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Abstract

:

This research investigates the performance of medium density fiberboard (MDF) with respect to hot press parameters. The performance of the board, type of glue, and production efficiency determine the optimum temperature and pressure for hot pressing. The actual temperature of the hot press inside the MDF board determines the properties of the final product. Hence, the optimal hot press parameters for the desired product are experimentally obtained. Moreover, MDF is experimentally investigated in terms of its vertical density profile, bending, and internal bonding under the various input parameters of temperature, pressure, cycle time, and moisture content during the manufacturing process. The experimental study is carried out by varying the temperature, pressure, cycle time, and moisture content in the ranges of 200–220 °C, 145–155 bar, 260–275 s, and 8–10%, respectively. Consequently, the optimum input parameters of a hot-pressing temperature of 220 °C, pressure of 155 bar, cycle time of 256 s, and moisture content of 8% are identified for the required internal bonding (0.64 N/    mm  2   ), bending (32 N/    mm  2   ), and increase in both the core and peak density of the vertical density profile as per the ASTM standard.
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1. Introduction


Medium density fiberboard is a wood board manufactured under optimal hot press conditions using wood fibers and applying the urea formaldehyde resin. MDF boards have several indoor and outdoor applications but are mainly used in the furniture industry as a replacement for solid wood [1]. There are three types of production lines in MDF manufacturing,



	
Single daylight press.



	
Multi-opening press.



	
Continues line press.






Figure 1 shows an overview of all the major processes involved in MDF manufacturing. This includes raw material collection, chipping, defibrating, forming, pressing, product finalizing, and shipment to the market [2]. With the introduction of industrial wood-based panel manufacturing, most researchers initially focused on the technical and economical optimization of both processes and products [3]. Nowadays, customer demands for sheets are steadily increasing. There are two ways to meet such needs: either by performing various experiments on MDF boards or by developing model simulation [4]. The variation in density at different positions in the fiber mat is of major concern because of the consequent variations in mechanical properties. Input temperature, pressure, cycle time, and moisture content in hot pressing determine the physical and mechanical properties of the manufactured MDF board [5]. A large number of boards (nearly 10–15%) or about one hundred thousand cubic meter per year are rejected in the market due to defects, such as weak internal fiber arrangement, low bending and internal bonding, sides looseness, delamination problems, and rough surfaces [6]. The major reason for these defects is the lack of appropriate understanding of the inter-relationship during the hotpress process among the initial process parameters, such as temperature, moisture content, platen pressure, and its impact on the properties of the board [7]. Consequently, the process optimization of MDF is important to overcome all of these issues. A viable solution is to develop a relationship between the hot press process parameters and its output results [8]. A number of researchers have examined the parameters of hot pressing during operation, while our study focusses on the parameters in the hot press only. In this research, the experiments are performed on 16 mm MDF board [9]. To perform the experiments, a long piece of 8 × 4 feet MDF board is taken, and it is further divided into smaller pieces according to the requirements of lab tests. Furthermore, the vertical density profile (VDP) is a critical factor that determines the strength and quality of MDF panels [10]. The concept of the ratio of the modulus of bending of one layer to the sum of the modulus of bending of all layers in the previous time step, as previously given by Suo and Bowyer [11], is redefined according to the latest published findings. The equation given by Carvalho et al. is used to calculate the modulus of elasticity of different layers of the fiber cake. This model gives an improved relationship between the peak and core densities at a low hot press platen temperature at 160 °C but with an increase in hot platen temperature to 198 °C, where the rise in peak density is comparatively high [12]. The results of laboratory studies indicate that the vertical density profile of MDF is made from a combination of processes that occur both during compaction and also after the press has reached its final position [13]. Medium density fiberboard’s strength, hardness, and other important properties are determined by its vertical density profile, which is one of the most important factors that is determined in laboratory tests of MDF performance. This factor is the combination of the results of many process parameters [14]. During hot pressing, the internal condition of the sheets, temperature, and moisture content continuously change with time [15]. A one-dimensional computer model depends on fundamental analysis, which shows the relationship between process parameters and density profile arrangement. Such parameters are important board characteristics that correlate with the properties of the MDF board [16]. MDF boards with appropriate VDPs are created with careful determination and accurate pressing plan. Existing MDF in the wood market faces issues in regard to moisture, dampness, primary execution, and toughness [17]. Producing quality MDF products that satisfy customer requirements will definitely result in a notable increase in profit for the industry as well as enhancement of the credibility from the perspective of customers [18]. In the last few decades, many researchers have worked on MDF board properties, i.e., bending, thickness swelling, internal bonding, and occurring chemical changes, but only a few studies have examined the vertical density profile of MDF board mathematically. The aims of this study are to increase the bending and internal bonding strength of MDF board, to experimentally study its vertical density profile under varying hot press parameters, and to determine how its peak and core densities are affected by various hot press parameters.




2. Materials and Methods


The raw material used for the production of MDF is wood and glue. Generally, three types of wood are used with different percentages: popular (Populus caspica) with 60%, Ghaz (Tamarix aphylla) with 20%, and lachi (eucalyptus) with 20%.



For the required binding of the board, gluing is a crucial step in the manufacturing of MDF board. Other factors that depend on the glue content are board looseness, area roughness, bending, and internal bonding [19]. The glue used is procured from various certified suppliers, and it is comprised of urea and a formaldehyde mixture. The glue is applied through nozzles with diameters from 2 mm to 3 mm with respect to the ratio of fiber/pulp; i.e., if the pulp is transferring in the blow line of 25 kg, then 15 kg glue is applied.



The process of hot pressing in MDF involves applying pressure in a specified pattern with respect to time, with the platens being heated up to the optimal temperature [20]. A pressure versus time graph in hot pressing is shown in Figure 2.



Experiments were carried out on 16 mm medium density fiberboard with variations in hot press parameters the ranges specified in Table 1.



Afterwards, the density profile test, bending test, internal bonding test, and vertical density profile or X-ray graph test were performed on the sample of the 16 mm board.



2.1. Density Profile Test


The density profile test illustrates changes in thickness, reflecting the density of the panel. Equal distribution leads to a better quality of medium density fiberboard. The experiment was performed using twelve sample pieces, with six pieces with dimensions of 100 × 200 mm at the left side and six pieces with dimensions of 100 × 200 mm at the right side. The weight and thickness of each work piece were measured to obtain the density profile.




2.2. Bending and Internal Bonding Test


This test measures the bending of MDF boards. Five pieces with dimensions of 50 × 400 mm were used in the wood testing machine for the internal bonding and bending test. The maximum applied uniform load with a consistent speed toward the point of convergence of MDF prior to failure measured the bending and internal bonding [21]. For internal bonding critical tests, five work pieces with dimensions of 50 × 50 mm were used. Figure 3 shows the wood testing machine used for the bending test, while Figure 4 depicts the internal bonding test.




2.3. Vertical Density Profile or X-ray Graph


The vertical density profile is generated as result of the input process parameters in hot pressing. Applying pressure on the fiber mat in the presence of a high temperature and the required moisture content creates a vertical density profile. This VDP across the board thickness relates to the bending, internal bonding, and other MDF mechanical properties [22]. An electronic wood X-ray machine as shown in Figure 5 was used to generate X-ray profile of samples used in the experiment. Five work pieces’ samples with dimensions of 50 × 50 mm was considered for the X-ray graph. The X-ray graph represents the point-to-point density as well as the density at the edges and center of the samples [23].




2.4. ISO and ASTM Standards for Statistical Testing Methods


ISO 16895:2016 (en) is international standards used for fiberboard, dry fiber, wood-based panels, medium density fiberboard, and dry-process fiberboard testing. According to ISO/IEC directives, this document is listed as an international standard of fiberboard testing (ISO 16895:2016 (en) ISO/TC 89 array). In addition, another standard for fiberboard testing marked as ASTM D-1037—12(2020) is listed as a standard for methods of evaluating properties of wood-based fiber and the material density of fiberboards.





3. Results and Discussions


Several tests were performed on MDF board by varying the hot press parameters, i.e., temperature, pressure, cycle time, and moisture content. Temperature was varied from 200 to 220 °C, pressure from 145 to 155 bar, cycle time from 260 to 275 s, and moisture content from 8 to 10%. The experimental results are shown in Table 2.



From the experimental data presented in Table 2, the input values of pressure, temperature, cycle time, and moisture content are determined based on the output of bending and internal bonding. According to the experimental data, the maximum value of bending is 32 N/mm2, corresponding to the maximum internal bonding of 0.64 N/mm2. These are achieved by applying a pressure of 155 bar with a temperature of 220 °C, cycle time of 265 s, and moisture content of 8%.



Figure 6 demonstrates the effect of variations in process parameters on bending and internal bonding through a 3D graph of experimental data.



Figure 7 shows the percentage representation of mediumdensity fiberboard parameters. Some of the data are selected from the experimental data in Table 3 for further analysis. To obtain the peak and center densities of the specimen, vertical density profiles are generated.



3.1. Experiment No. 1


Figure 8 shows the vertical density profile of X-ray graphs in 1st specimen, whereas Table 4, Table 5, Table 6 and Table 7 illustrate the detailed experimental data at temperature = 200 °C, cycle time = 260 s, pressure = 145 bar, moisture content = 8.00%.




3.2. Experiment No. 2


Figure 9 shows the vertical density profile of X-ray graphs in 2nd specimen, whereas Table 8, Table 9, Table 10 and Table 11 illustrate the detailed experimental data at temperature = 205 °C, cycle time = 270 s, pressure = 155 bar, moisture content = 10.00%.




3.3. Experiment No. 3


Figure 10 shows the vertical density profile of X-ray graphs in 3rd specimen, whereas Table 12, Table 13, Table 14 and Table 15 illustrate the detailed experimental data at temperature = 210 °C, cycle time = 265 s, pressure = 150 bar, moisture content = 8.50%.




3.4. Experiment No. 4


Figure 11 shows the vertical density profile of X-ray graphs in 4th specimen, whereas Table 16, Table 17, Table 18 and Table 19 illustrate the detailed experimental data at temperature = 215 °C, cycle time = 275 s, pressure = 155 bar, moisture content = 9.00%.




3.5. Experiment No. 5


Figure 12 shows the vertical density profile of X-ray graphs in 5th specimen, whereas Table 20, Table 21, Table 22 and Table 23 illustrate the detailed experimental data at temperature = 220 °C, cycle time = 265 s, pressure = 155 bar, moisture content = 8.00%.



Five samples of medium density fiber board were produced at various temperatures, pressures, cycle times, and moisture contents. In the first sample, the temperature was 200 °C with a pressure of 145 bar, cycle time of 260 s, and moisture of 8.00%. In this experiment, all of the parameters were taken at the minimum conditions, but the result of bending and internal bonding were not good (compared to standards).



In the second sample, a minor increase in all process parameters was observed, with a temperature of 205 °C, a pressure of 155 bar, cycle time of 270 s, and moisture of 10.00%, and, as a result, the bending and internal bonding decreased. In third sample, we observed a further increase in temperature (210 °C) with pressure (150 bar) and cycle time(265 s) and a decrease in moisture (8.50%) with respect to the previous experiments’ moisture content. The results of bending and internal bonding were notably better than those of the previous experiments.



In the fourth sample, we observed an increase in temperature (215 °C) with pressure (155 bar) and cycle time (275 s) as well as an increase in moisture (9.00%) with respect to the results of the previous experiments. The bending and internal bonding also increased. In the fifth sample, the highest value of temperature at 220 °C and a pressure of 155 bar were observed with normal cycle time of 265 s and low moisture content of 8.00%. The results were in accordance with our expectations, with bending and internal bonding values reaching the requirements of the standards.





4. Comparative Analysis


4.1. Vertical Density Profile


A temperamental, one-dimensional PC model dependent on central examination, which can assist with understanding the connection between handling boundaries and density profile arrangements, was created in the current study]. The vertical density profile, representing board density, has for quite some time been distinguished as one of the significant load-up qualities that relate well with internal bonding, bending, and other properties of MDF sheets [24].



Starting with the initial X-ray graphs, and after optimization, it can be observed that the graphs do not follow the standards. The board is hard at the center but loose at the sides. In the second and third graphs, the same situation can be observed in the sheets, as they contain loose sides and only their center is hard and has high density, while the density of their center is normal. After optimization, the graphs present the standards of X-ray graphs. Rendering the sheet results in the density being the same across the board, which means that by increasing the temperature to optimize the pressure, proper use of a wood recipe and maintenance of the dampness content will result in reaching the level of an MDF manufacturing plant.




4.2. Density Profile


The most significant test in the industry is the density profile test, which allows one to examine the combination of density and thickness. From this test, the density profile and weight distribution of a fiber mat can easily be determined. The test before optimization shows that the density in the right side of the board is low, resulting in it not meeting the requirements. In the same case, the second graph shows that the density of the left side is also low due to the low-density range, high weight, and high density of the sheet. In the third graph, both the sides are low, and this must be determined by examining the forming section [25].



After optimization, the density of the fiber mat arrangement in the board whose sides are equal in the sheet is in the desired range. If the density is in not in this range, then various issues can occur. Notably, with the help of the profile test, this problem can be resolved with mat arrangement in the mat or board. The use of a vacuum suction blower can help in suctioning the mat from the pen duster, thereby ensuring the correct fiber mat arrangement in the board.




4.3. Internal Bonding and Strength of the Sheet


The use of tests allows for the strength of sheets and the ways by which they resist external force to be determined. Multiple industries perform bonding tests to standardize final sheets. Prior to optimization, we used an iron pattern, but this consumed a lot of time in the heating process and in conducting the test. Now, however, we use a steel pattern, which speeds up the heating process and is less time consuming.



Several authors have worked on medium density fiberboard properties in many ways, but this study experimentally investigates the properties of MDF board by examining the effect that changing the various process parameters has on bending, internal bonding, and the vertical density profile. IN a previous study, Arun Gupta et al. worked on the modeling of the development of the vertical density profile of MDF during hot pressing [26]. Paul M. Winistorfer et al. worked on modeling and provided a comparison of vertical density profiles. There is various MDF manufacturing plant types, such as single daylight opening plants, multi-opening plants, and continuous production plants [27].



The results show that the internal bonding and strength of the sample before optimization are lower than the standards, which means that the sheet can easily be rupture at the center and also from the side. In contrast, by setting the press parameters of pressure, temperature time, and dampness content, internal bonding reaches its highest level of quality.





5. Conclusions


This research illustrates the effect of hot press input parameters on the characteristics of manufactured medium density fiberboard. Optimum MDF with maximum bending and internal bonding as well as the desired vertical density profile is achieved through careful experimentation and its validation with standards. Five experiments are successfully conducted, where the last experiment provides the desired results. The hot-pressing process with a temperature of 220 °C, a bar pressure of 155, a cycle time of 265 s, and a moisture content of 8%produces the required MDF output. Increasing the hot-pressing temperature improves the bending stiffness and internal bonding and allows for the optimum values of 32 N/mm2 and 0.64 N/mm2, respectively, to be achieved.



For future work, the quality of MDF board can be improved by considering different suitable combinations of raw wood. Similarly, the used resins can be changed, and the manufactured MDF can be analyzed in terms of its bending, internal bonding, and vertical density profile.







Author Contributions


Data curation, A.A.R.; Funding acquisition, N.U., K.M.A., K.A. and R.M.; Investigation, A.H.M.; Methodology, A.H.M.; Project administration, N.U.; Resources, A.A.R.; Supervision, N.U.; Writing—original draft, A.H.M.; Writing—review & editing, A.A.R., M.U.R.S., K.M.A., K.A. and R.M. All authors have read and agreed to the published version of the manuscript.




Funding


The authors appreciated Taif University Researchers Supporting Project numberTURSP-2020/267, Taif University, Taif, Saudi Arabia.




Acknowledgments


The authors are also thankful to the technical assistance provided by the UET Peshawar.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ashori, A.; Nourbakhsh, A.; Karegarfard, A. Properties of medium density fiber board based on bagasse fibers. J. Compos. Mater. 2009, 43, 1927–1934. [Google Scholar] [CrossRef]

	



Ayrilmis, N.; Jarusombuti, S.; Fueangvivat, V.; Bauchongkol, P. Effects of thermal treatment of rubber wood fiber on physical and mechanical properties of MDF. J. Trop. For. Sci. 2011, 23, 10–16. [Google Scholar]

	



Halvarson, S.B.; Edlund, H.; Norgen, M. Wheat straw as raw material for manufacture of straw MDF. BioResources 2010, 5, 1215–1231. [Google Scholar]

	



Ibrahim, Z.; Aziz, A.A.; Ramli, R.; Wanhassan, W.H.; Zainal, N.H. MPOB TT No. 493.Optimum parameters for the production of MDF using 100% oil palm trunks. MPOB Inf. Ser. 2006, 566. [Google Scholar]

	



Büyüksarı, Ü.; Hiziroglu, S.; Akkilic, H.; Ayrilmis, N. Mechanical and physical properties of MDF panels laminated with thermally compressed veneer. Compos. Part B Eng. 2012, 43, 110–114. [Google Scholar] [CrossRef]

	



Kargafard, A.; Nourbakhsh, A.; Hosseinkhani, H. Investigation of MDF properties produced from horn beam wood. J. Pajouhesh-Va-Sazandegi 2007, 20, 25–31. [Google Scholar]

	



Nigro, N.; Storti, M. Hot pressing process modeling for MDF. Int. J. Math. Math. Sci. 2001, 26, 713–729. [Google Scholar] [CrossRef]

	



Kargarfard, A.; Latibari, A.J. Performance of corn and cotton stalks for MDF production. BioResources 2011, 6, 1147–1157. [Google Scholar]

	



Shupe, F.; Hse, C.Y.; Lee, S. Mechanical and physical properties of agro-based fiberboard. HolzAlsRoh-Ind Werkst. 2006, 64, 74–79. [Google Scholar]

	



Zhiyong, C.; Muehl, H.J.; Winandy, J.E. Effect of pressing scheduling on formation of vertical density profile for MDF Panels. In Proceedings of the 40th International Wood Composites Symposium, Seattle, WA, USA, 11–12 April 2006. [Google Scholar]

	



Winandy, J.E.; Krzysik, A.M. Thermal degradation of wood fiber during hot pressing of MDF composites. Wood Fiber Sci. 2007, 39, 450–461. [Google Scholar]

	



Kargarfard, A.; Jahan-Latibari, A. The effect of press temperature on properties of MDF produced from eucalyptus fibers. Int. J. Lignocellul. Prod. 2014, 1, 142–150. [Google Scholar]

	



Groom, L.H.; Mott, L.; Shaler, S. Relationship between fibers furnish properties and performance of structure of MDF. In Proceedings of the 33rd International Particleboard/Composite Materials Symposioum, Pullman, WA, USA, 13–15 April 1999. [Google Scholar]

	



Wang, S.; Young, T.M.; Helton, C.; Winistorfer, P.M. Step-closing pressing of medium density fiberboardPart 2. Influences on panel performance and layer characteristics. Eur. J. Wood Wood Prod. 2011, 59, 311–318. [Google Scholar] [CrossRef]

	



Ayrilmis, N.; Candan, Z.; Akbulut, T.; Balkiz, O. Effect of sanding on surface properties of MDF. Drv. Ind. Znan. Časopis Pitanja Drv. Tehnol. 2010, 61, 175–181. [Google Scholar]

	



Woodson, G.E. Density profile and fiber alignment in fiber board from three southern hardwoods. For. Prod. J. 2011, 27, 29–34. [Google Scholar]

	



Gupta, A.; Jordan, P.J.; Pang, S. Modeling of development of vertical density profile of MDF during hot press. In Proceedings of the CHEMECA 2006, Auckland, New Zealand, 17–20 September 2006. [Google Scholar]

	



Hu, Y.A.; He, M.; Semple, K.; Chen, M.; Pineda, H.; Zhou, C.; Dai, C. Characterizing mat formation of bamboo fiber composite: Horizontal density distribution. Materials 2021, 14, 1198. [Google Scholar] [CrossRef]

	



Camlibel, O.; Akgül, M. Mechanical and physical properties of medium density fiberboard with calcite additive. Wood Res. 2020, 65, 231–244. [Google Scholar] [CrossRef]

	



Nguyen, D.V.; Nguyen, T.T.H.; Kubota, S.; Suzuki, S. Effect of size and type of raw material on temperature and vapor pressure behavior of wood based panels during hot pressing. Wood Mater. Sci. Eng. 2021, 1–10. [Google Scholar] [CrossRef]

	



Lykidis, C.; Moya, R.; Tenorio, C. The effect of melamine formaldehyde impregnation and hot pressing parameters on the density profile of densified popular wood. Eur. J. Wood Wood Prod. 2020, 78, 433–440. [Google Scholar] [CrossRef]

	



Segovia, F.; Blanchet, P.; Essoua, G.G.E. Potential of the crude glycerol and citric acid mixtures as a binder in medium density fiberboard manufacturing. Eur. J. Wood Wood Prod. 2021, 79, 1141–1151. [Google Scholar] [CrossRef]

	



Chin, L.K.X.; Baharuddin, A.; Bin, A.; Mustapha, K.B. Characterizations of medium density fiber boards derived from Malaysian merbau and rubber wood. J. Indian Acad. Wood Sci. 2021, 1–12. [Google Scholar] [CrossRef]

	



Sala, C.M.; Robles, E.; Kowaluk, G. Influence of the addition of spruce fibers to industrial type high density fiberboards produced with recycled fibers. Waste Biomass Valorization 2021, 12, 4033–4042. [Google Scholar] [CrossRef]

	



Esmailpour, A.; Taghiyari, H.R.; Ghorbanali, M.; Mantanis, G.I. Imporving fire retardancy of medium density fiberboard by nano-wollastonite. Fire Mater. 2020, 44, 759–766. [Google Scholar] [CrossRef]

	



Gupta, A. Modeling and Optimization of Medium Density Fiberboardhot Pressing. Ph.D. Thesis, University of Canterbury, Christchurch, New Zealand, 2007. [Google Scholar] [CrossRef]

	



Winistorfer, P.M.; Young, T.M.; Walker, E. Modeling and comparing vertical density profiles. Wood Fiber Sci. 1996, 28, 133–141. [Google Scholar]








[image: Applsci 11 10769 g001 550] 





Figure 1. Medium density fiberboard manufacturing process. 
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Figure 2. Hot press cycle graph. 
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Figure 3. Wood testing machine. 
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Figure 4. Internal bonding specimen. 
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Figure 5. X-ray graph apparatus. 
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Figure 6. Three-dimensional graphical representation of experiments. 
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Figure 7. MDF parameter percentage representation. 
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Figure 8. X-ray vertical density profile of 1st specimen. 
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Figure 9. X-ray vertical density profile of 2ndspecimen. 






Figure 9. X-ray vertical density profile of 2ndspecimen.



[image: Applsci 11 10769 g009]







[image: Applsci 11 10769 g010 550] 





Figure 10. X-ray vertical density profile of 3rdspecimen. 
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Figure 11. X-ray vertical density profile of 4thspecimen. 
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Figure 12. X-ray vertical density profile of 5thspecimen. 
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Table 1. Process parameters for hot pressing.
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	S.No
	Parameters
	Value





	1
	Temperature
	200–220 °C



	2
	Pressure
	145–155 bar



	3
	Time
	260–275 s



	4
	Moisture contents
	8.00–10.00%
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Table 2. Experimental data results.
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	S.No.
	Temperature

°C
	Pressure

Bar
	Cycle Time

S
	Moisture Content

%
	Bending

N/mm2
	Internal Bonding

N/mm2





	1
	195
	145
	260
	8.00
	12
	0.25



	2
	200
	145
	260
	8.00
	24
	0.56



	3
	200
	153
	268
	8.80
	16
	0.40



	4
	202
	152
	265
	9.50
	17
	0.38



	5
	205
	155
	270
	10.00
	22
	0.46



	6
	206
	154
	266
	9.75
	19
	0.41



	7
	207
	147
	260
	8.70
	18
	0.39



	8
	210
	150
	265
	8.50
	28
	0.55



	9
	211
	148
	263
	8.20
	15
	0.44



	10
	213
	150
	270
	9.20
	14
	0.42



	11
	215
	155
	275
	9.00
	26
	0.58



	12
	218
	145
	275
	10.00
	21
	0.43



	13
	220
	155
	265
	8.00
	32
	0.64



	14
	225
	155
	272
	8.00
	20
	0.39
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Table 3. Selected experimental data.
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	S.No.
	Temperature

°C
	Pressure

Bar
	Cycle Time

S
	Moisture Content

%
	Bending

N/mm2
	Internal Bonding

N/mm2





	1
	200
	145
	260
	8.00
	24
	0.56



	2
	205
	155
	270
	10.00
	22
	0.46



	3
	210
	150
	265
	8.50
	28
	0.55



	4
	215
	155
	275
	9.00
	26
	0.58



	5
	220
	155
	265
	8.00
	32
	0.64
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Table 4. Density profile across thickness.
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	S.No.
	Density

Kg/m3
	Piece

No
	Weight

(g)
	Length

(mm)
	Width

(mm)
	Thickness

(mm)





	1
	744
	L1
	261.14
	200
	100
	17.56



	2
	713
	L2
	249.16
	200
	100
	17.48



	3
	710
	L3
	250.34
	200
	100
	17.64



	4
	715
	L4
	250.65
	200
	100
	17.52



	5
	712
	L5
	250.66
	200
	100
	17.61



	6
	714
	L6
	250.76
	200
	100
	17.56



	7
	709
	R6
	249.34
	200
	100
	17.59



	8
	710
	R5
	250.66
	200
	100
	17.65



	9
	711
	R4
	251.11
	200
	100
	17.66



	10
	711
	R3
	252.43
	200
	100
	17.75



	11
	713
	R2
	251.56
	200
	100
	17.65



	12
	739
	R1
	260.34
	200
	100
	17.61
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Table 5. Bending tests.






Table 5. Bending tests.













	Sample
	P.max

N
	Strength

N/mm2
	Span

mm
	Sample weight

(g)
	Density

kg/mm3





	Middle M1 of right
	641
	24.04
	320
	198.24
	670



	Middle M2
	653
	24.49
	320
	195.66
	661



	Middle M3
	648
	24.30
	320
	194.35
	657



	Middle M4
	655
	24.56
	320
	196.41
	664



	Middle M5
	648
	24.30
	320
	199.12
	673



	Average
	
	24.34
	
	
	665
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Table 6. Internal bonding test results.






Table 6. Internal bonding test results.












	Sample
	P.max

N
	Strength

N/mm2
	Sample weight

(g)
	Density

kg/mm3





	Middle M1 of right
	1523
	0.61
	26.85
	671



	Middle M2
	1411
	0.56
	26.44
	661



	Middle M3
	1278
	0.51
	26.31
	658



	Middle M4
	1352
	0.54
	26.13
	653



	Middle M5
	1466
	0.59
	27.26
	682



	Average
	
	0.56
	
	665
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Table 7. Experimental data of 1st sample.






Table 7. Experimental data of 1st sample.





	
Density

	
Average

	

	
850

	
kg/m3




	
Min.

	
Valve

	
652

	
kg/m3




	
Position

	
5.392

	
mm




	
Max. Left

	
Valve

	
849

	
kg/m3




	
Position

	
0.560

	
mm




	
Max. Right

	
Valve

	
851

	
kg/m3




	
Position

	
0.713

	
mm




	
Ratio

	
Min./Avg

	

	
81.10

	
%




	
Gravimetric Valve

	
Width

	

	
50

	
mm




	
Depth

	

	
50

	
mm




	
Weight

	

	
29.21

	
g
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Table 8. Density profile across thickness.






Table 8. Density profile across thickness.





	S.No.
	Density

Kg/m3
	Piece

No
	Weight

(g)
	Length

(mm)
	Width

(mm)
	Thickness

(mm)





	1
	687
	L1
	256.66
	200
	100
	18.68



	2
	655
	L2
	245.13
	200
	100
	18.71



	3
	654
	L3
	244.23
	200
	100
	18.66



	4
	653
	L4
	243.67
	200
	100
	18.65



	5
	657
	L5
	244.54
	200
	100
	18.61



	6
	663
	L6
	245.98
	200
	100
	18.56



	7
	657
	R6
	244.45
	200
	100
	18.59



	8
	659
	R5
	243.98
	200
	100
	18.52



	9
	659
	R4
	244.45
	200
	100
	18.55



	10
	658
	R3
	244.98
	200
	100
	18.61



	11
	661
	R2
	246.56
	200
	100
	18.64



	12
	688
	R1
	257.76
	200
	100
	18.72
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Table 9. Bending tests.






Table 9. Bending tests.













	Sample
	P.max

N
	Strength

N/mm2
	Span

mm
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	600
	22.50
	320
	201.14
	680



	Middle M2
	556
	20.85
	320
	198.46
	670



	Middle M3
	582
	21.83
	320
	196.33
	663



	Middle M4
	599
	22.46
	320
	197.67
	668



	Middle M5
	614
	23.03
	320
	200.56
	678



	Average
	
	22.13
	
	
	672
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Table 10. Internal bonding test results.






Table 10. Internal bonding test results.












	Sample
	P.max

N
	Strength

N/mm2
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	1167
	0.47
	26.26
	657



	Middle M2
	1219
	0.49
	26.01
	650



	Middle M3
	1075
	0.43
	25.56
	639



	Middle M4
	1200
	0.48
	25.98
	650



	Middle M5
	1115
	0.45
	26.11
	653



	Average
	
	0.46
	
	650
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Table 11. Experimental data of 2ndsample.






Table 11. Experimental data of 2ndsample.





	
Density

	
Average

	

	
898

	
kg/m3




	
Min.

	
Valve

	
550

	
kg/m3




	
Position

	
6.921

	
mm




	
Max. Left

	
Valve

	
895

	
kg/m3




	
Position

	
0.495

	
mm




	
Max. Right

	
Valve

	
899

	
kg/m3




	
Position

	
0.623

	
mm




	
Ratio

	
Min./Avg

	

	
79.92

	
%




	
Gravimetric Valve

	
Width

	

	
50

	
mm




	
Depth

	

	
50

	
mm




	
Weight

	

	
27.52

	
g
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Table 12. Density profile across thickness.






Table 12. Density profile across thickness.





	S.No.
	Density

Kg/m3
	Piece

No
	Weight

(g)
	Length

(mm)
	Width

(mm)
	Thickness

(mm)





	1
	728
	L1
	262.56
	200
	100
	18.03



	2
	707
	L2
	255.44
	200
	100
	18.06



	3
	705
	L3
	254.19
	200
	100
	18.02



	4
	706
	L4
	253.91
	200
	100
	17.99



	5
	704
	L5
	254.03
	200
	100
	18.05



	6
	710
	L6
	255.71
	200
	100
	18.01



	7
	709
	R6
	254.54
	200
	100
	17.96



	8
	709
	R5
	254.98
	200
	100
	17.99



	9
	708
	R4
	255.45
	200
	100
	18.04



	10
	711
	R3
	255.98
	200
	100
	18.01



	11
	711
	R2
	256.56
	200
	100
	18.05



	12
	734
	R1
	263.63
	200
	100
	17.97
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Table 13. Bending tests.






Table 13. Bending tests.













	Sample
	P.max

N
	Strength

N/mm2
	Span

mm
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	715
	26.81
	320
	205.76
	695



	Middle M2
	756
	28.35
	320
	203.12
	686



	Middle M3
	781
	29.29
	320
	200.34
	677



	Middle M4
	736
	27.60
	320
	202.75
	685



	Middle M5
	709
	26.59
	320
	205.61
	695



	Average
	
	27.73
	
	
	688
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Table 14. Internal bonding test results.






Table 14. Internal bonding test results.












	Sample
	P.max

N
	Strength

N/mm2
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	1387
	0.55
	27.55
	689



	Middle M2
	1468
	0.59
	27.23
	681



	Middle M3
	1254
	0.50
	26.15
	654



	Middle M4
	1345
	0.54
	25.35
	634



	Middle M5
	1477
	0.59
	27.86
	697



	Average
	
	0.55
	
	671
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Table 15. Experimental data of 3rdsample.






Table 15. Experimental data of 3rdsample.





	
Density

	
Average

	

	
798

	
kg/m3




	
Min.

	
Valve

	
652

	
kg/m3




	
Position

	
7.020

	
mm




	
Max. Left

	
Valve

	
790

	
kg/m3




	
Position

	
0.569

	
mm




	
Max. Right

	
Valve

	
800

	
kg/m3




	
Position

	
0.758

	
mm




	
Ratio

	
Min./Avg

	

	
77.75

	
%




	
Gravimetric Valve

	
Width

	

	
50

	
mm




	
Depth

	

	
50

	
mm




	
Weight

	

	
26.52

	
g
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Table 16. Density profile across thickness.






Table 16. Density profile across thickness.





	S.No.
	Density

Kg/m3
	Piece

No
	Weight

(g)
	Length

(mm)
	Width

(mm)
	Thickness

(mm)





	1
	723.0
	L1
	265.21
	200
	100
	18.34



	2
	694.4
	L2
	254.29
	200
	100
	18.31



	3
	701.3
	L3
	256.13
	200
	100
	18.26



	4
	695.1
	L4
	255.11
	200
	100
	18.35



	5
	693.9
	L5
	254.23
	200
	100
	18.32



	6
	700.0
	L6
	257.87
	200
	100
	18.42



	7
	695.3
	R6
	255.45
	200
	100
	18.37



	8
	693.3
	R5
	254.32
	200
	100
	18.34



	9
	701.1
	R4
	256.76
	200
	100
	18.31



	10
	692.3
	R3
	254.34
	200
	100
	18.37



	11
	694.0
	R2
	255.67
	200
	100
	18.42



	12
	728.5
	R1
	266.76
	200
	100
	18.31
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Table 17. Bending tests.






Table 17. Bending tests.













	Sample
	P.max

N
	Strength

N/mm2
	Span

mm
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	687
	25.76
	320
	201.13
	679



	Middle M2
	676
	25.35
	320
	197.52
	667



	Middle M3
	695
	26.06
	320
	195.63
	661



	Middle M4
	703
	26.36
	320
	198.98
	672



	Middle M5
	707
	26.51
	320
	200.23
	676



	Average
	
	26.01
	
	
	671
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Table 18. Internal bonding test results.






Table 18. Internal bonding test results.












	Sample
	P.max

N
	Strength

N/mm2
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	1456
	0.58
	27.12
	678



	Middle M2
	1515
	0.61
	26.52
	663



	Middle M3
	1378
	0.55
	26.13
	653



	Middle M4
	1404
	0.56
	25.54
	639



	Middle M5
	1511
	0.60
	27.76
	694



	Average
	
	0.58
	
	665
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Table 19. Experimental data of 4thsample.






Table 19. Experimental data of 4thsample.





	
Density

	
Average

	

	
750

	
kg/m3




	
Min.

	
Valve

	
525

	
kg/m3




	
Position

	
7.052

	
mm




	
Max. Left

	
Valve

	
755

	
kg/m3




	
Position

	
0.461

	
mm




	
Max. Right

	
Valve

	
746

	
kg/m3




	
Position

	
0.836

	
mm




	
Ratio

	
Min./Avg

	

	
82.4

	
%




	
Gravimetric Valve

	
Width

	

	
50

	
mm




	
Depth

	

	
50

	
mm




	
Weight

	

	
28.78

	
g
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Table 20. Density profile across thickness.






Table 20. Density profile across thickness.





	S.No.
	Density

Kg/m3
	Piece

No
	Weight

(g)
	Length

(mm)
	Width

(mm)
	Thickness

(mm)





	1
	744
	L1
	268.24
	200
	100
	18.03



	2
	721
	L2
	260.11
	200
	100
	18.05



	3
	726
	L3
	261.56
	200
	100
	18.01



	4
	725
	L4
	260.78
	200
	100
	17.98



	5
	724
	L5
	261.31
	200
	100
	18.05



	6
	721
	L6
	259.78
	200
	100
	18.02



	7
	721
	R6
	260.04
	200
	100
	18.03



	8
	725
	R5
	260.98
	200
	100
	17.99



	9
	724
	R4
	260.64
	200
	100
	17.99



	10
	725
	R3
	261.25
	200
	100
	18.01



	11
	724
	R2
	260.65
	200
	100
	18.01



	12
	750
	R1
	269.78
	200
	100
	17.99
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Table 21. Bending tests.






Table 21. Bending tests.













	Sample
	P.max

N
	Strength

N/mm2
	Span

mm
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	827
	31.01
	320
	207.53
	701



	Middle M2
	856
	32.10
	320
	205.11
	693



	Middle M3
	898
	33.68
	320
	203.68
	688



	Middle M4
	861
	32.29
	320
	207.09
	700



	Middle M5
	854
	32.03
	320
	208.65
	705



	Average
	
	32.22
	
	
	697
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Table 22. Internal bonding test results.






Table 22. Internal bonding test results.












	Sample
	P.max

N
	Strength

N/mm2
	Sample Weight

(g)
	Density

kg/mm3





	Middle M1 of right
	1698
	0.68
	27.76
	694



	Middle M2
	1587
	0.63
	27.98
	700



	Middle M3
	1476
	0.59
	27.11
	678



	Middle M4
	1523
	0.61
	27.31
	683



	Middle M5
	1654
	0.66
	27.64
	691



	Average
	
	0.64
	
	689
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Table 23. Experimental data of 5thsample.






Table 23. Experimental data of 5thsample.





	
Density

	
Average

	

	
950

	
kg/m3




	
Min.

	
Valve

	
752

	
kg/m3




	
Position

	
8.201

	
mm




	
Max. Left

	
Valve

	
942

	
kg/m3




	
Position

	
0.593

	
mm




	
Max. Right

	
Valve

	
947

	
kg/m3




	
Position

	
0.792

	
mm




	
Ratio

	
Min./Avg

	

	
89.2

	
%




	
Gravimetric Valve

	
Width

	

	
50

	
mm




	
Depth

	

	
50

	
mm




	
Weight

	

	
32.2

	
g
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