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Abstract

:

Most materials conventionally found in nature expand with an increase in temperature. In actual systems and assemblies like precision instruments, this can cause thermal distortions which can be difficult to handle. Materials with a tendency to shrink with an increase in temperature can be used alongside conventional materials to restrict the overall dimensional change of structures. Such structures, also called negative-thermal-expansion materials, could be crucial in applications like electronics, biomedicine, aerospace components, etc., which undergo high changes in temperature. This can be achieved using mechanically engineered materials, also called negative thermal expansion (NTE) mechanical metamaterials. Mechanical metamaterials are mechanically architected materials with novel properties that are rare in naturally occurring materials. NTE metamaterials utilize their artificially engineered architecture to attain the rare property of negative thermal expansion. The emergence of additive manufacturing has enabled the feasible production of their intricate architectures. Industrial processes such as laser powder bed fusion and direct energy deposition, both utilized in metal additive manufacturing, have proven successful in creating complex structures like lattice formations and multimaterial components in the industrial sector, rendering them suitable for manufacturing NTE structures. Nevertheless, this review examines a range of fabrication methods, encompassing both additive and traditional techniques, and explores the diverse materials used in the process. Despite NTE metamaterials being a prominent field of research, a comprehensive review of these architected materials is missing in the literature. This article aims to bridge this gap by providing a state-of-the-art review of these metamaterials, encompassing their design, fabrication, and cutting-edge applications.
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1. Introduction


The control of thermal expansion is a critical requirement in present-day industrial applications. A strain change as small as 10−5 in linear distortion has the potential to cause fatal errors in high-precision machines and their components [1]. This is evident in the creation of cutting-edge contemporary sectors, such as semiconductor manufacturing, fuel cell technology, thermoelectric converters, electronic packaging, and so forth [2,3]. The fundamental technology used to regulate thermal expansion involves materials that exhibit negative thermal expansion (NTE) which shrink when heated [2,4,5,6]. Research on negative thermal expansion garnered significant interest after the discovery of isotropic NTE in ZrW2O8 in 1996 [7]. Later, several different compounds were found to exhibit NTE behavior in various temperature ranges [8,9,10,11]. The NTE behavior found in these materials was caused by the molecular level structure of the constituent compounds in their NTE temperature range. As such, it is also very difficult to find these rare materials in nature, and a substantial amount of effort is required to discover them. Nonetheless, in 1996, Lakes et al. discovered a novel method of producing negative thermal expansion behavior primarily using structural architecture instead of material properties [12]. He designed an NTE strip by attaching two different materials with different positive coefficients of thermal expansion [12]. Due to its highly material-independent approach, this work spurred remarkable progress in the field of mechanically engineered negative-thermal-expansion materials also called “negative thermal expansion mechanical metamaterials” [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35]. A metamaterial (deriving from the Greek word μετά (meta), meaning “beyond” and the Latin word materia, meaning “matter”) is a material engineered to have a property rarely found in natural materials. Mechanical metamaterials are metamaterials with engineered architectures that exhibit exotic properties, primarily governed by their structure rather than their composition. The primary exotic property is thermal expansion in NTE metamaterials. These metamaterials have the potential to achieve the same effect as those produced by rare, naturally available NTE materials. In this article, we will discuss the state-of-the-art design of their architectures, the potential to fabricate them using metal additive manufacturing techniques, and their applications. Hence, the article layout is as follows. First, a comprehensive review of different NTE architectures is discussed. Afterwards, two cutting-edge metal additive manufacturing processes, powder bed fusion (PBF) and direct energy deposition (DED), are reviewed to evaluate their potential to fabricate metal-based NTE metamaterials. Finally, we list excellent current and potential applications of NTE metamaterials to gauge their transformative potential.




2. Design


Since the advent of NTE metamaterials by Lakes et al. in the 1990s, several designs and structures have been proposed for achieving negative thermal expansion. Although they differ in structural designs, the main principle involves joining two or more constituents with different coefficients of thermal expansion (CTE) to generate a structure with an overall NTE. In this section, we have classified and reviewed different design methodologies from the literature so far. Based on the mechanics and failure modes of these architectures, they can primarily be categorized as bending-based or stretch-based with many sub-classifications.



2.1. Bending-Based Architectures


These types of NTE designs work based on the principle of bending. Bending caused in the structure due to the differential expansion of two different bonded materials leads to an overall contraction in one or more directions. These structural designs can be further classified into the following:




	
Bimaterial-strip-based designs;



	
Chirality-based designs;



	
Re-entrant designs;



	
Other designs.








2.1.1. Bimaterial-Strip-Based Designs


In 1996, Lakes et al. [12] proposed a novel method for producing a cellular NTE structure using bimaterial strips. The strips were made from two materials with different CTE values. During an increase in temperature, a differential strain produced at the perfectly bonded interface produces curvature in the strip, which brings the endpoints closer to each other, thereby causing a contraction and leading to an overall negative CTE.



The CTE of the bimaterial strip is given by [12] as follows:
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where layers E1 and E2 denote Young’s moduli, α1 and α2 are the CTE values of the two materials, θ is the initial curvature of the strip, and h1 and h2 denote the thicknesses of strips 1 and 2. If the high-expansion material is placed on the convex side with a slow expanding material on the concave side, a temperature increase will lead to the increased curvature of the strip and negative thermal expansion. The magnitude of the CTE is highly dependent on the ratio of the length of the strip to its thickness, which implies that slender strips have higher magnitudes of expansion, which are negative or positive depending on constituent orientation.



In later works, Lakes and his group suggested the use of these bimaterial strips as edges of two-dimensional and tridimensional lattices with pin joints and analytically achieved negative thermal expansion in these units [13,14]. The curvature of these structures was deliberately minimized to enhance their stiffness. Nevertheless, as their functionality relies on bending induced by the differential expansion of the ribs, we categorize them as architectures primarily governed by bending. Based on the triangular 2D design proposed by Lehman and Lakes, Ha et al. assumed bonded joints (instead of pin joints) as they are more practical and used a finite element analysis to conclude that the structure still showed tuneable thermal expansion characteristics with possible overall negative CTE [36].



Along with bimaterial strips, layers of multiple materials have also been used to achieve anisotropic negative thermal expansion. A pioneering work by Grima et al. [19] describes the use of thick layers of materials with low moduli and CTE values and a high Poisson’s ratio combined with thin layers of materials with high moduli and CTE values and a significantly lower Poisson’s ratio.




2.1.2. Chirality-Based Designs


In a novel work, Ha et al. alternately oriented bimaterial strips as edges in a chiral structure and achieved negative expansion properties [16]. The expression is given as follows:
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where ρs is the specific curvature.



Wu et al. also used bimaterial strips in anti-chiral structures to achieve this objective [20]. He ran simulations as well as experiments for his anti-trichiral and anti-tetrachiral bidimensional (2D) designs and then extended his work to tridimensional (3D) structures. The extent of the negativity of overall CTE in his designs was dependent on the node radii, the difference in the thermal expansion of the component materials, and the length of the joining ligaments between the nodes.




2.1.3. Re-Entrant Designs


A re-entrant structure is derived from a honeycomb structure by directing two opposite vertices of its hexagon inwards. Taking inspiration from the use of re-entrant structures in the field of auxeticity, Ai et al. proposed a re-entrant unit cell-based structure with several designs using two different materials and achieved negative thermal expansion along with a negative Poisson’s ratio in their simulations [26]. Such structures are termed doubly negative structures. In another work, they made several 3D structures also based on the 2D re-entrant design as it was found to be most optimal in terms of achieving both NTE and auxeticity [25]. Later, Raminhos et al. fabricated a 2D re-entrant NTE design using the additive manufacturing of polymers and experimentally verified its properties [27]. Recently, Peng et al. developed novel hybrid honeycomb designs with enhanced stiffness and tuneable thermal expansion as well as auxeticity [35]. For 2D structures, they merged hexagonal honeycomb unit cells and produced re-entrant, semi-re-entrant, and non-re-entrant designs. In another work, they orthogonally assembled and merged these planar designs to generate 3D unit cells [34].




2.1.4. Other Designs


There are a few bending-dominated structural designs proposed in the literature that do not fit into the above sub-classifications. For instance, Jefferson et al. proposed a hexagonal grid with inner elements made of a higher-CTE material to achieve a bending-based negative CTE design. They analytically evaluated its performance with different beam element-based models and predicted overall negative thermal expansion properties for the structure [24]. Another design proposed by Lim et al. was also found in the literature, exhibiting tuneable thermal expansion characteristics [37]. Figure 1 and Figure 2 depict the 2D and 3D architectures of various designs discussed in this section respectively.





2.2. Stretch-Based Architectures


The structures based on bimaterial strips tend to be less stiff at higher temperatures due to bending, which is a necessity for NTE performance. Avoiding bending-dependent NTE unit cells can increase the overall strength and stiffness of the resultant structure. For designs without bimaterial struts, Deshpande et al. provided a criterion for stretch-based architectures which requires a minimum node connectivity of six for 2D structures and twelve for 3D ones [38]. A design that has a combination of nodes satisfying and not satisfying this criterion would lead to a stiffness lower than a fully stretch-based design; however, the resultant structure can still be stretch-dominated. The stretch-dominated designs made for negative CTE can be classified as follows:




	5.

	
Triangle-based;




	6.

	
Tetrahedron-based;




	7.

	
Octahedron-based;




	8.

	
Other designs.









2.2.1. Triangle-Based


Grima et al. proposed a triangular 2D grid with tuneable thermal expansion capable of achieving negative CTE. Unlike strips or layers, this structure only required vertex–vertex contact of edges made of dissimilar materials [17]. Steeves et al. also proposed pin-jointed stretch-dominated designs using triangles that do not undergo bending at higher temperatures and thus have much higher stiffness and thermal fatigue-resistant properties [21] (Figure 1).



Wei et al. took a similar approach with biomaterial-triangle-based designs and proposed various structural shapes for applications [22]. They also fabricated and assembled their designs using various metals and alloys with a high CTE difference, like aluminium and invar, and experimentally investigated the CTE along with stiffness. Li et al. introduced a Hoberman-circle-based NTE system [23]. By attaching radially aligned high-thermal-expansion rods in the middle-to-low-thermal-expansion rods of the Hoberman sphere, the overall structure exhibits negative thermal expansion. Upon heating, the central rods experience a greater amount of expansion than the rods of the Hoberman circle, thereby causing a contraction.




2.2.2. Tetrahedron-Based


In a pioneering work, Lim and coworkers introduced an NTE design using tetrahedrons. By carefully making the base of the tetrahedron with materials with higher CTE values and the rest with lower-CTE material, the tetrahedron exhibits negative CTE in the vertical direction as well as an overall negative volumetric CTE in various cases [29]. Their work led to further research by Xu et al. in the domain of tetrahedron-based NTE designs. They designed various lattice structures based on bimaterial tetrahedrons, particularly thermally negative octet lattice designs [31].




2.2.3. Octahedron-Based


Jin et al. presented a micro-lattice design with a cubic unit cell consisting of twelve quarter-octahedra at the edges. With the material type differing between the octahedral edges and cubic edges, the structure performed well analytically, with promising negative and zero CTE values [32]. In one of their works, Xu et al. utilized octet truss-based architectures to come up with multiple highly tuneable stretch-based designs. Both numerical as well as experimental methods were used to assess the CTE performance of the designs with Al6061 (high CTE) and Ti6Al4V (low CTE) as the constituents, and the structures were manufactured via the snap-fit assembly of metal sheets cut using a laser from the two materials [30].
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Figure 1. 2D NTE metamaterials: (A) Bimaterial-strip-based: (a) Concept of bimaterial strip (Reprinted with permission from [12]; Copyright 1996 Springer Nature), (b) Cellular structure of bimaterial strips (Reprinted with permission from [12]; Copyright Springer Nature), and (c) Equilateral triangular lattice using curved bimaterial ribs [14]. (B) Multilayered strip with vertical NTE (Reprinted with permission from [19]; Copyright 2010 John Wiley and Sons.). (C) Chirality-based: (a) Chiral lattice with bimaterial strip ligaments where lighter blue and darker blue represent two different constituents (Reprinted with permission from [16]; Copyright 2015 John Wiley and sons), and (b) Bimaterial anti-tetrachiral and anti-trichiral lattice units (Reprinted with permission from [20]; Copyright 2016 American Chemical Society). (D) Stretch-based: (a) Triangular grid design (Reprinted with permission from [17]; Copyright 2007 The Royal Society (U.K.)), (b) Triangle lattice NTE (Reprinted with permission from [21]; Copyright 2007 Elsevier), and (c) Hexagonal lattice design (Reprinted with permission from [22]; Copyright 2016 Elsevier). (E) Others NTE designs: (a) Hoberman-circle-inspired design where red colour represents the constituent with larger CTE while blue represents constituent with lower CTE (Reprinted with permission from [23]; Copyright 2018 Elsevier), (b) Hexagonal grid design (Reprinted with permission from [24]; Copyright 2009 Elsevier), (c) Re-entrant structure where red colour represents the constituent with larger CTE while blue represents constituent with lower CTE (Reprinted with permission from [26]; Copyright 2017 Elsevier), and (d) X-shaped structure (Reprinted with permission from [37]; Copyright 2005 Springer Nature). 






Figure 1. 2D NTE metamaterials: (A) Bimaterial-strip-based: (a) Concept of bimaterial strip (Reprinted with permission from [12]; Copyright 1996 Springer Nature), (b) Cellular structure of bimaterial strips (Reprinted with permission from [12]; Copyright Springer Nature), and (c) Equilateral triangular lattice using curved bimaterial ribs [14]. (B) Multilayered strip with vertical NTE (Reprinted with permission from [19]; Copyright 2010 John Wiley and Sons.). (C) Chirality-based: (a) Chiral lattice with bimaterial strip ligaments where lighter blue and darker blue represent two different constituents (Reprinted with permission from [16]; Copyright 2015 John Wiley and sons), and (b) Bimaterial anti-tetrachiral and anti-trichiral lattice units (Reprinted with permission from [20]; Copyright 2016 American Chemical Society). (D) Stretch-based: (a) Triangular grid design (Reprinted with permission from [17]; Copyright 2007 The Royal Society (U.K.)), (b) Triangle lattice NTE (Reprinted with permission from [21]; Copyright 2007 Elsevier), and (c) Hexagonal lattice design (Reprinted with permission from [22]; Copyright 2016 Elsevier). (E) Others NTE designs: (a) Hoberman-circle-inspired design where red colour represents the constituent with larger CTE while blue represents constituent with lower CTE (Reprinted with permission from [23]; Copyright 2018 Elsevier), (b) Hexagonal grid design (Reprinted with permission from [24]; Copyright 2009 Elsevier), (c) Re-entrant structure where red colour represents the constituent with larger CTE while blue represents constituent with lower CTE (Reprinted with permission from [26]; Copyright 2017 Elsevier), and (d) X-shaped structure (Reprinted with permission from [37]; Copyright 2005 Springer Nature).
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2.3. Other Designs


This section includes architectures that cannot be particularly classified as bending- or stretch-based. In a related work, Lim et al. proposed ring rod assembly-based structures [28]. The unit cell of the design consists of a ring with two rods attached diametrically opposite to each other with each rod protruding out through a hole in the ring on the opposite side. Starting from a 2D structure, they developed 3D arrays of double rings as well. In addition to having thermally negative coefficients, his designs also showed auxetic behavior. Juasiripukdee et al. designed a tessellated cellular structure for a controlled thermal expansion frame for high-precision instruments. They used a high-expansion cylindrical part fitted inside an outer lattice part and numerically confirmed their results [33]. This is an example of a real-world use of controlled thermal expansion.
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Figure 2. 3D NTE Metamaterials: (a) Tetrakaidecahedral foam cell with bimaterial strips (Reprinted with permission from [13]; Copyright AIP Publishing), (b) Negative-CTE tetrahedron with material a having a low CTE and material b having a higher CTE (Reprinted with permission from [29]; Copyright 2007 AIP Publishing), (c) Cubic quarter octahedral structure (Reprinted with permission from [32]; Copyright 2017 Elsevier), (d) Anti-chiral 3D NTE structures (Reprinted with permission from [20]; Copyright 2016 ACS Publications), (e) Star-shaped structures based on 2D re-entrant designs [25]; Copyright 2018 Elsevier), and (f) Auxetic NTE structures (Reprinted with permission from [34]; Copyright 2021 Elsevier). 
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Along with a difference in their design and structures, these works also vary in terms of the constituent materials used, type of analysis, fabrication methods, and achievable CTE values. Initial works in the field tend to be analytical with mathematical derivations or computational using simulation programs; however, recent works also include fabricated models of proposed architectures. A comprehensive comparison of various designs is depicted in Table 1. The fabrication methods are diverse, ranging from a basic assembly to fully 3D-printed models while the materials vary from polymers to metals.





3. Fabrication


From the previous section, it can be seen that the fabrication of negative-thermal-expansion materials requires two or more materials to be fused in a design. Multimaterial fabrication has been attempted successfully in the literature using diverse materials and various manufacturing methods, including additive and conventional manufacturing methods as well as materials like polymers and metals. This segment provides an extensive examination of diverse fabrication methods for multimaterial applications in research, their advantages and limitations, and the essential characteristics needed in multimaterial combinations to effectively generate NTE architectures.



3.1. Metal Additive Manufacturing Techniques


In the field of metal additive manufacturing (AM), PBF (powder bed fusion) and the DED (direct energy deposition) techniques stand out as the most established manufacturing processes. These methods involve adding a powdered metal or occasionally other forms like wire in DED, followed by melting using a focused thermal energy source, either simultaneously or sequentially. Unlike most additive manufacturing processes used for plastics or polymers, PBF and DED rely on electron beams, laser beams, or similar heat sources to achieve bonding between layers of metal. This is essential due to the high fusion enthalpy and melting temperatures of metals [39]. AM outperforms traditional manufacturing techniques when a high level of complexity or customization is required with a lower production volume [40]. Combined with their multimaterial fabrication capabilities, PBF and DED techniques are very promising in the fabrication of NTE metamaterials. A depiction of similarities and differences between the two processes is provided in Figure 3.



3.1.1. Laser Powder Bed Fusion


LPBF is an additive manufacturing technique employed to manufacture complex parts and components. A lot of metals and alloys have been successfully processed using this method. The layout of the machine usually consists of a heat source (laser or electron beam), a powder bed build platform, a powder storage system, a powder delivery system, and an overflow reservoir. Figure 4 depicts the layout of an LPBF machine. For fabrication, a substrate build plate is first fixed onto the machine’s build platform and then the chamber environment is made inert primarily using nitrogen or argon.



After the first layer of powder is deposited based on a pre-defined layer thickness, the laser scans the powder layer in a predetermined path, thereby melting and solidifying the selected areas. Afterwards, the build platform is lowered, a new layer is deposited, and the process repeats itself until the part is fully manufactured. Initially devised for single-material parts, modifications have been made by researchers in LPBF machines to attempt to produce parts made of more than one type of material. Table 2 provides a list of the metal–metal combinations that have been successfully fabricated and industrialized. Since almost all structure-based negative expansion metamaterial designs utilize multiple materials, LPBF provides an opportunity to manufacture negative thermal expansion metamaterials. Also, as a metal-based manufacturing technique, LPBF can open doors to the production of a wide variety of NTE structures using metals in industry. The interaction of laser beams with metal powder leads to the occurrence of complex thermal and physical phenomena in the melt pool [41].



The degree of melting and rate of solidification which directly affect the produced part depend upon various factors, such as the laser power, scanning speed, hatch spacing, layer thickness, and characteristics of the metal powder used [42,43]. A list of the critical parameters in LPBF is provided in Figure 5.



However, not all materials can be successfully printed together using LPBF. The interfacial bond strength is one of the primary factors to consider when trying to attach two dissimilar metals using this technique [44,45,46,47,48,49]. A useful parameter, energy density E, is used in LPBF to calculate the effect of these multiple factors and is defined as follows [50]:


  E =   P   v × h × t    








where P is the laser power, v is the scanning speed, h is the hatch spacing, and t is the layer thickness. If the energy density is too high, it causes splashing in the melt pool, leading to a balling effect, which can increase roughness at the surface [51]. A high E can also cause keyhole porosity formation due to metal vaporization [52,53]. A low E causes insufficient powder melting, leading to the surrounding particles sticking to contour tracks.



In multi-metal parts fabricated using LPBF, the optimization of energy density can reduce defects. This has been successfully observed in maraging steel–copper bimetal parts [49]. Different CTE values and thermal conductivities of steel and copper cause residual stresses, which cause weak bonding and hence induce cracking at the interface. A higher energy density tends to alleviate this problem. A decrease in residual stresses and thereby the balling effect can also be achieved by optimizing the scanning strategy. During the fabrication of SS316L and18Ni300 bimetallic structures, island and interlayer staggered scanning strategies were found to be useful [46]. In a CuSn and 18Ni300 bimetal structure, remelting scanning achieved lower levels of elongation and tensile stress [54]. The ability of LPBF to produce multimaterial prints combined with ongoing research in this direction promise the success of this process in manufacturing negative-thermal-expansion metamaterials with the limitation of smaller part sizes. Figure 6 depicts these materials in their order of fabrication.





 





Table 2. Various metal–metal combinations printed using LPBF.
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	Metal–Metal Combinations
	Powders Used
	References





	Iron–Iron
	Maraging Steel, H13

Maraging Steel, 4Cr13 Steel
	[55,56]



	Aluminium–Aluminium
	Al12Si, Al3.5Cu1.5Mg1Si
	[57]



	Titanium–Titanium
	Ti6Al4V, Ti5Al2.5Sn
	[58]



	Titanium–Iron
	Ti6Al4V, K220Cu, SS316L
	[59]



	Titanium–Nickel
	Ti6Al4V, IN718
	[60]



	Iron–Nickel
	SS316, IN718
	[45]



	Copper alloy–Iron
	Cu10Sn, SS316L
	[44,46,61]



	Pure Copper–Iron
	Cu, Maraging Steel
	[49]



	Aluminium–Copper
	AlSi10Mg, C18400
	[47]



	Tungsten–Copper
	Pure W, CuA
	[62]









3.1.2. Direct Energy Deposition


DED is an additive manufacturing process that utilizes focused thermal energy to fuse materials by melting as they are being deposited (Figure 7). A heat source, like a laser or electron beam, is focused on the material being deposited, which is supplied either in the form of a blown powder or via a wire system [63,64]. Depending on the feedstock, DED processes can be classified as follows [65,66]:




	9.

	
Powder feeding;




	10.

	
Wire feeding.









A powder feeder and a laser are used in the laser additive manufacturing (LAM)–DED process [67]. Wire-based DED techniques can be classified into wire arc additive manufacturing (WAAM), wire laser additive manufacturing (WLAM), and wire electron beam additive manufacturing (WEAM), with the primary difference being the thermal energy source used to melt the wire [68,69,70]. WAAM uses an electric arc, WLAM uses a laser source, and WEAM uses an electron beam for melting the wire [69,70]. Various factors affect the quality of parts in DED technology. These include the type of heat source, beam size, feedstock type, feed rate, machine parameters, layer thickness, etc. (Figure 8). DED provides many key advantages, including a high material deposition rate and the ability to produce bigger parts (several meters in size) [71].



DED has been extensively used to produce multi-metal components in various research works [72,73]. It has been used to manufacture multimaterial structures made of Ti–alloys [74], Fe–Ni alloys [75,76,77,78], Co alloys [79], Cr alloys [80], steels [81,82] and Al–alloys [83,84,85]. During the fabrication of multimaterial structures, sudden transitions between material types tend to create issues. Rapid shifts in material types can pose challenges during the production of structures that use multimaterials. Issues such as the creation of fragile intermetallic phases [86], cracking during solidification [86], and elevated residual stresses due to differences in thermal expansion caused by material mismatch [87] can arise at the interfaces between materials. The problems caused by dissimilar metal bonding have been mitigated using gradient transitions between different materials, thereby forming functionally graded materials (FGMs) [88,89]. FGMs alleviate the problem of residual stresses; however, they fail to mitigate brittle intermetallic formation [76]. The technique of introducing an interfacial material at the joint of dissimilar materials has been successfully used in research to suppress intermetallic formation [90,91]. As compared to PBF, DED-manufactured parts have a coarser resolution but much bigger achievable part sizes. This leads to inefficiency in producing intricate geometries, including lattice structures which are mostly used in industry [92]. It is difficult to manufacture small-scale multimaterial lattice unit cells in this process due to the lower level of accuracy, higher surface roughness, and larger surface waviness. The process also has a lower powder recyclability and efficiency when printing a mixture of powders as compared to PBF [93]. There have been many works on multimaterial printing using DED using a wide range of alloys [94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126]. This has been represented in Figure 9.




3.1.3. Polymer AM and Multimaterial Fabrication


Multimaterial manufacturing has also been tested using polymer AM techniques, like stereolithography (SLA), fused filament fabrication (FFF), direct ink writing (DIW), and PolyJet, either individually or in a combined process. SLA was the first technology in this field, using multiple vats of photopolymers to achieve its objective [127,128,129]. However, this approach requires a high process time [128]. Shortly afterwards, FFF, a widely used material extrusion-based technique using thermoplastic feedstock filaments, was employed for multimaterial applications by using multiple extrusion heads or nozzles [130,131]. Recently, DIW, which uses a visco-elastic ink solution using extruders, has been developed with three different apparatus modifications for multimaterial fabrication [132]. They include a single-cartridge system using a multimaterial ink with only one nozzle [133], a multi-cartridge system with different pastes and nozzles [134], and a concentric nozzle system with distinct filaments on core and shells [135]. A diverse array of polymers have also been considered in these studies. They include monomers; thermoplastic polymers like polyactic acid (PLA), acrylonitrile butadiene styrene (ABS), thermoplastic polyurethane (TPE), nylon, polycarbonate (PC), polycaprolactone (PCL), polyethylene terephthalate (PET) polyethylene glycol diacrylate (PEGDA), and high-impact polystyrene (HIPS); thermosetting polymers like silicones resins; and other materials like piezoelectrics, etc. (Table 3).



These processes can produce structures with multi-color regions or textures as well as spatial property variations including functional gradients. Mobilizing thermoplastic polymer chains through chemical reactions poses significant challenges, unlike thermoset plastics [136]. The prevalent use of thermoplastic polymers in hot-melt extrusion-based systems has propelled their expansion in research fields. This includes investigating the affinity between dissimilar materials and studying their mechanical properties in the production of various structures.



The critical component in polymer multimaterials is the interface established at the geometric boundary of discrete materials. This interface’s characteristics depend on the properties and printing conditions of the involved materials [130]. Significant research analysing the relationship between printing parameters and the multimaterial interface is scarce in polymer AM. Thus, the field remains a potential area of investigation for future work. Other challenges include the precise alignment of various extrusion heads during multimaterial deposition as well the intermittent stoppage of plastic in one extrusion system while another material is being deposited, leading to a rheology change in the plastic and difficulties in flow rate optimization [137].





 





Table 3. Different material combinations in polymer AM.
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Researcher

	
Materials Used

	
Reference






	
Stereolithography




	
Unkovskiy et al.

	
Silicones

	
[138]




	
Hu et al.

	
Monomers, PEGDA

	
[139]




	
Lu et al.

	
PET, Embedded piezolectrics

	
[140]




	
Jiang et al.

	
Different resins

	
[141]




	
Fused Filament Fabrication




	
Mansouri et al.

	
TPU, Bayblend

	
[142]




	
Yazdani et al.

	
Nylon, Carbon fibre

	
[143]




	
Lopes et al.

	
PLA, PET, TPU

	
[144]




	
Peng et al.

	
ABS, PE

	




	
Yin et al.

	
ABS, TPU

	
[145]




	
Lin et al.

	
PLA, PCL

	
[146]




	
Mueller et al.

	
PET, PC

	
[147]




	
Khondoker et al.

	
PLA, ABS, HIPS

	
[148]




	
Ribeiro et al.

	
PLA, TPU

	
[149]




	
Khatri et al.

	
ABS, TPU

	
[150]




	
Singh et al.

	
ABS, HIPS

	
[151]




	
Mustafa et al.

	
ASA, PETG

	
[152]




	
Singh et al.

	
PLA, ABS, HIPS

	
[153]




	
Baca et al.

	
PLA, ABS, HIPS

	
[154]




	
Direct Ink Writing




	
Yirmibesoglu et al.

	
Elastomers

	
[155]




	
Rocha et al.

	
Graphene electrodes

	
[134]











3.2. Conventional Manufacturing Techniques and Multimaterial Fabrication


Conventional manufacturing (CM) techniques have been employed in the literature to fabricate multimaterial parts. Several CM processes, like casting, forging, and machining, as well as joining methods, like welding and riveting, have been used to produce such structures (Figure 10) [156,157]. These methods are very different than AM processes due to their shaping methodologies, utilizing both additive and subtractive approaches of manufacturing. In this section, we explore the multimaterial fabrication capabilities of these methods and juxtapose each of them with additive manufacturing (AM) processes.



3.2.1. Casting


As one of the oldest CM techniques, casting processes produce near-net-shaped parts by filling a hollow mould of the required shape with molten metal and subsequently cooling it. It is still a widely used manufacturing technique due to its affordability in producing a large number of identical parts [158]. Multimaterial part casting has been performed in the literature using the in-mould assembly technique [159]. Casting is one of the few CM techniques with the potential to produce multimaterial parts without jointing methods like rivets, adhesives, welds, or fasteners. It was first proposed by Miller to manufacture a single cast made from two different metals [160]. Gouker et al. reviewed techniques for multimaterial moulding, including cavity transfer, removable core, and sliding core techniques, and successfully used mould piece combinations to fabricate multimaterial parts [161]. Recently, there has been particular interest in producing aluminium–steel bimetallic cast parts in the literature with and without the use of coatings [162,163,164].



As compared to AM methods, this process is generally more affordable in producing large batch sizes of identical parts. Metal casting processes almost always require the removal of feed and filling systems from the output parts. However, parts manufactured by AM are generally closer to the final part shape with better levels of dimensional accuracy, surface finish, and customizability in terms of complexity and porosity.




3.2.2. Joining Processes


Joining processes are the primary CM methods used to join or fuse structures of different materials to fabricate multimaterial parts. Welding, a common permanent joining process, has been widely explored to fabricate multimaterial components [165]. Various welding techniques have been employed for manufacturing such components [166,167,168]. In particular, laser welding has several advantages, such as a high energy density and a high cooling rate with a smaller heat-affected zone [169,170]. Nevertheless, solid-state welding processes like friction and diffusion welding are better at suppressing holes and intermetallic compounds (IMCs) to generate better values of bond strength [166,167,168,171].



A simpler approach to joining different materials is a mechanical assembly operation. This includes processes like press fitting, shrink fitting, and even mechanical connections. Taniguchi et al. successfully used press fitting to assemble constituent parts of a bimaterial gear [172]. Shrink fitting has also been employed in research to assemble bimaterial parts [173,174].



Despite recent progress in manufacturing techniques, joining processes are still ubiquitous. AM processes are almost always more expensive than joining two components of different materials. However, in the case of multimaterial complex structures with intricate joints like lattices and gyroids, joining processes are not feasible. A similar argument exists for functionally graded multimaterial structures that have a gradual change in composition, which makes conventional joining processes redundant. Nonetheless, due to their ease of use, cost effectiveness, and versatility for simple components, these processes are widely employed in industry.




3.2.3. Forging


Forging is a manufacturing process that shapes metal using localized compressive forces to achieve the desired structure, size, and properties. These processes, broadly categorized as “hot forging”, “warm forging”, or “cold forging” have been used to produce multimaterial components [175,176,177,178]. Aluminium–steel combinations have been explored in existing studies, revealing the optimal processing conditions, with steel requiring temperatures above 900 °C and aluminium within the range of 400–500 °C. This ensures that the aluminium does not melt, and it allows for the assessment of the impact of varying values of the CTE of the two materials on their relative shrinkage [175]. Forging also has minimal feedstock waste, thereby reducing costs as compared to subtractive CM processes like machining.



In contrast to AM processes, forging has the advantage of producing larger objects more efficiently at a lower cost. The physical deformation involved in forging eliminates voids, making defects less of a concern for the mechanical performance of forged components compared to AM parts, which often exhibit some degree of porosity post-fabrication [179]. While specialized forging dies can be designed for intricate products, forging generally struggles with complex shapes. It is almost impossible to fabricate intricate designs like lattice-based structures which are generally required for metamaterials using forging. AM processes tend to perform better for relatively complex parts at a smaller production volume.




3.2.4. Machining


Machining is a subtractive manufacturing process in which a material is removed from feedstock to obtain the required shape. Currently, computer numeric control (CNC) machining is mainly used due to the high precision obtained from automation [180]. CNC machining can process a wide variety of materials, including metals, polymers, ceramics, composites, and many more. Due to the inherent subtractive nature of the process, the production of multimaterial parts generally requires the feedstock itself to be made of different materials. The multimaterial feedstock can be produced using casting, forging, or other techniques. Machining can then remove excess materials and impart the desired shape to the part.



Machining has a very prominent place in the manufacturing industry. When compared to AM, it is generally faster for not-too-complex parts at a higher volume of production. It also tends to consume comparatively less energy, although it is highly dependent on the shape and complexity of the part being manufactured. For example, the production of an aeronautical turbine using milling requires only 6 h as compared to around 16 h per part using PBF [181]. The feedstock used in machining is almost five to ten times less expensive than the metal powders used in metal AM [182]. Nonetheless, unlike metal AM, machining by itself is unable to produce multimaterial parts and requires multimaterial feedstock to be fed. Hence, it cannot be called a fully multimaterial manufacturing process. However, metal AM, as discussed before, can generate fully multimaterial products using single-material feedstocks or powders. Additionally, it is relatively easier to manufacture complex repeating-unit cell structures like lattices using metal AM, particularly PBF as compared to CNC machining [182].
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Figure 10. Schematic diagrams of various CM processes (Reprinted with permission from [179]; Copyright 2020 Hasanov et al.). 
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3.3. Comparison of Microstructural Properties in AM and CM Processes


In addition to the differences outlined in the preceding section, the variation in physical processes employed during production results in distinct mechanical and microstructural properties of the final parts produced through AM and CM processes. For instance, the interaction of a laser with the metallic powder in LPBF causes the formation of a tiny melt pool roughly 1 mm in length and 0.5 mm in width and depth [183,184]. Depending on various parameters, cooling rates can reach values as high as 103–108 K/s [185,186]. Based on the solidification theory for microstructure formation, grain nucleation begins at the solid–liquid interface between the base metal and melt pool [187,188]. Due to rapid solidification, homogeneous nucleation cannot take place because it usually requires a bigger time scale. Therefore, heterogeneous nucleation and epitaxial grain growth take place in LPBF with a columnar solidification front [189,190]. The final microstructure is primarily dependent on the temperature gradient at the solid–liquid interface and solidification rate. The process generally induces extremely fine microstructures in alloys like steels leading to high values of mechanical strength and hardness in the resultant parts [191,192]. Nevertheless, the selection of optimum process parameters is crucial in LPBF; otherwise, defects like holes, inclusions, and warping can easily occur and deteriorate mechanical properties [193,194]. In his work on the Inconel 625 alloy, Marchese et al. observed that DED also provides a fine microstructure; however, it is around one order of magnitude larger than LPBF [195]. It has a multi-scale non-homogeneous microstructure with columnar grains; however, the characteristic sizes exceed those in LPBF [196,197]. It leads to surface hardness and mechanical strength values that are lower than those of parts made using LPBF, but they are higher than identical parts made of wrought alloys [198]. In addition to the dependence on processing parameters, the grains observed in DED also vary with the specimen’s geometry and locations within it [196,199]. Additionally, due to the differential grain flow in resultant microstructures, both LPBF and DED parts tend to show anisotropic behaviour in terms of mechanical properties [200,201].



Conventionally manufactured parts have different microstructural and mechanical properties due to differing temperature and cooling rates than AM fabricated parts. Casting can have cooling rates of 5–100 K/s, which are well below those in LPBF [202,203]. The microstructure consists of columnar elongated grains near the mould walls as opposed to equiaxed uniform grains near the core of the casting [204]. Quicker cooling promotes faster solidification, leading to finer microstructures and enhanced mechanical properties, while slower cooling leads to larger grain sizes and coarser microstructures [205,206]. However, cooling rates cannot be increased to very high values like those in AM processes because faster cooling rates can also lead to increased shrinkage and non-uniform solidification and cause voids in the final part [207]. Forging tends to elongate grains as well as defects like voids and inclusions in the direction of metal flow or plastic deformation [208]. This produces anisotropy in parts; however, the grain flow can improve properties like toughness and ductility if the crack propagation direction and grain flow directions are aligned [209]. Hot forging at high temperatures and cooling rates can also produce finer grain microstructures, thereby improving mechanical strength [210]. In fusion welding, the microstructure of the joint is predominantly determined by the filler metal’s chemical composition and the amount of heat applied. A higher heat input results in a slower cooling rate, leading to larger grains, while a lower heat input speeds up cooling, producing a finer microstructure [211]. It has been observed that friction stir welding, a solid-state process, is better for hard metals like steel and titanium due to the control it provides for composition and temperature, thereby providing superior values of joint strength [212]. It directly helps to tune the microstructure and mechanical action in the form of stirring, modifying the microstructure from coarse grains to finer ones [213,214]. While in most traditional manufacturing techniques, the microstructure mainly depends on temperature history, severe plastic deformation during cutting also plays an important role in the resultant microstructure of machined parts [215]. The cutting parameters, like the depth of cut, feed rate, and cutting speed, play a huge role in microstructure development. In many works, these parameters have also been linked to phase transformation near the surface of machined parts [216,217,218]. The difference between AM and CM microstructures is shown in Figure 11 [219].



Clearly, these investigations establish a significant contrast in the microstructural development and mechanical characteristics of parts produced through AM and CM fabrication. The exceptionally elevated temperatures and rapid cooling associated with AM techniques tend to yield extremely fine microstructures characterized by enhanced strength, toughness, and hardness values. In contrast, different CM methods exhibit varying cooling rates, which are generally lower than those of AM processes. This results in a diverse array of possible microstructures through CM procedures, which are contingent upon the specific process and parameters employed.




3.4. Material Selection for NTE Architectures


Although a multimaterial combination is necessary for NTE, this is not sufficient in itself to produce a functional NTE structure. Along with the design, an NTE metamaterial also requires the following:




	11.

	
A considerable difference in the CTE of the constituents;




	12.

	
A strong interface between different materials.









In most designs, the expansion of one material counteracts the expansion of the other to produce an overall NTE. For example, in a bimaterial strip, the material that is expanding less causes the one that is expanding more to bend, thereby leading to the shortening of the strip [12]. A high difference between the CTE values is ideal for a better NTE performance. In addition, the less-expanding material should ideally have as low a CTE value as possible for a better performance. The research conducted by Ai et al. demonstrated that all four of their NTE designs exhibited significantly lower CTE values when utilizing aluminium–invar combinations compared to steel–invar combinations, primarily due to a higher CTE difference. Conversely, the aluminium–steel combination resulted in even higher CTE values and, in some designs, an overall positive thermal expansion [26]. This outcome can be attributed to the smaller CTE difference between aluminium and steel, coupled with the fact that steel, as a material with lower expansion in the design, inherently possesses a higher CTE value than invar. Similar results were obtained by Wei et al. in their works using different combinations of Al, steel, and invar [22]. Undoubtedly, the variation in NTE performance would be contingent on the specific design under consideration as well. Additionally, the change in CTE values for various materials with temperature could influence the performance, especially at elevated temperatures [220].



The strength of the bond at the interface is another crucial requirement in NTE metamaterials. Phase equilibrium diagrams provide essential information about stable phases under various temperatures and metallic element combinations and aid in exploring the compatibility of two metals or alloys [221]. They are helpful to evaluate the feasibility of the resultant interface strength of dissimilar alloys in different CM joining processes like welding as well as heating-based AM techniques like LPBF or DED. Not every alloy combination with a difference in CTE values and hence potential NTE fabrication capability can provide enough bond strength to the resultant interface. For instance, during the LPBF process of pure aluminium (Al) onto pure iron (Fe), an initial layer of Al powder is deposited onto the previously printed Fe. During the laser–powder interaction, not only the pure Al powder but also a portion of the solid Fe beneath it must melt to prevent cracks or a lack of fusion porosities at the Al/Fe interface. Consequently, the molten pure Al becomes diluted by Fe, and the proportion of Fe in the liquid Al depends on factors like the process parameters and powder layer thickness. Assuming 50 wt% Al and 50 wt% Fe at the interface, according to the equilibrium binary phase diagram of Fe–Al, this composition lies between the FeAl2 and Fe2Al5 phase zones, resulting in a microstructure consisting of these two phases at room temperature (Figure 12). As the 3D printing progresses, the Fe concentration in subsequent Al layers decreases. Layers 2 to 5 might have decreasing Fe concentrations of 30, 20, 10, and 0 wt%, respectively, leading to microstructures comprising FeAl3 (layer 2), (Al) + FeAl3 (layers 3 and 4), and (Al). These intermetallics (FeAl2, Fe2Al5, and FeAl3) are known to be hard and brittle [222].



The LPBF process generates thermal stresses/strains that these brittle phases cannot withstand, resulting in material cracking from the interface during printing. This illustrates why Al and Fe are considered incompatible and cannot be directly printed on top of each other. The same considerations apply to printing Al-based alloys on Fe-based alloys. This phenomenon of the non-satisfactory bonding of Al–Fe from phase diagrams has already been experimentally verified in other CM joining techniques, like various welding processes and roll bonding during the joining of aluminium and iron alloys [223,224,225,226]. Therefore, it is important to identify metal or alloy combinations without intermetallics or at least avoid brittle intermetallics in their phase diagrams for compatibility in different architectures.
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Figure 12. The iron–aluminium phase diagram (Reprinted with permission from [227]; Copyright 1990 ASM International). 






Figure 12. The iron–aluminium phase diagram (Reprinted with permission from [227]; Copyright 1990 ASM International).



[image: Jmmp 08 00040 g012]





On the other hand, metals like nickel (Ni) and copper (Cu) are compatible according to phase diagrams [227]. The equilibrium binary phase diagram of Ni–Cu is shown in Figure 13. As evident, no intermetallics are present in the Ni–Cu phase diagram, and these two metals can dissolve in one another at any concentration. Therefore, they are compatible and can be printed using AM processes on top of each other without any issues and even be joined using conventional joining processes like welding.



Nevertheless, in non-fusion joining processes like assemblies using bonding glues or riveting, this issue would not exist; however, careful attention is needed to evaluate the strength of such joints using other applicable parameters and experiments. Thus, CTE differences and material compatibility are very important requirements for the fabrication of NTE metamaterials.





4. Prospective Applications


Negative-thermal-expansion materials are in high demand for high-precision applications undergoing temperature changes. In such applications, even a minuscule dimensional change due to the expansion of their constituents can cause significant levels of inaccuracy. The combination of negative expansion structures with positive expansion materials has the potential to produce zero thermal expansion overall, leading to a high dimensional accuracy and mitigating errors in such applications. Some of these applications include the following [228,229,230]:




	
Electronic packaging;



	
Fuel cells;



	
Dental implants;



	
Space structures.








The sub-sections below discuss these applications in detail.



4.1. Electronic Packaging


Electronic packaging refers to the design and fabrication of enclosures for electronic devices. It is a promising application for negative- and low-expansion thermal metamaterials due to the requirement of a low CTE value for packaging constituents. For optimal thermal management, the packaging material must have the following key attributes [231]:




	
High thermal conductivity (TC) to minimize thermal resistance and increase heat dissipation.



	
Low CTE to minimize thermal expansion mismatches and enhance thermal cycling performance.



	
High manufacturability at the micro-level.



	
High mechanical strength to support and stabilize fine microstructures at high operational pressures.



	
In packaging, it is vital to closely match the coefficients of thermal expansion of substrate materials to those of semiconductors, like gallium nitride and silicon carbide to avoid issues caused by CTE mismatch (Figure 14).








In order to have superior levels of heat dissipation, the substrates are also required to have high thermal conductivity values. Based on their composition, electronic packaging materials can be categorized into ceramic, plastic, and metal materials. The advantages and limitations of each are mentioned in Table 4.



A graph comparing the coefficients of the CTE values of various substrates and semiconductors is shown in Figure 15.



Unlike conventional substrates like plastics and polymers, metal substrates are particularly useful in high-temperature applications requiring higher thermal conductivity values since metals tend to have higher thermal conductivity values. Recently, thermal metamaterials have been considered for electronic packaging applications [241]. The various characteristics of thermal metamaterials’ development relevant to electronic packaging applications are as follows:




	
Anisotropic heat dissipation to minimize hot spots [242];



	
Heat cloaking of thermally sensitive electronic components [243];



	
Heat guiding in a defined path to reduce thermal interference between adjacent devices [244].








While previous research has focused mostly on inherent material properties, the architectural property of the negative thermal expansion of thermal metamaterials can be combined with the abovementioned characteristics to reduce thermal mismatch and further increase the application of metamaterials in the electronic packaging industry.




4.2. Fuel Cells


Fuel cells are electrochemical conversion devices used to generate electrical energy from chemical potential (Figure 16) [245]. Their low emission levels, silent operation, and environmentally friendly byproducts have generated interest in using them as potential replacements for fossil fuels in various applications. A summary is provided in Table 5.



One of the emerging fuel cell types is the solid oxide fuel cell (SOFC) due to its high efficiency and diverse fuel alternatives, like carbon-based fuels. Solid oxide fuel cells (SOFCs), also known as high-temperature fuel cells, operate within the temperature range of 650 °C to 1000 °C. They use an oxygen ion conducting solid inorganic ceramic electrolyte, allowing for the utilization of a wide range of fuels. However, a significant issue with this technology is its incapacity to sustain intermittent operation. Any period of cessation and reactivation is harmful to the cell and can take several hours. One of the primary factors contributing to this problem is the varying CTE between its various components, like the electrodes, electrolyte, and interconnect materials [254,255,256,257,258,259,260,261,262,263]. A brief overview of these CTE values is shown in Table 6 [264].



Thus, thermo-mechanical instability is an important obstacle in commercial fuel cell development. The difference in the thermal expansion of various components causes high internal stresses and strains, leading to reduced durability, delamination issues, and overall higher degradation rates [265]. One of the components which suffers the most from such problems is the cathode in solid oxide fuel cells (SOFCs). Highly conductive cobalt containing perovskites, which are generally used for manufacturing due to their high oxygen reduction activity, exhibits a much higher CTE value (~20–25 × 10−6/K) as compared to its SOFC electrolyte counterparts (~11.2–12.3 × 10−6/K). It leads to high thermal stresses and hence frequent degradation. Techniques are utilised including doping transition metals with d0 orbitals, making composites of perovskite material with electrolyte material, incorporating A-site deficiencies in cathodes, and introducing thermal-expansion-restricting phases [266,267,268,269]. Zhang et al. came up with the novel approach of combining an NTE material, Y2W3O12 oxide (CTE~ −7 × 10−6/K), with a Perovskite electrode material, SrNb0.1Co0.9O3−δ (also called SNC, CTE~ 21 × 10−6), which had a great electrochemical performance [265]. In another work, Jia et al. combined Sm0.85ZN0.15MnO3 material exhibiting NTE with a Ba0.5Sr0.5Fe0.8Cu0.1Ti0.1O3−δ (BSFCT) cathode [270]. Instead of electrodes, Hayun et al. focused on altering the electrolyte’s CTE by adding tungsten oxide (WO3) powder to 8YSZ powder, which was sintered to form a tungsten-based multi-phased Yttria-stabilized zirconia (YSZ) ceramic electrolyte [264]. It has improved levels of thermal shock resistance and has the potential to reduce the problem of the lack of rapid restart in SOFCs. These multimaterial combinations show that combining different types of materials to mitigate thermal expansion issues is an emerging technique in the fuel cell industry to solve the problem of mismatch in thermal expansion. This idea is similar to the muti-material combination approach used in NTE metamaterials.



However, along with electrodes and electrolytes, the optimization of interconnects in SOFCs is also very important in fuel cells. Interconnects function as the linking components that connect the current collectors in various cells or electrical loads. The primary types of interconnects developed are (i) ceramic-based [271] and (ii) metal-based [272]. Due to the high cost and low electrical conductivity of oxide-based ceramic interconnects, recent progress has focused on metal-based interconnects. The thermal and chemical requirements of interconnect materials include the following [273]:




	
Their CTE values should be similar to those of other SOFC components;



	
High levels of thermal and electrical conductivity;



	
High levels of mechanical strength at high temperatures;



	
Chemical stability in both oxidizing and reducing environments;



	
Excellent imperviousness to oxygen and hydrogen.








Metallic interconnects can be used at temperatures up to 800 °C as compared to ceramic interconnects that can be used near 1000 °C. Metallic interconnects have low material and production costs, can be easily shaped due to their high malleability, and exhibit high levels of thermal and electrical conductivity. However, they generally need protective oxide surface coatings against corrosion [274]. Ferritic stainless steels with high amounts of chromium have been extensively used due to the formation of a protective Cr2O3 layer at higher temperatures. Nonetheless, when exposed to elevated temperatures, chromium tends to vaporize and deposit at the cathode surface of the SOFC, thereby decreasing the life of the SOFC [272,275]. Alternative alloys with Al or Si that can create protective oxide layers like Al2O3 or SiO2 are typically avoided because of their slow oxide layer development and the reason that chromium oxide (Cr2O3) functions as a semiconductor within the temperature range of the SOFC, therefore offering superior levels of conductivity compared to those of Al2O3 and SiO2, which are electrically insulating oxides [276,277]. Nickel-based superalloys (Haynes 230, Haynes 242, Hastelloy S) offer better oxidation behaviour under the SOFC temperature range than ferritic steels like Crofer22 APU, which are commonly used SOFCs. In addition, they do not suffer from the issue of chromium evaporation, unlike ferritic steels. However, at present, nickel-based superalloys are not used in SOFCs due to their higher CTE values relative to those of other SOFC components. Additionally, in the case of Haynes 242, its CTE behaviour is non-linear [278].



NTE metamaterials, as discussed in this paper, can be used to design artificial architectures in SOFCs’ interconnect design to regulate their CTE. This has the potential to make the material level CTE requirement less important and simultaneously avoid thermal stress development in SOFCs, thereby allowing researchers to use higher-CTE materials, like nickel superalloys, which offer better oxidation resistance without the chromium poisoning of the cathode.




4.3. Dental Implants


Dental implants are widely used these days to replace tooth loss caused by periodontitis, trauma, or genetic orders [279]. Their ability to integrate with bone, also called osseointegration, gives them an edge over conventional replacements like dentures or bridges [280]. Also, dental implants are standalone tooth replacements and are not attached to other teeth.



As depicted in Figure 17, the structure of a dental implant consists of the following [281]:




	
Crown;



	
Abutment;



	
Implant body (or implant)








Different types of materials have been tested for making implants. The ideal material is required to be chemically biocompatible with a fairly high mechanical strength, excellent corrosion resistance, and high wear resistance [281]. Titanium and its alloy Ti6Al4V have been widely used to manufacture these implants due to their excellent biocompatibility, lower density than that of most steels, and corrosion resistance due to the formation of oxide film TiO2 as well as good osseointegration [282]. However, despite their advantages, these implants suffer from various issues.



	
Titanium implants have a much higher Young’s modulus (~120 GPa) than a typical human bone (~1 to 20 GPa). This results in the stress shielding of bone because most of the applied stress is loaded onto the implant. It can lead to lower than normal levels of stress on the surrounding bone, leading to less bone regeneration in that region and hence weaker surrounding bones over time, i.e., bone loss. This can cause the loosening of implants [283,284].



	
The thermal conductivity of titanium implants is much higher than that of the human teeth they replace [285,286]. During the consumption of hot food and beverages, human teeth or dental implants undergo cyclic thermal loads. However, enamel and dentin layers in actual human teeth have low thermal conductivity, thereby protecting the sensitive inner pulp and bone inside gums from these temperature changes. However, this is not the case when dental implants are in use. These high food temperatures when transferred to alveolar bones in gums can cause permanent bone-death, also called necrosis, and the loss of bone regeneration and osseointegration. Necrosis can result from a thermal shock of 47 °C over just a minute [287,288], which can be easily caused by the excellent thermal conductivity of metal dental implants combined with intra-oral temperatures easily reaching 67–77 °C during day-to-day hot beverage consumption [289].



	
Despite their biocompatibility advantages, titanium and its alloys tend to be more expensive than other implant alloy options like stainless steel [290].






NTE metamaterials have the potential to be used for dental implant applications:



	
The problem of the high thermal conductivity of titanium implants can be alleviated by designing them with lattices, as used in mechanical metamaterials. Due to the porosity of lattices, the average thermal conductivity would be lower than that of a fully dense solid metal cross-section of the same size.



	
The inner core of implant roots can be made of steel with a titanium covering on the outside if a negative- or low-expansion metamaterial lattice structure for a steel core is used. The low CTE of the lattice metamaterial structure would mitigate the problem of the high expansion of steels as compared to the CTE of human bone. Also, the overall cost of implants would decrease due to the lower use of titanium.







4.4. Space Structures


The fluctuating temperatures in outer space make space structures undergo thermal expansion and contraction [291]. A satellite’s orbit and design, among other things, can have an impact on the severe temperature conditions that exist in space. Spacecraft materials and structures are subjected to temperatures ranging from roughly −180 °C to +180 °C during different orbital phases around Earth (Figure 18) [292]. The materials experience thermal stresses as a result of these large temperature swings, which total a 360 °C change. Differential coefficients of thermal expansion can cause issues, such as surface treatments and electronic components flaking off, as well as diminished adhesion and cracking. Other missions, such as those that investigate extra-terrestrial worlds, which may experience extended temperature ranges as well as extremely cold or high temperatures, must also consider similar concerns. Therefore, achieving almost net-zero thermal expansion is necessary for sensitive large-scale space structures, like telescopes and reflector antennas, to maintain their spatial resolution and accuracy [293,294].



Recently, thermomechanical metamaterials with tailorable low-thermal-expansion properties have garnered interest in controlling thermal expansion in space structures. Yu et al. designed two near-zero thermal expansion lattice structures using structural optimization with a negligible thermal expansion of 10−9 m/m.K, achieving almost zero thermal deformation. The structure also had the potential to be fabricated in orbit using additive manufacturing (Figure 19) [295]. In another work, a negative-CTE lattice structure was designed for a high-precision optical system that could be manufactured using metal additive manufacturing using invar and titanium (Figure 20) [296]. These works make a strong case for the usage of NTE metamaterials in space to mitigate thermal mismatches in various components as well as overall structure.





5. Conclusions


In this paper, we delved into the thriving research within the NTE metamaterials field, which has seen significant growth over the past decade. Various researchers have created numerous designs, both theoretical and experimental. Based on these findings, we can formulate the following conclusions:




	
The difference between constituents directly affects the NTE performance of the design along with the CTE of lower-thermal-expansion materials. A higher difference and a lower CTE of a low-expansion material tend to decrease the overall NTE. This is a general trend with the actual performance increase varying between different architectures.



	
NTE designs have been manufactured using both AM and CM processes. In contrast to traditional manufacturing techniques, AM processes can create multimetal structures in a single machine with intricate details.



	
The production of these structures has been explored using both polymers and metals. Fabrication using polymers offers the advantage of creating a greater difference in CTE between constituents, as some polymers have inherently higher CTE values than metals. On the other hand, metals provided greater stiffness values to the designs because of their higher strengths.



	
The properties of multimaterial structures vary depending on the processes used in their production. AM techniques, characterized by rapid cooling rates, typically yield microstructures with fine grains and high strengths. In contrast, subtractive manufacturing CM methods exhibit lower cooling rates, resulting in coarser microstructures and other distinct differences.



	
Achieving strong interfacial bonds is essential when constructing practical NTE systems. In processes that involve the application of heat to join diverse materials, the bond strength relies on the miscibility of the constituents and the formation of intermediate compounds. The use of equilibrium phase diagrams plays a crucial role in understanding the resultant bond strengths in combinations of multiple materials.



	
Finally, we explored the diverse applications of NTE architectures across a range of fields, including biomedicine and energy production, highlighting their versatility and the specific needs they address.








In summary, the ability to produce thermally tuned structures is a key milestone in solving the problem of mismatched thermal expansion without sacrificing mechanical strength. To achieve this, future research works are required to mainly focus on three attributes: (a) material-to-material bonding compatibility; (b) metamaterial design-to-manufacturing process compatibility; and (c) application-specific metamaterial design. Further investigations are necessary in the domain of NTE metamaterials for their successful design, production, and application. Furthermore, with the rise of AM, the utilization of metals in the creation of designs is promising, and manufacturing methods emerge as promising approaches for crafting NTE architectures with metal components. The key factor contributing to this potential is the capability of these processes to fabricate multimaterial structures with high strength values and customizable properties. PBF and DED are suitable AM techniques to produce these structures, making this a promising avenue for future research.
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Figure 3. Comparison of powder bed fusion and direct energy deposition processes. 
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Figure 4. Laser powder bed fusion setup schematic. 
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Figure 5. Critical parameters in laser powder bed fusion. 
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Figure 6. Multimaterial combinations fabricated using LPBF in research. The direction of arrows shows the order of fabrication of the parts (Information obtained from references [44,45,46,47,48,49,55,56,57,58,59,60,61,62]). 
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Figure 7. (a) Powder-based and (b) wire-based DED setups. 
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Figure 8. Critical parameters in direct energy deposition. 
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Figure 9. Multimaterial combinations fabricated using DED in research. The direction of arrows shows the order of fabrication (Information obtained from references [49,76,79,82,83,85,86,87,91,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126]). 






Figure 9. Multimaterial combinations fabricated using DED in research. The direction of arrows shows the order of fabrication (Information obtained from references [49,76,79,82,83,85,86,87,91,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126]).



[image: Jmmp 08 00040 g009]







[image: Jmmp 08 00040 g011] 





Figure 11. Electron backscatter diffraction (EBSD) maps of (a) LPBF-AlSi10Mg and (b) cast aluminium alloy. EBSD pole figures of (c) LPBF-AlSi10Mg and (d) cast aluminium alloy; (e) grain size area in LPBF-AlSi10Mg and the cast alloy (Reprinted with permission from [219]; Copyright 2020 Elsevier). 
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Figure 13. The copper–nickel phase diagram (Reprinted with permission from [227]; Copyright 1990 ASM International). 
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Figure 14. CTE mismatch in electronic packaging. 
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Figure 15. Young’s modulus and thermal expansion coefficient of semi-conductors and metals (data obtained from [238,239,240]). 
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Figure 16. Design of fuel cell (Reprinted with permission from [245]; Copyright 2013 John Wiley and sons). 
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Figure 17. Structure of a general dental implant (Reprinted with permission from [281]; Copyright 2022 Elsevier). 
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Figure 18. Fluctuating thermal environment in Earth’s orbit (Reprinted with permission from [295]; Copyright 2023 Yu et al., Licensee MDPI). 
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Figure 19. Negative expansion design by Milward et al. for cylindrical lens system meant for space applications (Reprinted with permission from [296]; Copyright 2017 Milward et al.). 
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Figure 20. Bimaterial hourglass hexagonal negative expansion design by Yu et al. (Reprinted with permission from [295]; Copyright 2023 Yu et al., Licensee MDPI). 
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Table 1. A comparison of NTE architectures in the literature.
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Classification

	
Design

	
Researchers

	
Constituent Materials

	
CTE

(×10−6 m/m°C)

	
Type of Analysis

	
Fabrication Method

	
Ref.






	
Bending-based architectures




	
Bimaterial-Strip-based

	
Single bimaterial strip

	
Lakes et al.

	
-

	
Unbounded

	
Analytical

	
-

	
[12]




	
Honeycomb lattice using bimaterial strip

	
Lakes et al.

	
Steel, invar

	
−103 to 103

	
Analytical

	
-

	
[13]




	
Triangular lattice using bimaterial strip

	
Lehman et al.

	
Steel, invar

	
Zero, tuneable as negative or positive

	
Analytical

	
-

	
[14]




	
Triangular and square lattices using bimaterial strip

	
Ha et al.

	
Steel, invar

	
Triangular lattice:

−0.03 to 6.67;

Square lattice: Zero

	
Computational

	
-

	
[36]




	
Multilayered strip (three or more layers)

	
Grima et al.

	
Polyvinylidene chloride, silicone rubber

	
Zero to -ve values (tuneable)

	
Analytical, Computational

	
-

	
[19]




	
Chirality-based

	
2D triangular chiral lattice

	
Ha et al.

	
Alloy 1 (72%Mn, 18%Cu, 10%Ni), Alloy 2 (invar)

	
−350

	
Experimental

	
Bonding glue: Loctite type 491 cement

	
[16]




	
2D anti-tetrachiral and trichiral lattices, 3D anti-tetrachiral lattice

	
Wu et al.

	
2D lattices: Aluminium, copper;

3D lattice: VeroWhitePlus RGD835 and TangoPlus FLX930 polymers

	
2D anti-tetrachiral: −70 to −35;

2D anti-trichiral: −45 to zero;

3D anti-tetrachiral: −700 to −100

	
Computational, Experimental

	
2D lattices: Screwed fittings; 3D lattice: Multimaterial polymer 3D printing (Objet350 connex2, Stratasys Ltd., Eden Prairie, MN, USA)

	
[20]




	
Re-entrant-based

	
Re-entrant cell-based four different 2D lattices

	
Ai et al.

	
Aluminium, steel, and invar (any two constituents per lattice)

	
−41 to 14.4 (Highly tuneable)

	
Computational

	
-

	
[26]




	
Basic re-entrant unit cell lattice

	
Raminhos et al.

	
Two combinations: Nylon, Polyvinyl alcohol compound (PVA); Polypropylene (PP), Copolyester (CPE+)

	
−1568 to 498 in different combinations

	
Experimental

	
Fused filament fabrication 3D printing (Ultimaker 3TM)

	
[27]




	
Modified re-entrant unit cell-based 2D and 3D lattices

	
Peng et al.

	
Al6061, invar

	
−75 to 23 for 2D;

−368 to 575 for 3D;

Tuneable

	
Analytical, Computational



	
-

	
[34,35]




	
Other bending-based designs

	
Hexagonal grid-shaped lattice

	
Jefferson et al.

	
-

	
Tuneable

	
Analytical, Computational

	
-

	
[24]




	
X-shaped 2D lattice

	
Lim et al.

	
-

	
Tuneable

	
Analytical

	
-

	
[37]




	
Stretch-based architectures




	
Triangle-based

	
2D triangular lattice

	
Grima et al.

	
-

	
Tuneable as +ve, zero or −ve

	
Analytical

	
-

	
[17]




	
Triangular lattice with inscribed triangles

	
Steeves et al.

	
Al7075-T6, Ti6Al4V

	
0 to 42

	
Analytical,

Computational,

Experimental

	
Laser cutting from sheets, assembly using Brazing/laser welding

	
[21]




	
2D Hexagonal lattices

	
Wei et al.

	
Al7075,

SS431,

invar (Any two in one lattice)

	
Al–invar:

−5 to Zero;

Al-SS: 30;

Tuneable

	
Analytical,

Experimental

	
Electric discharge machining of members from sheets; Interference fit assembly using grooves

	
[22]




	
Hoberman-sphere-inspired lattice

	
Li et al.

	
Elastomer, glassy polymer

	
−1040 to 10

	
Analytical, Computational, Experimental

	
Multimaterial polymer 3D printing (Objet260 Connex, Stratasys Ltd.)

	
[23]




	
Tetrahedron-based

	
Tetrahedral lattice

	
Lim et al.

	
-

	
Tuneable

	
Analytical

	
-

	
[29]




	
Tetrahedral lattices: Stationary/non-stationary concept-based line

	
Xu et al.

	
Al6061, Ti6Al4V, invar (Al6061–Ti6Al4V and Al6061–invar combinations)

	
−35 to 10, Tuneable

	
Analytical, Computational, Experimental

	
Pin-jointed interference fit metallic bars bonded using epoxy glue

	
[31]




	
Octahedron-based

	
Cubic cell

	
Jin et al.

	
-

	
Tuneable +ve, zero or −ve

	
Analytical

	
-

	
[32]




	
Octet lattice

	
Xu et al.

	
Al6061, Ti6Al4V

	
Aniso-octet design: −366 to 10.9; Iso-octet design: 0.273 to 11.3

	
Computational, Experimental

	
Pretension snap-fitting of laser-cut members using epoxy glue

	
[30]




	
Other designs

	
Ring rod sliding structure

	
Lim et al.

	
-

	
Tuneable as +ve, zero or −ve

	
Analytical

	
-

	
[28]




	
Lattice-based machine frame design

	
Juasiripukdee et al.

	
Nylon 12, Ultra-high-molecular-weight polyethylene (UHMWPE)

	
0.001

	
Computational,

Experimental

	
Nylon 12 outer part used polymer LPBF; Inner UHMWPE part used conventional manufacturing

	
[33]
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	Type of Packaging Material
	Advantages
	Limitations
	References





	Ceramic
	Low CTE, low density
	Low TC
	[232,233]



	Plastic
	Small size, light weight, high impact resistance
	Low TC caused by internal voids, easily corroded
	[234,235]



	Metal
	High TC
	High CTE leading to increased thermal stresses
	[236,237]










 





Table 5. Different types of fuel cells, their properties, and applications.
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	Type of Fuel Cell
	Common Electrolyte
	Operating Temperature
	Efficiency
	Applications
	References





	Proton Exchange Membrane (PEM)
	Perfluoro sulfonic acid
	50–100 °C
	60%
	Portable power, automobiles,

backup power
	[246]



	Alkaline (AFC)
	Aqueous potassium hydroxide in a matrix
	90–100 °C
	60%
	Military,

space
	[247]



	Phosphoric Acid (PAFC)
	Phosphoric acid in a matrix
	150–200 °C
	40%
	Distributed generation
	[248]



	Molten Carbonate

(MCFC)
	Lithium, sodium and/or potassium carbonates
	600–700 °C
	45–50%
	Distributed generation
	[249]



	Solid Oxide (SOFC)
	Yttria stabilized zirconia
	700–1000 °C
	60%
	Auxiliary power,

Electric utility,

Distributed generation
	[250,251]



	Microbial Fuel Cell
	Microbes
	Ambient temperature
	50%
	Carbon capture, Wastewater treatment,

Biowaste energy recovery
	[252,253]










 





Table 6. CTE values of SOFC components (Reprinted with permission from [264]; Copyright 2020 Elsevier).
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Anode

	
CTE

(×10−6 K−1)

	
Electrolyte

	
CTE

(×10−6 K−1)

	
Cathode

	
CTE

(×10−6 K−1)

	
Interconnect

	
CTE

(×10−6 K−1)

	
Seals

	
CTE

(×10−6 K−1)






	
Ni-YSZ

	
12.2 [254]

	
YSZ

	
12.9

	
LSM

	
11.7 [255]

	
LaCrO3

	
9.7 [256,257]

	
Ag-Cuo

	
15.0 [258]




	
LST

	
10.8 [259]

	

	

	
LSF

	
16.3 [260]

	

	

	
Soda glass

	
9.0 [261]




	
SLC

	
8.6–11.5

	

	

	
LSC

	
20.5 [260]

	

	

	

	




	
LSCF

	
16.3 [260]




	
LSMF

	
19.3 [262]




	
SSC

	
19.9 [263]




	
PSM

	
11.6 [260]
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