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FEATURES OF DIFFUSION LAYER ON TITANIUM SURFACE OBTAINED
IN BORON-CONTAINING MEDIUM

The features of diffusion layer formed on the Ti samples of BT-0 grade in the B-medium, by
processing in electrolyte plasma, and in a combined way are studied. Metallographic analysis shows the
character of microhardness changes with depth depending on saturation conditions, and X-ray
diffraction analysis proves high-B compounds forming at a distance of 10-40 pm to surface. As the B
concentration decreases with depth, the formation of compounds mainly of Ti,B, Ti;B4, and Ti,Bs types
occurs. Here the distribution of borides is due to sample saturation mode and the metal structure, into
which B diffuses. For the saturation process in electrolytic plasma, the local heating of the surface and
diffusion process under non-equilibrium conditions are typical. At the combined treatment, a structure
of the diffusion layer formed under such conditions transits from a metastable state to the stable one.
The calculated dependences of B concentration on depth, according to the temperature changes of
diffusion coefficient, agree with experiments. The treatment in electrolyte plasma forms the diffusion
layer with nanosized Ti boride inclusions, at grain boundaries mainly, which leads to surface
dispersion hardening. Getting the wear-resistant coatings on Ti containing Ti-B phases improves
efficiently the safety and reliability of power plants for various purposes, including nuclear ones.

Keywords: electrolytic plasma, treatment, microhardness, diffusion layer, nanosized inclusions.

Jocain:keno ocodmBocti AudysiiiHoro mapy, sakuii cpopmoBano Ha 3paskax Ti mapku BT-0 y
OopmicTauoMy cepedoBHINi, 00pO0KOI0 B eJIeKTPOJITHiIH muasmi Ta kKomOiHOBaHMM cmocodom. 3a
MeTajorpagiyHuM aHajizoM, XxapakTep 3MiHH MiKpOTBepaoOCTi 3 TIIMOMHOIO 3aJIeKHTbL Bil ymoB
HACHYEHHs], 2 32 MOIIAPOBHM PEHTTeHOCTPYKTYPHUM — BHCOKOOOpPHCTI cnosyku yTopeHi B 10 - 40
MKM BiJl noBepxHi. 3i 3MeHIIeHHAM KOHUeHTpauii B i3 riiu0uHoI0 Bin0yBaeThesl NepeBaKHO YTBOPEHHS
cnoayk tuny Ti,B, Ti;By4, Ti,Bs. Po3nogian 6opuais 00ymMoBJIeHi TyT pe:kHMOM HACHYEHHS 3Pa3KiB Ta
CTPYKTYpPOIO MeTaJly, B sikuii 1udynaye B. Xapaktepuumu 1151 npouecy HAaCHYeHHS B eJ1eKTPOJIITHI
IJ1a3Mi € JJ0KaabHHUI po3irpiB noBepxHi, Audysist B HepiBHOBa:kHHX yMoBaX. 3a koMOiHOBaHOI 00po0KHU
BiI0OyBa€TbCsl Mepexif CTPYKTypu mapy, c¢opMOBaHOro B 3a3HAY€HMX YMOBAaX, 3 MeTacTabiIbHOro
cTaHy B cTadinpHuil. Y 3anexHocti koedinienTa audysii Bin TemmepaTrypu npoBeieHo PO3paxyHKH
po3noainy B 3a raubunolo, mo 36iraThes 3 ekcnepuMenTaMu. O0podka B eneKTPOIiTHIN Ma3mi Aae
nudy3iiinuii wap 3 HAaHOPO3MiPHUMM BKJIIOYEeHHSIMH OOpPHIIB THTAHY NePeBa’KHO MO0 MeKaxX 3epeH, 10
Bejle 10 JucnepciiiHoro 3MiHenHs mosepxHi. 3nococriiiki noxkpurrs Ha Ti 3 Ti-B ¢a3amu — edpekTHBHO
niABHIATH Oe3neKy i HagiliHicTh eHeprocucTeM pi3HOro HiTbOBOr0 NMPU3HAYCHHS, SIIEPHUX BKIIOYHO.

Konio4oBi ciioBa: enekTporniTHa 1ia3ma, 00poOka, MiKpoTBEPIICTh, T y31HHUIA AP, HAHOBKIFOUEHHSL.

H3yuenbl ocodeHHocTH MG Py3HOHHOTrO cJiosi, chopMupoBanHoro Ha oopa3uax Ti mapku BT-0 B
Oopcoaep:kauieii cpese, Npu 00padoTKe B AJEKTPOJIUTHOM MJIa3Me 1 KOMOMHUPOBAHHBIM criocodom. U3
MeTALI0rpa)uIecKoro aHAIN3a, XapaKTep H3MeHeHHs] MUKPOTBEPIOCTH 110 IIy0HHEe 3aJ1a10T yCI0BHS
HACBIIIEHNS, 2 H3 NOCTOHHOT0 PEHTTEHOCTPYKTYPHOI0 — BLICOKOOOPHCTHIC COeIMHEHUs 00pa3yloTcs B
10 — 40 mxM ot noepxHocTH. C yobIBaHMeM KOHUeHTpanuu B no riyouHe o6pasylorcs coeluHeHusl, B
ocHoBHoMm, tuna Ti,B, Ti;B, ,Ti,Bs;. Pacnpenesiennst 60puaoB TyT 00yc/I10BIeHBI PEKHMOM HACHIIEHU S
00pa3oB M CTPYKTYpOii MeTa/ll1a, B KoTopblii nuddynaupyer B. IIpouecc HachbIleHUs1 XapaKTepeH B
3J1eKTPOIHTHON ILIa3Me JIOKaJbHBIM Pa30rpeBoM NOBEPXHOCTH, HEPABHOBECHBIM X0A0M auddysun.
Kom0unupoBanHasi 06padoTka BefleT K nepexoay cTPyKTypsl Juddy3nonHoro cios, popmupyemoro B
YKa3aHHBIX YCJIOBHSAX, N3 MeTaCTA0HJIBbHOTO COCTOSIHUSA B cTa0nabHOe. B 3aBucuMocTH ko3 dunnenTa
augdy3un oT TeMnepaTypsl pacCUMTaHbI pacnpelenenusi B mo riryoune, coryiacyrommuecs ¢ OnbITOM.
Cnoco6 00padoTKkM B JJ1eKTPOJUTHOH mJa3Me JaeT AUPPY3UOHHBIA cJI0ii ¢ HaAHOpPa3MepPHBIMH
BKJIOYEHHAMH OOpPHAOB THTaHA, B OCHOBHOM, MO TIPAaHHULAM 3€peH, BbI3bIBasg JHCHEPCHOHHOE
ynpounenue nopepxHoctu. Usnococroiikne nokpeitust Ha Ti ¢ Ti-B ¢azamu — 3¢pdexTHBHO NOBBICAT
0e30macHOCTh U HaJe:KHOCTh JHEPrOCHCTEeM Pa3IMYHOr0 Ha3HAYEHHs, B TOM YHCJIe siIePHBIX.

Ki1roueBble c10Ba: JIEKTPOIMTHAS [U1a3Ma, 00pabOoTKa, MUKPOTBEPIOCTb, M(B(y3HOHHBIH CJIOH, HAHOBKITFOUCHHSL.
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1. Introduction

Interest for borides is unabated and now even more importance is given to the
development of production technology, with not only traditional, but also non-carbon
nanomaterials and nanoceramics [1]. It is known that titanium and its alloys have many
superior mechanical properties and insufficient wear-resistance, but boride modification
of surface layers [2] substantially removes scuffing and improves operational properties
of such alloys [3]. However, the Ti-B systems as well as physical properties of such
phases are still poorly understood.

In this research we investigated characteristics of diffusion layer formed on titanium
samples of VT-0 grade in the boron-containing medium under a treatment in electrolyte
plasma and by combined method.

2. Materials and methods

Titanium samples of VT-0 grade were studied after the treatment in the following

ways:

1) in an aqueous electrolyte solution according to the method of plasma discharge [4];

2) by the combined method with an aqueous electrolyte solution, followed by the treatment
with a boron-containing powder mixture at temperatures of 7 = 950 - 1000°C for t =3
hours.

The microstructure of the treated samples was showed up by etching in 0.5% HF-
solution. The metallographic analysis of the samples was performed with a microscope
"Neophot-21" and microhardness tester “PMT-3" under a load of 50 g. The identification
of phase components of diffusion layer was carried out by X-ray diffraction analysis
(DA) with a diffractometer “DRON-2" in the iron and copper radiation.

3. Results and discussion

The thermochemical treatment (TT) results in diffusion layer on Ti surface with a
microstructure as shown in Fig. 1:

Fig. 1. Microstructure of titanium sample after the TT in the boron-containing medium, x1000

By changing the value of indenter (Fig. 1), it is possible to conclude about the
micromechanical features of layer. From the graph shown in Fig. 2 a, the character of
microhardness change with sample depth depends on the saturation conditions. With
increasing current density j and treatment duration # the layer microhardness rises. Fig. 2,
b shows the change in microhardness with layer depth for samples, one of which is
treated with a combined method. In the last case the microhardness takes greater values.
The micromechanical characteristics of a layer are affected, above all, by the phase
composition of layer. A feature of the treatment with electrolytic plasma [5] is that due to
saturation, there are several modifications of borides in the diffusion layer. According to
the layer-by-layer DA, high-boron compounds are formed at a distance of 10-40 um from
the surface (Table 1).
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Fig. 2. Microhardness dependence on the diffusion layer depth for Ti treated: a) in modes: 1 — U=60-
65V, j=0.2-0.7 A/em?, =15 min; 2 — U=60-75V, j=0.2-0.3 A/cm?, =25 min; 3 — U=70V, j=0.6-1.1 A/cm?,
t=60 min; b) 1 — electrolytic plasma in a mode j=0.13-1.3 Alem?, U=25-45 V, =18 min; 2 — combined
treatment in electrolytic plasma, followed by TT in coating with B amorphous powder and Al at 1223K
for 3 hours.

Table 1
Distribution of titanium borides in the depth of diffusion layer at layer-by-layer X-ray DA
Depth of diffusion layer, pm Phase combination
5-10 Ti,B, TiB,, TiB
10-40 TiB, Ti,B, Ti;B,
40-80 Ti,B, Ti;B4, Ti,Bs

Boron concentration decreasing with the sample depth leads to the formation of
compounds of the types Ti,B, Ti;B4, Ti,Bs. The feature of the distribution of borides with
the metal depth is due to the saturation mode of the samples and the metal structure, in
which boron diffuses. It should be noted, that the presence of dislocations and cracks in a
sample serves as additional boron concentrators and boron distribution undergoes
abnormal bursts in these places. There high-boron phases can be formed due to boron
liquation.

For the saturation process in electrolytic plasma, the local heating of surface and the
diffusion flow under non-equilibrium conditions are typical. Local temperature can reach
more than 1273 K. In places where the temperature is the highest, the diffusion of boron
is more intense [6]. According to calculations of temperature distribution with the sample
depth, the maximum temperature fits to the volume diameter of 1.0 — 1.2 pm [5]. Beyond
this size range the temperature decreases sharply and, according to experimental data [6],
the average for the metal surface, depending on the treatment conditions, is from 373 K to
600 K. Under these conditions there is such dependence of the diffusion coefficient:

D =Dy exp{— Q/(RT)}, (1)

where Dy is a pre-exponential factor directly related to the number of particles involved in
a jump to overcome the barrier height; Q is activation energy, J/mol; T is absolute
temperature, at which diffusion occurs, K; R=8.31 J/(K mol) is the universal gas constant.

According to Frenkel-Brown [8, 9], there is a relation Dy = az/(6‘L’()), where a
stands for a lattice constant, A= 0.1 nm; 1, = 1/v — the time of one oscillation, s; v — the
maximum frequency of atom oscillation, 1/s. The calculation results in the value D,
=0.0013 cm?/s.

To determine the activation energy, we use the theory by Brown, according to
which heat losses Q=3b"RT,,,, where T,,, is metal melting point, K; b is a constant, close
to unity. Taking this into account, the equation (1) gives

D = Dy exp(- 3b°T,,, IT). )

61



L. I. Fedorenkova’, S. N. Antropov, G. V. Zinkovsky

According to the phenomenological description of diffusion processes by Onsager
[7], in these conditions the diffusion occurs under the simultaneous action of
thermodynamic and electrical forces. The action of such forces causes a diffusion transfer
of i-th varieties in a multicomponent system. Atoms come in a directional move at an
average speed <vpp = U;F;, where U; means mobility, i.e. the speed that the particles
acquire at the driving force, F; = — kT'V [ n y,— power transmission effect on flow of own
potential field gradient of crystal, which moves diffusing atom, y; — activity coefficient.
The result is the diffusion flux with density: j; = civpr = ¢,F;U; = —c; U; V ;. For a real
solution: j; = — D;V ¢; + c;<vpr. Given the above, the calculations result in graphs of boron
diffusion coefficient changes with temperature and in the depth distribution of boron
concentration in the sample (Fig. 3). The graph shows that the boron diffusion coefficient
is about 10™*cm®/s and increases with the growth of local temperature; when entering the
temperature range above 1.5-10* K, it stops changing. The distribution of boron
concentration with layer depth agrees with the experimental data [6].

D(T), cm?/s
8x10— —I §
107 A
m
0 T.K

2%10° 6x10° 1x10”

a b
Fig. 3. a) Dependence of diffusion coefficient on the temperature at saturation of titanium with boron;
b) The boron concentration changing with the sample depth (the dependence D(T) is taken into
account).

At the electrolyte plasma conditions, titanium borides are formed mainly as nanoscale
and microcrystalline inclusions, which are irregularly distributed across the layer depth. At
the combined treatment, the structure of diffusion layer formed in the non-equilibrium
plasma electrolytic conditions, transited from a metastable state to a stable one. This

transition is accompanied by the formation of new phases and the redistribution of diffused
elements.

4. Conclusions

The diffusion layer, formed on titanium surface by treatment in electrolyte plasma,
contains the nanoscale titanium boride inclusions, which are concentrated mainly at grain
boundaries and provide dispersion strengthening of surface. At the combined treatment, the
structure of diffusion layer, formed in the non-equilibrium conditions of electrolytic
plasma, transits from a metastable state to the stable one. Given the dependence of
diffusion coefficient on temperature, the distribution of boron calculated along the sample
depth agrees with experimental results. Producing the wear-resistant Ti coatings that
include Ti-B and oxygen-titanium-boron-containing phases is one of the possible ways of

solving urgent problems of safety and reliability of many power plants, including nuclear
ones.
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