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Abstract  
 

This review article analyses recent advances in developing 

functionally graded materials (FGM) produced by Direct Laser 

Deposition (DLD). Industrial development has supported the 
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production of new materials that are more efficient and effective, 

including this new class of composite materials. Initially 

conceived for the aerospace and nuclear sectors, their application 

has been extended to several other industrial sectors, such as 

automotive, biomedical, energy, and military. In addition, FGM 

manufacturing technologies have evolved from manufacturing 

conceptual prototypes to creating full-scale end-use components. 

This article discusses the principal mechanical and metallurgical 

characteristics of an FGM, the manufacturing processes, with an 

emphasis on Direct Laser Deposition, material selection, and 

associated defects. The main challenges in the production of 

gradient materials are also addressed. 
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Introduction  
 

Functionally graded materials (FGMs) are characterised by 

presenting a gradual change in, density, composition, or 

microstructure from one side to another. This combination is 

associated with a gradient of properties, either mechanical, 

thermal, magnetic, chemical, or electrical. FGMs are considered 

advanced materials that can have excellent properties, not 

attainable by the materials used alone. With FGMs it is possible 

to tailor the microstructures/properties leading to the desired 

performance [1,2]. This non-uniform set of properties across the 

whole part makes it attractive for a wide range of applications. 

Aerospace industry use FGMs for rocket components capable of 

withstanding high loads, presenting a high thermal dissipation 

capability [3-5]. The automotive industry resources these 

materials to promote surface wear resistance in engine cylinders 

[6,7]. Biomedical applications are also a point of interest for 

FGM materials through the porosity grading of parts, allowing 

bone or tissue generation [8]. Overall, properties such as 

corrosion, wear, and oxidation resistance can be added to 

materials in which properties such as mechanical strength and 

toughness would prevail [9]. 
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FGM was initially developed for thermal barrier applications by 

the Japanese space project [10]. It was intended that the material 

would be able to withstand a gradient of 2000K to 1000K 

through a 10 mm thickness section. The development of a 

gradient material was propelled by the constant crack failure of 

traditional laminate composite materials due to improper 

interfacial adhesion between materials. The solution for this 

problem was reducing sharp interfaces by decreasing the particle 

size and gradually adding the second material, minimizing high-

stress concentration points and consequently the failure of the 

material [7]. 

 

FGM can be divided into distinct categories. The joining of 

different materials, from now on named multi-material FGM, 

consists in one hand on the fabrication of a part with a mixture of 

two or more materials, benefiting from their performance result. 

Also, graded parts can be created in the multi-material category 

by adding distinct materials in separate layers. The other 

category is referred to the single material graded parts. Post-

processing is applied, getting its microstructural behaviour 

modified locally (usually at surface level) to promote distinct 

surface properties [11].  

 

The development of additive manufacturing has expanded the 

possibilities in the production of these materials, namely 

allowing FGMs with density gradient [12]. FGMs processing 

methods are traditionally divided into two groups that depend on 

the cross-section of material to be produced: thin films and bulk 

graded materials. Thin films or coatings are produced by 

methods such as physical vapor deposition (PVD) and chemical 

vapor deposition (CVD), which are the most common to 

introduce a gradient of properties without significantly altering 

the part geometry. These methods are often used to improve 

mechanical properties at the surface level, distinguishing them 

from the interior ones. Powder metallurgy and casting 

fabrication methods such as centrifugal casting, slip casting, and 

tape casting, unlike coatings, allow the part to be created with a 

full gradient of properties throughout its entire thickness. 

Additive manufacturing, specifically Direct Laser Deposition 

(DLD) technology, brings the opportunity of an alternative and 
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flexible process, enabling the production and repair of 

components with this type of functionality, either in bulk, 

through the deposition of several layers, or on the surface, 

depositing few layers [2,6]. 

 

DLD is an additive manufacturing (AM) technique capable of 

creating near net shape parts from powder or wire, melting them 

into the desired geometry, ensuring excellent bonding and 

metallurgical properties [13-16]. Due to its geometric freedom, 

scalability, and adaptability to distinct scenarios, that other metal 

AM technologies cannot offer, DLD is often used for the 

production of complex and custom parts, and coating/repairing 

of metal components  [17-19]. Yet, the greatest advantage of this 

technology is the possibility of processing several materials in 

the same operation, granted with the use of several powder 

feeders. Therefore, this technology can be assumed to be a multi-

material/graded deposition method, as it can simultaneously take 

advantage of using different powders enabling the deposition of 

distinct materials in consequent layers or the combination of 

different amounts of each material in each layer. The DLD 

equipment, an example of which is shown in Figure 1, is 

versatile and modular, allowing the manufacture of components 

with different geometries, including structures with functional 

gradients, as already mentioned, by a single process, without the 

use of additional equipment [20].  

 

 
 

Figure 1: Direct laser deposition (DLD) equipment. (a) Schematic 

representation of a coaxial configuration with two powder feeders and (b) 

equipment during processing. 
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Recently, several works have reviewed the knowledge about the 

production of FGMs by different AM technologies [7,12,17,21]. 

In this study, an in-depth analysis is made only on the FGMs 

produced by DLD, the metallurgical and mechanical properties 

obtained, and the phenomena involved. This review intends to 

describe the different approaches adopted, categorizing, and 

comparing the various advances achieved in the process. 

 

This review is organized into five sections. After the 

introductory section, there is a section that addresses the state of 

the art and classification of FGM studies produced with DLD. 

The description of phenomena involved in the solidification 

process and the microstructures formed are summarized in the 

following section. The most common defects in FGMs are 

described in session four. Finally, the mechanical properties of 

the FGMs fabricated by DLD are given in the last section. 

 

Production and Characteristics of FGMS  
 

The production of FGM by AM has been the object of study by 

several research groups [22–24]. From these studies it is evident 

that production is generally limited to small samples. Extending 

the construction to larger components with functional gradient 

properties depends on optimizing the process parameters. These 

are fundamental for controlling microstructure and improving 

properties. High-performance and versatile FGMs can meet 

performance requirements and be used successfully in a variety 

of industries [3,25]. 

 

The ability to mix two or more types of powders and control the 

feed rate of each flow makes DLD a flexible process for 

manufacturing complex components, for the innovative 

development of alloys, and to produce materials with a gradient 

of functionality [7,22,26]. DLD uses a deposition system 

equipped with two or more powder feeders that make it possible 

to create gradients that are traditionally difficult to achieve. This 

technology makes it possible to produce materials with a 

gradient at the microstructure level; this gradient is achieved due 

to localized melting and strong mixing movement in the melt. 



Prime Archives in Material Science: 3
rd

 Edition 

6                                                                                www.videleaf.com 

Thus, materials can be tailored for functional performance in 

particular applications. 

 

Using DLD, it is possible to gradually change the composition of 

a component by controlling the powder feed rate, as shown in 

Figure 2. The production of these multi-materials improves the 

interfacial bond between dissimilar materials, minimising 

chemical and metallurgical incompatibility through the 

formation of smooth gradients, avoiding the formation of 

common defects such as porosities and cracks [27,28]. In 

addition, FGM promotes a better homogenization of the thermal 

expansion coefficients of two or more different metallic alloys 

and even other types of material, such as ceramics, where the 

direct union could lead to the failure of the deposit. 

 

 
 

Figure 2: A layered deposition scheme with chemical composition gradient for 

fabricating an FGM. Adapted from [23]. 

 
One of the main factors for producing FGMs by DLD is the 

proper selection of the mixing of powders that must be in 

accordance with the metallurgical, mechanical, chemical, and 

tribological requirements of the components, which is an aspect 

that promotes innovation [29]. Powders present different 

densities, and the lighter and smaller particles are carried by the 

gas flow more easily than the heavy and larger ones, promoting 

an uneven distribution in particle gradient, thus reducing the 

performance of the component. The control of the particle size, 

finding the optimum mixing condition, promotes the 
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manufacture of gradient materials with great control of the 

chemical composition and microstructure [30,31]. 

 

As the composition of the material varies throughout the FGM, 

several phases with different chemical compositions will form. 

These phases help to achieve the intended performance of the 

FGM for the selected application. The different phases formed 

depend on the composition of the materials (powders and 

substrate) and the manufacturing conditions, such as laser power, 

feed rate, scanning speed, cooling rate, and treatments conducted 

on the material, emphasizing preheating. 

 

Traditionally, the manufacturing process of an FGM can be 

divided into two stages: gradation, which consists of building a 

spatially non-homogeneous structure, and consolidation, which 

is the transformation of this structure into a bulk material [2]. In 

turn, the gradation processes can be classified as constitutive, 

homogenizing, or segregating, depending on the manufacturing 

process. FGMs produced by DLD have a constitutive gradation 

process. The graded structure is gradually built up by the 

precursor materials (usually the powders), and the consolidation 

process occurs almost simultaneously. DLD is the technology 

that makes it possible to manufacture a greater variety of FGMs 

in a single step and is the result of advances in additive 

manufacturing technology that made it technologically and 

economically viable.  

 

Table 1 presents an overview of the materials used in the 

production of FGMs in different studies, as well as the main 

results and expected applications for these innovative materials. 

 

From the analysis of Table 1, the importance of steels as a 

substrate material is highlighted. This is related to the industrial 

implementation of steels and the ability of FGMs to improve the 

behavior of gears. As for the material of the FGMs, the highlight 

goes to nickel superalloys, steels and, in general, materials that 

can provide high hardness and resistance to wear or other surface 

degradation processes. 
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The selection of austenitic stainless steel (316L or 304L) as the 

material of choice for the substrate is due to the fact that this 

material does not undergo martensitic transformation unless 

under very special conditions, such as cryogenic treatments. 

Thus, this steel withstands the melting of a superficial layer of 

the substrate, the rapid expansion and contraction that substrate 

suffers, and the high cooling rates from high temperatures 

usually imposed on the substrates, without significant 

microstructural changes. This allows it to minimize one of the 

main problems in using DLD, which is the appearance of high 

residual stresses in both the clad and the substrate. 

 

In fact, producing FGMs requires an understanding of thermal 

and thermophysical properties: coefficient of thermal expansion 

(CTE), melting temperature, and thermal conductivity. The 

inequality in the heat flow is due to its faster dissipation at the 

material interface that presents higher thermal conductivity, 

resulting in distortion and the possibility of lack of fusion in the 

material with lower thermal conductivity, promoted by 

insufficient heat [32].  

 

High residual stresses in FGMs can be due to the thermal 

expansion differences and to lattice misfit. In DLD, the 

extremely high thermal gradient enhances thermal stresses; these 

are related with the expansion associated with the melting pool 

and the contraction during rapid cooling [33]. These mismatches 

can arise between the first layers of the FGM and the substrate 

and through the FGM and be the cause of cracking or interfacial 

delamination between the clad and the substrate or between the 

FGM layers. The distribution of these stresses is highly 

dependent on the substrate and on the FGM materials and can be 

tensile on the substrate and compressive on the FGM or vice 

versa. However, experimental and numerical results have proven 

that increasing the number of layers, with a composition gradient 

to reduce the CTEs difference and lattice misalignment, can 

minimize this effect [34,35]. The thickness and composition of 

each layer are also critical factors in the residual stress profile 

[36]. Processing conditions are also determinant in the 

magnitude of residual stresses, this being particularly important 

in processes such as DLD in which thermal energy is transferred 
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to the cold substrate quickly. For example, in the deposition of 

an Fe-V-Cr powder (CPM 9V) on tool steel (H13), it was 

observed that the normal residual stresses increase with an 

increase in laser power and decrease with an increase in scanning 

speed [37]. 

 

Preheat treatment is a solution to relieve the residual stresses in 

FGMs. Preheating reduces the thermal mismatch between the 

melt pool and the solid material (substrate or newly solidified 

clad), thus decreasing the cooling rate of both the substrate and 

the cladding and the formation of residual thermal stresses [38-

40]. The slower cooling rate also prevents the formation of 

brittle phases in the FGM and in the substrate, minimizing the 

likelihood of cracking. In steels, increasing preheat temperature 

prevents the formation of brittle martensite and can promote 

bainite decomposition and increase the percentage of ferrite, 

leading to a reduction of hardness and residual stresses [41]. 
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Table 1: General description of FGM fabricated by DLD. 

 

Substrate FGM Materials 
Functionality 

(Applications?) 
Main Results Reference 

Carbon steel 
SS316L 

Inconel 718 

FGM for wear-resistance 

applications. 

Production of linear FGMs, presenting a microstructure with a transition from 

columnar to equiaxial. Increased resistance to wear. 
[42] 

Carbon steel 
Inconel 690 

TiC 
Test pieces. 

The addition of TiC changes the microstructure of the Inconel 690 matrix, 

presenting a refinement of grains, and promoting a significant increase in 

hardness and wear resistance. 

[21] 

Carbon steel 
SS 316L 

CrCo alloy (Stellite 6) 

Aeronautical and biomedical 

industries. 

Development of a process modelling and a system control to manufacture 

FGM parts. Comparison with experimental results. 
[1] 

Carbon steel 
Fe-16Ni-4Cr 

Fe-21Cr-8Ni 
Fabrication of gear parts. 

Three different powders were used to build a gear with a hardness gradient 

between the inner region (lower hardness) and the outer region (greater 

hardness), which is in contact with other structures. The FGM was easily 

produced using the DLD technique. 

[43] 

Carbon steel 
SS 316 

Fe 
Test Pieces 

The FGM deposited on the mild steel showed a reduction in the number of 

defects (pores and cracks) compared to the direct deposition of SS316. 
[24] 

 

Carbon steel 

(A516) 

Inconel 718 

 

YSZ (ZrO2, 8 YSZ) 

NiCrAlY 

Inconel 625 

 

Thermal barrier claddings 

The residual stresses distribution through the layers of a functionally graded 

cermet were modelled. The model was validated using two FGMs. 

 

[34] 

 

Carbon steel 

(SAE387 Gr22) 

 

Fe-2.25Cr 

Pure iron 

Pure chromium 

Applications in superheater 

tubes and vessels of nuclear 

energy generation facilities. 

FGM transition joints promoted the control of carbon diffusion across 

dissimilar alloys for nuclear energy applications 

 

[44] 

 

 

 

 

Carbon steel 

 

 

 

SS 316L 

Ferritic steel (P21) 

 

 

Test Pieces 

In a multilayered material, the FGM region presented superior mechanical 

properties such as continuous yielding, higher tensile strength, and higher 

work-hardening rate than the austenitic and ferritic steel layers. 

 

 

[45] 

Carbon steel 

SS 420/V/Ti6Al4V 

Ti6Al4V/V/SS304L 

SS 420/V 

Dissimilar materials for 

aerospace and nuclear 

industries. 

The formation of the fragile σ FeV phase in FGMs was investigated. This 

phase, associated with cracking, has a minimal amount in SS420/V/Ti6Al4V 

FGM's.  

[46] 

SS 316L 
SS 316L 

Inconel 718 
Test Pieces 

The tensile strength of FGMs is inversely proportional to laser power and 

proportional to powder feed rate. The formation of NbC allowed the control of 

hardness and increased wear resistance. 

[47] 

SS 316L 
Inconel 625 

SS 316L 
Test Pieces 

FGM produced with Inconel 625, and SS316L powders showed mechanical 

resistance and hardness like SS 316L substrate. 
[48] 

SS 316L 
SS 316L 

Co-superalloy 

Industrial and biomedical 

components 

FGMs were produced gradually changing the proportions of both precursors. 

The mechanical properties and microstructure show the same trend, evolving 

from those typical of the SS 316L to the ones of the Inconel 718.  

[49] 

 

SS 316L 

 

 

SS 316L 

SS 630 (17-4PH) 

 

Industrial and medical 

components 

FGM was successfully produced without defects such as cracks and porosity. 

Hardness increased with the amount of 17-4PH steel. 

 

[50] 

 

SS 316L 

SS 316L 

Ni-Cr-B-Si 

 

Dissimilar materials joints. 

Fabricated FGMs show that compositional variation causes a smooth gradient 

in properties such as hardness, ductility, and energy storage ability. Heat 

treatment significantly affects the microstructure and mechanical properties of 

FGMs. 

 

 

[51] 
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SS 316L 

SS 316L 

Inconel 625 

Ti6Al4V 

Components that require 

both high corrosion 

resistance and a high 

strength-to-weight ratio. 

Synchronous preheating proved to be fundamental for the production of crack-

free FGMs by altering the formed phases. 

 

[52] 

 

 

 

SS 304L 

SS 304L 

Inconel 625 

Extreme-environment 

applications such as in 

aerospace or nuclear power 

generation. 

Cracks were observed in the gradient zone and are associated with small 

amounts of transition metal carbides particles. 

 

[7] 

SS 304L 
SS 316L 

Inconel 625 

Engineering fields: 

aerospace, biological, 

nuclear and photoelectric. 

FGMs with continuous composition gradient show strong metallurgical bond 

between each deposition. Wear resistance increased with increasing Inconel 

625 amount. Higher hardness was obtained for 50% Inconel 625 + 50% 316L.. 

[3] 

SS 304L 

SS 316L 

Inconel 625 

(50%/50%) 

Test Pieces 

The FGM has been successfully produced with no defects. Yield strength and 

tensile strength of FGMs are close to that of pure Inconel 625 and pure SS 

316L, respectively. 

[53] 

AISI 304L 
SS 316L 

Inconel 728 

Components to harsh 

situations, such as nuclear 

power plants and oil 

refineries. 

The brittle Laves phase was detected when the content of Inconel 718 

exceeded 40 %. The fracture mechanism of the FGMs was the microporous 

aggregation fracture, induced by the Laves phase. 

[54] 

Nodular cast iron 
Inconel 625 

SS 420 

Repair of components for 

different industries. 

Repair of nodular cast iron structures using FGM's is appropriate. The FGM 

has good wear resistance. 
[55] 

Inconel 718 
NiCrSiBC 

WC 

Protective ceramic-metal 

composite coatings. 

Controlling process parameters did not prevent cracking. Crack-free coatings 

could only be obtained by pre-heating the substrate (300 °C and 500 °C). 
[40] 

Ti6Al4V 

Ti6Al4V 

Mo 

Inconel 718 

Test Pieces 

The importance of using a buffer material (transition layer) and controlling the 

different cooling speeds of the FGM materials to obtain a sound FGM is 

emphasized. 

[56] 

TI6Al4V 
TI6Al4V 

Ti48Al2Cr2Nb 

Materials for blisks of 

turbine blades 

(Ti48Al2Cr2Nb) and turbine 

disks (TI6Al4V) on aero 

engines. 

FGM without cracks or metallurgical defects has been successfully 

manufactured. FGM reduces the sensitivity to cracking, particularly in titanium 

aluminide. 

[57,58] 
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Solidification and Microstructure Formation  
 
The functional properties and quality of claddings produced by 

DLD are strongly dependent on the final microstructure. Rapid 

solidification in additive manufacturing can lead to solute 

segregation and the formation of unwanted, and unexpected, 

brittle phases. In fact, the DLD process promotes very high 

cooling rates, in the range of 5x10
3
 - 10

6
 K/s, and diffusive 

transformations in the solid-state are usually suppressed. For this 

reason, homogenisation and control of the solidification process 

are fundamental to obtain the desired microstructure. Thus, one 

of the prerequisites for a successful process is homogenizing the 

melt in each layer. Several physical phenomena act in the melt 

pool; however, the fluid flow is dominated by Marangoni 

convection [59-61]. The melt pool is well-mixed due to this 

intense Marangoni convection that directly affects the shape and 

penetration of the pool, the chemical composition, the 

microstructure, and therefore the final properties of the FGM 

[62-64]. This convection, in which the surface tension gradient 

drives the material flow, also determines the formation of 

defects, such as porosities and cracks [61,65-68]. 

 

Process parameters and material properties influence the 

Marangoni convection [61,66]. An example is shown in Figure 

3, which presents computed results evidencing the influence of 

laser scanning speed on liquid velocity; as the speed increases, 

the maximum liquid velocity moves from the sides to the rear of 

the pool, affecting the extension and the shape of the liquid pool 

[66]. This directly influences the microstructure, as illustrated in 

Figure 4, which shows EBSD images of a Ni superalloy 

processed with three different scanning speeds. 
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Figure 3: Simulation of Marangoni convection. The figures represent 

computed liquid pool and flow fields for two scanning speeds: (a) 3.5 and (b) 

100 mm/sec [66]. 

 

 
 

Figure 4: EBSD maps for three scanning speeds [66]. 

 
Another example of the influence of processing parameters is 

shown in Figure 5. The cross-section analysis shows the 
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influence of laser power on the shape and dimensions of the melt 

pool, modification of grain orientations, layer thickness, and 

surface finishing. All these modifications are direct effects of the 

influence of laser power on Marangoni flow [69].  

 

 
 

Figure 5: Influence of laser power on the microstructure of Ti6Al4V clads. 

Cross sections of clads produced with laser powers of (a) 320 W and (b) 500 W 

[69]. 

 

Figure 5 is a typical microstructure of a clad produced by DLD. 

In this process, the solidification modes evolve rapidly due to 

changes in solidification rate (R) and temperature gradient at the 

solid-liquid interface (G). These changes lead to the 

development of different microstructures that can be observed in 

laser additive manufacturing [68,70,71]. For a given alloy, the 

microstructure depends on the local solidification conditions. 

Specifically, the morphology of rapidly solidified layers is 

controlled by the G/R parameter. If G/R is greater than a critical 

value, a planar solidification front occurs, while if G/R is smaller 

than this critical value, the planar solid-liquid interface is 

destabilised, and cellular or dendritic solidification occurs 

[60,68,72]. 

 

At the beginning of the solidification, the planar solidification 

zone appears at the bottom of the melt pool, where the liquid 



Prime Archives in Material Science: 3
rd

 Edition 

15                                                                                www.videleaf.com 

metal maintains contact with the solid substrate (solidification 

rate is 0, and the G/R is infinite). With the propagation of the 

solid-liquid interface, R rapidly increases, and G decreases, 

leading to a lower G/R value: the planar front evolves into a 

cellular interface and eventually to a dendritic one when G/R 

decreases even more. In the DLD process, due to the fast 

variation of G/R, the planar zone is very narrow [61,73,74], as 

seen in Figure 6. 

 

 
 

Figure 6: SEM micrograph of the cross section of a layer of Inconel 625 

deposited on 42CrMo4 steel in which the planar zone and columnar grains can 

be observed. 

 

With the evolution of the solidification process, the decrease in 

G/R slows down until reaching a value that remains practically 

constant. In this region, which follows the cellular interface 

zone, dendritic solidification appears. Cellular and dendritic 

solidifications are generally columnar and grow perpendicular to 

the substrate/solidified layers. This is due to the rapid heat 
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dissipation by the substrate and solidified layers, the thermal 

gradient being higher in this direction. Near the surface of the 

cladding layer, heat is also dissipated through the surrounding 

atmosphere, which significantly decreases the G value. In this 

region, dendrites become very thin and disoriented [61,73,75]. 

For a detailed description of G and R influence in solidification 

modes and microstructure development, see, for instance 

[76,77]. 

 

The laser processing conditions and the clad building direction 

are factors that influence the microstructure and, therefore, the 

functional properties of claddings [78,79]. 

 

In FGMs with composition gradients, the microstructure is also 

influenced by different materials characteristics, making 

solidification control more complex. An example of the 

microstructure formed in FGMs materials with a gradual change 

in composition is present in Figure 7. This figure shows the 

microstructure of an Inconel 625/ NiCrWMo superalloy (D4006) 

FGM. The first layers deposited are 100% Inconel 625, which 

gradually changes up to 100% D4006. Three intermediate zones 

have been sequentially deposited (75% Inconel 625 + 25% 

D4006, 50% Inconel 625 + 50% D4006, 25% Inconel 625 + 75% 

D4006). 

 
 

Figure 7: SEM images of the microstructure of an Inconel 625 (M625)/ 

NiCrWMo superalloy (D4006) FGM. (a) Microstructure evolution along the 

FGM, and (b) EBSD inverse pole figures (IPF). 

 
From the analysis of the figure, some columnar grains that cross 

several layers stand out. These grains do not seem to be 

influenced by compositional changes, indicating the possibility 

of epitaxial growth. This type of microstructure occurs because 

the deposition of a new layer implies the remelting of part of the 
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previous one, allowing the grains to function as nucleation sites 

for subsequent solidification. Despite this epitaxial growth, the 

IPF images do not show the formation of a strong preferential 

orientation (texture). 

 

Defects  
 

The most frequently detected defects in claddings produced 

using the DLD technique are cracks [80], porosity [81], chemical 

segregation [82], formation of intermetallics [83], and unmelted 

powder particles [84], all of which promote the deterioration of 

the mechanical properties of the components. Some of these 

defects, even if of a submicrometric dimension, can have serious 

consequences. In fact, micro segregation, and the formation of 

brittle phases, like intermetallics, enhance the nucleation of 

microcracks, leading to component collapse. Defect reduction is 

therefore essential so that the FGMs do not fail in service. 

 

The main causes of the development of defects are associated 

with processing parameters, as in most manufacturing processes. 

Laser power, powder feed rate, scanning speed, and powder 

particle size are factors that can promote cracking and pore 

formation. The optimization of processing conditions will allow 

a good metallurgical bond between the deposit and the substrate, 

and an adequate dilution. Dilution is an essential aspect of DLD 

clads and assesses the contribution of the substrate area that is 

melted by the laser to the total area of the clad, controlling clad 

contamination by the substrate and affecting the deposition yield. 

This optimization minimizes defects such as cracks and 

porosities, which can act as stress concentrators and nucleate 

fatigue cracks [29,85]. For some materials, it has been shown 

that increasing laser power intensifies residual stresses, cracks 

formation, and the deterioration of mechanical properties 

[33,86]. 

 

The formation of cracks can also be associate with phases that 

locally introduce high discontinuity in the hardness, brittleness, 

and thermal stability of the FGMs (see Figure 8). Attention has 

been paid to the formation of intermetallic compounds [58], 
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eutectics (low melting point) and borides [87], and Laves phase 

[82,88-93]. 

 

 
 

Figure 8: SEM images of the microstructure of an Inconel 625 

(M625)/martensitic stainless-steel (M42C) FGM showing cracking formation 

in the 25% Inconel 625 + 75% M625 layer.  

 

The formation of the Laves phase in nickel-based superalloys 

has been widely studied since this material is one of the most 

manufactured using DLD, including in the production of FGMs. 

The brittle intermetallic Laves phase is formed due to the 

interdendritic segregation of chemical elements of the matrix. 

This phase is a product of the eutectic reaction, L→(γ + Laves), 

is dependent on local elements concentration during non-

equilibrium solidification [84,90], and leads to the reduction of 

useful alloying elements (Ni, Fe, Cr, Nb, Mo, Ti) in the matrix, 

as shown in Figure 9 for niobium. The formation of Laves phase 

is highly undesirable, as it deteriorates the mechanical properties 

of the cladding, such as ductility, tensile strength, and fatigue life 

[88,92]. Furthermore, it increases the susceptibility to hot 

cracking [89]. The amount of this phase is higher in FGM 

regions processed with higher energy density [91]. A high 

cooling rate promotes less redistribution of elements, forming 

larger Laves phase particles, with a detrimental effect in 

mechanical response [82,92]. The addition of vanadium inhibits 

niobium segregation, thus reducing Laves phase formation, 

positively influencing the microstructure. In addition, vanadium 

changes the morphology of the Laves phase from a rod-like to 

particle-like shape [93].  
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Figure 9: SEM images showing the morphologies of Laves phase particles and 

Nb element distributions in the interdendritic regions. 

 

Porosity is another extremely harmful defect to the performance 

of the FGMs. It is mainly the result of gases encapsulated in the 

powder feed system or powder particles and by an inadequate 

selection of process parameters [22,81,85]. Porosity may also be 

associated with high melt pool cooling rates [94]. 

 

Unmelted powder particles are another defect that induces the 

degradation of FGMs performance.  This defect is formed due to 

insufficient energy density, causing low absorption of laser 

energy and promoting the non-fusion of the powder, favouring 

the formation of cracks due to low metallurgical bond [95,96]. In 

the production of FGMs, this problem increases since the 

different powders have different thermophysical properties [56]. 

 

One procedure that promotes the reduction of residual stresses 

and defects, such as cracks, is the preheating of the substrate and 

the maintenance of this preheating during the deposition process 

[56]. Preheating also inhibits the formation of harmful phases 

such as eutectics and borides [87], thus reducing defects in 

FGMs. Preheating is also essential in controlling thermal 

gradients between the substrate and the deposited layers, by 

decreasing the cooling rate and residual stresses [40,97] and 

attenuating the difference in thermal expansion coefficients 

between the several powders [58], thus inhibiting the formation 

of cracks and promoting better mechanical properties. 

 

In summary, to overcome the current challenges to FGMs 

production by DLD on different substrates, it is necessary to 
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develop integrated methodologies that consider and integrate all 

processing phases, such as parameter definition, process 

optimization, and thermomechanical simulations. 

 

Mechanical Characterisation 
 

Undoubtedly, one of the main objectives of the production of 

FGMs is to obtain different mechanical properties from the 

combination of materials. Another objective is to ensure gradual 

and crack-free transition between substrate and last cladding 

layers, which also translates into the variation of mechanical 

properties. This section highlights some of the most important 

mechanical properties of several FGMs, such as microhardness, 

tensile properties, and wear resistance. As already mentioned, 

one of the main groups of FGMs produced results from 

combinations of steels with nickel superalloys. This review of 

the mechanical properties of FGMs begins with the analysis of 

this combination. 

 

An FGM with a composition gradient between pure stainless-

steel 316L (SS316L) and pure Inconel 718 (IN718), with three 

intermediate layers (25%, 50%, and 75 of IN718) deposited on 

SS 316L was manufactured [47]. The influence of laser power 

(LP) and powder feed rate (FR) on the mechanical performance 

of the material was studied. Crack-free FGMs were produced for 

the four laser powers and two feed rates tested. Tensile tests on 

the specimens revealed reduced ductility with the fracture 

starting in the steel. The tensile strength decreases with the 

increase in laser power and the decrease in the feed rate, being 

596 MPA for LP = 450 W and FR = 0.834 g/s and 527 MPa for 

and LP = 750 W and FR = 0.632 g/s. 

 

The Vickers microhardness analysis along the FGM shows an 

approximately parabolic hardness distribution with an initial 

decrease as the amount of steel decreases, a minimum for the 

layer with an equal amount of both powders and increasing to a 

maximum corresponding to the last layer of pure Inconel, the 

only non-reheated layer [47]. As with tensile strength, an 

increase in laser power leads to a decrease in hardness.  
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The Mean Specific Wear Rates (MSWR) of constant 

composition layers, produced with the four laser powers and the 

two powder feed rates, were also determined [47]. MSWR is 

lower in pure steel for all conditions, goes through a maximum 

for the 75% SS 316L + 25% Inconel 718 composition, and 

decreases with the increasing amount of Inconel. The highest 

MSWR values were obtained for the highest laser power and 

lower feed rate. 

 

This evolution of the mechanical properties, related to the 

spacing of the secondary dendritic arms and carbide formation, 

shows that tailored mechanical properties can be obtained by 

optimizing the processing parameters and composition, allowing 

the adequate selection to fulfil the FGMs requirements. 

 

The SS316 L/Inconel718 FGM with different composition 

gradients were also fabricated by DLD [54]. The composition 

changed from pure SS316L to pure IN718, increasing by 5%, 

10%, or 20% the IN718 amount every ten layers. This 

composition gradient affects the mechanical response of the 

FGMs. The fracture of the tensile sample occurred at layers 

corresponding to 20–40%, 50–60%, and 25%–30% IN718, for 

the composition gradients of 20%, 10%, and 5%, respectively. 

The best tensile properties, with the highest tensile strength 

(527 MPa) and the highest elongation (26%), were obtained by 

the FGM with a composition gradient of 10 %. These results 

evidenced that the gradient variation is essential for FGMs 

fabricated by additive manufacturing. 

 

316L stainless steel (SS316L) and Inconel 625 (IN625) powders 

have also been mixed to make FGMs [98]. In this study, FGMs 

produced with an abrupt transition between SS316L and IN625, 

and with a transition zone, where the relative amount of IN625 

gradually increases by 12.5% every two layers, were analysed. 

Mechanical properties were compared with those of pure 

materials produced under the same conditions.  

 

The mechanical response of the FGMs was determined by the 

softest material (SS316L) and, assuming that the toughest IN625 

has negligible plastic deformation, the tensile properties of both 
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FGMs are almost identical to those of SS316, with no noticeable 

differences in mechanical strength and ductility [98]. This means 

that, in this case, a good interfacial resistance between the two 

materials has been achieved and the transition zone, which 

makes the manufacture of the FGM much more complex, is not 

necessary. Recently, another SS316L/IN625 FGM, deposited on 

the same substrate (SS304), was produced with other processing 

conditions, and the mechanical properties were investigated [3]. 

The FGM produced had a transition zone in which the relative 

amount of IN625 increased by 10% in each region. In this FGM 

the tensile specimens also showed a noticeable plastic 

deformation and ductile fracture. An analysis of the fracture 

surfaces indicated that the fracture occurred in layers with 60% 

SS316L + 40% IN625. In this analysis, particles rich in Nb were 

detected at the bottom of the dimples, indicating that fragile 

particles resulting from the segregation of this element, 

eventually phase Laves, maybe at the origin of the fracture.  

 

The average yield strength obtained for five samples were 823 

MPa and the average tensile strenght 1030 MPa [3]. These 

values are much higher than the average values reported in [98] 

(310 and 540 MPa for yield strength and tensile strenght, 

respectively) and even higher than typical of 316L stainless steel. 

 

The microhardness along the transition zone showed a gradual 

upward trend, with a maximum of 347 HV for the deposited 

layer with 50% SS316L + 50% IN625. The wear of samples with 

various compositions was also analyzed. It was determined that 

the wear resistance first decreases slightly with an increasing 

percentage of IN625 but then increases significantly, 

approaching that of the superalloy for 20% SS316L + 80% 

IN625 (as can be seen in the Table 2) [3]. 

 
Table 2: Wear rate for FGM samples and pure materials [3]. 

 
Sample composition Wear rate (x10-3cm-³.N.m-1) 

100% SS316l 1.58 

80% SS316L + 20% IN625 1.60 

60% SS316L + 40% IN625 1.32 

40% SS316L + 60% IN625 1.15 

20% SS316L + 80% IN625 0.79 

100% IN625 0.74 



Prime Archives in Material Science: 3
rd

 Edition 

23                                                                                www.videleaf.com 

The microhardness evolution of an FGM fabricated using two 

nickel superalloys powders, Inconel 625 (IN625) and NiCrWMo 

(D4006), is shown in Figure 10. This FGM has five different 

regions; the first layers of the FGM were 100% IN625, and the 

amount of the NiCrWMo superalloy increase by 25% in each of 

the three intermediate regions, ending the deposition with 100% 

NiCrWMo. The microhardness increase as the amount of 

NiCrWMo powder is increasing. This factor is related to the 

strengthening effect of alloying elements (Cr, W, Mo). 

 

 
 

Figure 10: Vickers microhardness mapping of an FGM along the sample. The 

composition of the regions is: 1 - 100% IN625; 2 - 75% IN625 + 25% 

NiCrWMo; 3 - 50% IN625 + 50% NiCrWMo; 4 - 75% IN625 + 75% 

NiCrWMo; 5 - 100% NiCrWMo.  

 

Another group of FGMs that has been studied a lot is the one 

that uses Ti6Al4V powders and powders of a much harder 

material. An example is a FGM deposited by DLD on a Ti6Al4V 

substrate, with composition changing from 100% Ti6Al4V to 

50% Ti6Al4V + 50% TiC, and with a gradual increase in 

composition of 5% TiC in each zone [99]. One FGM was 

produced with constant processing parameters (FGM A) and the 

other with parameters optimized for each condition (FGM B). 

The results presented in Table 3 showed that the optimized FGM 

has the best wear-resistance behaviour, with a reduction of 

82.5% in the wear volume compared with the substrate. The last 

layers of this FGM (with a composition of 50% Ti6Al4V + 50% 

TiC) has a microhardness value (1200 VHN) which is four times 

that of the Ti6Al4V. 

 

 

 



Prime Archives in Material Science: 3
rd

 Edition 

24                                                                                www.videleaf.com 

Table 3: Wear volume for FGMs and substrate [99].  

 
Sample designation Wear volume (mm³) 

FGM A 0.033 

FGM B 0.021 

Substrate 0.120 

 

These results show how the proper selection of the processing 

conditions for each zone (each composition) can be decisive in 

obtaining an optimized FGM behaviour. 

 

Ti6Al4V/TiC FGM production with a 1% TiC increase in each 

of the 50 layers of up 50% TiC has also been tested [100]. The 

FGM microhardness gradually increases from 380 HV in the 

Ti6Al4V layer to 737 HV in the top layer (with 50% TiC), which 

means it almost doubles. This hardness variation is less 

important than reported in [99], emphasizing the effect of 

processing parameters and powders characteristics.  

 

To analyse the tensile properties of this Ti6Al4V/TiC FGM, 

samples with fixed composition were deposited (each sample 

was the result of the deposition of ten layers). Six compositions 

were produced, with 0, 10, 20, 30, 40, and 50% TiC. The last 

two compositions were not tested as cracks appeared during the 

FGMs production. The ultimate tensile strength of the FGM with 

a TiC amount of 5% is improved by 12% compared to Ti6Al4V. 

Contrary to what was expected considering the hardness 

evolution, further increase of the TiC amount decreases the 

tensile strength, and the elongation drops to less than 1%. This 

unexpected behaviour was explained by increasing unmelted TiC 

particles and dendritic TiC phases, which promote premature 

damage of FGMs [100].  

 

The brittleness of the Ti6Al4V/TiC FGM is a problem that 

should be carefully considered during its manufacture by DLD 

technology. The effect of laser power and scan speed on 

hardness of Ti6Al4V/TiC FGM deposited in a Ti6Al4V substrate 

was analyzed [101]. FGMs were deposited with increase of TiC 

through three zones, with 10, 20, and 30% TiC, and laser power 

ranging from 400 to 700 W and scan speeds of 200, 300, and 400 

mm/min. The Vickers hardness gradually increases from 300 HV 
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to 600 HV with the increase of TiC amount. No significant 

differences were observed for the set of processing parameters 

tested. Samples with constant composition (0, 10, 20, and 30% 

TiC) were produced for tensile tests [101]. Ultimate tensile 

strength and elongation decreases with increasing TiC amount, 

being this more noticeable for 20 and 30% TiC, which confirms 

the results reported in [100]. 

 

Ti6Al4V and Invar 36 (64 wt% Fe, 36 wt% Ni) powers were 

used to produce an FGM [102]. The FGM started with the 

deposition of 21 layers of Ti6Al4V powder onto a Ti6Al4V 

substrate, followed by a 32 layers gradient region with a 3% 

decrease in Ti6Al4V per layer (replaced by 3% Invar powder), 

and, finally, 22 layers of pure Invar. Hardness shows a 

noticeable increase for layers with 40-60% Invar. In these layers, 

values close to 900 HV were measured, being much higher than 

the average values of Ti6Al4V and Invar, which are 380 and 141 

HV, respectively. These significantly higher hardness values 

were associated with the formation of iron and nickel titanides in 

the FGM. These intermetallic phases are very hard but also very 

brittle, which may explain the macroscopic cracking of the 

FGM. Although hardness values measured in the FGM central 

region are excellent, the defects preclude Ti6Al4V/Invar from 

being used in industrial applications. 

 

Ti/SiC was another metal/ceramic FGM produced by DLD with 

a combination of powders similar to the one described above, a 

ductile titanium alloy gradually reinforced with a carbide. In this 

FGM, a layer of 100% Ti was first deposited on a Ti6Al4V 

substrate, then eight more layers were deposited with a constant 

decrease of 10% Ti (an increase of 10% SiC), with the final layer 

having the composition of 20% Ti + 80 % SiC [103]. 

 

One of the main challenges of these FGMs is to successfully 

achieve a high volume content of the ceramic constituent at the 

exterior layer, surmounting the problems caused by the great 

brittleness and the poor melting fluidity of most ceramics. To 

achieve this goal, the composition and thickness of the Ti/SiC 

FGMs layers were optimized, first eliminating the layers with a 

greater tendency to cracking (namely the layer with 70% Ti + 
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30% SiC), and then halving the thickness of the layers. After this 

optimization, it was possible to avoid forming the more cracking 

and microcracking inducing phases and producing an FGM 

without evident defects. In this optimized FGM, the hardness 

continuously increases from 339 HV in the Ti layer to 1608 HV 

in the outer layer (10% Ti+90% SiC), and average three-point 

bending strength of 286 MPa was measured at room temperature 

[103]. 

 

These mechanical properties show that it is possible to produce 

metal/ceramic FGMs with the proper selection of the layer 

construction strategy. In summary, some aspects related to 

mechanical properties can be highlighted: 

 

• Final mechanical properties are not necessarily a 

combination of the mechanical properties of the materials 

used in the FGM and may vary significantly across the 

deposited zone. 

• The variation of mechanical properties along the FGM is not 

necessarily gradual or linear and is strongly related to the 

microstructure. 

• In some cases, defects induced by the FGM process, such as 

cracks and porosities, can negatively affect the mechanical 

properties, making its industrial application unfeasible. 

• The production of FGMs has often proven to be able to 

improve mechanical properties such as wear-resistance and 

hardness. 

• The deposition parameters, including the composition and 

thickness of the various layers, play a significant role in the 

final properties and must be optimized to achieve the 

intended requirements. 

 

Conclusions  
 
Functional Gradient Materials (FGM) combine materials with 

different compositions, leveraging the best properties of each 

and exploring reactions that can give rise to unexpected 

properties. FGMs respond to the growing demand from various 

industrial sectors for materials with better performance, allowing 

them to produce components with unique characteristics and a 
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gradient of properties along a specific direction. The production 

of FGMs by Direct Laser Deposition (DLD) is an attractive 

solution for many engineering applications, thus opening new 

perspectives for several industrial sectors, such as aerospace, 

automotive, nuclear, and biomedical. In this review, the current 

status of research on using the DLD process for manufacturing 

FGMs has been summarized. The main characteristics of this 

manufacturing process, the microstructures and mechanical 

properties of FGMs, and their main defects, were described. 

DLD is the technology that makes it possible to manufacture the 

widest range of FGMs and results from additive manufacturing 

progress that makes it technologically and economically viable. 

This process provides freedom to design more complex 

components, built layer by layer, with strategically controlled 

compositional variations that enable the directionality of 

properties. The production of FGM by DLD has been widely 

used as it opens up the possibility of blending different types of 

materials, such as metals (steel, superalloys, and titanium alloys) 

and ceramics. This review also highlights the need for more 

studies in producing these materials, expanding the analyzed 

systems, optimizing processing conditions, and properly 

establishing the correlation of microstructures, phase changes, 

and defects with the properties of the FGM, thus enhancing its 

performance in service. 
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