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Research Article
 Xueqin Kang*, Lei Qiao, Haifei Zhang, Jianzhong Wang, and Peizhong Feng*
 Microstructure and properties of Co–Al porousintermetallics fabricated by thermal explosionreaction
 https://doi.org/10.1515/htmp-2020-0076received November 01, 2017; accepted April 26, 2018
 Abstract: Co–Al porous intermetallics were fabricated byan efficient and energy-saving method of thermalexplosion (TE) reactions. The effects of Co/Al molarratios on the temperature profiles, phase compositions,expansion behaviors, density, pore characteristics, andoxidation resistance were investigated. When the targetfurnace temperature was set at 700°C, there was anobvious exothermic peak in the temperature profiles.The ignition temperatures were in the range of600–645°C, and the combustion temperatures were inthe range of 984–1,421°C. Co–Al porous intermetallicshad the open porosity of 27–43%, and the pores werefrom nonfully dense green compacts and explosionbehaviors of TE. The specimen with Co:Al = 2:9possessed a higher open porosity of 42.8%, the lowestdensity of 1.86 g cm−3, and the largest volume expansionof 76.7%. The porous specimens with Co:Al = 1:1possessed the highest open porosity of 43.2%, the lowestvolume expansion of 12.3%, and the highest density of3.42 g cm−3. All Co–Al porous intermetallics showedexcellent oxidation resistance at 650°C in air, especiallythe specimen with Co:Al = 1:1 had the highest oxidationresistance.
 Keywords: porous materials, intermetallics, powdermetallurgy, thermal explosion
 1 Introduction
 Porous materials have been widely investigated attrib-uted to their low density, large specific surface area,soundproofed, insulation, good permeability, and highspecific strength [1–3]. Porous materials are divided intothree classes according to the International Union ofPure and Applied Chemistry classification: microporous,mesoporous, and macroporous [4,5]. Microporous mate-rials are composed of a solid base and interconnectedpores <2 nm, which are widely used in the applicationsof heterogeneous catalysis, adsorption, and gas storage[6]. Mesoporous materials have a distribution of pores inthe range of 2–50 nm, which are widely applied in thefields of chromatography, catalysis, and electrochem-istry [4,7]. Macroporous materials have interconnectedpores >50 nm, which include organic and inorganicporous materials.
 Organic porous materials are only used in the fieldsof water treatment and biology due to their poormechanical properties and thermal stabilities at hightemperatures and high pressure, negligible resistance toenvironmental corrosion and organic solvents. Ceramicporous materials belong to inorganic porous materialsand possess inherent advantages of high melting point,excellent corrosion and wear resistance, low thermalmass, and thermal conductivity [8,9], allowing for theiruse in molten metal filtration, thermal insulation, andbio-scaffolds for tissue engineering [10–12]. However, thebrittleness, low thermal shock resistance, and poorweldability have limited their applications. Metal porousmaterials have advantages over ceramics, such as highmechanical strength, good thermal shock resistance,weldability, and excellent machining property, but theirstrength is low, and oxidation and corrosion resistance
 * Corresponding author: Xueqin Kang, School of Materials Scienceand Physics, China University of Mining and Technology, Xuzhou,221116, People's Republic of China, e-mail: [email protected]
 Lei Qiao: Xuzhou XCMG Excavator Machinery Co. Ltd., Xuzhou,221000, People's Republic of ChinaHaifei Zhang: Department of Chemistry, University of Liverpool,Oxford Street, Liverpool, L69 7ZD, United KingdomJianzhong Wang: State Key Laboratory of Porous Metal Materials,Northwest Institute for Non-ferrous Metal Research, Xi’an 710016,People's Republic of China
 * Corresponding author: Peizhong Feng, School of MaterialsScience and Physics, China University of Mining and Technology,Xuzhou, 221116, People's Republic of China,[email protected]
 High Temperature Materials and Processes 2021; 40: 141–150
 Open Access. © 2021 Xueqin Kang et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0International License.
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are poor at high temperatures. These limit their applica-tions in high temperature and corrosion environment [13].
 The intermetallic compound is a new type ofinorganic material between metal and ceramic materials.In this material, most of the element bind by thecovalent bond and a few elements bind by the metalbond; hence, it has the common advantages of bothmetal and ceramic materials [14–18]. The porous inter-metallic compound has many excellent properties, suchas low density, high elastic modulus, improved specificstrength and stiffness, excellent oxidation resistance,good corrosion resistance, and machinability. Therefore,it has wide application prospects as a substitute materialof stainless steel and catalyst support material at hightemperatures [18,19].
 Recently, Al-based porous intermetallics have beenwidely investigated for their use in catalysts, filters, andheat insulation components in special environments[20–22]. Numerous studies of Al-based porous interme-tallics are mainly focused on Ti–Al (Ti3Al, TiAl, andTiAl3) [23,24], Fe–Al (Fe3Al and FeAl) [25–27], and Ni–Al(Ni3Al and NiAl) [28], especially the research andapplication of Ti–Al and Fe–Al intermetallics havemade great progress. However, the report of Co–Alporous intermetallics is rare. Yeh prepared Co–Alintermetallic compound by using a self-propagatinghigh-temperature synthesis (SHS) method but did notemphasize it as porous material [29]. SHS is anautogenous process and derives its energy from theexothermic reactions of the reactants [30]. It is used toprepare porous materials, but easy to form structuraldefects, such as deformation, lamination, and cracks[31–33]. A thermal explosion (TE) is an efficient andenergy-saving method for preparing porous materials. Itcan avoid the deformation and cracks during thesintering process because all the reactants are heatedsimultaneously in the furnace during the TE reaction [5].
 In this study, Co–Al porous intermetallics werefabricated by the TE reaction. TE curves under differentCo/Al molar ratios were measured. The effects of Co/Almolar ratios on the temperature profiles, phase composi-tions, expansion behaviors, density, pore characteristics,and oxidation resistance were investigated.
 2 Experimental
 Cobalt powders (Co, ∼18 µm, 99.9% purity) and alu-minum powders (Al, ∼47 µm, 99.0% purity) were mixedwith five different molar ratios, including Co:Al = 1:1, 2:5,
 1:3, 4:13, and 2:9, which correspond with Al contents of31.40, 53.4, 58.0, 59.8 and 67.3 wt%, respectively. Themixtures were blended in a planetary ball mill (QM-ISP2CL) at 450 rpm for 4 h using agate balls (Φ 2, 4, 6, and10mm) in agate vessels (inner diameter 72 mm, outerdiameter 92 mm, and height 94mm) at room tempera-ture. The weight ratio of agate balls to powders was 1:1.Ethanol was added as the milling medium duringblending for mixing more uniformity and avoiding theoxidation. The mixed powders were dried completely inan oven at 40°C for 24 h.
 The mixture was uniaxially pressed at a pressure of200MPa in a stainless steel cylindrical mold to form adisc green compact with a diameter of 16 mm and athickness of ∼3 mm at room temperature. The greencompacts were then sintered in a vacuum tubularfurnace (OTF-1200X) under an atmosphere of argon.The target furnace temperature was set at 700°C for30min and achieved with a constant rate of 10°C/min,and then the specimens were obtained after cooling withthe furnace to the room temperature. To confirm theexistence of the TE reaction, a couple of thermocouples(WRe3–WRe25) with a diameter of 0.1 mm were placedbetween two similar specimens to record the actualtemperature of the specimen.
 The dimensions of the specimens were measuredbefore and after sintering to characterize the expansionbehavior, including the expansions in volume, and inthe axial and radial directions. The density of the porousintermetallics was measured with the Archimedesmethod. The open porosity (θ) was calculated using thefollowing equation:
 =
 ( − )
 ( − )
 θM M ρM M ρ
 %.2 1 2
 3 1 1(1)
 where M1 is the mass of the dried porous materials in air,M2 is themass of porous materials filled with oil in the air,M3 is the mass of porous materials filled with oil in water,ρ1 is the density of oil, and ρ2 is the density of water.
 Sintered product compositions were determined byX-ray diffraction (XRD, Bruker D8ADVANCE) using Cutarget (λ = 0.15406 nm) with a radiation of 40 kV and150mA settings. The optical metallography of polishedspecimens was observed on an optical microscope(OPTPro3000). Scanning electron microscopy (SEM,Quanta 250) equipped with energy dispersive spectro-meter (EDS, UANTAX400) was performed to examine themicrostructure and elemental composition of Co–Alporous intermetallic fractures. The oxidation experi-ments were conducted at 650°C for 96 h at air atmo-sphere. The oxidation kinetics of Co–Al porous
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intermetallics was determined by measuring the changein mass every 24 h as a function of the exposure time.
 3 Results and discussion
 3.1 Characteristics of the TE reaction
 Figure 1 shows the TE profiles and the partial magnifiedexothermic peaks of the specimens with different Co/Almolar ratios. The ignition temperature (Tig) and thecombustion temperature (Tc) marked in Figure 1 weretwo important parameters of the TE process. TE curvewas divided into three parts by Tig and Tc. In the first partfrom room temperature to Tig, the temperature increasedslowly according to the furnace setting. The second partwas from Tig to Tc; in this part, the temperature increasedsharply when the specimen was heated to Tig, implyingthat there was a reaction between Co and Al and thereaction was violent. Large amounts of heat released fromthe intermetallics formation in the Co–Al system and led toan instant rise in the temperature–time profiles. Finally,the temperature quickly cooled to the furnace settingtemperature (700°C) and kept balance for 30min. TEcompact was obtained after cooling with the furnace toroom temperature. The values of Tig shown in Figure 1a–ewere 645.1, 600.0, 609.1, 618.0, and 626.9°C. The values ofTig increased with increasing Al content which means thatthe specimenwasmore difficult to be ignited (Figure 1b–e).The formation of Co–Al intermetallics required thetemperature rising to a certain extent in the TE reaction.The maximum value of Tig was 645.1°C and neared themelting temperature of Al (660°C), which implied that theTE reaction started from solid Co–solid Al. The values of Tcshown in Figure 1a–ewere 1327.2, 986.4, 1156.3, 1067.1, and1420.9°C, which were higher than the furnace temperature(700°C) and the melting temperature of Al (660°C),indicating there was an obvious heat release in the Co–AlTE process and the Co–Al TE reaction mainly occurred insolid Co–liquid Al [5,34]. The values of Tc were differentwith different Co/Al molar ratios because there weredifferent Co–Al TE reactions, sintered products (XRD resultin Figure 2), and release heat.
 3.2 Phase transformation
 Figure 2 shows the XRD spectra of TE products withdifferent Co/Al molar ratios. XRD results indicated that
 only the specimen with Co:Al = 1:1 produced a single-CoAl phase. For the other four compositions investigated(Co:Al = 2:5, 1:3, 4:13, and 2:9), the products contain, asthe most conspicuous phase, the intermetallics havingthe near stoichiometry of the green mixture togetherwith small amounts of CoAl (Co:Al = 2:5, 4:13, and 2:9)and unreacted Al (Co:Al = 2:9), Al2O3 (Co:Al = 1:3, 4:13,and 2:9). The reason to explain this phenomenon wasthat only CoAl melted congruently at 1,645°C, whileCo2Al5, Co4Al13, and Co2Al9 decomposed according toperitectic reactions at the temperature ranging between943 and 1,170°C [35]. The intermetallics of the specimenwith different Co/Al molar ratios were mainly CoAl,Co2Al5, Co4Al13, and Co2Al9 corresponding to their nearCo/Al molar ratio.
 3.3 Expansion behavior and density
 After the TE reaction, specimens with different Co/Almolar ratios had various macroscopic volume changes,as shown in Figure 3a. All of the sintered productsmaintained the original cylindrical shape and did notcrack, but some specimens (Co:Al = 2:5 and 1:3)appeared slightly deformation or defects because of theviolent TE reaction. Additionally, Figure 3b shows theexpansion characteristics as a function of the Al content.The volume expansion was proportional to the dimen-sion in the axial direction and exponentially to thedimension in the radial direction. The dimension of thespecimens with Co:Al = 1:1 and 4:13 increased 0.5% and7.5% in the radial direction and 11.2% and 39.25% in theaxial direction, respectively; hence, the specimensbasically kept the original size in the radial direction,and the volume expansion ratios were 12.3% and 39.3%,respectively. The dimension of the specimens with Co:Al =2:5 and 1:3 decreased 8.1% and 4.6% in the radialdirection and increased 70.2% and 31.7% in the axialdirection, respectively; hence, the specimen shrank inthe radial direction and became thicker when comparedwith the green compact, and the volume expansionratios were 43.8% and 19.7%, respectively. The dimen-sion the specimen with Co:Al = 2:9 increased 18.3% inthe radial direction and 26.2% in the axial direction;hence, the specimen expanded in both radial and axialdirections, and the volume expansion ratio was 76.7%.The difference expansion ratios of different Co/Al molarratios were due to the different TE reactions as well asthe exothermic action. The specimen with Co:Al = 2:9showed noticeable volume expansion because the valueof Tc was the highest among all specimens (Figure 1e).
 Microstructure and properties of Co–Al porous intermetallics fabricated by thermal explosion reaction 143

Page 4
                        

4400 4450 4500 4550
 600
 800
 1000
 1200
 1400
 Tig(645.1 )
 Tc(1327.2 )Co:Al=1:1
 temperature/
 Time/s
 a
 4470 4472 4474 4476 4478650
 700
 750
 800
 850
 900
 950
 1000
 Tig(645.1 )
 Tc(1327.2 )Co:Al=1:1
 temperature/
 Time/s
 3150 3200 3250 3300500
 600
 700
 800
 900
 1000b Co:Al=2:5
 Tig(600.0 )
 TC(986.4 )
 temperature/
 Time/s
 3200 3204 3208 3212 3216 3220
 590
 600
 610
 620
 630
 640Co:Al=2:5
 Tig(600 )
 TC(986.4 )
 temperature/
 Time/s
 3600 3650 3700 3750500
 600
 700
 800
 900
 1000
 1100
 1200c TC(1156.3 )Co:Al=1:3
 temperature/
 Time/s
 Tig(609.1 )
 3652 3656 3660 3664 3668
 590
 600
 610
 620
 630
 640
 650TC(1156.3 )Co:Al=1:3
 temperature/
 Time/s
 Tig(609.1 )
 3500 3550 3600 3650500
 600
 700
 800
 900
 1000
 1100d
 Tig(618.0 )
 Co:Al=4:13 TC(1067.1 )
 temperature/
 Time/s3510 3520 3530 3540 3550
 580
 590
 600
 610
 620
 630
 640
 650
 660
 670
 Tig(618.0 )
 Co:Al=4:13 TC(1067.1 )
 temperature/
 Time/s
 3450 3500 3550 3600 3650500
 600
 700
 800
 900
 1000
 1100
 1200
 1300
 1400
 1500eCo:Al=2:9
 Tig(626.9 )
 TC(1420.9 )
 temperature/
 Time/s3512 3516 3520 3524 3528
 615
 620
 625
 630
 635
 640
 645
 650Co:Al=2:9
 Tig(626.9 )
 Tc(1420.9 )
 temperature/
 Time/s
 Figure 1: Temperature–time profiles (left) and magnified exothermic curves (right) with different Co/Al molar ratios: (a) 1:1, (b) 2:5,(c) 1:3, (d) 4:1, and (e) 2:9.
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The various expansion values and different Al contentsresulted in the different densities of Co–Al porousintermetallics, as shown in Figure 4. The density ofgreen compacts decreased with increasing Al content
 because the density of Al powder was smaller than thatof Co powder. The sample density of each proportiondecreased after the TE reaction due to the volumeexpansion. The density was remarkably changed from2.77 to 1.86 g cm−3 after the TE reaction, which is theminimum density among all specimens because thevolume expansion ratio reached the highest value of76.7% and the highest Al content of 67.3 wt% (Co:Al =2:9). The density changed from 3.53 to 3.42 g cm−3 afterthe TE reaction, which is the maximum density amongall specimens because of the lowest volume expansion of12.3% and the lowest Al content of 31.4 wt% (Co:Al = 1:1).
 3.4 Pore structure analysis
 The optical metallographs of Co–Al porous intermetallicsare shown in Figure 5. The fusion between Co2Al5particles was poor because of the low Tc (986.4°C) andthe short reaction time (about 1 s). Hence, the particlespeeled off from the compound surface, and the metallo-graphic structure of this compound could not beobserved. The white areas represented the matrixmaterials of Co–Al intermetallics, while the black areasrepresented pores. There were big pores among thematrix in all Co–Al porous intermetallics and small poresin CoAl and Co2Al9 intermetallics. The big pores (>50 µm)were formed during violent solid–liquid TE reaction. Thesmall pores (<15 µm) could be attributed to the capillaryforce of liquid Al and finally precipitated from com-pound particles [5,36]. The values of Tc in specimens withCo:Al = 1:3 and 4:13 were lower (1156.3°C and 1067.1°C)than that in specimens with Co:Al = 1:1 and 2:9 (1327.2°C
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 Figure 3: Expansion behaviors of porous intermetallics withdifferent Co/Al molar ratios: (a) macroscopic, (b) volume, axial, andradial direction expansion.
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and 1420.9°C); hence, the capillary force of liquid Al wassmall and the small pores in these intermetallics werenot obvious. The numbers of pores in Figure 5a and dwere relatively more than that in Figure 5b and c. Thepores were interconnected and marked with a red line inFigure 5d. Figure 6 shows the microstructure of thefracture surface at different Co/Al molar ratios. Sinteredproducts possessed open-celled characteristics, andthese pores are interconnected with each other, espe-cially the big pores among the particles. The poresconnectivity was most obvious in Figure 6a and d. Figure 7shows the open porosity of Co–Al porous intermetallicsas a function of Al content. The green compact fabricatedby cold extrusion had not to be pressed into a full-density compact. The pores between powder particles Coand Al were important sources of pores after sintering.The open porosities of green compacts were measured tobe 17.7, 21.7, 21.2, 18.6, and 16.1% corresponding to Co:Al =1:1, 2:5, 1:3, 4:13, and 2:9, respectively. The openporosities of Co–Al porous intermetallics increased aftersintering, corresponding to the green compacts with thesame Co/Al molar ratio. The open porosities weremeasured to be approximately 43.2, 36.0, 27.1, 32.9, and42.8% to the specimens with Co:Al = 1:1, 2:5, 1:3, 4:13, and2:9, respectively. These increased holes formed by thereaction of liquid Al and solid Co during the TE reaction.
 EDS was used to confirm the elements in porousintermetallics. Figure 8 shows the elemental composi-tions of the specimen with Co:Al = 1:1. Figure 8aillustrates the magnification morphology of Co–Alporous intermetallics after grinding and polishing.Figure 8c and d show that Al and Co are distributedevenly on the matrix of the Co–Al compound. Figure 8bshows that porous intermetallic compound mainlyincluded Al and Co element. The EDS point analysisresults (as shown in Figure 8e) confirmed that the atomicratios of Co:Al was 52.14:47.86, which was also close tostoichiometric proportions of nominal compositions. Tothe ideal result, the atomic ratio of Co:Al should be 1:1 inthe sintered specimen, but the EDS result was notconsistent completely with the ideal result, which wasdue to the semi-quantitative analysis of EDS [37,38].Combined with the XRD pattern (Figure 2a), it wassuggested that the matrix should be CoAl intermetalliccompound.
 3.5 Oxidation properties
 Figure 9 shows the mass gain of different Co–Al porousintermetallics changing with time at 650°C in air. All ofthe mass gain curves exhibited parabolic-like behavior,
 Figure 5: Optical microscope images of polished specimens with different Co/Al molar ratios: (a) 1:1, (b) 1:3, (c) 4:13, and (d) 2:9.
 146 Xueqin Kang et al.
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indicating that the Co–Al porous intermetallics havesuperior high-temperature oxidation resistance. Themass gain values after 96 h were 1.57, 6.12, 4.55, 3.13,and 13.50 gm−2 to the specimens with Co:Al = 1:1, 2:5, 1:3,
 4:13, and 2:9, respectively. The specimen with Co:Al = 2:9had the largest mas gain during the oxidation process,but it still had the excellent oxidation resistancecompared with Ti–Al porous intermetallics (the minimummass gain was 185.1 g m−2) [5]. The specimens with otherCo/Al molar ratio showed superior high-temperatureoxidation resistance. In particular, the specimens withCo:Al = 1:1 had the least mass gain and the best oxidationresistance. The mass gain came from the oxidation ofCo–Al porous intermetallics and unreacted Al andcontinued to increase because it reacts with oxygencontinuously. Although the mass gain had some differ-ences in different Co–Al porous intermetallics, they allshowed superior high-temperature oxidation resistance.
 4 Conclusion
 Co–Al porous intermetallics were fabricated by anefficient and energy-saving method of the TE. Therewas an obvious heat release phenomenon in the TEreaction. The products of the specimens with Co:Al = 1:1
 Figure 6: SEM fracture micrographs of intermetallics with different Co/Al molar ratios: (a) 1:1, (b) 1:3, (c) 4:13, and (d) 2:9.
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 Figure 7: Open porosity of Co–Al intermetallics with different Co/Almolar ratios.
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Figure 8: (a) SEM images, (b–d) elemental mapping and (e) EDS analysis of the porous intermetallic compound with Co:Al = 1:1.
 148 Xueqin Kang et al.
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and 2:9 retained their original cylindrical shape withoutany defects after sintering. The product of the specimenwith Co:Al = 1:1 was a single CoAl intermetalliccompound, and those with other Co/Al molar ratioswere doped with minor or trace ingredients. Theintermetallics of Co–Al were mainly CoAl, Co2Al5,Co4Al13, and Co2Al9 corresponding to their near Co/Almolar ratio. The specimen with Co:Al = 1:1 possessed thehighest Tig values of 645.1°C and the highest openporosity of 43.2%. The specimen with Co:Al = 2:9possessed the highest Tc values of 1420.9°C, the lowestdensity of 1.86 g cm−3, and higher open porosity of42.8%. All Co–Al porous intermetallics had excellenthigh-temperature oxidation resistance than other porousintermetallics. We can add some pore-forming agents toincrease Co–Al porous intermetallics porosity anddecrease its density in future research.
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