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Abstract: Titanium Ti-6-4 alloy coated with Ni-base material was obtained via Blended Elemental Powder Metallurgy approach by sintering
a mixture of laminated powders. Microstructure and phase composition of obtained laminated material were studied, and formation of Ti,Ni
phase and multicomponent phase (Ti, Ni, Al, V, C) with E9; crystal cell of space group 227: Fd-3m was established. The intermetallic melt
deeply permeated into the Ti-6-4 material at sintering temperature (1250°C) higher than Ti,Ni melting point (942°C), and a dense gradient
structure formed. The microstructure, phase composition and properties of obtained gradient material are discussed in detail.
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1. Introduction

Titanium alloys are one of the most spread in industry structural
material employed in aerospace, automotive, chemical,
shipbuilding, and others branches for parts and structures working
under different, often very complicated service conditions [1, 2].
This is due to the unique combinations of physical and mechanical
properties, namely high specific strength, fatigue strength, crack
propagation resistance, corrosion resistance, non-magnetic, etc. At
the same time, the disadvantages of titanium alloys include their
low wear resistance, high tendency to stick, a large coefficient of
friction paired with most materials, which limits their use in the
parts operating in friction pairs. [3]. To eliminate these drawbacks
of titanium alloys, various types of coatings leading to structural-
phase transformations in the surface layers are widely used.
Recently, the methods for forming hierarchical layered structures
that consist of nanoscale surface states on ultrathin subsurface
layers have been developed. Such a modification of the surface
layers of titanium alloys can be done using thermomechanical
processing [4-6], ion implantation [7, 8], as well as alloying the
surface with natural nano-laminates from layered triple carbides and
nitrides with d- and p-elements (for example, MAX-phases based
on the Ti-Al-C system) [9-11].

The long-period crystalline phases possess a natural layered
structure. The atoms in these phases are densely packed and are
characterized by significantly strong bonds in the boundaries of
each layer, and the distance between the nearby atomic layers is 2-4
times greater than between atoms in a layer, with a bond weaker
than inside the layers. Within one cell the lattice becomes curved
that does not allow the planes and directions of the closest packing
to be selected, which, in turn, inhibits the movement of dislocations.
The lamination within the lattice unit cells leads to a pronounced
nano-laminated grain structure [10,12]. Ti,Ni intermetallic
compound belongs to this kind of layered materials (its unit cell
consists of 96 atoms) which gives this material special physical and
mechanical properties [13-15] (Fig. 1).

Ti,Ni intermetallic solidifies at approximately 942°C within a
thin concentration range with forming E93 unit cell having body
centered cubic lattice of Fd-3m space group [15, 16]. This material
is characterized by a unique set of high physical and mechanical
properties, namely wear resistance, damping properties, ability to
dissipate the applied energy, etc. The goal of the present work was
to investigate the possibility to obtain such a nano-laminated
structure in Ti-6(wt.)%AI-4%V (hereafter Ti-6-4) alloy employing
Blended Elemental Powder Metallurgy [17] with additional alloying
of the surface layer by commercial Ni-based powder, and to
evaluate the properties of this layered composite.
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Fig. 1. Crystal structure of unit E93 cell of TiNi intermetallic

compound with space group Fd3m [15] (a) and schematic

presentation of its 1/8 structural part with elements of tetrahedral

and octahedral subcells consisting of Ti and Ni atoms, respectively

(b).

2. Materials and Experimental Procedure

Ti-6(Wt.%)AI-4V alloy (“working horse” of titanium industry)
was taken as basic material. Bulk specimens were prepared by
blended elemental powder metallurgy (BEPM) approach using
mixture of powders of titanium hydride of a fraction of -100 um
(hydrogen concentration corresponded to the single-phase TiH,
state) and complex master alloy 60Al-40V with a fraction of -63 pm
[17]. Nano-laminated layer on top sides of specimens was obtained
by adding onto Ti-6-4 alloy mixture of PRN powder (composition:
63.6 (Wt.%) Ni-25Cr-25B-27Si-5Fe-12C)ofa-100 um
fraction produced by “POLEMA” JSC. The latter material was
chosen for coating because in previous studies it showed high
tribological characteristics. All powders mixtures were blended in a
drum mixer of “drunk barrel” type for 8 hours. The mixture for Ti-
6-4 alloy was poured into a steel pressing die, then the PRN powder
was added to the surface, and the powder layer-by-layer mixture
was compacted by bilateral compression with a pressure of
640 MPa. The sintering was performed in 5x10 Pa vacuum at
1250 °C for 4h. The heating rate up to sintering temperature was
10°C/min. After the sintering the specimens were cooled down with
furnace. Final specimens were 9 mm in diameter and 9 mm in
height. Two types of sections were prepared from the specimens: (i)
perpendicular to the material surface for studying its gradient
structure; (ii) parallel to the surface for studying the structure and
characteristics of individual layers (both the coating itself, the main
Ti-6-4 alloy, and the transition zone between them).

Microstructure of specimens was studied using optical
(Olympus XL70) and scanning electron (TESCAN VEGAB3)
microscopy. Chemical composition of program material on different
levels were studied using EDX (XFlash 610M detector, Bruker).
The XRD analysis was carried out on a diffractometer “Ultima IV”
(Rigaku, Japan) using monochromatic CuKa radiation with step
0.02° along the 20 and exposure 2s/step. Using the “0-20” X-ray
diffraction patterns, the phase composition of each layer of the
bilayer samples was determined by means of diffractometer
software (RIR, Rietveld, etc.). Vickers micro-hardness of different
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layers and structural constituents was measured using Wolpert
Wilson Instruments 452 SVD device at loads 5-30 kgf.

Fracture toughness of the coating was estimated by Vickers
indentation crack method [18]. A Vickers pyramidal indenter was
used, and fracture toughness was calculated by formula

K, ~ 0,16 HyaZ (2)_7

where a is the half diagonal of indentation (m), HV is the
microhardness of the material (GPa), and c is the length of the
radial crack (m). Despite this method has significant drawbacks (see
[19]), it allows to estimate fracture toughness (or rather “indentation
fracture resistance”) of brittle materials and thin coatings.

3. Results and Discussion
Phase composition

Two-layered (gradient) specimens consisting of Ti-6-4 with Ni-
based coating were obtained after sintering. The results of phase
analysis of the material by XRD analysis (Fig. 2) are given in Table
1. The main part of the layered specimens was Ti-6-4 alloy
consisting of a-Ti (93-95 vol.%) and B-Ti (7-5 vol.%). The major
phase (about 85 vol.%) in the coating layer was Ti,Ni with fcc
lattice parameter ~ 11.396 A. In addition, a multicomponent phase
(Ti, Ni, Al, C) was also found in the coating, which also had an fcc
lattice with a parameter ~ 11.393 A (that is close to Ti,Ni) and
volume fraction of about 9-10 vol.%. The remaining insignificant
part of the coating (~5 wt.%) was represented by carbide and
silicide phases.

During sintering, the formation of a liquid phase occurred in the
surface layer at the boundary between the TiH,-V-Al powders’
mixture and the PNR powder particles, which was a consequence of
the eutectic reaction in the Ti-Ni system at 942°C [16].

As a result, the liquid Ti-Ni phase, as well as other alloying
elements of the PRN powder, penetrate deep into the mixture of
powders of the matrix Ti-6-4 alloy. Further heating to 1250°C and
4h exposure led to completing of Ti-6-4 alloy formation in the
whole volume and almost complete dissolution of the PRN powder
due to interaction with basic material. The formation of the Ti,Ni

phase does not comply with the Hume-Roseri rule, which
determines the possibility of the formation of a solid solution if the
radii of participating elements differ by less than 15%. The
difference in atomic radii of Ti (1.47 A) and Ni (1.24 A) is ~17%,
but nevertheless, the Ti,Ni compound formed.

Elemental lattice of Ti,Ni has 96 atoms (Fig.1a), wherein Ni
atoms form regular tetrahedrons, while Ti atoms form regular
octahedrons (Fig.1b). In different cross sections E95 cell of Ti,Ni,
Ti and Ni atoms have different numbers of nearest neighbors. Each
Ni atom always has 5 Ti atoms and 9 Ti atoms as neighbors. At the
same time, Ti atoms in the E9; cell have 2 Ni atoms and 10 Ti
atoms as neighbors in one case, in the second position they have 4
Ni atoms and 8 Ti atoms, and in the third position they are
surrounded by 6 Ni atoms and 6 Ti atoms. The average distance
between Ti atoms is equal to 2.57 A, between the Ni atoms
~2.87 A, and between Ti and Ni atoms ~ 2.6 A. Basing on the radii
of the atoms, according to the Vegard rule [20], the distance,
between Ti atoms should be 2.94 A, between Ni atoms ~ 2.48 A and
between Ti and Ni atoms ~ 2.71 A. The discrepancy between the
experimental values of the interatomic distances between Ti and Ni
atoms in the Ti,Ni intermetallic compound and those calculated
from atomic radii, that satisfy predominantly a metal bond,
indicates that the covalent component of the bond between them has
a tendency to increase.

Due to the above-mentioned features of the crystal structure,
substitution and interstitial atoms can appear in the lattice of the
Ti,Ni intermetallic compound. The radius of the octahedral voids in
the Ti octahedron is 0.41 of its radius, i.e. ~ 0.6 A, and the radius of
tetrahedral voids in the Ni tetrahedron is 0.22 of atomic radius, i.e.
~0.31 A. Thus, the void sizes are comparable with the radii of H, C,
0, N, B atoms (0.53 A, 0.77 A, 0.60 A, 0.92 A, 098 A,
respectively) which, in conjunction with metals’ atoms, usually
decrease because they form covalent bonds and interstitial
solutions. Moreover, the atomic sizes of the alloying elements of the
PNL powder (Cr = 1.30 A, Fe =1.26 A, Si = 1.32 A) differ from the
size of Ni atoms by ~4-6%, and the size of the Al atoms 1.43 A
differ from the size of Ti atoms by ~ 3%, what allows them to form
substitutional solid solutions according to the Hume-Rothery rule
[21].
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Fig. 2. “©-26" XRD patterns of basic Ti-6-4 material (1) and alloyed surfaces (2) of sintered specimen.
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Table 1. Phase and structural characteristics of a two-layer material Ti-6-4 alloy with PRN coating.

Characteristic of the phase Compositions and parameters of the phases
Layer of composition
rr;]aterlall ~ Phase Spacegroup | ICDDcard |Content| a,A [ b, A [ ¢,A [ «, B, v v, A®
characteristics 0 4
number vol.% deg | deg. deg.
T alpha -Ti 194 : P63/mmc | 01-089-5009 | 95(3) 2.953| 2.953| 4.694| 90.00| 90.00| 120.00| 35.5
6 beta-Ti, 229:1m-3m | 01-089-4913 |5(0.7) | 3.234| 3.234| 3.234| 90.00| 90.00| 90.00 | 33.8
Ti2Ni 227 Fd- 01-072-2618 | 85(5) 11:39] 11.39) 11391 95 00| 90.00 90.00 | 1479
3m,choice-2
Ti, Ni, Al, C g?chﬁcez 03-065-0433 | 9.8(11) 11391 11.89) 1139 g4 00| 90.00| 90.00 | 1479
Surface of g2 229 Im-3m | 9008538 | 1.10(12)| 2.949| 2.949| 2.949| 90.00| 90.00| 90.00 | 257
alloy or coating 67 R- 1297
Niz; C ) 01-072-1467 | 3.8(8) 4.557| 4.557 ' 90.00| 90.00| 120.00 | 232.5
3c,hexagonal
Crs Si 223 :Pm-3n 03-065-3302 | 0.3(3) 4502 | 4.502| 4.502| 90.00| 90.00| 90.00 91.3
Unknown - - 2.03(2) | - - - - - - -

Microstructure

Typical gradient microstructures of sintered Ti-6-4 material
containing coating with PNL powder are shown in Fig. 3.
Conventionally, 3 different zones can be distinguished: i) the main
volume of Ti-6-4 basic alloy (Fig. 3a), transition zone between
basic alloy and surface layer (Fig. 3b), and surface layer (coating,
Fig. 3c). The chemical compositions of the main microstructural
elements were determined in each zone, and the results are
indicated by numbers 1-7 in Table 2. The main part of the material
represents typical for BEPM technology Ti-6-4 alloy characterized
by typical lamellar o+f3 microstructure (Fig. 3a). Thin light
interlayers indicated by 1 and having composition presented in
Table 2, line 1, correspond to the B-phase, while darker lamellas
indicated by 2 (line 2 in Table 2) are the a-phase.
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Fig. 3. Microstructure of layered material: a) basic Ti-6-4
alloy, b) transition zone, c) coating (surface layer). SEM: (a) SE;
(b, c) BSE.

The next, transition layer between the basic Ti-6-4 alloy and
surface coating is shown in Fig. 3b; the regions indicated by 3
belong to the B-phase with chemical composition presented in Table
2, line 3. This p-phase contains a significant amount of additional
alloying elements (Ni, Cr, Fe, Si) which diffused into the base metal
from the PNL powder. The next 4 region in the same zone
represents a-phase containing relatively small amount of additional
alloying elements from the PRN powder, and this reduced (as
compared to the B-phase) amount can be explained by lower
solubility of these elements in a-phase. The microstructure (Fig. 3c)
and composition of the surface layer have a substantially different
character: light regions (indicated by 5) were characterized by
composition rather close to Ti,Ni intermetallic (line 5 in Table 2).
Darker zones indicated by 6 contain almost all the elements that are
found in the base alloy Ti-6-4 and the PRN powder (line 6 in Table
2). The last third phase in this zone indicated by 7 and having
needle form contains mainly titanium (line 7 in Table 2), and,
apparently, represents a highly alloyed o"-martensite.

Table 2. Local chemical composition of different locations

shown in Fig. 3.
Ne Ti Al \Y Ni Cr Fe Si
Ti-6-4 1 804 | 57 | 48 | 58 | 19 | 14 0
2 92269 | 03 | 02 | 04 0 0
Transition 3 789 | 56 | 34 | 68 | 29 | 18 | 0.6
zone 4 |1912| 72 | 01| 06 | 08 0 0.1
Coating 5 62 2.1 - 293 | 14 | 23 | 22
(surface 6 79 51 | 3.2 | 59 | 28 16 | 1.9
layer) 7 827 | 17 | 21| 76 | 26 | 13 | 18
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Microhardness tests were performed in all zones of studied
multilayered material under varying loads from 50 to 300 N.
Increase in load led to appearance of cracks, depending on the
ductility of layers and different phase components (Fig. 4). The
average values of microhardness were obtained: 290 HV for basic
Ti-6-4 alloy; 415 HV for the transition zone, and about 620 HV for
the coating.
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Fig. 4. Typical examples of microstructure of areas in which

microhardness was measured to determine K;.. (a) transition zone,
(b) coating with cracks initiated by indentation. SEM.

Using the approach mentioned above, it was determined that the
value of crack resistance (Ky.) of the surface layer equaled to 9.5
kegf‘mm3/2 at loads below 300 N. At loads above 300 N critical
cracks were formed and propagated (Fig. 4b). As seen from Fig. 4b,
the cracks appeared and propagated both from the vertices of the
indentation site and from its sides. It can be assumed that the
propagation of cracks from the sides of the indentation site is
associated with tensile stresses in this region, which arise in the
multiphase zone of the material.

4. Conclusions

1.1t is shown that Blended Elemental Powder Metallurgy
approach based on using titanium hydride allows to obtain well
integrated multi-layered material combining Ti-6-4 basic alloy with
nano-laminated coating which comprises mainly Ti,Ni intermetallic
compound and some amount of complex (Ni-Cr-B-Si-Fe-C) phase.
XRD study allowed to estimate features of these phases and to
conclude that covalency plays an essential role in the interatomic
bonds.

2. The multilayered material is characterized by a gradient
change of hardness through the layers: the upper layer (coating) had
a hardness over 620 HV that almost double higher than the hardness
of basic alloy. The coating had rather high resistance to cracking
(Kyc was estimated by indentation method), that allows to make an
assumption about sufficient practical prospects for such a multilayer
material.
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