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Abstract 

Inspiring from the microstructure of the nature biological materials, a laminated titanium 

material was successfully elaborated using a novel approach of flakes powder metallurgy called 

“flakes powder metallurgy”. Ti flakes powder used as building blocks of the layers 

microstructure were prepared by ball milling. They are than assembled into fully dense 

laminated material using Spark Plasma Sintering (SPS) techniques. The results show i) an 

anisotropy microstructure of the sintered material prepared from the flakes powder ii) 15% of 

contribution of the lamellar architecture in the strength (hardness) of the material iii)  faster 

densification of the flakes powder compared to spherical powder. 
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Introduction: 

Natural biological materials, such as teeth, bones and mollusk shells are characterized by a 

layered architecture that exhibits excellent mechanical properties. Inspired from the lamellar 

architecture of nacre, the efforts were increased for the fabrication of lamellar composite 

material called biomimetic materials which showed desirable mechanical properties [1-6]. 

Different techniques are used for the fabrication of this multilayered architecture materials, 

such as diffusion welding, adhesion welding, physical and chemical deposition and hot rolling 

[6-10]. Recently, a new process called "flakes powder metallurgy" has been used for the 

fabrication of lamellar material matrix composite (MMC). The aim of this process is to sinter 

metallic powder or metallic flakes, prepared by ball milling, with controlled microstructure in 

order to obtain lamellar architectures. Aluminum and copper laminated composite materials 

such as, Al/Al2O3, Al/carbon nanotubes, Al/graphene, Al/B4C, Cu/Carbon nanotubes, have been 

prepared using this technique showing improved tensile strength, Young's modulus and 

toughness properties. It was reported that lamellar flakes architecture, with high aspect ratio 

and refined metal grains induced by the ball milling process, allow to increase the strength of 

the material while conserving the material' s ductility [11-15]. 

During the ball milling process, the powder undergoes a succession of ball collisions that induce 

the deformation of the initial metallic powders. Studies have reported that during the early 

stage of ball milling of ductile metals, the formation of flakes is observed before the fracture of 

the powders which can be attributed to plastic deformation (micro-rolling) of the metallic 

powder  [14]. On the other hand, the use of different control agents, such as stearic acid or 

ethylen bis-stearamid, was used during high energy ball milling of ductile metals (Al, Cu, Ni). 

These agents impede the clean metal-metal contact and prevent excessive cold welding 

enhancing flakes formation. However, these agents tend to decompose during milling and 

induce contamination of the flake surface [15].  

Titanium and titanium alloys are widely used in different sectors such as biomedical, 

aeronautic, automotive, and industrial due to their combination of excellent specific 

mechanical properties, light weight, biocompatibility and corrosion resistance [19, 20].  

Recently, studies are focused on the fabrication of laminated titanium composite materials. For 

example, laminated Ti/La2O3, Ti/TiB2, Ti/Ti-TiB, Ti–Ti(Al)/TiB, Ti–Al3Ti metal–intermetallic 

composite materials show improved mechanical properties such as ductility, strength and high 

fracture toughening [20-22].  

In the present work, we study the use of flakes powder metallurgy for the fabrication of 

laminated titanium materials (strategy illustrated on Figure 1) and the contribution of the 

lamellar architecture on the improvement of titanium mechanical properties. We discuss the 

effect of the powder shape (flakes or spherical powder) on (i) the densification, (ii) the 
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microstructure and (iii) the mechanical properties of the laminated sintered materials. In this 

process, Ti spherical powders were ball milled to obtain Ti flakes with controlled geometry and 

microstructure. The powders are then sintered using Spark Plasma Sintering (SPS) technique 

that allows the fast densification of the Ti flakes keeping the initial architecture of the Ti grain 

(flakes) and limiting grain growth. The microstructure and the mechanical properties (elasticity 

and hardness) of the final material are studied. This work must be considered as a first step 

through the fabrication of Ti lamellar composite materials. 

 

Figure 1: Typical strategy followed for the fabrication of the Ti laminated material. 

 

Experimental procedures 

1- Ti powder elaboration 

Titanium flakes powder is obtained by ball milling (BM) using a planetary mill (Fritsch Planetary 

Mill) using stainless steel balls (diameter 5 and 10 mm) and metallic vials (volume 150 mL). In 

our work, almost spherical titanium powder (Ti, purity=99.5%, CERAC Inc) d50= (48 μm) is used 

as the initial material. BM is performed under argon atmosphere at 200 rpm, 20:1 balls to 

powder ratio with 2 wt. % of sodium chloride (NaCl) as lubricant. All the handlings were 

performed inside a glove box to reduce atmospheric contamination. The as-prepared Ti flakes 

were then washed with water during 2 min, to remove NaCl, and then filtrated.  

 

2- Ti powder consolidation 

SPS process was chosen as sintering technique. DR SINTER LAB Spark plasma sintering system 

(model SPS 515-S) apparatus was used. A graphite die, covered by carbon felt is used to prepare 

samples of 10 mm of diameter. The temperature is measured by a K-type thermocouple 

inserted in the die wall. The sintering process was performed under vacuum using the following 

conditions: temperature was raised up to 600 ⁰C at 100 ⁰C/min and maintained during 10 min 

with a pressure of 100 MPa applied at RT temperature and kept constant during the whole 

experiment. 

Micro-rolling
Uniaxial pressure 

Flakes powderSpherical powder Lamellar material
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3- Characterization 

The morphology and the microstructure of the materials before and after sintering were 

studied using a scanning electron microscope (SEM) (TESCAN VEGA) on mechanically polished 

(surface and cross sections) samples. The mean particle size and particle size distribution before 

and after ball milling were measured using a laser granulometer (Mastersizer 2000). The 

density of the sintered materials was determined using the Archimedes principle. Samples 

before and after sintering were characterized by X-ray diffraction (XRD). Powder X-ray 

diffraction (XRD) patterns were collected on a PANalitycal X'pert PRO MPD diffractometer in 

Bragg-Brentano θ-θ geometry equipped with a secondary monochromator and X'Celerator 

multi-strip detector. Each measurement was made within an angular range of 2θ = 8-80° and 

lasted for 34 minutes. The Cu-Kα radiation was generated at 45 KV and 40 mA (λ= 1.5405 

A⁰).The crystallite size and the lattice strain was determined by Williamson-Hall method using 

the integral width of the whole peaks.  

The hardness of the polished materials was measured using Vickers hardness tester model 452 

SVD, at a 50 Kg load and 10 s dwell time. Elastic constants (Young’s modulus, shear modulus) 

were determined at room temperature by ultrasonic pulse, using 10 MHz transducers working 

in reflection mode on 3 mm thick sample. 

 

Results  

I. Elaboration of titanium flakes 

Figure 2: SEM micrographs of Ti before (0 min) and after different BM duration (65, 75, 90 and 120 min) 
. 
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 Flakes morphology 

Figure 2 shows the effect of BM time on the morphology change of the initial Ti powder. After 

60 min of BM, the Ti powder present a 2D platelet like morphology with an average diameter of 

40 μm, a thickness of 3.5 μm and an aspect ratio (diameter/thickness) of 11. The increase of BM 

time up to 120 min, allow the elaboration of thin flakes (1 μm of thickness) with larger diameter 

(65 μm), and an increase of the aspect ratio up to 65 as shows in Erreur ! Source du renvoi 

introuvable. 

 

 

Figure 3: Evolution of the aspect ratio of Ti powder with BM times. 

The use of the NaCl as a process control agent, during the BM process, is essential for the 

production of flake shaped particles as shows the Figure 4. This lubricant avoids Ti powders 

agglomeration and fracture and decreases the friction energy between balls and particles. 

 
Figure 4: SEM micrographs of Ti powders before BM (initial powder), and after 60 min of BM with and without the 
use of NaCl. 

 Flakes orientation 
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Figure 5: X-ray diffractions pattern of Ti flakes powder prepared at different BM time. 

 

Erreur ! Source du renvoi introuvable. shows the XRD pattern of the Ti powder, prepared at 

different BM times. By comparing the XRD patterns obtained for initial powder (0 min) and 

after 60 min of BM, it appears a decrease of the peak intensities and broadening. These 2 

effects can be attributed to the increase of the crystal defects (dislocations, vacancies ...) and of 

the lattice strain and also to the decrease of the crystallite size. Furthermore, after BM process, 

30 35 40 45 50 55 60 65 70 75 80 85

0

1900

3800

5700

0

330

660

990

0

430

860

1290

0

230

460

690

0

300

600

900

 

In
te

n
s
it
y
 (

c
p
s
)

2 ()

 0 min

 

In
te

n
s
it
y
 (

c
p
s
)  60  min

 

In
te

n
s
it
y
 (

c
p
s
)

 75 min

 

In
te

n
s
it
y
 (

c
p
s
)  90 min

 

 

In
te

n
s
it
y
 (

c
p
s
)

 120 min

(100)

(002)

(101)

(102)
(110)

(103)

(200) (201)

(112)



7 
 

the relative intensities of the (00l) plane become larger than the (hk0) one. In parallel, the 

calculation of the percentage of (002) oriented grains, using the following formula [21]:  

PO(002)= I(002)/ΣI(hkl)  I(hkl) : Intensity of the (hkl) plane 

shows in the Figure 6, permits to follow the change of Ti flake orientation with increased BM 

time. That behavior confirms that the (002) preferred orientation occurs and increases with BM 

duration. 

 

 
 

Figure 6: Percentage of (002) plane orientation of Ti grain as function of BM duration. 

 

II. Sintering of the Ti flakes 

 "Flakes" versus "spherical" powder densification and microstructure. 

 

0 20 40 60 80 100 120

5

10

15

20

25

30

35

40

45

%
 o

ri
e

n
ta

ti
o

n
 (

0
0

2
)

Ball milling time (min)

 

 



8 
 

 
 
Figure 7 : SEM micrographs of sintered Ti prepared from flakes powder and densify at different temperatures. 

 

As shows from Erreur ! Source du renvoi introuvable., after SPS densification the presence of 

lamellar architecture with respect to the sintering temperature is highlighted. Under a uniaxial 

pressure, applied during SPS, the Ti flakes orientate and tend to lie flat one on each other 

leading to an oriented lamellar architecture. However, at 700 ⁰C (and higher) granular growth 

takes place and deteriorate the lamellar microstructure. 

 

The density when sintering "spherical" powder is always lower that when sintering the "flakes" 

powder whatever the temperature and the applied pressure (Figure 8). At 600°C the density 

linearly increase with the apply pressure for both spherical and flake powders (Fig. 8b); same 
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a.                                                                                                                      b. 

Figure 8: Density and hardness of sintered Ti materials for a) different temperatures at 60 MPa and b) different pressure at 600⁰C 
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phenomena can be observed at 60 MPa for increasing temperature (Figure 8a). At 600 ⁰C and 

under 100 MPa, the flake powders are fully dense when in the case of the "spherical" powder 

1.5% of residual porosity persists. 

. 

 

Figure 9: X-ray diffraction patterns of Ti "Spherical" (bottom) and "flakes" (up) sintered powder. 

The XRD patterns of sintered materials fabricated using "flakes" and "spherical" powders are 

shown in Figure 9. In the case of sintered flakes, we can observe, for all diffraction peaks, width 

broadening and intensity decrease. Both two behaviors are associated with the refinement of 

the microstructure and the lattice strains which is created during ball milling. However, the 

relative peak intensity of the (002) plane, is higher than the one of the sintered spherical 

powder. This behavior indicates the conservation of the (002) orientation after sintering of the 

Ti flakes which is linked with the anisotropic microstructure of the sinter materials. 

III. Hardness and Young's modulus properties 

The Figure 8: Density and hardness of sintered Ti materials for a) different temperatures at 60 MPa and b) 

different pressure at 600⁰C shows the hardness values obtain for materials sintered under different 

conditions. As for the density, an increase of the hardness values with the temperature, at a 

given pressure (60 MPa), (Figure 8a) and with the pressure, at a given temperature (600°C), 

(Figure 8b) has been observed. In the case of sintered Ti flakes, the hardness and density 

increases from 116 Hv and 92 % to 310 Hv and 100 % respectively. Likewise, in the case of 

"spherical" powder the hardness increase from 83 Hv and 85 % of density to 204 Hv and 98.5% 

of density.  
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The Figure 8 shows that, for the same density value, the hardness of a sintered material made 

from "flakes" powder is higher than the one made from "spherical powder". For example, at 

98.5% of density, the hardness of the sintered flakes powder is 277 Hv, while the one of the 

sintered spherical powder is only 204 Hv. This increase should be linked with the refinement of 

the microstructure induced during the ball milling and/or with the lamellar architecture of Ti 

flakes sintered material. 

The Table 1 shows the Young's modulus and the hardness measured on sintered materials 

prepared with "spherical" and "flake" powders. Young's modulus and hardness of spherical 

powders increase respectively from 102 GPa and 187 Hv at 97% of density to 117 GPa and 209 

Hv at fully density. Also, for full dense sintered material, the hardness increase from 207 Hv 

(spherical powder) to 305 Hv (flakes powder). In parallel, the crystallite size of the initial 

powders decreases from 77 nm (spherical powder) to 30 nm (flakes powder) due to the ball 

milling.  However, the Young's modulus remains the same (117 GPa) for fully dense material 

prepared from spherical and flakes powder. 

 
Table 1: Crystallites size and  lattice strain of " spherical" and "flakes "powder (before sintering) (blue), and 
hardness and Young modulus values of materials sintered with each powder (red). 

Material "Spherical" powder 
sintered at 600 ⁰C 

"Spherical" powder 
sintered at 700 ⁰C 

    "Flakes" powder 
 (60 min of ball  milling)  

sintered at 600 ⁰C 

Powder crystallite size 

(nm) 

77 77 30 

Density of the sintered 
material (%)  

97 99.3 99.5 

Surface hardness of the 

sintered material (Hv) 

187 ± 2 209 ± 5 305 ± 7 

Young's modulus of the 
sintered material  (GPa) 

102 ± 2 117 ± 2 117 ± 2 

 

 

Table 2: Crystallites size and lattice strain of " spherical" and "flakes "powder (before sintering) (blue), and 
hardness (parallel and perpendicular to the flake plane) and Young modulus values of materials sintered with each 
powder (red). 

Material "Milled non-flakes" powder 
(60 min of ball milling) 

"Flakes" powder 
(60 min of ball milling) 
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In order to highlight the effect of the Ti lamellar architecture on its mechanical properties, 

dense Ti materials, fabricated with ball milled powders, which have been prepared with and 

without NaCl control agent, have been analyzed. As seen on Figure 4, both powders present 

completely different morphology: almost spherical for the powders ball milled without NaCl 

and plate like for the other one. As seen on table 2, the “milled non-flakes” and the “flakes” 

powder have almost the same crystallite size and lattice strain. However, the hardness of the 

lamellar Ti material, prepared from “flakes” powders, is higher than those prepared with 

"milled non-flakes" powders. It means that such increase is linked with the architecture 

(lamellar structure) of the material. 

Anisotropy values of hardness in the case of lamellar material are observed (see table 2); the 

hardness measured on the cross-section of the sinter material is lower than that of the surface 

one. In the case of the sintered material, prepared from flakes ball milled during 60 min, the 

hardness of the surface is 8% higher than this of the cross section whereas no difference is 

observed in the case of the materials prepared with "ball milled non-flakes" powder.  

Figure 10 shows the effect of the increase of ball milling time on the hardness of the lamellar 

material prepared by this flakes powder. The hardness (surface and cross section) increase with 

the increase of ball milling times and reach, after 120 min of BM, 386 Hv and 368 Hv on the 

surface and cross-section, respectively. Furthermore, the difference of the hardness values is 

kept constant whatever the BM time (close to 6% between surface and cross section). In 

parallel, Young's modulus of lamellar Ti material (121 GPa) (120 min of BM), as shown from the 

Table 3, is 4% higher than that of those prepared during 60 min (117 GPa).  

 

Powder crystallite size (nm) 31 30 

Lattice strain (%) + 0.08 + 0.1 

Density of the sintered material   
(%) 

99.7 99.5 

Surface hardness  of the 

sintered material  (Hv) 

261 ± 3 305 ± 5 

Cross-section hardness of the 

sintered material   (Hv) 

262 ± 2 282 ± 3 
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Figure 10: Hardness of sintered Ti flakes prepared at different ball milling times. 

 

Table 3: Crystallites size of " spherical" and "flakes "powder (before sintering) (blue), and hardness (parallel and 

perpendicular to the flake plane) and Young's modulus values of materials sintered with each powder (red). 

Material "Flakes" powder 
(60 min of ball milling) 

"Flakes" powder  
(120 min of ball milling) 

Powder cristallite size (nm) 30 30 

Lattice strain (%) + 0.08 + 0.1 

Density of the sintered material (%)  99.5 99 

Surface hardness of the sintered 

material (Hv) 

305 ± 5 386 ± 3 

Cross section hardness of the 

sintered material (Hv) 

282 ± 3 368 ± 4 

Young's modulus (GPa) 117 ± 2 121 ± 2 
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Discussion  

Flakes powder morphology and texture 

During the micro-rolling, plastic deformation occurs on the surface of the grains which causes 

the formation of the flakes shape. This plastic deformation is shown to increase with the BM 

time. Additional micro-rolling of the Ti flakes induce an increase of the flaking behavior as 

shown in the figure 3 by the increase of the aspect ratio. Studies attribute this flaking behavior 

to 1) anisotropic elastic modules of Ti and 2) the presence of planes which are "softer" than 

others and to the twining mechanism that occur during ball milling [23]. 

In parallel, flakes powder texture represented in the figure Figure 5 follow the basal plan (002), 

where the intensity of the (002) plane become higher than that of the (101). The increase of BM 

time up to 120 min, bring additional crystal defect and lattice strain, that lead to further 

decrease of all the peak intensity and broadening; these effect can be easily observed on the 

more intense (101) plane. 

Flakes powder versus spherical powder densification and microstructure. 

The higher ability of flakes powder to densify, compared to spherical powder as show in the   

figure Figure 8  can be attributed to:  

- The flakes morphology that allows i) the alignment of the particles with minimum inter-

particle volume, ii) a higher compressibility before heating, and iii) a reduction of the diffusion 

paths during sintering. 

- The high aspect ratio of the flakes, that gives rise to higher surface energy. Ended, for the 

flakes powder, atomic array at the surface of the flakes has greater energy than the bulk 

leading to an enhancement of the sintering behavior compared to spherical powder. 

    - The high crystal defect density induced by ball milling process that promotes solid   diffusion 

Hardness 

Microstructure and relative density (or remaining porosity), have some effects on the hardness 

of the tested materials. The relative role of each is not straight forward even if it is well known 

that porosity reduces the amount of solid material available to resist to deformation. This 

explain the increase of the hardness of the sintered spherical powder with the increase of the 

sintering temperature and so the density as shown in the Table 1 [22]. 

In other hand, the hardness increase from 209 Hv (spherical powders) to 304 Hv (flake 

powders). In parallel, the crystallite size of the initial powders decreases from 77 nm (spherical 

powder) to 30 nm (flakes powder). This decrease of crystallite size, associated with an increase 
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of the grain boundaries density, restrict the motion of the dislocations and cause the 

strengthening and the hardening of the material [23], [24]. Therefore, for the flake sintered 

materials, the refinement of the microstructure induced by ball milling, contribute to the 

increase of the hardness (49%), additional the lamellar architecture effect. 

Far from the ball milling contribution, the hardness of the milled non flakes powder is lower 

than this of flakes powder as show the Table 2. It indicates that the texture of the Ti layers and 

the lamellar microstructure contributes up to 15 % on the increase of surface hardness. This 

enhancement is therefore attributed to the lamellar architecture of the material prepared with 

"flakes" powders. This strengthening effect of lamellar architecture and flakes texture were 

already reported in the flakes powder metallurgy of Al composites [25]. 

While, the anisotropy values of cross section and surface hardness in the case of lamellar 

material observed (see Table 2) is linked to: 

- A crystallographic effect: hardness anisotropy is evident in textured titanium, and it's linked to 

orientations of the grains at the points of the indents. Previous study shows that for 

polycrystalline textured alpha titanium, hardness is strongly dependent on orientation, highest 

hardness being seen where indentation direction is normal to the basal plane (002). This is in 

agreement with other works on polycrystalline Ti-6Al-4V [26]. But this is in opposition to  work 

carried out on pure titanium single crystals, were the maximum value of hardness is found 

when the long axis of the indenter is parallel to the plane (002) [27]. This difference was 

attributed to the impurities (N and O) that change the activity of slip systems and grain 

boundary effects.  

- A geometrical effect: In the case of cross section indentation, the number of crossed 

interfaces is higher than surface section. Then if these interfaces are considered as weak 

bonding between the Ti flakes, it permits an easier propagation of the strain and so a decrease 

of the hardness. 

 Furthermore, with the increase of BM times the flakes surface undergoes an additional plastic 

deformation and work hardening that allow the increase of the hardening of the lamellar 

material. Also, the higher number of interfaces by the increase of BM times act as obstacles for 

the dislocations motion and can trap mobile dislocations which increase the probability for 

subsequent dislocation–dislocation interactions, leading to more significant strain hardening 

ability and an increase of the material hardness. The layers thickness effect, was studied in the 

Ti/TiB and Al/Al2O3 laminated composite material; It was found that additional improvement of 

mechanical properties is brought by the decrease of lamellae thickness [11], [28]. 

Young's modulus 

The young's modulus that describes the stiffness of the material is related essentially to the 
atomic bounding and the electronic states of the material.  It isn’t affected by the metallurgical  
processes such as heat treatment and plastic working, which bring modifications only in the 
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microstructure [29]. However, it's responsive to the density and the interstitial solute content. 
It was found that interstitial and substational α-stabilizing (O,N...) solutes increase the elastic 
properties [30] . 
So the increase of the Young's modulus with the increase of the sintering temperature of the 

spherical powder as shown in the Table 1 is related to the increase of density. However the 

lamellar microstructure doesn’t affect the Young's modulus as the values for the sintered 

spherical powder and flakes powder are the same. 

The increase of the Young's modulus of the lamellar Ti with the increase of the flakes BM times 

as shown in the Table 3 is related to the additional oxygen contamination brought by long BM 

duration.  

 

Conclusion 

Flakes shape Ti powder (002) grain oriented were prepared by ball milling of "Spherical'' 

powder. An increase of their aspect ratios and their grain preferred orientation in respect to the 

increase of ball milling times was observed. The consolidation of this flakes powder allows the 

elaboration of fully dense lamellar Ti material using SPS technique with an anisotropy 

microstructure detected by XRD diffraction and SEM observations. Although, the flakes powder 

showed a faster densification compared to spherical powder, due to (i) the high aspect ratios 

(ii) surface energy and (iii) crystals defects created by ball milling.  

The resultant lamellar titanium material showed an improvement of the mechanical properties, 

It exhibited higher strength (hardness) compared to those prepared from spherical powder. It 

was demonstrated that the lamellar architecture contributes to the increase of 15 % on the 

hardness of titanium. The strengthening was also attributed to the higher density and the 

refinement microstructure of the lamellar material.  
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