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Abstract

In this paper the phenomena of hydrogen cracking and hydrogen-induced second phases formation in titanium based alloys is discussed in
detail, addressing to three different alloys; the alphlaeta Ti—-6Al-4V alloy, the metastable Beta-21S and the Ti—20 wt.%Nb refractory alloy.
The prior microstructure of the alloy plays a very significant role on its behavior under exposure to a hydrogen-containing environment. In the
Ti—6Al-4V alloy the main mechanism of hydrogen cracking is the formation and rupture of brittle titanium hydride phases. The severity of
hydrogen degradation in the Ti-6Al-4V alloy depends on the amount and distribution@ptieese in the microstructure due to a more rapid
diffusion transport of hydrogen in the b@cphase. On the other hand, the Timetal Beta-gl&loy, exposed to the electrochemical (high
fugacity) hydrogen environment at room temperature, exhibits a fair resistance to hydrogen. In the Ti—20 wt.%Nb alloy hydrogen-induced
phase transitions and hydrides formation were followed by an interesting softening effect, irrespective of the charging procedure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Timetal Beta-21S, a metastable beta titanium alloy developed
for improved properties and especially oxidation resistance,
Titanium based alloys are attractive for many structural is presented. Finally, the third part of the paper will describe
applications requiring light weight and good elevated tem- some hydrogen effects on the Ti—-Nb refractory system, where
perature behavior. Although titanium is generally considered the Ti—-20 wt.%Nb is the selected representative alloy.
to be reasonably resistantto chemical attack, severe problems
can arise when titanium based alloys come in contact with a
hydrogen containing environmefit]. The severity and the 2. Experimental
extent of the hydrogen interaction with titanium based alloys
are directly related to the microstructure and composition of ~ The titanium alloys used for this study were Ti—
the titanium alloys. As a consequence of the different be- 6Al-4V, Timetal Beta-21S and Ti—-20wt.%Nb alloys. The
havior of hydrogen in alpha and beta phases of titanium, the Ti—-6Al-4V alloy was thermo-mechanically treated in two mi-
susceptibility of each of these phases to the various forms andcrostructural conditions; duplex microstructure as a result of
conditions of hydrogen embrittlement can vary significantly aduplex-annealing process, and fully lamellar microstructure
[2]. In this paper the phenomena of hydrogen cracking and resulted from a beta-annealing procedure. The exact thermo-
hydrogen-induced second phases formation in titanium al- mechanical treatment of the above alloy is described in detalil
loysis discussed in detail regarding three different alloys. The elsewher¢3]. The Timetal Beta-21S alloy was received in the
first part will address to some hydrogen effects in Ti-6Al-4V mill annealed condition, in the form of 1.2 mm thick rolled
alloy, which, up to date, is the most widely used among tita- sheet. Prior to electrochemically hydrogen charging, the ma-
nium alloys. In the second part, the influence of hydrogen on terial was aged to peak strength at 588for 8 h in vacuum
and both as-received and aged specimens were investigated.
* Corresponding author. Tel.: +972 8 6461467; fax: +972 8 6472931.  The Ti—20 wt.%Nb alloy was prepared by cold-sintering, at
E-mail address: deliezer@bgumail.bgu.ac.il (D. Eliezer). 30kbar, followed by 12 h annealing at 100D. Specimens
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from these alloys were exposed to either electrochemical Hydrogen content measurements (by means of a LECO
(high fugacity) or gas-phase (low fugacity) hydrogen charg- RH-404 hydrogen determinator system), conducted on the
ing. The amount of hydrogen absorbed is measured using aabove Ti—6Al-4V specimens after electrochemical hydro-
LECO RH-404 hydrogen determinator. The microstructure genationina1:2 (vol.) BPOy:glycerine solutiorf2], or after
of the as-received as well as hydrogenated specimens was ingaseous-phase charging at 5 atm, 35@or 5 h[3], revealed
vestigated by means of X-ray diffraction (XRD) and scanning that the hydrogen concentrations absorbed in the fully lamel-
electron microscopy (SEM). In addition, microhardness tests lar alloy is always higher than in the duplex microstructure,
were performed, using a Matsuzaura MHT-1 Micro-Hardness irrespective of the charging conditions. Since the rate of hy-
Tester, at room temperature. drogen diffusion is higher by several orders of magnitude
in the  phase than in the phasd4], microstructures with
more continuoug phase, such as fully lamellar microstruc-
ture (Fig. 1a), will absorb more hydrogen than those with
discontinuous, such as the fine equiaxedin the duplex
3.1. Hydrogen effects on Ti-6AI—4V alloy microstructureffig. 1b). In the group IV transition metals hy-
drogen tends to occupy tetrahedral interstitial sif§s The

The titanium based alloy considered in this section is made higher solubility, as well as the rapid diffusion (especially at
up of a combination of the hcp alpha phase and bee beta phasé&€vated temperatures) of hydrogen in the beta titanium re-
and is thermo-mechanically treated in two distinguished mi- Sults from the relatively more open body center cubic (bcc)

crostructures, duplex and fully lamellar, as describddgn 1 structure in comparison to the hexagonal closed packed (hcp)
lattice of alpha titanium.

The presence of hydrogen in solid solution in betnd
phases results in lattice expansions. In the electrochemically
hydrogenated specimens, precipitation of the tetraggnal
TiH occurred initially at relatively low hydrogen concentra-
tions, which was followed by the formation of the tetragonal
3-TiH, with the increase in the hydrogen concentration. Due
to the lower solubility of hydrogen in the phase[6], the
hydrides precipitation in the duplex microstructure occurred
at lower hydrogen concentrations in comparison to the alloy
with a fully lamellar microstructure and a more continuous
B-phase. In the gas-phase charged specimens no hydrides
precipitation occurred (due to the relatively small absorbed
contents), however, an increase in the dislocations density
followed by enhancement of their movement was observed
[3].

Hydrogen damage of titanium and its alloys is manifested
as a loss of ductility (embrittlement) and/or reduction in
the stress-intensity threshold for crack propagafidin In
alpha+ beta titanium alloys the main mechanism of hydro-
gen embrittlement was often suggested to result from the
precipitation and decomposition of brittle hydride phases. At
lower temperatures, the titanium hydride becomes brittle and
severe degradation of the mechanical and fracture behaviors
of these alloys can occit]. When a significant amount @f
phase is present, hydrogen can be preferentially transported
within the B lattice and will react with th& phase along the
o / B boundaries. Under these conditions, degradation will
generally be more severe with severity of degradation reflect-
ing the hydrogen pressure dependence of hydrogen transport

3. Results and discussion
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S | A within the phas€8]. Hydrogen-induced cracking is related
e A also to the environment. During cathodic charging and ex-
(b) T posure to electrolytic solution of duplex and fully lamellar

_ , _ . Ti-6Al-4V alloy, we observed that hydride formation and
Fig. 1. Ti-6Al-4V alloy after thermo-mechanical treatment: (a) duplex mi- . . .
crostructure showing equiaxed primayand lamellar packets of trans- FraCkmg will usual_ly take place_ln th&_ephase oralong / B
formedg/secondary:; (b) fully lamellar microstructure showing continuous  interface, depending on the prior microstructure of the alloy
B phase. (Fig. 2) [2].
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Fig. 2. SEM micrographs of Ti-6Al-4V alloys after electrochemical hydrogenationROyt2 glycerine, 50 mA/crh, 69 h) revealing hydrogen-induced
cracking in: (a) the fully lamellar microstructure, betweendh@ndp lamellas; (b) duplex microstructure, in the boundaries and inside the equiaxed grains of

primarya [2].
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Fig. 3. Microstructure of Timetal Beta-21S alloy: (a) before and (b) after peak-aging a€588 8 h.

3.2. Hydrogen effects on Beta-21S alloy

The titanium alloy discussed in this section in his as-
received mill-annealed condition is made up only of Bcc
phase. After peak aging at 538, the acicular hcp. phase
precipitated in th@d-matrix (Fig. 3) and the alloy consists of
botha andp phases, as shown in the X-ray diffraction pattern

in Fig. 4.
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Fig. 4. X-ray diffraction pattern of as-received and peak-aged Timetal Beta-

21S alloy.
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Both specimens were exposed to electrochemical hy-
drogenation in a 1:2 gPO4:glycerine (vol.) solution, at
50 mA/cn?, for different charging times. The kinetics of
hydrogen absorption are presentedHFig. 5 Comparing
between the absorption plots, at shorter charging times,
the amount of hydrogen absorbed in the as-received mill-
annealed specimen, consisting only of the Bcphase, is
higher. The slower increase of the absorbed hydrogen con-
centrations in the aged alloy at shorter charging times can
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Fig.5. Hydrogen absorption in as-received and aged Timetal Beta-21S alloy.



624 E. Tal-Gutelmacher, D. Eliezer / Journal of Alloys and Compounds 404—406 (2005) 621-625

o-p Ti Ti-20Nb
1) as received.

2) H gas treatment (initial P=5 bar,
final P=0.18 bar, 550°C, 8 hr.).

3) H gas treatment (100 bar, 450°C, 2 hr.).

Intensity (arb.)
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J" o Jh JL uncharged o ” rH e )\..... B=87%
30 40 50 60 70 80 90 100 ' .

(a) 2 Theta (°) L

30 40 50 60 70 80 9 100 No hydrides precipitation was observed. Scanning elec-
(b) 2 Theta (°) tron microscope (SEM) investigations did not reveal
hydrogen-induced cracking in both specimens. The alloy ex-
Fig. 6. X-ray diffraction patterns of uncharged and 72h hydrogenated: (a) hibits good resistance to hydrogen embrittlement at room
as-received and (b) peak-aged Timetal Beta-21S alloy. temperature in an electrochemical environment.
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Fig. 8. X-ray diffraction patterns of Ti—20 wt.%Nb alloy before and after
gas-phase hydrogenation at different charging conditions.

terns Fig. 6). However, in the as-received alloy, the expansion
of the B-phase’s lattice parameter is higher than in the aged
alloy (0.6% maximum increase of the lattice parameter after
72 h of charging in comparison to 0.4%). In the aged alloy
the influence of hydrogen on thephase’s cell parameters

Intensity (arb.)

be explained by the existence of the hephase, in which 3.3 gydrogen effects on Ti-20 wt.%Nb alloy
hydrogen solubility is very small, especially at room temper-
ature. However, after 24 h of charging, the hydrogen uptake  yntil now, some work has been conducted on process-
increases so drastically in the aged material, that it equals theing and mechanical behavior of Ti-Nb alloys, but very few
concentration absorbed in the as-received specimen. Fromyesuits are known about the non-equilibrium conditions of
this point, the increase in the absorbed hydrogen concentraphase transformations in Ti-Nb alloys, as well as the change
tion is almost the same for both specimens. of mechanical properties due to hydrogen exposure. The ex-
On exposure to electrochemical hydrogen environment, posure of Ti—20wt.%Nb alloy to high fugacity hydrogen
hydrogen-induced strain in both as-received and aged spec{electrochemical hydrogenation) led to the transformation of
imens. TheB peaks shifted to lower angles, i.e., higher 4 g into « + B +(Ti, Nb)H,. The microhardness of the
spacings and higher values in both X-ray diffraction pat-  alloy decreased significantly, probably due to the change

Fig. 7. SEM examination of Ti—20 wt.%Nb alloy: (a) before and (b) after gas-phase hydrogenation.
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Fig. 9. Microhardness values of Ti-20 wt.%Nb alloy before and after gas-
phase hydrogenation.

in the a / B ratio during the precipitation of (Ti,Nb)H
[9].

Exposure to low fugacity hydrogen (gas-phase hydrogena-
tion) resulted into a change in the microstructure presented in
Fig. 7. Exposure to low fugacity hydrogen (gas-phase hydro-
genation) at 5 bar, 55 for 8 h stabilized and increased the
percentage of the phase from 34% in the untreated alloy to
87%, while during exposure to 100 bar, 4580 for 2 h, the
X-ray diffraction pattern revealed the sole existence ofdthe
Ti-hydride phaseKig. 8).

The hydrogen-induced phase transformation in the Ti—
20 wt.%Nb alloy was followed by a significant decrease in the
microhardness of the alloy{g. 9), the softening effect very
similar to that observed in the high fugacity hydrogenated
alloy (electrochemical charging).

4. Summary

Titanium based alloys are important structural materials,
particularly to the aerospace industry, because of their low

density, good mechanic properties and superior corrosion re-
sistance. However, problems arise when hydrogen comes in

contact with these alloys, due to the great affinity of titanium
for hydrogen. Hydrogen cracking and hydrogen-induced sec-
ond phases formation were demonstrated on the Ti-6Al-4V
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alloy, thermo-mechanically treated to a duplex and a fully
lamellar microstructures, on the Timetal Beta-21S alloy, and
on the refractory Ti—25 wt.%Nb alloys. The prior microstruc-
ture of the alloy plays a very significant role on its behav-
ior under exposure to a hydrogen-containing environment. In
thea + B Ti-6Al-4V alloy the main mechanism of hydro-
gen cracking is the formation and rupture of brittle titanium
hydride phases. Equilibrium solid solution hydrogen solubil-
ity in the a phase is extremely small, particularly at room
temperature, resulting in the formation of a potentially em-
brittling titanium hydride phase. In addition, due to a more
rapid diffusion transport of hydrogen in the bgphase, the
severity of hydrogen degradation in the Ti—6Al-4V alloy de-
pends on the amount and distribution of Bi@hase in the
microstructure. On the other hand, the Timetal Beta2 a5

loy, exposed to the electrochemical (high fugacity) hydrogen
environment at room temperature, exhibits a fair resistance to
hydrogen. In the refractory Ti—20 wt.%Nb alloy, hydrogen-
induced second phases phenomena was observed, with the
formation of a (Ti,Nb)H hydride in the electrochemically
charged alloy and th& Ti-hydride in the gas-phase charged
alloy. These hydrogen-induced phase transitions were fol-
lowed by an interesting softening effect in the Ti—20 wt.%Nb
alloy, irrespective of the charging procedure.
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