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Epoxidized soybean oil (ESO) was proved to be a good
alternative to partially replace a synthetic commercial
epoxy resin in a formulation to obtain thermosetting
polymer, contributing to transform a vegetable oil into
a higher added value product. This work focuses on
the study of the fracture behavior of copolymers based
on anhydride-cured epoxy systems with different con-
tents of ESO as a replacement for the synthetic resin.
It was found that fracture toughness was greatly
improved when replacing diglycidyl ether of bisphenol
A (DGEBA) by ESO, being the critical stress intensity
factor (KIC) 1.067 MPa�m1/2 for cured ESO and 0.557
MPa�m1/2 for cured DGEBA. The better performance of
ESO networks was ascribed to its higher ability to
attain plastic deformation. Moreover, for DGEBA-ESO
systems, the morphologies generated during the curing
process were also considered to account for the
observed results. POLYM. ENG. SCI., 00:000–000, 2013.
ª 2013 Society of Plastics Engineers

INTRODUCTION

Over the last few decades, the increasing concern

about the negative impact on the environment of the mas-

sive use of fossil sources as energy and raw materials

supply has attracted increasing interest on the exploitation

of renewable resources as a potential substitute. In this

context, the utilization of materials derived from the bio-

mass has been extensively studied as an alternative to the

petroleum based feedstock in the production of polymeric

materials [1–4]. This tendency is clearly reflected in

recent market analysis: bioplastics cover approximately

10–15% of the total plastics market and it is expected

to continue increasing its market share in the next years

[4, 5]. Vegetable oils, in particular, constitute one of the

most abundant and readily accessible biogenic materials,

and its use in thermosetting polymers formulations has

been explored [6–9].

One of the industrially important vegetable oil is that

obtained from soybean grains. More than 80% of the

world soybean production is concentrated in South and

North America, Argentina being the third largest

soybean producer behind the United States and Brazil

[10]. Therefore, the use of soybean oil instead of syn-

thetic resins in higher added value products would be not

only of environmental but also of social and economical

importance.

Soybean oil, as most vegetable oils, is characterized

by its low reactivity; hence some chemical modifications

are needed to overcome this limitation. Wool and co-

workers have summarized many pathways to obtain

functionalized vegetable oils which can be used with a

wide variety of reagents to obtain thermosetting poly-

mers [1, 11]. One of these methods involves the oxida-

tion of the double bonds, which can be performed by

chemical [12], or enzymatic route [13–15], yielding an

epoxidized vegetable oil (EVO). Nowadays epoxidized

soybean oil (ESO) is commercially available, as it is fre-

quently used as a plasticizer for poly(vinyl chloride)

(PVC) [16].

The use of ESO as potential partial or total substitute

of commercial epoxy prepolymers has been quoted in

the literature [6, 17–20]. Nevertheless, scarce information

about the fracture behavior of such systems is currently

available, even though it constitutes a key aspect
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that must be considered for their end-use applications,

taking into account that epoxy polymers are inherently

brittle [21].

A number of methods have been proposed to improve

their toughness. One of the most effective involves the

modification of the uncured system with an initially mis-

cible liquid elastomer that can phase-separate during the

curing of the system. Several authors have studied the

toughening effect of using EVOs as liquid rubbers to

modify epoxy systems. Ratna [22] analyzed the impact

properties of an epoxy resin with 0–30 wt% ESO, and

compared a one-stage and a two-stage processes to obtain

the cured networks. The two-stage process gave place to

a biphasic structure which led to a significant improve-

ment of the impact strength, but only a minor improve-

ment was observed for the one-stage processed networks

which showed a single phase morphology. An interesting

option is to use the EVOs as a reactive modifier to

improve the epoxy network toughness, and this alternative

was explored by Miyagawa et al. [19]. The authors eval-

uated the fracture behavior of anhydride cured epoxy net-

works modified with ESO or epoxidized linseed oil

(ELO). They found that the fracture toughness showed no

significant change with the addition of ELO, but it was

greatly improved with the addition of 30 wt% ESO, and

they ascribed this behavior to the biphasic structure devel-

oped in the latter case. To a similar conclusion arrived

Park and coworkers [18, 23], by studying the fracture

toughness of mixtures of synthetic epoxy prepolymers and

ESO or epoxidized castor oil (ECO) cured with a ther-

mally latent initiator. The addition of ESO to a tetrafunc-

tional epoxy prepolymer resulted in a biphasic structure,

which led to an increased toughness. The use of ECO

was also found to improve the fracture properties of the

epoxy polymers, though no disperse phase was observed

in this case, and the improvement of the toughness was

ascribed to the lower crosslinking density of the modified

networks.

Beside the morphology, other factors play an important

role on the fracture properties of epoxy resins. Arias et al.

[24] demonstrated that the ability of the matrix to pro-

mote plastic deformation (yield stress) represents an im-

portant contribution to the toughness. The yield stress is

related to the network structure, and particularly with

some characteristics such as the crosslink density and the

chains flexibility, and consequently these parameters must

also be accounted to explain the mechanisms involved in

the toughening of an epoxy matrix.

The aim of this work was to study the fracture behav-

ior of anhydride-cured epoxy systems, and to establish

the fracture mechanisms developed for different ESO

contents.

The fracture toughness of the different cured formula-

tions was measured, and the results were analyzed on the

basis of the mechanical properties previously determined

[20], the morphologies developed during the curing reac-

tion, which were observed by atomic force microscopic

techniques, and the mechanical properties of each phase,

as determined by depth-sensing indentation.

EXPERIMENTAL

Materials

The epoxy prepolymer was a commercial grade digly-

cidyl ether of bisphenol A (DGEBA, Araldite GY250;

Distraltec, Buenos Aires, Argentina) with epoxide equiva-

lent weight (EEW) ¼ 185 g/equiv. ESO (iodine value ¼
2.4 and EEW ¼ 241 g/equiv., average molecular weight

¼ 940 g/mol), was kindly supplied by Unipox S. A. (Bue-

nos Aires, Argentina). Both chemicals, DGEBA and ESO,

were dried at 708C under vacuum during 12 h before use.

The hardener methyl tetrahydrophtalic anhydride

(MTHPA) ([99%, equivalent weight ¼ 166 g/equiv.) was

obtained from Distraltec (Buenos Aires, Argentina). 1-

methyl imidazole (1MI) ([99%) was purchased from

Huntsman (Buenos Aires, Argentina) and was used as

received. The chemical structures of DGEBA, ESO,

MTHPA, and 1MI are shown in Fig. F11.

Synthesis of the DGEBA–ESO Networks

ESO was used to replace 20, 40, 60, 80, and 100 wt%

of the DGEBA in the resin formulations. Blending was

performed in a one-stage process by the direct mixing of

epoxy precursors with a stoichiometric amount of

MTHPA and a 1MI (3 wt% on the basis of the anhydride

weight). All formulations were manufactured in accord-

ance with the procedure reported elsewhere [20]. Basi-

cally, all formulations were placed in a glass round-bot-

tom flask and heated at 508C for 30 min. The mixing pro-

cess was carried out under reduced pressure (�10 mm

Hg) to minimize the volume of air bubbles entrapped in

the bulk. Subsequently, the reactive mixtures were cast

into the mold at room temperature and placed inside a

programmable oven (Yamato DKN400) using a two-step

curing cycle: 1308C for 1 h and then 1908C for 3 h [20].

Finally, the specimens were cut into suitable dimensions

for mechanical tests.

AFM

The morphology of the cured systems was studied by

atomic force microscopy (AFM). It was carried out on

samples of approximately 1 mm2, obtained by cutting a

proper section of the specimens with an ultramicrotome

Leica Ultracut UCT (Wetzlar, Germany). A scanning

probe microscope (SPM) Nanoscope III Multimode, from

Digital Instruments (Santa Bárbara) was used, operating

in tapping mode and using silicon cantilevers with a reso-

nance frequency of 200–400 kHz and a spring constant of

13–102 N/m.
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Fracture Tests

The fracture toughness of the cured samples was

assessed using the linear elastic fracture mechanics

approach to determine the critical stress intensity factor in

plane strain, KIC [21]. Single edge notched (SEN) speci-

mens (7 3 13 3 60 mm3) were prepared by notching at

the center of the sample with a reciprocating saw, and

subsequently by carefully tapping on a new razor blade

placed in the notch to initiate a sharp crack (Fig.F2 2a). The

specimens were tested in an Instron 4467 (Buckingham-

shire, United Kingdom) universal testing machine in a

three-point bending mode, at a crosshead speed of 2.0

mm/min, according to ASTM D 5045-99. From load-dis-

placement plots of the SEN specimens and known crack

lengths, the following expression was used to calculate

the stress intensity factor KIC:

KIC ¼ f ða=WÞP
BW1=2

(1)

where P is the maximum load from the load-displacement

trace, expressed in kN, B is the thickness of the specimen,

a is the crack length, W is the specimen height (B, a, and
W must be used in cm), f(a/W) is a dimensionless func-

tion of the ratio a/W given by ASTM D5045-99 standard

and KIC is given in units of MPa�m1/2. It was verified that

all the samples meet the criteria established by the ASTM

5045-99 standard to be considered as a valid KIC value.

To this purpose, the values of yield strength reported in a

previous work17 were used. The mean value of at least 10

samples per ESO content was reported as KIC. Analysis

of variance (ANOVA) was used (a ¼ 0.05), and the

Tukey test was applied to identify which groups were sig-

nificantly different from the others (p , 0.05).

To analyze the damage zone around the crack tip, the

double-notch four-point-bend (DN-4PB) technique was

used (Fig. 2b) following a procedure previously described

in the literature [24]. Two edge cracks of approximately

equal length were generated in the specimen (7 3 13 3
60 mm3) following the same procedure explained above

for KIC test. The specimen was then loaded in a four-

point bending fixture at a crosshead speed of 2.0 mm/min,

locating the two precracks within the minor span on the

tensile side. Owing to stress intensification at the crack

tips, a plastic zone formed independently at each crack

tip upon loading (the precrack spacing exceeded the size

of the plastic zone). Because the precracks were not iden-
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FIG. 2. Scheme of the SEN (a) and DN-4PB (b) specimens used.

FIG. 1. Chemical structures of the reactives. (a) DGEBA, n ¼ 0.109; (b) ESO; (c) MTHPA; (d) 1MI.
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tical, one of them eventually became critical and propa-

gated in an unstable manner, thus unloading the other

crack that was immediately arrested.

The damage zones around the surviving crack tips

were examined by transmission optical microscopy

(TOM). Thin sections were obtained using a conventional

polishing technique [24, 25]. Blocks containing the sur-

viving crack tips were cut from the samples, in a normal

section to the fracture surface, but parallel respect to the

crack growing direction. The blocks were then encapsu-

lated in an epoxy formulation that was allowed to cure at

room temperature. Excess material was cut using a dia-

mond saw and the sample was polished again until it

reaches a thicknesses in the range between 200 and 300

mm. Optical micrographs were recorded using a transmis-

sion microscope Leica DMLB (Wetzlar, Germany), with

and without cross polarizers.

The surviving crack tips zones of the specimens were

furthermore studied by AFM as was before described.

Depth-Sensing Indentation

Depth-sensing indentation tests, performed on the con-

tinuous and disperse phase of the 40 and 60% ESO sam-

ples, were used to compare the properties of each phase.

Samples were prepared using the same polishing tech-
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FIG. 3. AFM images of the cured samples with 40, 60, and 80% ESO. Height (left) and phase (right)

images. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]AQ5
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nique that for the TOM samples. Tests were carried on a

Triboindenter (Hysitron) at room temperature using 608
three-sided pyramidal tip. Experiments involved complete

loading–holding–unloading cycles under displacement

controlled conditions (trapezoidal displacement functions).

Depths of 200 nm for the 40% ESO samples, and 400 nm

for 60% ESO samples were used, with a holding time of

5 s in both cases. Surface images were obtained using the

in situ Scanning Probe Microscopy (SPM) imaging, in

order to assign the obtained curves to the corresponding

phase.

Optical Properties

Optical transmission was evaluated on 150–170-mm
thick samples cured between glasses, using a UV–visible

spectrophotometer Agilent 8453 (Palo Alto). The trans-

mittance percentage was followed for wavelengths (k) in

the range of 300–800 nm, and for the sake of comparison

the average transmittance in the wavelength range used

was evaluated for each system.

RESULTS AND DISCUSSION

Thermal and Mechanical Properties

The analysis of the thermal and mechanical properties

of the DGEBA-ESO/MTHPA copolymers, reported else-

where [20], showed a decrease in the glass transition tem-

perature (Tg) values and in the mechanical properties

when more than 20% of the DGEBA was replaced by

ESO. According to those results, the highest Tg value was

observed for pure DGEBA/MTHPA/1MI, and values

reduced with increasing ESO content. In general, Tg, as
well as the yield strength (ry), depend not only on cross-

linking density but also on polymeric chains flexibility,

and therefore Tg and ry values are closely related [24]. In

the present case, the crosslinking density (m) of DGEBA/
MTHPA and ESO/MTHPA pure systems was estimated

using the following equation, derived from the rubber

elasticity theory:

E0 ¼ 3RTv (2)

where R is the universal gas constant, T the absolute tem-

perature and E0 is the storage modulus at Tg þ 308C
measured by DMA and reported elsewhere [20]. Esti-

mated n values were 1820 and 2000 mol/m3 for DGEBA/

MTHPA and ESO/MTHPA networks respectively, reveal-

ing that differences in Tg values could not be attributed to

disparity in the crosslinking density. Therefore the

decrease of the Tg values (and sy values) with the pro-

gressive replacement of DGEBA by ESO could be more

likely associated with a reduced contribution of the aro-

matic phenyl groups of DGEBA, which confer stiffness to

the polymeric chains.

Morphology Analysis

One of the main factors in determining the fracture

behavior of a formulation, besides the yield strength, is

the morphology. Therefore, a deep elucidation of this

issue is mandatory. Particularly, the copolymers with ESO

contents from 40 to 80% underwent phase separation

when curing under the conditions used herein, due to dif-

ferences in DGEBA and ESO reactivity with MTHPA, as

it was demonstrated by scanning electron microscopy

elsewhere [20]. A more clear insight of the copolymers

morphology can be obtained using AFM images (Fig. F33).

An important difference between 40% ESO sample on

one side, and 60 and 80% ESO samples on the other was

observed. Disperse phase domains in 40% ESO systems

are about one order of magnitude smaller than disperse

phase domains in the samples with higher ESO content.

Also, in the 40% ESO system image, some of the disperse

domains seem to have been pulled out of the matrix, leav-

ing an empty hole, and some others appear as protuber-

ance. This feature was not observed in the 60 and 80%

ESO systems. This difference in the morphology is

expected to produce an important change in the fracture

behavior of the copolymers.

Fracture Behavior

Typical fracture load-displacement curves under three-

point bending are shown in Fig. F44 for all copolymers.

Curves are linear with an abrupt load fall and fracture

surfaces are macroscopically brittle. Corresponding tough-

ness values, in terms of KIC, are depicted in Table T11. KIC

value for 100% ESO was found to be near the double of

that of 0%ESO. Figure F55 shows TOM micrographs taken

under bright field (without cross-polarizers) and polarized

light of the fresh zones generated in four-point bending

tests. Under cross-polarized light birefringence is seen,

which typically indicates matrix shear yielding or shear

bands. Optical micrographs show a tendency of the stress
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FIG. 4. Load-displacement curves obtained in the three-point bending

tests for SEN specimens. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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field associated to deformation to increase with ESO con-

tent, with a discontinuity in 40% ESO. The comparison of

the birefringence zone size shows that 40% ESO material

experienced a lower degree of plastic deformation than

20% ESO, although higher fracture toughness was

obtained herein (Table 1), contradicting to a well-known

fact that a larger birefringent zone often corresponds to a

higher fracture toughness. Similar findings were reported

by Le et al. [26] who rightly pointed out that this may be

due to a more localized deformation process involving

small dispersed particles (it should be recalled here that at

40% ESO content phase separation occurred). Consistently

with TOM findings, it was found that KIC showed a gen-

eral increasing trend with ESO content (Table 1). Never-

theless, a discontinuity in the KIC values was observed

between 40 and 60% ESO. This observation suggests that

besides phase separation occurring between 40 and 80% of

ESO content, a phase inversion could be taking place

when the ESO content is raised from 40 to 60%.

Depth-sensing indentation tests performed on both

phases of samples with 40 and 60% ESO gave conclusive

evidence of the phase inversion. The obtained curves and

in situ SPM images of 40 and 60% ESO samples are

shown in Figs. F66 and F77, respectively. For 40% systems, the

load-displacement curve of the continuous phase has a

higher slope (i.e., is more rigid), indicating a lower ESO

content, than the disperse phase. This difference in the

modulus is reflected by the reduced modulus (Er), and the

hardness, indicated in the inset table for each phase.

The opposite was observed for the 60% ESO systems, but

a slighter difference between both phases was found in this

case.
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TABLE 1. KIC values for the DGEBA-ESO/MTHPA systems as a

function of the ESO contenta.

ESO% KIC (MPa�m1/2)

0 0.557 (0.113) a

20 0.637 (0.070) a,b

40 0.765 (0.108) b,c

60 0.706 (0.049) a,b

80 0.916 (0.062) c

100 1.067 (0.113) d

Values in parenthesis indicate standard deviations.
a Different letters indicate that KIC values are significantly different

at p\ 0.05.

FIG. 5. TOM images of the damage zone surrounding the crack tip with and without cross-polarizers, with

a magnification of 2003. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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According to these results, it is clear that the disperse

phase is the less rigid one for the 40% ESO polymers,

contrary to what was observed for the 60% ESO systems,

where the disperse phase is more rigid than the continu-

ous one.

On this basis, copolymers with ESO content up to 40%

are systems with a rigid matrix which yield stress dimin-

ished due to the plasticizing effect of ESO. According to

Kinloch et al. [21, 27] shear yielding deformation is the

main mechanism of energy dissipation during fracture of

epoxy networks, which is favored by a low ry. In addition,

in 40% ESO system there is a softer dispersed phase. As it

is well known, the presence of a more ductile disperse

phase [21, 28], or dispersed microvoids [29] in a stiffer

matrix can promote the plastic deformation of the matrix

increasing the material toughness. The presence of a softer

disperse phase was also used to justify the increase in KIC

values of DGEBF-ESO/MTHPA/1MI systems when

replacing 30% of DGEBF by ESO [19]. Conversely, for

copolymers with 60 and 80% ESO only the decrease of ry
with the increase in ESO content could be responsible of

the increasing toughness of high ESO content copolymers.

These explanations are reflected in Fig. F88, in which KIC is

plotted against ry (ry values were reported elsewhere [20].

In spite of having a higher ry value, 40% ESO systems

displayed a higher toughness than 60% ESO systems

because the effect of the softer disperse phase in the first

one that does not take place in the latter.

AFM inspection of fresh zones ahead of the crack

tip (DN-4PB tests) gives a better insight to failure
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FIG. 6. Load-displacement curves for the 40% ESO continuous and disperse phase, and SPM images (up:

topography; down: gradient) of the test sample. The disperse phase domains are indicated by a dashed-line

circle in the topography image. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIG. 7. Load-displacement curves for the 60% ESO continuous and disperse phase, and SPM images (up:

topography; down: gradient) of the test sample. The disperse phase domains are indicated by a dashed-line

circle in the topography image. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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mechanisms (Fig. F99). In 40% ESO system, distortion of

the softer particles ahead of the crack tip and blunting of

the crack are clearly seen. It is therefore concluded that

the matrix underwent shear yielding, that is, plastic defor-

mation prior to fracture [24, 28, 30]. Contrary, in 60%

ESO samples is evident that the crack advanced through

the soft matrix surrounding the rigid particles, and no

plastic deformation is observed. This change in failure

mechanism corresponds to the inversion of phases

described above.

Optical Properties

A remarkable aspect of the copolymers is that, in spite

of the described phase separation, most of copolymers

were transparent except for that containing 60% ESO

which exhibited increased opacity. As the continuous and
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FIG. 9. AFM images of the crack tip surrounding zone of specimens with 40 and 60% ESO. Height (left)

and phase (right) images. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

FIG. 8. Fracture toughness as a function of the yield stress for the dif-

ferent ESO contents. Standard deviations (both for KIC and ry) are indi-

cated by bars.
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the dispersed phases have similar compositions [20], it is

postulated that both phases have similar refractive

indexes, and thus, copolymers showed little or no light

scattering. If compatibility between phases is poor, light

dispersion or reflection at the two-phase interface occurs,

and the light transmittance is low.

Transmittance of visible light was measured to quanti-

tatively analyze the transparency of the copolymers, and

the results are shown in Fig.F10 10. A decrease of the trans-

mittance is observed for lower wavelength, regardless the

ESO content, and was associated with the brownish color

acquired by the samples during the high temperature cur-

ing step, due to the presence of the imidazole ring [31].

Copolymers with 40 and 80% ESO displayed a relative

high value of transparency, in spite of the biphasic mor-

phology revealed by AFM analysis (Fig. 3). The same

conclusion arises from the analysis of the values of the

average transmittance, summarized in Table T22. In contrast,

60% ESO sample showed a lower light transmittance in

the range of 300–800 nm when compared to the other

systems. This result might not be associated with differen-

ces in thickness since average values were in the range of

150–170 mm. A plausible explanation for this observation

is the difference in the morphologies. 60% ESO copoly-

mers displayed a higher volume fraction of disperse phase

than 40 and 80% ESO systems. This, combined with the

large size of the disperse phase domains, could lead to a

significant light scattering, even with small differences in

the refractive index of both phases. In addition, all the

copolymers showed a low UV light transmission, which is

an advantage for the application of these materials as pro-

tective coatings. The macroscopic aspect of the samples

used to assess the transparency can be observed in Fig.

F1111. In this photograph, little or no opalescence is

observed, even for the 60% ESO sample, giving a clear

evidence of the potential of these materials for optical

applications.

CONCLUSION

ESO was proved to be a good alternative to replace (at

least partially) a synthetic commercial epoxy resin in a

formulation to obtain thermosetting polymer, contributing

to transform a vegetable oil into a higher added value

product. The properties of the copolymers obtained using

the epoxidized oil were comparables to those of the syn-

thetic resin, and the fracture toughness was greatly

improved, mainly due to the lower yield stress of the

cured ESO. The only exception to this trend was due to

the phase inversion observed when the ESO content was

raised from 40% to 60, which led to a decrease of the KIC

value, in spite of the lower yield stress of the 60% ESO

copolymer. It is noteworthy that most of the formulations

present high values of transparency, which would make

them suitable for some optical applications such as matri-

ces for composites used in optoelectronic devices, or pro-

tective coatings and paints.
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FIG. 10. DGEBA-ESO/MTHPA copolymers visible light transmittance

across 150–170-mm thick samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

TABLE 2. Average transmittance in the 400–800 nm range.

ESO % Transmittance (%)

0 84.2

20 83.6

40 61.8

60 9.0

80 63.0

100 87.3

FIG. 11. Macroscopic aspect of the copolymer samples used to assess the visible light transmittance. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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NOMENCLATURE

Abbreviations and Symbols

1MI 1-Methyl imidazole

A Crack length in the fracture specimen (cm)

AFM Atomic force microscopy

B Fracture specimen width (cm)

DGEBA Diglycidyl ether of bisphenol A

DGEBF Diglycidyl ether of bisphenol F

DN-4PB Double-notch four-point-bending

E0 Storage modulus (GPa)

EEW Epoxide equivalent weight

ECO Epoxidized castor oil

ELO Epoxidized linseed oil

Er Reduced modulus (GPa)

ESO Epoxidized soybean oil

EVO Epoxidized vegetable oil

KIC Critical stress intensity factor in plane strain

(MPa�m1/2)

MTHPA Methyl tetrahydrophtalic anhydride

p Confidence interval threshold for the Tukey test

P Maximum load in the fracture tests (kN)

PVC Poly(vinyl chloride)

R Universal gas constant [¼8314 l kPa/(K mol)]

SEN Single edge notch

SPM Scanning probe microscopy

Tg Glass transition temperature (8C)
TOM Transmission optical microscopy

UV Ultra-violet

W Fracture specimen height (cm)

a ANOVA significance level

m Crosslinking density (mol/m3)

ry Compressive yield strength (MPa)
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