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Abstract. In this study, the mechanical and tribological properties of Ti6Al4V-alloy/Al2O3
Functionally Graded Materials (FGM) were evaluated through multiscale indentation tests 
and metallographic analysis. The FGM, consisting of 11 uniform layers graded in 10% 
composition steps of 1 mm thickness each, was generated by Spark Plasma Sintering (SPS) 
technique with a non-uniform sintering temperature. Metallographic analyses evidenced the 
presence of a Ti3Al intermetallic phase at the metal/ceramic interface of the intermediate 
FGM layers. Nano and micro-scale indentation tests were performed with a NanoTest 
Indenter (Micro Materials Ltd., Wrexham, U.K.), while an ad hoc set-up was designed and 
realized to characterize the FGM at the macroscopic scale. Elastic and inelastic material 
properties have been obtained on both the cross-section and the surfaces of the external pure 
metal and pure ceramic layers. The mechanical characterization exhibited the capability to 
quantify the problems related to the sintering techniques already evidenced in the 
metallographic analyses. The lack of an optimal sintering temperature led to sintering defects 
that most likely resulted in imperfect interfaces. This work proved that the combination of 
advanced micro and nano mechanical characterization techniques in a multiscale investigation 
framework represents a reliable feedback for the development and optimization of the SPS as 
a process for the fabrication of FGM.
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1 INTRODUCTION
Functionally Graded Materials (FGM), i.e. materials with spatial gradients in composition, 

undoubtedly represent a promising class of functional materials with the potential of 
application in diverse contexts such as tribology, fracture mechanics and nanotechnology. A 
special interest can be identified in the development of structural materials for orthopaedic 
applications, where different properties such as reliability, biocompatibility and wear 
resistance are required. This can be achieved exploiting an FGM architecture.

As an example, in joint replacement the commonly used Co–Cr against UHMWPE 
bearings show a very good performance in terms of structural reliability, while third body 
wear phenomenon may lead to periprosthetic inflammation and implant loosening [1]. Fully 
ceramic implants (mainly Alumina) have been used too. The advantage of ceramic surfaces is 
the drastic reduction of the bearing wear rate. On the other hand, the low fracture toughness of 
ceramic materials and the susceptibility to failure by slow crack growth still remain a crucial 
issues [2]. In this direction, efforts have been made for exploiting the FGM principle for the 
enhancement of the structural reliability [3,4]. Besides, efforts are being made for exploiting 
the FGM principle for the enhancement of the tribological behaviour, with the realization of 
graded ceramic coatings on a metal substrate [5]. 

In this work, a multiscale approach based on the instrumented indentation technique has 
been adopted to characterize the mechanical and tribological behaviour of different material
systems all obtained with the Spark Plasma Sintering (SPS) process: homogeneous Ti6Al4V, 
homogeneous AL2O3, composite Ti6Al4V-alloy/Al2O3 with different phase concentrations, 
and Ti6Al4V-alloy/Al2O3 Functionally Graded Materials (FGM). The study of the 
mechanical behaviour of the materials has been coupled with Light Optical Microscopy 
(LOM) imaging, Scanning Electron Microscopy (SEM), chemical (Energy Dispersive 
Spectrometry, EDS) and metallographic (X-Ray Diffraction) characterizations. The aim of the 
work is to show how the use of advanced multiscale indentation techniques represents a 
reliable feedback for the development and optimization of the SPS as process for the 
fabrication of Ti6Al4V-alloy/Al2O3 Functionally Graded Materials.

2 MATERIALS AND METHODS

2.1 Samples deposition
Disk samples were realized by means of the SPS technique [6]. In case of homogeneous 

Ti6Al4V and AL2O3 samples, sintering temperature was set to 1200°C and 1450°C, 
respectively; 60% Ti6Al4V-40% Al2O3 and 80% Ti6Al4V-20% Al2O3 composites were 
sinterized at 1350°C; finally, a non-uniform sintering temperature varying between 1450°C 
(Al2O3 side) and 1200°C (Ti side) was adopted for the FGM, consisting in 11 uniform layers 
graded in 10% composition steps of 1 mm thickness each.

2.2 Imaging, metallographic and chemical analyses
LOM ad SEM imaging techniques were employed to preliminary evaluate the material 

microstructure. In particular, the presence of a third phase at the metal/ceramic interface of 
the intermediate FGM layers and composites was evidenced in the 60% Ti6Al4V-40% Al2O3 
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Figure 1: LOM (left) and SEM (middle) of the 60% Ti6Al4V-40% Al2O3 composites sinterized with SPS at 
1350°C/10min/30MPa; bright is the Ti6Al4V, dark is AL2O3; LOM (right) of the 80% Ti6Al4V-20% Al2O3 

composites. The third phase at the metal/ceramic interface is clearly visible.

and 80% Ti6Al4V-20% Al2O3 composites (Figure 1).
EDS chemical analyses carried out at the interface region between metal and ceramic 

enabled to identify Ti3Al as the intermetallic phase. As an example, Figure 2 reports the EDS 
spectrum of the interface region of Ti/Al2O3 composite. This result is further evidenced with 
X-Ray Diffraction measurements of the composite phases. The intermetallic phase Ti3Al is
formed in spite of the pure Ti6Al4V and AL2O3 phases (Figure 3).

Figure 2: EDS spectrum of the interface region of Ti/Al2O3 composite.

Figure 3: XRD spectrum of the interface region of Ti/Al2O3 composite.
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2.3 Instrumented indentation
Instrumented indentation tests have been carried out at three different scales. Nanoscale 

(load range 10-70 mN) and microscale (load range 3-15 N) indentation tests were performed 
with a NanoTest (Micro Materials Ltd., Wrexham, U.K.) indenter (Figure 4a). An ad-hoc
experimental set-up was designed and realized to characterize the samples at the macroscopic 
scale adopting a load range from 200 to 300 N (Figure 4b).

Homogeneous Ti6Al4V, homogeneous AL2O3, and Ti6Al4V-alloy/Al2O3 composites, 
and Ti6Al4V-alloy/Al2O3 FGM have been tested at the nano and micro scales. In particular, 
the composite samples were subjected to tests adopting the grid indentation technique [7] in 
order to identify the different phases of the composite as well as their mechanical properties 
(Figure 4a). Further, in case of FGM samples, elastic and inelastic material properties have 
been obtained on both the cross-section and the surfaces of the external pure metal and pure 
ceramic layers at the macro scale (Figure 5).

Figure 4: SEM image showing nanoindentation residual imprints of the grid indentation technique applied on 
the 60% Ti6Al4V-40% Al2O3 composite (left). Set-up of the instrumented macroscale indentation tests (right): 
(a) indenter tip; (b) extensometer; (c) extensometer comparator used to detect the tip penetration into the simple; 

(d) FGM sample; (e) sample holding system.

(a) (b) (c)

Figure 5: (a) Sketch of the nanoindentation tests performed on a single layer of the FGM structure. Testing 
configurations for macro scale indentation tests performed on the external layers surface (along the 
compositional gradient orientation direction) (b) and on the sample cross-section (orthogonal to the 

compositional gradient orientation direction) (c).  
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2.4 Coating performances assessment
In this work, the indentation loading-unloading curves are analyzed by means of the 

method proposed by Oliver and Pharr [8]. Following this procedure, the reduced modulus Er
and hardness H are evaluated as:

(1)

(2)

where S is the initial unloading contact stiffness, A is the projected contact area, P is the 
maximum load applied during the test, and β a correction factor dependent on the indenter 
geometry (β = 1.034 for the Berkovich tip here adopted).

The ratio between the hardness and the reduced modulus (H/Er) is expected to be a good 
reference parameter to evaluate the tribological behaviour of materials [9]: indeed, the H/Er
ratio has been proved to provide a closer agreement to the coatings performances in terms of 
wear than the hardness value only. 

Finally, the elastic recovery parameter ERP, determined as a ratio of the maximal depth to 
the plastic depth of penetration during indentation, has been also calculated.

3 RESULTS
The comparison between the homogeneous materials (Ti6Al4V and AL2O3) and the 

Ti6Al4V-alloy/Al2O3 composites showed a higher dispersion of the mechanical properties of 
the composite with respect to the homogeneous materials. The reduced modulus and hardness 
values obtained from the nanoindentation tests on the homogeneous Ti6Al4V, homogeneous 
AL2O3, and 60% Ti6Al4V-40% Al2O3 composite samples are reported in Figure 6. 

Figure 6: Reduced modulus and hardness values obtained from the nanoindentation tests on homogeneous 
Ti6Al4V, homogeneous AL2O3 and 60% Ti6Al4V-40% Al2O3 composite. 
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The mechanical properties of the composite samples are substantially close to the one of 
the pure Ti samples, the contribution of the Al phase being negligible. In fact, reduced 
modulus Er and hardness H are both lower than the expected values estimated with 
homogenization techniques. These two results are in agreement with the presence of a third
phase created during the SPS process. The grid indentation technique performed at the 
nanoscale confirms this evidence too (data not shown).

Macroindentation tests on the outermost layers, i.e. Al2O3 and Ti6Al4V, of the FGM 
sample evidenced an influence of the indentation direction with respect to the compositional 
gradient. Figure 7 shows the hardness and reduced modulus values for the outermost Ti6Al4V 
and AL2O3 layers of the FGM structure. The reduced modulus and hardness obtained along 
the layer cross-section are remarkably higher than normal to the surface in case of the AL2O3 
phase, while lower differences were found for the Ti6Al4V phase.

Figure 7: Reduced modulus and hardness values for the outermost Ti6Al4V and AL2O3 layers of the FGM 
structure tested along and normal to the compositional gradient.

Regarding the indentations on the cross section of the FGM sample, although the 
compositional gradient is linear between the pure metal and ceramic phases, a linear 
behaviour of the mechanical properties was not found (Figure 8). Figure 8 shows the 
comparison between reduced modulus, hardness, H/Er ratio, and ERP between the nano and 
macro indentations on each layer of the FGM cross section.

A reduction of the mechanical properties in the central layers, where lower reduced moduli 
and hardness than the expected values estimated with homogenization techniques are found, is 
evident from the measures both at the nano and macro scale. 

Further, even if the overall trends at the nano and macro scales are comparable, absolute 
values are affected by the different mechanical properties evidenced at the two scales of 
measure. This is especially true for the Al-rich layers of the FGM system where the H, H/Er
and ERP values at the macroscale are in some cases more than twice the ones at the 
nanoscale, thus suggesting an evident size effect in the coating mechanical properties. 
Whereas, while lower differences have been found in terms of elastic behaviour for the Al-
rich layers, the Ti-rich layers show size-dependent mechanical properties especially in the 
elastic range.
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Figure 8: Comparison between reduced modulus (upper-left), hardness (upper-right), H/Er ratio (lower-left), and 
ERP (lower-right) between the nano and macro indentations performed along the FGM cross section.

Finally, delamination and cracking of some FGM samples occurred during the mechanical 
testing. As an example, Figure 9 shows two different cases: on the left side, complete 
delamination is seen both at the 30% Ti6Al4V layer level and then between the 70% Ti6Al4V 
and 60% Ti6Al4V layers; instead, on the right side, a trans-layer crack crosses the sample 
between the 70% Ti6Al4V and 90% Ti6Al4V layers.

4 DISCUSSIONS AND CONCLUSION
The mechanical characterization had the capability to quantify the problems related to the 

sintering techniques already evidenced by the metallographic analyses. 
In general, the mechanical testing results showed reliable mechanical properties only at the 

outermost layers, where the SPS process allowed obtaining materials with the mechanical 
properties expected for purely Al and Ti alloy; whereas, a significant reduction of the 
mechanical properties in the central layers was evidenced. The reason for this decay of 
mechanical properties in the innermost layers is attributable to the sintering temperature field 
applied, which is the result of a compromise between the limit temperatures of each material. 
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Figure 9: Delamination of an FGM sample (left) along the layer boundaries and a crack propagating 
perpendicular to the graded layers (right).

The lack of an optimal sintering temperature led to sintering defects that most likely 
resulted in imperfect interfaces. This hypothesis is confirmed both by the metallographic 
characterization and by the hardness and reduced moduli found for the intermediate FGM 
layers, which are lower than the expected values, estimated with homogenization techniques. 
Comparison between nano and macro scale tests evidenced the presence of a size effect in the 
FGM mechanical properties which affects the mechanical performances of both the Al-rich
and Ti-rich layers. However, further investigations are required to shed light on this point.

This work proved that the use of advanced multiscale indentation techniques represent a 
reliable feedback for the development and optimization of the SPS as process for the 
fabrication of metal/ceramic FGM. These material solutions represent a forthcoming 
development for component of orthopaedic devices.
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