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The Effect of Aging on the Microstructure of Alloys (TiCr1.8)100-xVx
after Electrolytic Hydrogen Charging

The microstructure transformation of ternary Ti-Cr-V alloys after introduction of hydrogen has been analyzed
for a long time. Assessment of the impact of vanadium concentration and ratio of Ti and V concentrations on
composition stability has been carried out. Investigated alloys system corresponds to relation (TiCr1.8)100 xVx.
The atomic ratio Ti/Cr is constant. Vanadium content changes with the step 20 at.%. The hydrogen charging
has been carried out in a thermostatic three-electrode electrochemical cell using 1M KOH electrolyte
(ic = 10-30 mA/cm?) at 293 K for three hours. It was established that the hydrogen introduction leads to sur-
face migration of alloy components. Their distribution oscillates as time passed. This is due to the fact that
hydrogen interacts differently with titanium and vanadium. The electrolytic hydrogen introduction initiates
deformation of the crystal lattice and self-diffusion of alloy atoms. The statistically nonuniform distribution
of electrolytic hydrogen increases the intensity of the process. The relaxation of internal stresses leads to fur-
ther redistribution of components. The observed changes depend on the vanadium content in the alloys and
have a different character inside the grain and near grain boundaries. A significant change has been estab-
lished for (TiCr1.8)s0Vao.

Keywords: (TiCris)100xVx, alloys, electrochemical hydrogen saturation, stability, elements, concentration,
self-diffusion.

Introduction

Body-centered cubic (bcc) alloys have been studied as hydrogen storage materials for a long time. As
an example, the system of TiVCr alloys can absorb and store hydrogen better, than most metal compounds.
In fact, basic elements of TiVCr alloys have broad mutual solubility in solid state and can form solid solution
with bcc crystal structure. However, optimal conditions of TiVCr hydrogenation are determined by different
external factors: method of alloy obtaining, heat treatment, etc. Reversible hydrogen absorption fully de-
pends on (Ti+V)/Cr ratio at normal conditions. Optimized alloy compositions demonstrate maximum of hy-
drogen absorption, which achieves 3.7 wt. % [1, 2]. Furthermore, for high and stable reversible properties
(sorption/desorption of hydrogen) it is particularly important to have a stable and the same structure before
each hydrogenation cycle.

To propose a formula for the basic bce alloys, that provide optimal properties for hydrogenation / dehy-
drogenation, it is necessary to understand well the progressive effect of the influence of the composition on
the H-sorption parameters associated with the saturation conditions. The correlation between the relative
amount of Ti, V elements in alloy and the stability of Ti,VCr,-H hydrides formed in the gas-solid reaction
was shown in [3]. Increasing of concentration of hydride forming elements (Ti, V) leads to decreasing of hy-
drides stability and the temperature of hydrogen desorption [3-5]. Moreover, the investigations of hydrogen
diffusion characteristics to Ti-V binary system [6, 7] demonstrated dependence of hydrides stability on Ti/V
ratio. This could mean that nature of chemical bonding into metal-hydrogen interaction also not the same for
each element of the metal in ternary alloy.

In this work, the effect of change in composition of (TiCri.s)100 xVx System was researched. For this pur-
poses vanadium concentration in alloys was changed in the range from 0 to 60 at.%. Usually hydrogen sorp-
tion characteristics of alloys was studied by plotting diagrams “pressure—composition-temperature” as a re-
sult of hydrogen gaseous saturation of alloys under certain pressure at different temperatures [8-11]. As part
of this work, the electrolytic saturation method was used, which allows the process to be carried out at room
temperature [7, 12, 13] and there is the correspondence between cathode current density (electrochemical
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method) and hydrogen partial pressure on the sample surface (gaseous saturation). In addition, the surface of
sample is a barrier to hydrogen penetration into the material regardless of hydrogen saturation method, so it
is possible to define surface condition and its influence on sorption characteristics of alloys by electrochemi-
cal method [13, 14].

Experimental

The (TiCris)100xVx alloys were obtained in two steps. At the first step TiCr1s alloy (Laves phase, C14)
was prepared in high-frequency melting furnace in a water-cooled crucible under argon atmosphere (compo-
nents purity ~99.97 %). The TiCryg alloy was re-melted three times for homogeneity of structure. At the sec-
ond step Ti,VCr, alloy was obtained by co-melting of the TiCr.g ingot and vanadium (99.99 % purity). The
ratio of TiCryg and V corresponds with the content of elements in ternary system (TiCri.g)100xVx (X = 20, 40,
60). The samples were made in the CRETA laboratory (Center for National Research, Grenoble, France).

The samples for electrochemical hydrogen saturation were cut from ingots by mechanical method. The
surface of samples was treated by grinds “Sic-Paper” class 220+1000 (grain diameter 10050 pm). After the
samples were polished with discs “MC-Dac” (Struers) (grain size 910 um) and diamond paste “DiaDuo”
(Diamond Suspension and Lubricant in One) by polishing machine “STRUERS LaboPol-2”, electrodes for
electrochemical saturation were obtained from prepared samples. After hydrogen saturation the electrodes
were stored in a desiccator.

The electrochemical measurements were carried out in three-electrode electrochemical cell with cathod-
ic and anodic compartments separated by a porous glass diaphragm. The temperature of electrolyte was
21+1 °C. The electrolyte was the 1M KOH solution prepared from high-purity reagent and de-ionized water.
Hydrogen saturation condition (current of cathodic polarization) was chosen based on polarization studies
conducted earlier [15]. Registration of cathodic polarization curves (rate of potential sweep 2 mV/sec) was
carried out for determination of linear section (Tafel section). This section of potentials was used for electro-
chemical hydrogen saturation. Hydrogen saturation of samples was implemented at cathodic current density
(ic = 10-30 mA/cm?) for three hours. As a result of electrochemical investigation the amount of reversible
storage of hydrogen for all alloys was calculated [12, 16].

The microstructure study of samples surface before and after hydrogen saturation was carried out by
scanning electron microscope “Hitachi” S-3400 with energy dispersing device, which allowed determining
amount of alloys elements on the required point.

Results and Discussion

The following samples of (TiCris)s0V20, (TiCris)soVao, (TiCrus)a0Veo alloys were chosen for analysis of
stability of microstructure after hydrogen saturation. These alloys were selected due to possibility of practical
use because alloys with high vanadium content (80 at.% and higher) are much more expensive systems. For
the other hand, Laves phase appears in alloy with low vanadium concentration (lower 20 at.%) [17]. Before
hydrogen saturation all samples of alloys were tested by scanning electron microscope for determination of
homogeneity of the material. Table 1 demonstrates the results (errors are obtained for each sample by aver-
aging 5 measurements). Figure 1 illustrates an example of the distribution of elements in the samples.
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Figure 1. Image of elements distribution in (TiCr1.8)s0V20 (x1200)
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Table 1

Composition of (TiCrws)100-xVx alloys and concentration of Ti, Cr and V in grain
and on grain boundary before hydrogen saturation

Composition, at.%
X, . . Distribution of elements
at.% V | Elements of alloy |Grade composition Initial - -
Grain Grain boundary
Ti 28.56 27.10+2.15 27.96+2.23 39.19 £2.63
20 Cr 51.44 52.47+4.13 51.05+3.40 46.01+ 5.06
\% 20 20.43+3.78 20.99+6.23 14.80+5.80
Ti 21.42 20.60+2.43 20.01+2.06 31.89+2.48
40 Cr 38.58 37.45+4.16 36.59+3.40 33.92+2.94
\% 40 41.95+6.00 43.36+6.10 34.17+591
Ti 14.28 13.7740.93 11.32+1.13 18.44+1.87
60 Cr 25.72 25.05+1.74 25.93+3.02 25.93+£3.27
\Y 60 61.18+3.93 62.76+4.80 55.6246.15

From these results, it can be concluded that all samples correspond to the specified composition within
the scatter of results. It is important to emphasize that all of the alloys have a single-phase bcc structure;
however, the heterogeneity in the distribution of the components between the grain (G) and near grain
boundary (GB) exists. Furthermore, increasing of vanadium concentration leads to decreasing of the differ-
ence in distribution of elements between grain and grain boundary. This result was previously confirmed by
SEM investigations in secondary electrons [15]. The results (Table 1) demonstrate that initial state of the
(TiCr1s)a0Veo alloy (before hydrogenation) has more homogeneity structure than others. Figure 2 represents
the results of investigation of the degree of homogeneity of elements distribution of the alloy in the process
of aging after hydrogen saturation. After saturation, all samples were washed with de-ionized water and
dried. Samples were stored in a desiccator between studies. The point on the vertical scale corresponding to
“0” on the time scale indicates the amount of elements in initial state of the alloys.

Experimental data demonstrate insignificant influence of the aging after charging with hydrogen on el-
ements distribution in alloys. However, there is an exception — it is (TiCris)s0Vao alloy (Fig. 2). This alloy
has significant fluctuations all of elements near grain boundary and as well titanium inside of grain. The fact
of oscillating change of crystal structure occurring in alloy after electrochemical hydrogen saturation was
presented in studies [18, 19]. It should be pointed out that this effect can be caused by instability of structural
states of microgroups of atoms due to the hydrogen charging method. Moreover, radii of titanium, vanadium
and chromium atoms have close sizes (1.45, 1.31 and 1.25 A, respectively) and ratio of these elements at
grain boundary of (TiCr1.8)s0V4o alloy is approximately equal, therefore is more likely formation of unstable
complexes of hydrogen with a metal and/or with couple of metal-defect. In this case, defect can be any irreg-
ularity of the regular structure of the crystal lattice, for example, vacancy and dislocation. The existence of
these defects is especially likely near the grain boundaries. There is a relaxation of internal stresses in the
hydrogen-saturated alloy over time, and the system passes into the equilibrium state.

On the other hand, there are no significant changes in the concentration of chromium in all the investi-
gated alloys. It can be assumed, that relaxation process exists not only because of decreases of “mechanical”
stresses during hydrogen charging, but also because of influence of type of chemical bond between hydrogen
and metal atoms of alloys. Hydrogen dissolves in vanadium and forms hydrides according to the principle of
a solid solution [20]. The chemical bonding between the metal atom and hydrogen is observed for titanium
hydride [20]. It is noticeable that metals in (TiCr1.g)100xVx alloys are distributed statistically uniformly. How-
ever, it cannot be excluded that hydrogen distribution is not statistically even especially because of lack of
saturate hydrogen saturation. In this case, unstable metal-hydrogen complexes will migrate and create anoth-
er character of local ordering because of the relaxation processes and self-diffusion of metal atoms. Appar-
ently, this phenomenon is observed in the experiment.
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Figure 2. Influence of retention time of alloys samples after hydrogen saturation
on character of element distribution in grain (a, c, €) and on grain boundary (b, d, f)

Conclusions

In this work, we investigated the effect of electrochemical hydrogen saturation on surface migration of
components of (TiCrig)100xVx alloys. Assessment of the impact of vanadium concentration and ratio Ti/V
concentrations on composition stability was carried out. It was established that element distribution after hy-
drogen injection oscillates as time passed. Also, the electrolytic hydrogen introduction initiates deformation
of the crystal lattice and self-diffusion of alloy atoms. The statistically nonuniform distribution of electrolytic
hydrogen increases the intensity of the process. The relaxation of internal stresses leads to a further redistri-
bution of alloy components. The observed changes depend on the V concentration in the alloys and have a
different character inside the grain and near grain boundaries. A significant change was established for
(TiCri8)60Vao.
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CyTerimMeH 3J1eKTPoJnTTiK KaHbIKKaHHaH Keitinri (TiCryg)100-xVx
KOPBITNAJIAP MUKPOKYPbLIbIMBIHBIH IBOJIIOHHSCHI

Ti-Cr-V yuwTik KOpbITHAIapbIHBIH CyTETiMEH KaHBIFYBIHAH KEHiHI MHKPOKYPBUIBIMBIHBIH 63repyi GipHerie
carar Ooiipl Tammaunsl. KopeITnamarsl BaHanmmii KypaMbIHBIH dkeHe Ti MeH V-amiH e3apa KaTbIHACHIHBIH
KOPBITIIaHBIH TYPAaKTBUIBIFBIHA acepi Oaranan/s! (KOpHITHa KypaMaaps! %-0eH Oepinren). bapibik 3eprrenren
yarinep yurie Ti sxone Cr MenmepiHiH e3apa KaTbIHAachl TypakTsl 6omapl. Makanana (TiCri.s)100-xVx Kypamst
KophITIasap 3eprrenai. Bamammit memmepi 20 % kamammen esrepai. Kopwitma yarinepin cyrterimeH
KaHbIKTBIpy 1 M KOH TepmocTaTTanFaH YII 3JEKTPOATHI 3JIEKTPOXUMMSUIBIK YAIIBIKTA KATOATHIK TOKTHIH
TBIFBI3ABIFE ic = 10-30 MA/cM? kesinge ymr carar 60iibl 293 K Temmeparypana skyprizingi. CyTekTi eHrisy
HOTID)KECIHIE KOPBITIIa KOMIIOHEHTTEPiHiH OeTTIK MUTpalMsACHl JKYpPETiHI aHbIKTangsl. OmapablH OeTki
KabaTTa Tapaiybl yakbIT OoiibiHIIA TepOenemi. By cyTeri KOpBITHAaHBIH KypaMblHa KipeTiH THTaH >KOHE
BaHAaJUIMEH OpTYpPJi OpeKeTTeceTiHiHe OailaaHbICTHl. KOpBITHAHBIH CyTETiMEH 3JEKTPOJIUTTIK KAaHBIFYBI
KPHUCTAIABIK TOPIBIH Je(OopMaIHICHIHA JKOHE KOPBITIIA aTOMJIAPBIHBIH ©3AiriHeH nuddQy3msiceHa sKeneni.
CyTeKTiH CTaTHCTUKAJBIK OipKeJKi eMec Tapayrybl OHBI €HTi3yiH Oy 9miciMeH MpOIECTiH KapKbIHABUIBIFBIH
apTTeIpanbl. [mki kepHeynepaiH OocaHCYBl KOMIIOHSHTTEP[IH KOpBITIAHBIH OeTiHxe oxaH opi Kaifta
OeminyiHe okeneni. baiikamaTbiH e3repicTep KOpPBITHANAPAAFbl BAHAAUIIIH MeJIIepiHe OaiaHbICThI JKOHE
iIIKi skarpIH/Ia COHJIAM-aK, [IeKapa MaHaWbiHaa opTypJii cunarra 6onasbl. (TiCri,8)60V40. KYpaMBIHBIH €19Yip
©3repreHi aHbIKTaIFaH.

Kinm  ce30ep.: (TiCr18)100xVx, KOpBITIANApP, AICKTPOXHMHSUIBIK THAPICY, TYPAKTBUIBIK, JJIEMEHTTEp
KOHLIEHTPALUSCHI, ©3AiriHeH Tuddy3us.

H.A. Mensenesa, A.A. Muponosa, H.E. Ckpsiouna,
M.J. IlnotHukoBa, /. ®pymap, M.I". lllepbann

JBoJonus MUKPOcTPYKTYpsI ciiaBoB (TiCr18)100-xVx
nocJjie 31eKTPOJUTHYECKOT0 HACHILEHUS BOAOPOAOM

Tparcdopmaryss MUKpOCTPYKTYpBI TpOoHHBIX citaBoB Ti—Cr—V mocie uX HaCBILEHUs] BOZOPOJOM aHAJIH3H-
poBaJyiach B TEUCHHE HECKOJIBLKHMX YacoB. bplna mpoBenieHa orieHKa BIMSHHS COAEPIKaHHs BaHAIUS B CIUIaBE U
COOTHOIIECHUs KOMITIOHEHTOB Ti 1 V Ha cTaGHIBHOCTH CIUIaBa (COCTaBHI CIUIABOB MpHUBEIEHH! B aT.%). Coot-
HoreHne komrdecTB Ti m Cr ObUIO MOCTOSIHHBIM JUTS BCEX HUCCIIEIOBAaHHBIX 00pa3loB. B craTke nccinenoBaHbl
crutaBbl coctaBa (TiCrig)100 xVx. Comeprxkanue BaHaaus W3MEHsIIOCH ¢ maroM B 20 ar.%. HaceieHne o6pas-
[IOB CIUIABOB BOJAOPOJOM IPOBOAMIIOCH B TEPMOCTATUPOBAHHOM TPEXdIEKTPOIHON DICKTPOXMMHYECKON
sueiike n3 1 M KOH mpu mmotHOCTH KatoaHoro Toka ic= 10-30 MA/cm? B Teuenne Tpex 4acos mpu 293K.
VcraHOBIEHO, YTO BBEJEHHE BOAOPOJA NMPUBOIUT K MOBEPXHOCTHOW MMIPALIMM KOMIIOHEHTOB CruiaBa. Mx
pacrpeziesieHue MO0 MOBEPXHOCTU OCLMJLUIUPYET BO BPEMEHH. DTO CBA3aHO C TEM, YTO BOAOPO]] MO-Pa3HOMY
B3aHMOJICHCTBYET C THTAHOM M BaHAJWEM, BXOJIAIIMMH B COCTaB CIUIaBa. DJEKTPOJIMTHYECKOE HACHIIICHUE
CIJIaBa BOZOPOJIOM NPUBOIMT K Ae(OpMalUy KPUCTALTMIECKON peleTky 1 camoanddys3un aToMoOB CIjiaBa.
CraTicTHYeCKH HepaBHOMEPHOE PaclpeieieHne BOJIOPO/ia IIPU TaKOM CIIOCO0E ero BBEACHHS YCHIMBACT HH-
TEHCHBHOCTb TPOTEKaHMs Ipoliecca. Peakcalys BHyTPEHHUX HANPsDKESHUH MPUBOAUT K JaNIbHEHIIEMy me-
pepacrpe/ielieHHI0 KOMIOHEHTOB 110 TIOBEPXHOCTH cIIaBa. HaliromaeMble H3MEHEHHUS 3aBUCAT OT COAEpPIKa-
HMS BaHAIUs B CIJIaBaxX, UMEIOT Pa3IMyHbIH XapakTep BHYTPHU 3epHa U BOIM3H MEK3EPEHHBIX TPaHUIL. YCTa-
HOBJIEHO 3Ha4YnTENBHOE n3MeHeHue cocrana (TiCru,8)s0Vao.

Knwouesvie crosa: (TiCris)100-xVx, CIUIaBBI, IEKTPOXUMHUYECKOE HABOJIOPOKHUBAHHE, CTAOUIIBHOCTD, KOHIICH-
Tparys 2IEMEHTOB, caMoan(dy3us.
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