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Abstract
The present work was aimed at evaluating the physicochemical characteristics of seven recycled tyre tread compounds. The materials were characterized for elemental composition, surface morphology, surface chemistry, oil content, ash content, thermal degradation and dielectric properties. Some of the materials were analyzed according to the Rubber Research Institute Malaysia (RRIM) in-house methods for comparison. Natural rubber, butadiene rubber and styrene-butadiene rubber were also employed to validate the thermal degradation profile. Results show that all materials exhibit comparable elemental composition, and dielectric and surface properties, but dissimilar composition of rubber compounds as revealed by the simple mass balance-thermogravimetric approach. The finding is consistent with the RRIM in-house methods. The proposed thermogravimetric approach is sufficient to assess the composition and quality of recycled tyre tread compounds. 
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Abstrak
Kajian ini bertujuan untuk menilai ciri-ciri fizik-kimia tujuh sebatian bagi bunga tayar kitar semula. Bahan-bahan tersebut dicirikan berdasarkan komposisi unsur, morfologi permukaan, kimia permukaan, kandungan minyak, kandungan abu, kemerosotan terma dan sifat dielektrik. Beberapa bahan telah dianalisis mengikut kaedah dalaman Institut Penyelidikan Getah Malaysia (RRIM) untuk perbandingan. Getah semulajadi, getah butadiena dan getah stirena-butadiena juga digunakan untuk mengesahkan profil kemerosotan terma. Keputusan menunjukkan bahawa semua bahan mempamerkan komposisi elemen, dan sifat dielektrik dan permukaan yang hampir serupa, tetapi komposisi sebatian getah yang berbeza seperti didedahkan oleh pendekatan mudah termogravimetrik-imbangan jisim. Penemuan ini sejajar dengan kaedah dalaman RRIM. Pendekatan termogravimetrik yang dicadangkan ini memadai untuk menilai komposisi dan kualiti sebatian bagi bunga tayar kitar semula.

Kata kunci: sebatian bagi bunga tayar kitar semula, ciri fizik-kimia, pendekatan termogravimetrik-imbangan jisim
 
Introduction
There is an increasing concern over the quality of incoming recycled material for the manufacturing of tyre tread compounds. Often, the recycled material is a blend of different tyre segments [1]. The parts and segments of tyre generally contain varying composition of rubber constituents. Because of the similar physical appearance, the source and composition of this material are somewhat complicated to be differentiated, hence compromising the quality of the tyre treads produced.

In the manufacturing of tyre treads especially for heavy vehicles such as buses and trucks, the recycled material of sufficient quality should be used. The tread is normally composed of natural rubber and poly-butadiene rubber with the right proportion, as these two constituents offer high resistance to abrasion, resistance to cracking and low heat build-up [2]. Failure to attain the correct rubber composition would definitely lead to the inferior quality of tyre tread that may as well compromise the tyre safety. In the present practice, the readily formed tyre tread compound of unknown composition is tested for physicochemical and mechanical characteristics to ascertain its quality and suitability for heavy vehicles [3]. This trial-and-error approach is time-consuming and expensive, and commonly leads to unsatisfactorily outcomes. Consequently, the compound may end-up be rejected because of the quality and safety issues [3].  


It is imperative to understand the nature and composition of the recycled materials beforehand. Therefore, the present work is aimed at evaluating the physicochemical characteristics of seven generic recycled materials of tyre treads to shed some light on fast and reliable quality estimation. The compounds were characterized for elemental composition, surface morphology, surface chemistry, oil content, ash content, thermal degradation and dielectric properties. A simple mass balance-thermogravimetric approach was proposed to ease the estimation of rubber constituents in these compounds. The results were compared and validated with the in-house method of Rubber Research Institute of Malaysia (RRIM).

Materials and Methods
Seven generic recycled materials to produce tyre tread compounds from anonymous sources, natural rubber (NR), butadiene rubber (BR), styrene-butadiene rubber (SBR) and Tube-X were supplied by Revocomm Technologies Sdn Bhd. The seven generic samples of unknown composition and quality were designated as SP40-X, SR-X, AP40, EcP40, Sh9(2), Sh8(2) and Sh-PT. A numeral 40 indicates 40-mesh recycled materials. Hexane was supplied by QReC (Malaysia), and is of analytical-grade reagent. 

The materials were analyzed for elemental composition (CHNOS) using a VarioMICRO elementar. The surface functional groups were determined using a FTIR spectrometer (Perkin Elmer, Spectrum One). The thermal degradation profiles were obtained using a TGA equipment (Perkin Elmer, TGA 7) under N2 flow with a heating rate of 10 °C/min. A FESEM-EDX (Hitachi, SU8020) was used to evaluate the surface morphology of materials. The dielectric properties of materials were determined using a vector network analyzer (Agilent, HP8720B) at varying frequencies. Some the compounds, namely SP40-X, AP40, EcP40 and Sh9(2) were tested by an in-house method of Rubber Research Institute of Malaysia (RRIM) for comparison and validation. 

The materials were subjected to heating in a furnace at 850 °C for 2 hours. The residue, namely ash content was calculated as the residual mass over the original mass before heating. The oil extraction was performed by refluxing hexane using a Soxhlet apparatus. The solvent was recovered using a rotary evaporator and the oil content was calculated as the mass of oil over the mass of solid compound before extraction.    
	
Results and Discussion
Table 1 shows the elemental composition and ash content of recycled tyre tread compounds. The ash content varies between 3.7% and 8.2%. Nevertheless, the composition of ash (carbon black or silica, and zinc oxide) and sulphur are still within the range allowed for truck tyre treads, i.e., 2.0% - 22% and 1.0% - 2.5%, respectively [1, 4]. Because the rubber materials are purely hydrocarbon, the presence of oxygen in the compounds could be attributed to the use of ZnO as filler. SP40-X exhibits a higher ash content, while SR-X shows a 2.2 times lower ash content than SP40-X. The finding suggests that, although these two materials are from the same anonymous source, their blended composition and the quality of compound produced are not uniform. 

Table 1. Elemental composition and ash content
	Generic ID
	Ash Content 
(%)
	Elemental Composition (%)

	
	
	Carbon
	Hydrogen
	Nitrogen
	Sulphur
	Oxygen*

	SP40-X
	8.15
	81.3
	7.31
	0.52
	2.23
	0.49

	SR-X
	3.67
	83.8
	7.40
	0.33
	1.67
	3.13

	AP40
	6.93
	81.5
	7.48
	0.48
	2.07
	1.54

	EcP40
	6.19
	83.3
	7.40
	0.33
	1.78
	1.00

	SH9(2)
	5.09
	82.1
	7.74
	0.43
	2.19
	2.45

	SH8(2)
	5.17
	82.5
	7.72
	0.42
	2.27
	1.92

	Sh-PT
	5.02
	82.4
	7.68
	0.43
	2.10
	2.37


   *Calculated by difference

All ash samples show a common silver colour that probably indicates the presence of inorganic Zn metal (ZnO). In addition, the ash samples of AP40 and Sh-PT are slightly brownish. SP40-X and SR-X exhibit a trace carbon residue that remains even after the heating process. The finding implies that SP40-X and SR-X could contain some fraction of fixed carbon (probably carbon black powder) that can withstand a longer heating period at a higher temperature. Further, it should be noted that carbon black powder is rarely used as reinforcing filler in tyre treads [5]. This could be the reason for the absence of carbon residue in most of the tread samples studied.  


From Table 1, all the studied materials demonstrate a comparable composition of elements. It signifies that all materials contain the right proportion of organic atoms for tyre treads. However, to differentiate the elements according to the specific constituents used in tread manufacturing, i.e., natural rubber, styrene-butadiene rubber, etc., is not possible by elemental analysis. The rubber constituents are common because of their identical atoms that building up the polymer although each of them having dissimilar molecular structures.  

Figure 1 displays the SEM images of the recycled materials. The morphology varies according to the physical nature of the materials. For the slab compounds, Sh-PT reveals a smoother and uniform surface when compared to Sh8(2) and Sh9(2). This could be attributed to the process (operating conditions) from which the compound is made and/or the ratio of the constituents used in the blend. It is noted that both Sh8(2) and Sh9(2) are made from the whole tyre, and it is postulated that the cracks and rough surface are due to impurities, undesired substances and/or incorrect formulation that are associated with the use of the whole segments of recycled tyre. For 40-mesh powdered samples, AP40 exhibits a smoother surface as compared to the other similar counterparts. Accordingly, it is estimated that the quality of AP40 is comparable to that of Sh-PT. 
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Figure 1. SEM images of tyre tread compounds

Table 2 summarizes the surface composition by EDX. In general, the data shown in Table 2 are in agreement with the elemental composition as reported in Table 1. The composition of carbon on the surface of each material varies from 75% to 100%. A 100% carbon content signifies the absence of other elements on the material surface. The EDX data also reveal that the possible constituents of ash are zinc and silica. The absence of oxygen and inorganic constituents in some of the tread compounds as detected by EDX as opposed to the data presented in Table 1 may indicate that the distribution of elements in tread compounds is not uniform throughout the material matrix. 

Table 2. Surface analysis by EDX
	Generic ID
	Carbon
	Oxygen
	Sulphur
	Zinc
	Silica

	SP40-X
	86.7
	6.5
	3.4
	3.3
	-

	SR-X
	97.1
	-
	2.9
	-
	-

	AP40
	100
	-
	-
	-
	-

	EcP40
	96.9
	-
	3.1
	-
	-

	Sh9(2)
	100
	-
	-
	-
	-

	Sh8(2)
	75.4
	15.7
	3.3
	4.7
	0.9

	Sh-PT
	100
	-
	-
	-
	-



Table 3 summarizes the oil content in the recycled materials. The values are ranging from 2% to 6%, i.e., the normal limit of oil amount used in conventional tyre to facilitate the processing of rubber compounds [6]. Oil is also used in tyre as an essential ingredient towards the technical performance, particularly for the road grip properties [2]. However, as far as the tyre tread is concern, the addition of oil should be kept minimum to meet the desirable proportion of natural rubber. In addition, the requirement to withstand overheating and wear resistance is more important than wet grip [3]. The oil content obtained through this method was also compared with the approximate determination using a TGA at 350 °C.   

Table 3. Oil content in the recycled tyre tread compounds
	Generic ID
	Oil Content (%)

	SR-X
	5.78

	Sh-Pt
	5.59

	Sh-9(2)
	3.67

	Sh-8(2)
	4.40

	Tube-X
	2.07

	AP-40
	2.63

	ECP-40
	4.30

	SP40-X
	2.55



Figure 2 shows the heating patterns of the recycled tyre tread compounds. The predicted breakdown of constituents is tabulated in Table 4.
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Figure 2. Thermogravimetric profiles: (a) TG and (b) DT curves

Table 4. Mass balance-thermogravimetric approach to estimate the composition of tread compounds
	Generic ID
	Oil wt.% at 350 °C
	Carbon Black+Fillers wt.% at 
515 °C
	NR wt.% at 350-435 °C
	NR wt.%
	SBR wt.% (by diff.)
	%NR Polymer
	%SBR Polymer

	NR
	7.5
	0.0
	79.8
	92.5
	0.0
	100.0
	0.0

	SBR
	0.7
	0.0
	0.0
	0.0
	99.3
	0.0
	100.0

	SR-X
	16.2
	33.3
	19.5
	22.6
	27.9
	44.7
	55.3

	Sh-Pt
	11.2
	34.2
	36.1
	41.8
	12.8
	76.6
	23.4

	Sh-9(2)
	12.0
	33.7
	37.5
	43.5
	10.8
	80.1
	19.9

	Sh-8(2)
	12.9
	33.7
	36.5
	42.3
	11.1
	79.2
	20.8

	Tube-X
	12.0
	9.2
	68.6
	79.5
	0.0
	100.0
	0.0

	AP40
	11.2
	37.3
	42.8
	49.6
	1.9
	96.3
	3.7

	EcP40
	13.7
	35.7
	38.6
	44.7
	5.9
	88.4
	11.6

	SP40-X
	11.3
	36.2
	43.8
	50.8
	1.7
	96.7
	3.3



From Figure 2, it is obvious that each reference material (NR, BR and SBR) possesses distinct heat decomposition profile with sharp peak at different temperatures. Such dissimilarity can be used to predict the intrinsic composition of each rubber sample. As a matter of fact, oil is the first component that is released or decomposed upon heating at 300-350 °C [7]. Therefore, the first portion of weight loss in thermogravimetric profile at 350 °C is assumed to be that of oil. The oil content by this approximation method is nearly two to five times greater than that obtained using a conventional hexane extraction. It should be noted that oil readily exposed on the surface is most likely to be extracted, while certain amount of oil within the material matrix could be inaccessible to the solvent. Thus, the amount of oil obtained through solvent extraction is often inaccurate unless the compound has already been cut into small pieces to increase the contact area for extraction. While, the thermogravimetric relies on the boiling point of component, hence it is more reliable to represent the fraction of oil that is liberated upon heating. Nevertheless, cautions should be exercised as the given value could be misleading due to the small mass (30-100 mg) used in the TGA analysis.  

SR-X exhibits some fraction of moisture, and a higher oil content that is easily vaporized at lower temperature as depicted by peaks at about 85 °C and 250 °C, respectively. The second portion of weight loss that generates sharp peak is due to the presence of natural rubber. The natural rubber (NR) displays a peak centred at 387 °C. Materials having a considerable fraction of NR (>70%) also display a similar peak but with different intensities depending on the amount of NR used in the tread compounds. It can be estimated that the weight loss from     350 °C to 435 °C directly corresponds to NR, and the value is then corrected to 100 % NR. For example, Tube-X that possesses similar intensity of peak as NR contains 79% NR, 12% oil and 9% carbon black and filler. The percentage of polymer in Tube-X is therefore 100% NR. The calculations are based on simple mass balance by integrating the peaks in the thermogravimetric profiles.

From Figure 2, there is a gradual weight loss for all recycled materials at temperature above 515 °C. The remaining weight could be assigned to the amount of carbon black and fillers (Zn and/or Si). It is evident that there is no amount of carbon black and filler in NR, BR and SBR, while Tube-X contains 9.2% carbon black and filler. On the other hand, other materials demonstrate a comparable amount of carbon black and filler, ranging between 34% and 37%. The difference between the amount of carbon black and filler can be established using BS EN 12879:2000 (heating at 850 °C for 2 h under air flow), i.e., the same method used to determine ash content. The TGA approach could also be used to determine the carbon black content through stepwise heating by switching the N2 flow to air flow from 700 °C onwards [8, 9]. This is due to the fact that carbon black is somewhat resistant to heat and possesses slow degradation under N2 flow as shown in Figure 2.  

It is obvious from Figure 2 that most of the recycled materials display a secondary peak that is tallied with that of SBR. Hence, it is assumed that the remaining polymer in the tread compounds is SBR. The fraction of SBR in the compounds can be calculated by difference. From the mass balance calculation, SR-X demonstrates a considerable fraction of SBR of 55%. To validate the mass balance-thermogravimetric approach, some samples were analyzed using an in-house method of RRIM, and the findings are summarized in Table 5. The in-house method of RRIM yields a close agreement with the proposed mass balance-thermogravimetric approach (Table 4). It shows that the thermal degradation profiles could be sufficiently used to differentiate the types of rubber, and also to quantitatively estimate the composition of polymers used in the tyre tread compounds. 

Table 5. Composition of tread compounds using an in-house method of RRIM
	Composition
	SP40-X
	AP40
	EcP40
	Sh9(2)

	NR (%)
	90
	90
	70
	70

	BR (+SBR) (%)
	10
	10
	30
	30

	Polymer (%)
	57.5
	57.8
	54.2
	60.3

	Carbon black (%)
	30.2
	29.9
	29.4
	27.3

	Ash (%)
	5.6
	5.6
	5.3
	5.3

	Solvent extract (%)
	6.7
	6.7
	11.1
	7.1

	Zinc oxide (%)
	1.7
	1.6
	1.0
	1.2

	Total sulfur (%)
	2.4
	2.2
	1.8
	2.4

	TMQ (%)
	0.1
	0.1
	0.1
	0.1



Figure 3 shows the FTIR spectra of the recycled tyre tread compounds, and the respective peaks assignments are summarized in Table 6. All tread compounds demonstrate a similar pattern of FTIR spectra. The peaks shown in Table 6 correspond to the common structure of rubber; long chain aliphatic (single bond) hydrocarbons, alkenes or aromatic (double bond), and sulfur groups (used in vulcanization). In addition, the presence of alkenes and aromatic could not be distinguished because both of them fall under the same wave number of 1300-1500 cm-1. Thus, it is rather difficult to identify as whether the tyre tread compounds contain either SBR or BR. Moreover, this approach is purely qualitative, and is only sufficient to estimate the surface functional groups. 
[image: ]

Figure 3. FTIR spectra of tread compounds

Table 6. Peaks assignments
	Wavenumber (cm-1)
	Assignment
	1.
SP40-X
	2.
SR-X
	3.
AP40
	4.
EcP40
	5.
Sh9(2)
	6.
Sh8(2)
	7.
Sh-PT

	705-570
	Disulfides, 
C—S stretch
	548
	556
	542
	548
	538
	542
	538

	1500-1300
	C—H bending vibrations (alkenes)
	1537, 1372, 1431
	1537, 1396
	1537, 1429, 1372
	1535, 1427, 1371
	1535, 1429, 1373
	1535, 1425, 1371
	1535, 1396, 1373

	2150-1990
	Isothiocyanate 
(—NCS)
	2114, 1994
	2116, 1991
	2114, 1992
	2114, 1990
	2114, 1994
	2116, 1990
	2114, 1992

	2700-2400
	Thiols and sulfides (S—H)
	2328
	2328
	2328
	2328
	2328
	2326
	2332

	2865-2845
	Methylene, C—H symmetric stretching vibrations
	2847
	2847
	2847
	2847
	2847
	2847
	2847

	2935-2915
	Methylene, C—H asymmetric stretching vibrations
	2916
	2914
	2914
	2914
	2914
	2914
	2914



Figure 4 shows the profiles of dielectric properties of tread compounds at varying frequencies. The values of dielectric constant, ε’ and loss tangent, tan δ at 2.45 GHz are summarized in Table 7. 
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Figure 4. (a) Dielectric constant and (b) loss tangent of tread compounds at varying frequencies

Table 7. Dielectric constant and loss tangent of tread compounds at 2.45 GHz
	Sample
	ε'
	tan δ

	BR
	2.65
	0.02

	NR
	2.18
	0.02

	SBR
	2.17
	0.02

	SP40-X
	3.30
	0.05

	SR-X
	3.40
	0.08

	AP40
	3.44
	0.05

	EcP40
	4.11
	0.06

	Sh9(2)
	6.63
	0.09

	Sh8(2)
	6.26
	0.10

	Sh-PT
	4.35
	0.05









[bookmark: _GoBack]Dielectric constant determines the behaviour of the material under microwave radiation. It includes how much energy is reflected from the material, as well as how efficient is the material to store the microwave energy. On the other hand, the loss tangent describes the efficiency of a material to dissipate the stored energy (microwaves) as heat [10]. In general, the compounds exhibit high dielectric constant and loss tangent compared to the pristine rubbers (Table 7). Although there are differences in the values of dielectric constant and loss tangent, all rubber samples display a comparable pattern of dielectric properties. It indicates that the materials are made from the same major constituents that are microwave-transparent [10]. Because rubber is not a dielectric material, the deviation in values could be attributed to the use of ionic salt (ZnO) in the material [11]. Nevertheless, this method seems unsuitable to distinguish the composition of polymers used in the compounds.

Conclusion
The recycled tyre treads were characterized to evaluate the composition, and to determine a suitable and quick approach to estimate the quality of the compounds. A simple mass balance-thermogravimetric approach was proposed to estimate the composition of oil, natural rubber and fillers, and that of SBR can be calculated by difference. The ash content can be obtained through heating at 850 °C for 2 hours, and its constituents can be predicted using EDX. The results were validated, and show a good agreement with the in-house methods of RRIM. Other characterization outcomes such as FTIR spectra and dielectric properties, however offer insufficient information towards the quality of tread compounds. The mass balance-thermogravimetric approach provides a quick and reliable assessment of the composition and quality of recycled tyre tread compounds.  
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Derivative weight loss (%/°C)



SP40-X	0.20099000000000083	0.40098000000000161	0.60097000000000345	0.80096000000000001	1.00095	1.200939999999993	1.4009299999999894	1.6009199999999999	1.80091	2.0009000000000001	2.2008899999999998	2.4008799999999977	2.60087	2.8008599999999833	3.0008499999999967	3.2008399999999999	3.40083	3.6008200000000001	3.8008099999999967	4.0007999999999999	4.2007899999999996	4.4007800000000001	4.6007699999999998	4.8007600000000004	5.00075	5.2007399999999997	5.4007300000000003	5.6007199999999955	5.8007099999999996	6.0007000000000001	6.2006899999999998	6.4006800000000004	6.60067	6.8006599999999997	7.0006500000000003	7.2006399999999999	7.4006300000000014	7.6006200000000002	7.8006099999999998	8.0006000000000004	8.20059	8.4005800000000068	8.6005700000000012	8.8005600000000008	9.0005500000000005	9.2005400000000002	9.4005300000000247	9.6005200000000013	9.8005100000000027	10.000500000000002	10.20049	10.400480000000057	10.60047	10.800460000000006	11.000450000000004	11.20044	11.400430000000057	11.60042	11.800410000000022	12.000400000000004	12.200390000000001	12.40038	12.60037	12.80036	13.000350000000001	13.200340000000001	13.40033	13.60032	13.80031	14.000300000000001	14.200290000000001	14.40028	14.60027	14.80026	15.000250000000001	15.200240000000001	15.400230000000002	15.60022	15.80021	16.0002	16.200189999999989	16.400179999999889	16.600169999999999	16.800160000000005	17.000150000000001	17.200139999999866	17.400129999999859	17.60012	17.80011	18.0001	18.200089999999989	18.400079999999896	18.600069999999999	18.800059999999988	19.000050000000005	19.20003999999987	19.400029999999862	19.600020000000001	19.80001	20	3.2965375000000012	1.9644500000000071	3.7684000000000002	4.3474749999999718	3.5139999999999998	2.9838874999999998	3.1165000000000003	3.4333	3.4787874999999997	3.3885374999999995	3.2333875000000156	3.2972000000000001	3.3135374999999998	3.3647874999999998	3.3047249999999999	3.2199250000000004	3.1725249999999998	3.2963875000000002	3.4263499999999967	3.3791249999999997	3.2000250000000001	3.1934874999999998	3.3639250000000001	3.3822124999999823	3.2802250000000002	3.2559125	3.3643000000000005	3.3297250000000007	3.2870375000000229	3.3013125000000003	3.3049375000000012	3.2590000000000003	3.2347625	3.2721499999999977	3.1616249999999999	3.2195999999999998	3.2191124999999987	3.1886000000000001	3.1781124999999997	3.1982125000000003	3.1374749999999998	3.0968374999999977	3.0743125	3.1211000000000002	3.0987625000000003	3.1312499999999832	3.1549249999999995	3.1043875000000156	3.1199124999999968	3.0789875000000002	3.0579000000000001	3.0606374999999999	3.1103499999999977	3.1024249999999998	3.1092624999999967	3.1006125	3.1439375000000238	3.0770500000000003	3.0712999999999977	3.0665625000000003	3.0211750000000004	3.0342499999999832	3.0944499999999864	3.0971875000000137	3.0698374999999998	3.0759624999999859	3.0535625	2.9721249999999997	3.0100375000000001	3.0012374999999998	2.9877375000000184	3.0112124999999832	3.0917250000000003	3.0951624999999967	3.0318749999999977	3.036249999999975	3.0218499999999864	3.0421499999999977	3.0255999999999998	3.0762624999999759	3.0560124999999818	3.1383999999999999	3.1343624999999977	3.1079250000000012	3.1059999999999994	3.1033750000000002	3.1286875000000012	3.1014624999999967	3.0862124999999967	3.0772250000000003	3.0926249999999977	3.0892000000000004	3.0749249999999999	3.1035250000000012	3.1193749999999998	3.1040375000000155	3.1041875000000161	3.0747625000000003	3.0889375000000174	3.0804624999999977	SR-X	0.20099000000000083	0.40098000000000161	0.60097000000000345	0.80096000000000001	1.00095	1.200939999999993	1.4009299999999894	1.6009199999999999	1.80091	2.0009000000000001	2.2008899999999998	2.4008799999999977	2.60087	2.8008599999999833	3.0008499999999967	3.2008399999999999	3.40083	3.6008200000000001	3.8008099999999967	4.0007999999999999	4.2007899999999996	4.4007800000000001	4.6007699999999998	4.8007600000000004	5.00075	5.2007399999999997	5.4007300000000003	5.6007199999999955	5.8007099999999996	6.0007000000000001	6.2006899999999998	6.4006800000000004	6.60067	6.8006599999999997	7.0006500000000003	7.2006399999999999	7.4006300000000014	7.6006200000000002	7.8006099999999998	8.0006000000000004	8.20059	8.4005800000000068	8.6005700000000012	8.8005600000000008	9.0005500000000005	9.2005400000000002	9.4005300000000247	9.6005200000000013	9.8005100000000027	10.000500000000002	10.20049	10.400480000000057	10.60047	10.800460000000006	11.000450000000004	11.20044	11.400430000000057	11.60042	11.800410000000022	12.000400000000004	12.200390000000001	12.40038	12.60037	12.80036	13.000350000000001	13.200340000000001	13.40033	13.60032	13.80031	14.000300000000001	14.200290000000001	14.40028	14.60027	14.80026	15.000250000000001	15.200240000000001	15.400230000000002	15.60022	15.80021	16.0002	16.200189999999989	16.400179999999889	16.600169999999999	16.800160000000005	17.000150000000001	17.200139999999866	17.400129999999859	17.60012	17.80011	18.0001	18.200089999999989	18.400079999999896	18.600069999999999	18.800059999999988	19.000050000000005	19.20003999999987	19.400029999999862	19.600020000000001	19.80001	20	3.5424899999999977	2.2599900000000006	4.1734	4.4410000000000034	3.4246799999999977	3.1216200000000001	3.4082399999999993	3.5577999999999994	3.4153199999999977	3.3913399999999987	3.3951599999999864	3.43058	3.3427599999999864	3.3682100000000004	3.3802700000000003	3.3150799999999823	3.2183299999999995	3.3241199999999997	3.4525799999999967	3.4105799999999977	3.2466699999999977	3.2307900000000012	3.3649700000000005	3.3809199999999997	3.3049899999999988	3.3026899999999824	3.3972199999999977	3.3547399999999987	3.3060699999999823	3.3362299999999818	3.3251800000000005	3.2831500000000156	3.2604100000000011	3.2939899999999995	3.1860599999999977	3.2274100000000012	3.2442199999999999	3.2288399999999995	3.2167299999999988	3.2304200000000001	3.1746900000000005	3.1278199999999998	3.1091699999999998	3.1341000000000006	3.0901100000000001	3.1072299999999999	3.1233799999999996	3.0873499999999998	3.1097200000000011	3.08921	3.0845500000000001	3.0779299999999998	3.1142700000000003	3.1054799999999987	3.1082700000000001	3.10189	3.1537700000000002	3.0947899999999997	3.0972700000000004	3.0889800000000012	3.0387099999999987	3.0446	3.0936600000000007	3.0951900000000001	3.0715200000000005	3.0718599999999832	3.0585399999999998	2.9856899999999977	3.0365699999999967	3.0434000000000001	3.0365899999999977	3.0593000000000004	3.1225999999999994	3.1231400000000002	3.0648700000000004	3.0801400000000001	3.0623499999999977	3.0809500000000001	3.0811600000000001	3.1147999999999998	3.1035699999999999	3.1732300000000002	3.1776600000000004	3.1459600000000001	3.1353299999999997	3.1278199999999994	3.1523499999999967	3.1277100000000146	3.1147800000000001	3.1056499999999967	3.1114199999999967	3.1042800000000002	3.0915299999999997	3.1033599999999995	3.12243	3.1088900000000002	3.1082100000000006	3.0858499999999967	3.0980999999999987	3.0781499999999977	AP40	0.20099000000000083	0.40098000000000161	0.60097000000000345	0.80096000000000001	1.00095	1.200939999999993	1.4009299999999894	1.6009199999999999	1.80091	2.0009000000000001	2.2008899999999998	2.4008799999999977	2.60087	2.8008599999999833	3.0008499999999967	3.2008399999999999	3.40083	3.6008200000000001	3.8008099999999967	4.0007999999999999	4.2007899999999996	4.4007800000000001	4.6007699999999998	4.8007600000000004	5.00075	5.2007399999999997	5.4007300000000003	5.6007199999999955	5.8007099999999996	6.0007000000000001	6.2006899999999998	6.4006800000000004	6.60067	6.8006599999999997	7.0006500000000003	7.2006399999999999	7.4006300000000014	7.6006200000000002	7.8006099999999998	8.0006000000000004	8.20059	8.4005800000000068	8.6005700000000012	8.8005600000000008	9.0005500000000005	9.2005400000000002	9.4005300000000247	9.6005200000000013	9.8005100000000027	10.000500000000002	10.20049	10.400480000000057	10.60047	10.800460000000006	11.000450000000004	11.20044	11.400430000000057	11.60042	11.800410000000022	12.000400000000004	12.200390000000001	12.40038	12.60037	12.80036	13.000350000000001	13.200340000000001	13.40033	13.60032	13.80031	14.000300000000001	14.200290000000001	14.40028	14.60027	14.80026	15.000250000000001	15.200240000000001	15.400230000000002	15.60022	15.80021	16.0002	16.200189999999989	16.400179999999889	16.600169999999999	16.800160000000005	17.000150000000001	17.200139999999866	17.400129999999859	17.60012	17.80011	18.0001	18.200089999999989	18.400079999999896	18.600069999999999	18.800059999999988	19.000050000000005	19.20003999999987	19.400029999999862	19.600020000000001	19.80001	20	3.5844499999999977	2.1749000000000001	3.9221875000000002	4.4619874999999976	3.5779875000000012	3.1126249999999978	3.2841625000000012	3.5666124999999869	3.5371000000000001	3.4351499999999864	3.3404624999999832	3.4416499999999832	3.4524499999999749	3.4380249999999997	3.3807375000000124	3.3391749999999987	3.3053624999999967	3.4226875000000003	3.4978624999999832	3.4375749999999998	3.3036000000000003	3.2966624999999823	3.439862499999975	3.4343749999999997	3.3599499999999822	3.3791499999999823	3.4590499999999809	3.4292375000000002	3.3919999999999977	3.4072125	3.4025999999999987	3.3745999999999987	3.3356624999999736	3.3725249999999987	3.2636000000000012	3.2918375000000006	3.3107999999999977	3.2900875000000012	3.2804250000000001	3.2991875000000133	3.2324249999999997	3.1818624999999967	3.1820624999999967	3.2223125000000001	3.1953125000000004	3.2134999999999998	3.2286000000000001	3.1850874999999994	3.1809124999999998	3.1426624999999859	3.1479499999999998	3.1477875000000206	3.1904749999999997	3.1784499999999967	3.1729249999999998	3.1642000000000001	3.201425	3.1300875000000001	3.1318749999999977	3.1206749999999999	3.0851374999999996	3.0919624999999864	3.1604875000000012	3.1684874999999999	3.1552875	3.1464499999999869	3.1217999999999999	3.0439750000000001	3.0937625	3.0911874999999998	3.0883875000000156	3.1088	3.1639375000000229	3.1738750000000007	3.1167624999999823	3.1198124999999823	3.0958124999999823	3.1048124999999978	3.0974624999999967	3.1331749999999996	3.1159875000000001	3.1779125000000001	3.1999374999999999	3.1818999999999997	3.1668624999999859	3.1608750000000008	3.18655	3.1732499999999977	3.1577999999999999	3.1526375	3.1628249999999998	3.1604625000000004	3.1482625	3.1574875000000002	3.1821500000000005	3.1572374999999999	3.1498999999999997	3.1373500000000005	3.1494499999999968	3.1204499999999977	EcP40	0.20099000000000083	0.40098000000000161	0.60097000000000345	0.80096000000000001	1.00095	1.200939999999993	1.4009299999999894	1.6009199999999999	1.80091	2.0009000000000001	2.2008899999999998	2.4008799999999977	2.60087	2.8008599999999833	3.0008499999999967	3.2008399999999999	3.40083	3.6008200000000001	3.8008099999999967	4.0007999999999999	4.2007899999999996	4.4007800000000001	4.6007699999999998	4.8007600000000004	5.00075	5.2007399999999997	5.4007300000000003	5.6007199999999955	5.8007099999999996	6.0007000000000001	6.2006899999999998	6.4006800000000004	6.60067	6.8006599999999997	7.0006500000000003	7.2006399999999999	7.4006300000000014	7.6006200000000002	7.8006099999999998	8.0006000000000004	8.20059	8.4005800000000068	8.6005700000000012	8.8005600000000008	9.0005500000000005	9.2005400000000002	9.4005300000000247	9.6005200000000013	9.8005100000000027	10.000500000000002	10.20049	10.400480000000057	10.60047	10.800460000000006	11.000450000000004	11.20044	11.400430000000057	11.60042	11.800410000000022	12.000400000000004	12.200390000000001	12.40038	12.60037	12.80036	13.000350000000001	13.200340000000001	13.40033	13.60032	13.80031	14.000300000000001	14.200290000000001	14.40028	14.60027	14.80026	15.000250000000001	15.200240000000001	15.400230000000002	15.60022	15.80021	16.0002	16.200189999999989	16.400179999999889	16.600169999999999	16.800160000000005	17.000150000000001	17.200139999999866	17.400129999999859	17.60012	17.80011	18.0001	18.200089999999989	18.400079999999896	18.600069999999999	18.800059999999988	19.000050000000005	19.20003999999987	19.400029999999862	19.600020000000001	19.80001	20	4.4958000000000009	3.0239500000000001	4.7399125	5.2208124999999965	4.149025	3.7777500000000002	4.1077374999999945	4.3280874999999845	4.1428874999999845	4.0608124999999955	4.0946874999999965	4.2002874999999991	4.1089874999999845	4.0756250000000014	4.0942874999999965	4.0777625000000004	3.9882249999999999	4.0659874999999746	4.1625749999999533	4.1420874999999855	3.9904375000000001	3.9611999999999998	4.1148749999999579	4.1090999999999998	4.0439499999999997	4.0661124999999965	4.1302375000000007	4.0904999999999996	4.0520624999999999	4.0768749999999985	4.0568749999999945	4.0467750000000002	3.9995249999999993	4.0227999999999975	3.9135624999999967	3.9321249999999988	3.9571250000000004	3.9375374999999995	3.9184249999999987	3.9359499999999832	3.8751375000000006	3.8323124999999814	3.8227624999999823	3.8523999999999967	3.8055874999999997	3.8051000000000004	3.8054499999999813	3.7834499999999998	3.7730250000000005	3.7557250000000004	3.7724499999999832	3.766	3.7939875000000156	3.782025	3.7758124999999967	3.75135	3.8068124999999777	3.7464124999999977	3.7504624999999967	3.7504625000000003	3.7137000000000002	3.7090874999999999	3.7663999999999995	3.7560124999999873	3.7458250000000004	3.7242250000000006	3.706737500000016	3.6382250000000007	3.6729499999999864	3.6882625	3.6856999999999998	3.7096250000000004	3.7589749999999995	3.7548499999999967	3.6971875000000156	3.7263000000000002	3.7028249999999998	3.7124375000000001	3.7039375000000239	3.7609625000000002	3.7286499999999987	3.7695500000000002	3.8000875000000001	3.7870750000000006	3.7798875000000005	3.7702249999999999	3.7907875000000137	3.7736499999999977	3.7433624999999999	3.7330249999999996	3.7421499999999988	3.7369874999999997	3.7199749999999998	3.7107375000000156	3.7181499999999987	3.6901000000000002	3.6831500000000092	3.678525	3.6758499999999832	3.6583000000000001	Sh9(2)	0.20099000000000083	0.40098000000000161	0.60097000000000345	0.80096000000000001	1.00095	1.200939999999993	1.4009299999999894	1.6009199999999999	1.80091	2.0009000000000001	2.2008899999999998	2.4008799999999977	2.60087	2.8008599999999833	3.0008499999999967	3.2008399999999999	3.40083	3.6008200000000001	3.8008099999999967	4.0007999999999999	4.2007899999999996	4.4007800000000001	4.6007699999999998	4.8007600000000004	5.00075	5.2007399999999997	5.4007300000000003	5.6007199999999955	5.8007099999999996	6.0007000000000001	6.2006899999999998	6.4006800000000004	6.60067	6.8006599999999997	7.0006500000000003	7.2006399999999999	7.4006300000000014	7.6006200000000002	7.8006099999999998	8.0006000000000004	8.20059	8.4005800000000068	8.6005700000000012	8.8005600000000008	9.0005500000000005	9.2005400000000002	9.4005300000000247	9.6005200000000013	9.8005100000000027	10.000500000000002	10.20049	10.400480000000057	10.60047	10.800460000000006	11.000450000000004	11.20044	11.400430000000057	11.60042	11.800410000000022	12.000400000000004	12.200390000000001	12.40038	12.60037	12.80036	13.000350000000001	13.200340000000001	13.40033	13.60032	13.80031	14.000300000000001	14.200290000000001	14.40028	14.60027	14.80026	15.000250000000001	15.200240000000001	15.400230000000002	15.60022	15.80021	16.0002	16.200189999999989	16.400179999999889	16.600169999999999	16.800160000000005	17.000150000000001	17.200139999999866	17.400129999999859	17.60012	17.80011	18.0001	18.200089999999989	18.400079999999896	18.600069999999999	18.800059999999988	19.000050000000005	19.20003999999987	19.400029999999862	19.600020000000001	19.80001	20	7.7675999999999945	5.7915125000000005	7.4549625000000006	7.8640124999999745	7.0120249999999755	6.5472374999999996	6.5521874999999845	6.7721624999999994	6.8266124999999995	6.7775749999999855	6.6160749999999755	6.6257499999999965	6.6438000000000006	6.6727874999999965	6.6049749999999596	6.5311250000000003	6.4543625000000002	6.5722749999999985	6.6603374999999945	6.6207124999999865	6.4425749999999855	6.4145249999999745	6.5960125000000005	6.5889874999999956	6.4831249999999985	6.4563124999999992	6.5529999999999955	6.5402625000000034	6.4627999999999997	6.4497000000000124	6.4558250000000008	6.4435625000000014	6.3549124999999709	6.3958249999999746	6.2600499999999997	6.2733250000000034	6.2837999999999994	6.2449999999999966	6.2082500000000014	6.2200500000000005	6.13185	6.0685749999999672	6.0587499999999999	6.0615749999999755	6.0001124999999975	6.009387499999999	6.0214749999999855	5.9595249999999975	5.9273124999999975	5.8758250000000007	5.8368374999999997	5.7888500000000001	5.8247624999999985	5.7913875000000008	5.7846625000000014	5.7493750000000023	5.8265625000000005	5.7552625000000024	5.7598499999999992	5.7464374999999999	5.6993500000000008	5.6817374999999988	5.7658749999999745	5.7684999999999995	5.7700875000000007	5.7719000000000014	5.7605374999999945	5.7058625000000003	5.7397875000000003	5.7584625000000003	5.7588625000000002	5.7957000000000001	5.8686499999999997	5.8741874999999855	5.827724999999969	5.8568999999999996	5.8373249999999945	5.8457124999999985	5.809612500000001	5.8730499999999992	5.8063874999999996	5.8541374999999745	5.8462750000000003	5.7539499999999997	5.7112750000000014	5.6704124999999985	5.6728874999999945	5.6107999999999985	5.5839124999999985	5.5608999999999975	5.5635625000000006	5.5530874999999975	5.5409749999999756	5.5290124999999986	5.5728999999999997	5.5340124999999976	5.5680874999999945	5.5789249999999955	5.5824499999999997	5.5935374999999965	Sh8(2)	0.20099000000000083	0.40098000000000161	0.60097000000000345	0.80096000000000001	1.00095	1.200939999999993	1.4009299999999894	1.6009199999999999	1.80091	2.0009000000000001	2.2008899999999998	2.4008799999999977	2.60087	2.8008599999999833	3.0008499999999967	3.2008399999999999	3.40083	3.6008200000000001	3.8008099999999967	4.0007999999999999	4.2007899999999996	4.4007800000000001	4.6007699999999998	4.8007600000000004	5.00075	5.2007399999999997	5.4007300000000003	5.6007199999999955	5.8007099999999996	6.0007000000000001	6.2006899999999998	6.4006800000000004	6.60067	6.8006599999999997	7.0006500000000003	7.2006399999999999	7.4006300000000014	7.6006200000000002	7.8006099999999998	8.0006000000000004	8.20059	8.4005800000000068	8.6005700000000012	8.8005600000000008	9.0005500000000005	9.2005400000000002	9.4005300000000247	9.6005200000000013	9.8005100000000027	10.000500000000002	10.20049	10.400480000000057	10.60047	10.800460000000006	11.000450000000004	11.20044	11.400430000000057	11.60042	11.800410000000022	12.000400000000004	12.200390000000001	12.40038	12.60037	12.80036	13.000350000000001	13.200340000000001	13.40033	13.60032	13.80031	14.000300000000001	14.200290000000001	14.40028	14.60027	14.80026	15.000250000000001	15.200240000000001	15.400230000000002	15.60022	15.80021	16.0002	16.200189999999989	16.400179999999889	16.600169999999999	16.800160000000005	17.000150000000001	17.200139999999866	17.400129999999859	17.60012	17.80011	18.0001	18.200089999999989	18.400079999999896	18.600069999999999	18.800059999999988	19.000050000000005	19.20003999999987	19.400029999999862	19.600020000000001	19.80001	20	7.4985625000000002	5.4773500000000004	7.1517999999999997	7.6465874999999945	6.7733249999999998	6.2165124999999986	6.2336625000000332	6.4852625000000277	6.5296874999999996	6.4562125000000004	6.2613750000000001	6.2629624999999995	6.3035124999999965	6.3305749999999845	6.2656749999999946	6.1795	6.0943124999999965	6.223325	6.3101749999999672	6.2760125000000002	6.1016750000000002	6.0700374999999998	6.2417000000000034	6.2513750000000003	6.1730625000000003	6.1533249999999855	6.2403875000000006	6.2345124999999975	6.1658249999999653	6.1571624999999965	6.1431249999999755	6.1137749999999755	6.0629499999999945	6.1078874999999755	5.9681250000000006	5.9866375000000014	6.0040749999999745	5.9654625000000001	5.9331500000000004	5.9379250000000008	5.8250624999999996	5.7371249999999945	5.6946624999999997	5.7018000000000004	5.6422124999999985	5.6277749999999616	5.6293499999999996	5.5639374999999855	5.5289374999999845	5.4792375000000124	5.4541874999999855	5.4272874999999985	5.4608749999999855	5.4339625000000034	5.4425624999999993	5.4141874999999855	5.4814249999999998	5.4189874999999965	5.4213499999999994	5.4094625000000134	5.3750124999999995	5.3504999999999985	5.4107874999999996	5.4129124999999965	5.4109124999999985	5.4304749999999995	5.4314249999999999	5.3847624999999999	5.4212000000000033	5.4417375000000003	5.4426625000000124	5.4770874999999997	5.5312000000000134	5.5350000000000001	5.4900625000000014	5.4976124999999998	5.4640249999999755	5.4410124999999994	5.3785874999999965	5.4096875000000004	5.3348499999999985	5.3724999999999996	5.3607749999999745	5.2970874999999955	5.283949999999999	5.2796875000000014	5.3015374999999985	5.2653749999999855	5.2491249999999985	5.2345625000000009	5.2557124999999996	5.2539874999999965	5.2534374999999995	5.2568625000000004	5.3081374999999955	5.2914250000000003	5.3280749999999708	5.3396749999999997	5.3387374999999997	5.3379124999999945	Sh-PT	0.20099000000000083	0.40098000000000161	0.60097000000000345	0.80096000000000001	1.00095	1.200939999999993	1.4009299999999894	1.6009199999999999	1.80091	2.0009000000000001	2.2008899999999998	2.4008799999999977	2.60087	2.8008599999999833	3.0008499999999967	3.2008399999999999	3.40083	3.6008200000000001	3.8008099999999967	4.0007999999999999	4.2007899999999996	4.4007800000000001	4.6007699999999998	4.8007600000000004	5.00075	5.2007399999999997	5.4007300000000003	5.6007199999999955	5.8007099999999996	6.0007000000000001	6.2006899999999998	6.4006800000000004	6.60067	6.8006599999999997	7.0006500000000003	7.2006399999999999	7.4006300000000014	7.6006200000000002	7.8006099999999998	8.0006000000000004	8.20059	8.4005800000000068	8.6005700000000012	8.8005600000000008	9.0005500000000005	9.2005400000000002	9.4005300000000247	9.6005200000000013	9.8005100000000027	10.000500000000002	10.20049	10.400480000000057	10.60047	10.800460000000006	11.000450000000004	11.20044	11.400430000000057	11.60042	11.800410000000022	12.000400000000004	12.200390000000001	12.40038	12.60037	12.80036	13.000350000000001	13.200340000000001	13.40033	13.60032	13.80031	14.000300000000001	14.200290000000001	14.40028	14.60027	14.80026	15.000250000000001	15.200240000000001	15.400230000000002	15.60022	15.80021	16.0002	16.200189999999989	16.400179999999889	16.600169999999999	16.800160000000005	17.000150000000001	17.200139999999866	17.400129999999859	17.60012	17.80011	18.0001	18.200089999999989	18.400079999999896	18.600069999999999	18.800059999999988	19.000050000000005	19.20003999999987	19.400029999999862	19.600020000000001	19.80001	20	4.6299624999999995	2.8693875000000002	4.9187500000000002	5.3538374999999965	4.5663	4.1266499999999997	4.1394000000000002	4.3795250000000001	4.4708000000000014	4.4401999999999999	4.2710625000000277	4.2796625000000432	4.3535749999999718	4.4200499999999998	4.3865374999999975	4.2921499999999995	4.2015625000000014	4.3576124999999966	4.4580374999999997	4.4055999999999997	4.2353375	4.1745749999999653	4.3486499999999992	4.3804999999999996	4.3007249999999955	4.2887750000000002	4.3639249999999681	4.3624874999999745	4.3182374999999995	4.3163374999999995	4.3030749999999856	4.3039999999999985	4.2700999999999993	4.2997125	4.1796125000000011	4.1980374999999945	4.2242249999999855	4.2012874999999994	4.1972499999999995	4.2278124999999855	4.1647749999999606	4.1160625	4.1236625	4.1473499999999985	4.1093500000000001	4.1243124999999745	4.1600749999999662	4.1215874999999755	4.1168749999999745	4.0951624999999998	4.1078124999999845	4.1080124999999965	4.1232999999999995	4.0961874999999965	4.0800749999999955	4.0448624999999998	4.1078874999999755	4.0244374999999755	4.0113625000000024	4.0120124999999955	3.9831499999999997	3.9715249999999997	4.0355374999999976	4.0336375000000002	4.0253374999999965	4.0112750000000004	3.9879875000000156	3.9369249999999987	3.9810249999999998	3.9893125	3.9804124999999977	4.01675	4.0577374999999956	4.0578249999999745	4.0167000000000002	4.0373749999999955	4.0367250000000023	4.0482250000000004	4.0385249999999955	4.1094499999999998	4.0732375000000003	4.1529249999999616	4.1759624999999989	4.1490874999999985	4.1518625	4.1620999999999855	4.2081499999999998	4.1910625000000001	4.17035	4.1685249999999643	4.1755749999999745	4.1551749999999643	4.1347749999999746	4.1067999999999998	4.1103250000000005	4.0706874999999991	4.0572874999999975	4.0376500000000002	4.0119625000000001	3.9764374999999967	f, GHz

Dielectric constant, ε'
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Loss tangent, tan δ
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