFs can be calculated as:

KI yð Þ¼KI cos3 y
2
� 3KII sin

y
2

cos2 y
2
;

KII yð Þ¼KI sin
y
2

cos2 y
2
þKII cos

y
2

1� 3 sin2 y
2

� �
:

and the energy release rate by the surface crack becomes:

G1 ¼
KIðyÞ2 þKIIðyÞ2

�E
¼ K2

I

�E
cos4 y

2
¼ s2

1

�E
pc 1þm c/Rð Þ2� �2

cos4 y
2
;

where �E is the effective elastic modulus.

The energy release rate of the interface delamination G2 is
calculated as follows. Assuming that as the crack tip advances, the
zone between the current and previous coil debonds promptly. The
larger the helix angle, the larger the delamination area. The energy
released is that of the normal stress along the propagation direction of
delamination, and namely, the cracking direction. The normal stress
sn is computed as:

sn ¼ sin y cos y½ � s1 0
0 s2

� �
sin y
cos y

� �
¼ s1 sin2 yþ s2 cos2 y:

Thus, G2 is derived as:

G2 ¼
1
�E

s1 sin2 yþ s2 cos2 y
	 
2

2pR sin y:

The total energy release rate G is the summation of G1 and G2. G is
written in the following form:

G¼ 2pR
s2

1

�E
sin2 yþ t cos2 y
	 
2

sin yþ 2Z cos4 y
2

� �
;

x

y

z

Figure 3 Detailed 2D and 3D images of a helical crack from different perspectives by Micro-XCT. (a) A 3D perspective image of a helically cracked spindle

knot on a glass microfiber. The x–y plane is perpendicular to the fiber axis, whereas the z axis is parallel to the fiber axis. (b) 2D sectional images in the x–y
plane along the z axis from one end of the fiber to the other. The arrows indicate the coiling directions of the crack. (c) A 3D perspective image of a

helically cracked spindle knot resembling a spring after the glass microfiber is faded when using X-ray imaging contrast between the core and shell

materials. (d) 2D sectional images in the x–z plane along the y axis. Scale bars¼20mm.
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where Z¼ (c/R)[1þm(c/R)2]2/4 and t¼ s2/s1 are both dimension-
less. The value Z purely takes into account geometry and t takes the
ratio of the two principal stresses, which represent the stress state.
Clearly, for determined R and s1, the optimal helix angle y0 that
maximizes G, in which the angle of fracture follows, is determined
jointly with Z and t.

The most favorable helix angle for the crack propagation, denoted
as y*, is determined by maximizing G, that is, Gðy�Þ ¼ maxðGðyÞÞ.
The variation tendency of the helix angle with respect to the stress
ratio t bifurcates as Z changes (Figures 4a and b). For Z smaller than
approximately 0.7, a large helix angle y* is favored when axial stress is
dominant; the angle diminishes as s2 approaches s1. Conversely, for a
larger value of Z, when the stress ratio s2/s1 rises from 0 to 1, a
circumferential crack will form first, and the crack angle will gradually
increase. These two contrary trends reflect the competition between
the two coupled energy release mechanisms of channel cracking and
interface delamination. When the geometric and stress state para-
meters are in the upper region of Figure 4c, one has G14G2,
indicating that surface cleavage overwhelms interface delamination,
whereas in the lower region, interface delamination dominates the
cracking process. Comparing Figure 4c with the helix angle contour
in Figure 4d, it can be concluded that the changing trend of the helix
angle mainly depends on the predominant energy-releasing mechan-
ism. When surface cleavage prevails, the energy of s1 is more likely to
be released by a circumferential opening-mode crack. In contrast, if
delamination predominates, the elastic energy will be mainly released
by interface failure. The dominating regions of the two competing
mechanisms are divided by a nearly constant value of Z. Therefore,
it is Z, a function of c/R, that regulates the dominating fracture
mechanism. Specifically, the structural and geometric characters
determine the value of Z and, in turn, the dominating mechanism.
In contrast, the difference between the thermal expansion coefficients
of the inner fiber and the outer shell dictates the intensity of the stress
field at the crack tip and therefore represent the critical condition for

whether helical cracking occurs. Under different values of Z, the helix
angle determined by the two different mechanisms tend to converge
as s2 approaches s1, demonstrating the governing role of the biaxial
stress state in the formation of the helical spring. When the two
stresses approach one another, the helix angle will reach a value of
approximately 201 to 301, which is in accordance with the experi-
ments in Supplementary Figure S4, Supplementary Information.

It is now clear that the helical crack arises from the biaxial stress
and is motivated by the cooperation of surface cleavage and interface
delamination. The special spindle shape of the core-shell knot
facilitates the even release of the biaxial stresses, resulting in a 3D
helical crack. By changing the shape of the spindle knots, and thus,
the biaxial stresses, the number of helical coils can be easily regulated.
According to the Raleigh instability of the polymer solution on a fiber,
the shapes of the spindle knots are influenced by a number of
parameters; for example, the viscosity of the coating solutions, the
wettability of the core fiber and solution, and the pulling rate during
the dip-coating process. Figures 5a–d shows helical cracks with 1, 4, 9
and 14 coils, respectively, demonstrating the high reliability and
controllability of the biaxial stress fracture technique. The statistical
results show that the number of helical coils increases in direct
proportion to the length–diameter ratio of the spindle knots
(Figure 5e). Thus, one can easily tune the number of coils by
adjusting parameters, such as viscosity of the coating solution and the
wettability of the core fiber.19 If a soft or elastic fiber is used as the
core, no helical cracks will arise (Supplementary Figure S5,
Supplementary Information). For this case, the thermal stresses are
not sufficient to induce cracking. This further indicates that the
helical crack mode should be governed by the biaxial stress state,
under which a synergy of surface cracking and interface delamination
drives the helical crack propagation. By removing the core fiber,
micro-sized springs with different types of coils can be obtained
(Figure 5f). These results suggest prospects for controlling the
cracking mode during materials processing.30

Figure 4 Variation of the helix angle y with the dimensionless parameters t¼s2/s1 and Z¼ Z(c/R). (a) Variation of y with s1/s2 with different values of Z.
(b) 3D map of y as a function of s2/s1 and Z. (c) Parameter regions of s2/s1 and Z that dominate the two different cracking mechanisms. In the upper

region (green), the energy released by surface cracking overwhelms that of interface delamination, whereas in the lower region (pink), interface delamination

is dominant. (d) Contour map of y with s2/s1 and Z, showing the regions where the two cracking mechanisms prevail.
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As discussed above, the proposed crack mode should not be limited
to certain specific kinds of fiber materials, but is applicable to many
different materials systems if there is a thermal expansion coefficient
difference between two heterogeneous materials. As expected, diverse
helices of ceramics,31 including SiO2, Al2O3, Fe2O3 and even mixed
oxides, such as FeBiO3, have been successfully created (Supplementary
Figure S6, Supplementary Information). Therefore, such a mechanism
is prevalent for heterogeneous core-shell specimens with a brittle shell
and a weak interface. This study not only widens our understanding
of cracking phenomena, but also sheds light on the control and design
of regular cracks with arbitrary dimensions.32 This cracking mode
holds promise for applications in eliminating or controlling cracks
during manufacturing processes.
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