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ATTASIT WIANGKHAM : EFFECT OF STRESS STATE ON FRACTURE
TOUGHNESS UNDER MIXED-MODE I/IIl LOADING OF EPOXY RESIN.

THESIS ADVISOR : PRASERT AENGCHUAN, Ph.D., 100 PP.

EPOXY RESIN/MIXED-MODE FRACTURE/STRESS STATE

Epoxy resin is used in many engineering applications especially as a matrix
material in composite structures, used in surface coating and an adhesive for
engineering purposes, etc. Moreover, due to a wide range of applications, epoxy resin
usually undergoes complex loading during services. During manufacturing processes or
services, there is a chance of discontinuous in material or crack from friction on the
surface of the material. Discontinuity or crack that occurs on the material will affect in
damage to part before the load has been designed. When the part becomes discontinuity
or cracked, the important factor to consider is fracture toughness of the material. Based
on the various applications of epoxy resin, fractured of epoxy under mixed-mode
loading is possible. In this study, fracture behavior of epoxy resin under mixed-mode I
and III loadings is investigated (opening mode and tearing mode) using single edge
notch tension (SENT) specimen. The effect of stress state was studied by varying two
parameters, i.e. loading rate from 0.1 to 1000 mm/min and specimen thickness. Fracture
toughness at various modes of loading is determined using finite element analysis. The
fracture surfaces of specimen are observed and the fracture mechanisms under various
modes of loading are discussed. The results show that the fracture behavior of epoxy
resin under mixed-mode I and III are controlled by the proportion of crack tip opening
displacement (CTOD) caused by the mode I and mode III loading. The thickness of

specimens has not a significant effect on the proportion of the crack tip opening



displacement. On the other hand to the loading rate that will affect the size and the
proportion of crack tip opening displacement. When tested at a low loading rate, crack
tip opening displacement has been released much more before the breakage and will

decrease in value as the loading rate increases.
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Loading rate o B Ty Plastic zone size ratio Plane stress Plane strain
(mm/min) ) [ (mm)
0 |0 2.485 0.62 v
65 |20 | 7.385 1.85 v
o 78 | 35 | 6.265 1.57 v
90 | 90 | 6.405 1.61 v
0 |0 1215 0.30 v
65 | 20 | 3.675 0.92 v
10 78 | 35 | 3.500 0.88 v
9 |90 | 4.830 121 v
0o |0 | 0071 0.02 v
65 |20 | 0525 0.13 v
1000 78 |35 | 0713 0.18 v
9 | 90 | 0813 0.20 v
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Loading rate o B ™ Plastic zone size ratio | Plane stress | Plane strain
(mm/min) ©) | © (mm)
0 | 0 | 235 0.30 v
65 | 15 | 7.875 0.98 v
o 78 | 30 | 8.890 111 v
9 | 90 | 6825 0.85 v
o | 0 | 035 0.04 v
65 | 15 | 6.965 0.87 v
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Thickness 4 mm

LFrﬁ(rjr:?r% ir:)te ;_nogalc;l?% No. a(mm) | W(mm) a/w Load (N)
1 10.11 20.00 0.51 578.301

0 2 9.84 20.00 0.49 563.158

3 10.04 20.00 0.50 555.445

1 9.64 20.00 0.48 656.236

65 2 9.58 20.00 0.48 783.820

01 3 9.86 20.00 0.49 547.852
1 10.02 20.00 0.50 655.873

78 2 9.89 20.00 0.49 695.980

3 9.92 20.00 0.50 651.550

1 10.12 20.00 0.51 621.744

90 2 10.01 20.00 0.50 639.253

3 10.07 20.00 0.50 602.350

1 10.00 20.00 0.50 460.549

0 2 9.52 20.00 0.48 508.664

3 9.87 20.00 0.49 478.043

1 10.17 20.00 0.51 582.670

65 2 9.74 20.00 0.49 546.800

10 3 10.07 20.00 0.50 671.460
1 9.88 20.00 0.49 609.408

78 2 9.71 20.00 0.49 552.352

3 9.89 20.00 0.49 542.343

1 10.10 20.00 0.51 633.074

90 2 10.10 20.00 0.50 589.586

3 9.89 20.00 0.49 632.130

1 10.07 20.00 0.50 99.497

0 2 10.10 20.00 0.51 78.744

3 10.03 20.00 0.50 71.878

1 9.98 20.00 0.50 422.522

65 2 10.13 20.00 0.51 521.250

1000 3 10.09 20.00 0.50 450.680
1 10.49 20.00 0.52 449.074

78 2 10.02 20.00 0.50 552.352

3 10.23 20.00 0.51 503.522

1 9.99 20.00 0.50 631.264

90 2 10.11 20.00 0.51 604.780

3 9.98 20.00 0.50 612.326
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Thickness 8 mm

L?rﬁ(rjr:?r% irna)t ¢ ;_nogalc;l?% No. | a(mm) W(mm) alw Load (N)
1 9.98 20.00 0.50 935.451

0 2 10.13 20.00 0.51 1150.368

3 10.04 20.00 0.50 1066.863

1 9.91 20.00 0.50 1581.996

65 2 9.64 20.00 0.48 1537.120

01 3 9.93 20.00 0.50 1515.332
1 9.67 20.00 0.48 1661.547

78 2 9.89 20.00 0.49 1711.784

3 9.97 20.00 0.50 1651.550

1 9.84 20.00 0.49 1582.885

90 2 10.21 20.00 0.51 1489.500

3 10.05 20.00 0.50 1602.350

1 9.72 20.00 0.49 577.717

0 2 9.87 20.00 0.49 627.039

3 9.95 20.00 0.50 612.970

1 10.11 20.00 0.51 1692.350

65 2 9.75 20.00 0.49 1733.040

10 3 10.00 20.00 0.50 1550.210
1 9.74 20.00 0.49 1727.277

78 2 9.70 20.00 0.48 1800.771

3 9.88 20.00 0.49 1789.511

1 9.88 20.00 0.49 1881.932

90 2 9.85 20.00 0.49 1689.176

3 9.78 20.00 0.49 1699.890

1 10.29 20.00 0.51 105.680

0 2 9.73 20.00 0.49 124.188

3 9.61 20.00 0.48 129.484

1 9.73 20.00 0.49 1381.610

65 2 9.95 20.00 0.50 1384.663

1000 3 9.51 20.00 0.48 1498.173
1 10.15 20.00 0.51 1453.639

78 2 9.64 20.00 0.48 1347.385

3 10.02 20.00 0.50 1502.150

1 10.19 20.00 0.51 1379.088

90 2 9.75 20.00 0.49 1774.255

3 9.68 20.00 0.48 1661.651
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Thickness 4 mm

Loading rate Loadlnog Mode mliqty K, sD. K D
(mm/min) angle (°) angle (°)

0 0 3.473 0.168 0.000 0.000

01 65 20 4.895 0.673 1.811 0.251

' 78 35 3.676 0.244 2.452 0.020

90 90 0.210 0.043 3.573 0.059

0 0 2.870 0.043 0.000 0.000

10 65 20 4.610 0.414 1.568 0.067

78 35 3.556 0.327 2.506 0.211

90 90 0.142 0.034 3.544 0.181

0 0 0.546 0.098 0.000 0.000

1000 65 20 3.878 0.421 1.384 0.136
78 35 3.383 0.427 2.381 0.388

90 90 0.152 0.020 3.864 0.058

H Y
A5 N4 MINUTAINANTAIUIUAT K VOITUNATOUHNUI § Haaluas

Thickness 8 mm

Loading rate Loading Mode mixity
(mm/min) angle (°) angle (°) N SD. Kun SD
0 0 3.277 0.341 0.001 0.000
01 65 15 5.247 0.114 1.374 0.152
' 78 30 5.105 0.314 2.976 0.043
90 90 0.144 0.033 3.816 0.057
0 0 1.888 0.112 0.001 0.000
10 65 15 5.804 0.183 1.610 0.053
78 30 5.583 0.222 3.029 0.222
90 90 0.159 0.069 4.074 0.239
0 0 0.372 0.021 0.000 0.000
1000 65 15 5.449 0.005 1.480 0.000
78 30 4.929 0.384 2.670 0.163
90 90 0.068 0.021 3.985 0.414
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Thickness 4 mm

Loading rate

Loading angle

Mode mixity angle

(mm/min) ) ) ’ 5P
0 0 4.082 0.510
01 65 20 12.894 2.776
' 78 35 19.527 0.521
90 90 19.705 0.171
0 0 2.390 0.027
10 65 20 8.219 1.611
78 35 8.405 0.365
90 90 10.695 1.217
0 0 0.070 0.025
65 20 4.097 0.928
1000 78 35 4.979 0.683
90 90 5.684 0.185
A1519% N.6 WAMTAIUIUATJ VDIFUNAADUHU 8 HAdINAT
Thickness 8 mm
Loading rate Loading angle | Mode mixity angle ] D
(mm/min) ) ) '
0 0 3.404 0.808
01 65 20 19.497 1.965
' 78 35 30.409 3.999
90 90 24.410 4.310
0 0 0.962 0.114
10 65 20 17.265 2.898
78 35 21.586 1.675
90 90 16.727 4,336
0 0 0.032 0.002
65 20 7.793 0.285
1000 78 35 8.179 1.232
90 90 6.322 0.461
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Loading Mode Crack tip opening displacement (CTOD4s) [mm]
rate mixit)i Axis 1 AXis 2 Axis 3
(mm/min) | angle (°) 0 SD. ) SD. 2 SD.
0 0.063 0.015 0.000 0.000 0.000 0.007
01 20 0.165 0.034 0.000 0.000 0.207 0.066
35 0.175 0.034 0.000 0.000 0.509 0.061
90 0.034 0.008 0.001 0.000 0.630 0.087
0 0.023 0.009 0.000 0.000 0.000 0.000
10 20 0.126 0.020 0.000 0.000 0.147 0.043
35 0.108 0.015 0.000 0.000 0.211 0.038
90 0.000 0.001 0.000 0.000 0.317 0.054
0 0.003 0.000 0.000 0.000 0.000 0.000
1000 20 0.018 0.002 0.000 0.000 0.026 0.003
35 0.016 0.006 0.000 0.000 0.035 0.008
90 0.002 0.001 0.000 0.000 0.052 0.008
15197 1.8 HAMIAIUINM CTOD,, YosFUNATOLWY 8 admas
Loading Mode Crack tip opening displacement (CTOD4s) [mm]
rate miXitZ Axis 1 AXis 2 AXxis 3
(mm/min) | angle (°) ) SD. ) SD. 2 SD.
0 0.059 0.005 0.000 0.000 0.000 0.001
01 15 0.189 0.019 0.000 0.000 0.192 0.014
' 30 0.205 0.023 0.000 0.000 0.580 0.032
90 0.074 0.018 0.000 0.000 0.669 0.058
0 0.013 0.006 0.000 0.000 0.000 0.002
10 15 0.168 0.041 0.000 0.000 0.174 0.022
30 0.151 0.045 0.000 0.000 0.252 0.036
90 0.022 0.009 0.000 0.000 0.389 0.031
0 0.002 0.001 0.000 0.000 0.000 0.000
1000 15 0.021 0.002 0.000 0.000 0.028 0.004
30 0.021 0.004 0.000 0.000 0.039 0.005
90 0.004 0.001 0.000 0.000 0.055 0.005
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EFFECT OF LOADING RATE ON MIXED-MODE I/IT
FRACTURE TOUGHNESS OF EPOXY RESIN
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ABSTRACT

Epoxy resin is used in many engineering applications
especially as a matrix material in composite structures and
an adhesive for cngincering  purposes. — During
manufacturing processes and services, flaws may oceur in
cpoxy resin. Morcover, duc to a wide range of
applications, epoxy resin usually undergoes complex
loading during services. Thus, fracture in epoxy under
mixed-mode loading is possible. In this study, [raclure
behavior of epoxy resin under mixed-mode /111 loading
(i.e. opening mode and tearing mode) is investigated using
modified compact-tension (CT) specimen. And as cpoxy
resin is a viscoclastic material, the cffcct of Joading rate is
also studicd by varying the crosshead speed in the range
0f 0.1 to 1000 mm/min. Critical strain encrgy release rates
(Gg) for fracture at various modes of loading are
determined. The fracture surfaces of specimen are
observed and the fracture mechanisms under various
modes of loading are discussed.

KEYWORDS: Epoxy. resin, mixed-mode fracture,
loading rate

1. INTRODUCTION

Nowadays polymer materials play a dramatic role on
engincering applications. Epoxy resin is one of the most
widely used thermoseiting polymers. It applications are
such as high-strength adhesive joint and matrix materials
in composite structures. During manufacturing processes
and services, flaws may occur in epoxy resin. These flaws
could coalescence and become a crack leading to failure
of the main structure. Morcover, due to a wide range of
applications, cpoxy resin usually undergocs complex
loading during scrvices. Thus, fracture in cpoxy under
mixed-mode loading between mode 1 and mode 11, ie.
opening mode and tearing mode. is possible. Some

previous works have been done on mixed-mode VI
[racture of polvmers [Ren et al (2011)]. Moreover. as
there is no standard test method for the mixed mode I/111
fracture toughness, various types of loading configuration
have been developed to investigate the mixed mode /111
fracture toughness. The types of specimen used in the
previous works are such as circumferentially notched
cylindrical bars [Ren et al. (2011)), single edge-notched
tension with adjustable loading angle fixture [Jali et al.
(2015)]. and single edge-notched bending with inclined
crack [Pirmohammad and Bavat (2016)].

Besides, since epoxy resin is a viscoelastic material,
its mechanical propertics depend on time or loading rate.
Beguelin and Kausch (1994) investigated mode I fracture
toughness of solid PVC and found that fracture toughness
of PVC was strongly dependent on time. At low loading
rate, high deformation at vicinity of crack tip could reduce
the severily of crack tip, which led to high fracture
resistance of (he solid PVC. While, Kanchanomai and
Rattananon (2008) investigated the effect of loading rate
on mixed-mode I fracture toughness. They found that at
high loading rate. fracture occurred in brittle manncr and
became ductile as the loading rate decreased.

Unfortunately, there is no report of the effect of
loading rate on the fracture toughness under mixed-mode
I/11I loading. Therefore, in this study mived mode I/111
[racture toughness was invesligaled. The fracture
mechanics parameter used fo represent the fracture
toughness of specimen is the critical strain energy release
rate (Gy). To study the effect of loading rate, the fracture
toughness tests were carried out at two different loading
rates of 0.1 and 1000 mm/min. After the test, fracture
surfaces of specimens were observed using an optical
microscope and the fracture mechanisms were discussed
along with the efects of mixed-mode loading and loading
rale.
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2. EXPERIMENTAL METHOD
2.1 Specimens and test methods

Thermoset epoxy system used in this study is Epotec
YD535LV/TH7257 (epoxy/hardener) supplied by Aditya
Birla Chemicals (Thailand) Ltd. The specimen was
prepared by mixing cpoxy and hardener with the weight
ratio of 100:35 (recommended by the manufacturer). After
mixing. the epoxy resin was poured into a flat plate mold
to achieve a desired thickness. The curing process was
done at room temperature for 24 hours followed by the
post-curing in an oven at 80°C for 4 hours.

Figure 1 shows tensile and fracture toughness
specimens used in his study. The tensile specimen was
prepared according to the ASTM D638 (2014). Dog-bone
specimen with 6-mm thickness and 30-mm gage length
was sclected (Fig. 1 (a)). However, since there is no
standard for mixed-mode I/I11 fracture toughness testing,
specimen preparation and fixture were designed according
fo the previous work by Ayatollahi and Saboori (2015). in
which the single edge-notch tension (SENT) specimen
with 8-mm thickness (Fig 1 (b)) was employed and an
adjustable loading-angle fixture was used to apply mixed-
mode loading. The specimen and fixture setup is shown in
Fig. 2.

| L,R?b/
K P T
‘4 '9}‘ a b

Fig. 1 (a) Tensile specimen and (b) Fracture toughness
specimen.

In the mixed-mode fracture test, the loading angle (8)
was adjusted by changing the location of the loading pin
to achieve various mode mixities. Noted that, 6 = (°
represents the pure mode [ loading and 0 = 90° represents
the pure mode 111 loading, Mode mixity between mode 1
and mode TI1 fracture toughness (5) can be defined as

The 11th SEATUC Symposium

K,
B =tan™! (K‘—j‘) )
where K; and Ky are fracture toughnesses under mode T
and mode 111 loading, Four loading angles, i.e. 6 =0°, 65°,
782, and 90°, were applied in this study, which correspond
to the mode mixity (B) of 0° 30° 60° and 90°
respectively [Ayatollahi and Saboori (2013)].

Fig. 2 Fracture toughness specimen with an adjustable
loading-angle fixture.

All specimens were cut (o achieve the final
dimensions by milling machine. For fracture toughness
specimen, the preparation of notch was carried out
according to ASTM D3045 (2014). A saw-cut notch was
made, then a sharp pre-crack was introduce by a fiesh
razot blade. After preparation, the specimens were kept in
a desiccator cabinet, where the relative humidity and the
temperature were controlled at 50% and 25°C,
respectively, for at least 24 hours prior to the test in order
to reduce the moisture cffect during specimen preparation
Process.

Both tensile and f[racture toughness fests were
performed on a screw-lype universal testing machine,
Instron 5563 with 5-kN load cell at the relative humidity
of 50+5% and the temperature of 25£2°C. To study the
effect of loading rate, the tests were carried out at two
dilferent loading rates, ie. 0.1 and 1000 mmymin All the
tests was done up to fracture of the specimen. During the
test, load and displacement were collected by the
cmbedded data acquisition unit of the machine. At least
three replicates were tested at cach condition. After
mixed-mode [racture toughness tests, crack growth angle
(9¢) of each specimen was measured as defined in Fig. 3.
Fracture surfaces of fracture toughness specimens were
then observed using optical microscope.
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Pure mode IIT

Fig. 3 Method to measure crack growth angle of fracture
specimen.

2.2 Calculation of fracture toughness
For pure mode [ loading. stress intensity factor (Kq)
can be calculated as follow,

Ko = (%) f) )

where Pq is the maximum applied load, B is the thickness
of specimen. W is the width of specimen, and {(x) is the
geomelry function defined as [Anderson (1994)],

ot

%ZW [0.752 +202(2)+037(1- sin%ﬂ @)

flx) =

N
o

where a is crack length.

For mixed-mode loading, strain energy-released rate
(Gg) was used as the fracture mechanics parameter. The
calculation of G is defined as following [Anderson
(1994)].

_w
GQ =y 4)

where U is total strain energy defined as Pg|ug-u;|/2 and
A is the crack area of cach specimen.

3. RESULTS AND DISCUSSION
3.1 Tensile properties

The stress-strain curves tested at different loading
rates are shown in Fig. 4. It can be seen that tensile
properties of the epoxy resin are strongly influenced by
the loading rate. At high loading rate (1000 mm/min), the
relationship between stress and strain is lincar up to
fracture of specimen. Plastic deformation is not likely at
high loading rate, i.e. brittle fracture. At low loading rate
(0.1 mm/min), ductile behavior was observed. A linear
relationship is observed up fo about 10% strain and
followed by non-lincar rclationship until the fracture of
specimen, The maximum tensile strength is higher for the
test at high loading rate, while the fracture strain is higher
[or the test at low loading rate. The tensile properties
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determined from stress-strain curves at different loading
rates are summarized in Table 2.
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Fig.4 Stress-strain curves at different loading rates.

Since epoxy is a viscoelastic material, its deformation
behavior in both elastic and plastic region is time-
dependent. At low loading rate cpoxy has longer time for
deformation process than at high loading rate, thus higher
deformation can occur at low loading rate. Moreover, due
lo the large deformation at low loading rate, the reduction
in the cross-section area is possible. Thus, the load
required to stretch and break the specimen decreases and
results in lower yield strength and ultimate tensile
strength. Similar (ime-dependent deformation of cross-
linked polymer was observed by Raltananon and
Kanchanomai (2008).

Table 1 Tensile properties of epoxy used in calculate

Properties 0.l mm/min 1000 mm/min
Modulus (GPa) 0.45+0.02 2.17+0.15
Yield strength (MPa) 48.88+1.26 105.28+2.83
Tensile strength (MPa) 57.26+1.96 105.2842.83
TFracture stramn (%) 18.6440.28 4.85£1.03

3.2 Load-displacement relationship

Relationships ~ between  applied  load  and
displacement collected from the fracture toughness tests at
the loading rates of 0.1 and 1000 mm/min are shown in
Fig. 5. Under pure mode I loading, the load-displacement
relationships are linear for the tests at both low and high
loading rates (Fig. 5 a). However, under pure mode 11T
loading, linear relationship is observed only at high
loading rate, while non-linear relationship indicating
plastic deformation before fracture of specimen is found
at low loading rate (Fig 5 (b)). Under both pure mode I
and pure modc I1T loadings, fracturc load decreascs as the
loading rate increases, Morcover, larger scale of
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deformation was observed during the tests at low loading
rate.
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Fig.5 Relationships between applied load and
displacement at different loading rates under (a) pure
mode | loading (b) pure mode III loading.

3.3 Plain-strain plastic zone size

According to the ASTM D3045 (2014), it is
suggested that the validity of plain strain condition under
pure mode I loading should be confirmed by the following
size criteria,

Ba,(W=a)>25 (’i;)z )

where K is stress intensity factor under pure mode 1
loading determined from equation (2) and oy is vield
strength obtained at a corresponding loading rate. The
stress intensity factors under pure mode I loading (K)) are
4.46 and 0.32 MPa.m"* for the loading rates of 0.1 and
1000 mm/min, respectively. Thus, the approximate width
and crack size corresponding to equation (4) are 20 and
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0.025 mm for the loading rates of 0.1 and 1000 mm/min,
respectively, Since in this work B is 8 mm, and a and (W-
a) is approximately 10 mm, at low loading rate, fracture
occurs under plane stress condition, while, at high loading
rate, plain strain condition is met.

3.4 Mixed-mode fracture toughness

Crilical strain energy release rates (Gg) at dilferent
mode mixities were shown in Fig. 6. The critical strain
cnergy release rate (Gy) increases with increasing mode
mixity and reaches the highest value at the mixed-mode
angle of 90 ° i.e. pure mode 111 loading. Moreover, it can
be seen that, at all mode mixities, [racture toughnesses at
low loading rate are significantly higher than those at high
loading rate.
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Fig.6 Critical strain cnergy release rate (Gg) at various
mode mixities.
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Fig.7 Crack growth angle at various mode mixitics.

Crack growth angles (¢9) measured [rom the
specimens tested at cach condition are shown in Fig.7.
Under pure mode [ loading, the crack growth path is
parallel to the notch direction, With the mixity of mode 1T
loading, the crack path tends to grow obliquely under
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torsion. Thus, the crack growth angle increascs as the
mode mixity increases. However, unlike the fracture
toughness results, crack growth angle is not influenced by
the change of loading rate. Similar trend was lound in the
previous work [Jamali et al. (2015)].

3.5 Fracture surfaces

Aller the [racture loughness tests, [racture surfaces of
specimens tested at various conditions were observed. The
fracture surfaces of specimens tested under pure mede I
and pure mode 111 loadings are compared in Fig. 8. Noted
that the precrack is located on the right hand side of the
ligures and the cracks grew [rom the right to the left.

57

2 mm

Fig. 8 Fracture surfaces of specimens tested (a)-(b) under
pure mode I loading at 0.1- and 1000-mm/min loading
rate, respectively (¢)(d) under pure mode LI loading at
0.1- and 1000-mm/min loading rate, respectively.

Fig. 8 a and b shows fracture surfaces of the tests
under pure mode I loading at low and high loading rates,
respectively, A rough surface indicating large amount of
deformation in the stretched zone can be observed on the
[racture surface [rom the test al low loading rate (Fig. 8 a).
While, at high loading rate, a smooth fracture surface
indicating brittle fracture is found. It is consistent with the
load-displacement relationship results showing that higher
amount of deformation occurred at the loading rate of 0.1
mm/min (Fig. 5 a). Under pure mode III loading, wavy
fracture surfaces, ie. stretched zone, were observed at
both 0.1- and 1000-mm/min loading rates. The fracture
surface manner of stretched zone like streaky a radial
deriving from the twist of specimen under torsion force
before failure. However, comparatively larger scale of
deformation is shown on the fracture surface from the test
at the loading rate of 0.1 mm/min. On the other hand, at
high loading rate, slight stretched zone is shown ncar the
notch tip area, then followed by the smooth surface
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indicating a fast crack growth until failurc. The large
deformation at 0. 1-mm/min loading rate is also confirmed
by the load-displacement relationship of the specimen
lested under pure mode [II loading represented in Fig. 5 b.
Due to the large deformation at low loading rate, the
cnergy required to break the fracture toughness specimen
increases, thus the critical strain energy released rate is
high On the other hand, at high loading rate, the specimen
is under the plain strain condition and the deformation of
the specimen is restricted. Thus, the critical strain energy
released rate is low,

4. CONCLUSIONS
In this study, the effect of loading rate on mixed-mode

I/II fracture toughness of cpoxy resin is investigated. The

main conclusions are summarized as follows.

1. The fracture toughnesses (Gg) increased as the mode
mixity increased. Under pure mode IIT loading the
fracture toughness reached the highest value. With
mixing of mode 11T loading, the twist of specimen
under torsion force is likely to enhance deformation
of the specimen and leads to high fracture toughness.

2. The fracture toughnesses (Ggq) tested under low
loading was substantially higher than those tested at
high loading rate. This is due to the large deformation
at low loading rate leading to the high energy required
1o break the specimen i.e. high fracture toughness.

3. The fracture surfaces of specimen tested under pure
mode TIT loading clearly showed the stretched zone
indicating large deformation during the tests, On the
other hand, for pure mode I loading, the mirror-like
surface was observed at high loading rate. While at
low loading rate. the evidence of plastic deformation
was observed.
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