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Abstract

:

The effects of transition metals on the hydrophobicity of nano–structured layered double hydroxides (LDHs) and the compatibility of LDHs/ethylene vinyl acetate (EVA) composites have seldom been reported. NiMgAl–LDHs slightly surface–modified with stearate and doped with transition metal cations (Mn2+, Co2+, Cu2+, Zn2+) are investigated. Compared to the pure EVA, not only were the maximal degradation–rate temperatures (Tmax) of the ethylene–based chains enhanced, but also the smoke production rate (SPR) and the production rate of CO (COP) were sharply decreased for all the composites. Most importantly, a new flame retardant mechanism was found, namely the peak heat release rate (pk-HRR) time, which directly depends on the peak production rate of CO2 (pk-CO2) time for EVA and all composites by cone calorimeter test. Moreover, the Mn–doped LDH S–NiMgAl–Mn shows more uniform dispersion and better interfacial compatibility in the EVA matrix. The cone calorimetric residue of S–NiMgAl–Mn/EVA has the intumescent char layer and the compact metal oxide layer. Therefore, S–NiMgAl–Mn/EVA shows the lowest pk-HRR and the longest pk-HRR time among all the composites.
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1. Introduction


The ethylene vinyl acetate (EVA) copolymer is an important thermoplastic elastomer used in many fields, such as wires, cables, wrappers, encapsulations, adhesive and the drug industries [1,2,3,4,5,6]. However, EVA is particularly flammable and its subsequent combustion emits toxic smoke CO which limits its application in numerous fields. Therefore, flame retardancy and smoke suppression become an important requirement for EVA [7,8,9,10]. Layered double hydroxides (LDHs) are a kind of layered materials that consist of positively charged layers and the interlayer anions. Their general formula can be represented as [M2+1−xM3+x(OH)2]x+[An−]x/n·mH2O, where M2+ and M3+ are divalent and trivalent metal cations, x is the M3+/(M2++M3+) molar ratio and An− is an n–valent interlayer anion [11,12,13,14]. In recent years, LDHs as EVA copolymer halogen–free flame retardants and thermal stabilizers are a rather promising application due to the highly tuneable properties of structure [15,16,17]. It is well known that homogeneous dispersion and good compatibility of LDHs with polymer matrices contribute to improving the flame retardancy and thermal stability of LDHs/polymer composites [18,19]. Therefore, most studies to date have concentrated on the LDHs of intercalated modification with organic modifier [20,21]. However, although organo–modified treatment can enhance the hydrophobicity of LDHs, the use of large amounts of organic modifiers is not only detrimental to the flame retardancy of LDHs/polymer composites due to the existence of large amounts of carbon, but is also not environment–friendly. Therefore, a small amount of organic modifier combined with other effective ways to improve the hydrophobicity of LDHs is expected.



In our earlier research, NiMgAl–LDHs clearly showed higher flame retardant efficiency in comparison with MgAl–LDHs in the EVA matrix [22,23]. Furthermore, we explored NiMgAl–LDHs with rare earth ions to improve the hydrophobicity of LDHs. The result indicated that La or Ce evidently enhance the flame retardancy and mechanical properties of LDHs/EVA composites. However, the rare earth is especially rare and precious. It has an impact on the industrial application of materials containing rare earth [24]. In addition, CO2 from the interlayer carbonate of LDHs can contribute to isolating oxygen during combustion [25]. Therefore, in the present study, NiMgAl–LDHs containing carbonate slightly surface–modified with sodium stearate and doped with inexpensive transition metal cations (Mn2+, Co2+, Cu2+, Zn2+) were synthesized. This study mainly focuses on the effects of the transition metal ions on the crystallinity, morphology, thermal property and hydrophobicity of the LDHs. Moreover, the influences of the transition metals on the thermal properties and flame retardancy of LDHs/EVA composites are also investigated.




2. Materials and Methods


2.1. Materials


All chemicals used in the preparation are analytical grade without further purification. Nickel nitrate (99%), aluminum nitrate (99%), magnesium nitrate (99%), manganese nitrate (99%), cobalt nitrate (99%), copper nitrate (99%), zinc nitrate (99%), sodium stearate (99%), sodium carbonate (99%) and sodium hydroxide (99%) were purchased from Tianjin Kemiou Fine Chemical Reagent Co. (Tianjin, China). EVA (VA-28%) was offered from Samsung Co. (Seoul, Korea). Deionized water was made by a Milli-Q pure water apparatus in our Lab.




2.2. Synthesis of the Stearate Modified NiMgAl–LDHs with Transition Metal


In a four–necked flask (l L), a mixed aqueous solution containing 1 M transition metal nitrate, 1 M Ni(NO3)2, 1 M Mg(NO3)2 and 1 M Al(NO3)3, with a molar ratio of transition metal cations: Ni2+:Mg2+:Al3+ of 0.5:0.5:2:1, was added dropwise to 100 mL of deionized water at 70 °C under continuous magnetic stirring, while the pH was adjusted to 8–9 by adding a NaOH–Na2CO3 mixed solution (0.6 M NaOH and 0.45 M Na2CO3). After the titration, a heavy gel suspension was obtained, which was crystallized at 70 °C for 30 min in a microwave oven (XH–300A, 1000 W, 2.45 GHz). The precipitate was washed with deionized water to pH 7 and then filtered. The synthesized sample was dried in air at 70 °C.



Sodium stearate (0.15 g) and the above synthesized LDHs precursors (10 g) were dispersed into 200 mL deionized water. The mixture was vigorously stirred at 70 °C with microwave irradiation for 30 min. The precipitate was then washed to pH 7 with 70 °C hot water to eliminate the excess sodium stearate. Finally, the precipitate was filtered and dried. The resulting surface modified LDHs were named S–NiMgAl–Mn, S–NiMgAl–Co, S–NiMgAl–Cu and S–NiMgAl–Zn, respectively.




2.3. Preparation of LDHs/EVA Composites


The LDHs/EVA composites containing 20 wt. % LDHs were prepared via melt blending at 140 °C in an RM–200A torque rheometer for 10 min with a rotor speed of 60 rpm. These synthesized composites were named S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA, respectively.




2.4. Measurements


X–ray diffraction (XRD) data were collected using a D/MAX 2200 diffractometer (Rigaku, Tokyo, Japan) with Cu Kα irradiation operated at 40 kV and 45 mA. The samples were scanned in the 2θ range of 5 to 75° and step size of 0.02° at 4 s for each step. Fourier transform infrared spectra (FTIR) were collected using a Nicolet FTIR360 spectrometer (Thermo Nicolet, Madison, WI, USA) (KBr pellet method, 4 cm−1 resolution, number of scans is 32 times). Scanning electron microscope (SEM) observations of LDHs, LDHs/EVA composites and the cone calorimetric residue were conducted on an FEI–Sirion instrument (FEI, Eindhoven, the Netherlands) with a field emission of 20 kV. The specimens were examined in a HITACHI 1H–7650 transmission electron microscope (TEM) (Hitachi, Tokyo, Japan) operated at an accelerating voltage of 100 kV. Contact angles were measured using a JC2000A contact angle and interface tensile measurer (Shanghai photoelectric, Shanghai, China). Samples were pressed into disks with a diameter of 11 mm and thickness of 0.4 mm. Deionized water (3 μL) was dripped onto each disk, and the drops were observed for 30 s. Each measurement was repeated five times. Thermogravimetric (TGA) and differential thermogravimetry (DTG) analyses were conducted using a Perkin Elmer Pyris 1 Thermal Analyzer (Perkin Elmer, Norwalk, CT, USA) at a linear heating rate of 10 °C/min in pure nitrogen from 50 °C to 800 °C, using a sample mass of 3 to 4 mg. Calorimetry tests were conducted in a cone calorimeter at an incident heat flux of 50 kW/m2 according to the ISO 5660–1 standard. The polymer sample (100 × 100 × 5 mm3) was placed horizontally on the balance holder.





3. Results and Discussion


3.1. XRD, FTIR and Morphology Analysis of LDHs


The XRD patterns of S–NiMgAl–Mn, S–NiMgAl–Co, S–NiMgAl–Cu and S–NiMgAl–Zn are shown in Figure 1a–d, respectively. All patterns exhibit the (003), (006), (012), (015), (018), (110) and (113) characteristic reflections of the LDHs structure [26,27]. From the intensity of the main reflections (003) and (006), one can find that under the same reaction conditions, the Mn– and Zn–doped LDHs have higher crystallinity than those containing Co and Cu [28,29]. The basal spacing (dbasal) of S–NiMgAl–Mn, S–NiMgAl–Co, S–NiMgAl–Cu and S–NiMgAl–Zn were calculated from the (003) reflection, are 7.76, 7.81, 7.82 and 7.73 Å, respectively. These values confirm that the interlayers of the four LDHs exist with CO32−, but do not coexist with NO3− or C18H35O2− [30,31]. Furthermore, FTIR spectra of LDHs are shown in Figure 2A. The bands at 1369 cm−1 also confirm that the interlayer anions of all LDHs are CO32− without the coexistence of NO3− (at 1384 cm−1) [32,33,34]. The bands at 867 and 665 cm−1 are characteristic of carbonate for the ν2 (out-of-plane deformation) and the ν4 (in-plane bending) vibrations, respectively [35]. Meanwhile, the bands at 1484 and 1426 cm−1 are assigned to the bridged bidentate complexation of interlayer CO32−–CO32− in the LDHs [36]. Note that the bands at 1484 and 1426 cm−1 disappear in S–NiMgAl–Mn due to the existence of Mn2+.



The broad and intense FTIR absorption band at 3460 cm−1 is attributed to the O–H stretching vibrations of layered hydroxyl groups and interlayer water molecules [37]. The bands at 1634 cm−1 can be assigned to the bending vibration of interlayer water molecules [38]. The bands at 786 and 427 cm−1 are ascribed to [AlO6]3− condensed groups and the deformation of M–OH in the brucite–like layers, respectively [39,40]. Furthermore, all LDHs also display bands at 2956, 2922 and 2852 cm−1, which are associated with the C–H stretching vibrations of stearate. In addition, the antisymmetric stretching vibration of the carbonyl group from 1560 cm−1 of pure stearate is shifted to 1545 cm−1 due to the layer hydroxyl groups hydrogen–bonded to carbonyl group of stearate anions [30,41,42]. Therefore, the combined analysis of FTIR and XRD confirms that the stearate is successfully grafted on the surface of LDHs. Figure 2B shows the schematic illustration of stearate surface modified LDHs. Moreover, it is worth mentioning that the weak shoulder at 1545 cm−1 is not detected for S–NiMgAl–Zn. This fact indicates that the grafted amount of stearate was least for S–NiMgAl–Zn. In contrast, the grafted amount of stearate was the most for S–NiMgAl–Mn. The grafted amount of stearate can be further confirmed by morphological studies of LDHs.




3.2. Morphology and Contact Angle Analysis of the LDHs


Figure 3A illustrates the SEM images for the four LDHs. S–NiMgAl–Mn and S–NiMgAl–Co show better effect of grafting for the stearate. In particular, the surface of S–NiMgAl–Mn was uniformly coated by the stearate. Therefore, S–NiMgAl–Mn can be expected to show better compatibility with the EVA matrix. However, the unmodified particles of many petal–like structures for S–NiMgAl–Zn can be seen clearly. This result indicates that S–NiMgAl–Zn has the least grafted amount of stearate. This result is consistent with that of the IR analysis. In addition, TEM images show flake particle morphology and crystal sizes of nanometre thickness (as shown in Figure 3B).



The contact angles were measured to investigate the influences of metal cations (Mn2+, Co2+, Cu2+ and Zn2+) on the hydrophobicity of LDHs (as shown in Figure 4). The contact angle values for S–NiMgAl–Mn, S–NiMgAl–Co, S–NiMgAl–Cu and S–NiMgAl–Zn are 92°, 83°, 68° and 88°, respectively. S–NiMgAl–Mn has the largest contact angle. One possible reason is that S–NiMgAl–Mn has better grafting effect of the stearate than the other three LDHs. However, note that although S–NiMgAl–Zn has the least stearate, the hydrophobicity of S–NiMgAl–Zn is greater than those of S–NiMgAl–Co and S–NiMgAl–Cu. This indicates that the inherent nature of different transition metal ions has an important role in the hydrophobicity of LDHs.




3.3. Thermal Analysis of the LDHs


Figure 5A,B illustrate the TGA and DTG curves for four LDHs, respectively. Upon heating, all LDHs mainly underwent two stages of decomposition. The mass loss of absorbed water and interlayer water in the TGA curve (50 ~ 200 °C) for S–NiMgAl–Mn, S–NiMgAl–Co, S–NiMgAl–Cu and S–NiMgAl–Zn are 15.5%, 14.9%, 13.5% and 14.3%, respectively. From the DTG curves, it can be seen that the maximal degradation–rate temperature (Tmax) of water molecules for S–NiMgAl–Mn, S–NiMgAl–Co, S–NiMgAl–Cu and S–NiMgAl–Zn are 188 °C, 178 °C, 174 °C and 181 °C, respectively. The second stage of decomposition, occurring at a higher temperature (200 ~ 800 °C), is associated with the dehydroxylation of the metal hydroxide layers and the degradation of carbonates and stearate in the LDHs. From the TGA curves, it can be seen that the mass losses of hydroxyls, carbonates and stearate for S–NiMgAl–Mn, S–NiMgAl–Co, S–NiMgAl–Cu and S–NiMgAl–Zn are 28.0%, 30.1%, 30.4% and 29.9%, respectively. The Tmax of hydroxyls and carbonates is about 330 °C for all LDHs in the DTG curves.




3.4. Thermal Analysis and Flame Retardancy of EVA and its Composites


Figure 6 illustrates the TGA and DTG curves of EVA and its composites with 20 wt. % loading of LDHs. The mass loss of EVA shows two degradation steps in the temperature range from 307 to 550 °C. The first one is attributed to the deacetylation of acetate side groups. The second one is due to the degradation of polyethylene chains at high temperatures [43]. However, all of the composites display three mass loss steps. The first step corresponds to the removal of the interlayer water molecules, dehydroxylation and decomposition of the interlayer anions in the range of 120 to 307 °C [14]. From the DTG curves, it can be seen that the Tmax of the acetate side groups for all of the composites occurs at 383 °C, that of the ethylene–based chains is at 496 °C for S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA, while that of S–NiMgAl–Mn/EVA is at 503 °C. These values are higher than that of the EVA (484 °C) and the earlier reported undoped transition metal composite NiMgAl–LDH/EVA (493 °C) [22].



Cone calorimeter test is used to predict the combustion behavior of materials in real fire scenarios [44]. Figure 7a–d present the heat release rate (HRR), the total heat release (THR), the smoke production rate (SPR) and the production rate of CO (COP) curves of the pure EVA and its composites, respectively. Table 1 lists the corresponding combustion data. From Table 1 and Figure 7a, it can be seen that the peak heat release rate (pk-HRR) of EVA, S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA are 1247, 445, 467, 451 and 485 kW/m2, respectively. The reductions in pk–HRR for all of the composites are 61% greater than that of EVA. In addition, the pk-HRR time for EVA, S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA are 315, 466, 429, 170 and 149 s, respectively. S–NiMgAl–Mn/EVA shows the lowest pk-HRR and the longest pk-HRR time among all samples. At the same time, compared with the ignition time (Tign) of the EVA of 62 s, the Tign of S–NiMgAl–Mn/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA are postponed to 74, 82 and 66 s, respectively. In contrast, Tign of S–NiMgAl–Co/EVA was shortened to 58 s. Therefore, S–NiMgAl–Cu/EVA is the most difficult material to burn for longer Tign. The fire performance index (FPI) is another important fire resistance parameter. FPI is defined as the ratio of pk–HRR to Tign. The FPI values of S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA are 6, 8, 6 and 7 kW/m2s, respectively. These values are much smaller than that of the EVA (20 kW/m2s), confirming that S–NiMgAl–Mn/EVA and S–NiMgAl–Cu/EVA have better flame retardant efficiency. In addition, the THR values for all the composites are slightly decreased compared with that of the EVA.



It is well known that most injuries and deaths result from the smoke and toxic gases in the case of fire. The peak smoke production rate (pk–SPR) for EVA, S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA are 0.146, 0.100, 0.107, 0.0997 and 0.102 m2/s, respectively. Furthermore, peak production rate of CO (pk–COP) are 0.0147, 0.0044, 0.0049, 0.0045 and 0.0044 g/s for EVA, S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA, respectively. The pk–SPR and pk–COP for all the composites decrease significantly compared to EVA as listed in Table 1. In addition, MCOY is the mean release yield of CO of burning materials. The MCOY values of EVA, S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA are 0.0362, 0.0277, 0.0281, 0.0268 and 0.0271 kg/kg, respectively. Compared to the EVA, MCOY values for composites show an evident decrease. In particular, S–NiMgAl–Cu/EVA has the smallest MCOY value among all the composites. The above conecalorimeter data provide evidence that the composites show important improvement of both the flame retardancy and the smoke/toxic gas suppression, especially for S–NiMgAl–Mn/EVA.




3.5. Flame Retardant Mechanism


The S–NiMgAl–Mn contains more water molecules, which can help to improve the flame retardancy and the thermal stability of S–NiMgAl–Mn/EVA. However, the released temperatures of H2O and CO2 for S–NiMgAl–Mn are higher than other composites, which in turn is adverse for the enhancement of the flame retardancy and the thermal stability of S–NiMgAl–Mn/EVA. In order to determine the interfacial compatibility of LDHs particles in the EVA matrix, Figure 8 shows the SEM micrographs of fracture surfaces for all composites. The fracture surface of S–NiMgAl–Cu/EVA is ductile, while the other three composites undergo brittle fracture under liquid nitrogen freezing conditions. Furthermore, note that the interface between EVA and S–NiMgAl–Mn is the smoothest. This result indicates that S–NiMgAl–Mn has more uniform dispersion, as well as the best interfacial compatibility with the EVA matrix. However, the particles of S–NiMgAl–Co and S–NiMgAl–Zn appear more aggregated in the EVA matrix, which leads to relatively poor interfacial compatibility. Therefore, the homogeneous dispersion and the good compatibility of S–NiMgAl–Mn with the EVA matrix contribute better to the property improvement of S–NiMgAl–Mn/EVA.



Figure 9 illustrate SEM micrographs of the cone calorimetric residue for the composites S–NiMgAl–Mn/EVA, S–NiMgAl–Co/EVA, S–NiMgAl–Cu/EVA and S–NiMgAl–Zn/EVA, respectively. It is worth noting that the surface of residue for S–NiMgAl–Mn/EVA and S–NiMgAl–Cu/EVA have the intumescent char layer. In particular, the compact metal oxide layer of residue surface for S–NiMgAl–Mn/EVA can more effectively prevent the diffusion of heat and oxygen. In contrast, the residues of S–NiMgAl–Co/EVA and S–NiMgAl–Zn/EVA have no intumescent char layer or compact metal oxide layer. Meanwhile, there are many small holes on the surface of the loose inorganic residue of S–NiMgAl–Zn/EVA. Thus, heat and flammable volatiles could easily penetrate into the flame zone during the burning process of S–NiMgAl–Zn/EVA.



In addition, another crucial phenomenon was observed. The shape of production rate of CO2 (CO2P) curves (as shown in Figure 10) is same as the HRR curves. The peak production rate of CO2(pk-CO2P) time values are 315, 466, 429, 170 and 149 s for EVA, ELDH-0, ELDH-Ni, ELDH-Co and ELDH-Cu, respectively. The pk-CO2P time is completely the same as the corresponding pk-HRR time. The result reveals that the when the production rate of CO2 reached to the pk-CO2P, the HRR of samples simultaneously reached the pk-HRR. Therefore, the pk-HRR time is directly determined by the pk-CO2 time for EVA and composites.





4. Conclusions


The different transition metal cations, Mn2+, Co2+, Cu2+ and Zn2+, have different influences on the crystallinity, morphology, hydrophobicity and thermal degradation temperature of modified LDHs. The combination of FTIR and XRD results indicates that a little stearate is grafted on the LDHs surfaces. S–NiMgAl–Mn significantly improves the thermal stability and flame retardancy of S–NiMgAl–Mn/EVA. On one hand, this is due to better interfacial compatibility of S–NiMgAl–Mn with the EVA matrix. On the other hand, the dense char and compact metal oxide layer of combustion residue also contribute to the property improvement of S–NiMgAl–Mn/EVA. Moreover, a new flame retardant mechanism was found, the pk-HRR time directly depends on the pk-CO2 time of EVA and composites. These synthetic LDHs can be used as good flame retardant and smoke suppression materials of polymer products. Furthermore, because the synthesis process of the non-toxic and inexpensive LDHs is simple, it is feasible to produce them in large quantity and brings favorable economic benefits.
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Figure 1. XRD (X-Ray diffraction) patterns of the synthesized layered double hydroxides (LDHs). (a) S–NiMgAl–Mn; (b) S–NiMgAl–Co; (c) S–NiMgAl–Cu and (d) S–NiMgAl–Zn. 
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Figure 2. (A) FTIR (Fourier transform infrared spectroscopy) spectra of the synthesized LDHs. (a) S–NiMgAl–Mn; (b) S–NiMgAl–Co; (c) S–NiMgAl–Cu and (d) S–NiMgAl–Zn; (B) Schematic illustration of stearate surface modified LDHs. 
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Figure 3. A: SEM (20000×) and B: TEM images (200000×) of the synthesized LDHs. (a) S–NiMgAl–Mn; (b) S–NiMgAl–Co; (c) S–NiMgAl–Cu and (d) S–NiMgAl–Zn. 
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Figure 4. Contact angle images of the synthesized LDHs. (a) S–NiMgAl–Mn, (b) S–NiMgAl–Co, (c) S–NiMgAl–Cu and (d) S–NiMgAl–Zn. 
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Figure 5. A: Thermogravimetric analysis (TGA) and B: differential thermogravimetry (DTG) curves of the synthesized LDHs. (a) S–NiMgAl–Mn; (b) S–NiMgAl–Co; (c) S–NiMgAl–Cu and (d) S–NiMgAl–Zn. 
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Figure 6. A: TGA and B: DTG curves for ethylene vinyl acetate (EVA) and composites. (a) EVA; (b) S–NiMgAl–Mn/EVA; (c) S–NiMgAl–Co/EVA; (d) S–NiMgAl–Cu/EVA and (e) S–NiMgAl–Zn/EVA. 
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Figure 7. Cone calorimetry results of EVA and its composites with 20 wt. % LDHs. (a) Heat release rate (HRR) curves; (b) total heat release (THR) curves; (c) smoke production rate (SPR) curves and (d) production rate of CO (COP) curves. 
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Figure 8. SEM images (1000×) of fractured surfaces for all the composites with 20 wt. % LDH. (a) S–NiMgAl–Mn/EVA; (b) S–NiMgAl–Co/EVA; (c) S–NiMgAl–Cu/EVA and (d) S–NiMgAl–Zn/EVA. 
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Figure 9. SEM micrographs (1000×) of the cone calorimetric residue for the composites, (a): S–NiMgAl–Mn/EVA; (b): S–NiMgAl–Co/EVA; (c): S–NiMgAl–Cu/EVA and (d): S–NiMgAl–Zn/EVA. 
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Figure 10. CO2P curves of EVA and its composites with 20 wt. % LDHs. 
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Table 1. Cone calorimetry data for composites with 20 wt. % loading of stearate surface-modified LDHs containing transition metal elements (heat flux of 50 kW/m2).
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Samples

	
pk-HRR (kW/m2)

	
Reduction (%)

	
Tign (s)

	
FPI (kW/m2s)

	
THR (MJ/m2)

	
pk-SPR (m2/s)

	
pk-COP (g/s)






	
EVA

	
1247

	
-

	
62

	
20

	
164

	
0.146

	
0.0147




	
S-NiMgAl-Mn/EVA

	
445

	
64.3

	
74

	
6

	
151

	
0.100

	
0.0044




	
S-NiMgAl-Co/EVA

	
467

	
62.6

	
58

	
8

	
150

	
0.107

	
0.0049




	
S-NiMgAl-Cu/EVA

	
451

	
63.8

	
82

	
6

	
151

	
0.0997

	
0.0045




	
S-NiMgAl-Zn/EVA

	
485

	
61.1

	
66

	
7

	
155

	
0.102

	
0.0044
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