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Abstract. Functionally graded materials (FGMs) belong to a new, continuously developing group of materials, finding application in various

branches of industry. The idea of freely designing their construction profile, restricted only by the available manufacturing techniques,

enables obtaining materials with composition and structure gradients having unprecedented properties. In this paper, selected results of works

carried out by the authors and relating to the application of the developed metal-ceramic composites were presented in order to manufacture

functionally graded materials for target purposes. Gradient structures with various construction profiles that can play different roles were

produced on the basis on the following material pairs: Cr-Al2O3, NiAl-Al2O3 and Cu-AlN. Manufacturing conditions, microstructure

characteristics and selected properties, crucial from the point of view of future applications, were presented.
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1. Introduction

In most cases, the term “functionally graded material” denotes

material having changeable properties along one of the linear

dimensions, for instance as a result of a continuous change

in its chemical composition, morphology or structure. The

gradient of a given feature of a given material should be un-

derstood as a systematic change in this feature observed along

the direction determining the behavior of the material during

its use (Fig. 1). The concept of functionally graded materials

(FGMs) was developed in Japan by Niino in 1984 [1]. They

were used as ‘super resistant’ materials in propulsion sys-

tems and fuselage coatings in spacecraft in order to decrease

generated thermal stress and improve thermal resistivity [2].

At present, graded materials are more and more frequent-

ly used in power, aircraft, aerospace, electronics, automotive

and chemical industry.

Fig. 1. Idea of functionally graded materials

Functionally graded materials are obtained using various

methods, including both classical and modern techniques such

as powder metallurgy, chemical vapor deposition, physical va-

por deposition, plasma methods (spraying, welding), sol-gel

method, liquid metal infiltration or alloy infiltration of sintered

ceramic material with graded porosity [3, 4]. The selected

manufacturing technique exerts influence on the structure of

particular component layers (except for the chemical compo-

sition of these layers) as well as, quite importantly, on the

nature of the construction profile of FGMs. The construction

profile of a functionally graded material can be designed in

a few ways and can be parabolic, hyperbolic or linear, with

layers having different thicknesses depending on their manu-

facturing method. Functionally graded materials can perform

different functions in complex constructions (Fig. 2).

Fig. 2. Role of FGM in modern constructions after Ref. 5

As it is shown in the presented diagram, they can be either

an independent system performing a given role or a top lay-

er deposited on a substrate, thus modifying properties which

are crucial from the point of view of the potential application

of an element. While joining materials having considerably

different properties, they can become a gradient interlayer en-

suring a smooth transfer of both composition and properties

from one material to another one, at the same time mini-
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mizing the generation of significant thermal stress. There is

a direct correlation between the percentage of a functionally

graded material in a particular construction and its intended

use; however, in each of the enumerated cases, its role is really

significant. In this paper we present selected graded materials

developed by the authors based on metal-ceramic composites

and examples of their possible application to modern indus-

tries. The results regarding the manufacture of functionally

graded materials: (i) based on Cr-(Re)-Al2O3 for the power

industry, (ii) based on Cr-Al2O3 for the engineering industry,

(iii) based on NiAl-Al2O3 for the automotive industry and (iv)

based on AlN-Cu for the electronics industry, were described

in detail.

2. Results

Cr-(Re)-Al2O3 functionally graded materials for power in-

dustry – modification of the steel substrate. One of the

most important aspects of developing devices for the genera-

tion of renewable energy in the process of biomass combus-

tion is the construction of boilers, furnaces, heat exchangers

and grates as well as the selection of appropriate materials

from which they should be produced. Due to particularly dif-

ficult service conditions, these materials have to meet a num-

ber of often contradictory special requirements, for instance

be resistant to thermal shocks, complex state of mechanical

strain as well as chemical corrosion and erosion. The main

reasons for the corrosion of boilers include: (i) degree of en-

vironmental aggression dependent on the composition of fuel

and combustion conditions, (ii) operating temperature of an

exchanger and temperature of combustion gas, which result

from the construction of a boiler and (iii) inadequate proper-

ties of an exchanger material. Erosive wear of the screens of

fluidized bed boilers is inextricably linked with the displace-

ment of loose material inside a combustion chamber. The

intensity of erosion is linked to the operating conditions of a

boiler, properties of a transferred material and constructional

solutions of a boiler. Co-combustion of biomass as well as fuel

from waste is likely to increase the risk of chloride-induced

corrosion of stream superheaters. Due to a usually low ash

content in biomass, even if the percentage of chlorine in fu-

el’s working substance is relatively low (0.5%), deposits con-

taining a significant amount of chlorides can appear on pipes.

This phenomenon is caused by the deposition susceptibility of

these materials, which results from high fragmentation related

to their manufacturing method (vapor condensation and sub-

sequent solidification in a form of aerosols). In order to pre-

vent the surface of heat boilers from a corrosive influence of

combustion or co-combustion of biomass, protective coatings

and additives neutralizing the corrosive activity of potassium

chloride and limit slagging are used. Protective coatings are

an efficient method preventing chloride corrosion, which has

been used in the case of waste heat boilers. Coatings based

on chromium and nickel alloys are thought to be the most

efficient and the most frequently used ones; however, they are

really expensive [6–8]. Significantly cheaper hybrid coatings

based on oxides such as aluminum [9] are a promising alter-

native to metallic coatings. Composite materials which belong

to this group and include metal-ceramic composites deserve

great attention. Cr-Al2O3 composites having high resistance

to sudden temperature changes (the so-called thermal shocks)

at 25–1300◦C, high resistance to oxidation at high tempera-

tures (even up to 1500◦C), raised mechanical strength at high

temperatures and high hardness [10, 11] can serve as an ex-

ample of such materials. In addition, the properties of these

materials can be enhanced by doping a metallic matrix with

a low amount of rhenium [12]. Because of its unique proper-

ties, rhenium is used in industry as an additive to metal alloys

which significantly improves their hardness and resistance to

corrosion. Among others, these alloys find application in re-

action engine blades, engine turbines and shields of special

purpose vehicles [13]. There are a number of methods en-

abling the deposition of layers (in particular layers having

a variable composition) on both metallic and non-metallic

substrates available. The most important ones include: laser

methods (laser spraying and pulsed laser deposition), plas-

ma methods (plasma welding, plasma spraying, pulsed plasma

deposition), magnetron sputtering, chemical vapor deposition,

physical vapor deposition, etc. [14–16].

Plasma spraying can be classified as belonging to the cate-

gory of thermal spraying methods in the case of which molten,

semi-molten or solid particles are deposited onto a substrate.

The microstructure of coatings results from their solidifica-

tion and sintering. The coatings have a lamellar microstruc-

ture, which determines many of their properties [17]. A great

numbers of factors should be to understood to perform the

spraying process. These include the size distribution of pow-

der, powder feed rate, powder morphology (shape, size, in-

ternal porosity), composition of working gas, spray distance,

electric power input, carrier gas flow rate, etc. [18].

In this work, a “PLANCER” plasma system consisting of

a PN-120 plasma-arc gun, ZN-1000 power supply and con-

trol console was used to perform plasma welding of gradient

coatings. The plasma-arc gun enables the generation of plas-

ma beam using a mixture of argon with an addition of hy-

drogen. A powder feeder allowing its heating was employed

when performing plasma welding. The welding of coatings

was carried out based on the parameters presented in Table 1.

Table 1

Plasma welding parameters for Cr-Al2O3(-Re) layers on steel substrate

Parameter Value

1. Current intensity, A 550

2. Voltage, V 60

3. Pressure of plasma-generating argon, MPa 0.7

4. Distance between substrate and gun, mm 90

5. Powder price, g/min 35

In order to verify the suitability of particular composition

of deposited layers, trial plasma welding on a steel substrate

was performed for the following two arrangements (composi-

tion in vol.%):

I – steel/ Cr-25%Al2O3 layer/Cr-40%Al2O3 layer,

II – steel/ Cr-25%Al2O3+5%Re layer/Cr-40%Al2O3

+5%Re layer.
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The microstructure of the Cr-Al2O3 graded structure on a

steel substrate is presented in Fig. 3.

a)

b)

c)

Fig. 3. SEM image of Cr-Al2O3 graded structure sprayed on a

steel substrate (a) and intensity maps of chromium (b) and alu-

minum/oxygen (c)

A similar analysis was performed for rhenium-containing

materials (Fig. 4).

a)

b)

c)

Fig. 4. SEM image of Cr-Re-Al2O3 graded structure sprayed on a

steel substrate (a), maps of Cr, Al, O, Re, Fe (b) and aluminum

intensity (c)
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The microstructural analysis revealed some porosity in

thermally sprayed layers. Its degree was independent from the

chemical composition of a material and the obtained values

(measured by the Clemex television analysis system) were

oscillating between 2 and 4%. When looking at the sub-

strate/FGM boundary, it was found that there is good adhe-

sion between layers. The ceramic phase intensity was raising

from the substrate to the outer surface of FGM. Rhenium was

present in the structure as separate inclusions. XRD analy-

ses did not reveal any reactions between the components of

a composite layer. The surface roughness was typical of a

thermal spraying process.

The described graded structure can be used in systems

directly exposed to severe exploitation conditions, e.g. ele-

vated temperature or corrosion atmosphere, just like in the

case of combustion fluidal boilers (CFB) in power plants.

Cr-Re-Al2O3 composite materials have very high oxidation

resistance at elevated temperatures. In oxidizing atmosphere

chromium forms chromium oxide (Cr2O3) which is well-

matched to Al2O3 ceramics. Chromium oxide obtained on

the surface of a composite layer protects the structure and the

entire material from oxidation [6].

The possible advantages of using the presented function-

ally graded material are presented in Table 2 and Fig. 5.

The study of hardness enabled obtaining significantly larger

composite surface when compared with that of a steel sub-

strate.

Table 2

Hardness results for FGM systems

Material’s system
Hardness HV10 [GPa]

steel layer 1 layer2

steel/Cr-25Al2O3/Cr-40Al2O3
0.9

2.6 2.9

steel/Cr-25Al2O3+5Re/Cr-40Al2O3+5Re 2.8 3.2

Another likewise important feature, especially if the mate-

rials in question are expected to work together on the surface,

is their abrasive wear resistance. The performed tribological

tests in a ball-plane arrangement proved a significant increase

in the abrasive wear resistance of composite layers when com-

pared to an uncovered steel substrate. Figure 5 presents exem-

plary wear profiles. Based on the experiments carried out in

this work, it can be concluded that the wear resistance of com-

posite materials is far better when the content of aluminum

oxide is raised. At the same time, it was found that a minor

addition of rhenium can be beneficial and result in both ma-

terial’s strengthening and improvement of its abrasive wear

resistance.

Using surface modification methods in the manufacture

of composition gradient materials offers excellent potential

for designing new solutions with target properties and in ad-

dition due to a prolonged life-time has a positive impact on

the overall cost of the construction.

a)

b)

c)

d)

e)

Fig. 5. 3D wear profiles of: a) uncoated steel, b) Cr-25Al2O3, c) Cr-

40Al2O3, d) Cr-25Al2O3+ 5Re, e) Cr-40Al2O3+5Re
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Cr-Al2O3 functionally graded materials as an interlayer

for joining ceramics to steel. Modern constructions require

durable joining of advanced ceramics and metal alloys hav-

ing very complex shapes and composed of a great number

of elements. Due to different thermal and mechanical prop-

erties of ceramic materials and metals, high internal stress

is generated in bonded elements during the joining process

and service load (e.g. thermal or mechanical) [19, 20]. This

stress exerts influence on both the performance and life-time

of ceramics-metal joints. It is likely to cause or lead to the

development of cracks in ceramics, plastic deformations, ac-

companied by the formation or growth of intergranular voids

either in metal or an interlayer, which results in decohesion.

The development of ceramics bonded to metals is predomi-

nantly linked with the introduction of new ceramic materials

and use of ceramic-metal joints operating under more and

more harsh conditions. This applies mainly to ceramics-metal

joints working at high and variable temperatures (coatings

of nozzles in torches, coatings of blades in turbines etc.) or

in chemically aggressive environment (chemical devices, ele-

ments of chambers for waste utilization).

When there is a need for joining corundum ceramics and

high-chromium steel, using a graded material based on Cr-

Al2O3 composites as a separator can prove to be an effective

solution [21]. Due to significant differences between their ther-

mal and mechanical properties it is impossible to join these

materials directly and durably as a result of high tensile stress

in a ceramic element [22, 23]. An exact numerical analysis

of internal tensile stress performed using the finite element

method was described in detail in [24, 25]. It was carried out

for the following three types of ceramics-steel joints: (i) direct

joints, (ii) joints obtained using a Cr-Al2O3 three-layer grad-

ed material, (iii) joints obtained using a Cr-Al2O3 seven-layer

graded material. In both cases the total thickness of a graded

layer was 3 mm.

Based on the results of the numerical analysis of internal

stress in a directly-welded model of an Al2O3-high-chromium

steel joint, stress concentration σmax in ceramics was found to

be around 550 MPa (Fig. 6), which could have led to cracking

of a ceramic element of the joint.

An application of a three-layer gradient material enabled

lowering the maximum internal stress σmax within the area

of ceramics where its concentration is the highest to around

260 MPa, which means a drop of more than 50% when com-

pared with stress in a direct joint. Adding four new layers to

the graded material did not result in a sharp decrease of inter-

nal stress in the analyzed joint. When compared to the joint

with a graded interlayer, composed of three Al2O3-Cr com-

posite layers, the determined internal stress σmax was only

about 10% lower and equaled 236 MPa. In both cases stress

was quite evenly distributed over the entire graded wafer.

Fig. 6. Main stress distribution σmax along the axis of ceramics-steel

joint for different configurations

In order to verify the obtained results, technological tri-

als including joining of corundum ceramics and steel were

performed. Trials aimed at directly joining ceramics and

steel using diffusion welding were carried out (T = 900◦C,

t = 30 min, p = 30 MPa, vacuum 1× 10−6 Pa). When using

the graded material, this was a two-stage procedure. Cr-Al2O3

layers were first sintered on a ceramic substrate (T = 1400◦C,

t = 30 min, p = 30 MPa, argon) and subsequently steel was

joined to this arrangement.

Joining alumina ceramics and steel directly together did

not bring about satisfactory results. Soon after having finished

the joining process, the joints were damaged as their ceram-

ic element cracked. The cracking of the ceramic element oc-

curred close to the dividing surface of the ceramics-steel joint.

It confirms a considerable concentration of the tensile residu-

al stresses in this particular bonding area and their high level,

far exceeding the strength of alumina ceramics.

The application of a Cr-Al2O3 gradient material as an in-

terlayer in the joint allowed obtaining a well-bonded ceramics-

steel joint of sufficient strength (Fig. 7).

As shown in the figure, a durable bonding was obtained

between ceramics and steel and no defects were observed at

the boundaries of the joined materials. The transition between

particular layers of the graded material was smooth and had

good cohesion.

The value of residual stresses (σmax) calculated for the

3 mm-thick gradient material was about 260 MPa, which only

slightly exceeds the ceramic strength. Probably, the real level

of residual stresses in the alumina/FGM/steel joint is much

lower than the calculated value. It may stem from a too rough

estimation method of the properties of Cr-Al2O3 composites

employed in the numerical analysis (the rule of mixture).

The application potential of the presented solution is con-

firmed by a great number of papers, including [26–28], de-

scribing exemplary uses of a graded interlayer for joining ma-

terials having significantly different properties.
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Fig. 7. Microstructure and surface distribution of elements in alumina/FGM/steel joint: L1 – 75Al2O3/25Cr, L2 – 50Al2O3/50Cr, L3 –

25Al2O3/75Cr

NiAl-Al2O3 functionally graded materials for automotive

industry – valve application. Gasoline combustion engines

make use of intake and exhaust steel valves (forged, machined

and coated for wear protection, Fig. 8) driven by a cam sys-

tem. Exhaust valves are subjected to high thermal and me-

chanical alternating stresses and chemical corrosion [29]. The

main disadvantage of steel valves is their weight causing high-

er inertia, higher friction and power dissipation, which leads

to higher CO2 emission. Conventional valve train materials

reach their limits when it comes to the use of alternative fu-

els like ethanol, hydrogen or compressed natural gas (CNG)

(e.g. ethanol is very corrosive, while hydrogen and CNG are

dry gases). This leads to an increased wear.

Fig. 8. Scheme of cooperating valve elements after Ref. 29

Intermetallic compounds are the materials that can meet

the set requirements. Intermetallic phases of the Ni-Al type

belong to a group of modern constructional materials with low

density and advantageous properties. They have high melting

temperature, good resistance to oxidation at high temperatures

(up to about 1200◦C), high value of Young’s modulus (sta-

ble when increasing temperature), high mechanical, fatigue,

tensile and compressive strengths (also at high temperatures),

and good frictional wear resistance [30–32].

Nevertheless, there are a few drawbacks to intermetallic

compounds. For instance, at room temperature they are brittle

and thus difficult to machine, whereas at high temperatures

they are susceptible to creep. These disadvantageous proper-

ties limit their applicability but can be improved by modifying

the composition of the compound or by subjecting it to ap-

propriate plastic and/or heat treatments.

It is also possible to modify the composition of intermetal-

lic compounds by adding a ceramic phase, which results in

an improvement of a variety of their properties.

Such materials, especially in the form of a gradient, could

be used as valve elements. A cylindrical part of a valve (the

so-called tip) cooperating with a valve arm, exposed to high

temperatures in corrosive environment and abrasive wear, is

a particularly important element. That is why, it should have

high mechanical strength at elevated temperatures, high hard-

ness and impact resistance as well as high resistance to abra-

sive wear. Above all, the manufacture of a graded material

based on the NiAl intermetallic phase should prolong the life

time of valves.

The materials used in the performed experiments were

nickel aluminide powder (Goodfellow, purity 99.9%, aver-

age grain size 4 µm) and aluminum oxide powder (NewMet

Koch, purity 99.9%, average grain size <1 µm). The proposed

composition of the graded material included three composite

layers sintered on a NiAl substrate. The following compo-

sition was prepared: NiAl+5%Al2O3, NiAl+7.5%Al2O3 and

NiAl+10%Al2O3 (in vol.%). The powders were mixed in a

Pulverisette 6 planetary mill (with a 250 ml container) in

an air atmosphere. The final densification process was con-

ducted using the hot-pressing method in an argon protective

atmosphere. The sintering process conditions were as follows:
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sintering temperature 1400◦C, sintering time 30 min, pressure

30 MPa.

The presented production procedure of the powder mix-

tures and FGM components is described in detail in Ref. [33].

A design of the tip of the valve and the obtained FGM are

shown in Fig. 9. Figure 10 shows the microstructure of the

obtained FGM.

a) b)

Fig. 9. Scheme of graded material to be used as valve element (a)

and sample after sintering (b)

a)

b)

Fig. 10. Microstructure of hot-pressed FGM: NiAl-Al2O3 (1400◦C,

30 min, 30 MPa)

The obtained graded materials had homogeneous and

compact structure and the ceramic phase was relatively uni-

formly distributed over the entire cross-section of the sam-

ple. There is a good bonding between each component of the

FGM.

Selected properties of materials composing the graded ma-

terial were presented in Table 3. It can be seen that a slight

addition of the ceramic phase leads to a considerable improve-

ment of strength parameters of composites. Increased bend-

ing strength and fracture toughness is a result of changing of

the fracture mode from intergranular to transgranular [34]. In

Ref. [35] the author indicates plastic deformation as an ad-

ditional factor influencing the toughening process. However,

since the NiAl-Al2O3 interface is weak, the crack propagates

mainly through the interface, just like in the case of the Cook-

Gordon mechanism [36]. The toughening effect is predomi-

nantly caused by crack deflection and/or crack bridging.

Table 3

Properties of components of graded materials

Material
[vol.%]

Bending
strength
[MPa]

KIC

[MPa·m1/2]

Young’s
Moduls
[GPa]

Poisson’s
ratio

Hardness
HV10

[GPa]

NiAl 345.6±53.8 7.2±0.4 188 – 3.08

NiAl/5%Al2O3 511.8±49.8 7.3±0.6 190.3 0.303 3.20

NiAl/7.5%Al2O3 536.6±43.8 8.3±0.4 194.3 0.301 3.25

NiAl/10%Al2O3 555.4±28.7 8.6±0.6 197.1 0.3 3.30

Cu-AlN functionally graded materials for electronics in-

dustry – heat dissipation elements. Dissipation of heat gen-

erated during the operation of high-power electronic elements

(e.g. diodes, thyristors and lasers) is crucial from the point

of view of their efficiency. Good cooling conditions can be

guaranteed for instance by using materials with very high ther-

mal conductivity and designing the heat dissipation system in

an accurate manner. Cu-C (carbon in a form of diamond or

graphene [37, 38]), Cu-SiC [39], Cu-AlN [40] and Cu-Al2O3

[41] belong to materials most often suggested for this pur-

pose. The aluminum nitride-copper material pair fulfills the

required criterion. Aluminum nitride is particularly interest-

ing for electronics due to its high thermal conductivity, sat-

isfactory mechanical and electrical properties as well as low

coefficient of thermal expansion (4.0× 10−6 1/K), the value

of which is close to that of silicon (2.7× 10−6 1/K), thus pre-

venting the generation of high internal stress. This is extreme-

ly important due to faults in electronic arrangements related

to the mismatch between coefficients of thermal expansion of

a substrate and a semiconducting element. Thermal conduc-

tivity of polycrystalline aluminum nitride mentioned in the

literature is not as high as in the case of an AlN monocrystal

(319 W/mK for a monocrystal and a bit less than 200 W/mK

for a polycrystal). The transport properties of copper (heat

or current) are mainly dependent on its purity. The thermal

conductivity value for copper oscillates around 400 W/mK.

Nevertheless, the use of pure copper in electronics is limit-

ed due to its insufficient mechanical properties, especially at

elevated temperatures. Moreover, a high value of the thermal

expansion coefficient in the case of copper (16.5× 10−6 1/K)

is likely to generate considerable internal stress and thermal

dilatation when exposing copper elements to significant ther-

mal changes. That is why, designed and constructed arrange-

ments should have both high thermal conductivity and linear

expansion coefficient which is significantly lower than in the

case of copper.
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The performed author’s works, described in detail in [42],

focused on Cu-AlN composite materials with AlN volume

fractions varying from 10 to 40%, which were prepared by

a powder metallurgy technique. The powder mixtures were

obtained in a mechanical mixing process using a planetary

ball mill (Pulverisette 6, Fritsch) with tungsten carbide balls

(∅10 mm). The mixing process was conducted in a nitrogen

atmosphere with the rotational speed of 200 rpm and the time

of mixing was 4 h. Ball-to-powder ratio (BPR) was approxi-

mately 5:1. The composite powders were consolidated using

a hot-pressing method in vacuum (10−3Tr) at 600◦C and the

pressure of 415 MPa for 30 min.

In order to obtain material that would ensure proper diffu-

sion of heat flux, having high thermal conductivity and ther-

mal expansion coefficient lower than in the case of copper

based on the developed composite, the use of a four-layer

graded material sintered on a copper substrate composed of

the following wafers was suggested: Cu/90Cu-10AlN/80Cu-

20AlN/70Cu-30AlN/60Cu-40AlN (% vol.), thickness of par-

ticular layers: 1.2 mm. An image of the produced structure is

presented in Fig. 11.

Fig. 11. Image of Cu-AlN graded material obtained using optical

microscopy

As can be seen in the presented pictures, the structure of

the obtained material is compact, without visible structural

defects. Slight porosity was observed mainly in the ceramics

region and increased when raising the share of the ceramic

phase in the graded material. These observations were con-

firmed by density measurements of the constituent layers of

the graded material (Table 4).

Table 4

Densities of hot-pressed Cu-AlN composites

Chemical
composition

[vol.%]

Theoretical
density
[g/cm3]

Measured
density
[g/cm3]

Relative
density

[%]

90Cu-10AlN 8.38 8.27 98.6

80Cu-20AlN 7.81 7.69 98.4

70Cu-30AlN 7.23 7.08 97.9

60Cu-40AlN 6.66 6.45 96.9

The thermal expansion coefficient was measured using

a vertical direct dilatometer. The samples were heated up to

the temperature of 600◦C in a protective argon atmosphere at

a rate of 5◦C/min, maintained at this temperature for 5 min

and, then, cooled down in an oven at an average rate of 2 to

3◦C/min. The thermal diffusivity D was measured for the tem-

perature range of 50–800◦C by a laser flash method (LFA 457,

Netzsch). The specific heat was calculated using the rule of

mixtures [43].

The obtained thermal conductivity and thermal expansion

coefficient values were shown in Fig. 12 for the produced

graded material in section.

Fig. 12. Thermal conductivity and linear expansion coefficient

changes for Cu-AlN composite materials

When compared with the results obtained for pure cop-

per, the performed measurements showed a decrease in both

thermal expansion coefficient and thermal conductivity of par-

ticular components of the graded material. According to the-

oretical calculations (using the rule of mixtures), the thermal

expansion coefficient for composite materials in the Cu/10–

40%AlN range at ambient temperature should be around 11–

15×10−6 1/K. Therefore, the obtained values were a bit high-

er than expected. These differences can result from the pres-

ence of pores in the structure of particular layers of the graded

material and the fact that they have not been taken into ac-
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count in calculations. From the point of view of substrate’s fit-

ting to the semiconducting element it is advantageous, but de-

creased thermal conductivity caused by the presence of poros-

ity should be treated as a negative phenomenon. Taking into

account theoretical conductivity values (λCu = 396 W/mK

and λAlN = 150 W/mK) and porosity in the layer structure

of the graded material (4–5% maximum), the obtained results

are promising and perfecting technological conditions should

lead to the reduction of porosity to a degree enabling the

application of the developed materials.

3. Conclusions

In modern engineered structures pure metals or alloys are less

frequently used as a result of higher requirements and com-

plexity of the applied materials. In order to fulfill the expecta-

tions of constructors, new material combinations are designed

based on metals, ceramic materials and plastics. Composites

belong to a new class of advanced materials allowing to join

different components and obtain unprecedented properties. In

the age of miniaturized electronic components, requiring both

removal and dissipation of high-power heat flux, the weight

of load-bearing and automotive structures has to be decreased

for economic and ecological reasons. Materials with a com-

position gradient belong to a particularly interesting group

based on composites, offering the change of properties when

altering one of the dimensions.

In the case of functionally graded materials disadvanta-

geous sharp interfaces existing in a composite material are

eliminated. These sharp interfaces are replaced with a gra-

dient interface, which guarantees smooth transition from one

material to another [44]. As it was stated in the introduction

the possible areas of application of FGMs include aerospace,

automobile industry, defense, energy, optoelectronics, medi-

cine, sport, etc.

The overview presented by the authors shows only a few

selected potential applications of FGMs to industrial prac-

tice. The proposed solutions can be treated as a contribution

to knowledge about graded materials and its dissemination;

however, the subject area still requires further advanced re-

search into both characterization of their properties and their

behavior under conditions resembling operational conditions.

It has to be highlighted that at present the production cost of

graded materials is relatively high but due to a tremendous

interest in the subject matter expressed worldwide as well as

higher level of knowledge about these materials, it should be

reduced in the long term. As a result, graded materials, until

now referred to as materials of the future, are expected to

become 21st century materials.
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