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A B S T R A C T   

Dynamic fracture experiments on four bonded polymers using high-speed photography showed that different 
static sharp notches formed after the incident dynamic cracks met the material interfaces. In one scenario, an 
incident dynamic crack induced interfacial crack nucleation, and two convex notches formed after the interfacial 
crack propagated away. In another scenario, interface-induced crack kinking and a “head-to-tail” crack kinking 
pattern led to a concave notch with a singular stress field, which merits consideration in fracture mechanics 
modeling. In contrast, load-induced crack kinking did not cause the above scenarios. In another unique exper
imental phenomenon, a slightly curved/kinked dynamic crack only had a small local crack kinking angle, but its 
final crack direction was almost 90◦ to the initial crack direction over a long crack path.   

1. Introduction 

Dynamic failure and crack propagation has been a long-standing 
research topic [19,32,11,12,29,13,3,23,31,21,28,38,1,43,7,47,6] (Kis
tler and Waas, 1998). As shown in Fig. 1, when two dynamic cracks 
encounter the same material interface, three dynamic failure modes, 
crack penetration, load-induced crack kinking, and interface-induced 
crack kinking, often occur. Either the incident crack penetrates the 
interface and continues to propagate, which is referred to as crack 
penetration [16,15], or the incident crack kinks into the interface, which 
is referred to as crack kinking or deflection [42,17,49,35]. There are two 
kinds of crack kinking due to different mechanisms. The applied load or 
local load mixity variations can lead to dynamic crack kinking or load- 
induced crack kinking, as shown in Fig. 1. Usually, the crack path is 
quite smooth. Simultaneously, if there is a significant reducation in the 
fracture toughness of the interface over the bulk material, an incident 
crack may kink into the interface and leave a sharp concave notch, 
which is referred to as interface-induced crack kinking. In previous crack 
kinking studies, the sharp notch was almost always disregarded. How
ever, with the extensive application of composite and layered materials, 
investigation of material interface failure has become vital [20,41]. 
Hence, the interface-induced crack kinking phenomenon merits greater 
attention, especially in 3D printing materials, which are typical layered 
materials with numerous interfaces. 

Immediately after the 3D polymer printing technique was first 
introduced in 1986, Knauss and a co-worker conducted pioneering 

research on dynamic crack propagation along an interface [22]. They 
employed weakly bonded polymers (Plexiglass or PMMA and Homalite) 
to measure the mode-I dynamic crack speed along the interface. Later, 
Rosakis et al. studied interfacial shear cracks and mixed-mode cracks 
using bonded polymers [34,46]. As illustrated in Figs. 1 and 2, these 
polymer specimens were bonded together using selected adhesives to 
form artificial interfaces. Because the mechanical properties, such as the 
Young’s moduli, of these special adhesives after curing are similar to 
those of bulk polymers, the adhesives are considered bulk polymer 
components. Therefore, the bonded materials can be treated as homo
geneous and isotropic materials except at their interfaces, which usually 
have lower strength or toughness than the bulk polymers. Fig. 2(a) 
shows a layered Homalite plate with two bonded interfaces after a 
projectile impact at the bottom layer. Fig. 2(b) shows a cross-sectional 
view of a 3D printing polymer [4]. These two kinds of layered mate
rials are the same with regard to the mechanical features. They are 
homogeneous and isotropic in terms of stiffness and wave propagations, 
but anisotropic in terms of their strengths or fracture toughnesses due to 
these interfaces. Therefore, the bonded polymers in Fig. 2(a) can be 
viewed as “model 3D printing materials”. 

As the structural applications of 3D printing materials have rapidly 
increased, crack propagation and interaction with numerous interfaces 
have become a critical safety topic, especially considering the absence of 
systematic studies such as on complicated crack propagations of mode-II 
and mixed-mode cracks. Hence, in this study, we focused on sharp 
notches related to interfaces. 
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2. Theoretical background 

2.1. Stress and stress intensity factors before and after crack kinking 

We employed static crack kinking theory to obtain an initial under
standing of a complicated dynamic fracture problem, especially the 
sharp notches that were static with respect to the dynamic cracks. Based 
on linear elastic fracture mechanics, the two-dimensional full-field stress 
of a mixed-mode crack, as seen in Fig. 3, can be expressed in a polar 
coordinate system [5,48]: 

σij(r, θ) =
KI
̅̅̅̅̅̅̅̅
2πr

√
∑I

ij
(θ) +Tδi1δj1 +

KII
̅̅̅̅̅̅̅̅
2πr

√
∑II

ij
(θ) +O(r

1
2) (i, j = 1,2),

(1)  

where KI and KII are the static mode I and mode II stress intensity factors, 
respectively. According to dynamic fracture mechanics theory [11], the 
dynamic stress intensity factors are functions of the static stress intensity 
factors and crack tip speeds. Assuming that all crack speeds are small, 
the dynamic stress intensity factors are close to the static stress intensity 

factors. T is a nonsingular stress term, O(r
1
2) represents higher-order 

terms of the length scale r and is dropped if the kinked crack length 
“l” is very small, and the known functions ΣI

ij(θ),ΣII
ij (θ) represent the 

angular variations of the 2-D stress components. 
Previous research on crack kinking has mainly focused on the rela

tion between the stress intensity factors before and after crack kinking 
based on one key assumption; that is, the head of the main crack 
immediately became the tail of the kinked crack. Therefore, the 
asymptotic stress fields before and after crack kinking were assumed to 
be the same, and some simplified relations among the static stress in
tensity factors were obtained (Contrell and Rice, 1980): 

σkc
ij = σmc

ij if l and r→0, (i, j = 1, 2), (2)  

kkc
I = c11Kmc

I + c12Kmc
II ,

kkc
II = c21Kmc

I + c22Kmc
II .

(3)  

where “mc” and “kc” denote “main crack” and “kinked crack.” The co
efficients cij (i,j = 1,2) were reported by Contrell and Rice [8]. To include 
the role of the T-stress, Li and Xu [26] derived new relationships among 
the stress intensity factors and the T-stresses for different static crack 
kinking cases. Although complicated dynamic crack penetration and 
kinking modeling results at interfaces are available [46,14], we do not 
cite these results here to simplify a complicated fracture problem. 

2.2. Singular stress field of a sharp concave notch 

As shown in Fig. 3(b), a sharp concave notch formed immediately 
after crack kinking. Its asymptotic stress field can be described by two 
generalized stress intensity factors, Knotch

I ,Knotch
II based on Williams’ 

pioneering work (1952): 

σnotch
ij (r, θ) = Knotch

I rλ− 1fij(θ)+Knotch
II rξ− 1gij(θ) r→0 (i, j = 1, 2), (4)  

where the known functions fij(θ), gij(θ) represent the angular variations 
related to the mode-I and mode-II stresses, and (λ-1) and (ξ-1) are the 
mode-I and mode-II stress singular orders, which are mainly determined 
by the notch angle (180◦ − β), as shown in Fig. 3. If the notch angle is 
less than 180◦, the stress is singular at the concave notch tip [36]. 

2.3. Caustic at a crack or a notch tip 

In dynamic fracture experiments, as shown in Fig. 3, a black spot 
(caustic) is often observed at the crack tip (especially the mode-I crack 
tip of a transparent material). Because of the high tensile stress at the 
crack tip, the through-thickness deformation is large. Therefore, inci
dent light rays are deflected, and some rays cannot reach the film plane 
of the camera, so a black spot forms in the photo. Extensive research has 
shown that the diameter of a caustic at a crack tip is an increasing 
function of the stress intensity factor [33] (Gdoutos, 2016). Similarly, a 
notch may have a caustic if its mode-I generalized stress intensity factor 
is large. Notably, the purpose of this experimental investigation was to 
discover unique phenomena that merit the attention of theoreticians. 
For example, Contrell and Rice [8] only modeled a slightly curved crack, 
rather than a complicated kinked crack with a sharp notch. As this was 
an experimental study, the challenging modeling or simulation work 
would be outside the scope of this paper. 

3. Experimental investigation 

Two types of polymeric materials were employed in conjunction 
with two kinds of optical diagnostic techniques. Homalite-100 was 
chosen for the dynamic photoelasticity experiments, whereas Plexiglas 
(PMMA) was used in the Coherent Gradient Sensing (CGS) experiments 
[30]. Tables 1 and 2 show selected material properties of Homalite and 
PMMA. Dynamic photoelasticity was used to record the maximum in- 
plane shear stresses (fringes) in a specimen during the loading 

Fig. 1. Impacted Homalite polymer plate with three dynamic failure modes: (1) 
Dynamic crack penetration across an interface, (2) Load-induced crack kinking, 
and (3) Interface-induced crack kinking. A sharp concave notch forms between 
the incident crack and the kinked interface crack. 

Fig. 2. (a) Layered Homalite plate with two bonded interfaces after a projectile impact, (b) Cross-sectional view of a 3D printing polylactide (PLA) specimen with 
three interfaces [4]. The layer thicknesses of (a) and (b) are 33 mm and 0.12 mm, respectively. 
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process, whereas the CGS technique was used to record the gradient of 
the first in-plane stress invariant (fringes). To make an artificial inter
face, a rectangular polymer plate was cut into two parts that were 
bonded using two kinds of adhesives. A wedge was inserted into a pre- 
notch and when it was impacted by a projectile, the wedge opened the 
notch producing a single mode-I crack which was driven towards the 
inclined interface, as shown in Fig. 4. The projectile had a cylinder shape 
made of steel and plastic with a length of 58.1 mm and a diameter of 
25.4 mm. Its weight was 0.0925 kg. Each specimen was in a free- 
standing position before impact. The initial crack length (notch 
length) was 12.7 mm. A high-speed camera (Cordin model 330A rotating 
mirror type, up to 2 million frames/second) was employed to record the 
entire failure process. Two identical specimens were made and tested for 
each impact case. Due to the difficulty of dynamic fracture experiments 
to obtain high-quality photos, only high-speed photos with better 
quality are shown in this paper. Because the experiment reported in this 
paper was an extension of our previously successful results [46], two 
identical specimens and tests still revealed the common fracture me
chanics nature. Table 3 lists some special material properties, specimen 
sizes, and impact speeds for future modeling and simulation. These 
interfacial bonding strengths and fracture toughness were measured by 
Krishnan and Xu [18]. There is no standard definition of a strong or 
weak bonding/interface. The interfacial strengths and the mode-I frac
ture toughness of the adhesive W10 bonding were higher than those of 

the adhesive 384 bonding, so its bonding was considered “strong 
bonding.” More experimental details were reported by Xu et al. [46]. 
Importantly, the high-speed photos published by Xu et al. [46] were 
different from the photos used in this paper because the current photos 
focused on the sharp notch effect, whereas the previous photos 
addressed crack kinking/penetration at the interface. 

4. Results and discussion 

4.1. Dynamic failure process of bonded Homalite plates 

Fig. 4 shows a series of high-speed photos of the failure mode tran
sition related to the strong interface of a bonded Homalite plate. The 
vertical line that appears in every image is the camera streak line, which 
was used for reference purposes. The slanted line in the figure indicates 
the position of the interface. The circular spot is a scaling mark, which 
was 6.35 mm in diameter. 

Fig. 4(b) shows that a mode-I incident crack with a symmetrical 
fringe pattern/caustic approached a strong interface with an interfacial 
angle of 60◦. The average model-I crack speed was around 400 m/s [46]. 
After the crack arrived at the interface, it became a mixed-mode inter
facial crack with an unsymmetrical fringe pattern, as shown in Fig. 4(c) 
and (d). Therefore, a static concave notch of 120◦ formed between the 
incident crack and the kinked crack. Two caustics stemming from the 
static concave notch and the moving interfacial crack tip can be clearly 
seen in Fig. 4(d). If the interfacial strength was low and the same 
specimen was subjected to the same impact, the failure pattern became 
more complicated. Fig. 5 shows the new failure mode transition related 
to a weak interface of the same specimen. Initially, a large caustic was 
observed at the incident crack tip, as shown in Fig. 5(b). The time for the 
two incident cracks to arrive at the interfaces in Figs. 4(c) and 5(b) was 
very close. Similarly, a concave notch of 120◦ formed. 

As shown in Fig. 5(c), one caustic appeared at the sharp notch, 
whereas the other moving caustic represented the kinked interfacial 
crack tip. As shown in Fig. 5(d), the distance between the two caustics 
increased because the sharp notch was static. The concave notch angle in 
Fig. 5(e) was approximately 120◦, and its symmetric stress singularity 
order (λ − 1) = − 0.38 [40], which was not small compared to − 0.5 for a 
crack case with a notch angle of 0◦. As shown in Fig. 5(e), the mixed- 
mode interfacial crack propagated after 20 mm and then kinked into 
the right side of the interface. Thus, a large caustic can be seen in Fig. 5 
(f). This indicates the mode-I nature of the second kinked crack, as 
predicted by previous researchers using mixed-mode fracture theory 
[10,48]. Similarly, the second concave notch formed between the 
interfacial crack and the second kinked crack. The notch angle was 
approximately 103◦, as seen in Fig. 5(f), so a singular stress field existed. 

4.2. Dynamic failure process of bonded PMMA plates 

Even if the testing materials and optical techniques were different, 

Fig. 3. (a) A main mode-I crack arrives and subsequently kinks at an interface with an interfacial angle β. A dark spot represents a crack or notch tip. (b) The 
interfacial crack kinks and leads to a sharp concave notch. The stress singular orders of the cracks and the notch are marked. 

Table 1 
Selected static and dynamic properties of Homalite.  

Property Different loading  

Static (Strain rate ~ 
10− 3/s) 

Dynamic (Strain rate 
~ 103/s) 

Density ρ (kg/m3) 1230 1230 
Young’s modulus (GPa) 3.45 3.45 
Dilatational wave speed cl (m/s) 

(plane stress) 
1890 2119 

Shear wave speed cs (m/s) 1080 1208 
Rayleigh wave speed cR (m/s) 1010 1110 
Poisson’s Ratio ν 0.35 0.35 
Material fringe constant fσ (kN/ 

m) 
23.7 23.7 

Fracture toughness GIC (J/m2) 250   

Table 2 
Selected material properties of PMMA.  

Young’s modulus (GPa) 3.5 
Tensile strength (MPa) 75 
Elongation (%) 4.5 
Poisson’s Ratio 0.35 
Density (kg/m3) 1410 
Mode-I fracture toughness (MPa M1/2) 2.13  
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the static notch phenomenon during dynamic crack kinking was still 
repeatable. Fig. 6 shows a series of CGS high-speed images of a PMMA 
plate with an interfacial angle of 45◦ and weak bonding. After an inci
dent mode-I crack propagated toward the interface (120 μs), an inter
facial crack propagated along the interface (140 μs). At 166 μs, a CGS 
fringe concentration appeared at the static concave notch formed be
tween the incident and kinked interfacial cracks. This type of fringe 
concentration was not observed at 140 μs because of the low dynamic 
load acting on the notch. 

Fig. 7 presents a large post-mortem photo of an impacted PMMA 
plate including four dynamic failure modes. The other photos are a se
ries of CGS high-speed images that recorded the sequence and nature of 
these failure modes. At 52 μs after impact, an incident mode-I crack with 
a large caustic propagated towards the inclined interface. After this 
crack arrived at the interface at approximately 136 μs, an interfacial 
crack (failure mode #1) appeared and propagated along the interface at 
approximately 156 μs. The fringe pattern of the interfacial crack was not 
symmetric due to its mixed-mode nature. Additionally, a caustic was 
seen at the sharp concave notch formed between the incident crack and 
the kinked interfacial crack. After the interfacial crack propagated 
further along the interface (177 μs), the CGS fringes around the notch 
significantly expanded. So the effect of the concave notch should not be 
ignored. At the late stage (271 μs), a mode-I crack initiated from the 

sharp notch tip, and its initial crack path was very straight. The angle 
between this new mode-I crack and the interface was approximately 
123◦, as marked in the photo at 344 μs. Because the interface angle was 
60◦, the propagation direction of this mode-I crack stemming from the 
notch (failure mode #2) was almost in the middle of the concave notch 
(angle of 120◦), which showed that the crack was caused by the high 
tensile stress acting at the notch tip. 

Before 406 μs, this crack smoothly kinked (failure mode #3) because 
of its local load-mixity change (load-induced crack kinking), and finally 
changed its propagation direction by almost 90◦ (angle between the final 
crack propagation direction and the initial crack propagation direction, 
as seen in the large post-mortem photograph in Fig. 7). This curved crack 
path was carefully examined using a magnifying glass, and a lack of 
sharp kinking or sharp notches was found at every examination point. 
Simulation approaches, such as the extended finite element method 
(XFEM see [27]are often employed to simulate dynamic crack propa
gation paths. However, a largely curved crack path such as that recorded 
in this investigation has not previously been simulated because the 
current XFEM cannot simulate a largely curved crack path due to the 
limitation of its simple crack propagation criterion. For example, 
although the T-stress plays an important role in a crack path [8,5], it is 
not included in the XFEM software that is specialized in simulating crack 
paths. As previously stated in this paper, only some special fracture 

Fig. 4. High-speed photos showing crack kinking and one concave notch in a strongly bonded polymer specimen (code cdp60wd-1) after an incident mode-I crack 
arrived at the interface. 

Table 3 
Dynamic failure modes and sharp notch angles of different bonded materials.  

Material/ 
bonding 

Plate sizes 
(mm) 

Impact 
speed (m/s) 

Interfacial angle 
(degree) 

Bonding normal 
strength (MPa) 

Bonding shear 
strength (MPa) 

Bonding toughness 
KIC (MPa m1/2) 

Failure mode Sharp 
notch 

HM/W10 
strong 

457 * 254 
* 10 

19 60  7.74  21.65  0.83 Crack kinking 120◦

HM/384 
weak 

457 * 254 
* 10 

17 60  6.75  7.47  0.38 Crack kinking and 
branching 

120◦& 
103◦

PMMA/W10 
strong 

508 * 381 
* 10 

46 60  20.87  21.35  1.74 Crack kinking, crack 
initiation from a notch 

120◦

PMMA/384 
weak 

508 * 381 
* 10 

40 45  12.66  11.58  0.71 Crack kinking 135◦
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phenomena are reported to challenge the current modeling and simu
lation capabilities rather than proposing new modeling efforts by the 
author. Indeed, for most scientific research, modeling always occurs 
after the experimental phenomena. 

The last failure mode (#4) was dynamic crack branching, which 
occurred much later and was not recorded by the high-speed camera. 

The notable result here was the angle between the two branched cracks 
(approximately 121◦), which was much larger than 60◦, i.e., the 
maximum theoretical crack branching angle [5]. Xu and Rosakis 
[44–46] reported that the experimental crack branching angle was 
slightly larger than the maximum crack branching angle. However, as 
shown in Fig. 7, the two branched cracks were arrested, whereas the 

Fig. 5. Two dynamic crack kinking cases and two concave notches during impact failure of a weakly bonded polymer plate (specimen code cdp60i384-1), as 
recorded by a high-speed camera. 

Fig. 6. High-speed photos of an impacted PMMA plate with weak interfacial bonding (impact speed 40 m/s, specimen code K45PM384-2). The incident crack (with a 
large caustic at the crack tip) arrived at the interface and kinked into the interface. A fringe concentration around the sharp notch was seen. 

L.R. Xu                                                                                                                                                                                                                                            



Theoretical and Applied Fracture Mechanics 133 (2024) 104476

6

branched cracks in our previous experiment were not arrested. 
Evidently, a new criterion for dynamic crack branching is needed to 
understand this unique phenomenon, i.e., a very large crack branching 
angle and arrested branched cracks. 

Based on the above experimental observations, the effect of the sharp 
concave notch should be considered during crack kinking modeling. If 
the singular stress field of a concave sharp notch is added to the right 
side of Eq. (2), an inequality will exist for two asymptotic stress fields 
before and after crack kinking: 

σkc
ij ∕= σmc

ij + σnotch
ij

(
= Knotch

I rλ− 1fij(θ) +Knotch
II rξ− 1gij(θ)

)
(i, j = 1, 2), (5)  

because both σkc
ij andσmc

ij are functions of r− 0.5 or a constant stress singular 
order, whereas the notch stress singular orders are two functions of the 
notch angle. Therefore, it might not be possible to simply extend Con
trell and Rice’s assumption to analyze interface-induced crack kinking 
with a potential sharp notch. Further experimental evidence showed 
that the assumed “head-to-tail” crack kinking pattern might not hold. 

4.3. Interfacial crack nucleation and two convex notches without singular 
stresses 

An interfacial crack might have nucleated (event-1) before the 
incident crack arrived at the interface, as illustrated in Fig. 8(a), due to 
the high stresses ahead of the incident crack tip and the low interfacial 
strengths. When the incident crack reached the interface, the interfacial 
crack propagated away (event-2), as shown in Fig. 8(b). Notably, this 
interfacial crack had downward and upward tips. When the upward tip 
was moving, the downward tip might be arrested due to a small driven 
force (event-3). Fig. 8(c) shows that the Homalite-100 plate with weak 
interfacial bonding and an interfacial angle of 30◦ had two interfacial 
crack tips [46]. Some fast-moving fringes indicated the upward inter
facial crack tip. However, very few fringes were observed at the down
ward tip, which was arrested, by examining other high-speed photos 
that are not shown here. We define this failure mode as the dynamic 
“Cook-Gordon mechanism.” The static equivalent of this phenomenon 
was analyzed by Leguillon et al. [24]. Arata et al. [2] simulated further 
propagation of this type of interfacial crack with two different tips. 
Moreover, Wang and Xu [39] employed dynamic fracture mechanics 

Fig. 7. Four major dynamic failure modes and their sequences of an impacted PMMA plate with strong interfacial bonding (interfacial angle 60◦, impact speed 46 m/ 
s, specimen code K60PMWD-1). A caustic at the static concave notch formed after dynamic crack kinking was seen around 156 μs. Then a crack initiated from this 
notch, smoothly kinked, and finally branched and arrested. 
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theory and proposed a stress-based criterion to predict interfacial crack 
nucleation. In this interfacial failure scenario, two convex notches form. 
Because their notch angles are greater than 180◦, the stresses at these 
notch tips are zero and will not be considered for modeling purposes. 

We noticed a significant difference between the two types of crack 
kinking cases. The load-induced crack kinking, as shown in Fig. 7 
(failure mode #3), had a very smooth crack path, and the local kinking 
angle was small at each point. No convex notch formed, as seen in the 
crack paths shown in Figs. 1 and 7. Cotterell and Rice [8] defined these 
cracks as “slightly curved or kinked cracks,” although the final crack 
direction could be very large over a long crack path, as seen in Fig. 7. 
They derived Eq. (3) for small crack kinking angle cases, and the sharp 
concave notch effect was not considered. However, for interface- 
induced crack kinking, the interfacial failure scenarios are very 
complicated, and future new fracture mechanics models are expected to 
include the concave notch or the interfacial crack nucleation effect. It 
should be noted that some authors had simulated our previous experi
ments reported by Xu et al. [46], but none of them investigated the sharp 
notch effect [3,25,9]. 

5. Conclusion 

High-speed photography of dynamic failure experiments of bonded 
polymers showed that different static notches formed if incident dy
namic cracks arrived at material interfaces. In one scenario, the dynamic 
incident crack induced interfacial crack nucleation, and two convex 
notches formed after the interfacial crack propagated away. In another 
scenario, the dynamic incident crack might kink at the interface and the 
“head-to-tail” crack kinking pattern led to a concave notch, which had a 
singular stress field and should be considered in fracture mechanics 
modeling. 
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