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Abstract9

The microstructure, phase composition and microhardness of multilayered Ti/Al,
Ti/Cu, Ti/Fe and Ti/Zr condensates produced on stainless steel substrates via
vacuum-arc evaporation of pure metals were studied. The sublayer periods (Λ)
were regulated in the range 80-850 nm by varying the vacuum discharge cur-
rent and the duration of the successive depositions of metallic plasma onto the
substrates while maintaining the total deposition time constant. The regularity
of the obtained nanostructures was investigated by scanning and transmission
electron microscopy while phase compositions were identified with X-ray diffrac-
tion (XRD) analysis in order to evidence the presence of interdiffusion and the
amount of intermetallics. Condensates cross sections were mechanically charac-
terized by means of microhardness tests. Measurements were correlated to the
periods and to the presence of intermetallics.

1. Introduction10

The investigation of structure and properties of multi-material multi-layered11

nano-structures can be of great interest since their characteristics can be highly12

differentiated and most of the times these are much better than the ones typical13

of the single components. New alloys composed by metals that aren’t normally14

soluble each other can be obtained and thin layers of intermetallic compounds15

can be generated [1, 2].16

These unconventional properties induce expectations in the research commu-17

nity due to their wide-range potential applications. Multilayered Ti/Cu deposits18

with an appropriate mix between the hard and brittle intermetallic phases at19

interlayer boundaries and the ductile and tough almost pure titanium and cop-20

per phases in the middle of each sublayer can be used for ballistic applications21

[3], vibrations damping and heat exchange [4].22

The intermetallic Ti/Fe system is also known as one of the most promising23

hydrogen storage alloy [5, 6] and of great interest for magnetic applications [7, 8].24
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High hardness, wear resistance, and gasless combustion are the properties of25

Ti/Al films [9, 10, 11, 12] while multilayered Ti/Al, Cu/Al and Ti/Ni deposits26

are moreover used as foils for diffusion welding of intermetallic alloys [13].27

The peculiar mechanical characteristics of these nano-structures depend on28

many factors like: the high density of crystal structural defects, the high variabil-29

ity in size, shape and orientation of grains of dissimilar materials; the large vol-30

ume fraction of inter-layer boundaries and the presence of intermetallic phases31

in or near the inter-layer boundaries [14, 15].32

The formation of intermetallic phases is particularly evident when deposition33

is performed by means of PVD vacuum-arc processes which produce a highly34

ionized plasma flow and step up the kinetic energy of depositing components at35

the expense of substrate biasing. The significant increase of local temperature36

assists the chemical reaction between metals and the production of alternating37

layers of almost pure metals interleaved with intermetallics boundaries.38

In this work Titanium was used as a base component of all the depositions,39

while aluminum, copper or iron were chosen as second element considering that40

Ti-Al, Ti-Cu and Ti-Fe binary systems show the formation of intermetallic41

phases. For the sake of comparison, multilayered deposits of Ti-Zr, which are42

characterized by an unlimited solubility, were also produced and investigated.43

All these nanostructures were generated by a unfiltered Vacuum-arc evap-44

oration method characterized by a relatively high productivity and potentially45

able to produce both functional coatings and self-supporting composite struc-46

tures. The phase composition and the microhardness were then analyzed and47

their relationship with the layer thicknesses was investigated.48

2. Experimental Setup49

The vacuum condensates of the above mentioned metallic systems, consist-50

ing of a large number of alternating layers of dissimilar metals, were produced51

by means of successive depositions from plasma flows generated by a station-52

ary cathode-type unfiltered vacuum arc system in conditions of constant ion53

bombardment and by applying a substrate bias to increase the growth rate.54

A detailed scheme of the two cathodic targets and the rotating support for55

the sheet type substrates was presented in [14].56

Each deposition involved two 100×100×0.3 mm sheets of X12Cr17 stainless57

steel maintained at a fixed distance of 125 mm from the chatode.58

The working Ar pressure in the chamber pv was maintained at 3-4×10−3
59

Torr and the arc current Ia was regulated between 70 and 150 A depending on60

the cathode material.61

A 180 V negative bias potential was applied to substrates in order to enhance62

the ion bombardment of growing layers and to increase the substrate tempera-63

ture and consequently the atomic diffusion, this resulted in a deposition rate of64

0.5-1.2 µm/min.65

A substrate cleaning by ion bombardment before coating deposition was66

performed raising up the substrate bias to 1000 V and simultaneously heating67

the substrates up to 400-450 ◦C in order to prevent the formation of streamers.68
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After the substrates cleaning and the simultaneous heating up to 400-450 ◦C69

the bias was decreased down to 180 V and the alternating deposition procedure70

starts. The total duration of each deposition was maintained constant at 6071

min.72

The alternating deposition is obtained by a cyclic activation of rotary drive73

connected to a vertical shaft supporting two opposite horizontal arms ending in74

the substrate supports, the rotation is controlled by a time relay which regulates75

the time τD each sample spent facing the continuous evaporating cathode, the76

holding time τD and the discharge current Ia are the factors which control the77

thickness of the single sublayer.78

The deposition duration τD was varied between 10, 20, 30, 40 and 50 s79

resulting in a sublayer thickness tL in the range between 50 and 850 nm. The80

total thickness tT of the multilayered condensates was 40-60 µm.81

The coating structure was investigated using a scanning electron microscope82

(SEM) JEOL SuperProb 733, INCA Energy 355 energy dispersive X-ray (EDX)83

analyses and transmission electron microscope (TEM) JEOL 200. Phase com-84

positions and crystal lattice parameters of the multilayered deposits were deter-85

mined by means of X-ray diffraction (XRD) analysis with a D8 diffractometer86

and CuK radiation. The microhardness of deposits along the coating cross sec-87

tions was measured using a PMT-3 hardness tester with loads of 20 and 50 g88

and a loading time of 10 s.89

3. Results and discussion90

3.1. The structure analysis91

The microstructural features of multilayered deposits were characterized us-92

ing scanning electron microscopy. The cross sections of typical nanostructures93

for Ti/Al, Ti/Cu, Ti/Fe and Ti/Zr systems are presented in Figures 1 to 5,94

these figures show that there are an evident multilayered structure also if the95

mutual solubility of the metals involved influence the regularity and that there96

is a strong correlation between the thickness tL of the single nanometric layers97

and the the deposition time τD.98

An alternation of continuous layers of dissimilar metals in Ti/Al, Ti/Fe and99

Ti/Zr deposits can be seen, while the presence of discontinuous copper layers is100

observed in Fig. 6 for Ti/Cu.101

This is confirmed by the surface analysis of the last deposited copper layer102

shown in Fig. 6 which clearly shows the presence of separated discontinuous103

clusters, this discrete structure is due to the surface tensions and the wettability104

of the Titanium/Copper interface.105

It appears that the grain size d in such structures are comparable to the106

thickness tL, for example, the grain size in Ti/Al and Ti/Cu deposits produced107

with τD = 10s is about 70-250 nm as shown by TEM analysis of Fig. 7.108

Systems with a stronger affinity present a much more regular structure, a109

representative morphology of a section of Ti/Zr nanostructures obtained by an110

atomic force microscope is given in Fig. 8.111
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a)

b)

Figure 1: The SEM structure of Ti/Al vacuum-arc multilayered system - a) τD=20 s; b)
τD=40 s. Dark layers represent aluminum while light ones represent titanium
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a)

b)

Figure 2: The cross-sectional TEM structure of Ti/Al vacuum-arc multilayered system ob-
tained with a deposition time τD=20 s. a) x5000; b) x20000. Dark grains represent aluminum
while light ones represent titanium

5



a)

b)

Figure 3: The SEM structure of Ti/Cu vacuum-arc multilayered system. a) τD=20 s; b)
τD=40 s. White background is titanium while dark clusters are copper.
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a)

b)

Figure 4: The SEM structure of Ti/Fe vacuum-arc multilayered system. a) τD=20 s; b)
τD=40 s. Dark layers represent iron while light ones represent titanium.
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a)

b)

Figure 5: The SEM structure of Ti/Zr vacuum-arc multilayered system. a) τD=20 s; b)
τD=40 s. Dark layers represent titanium while light ones represent zirconium.
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a)

b)

Figure 6: SEM structure of the copper surface layer grown on a previous titanium layer in
the Ti/Cu system, deposition duration of alternated layers τ = 30 s, total thickness of the
deposit 60 µm. a) magnification ×3 000, b) magnification ×10 000
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a)

b)

Figure 7: TEM images of multilayered systems with deposition time τD = 10 s. a) Ti/Al
system, b) Ti/Cu system.
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Figure 8: The AFM structure of Ti/Zr vacuum-arc multilayered deposit, deposition time τ=20
s.

Similar regularities are observed also for Ti/Fe and Ti/Al systems. Ion112

etching of Ti/Fe deposit cross sections revealed ( Fig. 4b ) that the deposited113

metals have a columnar structure for layers grown at substrate temperature114

within the range (0.3 - 0.5)Tm where Tm is the melting temperature in ◦K .115

3.2. EDX analysis116

X-ray diffraction patterns for the multilayered Ti/Al, Ti/Cu, and Ti/Zr117

metallic deposits are given in Figs. 9 to 14. The results of X-ray diffraction118

analysis for Ti/Al and Ti/Cu deposits show that the processes of interdiffu-119

sion are observed on interlayer boundaries, accompanied by the advancing of120

reactions with a formation of intermetallic phases of aluminum with titanium:121

Al5Ti2, Al3Ti, Al2Ti, AlTi, AlTi3 and copper with titatium: Cu3Ti (β-phase),122

CuTi2, CuTi (γ-phase)(Figs. 9 to 12).123

Table 1: Elements percentages ratio in Al/Ti and Cu/Ti systems

Al/Ti layer 33:67
Al/Ti interlayer 48:52
Cu/Ti layer 52:48
Cu/Ti interlayer 67:33

The ratios of elements in Al/Ti and Cu/Ti nanostructures with a τD = 30s124

duration was measured by EDX analysis and shown in table 1. These data125

show that diffusion processes in the analyzed systems takes place due to the126

high mobility of Cu and Al atoms. X-ray diffractograms contain also peaks cor-127

responding to pure Ti, Cu and Al, this means that the reactions of intermetallic128
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Figure 9: X-ray diffractograms of the Ti/Al multilayered deposits with τD=30s. There are
peaks: (a) Ti (blue lines) hexagonal, Al (crimson) cubic, Al5Ti2 (red) tetragonal, Al3Ti
(green) tetragonal, Al2Ti (cyan) orthorhombic

phase formations do not propagate along the full thickness of sublayers during129

the deposition time τD.130

A comparison of the phase compositions of Ti/Al multilayered deposits with131

different sublayers thicknesses shows that phases with a higher quantity of alu-132

minum are present in the composites with large periods, (Fig. 9) whereas com-133

pounds with a high quantity of titanium are found in the deposits with small134

periods (Fig. 10). These data are consistent with the results shown in [10] on135

multilayered nanostructures obtained by magneton sputtering at temperature136

between 300 and 400 ◦C . In that work while the as-deposited films was com-137

posed only by α-Ti and γ-Al phases, subsequent annealing generated γ-TiAl138

with traces of α2-Ti3Al in the films with small periods (up to 200 nm), whereas139

phases with a greater quantity of aluminum such as Al, Al2Ti and Al3Ti were140

found in films with higher periods (500 and 1000 nm). An increase in the anneal-141

ing temperature up to 675 ◦C for 1 hour resulted in the reaction of the Al3Ti142

intermediate phase with α-Ti and the formation of TiAl and Ti3Al phases. On143

the basis of the obtained experimental results, the authors proposed the follow-144

ing sequence of phase evolution for the Ti/Al multilayered deposit with a 500145

nm period: αTi+Al→ αTi+Al +Al3Ti→ γT iAl + α2 − Ti3Al.146

X-ray diffraction patterns for the as-deposited multilayered Ti/Fe systems147

show a presence of Ti/Fe and Fe/Ti intermetallic phases together with further148

peaks corresponding to pure titanium and iron. These data also confirms the149

presence of interdiffusion processes between the metallic elements of nanostruc-150
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Figure 10: X-ray diffractograms of the Ti/Al multilayered deposits with τD=10s (a) sublayer
formation. There are peaks: (b) Ti (blue lines) hexagonal, Al (green) cubic, Al5Ti2 (red)
tetragonal, Al3Ti (crimson) tetragonal,Ti3Al (blue) hexagonal, TiAl (yellow) tetragonal

Figure 11: X-ray diffractograms of the Ti/Cu multilayered deposits with τD=30s (b) sub-
layer formation. There are peaks: Ti (blue lines) hexagonal, Cu (red) cubic, CuTi (green)
tetragonal, CuTi2 (crimson) tetragonal, Cu3Ti (cyan) orthorhombic.
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Figure 12: X-ray diffractograms of the Ti/Cu multilayered deposits with τD=10s (a) sub-
layer formation. There are peaks: Ti (blue lines) hexagonal, Cu (red) cubic, CuTi (green)
tetragonal, CuTi2 (crimson) tetragonal, Cu3Ti(cyan) orthorhombic.

Figure 13: X-ray diffractograms of the Ti/Zr multilayered deposits with τD=30s (a) sublayer
formation. There are peaks: α - Ti (red lines) hexagonal, α - Zr (blue) hexagonal
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Figure 14: X-ray diffractograms of the Ti/Zr multilayered deposits with τD=10 (b) sublayer
formation. There are peaks: α - Ti (red lines) hexagonal, α - Zr (blue) hexagonal

tures during deposition.151

According to the X-ray diffraction results for the multilayered Ti-Zr deposits,152

the system is characterized by an unlimited solubility of metallic elements with-153

out formation of intermetallic phases.154

Only peaks corresponding to αTi and αZr metals with hexagonal lattices155

are present (Figs. 13, 14).156

Table 2: Parameters of Crystal lattice for Ti/Zr system

Element τD a c
[s] [Å] [Å]

Ti 30 2.9512 4.6849
Ti 10 2.9514 4.6844
Zr 30 3.2344 5.1674
Zr 10 3.2315 5.1674

The parameter of crystal lattices for the Ti/Zr system are shown in Tab. 2.157

These values are analogous to the lattice parameters for bulk samples of Ti and158

Zr. A prevailing orientation of crystallites in the Ti/Zr structure is 〈001〉. EDX159

analyses show that the ratio of elements in the deposits with τD=30s duration160

of sublayers formation is 43:57, while that in the deposits τD=10s duration is161

50:50 Ti and Zr.162
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The results obtained in the present work show that the nanolayered deposits,163

grown on biased metallic substrates, are composed not only by the pure metals164

but also by the intermetallic phases. This may be explained by the higher165

energy and greater ion component content in the plasma flows in comparison166

with the magnetron sputtering that results in a rise of the local temperature167

on the deposition surface and a more accelerated interdiffusion processe for the168

metallic components in multilayered compositions. As such, the formation of169

intermetallic phases on interlayer boundaries takes place in accordance with170

the binary phase diagrams of two-component systems with limited solubility.171

These intermetallic phases, however, growth at a lower temperatures than in172

bulk materials, this is due to the very high aspect ratio of the nanostructure173

and the large interlayer surfaces.174

3.3. Microhardness analysis175

The mechanical properties were analyzed by measuring the microhardness176

of the nanostructured deposits. Measurements were performed assuring the177

diagonals of the generated indentation where larger than the single deposited178

nanolayer, in this case the microhardness value is integrated over several sub-179

layers and it was representative of the overall coating hardness.180

The correlation between microhardness and the nanostructures periods tL181

appears to reflect the phase composition of each multilayered systems and is182

presented in Figure 15.183

The multilayered deposits of Ti-Zr system is characterized by an unlimited184

solubility of metallic elements without formation of intermetallic phases and it185

is measured as reference.186

Table 3: Microhardness of Ti/Zr systems respect the periods

τD [s] 50 40 30 20 10
HV [GPa] 2.30 2.80 3.39 3.83 4.83

The results in Tab. 3 indicate that a decrease in the period τD results in a187

crystallite size reduction inside each sublayer, an increase in the volume fraction188

of interlayer boundaries and near-boundary zones containing solid solutions and189

a high level of internal stresses. These effects lead to microhardness increase.190

Figure 15 also shows that the hardness of Ti/Cu system substantially ex-191

ceeds the hardness of Ti/Zr and of the other multilayered deposits due to the192

presence of intermetallic phases in Ti/Cu. The elements of this system have193

limited solubility each other (for example, the solubilities of copper in Ti at eu-194

tectoid temperature 798 ◦C and titanium in Cu at 850 ◦C are 2.1 and 7.4 % in195

weight respectively) and form TiCu, Cu3Ti, and Ti2Cu chemical intermetallic196

compounds. The hardness measurements of phase components in Ti/Cu mul-197

tilayered compositions made in [4], synthesized using Ti and Cu foils and heat198

treated at 900◦C for 30 min, showed that the intermetallic phases (TiCu and199
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Figure 15: The microhardness of multilayered deposits as a function of the layer period tL of
the studied systems.

Ti2Cu) have high hardness: 783 and 680 HV, respectively. The existence of200

these titanide phases in the Ti/Cu multilayered deposits ensures their high mi-201

crohardness. The microhardness measurements of Ti/Cu deposits with periods202

in the range 60-80 µm exhibit hardnesses of 2.2 and 0.6 GPa, respectively. This203

gives evidence that the mechanical characteristics of the multilayered compos-204

ites are not additive. The Ti/Al deposits consistsing of elements with limited205

solubility in each other, forming Al5Ti2, Al3Ti, Al2Ti, AlTi and Ti3Al inter-206

metallic phases, have a higher microhardness in comparison to the hardness of207

Ti/Zr deposits, being nearer to the values of Ti/Cu deposits. The obtained208

data show that, in this case, small periods are correlated to the presence of in-209

termetallic phases and a hardness increase of the composite material. The same210

dependence is observed for Ti/Fe deposits where TiFe and Fe2Ti intermetallic211

phases are revealed. A comparison of the absolute values of microhardness for212

multilayered Ti/Zr, Ti/Cu, Ti/Al and Ti/Fe deposits shows that the forma-213

tion of intermetallic phases in these systems results in a substantial hardness214

increase.215

4. Conclusion216

The present study underlines that deposition of vacuum-arc multilayered217

systems opens wide possibilities for designing materials with parameters that218

largely exceed those of existing alloys.219
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In particular the proposed growth conditions assure and accelerate the in-220

terdiffusion processes at interlayer boundaries, as well as the formation of inter-221

metallic phases in the near-boundary areas in accordance to the type of binary222

state diagrams.223

The hardness of two-component systems is substantially affected by the pres-224

ence of intermetallic compounds at the interlayer boundaries and in the near-225

boundary areas.226

The deposit periods greatly influence the hardness by acting on the grain227

size, the phase composition, the volume fraction of intermetallics and the level228

of internal stresses in the composite. By decreasing the periods the hardness of229

such deposits can exceed that of the bulk materials by 2-3 times.230

The obtained experimental results allow the estimation of the phase composi-231

tion and the mechanical properties of multilayered vacuum-arc metallic deposits232

so as to determine the new potential application fields.233
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