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Abstract: The approach combining the dynamic caustics
method with high-speed photography technology is used to
study the interaction between propagating cracks and three
kinds of deformity inclusions ( cylinder inclusion, quadruple
inclusion and triangular inclusion) under low velocity impact
loading. By recording the caustic spots of crack tips at
different moments during the crack propagation, the variation
regulations of dynamic stress intensity factors ( DSIF) and
crack growth velocity with respect to time are obtained. The
experimental results show that the resistance effects to crack
growth are varied with different shapes of inclusions in
and the quadruple inclusion’s effect is more
apparent. The distortion degree of caustic spots is affected by

specimens,

the shapes of inclusions as well, and the situation is more
serious for cylinder and quadruple inclusions. The overall
values of DSIFs of triangular inclusion specimen are greater
than the others, and the crack growth velocities, characteristic
sizes and DSIFs show processes of fluctuations because of the
The results
provide an experimental basis for the analysis of strength and
impact-resistance with  deformity
inclusions.

disturbance of reflection waves in specimens.

ability in structures
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t is well known that various inclusions are inevitable
I in many engineering structures. Under impact load-
ing, these inclusions will directly influence the crack
path, the crack velocity and the stress intensity factors at
the crack tip''™
between the inclusions and the propagating cracks is still a
difficult academic problem, which is important for char-
acterizing the strength and predicting the lifetime of the

engineering components with inclusions.

. How to evaluate the dynamic interaction

Optical caustics technology in combination with high-
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speed photography has been widely applied for investiga-
ting the dynamic fracture behaviors of engineering materi-
als and structures””'. Theocaris et al. "™ studied the
crack propagation behavior of the quasi-static crack tip
field using the caustics method. Beinert et al. """ applied
the caustics method to the experimental study of dynamic
fracture mechanics by introducing a correction factor and
determined the stress intensity factor at the crack tip suc-

cessfully. Jajam et al.'"

simulated the dynamic crack
propagation of specimens with flexible and rigid inclu-
sions. Yao et al. """ studied the multiple cracks interac-
tion in polymer materials and the crack tip stress singular-
ity in composite by the caustics experimental method. Li

14-15
et al, "™

applied the caustics method in the fracture me-
chanics analysis of orthotropic composites and viscoelastic
materials.

However, there is still very little research regarding the
influences of inclusions in various shapes on a crack’s de-
velopment and propagation, which will probably cause
the unstability of engineer components and then pose a
hidden danger for the whole project. Therefore, in this
paper, the interactions between the propagating cracks
and deformity inclusions are studied by means of the dy-
namic caustics method for the purpose of providing a the-
oretical basis for the actual projects. Dynamic caustic pat-
terns surrounding the propagating crack tip of the speci-
men with the inclusion such as cylinder, quadruple prisms
and triple prisms are recorded by a high-speed camera.
Some dynamic fracture parameters such as the dynamic
stress intensity factor and the crack velocity are obtained,
and the influence mechanism of deformity inclusions on
the fracture parameters is also stated.

1 Experimental Details
1.1 Specimen with inclusion

The epoxy resin specimen with 150 mm x 40 mm X
5 mm in length x width x thickness is prepared. Three
kinds of inclusions (they are actually holes in different
shapes) are cured inside the epoxy resin specimen, such
as cylinder with 5 mm x 10 mm in thickness x diameter,
quadruple prisms with 5 mm x 10 mm in thickness X
length of a side and triple prisms with 5 mm x 10 mm in
thickness x length of a side. The geometrical configura-
tion of the final specimen is shown in Fig. 1. The initial
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crack is 5 mm x 0. 8 mm in length x width, and the dis-
tance between the initial crack tip position and the bottom
of the inclusion is 10 mm. The impact system is shown in
Fig. 2.
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Fig.1 Three kinds of specimens containing different inclusions

(unit: mm). (a) Cylinder; (b) Quadruple prisms; (c) Triple prisms

Fig.2 Impact system

1.2 Digital laser dynamic caustics experimental system

A digital laser dynamic caustics experimental system is
shown in Fig. 3, including the laser, optical lens, low
velocity impact system and high speed camera ( Fastcam-
SA5-16G, Photron Company, Japan). In this study, the
photograph resolution is 128 x 64 pixels; the pixel-to-
length ratio of the images is 1.8 and the pump laser pow-
er is 50 mW. The high-speed camera is used to record
different transient moment caustic spots around the propa-
gating crack tip under low velocity impact loading. A
green laser light source is used as an illumination for dy-
namic optical recording.

First, the specimen was placed onto the holders to have
them fixed, and the hammer of 1 kg was raised to 500 mm
(the final velocity was nearly 3. 13 m/s) above the upper
surface of the specimen. Secondly, the laser was initiated
and the optical path was calibrated to make sure that the
image shown in the high speed camera was clear and
complete; the interval of the high speed camera was set to
be 3 ws. Finally, the crack tip of the initial crack began
to accumulate energy when the hammer impacted on the
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Fig. 3  Digital laser dynamic caustics experimental system.
(a) Experimental setup; (b) Optical arrangement

specimen. Once the energy reached the required value for
crack development, the initial crack was initiated and
propagated under impact loading. By using the high
speed camera, the caustic spots of the crack tip during the
process of propagating were recorded, which were the ba-
sis for calculating the characteristic sizes, crack velocities
and dynamic stress intensity factors.

1.3 Dynamic stress intensity factor

Based on the dynamic caustics experiments of mode [
crack, the dynamic stress intensity factor Kj at the propa-

gating crack tip can be expressed as'"”

_ 2 /2wF(v) 5/2
1= 52 d (D
3(3.17) " Zycd,,

where d is the maximum transverse diameter of the caus-
tic at the crack tip; Z, is the distance between the refer-
ence plane and the specimen plane; c¢ is the dynamic
stress optical constant of materials; d; is the effective
thickness of the specimen; F(v) is a velocity correction
factor in dynamic caustics experiments, which can be ex-
pressed as

F(V) — 4BdB52_(12+B52)
(1+B8)(B:=B.)

where 8} =1 - (v/c,)?, i=d, s; c, and c, represent the
expansion wave and shear wave velocity of epoxy resin,
respectively; v is the crack instantaneous growth velocity.
When the crack is not initiated, v =0, F(v) =1.

In this experiment, Z, =500 mm, ¢ =0.77 x 107" m*/N,
and d; =5 mm. Once the maximum transverse diameter
at the crack tip is measured, the dynamic stress intensity
factor of the model [ crack tip can be calculated accord-
ing to Egs. (1) and (2). The mechanical properties of

(2)

epoxy resin are shown in Tab. 1.
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Tab.1 Dynamic mechanical parameters of epoxy resin specimens

Parameter C;/(m +s~') C/(m-s™ ') E;/GPa v ¢/(m? - N7")

Value 2320 1 260 3.7 0.36 0.77x10°1°

2 Experimental Results and Analysis

2.1 Dynamic fracture patterns on specimens with de-
formity inclusions

Dynamic caustic patterns at the crack tip for the speci-
men with the inclusion like triple prisms, cylinder and
quadruple prisms under low velocity impact loading are
shown in Fig.4, Fig.5 and Fig. 6, respectively.
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Fig.4 Dynamic caustic patterns on specimen with triple prisms
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Fig.6 Dynamic caustic patterns on specimen with quadruple

prisms inclusion

As shown in Fig. 4, when t =0 to 12 ps, the evolution
of the caustic spot at the crack tip is almost the same as
that in the homogenous material. While the crack tip
gradually closes to the triple prisms inclusion from ¢ =15
ws to £ =33 s, the influences of the triple prisms inclu-
sion on the crack tip caustic spot are obvious. Then, the
crack tip makes contact with the triple prisms inclusion
and expands along the interface of it and the epoxy resin
material, and the caustic spot arises irregularly at this
time. This is because the crack is not under mode [
loading and the stress state around the crack tip is more
complex. When ¢ >78 s, the crack tip crosses through

the triple prisms inclusion completely until it extends
through the whole specimen.

For the dynamic fracture on the specimen with cylin-
der inclusion as shown in Fig. 5, the influences of cylin-
der inclusion on the crack tip caustic spot become signifi-
cant when 7 =3 s, and then the shape of the crack tip
caustic spot continues to distort under the influence of
the cylinder inclusion. What needs to be noticed is that
the cylinder inclusion shows a significant crack-arrest in-
fluence on the growing crack before 30 ws. The caustic
spot becomes smaller as the crack reaches the lower edge
of the cylinder inclusion. When ¢ =27 us, the caustic
spot vanishes because of the strong fracture resistance.
When £ >30 ps, the crack restarts to accumulate the en-
ergy, then it develops surrounding the cylinder inclusion
and the crack extends along both sides of the inclusion in-
terface. The right crack expands faster and continues to
propagate after reaching the inclusion’s upper boundary.
Subsequently, the left crack passes through the inclusion
and expands upwards at a certain angle long with the
loading direction. As the right crack crosses through the
specimen, the left caustic spot of the crack tip decreases.
Ultimately, the left crack fails to cross through the speci-
men.

As shown in Fig. 6, in the early stage of crack expan-
sion, the quadruple prism inclusion has smaller effect on
the crack tip caustic spot. With the crack expanding, the
influence of the quadruple prism inclusion tends to be ob-
vious, and the shape of the crack tip caustic spot is sig-
nificantly stretched along the direction of crack expan-
sion. After passing through the quadruple prisms inclu-
sion, the crack expands to the top of the specimen.

On the whole, the crack tip caustic spots of the speci-
mens with deformity inclusions undergo a distortion
process before the crack meets the inclusions under impact
loading. Cylinder inclusion and quadruple prisms inclu-
sion pose greater influences on the crack caustic spots
than triple prism inclusion. The reason for this phenome-
non is that the stress wave at the crack tip is released after
the crack initiation, and the crack tip caustic spot is influ-
enced by the wave reflection of the specimen boundary
and mixed interface. The final fracture patterns of three
kinds of specimens are shown Fig. 7.

T

(a) (b) (¢)
Fig.7 Fracture patterns of three kinds of specimens containing
deformity inclusions. (a) Cylinder; (b) Quadruple prisms; (c) Tri-
ple prisms
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2.2 Crack growth velocity

Before the crack tip expands to the inclusion, the crack
growth velocity v varies with time 7 as shown in Fig. 8. It
can be seen that, with the crack initiation of specimens
with deformity inclusions, the crack growth velocities of
three kinds of specimens all rise in an obvious trend,
which runs up to the first peaks at 9 to 12 s, respective-
ly, then the crack growth velocities fluctuate up and
down. For deformity inclusions, the frequencies and an-
gles of reflection stress waves are different; therefore, the
crack growth velocities of these specimens with deformity
inclusions are different.
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Fig.8 The growth velocity v of cracks

2.3 Dynamic stress intensity factor

Before the crack meets inclusion, both the characteris-
tic size d of caustic spots and the dynamic stress intensity
factor Kj of specimens with deformity inclusions are
shown in Fig. 9 and Fig. 10, respectively.
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Fig. 10 Dynamic stress intensity factor K|

From Fig.9 and Fig. 10, when the crack initiates, the
characteristic size d of caustic spots and the dynamic
stress intensity factor K| of specimens with deformity in-
clusions are all decreased, and the decreasing extents are
basically the same. With the propagation of the crack,
the dynamic stress intensity factor begins to fluctuate.
The reason is that the stress wave that the crack tip relea-
ses along the expansion of crack experiences multiple re-
flections by the specimen as well as a mixed boundary,
and subsequently acts on the crack tip and superimposes
on the releasing stress wave of the crack tip. Eventually,
the stress intensity factors happen to fluctuate due to the
complex interactions between stress waves. Simultaneous-
ly, the dynamic stress intensity factor of the specimen
with the triple prism inclusion is greater than those of
specimens with quadruple prism inclusion and cylinder in-
clusion, and the dynamic stress intensity factor of the
specimens with quadruple prism inclusion and cylinder in-
clusion are almost similar. In other words, the influence
of the reflecting stress wave on the crack tip stress field is
the most remarkable in the specimen with triple prism in-
clusion.

3 Conclusion

1) Inclusions in different shapes have different effects
on the fracture resistance of the crack’s development and
propagation. The quadruple prism and cylinder inclusions
pose greater influence on the propagating crack than triple
prism inclusion does.

2) The reflection effect of deformity inclusions on the
stress wave is different, and thus the distortion degree of
caustic spot varies with the shapes of the inclusions.
Specimens containing cylinder inclusion and quadruple
prism inclusion distort the caustic spots of the crack tips
more seriously than those with triple prisms do.

3) The dynamic stress intensity factors show fluctua-
tion because of the disturbance of the reflecting stress
wave to the crack tip. The overall dynamic stress intensi-
ty factors of the specimen containing triple prism are
higher than those with cylinder inclusion and quadruple
prism inclusion at the same moment. In other words, the
reflecting stress wave in the specimens of triple prism in-
clusion has a greater influence on the stress field.

References

[1] Yao X F, Xu W. Recent application of caustics on exper-
imental dynamic fracture studies[ J]. Fatigue & Fracture
of Engineering Materials & Structures, 2011, 34 (6):
448 —459.

[2] Rosakis A J. Analysis of the optical method of caustics
for dynamic crack propagation[J]. Engineering Fracture
Mechanics, 1980, 13(2): 331 —347. DOI; 10. 1016/
0013-7944(80)90063-6.

[3] Yang R S, Yue Z W, Sun Z H, et al. Dynamic fracture
behavior of rock under impact load using the caustics



Dynamic caustics experimental study on interaction between propagating crack and deformity inclusions in primary structure 77

method[ J |. Mining Science and Technology, 2009, 19  [10] Beinert J, Kalthoff J F. Experimental determination of

(1):79-83. DOI; 10.1016/S1674-5264(09)60015-6. dynamic stress intensity factors by shadow patterns
[4] Yao X F, Xu W, Xu M Q, et al. Experimental study of [ M ]//Experimental Evaluation of Stress Concentration

dynamic fracture behavior of PMMA with overlapping and Intensity Factors. Berlin: Springer, 1981:. 281

offset-parallel cracks [ J]. Polymer Testing, 2003, 22 —-330.

(6): 663 —670. [11] Jajam K C, Tippur H V. Role of inclusion stiffness and

[5] Yao X, Chen J, Jin G, et al. Caustic analysis of stress interfacial strength on dynamic matrix crack growth: An
singularities in orthotropic composite materials with experimental study [ J]. International Journal of Solids
mode- [ crack[ J]. Composites Science & Technology, and Structures, 2012, 49 (9). 1127 — 1146. DOI: 10.
2004, 64(7/8) : 917 —924. 1016/j. ijsolstr. 2012. 01. 009.

[6] Yue Z W, Yang R S, Sun Z H, et al. Impact fracture [12] Yao X F, Jin G C, Arakawa K, et al. Experimental
experiment of crack rock with inclined edge[J]. Journal studies on dynamic fracture behavior of thin plates with
of Coal Science & Engineering ( China) , 2010, 35(9) . parallel single edge cracks[J]. Polymer Testing, 2002,
1456 —1460. (in Chinese) 21(8): 933 —940.

[7] Papadopoulos G A, Papanicolaou G C. Dynamic crack [13] Yao X F, Xu W, Jin G C, et al. Low velocity impact
propagation in rubber-modified composite models [ J]. study of laminate composites with mode | crack using
Journal of Materials Science, 1988, 23 (10). 3421 — dynamic optical caustics [J]. Journal of Reinforced Plas-
3434. DOI; 10. 1007/BF00540474. tics & Composites, 2004, 23(17) ; 1833 —1844.

[8] Theocaris P S, Katsamanis P. Response of cracks to im- [ 14] Gong K Z, Li Z. Caustics method in dynamic fracture
pact by caustics [ J |. Engineering Fracture Mechanics problem of orthotropic materials [ J]. Oprics and Lasers
1978, 10(2) :197 —210. in Engineering, 2008, 46 (8):. 614 — 619. DOI. 10.

[9] Katsamanis F, Raftopoulos D, Theocaris P S. Static and 1016/j. optlaseng. 2008. 03. 019.
dynamic stress intensity factors by the method of transmit- [ 15] Gao G Y, Li Z, Xu J. Optical method of caustics applied
ted caustics [ J|. Journal of Engineering Materials and in viscoelastic fracture analysis[ J]. Optics and Lasers in
Technology, 1977, 99(2) . 105 -109. DOI.;10.1115/1. Engineering, 2011, 49(5) : 632 —639. DOI.10. 1016/].
3443417. optlaseng. 2011. 01. 012.

EFAyg REEZHBEEANSEMNEKINHAR
Evx! #HmA' ko om' x4

(PEFLERF(T) A EEAL TSR, 7 100083)
CAeRFIRAF A, L7 100084)

HME: FDSERET XL R BIBEAMES AR TRE T ERTEATIAFREELE(FTHELE B
%%T%‘ﬁ%kﬂ%ﬂ%ﬂﬁ%ﬁlmﬂﬁk%%THkTH%T‘&K%Qi%ﬂ FHHSE
WA oMT | BEARHHERARERTF K AT Ry 5MMG LR THEREN. REAWH
KRGk R AR LR BT ARG R, L P H B kR ARR R R AR 5% By TR
ZE RGP R BT RGZn, AN F s BB AR ARG YRR X ,«-fﬁff/;:mfﬂﬁi‘f—_ﬂ Sy
BB FPHEEHEIRNBERFHEERZTALE 7 kLR 44E,3 AXFERATREPLEL G TR
RS, Ay R E HER T DS B A RERFEY IR A FRERASFR LM
P04 3% R BB b B AR AR SR T AR

KBR:DESERE AV L, DS ARER T ARy kg F

RE S S:0346. 1



