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This paper presents a comparative analysis of high performance thermosets based on 

epoxy (Ep) and diaminodiphenylmethane (DDM) and its blend with DDM based 

benzoxazine (P-ddm); (Ep/P-ddm) with reinforcement using alkali treated walnut shell 

(TWN) at 10, 20 and 30 wt% reinforcement. Thermogravimetric (TGA) and x-ray 

diffraction (XRD) analysis of TWN showed improved thermal stability and crystallinity 

index. On 30 wt% TWN loading, the storage modulus (G′) of Ep/DDM system improved 

by 42%, while the values of G′ and Tg were enhanced by 58% and 30°C, respectively, on 

the similar loading in Ep/P-ddm, due to the increased number of functional groups on 

TWN particles. The degradation temperature peak (DTG) of all composites shifted 

towards the higher temperatures, which confirms the improved thermal stabilities. The 

prepared composites can be used in solder drip resistance and fire retardant applications as 

confirmed from limiting oxygen index and DTG peak value. 
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1. Introduction 
 

In recent era, with increased environmental awareness, ecosystems and new legislations, 

bio wastes are getting primary importance for reinforcement in polymeric matrices [1]. Several 

researchers have reported the effective utilization of bio wastes in different polymer matrices [2-

4]. In this way, both; the polymer matrix gets improved performance characteristics while effective 

utilization of bio waste is also accomplished. Wastes from agro industry used for making different 

polymer matrices include almond shell [3, 5], apricot shell [6], wheat straws [7], cotton seed hulls 

[8], walnut shells [9], wood flour [10] and corn [11]. The compositions of these materials include 

mostly cellulose, hemicellulose, lignin and other extractives. 

Walnut is cultivated worldwide as edible nut. The average production in the years 2010-14 

was approximately 3.35 million tons harvested from 1.02 million ha. China was on first place with 

1.68 million tons average production [12]. The walnut contains 67% fruit and averagely 0.25 

million tons per year of the shell can be generated. The walnut shell has no economical value or 

industrial usage and the producing countries usually discard or burn it in stoves in the winters. The 

walnut shell is comparatively different from other biomass as the shell contain lower contents of 

hygroscopic materials (Cellulose and hemicellulose) and higher amounts of hydrophobic materials 

(lignin and extracts) [13]. The chemical composition of walnut shell include holocellulose 47.78%, 

cellulose 26.51%, lignin 49.18%, and ash 2.13% [14].  

Particle board from walnut shell using urea–formaldehyde based composite with improved 

performance is also reported [15]. One researcher also reports densely filled polypropylene 

composites using walnut shell with improved dimensional stability for outdoor applications [14]. 
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Composites with low density polyethylene with improved performance is also reported [16]. 

Fracture toughness and wear response studies conducted on particle board also shows an improved 

performance of walnut shell particles when embedded in epoxy as a matrix material [17, 18]. 

Although, a lot of work is already reported for this special class of filler which shows interesting 

features with improved performance characteristics in resin formulations while no use of this filler 

is reported for high performance thermosets. High performance thermosets are usually 

characterized by high mechanical and thermal properties. The glass transition temperature (Tg) of 

high performance thermosets is considered as an important parameter especially as the network 

achieves maximum properties after full cure of the network. The performance characteristics of 

epoxy are dependent on the type of hardener used. An ambient temperature resin/hardener 

combination does not achieve high performance characteristics resulting in lower thermo 

mechanical properties like low Tg. In contrast aromatic type hardeners require more heat to form 

fully cured network and achieves high performance characteristics. The epoxy cured with 4,4-

diaminodiphenyl methane (DDM) bear excellent mechanical properties, electrical insulation, high 

temperature, radiation and wear resistance. Another class of high performance thermosets include 

diaminodiphenylmethane based benzoxazine (P-ddm), which possess high heat resistance, good 

dimensional stability, low moisture absorption and no volatiles formation during polymerization, 

thus offering many advantages for various applications [19, 20]. Literature includes various 

polybenzoxazine composites made from organic and inorganic fillers [20-23]. It is well reported in 

literature that incorporation of polybenzoxazines into epoxies improves fire resistance, charring, 

flexural modulus and strength but reduces the fracture toughness and Tg of the composites [24]. 

The same research group made an attempt to increase the fracture toughness by rubber toughening. 

The method was successful for improving fracture energy but Tg values were decreased.  

In the view of above discussion, to improve the performance characteristics, the use of 

filler must contain functional groups for more improvement. Introduction of functional groups in 

resin molecules improves the performance of resultant composites, which is usually achieved by 

hydroxyl, phenol and amine containing raw materials [20, 23, 25]. Alkali treatment of natural 

fillers is also reported to improve the surface characteristics of filler for good filler and resin 

interactions[26]. After alkali treatment, the filler achieves rough surface along with more groups 

exposed to the surface for better filler matrix interaction[26].   

From composition of walnut shell filler, containing different types of functional groups in 

the composition we believe that this filler must improve reinforcement effects in high performance 

thermosets. This paper presents thermal and thermomechanical properties of alkali treated walnut 

shell particles as a reinforcement in high performance thermosets based on epoxy (Ep) and DDM 

and blend of Ep and P-ddm composites containing 10, 20, and 30 wt% of walnut shells.  

 
 
2. Materials and methods 
 

The fresh walnut shells were purchased from the local market and washed with water to 

remove dirt and dried in oven at 60°C for two days and keep safe for further processing. 

Diglycidyl ether of bisphenol-A (DGEBA) E-51, a commercial epoxy with a density of 1.26 g/cm
3 

and epoxy equivalent weight of 184-195 g/eq. was purchased from Feng Huang Co. Ltd,. China. 

Diamino diphenyl methane (DDM) having 198.26 g/mol molecular weight, was used as a hardener 

and purchased from Energy Chemical, China. The P-ddm monomer (99.5%) was kindly donated 

by Jiangxi Huacui Advanced Materials Co., Ltd, China. Ethanol (99.0%), cyclohexane (99.5%), 

acetic acid (99.0%), and sodium hydroxide (NaOH) (99.9%) were procured from Shanghai 

Jingchun Reagent Co. Ltd. China. The deionized water was used throughout the experiments. 

 

 

2.1 Preparation of particles 

The walnut shells (WN) were grinded using grinding mill available in laboratory to reduce 

the size of the shell. Grinded shells were further reduced in size using high-energy planetary ball 

mill of Fritsch Pulverisette 7 [27]. Sintered polytetraflouroethylene (PTFE) container with a 

volume capacity (500 mL) and steel balls of different diameters ranging from 5-25 mm were used 
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for 72 h of milling with 30 min break after every 1 h to avoid excessive heat generation and 

degradation of cellulose. The ball to material ratio was kept 15:1 and the speed was set at 450 rpm. 

The WN flour particles passing through a 200-mesh screen were collected and dried in a 

laboratory oven at 80°C for 48 h. Alkali treatment of WN was performed by preparing 1% solution 

of NaOH and the treatment was done for 3 h at liquor ratio of 15:1. After the treatment, the 

mixture was washed two times with distilled water and ethanol. Finally neutralization of the 

particles was carried out by a single drop of acetic acid in 50 mL of distilled water and the mixture 

was kept for 30 min at room temperature. After that the particles were again washed and coded as 

TWN. 

 

2.2 Preparation of composites 

Epoxy E51 (Ep) resin was taken in a glass beaker and put in oil bath already heated at 

80°C. This was done to ensure reduction of viscosity of epoxy in order to allow particles for good 

dispersion and sufficient interaction with the resin. Then the desired mass fraction of TWN flour 

was added with loadings of 10, 20 and 30 wt% along with small amount of solvent. The mixture 

was vigorously stirred using mechanical stirrer for 30 min at 80°C temperature. After that, 

ultrasonication of mixture was done for 30 min at 60°C temperature. Finally stoichiometric 

amount of hardener DDM was added in the mixture using Eq. (1) and stirred for additional 20 min 

at 80°C temperature to make it completely soluble. After going through these steps, the mixture 

was kept in the vacuum oven at 70°C for 10 min to remove entrapped gases to ensure the void free 

composites.  

 

Parts by weight of hardner for 100 parts of epoxy =  

Molecular weight of Hardener

Number of available hydrogens per molecule 

Epoxy equivalent weight 
∗ 100          (1) 

 

Solution casting was done to cure the samples. The sequence of curing which we followed 

was 80°C for 2 h, 110°C for 1 h and 130°C for 4 h. We followed this procedure because filler need 

some time in step up of heating rate otherwise it may induce some degradation effects during 

curing. The procedure is slightly different than the conventional procedure for this resin/hardener 

combination described in the literature [28]. For comparison, neat sample of Ep and DDM was 

also made using this procedure.  

For preparation of composites of P-ddm and Ep mixtures, the monomer containing Ep/P-

ddm was degassed in a vacuum oven at 90°C for 6 h. The desired mass fractions of TWN i.e. 10, 

20 and 30 wt% along with small amount of solvent was poured into preheated mold at 80°C and 

cured by heating isothermally at 160°C for 2 h, then pressed at 12 MPa, and heated at 175 and 

200°C for 2 h at each stage [29]. The composites were removed from the mold and coded as Ep/P-

ddm/TWNX, where X denotes the wt% of TWN. 

 

2.3 Characterization of WN, TWN and composites 

In order to compare the chemical structure of walnut shell before and after treatment with 

alkali and the composites made from it, Fourier transform infrared (FTIR) spectrum analysis was 

applied by casting a thin film of WN, TWN and all the composites. Powder of each item was 

mixed with KBr and the prepared film was examined on Perkin-Elmer Spectrum 100 spectrometer 

(Waltham, MA, USA). The spectra were recorded at 4 cm
−1

 resolution in the range of 4000–450 

cm
−1

. 

XRD analysis was applied using X’Pert High Score PW3209 diffractomter to assess WN 

and TWN crystallinity. The equatorial diffraction patterns (2θ) were recorded from 10 to 40° using 

Cu-Kα radiation at 40 KV and 20 mA. The Crystallinity indices (CI) were calculated according to 

the Segal empirical method:  

𝐶𝐼 % = 100[
𝐼002−𝐼𝑎𝑚

𝐼002
]                                                               (2)  

 

where I002 is the maximum intensity of the 002 lattice reflection of the cellulose crystallographic 

form (I002) at 2θ=22° and Iam is the intensity of diffraction of the amorphous at 2θ=18°. 
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Differential scanning calorimetry (DSC) measurements were performed on differential 

scanning calorimeter model TA Q200, TA Instruments, USA, under 50 mL/min steady flow rate of 

nitrogen. The sample was carefully weighed (~5 mg) into a sample pan at a room temperature and 

was tested immediately. The specimens were tested from 30 to 300°C at 20°C/min heating rate. 

Thermogravimetric analysis (TGA) was performed on TA Instruments Q50 at a heating 

rate of 20°C/min from 40 to 800°C under a constant nitrogen flow rate of 50 mL/min. The 

thermomechanical properties of the samples were analyzed under bending mode by dynamic 

mechanical analyzer (DMA) model Q800 from TA Instruments, USA. The polished rectangular 

specimen in the dimension 30 × 10 × 2 mm
3
 were loaded in a single cantilever mode, at heating 

rate of 3°C/min in the range of 40– 200 or 240°C, as required; under nitrogen atmosphere, The 

strain was applied sinusoidal with a frequency of 1 Hz in air. 

 
 
3. Results and discussions 
 

3.1 Physical and chemical characterization of WN & TWN flour 

The thermogravimetric analysis was done to check the thermal stability of the WN and 

TWN and the results are shown in Fig. 1 and Table 1. The TGA graph shows 2 steps of 

degradation for WN while single step was seen for TWN which accounts for treatment of NaOH 

and resulting rougher surface with reduced water uptake of particles. The values of T5% and T10% of 

TWN increases from approx: 72°C and 227°C to 259°C and 281°C. Furthermore in Fig. 1 (B) 

DTG, the degradation of WN starts around 126°C and reaches to maximum value at 326°C and 

finally degrades to maximum temperature of 378°C. For TWN, the initial degradation starts at 

173°C which is around 47 degrees higher than the WN, which accounts for better stability of the 

treated particles. The maximum degradation temperature of TWN was recorded as 320°C while 

final degradation temperature was recorded as 373°C. As reported in the literature, NaOH 

treatment removes sufficient amount of lignin from lignocellulosic material. This accounts for shift 

of maximum and final degradation temperature values to lower temperature. But overall, the initial 

T5% and T10% is improved along with good roughness of the TWN which may account for better 

reinforcement effects with resins [30]. 

The changes in the structure of WN and TWN treatment were studied through FTIR and 

depicted in Fig. 2. The broad transmission band located in the region from 3000-3600 cm
-1

 and 

around 1043 cm
-1 

indicates bonded -OH groups existing in the WN and TWN flour [31]. No 

change is detected in the intensity of this band after the treatment. The characteristic peak located 

at 1730 cm
-1

 is assigned to carbonyl C=O groups in the organic filler which disappears after alkali 

treatment and confirms hemicellulose removal from the material [31]. Moreover symmetric stretch 

of =C-O-C groups corresponding to ester, ether and phenol groups in WN are observed at 1250 

cm
-1

 which decreases in intensity for TWN. The peak at 1244 cm
-1

 is assigned to acetyl groups of 

lignin which decreases in intensity showing clearly that lignin was decreased after alkali treatment 

[26]. The band at 895 cm
-1

 represents glycosidic –C1–H deformation and –OH bending. These 

features are the characteristics of β-glycosidic linkages between the anhydroglucose units in 

cellulose and their intensity peak increases after treatment showing surface activation of cellulose 

units [32]. Moreover, removal of hemicellulose by alkali treatment results in increased hydrogen 

bonds between cellulose chains [33]. These observations confirmed that the structure of TWN was 

altered with more functional groups on the surface for good interactions. 

The results of XRD analysis are given in Fig. 3. The CI % values are calculated using Eq. 

(2) and presented in Table 1. It can be seen in Fig. 3, WN exhibit a typical cellulose I pattern, well 

defined peaks at 2θ=22°. The reflections peak at 22° corresponds to the 002 crystallographic plane 

of the cellulose I lattice. Increased value of the intensity is clearly observed for TWN treated with 

1% NaOH. The CI % calculated by Eq. (2) for the TWN, increased about 9%. This increase in CI 

% indicates improvement in the crystalline structure of cellulose and ultimately contributes in 

performance enhancement of the composites. 
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Fig. 1. TGA (A) and DTG (B) of walnut shell before and after alkali treatment 

 

 

Table 1. TGA, DTG and CI % of walnut flour particles before and after alkali treatment 

 

Sample T5% (°C) T10% (°C) Yc (%) at 600°C Cellulose DTG peak (°C) CI % 

Untreated (WN) 72 227 25.0 326 58 

Alkali Treated (TWN) 259 281 26.9 320 67 

 

 

 
 

Fig. 2. FTIR of walnut shell before and after alkali treatment 

 

 

 
 

Fig. 3. XRD of walnut shell before and after alkali treatment. 
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3.2 Differential scanning calorimetry 

The DSC was implemented to evaluate the curing behavior of Epoxy and blends with 

different weight ratios of TWN. The DSC curves and data for Ep/DDM/TWN series blends are 

presented in Fig. 4 and Table 2, respectively. 

All Ep/TWN blends produced lower exothermic peaks and onset temperatures in confront 

to neat monomer. The onset temperatures and exothermic peaks were decreased by increasing the 

amount of TWN from 0 to 30 wt% and recorded as 110 and 188°C to 93 and 177°C, respectively. 

This drop in the initial exotherms and peak temperatures for composites blends is the result of 

catalytic effect of -OH group of TWN flour, which may accelerate the polymerization process of 

epoxide rings. It was also observed that increase in TWN loading decreases the heat of 

polymerization (ΔH) and height of the exothermic peaks due to the polymerization process of 

composites blends. The highest value of the exothermic peak was observed at 189.06°C for neat 

Ep/DDM, while the lowest value was recorded at 177.8°C for TWN 30 wt% loading while the ΔH 

was recorded in the range from 535.6 to 407.7 J/g for Ep/DDM and 30 wt% TWN content 

composite, respectively. This type of result is never reported before for TWN flour which 

accelerates the curing process of epoxide monomer in the presence of DDM hardener. Similar 

catalytic effect of –OH groups of cellulose and lignin on cure reaction of thermosets was also 

demonstrated in the literature [23, 34]. These observations were also confirmed from the 

conversion graphs plotted in Fig. 4 (B) where the addition of TWN shifts the 

conversion/polymerization to lower temperatures except for 30 wt% which after approx 60% 

conversion shifts to higher temperature may be subjected to increase of viscosity which suppresses 

the conversion at a given temperature compromising the promoting effects of –OH groups and 

retards the curing process but still it is far less than the neat resin [35]. 

Furthermore, DSC results of Ep/P-ddm containing stoichiometric amount of DDM are also 

evaluated to see the desired effects of blends. The results are summarized in Fig. 5 and 6 and Table 

3, respectively. Initially the effects of P-ddm addition in Ep were analyzed and then the selected 

blend based on lowest reaction enthalpy was selected and analyzed for reinforcement with 10, 20 

and 30 wt% TWN. As expected, the system containing stoichiometric amount of DDM in mixture, 

two peaks are visible in the system Fig 5. Interestingly, the shape of the copolymer varies with the 

composition of blend. For the system containing P-ddm in lower amount just 10%, only single 

exothermic peak having a peak temperature (Tp) value of 179°C was observed which is less than 

the Tp value of Ep/DDM 189°C shown in Fig. 4. Whereas two highly exothermic peaks can be 

observed when the content of P-ddm increases in the system and both the peaks shifts to slightly 

higher temperature. In this concern, the copolymerization reaction of Ep/P-ddm proceeds by not 

only the ring opening reaction of oxaxine ring of P-ddm but etherification reaction of oxirane of 

Ep and phenolic hydroxyl groups formed by oxazine ring opening reaction. Thus in the system, the 

first exothermic peak corresponds to ring opening reaction of oxirane of Ep while the second 

exothermic peak corresponds to oxazine ring opening reaction and radical polymerization of P-

ddm. 

 

 
Table 2. DSC parameters of EP/DDM and TWN blends at different weight content 

 

 

Sample Code Ti (°C) Tp (°C) ΔH (J/g) 

Ep/DDM  110 189.0 535.6 

Ep/TWN 10 99 184.6 493.9 

Ep/TWN 20 93 180.4 435.1 

Ep/TWN 30 93 177.8 407.7 
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Fig. 4. DSC and conversion of Ep/DDM and TWN blends at different wt% 

 

 

The characteristics shift of peaks to slightly higher temperature depends on the 

composition of blend, as the reaction between Ep and P-ddm is catalyzed by lowering the reaction 

enthalpy of the system by the formation of phenolic hydroxyl groups. For Ep/P-ddm blend with 

lower P-ddm fraction such as 10%, it is expected that all the P-ddm was consumed in the 

formation of phenolic hydroxyl groups by ring opening reaction of oxazine ring proceeding 

quickly and the peak associated with it cannot be discerned in DSC curve. For the blends 

containing 20 and 30 wt% P-ddm, a relative decrease in first exothermic peak temperature shows 

the catalytic activity of the formed compounds by the action of P-ddm in blends while this effect 

can be devoted to decrease in ΔH of the blends. This trend of decrease in ΔH was continued on 40 

and 50 wt% of P-ddm blends confirming the catalytic activity of phenolic hydroxyl groups 

formation in the blends by P-ddm. This result is partially supported by the reaction scheme as 

shown in Scheme I. 

In addition, ΔH of the Ep/P-ddm blends with composition of 90/10, 80/20, 70/30, 60/40 

and 50/50 are 565, 552, 543, 532, and 495 J/g, respectively. The ΔH values are constantly 

decreasing as the amount of P-ddm increases in the system. The system containing 40 and 50 wt% 

P-ddm shows the values even decreased than the Ep/DDM value of 535 J/g. Based on the reactions 

involved in the system, the ΔH of the copolymers is the enthalpy change occurring due to oxazine 

ring opening reaction and the formation of phenolic hydroxyl groups formation which catalyzes 

the ring opening reaction of oxirane rings of Ep. As many reactions are involved in the 

copolymerization of formed blends than in the polymerization of Ep and DDM, the structure of the 

blends Ep/P-ddm is more complex than Ep/DDM. While the ΔH of the system containing 50 wt% 

P-ddm is minimum than all the systems therefore this was selected to check the desired effects of 

TWN flour in Ep/P-ddm blends. 

The effects of TWN flour on 50/50 Ep/P-ddm blends were studied and the results are 

summarized in Fig. 6 and Table 3, respectively. As can be seen, all the systems containing TWN 

flour in blends lowers the ΔH ranging from 384 J/g for the addition of 10 wt% TWN to 319 J/g for 

30 wt% TWN addition in confront to 495 J/g with no TWN in the blend in Fig. 5. In addition to 

this the exothermic peaks corresponding to Ep:DDM is shifted to lower temperatures while for P-

ddm slightly moves to higher temperature confirming the reaction of -OH groups of TWN flour 

which have more reactivity towards Ep/DDM than to P-ddm in the blends while the reaction 

enthalpies of the blends are lowered. In conclusion it can be stated that the hydroxyl groups of 

cellulose of TWN flour actively catalyzes the cure reaction of Ep/P-ddm blends by forming some 

complex compounds in the system. 
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Table 3. DSC parameters of Ep/P-ddm at different P-ddm content and Ep/P-ddm 50:50  

at different TWN content 

 

Sample Code Ti (°C) Tp1 (°C) Tp2 (°C) ΔH (J/g) 

Ep/P-ddm 90:10 88 179 - 565 

Ep/P-ddm 80:20 86 176 233 552 

Ep/P-ddm 70:30 81 176 233 543 

Ep/P-ddm 60:40 75 177 237 532 

Ep/P-ddm 50:50 72 180 238 495 

Ep/P-ddm / TWN 10  75 181 237 384 

Ep/P-ddm / TWN 20 103 177 240 365 

Ep/P-ddm / TWN 30 105 176 239 319 

 

 

 
 

Scheme I. Schematic diagram illustrating the possible process of copolymerization. 

 etherification hydroxyl-oxazine reaction (A), self-associated hydroxyl groups of  

epoxy (B), Intermolecular hrdrogen bonds with cellulose (C) 

 

 

 

Fig. 5. DSC exotherms of Ep/P-ddm at different wt% content of P-ddm 
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Fig. 6. DSC exotherms of Ep/P-ddm 50:50 at different wt% content of TWN 

 

 

3.2 Fourier Transform Infrared Spectroscopy 

The FTIR studies were also conducted to detect the changes and effects of TWN flour on 

Ep/DDM and Ep/P-ddm composites. The effect of TWN on Ep/DDM composite is depicted in Fig. 

7. C-O stretching vibration of oxirane group of epoxy is clearly visible at 915 cm
-1

 in monomer (a) 

while it is absent in the cured composites of pure Ep/DDM (b) and Ep/TWN (c) containing epoxy 

network along with increase in intensity of absorption at 3391 cm
-1

 which confirms the curing of 

Ep/DDM and Ep/TWN composites along with formation of –OH group during the cure reaction 

[36, 37]. Stretching vibrations of -OH is located in the region of 3550 to 3409 cm
-1

. Saturated C-H 

stretching vibrations are located in the region of 2979-2864 cm
-1 

while unsaturated =C-H 

stretching vibrations are located at 3030 cm
-1

. C-O-C stretching vibrations of ethers are located at 

1036 cm
-1

 while characteristics peak at 1609 and 1509 cm
-1

 correspond to C=C and C-C of 

aromatic rings. The characteristic shift of -OH vibrations at 3409 of Ep/DDM cured network 

without TWN (b) to lower wave number 3349 cm
-1

 in TWN containing network (c) clearly 

indicates the increase of hydrogen bonding between TWN and Ep/DDM composites [38, 39]. This 

shows that intermolecular and/or intramolecular hydrogen bonding occurs between cellulose and 

lignin of TWN flour and Ep/DDM network [23, 40]. 

The structural changes of pure P-ddm, Ep/P-ddm and Ep/P-ddm/TWN cured structures 

can be perceived from the variation of intensities of characteristics absorption peaks in FTIR 

spectra as shown in Fig. 8. The region between 4000-2500 cm
-1

 assigned to –OH stretching 

vibrations resulted in generation of hydroxyl groups by oxirane ring opening reaction as the 

reactions proceeds. Incorporation of P-ddm in Ep generates this region while the characteristic 

shift of this peak from 3426 cm
-1

 in Ep/P-ddm network to 3372 cm
-1

 in Ep/P-ddm/TWN cured 

network represents intermolecular and/or intramolecular hydrogen bonding [39, 41]. Furthermore, 

the characteristic absorption band at 950 cm
-1

 corresponds to benzene ring to which oxazine ring is 

attached and 1228 cm
-1

 assigned to asymmetric stretching of the ether linkage (C–O–C) also show 

changes due to presence of Ep and TWN in the respective cured structures [20, 42, 43]. In 

addition, ether linkages are observed due to occurrence of peak centered at 1106 cm
-1

 which is 

more pronounced in TWN containing network as compared to Ep/P-ddm blend. Furthermore CH2 

bending mode of methylene (CH2) present at 1497 cm
-1

 in P-ddm shifts to 1479 cm
-1

 in Ep/P-ddm 

while shift to 1471 cm
-1

 in Ep/P-ddm/TWN network which is showing an increase of higher 

degree of polymerization in TWN containing network as the reaction proceeds by forming 

methylene bridges in the Ep/P-ddm/TWN network [44, 45] . Formation of small peak in the region 

1725 cm
-1

 to 1645 cm
-1

 corresponds to N-H bending vibration which is also more pronounced in 

TWN containing network then Ep/P-ddm and pure P-ddm composites which also show that TWN 

have changed the structure of composite blend by forming some complex structures within the 

system. 
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Fig. 7. FTIR of Ep:DDM monomer (a), cured without TWN (b), cured with TWN (c) 
   

 

 
 

Fig. 8. FTIR of P-ddm, Ep/P-ddm 50:50 and Ep/P-ddm/TWN 

 

 

3.3 Thermogravimetric analysis 

For the formation of high performance thermoset composites, the thermal stability of the 

fillers is an important function. High performance thermosets often have curing temperatures 

around 150–220
○
C, while natural biomasses relatively have higher degradation rate at this range of 

temperature which restrict their use as an efficient reinforcement in composites [46, 47]. To 

overcome this problem, fillers must be well treated to remove the constituents having higher 

degradation rate between 150-220°C. As discussed in section the preparation of TWN, alkali 

treatment sufficiently improves its stability at this temperature range which ensures minimum 

degradation of the fillers during processing. 

As expected, the formed composites by incorporating TWN were homogenous and bonds 

breakage in the structure was concurrent representing that TWN have formed cross-links within 

the network. The TGA curves under nitrogen atmosphere from 50 to 800°C for Ep/DDM and its 

blends with different wt% of TWN are depicted in Fig. 9 (A) and T5%, T10%, T20% and Yc values are 

summarized in Table 4. As can be seen from Fig. 9 (A) that incorporation i.e. 10 wt% TWN in the 

network decreases the T5%, T10% and T20% while Yc shows the maximum value 18.47% which is 

around 85% more than the neat resin. This is because the T5% and T10% of the filler particles as 

depicted in Table 1 is low; 259 and 281°C as compared to pure Ep/DDM, even though it only 

shows a decrease of 33 and 19°C in T5% and T10% temperature weight loss. It is interesting to note 

that as the filler quantity increases, T5%, T10% and T20% shifts to higher temperatures showing 

improved thermal stability of composites. The T10% and T20% of 30 wt% TWN composites show 1 

and 8°C increase in the values than composite of Ep/DDM. The possible explanation for this is the 

constituents of TWN contain mainly cellulose as a major portion and lignin as a minor component. 

The structure of lignin is aromatic and has many polar bonds (hydroxyl) which interacts with the 

cross-linked epoxy thereby increasing the aromaticity in the network [48]. However, it is also 

reported that lignin act as a thermal stabilizer of cellulose against thermal oxidation [49].  
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Fig. 9 (B) shows DTG curves of Ep/DDM and its blends with different wt% loading of 

TWN. All the samples show thermal degradation process had only one stage of decomposition as 

like the Ep/DDM composite. The maximum rate of decomposition value of Ep/DDM (403.15°C) 

is in good agreement with the value reported in the literature [50, 51]. The decomposition step of 

all composites was in the range of 250-650°C with maximum degradation rate at 390.0, 400.3 and 

404.5°C for 10, 20 and 30 wt% TWN, respectively. The introduction of TWN in the system shifts 

maximum rate of decomposition slightly toward lower temperature but the rate of decomposition 

decreases around 24% and 6% for TWN 10 and 20 wt% respectively showing improved thermal 

stability. Moreover the decomposition rate of all composites are ranging from 250°C to maximum 

point also shifts to higher temperatures when increasing TWN in the network which is interesting 

to note as lignocellulosic biomaterial used for reinforcement mostly decreases the thermal stability 

of composites [23, 52]. Effect of cellulose lowers, while lignin improves the thermal stability. 

However, TWN contains both as the major constituents which have favorable effects on thermal 

stability of composites filled with it. The formed composites with TWN, effectively satisfies the 

requirement of solder-dip resistance and heat resistance properties of electronic material field [52, 

53]. 

 

 

Fig. 9. TGA (A) and DTG (B) of Ep:DDM/TWN at different wt% of TWN 

 

Table 4. TGA summary for Ep/DDM and blends at different wt % of TWN 

 

Sample Code T5% (°C) T10% (°C) T20% (°C) Yc (%)  DTG peak (°C) 

Ep/DDM  360.2 374.5 387.8 10.85 403.1 

Ep/TWN 10 327.2 355.4 373.6 18.47 390.0 

Ep/TWN 20 325.0 360.3 382.0 15.06 400.3 

Ep/TWN 30 348.3 375.4 390.0 10.55 404.5 

 

 

The effects of TWN on blends containing 50:50 Ep/P-ddm and the respective composites 

containing 10, 20 and 30 wt% TWN on thermal stability is shown in Fig. 10 (A) and values of T5%, 

T10% and Yc % are summarized in Table 5. The incorporation of TWN in blends initially i.e. 10 

wt% decreases the T5% and T10% to minimum and the values reach 329°C and 356°C respectively. 

Further increase of TWN in composites shifts the values of T5% and T10% shifts to higher 

temperatures. The maximum value recorded for 30 wt% TWN composites were 333°C and 359°C. 

The effect of TWN in blends is also same as reported earlier for Ep/DDM composites. However, 

interestingly the char yield of 10 wt% TWN composites, maximum value was recorded i.e. 

37.89% which is 47% higher than the value for pure 50:50 blend. This value does not change for 

20 wt% TWN blend but decreases for 30 wt% TWN blend. The reason could be the surface 

particles of TWN 30 wt% in composites have been exposed to higher temperature of cure for 

longer period which have caused some degradation of surface particles. The increase char yield of 

10 and 20 wt% TWN composites is important especially for designing fire retardant composites. 
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In connection to this, limiting oxygen index (LOI) values of composites were calculated 

and summarized in Table 5. LOI is the minimum amount of oxygen required to continue the 

combustion of materials. It is a parameter to determine the effectiveness of fire retardants and to 

measure the flammability of the polymeric materials [54]. LOI can be calculated by the values of 

Yc by applying Van Krevelen and Hoftyzer method [55, 56] Eq. (3) Materials with LOI below 

20.95% can easily burn in air while the materials having LOI above 28% are self extinguishing 

materials [54].     

 

𝐿𝑂𝐼 =  17.5 +  0.4𝑌c         (3) 
 

From the calculated values of LOI it can be seen that all the composites containing TWN 

falls in the category of self extinguishing materials having values 32.65, 31.62 and 28.37 for TWN 

10, 20 and 30 wt% which is an added advantage of TWN in these high performance blends. 

A similar effect of TWN in blends was observed in DTG graphs as shown in Fig. 10 (B). 

The maximum rate of degradation shifts to lower temperature initially for 10 wt% of TWN in 

blends than it continues to shifts to higher temperature when the content of TWN increases, in fact 

the maximum amount of TWN, i.e. 30 wt% have same maximum degradation rate as of pure Ep/P-

ddm 50:50 blend which is a new finding corresponding to TWN bio organic material. Overall it 

can be seen that rate of degradation of all the blends is less than the pure Ep/P-ddm blend which is 

the real reason for increased LOI values of all composites as discussed before.  

 

 
 

Fig. 10. TGA (A) and DTG (B) of Ep/P-ddm/TWN at different wt% of TWN 

 

Table 5. TGA summary for Ep/P-ddm and blends at different wt % of TWN 

 

Sample T5% (°C) T10% (°C) T20% (°C) Yc (%) DTG Peak (°C) LOI (%) 

Ep/P-ddm 50:50 348 371 391 25.7 410 27.72 

Ep/P-ddm/TWN 10  329 356 379 37.8 390 32.65 

Ep/P-ddm/TWN 20 330 355 379 35.3 392 31.62 

Ep/P-ddm/TWN 30 333 359 384 27.1 408 28.37 

 

 

3.4 Dynamic mechanical analysis 

Fig. 11 (A) and (B) shows storage modulus (G′) and loss factor (tan δ) curves as a function 

of temperature (T) of Ep:DDM and Ep/TWN. All the composites along with pure Ep/DDM, the G′
 

values decrease slowly in the glassy state, and then decrease rapidly at different temperatures for 

various compositions. Poor compatibility between TWN and Ep/DDM was shown in the rubbery 

plateau region while storage modulus continues to rise in glassy state by incorporating TWN in the 

composites. The value reaches up to 2213 MPa from 1532 MPa for 20 wt% of TWN which was 

44.45% more than the pure Ep/DDM composite. Increased storage modulus in glassy state is 

related to increased crosslinking density of the system. For this Nielsen and Landel describe the 
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approximate relationship [57] Eq. (4), which is reported to better describe the elastic properties of 

dense networks [58] 

 

log
𝐺

3 
= 7.0 + 293(𝜌)                                              (4) 

 

where G′ is storage modulus (dynes cm
-2

) and 𝜌 is the crosslinking density (mol cm
-3

). The values 

are summarized in Table 6. All the composites with TWN show increased crosslinking density 

confirming the stiffness increase of the composites. 

 
 

 

 

 

Table 6. DMA parameters for Ep/DDM and its blends with TWN at different wt% 

 

Sample G′ (GPa) 
a
 The gain in G′ (%) Tg (°C) 

b
 ρ (×10

-3 
mol/cm

3
) 

Ep/DDM  1.53 - 147 4.70 

Ep/TWN 10 1.78 16.33 147 5.43 

Ep/TWN 20 2.21 44.44 146 5.86 

Ep/TWN 30 2.18 42.48 146 - 

 

 

 
 

Fig. 11. Storage Modulus (A) and Tan Delta (B) of Ep/DDM and Ep/TWN at different wt% of TWN 

 

 

Moreover, a single dissipation energy peak is shown on each tan δ curve Figure 11 (B), 

associated with the glass transition for TWN composites, indicating no detectable particle 

separations for these composites. Tg is defined as the temperature corresponding to the maximum 

of tan δ peak. The Tg of TWN composites did not show any decrease while the peak height was 

reduced and broadened, reflecting increased number of modes of branching and wider distribution 

of structures between TWN and Ep/DDM. However, decreased Tg of the system does not reflect 

low storage modulus of the system which means that the surface of the filler was functionalized to 

a greater extent by alkali treatment except the core of the particles which influences overall cross 

linking points within the system [59, 60]. Another suitable explanation of this behavior is as the 

mold was preheated at 80°C which is the polymerization temperature of DDM. At this temperature 

the viscosity of Ep was low, which allowed fast reaction of DDM to Ep than the TWN to Ep so the 

system does not acquire increased Tg. Additionally, the overall interaction of TWN with epoxy 

show weak interface because of the formation of –OH interactions with Ep/DDM network where 

no covalent bond formation was detected [61]. This finding is also important in continuous process 

of composites for commercial applications where the Tg of these composites does not fall even 
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when absolutely no time was given for relaxation/gelation and process was continuous. Further 

work in this area is needed to find out the effect of gelation time on these materials which would 

be helpful to understand the behavior of TWN for improved Tg of the composites.   

The blends of Ep/Pddm and composites containing TWN were also investigated by DMA 

to study the variation in the storage modulus (G′) and loss factor (tan δ), as shown in Fig. 12 (A) 

and (B) while the values are summarized in Table 7. As shown in Fig. 12 (A) and (B), the TWN 

reinforcement in blends significantly improved the G′ and Tg. Likewise, G′ of pure Ep/P-ddm and 

its blends with TWN reduces as a function of increased temperature, this could be connected to the 

softening of matrix. The pure Ep/P-ddm showed 2.08 GPa and 171°C as stiffness at 50°C and Tg, 

respectively. Interestingly all the composites with TWN showed higher G′ values than the pure 

Ep/P-ddm blend indicating that combination of TWN to Ep/P-ddm leads to better stress transfer 

may be due to hydrogen bonding and methylene linkages as discussed previously in FTIR section 

[23]. The values of crosslinking densities of the respective composites are summarized in Table 7.  

Loss factor (tan δ) peak values for all composites with TWN shows the Tg of the 

composites shifts to higher temperatures as compared to Ep/P-ddm composite. The shifting of tan 

δ can be related to good surface interactions of TWN. Moreover, the heights of all the composites 

were decreased compared to Ep/P-ddm blend which shows increased interaction along with 

stiffness improvement. Peak height of 30 wt% blend was reduced to 0.49 from 0.85. Furthermore, 

composites with 30 wt% TWN show Tg value of 201°C compared to blend with no TWN (171°C). 

The behavior of TWN in blends of Ep/P-ddm restricts the chain mobility of the system which is 

the result of good particles interactions [62]. However dilution phenomena of TWN in Ep/P-ddm 

is more prominent compared to Ep/DDM blends discussed previously which also results in the 

broadening of tan δ peak [63]. This type of behavior of TWN may have been resulted for blends of 

Ep/P-ddm than with Ep/DDM as more time was given in the curing stage along with step up of 

temperatures so the interactions of TWN with resin blends was prominent. Furthermore, the 

polymerization temperature of blend was far enough which must have allowed TWN to form 

cross-links in three dimensions and improved the Tg. 

In connection to this thermal deformation temperature (Td) of the formed composites was 

measured to evaluate the heat resistance of all the composites and the values are summarized in 

Table 8. The definition of Td is the temperature of a standard sample bending to a level at a certain 

physical strength [64]. According to ASTM 648, Td is the temperature of a material at 0.933 GPa 

storage modulus. Td can be acquired from the DMA curves of materials. Although all the 

composites showed different value of initial modulus, the composites of Ep/DDM containing 20 

wt% TWN, Td value just drops 2 degrees from the parent composite. While for blends of Ep/P-

ddm, Td shows an obvious gap of 23°C increase for composite containing 30 wt% of TWN. These 

values also confirmed the positive effect of the TWN to the thermal property of composites. 

 

 

Table 7. DMA parameters for Ep/P-ddm and its blends with TWN at different wt% 

 

Sample G′ (GPa) 
a
 The gain in G′ (%) Tg (°C) 

b
 ρ (×10

-3 
mol/cm

3
) 

Ep/P-ddm  2.08 - 171 5.68 

Ep/P-ddm /TWN 10  2.47 18.75 191 6.47 

Ep/P-ddm /TWN 20 2.67 28.36 193 6.08 

Ep/P-ddm /TWN 30 3.30 58.65 201 5.94 
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Table 8. Thermal deformation temperatures (Td) of the composites 

 

Sample Name  Td (°C) 

Ep/DDM  137.7 

Ep/TWN 10 135.1 

Ep/TWN 20 132.7 

Ep/TWN 30 119.9 

Ep/P-ddm  159.5 

Ep/P-ddm /TWN 10  170.2 

Ep/P-ddm /TWN 20 173.2 

Ep/P-ddm /TWN 30 182.2 

 

 
 

Fig. 12. Storage Modulus (A) and Tan Delta (B) of Ep/P-ddm and Ep/P-ddm/TWN  

at different wt% of TWN 

 
 
4. Conclusions 
 

High performance thermosets based on Ep/DDM and Ep/P-ddm 50:50 system were 

successfully reinforced with TWN particles from 10 to 30 wt%. Alkali treatment of TWN confirms 

the removal of hemicelluloses and a part of lignin from the shell particles. TWN improves in 

thermal stability as studied by TGA after 1% alkali treatment. The alkali treatment of WN also 

increases the crystallinity index CI % of the particles to 67% from 58% of untreated WN. Studies 

of DSC show the reinforcement of TWN in both of the high performance system catalyses the 

curing procedure by decreasing the reaction enthalpies of the systems. FTIR studies of shell 

particles before and after alkali treatment were compared for structural changes which show 

increased functionalization of shell particles after the alkali treatment. FTIR studies also confirmed 

the increased hydrogen bonding of TWN with Ep/DDM system. Increased hydrogen bonding 

along with sufficient methylene linkages were observed in Ep/P-ddm composites containing TWN. 

Thermal stability studies by TGA reveal that incorporation of TWN in these high 

performance systems shift the maximum degradation rate to higher temperatures which design a 

new bio based composites system fit for solder drip resistance and fire retardant applications. 

Decrease of 20 to 30 wt% for the system of Ep/DDM, the storage modulus G′ of composites gain 

44 to 42% increase while Tg value of system remain unaffected while similar behavior was also 

observed for Td of the composites which is an added advantage when considering thermal 

properties of the composites. Decrease of 30 wt% for the system of Ep/P-ddm blend with TWN, 

the storage modulus increases about 58% while Tg value also increases 30°C along with Td which 

increases 23°C from the parent composites. In short, novel composite system based on TWN can 

be designed with improved thermal and thermomechanical behavior with considerable amount of 

weight savings.   
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