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Preface 

This M.A.Sc. thesis is an integrated article thesis, also known as sandwich thesis, which has 

been composed of five main chapters all focusing on the laser powder bed fusion additive 

manufacturing of negative thermal expansion metamaterials composed of metal alloys. The 

chapters represent papers which are either published or under consideration for publication in 

authentic international journals. 

Chapter 1 provides a comprehensive literature review on the design, fabrication and 

applications of negative thermal expansion metamaterials. The work presented in this chapter 

was previously published in the journal “Journal of manufacturing and materials processing” 

as “Negative Thermal Expansion Metamaterials: A Review of Design, Fabrication, and 

Applications” by Devashish Dubey, Anooshe Sadat Mirhakimi and Mohamed A. Elbestawi. 

Chapter 2 is focused on the design, simulation and laser powder bed fusion of negative thermal 

expansion metamaterials made of grade 304L Stainless Steel and grade 300 Maraging Steel. 

The work presented in this chapter is a research paper which focuses on additive manufacturing 

of steel metamaterials with low and negative thermal expansion and is authored by Devashish 

Dubey, Eskandar Fereiduni, Mohamed A. Elbestawi, Mehedi H. Mahfuz, and Ryan Berke. 

Chapter 3 deals with the design, simulation and laser powder bed fusion of negative thermal 

expansion metamaterials made of Grade 304L Stainless Steel and Invar 36 alloy. The work 

presented in this chapter is a research paper focused on negative thermal expansion lattices using 

laser powder bed fusion of SS304L and Invar 36 and is authored by Devashish Dubey, Eskandar 

Fereiduni, Mohamed A. Elbestawi, Mehedi H. Mahfuz, and Ryan Berke. 

Chapter 4 summarizes the main conclusions and contribution of the thesis, highlights the 



iv 
 

strengths, and limitations, and presents some suggestions for future work. 

I declare that this thesis is an original report of my research, has been written by me and has not 

been submitted for any previous degree. 

 

Devashish Dubey 

September 2024 
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Abstract 

 
Laser Powder Bed Fusion (LPBF) is a metal additive manufacturing (AM) technique that creates 

objects layer by layer from a bed of loose powder, using a laser beam as the heat source. This 

layer-wise approach allows for the fabrication of highly complex structures and intricate 

geometries with high accuracy, including solid, porous, and lattice structures. LPBF offers 

significant potential for use in industries such as aerospace, biomedical, and automotive due to 

its ability to fabricate unique and sophisticated designs. This technology has recently attracted 

significant attention for the fabrication of multimaterial parts with improved properties and 

applicability in different fields. However, challenges persist in understanding the relationship 

between process parameters and the properties of resulting multimaterial parts and interfaces. 

Additionally, limitations exist in design and interface selection for multimaterial fabrication 

using this technique. Negative thermal expansion (NTE) metamaterials, discussed in this 

research, are mechanical structures that show negative expansion properties by contracting with 

increase in temperature, while expanding with a decrease in temperature. These metamaterials 

are typically multimaterial systems where constituents with positive coefficients of thermal 

expansion (CTE) are strategically integrated, resulting in an overall NTE effect in one or more 

directions 

This research focuses on the design, simulation, and fabrication of negative thermal expansion 

(NTE) metamaterials using Laser Powder Bed Fusion (LPBF) with Grade 304L Stainless Steel 

(SS304L), Grade 300 Maraging Steel (MS300), and Invar 36 (Invar) alloys. Bimaterial 

combinations of SS304L-MS300 and SS304L-Invar were explored. After determining the 

optimal processing parameters, results showed that a robust, defect-free interface could be 
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achieved in both combinations. Various lattice structures were designed based on these alloy 

pairs and analyzed using finite element analysis. The designs with the high NTE potential were 

successfully fabricated through LPBF, using optimal interface parameters. Thermal expansion 

testing of the fabricated structures demonstrated NTE behavior in line with FEA analysis 

predictions.  
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Negative Thermal Expansion Metamaterials: A Review of Design, 

Fabrication, and Applications 
 

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 
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providing a state-of-the-art review of these metamaterials, encompassing their design, 

fabrication, and cutting-edge applications.  

Keywords: mechanical metamaterials; multimaterial 3D printing; additive manufacturing; laser 

powder bed fusion; direct energy deposition 

1.1 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 [2,4–6]. 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 [8–11]. 

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-
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expansion materials also called “negative thermal expansion mechanical metamaterials” [13–

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. 

1.2 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 
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categorized as bending-based or stretch-based with many sub-classifications. 

1.2.1 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 mate-rials leads to an overall 

contraction in one or more directions. These structural designs can be further classified into the 

following: 

1. Bimaterial-strip-based designs; 

2. Chirality-based designs; 

3. Re-entrant designs; 

4. Other designs. 

1.2.1.1 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: 

α =
larc

(h1 + h2)
×

6(α2 − α1) (1 +
h1
h2
)
2

3 (1 +
h1
h2
)
2

+ (1 +
h1E1
h2E2

) ((
h1
h2
)
2

+
h2E2
h1E1

)

× [
1

2
cot (

θ

2
) −

1

θ
]  

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 
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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 (in-stead of pin joints) as they are more practical and used a finite 

element analysis to conclude that the structure still showed tunable 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. 

1.2.1.2 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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𝛼 =
𝑟

4𝜌s

1

√1 + (
2𝑟
𝐿rib

)
2

 

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. 

1.2.1.3 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 
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assembled and merged these planar designs to generate 3D unit cells [34]. 

1.2.1.4 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 tunable thermal expansion 

characteristics [37]. Figure 1.1 and Figure 1.2 depict the 2D and 3D architectures of various 

designs discussed in this section respectively. 

1.2.2 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: 

1. Triangle-based; 

2. Tetrahedron-based; 

3. Octahedron-based; 
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4. Other designs. 

1.2.2.1 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 1.1). 

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. 

1.2.2.2 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]. 
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1.2.2.3 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 1.1 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 
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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). 

1.2.3 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 1.2 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 1.1. The 

fabrication methods are diverse, ranging from a basic assembly to fully 3D-printed models while 

the materials vary from polymers to metals. 

Table 1.1 A comparison of NTE architectures in the literature. 

Classification Design Researche

rs 

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. 

- Unbounde

d 

Analytical - [12] 

Honeycom

b 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] 

Multilayer

ed strip 

(three or 

Grima et 

al. 

Polyvinylid

ene 

chloride, 

Zero to -

ve values 

(tuneable) 

Analytical, 

Computational 

- [19] 
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more 

layers) 

silicone 

rubber 

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: 

VeroWhiteP

lus 

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 

combinatio

ns: Nylon, 

Polyvinyl 

alcohol 

compound 

(PVA); 

Polypropyle

ne (PP), 

Copolyester 

(CPE+) 

−1568 to 

498 in 

different 

combinati

ons 

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

] 

Hexagonal 

grid-

Jefferson 

et al. 

- Tuneable Analytical, 

Computational 

- [24] 
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Other 

bending-

based designs 

shaped 

lattice 

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 

Tetrahedra

l lattice 

Lim et al. - Tuneable Analytical - [29] 

Tetrahedra

l lattices: 

Stationary/

non-

stationary 

concept-

based line  

Xu et al. Al6061, 

Ti6Al4V, 

invar 

(Al6061–

Ti6Al4V 

and 

Al6061–

invar 

combinatio

ns) 

−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: 

Computational, 

Experimental 

Pretension snap-

fitting of laser-

[30] 
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−366 to 

10.9; Iso-

octet 

design: 

0.273 to 

11.3 

cut members 

using epoxy glue 

Other designs Ring rod 

sliding 

structure 

Lim et al. - Tuneable 

as +ve, 

zero or 

−ve 

Analytical - [28] 

Lattice-

based 

machine 

frame 

design 

Juasiripuk

dee et al. 

Nylon 12, 

Ultra-high-

molecular-

weight 

polyethylen

e 

(UHMWPE

) 

0.001 Computational, 

Experimental 

Nylon 12 outer 

part used 

polymer LPBF; 

Inner UHMWPE 

part used 

conventional 

manufacturing 

[33] 

 

 

1.3 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 multi-material applications in research, their advantages and limitations, and the 

essential characteristics needed in multimaterial combinations to effectively generate NTE 

architectures. 

1.3.1 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, 
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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 1.3. 

 

Figure 1.3 Comparison of powder bed fusion and direct energy deposition 

processes. 
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1.3.1.1 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 1.4 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. 

 

 

Figure 1.4 Laser powder bed fusion setup schematic. 

 

After the first layer of powder is deposited based on a predefined layer thickness, the laser scans 
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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 1.2 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 1.5. 
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Figure 1.5 Critical parameters in laser powder bed fusion. 

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 [44–49]. 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, 



22 
 

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 promises the success of this process in 

manufacturing negative-thermal-expansion metamaterials with the limitation of smaller part 

sizes. Figure 1.6 depicts these materials in their order of fabrication. 

Table 1.2 Various metal–metal combinations printed using LPBF. 

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] 
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Figure 1.6 Multimaterial combinations fabricated using LPBF in research. The 

direction of arrows shows the order of fabrication of the parts (Information 

obtained from references [44-49, 55-62]). 

 

1.3.1.2 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 1.7). 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 
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powder or via a wire system [63,64]. Depending on the feedstock, DED processes can be 

classified as follows [65,66]: 

1. Powder feeding;  

2. Wire feeding. 

 

Figure 1.7 (a) Powder-based and (b) wire-based DED setups. 

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 [68–70]. 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 1.8). DED provides many key advantages, 

including a high mate-rial deposition rate and the ability to produce bigger parts (several meters 
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in size) [71]. 

 

Figure 1.8 Critical parameters in direct energy deposition. 

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 [75–78], Co alloys [79], Cr alloys [80], steels [81,82] and Al–alloys [83–85]. 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 sup-press intermetallic formation [90,91]. 

As compared to PBF, DED-manufactured parts have a coarser resolution but much bigger 
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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-

126]. This has been represented in figure 1.9. 
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Figure 1.9 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, 85-87, 91, 94-126]). 
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1.3.1.3 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 viscoelastic 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 1.3). 

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 
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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 1.3 Different material combinations in polymer AM. 

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] 
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Baca et al. PLA, ABS, HIPS [154] 

Direct Ink Writing 

Yirmibesoglu et al. Elastomers [155] 

Rocha et al. Graphene electrodes [134] 

 

1.3.2 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 

1.10) [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. 

1.3.2.1 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 
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in producing aluminium–steel bimetallic cast parts in the literature with and without the use of 

coatings [162–164]. 

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. 

1.3.2.2 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 [166–168]. 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 sup-pressing holes and intermetallic compounds (IMCs) to 

generate better values of bond strength [166–168,171]. 

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 
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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. 

1.3.2.3 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 [175–178]. 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 com-plex parts at a smaller production volume. 

1.3.2.4 Machining 
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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 1.10 Schematic diagrams of various CM processes (Reprinted with 

permission from [179]; Copyright 2020 Hasanov et al.). 

1.3.3 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. 
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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 
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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 im-proving 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 [216–218]. The 

difference between AM and CM microstructures is shown in Figure 1.11 [219]. 
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Figure 1.11 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). 

Clearly, these investigations establish a significant contrast in the microstructural development 
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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. 

1.3.4 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: 

1. A considerable difference in the CTE of the constituents; 

2. 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 
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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 
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consisting of these two phases at room temperature (Figure 1.12). 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 [223–226]. 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 1.12 The iron–aluminium phase diagram (Reprinted with permission from 

[227]; Copyright 1990 ASM International). 

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 1.13. 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. 
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Figure 1.13 The copper–nickel phase diagram (Reprinted with permission from 

[227]; Copyright 1990 ASM International). 

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. 

1.4 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 
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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–

230]: 

• Electronic packaging; 

• Fuel cells; 

• Dental implants; 

• Space structures. 

The sub-sections below discuss these applications in detail. 

1.4.1 Electronic Packaging 

Electronic packaging refers to the design and fabrication of enclosures for elec-tronic 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 
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caused by CTE mismatch (Figure 1.14). 

 

Figure 1.14 CTE mismatch in electronic packaging. 

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 1.4. 

Table 1.4 Material types used in electronic packaging. 

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] 

 

 

A graph comparing the coefficients of the CTE values of various substrates and semiconductors 



45 
 

is shown in figure 1.15. 

 

Figure 1.15 Young’s modulus and thermal expansion coefficient of semi-

conductors and metals (data obtained from [238–240]). 

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 
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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. 

1.4.2 Fuel Cells 

Fuel cells are electrochemical conversion devices used to generate electrical energy from 

chemical potential (figure 1.16) [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 1.5. 

 

Figure 1.16 Design of fuel cell (Reprinted with permission from [245]; Copyright 

2013 John Wiley and sons). 
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Table 1.5 Different types of fuel cells, their properties, and applications. 

Type of 

Fuel Cell 

Common Electrolyte Operating 

Temperature 

Efficiency Applications Refer-

ences 

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] 

 

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 
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interconnect materials [254-263]. A brief overview of these CTE values is shown in Table 1.6 

[264]. 

Table 1.6. CTE values of SOFC components (Reprinted with permission from 

[264]; Copyright 2020 Elsevier). 

Anode CTE  

(×10−6 

K−1) 

Electrolyte CTE  

(×10
−6 

K−1) 

Cathode CTE  

(×10−6 K−1) 

Inter-

connect 

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] 

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 [267]. 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 [268–271]. 

Zhang et al. came up with the novel approach of combining an NTE material, Y2W3O12 oxide 
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(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 [267]. In another work, Jia et 

al. combined Sm0.85ZN0.15MnO3 material exhibiting NTE with a Ba0.5Sr0.5Fe0.8Cu0.1Ti0.1O3−δ 

(BSFCT) cathode [272]. 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 [266]. 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; 
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• 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 
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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. 

1.4.3 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 1.17, the structure of a dental implant consists of the following [281]: 

• Crown; 

• Abutment; 

• Implant body (or implant) 

 

Figure 1.17 Structure of a general dental implant (Reprinted with permission from 

[281]; Copyright 2022 Elsevier). 
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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 
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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. 

1.4.4 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 1.18) [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 
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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]. 

 

Figure 1.18 Fluctuating thermal environment in Earth’s orbit (Reprinted with 

permission from [295]; Copyright 2023 Yu et al., Licensee MDPI). 

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 1.19) [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 1.20) [296]. These works make a strong case for the usage of NTE metamaterials in 
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space to mitigate thermal mismatches in various components as well as overall structure. 

 

Figure 1.19 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.). 

 

Figure 1.20 Bimaterial hourglass hexagonal negative expansion design by Yu et 

al. (Reprinted with permission from [295]; Copyright 2023 Yu et al., Licensee 

MDPI). 

1.5 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 
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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, 
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including biomedicine and energy production, highlighting their versatility and the specific 

needs.  

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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Abstract 

Steel is the most widely used alloy globally, and the development of negative thermal expansion 

(NTE) structures using steel could revolutionize industries by reducing dependence on rare 

naturally occurring low expansion materials, expensive low expansion alloys as well as reducing 

the need of heat shielding techniques in thermally intense applications. In this study, a thorough 

investigation was carried out on the material characterization, mechanical testing, structural 

design, numerical simulation, fabrication, and thermal assessment of NTE metamaterials 

produced through laser powder bed fusion (LPBF) of steel. The materials used for fabrication 

were AISI 304L Steel and SAE grade 300 Maraging Steel. The research began with an 

examination of the process-structure-property relationship to optimize processing parameters 

for improved interfacial strength between the two steels, assessing the microstructure, 

mechanical properties, and interfacial behavior. A series of uniaxial tensile tests, nano-hardness 

and scratch resistance measurements were conducted to evaluate mechanical properties across 

the interface, while scanning electron microscopy, energy-dispersive X-ray spectroscopy, and 

electron backscatter diffraction were utilized to explore interface formation mechanisms. 

Subsequently, various bimaterial NTE lattice structures were designed with a focus on thermal 

expansion performance and manufacturability using LPBF. Finite element simulations informed 

the selection of lattice designs, which were successfully fabricated via LPBF using the 

experimentally optimized interfacial process parameters. Finally, the thermal expansion 

performance of these metamaterials was evaluated using digital image correlation analysis, 

revealing eight different lattices exhibiting anisotropic contraction with increasing temperature, 

with dodecagonal bipyramid-based lattices achieving the best NTE performance. 

Keywords:  Steel; Additive Manufacturing; Negative Thermal Expansion; Lattice Structures; 
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Metamaterial.  

2.1 Introduction 

Materials and structures with negative and low thermal expansion are highly sought after in 

various cutting edge applications including precision instruments [1], biomedical [2], 

electronics [3], energy [4], and space [5]. Negative thermal expansion (NTE) mechanical 

metamaterials are structures which primarily utilize their architecture for achieving low 

coefficient of thermal expansion (CTE) rather than being fully dependent on compositional 

properties. This reduces dependence on materials with inherently low CTE like Invar and Kovar 

which are generally expensive and complicated to use in manufacturing processes e.g. 

machining [6], [7]. The architecture of NTE metamaterials usually incorporates at least two 

materials with significantly different CTEs. These materials are strategically arranged so that 

the expansion of one material counteracts the expansion of the other. NTE mechanisms can be 

categorized into bending-based and stretch-based systems. In bending-based architectures, 

differential expansion between the materials induces bending within the structure, resulting in 

overall contraction in one or more directions. Examples of such architectures include bimaterial 

strips, chiral structures, and re-entrant cells. However, bending-dominated designs tend to lose 

stiffness at elevated temperatures due to the bending of structural elements. To enhance the 

strength and stiffness of NTE structures, it is advantageous to avoid bending-dependent unit 

cells. Stretch-based architectures, which avoid bending, function based on the expansion of the 

compositional struts. In their work on foam topology, Deshpande et al. established a criterion 

for stretch-based designs, specifying that a minimum node connectivity of six is required for 2D 

structures and twelve for 3D structures [8]. Lattices that combine nodes satisfying and not 

satisfying this criterion may exhibit lower stiffness than fully stretch-based designs; however, 
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the resulting structure can still be classified as stretch-dominated. Therefore, stretch-dominated 

unit cells have been designed for consideration in this study. 

Modern advances in multi-material metal additive manufacturing (AM) have tremendously 

increased the feasibility of producing these complex structures. Nevertheless, most of the NTE 

structures so far have been fabricated and tested using polymers and non-metallic materials [9], 

[10]. Despite primarily being a single material manufacturing technique, Laser Powder Bed 

Fusion (LPBF) has the potential to produce multimaterial metallic components [11], [12]. LPBF 

is a metal AM technology which utilizes laser power to selectively melt powder particles on a 

powder bed. In contrast to conventional manufacturing techniques, it offers greater flexibility 

in overcoming manufacturing challenges including shape complexity [13], material diversity 

[14], functional gradience [15] and thin wall fabrication [16]. In addition, LPBF provides higher 

resolution and shape accuracy when compared to other additive manufacturing techniques like 

directed energy deposition [17] .  

Limits also coexist in LPBF technology with abovementioned advantages, mainly slower 

production rates [18] and need for support structures in architectures with long overhangs and 

shallow angles [19]. Multimaterial fabrication using metal additive manufacturing introduces 

new challenges that must be addressed to achieve optimal parts. These include mutual 

insolubility of constituents[20], [21], significant differences in melting temperatures [21], [22], 

differential thermal stresses [23], [24], and formation of brittle intermetallic compounds [25], 

[26]. These phenomena can produce defects like cracks and pores, thereby even causing 

delamination [12], [27], [28]. Due to these reasons, not all materials are suitable for printing 

together via LPBF, with interfacial bond strength being crucial when joining dissimilar metals. 
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Energy density (E) in LPBF, calculated as 𝐸 =
𝑃

𝑣×ℎ×𝑡
 , where P is laser power, v is scanning 

speed, h is hatch spacing and t is layer thickness, is key to managing various factors [29]. 

Excessive energy density can cause melt pool splashing and surface roughness due to the balling 

effect, and it may also lead to keyhole porosity from metal vaporisation [30]. Insufficient energy 

density results in incomplete powder melting, leading to particle adhesion on contour tracks. 

Optimising energy density in multi-metal LPBF parts reduces defects, as seen in maraging steel–

copper bimetallic structures [31]. The differing thermal expansion coefficients and 

conductivities of steel and copper generate residual stresses, weakening bonds and causing 

interfacial cracking. Adjusting the scanning strategy, such as using island and interlayer 

staggered methods for SS316L and grade 300 maraging steel structures, also reduces residual 

stresses and the balling effect [32]. In CuSn and maraging steel 300 bimetallic structures, 

remelting scanning has been shown to reduce elongation and tensile stress [33]. 

In this study, AISI 304 grade stainless steel (SS) and SAE grade 300 maraging steel (MS) were 

used to fabricate bimaterial NTE lattices and were investigated for bonding compatibility as 

well as interface characterization. These two types of steels were selected for several reasons. 

Primarily, they have an appreciable difference in their CTE. Their similar compositions help 

prevent issues related to chemical incompatibility. Additionally, in the LPBF as-built state, MS 

outperforms SS in yield strength and hardness, creating a beneficial plasticity mismatch. Such 

mismatches are often found in various applications and are known to slow fatigue crack growth 

by influencing shielding effects near the material interface. Moreover, 300-series austenitic 

stainless steel is a common filler metal, used in many welding tasks due to its superior 

weldability, suggesting a likely strong bond between SS and MS.  
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In current study, primary objectives include: 

1. To analyze the interfacial bond between SS and MS when printed vertically on one another, 

and to identify the optimal process-structure-property (PSP) parameters at the interface that 

maximize strength and minimize defects. While previous studies have explored different 

alloy combinations and reported distinct failure behaviors[10], [21], [34], there remains a 

gap in the literature regarding the interface between fully LPBF manufactured SS and MS. 

Notably, although Tan et al. examined the interface produced by depositing grade 300 MS 

on a conventionally manufactured AISI 304 steel block, no comprehensive study has yet 

addressed the fully LPBF-manufactured SS and MS interface. This research aims to fill that 

gap. 

2. To assess the feasibility of producing NTE lattices by investigating maximum length of 

overhangs and minimum angle allowed for support free LPBF fabrication. Increasing the 

overhang length and reducing the strut angle relative to the build direction in support-free 

fabrication heightens the risk of delamination, warping, and build failure [35], [36]. 

Moreover, incorporating supports within lattice cells is generally not recommended due to 

the challenges associated with support removal post-printing [37], [38]. Additionally, in 

multimaterial lattices, the heat transfer characteristics vary due to the differing thermal 

properties of the alloys involved, which influences the overhang and angle limitations 

differently compared to single-material designs. Therefore, understanding these limitations 

is essential. 

3. To compare finite element analysis (FEA) results with experimental testing of the thermal 

expansion of the fabricated structures. This comparison will evaluate the feasibility of 

designing and analyzing such NTE structures without the need to test every individual 
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structure created using these two alloys. This is particularly important because LPBF-

produced materials exhibit variations in properties compared to conventionally 

manufactured materials, which are typically used in FEA simulations. Furthermore, the 

mechanical and thermal properties of the interface, as well as its thickness, are not precisely 

known at this stage. However, simulations often assume a sharp, ideal and defect-free 

interface. Therefore, a comparative study is necessary. 

In this study, we developed bimaterial lattices using metal additive manufacturing with AISI 

304 SS and SAE 300 MS exhibiting NTE behaviour. Initially, material and mechanical 

characterization experiments were carried out to ensure the fabrication of a defect-free bond 

between the two alloys. Subsequently, lattices were designed using these materials and their 

thermal performance was assessed through finite element simulations. The lattices were then 

fabricated using LPBF to evaluate the feasibility of the design in practical fabrication. Finally, 

thermal expansion experiments were conducted to assess the thermal expansion performance 

and compare the results with those from numerical simulations. 

2.2 Experimental Details 

2.2.1 Materials and Machine 

For utilization in LPBF manufacturing, gas-atomized MS1 maraging steel powder (MS) was 

supplied by EOS GmbH, while SS 304L powder (SS) was supplied by Carpenter Additive 

(Philadelphia, US). The MS and SS powder particles had diameters ranging from 15µm – 45 

µm. The chemical composition of the two powders is presented in Table 2.1. 
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Table 2.1 Elemental composition of feedstock powders 

MS 1 Maraging Steel 

C Ni Co Mo Ti Al Cu,Cr Mn,Si P,S Fe 

≤0.03 17-19 8.5-

9.5 

4.5-5.2 0.6-

0.8 

0.05-

0.15 

≤0.5 ≤0.1 ≤0.01 Bal. 

SS 304L Stainless Steel 

C Cr Ni Mn Si P,S Fe 

≤0.03 18-19.5 8-10 0.5-2 0.66 ≤0.04 Bal. 

 

EOS M280 DMLS machine, located at McMaster University, was used for LPBF fabrication. 

The machine is equipped with a 400W Yb-fiber with a 100 µm spot size, maximum power of 

400 W, laser wavelength of 1070 nm and features a build platform with dimensions of 250mm 

× 250mm × 325mm. Throughout the process, the powder bed was maintained at a constant 

temperature of 40°C. Argon gas was used throughout the process to shield the material from 

oxidation and the oxygen content was maintained below 0.1% for the entire procedure. 

Using abovementioned materials and machine, the fabrication of samples can be categorized in 

two stages: 

• Fabrication of solid samples for material characterization and mechanical testing. 

• Fabrication of multimaterial lattices. 

2.2.2 Fabrication of Solid Samples 

In the first stage, solid specimens were manufactured for material characterization and 

mechanical testing purposes. After investigation of optimum parameters for each material, 

specimen with interface between the two materials were fabricated for analysis whose details 

are mentioned in this section.  

2.2.2.1 Material Characterization Samples 

The samples for material and interface characterization were designed as shown in figure 2.1(a). 
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Initially, optimal process parameters for SS and MS were determined separately. These 

parameters were then used as the basis for creating a design of experiments to find the best 

process variables for the interface. For all samples in this work, including multimaterials, the 

layer thickness was kept 40µm and as part of the scanning strategy, a 67º rotation of scan lines 

was applied every new layer. 

For bimaterial coupons with a single interface, the fabrication process was paused halfway 

through the sample height. At this stage, the SS powder was removed, the build chamber 

thoroughly cleaned, and MS powder loaded. The building process then resumed, applying the 

interface processing parameters for five layers before using the optimal MS parameters for the 

remainder of the height.  

2.2.2.2 Mechanical Characterization Samples 

Tensile test samples were printed as cylinders with a total height of 60mm (figure 2.1(b)). The 

manufacturing process began by printing SS for the first half of the sample's length. 

Subsequently, the powder was changed to MS1, and interfacial process parameters were applied 

based on the expected interface thickness derived from material characterization samples. 

Finally, the process variables were adjusted to the optimal parameters for MS to complete the 

remaining height of the specimen. Finally, the test samples were machined to 5mm gauge 

diameter as per ASTM E8 standard for uniaxial tensile testing [39]. For nano-hardness and 

scratch tests, samples identical to material characterization specimen were fabricated and 

sectioned vertically in the center. 

2.2.3 Material Characterization 

For interfacial metallurgical analysis, specimens were sectioned across the interface along the 

build direction, then polished and examined using a Keyence VHX5000 optical microscope 
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(OM). For melt pool analysis and morphological investigation, samples were etched using 5% 

Nital reagent (5 cm3 HNO3 and 99 cm3 Ethyl alcohol) for 3 minutes and analyzed using Nikon 

LV500 OM and Vega Tescan scanning electron microscope (SEM). Elemental distribution 

across the interface was analysed with EDS detector equipped in the Vega Tescan SEM. Grain 

orientation and phase distribution in the interfacial regions were determined using electron back-

scattered diffraction (EBSD). EBSD was performed on interface as well as single constituent 

regions on an FE Versa 3D field-emission scanning electron microscope (FE-SEM), using a 

step size of 0.05-0.5 µm, and the data were collected and analyzed using the TSL OIM 7 and 

HKL Channel 5 software package respectively. 

2.2.4 Mechanical Testing 

Tensile, nano-hardness and scratch resistance test was performed to mechanically investigate 

the interface characteristics. The tests were performed at Tensile Testing Metallurgical 

laboratory (Cleveland, OH, USA) and loading conditions were kept as specified in ASTM E8 

for steel [39]. Three identical samples were tested for each combination of processing 

parameters. The nano-hardness at the interface was assessed using an Anton Paar NHT3 

nanoindentation platform in accordance with the ISO standard 14577 [40]. A Berkovich 

diamond indenter tip was used with linear loading, applying a maximum load of 40 mN and a 

loading and unloading rate of 80 mN/min. Nine indentations were performed across the 

interface, with each indentation spaced 25 µm apart. The scratch test was conducted using an 

Anton-Paar Revetest scratch tester with a Rockwell Diamond intender of tip radius 200 µm. The 

test was performed under a constant load of 10 N, with a scratch rate of 2 mm/min and a scratch 

length of 3 mm, in accordance with the ASTM C1624-05 standard [41]. The sliding contact 

response was analyzed across the interface based on penetration depth and acoustic emission. 

https://www.sciencedirect.com/topics/materials-science/thermoluminescence
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Figure 2.1 (a) Specimen used for OM, SEM, Nano-hardness and scratch testing 

(b) Tensile Test Specimen after printing (c) Tensile Test Specimen after 

machining 

2.2.5 Lattice Structures 

To develop lattices, the design field was initially evaluated by identifying various constraints 

and areas of flexibility. For optimal fabrication and performance, the metamaterial lattice 

designs must satisfy the following requirements: 

- Be manufacturable using Laser Powder Bed Fusion (LPBF). 

- Achieve a negative net coefficient of thermal expansion (CTE) in at least one direction. 

The first criterion imposes several implicit restrictions due to the nature of the LPBF process 

and the specific machine used: 

- The composition must remain uniform within the horizontal plane, with material variation only 
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in the vertical direction. 

- Support structures cannot be utilized, as their removal from within the lattice is exceedingly 

challenging. 

- Long overhangs are to be avoided due to the absence of supports, which could otherwise result 

in build failure. 

Four distinct lattices were created as shown in table 2.2 based on three unit cell types, each with 

location-specific constituency. The unit cell of each lattice is based on a bipyramid, which is 

generated through the tegum product. The tegum product is a geometric concept from polytope 

theory that generalises polygons and polyhedra to higher dimensions. It involves taking the 

Cartesian product of the vertices of two polytopes and forming the convex hull of the resulting 

set [42]. It ensures that every vertex of one polygon connects to every vertex of the other. Tegum 

product of two polygons (2D) creates a polytope, also called a bipyramid (3D). For instance, 

applying the tegum product to a line segment and a hexagon yields a hexagonal bipyramid. 

Similarly, octagonal and dodecagonal bipyramids are created. The three unit cells used in this 

study were created by taking motivation from hexagonal bipyramid, octagonal bipyramid, and 

dodecagonal bipyramid. 

To create the lattice structure, a specific unit cell was arranged in a horizontal 4 × 4 grid to form 

a single layer. Three such layers were then stacked vertically, resulting in a 4×4×3 lattice 

configuration. All unit cells have a height of 10mm, therefore all lattices measure 30mm 

vertically. Two different lattices were constructed using a hexagonal bipyramid-based unit cell, 

while one lattice each was created using octagonal and dodecagonal bipyramid cells. The two 

hexagonal lattices differ in strut thickness and cell spacing. The struts composed of the higher 

CTE material (SS) are shown in red, while those made of the lower CTE material (MS) are 
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depicted in green (Table 2.2). The vertical direction in the top view, which is also the direction 

of the building process, indicates where material variation occurs vertically, with the 

composition remaining consistent within the horizontal plane at any given location vertically. 

The octagonal and dodecagonal lattices alongwith one of the hexagonal lattices have MS struts 

of thickness 0.5mm while SS struts are thick. Another hexagonal lattice has 1mm thick MS 

struts. This allows for the understanding of both structure and strut thickness on NTE 

performance as well as printability of the designs. 

Table 2.2 Metamaterial unit cells and lattice designs used in this study. SS and 

MS struts are shown in red and green colours respectively. 

Type Unit Cell  Lattice Design  Printed Structure  

Hexagonal 

Bipyramid 
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Octagonal 

Bipyramid  

   

Dodecagonal 

Bipyramid  

   

 

2.2.6 Expansion Simulations 

The thermal expansion of the lattices was simulated using the Static Structural module in 

ANSYS Simulation Software (ANSYS, Inc., PA, USA). The material properties of the alloys 

used in the numerical simulations are detailed in table 2.3. The variation in CTE and thermal 
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conductivity with temperature was accounted for by using temperature dependent values 

provided by ANSYS Granta Pack. The model was discretized using tetrahedral solid elements 

of quadratic order. As in figure 2.2 for lattice simulations, the boundary conditions were applied 

as follows: 

• The bottom face of central unit cell of lowest stack of lattice was fixed. 

• The remaining unit cells in the lowest stack had their bottom faces free to move 

horizontally (X, Y – displacement = free) but were constrained from any vertical 

movement (Z-displacement = 0 mm). 

• The rest of the lattice was free to expand. 

• The temperature of the whole lattice was increased from 22°C to 300°C.  

 

Figure 2.2 Boundary Conditions for finite element analysis. 

After conducting a mesh sensitivity analysis on the hexagonal bipyramid unit cell with fixed 
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bottom face, focusing on net vertical contraction, an element size of 0.3 mm was determined to 

be suitable and was used for the FEA of full lattice structures. 

Table 2.3 Properties of SS and MS as used in FEA simulations. 

Alloy Young’s 

Modulus 

(GPa) 

CTE (at 

20°C) 

(×10-6) 

(m/m°C) 

Thermal 

Conductivity (at 

20°C) (W/m.K) 

Yield 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

SS 196 15.6 15.8 202 533 

MS 188 9.5 14.9 1900 1965 

 

2.2.7 Fabrication of metamaterial lattices 

Optimal parameters for both materials and their interfaces were used to fabricate metamaterial 

lattices. The alloy variation took place at fixed heights according to the change of alloys in 

lattice design, requiring the manufacturing process to pause and the powder in the machine to 

be replaced (figure 2.3). The swapping of powders was carried out six times, excluding the 

initial loading and final removal of the powder after fabrication. 

 

Figure 2.3 Change of alloys during fabrication of bimaterial lattices 

2.2.8 Thermal Expansion Testing 
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The thermal expansion behavior of the lattices was experimentally investigated using digital 

image correlation (DIC) analysis. The temperature of the samples was increased from 25ºC to 

300ºC within an enclosed furnace. Both heat-treated and non-heat-treated samples were 

examined. The heat treatment process before testing involved a stress relief procedure, during 

which the temperature was raised to 300ºC at a rate of 100ºC every hour, soaking period of 2 

hours and cooling in air. For thermal expansion testing using DIC, the temperature was 

increased from 20 ºC to 300ºC at the rate of 1 ºC every three seconds. The resolution of the 

entire setup was 0.005mm. Vic-3D DIC system by Correlation Solutions Inc. (South Carolina, 

USA) was used for strain and deformation measurement with two cameras fitted with polarizers 

for deformation measurement. The highest priority was given to measurement of deformation 

in the expected direction of NTE. 

2.3 Results and Discussion 

2.3.1 Interfacial Process Optimization 

A strong, porosity-free bond at the interface between the two materials is crucial for most 

industrial applications of bimaterial structures, including lattices. In the first stage, investigation 

of optimum parameters was conducted for each material individually. Literature suggests a 

range of optimal energy density (energy supplied by laser per unit volume of powder) of 65-95 

J/mm3 for grade 300 maraging steel [43], [44], [45]. We conducted an experimental study to 

identify the precise value within this range, revealing that an energy density of 64.2 J/mm³ 

produced the highest density parts (ρ > 99.6%). This finding is closely aligned with the 67.47 

J/mm³ energy density reported by Tan et al. [44]. For SS, our experiments found that an energy 

density of 62.5 J/mm³ resulted in the most optimal part density (ρ > 99.6%), which aligns with 

the observations by Hou et al. [46]. The optimum process parameters observed for each 
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constituent are mentioned in table 2.4 with density measurement charts in figure 2.4. 

Table 2.4 Optimum process parameters for alloys found in this study 

Material Hatch 

Spacing (µm) 

Laser Power 

(W) 

Scanning 

Speed 

(mm/s) 

Energy 

Density 

(J/mm3) 

Maraging Steel 

300 

110 260 920 64.2 

Stainless Steel 

304L 

80 220 1100 62.5 

 

 

Figure 2.4 Density of optimized SS and MS samples 
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In the second stage, experiments were conducted to determine the optimal parameters for the 

interface. To assess the impact of processing parameters on interfacial porosity and mechanical 

properties, the utilized design of experiments matrix is shown in table 2.5. Observing that MS 

had a slightly higher optimal energy density required, its optimal process variables were used 

as the baseline, with variations introduced accordingly. Due to its lower energy requirement per 

unit volume for melting, SS was printed first, followed by the deposition and melting of MS 

powder on top using the combination matrix parameters where hatch spacing was kept constant 

at 110 µm. 

Table 2.5 Design of experiments matrix used for identification of optimum 

process parameters for the interface 

Sample No. Laser Power (W) Scanning Speed (mm/s) Energy Density 

(J/mm3) 

Variation in Scanning Speed 
  

1-S 260 520 114 

2-S 260 620 95 

3-S 260 720 82 

4-S 260 820 72 

5-S 260 920 64 

6-S 260 1020 58 

7-S 260 1120 53 

8-S 260 1220 48 

9-S 260 1320 45 

Variation in Laser Power 
  

1-L 185 920 46 

2-L 200 920 49 

3-L 215 920 53 

4-L 230 920 57 

5-L 245 920 61 

6-L 260 920 64 

7-L 275 920 68 

8-L 290 920 72 

9-L 305 920 75 
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10-L 320 920 79 

11-L 335 920 83 

12-L 350 920 86 

 

The optical microscopy (OM) analysis of the polished cross-sections of the printed coupons, as 

shown in figure 2.5 and figure 2.6, demonstrates that both low and high energy densities lead to 

an increase in porosity defects. These defects result in a mechanically weaker bond. On the other 

hand, moderate energy densities produce a significantly stronger interface with minimal 

interfacial pores. Importantly, none of the samples displayed any cracks. It was also observed 

that lower energy densities result in a much higher number of pores compared to higher energy 

densities. Furthermore, the findings indicate that optimal energy densities and processing 

parameter combinations form a spectrum, rather than being limited to one or two specific values. 

All specimens within the dotted lines in figure 2.5 and figure 2.6 show an optimal interface 

according to the optical analysis. 
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Figure 2.5 Optical microscopy images of various samples fabricated for optimum 

PSP identification for the interface with variation of scanning speed as per design 

of experiments matrix. The samples within dotted enclosures are identified to be 

optimum. 
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Figure 2.6 Optical microscopy images of various samples fabricated for optimum 

PSP identification for the interface with variation of laser power as per design of 

experiments matrix. The samples within dotted enclosures are identified to be 

optimum. 

 

2.3.2 Interfacial Microstructural Analysis 

The interfacial morphology of multimaterials fabricated using optimal processing parameters is 

observed using optical and scanning electron microscopy (SEM). Figure 2.7 shows images 
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along a cross-section plane in the center with its normal perpendicular to the building direction. 

The cross sections of the scan tracks show melt pools with depths of 80-100 µm. Visual 

observations indicate an inter-diffusion zone of thickness 150-200 µm at the interface 

encompassing two to four melt pools vertically. No visible defects are observed at the interface. 

The interfacial contact is characterized by circulatory flows which tend to mix the two 

constituents in the diffusion zone, thereby strengthening the connection. This circulation in the 

melt pools is caused by Marangoni convection and is depicted in figure 2.7(c) . The Marangoni 

effect induces liquid movement on the melt pool surface from areas of low surface tension to 

those with high surface tension. Typically, metals and alloys exhibit a negative temperature 

coefficient of surface tension, leading to outward convection, where the melt pool flows from 

high-temperature to low-temperature regions [47]. Therefore, in a melt pool the Marangoni flow 

generally happens from the hottest location i.e. the point of laser impingement to the periphery 

of the melt pool.  
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Figure 2.7 Optical microscopy images (a) Melt pools as observed in maraging 

steel region; (b) Difference in melt pool depth at interface and bulk maraging 

steel; (c) Inward maragoni flow in melt pools at the interface; (d) Grain structure 

of maraging steel. 

Interestingly, the melt pools observed at the interface are slightly deeper than melt pools of 

single material MS. This can be explained by inward Marangoni flow in this case contrary to 

outward Marangoni flow generally reported in laser AM [48], [49]. Experimental investigations 

in the field of welding have shown that high sulphur steel melt pools exhibit flow in the opposite 

direction (inward) compared to low sulfur steels [50], [51]. This inward flow can happen due to 
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small changes in surface-active elements in the molten metal. Studies have found that sulphur 

levels above 0.003 wt% in steel can cause inward flow. SS powder used in this study has around 

0.04 wt% Sulphur which exceeds the critical concentration (Table 2.1). The melt pool at the 

interface comprises of both steels, with Sulphur concentration becoming higher due to infusion 

of SS in the molten mix. The high levels of sulfur from SS likely caused the surface tension to 

increase with temperature. Thus, the hottest liquid metal near the laser impingement point moves 

downward, increasing the heat load and causing further melting of the previously deposited 

layers at the bottom. This results in a higher depth-to-width ratio of the melt pool at the interface. 

Also, embedment of MS in bottom SS leads to a gradient-like composition and better mixing, 

thereby increasing the bond strength. 

High resolution SEM micrographs are shown in figure 2.8. The microstructure of MS comprises 

of cellular solidification structures which are a result of high cooling rates and fast solidification 

speeds. The cooling rate can be approximated using the equation λDAS= CR
-0.33 [52]. Using 

minimum and maximum dendrite arm spacings of 0.5 µm and 2 µm as observed from figure 

2.7, the cooling rate varies from 4.78 × 106 K/s to 7.16 × 104  K/s. In addition, columnar cells 

and acicular structures are also present in the microstructure. These morphological variations 

are a result of interplay between temperature gradient and growth rates, which vary within and 

locally across the melt pools [53]. The observed geometry of the solidification cells (whether 

cellular or dendritic) can also be influenced by the cutting angle. As reported by Kürnsteiner et 

al. [54], cellular cells appear elongated when cutting occurs at an angle. Compared to the MS 

microstructure, the embedded MS region within the SS at the interface, as depicted in figure 

2.8(c), shows a similar structure. It features melt pools with both coarse and fine cellular forms, 

as well as acicular cells of submicron size. Interestingly, the boundary of entrapment of MS 
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withing SS consists of partially melted powder which seems to be nucleation sites of MS grains. 

The linear distribution of elemental composition across the interface was investigated using 

Energy Dispersive Spectroscopy (EDS). As mentioned in table 2.1, the primary alloying 

elements in SS are Ni, Cr, Mn and Si while those in MS are Ni, Co and Mo. The variation of 

concentrations of these elements is depicted in figure 2.9. The line was segmented into over 500 

points along a total length of 200 µm, with the concentration of each element measured at each 

location. It's crucial to note that all values were normalized to effectively highlight the trends. 

The normalization equation employed was: 

Nc = A𝑖/A𝑚𝑎𝑥 , 

Where Ai is the concentration of the element at the point i while Amax is the maximum 

concentration of the element on the line. 

On top, the composition has minimal concentrations of Co and Mo and other elements are in 

the range of nominal composition of SS. As location varies downward across the interface, the 

alloying elements of SS decrease while those of MS gradually increase. This results in a buffer 

zone where the elements of both SS and MS coexist, indicating chemical intermixing between 

the two steels. The transition zone spans approximately 150 µm, defining the interface thickness. 

Consequently, the chemical composition at the interface is not purely MS or SS but a blend of 

both alloys, forming a sharp gradient around four powder deposition layers thick. 
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Figure 2.8 Scanning Electron Microscopy images: (a) Melt pools in maraging 

steel (b) Microstructure of maraging steel (c) Entrapments in interfacial region (d) 

Partially melted boundary between two alloys at the interface 
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Figure 2.9 Alloying element distributions across the interface using linear EDS 

analysis. 

 

2.3.3 Interfacial Crystallographic Analysis 

Electron Backscatter diffraction (EBSD) analysis was used to investigate grain morphology of 

bimaterial samples and their interface. Figure 2.10 illustrates the microstructure of the interface 

as well as bulk constituents on either side. The coarse and fine grain sizes of SS and MS 

respectively, mark a clear distinction between the two constituents. SS microstructure consists 

of columnar grains elongated towards the build direction with a fully austenitic composition. 

The extremely high cooling rate during LPBF prevents ferrite from having enough time to 

nucleate and grow at the austenite grain boundaries, resulting in a microstructure composed 

entirely of the austenite phase. This contrasts with microstructure produced by conventional 

manufacturing which consists of cellular ferrite distributed within an austenitic grain structure 

[55]. 

The MS grain morphology consists of cellular and columnar grains with a predominance of the 

former. The columnar grains show slight deviation from the build direction. This is attributed 

to local dependence of heat gradient during solidification both inside and outside the melt pools. 

The microstructure is hierarchical, where martensite lath structures are observed as intragranular 
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features while cellular cells are formed on a bigger scale. The lath structures roughly align 

perpendicular to melt pool boundaries, along the thermal gradient. The correlative phase 

distribution map (PDM) in figure 2.10(b) reveals small amounts (~3%) of retained austenite in 

distributed in a predominantly martensitic (α-Fe) microstructure. Since reverted austenite 

formation is based on diffusion [56], rapid cooling rates of LPBF leads to suppression of 

reverted austenite formation as compared to conventionally manufactured maraging steels [57]. 

Texture is absent in the IPF because MS grain orientations vary with location, attributed to the 

67º rotating laser scan strategy implemented in this study. 

The microstructure at the interface demonstrates a seamless bond between the two steels. The 

initial layer of MS, which solidifies atop the printed SS, presents an exceptionally fine 

microstructure, a characteristic also observed in the circular sections of MS encapsulated within 

the SS region at the interface. This occurrence results from the SS section cooling during the 

powder swap, enabling rapid heat transfer. With the deposition of successive layers, a gradient 

in MS grain size develops, increasing due to the elevated temperatures of the previously 

deposited layers. The elongated grains of SS maintain their columnar structure and epitaxial 

growth through the interface before MS grains gradually take over. 

Kernel average misorientation (KAM) measures the average misorientation around a 

measurement point relative to all its nearest neighboring points. In this context, the local 

misorientation is determined from the center of a specific grain to all points around the kernel's 

perimeter [58]. KAM analysis is generally used to understand localized deformation, local 

lattice distortions, and areas with high dislocation density, which indicate stored strain energy 

within the grain [59]. For example, deformed grains exhibit higher KAM values due to increased 

dislocation density. A KAM map of the interface, shown in figure 2.10(d), is used to characterize 
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the micro-strain. It is evident that the micro-strain at the interface is greater than that in the bulk 

SS but comparable to the MS side. However, the regions where MS is embedded within the SS 

exhibit higher inherent micro-strain values compared to both the SS and MS sides. These 

observations lead to two conclusions: firstly, LPBF-manufactured MS tends to have higher 

residual stresses than powder bed-fused SS; and secondly, the encapsulated MS-dominated 

grains experience increased strain due to the surrounding SS-dominated grains. This is primarily 

attributed to differences in crystallographic sizes, orientations, thermal properties, and 

mechanical properties of the two constituents. 

 
Figure 2.10 Interfacial Electron Backscatter Diffraction data (a) Inverse Pole 

Figure – Z  Map; (b) Correlative Phase Distribution Map ;(c) Band Contrast Map; 

(d) Kernel Average Misorientation Map 

2.3.4 Mechanical Performance Analysis 
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Tensile tests were performed on the optimum samples identified through optical investigation 

in Section 3.1 to further assess the interfacial strength. Standard tensile samples were prepared 

according to the ASTM E8 standard, as depicted in figure 2.1, for testing. The samples fractured 

on the SS side, well away from the interface, indicating that the interfacial bond strength 

surpasses that of the SS. This supports the concept of gradual mixing and bonding affinity 

between the two alloys, which enhances the bond strength due to the dissolution of MS into SS 

at the interface. The observed elongation is primarily attributed to plastic deformation in the SS, 

as the MS possesses significantly higher strength. All the samples identified as optimum using 

OM in figure 2.5 and 2.6 fractured away from the interface with similar tensile strength, which 

closely matches the tensile strength of LPBF fabricated 304L grade SS [60]. The average tensile 

strength of bimaterial tensile test samples was found to be around 650 MPa. Hence, rather than 

identifying a single set of optimal parameters or laser energy density, tensile testing supports 

the OM findings that a range of values is suitable for producing optimal additively produced 

bimaterial components of these two alloys. The laser energy density for the optimal interface 

should be between 57 and 75 J/mm³, alongwith consideration of specific processing parameters. 

Nano-hardness tests across the interface reinforce the concept of mixing between the two 

materials. The hardness of SS and MS is around 300 HV and 430 HV respectively as depicted 

in figure 2.11(a). There is a general increase in nano-hardness across the interface, with one 

specific location showing a significant hardness spike, nearly equivalent to that of MS. This spot 

is at the edge of a melt pool with a high MS concentration. The increased hardness here is 

attributed to the lath martensitic microstructure of MS. Additionally, even if there is some 

mixing with SS at this point, the finer cellular structures at the edge of the melt pool would lead 

to higher hardness. Contrastively, the next point falls in an area with a higher SS concentration, 
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which results in lower hardness. 

The variation in penetration depth along the scratch length is illustrated in figure 2.11(b). The 

scratch begins in the SS region with a penetration depth of approximately 5 µm. As the indenter 

traverses the interface, the penetration depth gradually decreases to around 4 µm within the MS 

region, aligning well with the nano-hardness measurements. The region exhibiting this reduction 

spans roughly 150 µm, corroborating the interface length identified through EDS in the figure 

2.9 and the nanohardness variation presented in figure 2.11(a). The acoustic emission shows a 

marked increase in the MS region beyond the interface. These emissions reflect the release of 

elastic waves generated by the sudden deformation of materials [61]. The significant emissions 

observed indicate the formation and propagation of microcracks, thereby suggesting brittle 

behaviour. 

 
Figure 2.11 (a) Nano-hardness across the interface (b) Depth of penetration and 

acoustic emission across the interface 
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2.3.5 Simulation 

The simulation results in table 2.6 demonstrate vertical contraction in all lattice structures, 

indicating vertical NTE. The hexagonal lattice with 0.5mm MS struts, along with the octagonal 

and dodecagonal lattices, shows a vertical contraction of about 0.5mm. In contrast, the 

hexagonal lattice with thicker 1mm MS struts experiences a smaller vertical contraction of 

0.2mm. MS has a significantly higher yield strength than SS. The greater strength of the 1mm 

thicker MS struts restricts the stretching, which is essential for these stretch-based lattices, 

leading to a reduction in contraction by approximately 60%. The deformation contours are 

depicted in figure 2.12. The NTE behaviour is higher in octagonal lattices, which increases 

further in dodecagonal lattices. 

Table 2.6 Thermal expansion data from Finite Element Analysis 

Metamaterial Vertical 

Deformation 

(mm) 

Vertical CTE  

(×10-6 m/m°C) 

Hexagonal (MS 

strut 0.5 mm) 

-0.0431 -5.17 

Hexagonal (MS 

strut 1 mm) 

-0.0134 -1.61 

Octagonal -0.0445 -5.34 

Dodecagonal -0.0483 -5.79 
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Figure 2.12 Finite element analysis results for vertical expansion for (a) 

Hexagonal Lattice with 0.5 mm MS strut thickness (b) Hexagonal Lattice with 1 

mm MS strut thickness (c) Octagonal Lattice (d) Dodecagonal Lattice 

Being anisotropic NTE metamaterials, all lattice designs show positive expansion in the 

horizontal plane. The stress analysis shows maximum stress near connecting joints as shown in 

figure 2.13. This is expected due to differential expansion of the two materials as the bonded 

joints attempt to keep the struts of different materials connected. Nevertheless, these stresses are 

within the permissible stress limits identified using tensile tests. 
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Figure 2.13 Equivalent Von Mises Stress contours in hexagonal lattice with MS 

Strut thickness 0.5 mm. 

2.3.6 Experimental Thermal Testing 

Digital Image Correlation (DIC) was used to experimentally visualize and quantify the thermal 

deformation of an octagonal bipyramid lattice structure. This geometry was selected for testing 

based on FEA simulations which predicted a superior NTE compared to hexagonal bipyramid 

lattices, alongside enhanced manufacturability via LPBF with minimal warpage. Conversely, 

despite the higher FEA-predicted NTE of a dodecagonal unit cell lattice, fabrication issues arose 

due to its thin metallic struts, resulting in significant warpage. 

The DIC results, shown in Figure 2.14, focus on the top face of the LPBF-fabricated lattice. 

This face was chosen for analysis as it was anticipated to exhibit the highest thermal contraction 

based on prior simulations. In this specimen-camera configuration, the Z-axis, perpendicular to 

the camera, aligns with the FEA-predicted contraction direction. The DIC contours illustrate the 

deformation along the Z-axis, revealing spatial variability in deformation across the top face. 
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The central region exhibited the most consistent deformation, while measurements ranging from 

-0.05 mm (contraction) in the bottom-left corner to 0.22 mm (expansion) in the top-right corner 

were observed along the whole face. 

 

Figure 2.14 Deformation contours on the top face along the Z axis (axis of 

contraction) in Octagonal Bipyramid lattice. In this specimen-camera 

configuration, the Z-axis, perpendicular to the camera, aligns with the FEA-

predicted contraction direction 

Struts located at the lattice edges demonstrated a greater tendency toward expansion. This 

phenomenon can be attributed to the upward warpage observed during the LPBF process, 

particularly in peripheral struts. These edge struts are connected to fewer neighbouring struts 

than those in the lattice centre, leading to reduced heat dissipation during fabrication and 

consequent warpage. During thermal testing, these struts expanded in the direction of warpage, 

thereby displaying an anomalous expansion rather than the expected contraction. Additionally, 

the asymmetric deformation between the left and right sides of the lattice could be partially 

explained by a slight camera misalignment, which introduced a tilt between the specimen's Z-
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axis (actual contraction axis) and the camera's Z-axis (measured contraction axis) in this setup. 

2.4 Conclusion 

In this study, we successfully fabricated negative thermal expansion mechanical metamaterials 

using metal additive manufacturing (LPBF) of grade 304 stainless steel and grade 300 maraging 

steel. The study included a detailed investigation comprising of process parameter development, 

morphological characterization, interface optimization, mechanical testing, finite element 

analysis and thermal testing using digital image correlation. The primary conclusions of this 

study can be classified as: 

1. SS-MS Interfacial Bonding: The complete additive fabrication of stainless steel (SS) 

and maraging steel (MS) using optimized process parameters results in a robust, defect-

free interface. This strong bonding is attributed to several key factors: 

• First, as evident in figure 2.8, there is a significant diffusion of elements across the 

interface, which markedly strengthens the bond. In multi-material additive 

manufacturing, delamination is a critical issue that can lead to catastrophic failure. 

However, a gradual transition in composition, facilitated by the diffusion of elements 

such as chromium (Cr) and nickel (Ni), significantly reduces strain, as corroborated by 

the KAM map (figure 2.9). 

• Second, no brittle intermetallic phases form during the mixing of the two alloys at the 

interface, which is a crucial factor in preventing fractures in bimaterial compounds. 

This avoidance of brittle intermetallics indicates the integrity of the interface (figure 

2.7, figure 2.8). 

• Third, the interfacial bonding is further enhanced by the increased depth of melt pools 

at the interface, a result of inward Marangoni flow. Unlike the typical outward 



139 

M.A.Sc. Thesis – Devashish Dubey McMaster University - Mechanical Engineering  

 

Marangoni flow observed in most materials, the higher sulphur content in SS induces 

an inward flow, driving the MS downwards into the previously deposited SS layers 

(figure 2.7(c)). This creates interlocked structures and a gradient in composition. 

2. Mechanical Testing of Interface: A comprehensive evaluation of interfacial strength, 

conducted through tensile, nano-hardness, and scratch testing, strongly corroborates the 

robust bonding observed in morphological analyses. The findings can be summarized 

as: 

• Tensile tests reveal an ultimate tensile strength of approximately 650 MPa, with 

fractures consistently avoiding the interface. These results suggest that optimal 

interfacial strength in SS and MS can be achieved across a range of energy densities 

and processing parameters rather than a singular value, specifically between 57 J/mm³ 

and 75 J/mm³. 

• Nano-hardness testing highlights the presence of compositional gradience coupled with 

micro-segregation at the interface. A noticeable increase in hardness precisely at the 

centre of the interface, as depicted in (figure 2.11(a)), indicates the presence of a hard 

MS core, flanked by zones dominated by softer SS. 

• Scratch testing reveals smooth, debris-free scratches in the SS region, which transition 

to slightly jagged scratches with debris in the MS area. This suggests ductile behaviour 

in SS and a somewhat brittle response in MS. The sharper, high-amplitude acoustic 

emission signals observed in the MS section further confirm its brittle nature. 

Additionally, the gradual decrease in penetration depth across the interface reinforces 

the presence of a distinct compositional gradience (figure 2.10(b)). 

3. Finite Element Analysis of Lattices: The numerical analysis results conclude: 
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• The influence of strut thickness on the overall CTE is considerable. An increase in the 

thickness of a low-expansion material (MS) leads to a higher overall CTE in the 

direction of negative expansion. This is because the increased thickness diminishes the 

extent of strut elongation caused by the faster expansion of stainless steel (SS), given 

that MS, characterized by its higher yield strength, is inherently stronger. 

• Similarly, augmenting the thickness of SS leads to a reduction in negative expansion. 

This is because the enhanced expansion of SS, due to its increased thickness, contributes 

directly to expansion in the vertical direction, which aligns with the orientation of NTE. 

• NTE performance improves in the following order: thicker hexagonal lattices, thinner 

hexagonal lattices, octagonal lattices, and dodecagonal lattices. The highest negative 

thermal expansion observed was for dodecagonal bipyramid lattice, approximately, -

5.79 × 10-6 m/m°C, followed by octagonal bipyramid at -5.34 × 10-6. The thickness of 

struts of low expansion material plays a significant role. Increasing the strut thickness 

to 1mm from 0.5mm led to an increase in CTE from -5.17 × 10-6 m/m°C to -1.61 × 10-

6 m/m°C. 

• An increase in the number of sides in the base polygon enhances the fabricability of 

lattices by reducing overhang length and minimizing warpage. Therefore, when 

employing bipyramid unit cell-based lattices, it is advisable to increase the number of 

sides in the base polygon. 

• The highest stresses occur at the junctions where struts of different materials intersect. 

However, these stresses remain within the permissible limits established through tensile 

testing. This outcome is attributable to the rigid defect-free interface achieved through 

the optimization of interfacial process parameters conducted in this study. 
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4. Experimental Thermal Testing 

The FEA-predicted NTE was partially confirmed, particularly in the central region of 

the lattice, which exhibited consistent deformation. However, spatial variability was 

observed across the top face, with some regions demonstrating expansion rather than 

contraction, particularly at the lattice edges. This unexpected expansion was likely 

caused by: 

• Upward warpage during the LPBF fabrication process, particularly in struts connected to 

fewer neighbouring elements, where reduced heat dissipation led to greater thermal 

distortion.  

• Furthermore, a slight misalignment between the specimen's and camera's Z-axes likely 

contributed to the asymmetry in deformation across the lattice face. 

• Other minor differences in FEA predictions and experimental testing would be caused by 

the difference in properties of LPBF fabricated steels and conventionally manufactured 

steels. FEA simulations did not take into account these differences and predicated based on 

conventional properties. Also, FEA simulations assumed a sharp interface with no diffusion 

zone. 

The testing highlighted the importance of both lattice geometry and fabrication conditions in 

influencing thermal behaviour, and they underline the need for careful control of manufacturing 

parameters to minimize warpage and ensure reliable NTE performance. 

In summary, this study successfully demonstrated the potential of using LPBF to fabricate NTE 

mechanical metamaterials through optimized process parameters and robust interfacial bonding 

between stainless steel and maraging steel. The bottom-up approach to fabrication and testing 

revealed key insights into the critical role of interface characteristics, lattice geometry, and 
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material selection in achieving reliable NTE performance. However, the spatial variability 

observed in experimental results underscores the need for continued refinement of the process, 

particularly in managing thermal distortions and improving the accuracy of FEA predictions for 

additive-manufactured structures. Future work should focus on further optimizing lattice 

designs, refining interfacial properties, and integrating more accurate LPBF-specific material 

models into simulations to better predict and control thermal responses in these metamaterials. 
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Abstract 

Steel is the most widely used alloy worldwide, and the development of negative thermal 

expansion (NTE) structures based on steel could transform industries like precision devices by 

reducing reliance on rare negative expansion materials. This study presents the comprehensive 

development of NTE lattice metamaterials produced via laser powder bed fusion (LPBF), 

encompassing material characterization, mechanical testing, structural design, numerical 

simulation, fabrication, and thermal expansion performance evaluation. AISI 304L stainless 

steel and Invar 36 were selected as the constituent alloys. The research commences with an 

investigation into the process-structure-property relationships, focusing on optimizing 

processing parameters to strengthen the interfacial bonding between the alloys. Microstructural 

analysis, nano-hardness, and scratch resistance testing were carried out to evaluate interfacial 

behaviour, with advanced microscopy techniques providing insights into interface formation. 

Bimaterial lattice structures were subsequently designed with a focus on thermal expansion 

performance and support-free manufacturability. Finite element simulations informed the 

selection of designs, which were fabricated using the optimized parameters. Three of the designs 

exhibited negative thermal expansion, while one demonstrated near-zero expansion, 

highlighting the potential for customization based on application-specific thermal properties. 

The thermal expansion behaviour of identified lattices was verified through digital image 

correlation experiments. 
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3.1 Introduction 

Metamaterials are architected materials characterized by unique properties that arise primarily 

from their architecture rather than their natural composition [1]. These materials have garnered 

significant interest due to their customizable multifunctional properties, which are not found in 

naturally occurring or conventionally manufactured materials. Mechanical metamaterials, a 

specific category of metamaterials, rely on static mechanisms and achieve their unique 

properties through the modification of structural patterns [2]. Their examples include materials 

with negative Poisson ratios [3], tunable stiffness [4], and negative coefficient of thermal 

expansion (CTE) [5]. This study focuses on mechanical metamaterials with negative CTE 

properties, which exhibit exceptional thermal characteristics, such as negative or negligible 

thermal expansion. Most natural solid materials exhibit positive thermal expansion, expanding 

when heated and contracting when cooled due to changes in interatomic bond lengths. However, 

some exceptions exist, such as natural zeolites [6] and composites like PbTiO3/Cu [7] and 

cement/ZrW2O8 [8], which display negative thermal expansion (NTE) but only within a limited 

temperature range. These composites typically possess random microstructures, making it 

difficult to finetune their NTE properties. Unlike traditional composites, additively 

manufactured lattice metamaterials with defined topologies offer precise control over thermal 

expansion, making them ideal for applications requiring minimal thermal expansion, like space 

structures [9], precision devices [10], medical implants [11], and semiconductor technologies 

[12]. 

The architecture of NTE metamaterials is primarily multiphase lattice structures, typically 

integrating at least two constituents with substantially different CTE. These constituent 

materials are arranged in such a way that expansion of one counteracts that of the others. The 
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designs typically feature a periodically repeating structure, also called a lattice, where a unit cell 

is engineered according to specific functional requirements [13]. This unit cell is repeated in 

one, two, or three dimensions to form the lattice. Nonetheless, depending on the intended 

application, metamaterials can also feature functionally graded, semi-regular, or irregular 

structural design [14], [15]. The working mechanisms of these metamaterials can be categorized 

into bending-dominated and stretch-dominated systems [16]. In bending-based architectures, 

the differential expansion between materials induces bending within the structure, leading to 

overall contraction in one or more directions. Examples include bimaterial strips, chiral 

structures, and re-entrant cells. However, bending-dominated designs often suffer with stiffness 

at elevated temperatures due to the bending of structural elements during performance. To 

enhance the strength and stiffness of lattices, it is beneficial to avoid bending-dependent 

architecture. Stretch-dominated lattices, which operate with minimal bending, function based 

on the expansion of their edges. To achieve increased structural strength, the current work 

focuses on stretch-dominated lattices. 

Very few NTE metamaterials have been fabricated using metals in literature. Among these, most 

have been produced using assembly-based manufacturing methods [5]. Laser powder bed fusion 

(LPBF), a metal additive manufacturing technique, is promising for fabrication of metal NTE 

lattices due to its capability of fabricating high resolution complex structures and ability to 

produce multiphase structures right out of the machine with slight modifications [17]. However, 

since LPBF is primarily a single material manufacturing, certain challenges need to be 

addressed. These include insolubility of constituents [18], difference in physical properties (e.g., 

melting point) [19], formation of brittle intermetallic phases at the interface [20], and cracking 

due to differential thermal properties [21]. These undesirable phenomena can lead to defects 
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like porosity, cracking, and delamination, which can severely compromise the joint strength 

between different metals and alloys. Therefore, process optimization is essential to create strong, 

defect-free interfaces when fabricating multi-material components using LPBF, including NTE 

metamaterials. 

In this study, AISI 304 grade stainless steel (SS) and Invar 36 (FeNi36) alloy were used to 

fabricate bimaterial NTE lattices and were investigated for bonding compatibility as well as 

interface characterization. These two types of steels were selected for several reasons. Primarily, 

they have a high difference in their CTE. SS has a thermal expansion coefficient of ~ 21 × 10-6 

m/mºC [22] , while Invar has a CTE of ~ 2 × 10-6 m/mºC [23]. The low positive CTE of Invar 

would also be beneficial towards NTE performance of the overall structure. Both being iron 

alloys, a similar composition would help prevent issues related to chemical incompatibility. 

Nevertheless, an investigation is necessary to identify optimum process parameters to ensure a 

defect-free bond between the two alloys. This is the first step before approaching the fabrication 

of the complex lattices which shall have many bi-alloy interfaces. Therefore, an extensive 

characterization analysis of the interface must precede the actual design and testing study of 

NTE metamaterials. 

This study investigates both compositional and geometric complexity involved in creating a 

metallic NTE metamaterial. To simplify this, we utilized a staged approach in this paper with 

following research steps: 

• Process optimization to achieve a defect-free interface between SS and Invar alloys. 

• Development of an understanding of interfacial morphology and its characterization. 

• Structural design of multiphase NTE lattices using the two alloys. 

• Performance analysis of the designed lattices using finite element analysis (FEA). 
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• Fabrication of lattices using LPBF and investigation of the process-based constraints 

on design. 

• Experimental testing of the thermal expansion of the lattices and comparison with FEA 

results. 

3.2 Experimental Details 

3.2.1 Machine and Materials 

For LPBF fabrication, gas atomized SS304L powder, supplied by Carpenter Technology Ltd 

(Philadelphia, US) and Invar 36 powder was supplied by Sandvik Osprey Ltd (Neath, UK), were 

used as raw feedstock. The powder particles had diameters ranging from 15µm – 60µm. The 

elemental composition of the two powders is mentioned in table 3.1. 

Table 3.1 Elemental composition of feedstock powder 

SS 304L Stainless Steel 

C Cr Ni Mn Si P,S Fe 

≤0.03 18-19.5 8-10 0.5-2 0.66 ≤0.04 Bal. 

Invar 36 

Ni Mn Si Fe 

36.1 0.21 0.2 Bal. 

 

For LPBF fabrication, EOS M280 DMLS machine at McMaster University was used. It has a 

400W Yb-fibre laser with a 100 µm spot size, operating at a wavelength of 1070 nm, and offers 

a build platform of 250 mm × 250 mm × 325 mm. During the process, the powder bed 

temperature was consistently maintained at 40°C. Argon gas was pumped in the chamber to 

shield the material from oxidation, ensuring the oxygen level remained below 0.1% throughout. 

The fabrication process was divided into two primary stages: the production of solid samples 

for material characterization and mechanical testing, followed by the creation of bimaterial 
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lattices. 

3.2.2 Fabrication of Characterization Samples 

In this phase, solid specimens were produced for the purposes of material characterization and 

mechanical testing. The process began with determining optimal parameters for each alloy 

individually, using 10 mm cubic samples and assessing their density using the Archimedes 

method [24]. Following this, specimens with a material interface were fabricated for further 

analysis. For bimaterial coupons featuring a single interface, the fabrication was paused at the 

midpoint of the sample’s height. At this juncture, the SS powder was removed, the build 

chamber was meticulously cleaned, and Invar powder was introduced. The process then 

resumed, applying interface-specific parameters across five layers before proceeding with the 

optimal Invar parameters to complete the build. In all instances, including multimaterial 

samples, the layer thickness was consistently maintained at 40 µm, and a 67º rotation of scan 

lines was implemented with each new layer. 

For mechanical characterization, nano-hardness and scratch tests were performed to evaluate 

hardness and scratch resistance properties at the interface. Identical samples to those used in 

material characterization were fabricated and vertically sectioned at the centre to facilitate these 

tests. 

3.2.3 Material Characterization 

For the metallurgical analysis of the interface, the specimens were sectioned along the build 

direction, followed by polishing and examination with a Keyence VHX5000 optical microscope. 

To assess the melt pool and morphology, the samples underwent a 3-minute etching process 

using Carpenter etchant (8.5g FeCl3, 2.4g CuCl2, 122ml Ethanol, 122ml HCl and 6ml HNO3). 

Subsequent analyses were performed using a Nikon LV500 optical microscope and a Vega 
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Tescan SEM. The elemental distribution across the interface was examined using the EDS 

detector integrated into the Vega Tescan SEM. Additionally, the grain orientation and phase 

distribution in the interfacial regions were evaluated through electron back-scattered diffraction 

(EBSD). This analysis was carried out on both the interface and the individual material regions 

using an FE Versa 3D field-emission SEM, with a step size ranging from 1 to 5 µm. The 

collected data were processed and analysed using the TSL OIM 7 and HKL Channel 5 software 

packages. 

3.2.4 Mechanical Testing 

To evaluate interfacial mechanical properties, nano-hardness and scratch resistance tests were 

performed. The nano-hardness at the interface was measured using an Anton Paar NHT3 

nanoindentation platform, adhering to the ISO standard 14577 [25]. It utilized a Berkovich 

diamond indenter tip, applying a linear load up to 40 mN, with loading and unloading rates of 

80 mN/min. A total of 10 indentations were made traversing across the interface with a distance 

of 25µm between each penetration. For the scratch test, an Anton-Paar Revetest scratch tester 

with a Rockwell Diamond indenter (tip radius of 200 µm) was used. The test was carried out 

under a constant load of 10 N, at a scratch rate of 2 mm/min over a length of 3 mm, in accordance 

with ASTM C1624-22 [26]. The sliding contact response across the interface was analysed by 

monitoring penetration depth and acoustic emission. 

3.2.5 Design of Lattice Structures 

To create efficient lattice structures, the design phase focused on understanding the constraints 

and opportunities within the design field. The aim was to ensure that the metamaterial lattices 

could be manufactured successfully and deliver the desired performance outcomes. The primary 

requirements for the design can be summarized as: 
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1. Manufacturability using LPBF: The design must be compatible with the LPBF process, 

adhering to the specific capabilities and limitations of the equipment. 

2. Thermal Expansion Control: The lattice must achieve a negative net CTE in at least one 

direction. 

 

The first criterion imposes several implicit constraints on the design, which must be carefully 

considered. These include: 

• Material Variation: Change in constituent is only permissible in the vertical direction. The 

composition must be homogeneous in the horizontal plane parallel to the build plate. 

• Support-Free Design: The use of support structures is not viable, as their removal from 

within the lattice is exceedingly difficult. Therefore, the design must be self-supporting. 

• Avoidance of Long Overhangs: Long overhangs are problematic due to the lack of supports, 

which increases the risk of build failure. The design must minimize such features to ensure 

a successful manufacturing process. 

Five distinct unit cells were designed using the two alloys, leading to the creation of five 

different lattices (Table 3.2). The composition of the lattices varies by location, where red struts 

are made of higher CTE alloy, SS, while blue struts are made of low CTE alloy, Invar. The unit 

cell design is inspired by an octahedron, where the edges of the rectangle from the central plane 

were replaced with the diagonals of the rectangle. These unit cells, and the resulting lattices, are 

labelled as A30, A35, A40, and A45, where the number after ‘A’ represents the angle between 

the blue and red struts. This approach enables the assessment of how strut angle influences the 

NTE performance of the various designs. 

 



160 

M.A.Sc. Thesis – Devashish Dubey McMaster University - Mechanical Engineering  

 

Table 3.2 Metamaterial unit cells and lattice designs used in this study. SS 304L 

and Invar struts are shown in red and blue colours respectively. 

Name Unit Cell  Lattice Design  Printed Structure  

A30  

 
 

 

  

A35  
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A40  

  
 

  

A45  

  
 

 

3.2.6 Finite Element Simulations 

The thermal expansion characteristics of the lattices were examined using the Static Structural 

module within ANSYS Simulation Software (ANSYS, Inc., PA, USA). The specific properties 

of the alloys used in these simulations were provided by ANSYS Granta. The simulations 
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accounted for variations in CTE and thermal conductivity by utilizing temperature-dependent 

values provided in ANSYS. The model was discretized with tetrahedral solid elements of 

quadratic order. 

In configuring the lattice simulations, the following boundary conditions were established: 

• The bottom face of one central unit cell in the lowest layer of the lattice was fixed. 

• The bottom faces of the remaining unit cells in this layer were permitted horizontal 

movement (free X and Y displacements) but were restricted from any vertical movement 

(Z-displacement = 0 mm). 

• The rest of the lattice was left free to expand. 

• The temperature of the lattice was uniformly increased from 22°C to 300°C.  

To ensure the accuracy of the finite element analysis (FEA) for the full lattice structures, a mesh 

sensitivity analysis was conducted, focusing on the net vertical contraction of a unit cell of A30 

lattice with a fixed bottom face. This analysis determined that an element size of 0.3 mm was 

optimal, and this was subsequently adopted for the complete FEA. 

3.2.7 LPBF fabrication of lattices 

Metamaterial lattices were fabricated using the optimal parameters established for each material 

and their interfaces. The transition between alloys occurred at predetermined heights, 

corresponding to change of constituents in the lattice design. This necessitated pausing the 

manufacturing process to switch out the powder in the machine (Figure 3.1). The powder 

replacement procedure was conducted eight times throughout the fabrication, not including the 

initial loading of the powder and its final removal once the process was completed. All lattices 

were manufactured on the same build plate in one net process. 
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Figure 3.1 Change of alloys during fabrication of bimaterial lattices 

3.2.8 Thermal Expansion Testing 

The thermal expansion behaviour of the lattices was studied experimentally using digital image 

correlation (DIC) analysis. The samples were heated from 25ºC to 300ºC inside a controlled 

furnace environment. Tests were conducted on both heat-treated and untreated samples. The 

heat treatment involved a stress relief procedure, where the temperature was gradually increased 

by  3ºC per minute to 300 ºC, maintained for 2 hours, and then allowed to cool slowly within 

the furnace. The data was captured every 5 ºC change in temperature. For thermal expansion 

testing using DIC, the temperature was increased from 20 ºC to 300ºC at the rate of 1 ºC every 

three seconds. The resolution of the entire setup was 0.005mm. Vic-3D DIC system by 

Correlation Solutions Inc. (South Carolina, USA) was used for strain and deformation 

measurement with two cameras fitted with polarizers for deformation measurement. The highest 

priority was given to measurement of deformation in the expected direction of NTE. 

3.3 Results and Discussion 

3.3.1 Process Optimization 

The achievement of a strong porosity and defect-free interface is essential for a strong bond 
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between the two alloys. In LPBF, energy density is a parameter used to provide a measure of 

energy applied per unit volume of powder by the laser and is defined as: 

𝐸 =
𝑃

𝑣. ℎ. 𝑡
 

where P is laser power, v is scanning speed, h is hatch spacing and t is layer thickness [27] . This 

is the primary parameter considered in process optimization in LPBF, along with more specific 

process inputs like laser power, scanning speed and hatch spacing. In the first step, we 

investigated the optimum process parameters for each alloy individually. The single alloy 

optimum parameters results found are provided in Table 3.3. 

Table 3.3 Optimal process parameters determined for the two alloys. 

Material Hatch Spacing 

(µm) 

Laser Power 

(W) 

Scanning 

Speed (mm/s) 

Energy 

Density 

(J/mm3) 

SS 304L 80 220 1100 62.5 

Invar 36 100 200 870 57.5 
 

The optimum parameters found optimal for SS are identical to those reported by Hou et al. [28] 

with an optimum energy density of 62.5 J/mm3. For Invar, the optimal energy density was found 

to be 57.5 J/mm3, marking a difference between the optimal process requirement of the two 

alloys. The part densities, measured using the Archimedes method, were found to be 99.6% for 

SS and 99.8% for Invar at their respective optimal parameters. Given the varying energy 

requirements of the two materials, a design of experiments matrix was established for process 

parameter optimization at the interface (Table 3.4). Due to the higher thermal conductivity of 

SS, it facilitates more efficient energy transfer to the build plate and was therefore printed first. 

Following the SS deposition, Invar was printed on top, with the parameters from table 3.4 

applied to the Invar sections across different specimens. 
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Table 3.4 Design of experiments matrix used for identifying optimum process 

parameters for the interface 

Sample 

No. 

Hatch 

Spacing 

(mm) 

Laser Power (W) Scanning 

Speed 

(mm/s) 

Energy 

Density 

(J/mm3) 

1 0.1 200 870 57.5 

2 0.1 210 870 60.3 

3 0.1 218 870 62.6 

4 0.08 220 1100 62.5 

5 0.1 270 1000 67.5 

6 0.1 310 1000 77.5 

7 0.1 270 1000 67.5 

8 0.1 310 1000 77.5 

 

The printed coupons underwent optical microscopy (OM) analysis following grinding and 

polishing. As illustrated in figure 3.2, it was observed that higher energy densities (samples 5, 

6, 7, and 8) adversely affect bonding, resulting in the formation of pores at the interface. 

Conversely, samples 1 to 4 exhibited defect-free bonds; however, the energy densities of 

samples 1 and 2 were found to be below the optimal level required for SS. Given that LPBF 

involves the remelting of previously deposited layers, this could potentially cause less-than-

ideal remelting of the earlier SS layers. To ensure reliability, samples 3 and 4 were deemed to 

possess a flawless interface. To keep the process straightforward, the parameters from sample 

4, which match the optimal parameters for SS, were deemed optimal for the interface and 

subsequently used in the further fabrication processes in this study. 
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Figure 3.2 Interface observation using optical microscopy for process-parameter 

optimization 

3.3.2 Microstructural Analysis 

The microstructure of the interface produced using optimized processing parameters was further 

examined using optical microscopy (OM) after etching. Figure 3.3 presents a cross-sectional 

view along a plane with a normal parallel to the building direction in the Invar section. The 

cross-section reveals melt pools with a depth of 60-80 µm, accompanied by columnar grains 

elongated along the building direction. The LPBF process is characterized by rapid 

solidification, resulting in a significant temperature gradient between the solidified material and 

the unsolidified solution. During the process, heat dissipation occurs parallel to the build 

orientation, leading to the formation of numerous columnar grains that extend through the melt 

pools [29]. The micrographs of the interface, as in figure 3.3(c), highlight three distinct zones: 

the top Invar region, the central interfacial region, and the SS region at the bottom. Within the 

interfacial melt pools, a prominent circular flow pattern is evident, attributed to Marangoni 

convection. This Marangoni flow arises in the melt pools, moving outward from the laser impact 
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point due to density differences between the molten alloy in the hotter zones and the relatively 

cooler areas [30], [31]. The interfacial region also reveals embedded SS and Invar regions within 

each other resulting in compositional gradience with scattered heterogeneous zones. 

 
Figure 3.3 (a) Microstructure of Invar (b) microstructure of SS (c) Interfacial 

morphology (d) Marangoni flows and embedments at the interface (e) Interlayer 

observed in overetched sample (f) Interlayer at high magnification 

However, over-etching of the samples revealed intriguing observations. An interlayer is formed 



168 

M.A.Sc. Thesis – Devashish Dubey McMaster University - Mechanical Engineering  

 

at the fusion boundary, exhibiting higher corrosion resistance than both alloys. This is visible 

as a bright white layer within the melt pools in figure 3.3(a). This phenomenon is likely due to 

the segregation of alloying elements in this region, particularly Cr, which is well-known for 

improving the corrosion resistance of iron alloys [32]. Additionally, a more layer with increased 

corrosion is observed towards the Invar section, just above the white corrosion-resistant layer. 

This zone appears brown, likely due to corrosion of Fe, which is accelerated by the depletion of 

Ni in the Invar section as it tends to diffuse towards the SS region (interlayer). It is therefore 

suspected that the highly corrosion-resistant interlayer formed between the two alloys primarily 

consists of alloying elements, particularly Cr and Ni, which diffuse between the materials and 

accumulate in this interlayer. We believe that this Cr-Ni interlayer is beneficial for the stability 

of the inter-alloy bonding, as it effectively resists the formation of cracks or delamination at the 

interface. This is because an increased concentration of Cr in Fe-based composition increases 

high-temperature stability and hardness [33], while Ni improves toughness and strength without 

compromising ductility [34]. Interlayer formation has also been observed by Tan et al in 

additively manufactured bimaterial interfaces [35].  

The micrographs from SEM are shown in figure 3.4. Cellular structures are observed in Invar 

with some elongated solidification cells cause by high cooling rates in LPBF [36]. The 

interfacial mixing of constituents is clearly observed with extensive circular flow creating 

embedded zones throughout the bonding region. The approximate thickness of diffusion region 

at the interface suggested by microscopic analysis is approximately 200 µm. The observations 

from OM regarding Marangoni flow and embedded regions at the interface were confirmed by 

SEM.  
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Figure 3.4 Scanning Electron Microscopy images: (a)Melt pools in Invar (b) 

Microstructure of Invar (c) Observed Interface (d) Marangoni flow with 

interfacial melt pools at high magnification 

The elemental composition across the interface was assessed through Energy Dispersive 

Spectroscopy (EDS) with a linear distribution analysis. As delineated in table 3.1, the principal 

alloying constituents in stainless steel (SS) include Ni, Cr, Mn, and Si, whereas in mild steel 

(MS), they comprise Ni, Co, and Mo. Figure 3.5 illustrates the concentration profiles of these 

elements. The line was divided into over 500 points spanning a total distance of 200 µm, with 

the concentration of each element recorded at each point. It is important to emphasise that all 

values were normalised to effectively visualise the observed trends. The normalisation equation 

used was: 
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Nc = A𝑖/A𝑚𝑎𝑥 

where Ai represents the concentration of the element at a given point i, and Amax denotes the 

maximum concentration of the element along the line. 

 
Figure 3.5 (a) Alloying element distributions across the interface based on linear 

EDS analysis (b) Interlayer peak identification from Cr-distribution curve (c) 

Interlayer peak identification from Ni-distribution curve. 

3.3.3 Crystallographic Analysis 

Electron Backscatter Diffraction (EBSD) analysis was employed to examine the grain 

morphology of the bimaterial samples and their interface. As depicted in figure 3.7, the 
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microstructure shows the interface along with the bulk regions on both sides. Both stainless steel 

(SS) and Invar exhibit irregular columnar grains that are elongated along the build direction, 

with finer grains present at the interface. Both materials possess an austenitic structure. Due to 

the extremely rapid cooling during the LPBF process, ferrite does not have sufficient time to 

nucleate and grow at the austenite grain boundaries, resulting in a predominantly austenitic 

microstructure. This contrasts with the microstructure typically produced by conventional 

manufacturing methods, where cellular ferrite is distributed within austenitic morphology [37]. 

The interface's microstructure reveals a continuous bond between the two alloys, with the finest 

grains predominantly located in the first melt pool layer at the interface, indicating that regions 

of entrapment lead to finer grain sizes. 

 
Figure 3.6 Interfacial Electron Backscatter Diffraction data (a) Inverse Pole 

Figure – Z Map; (b) Correlative Phase Distribution Map ;(c) Band Contrast Map; 
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(d) Kernel Average Misorientation Map (e) Pole figures for SS (f) Pole figures for 

Invar. 

Kernel Average Misorientation (KAM) quantifies the average angular difference between a 

specific measurement point and its neighboring points, providing insights into local grain 

misorientation [38]. In this analysis, the local misorientation is calculated from the grain's center 

to points along the kernel's boundary. KAM is typically utilized to assess localized deformation, 

lattice distortions, and regions with high dislocation density, which reflect stored strain energy 

within the grain. Deformed grains generally show elevated KAM values due to increased 

dislocation activity. The KAM map of the interface, illustrated in figure 3.7(d), characterizes 

the micro-strain distribution. Notably, Invar exhibits a higher micro-strain than SS, with a 

gradual increase observed across the interface. In certain areas of the interfacial diffusion region, 

particularly in the upper central zone, the micro-strain is significantly higher than in other 

regions. This suggests that specific locations within the interface are subjected to increased 

strain, likely due to embedded Invar or SS regions within the interfacial layer surrounded by 

other constituent. These regions experience greater stress due to the thermal contraction 

mismatch between the two materials during the rapid cooling phase of LPBF. This leads to 

increased micro-strain within the grain structure at the interface. 

3.3.4 Mechanical Performance Analysis 

Nano-hardness testing at the interface supports the idea of material intermixing between the two 

alloys. The hardness values of Invar and SS are approximately 200 HV and 300 HV, 

respectively, as shown in figure 3.7. A noticeable increase in nano-hardness is observed across 

the interface, with a gradual rise when transitioning from Invar to SS. This confirms the 

existence of a compositional gradient at the interface, which corresponds to the hardness 
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gradient. The gradual change takes place from indentation 3 to indentation 7, thereby predicting 

the length of diffusion range to be 200 µm. 

 
Figure 3.7 Nano-hardness across the interface 

The variation in penetration depth along the scratch path is depicted in figure 3.8. Initially, the 

scratch starts in the SS region, with a penetration depth of about 6 µm. As the indenter crosses 

the interface, the depth progressively increases to around 9 µm within the Invar region, 

consistent with nano-hardness measurements, verifying that Invar is softer and more prone to 

scratching than SS. The region showing this reduction spans approximately 200 µm, which 

aligns with the interface length identified by EDS in figure 3.5, as well as the nano-hardness 

gradient presented in figure 3.7. Acoustic emission data (figure 3.8(b)) exhibits significant 

fluctuations in the Invar region beyond the interface. These fluctuations indicate the emission 
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of elastic waves caused by abrupt material deformation [39]. The pronounced acoustic emissions 

suggest the formation and propagation of microcracks, indicative of brittle behaviour in the 

material. 

 
Figure 3.8 (a) Depth of penetration, and (b) acoustic emission, across the interface 

using scratch resistance testing 

3.3.5 Simulation 

The simulation results indicate vertical contraction in three lattice structures, indicating vertical 
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NTE (figure 3.9). Lattices with Invar-SS strut angles of 30, 35, and 40 degrees exhibit overall 

contraction as the temperature increases, whereas the lattice with a 45-degree strut angle shows 

a slight overall expansion, approaching nearly zero. The angle between struts of differing 

materials is a critical factor influencing NTE behaviour and serves as an important design 

parameter for NTE metamaterials. Furthermore, increasing the thickness of the Invar struts 

restricts the overall contraction by reducing the vertical shrinkage, which arises from the 

stretching of low-expansion Invar struts by the more expansible SS. As anisotropic NTE 

metamaterials, all lattice designs exhibit positive expansion in the horizontal plane. Stress 

analysis revealed increased stress concentrations near the connecting joints. This behaviour is 

expected, given the differential expansion of the two materials, with the bonded joints working 

to maintain the connection between struts of differing materials. However, these stresses remain 

within the allowable limits of the two alloys. 

Table 3.5 Negative Thermal Expansion Performance of different lattices using 

FEA 

Metamaterial Vertical 

Deformation - 

FEA (mm) 

Vertical CTE - 

FEA 

(×10-6 m/m°C) 

A30 -0.12 -10.8 

A35 -0.06 -5.4 

A40 -0.016 -1.4 

A45 0 0 
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Figure 3.9 Finite element analysis results for thermal expansion of lattices in 

vertical direction (a) A30 (b) A35 (c) A40 (d) A45 

3.3.6 Experimental Thermal Testing 

DIC experiments were conducted for A30 specimen after fabrication. This specimen was chosen 

due to its superior predictions for NTE from FEA simulations as compared to other designs. The 

contours observed for deformation in vertical direction i.e. the direction of expected contraction 

are shown in figure 3.10. Due to the limited viewing window of the furnace, only three vertical 

stacks of layers were observed, rather than the full height of four stacks. The deformation 

measured at the top of the third vertical stack was approximately -0.07 mm, which closely aligns 
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with the FEA-predicted value of -0.08 mm. The minor deviation in deformation is attributed to 

differences between the properties of LPBF-manufactured stainless steel and Invar alloys and 

the properties of their conventionally manufactured counterparts used in the FEA predictions. 

Moreover, the FEA assumed a sharp interface, whereas this study revealed a diffusion zone of 

about 200 µm at the interface. During thermal testing, the second stack of layers displayed 

expansion. This is likely due to defects and warpage in certain struts during fabrication, which 

become more pronounced under high-temperature testing, affecting nearby struts and causing 

abnormal behaviour in some unit cells. This effect is more noticeable in unit cells located at the 

ends of the lattice, where connectivity is limited. 

 

Figure 3.10 Vertical deformation in A30 lattice using DIC analysis 
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3.4 Conclusion 

In this study, we successfully fabricated negative thermal expansion (NTE) mechanical 

metamaterials using metal additive manufacturing (LPBF) of grade 304 stainless steel and Invar 

36. The research involved a comprehensive analysis encompassing process parameter 

development, morphological characterization, interface optimization, mechanical testing, finite 

element analysis, and thermal testing via digital image correlation. The principal conclusions 

drawn from this study are as follows: 

1. Interfacial Bonding: The complete additive manufacturing process, employing optimized 

parameters, yielded a strong, defect-free interface between the two alloys. This robust 

bonding is primarily attributed to two factors:  

i. Firstly, there is significant elemental diffusion across the interface, which substantially 

strengthens the bond. In multi-material additive manufacturing, delamination is a critical 

issue that can lead to catastrophic failure. However, the gradual transition in 

composition, driven by the diffusion of elements such as Cr and Ni, significantly 

alleviates strain, as evidenced by the KAM map. 

ii. Secondly, no brittle intermetallic phases were observed to form during the alloy mixing 

at the interface, a crucial factor in preventing fractures in bimaterial systems. This 

absence of brittle intermetallics underscores the integrity of the interface. 

2. Mechanical Testing of the Interface: The mechanical properties of the interface were 

thoroughly assessed through nano-hardness and scratch testing, which strongly supported 

the morphological observations of robust bonding. Key findings include:  

i. Nano-hardness testing revealed a compositional gradient across the interface, leading to 

a gradual variation in hardness within the diffusion zone.  
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ii. Scratch testing demonstrated smooth, debris-free scratches in the SS region, 

transitioning to slightly jagged, debris-laden scratches in the Invar region, indicative of 

slight brittle behaviour in LPBF-manufactured Invar. The sharper, higher-amplitude 

acoustic emissions detected in the Invar region further confirm its brittle nature at certain 

points. The gradual reduction in penetration depth across the interface also reinforces 

the existence of a distinct compositional gradient. 

3. Finite Element Analysis of Lattices: The numerical analysis concluded the following: 

i. The best NTE performance is shown by A30 lattice, with a CTE of -10.8 × 10-6 m/m°C. 

ii. NTE performance improves as the angle between struts of different compositions 

decreases.  

4. Experimental Thermal Testing: Thermal testing using DIC confirmed the NTE behaviour of 

the A30 specimen, which was selected for testing based on superior FEA predictions.  

i. The measured deformation closely matched the predicted values, with minor deviations 

attributed to the inherent differences between LPBF-manufactured materials and their 

conventionally manufactured counterparts, as well as the presence of a diffusion zone at 

the interface.  

ii. The observed expansion in certain layers, particularly in the second stack, was linked to 

fabrication defects and warpage in the struts, which were exacerbated during high-

temperature testing. 

In conclusion, this study demonstrates the successful fabrication and optimization of multi-

material lattices with negative thermal expansion properties using LPBF. The comprehensive 

approach, which integrated process parameter optimization, mechanical and thermal testing, as 

well as finite element analysis, highlights the critical role of interfacial bonding and lattice 
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geometry in achieving reliable NTE performance. The findings highlight the importance of 

controlling manufacturing parameters to minimize defects and warpage, ensuring robust 

interfacial bonding and consistent thermal behaviour. Future work should focus on refining 

lattice designs and exploring alternative material combinations to further enhance NTE 

performance and address fabrication challenges, advancing the development of novel 

mechanical metamaterials for real-world applications.  
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4.1 Summary 

This research explored the design, fabrication, and characterization of negative thermal 

expansion metamaterials using the Laser Powder Bed Fusion technique. The primary aim was 

to manufacture these metamaterials with the alloys AISI 304L stainless steel and Invar 36, as 

well as AISI 304L stainless steel and SAE 300 maraging steel. The study focused on optimizing 

the process parameters for multimaterial additive manufacturing and evaluating the thermal and 

mechanical properties of the resulting bimaterial interfaces alongwith design, FEA simulations, 

production and testing of lattice metamaterials based on optimum interface strengths. 

The study commenced with a detailed investigation of the optimal LPBF parameters for each 

constituent material. This stage was critical for ensuring the successful fabrication of high-

quality multimaterial lattices. The materials SS304 and Invar 36, as well as SS304 and MS300, 

were chosen based on their differing coefficients of thermal expansion, with the expectation that 

these differences would contribute to the NTE behavior in the fabricated metamaterials. 

Interfacial bonding between these materials was a crucial factor for the success of the designs. 

Process optimization focused on achieving strong, defect-free interfaces through the diffusion 

of key elements like chromium (Cr) and nickel (Ni). The mechanical integrity of the fabricated 

lattices was confirmed through extensive testing, including tensile, nano-hardness and scratch 

resistance evaluations, as well as FEA simulations to predict the thermal behavior of the NTE 

lattices. 

The fabricated lattices demonstrated the desired NTE properties, with experimental results 

roughly aligning with FEA predictions. The ability to control thermal expansion through the 

design of the lattice structures offers promising applications for aerospace, precision 

instruments, and other fields where thermal stability is critical. 
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4.2 Strengths 

One of the main strengths of this research is the successful fabrication of robust, defect-free 

interfaces in multimaterial systems using LPBF. Achieving such interfaces is crucial in additive 

manufacturing, especially when working with materials that have substantially different thermal 

expansion coefficients. The ability to fabricate these interfaces without the formation of brittle 

intermetallic phases is a significant achievement, which ensures the structural integrity of the 

metamaterials under thermal and mechanical loads. 

Another strength lies in the comprehensive approach adopted for the characterization of the 

interfaces. This study utilized advanced techniques, including nano-hardness and scratch 

resistance tests, to assess the mechanical properties of the interfaces. Additionally, EBSD 

analysis provided insights into the grain orientation and phase distribution across the interface, 

offering a detailed understanding of the metallurgical phenomena at play. 

The use of FEA simulations to predict the thermal behavior of the fabricated lattices adds further 

strength to the study. These simulations allowed for the optimization of lattice designs before 

fabrication, saving both time and resources. The agreement between the FEA predictions and 

experimental results validates the effectiveness of the simulation models used. 

4.3 Limitations 

Despite the success of the research, some limitations were encountered. One limitation is the 

restricted design freedom in LPBF fabrication. The requirement for support-free designs, 

especially in complex lattice structures, imposes constraints on the geometry of the lattices. The 

restrictions exist on length of overhangs and angle of struts for successful fabrication using 

LPBF. In addition, due to the restrictions of the machine, change of constituent was only 
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possible in the vertical direction which hugely affects the design flexibility of multimaterial 

lattices. Although the study explored various lattice designs, the potential for further 

optimization exists. 

The study also highlighted the challenges of managing the differential thermal properties of the 

constituent materials during fabrication. The differences in CTE between SS304 and Invar 36 

or MS300 can lead to residual stresses and, in some cases, delamination. While these issues 

were mitigated through process optimization, further research is needed to fully understand the 

long-term performance of these interfaces under cyclic thermal loading and fatigue related 

applications. 

4.4 Future Work 

Building on the findings of this research, several avenues for future work can be proposed. First, 

further optimization of the multimaterial interface with new materials is necessary to enhance 

the mechanical properties of the bond between two alloys. This could involve exploring 

alternative material combinations or adjusting the process parameters to create a more uniform 

interface. 

Second, future studies should focus on the long-term performance of NTE metamaterials, 

particularly under cyclic thermal and mechanical loading. While this study demonstrated the 

feasibility of fabricating NTE metamaterials with LPBF, the long-term durability of these 

materials in real-world applications remains to be tested. Fatigue testing and thermal cycling 

experiments would provide valuable insights into the reliability of the fabricated structures. 

Another important direction for future research is the exploration of alternative lattice 

geometries. The study primarily focused on stretch-dominated lattices, but there is potential for 

further optimization of the lattice design to improve NTE performance. Bending-dominated 
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architectures, for instance, could offer improved thermal stability while reducing the reliance on 

complex geometries that are difficult to fabricate with LPBF. 

Furthermore, future work could explore the integration of additional materials into the lattice 

structures. The current study focused on bimaterial systems, but the incorporation of a third or 

fourth material could offer additional control over the thermal and mechanical properties of the 

metamaterials. This would give rise to new possibilities for tailoring the properties of NTE 

metamaterials to specific applications. 

Finally, there is significant potential for expanding the producibility of NTE metamaterials by 

modification of existing machines to allow variation in constituents in directions other than 

vertical or building direction. Also, care must be taken to ensure a sharp interface in these other 

directions. 

In conclusion, this research has demonstrated the successful design, fabrication, and 

characterization of NTE metamaterials using LPBF. The study has highlighted the strengths and 

limitations of using SS304 and Invar 36 or MS300 in bimaterial systems, with a focus on 

optimizing the interfacial properties for improved mechanical and thermal performance. While 

a few challenges remain, particularly in terms of interface uniformity and design freedom, the 

findings of this study provide a strong foundation for future research in the field of NTE 

metamaterials. 
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