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Abstract

Poly (lactic acid), PLA is a biodegradable thermoplastic that has a limited application due to its brittleness. This study has tried to overcome this weakness by blending polybutadiene (BR) into PLA. In the beginning period of the investigation, the preparation of PLA film with the thickness of less than 0.2 mm was prepared using the solvent casting method. The BR contents of 3, 5, 10 and 20 wt% were investigated. Vibracell sonicator was applied to disperse and lessen the rubber particle size in the PLA matrix. It was found that the elongation at break of the samples improved from 11 % for neat PLA to 39 % by blending with 10 wt%BR. However, tensile strength decreased as the BR contents was increased. SEM imaging revealed that the rubber has played an important role in the increase of sample toughness.
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Abstrak
Poli (asid laktik) (PLA) merupakan termoplastik biourai yang mempunyai aplikasi yang terhad kerana sifat kerapuhannya. Kajian ini cuba untuk mengatasi kelemahan tersebut dengan mengadunkan polibutadiena (BR) bersama PLA. Pada peringkat awal, penyediaan filem PLA dengan ketebalan kurang daripada 0.2 mm telah disediakan dengan menggunakan kaedah percampuran pelarut. Kandungan BR sebanyak 3, 5, 10 dan 20% berat telah dikaji. Sonikator Vibracell telah digunakan untuk menyebarkan dan seterusnya mengurangkansaiz zarah getah dalam matriks PLA. Kajian mendapati bahawa pemanjangan pada takat putus meningkat daripada 11% untuk matriks PLA kepada 39% untuk adunan yang ditambahkan 10% berat BR. Walau bagaimanapun, kekuatan tensil menurun dengan peningkatan kandungan BR dalam adunan. Pemeriksaan SEM membuktikan bahawa kehadirangetah telah memainkan peranan penting dalam peningkatan keliatan sampel.

Kata kunci: Poli(asid laktik), polibutadiena, biourai 
Introduction
It is known that environmental problems could cause by plastic bags made from petroleum. As a result, in recent years bioplastics or biopolymer have been of interest to be used to replace plastic. PLA is both bio-based and biocompostable, high strength and stiffness at room temperature that make it promising as a substitute for conventional petroleum-based polymers. However, there are serious limitations, notably brittleness and a low heat distortion temperature [1,2,3]. Several studies have reported to improve the physical and mechanical properties of PLA by blending with other polymers, such as low density poly (ethylene) [4]. poly(propylene glycol) and poly(ethylene glycol). [5,6]. However, most of these blends are incompatible; therefore, compatibilizers are required in order to attain the desired properties. Furthermore, there were some researches focused on the addition of rubber into PLA [7]. Rubber matrices have commonly been used as a second phase polymer to improve the toughness of brittle thermoplastic materials. The rubber particles behave as stress concentrators enhancing the fracture energy absorption of brittle polymers and ultimately result in a material with improved toughness. In order to improve the toughness of polymers, several criteria must be met: the rubber must be distributed as small domains in the polymer matrix; the rubber must have good interfacial adhesion to the polymer [8,9]. Liu reported that small rubber particles lead to increase in the impact strength of the polypropylene (PP) / ethylene-propylene rubber (EPR) blend. They showed the toughening efficiency of very fine rubber particles [10]. This research aims to prepare PLA film blended with different amount of polybutadiene rubber and Vibracell sonicator was applied to lessen the size of rubber phase in PLA matrix. Mechanical properties especially elongation at break were investigated. 

Materials and Methods
The PLA resin was supplied by NatureWorks®, USA. The selected grade, PLA 2003D (MI = 5-7 g/10 min), is  an extrusion grade. Polybutadiene was kindly supplied by Thai Hashi Corporation Co., Ltd. under the trade       name of BR-AA or BR-BB (raw Mooney viscosity: ML (1+4) 100 °C). PLA film was prepared in the thickness of less than 0.2 mm by solvent casting method. The PLA resin was dried in a vacuum oven at 80 °C for 4 h   to    remove moisture before casting. PLA/BR was dissolved in chloroform to obtain a polymer blend solution. The   mixtures were stirred at room temperature for 3 h. Moreover, the dispersion of rubber by Vibra-cell sonicator       electric power between 150-750 watts was applied for about 1-5 minutes after the mechanical stirring. The blend solution was then casted on the glass plates. The films were dried for about 4 h at room temperature and 4 h at     80 °C in  a vacuum dryer to remove the remain solvent. The BR content in the range of 0-20 wt% was studied.    The tensile strength, elongation at break and Young’s modulus of the PLA films were measured using  a Lloyd    Instruments LRX testing machine according to the ASTM standard method D882-88. Specimen samples were cut to the size of 10 cm×2.54 cm. Samples were conditioned for 48 h at 23±0.5 ◦C and 50% RH in a constant              temperature and humidity chamber before the measurement. Initial grip separation and cross-head speed were set at 5 cm and 12.5 mm/min, respectively. The values presented were the average of five measurements. The surface morphology of the materials was observed using an optical microscope (OM) and scanning electron microscope (SEM). The specimen surfaces for the SEM were sputter coated with gold to avoid charging. The element analyzer was done by energy dispersive x-ray spectrometer (EDS).
Result and Discussion
Morphological Properties

The morphologies of the film surfaces were investigated by OM as presented in Figure 1. Neat PLA showed a smooth and uniform surface (Figure 1(a)). Figure 1(b) – (e) show the OM images of PLA/BR blends with 3, 5 10 and 20 wt% of BR, respectively. For these blends, the blend solutions were mechanical stirred at 400 rpm. The rubber droplets were well dispersed in all blends. The image J program was used to analyze the rubber droplet size and found that the rubber droplets were in the average size of 4.80, 4.45, 5.74, and 6.94 micrometer for the 3, 5, 10 and 20 wt% BR blends, respectively (Table 1). The higher rubber content gave the bigger rubber droplets.
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Figure 1. OM images of (a) neat PLA and PLA/BR blends at  (b) 3 wt% (c) 5 wt% (d) 10 wt% (e) 20 wt%. The blend solutions were mechanical stirred at 400 rpm.
Table 1. The rubber droplet size analysis of PLA/BR blends by image J program.

	               Time 

Watt  
	Particle size (µm)

	
	0
	1
	3
	5

	3%BR**
	4.80
	-
	-
	-

	5%BR**
	4.45
	-
	-
	-

	10%BR**
	5.74
	-
	-
	-

	20%BR**
	6.94
	-
	-
	-

	5%BR 150 watt
	-
	6.06
	4.35
	2.77

	5%BR 350 watt
	-
	3.29
	2.51
	6.34

	5%BR 650 watt
	-
	1.40
	1.21
	1.33


There was a greater tendency to form some rubber agglomerates when higher content of rubber was used [11]. Furthermore, Vibracell sonication was applied to the blend solution after mechanical stirring in order to reduce the size of rubber droplets.  Figure 2 (a-d) show the OM images of the PLA/5 wt% BR blends which were sonicated by Vibracell sonicator at different watts and times. Table 1 shows the rubber droplet size of the blends. It can be seen that the higher watt provide the smaller droplet size, and 3 minutes application gave the smallest droplet size. The higher watt provided the higher vibration; therefore, small rubber droplets were obtained. However, during the sonication high amount of heat could be created (solution was warmer after sonication). This caused the solvent lost, which resulted the re-combination of the rubber particles, so the bigger particles were obtained when longer sonication was applied. 
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Figure 2. OM images of PLA/5 wt% BR blends at different watts and times of Vibracell sonicator application  (a) 150 watt 1 min (b) 150 watt 3 mins (c) 150 watt 5 mins (d) 350 watt 1 min (e) 350 watt 3 mins                    (f) 350 watt  5 mins (g) 650 watt 1 min (h) 650 watt 3 mins.
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Figure 3. LV-SEM micrographs and EDS results of PLA/ 3 wt% BR blend. (a) smooth surface site                    (b) small droplet site.

Mechanical Properties of PLA/BR Films

Young’s modulus, tensile strength and elongation at break are the important factors for studying mechanical properties of PLA film. Figure 4 compares the stress-strain curves of the neat PLA to the PLA/5 wt% BR (non-sonication) and   PLA/5 wt % BR (with sonication). It is clearly stated that the addition of BR gave more ductile and tougher materials. Moreover, the utilization of Vibracell sonicator, which provided the smaller rubber droplets, gave the tougher blends with the same rubber content. Table 2 exhibits the tensile properties of the neat PLA and PLA/BR blends. The elongation at break increased as the content of BR increased. PLA with 5 wt% BR and dispersion by Vibracell sonicator showed the highest elongation at break.  However, the 20 wt% of BR blend revealed a lower elongation at break. In addition, the addition of BR decreased the strength of samples, and the high content of rubber decreased the Young’s modulus of samples. This is because of the low tensile strength and Young’s modulus of rubber. So the rigidity of PLA was lessen, which is good for the packaging application.

Table 2.Tensile properties of PLA and PLA/BR blends.
	
	Young’s modulus

(MPa)
	Tensile  strength

(MPa)
	Elongation at break

(%)

	PLA neat

3 wt.%BR

5 wt.%BR

10 wt.%BR

20 wt.%BR

5%BR 650 watt 3 min.
	421 + 55

452 + 29

441 + 51

354 + 34

317+ 55

384+ 72
	48+ 10

40 + 2

36 + 1

32 + 1

20 + 3

33 + 2
	11+ 1

21 + 1

21+ 2

39+ 3

30 + 4

49+ 4

	
	
	
	


Figure 4 Stress-strain curves of the (a) PLA neat (b) PLA/ 5 wt.%BR non-sonication and (c) PLA/5 wt.%BR with sonication.
Conclusion
The PLA/BR blends were prepared by solvent casting method. The higher content of BR provided the higher elongation at break and lower the strength and Young’s modulus. The Vibra-cell sonicator was applied and found that it could lessen the rubber droplet size and provided the tougher materials.
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		31.924		9.8707		0.098707

		31.785		10.111		0.10111

		31.645		10.352		0.10352

		31.557		10.593		0.10593

		31.501		10.834		0.10834

		31.445		11.075		0.11075

		31.389		11.315		0.11315

		31.333		11.556		0.11556

		31.276		11.794		0.11794

		31.231		12.041		0.12041

		31.206		12.282		0.12282

		31.181		12.523		0.12523

		31.155		12.764		0.12764

		31.13		13.005		0.13005

		31.105		13.246		0.13246

		31.079		13.488		0.13488

		31.058		13.73		0.1373

		31.052		13.972		0.13972

		31.046		14.222		0.14222

		31.04		14.463		0.14463

		31.035		14.704		0.14704

		31.029		14.94		0.1494

		31.03		15.177		0.15177

		31.034		15.417		0.15417

		31.038		15.657		0.15657

		31.042		15.898		0.15898

		31.08		16.139		0.16139

		31.195		16.379		0.16379

		31.197		16.623		0.16623

		31.198		16.87		0.1687

		31.199		17.113		0.17113

		31.201		17.355		0.17355

		31.202		17.599		0.17599

		31.203		17.842		0.17842

		31.205		18.083		0.18083

		31.195		18.323		0.18323

		31.164		18.564		0.18564

		31.169		18.805		0.18805

		31.175		19.046		0.19046

		31.18		19.287		0.19287

		31.185		19.531		0.19531

		31.19		19.778		0.19778

		31.195		20.01		0.2001

		31.201		20.251		0.20251

		31.216		20.492		0.20492

		31.07		20.73		0.2073

		30.843		20.973		0.20973

		30.354		21.223		0.21223

		0.5346		21.47		0.2147

		PLAneat

		Stress (MPa)		Percentage Strain		strain

		0.57959		0.036869		0.00036869

		0.55289		0.038075		0.00038075

		0.41839		0.039281		0.00039281

		1.5538		0.17216		0.0017216

		2.263		0.32351		0.0032351

		2.9721		0.47781		0.0047781

		3.6813		0.62538		0.0062538

		4.2397		0.7803		0.007803

		4.7183		0.93305		0.0093305

		5.1969		1.088		0.01088

		5.6755		1.2442		0.012442

		6.154		1.3926		0.013926

		6.6326		1.5487		0.015487

		7.1112		1.7028		0.017028

		7.5898		1.8565		0.018565

		8.0282		2.0103		0.020103

		8.4646		2.164		0.02164

		8.9011		2.3213		0.023213

		9.3375		2.4779		0.024779

		9.774		2.6334		0.026334

		10.21		2.7889		0.027889

		10.647		2.9443		0.029443

		11.084		3.0998		0.030998

		11.521		3.2588		0.032588

		11.958		3.4163		0.034163

		12.394		3.5698		0.035698

		12.831		3.7233		0.037233

		13.268		3.8768		0.038768

		13.705		4.0302		0.040302

		14.142		4.1837		0.041837

		14.579		4.3359		0.043359

		15.016		4.4878		0.044878

		15.453		4.6396		0.046396

		15.911		4.7927		0.047927

		16.376		4.9466		0.049466

		16.841		5.1006		0.051006

		17.305		5.2545		0.052545

		17.77		5.4084		0.054084

		18.258		5.5624		0.055624

		18.789		5.7163		0.057163

		19.321		5.8702		0.058702

		19.852		6.0241		0.060241

		20.384		6.1781		0.061781

		20.915		6.332		0.06332

		21.447		6.4861		0.064861

		21.979		6.6403		0.066403

		22.51		6.7944		0.067944

		23.042		6.9467		0.069467

		23.59		7.0982		0.070982

		24.182		7.2496		0.072496

		24.773		7.401		0.07401

		25.365		7.5525		0.075525

		25.957		7.7039		0.077039

		26.548		7.8556		0.078556

		27.14		8.0073		0.080073

		27.732		8.1602		0.081602

		28.332		8.3147		0.083147

		28.96		8.4693		0.084693

		29.589		8.6245		0.086245

		30.217		8.7803		0.087803

		30.845		8.9362		0.089362

		31.474		9.0914		0.090914

		32.102		9.2456		0.092456

		32.662		9.3997		0.093997

		33.114		9.5538		0.095538

		33.565		9.708		0.09708

		34.016		9.8622		0.098622

		34.468		10.016		0.10016

		34.919		10.171		0.10171

		35.286		10.325		0.10325

		35.604		10.475		0.10475

		35.921		10.627		0.10627

		36.239		10.787		0.10787

		36.319		10.943		0.10943

		36.446		11.094		0.11094

		36.641		11.245		0.11245

		36.837		11.396		0.11396

		37.028		11.547		0.11547

		37.218		11.703		0.11703

		37.408		11.86		0.1186

		37.504		12.016		0.12016

		37.522		12.171		0.12171

		37.539		12.326		0.12326

		37.089		12.482		0.12482

		36.597		12.638		0.12638

		0.69554		12.794		0.12794

		0.84255		12.946		0.12946

		0.98956		13.096		0.13096
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10BR

		5BR650 3min 07

		Stress (MPa)		Percentage Strain		strain

		0.40602		0.019597		0.00019597

		2.1882		0.31559		0.0031559

		5.0504		0.89546		0.0089546

		7.468		1.4712		0.014712

		9.6291		2.0565		0.020565

		11.445		2.6224		0.026224

		13.268		3.2034		0.032034

		15.33		3.7929		0.037929

		17.511		4.3743		0.043743

		19.709		4.9515		0.049515

		22.154		5.5347		0.055347

		24.961		6.1128		0.061128

		27.744		6.6865		0.066865

		30.527		7.2764		0.072764

		32.989		7.851		0.07851

		34.546		8.4438		0.084438

		34.714		9.0176		0.090176

		34.665		9.6047		0.096047

		34.447		10.174		0.10174

		34.232		10.764		0.10764

		34.017		11.342		0.11342

		33.964		11.923		0.11923

		33.926		12.505		0.12505

		33.889		13.086		0.13086

		33.851		13.668		0.13668

		33.809		14.25		0.1425

		33.764		14.832		0.14832

		33.755		15.411		0.15411

		33.777		15.991		0.15991

		33.799		16.571		0.16571

		33.821		17.16		0.1716

		33.851		17.728		0.17728

		33.94		18.314		0.18314

		33.98		18.893		0.18893

		34.019		19.484		0.19484

		34.058		20.056		0.20056

		34.123		20.647		0.20647

		34.209		21.222		0.21222

		34.291		21.811		0.21811

		34.157		22.392		0.22392

		34.165		22.968		0.22968

		34.174		23.55		0.2355

		34.262		24.129		0.24129

		34.279		24.719		0.24719

		34.316		25.298		0.25298

		34.349		25.879		0.25879

		34.373		26.461		0.26461

		34.396		27.04		0.2704

		34.419		27.614		0.27614

		34.442		28.19		0.2819

		34.465		28.769		0.28769

		34.488		29.358		0.29358

		34.437		29.945		0.29945

		34.457		30.534		0.30534

		34.485		31.119		0.31119

		34.503		31.702		0.31702

		34.513		32.285		0.32285

		34.523		32.861		0.32861

		34.534		33.44		0.3344

		34.544		34.023		0.34023

		34.554		34.603		0.34603

		34.55		35.177		0.35177

		34.614		35.761		0.35761

		34.625		36.338		0.36338

		34.636		36.922		0.36922

		34.647		37.499		0.37499

		34.657		38.075		0.38075

		34.668		38.666		0.38666

		34.67		39.251		0.39251

		34.654		39.84		0.3984

		34.638		40.414		0.40414

		34.628		40.993		0.40993

		34.634		41.573		0.41573

		34.64		42.162		0.42162

		34.646		42.745		0.42745

		34.655		43.326		0.43326

		34.659		43.904		0.43904

		34.625		44.48		0.4448

		34.598		45.062		0.45062

		34.577		45.643		0.45643

		34.556		46.221		0.46221

		34.531		46.805		0.46805

		34.502		47.388		0.47388

		34.597		47.96		0.4796

		34.574		48.554		0.48554

		34.551		49.136		0.49136

		34.532		49.715		0.49715

		34.52		50.294		0.50294

		34.508		50.875		0.50875

		34.497		51.459		0.51459

		34.485		52.045		0.52045

		34.337		52.629		0.52629

		34.265		53.213		0.53213

		34.145		53.796		0.53796

		33.912		54.376		0.54376

		31.574		54.946		0.54946

		0.0964		55.533		0.55533
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Sheet1

		10%BR nonultrasonic

		Stress (MPa)		Percentage Strain		strain

		0.0022671		0.000064365		0.0000006436

		0.0046951		0.00013856		0.0000013856

		0.0071231		0.00021275		0.0000021275

		0.053587		0.00028695		0.0000028695

		1.4766		0.20006		0.0020006

		3.2151		0.59071		0.0059071

		4.7501		0.98359		0.0098359

		5.8862		1.3729		0.013729

		7.1071		1.7645		0.017645

		8.3005		2.1615		0.021615

		9.475		2.5572		0.025572

		10.649		2.9582		0.029582

		11.824		3.3427		0.033427

		13.117		3.7414		0.037414

		14.426		4.1327		0.041327

		15.778		4.5246		0.045246

		17.22		4.9209		0.049209

		18.661		5.3166		0.053166

		20.322		5.7091		0.057091

		21.908		6.0993		0.060993

		23.496		6.4911		0.064911

		25.091		6.8806		0.068806

		26.687		7.273		0.07273

		28.201		7.6643		0.076643

		29.357		8.0665		0.080665

		30.072		8.4569		0.084569

		30.115		8.8441		0.088441

		29.955		9.2429		0.092429

		29.79		9.6379		0.096379

		29.624		10.023		0.10023

		29.478		10.412		0.10412

		29.413		10.805		0.10805

		29.372		11.2		0.112

		29.503		11.604		0.11604

		29.516		11.997		0.11997

		29.53		12.385		0.12385

		29.559		12.781		0.12781

		29.627		13.173		0.13173

		29.695		13.562		0.13562

		29.764		13.954		0.13954

		29.832		14.349		0.14349

		29.9		14.745		0.14745

		29.968		15.142		0.15142

		30.023		15.529		0.15529

		30.074		15.919		0.15919

		30.124		16.311		0.16311

		30.175		16.708		0.16708

		30.226		17.102		0.17102

		30.276		17.496		0.17496

		30.325		17.89		0.1789

		30.361		18.284		0.18284

		30.567		18.666		0.18666

		30.652		19.06		0.1906

		30.737		19.455		0.19455

		30.795		19.846		0.19846

		30.851		20.248		0.20248

		30.885		20.643		0.20643

		30.918		21.029		0.21029

		30.952		21.417		0.21417

		30.985		21.812		0.21812

		31.001		22.208		0.22208

		31.011		22.606		0.22606

		31.049		22.995		0.22995

		31.087		23.39		0.2339

		31.125		23.786		0.23786

		31.167		24.174		0.24174

		31.256		24.565		0.24565

		31.235		24.961		0.24961

		31.245		25.357		0.25357

		31.255		25.754		0.25754

		31.266		26.153		0.26153

		31.335		26.536		0.26536

		31.218		26.929		0.26929

		31.218		27.32		0.2732

		31.217		27.711		0.27711

		31.23		28.109		0.28109

		31.258		28.504		0.28504

		31.287		28.899		0.28899

		31.315		29.293		0.29293

		31.344		29.688		0.29688

		31.373		30.071		0.30071

		31.394		30.465		0.30465

		31.41		30.86		0.3086

		31.425		31.251		0.31251

		31.439		31.64		0.3164

		31.452		32.032		0.32032

		31.465		32.425		0.32425

		31.478		32.819		0.32819

		31.492		33.213		0.33213

		31.505		33.612		0.33612

		31.518		34.005		0.34005

		31.526		34.399		0.34399

		31.534		34.793		0.34793

		31.542		35.187		0.35187

		31.55		35.58		0.3558

		31.558		35.971		0.35971

		31.493		36.358		0.36358

		0.0186		36.756		0.36756
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		PLAneat										5BR650 3min								10%BR nonultrasonic

												Stress (MPa)		Percentage Strain		strain				Stress (MPa)		Percentage Strain		strain

		Stress (MPa)		Percentage Strain		strain						7

												0.40602		0.019597		0.00019597				0.0022671		0.000064365		0.0000006436

		0.57959		0.036869		0.00036869						2.1882		0.31559		0.0031559				0.0046951		0.00013856		0.0000013856

		0.55289		0.038075		0.00038075						5.0504		0.89546		0.0089546				0.0071231		0.00021275		0.0000021275

		0.41839		0.039281		0.00039281						7.468		1.4712		0.014712				0.053587		0.00028695		0.0000028695

		1.5538		0.17216		0.0017216						9.6291		2.0565		0.020565				1.4766		0.20006		0.0020006

		2.263		0.32351		0.0032351						11.445		2.6224		0.026224				3.2151		0.59071		0.0059071

		2.9721		0.47781		0.0047781						13.268		3.2034		0.032034				4.7501		0.98359		0.0098359

		3.6813		0.62538		0.0062538						15.33		3.7929		0.037929				5.8862		1.3729		0.013729

		4.2397		0.7803		0.007803						17.511		4.3743		0.043743				7.1071		1.7645		0.017645

		4.7183		0.93305		0.0093305						19.709		4.9515		0.049515				8.3005		2.1615		0.021615

		5.1969		1.088		0.01088						22.154		5.5347		0.055347				9.475		2.5572		0.025572

		5.6755		1.2442		0.012442						24.961		6.1128		0.061128				10.649		2.9582		0.029582

		6.154		1.3926		0.013926						27.744		6.6865		0.066865				11.824		3.3427		0.033427

		6.6326		1.5487		0.015487						30.527		7.2764		0.072764				13.117		3.7414		0.037414

		7.1112		1.7028		0.017028						32.989		7.851		0.07851				14.426		4.1327		0.041327

		7.5898		1.8565		0.018565						34.546		8.4438		0.084438				15.778		4.5246		0.045246

		8.0282		2.0103		0.020103						34.714		9.0176		0.090176				17.22		4.9209		0.049209

		8.4646		2.164		0.02164						34.665		9.6047		0.096047				18.661		5.3166		0.053166

		8.9011		2.3213		0.023213						34.447		10.174		0.10174				20.322		5.7091		0.057091

		9.3375		2.4779		0.024779						34.232		10.764		0.10764				21.908		6.0993		0.060993

		9.774		2.6334		0.026334						34.017		11.342		0.11342				23.496		6.4911		0.064911

		10.21		2.7889		0.027889						33.964		11.923		0.11923				25.091		6.8806		0.068806

		10.647		2.9443		0.029443						33.926		12.505		0.12505				26.687		7.273		0.07273

		11.084		3.0998		0.030998						33.889		13.086		0.13086				28.201		7.6643		0.076643

		11.521		3.2588		0.032588						33.851		13.668		0.13668				29.357		8.0665		0.080665

		11.958		3.4163		0.034163						33.809		14.25		0.1425				30.072		8.4569		0.084569

		12.394		3.5698		0.035698						33.764		14.832		0.14832				30.115		8.8441		0.088441

		12.831		3.7233		0.037233						33.755		15.411		0.15411				29.955		9.2429		0.092429

		13.268		3.8768		0.038768						33.777		15.991		0.15991				29.79		9.6379		0.096379

		13.705		4.0302		0.040302						33.799		16.571		0.16571				29.624		10.023		0.10023

		14.142		4.1837		0.041837						33.821		17.16		0.1716				29.478		10.412		0.10412

		14.579		4.3359		0.043359						33.851		17.728		0.17728				29.413		10.805		0.10805

		15.016		4.4878		0.044878						33.94		18.314		0.18314				29.372		11.2		0.112

		15.453		4.6396		0.046396						33.98		18.893		0.18893				29.503		11.604		0.11604

		15.911		4.7927		0.047927						34.019		19.484		0.19484				29.516		11.997		0.11997

		16.376		4.9466		0.049466						34.058		20.056		0.20056				29.53		12.385		0.12385

		16.841		5.1006		0.051006						34.123		20.647		0.20647				29.559		12.781		0.12781

		17.305		5.2545		0.052545						34.209		21.222		0.21222				29.627		13.173		0.13173

		17.77		5.4084		0.054084						34.291		21.811		0.21811				29.695		13.562		0.13562

		18.258		5.5624		0.055624						34.157		22.392		0.22392				29.764		13.954		0.13954

		18.789		5.7163		0.057163						34.165		22.968		0.22968				29.832		14.349		0.14349

		19.321		5.8702		0.058702						34.174		23.55		0.2355				29.9		14.745		0.14745

		19.852		6.0241		0.060241						34.262		24.129		0.24129				29.968		15.142		0.15142

		20.384		6.1781		0.061781						34.279		24.719		0.24719				30.023		15.529		0.15529

		20.915		6.332		0.06332						34.316		25.298		0.25298				30.074		15.919		0.15919

		21.447		6.4861		0.064861						34.349		25.879		0.25879				30.124		16.311		0.16311

		21.979		6.6403		0.066403						34.373		26.461		0.26461				30.175		16.708		0.16708

		22.51		6.7944		0.067944						34.396		27.04		0.2704				30.226		17.102		0.17102

		23.042		6.9467		0.069467						34.419		27.614		0.27614				30.276		17.496		0.17496

		23.59		7.0982		0.070982						34.442		28.19		0.2819				30.325		17.89		0.1789

		24.182		7.2496		0.072496						34.465		28.769		0.28769				30.361		18.284		0.18284

		24.773		7.401		0.07401						34.488		29.358		0.29358				30.567		18.666		0.18666

		25.365		7.5525		0.075525						34.437		29.945		0.29945				30.652		19.06		0.1906

		25.957		7.7039		0.077039						34.457		30.534		0.30534				30.737		19.455		0.19455

		26.548		7.8556		0.078556						34.485		31.119		0.31119				30.795		19.846		0.19846

		27.14		8.0073		0.080073						34.503		31.702		0.31702				30.851		20.248		0.20248

		27.732		8.1602		0.081602						34.513		32.285		0.32285				30.885		20.643		0.20643

		28.332		8.3147		0.083147						34.523		32.861		0.32861				30.918		21.029		0.21029

		28.96		8.4693		0.084693						34.534		33.44		0.3344				30.952		21.417		0.21417

		29.589		8.6245		0.086245						34.544		34.023		0.34023				30.985		21.812		0.21812

		30.217		8.7803		0.087803						34.554		34.603		0.34603				31.001		22.208		0.22208

		30.845		8.9362		0.089362						34.55		35.177		0.35177				31.011		22.606		0.22606

		31.474		9.0914		0.090914						34.614		35.761		0.35761				31.049		22.995		0.22995

		32.102		9.2456		0.092456						34.625		36.338		0.36338				31.087		23.39		0.2339

		32.662		9.3997		0.093997						34.636		36.922		0.36922				31.125		23.786		0.23786

		33.114		9.5538		0.095538						34.647		37.499		0.37499				31.167		24.174		0.24174

		33.565		9.708		0.09708						34.657		38.075		0.38075				31.256		24.565		0.24565

		34.016		9.8622		0.098622						34.668		38.666		0.38666				31.235		24.961		0.24961

		34.468		10.016		0.10016						34.67		39.251		0.39251				31.245		25.357		0.25357

		34.919		10.171		0.10171						34.654		39.84		0.3984				31.255		25.754		0.25754

		35.286		10.325		0.10325						34.638		40.414		0.40414				31.266		26.153		0.26153

		35.604		10.475		0.10475						34.628		40.993		0.40993				31.335		26.536		0.26536

		35.921		10.627		0.10627						34.634		41.573		0.41573				31.218		26.929		0.26929

		36.239		10.787		0.10787						34.64		42.162		0.42162				31.218		27.32		0.2732

		36.319		10.943		0.10943						34.646		42.745		0.42745				31.217		27.711		0.27711

		36.446		11.094		0.11094						34.655		43.326		0.43326				31.23		28.109		0.28109

		36.641		11.245		0.11245						34.659		43.904		0.43904				31.258		28.504		0.28504

		36.837		11.396		0.11396						34.625		44.48		0.4448				31.287		28.899		0.28899

		37.028		11.547		0.11547						34.598		45.062		0.45062				31.315		29.293		0.29293

		37.218		11.703		0.11703						34.577		45.643		0.45643				31.344		29.688		0.29688

		37.408		11.86		0.1186						34.556		46.221		0.46221				31.373		30.071		0.30071

		37.504		12.016		0.12016						34.531		46.805		0.46805				31.394		30.465		0.30465

		37.522		12.171		0.12171						34.502		47.388		0.47388				31.41		30.86		0.3086

		37.539		12.326		0.12326						34.597		47.96		0.4796				31.425		31.251		0.31251

		37.089		12.482		0.12482						34.574		48.554		0.48554				31.439		31.64		0.3164

		36.597		12.638		0.12638						34.551		49.136		0.49136				31.452		32.032		0.32032

		0.69554		12.794		0.12794						34.532		49.715		0.49715				31.465		32.425		0.32425

		0.84255		12.946		0.12946						34.52		50.294		0.50294				31.478		32.819		0.32819

		0.98956		13.096		0.13096						34.508		50.875		0.50875				31.492		33.213		0.33213

												34.497		51.459		0.51459				31.505		33.612		0.33612

												34.485		52.045		0.52045				31.518		34.005		0.34005

												34.337		52.629		0.52629				31.526		34.399		0.34399

												34.265		53.213		0.53213				31.534		34.793		0.34793

												34.145		53.796		0.53796				31.542		35.187		0.35187

												33.912		54.376		0.54376				31.55		35.58		0.3558

												31.574		54.946		0.54946				31.558		35.971		0.35971

												0.0964		55.533		0.55533				31.493		36.358		0.36358

																				0.0186		36.756		0.36756
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PLAneat

5BR650 3min

10%BR nonultrasonic
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stress (MPa)



		PLAneat										5BR non sonicate										5BR 650 5min

		Stress (MPa)		Percentage Strain		strain						Stress (MPa)		Percentage Strain		strain						Stress (MPa)		Percentage Strain		strain

																						7

		0.57959		0.036869		0.00036869						-0.014645		0.000027684		0.0000002768						0.40602		0.019597		0.00019597

		0.55289		0.038075		0.00038075						-0.013382		0.000067561		0.0000006756						2.1882		0.31559		0.0031559

		0.41839		0.039281		0.00039281						-0.01212		0.00010744		0.0000010744						5.0504		0.89546		0.0089546

		1.5538		0.17216		0.0017216						-0.010857		0.00014731		0.0000014731						7.468		1.4712		0.014712

		2.263		0.32351		0.0032351						-0.0095946		0.00018719		0.0000018719						9.6291		2.0565		0.020565

		2.9721		0.47781		0.0047781						0.000046133		0.00022707		0.0000022707						11.445		2.6224		0.026224

		3.6813		0.62538		0.0062538						-0.01008		0.00026694		0.0000026694						13.268		3.2034		0.032034

		4.2397		0.7803		0.007803						-0.1779		0.00030682		0.0000030682						15.33		3.7929		0.037929

		4.7183		0.93305		0.0093305						1.2		0.14552		0.0014552						17.511		4.3743		0.043743

		5.1969		1.088		0.01088						2.5602		0.35935		0.0035935						19.709		4.9515		0.049515

		5.6755		1.2442		0.012442						3.8106		0.57109		0.0057109						22.154		5.5347		0.055347

		6.154		1.3926		0.013926						4.7732		0.78627		0.0078627						24.961		6.1128		0.061128

		6.6326		1.5487		0.015487						5.7149		0.99506		0.0099506						27.744		6.6865		0.066865

		7.1112		1.7028		0.017028						6.5898		1.2078		0.012078						30.527		7.2764		0.072764

		7.5898		1.8565		0.018565						7.4316		1.4238		0.014238						32.989		7.851		0.07851

		8.0282		2.0103		0.020103						8.2735		1.6274		0.016274						34.546		8.4438		0.084438

		8.4646		2.164		0.02164						9.0991		1.843		0.01843						34.714		9.0176		0.090176

		8.9011		2.3213		0.023213						9.8707		2.0577		0.020577						34.665		9.6047		0.096047

		9.3375		2.4779		0.024779						10.678		2.2695		0.022695						34.447		10.174		0.10174

		9.774		2.6334		0.026334						11.485		2.4775		0.024775						34.232		10.764		0.10764

		10.21		2.7889		0.027889						12.293		2.6904		0.026904						34.017		11.342		0.11342

		10.647		2.9443		0.029443						13.109		2.9033		0.029033						33.964		11.923		0.11923

		11.084		3.0998		0.030998						13.971		3.123		0.03123						33.926		12.505		0.12505

		11.521		3.2588		0.032588						14.833		3.3352		0.033352						33.889		13.086		0.13086

		11.958		3.4163		0.034163						15.708		3.5475		0.035475						33.851		13.668		0.13668

		12.394		3.5698		0.035698						16.603		3.7599		0.037599						33.809		14.25		0.1425

		12.831		3.7233		0.037233						17.498		3.9723		0.039723						33.764		14.832		0.14832

		13.268		3.8768		0.038768						18.393		4.1848		0.041848						33.755		15.411		0.15411

		13.705		4.0302		0.040302						19.288		4.3994		0.043994						33.777		15.991		0.15991

		14.142		4.1837		0.041837						20.285		4.6154		0.046154						33.799		16.571		0.16571

		14.579		4.3359		0.043359						21.293		4.8308		0.048308						33.821		17.16		0.1716

		15.016		4.4878		0.044878						22.302		5.0462		0.050462						33.851		17.728		0.17728

		15.453		4.6396		0.046396						23.31		5.251		0.05251						33.94		18.314		0.18314

		15.911		4.7927		0.047927						24.476		5.4686		0.054686						33.98		18.893		0.18893

		16.376		4.9466		0.049466						25.628		5.6843		0.056843						34.019		19.484		0.19484

		16.841		5.1006		0.051006						26.708		5.8968		0.058968						34.058		20.056		0.20056

		17.305		5.2545		0.052545						27.789		6.1093		0.061093						34.123		20.647		0.20647

		17.77		5.4084		0.054084						28.686		6.317		0.06317						34.209		21.222		0.21222

		18.258		5.5624		0.055624						29.508		6.5231		0.065231						34.291		21.811		0.21811

		18.789		5.7163		0.057163						30.41		6.7355		0.067355						34.157		22.392		0.22392

		19.321		5.8702		0.058702						31.311		6.948		0.06948						34.165		22.968		0.22968

		19.852		6.0241		0.060241						32.037		7.1604		0.071604						34.174		23.55		0.2355

		20.384		6.1781		0.061781						32.518		7.3729		0.073729						34.262		24.129		0.24129

		20.915		6.332		0.06332						32.999		7.5853		0.075853						34.279		24.719		0.24719

		21.447		6.4861		0.064861						33.363		7.7978		0.077978						34.316		25.298		0.25298

		21.979		6.6403		0.066403						33.707		8.0198		0.080198						34.349		25.879		0.25879

		22.51		6.7944		0.067944						33.888		8.2301		0.082301						34.373		26.461		0.26461

		23.042		6.9467		0.069467						34.05		8.4411		0.084411						34.396		27.04		0.2704

		23.59		7.0982		0.070982						34.125		8.6528		0.086528						34.419		27.614		0.27614

		24.182		7.2496		0.072496						34.116		8.8645		0.088645						34.442		28.19		0.2819

		24.773		7.401		0.07401						34.123		9.0766		0.090766						34.465		28.769		0.28769

		25.365		7.5525		0.075525						34.139		9.2898		0.092898						34.488		29.358		0.29358

		25.957		7.7039		0.077039						34.16		9.5032		0.095032						34.437		29.945		0.29945

		26.548		7.8556		0.078556						34.207		9.7175		0.097175						34.457		30.534		0.30534

		27.14		8.0073		0.080073						34.255		9.9285		0.099285						34.485		31.119		0.31119

		27.732		8.1602		0.081602						34.303		10.14		0.1014						34.503		31.702		0.31702

		28.332		8.3147		0.083147						34.351		10.351		0.10351						34.513		32.285		0.32285

		28.96		8.4693		0.084693						34.387		10.562		0.10562						34.523		32.861		0.32861

		29.589		8.6245		0.086245						34.404		10.772		0.10772						34.534		33.44		0.3344

		30.217		8.7803		0.087803						34.475		10.987		0.10987						34.544		34.023		0.34023

		30.845		8.9362		0.089362						34.553		11.205		0.11205						34.554		34.603		0.34603

		31.474		9.0914		0.090914						34.631		11.419		0.11419						34.55		35.177		0.35177

		32.102		9.2456		0.092456						34.709		11.632		0.11632						34.614		35.761		0.35761

		32.662		9.3997		0.093997						34.788		11.846		0.11846						34.625		36.338		0.36338

		33.114		9.5538		0.095538						34.866		12.059		0.12059						34.636		36.922		0.36922

		33.565		9.708		0.09708						34.944		12.271		0.12271						34.647		37.499		0.37499

		34.016		9.8622		0.098622						35.022		12.484		0.12484						34.657		38.075		0.38075

		34.468		10.016		0.10016						35.096		12.693		0.12693						34.668		38.666		0.38666

		34.919		10.171		0.10171						35.162		12.906		0.12906						34.67		39.251		0.39251

		35.286		10.325		0.10325						35.227		13.128		0.13128						34.654		39.84		0.3984

		35.604		10.475		0.10475						35.292		13.34		0.1334						34.638		40.414		0.40414

		35.921		10.627		0.10627						35.357		13.552		0.13552						34.628		40.993		0.40993

		36.239		10.787		0.10787						35.423		13.763		0.13763						34.634		41.573		0.41573

		36.319		10.943		0.10943						35.488		13.976		0.13976						34.64		42.162		0.42162

		36.446		11.094		0.11094						35.553		14.189		0.14189						34.646		42.745		0.42745

		36.641		11.245		0.11245						35.618		14.402		0.14402						34.655		43.326		0.43326

		36.837		11.396		0.11396						35.683		14.615		0.14615						34.659		43.904		0.43904

		37.028		11.547		0.11547						35.749		14.828		0.14828						34.625		44.48		0.4448

		37.218		11.703		0.11703						35.814		15.042		0.15042						34.598		45.062		0.45062

		37.408		11.86		0.1186						35.866		15.255		0.15255						34.577		45.643		0.45643

		37.504		12.016		0.12016						35.905		15.469		0.15469						34.556		46.221		0.46221

		37.522		12.171		0.12171						35.944		15.683		0.15683						34.531		46.805		0.46805

		37.539		12.326		0.12326						35.983		15.897		0.15897						34.502		47.388		0.47388

		37.089		12.482		0.12482						36.022		16.106		0.16106						34.597		47.96		0.4796

		36.597		12.638		0.12638						36.056		16.314		0.16314						34.574		48.554		0.48554

		0.69554		12.794		0.12794						36.088		16.529		0.16529						34.551		49.136		0.49136

		0.84255		12.946		0.12946						36.056		16.74		0.1674						34.532		49.715		0.49715

		0.98956		13.096		0.13096						36.089		16.952		0.16952						34.52		50.294		0.50294

												36.123		17.165		0.17165						34.508		50.875		0.50875

												36.158		17.377		0.17377						34.497		51.459		0.51459

												36.192		17.59		0.1759						34.485		52.045		0.52045

												36.22		17.802		0.17802						34.337		52.629		0.52629

												36.245		18.015		0.18015						34.265		53.213		0.53213

												36.27		18.228		0.18228						34.145		53.796		0.53796

												35.964		18.44		0.1844						33.912		54.376		0.54376

												35.052		18.653		0.18653						31.574		54.946		0.54946

												-3.722		18.866		0.18866						0.0964		55.533		0.55533

												-3.8271		19.078		0.19078

												-3.9323		19.289		0.19289
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