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ABSTRACT

properties, are one of the most widely used resins in various industries

including coatings, electronic equipment and composite components in the
world. Despite this widespread use, epoxies exhibit weaker toughness properties than
semi-crystalline polymers due to their amorphous structure. Many factors such as
the amount of softening phase, temperature, and time have a significant effect on the
mechanical properties of this resin. Thus, we investigated the effect of three factors
including polyurethane content (A), curing temperature (B) and time (C) on the
mechanical properties and molecular structure of epoxy resin.
Methods: Response surface methodology/central composite design (RSM/CCD)
was used to optimize the mechanical properties of these composites. The mechanical

l l ypothesis: Epoxy (EP) systems, due to their unique physical and chemical

) properties such as ultimate tensile strength and elongation-at-break of the samples
were obtained by tensile test. Furthermore, the thermal properties such as glass
RSM/CCD method, transition temperature (T ) and storage modulus were measured by a dynamic

mechanical thermal analysbis (DMTA). Ultimately, a molecular dynamics simulation
was used to determine the effect of annealing temperature on the interaction energy
between the epoxy and polyurethane. In this respect, the chemical structure of the EP/
mechanical properties, PU composites was characterized by Fourier-transform infrared spectroscopy (FTIR),
X-ray diffractometry (XRD), scanning electron microscopy (SEM), UV-Vis diffuse
reflection (DRS) and thermogravimetric analysis (TGA).

Findings: The results showed that the T, and mechanical properties of EP resin
strongly depended upon cure temperature and plasticizer phase. The optimal values of
parameters A, B and C for maximum tensile strength were 4% by weight, 100°C and
2.4 h, respectively.
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Fig. 1. The curing reaction mechanism of the high branch

polyurethan modified epoxy resin [22].
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Table 1. The different levels of factors in EP/PU composite.

Variables Symbol code -QL +a
Polyurethane (wt%) A 0 20

Temperature (°C) B 80 120
Time (h) C 2 4
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Table 2. Experimental design matrix for epoxy-polyurethane (EP/PU) composite.

Standard (Std) PU (wt%) Temperature (°C) Time (h) UTS (MPa) Elongation (%)
15 10.0 100.0 3.0 39.0+0.8 3.1£0.5
14 10.0 100.0 4.0 29.2+0.9 3.1+ 0.7
17 10.0 100.0 3.0 35.4+0.5 2.5+0.3
4 15.9 111.9 2.4 30.6+ 1.1 2.1+ 0.6
2 15.9 88.1 2.4 32.3+1.0 1.9+0.1
12 10.0 120.0 3.0 279+ 1.5 2.8+0.2
10 20.0 100.0 3.0 23.5£ 0.6 2.0+ 0.4
8 15.9 111.9 3.6 27.4+0.1 1.9£0.8
16 10.0 100.0 3.0 37.1+£0.8 3.2£0.0
18 10.0 100.0 3.0 38.5+0.4 2.6+0.2
20 10.0 100.0 3.0 38.5+0.5 22.6+£0.1
1 4.0 88.1 2.4 441+ 1.4 2.9+0.5
19 10.0 100.0 3.0 38.9+1.0 2.5£0.6
11 10.0 80.0 3.0 32.9+0.8 1.9+1.0
6 15.9 88.1 3.6 29.7+ 1.3 1.8£0.9
13 10 100.0 2.0 35.6+£ 0.6 2.6= 1.1
3 4.0 111.9 24 40.8+0.9 3.2+0.7
7 4.0 111.9 3.6 36.6+ 1.3 2.6+1.3
5 4.0 88.1 3.6 334+ 1.1 3.1+ 0.8
9 0.0 100 3.0 43.9+0.3 2.5+ 0.1
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Fig. 2. Preparation of epoxy/polyurethane composite.
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Table 3. Analysis of variance for elongation at break of EP/PU composite.

Surce Sum of squares F Mean square F-value P-value
Model 3.63 9 0.4 4.25 <0.0269 significant
A-A 2.49 1 2.49 26.19 0.0009
B-B 0.029 1 0.029 0.3 0.5984
C-C 0.2 1 0.2 2.09 0.1867
AB 0.015 1 0.015 0.16 0.6992
AC 0.096 1 0.096 1.01 0.3445
BC 0.22 1 0.22 2.34 0.1644
A2 4.527¢0004 1 4.527¢0004 4.765¢70:003 0.9467
B? 0.70 1 0.70 7.40 0.0262
c? 0.50 1 0.50 5.31 0.0501
Residual 0.76 8 0.095 - -
Lack of fit 0.26 3 0.088 0.89 0.5074 not significant
Pure error 0.50 5 0.099 - -
Cor total 4.39 17 - - -

(=2l rL{z:.,u\ Dlae ;S Oley g les 3 398 o 0dy3 aS 5 bOlea
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Table 4. Analysis of variance for ultimate tensile strength of EP/PU composite.

Surce Sum of squares E Mean square F-value P-value
Model 541.98 9 60.22 11.83 < 0.0003 significant
A (%) 351.69 1 351.69 69.09 0.0001
B (T) 11.12 1 11.12 2.19 0.1701
C (time) 72.01 1 72.01 14.15 0.0037
AB 1.88 1 1.88 0.37 0.5567
AC 10.22 1 10.22 2.01 0.1870
BC 4.22 1 4.22 0.83 0.3840
A? 12.37 1 12.37 243 0.15
B? 64.11 1 64.11 12.59 0.0053
c? 29.02 1 29.02 5.7 0.0381
Residual 50.91 10 5.09 - -
Lack of fit 41.07 5 8.21 4.17 0.0714 not Significant
Pure error 9.84 5 1.97 - -
Cor total 592.88 19 - - -
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Fig. 3. Normal probability plot of the residuals and plots of predicted versus actual values for: (a), (b) ultimate tensile strength and

(¢), (d) elongation at break.
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Fig. 4. 3D Surface (a) and 2D contour plots (b) for the effect of polyurethane percentage and post-curing temperature on ultimate

tensile strength.
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Fig. 5. 3D Surface (a) and 2D contour plots (b) for the effect of polyurethane percentage and post-curing time on ultimate tensile

strength.
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Fig. 6. 3D Surface (a) and 2D contour plots (b) for the effect of post-curing temperature and post-curing time on ultimate tensile

strength.
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Fig. 7. 3D Surface (a) and 2D contour plots (b) for the effect of polyurethane percentage and post-curing temperature on

elongation at break.
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Fig. 8. 3D Surface (a) and 2D contour plots (b) for the effect of polyurethane percentage and post-curing time on elongation at
break.
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(20 wt%) composites.
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Table 5. Results of validate experiment conducted at

optimum combination.

Response Predicted Actual Error (%)
Elongatin (%) 33 32+03 3.1
UTS (MPa) 30.9 30.5+£ 0.5 1.3
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Table 6. Storage modulus and glass transition temperature of

epoxy and epoxy composite.

Storage modulus at
Samples T (°C)
30°C(GPa) £
EP-100°C 1.6 64.6
EP+PU (%10)-100°C 1.4 65.8
EP+PU (%20)-100°C 1.2 63.5
EP+PU (%10)-120°C 1.17 63.9
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Fig. 11. SEM images in various magnification for: (a), (b) neat EP and (c), (d) EP/PU (4 wt%) composite.
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Fig. 12. Typical stress—strain curves of pure epoxy, optimized

sample and some of standard samples.
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Table 7. Results of molecular dynamic simulation for PU-EP

composite (interaction energy of components).

Energy (kcal/mol) | EP/PU [300K] EP/PU [400K]
total 178146.6 178162.4
EP 178021.3 178021.3
PU 151.67 173.8
interaction -26.3 -32.7
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