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Abstract

:

Hybrid wire arc additive-milling subtractive manufacturing (HWMM) is an effective way to improve the quality of complex metal components, but the difference in the properties of the aluminum alloy and magnesium alloy fabricated by HWMM has been not addressed. In the paper, the differences in deposition accuracy and tensile anisotropy between the Al5Si Al and AZ31B Mg alloys were studied by using the HWMM method. Under the optimal parameters, the minimum surface roughness of the AZ31B sample was 146.1 μm, which was 90% higher than for the Al5Si sample. The differences in the tensile strength and elongation of the AZ31B sample were 32% and 56%, respectively, being 6 and 3.3 times higher than those of the Al5Si samples. According to the fracture behavior of the samples, the tensile anisotropy of both alloys was mainly attributed to defects such as incomplete fusion and porosity in the fusion line. However, there was obvious structural inhomogeneity in AZ31B samples, where the grain size difference between adjacent areas reached 40%. This led to the easier fracture of AZ31B samples. These results contribute to our understanding of the HWMM of light alloys.
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1. Introduction


With increasingly prominent global energy and environmental problems, the characteristics of being large scale, lightweight and integrated have gradually become the development trends of high-end equipment manufacturing, such as aerospace, shipbuilding, vehicles and nuclear power. Magnesium and aluminum alloys are widely used in aerospace, vehicles, electronics, satellites and other fields due to their low density, high specific strength, good electromagnetic shielding performance, good mechanical processing performance, good vibration and shock absorption and good dimensional stability [1,2,3]. The traditional casting–forging–milling process has the problems of low yield, low efficiency and a high cost in the small-batch and single-piece trial production of large-sized complex components. The hybrid additive and subtractive manufacturing process provides a new concept in solving the small-batch manufacturing and rapid development of large-sized complex components. Through the alternate processing of additive and subtractive materials, it can effectively solve the above processing problems and realize the integrated precision forming of complex components.



At present, aluminum alloy and magnesium alloy are prone to metallurgical defects in laser additive manufacturing due to their unique physical and chemical properties. Moreover, laser additive manufacturing has high laser radiation owing to the low energy absorption efficiency of aluminum alloy and magnesium alloy, which makes quality control difficult and leads to a low deposition rate, followed by high costs and low efficiency [4,5]. In addition, the fine powders of aluminum alloy and magnesium alloy, used for laser additive manufacturing, are not only difficult to prepare but also easily oxidized, resulting in combustion and even explosion. Therefore, laser additive manufacturing is not an efficient technique for large-scale aluminum alloy and magnesium alloy components, and increasing attention has been paid to wire arc additive manufacturing (WAAM). WAAM transfers heat to a wire and substrate through a high-conductivity plasma arc, which can result in a larger molten pool and slower solidification speed, and it helps gas and impurities to escape. It can effectively overcome the process problems in laser additive manufacturing and has the advantages of high material utilization, high deposition efficiency and excellent forming quality [6,7,8]. Therefore, WAAM is recognized as an effective production technique for large-size aluminum alloy and magnesium alloy components. However, WAAM is associated with rough surface quality, resulting in a large amount of secondary machining, because the heating area of the plasma arc column is large, and the energy is relatively dispersed. Therefore, it is possible to achieve technological breakthroughs by combining WAAM and milling, which provides a new and effective technical approach for small-batch, large-sized complex components of aluminum alloy and magnesium alloy.



Magnesium alloys have great application prospects in aerospace, automotives, communications and other fields, and they are referred to as green engineering materials in the new century, because of their advantages of low density, high specific strength, high specific stiffness and high damping [9,10,11]. Compared with aluminum alloy, magnesium alloy has much higher chemical activity and easier oxidation and flammability. In the laser additive manufacturing of magnesium alloy, due to the serious reflection of magnesium alloy to the laser and the low light absorption rate, the laser energy utilization rate and forming efficiency are low, and the magnesium powder is flammable and explosive; thus, it requires a strictly controlled working environment, resulting in a high cost for the laser additive manufacturing of magnesium alloy. At the same time, the WAAM of magnesium alloy can solve the problems of low forming efficiency and high costs, but magnesium alloy is prone to defects such as oxidation blackening, inclusions, cold shut and porosity in the process of WAAM [12], as well as low forming accuracy, poor surface quality and a small processing window. Takagi et al. conducted a study on the gas tungsten arc welding–wire arc additive manufacturing (GTAW–WAAM) of AZ31B magnesium alloy. It was found that the maximum tensile strength was 240 MPa, and the higher the welding speed, the smaller the grain size [13]. Guo et al. carried out research on the pulsed GTAW–WAAM of AZ31 magnesium alloy and found that the change in pulse frequency brought about the oscillation of the molten pool and a change in the cooling rate. When the pulse frequency was 12 Hz, the grain size was reduced to 21 μm, and the ultimate tensile strength (UTS) reached 263 MPa, but the geometric accuracy of the forming was poor [14]. Liu et al. studied the tensile anisotropy of AZ31B magnesium alloy fabricated by cold metal transfer–wire arc additive manufacturing (CMT–WAAM) and found that epitaxial columnar dendrites were formed along the deposition direction [15]. Shen et al. conducted a study on the swing welding process of AZ91 magnesium alloy by CMT–WAAM. It was found that the grain sizes above and below the fusion line were 13.9 μm and 33.2 μm, which were 69.7% and 25.2% lower than in the matrix, respectively [16]. Wang et al. conducted research on the WAAM of AZ31B magnesium alloy and found that coarse grains and pores were the main causes of tensile fracture, and the heat-affected zone softening effect existed in the sample microstructure [17]. Klein et al. studied the microstructure and mechanical properties of AZ61A magnesium alloy fabricated by WAAM. It was found that the anisotropy of tensile strength, yield strength and elongation was 3.0%, 5.2% and 0.7%, respectively. It was also found that the constitutional undercooling in the solidification front of the molten pool during deposition led to a fine grain structure [18]. Cen et al. carried out a study on the scanning laser-arc hybrid additive manufacturing of AZ31 magnesium alloy thin-walled components and found that the average grain size was reduced by 37.5% compared to that without scanning, and the ultimate tensile strength and elongation were 205 MPa and 20.7%, respectively [19]. Therefore, the study of magnesium alloy fabricated by hybrid wire arc additive-milling subtractive manufacturing (HWMM) can improve the stability and quality of magnesium alloys by removing oxide inclusions on the arc surface.



At present, research on hybrid additive and subtractive manufacturing focuses on the process planning of the forming process, mainly to improve the processing efficiency and processing accuracy and to reduce costs. Prado-Cerqueira et al. developed ER70S-6 low carbon steel semi-closed complex structural parts via cold metal transfer-hybrid wire arc additive–milling subtractive manufacturing (CMT–HWMM), and the side roughness Sa reached 18.7 μm [20,21]. Campatelli et al. conducted a study on hybrid wire arc additive-milling subtractive manufactured (HWMMed) S235JR structural steel blades and found that this process saves 60% and 34%, respectively, of material and energy compared with traditional milling [22]. Priarone et al. established an HWMM evaluation framework based on factors such as cost, manufacturing time, energy demand and carbon emissions, and carried out research on HWMM for ER70S-6 low-carbon steel complex frame structure parts, and they found that HWMM saves 50% and 57% of material and energy compared to traditional milling, respectively [23]. Xiong et al. carried out research on GH163 by plasma HWMM, which could control the size deviation of parts within ±0.05% and reduce the roughness Ra to 0.46 μm. However, the HWMM-produced parts still possessed tensile anisotropy, and the elongation along the forming direction (39.6%) was 90.4% higher than that in the vertical direction (20.8%) [24,25]. Afazov et al. carried out research on 316 L stainless steel nozzles by hybrid laser additive and subtractive manufacturing and found that the dimensional accuracy of the parts was controlled within 200 μm, and the surface roughness was controlled within 1 μm [26]. Wüst et al. carried out research on 1.2709 maraging steel parts produced by hybrid laser additive and subtractive manufacturing and established a surface roughness prediction model, and they found that the surface roughness Sa of the sample could be decreased to 0.835 μm [27]. Li et al. carried out research on 316L stainless steel via hybrid laser additive and subtractive manufacturing and found that milling increased its tensile strength by 16%, and the surface roughness Sa of the sample reached 1.9 μm [28]. Li et al. carried out research on the double-wire HWMM of an aluminum alloy stiffened panel and found that the surface roughness of the sample reached 1.38 μm, and the material utilization rate and processing efficiency were increased by 57% and 32%, respectively, compared with the traditional processing [29]. Xiao et al. carried out research on the gas metal arc welding–HWMM of 3 m grade cross-shaped aluminum alloy structural parts by using dual robot HWMM equipment, and the flatness of the upper surface of the formed parts was effectively controlled through local milling, while the forming accuracy was controlled within 3 mm [30]. However, so far, there is no literature report on the tensile property difference in HWMM-produced magnesium and aluminum alloy.



In this paper, the process of HWMM-produced AZ31B magnesium alloy was studied, and the difference in deposition accuracy between AZ31B magnesium alloy and Al5Si aluminum alloy was compared. The effect of milling on the tensile properties of HWMM-produced magnesium alloy was studied, and the difference in tensile strength and elongation anisotropy between AZ31B magnesium alloy and Al5Si aluminum alloy was discussed.




2. Materials and Methods


2.1. Materials and Equipment


The experimental equipment comprises two 6-DOF Fanuc industrial robots. The WAAM system is used in combination with a Fanuc M-710iC/50 and Fronius cold metal transfer (CMT) 4000 welder, and the milling system is used in combination with a larger load Fanuc R-2000iB/210F, motorized spindle, electrical cabinet, tool magazine, etc. The load and repeated positioning accuracy of the two robots are 50 kg, ±0.07 mm and 210 kg, ±0.3 mm, respectively. Details of the technology are summarized in Refs. [31,32].



The deposition material used was AZ31B magnesium alloy wire with a diameter of 1.6 mm and its chemical composition is shown in Table 1. The forming substrate was an AZ30 alloy sheet with a thickness of 5.2 mm. The protective gas used in the torch was 99.99% argon, and the gas flow rate was 25 L/min. Before the experiment, the polished substrate was fixed on the experimental platform and the surface was cleaned with acetone or alcohol.



Two CMT process and three deposition process combinations (pure CMT, pulse CMT (CMT+P), swing welding CMT) were used to carry out the basic process experiments on the magnesium alloy. Single thin-walled walls were formed by reciprocating deposition. A total of 7 sets of process experiments were carried out. The detailed process parameters are shown in Table 2. The HWMM was formed by layer-by-layer milling and layer-by-layer deposition. The milling thickness was 0.8 mm, and other parameters are shown in Ref. [31].




2.2. Microstructural Analysis and Mechanical Tests


The macroscopic microstructure of the sample was observed with a Nikon EPIPHOT 300 metallographic microscope. The sample was pre-ground and then polished. Finally, the polished samples were chemically etched. The etchant was a picric acid solution (5 g picric acid, 5 mL acetic acid, 10 mL deionized water, 100 mL ethanol), and the etching time was 30 s. The FEI Nvo Nano SEM 450 electron microscope was used to observe the microstructure and fracture morphology. In order to study the effect of milling on the microstructure of the magnesium alloy samples, the grain size was measured by the line intercept method [14]. The tensile test instrument was a Shimadzu AGS-X universal material testing machine, used according to the ISO 6892-1-2009 standard. During a tensile test with a tensile speed of 1.5 mm/min, three specimens were taken along the feeding and building directions of the HWMM-produced thin wall, whose dimensions were 12 mm in width, 2 mm in thickness and 60 mm in length, and the model and physical diagram of the tensile specimens are shown in Figure 1. The results reported for the ultimate tensile strength, yield strength and elongation represent the averages for the three specimens. The anisotropic percentages of ultimate tensile strength or elongation corresponds to the ratio of the difference in test values between the building and feeding directions to the value of the feeding direction.





3. Results


3.1. Macroscopic Analysis and Roughness


Figure 2 is a single thin-walled wall profile obtained using the AlMg4,5Mn CMT process (see Table 2 for the corresponding process parameters of different group numbers). Group 1 and Group 2 were continuously formed at 132.2 mm and 70.9 mm, respectively. It can be seen that the side of the swing-welded specimen is smooth, but the hump phenomenon appears, and the side profile fluctuates greatly. Pure CMT is prone to flow during the deposition process, resulting in a rough local surface.



Figure 3 is the profile of the single thin-walled wall of Group 3 using the Mg alloy CMT process. It can be seen that the CMT mode under the Mg alloy CMT process has a smooth surface, but the spreading effect is poor. When the wire filling speed increases to 7 m/min, the first and the second layers’ morphology is improved, and the fish scale is clearer and more uniform, but the hump still appears in the subsequent forming, resulting in some voids in the sample. The deposited layer surface in the swing welding process is smooth, the spreading effect is better, and the fish scales are clear and evenly distributed.



Figure 4 is the profile of the single thin-walled wall of Group 3 using the Mg alloy CMT process. When the scanning speed is 6 mm/s, the surface of the first layer is not smooth, and the distribution of fish scales is not dense. Local splashing will occur during subsequent forming, resulting in uneven local areas on the side. When the scanning speed is reduced to 4 mm/s, the surface of the first layer is bright and smooth, and the fish scales are densely distributed, so the forming is stable. The side is well distributed with fish scales, and the surface is flat. This shows that the lower scanning speed increases the heat input, which in turn increases the fluidity of the liquid metal.



Figure 5 shows the side-wall scanning contour results of a single thin-walled wall. The surface roughness (Ra) and machining allowance of Group 1 and Group 2 using the AlMg4,5Mn CMT process are not notably different. The Ra and machining allowance of Group 5 using the Mg alloy CMT process are the minimum values, which are 146.1 μm and 2.2 mm, respectively, and they are 24.7% and 29% lower than those of Group 4 (194 μm and 3.1 mm). In addition, the Ra of Group 4 is 90% higher than that of the HWMM-produced Al5Si aluminum sample [31]. At the same time, the Ra and machining allowance of Group 5 are reduced by 21.9% and 4.3%, compared with the minimum value in the AlMg4,5Mn CMT process. In addition, the deviations of Ra and machining allowance in Group 1 are the largest among the four groups, and they are 68.9 μm and 0.9 mm, respectively. The deviation of the Ra and machining allowance in Group 5 is 8.4 μm and 0.1 mm, respectively, being 88.4% and 88.9% lower than that in Group 1. Therefore, the swing welding Mg alloy process deposition is better. This better process parameter includes the wire feeding speed of 12 m/min, the scanning speed of 4 mm/s, the swing welding frequency of 5 Hz, and the amplitude of 8 mm.




3.2. Microstructural Analysis


Figure 6 shows the cross-section microstructure of the WAAM-processed AZ31B magnesium alloy. It can be seen that the microstructural features of WAAM-processed samples are essentially similar to those of the WAAM-processed Al5Si aluminum alloy [32], which is composed of three parts: a fusion line, deposited layer and bonding zone. The average grain size of the bonding zone is 11.8 μm, which is 56.3% less than that of the deposited layer, and the bonding zones are distributed in the sample edge area, which is consistent with the characteristics of the swing welding path. The fusion line is denoted by the stripes with a convex distribution in Figure 6a.



Figure 7 is the cross-section metallographic diagram of the HWMM-processed AZ31B magnesium alloy sample. It can be seen that the microstructural features of the HWMM-processed samples are also composed of three parts: a fusion line, deposited layer and bonding zone. The fusion line is concave, and the average grain size of the bonding zone increases to 16.2 μm, which is 40% lower than that of the deposited layer. Therefore, the microstructure of the HWMM-processed AZ31B magnesium sample is similar to that of WAAM-processed AZ31B magnesium.



The SEM microstructure of the HWMM-processed sample is shown in Figure 8. It can be seen that α-Mg forms a dark substrate, and white particles of Al8Mn5 and Mg17Al12 of different sizes are distributed on the substrate [19]. The larger granular Al8Mn5 phase is precipitated directly from the liquid phase, and its Al and Mn atoms can aggregate rapidly, while the small granular Mg17Al12 phase is precipitated from the supersaturated α-Mg solid solution.




3.3. Tensile Anisotropy and Fractographic Images


As shown in Figure 9, the tensile strength of the HWMM-processed AZ31B magnesium in the horizontal direction is 5.2% higher than that of the WAAM-processed AZ31B magnesium, while the tensile strength of HWMM in the vertical direction is smaller than that of WAAM. Therefore, the anisotropy of HWMM is significantly higher than that of WAAM, and its anisotropy is 32.2%, far greater than 5%. At the same time, the tensile strength deviation of the HWMM-fabricated AZ31B magnesium is smaller than that of the WAAM-fabricated AZ31B magnesium. The yield strength of the HWMM-processed AZ31B magnesium in the horizontal direction is 3.5% lower than that of the WAAM-processed AZ31B magnesium, while the yield strength of the HWMM-processed AZ31B magnesium in the vertical direction is larger than that of the WAAM-processed AZ31B magnesium, so the anisotropy of the HWMM-processed AZ31B magnesium is less than that of the WAAM-fabricated AZ31B magnesium. At this time, the anisotropy of the HWMM-fabricated AZ31B magnesium is 2.0%, less than 5%, and the anisotropy of the yield strength of the HWMM-processed AZ31B magnesium is not significant. The elongation in the horizontal direction of the HWMM-processed AZ31B magnesium is smaller than that of the WAAM-processed AZ31B magnesium, and the elongation in the vertical direction is 30.8% lower than that of the WAAM-processed AZ31B magnesium. At the same time, the elongation anisotropy of the HWMM-fabricated AZ31B magnesium is 56.2%, which is far greater than 5%. The difference in elongation is significantly credible. The tensile strength and elongation anisotropy of the HWMM-processed Al5Si aluminum alloy is 4.8% and 13%, respectively [32]. The anisotropy in the tensile strength and elongation of the AZ31B sample was 32% and 56%, respectively, being 6 and 3.3 times higher than that of the Al5Si samples.



It can be seen from Figure 10 that the fracture has typical dimples and ductile tearing edge characteristics, and some pores are found on the fracture. The fracture morphology shows that these dimples are formed by the plastic flow of the matrix (α-Mg), while the eutectic composition or intermetallic compound phase remains unchanged at the center of each dimple. However, gas holes may be formed during HWMM processing due to oxidation or impurities in the wire. In a few cases, individual grains fracture in a brittle manner, which is likely to occur in grains perpendicular to the tensile direction [33].





4. Mechanisms of Tensile Anisotropic Difference


As mentioned above, the microstructural features of the HWMM-produced magnesium alloy sample are similar to those of aluminum alloy. The AZ31B magnesium alloy studied in this paper has a fine-grained equiaxed structure similar to that reported in the literature [14,17]. In the HWMM, the AZ31B magnesium alloy alloyed with Al can easily form fine and equiaxed grains [34]. Due to the difference in thermal boundary conditions at different positions, the solidification rate is different so that an obvious layered structure is formed. Therefore, based on the key factor in the formation of a fine equiaxed microstructure according to the interdependence theory proposed by Birmingham, this morphology usually leads to tensile anisotropy [35].



From the analysis of the tensile fracture mechanism of the HWMM aluminum alloy, it can be seen that the fusion line area of the sample is prone to fracture during the tensile process due to the obvious uneven structure [32]. The physical parameters of the AZ31B magnesium alloy and the Al5Si aluminum alloy are shown in Table 3. From the table, it can be found that the thermal conductivity of the AZ31B magnesium alloy is 0.39 times that of the Al5Si aluminum alloy, and the solidus temperature of the AZ31B magnesium alloy is 29.8% lower than that of the Al5Si aluminum alloy. These differences lead to a more obvious uneven microstructure near the fusion line of the AZ31B magnesium alloy, and the grain size difference between adjacent areas reaches 40%. At the same time, the chemical activity of the AZ31B magnesium alloy is much higher than that of the Al5Si aluminum alloy.



During the forming process of magnesium alloy, it is easy to observe oxides formed on the surface, resulting in some defects such as incomplete fusion and porosity. It leads to the fracture of the magnesium alloy near the fusion line, which occurs more easily than in aluminum alloy during the tensile process, as shown in Figure 11. Therefore, the tensile property decrease in magnesium alloy along the deposition direction is larger than that in aluminum alloy. The tensile properties along the feed direction are less affected by the uneven structure near the fusion line. As a result, the tensile strength and elongation anisotropy of the AZ31B magnesium alloy samples is larger than those of the Al5Si aluminum alloy.




5. Conclusions


	(1)

	
The hybrid wire arc additive-milling subtractive manufacturing (HWMM) of the AZ31B magnesium alloy was proposed for the first time, and the deposition accuracy was compared with that of the Al5Si aluminum alloy. Under the optimal process parameters, the surface roughness of the AZ31B magnesium sample was 146.1 μm, which is 90% higher than that of the Al5 Si aluminum sample.




	(2)

	
The microstructural features of the HWMM AZ31B magnesium alloy sample are essentially similar to those of the Al5Si aluminum alloy. The microstructure of the HWMM AZ31B magnesium alloy sample is consistent with that of arc wire additive manufacturing, and white particles of Al8Mn5 and Mg17Al12 with different sizes are distributed on the substrate. In addition, the anisotropy in the tensile strength and elongation of AZ31B magnesium sample was 32% and 56%, respectively, being 6 and 3.3 times higher than in the Al5Si aluminum samples.




	(3)

	
According to the fracture behaviors, the tensile anisotropy of aluminum alloy and magnesium alloy was mainly attributed to defect, such as incomplete fusion and porosity in the fusion line. However, because the thermal conductivity of the AZ31B magnesium alloy was 0.39 times that of the Al5Si aluminum alloy, the structural inhomogeneity in the AZ31B magnesium samples was more obvious, and the grain size difference between adjacent areas reached 40%. This led to the easier fracture of the AZ31B magnesium samples.
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Figure 1. Model and physical diagram of tensile specimen. 






Figure 1. Model and physical diagram of tensile specimen.
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Figure 2. Side-wall morphology of magnesium deposited sample: (a) overview of No. 1, (b) No. 1, (c) No. 2. 
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Figure 3. Side-wall profile of No. 3: (a) first layer, (b) second layer, (c) overview. 
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Figure 4. Single layer morphology, (a) No. 4, (b) No. 5; overview, (c) No. 4, (d) No. 5. 
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Figure 5. (a) Side-wall scanning contour, (b) surface roughness (Ra) and machining allowance. 
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Figure 6. OM image of the AZ31B magnesium alloy cross-section specimen fabricated by WAAM: (a) overview, (b) details of region B, (c) details of region C. 
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Figure 7. OM image of the AZ31B magnesium alloy cross-section specimen fabricated with HWMM: (a) overview, (b) details of region B, (c) details of region C. 
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Figure 8. SEM micrographs of HWMM-fabricated AZ31B magnesium alloy sample. Al8Mn5 and Mg17Al12 are marked with yellow and red dots: (a) overview, (b) details of region B, (c) details of region C. 
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Figure 9. Tensile anisotropy of the HWMM-processed AZ31B magnesium, (a) ultimate tensile strength, (b) yield Tensile, (c) elongation. 
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Figure 10. SEM micrographs of sample 7 tensile fracture: (a) overview, (b) details of region B, (c) details of region C, (d) details of region D, (e) details of region E, (f) details of region F. 
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Figure 11. Schematic diagram of the HWMM-produced AZ31B magnesium sample fracture mechanisms. 
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Table 1. Chemical compositions of AZ31B wire/wt-%.
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	Material
	Al
	Zn
	Mn
	Si
	Fe
	Cu
	Ni
	Mg





	AZ31B
	2.8
	0.99
	0.25
	0.019
	0.0027
	0.0076
	0.00071
	Balance
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Table 2. Main processing parameters in the HWMM experiment.
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No.

	
CMT

Process

	
Deposition Mode

	
Swing Welding

	
Wire Filling Speed

m/min

	
Scanning Speed

mm/s

	
Arc

Current

A

	
Arc

Voltage

V




	
Frequency

Hz

	
Amplitude

mm






	
1

	
AlMg4,5Mn

	
CMT

	
—

	
—

	
6

	
8

	
93

	
13.3




	
2

	
AlMg4,5Mn

	
Swing welding

	
5

	
3

	
6

	
8

	
93

	
13.3




	
3

	
Mg alloy

	
CMT

	
—

	
—

	
7

	
10

	
90

	
10.6




	
4

	
Mg alloy

	
Swing welding

	
5

	
8

	
12

	
6

	
149

	
13.1




	
5

	
Mg alloy

	
Swing welding

	
5

	
8

	
12

	
4

	
149

	
13.1
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Table 3. Physical parameters of magnesium alloy and aluminum alloy.
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	Physical Parameters
	Mg
	Al [36]





	Density, kg/m3
	1770 [37]
	2700



	Poisson ratio
	0.35 [37]
	0.33



	Young’s modulu, GPa
	45.0 [37]
	69.4



	Solidus temperature, °C
	566 [38]
	806.4



	Thermal conductivity, W/(m·k)
	96 [3]
	247



	Specific heat capacity, J/(kg·K)
	1000 [38]
	963



	Coefficient of linear expansion, m/m·°C
	2.6 × 10−5 [3]
	2.4 × 10−5
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