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Abstract. Shear fracture studies of three-dimensional (3D) printing polymers with interfaces were rarely
reported due to their complicated mechanics and material issues. In this study, a short-beam shear fracture
approach was employed to characterize the mode-II shear fracture toughness of polyamide specimens of
three printing surface angles made with selective laser sintering (SLS). Results show that a pure shear crack
only existed if the initial crack propagated along the printing interface. In other cases, initial cracks kinked
right after crack initiation, so no valid shear fracture toughness was measured. A simple model based on
linear elastic fracture mechanics including anisotropic fracture toughnesses was proposed to predict the
crack kinking angles. The prediction agreed with the measurements well and was more reasonable than the
prediction based on the maximum tensile stress criterion.
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1. Introduction

The mode-II fracture toughness has long been a difficult property to quantify for isotropic
materials, because a mode-II crack tends to kink away from the original crack path [1], and
thereby makes the measured fracture toughness the mode-I fracture toughness. However, a
pure mode-II crack may exist in some special materials with preferred interfaces like layered
materials, or composite materials [2]. Indeed, layered 3D printing materials have numerous
interfaces between the printing layers as the weak paths for potential crack propagation. With
the growing applications of 3D printing materials, it is important to develop new approaches
to measure their mode-II shear fracture toughnesses because of their anisotropic strengths and
fracture toughnesses [3,4]. 3D printing materials based on single-material printing can be treated
as isotropic and homogenous materials in terms of stiffness because no second material (only
defects such as voids) exists in the printed materials. However, their strengths and fracture
toughnesses were slightly anisotropic due to the printing interfaces and the intrinsic build
direction that led to initial defects in different directions [5–7]. It should be noted that their
anisotropic degree was much lower than the layered composite materials [8].
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There were a few shear fracture experiments of 3D printing polymers in the open literature.
But two major issues were found, (1) a pure shear stress field ahead of a shear crack was not
shown, and (2) the initial shear crack might kink right away. For example, Khan et al. [9] employed
3D printing polymer specimens for the mode-I, II and mixed-mode fracture toughness tests,
but the above critical fracture mechanics issues were not addressed. Therefore, whether their
measured values can be treated as valid fracture toughnesses or not is still a big question. Hence,
to measure the valid mode-II fracture toughnesses of 3D printing polymers, a short-beam shear
fracture (SBSF) approach initially proposed by Krishnan and Xu [10] was modified to eliminate
the friction between the cracked surfaces, and ensure a pure shear stress field, thereby offering
a more reasonable value of the mode-II fracture toughness. Another advantage of the SBSF
approach was that the shear crack propagated along the initial crack path if the initial crack path
was along the interface, not immediately kinked from the initial crack. If the initial crack path was
not along the interface, the initial crack might kink right after the crack initiation. Crack kinking is
a special fracture problem, and it has been received long-term attention since it can occur during
static and dynamic loading processes [11–14]. Hence, in this paper, a simple model using linear
elastic fracture mechanics (LEFM) was employed to analyze the crack kinking during a pure shear
fracture experiment. The purpose of this study was to predict the crack kinking angles if the initial
crack kinked.

2. Theory

2.1. Stress intensity factors of a kinked crack including the T -stress

As shown in Figure 1, based on LEFM, the two-dimensional full-field stress of a main crack can
be expressed in a polar coordinate system [15]:

σi j (r,θ) = KIp
2πr

I∑
i j

(θ)+Tδi 1δ j 1 + KIIp
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where KI and KII are the mode-I and mode-II stress intensity factors, T is a nonsingular stress
term, O(r
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2 ) represents the higher-order terms of the length scale r and will be dropped if the

kinked crack length “l ” is very small; and the known functionsΣI
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i j (θ) represent the angular
variations of the 2-D stress components. Previous research on crack kinking was mainly focused
on the relation between the stress intensity factors before and after crack kinking [16]. If the T -
stress is considered during crack kinking, the two stress intensity factors of the kinked crack kI

and kII became [11,17]:
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where β is the kinking angle, i.e., the angle between the main crack and the kinked crack as seen
in Figure 2. The coefficients Ci j (i , j = 1,2) were initially reported by Contrell and Rice [16]:
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Figure 1. Schematic of a kinked crack (with a very small length l ) initiating from a main crack (length 2a)
subjected to remote 2-D mixed-mode loading. The local stress field at the kinked crack tip is shown in a polar
coordinate system.

Figure 2. Schematic diagram of a kinked crack (left), and a photo of the actual crack kinking of a shear fracture
3D printed specimen under loading (right).

Now we consider a shear main crack with KI = 0, and assume the kinked crack is a mode-I
crack (k2 = 0), Equations (2) and (3) yield:

k1 = C12KII +2T

√
2l

π
sin2β (6)

k2 = C22KII −2T

√
2l

π
sinβcosβ= 0. (7)
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Substitute Equation (7) into (6) to eliminate T and l , the mode-I stress intensity factor of the
kinked crack becomes,

k1 = (C12 +C22 tanβ)KII. (8)

The kinked crack is often a mode-I crack because this conclusion was verified by the authors’
dynamic fracture experiments using high-speed photography [14,18]. If T = 0,

k2 =C22(β)KII = 0, thenβ≈ 70.5°. (9)

Erdogan and Sih [19] proposed the maximum tensile stress (MTS) criterion (no T -stress was
involved) and assumed that the kinked mode-I crack initiated in the direction corresponding to
where the circumferential tensile stress around the crack tip reaches its maximum value. For a
pure shear crack, the crack kinking angle predicted by the MTS criterion is around 70.5°, i.e., the
same outcome.

2.2. Energy-based fracture criterion for crack kinking from the interface

As shown in Figure 3, a modified short-beam shear fracture specimen was proposed, and it was
subjected to an asymmetric four-point bending load. Indeed, this was not a typical asymmetric
four-point bending test because this experiment was conducted using an Iosipescu shear fixture
as seen in Figure 4. The load acting on the specimen was distributed load, not point load as shown
in Figure 3 for illustration purposes. The printing surface (interface) angles were 0°, 45°, and 90°.
If the printing surface angle is 90°, the printed initial crack is along the interface (a weak path). For
a mode-II main crack of an interfacial shear fracture toughness measurement, KI = 0. Therefore,
a valid shear fracture experiment requires that continuous crack propagation along the original
crack path occurs when the mode-II energy release rate, GII exceeds the fracture toughness of the
printing interface ΓIT

IIC , i.e.,

GII =
K 2

II

E∗ ≥ ΓIT
IIC (10)

where E∗ = E for plane stress and E∗ = E/(1−ν2) for plane strain, and E is the Young’s modulus of
the material and ν is the Poisson’s ratio. On the other hand, the initial crack will kink if the mode-I
energy release rate of the kinked crack tip, gI, exceeds the mode-I fracture toughness of the bulk
printing material next to the printing interface, ΓBM

IC , i.e.,

gI =
k2

I

E∗ ≥ ΓBM
IC . (11)

Hence, crack kinking is only possible if this inequality holds:

gI
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Therefore, only the ratio of two independent fracture toughnesses λ determines the crack
kinking angle. Indeed, the outcome of this paper will be applicable to more material systems
with weak interfaces rather than 3D printing materials only.

3. Methods and materials

As shown in Figure 2, the printed notch had a variable width to conveniently cut a sharp notch
using a fresh razor blade. At the bottom of the specimen, the notch had a sudden wide opening to
avoid specimen/loading block contact when the applied load/displacement was large for the soft
polymer specimens. For each printing surface angle, at least eight identical specimens were made
and tested. It should be noted that for the 90° specimen, the printing surface/interface was along
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Figure 3. Size and applied load of a short-beam shear fracture specimen (All dimensions are in mm. The
thickness was 4 mm). The printing surface angles α were 0°, 45°, and 90°.

Figure 4. Failure modes of PA specimens with different printing surface angles.

the initial crack direction to measure the mode-II interlayer shear fracture toughness. To create
polyamide (PA) specimens, PA powder (FS3300PA) with a spherical shape and a mean particle
size of 120 µm was used, and the apparent density was 0.48 g/cm3. A selective laser sintering
apparatus (HT252P) was employed to make these specimens. The apparatus was equipped with
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a 60 W carbon dioxide laser with a focal laser beam diameter of ≤0.5 mm. The processing
parameters were set as follows: a laser power of 45 W, a laser scanning speed of 10 m/s, and a
layer thickness of 0.1 mm. A heater was equipped to preheat the raw powder material, capable of
reaching a maximum temperature of up to 225 °C. During the printing process, the chamber was
filled with high-purity nitrogen to protect the specimens from oxidation. All fracture specimens
were tested on an Instron 5966 test frame equipped with a 10 kN load cell using an Iosipescu shear
fixture. The displacement rate for all tests was set at 1 mm/min, and the maximum loadings
of the specimens were recorded. Photos were taken from some specimens to record the final
crack pattern before they were removed from the test machine. More experimental details will be
reported by Wang et al. [20].

4. Results and discussion

4.1. Crack kinking in different specimens with different printing surface angles

Figure 4 shows two different fracture modes of three types of shear fracture specimens. For the
specimens with the printing surface angles of 0° and 45°, the crack kinked from the initial crack
right after its initiation and formed a mode-I crack as seen in almost all homogenous materials
subjected to a pure shear load. For the specimens with the printing surface angle of 90°, the initial
shear crack propagated along the initial crack path. Based on the energy release rate definition,
a crack creates the fracture surface in an in-plane shear pattern after crack initiation. Hence,
it is concluded that the mode-II shear fracture toughness for the 90° specimens is valid. It is
important to note that this crack finally kinked but it was caused by the mixed load (not pure
shear load) because of the large specimen deformation and the close distance of the crack tip
and the load block. The propagation of an interfacial crack is a more complicated case [11,21],
therefore, it is not considered in this simple study. However, for the 0° and 45° specimens, the
crack created the fracture surface in an opening mode, so a valid shear fracture toughness was
not obtained for these two specimens.

Therefore, the measured shear fracture toughness of 90° specimens was the interlayer shear
fracture toughness because a shear crack only existed in the weak printing interfaces between
different layers. The measured mode-II fracture toughness based on LEFM of the printing inter-
face K IT

IIC (2.57 MPa·m1/2) was slightly more than the mode-I fracture toughness of the printing
interface K IT

IC (2.30 MPa·m1/2) for the same material interface/same specimen thickness [22]. The
KIIC of the printing interface was obtained as

K IT
IIC = PC

W t

p
πaF SBSF

II

( a

W

)
(13)

where F SBSF
II is a dimensionless parameter [10], and PC is the critical load at crack initiation,

W is the specimen width, t is the specimen thickness, and a is the crack length. This fracture
toughness indicated that there was little friction between the cracked faces, because friction led
to significant energy dissipation and inaccurately contributed to the fracture toughness.

4.2. Crack kinking analysis based on the proposed model

The measured crack kinking angles are listed in Table 1. The predicted kinking angle according
to the MTS criterion was 70°, i.e., between the kinking angles of the 0° specimen and the 45°
specimen. This inaccuracy is probably caused by the two disadvantages of the MTS criterion:
(1) the crack kinking angle is independent of the material properties (e.g., fracture toughness),
and (2) the T -stress is neglected.
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Figure 5. Normalized energy release rate gI/GII as a function of the crack kinking angle. The predicted crack
kinking angles were 68° to 80°, while the actual crack kinking angles were 64° to 80°.

Table 1. Crack kinking angles of the specimen with different printing surface angles

0° specimens 45° specimens
Crack kinking angleΩ 79.92±7.07 64.13±12.31

The proposed model does not have these disadvantages and clearly shows the dependence
of the crack kinking angles on the fracture toughness as seen in the Equation (12). About
the potential range of the ratio of two independent fracture toughnesses λ, it is difficult to
measure the fracture toughness of the printing layer. However, the mode-I intralayer fracture
toughness of the 3D printing layer is always lower than the mode-I fracture toughness of the
traditional polymers (e.g., inject-molding) due to fewer initial defects. Therefore, the mode-I
intralayer fracture toughness of the bulk PA is around 2.70 to 5.62 MPa·m1/2 based on previous
measurements [23], or λ1 = 1.10 and λ2 = 4.78. Their corresponding crack kinking angles are 68°
to 80°, while the actual crack kinking angles are 64° to 80° as shown in Figure 5. Obviously, our
prediction is better than the MTS criterion.

However, our simple model cannot predict the different crack kinking angles for the 0° and the
45° specimens individually, although they are indeed different as shown in Table 1. Because our
model assumes that the interface/printing surface has no thickness like numerous traditional
interface mechanics models. If we assume that the interface/printing surface has a thickness,
its thickness becomes a variable for different materials and might become a fitting parameter
rather than a material constant. However, for a specific 3D printing technique, the interface
thickness should be treated as a material constant, and it should be less than 1% of the thickness
of a printing layer although there are no direct measurements. For example, for the current PA
specimen made with SLS, its layer thickness is 0.1 mm, so the thickness of the printing interface
should be below 100 µm. Also, the PA powder had a mean diameter of 120 µm before the SLS
process, therefore, an upper limit of 100 µm is a reasonable assumption for the thickness of the
SLS printing interfaces. Anyway, the anisotropic feature of the interfaces should be considered
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for future sophisticated models. Also, the material properties of the finite interfaces could be
assumed to be different from the properties of the printing layers.

5. Conclusions

A simple model based on linear elastic fracture mechanics including anisotropic fracture tough-
nesses was proposed to predict the crack kinking angles. The prediction agreed with the measure-
ments well and was more reasonable than the prediction based on the maximum tensile stress
criterion. Future new models should consider the anisotropic features/thickness of the interfaces
in order to predict the crack kinking more reasonably.
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