Crystallization Energetics and Regime Transitions in Graphene-Reinforced Polyethylene/Oligomeric Oxidized Polyethylene Blends: A Lauritzen- Hoffman Analysis
 Ahmed Z. Abuibaid1 & Muhammad Z. Iqbal2*
1Department of Chemistry, United Arab Emirates University, PO Box 1551, Al-Ain, United Arab Emirates
2Department of Chemical and Petroleum Engineering, United Arab Emirates University, PO Box 15551, Al-Ain, United Arab Emirates
*For correspondence: MZ Iqbal, E-mail: mziqbal@uaeu.ac.ae; T: +971 3 713 5398

Synopsis
This study provides a systematic investigation into the isothermal crystallization kinetics and crystallization regime transitions of linear low-density polyethylene (PE) blended with oligomeric oxidized polyethylene (OPE) and reinforced with thermally reduced graphene (TRG) nanosheets. By varying the PE/OPE ratios (100/0, 80/20, and 60/40) and TRG loadings (0.5 to 3 wt%), we demonstrate that OPE and TRG synergistically accelerate crystallization, as evidenced by a marked reduction in crystallization half-time (t1/2). An energetic evaluation via the Hoffman-Lauritzen theory reveals a clear transition from Regime III to Regime I crystallization behavior across the matrix configurations. The fold surface free energy (σe) calculated for both regimes reveals that while OPE enhances matrix mobility, the addition of TRG nanosheets functions as a dual-action agent: inducing strong heterogeneous nucleation at low concentrations (0.5 wt% to 1 wt%) while imposing confinement effects at higher loadings (3 wt%). Derived effective activation energies (Ea) confirm that TRG lowers the energetic barrier for molecular folding during crystal growth, offering a tunable pathway to control morphological development in polyolefin nanocomposites.
Keywords: 	Polyethylene/oligomeric polyethylene blends; Thermally reduced 					graphene; Isothermal crystallization kinetics; Hoffman-Lauritzen theory; 				Regime transitions; Fold surface free energy.
Experimental
Materials 
Linear low-density polyethylene(LLDPE) with a bulk density 0.97 g/cm3 (428078, lot#07730MEV, Sigma Aldrich), carbon black (CB) (99.9%, bulk density = 170-230 g/L, surface area = 75m2/g, Alfa Aesar), Oxidized polyethylene (OPE) with an acid number of 7 and density of 0.94 g/cm3 (molecular weight  ≈1×103 g/mol) was supplied by Marcus Oil and Chemicals (Texas), Natural flake graphite (-10 mesh, 99.9% Alfa Aesar). p-xylene (99%, Sigma Aldrich), potassium permanganate (Fisher Scientific), sulfuric acid (95-97%, J.T. Bakers), phosphoric acid (>99%, Aldrich), hydrogen peroxide (30% solution, BDH), HCl (37%, Reidel-deHaen), were used as received.
Synthesis of graphene and polymer nanocomposite
Both of PE and OPE at various compositions were dispersed at 120 °C in p-xylene (10 wt % solution) for two hours. A transparent homogenous solution was produced, cast drop for the solution on a heated glass plate at 120 °C, and the solvent evaporated at that temperature for 2 hours. The solution was transfer to a fume hood to complete solvent removal at ambient conditions for 24 hours followed by drying for 5 hours at 80 °C in a convection oven. The samples were further vacuum dried overnight. The complete solvent removal was confirmed by running thermal scans in a differential scanning calorimeter where no solvent evaporation peak was observed. The dried samples were cut into pieces 3-5 mm wide, heated at 160 °C for 10 min and hot pressed for 3 min under 5000 kPa pressure to prepare circular discs (thickness 1 - 1.3 mm and diameter 25 mm) for rheological testing. Similarly, thin films (100 - 200 m) were prepared for mechanical and scattering testing by the same method using more dilute solutions of PE and OPE in p-xylene and drop casting in a petri dish at 120 °C and following the same drying process.
Synthesis of graphene and polymer nanocomposite
Natural flake graphite was used to synthesize thermally reduced graphene (TRG) following method reported in refs. [1, 2].. Graphite flakes were oxidized using modified Tour’s method [3]. The graphite oxide (GO) was dried under vacuum for 48 hours at room temperature prior to exfoliation.  Simultaneous exfoliation and reduction of dried GO was performed at 1000 °C for 30 s (at 2000 °C per minute) under inert atmosphere in a tube furnace to produce thermally reduced graphene (TRG). The produced TRG was dried overnight under vacuum before using in the nanocomposite. Detailed procedures on graphite oxidation and sheet properties of synthesized TRG are reported in the corresponding references [4].
For nanocomposites, a small amount of TRG and PE were dispersed in p-xylene at 120°C for two hours under continuous reflux of p-xylene. Thin composite films were prepared by drop-cast method by dropping the solution on glass slides at 80°C using an automatic film applicator [4]. The composite films were dried at room temperature for 48 hours to remove traces of p-xylene solvent. 
Synthesis of Nanocomposites via Solvent Blending
The TRG/PE nanocomposites used in this study were prepared using p-xylene solvent. A complete description of the nanocomposite synthesis methodology is reported in our previous work [4].
Melt Crystallization using Differential Scanning Calorimetry 
Melt crystallization of PE/OPE blend and its nanocomposites is studied using a modulated differential scanning calorimeter (Discovery DSC 25, TA Instruments, USA). The standard melting and crystallization temperatures were recorded using the following procedure: about 5-10 mg sample was heated from 20C to 140C (higher than melting point) at a rate of 20C/min to remove thermal history of the polymer. The sample was cooled from 140°C to 20C at 10C/min to give the standard crystallization temperature (Tc). Subsequent heating the sample from 20°C to 140C at a rate of 10C/min was performed to record the melting temperature (Tm). 
For isoconversional method, an isothermal DSC melt crystallization experiment was done. Sample was quickly cooled to selected Tc at 60C/m to avoid any premature crystallization after second heat and kept isothermally at fixed Tc for 2 minutes. This time was set after several trials with different samples so that all samples showed complete crystallization within this time. After complete crystallization was achieved, the sample was cooled to 30C (equilibrium temperature) at 10C/min, followed by heating up to 140°C at 10°C/m to record the melting point of the crystals. Similar procedure was followed for variously selected crystallization temperatures. 


Figure 1 Temperature effects on crystallization time under different PE/OPE and PE/OPE + TRG nanocomposites concentrations
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Figure 2 Melting curves for all samples















Figure 2 activation energy for all samples














       
[bookmark: _Ref57635788]Figure 3. plot of crystallization time vs 1) Avrami constant (left side) and 2) crystallization rate constant (right side). 





Table 1 list of isothermal parameters
	
	Tc (°C)
	t1/2* (cal)
	t1/2** (exp)
	ΔHm (J/g)
	Xc %
	K (×102)
	n
	R2

	100\0 + 1%TRG
	106
	3.8
	3.8
	105.5
	38.2
	2.6
	2.5
	0.999

	
	106.5
	3.7
	3.7
	104.4
	37.8
	3.1
	2.4
	0.999

	
	107
	3.7
	3.7
	106.1
	38.4
	3.1
	2.4
	0.999

	
	107.5
	3.7
	3.7
	106.5
	38.6
	3.6
	2.3
	0.999

	
	108
	3.8
	3.8
	106.7
	38.6
	3.4
	2.3
	0.999

	
	108.5
	3.9
	3.9
	106.9
	38.7
	3.5
	2.2
	0.999

	
	109
	4.1
	4.1
	106.9
	38.7
	3.2
	2.2
	0.999

	
	109.5
	4.4
	4.4
	106.8
	38.6
	2.8
	2.2
	0.999

	
	110
	6.4
	6.4
	106.9
	38.7
	1.4
	2.1
	0.999

	
	110.5
	7.1
	7.2
	106.9
	38.7
	1.2
	2.1
	0.999

	
	111
	8.3
	8.4
	107.0
	38.7
	0.9
	2.1
	0.999

	
	111.5
	9.6
	9.7
	106.9
	38.7
	0.7
	2.0
	0.999

	
	112
	11.3
	11.4
	106.9
	38.7
	0.5
	2.0
	0.999

	60\40 + 1%TRG
	106
	3.0
	3.1
	106.7
	38.6
	6.1
	2.2
	0.999

	
	106.5
	3.0
	3.1
	106.1
	38.4
	5.7
	2.2
	0.999

	
	107
	3.0
	3.0
	107.1
	38.8
	6.2
	2.2
	0.999

	
	107.5
	3.1
	3.1
	107.3
	38.8
	5.4
	2.3
	0.999

	
	108
	3.1
	3.2
	107.3
	38.8
	5.7
	2.2
	0.999

	
	108.5
	3.2
	3.2
	107.4
	38.9
	5.6
	2.2
	0.998

	
	109
	3.5
	3.5
	107.5
	38.9
	4.4
	2.2
	0.999

	
	109.5
	3.7
	3.7
	107.6
	39.0
	4.5
	2.1
	0.998

	
	110
	6.0
	6.1
	107.6
	39.0
	1.7
	2.1
	0.999

	
	110.5
	7.3
	7.4
	107.7
	39.0
	1.0
	2.1
	0.999

	
	111
	8.8
	8.9
	108.0
	39.1
	0.7
	2.1
	0.999

	
	111.5
	10.9
	11.0
	108.2
	39.2
	0.4
	2.1
	0.999

	
	112
	13.6
	13.7
	108.4
	39.3
	0.3
	2.1
	0.999


t1/2* (cal) is the theoretical half time from Avrami equation
t1/2** (exp) is the experimental half time from crystallization plots



Table 1 A detailed value of regimes values
	PE/OPE
	Tc (°C)
	Tm (°C)
	Tom (°C)
	Regime
	Kg
	e (*10)
	Ea
	R2

	
	
	
	
	
	(°K2)
	(J/m2)
	
	

	100\0 + 0%TRG
	106
	122.1
	121.8
	Ⅲ
	170440
	81.8
	-256.97
	0.9911

	
	106.5
	122.0
	
	
	
	
	
	

	
	107
	122.0
	
	
	
	
	
	

	
	107.5
	122.0
	
	
	
	
	
	

	
	108
	121.9
	
	
	
	
	
	

	
	108.5
	121.8
	
	
	
	
	
	

	
	109
	121.7
	
	
	
	
	
	

	
	109.5
	121.7
	
	Ⅰ
	178600
	171.5
	-448.86
	0.9984

	
	110
	121.8
	
	
	
	
	
	

	
	110.5
	121.8
	
	
	
	
	
	

	
	111
	121.9
	
	
	
	
	
	

	
	111.5
	122.1
	
	
	
	
	
	

	
	112
	122.2
	
	
	
	
	
	

	100\0 + 0.5%TRG
	106
	121.9
	123.2
	Ⅲ
	132030
	63.2
	-143.1
	0.9461

	
	106.5
	121.9
	
	
	
	
	
	

	
	107
	121.9
	
	
	
	
	
	

	
	107.5
	122.0
	
	
	
	
	
	

	
	108
	121.9
	
	
	
	
	
	

	
	108.5
	122.0
	
	
	
	
	
	

	
	109
	122.0
	
	
	
	
	
	

	
	109.5
	122.1
	
	Ⅰ
	228940
	219.1
	-432.3
	0.9951

	
	110
	122.1
	
	
	
	
	
	

	
	110.5
	122.2
	
	
	
	
	
	

	
	111
	122.2
	
	
	
	
	
	

	
	111.5
	122.3
	
	
	
	
	
	

	
	112
	122.4
	
	
	
	
	
	

	100\0 + 1%TRG
	106
	121.2
	122.8
	Ⅲ
	81750
	39.2
	-91.467
	0.9716

	
	106.5
	121.2
	
	
	
	
	
	

	
	107
	121.1
	
	
	
	
	
	

	
	107.5
	121
	
	
	
	
	
	

	
	108
	120.9
	
	
	
	
	
	

	
	108.5
	120.9
	
	
	
	
	
	

	
	109
	120.9
	
	
	
	
	
	

	
	109.5
	121
	
	Ⅰ
	167070
	160.4
	-363.45
	0.996

	
	110
	121.3
	
	
	
	
	
	

	
	110.5
	121.4
	
	
	
	
	
	

	
	111
	121.6
	
	
	
	
	
	

	
	111.5
	121.7
	
	
	
	
	
	

	
	112
	121.9
	
	
	
	
	
	

	100\0 + 3%TRG
	106
	121.4
	122.8
	Ⅲ
	90760
	43.4
	-80.928
	0.9823

	
	106.5
	121.3
	
	
	
	
	
	

	
	107
	121.2
	
	
	
	
	
	

	
	107.5
	121.1
	
	
	
	
	
	

	
	108
	121.1
	
	
	
	
	
	

	
	108.5
	121.1
	
	
	
	
	
	

	
	109
	121.2
	
	
	
	
	
	

	
	109.5
	121.3
	
	Ⅰ
	186000
	178.0
	-382.72
	0.9974

	
	110
	121.5
	
	
	
	
	
	

	
	110.5
	121.5
	
	
	
	
	
	

	
	111
	121.7
	
	
	
	
	
	

	
	111.5
	121.8
	
	
	
	
	
	

	
	112
	122.0
	
	
	
	
	
	

	80\20 + 0%TRG
	106
	120.4
	124.9
	Ⅲ
	96590
	46.2
	-299.7
	0.6

	
	106.5
	120.2
	
	
	
	
	
	

	
	107
	120.3
	
	
	
	
	
	

	
	107.5
	120.5
	
	
	
	
	
	

	
	108
	120.6
	
	
	
	
	
	

	
	108.5
	120.7
	
	
	
	
	
	

	
	109
	120.9
	
	
	
	
	
	

	
	109.5
	121.0
	
	Ⅰ
	223690
	214.1
	-300.6
	1.0

	
	110
	121.0
	
	
	
	
	
	

	
	110.5
	121.2
	
	
	
	
	
	

	
	111
	121.5
	
	
	
	
	
	

	
	111.5
	121.6
	
	
	
	
	
	

	
	112
	121.8
	
	
	
	
	
	

	80\20 + 0.5%TRG
	106
	120.8
	122.2
	Ⅲ
	80000
	38.4
	-90.8
	0.929

	
	106.5
	120.8
	
	
	
	
	
	

	
	107
	120.8
	
	
	
	
	
	

	
	107.5
	120.8
	
	
	
	
	
	

	
	108
	120.8
	
	
	
	
	
	

	
	108.5
	120.7
	
	
	
	
	
	

	
	109
	120.7
	
	
	
	
	
	

	
	109.5
	120.7
	
	Ⅰ
	162790
	156.3
	-397.2
	0.9959

	
	110
	120.9
	
	
	
	
	
	

	
	110.5
	121.0
	
	
	
	
	
	

	
	111
	121.2
	
	
	
	
	
	

	
	111.5
	121.3
	
	
	
	
	
	

	
	112
	121.5
	
	
	
	
	
	

	80\20 + 1%TRG
	106
	121.3
	122.4
	Ⅲ
	74840
	35.9
	-
	-

	
	106.5
	121.3
	
	
	
	
	
	

	
	107
	121.3
	
	
	
	
	
	

	
	107.5
	121.3
	
	
	
	
	
	

	
	108
	121.3
	
	
	
	
	
	

	
	108.5
	121.2
	
	
	
	
	
	

	
	109
	121.3
	
	
	
	
	
	

	
	109.5
	121.3
	
	Ⅰ
	161120
	154.7
	-373.2
	0.9939

	
	110
	121.4
	
	
	
	
	
	

	
	110.5
	121.4
	
	
	
	
	
	

	
	111
	121.5
	
	
	
	
	
	

	
	111.5
	121.7
	
	
	
	
	
	

	
	112
	121.9
	
	
	
	
	
	

	80\20 + 3%TRG
	106
	120.3
	123.3
	Ⅲ
	107390
	51.6
	-80.1
	0.8676

	
	106.5
	120.3
	
	
	
	
	
	

	
	107
	120.3
	
	
	
	
	
	

	
	107.5
	120.3
	
	
	
	
	
	

	
	108
	120.3
	
	
	
	
	
	

	
	108.5
	120.4
	
	
	
	
	
	

	
	109
	120.4
	
	
	
	
	
	

	
	109.5
	120.5
	
	Ⅰ
	201240
	193.2
	-411.0
	0.9958

	
	110
	120.8
	
	
	
	
	
	

	
	110.5
	120.9
	
	
	
	
	
	

	
	111
	121.1
	
	
	
	
	
	

	
	111.5
	121.2
	
	
	
	
	
	

	
	112
	121.4
	
	
	
	
	
	

	60\40 + 0%TRG
	106
	120.9
	120.6
	Ⅲ
	61440
	29.5
	-93.4
	0.9755

	
	106.5
	120.8
	
	
	
	
	
	

	
	107
	120.8
	
	
	
	
	
	

	
	107.5
	120.7
	
	
	
	
	
	

	
	108
	120.7
	
	
	
	
	
	

	
	108.5
	120.1
	
	
	
	
	
	

	
	109
	120.2
	
	
	
	
	
	

	
	109.5
	120.3
	
	Ⅰ
	139510
	134.0
	-400.3
	0.9829

	
	110
	120.4
	
	
	
	
	
	

	
	110.5
	120.5
	
	
	
	
	
	

	
	111
	120.7
	
	
	
	
	
	

	
	111.5
	120.9
	
	
	
	
	
	

	
	112
	121.1
	
	
	
	
	
	

	60\40 + 0.5%TRG
	106
	119.3
	124.6
	Ⅲ
	143630
	69.0
	-148.5
	0.9601

	
	106.5
	119.1
	
	
	
	
	
	

	
	107
	119.1
	
	
	
	
	
	

	
	107.5
	119.2
	
	
	
	
	
	

	
	108
	119.2
	
	
	
	
	
	

	
	108.5
	119.3
	
	
	
	
	
	

	
	109
	119.5
	
	
	
	
	
	

	
	109.5
	119.9
	
	Ⅰ
	304150
	292.1
	-482.8
	0.9839

	
	110
	120.1
	
	
	
	
	
	

	
	110.5
	120.2
	
	
	
	
	
	

	
	111
	120.4
	
	
	
	
	
	

	
	111.5
	120.6
	
	
	
	
	
	

	
	112
	120.8
	
	
	
	
	
	

	60\40 + 1%TRG
	106
	120.3
	121
	Ⅲ
	59720
	28.7
	-101.8
	0.9336

	
	106.5
	120.4
	
	
	
	
	
	

	
	107
	120.4
	
	
	
	
	
	

	
	107.5
	120.3
	
	
	
	
	
	

	
	108
	119.9
	
	
	
	
	
	

	
	108.5
	119.8
	
	
	
	
	
	

	
	109
	119.8
	
	
	
	
	
	

	
	109.5
	120.1
	
	Ⅰ
	161490
	155.1
	-494.8
	0.9986

	
	110
	120.3
	
	
	
	
	
	

	
	110.5
	120.4
	
	
	
	
	
	

	
	111
	120.4
	
	
	
	
	
	

	
	111.5
	120.6
	
	
	
	
	
	

	
	112
	120.8
	
	
	
	
	
	

	60\40 + 3%TRG
	106
	120.3
	121.1
	Ⅲ
	102640
	49.3
	-239.8
	1.0

	
	106.5
	120.3
	
	
	
	
	
	

	
	107
	120.4
	
	
	
	
	
	

	
	107.5
	120.4
	
	
	
	
	
	

	
	108
	120.5
	
	
	
	
	
	

	
	108.5
	120.5
	
	
	
	
	
	

	
	109
	120.2
	
	
	
	
	
	

	
	109.5
	120.0
	
	Ⅰ
	152470.0
	146.4
	-465.9
	1.0

	
	110
	120.2
	
	
	
	
	
	

	
	110.5
	120.4
	
	
	
	
	
	

	
	111
	120.5
	
	
	
	
	
	

	
	111.5
	120.7
	
	
	
	
	
	

	
	112
	120.9
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