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A B S T R A C T

Mechanical characterization of transparent graft Interpenetrating Polymer Networks or graft-IPNs based on
polyurethane and acrylic copolymer are reported under both quasi-static and dynamic loading conditions. This
study builds on an earlier work detailing the synthesis of the graft-IPNs [1]. Optically transparent graft-IPNs
were synthesized using elastomeric polyurethane (PU) phase and stiff acrylate-base copolymer (CoP) phase. The
ratios of CoP:PU were varied from 90:10 up to 60:40 by weight. Two grades of graft-IPNs were synthesized by
using 650 gmol−1 and 1400 gmol−1 poly (tetramethylene ether) glycol (PTMG) during synthesis to study the
molecular weight effect. Quasi-static tensile and fracture tests as well as dynamic fracture tests were performed.
The dynamic fracture tests were carried out at high strain rate using a modified-Hopkinson pressure bar in
conjunction with an optical technique called Digital Gradient Sensing (DGS) and ultrahigh-speed photography.
Quasi-static tests indicate significant enhancements in crack initiation toughness and change in failure mode
(brittle to ductile) when the constituents were varied. Enhancements in crack inititation toughness were also
observed under dynamic loading. These results were further compared with those for commercial poly (methyl
methacrylate) (PMMA) and polycarbonate (PC) sheet stock. Further improvement in fracture properties were
observed under quasi-static loading conditions with increase in molecular weight of PTMG. The relatively high
values of fracture toughness obtained for graft-IPNs is attributed to the crosslinks generated between the CoP and
PU networks.

1. Introduction

Optically transparent structural materials made from polymers or
their blends are suitable for both civilian and military applications such
as safety enclosures, aircraft canopies, protective eyewear, automotive
windows and helmet visors etc. that require impact resistance [2,3].
Polymers or their blends as substitutes for currently fielded materials
offer lower density, better fracture resistance and higher energy ab-
sorption under impact [4,5] conditions. One such family of polymers of
interest is interpenetrating polymer networks or IPNs. These are
polymer systems comprising of two or more networks which are at least
partially interlaced on a molecular scale without being chemically
crosslinked, and hence inseparable unless individual crosslinks are
broken [6,7]. They can be synthesized using sequential processing,
where one network is formed and infused with the second monomer
reagent in two serial steps, or simultaneous processing, where all the
constituents are allowed to react simultaneously [6,8]. Since the first
detailed study on IPNs by Millar [9], a great deal of research on IPNs

[10–14] has been reported in the past few decades. The resulting
multicomponent material offers a promising approach for combining
the best properties of different polymers synergistically. Thus, a
polymer composite could be engineered with desirable characteristics
such as stiffness, strength, toughness, optical transparency, etc. In the
early works done by Chen et al. [15] and Fan et al. [16], vinyl ester
resin (VE) was used with a polyurethane network for synthesizing IPNs
via simultaneous process. Here, the formation of crosslinks between
networks was never the objective, and hence the generation of cross-
links was avoided. The morphology of the IPN showed phase separation
between the networks. Recently, Bird et al. [17] synthesized IPNs based
on polyurethane(PU) and poly (methyl methacrylate) (PMMA). They
demonstrated a high degree of transparency for certain compositions
with mild phase separation, while certain other compositions showed
significant phase separation. The composition with PMMA:PU of 80:20
showed higher elastic modulus, glass transition temperature and optical
transparency. Jajam et al. [5] subsequently studied the mechanical
characteristics of these IPNs using the optical method of Digital Image
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Correlation (DIC). They reported a reduction in the elastic modulus,
loss of strength and increase in ductility with increase in PU fraction.
Their 85:15 IPN formulation showed ∼60% and ∼40% improvement
in fracture toughness over commercial PMMA under quasi-static and
dynamic loading conditions, respectively.

The IPNs usually show some degree of phase separation during
synthesis. This has been observed in both simultaneous and sequential
polymerization approaches employed for synthesizing IPNs [18,19].
Chen et al. [20] and Lian et al. [21] synthesized a multicomponent
system from a vinyl ester resin (VE) along with a polyurethane phase.
This VE resin was capable of undergoing stepwise polymerization as
well as free radical polymerization, generating a graft-IPN. Hsieh et al.
[22,23] synthesized graft-IPNs based on PU and epoxy by simultaneous
polymerization to study the effect of PU to epoxy ratio. The optimum
composition with higher impact strength and fracture energy was ob-
served to be between 80:20 and 70:30 resulting from an intimate in-
terpenetration between PU and epoxy in the graft structure. Further,
Hsieh et al. [24] synthesized graft-IPNs based on urethane-modified
bismaleimide (UBMI) and epoxy. The optimum composition was de-
termined to be 15% UBMI. Although improvement in mechanical
characteristics was reported in all these studies, there has been limited
insight into their dynamic/impact characteristics, and the optical
transparency was relatively low. For applications such as transparent
armor, the characteristics of strength, stiffness and fracture toughness,
as well as optical transparency, must be optimized. With this intent,
authors recently synthesized graft-IPNs using polyurethane (PU) and
acrylic copolymer (CoP) [1]. PU offers good ductility and energy ab-
sorption capabilities, whereas acrylate provides stiffness and impact
strength, while both render superior optical transparency.

In this work, the material processing and mechanical characteriza-
tion of transparent graft-IPNs were studied, including their response to
dynamic/impact loading, which is largely unreported for such polymer
networks. The dynamic properties need to be understood if these
transparent graft-IPNs should find application as windshield of an

armored vehicle, canopy of an aircraft, bullet resistant barrier, etc.
Thus, the mechanical behavior, including quasi-static and dynamic
fracture, of transparent acrylic/polyurethane graft-IPNs made from
poly (tetramethylene ether) glycol (PTMG) of different molecular
weights (650 gmol−1 and 1400 gmol−1) were studied. Quasi-static
tension and fracture tests were carried out first followed by dynamic
fracture tests using a modified Hopkinson pressure bar. The measure-
ments during dynamic loading were made using a full-field optical
technique called Digital Gradient Sensing (DGS) in conjunction with
ultrahigh-speed photography. These are described in the following
sections starting with a brief description of DGS. This is followed by
essential details on material systems and synthesis. The details on
material characterization, optical transparency, specimen geometry,
and the testing approach are discussed next. Experimental results in-
cluding elastic and failure responses of different compositions, quasi-
static and dynamic fracture behavior etc. are presented subsequently
along with relevant fractography.

1.1. Optical method: Digital Gradient Sensing (DGS)

A schematic representation of the experimental setup for transmis-
sion-mode DGS is shown in Fig. 1. In transmission-mode DGS, a random
speckle pattern on a planar surface, referred to as the target, is photo-
graphed through optically transparent planar sample being studied.
Ordinary white light illumination is used for recording random gray
scales on the target. The speckle pattern is first photographed through
the specimen in its undeformed state to obtain a reference image. That
is, a point P on the target plane (x0 - y0 plane) is recorded by a pixel of
the camera through point O on the specimen plane (x – y plane). On
loading, the non-uniform state of stress changes the refractive index of
the specimen in the vicinity of stress concentration (or crack-tip in this
work). Additionally, the Poisson effect produces non-uniform thickness
changes. A combination of these, known as the elasto-optical effect,
causes the light rays to deviate from their original path as they

Fig. 1. The schematic of the experimental setup for transmission-mode Digital Gradient Sensing (DGS) technique to determine stress gradients in transparent sheets
[25].
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propagate through the crack-tip vicinity. The speckle pattern is once
again photographed through the specimen in the deformed state. Then,
a neighboring point Q on the target plane is recorded by the same pixel
of the camera through point O on the specimen plane after deformation.
The local deviations of light rays can be quantified by correlating
speckle images in the deformed and reference states. Once displace-
ments δx and δy are evaluated using digital image correlation algorithms
to correlate the speckle images in the deformed and reference states, the
angular deflections of light rays ϕx and ϕy in two orthogonal planes (x-z
and y-z planes, the z-axis coinciding with the optical axis of the setup
and x-y being the specimen plane coordinates) can be computed by
using the known distance between the specimen plane and the target
plane. A detailed analysis by Periasamy and Tippur [25] showed that
the local angular deflections are related to the gradients of the in-plane
normal stresses as,

= ±
∂ +

∂
ϕ C B

x y
(σ σ )

;x y σ
x y

; (1)

where Cσ is the elasto-optic constant of the material, B is its initial
thickness and σx and σy denote the thickness-wise averages of Cauchy's

normal stress description. Previous reports having elaborated the ap-
plicability of this method to perform fracture studies in other commonly
used transparent structural materials such as PMMA [26], poly-
carbonate [4] and glass [27] [28], its applicability to graft-IPNs is
deemed feasible.

2. Material synthesis

The graft-IPNs were synthesized in a single-step using polyurethane
and the copolymer phases whose constituents were mixed separately at
room temperature. The polyurethane phase (PU) was synthesized from
three different polyols: 2-ethyl-2-(hydroxymethyl)-1,3propanediol
(TRIOL) from Acros Organics, (USA), and poly (tetramethylene ether)
glycol (PTMG) average Mn∼ 650 and ∼1400 gmol−1 from Sigma-
Aldrich, (USA). A mix of TRIOL and PTMG was made beforehand
through melting. The mixture was kept melted in an oven under va-
cuum to prevent moisture infiltration. The same procedure was re-
peated for different PTMGs employed in the synthesis. The isocyanate
used was hexamethylene diisocyanate 98.0% (DCH) from TCI, (USA).
Dibutylin dilaurate, 98% (DD) by Pfaltz & Bauer, (USA) and triphe-
nylbismuth, 99+% (TB) from Alfa Aesar, (USA), were used as

Fig. 2. Schematic of graft-IPNs synthesis steps.
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catalyzers for the synthesis, while ethyl acetate was employed as an
analogue for both catalyzers. The constituents of the copolymer (CoP)
phase consisted of bisphenol A bis(2-hydroxy-3-methacryloxypropyl)
ether (BisGMA) from Esstech, (USA) and two different acrylic mono-
mers: methyl methacrylate (MMA) 99% stabilized from Alfa Aesar,
(USA). 2,2′-azobis (2-methylpropionitrile), (AIBN) 98% from Sigma-
Aldrich, (USA) was used as a thermal initiator for the reaction.

To prepare the mixture for copolymer phase (CoP), MMA and the
BisGMA resin were mixed at a mass ratio of 90:10MMA:BisGMA.
Thermal initiator of mass equivalent to 1 wt% of the total copolymer
mass was added for the polymerization. Next, the diisocyanate was
added to the PTMG/TRIOL mixture keeping the following ratio: 0.19eq
TRIOL: 0.12eq PTMG: 0.31eq DCH. An additional amount of DCH was
added to generate crosslink points between networks, according to the
equivalence ratio of 1:1 DCH:BisGMA. Once PU and CoP phases were

prepared separately, they were mixed together and catalyzers for both
the phases were added to the mixture. The resulting mixture was
poured into rectangular molds prepared from glass sheets.
Subsequently, all molds (containing the uncured sample) were placed in
an oven at 40 °C for 17 h after which the samples were transferred to a
water bath at 60 °C for 24 h and, finally, the temperature of the water
bath was increased to 80 °C for another 24 h. This is schematically re-
presented in Fig. 2.

The graft-IPNs samples with different compositions were thus pro-
duced. The CoP to PU ratio was varied from 90wt% and 10wt%, to
60 wt% and 40wt%. This change in the ratio was applied for two grades
of graft-IPNs obtained by using 650 gmol−1 and 1400 gmol−1 of PTMG
in synthesis of the PU phase. The various compositions synthesized are
listed in Table 1.

2.1. Optical transparency

The graft-IPNs were examined using UV–visible spectroscopy to
measure optical transmittance [1]. The transmittance of PMMA, CoP
and PU were also measured and compared with that of graft-IPNs.
Fig. 3(a) and (b) show plots of wavelength of light and corresponding
transmittance of various compositions of grade-1 and -2 graft-IPNs,
respectively. The graft-IPNs presented a relatively high degree of
transparency with transmittance between 75% and 90%, quite com-
parable to that for PMMA, and significantly higher than the PU phase.
These results also confirm a high degree of interpenetration achieved on
both systems, regardless of the molecular weight of the PTMG used.
Fig. 4 shows the photograph of Auburn University logo through a select
composition (70:30 CoP:PU) of grade-1 graft-IPN. The logo is uniformly
and clearly visible through the specimen. Also, no visible evidence of

Table 1
The list of all compositions of graft-IPNs synthesized.

MMA:BiSGMA ratio in CoP by wt% Mol wt of PTMG in PU CoP:PU ratio by wt% Grade

90:10 650 gmol−1 60:40,70:30,75:25,80:20 and 90:10 1
1400 gmol−1 60:40,70:30,75:25,80:20 and 90:10 2

Fig. 3. Optical transmittance obtained using UV–visual spectroscopy for (a)
grade-1 and (b) grade-2 graft-IPNs.

Fig. 4. A clear and sharp photograph of Auburn University logo through the
cast specimen of a select (70:30 Cop:PU) grade-1 graft-IPN.
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macroscopic phase separation is observed.

2.2. Specimen fabrication and geometry

The specimen geometries used in this study are shown in Fig. 5(a)-
(c). The cured graft-IPN sheets of 2.8mm thickness were machined into
dumbbell shaped specimens for performing tension tests (see Fig. 5(a)).
Dimensions of the standard test methods could not be strictly adhered
to because of the limited availability of processed material. For quasi-
static fracture tests, the graft-IPN sheets of 2.8mm thickness were
machined into rectangular SEN samples of dimension 70mm×15mm
for grade-1 graft-IPNs and 70mm×20mm for grade-2 graft-IPNs (see
Fig. 5(b)). An edge notch was cut on the longer edge using a diamond
impregnated wafer blade, and the notch tip was further sharpened by
scoring the root with a steel razor blade before testing.

For dynamic fracture experiments, the specimens of slightly
higher thickness (4.8 mm) were used to avoid buckling and bending
during the initial compressive stress wave loading (to be discussed
later). Plate specimens of dimensions 60mm×50mm (see Fig. 5(c))
with a 40 ̊V-notch machined on the longer edge that matched the im-
pact end of a modified Hopkinson bar [29]. Using a diamond im-
pregnated wafer blade, the notch was extended by 2mm and sharpened
using a steel razor blade, as in the static counterparts.

2.3. Quasi-static tests

2.3.1. Uniaxial tension
The uniaxial tension tests were carried out using an Instron 4665

universal testing machine (UTM) in displacement control (crosshead
speed 0.015mm/s) mode. Three specimens were tested for each com-
position. An extensometer (gage length 6.35mm) was used to measure
the longitudinal strain. The loading configuration is shown in Fig. 5(a).

The tensile stress-strain response of grade-1 graft-IPNs along with
commercial PMMA is shown in Fig. 6(a). Initial response indicates a
linear elastic region, followed by a nonlinear regime leading to an
abrupt failure in the case of PMMA, whereas graft-IPNs show significant
nonlinearity. Except for 90:10 compositions which failed at ∼3%
strain, the graft-IPNs did not fail up to 20% strain, the maximum strain
capacity of the extensometer used during these experiments. For 90:10

graft-IPNs the failure occurred at ∼62MPa, whereas 80:20, 70:30,
75:25 and 60:40 showed an ultimate stress of ∼60MPa, ∼52MPa,
∼37MPa and ∼18MPa, respectively. Thus, there was substantial de-
crease in the ultimate stress as the PU content is increased. The elastic
modulus for each composition was determined from the slope of the
stress-strain curve at< 0.2% strain and are shown in Fig. 6(b). Each
data point represents an average value based on multiple specimens
(typically three, due to limited availability of material) and the error
bars corresponds to the bounds of the data spread. As expected, there is
clear evidence of decrease in the elastic modulus with increase in the
PU content. Further, these graft-IPNs continued to remain transparent
until the extensometer limit of 20% strain, as shown in the inset of
Fig. 6(b). Similar tensile (stress-strain) responses were observed for
grade-2 graft-IPNs and are shown in Fig. 7(a). Except for the 90:10
composition for which failure was at ∼11% strain, the graft-IPNs did

Fig. 5. The schematic showing the specimen geometry and loading configura-
tion used for (a) quasi-static tension tests, (b) quasi-static fracture tests, and (c)
dynamic fracture tests. Sample thickness were 2.8mm and 4.8mm for quasi-
static and dynamic tests respectively. (Note: Thickness of each specimen was
measured and used to evaluate the properties.)

Fig. 6. (a) Stress vs. strain response from tension tests, and (b) compilation of
the elastic moduli for grade-1 graft-IPNs. Also included are data for commercial
PMMA. Inset shows the photograph of 75:25 grade-1 graft-IPN at 20% strain,
wherein the specimen remains transparent. (Note: The arrow at the end of the
plot shows that the specimen did not fail at the extensometer strain limit of
20%. Error bar represents the bounds of the data spread).

B.M. Sundaram et al. Polymer Testing 70 (2018) 348–362

352



not fail up to 20% strain. The graft-IPNs 90:10, 80:20, 70:30, 75:25 and
60:40 composition had ultimate stress of ∼76MPa, ∼53MPa,
∼47MPa, ∼35MPa and ∼18MPa, respectively. Similar to grade-1
graft-IPNs, there was a substantial decrease in the ultimate stress as the
PU content is increased.

The elastic modulus for each composition was determined from the
slope of the stress-strain curve at< 0.2% strain, as shown in Fig. 7(b).
Again, each data point represents the average value from multiple
specimens (three) and the error bars correspond to the bounds of the
data spread. Similar to grade-1 graft-IPNs, there is a decrease in the
elastic modulus with an increase in the PU content. This trend is similar
to those reported by other investigators [5] [17] and is attributed to the
lower elastic modulus of the PU phase. Further, in the case of grade-2
graft-IPNs, the elastic modulus for each composition was higher than
the grade-1 counterparts. Similar differences between grade-1 and -2
graft-IPNs were also observed for the ultimate stress and failure strain.
Hence, the increase in molecular weight of PTMG used to synthesize
graft-IPNs was favorable in terms of elastic modulus.

2.3.2. Fracture tests
Quasi-static fracture tests were performed under uniaxial tensile

loading conditions. The loading configuration is shown in Fig. 5(b). The

SEN samples were loaded in displacement control (crosshead speed
0.015mm/s) mode using Instron 4665 UTM. The load vs. load-point
deflection data were recorded up to crack initiation and during stable
crack growth phase that occurred in a few of the compositions tested.
The critical mode-I stress intensity factors (SIF) at crack initiation, KIcr,
were calculated from the measured peak load at crack initiation as [30],

= ⎛
⎝

⎞
⎠

K F πa
Bw

f a
wIcr

cr

(2)

where = ⎡
⎣

− + − + ⎤
⎦( ) ( ) ( ) ( ) ( )f 1.12 0.23 10.6 21.7 30.4a

w
a
w

a
w

a
w

a
w

2 3 4
, Fcr

is the peak load, B is the specimen thickness, a is the initial crack length
and w is the width of the specimen. The a/w ratio for all samples were
maintained at 0.2. Four specimens were tested for each composition
based on the availability of the material.

Quasi-static fracture tests on graft-IPNs along with commercial
PMMA were performed. The normalized (with respect to the specimen
thickness due to slight difference in cast material) load-deflection
curves for grade-1 graft-IPNs and commercial PMMA are shown in
Fig. 8(a). Commercially procured PMMA showed a linear response up to
the peak load, followed by a sudden drop signaling crack initiation and
brittle failure. The graft-IPNs, except for 70:30 and 60:40 compositions,
showed a similar response. The 70:30 composition showed as linear
response for most part until the very end where a modest nonlinearity

Fig. 7. (a) Stress vs. strain response from tension tests, and (b) compilation of
the elastic modulus for grade-2 graft-IPNs. Also included are data for com-
mercially procured PMMA. (Note the arrow at the end of the plot shows that the
specimen did not fail at the extensometer strain limit of 20%%. Error bar re-
presents the bounds of the data spread).

Fig. 8. Quasi-static fracture results for grade-1 graft-IPN: (a) Plot of load/
thickness vs. extension obtained from fracture tests, and (b) compilation of the
KIcr for different compositions compared to commercial PMMA. Inset shows the
photograph of 70:30 grade-1 graft-IPNs during fracture process, wherein
whitening/crazing near the crack-tip can be seen. (Note: %. Error bar represents
the bounds of the data spread).
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can be seen before reaching the peak load, and subsequently failure. As
for the 60:40 composition, the initial response was linear but it quickly
changed to a nonlinear response for a while before attaining a peak
load, followed by a stable crack growth where a continuous decrease in
load until complete failure could be seen. The extent of nonlinearity
increased with the PU content. This nonlinearity in the pre-peak load
region can be attributed to crack-tip blunting and crazing prior to crack
initiation. This ductility in material response was accompanied by
whitening/crazing near the crack-tip, as shown in the inset of Fig. 8(b).
Moreover, propagation of the macro-crack required increase of the
applied load. Further, the crack exhibited a tendency to modestly de-
viate from its original path of propogation. The highest peak load was
observed for the 70:30 composition and the largest area under the load-
deflection curve representing the overall strain energy absorbed was for
60:40 compositions. The quasi-static crack initiation toughness, KIcr,
was calculated using the load at crack initiation in each case. The
variation of KIcr with CoP:PU ratio along with that of commercial
PMMA is shown in Fig. 8(b). Again, each data point corresponds to an
average of multiple (four) measured values of KIcr. The trends in KIcr

values with increasing PU suggest that there is an optimum CoP:PU

ratio for which the quasi-static fracture toughness is the highest. Based
on these results, the 70:30 graft-IPNs showed the maximum improve-
ment of ∼115% in KIcr (2.8MPa√m) over commercial PMMA
(∼1.3MPa √m).

The normalized load-deflection curve (load normalized by the
sample thickness) and compiled KIcr for grade-2 graft-IPNs along with
the one for commercial PMMA are shown in Fig. 9(a) and (b), respec-
tively. Similar trends as in grade-1 graft-IPNs are seen, with the op-
timum composition being 70:30 CoP:PU with KIcr of ∼3.0MPa √m.
When compared to grade-1 graft-IPNs, grade-2 graft-IPNs show an
improvement in the fracture toughness (critical stress intensity factor)
for each composition. Comparing the optimum composition of 70:30
CoP:PU of grade-1 graft-IPN with that of grade-2 graft-IPN, the latter
showed approx. 6% improvement in KIcr over the former.

2.4. Dynamic fracture tests

The dynamic fracture of graft-IPNs was studied using transmission-
mode DGS in conjunction with ultrahigh-speed digital photography. A
schematic representation of the experimental setup employed is shown
in Fig. 10. A modified Hopkinson pressure bar (long-bar) was used for
loading the pre-notched specimen. This was a 1.83m AL 7075-T6 long-
bar of 25.4mm diameter with a wedge shaped tip (see, Fig. 10 inset)
pushed against the V-notch cut into the unconstrained specimen (see
Fig. 5(c) for loading configuration). A 305mm long, 25.4mm diameter
rod held inside the barrel of a gas-gun was co-axially aligned with the
long-bar and was used as the striker. Both the long-bar and the striker
were made of AL 7075-T6, eliminating acoustic impedance mismatch
between them during impact loading.

The speckle images were acquired using a Cordin-550 ultrahigh-
speed digital camera at a resolution of 1000×1000 pixels on 32 in-
dependent CCD sensors positioned radially around a five-facet rotating
mirror. The imaging system also included two high-energy flash lamps
producing broad-band white light illumination. Experimental para-
meters such as the trigger delay, flash duration, framing rate, CCD gain,
and data storage were controlled using a computer connected to the
camera. A 28–300mm focal length macro zoom lens along with an
adjustable bellows was used for imaging the dynamic event. Further,
the camera lens aperture was kept open as wide as possible (numerical
aperture F#5.6) to achieve good exposure with minimum electronic
gain setting during recording. The specimen was located approximately
850mm in front of the camera. (Each speckle covered approximately
3–4 pixels; or a scale factor of 28–30 pixels/mm was used.) The spe-
cimen was placed on an adjustable platform with a 2mm thick strip of
soft putty pressed on the top and bottom edges of the specimen, as
shown in Fig. 5. The putty strips helped achieve approximately sym-
metric and ‘free surface’ boundary conditions at the top and bottom
edges. A target plate decorated with random black and white speckles
was placed behind the specimen at a distance Δ=27.4mm away from
the mid-plane of the specimen. A pair of heavy dots (Fig. 6) was marked
on the target plate to help relate the dimensions on the image to the
actual specimen/target dimensions.

The region-of-interest in this study was near the initial crack-tip.
Accordingly, the camera was focused on a 35mm×35mm square re-
gion around it. Prior to loading, a set of 32 images of the speckles were
recorded through the specimen in the undeformed state at 200,000
frames per second. Sufficient care was exercised to achieve an ap-
proximately Gaussian distribution of gray scales for each image, typi-
cally in the mid-range of 0–255 (8 bit) gray scale by adjusting the flash
lamps. Next, without altering any of the camera settings, the striker was
launched towards the long-bar using the gas-gun at a velocity of

Fig. 9. Fracture test results for grade-2 graft-IPNs relative to commercially
procured PMMA: (a) plot of load per unit thickness and extension (b) compi-
lation of the KIcr compared with commercial PMMA counterpart. (Note: Error
bar represents the upper and lower bounds of the data spread).
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∼13.5 m/s. When the striker contacted the long-bar, a compressive
stress wave was set off in the long-bar, which propagated along its
length before loading the specimen. The duration of the loading phase
of pulse generated was ∼120 μs. When the striker contacted the long-
bar, a trigger signal was also produced, which initiated the camera to
record a second set of 32 images in the deformed state at the same
framing rate. With a preset trigger delay, camera recorded 32 images in
the deformed state. Thus, a total of 32 pairs of images in the deformed
and undeformed (reference) states were recorded at 5 μs intervals be-
tween successive images. The corresponding images for each sensor
were paired from the undeformed and deformed sets and each of these
32 matched pairs was correlated separately. The 2D image correlation
was carried out using the image analysis software ARAMIS®. For ana-
lysis, each image was segmented into facets/sub-images consisting of
25×25 pixels. An overlap of 20 pixels (i.e., step size of 5 pixels) was
used during image correlation. This resulted in data points in the re-
gion-of-interest for each of the two orthogonal displacement fields. The
corresponding angular deflections of light rays were subsequently de-
termined using the known distance Δ between the specimen and the
target planes.

2.4.1. Evaluation of crack velocity and stress intensity factor (SIF)
The position of the crack-tip in each digitized image was used to

measure the instantaneous crack length. Subsequently, the crack velo-
city (V) was estimated from the crack length history using backward
difference method [31],

= −
−

−

−
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Where a and t are crack length and time, respectively, at a given instant
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pagating crack-tip the following crack-tip field,
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was used. In the above, f and g are functions of instantaneous crack
velocity, V, r θ( , ) denote the contracted crack-tip polar coordinates.
Further, r θ( , ) can be expressed in the local Cartesian coordinates
moving with the crack-tip x y( , ) as, = +r x α y{( ) ( ) }L

2 2 2 1/2 and
= − ( )θ tan α y

x
1 L . The coefficients of A t( )1 and D t( )1 in the asymptotic

series are related to the mode-I and mode-II stress intensity factors K t( )I

and K t( )II , respectively, as =A t K t π( ) ( ) 2/I1 and =D t K t π( ) ( ) 2/II1 .
The functions f and g are,
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Fig. 10. Experiment setup used for conducting dynamic fracture tests on graft-IPNs using transmission-mode DGS [30].
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where = ⎡
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2 for plane stress,

with μ and ρ being shear modulus and mass density, respectively. Data
in the region ≤ ≤r B0.35 / 0.85 along with angular extent of
− ≤ ≤∘ ∘θ135 135 near the crack-tip was used for analysis. Note that
Eqs. (4) and (5) can be reduced to the form of a dynamically loaded
stationary crack in the limit of the crack velocity →V 0.

2.4.2. Speckle images and optical measurement of angular deflections
The recorded images, one in the undeformed and another in the de-

formed state for a select composition (80:20 CoP:PU) of grade-1 graft-IPN
are shown in Fig. 11(a) and (b), respectively. In the deformed image, the
distortion of speckles can be clearly seen near the propagating crack-tip.
Fig. 12 shows the angular deflection contours, proportional to gradients in
the x- and y-directions, measured using DGS at three different time in-
stants. A clear increase in the size of contours can be seen with the passage
of time, which in turn suggests an increase in SIF.

2.4.3. Crack velocity histories
Fig. 13(a) shows the crack velocity histories for grade-1 graft-IPNs

along with commercial PMMA. Here, t=0 denotes crack initiation at
the original notch tip. After initiation, the crack accelerated to attain a
maximum velocity, followed by a nearly steady but oscillatory velocity.
As the PU content increased to 10%, the steady state velocity increased,
although comparable to that for commercial PMMA. Subsequently, the
steady state velocity dropped sharply for the 20% PU case and later
increased until PU content was 40% (the maximum PU content stu-
died). The steady state crack velocity for PMMA specimens was
∼320m/s, whereas graft-IPNs show a velocity between 120 and
450m/s with 80:20 composition having the lowest and 60:40 the
highest. This suggests a potential change in micromechanism when the
CoP:PU ratio reached 80:20. This variation is shown as a function of
CoP:PU ratio in Fig. 13(b). Similar trends in velocity histories were also
seen for grade-2 graft-IPNs. The variation of its steady state crack ve-
locity is shown in Fig. 14. Again, the steady state velocity for these
compositions varied between 180 and 430m/s, with 80:20 composition
having the lowest and 60:40 the highest.

2.4.4. Stress intensity factor (SIF) histories
The measured stress intensity factor histories for grade-1 graft-IPNs

are shown in Fig. 15(a). Time t=0 represents the instant of crack in-
itiation at the original notch tip. During the pre-initiation period, there
is a monotonic somewhat linear increase in KI until it reaches a critical
value at which the crack initiated. This behavior is typical for all graft-
IPN compositions. Further, there is a reduction in the overall SIF as the
PU content is increased to 10%, after which there is an increase at 20%
PU, and later it again decreased until the PU content reached 40%. This
correlates well with the observed steady crack velocity histories
(Fig. 13). That is, the crack velocity decreased correspondingly with
increase in the critical SIF values (resistance to fracture) showing a
higher resistance to crack initiation and possibly growth. Note that the
80:20 composition showed delayed crack initiation compared to other
compositions (say, 60:40), described by the longer loading curve in the
pre-initiation period, indicating that the crack initiation can be altered
by changing the CoP:PU ratio. This can be attributed to lower wave
speeds with increased PU content and higher ductility. The SIF at crack
initiation for various compositions are shown in Fig. 15(b). When
compared with PMMA (1.08MPa√m), the optimum composition of
80:20 (3.12MPa√m) shows ∼180% improvement in KIcr. These trends
can be observed in both pre-initiation and post-initiation regimes.
When compared with the KIcr for polycarbonate, Lexan-9034, reported
by Sundaram and Tippur [4] under similar dynamic loading conditions
(2.25MPa √m), the 80:20 composition showed ∼38% improvement
and 75:25 showed a similar result (2.08MPa √m). Hence, some com-
positions of graft-IPNs have a fracture response similar to, if not better
than, those for commercial polycarbonate. The SIF histories of grade-2
graft-IPNs show a similar trend as that of grade-1 graft-IPNs. Fig. 16
show the KIcr for grade-2 graft-IPNs. Unlike the quasi-static results, the
grade-1 graft-IPN performed better than grade-2 graft-IPN under dy-
namic loading.

2.4.5. Fracture surface morphology
The fracture surfaces of grade-1 samples from the dynamic fracture

tests were inspected using an optical microscope at 20X magnification,
and the micrographs obtained are shown in Fig. 17(a)-(f). In Fig. 17(a),
PMMA sample shows no significant features apart from occasional
conic marks typical of brittle fracture in glassy polymers. Each conic
mark has an “eye’ or a ‘nucleus’ from where linear fracture trail ema-
nates. In case of 90:10 graft-IPN (Fig. 17(b)) these features have become

Fig. 11. Speckle images in the undeformed (top) and deformed (bottom) states
recorded by the high-speed camera though a select graft-IPN specimen (80:20
CoP:PU grade-1).
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smaller but increased in number. This trend continues with 80:20
(Fig. 17(c)) case showing quite prominent and numerous surface fea-
tures, which suggests a substantial increase in surface roughness during
crack growth. Further increase in PU% increases the size of these
conical features (Fig. 17(d)-(e)) but reduces their prominence as well as
their frequency. Further increase in the PU% (Fig. 17(f) results in a
change in the shape, from parabolic to narrow aerofoil-like features.
These transitions of surface features in the micrographs seem to qua-
litatively explain the changes in the magnitude of the measured critical
values of SIFs.

3. Conclusions

The processing and mechanical behavior under both quasi-static
and dynamic loading of various transparent graft-IPN compositions
made of soft polyurethane (PU) and stiff acrylate copolymers (CoP)
were studied. The CoP to PU ratio was varied from 90 wt% and 10wt%
to 60wt% and 40wt%. This change in the ratio was applied for two
grades of graft-IPNs obtained using 650 gmol−1 and 1400 gmol−1 of
PTMG to synthesize the PU phase. Uniaxial tension tests on dumbbell
shaped samples were conducted to evaluate the quasi-static stress-strain
behavior and obtain elastic moduli and ultimate stress values. Tests on
single edge notched (SEN) tension specimens yielded the crack initia-
tion and growth characteristics under quasi-static conditions. The

Fig. 12. Angular deflection contour plots (contour interval= 1×10−3 rad) proportional to stress gradients of +σ σ( )x y in the x- and y-directions for a select graft-
IPN specimen (CoP:PU 80:20 grade-1). (Note that t=0 in these correspond to the time instant at crack initiation at the original notch tip.)
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Fig. 13. Crack growth behavior of grade-1 graft-IPNs: (a) crack velocity his-
tories and (b) steady state crack velocity variation (t=0 corresponds to crack
initiation at the original notch tip. (Note: Steady state crack velocity was ob-
tained by averaging the velocities in the highlighted region. Error bar re-
presents the bounds of the data spread).

Fig. 14. Variation of steady state crack velocity for grade-2 graft-IPNs. (Note:
Error bar represents the bounds of the data spread).

Fig. 15. Stress intensity factor (SIF) histories (top) and critical value of mode-I
SIF at initiation (bottom) for grade-1 g-IPNs (t=0 corresponds to crack in-
itiation. Error bar represents the bounds of the data spread obtained from
multiple experiments).

Fig. 16. Variation of dynamic KIcr for grade-2 graft-IPNs. (Error bar represents
the bounds of the data spread).
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dynamic fracture characteristics namely, the crack velocity and stress
intensity factor history, for all the compositions were evaluated under
dynamic loading conditions optically using a full-field non-contact
measurement technique called DGS in conjunction with ultrahigh-speed
photography. The major observations of this study are:

• All the compositions of graft-IPNs showed excellent optical trans-
parency. Furthermore, they continued to be transparent up to 20%
tensile strain.

• Elastic moduli of graft-IPNs gradually decreased by 60–70% with
increase in PU phase in both grades of graft-IPNs.

• Quasi-static tensile tests showed a transition from brittle to ductile
behavior when the PU phase exceeded 10% for grade-1 and 20% for
grade-2 graft-IPNs.

• Quasi-static fracture tests indicate brittle unstable crack growth for
90:10, 80:20, and 75:25, grade-1 graft-IPN compositions which
transitioned to brittle stable crack growth for 70:30, and finally to
ductile crack growth for 60:40. This ductile behavior was accom-
panied by crazing near the crack-tip during crack initiation and
subsequent propagation. Similar behavior was seen for grade-2
graft-IPNs except for ductile crack growth behavior for 70:30 com-
position.

• Maximum quasi-static fracture toughness was obtained for 70:30

graft-IPNs in both the grades (∼2.8MPa√m and ∼2.95MPa√m,
respectively) with grade-2 slightly outperforming grade-1. When
compared to PMMA, graft-IPNs showed an improvement of
115–120%.

• Dynamic fracture tests showed significantly lower crack speeds or
higher crack growth resistance for 80:20, 75:25, and 70:30 graft-
IPNs of both grades compared to PMMA, while 60:40 and 90:10
showed a higher crack speed.

• Dynamic fracture tests further indicate an improvement in crack
initiation toughness over PMMA for 80:20, 75:25, and 70:30 graft-
IPNs with peak value being ∼3.1MPa√m, and ∼2.5MPa√m for
80:20 graft-IPN of grades-1 and -2, respectively. This is an im-
provement of approx. 180% and 120% over PMMA. When compared
to commercially available polycarbonate, this represents an im-
provement of approx. 10% and 35%, respectively. However, 60:40
and 90:10 graft-IPNs of both grades of graft-IPNs showed a reduc-
tion in crack initiation toughness.
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Fig. 17. Micrographs of grade-1 graft-IPNs with CoP:PU ratios of (a) PMMA, (b) 90:10, (c) 80:20, (d) 75:25, (e) 70:30 and (f) 60:40. Arrow shows crack growth
direction. Scale and the arrow shown in (a) and (b) are applicable for all the figures.
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Appendix-A

Evaluation of elasto-optic constant for graft-IPNs

The elasto-optic constant of graft-IPNs was evaluated by performing edge loading experiments on a sheet of the specimen, also referred to as the
Flamant problem [4]. That is, a line-load was applied on an edge of a large planar sheet and optical measurements were made. A rectangular sheet of
50 mm×60mm and thickness 4.8mm was placed on a flat rigid platform and subjected to a line-load, as shown in Fig. A1. An Instron 4465 UTM
was used for loading the specimen in a displacement control mode (crosshead speed of 0.005mm/s). A target plate coated with random black and
white speckles was placed behind the specimen at 27.4 mm from the mid-plane of the specimen. A Nikon D100 digital SLR camera fitted with a
70–300mm focal length lens and extension tube was used to record the speckles. The camera was placed in front of the specimen at a distance (L) of
∼600mm with the camera focused on a uniformly illuminated target plane through the specimen. A camera resolution of 1504× 1000 pixels was
used to acquire 8 bit images.

Fig. A1. Experimental setup for edge loading of a g-IPN sheet to evaluate its elasto-optic constant.
An undeformed image of the target plate through the specimen was recorded at no-load condition (1 pixel ∼26 μm on the target plane). As the

sample was loaded, the deformed images of the target plate were recorded at 0 N, 300 N, 400 N, 600 N and 800 N loads. Two representative speckle
patterns, one in the reference (no-load) state and another in the deformed state, are shown in Fig. A2 (a) and (b), respectively. Sufficient care was
exercised to obtain a near Gaussian distribution of gray scales for each image in the mid-range of 0–255 (8 bit) scale by adjusting the illumination
and the numerical aperture of the lens. The speckles are noticeably distorted in Fig. A2(b) at the top edge of the specimen near the contact area due
to deformations and the local stress field. The digitized speckle images (1504×1000 pixels) in the deformed state were correlated with the image
from the undeformed state using ARAMIS®. A sub-image size of 25× 25 pixels with an overlap of 20 pixels (i.e., step size of 5 pixels) was used during
image correlation. The angular deflection contours in the vertical (x-z) and horizontal (y-z) planes for a compressive load of 800 N for a select
composition (80:20 CoP:PU) of grade-1 graft-IPN is shown in Fig. A2 (c) and (d), respectively.

The angular deflections measured in two in-plane orthogonal direction are related to stresses as [4],

= ± +ϕ C F
π

θ θ
r

C2 [cos(2 ); sin(2 )]
x y σ x y; 2 ; (A1)

where Cσ is the elasto-optic constant of the material, F is the applied load, B is the specimen thickness, r θ( , ) denote the polar coordinates relative to
the loading point, and Cx y; denote constants to account for electronic noise and/or rigid motions if any. Linear regression was performed on measured
ϕx data in the region ≤ ≤r B1 / 2 along with angular extent of − ≤ ≤ −∘ ∘θ80 50 , − ≤ ≤∘ ∘θ40 40 , and ≤ ≤∘ ∘θ50 80 , using Eq. (A1) at each load-step
to obtain Cσ which was subsequently averaged. Table A1 shows the elasto-optical constant for all the graft-IPNs synthesized.
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Fig. A2. Left: Speckle images of a select g-IPN (grade-1 80:20 composition) under line-load acting on the specimen edge: (a) undeformed and (b) deformed. Right:
Angular deflection contour plots (contour interval = 3×10-4 rad) proportional to stress gradients of +σ σ( )x y in the (b) x- and, (c) y-directions for a select com-
position (80:20 CoP:PU) of grade-1 graft-IPN subjected to a line-load of 800 N.

Table A1
Elasto-optic constants evaluated for various graft-IPNs.

graft-IPN type CoP:PU Cσ(x10−10 m2/N)

650 gmol−1 PTMG (Grade-1) 90:10 1.12
80:20 1.21
75:25 1.25
70:30 1.32
60:40 1.48

1400 gmol−1 PTMG (Grade-2) 90:10 1.13
80:20 1.21
75:25 1.23
70:30 1.39
60:40 1.46
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