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Abstract: Additive manufacturing allows the manufacture of parts made of functionally graded
materials (FGM) with a chemical gradient. This research work underlines that the use of FGM
makes it possible to study mechanical, microstructural or biological characteristics while minimizing
the number of required samples. The application of severe plastic deformation (SPD) by surface
mechanical attrition treatment (SMAT) on FGM brings new insights on a major question in this
field: which is the most important parameter between roughness, chemistry and microstructure
modification on biocompatibility? Our study demonstrates that roughness has a large impact on
adhesion while microstructure refinement plays a key role during the early stage of proliferation.
After several days, chemistry is the main parameter that holds sway in the proliferation stage.
With this respect, we also show that niobium has a much better biocompatibility than molybdenum
when alloyed with titanium.

Keywords: surface mechanical attrition treatment (SMAT); ultrasonic shot peening (USP); functionally
graded materials (FGM); titanium niobium alloys; titanium molybdenum alloys; human mesenchymal
stem cells culture; cell adhesion; cell proliferation

1. Introduction

Improving the biocompatibility of titanium and titanium alloy prostheses is a major challenge
for the biomedical industry and has been the subject of much scientific interest in recent years [1,2].
Among all the techniques allowing the improvement of the cells adhesion and proliferation, severe
plastic deformation (SPD) of the material has been studied for about one decade and, since then, been
the subject of several investigations. SPD makes it possible to refine the microstructure to obtain, under
some specific conditions, a nanostructure. The first biocompatibility study on pure titanium deformed
by SPD was carried out by Kim et al. in 2007 [3]. The results have shown that the refinement of the
microstructure by equal-channel angular pressing (ECAP) leads to a better wettability and therefore a
better adhesion and proliferation of fibroblasts after two and five days. In a second study, the same
research group has shown that the cytotoxicity remained unchanged after SPD [4]. Other teams have
shown that ECAP also leads to a better proliferation of mouse fibroblasts after 72 h [5] and a better
adhesion of human mesenchymal stem cells (MSCs) [6]. Further, other investigations have shown that
ECAP can be followed by chemical etching or sanding to create surface pores that further increase the
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bio-integration [7,8]. The high pressure torsion (HPT) [9] is another technique of grain refinement by
core SPD that can improve the biocompatibility as illustrated on NiTi [10] alloys as well as on pure
titanium by modification of its protective oxide layer [11]. This modification of the oxide layer on
Ti-based materials has recently been demonstrated by other teams using other SPD techniques [12–14].
These positive results on the effect of core SPD have nonetheless been counterbalanced by some studies
which have shown no beneficial effect of SPD or equivalent results for coarse-grain and nano-grain
microstructures [15,16].

These core SPD techniques impart the plastic deformation to the overall material while, in
many cases, only the surface is an important issue in terms of bio-integration. Thus, an interesting
prospect for bio-integration is to modify the surface properties while preserving at core the mechanical
properties of the raw material. With this respect, techniques have been applied to create surface graded
microstructures by surface SPD such as, for example, sliding friction treatment (SFT) [17] as well as
surface mechanical attrition treatment (SMAT) [18]. The first one has shown promising results in terms
of biocompatibility [13] but remains very difficult to implement industrially. The SMAT technique,
also called ultrasonic shot peening (USSP), is already used in industry to increase the fatigue resistance
of prosthesis [19] and has already proven its ability to increase the biocompatibility of titanium alloys.
SMAT consists of plastically deforming the sample surface by moving shots set in motion by an
ultrasonic vibrating part called sonotrode. The main difference compared to conventional directional
peening is that, in the case of SMAT, the shots are moving within a sealed chamber giving them random
impact trajectories on the surface, enhancing the superficial structural refinement [18,20]. A complete
description of the treatment can be found in [21]. This treatment results in nanostructuring of the
material but also in an increase in the surface roughness [18,20,21] and, apparently, an increase in
surface wettability [22]. Results on pure titanium have revealed an increase in adhesion and viability
of MSCs [23]. In-vivo tests on rabbits have been done to compare SMATed and raw Ti6Al4V and the
study showed better bio-integration of the surface SPD materials within the bones after four, eight and
12 weeks [24].

The results on bio-integration by SPD nevertheless raise an important question: to greatly improve
the biocompatibility, is it better to change the roughness, the size of the microstructure or the chemistry
of the material? To answer this question, the latest advances in additive manufacturing that allow to
manufacture parts made of functionally graded material (FGM) are here tested in combination with
SMAT to ensure that all preparations have been made., Following this, the cell cultures are made under
exactly the same atmosphere and in the same environment (temperature, time).

These types of materials, born in the 1980s in Japan [25], can be classified into three distinct
groups depending on the nature of the gradients: gradient in microstructure, gradient in porosity
and gradient in composition. In the present work, gradients in composition (Ti-Nb and Ti-Mo) will
be tested. The functionally graded composition is defined by Pei et al. as “a change in composition
across the bulk volume of a material aimed to dynamically mix and vary the ratios of materials within
a three dimensional volume to produce a seamless integration of monolithic functional structures with
varied properties” [26]. FGM are already used to provide an enhanced substitute for the coating in
orthopedic implants, thus avoiding the sudden change in chemical composition and the “peeling-off”
effect of the coated [27]. Several advantages can be achieved, such as improving the fixation of implant
to bone, enhancing the stress shielding phenomena, hardening the articulating surface, and removing
interfacial stresses between the implant and bone.

Bogdanski et al. were the first to use a FGM metal (Ni-Ti) ranging from 0 to 100% to find the
composition with the best biocompatibility [28]. Unfortunately, the combination of cold isostating
pressing (CIP) + hot isostating pressure (HIP) + vacuum welding processes used at this time was both
time-consuming and costly.

Nowadays, direct energy deposition (DED) makes it possible to manufacture FGMs more rapidly
and at a lower cost with two or more materials. This additive manufacturing technique, that uses
a powder spray, has been successfully tested on FGM titanium-based alloys [29,30]. Since it can be
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used to manufacture prostheses with surface properties that are different from those of the core, these
FGMs have a strong potential for the future in the biomedical industry [31]. Among all material
couples, titanium-niobium alloys and titanium-molybdenum alloys are excellent candidates for new
prostheses generation [32,33]. In this interest, the aim of this study is thus to investigate the effect
of chemistry, roughness and SMATed microstructure on cell adhesion and proliferation. To this end,
FGMs have been made based on the Ti-Nb and Ti6Al4V-Mo constituents and then treated by SMAT.
The FGMs compositions range from 100% Ti to 100% Nb as well as 100% Ti6Al4V to 100% Mo and
were manufactured with a DED technique called CLAD® [34,35]. The FGMs were investigated in
their polished (P), SMATed (S) and SMATed + polished (S+P) conditions then human mesenchymal
stem cells were deposited and counted as function of time from three up to 21 days.

2. Experimental Procedure

2.1. Sample Preparation

The samples were manufactured at Irepa Laser using a CLAD®machine (Magic 800, BEAM
company, Strasbourg, France) under a neutral argon atmosphere using a Ti6Al4V support plate.
In this technology, the powder is injected into a laser beam and melts before falling onto the substrate.
The machine can be fed simultaneously by different powder feeders, so it becomes possible to real-time
control the chemical composition of the powder mixture. The size distribution of the powder particles
measured by laser diffraction analysis is given in Table 1. As sketched in Figure 1, the manufactured
gradient materials contain respectively 0, 25, 50, 75 and 100% of Nb or Mo and, conversely, 100, 75,
50, 25 and 0% of Ti or Ti6Al4V. The size of the parts is also given in Figure 1a. The powders and
manufacturing data (power, speed, pitch, etc.) of the samples have been detailed in the works of
Schneider et al. [34,35].

Table 1. Size distribution of the different powders in µm [34,35].

Material D10 D50 D90

Ti 54 73 100

Nb 41 56 76

Ti6Al4V 58 80 109

Mo 45 61 82

The FGM walls were cut into 1.5 mm thick slices. To take into account the effects of the surface
roughness, the samples have been divided into three categories: polished (P), SMATed (S) and SMATed
then polished (S + P). The P samples were polished using OPS (Oxide Polishing Suspension, Struers,
Champigny-sur-Marne, France) to obtain a mirror-like surface. Samples S and S + P were SMATed
for 5 min (frequency 20 kHz, amplitude 60 microns) with 2 mm spherical shots made of 100C6 steel.
The shot blasting time was deliberately chosen to be short enough to minimize any possible transfer of
chemical species coming from the shot-balls or tooling that are known to pollute the surface under
SMAT [21,36–40]. This type of pollution, which is known to develop for long term peening, has been
demonstrated to affect the corrosion properties of some parts [39,40] can indeed also have an effect on
biological tests. After SMAT, the S + P samples were polished with OP-S over 2 or 3 µm to modify the
roughness issued from the SMAT process while remaining in the area where the microstructure was
modified. This experimental procedure using FGMs coupled with surface SPD as well as polishing has
several advantages. While the comparison between the S and S + P samples makes it possible to study
the effect of the roughness created by the SMAT for a given type of refined structure, the comparison
between the P and S + P samples authorizes to analyze the effect of the microstructure modification by
SPD for a mirror-like surface. In addition, the comparison of the response along the same sample can
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be used to depict the effect of the chemistry as well as the comparison between Ti-Nb and Ti6Al4V-Mo
can be used to find the most biocompatible alloying element.

Figure 1. (a) Size and chemical composition of the samples for the Ti/Nb and Ti6Al4V/Mo couples;
(b) complete map of the Ti6Al4V-Mo FGM after reconstruction from Schneider et al. [35]; (c) example of
the interface Ti6Al4V/Ti6Al4V + 25% Mo before (c1) and after beta reconstruction (c2).

2.2. Roughness and Microscopy

The roughness measurements were carried out with a focus-variation microscopy using an
Alicona Infinite Focus apparatus. The values presented are the average of 200 lines of 400 µm long.
The microstructure of the samples was analyzed on the cross-section after OPS polishing with a Supra40
Scanning Electron Microscope (Carl Zeiss, Oberkochen, Germany).

2.3. Sterilization and Cell Culture

The samples were first placed in 12-well plates and then immersed in 1 mL of ethanol for 30 min.
The plates were then placed in a sterile hood where they were exposed to UV for 30 min. To ensure
perfect sterilization, the samples were then cleaned with bleach and then autoclaved for 4 h at 120 ◦C.

For each sample (P, S and S + P), the tests were performed three times with MSCs from three
different donors. The cells were thawed one week before seeding and all manipulations were performed
under hood using sterile equipment. The inoculated samples were placed in an incubator at 37 ◦C, 5%
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CO2 and 90% humidity. After 45 min, 1 mL of αMEM (Minimum Essential Medium) was added per
well and the plates were put back into the incubator. The culture medium was changed twice a week.

The viability of the cells was checked after 3, 7, 14 and 21 days. For this, an Alamar Blue test
(a resazurin blue colored indicator which transforms into pink resorufin thanks to the reducing power
of mitochondria) was used. The percent difference in reduction is proportional to the metabolic activity
of the cells, and, thus, to their viability. The tests were done in a dark sterile hood and the color change
was detected using a spectrometer.

2.4. Cell Adhesion and Cell Counting

Paraformaldehyde was intended to freeze the cell structures in a state as close as possible to their
living state. For each configuration and donor, the cells of three samples of each pair of material were
fixed at 3, 7, 14 and 21 days after the start of the cell culture. The samples were placed in a new 12-well
plate and then 1 mL of 4% paraformaldehyde (PAF) was added in each. The PAF acted for 10 min, then
it was removed and the samples were washed with phosphate buffered saline (PBS).

A 0.1% solution of 4’, 6-diamidino-2-phenylindole (DAPI), i.e., 1 µL of DAPI per 999 µL of PBS,
was deposited in each well. The DAPI inserted into the DNA of the nucleus cells and emitted a 455 nm
blue light when excited by 345 nm light. This allowed us to observe the cells under a fluorescence
optical microscope and to count them on each section of the chemical gradient.

3. Results and Discussion

3.1. Evolution of the Microstructure Along the Gradient

The microstructure features of the different graded materials in their as-deposited states has
been detailed previously [34,35]. The main features are just recalled in Figure 1b,c for the sake of
clarity. The evolution of the microstructure, and in particular the parent grain morphologies after
a reconstruction from the martensitic ’ variants, is illustrated in Figure 1b,c. The evolution of the
microstructure for the Ti-Nb and TA64-Mo walls shared a number of aspects and the features shown in
Figure 1b,c for TA64-Mo pertain for the other FGM sample. Because of the fast cooling rate [34,35], the
initial layers of Ti or Ti6Al4V were characterized respectively by a Widmanstätten or a martensitic α’
microstructure, issued from the high temperature parent phase nucleated from the melt (Figure 1c).
With the addition of Nb or Mo, the microstructure became beta equiaxed with a decreasing grain size
as the alloying element amount increased (Figure 1b). In the pure Niobium (Nb) or pure Molybdenum
(Mo) layers, the beta grains were columnar parallel to the z axis (deposition axis).

Figures 2 and 3 give SEM images showing details of the microstructures after the application of
the SMAT process. In Ti and Ti6Al4V as well as at the lowest amount of additions (25% of Mo), the
top surface microstructure was refined over a depth of the order of 5 to 15 µm. This is particularly
visible in Figure 3a,b where the grains are refined and equiaxed near the surface while elongated
grains are visible at the sub-surface. In addition, for the initial structure, kink bands appeared in the
subsurface over significant thicknesses (>200 µm). This type of kink band has already been observed
in highly alloyed beta titanium alloys during deformation at high speed rate [41]. The width of the
zone where these kink bands were present was thicker for the case of the Nb addition than for the Mo
one (Figures 2b and 3b). Indeed, the kink bands reached the surface for the Ti-25Nb alloy, whereas
for the Ti6Al4V-25Mo alloy, the nanostructured layer was present from the surface towards 15 µm
below the surface (Figure 3b). From 50% of alloying elements, the kink bands disappeared and the
contrast visible within the beta grains at the SMATed surface witnessed strong internal misorientations.
Figures 2c–e and 3c–e show that the thickness of this layer depends on the amount in alloying element.
A comparison of the blue and red arrows in Figures 2c–e and 3c–e indicates, however, that its thickness
is equivalent for both the Ti-Nb and Ti6Al4V-Mo alloys at a given amount of alloying element.
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Figure 2. (a–e): cross section pictures of the surface mechanical attrition treatment (SMAT)ed TiNb
sample focused on the severe plastic deformed region (the SMATed edges are always at the bottom
of the pictures); (b): in the top right corner, focus on the kink bands at 20 µm from the surface in the
Ti-25Nb; (c–e): the blue arrow represents the affected depth.
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Figure 3. (a–e): Cross section pictures of the SMATed TiMo sample focused on the severe plastic
deformed region (the SMATed edges are always at the bottom of the pictures); (b): in the top right
corner, focus on the kink bands at 20 µm from the surface in the Ti6Al4V-25Mo; (c–e): the red arrow
represents the affected depth.

3.2. Hardness and Roughness Evolutions

Figure 4 shows the evolution of the hardness and roughness before and after the different SMAT
and SMAT + polishing treatments for the Ti-Nb wall. For the polished sample, the maximum hardness
was reached for 25% of Nb (Figure 4a). According to the literature [42,43], this increase is due to
the presence of a small fraction of ω-phase, especially when the composition is around 25% Nb.
The amount of omega phase was increased by the successive remelting and tempering from the
successive layer by layer deposition generated by the DED-CLAD process. This tempering promoted
the formation of the ω-phase, which explains the increase in the microhardness, as was also observed
for TiMo alloys [44].



Metals 2019, 9, 1344 8 of 15

Figure 4. Evolution of (a) the hardness (HV0.3) and (b) the roughness (Ra) as a function of the Nb
alloying amount for the P, S and P + S conditions of the TiNb walls.

After the SMAT modifications, it was first interesting to notice that the hardness evolutions for
the S and S + P samples are almost equal (Figure 4a). This meant that the polishing has allowed to
remove a few microns to smooth the roughness (Figure 4b) while remaining in the hyperdeformed
thickness. The range of hardness increase by shot peening depended slightly on the alloying amount.
The maximum increase was obtained due to the appearance of the kink bands in the Ti25Nb, which
made it possible to change hardness from 250 to 400 Hv (60% increase). Sadeghpour et al. [45] have
recently shown that there is a relation between the presence of omega phase and the formation of kink
bands due to the accumulation of simple dislocation and dislocation channels, which correlates with
our study. The strong internal misorientation of the 50 to 100% Nb containing samples also increased
the hardness but to a lesser extent (15 to 40% increase).

The evolutions of roughness presented in Figure 4b shows that the roughness after SMAT was
inversely related to the hardness. When the material was hard, the roughness increase remained
moderate. This is because—for a given impact energy—the balls created deeper craters when the
material was softer (Figure 4a). Because of the polishing procedure, the P and S + P samples have the
same low roughness, independently of the initial hardness. These modifications of hardness versus
roughness made it possible to dissociate the effect of the roughness from the other effects (chemistry
and SPD induced by SMAT). Indeed, several papers have suggested that the surface roughness plays a
major role in cell biology: the higher the roughness, the higher the cell adhesion [46–48].
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3.3. Cell Adhesion and Cell Proliferation

3.3.1. Comparison of the Effect of Nb and Mo on Titanium Biocompatibility

Figure 5 shows the number of cells on each gradient after three and seven days for the same donor
(other donors generating the same trends). This allowed us to rapidly compare the effects of chemistry,
roughness and hyperdeformation. Figure 5a shows that pure titanium and Ti6Al4V have the same
trends on adhesion and proliferation after three and seven days. Ti6Al4V appeared to have a slightly
more beneficial effect than pure titanium on adhesion. The number of cells on polished samples after
seven days remained almost unchanged which confirms the results obtained by Johansson et al. [49].
The S + P samples for both materials had the same behavior as the polished ones. The Ti SMATed
samples were unlike the Ti6Al4V SMATed samples which had a sharp decrease in the number of
cells after seven days. Nevertheless, whatever the material, the SMAT had a positive effect on the
adhesion because of the increase of the roughness, which is consistent with previous studies from the
literature [46–48]. Figure 5b shows that the biocompatibility of these two materials does not seem to be
affected by the presence of low amount of alloying elements (≤25%).

When the percentage of alloying element is increased (50 and 75%), the behavior of the cells was
strongly modified. Niobium was found to have an excellent biocompatibility, which greatly increased
the proliferation of the cells (Figure 5c). This effect of the chemistry was more important after seven
days if the samples were SMATed. This is because of the increase in the number of adhering cells,
which further increased subsequently after seven days, due to the cell division process in an excellent
biocompatible environment. As shown in Figure 5d, the harmfulness of molybdenum began to have a
very important effect from 75%. Even for the polished sample where the adhesion was best after three
days, the cells then died quickly avec seven days. The toxicity of this alloy was even greatly increased
by the microstructure modification induced by the SMAT. Indeed, on the samples, S and S + P, no cell
survived after seven days. These results validated the differences in biocompatibility between Nb and
Mo observed by Eisenbarth et al. [50].

In the case of pure elements, as no cells adhered or survived for all conditions of pure Mo, Figure 5e
demonstrates the toxicity of pure Mo and the better biocompatibility of Nb.

All these results mainly demonstrated that the best biocompatibility was obtained for the SMATed
TiNb alloys when the concentration in niobium was between 50 and 75%. In addition, it was clear that
SMAT has a beneficial effect only during the adhesion stage by increasing the roughness and that the
toxicity of molybdenum was increased by the microstructure modification induced by SMAT.
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Figure 5. Comparison of the effect of Nb and Mo on cells adhesion and subsequent proliferation for
different amount of alloying element. (a) 0%; (b) 25%; (c) 50%; (d) 75%; (e) 100%.

As the molybdenum has a poor biocompatibility compare to niobium, only the results on TiNb
are showed in the rest of this paper.

3.3.2. Cell Adhesion

Figure 6 shows the average cell distributions of three donors after three and seven days. Because
of the differences on the cells quality and viability between donors, the total number of healthy cells
varied and it was better to calculate, for each gradient, the distribution in terms of percentages.

The comparison between Figures 4b and 6 demonstrates that, for the SMATed samples, the
adhesion was preferentially done in the gradients where the roughness was important (75 and 100%
of Nb). For the same roughness (P and S + P samples), the cells seemed to be randomly distributed.
After seven days, the distribution trended to be the same for all samples but the nanostructured
microstructure decreased the time needed to reach the distribution equilibrium. This indicated that the
microstructure modification (dislocations cells, finer grains, etc.) induced by severe plastic deformation
only played a role just after adhesion, at the early stage of proliferation.
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Figure 6. Cells distribution on TiNb after three and seven days.

3.3.3. Long Term Cell Proliferation on FGM

As demonstrated in Figure 5, the cells could not proliferate for the Mo containing sample and
even not adhere at high Mo concentration, so only the Nb containing sample were investigated in term
of cell proliferation. Figure 7 presents an example of the number of cells after three, seven, 14 and
21 days in the polished TiNb sample for the same donor. Figure 7 shows that if the total number of
cells increased during the 21 days, the proliferation depended on the composition. Niobium had the
fewest cells in the first week but then became the location in the gradient where proliferation was the
most important. Thus, after three weeks, it became the best material with the highest cell number.
Despite the fact that niobium was not used as such in prostheses because of its mechanical properties
that were too far from those of the bones (higher Young modulus) [51], this test demonstrated the
perfect biocompatibility of pure niobium [50]. In addition, this type of test validated the fact that FGM
can be used successfully in biocompatible experiments to decrease the number of needed samples for
long term proliferation test.

Figure 7. Cells proliferation: example of polished TiNb.
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4. Conclusions

The aim of this study was to describe separately, with a single test, the effect of chemistry,
roughness and SPD microstructure on MSC cell adhesion and proliferation using SMAT on two binary
FGMs (Ti-Nb and TA64-Mo).

• The major findings can be summarized has follows:
• The use of FGMs can greatly reduce the number of samples needed in biocompatibility studies by

ensuring at the same time that all tests are done under the same conditions.
• Increase in roughness was induced by SMAT trends to improve the cellular adhesion.
• Comparatively, this increase in roughness dud not modify the proliferation capability of the cells.
• The microstructure refinement and the presence of structural defects induced by severe plastic

deformation have an effect on cell distribution during the first stages of proliferation.
• Chemistry modifications are the most important factor to ensure long-term cell proliferation.
• Niobium has better long-term biocompatibility than molybdenum when it is pure or when it is

alloyed with titanium.
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