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ABSTRACT

The mechanical behaviors @fZr anda-Ti with various oxygen and hydrogen
contents were investigated by loading/relaxatiolvading tensile tests and
tests with strain rate jumps, at 300°C and 20°C,ewtsgely. Solute oxygen
and hydrogen atoms were found to have antagorfesttef While the former
increases the yield stress and hardening expomedtices the activation
volume and enhances static and dynamic strain agiremomena, the latter
significantly reduces these effects, as long aftwentent is not too high.

INTRODUCTION

At room temperature, commercial purity titanium arictonium have an
hexagonal compact (hcp) structure. Despite theelangmber of deformation
modes of these hcp metals, plastic deformationamiy accommodated by the
glide of a/3<1-210> dislocations (so called <a>latiations) in the prismatic
{10-10} planes [1-3]. The core structure of <a>eserdislocations is complex
but now well-established [4]. Such a non-planaedsrsource of a high-lattice
friction and of an important deviation from Schngidd Boas law [3,5]. Plastic
deformation is controlled by the mobility of screadislocations, whichpost-
mortem TEM observations show lying in Peierls valleys6]5and in-situ
dynamic TEM observations show gliding by jerky mments [7]. Different
mechanisms have been proposed to explain the lmrhafvithese dislocations
subjected to such Peierls frictional forces: thédel and Escaig cross-slip
mechanism (movement from a sessile to a glissitdigaration before glide in
the prismatic planes [8]), the kink-pair mechani§omp between adjacent
Peierls valleys) and the alternative locking-uningkmodel (existence of a
metastable configuration by jumps over lengthsdatban the distance between
Peierls valleys [9]). These models are temperatncestress-dependent.

The impurity content in solid solution — especidflyand O — plays a crucial
role in the plastic deformation of hcp crystals ,i], but the interaction



mechanisms between interstitial solutes and ditilmts are still not clearly
understood. Numerous studies give evidence of éingeming effect of O on hcp
metals [10,12]. Sastrgt al. evoke local ordering of O close to the defects to
explain the hardening effect [13] while Nakbal. evokes a modification of
dislocation cores [5]. By contrast, solute H wagsorted to softem-Ti [14] and
a-Zr and to enhance creep [15]. Hydrogen would redhe activation energies
in the prismatic planes and thus make dislocati@egasier. According to the
in-situ dynamic TEM observations of Shit al. [16], H seems to increase
dislocations velocity im-Ti-4Al .

The aim of this paper is to analyse the mechaimiebhvior ofa-Ti anda-
Zr in the presence of different hydrogen and oxygemtents.

EXPERIMENTAL PROCEDURES

Both materials were extracted from hot-rolled coruiz sheets denoted
by Zn/zr, and Ti/Ti,, respectively. A few specimens were also cut
perpendicular to the axis of a forged titaniumetil{Tiy). The initial chemical
compositions of the different materials are giveable 1.

Material O (wt. ppm) | Oeq. (at%) | H (wt. ppm) | H (at%) Fe (wt%)

Zry 470£30 0.310 1319 0.119 0.0126
Zr, 1100+50 0.650 5+1 0.046 0.0129
Tig 450£30 0.135 5+2 0.023 0.0007
Tiy 1600+50 0.510 62 0.028 0.0340
Ti, 3200+100 1.020 1543 0.075 0.1800

Table 1. Initial chemical compositions of the diéfat materials used in the study.

Some specimens were charged with hydrogen at 5¢0PCand 400°C
(Zr), so as to remain below the solubility limit Hie testing temperatures
(23ppm and 30ppm at 20°C in,Tand T, respectively, and 60ppm in Zr at
300°C). A similar thermal treatment, but under setayy vacuum was applied
to as-received Ti specimens, including those from hillet (Tt), this leaving
the O and H content unchanged and producing aaimilicrostructure and
internal stress state as in H-charged specimens.

The textures of all materials extracted from shesése qualitatively
similar, with a <10-10> direction parallel to DLarc> axes distributed in the
DN-DT plane, 20 to 70° away from DN. As a conseaeéeriension along DT
favors basal slip compared to tension along DL, ani@vorable to prismatic
slip. Twinning, inhibited by high O contents, ispexted to be very limited in
Ti, and Zg [17]. The mean grain size of the materials is sanimad in Table 2.

Material (DN,DL) (DN,DT) (DL,DT)
Zr, 52 50 54
Zr, 57 57 52
Ti, 30 30 17
Ti, 40 40 32

Table 2. Mean grain sizes of the materials).




For Zr, strain-controlled loading/relaxation/unlaagl tensile tests were
carried out on cylindral samples wigss5mm at 2x10s* and a temperature of
300°C. Loading/relaxation/unloading sequences wepeated for plastic strains
levels from 2x10 to 6x10% For Ti, tension tests were done on cylindral
samples withp=8mm at fixed strain rate (2x18") or with tenfold strain-rate
jumps to explore the range 2xif 2x10°s™. Tests with 20h-relaxation-periods
followed by unloading until reverse plastic flowdareloading to a higher strain
were also performed, as well as creep tests, ala&a8°C.

RESULTS AND DISCUSSION
Figure 1 presents the results of the tensile @st&r at 300°C. The plastic
flow is clearly affected by the H and O contents.
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Figure 1. Stress-strain curves of Zr at 300°C t€afs along DL ; (b) tests along DT.

The increase in oxygen content leads to an increb#iee yield and flow
stresses, especially in the DL direction (Fig.)1.8olute H tends to reduce the
O-induced hardening. The effect is more discernivleen approaching the
hardening curv&=f(g;) by a power law (1):

T=3,xg o

Figure 2 displays the evolution &, and n with the atomic percentage of
hydrogen in the materials.
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Figure 2. Evolution of the hardening parameter&rafith H at 300°C : (ako; (b) n.



Hydrogen reduces boffy and n (Fig. 2). The effect is more significant for
the DL direction and seems to saturate for a H emntbove 0.2 at.%.
Activation volumes were computed based on strdagation data (Fig. 3.a.). It
was found to be independent of the loading directim decrease with the
plastic strain and with the O content. By contr&$tincreases the activation
volume, but only for the moderate O levels (0.3batwhile at higher O levels
(0.65at.%), H has no impact on this parameter. denisg that at 300°C the
kink-pair mechanism is still predominant to deserithe screw dislocation
mobility, the dislocation jump length h in steadgw has been calculated from
(2) for the different tests and plotted versusHheontent (Fig. 3.b.).
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Figure 3. (a) Evolution of the activation volumetiwH and O content for Zr at 300°C
(DL direction) ; (b) Evolution of the jump lengthwith H content for Zr at 300°C.

The influence of hydrogen on the jump length isacléor the Zy alloy
(0.31% O) whatever the loading direction. At maderO levels, H could shield
the interactions between oxygen and screw disloesti

For Ti, the influence of H charging on the flowests was small (10 to
60MPa upward or downward variation, depending @nstnain level and strain
rate) and more complex than in Zr, since the termirves of base and charged
metals sometimes crossed each other. Duplicate &etneeded to check the
reproducibility of these observations. However, hsaffects can be expected
according to Beck [18]. Based on compression ®@st$i single crystals with a
H content between 0 and 22ppm he reported a signifiH-induced increase in
the critical shear stress for dislocations glidalmprism and basal planes and a
reduction in the critical stress for twinning. Camy to what was observed in
Zr, the activation volume in Ti was found to varjtwthe loading direction (it
was 20 to 30% higher along DL than along DT) but with the H content, at
least for Q> 0.51 at%. But as for Zr, it also tended to deaeaith the plastic
strain and with the O content.

H-charging was found to enhance slightly room-terapege creep along
the DL direction (time to fracture reduced by atéacof 0.92 for Ti loaded at
1.210,~=400MPa and Tbiloaded at 1.1d, =540MPa) (Fig. 4). Additional tests
at lower stress levels and along the DT directi@nim progress.



0.35 —Ti1- 0.51% O - 0.028% H
—Ti1-0.51% O - 0.093% H
—Ti2-1.02% O - 0.075% H

Ti2- 1.02% O - 0.125% H

t(se0)
0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000

0.00

Figure 4. Creep behavior for{Tand T} along the DL direction at 20°C.

Static Aging

A typical static aging (SA) peak has been revealadng the reloading
process after relaxation and unloading phases.ir@irTi, a Liders plateau was
observed in Tiand yield points in Bi (with a higher load drop at high strain
rates), but only in tension along DT direction. Tdiecrement of stresAX
between upper and lower yield stresses is plotideig. 5 for Zr.AX increases
with the plastic strain until a maximum between @86l 4% A% is also function
of the O level, the loading direction and the amoofnsolute H : the effect is
more pronounced for the highest O level and inDfedirection (as well as for
Ti). The most striking result is the H-induced retion in SA. This effect is
stronger along DT and is dependent on the O level.
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Figure 5. Static aging of Zr at 300°C. Evolution tbk stress drof\Z with plastic
deformatiore,: (a) Zr (0.31at.% O) ; (b) Zr(0.65at.% O).

The presence of a stress drop has been highligtedmerous studies for
Ti and Zr alloys [19,20]. The phenomenon is gergraiterpreted as static
aging due to solute atoms in interstitial positioRsllowing the Schoeck and
Seeger model [21] SA is due to the short-distanedistribution of the
interstitials in the dislocation stress field, leafto the pinning of mobile
dislocations. In the case of Zr, O atoms in theaedtal sites could be
responsible for the observed SA at 300°C. The pimemon is all the more
important for the material loaded along DT when #wra> slip system is
activated. This result could be interpreted by ribdistribution of O atoms on
<c+a> and <a> dislocations. Using a simplified atodiffusion model (mere



geometrical approach), the jump frequencies betwetaedral sites in the basal
plane (1) and along the <c> axid, ) can be estimated and the former is found
to be smaller than the latter:

1(cY
r, =8(5) x[,=0.42xT, (2)

Oxygen atoms redistribution should thus be fastedislocations with a <c>
component. The effect could even be enhanced bystitmnger stress field
associated with <c+a> dislocations compared todislecations.

In the presence of hydrogen, SA is clearly redugéd. 4). According to
Sofronis and Birnbaum this softening could origindtom the hydrogen-
induced "elastic shielding" of the interactionsvien dislocation stress fields
and localised obstacles [22]. This mechanism imsptleat in the presence of
hydrogen, dislocations will be less sensitive tstables and could start moving
at lower stresses. Other autors explain the H-iedusoftening in terms of
increased mobility of screw dislocations based iofsitu dynamic TEM
observations of dislocation glide [23]. The TEMuks gave evidence that the
triggering effects of hydrogen on dislocations nliobiwas enhanced in
materials containing other interstitials speciekicl is the case in our materials
[24]. Considering that in most hcp metals hydrogepresent in tetrahedral sites
and is also likely to decrease the density of abtesites available for oxygen,
Feaugas and Conforto [25] pointed out that it cdelil to an increase of the
activation volume and thus a softening of the nialter

Dynamic Strain Aging

Small serrations were observed on the stress-straives, starting as soon as
plastic flow began, for all Ti vacuum-annealed mats. The amplitude of these
serrations increased from 1 to 6MPa as the stetindecreased from 2xig"

to 2x10%™ (Fig. 6). It is higher in Bithan in T, with the smallest O content,
whereas twinning is very limited in the former antense in the latter. These
serrations are thus are not due to twinning buthto repeated breakaway of
dislocations from solute atoms atmospheres andmafg of these atmospheres
(dynamic strain aging, DSA). As for static aging, iacrease in the solute H
content led to a reduction in the amplitude ofgbeations.
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Figure 6. (a) Tension test of Talong DT at a strain rate of 2xi9". Note the presence
of serrations ; (b) Evolution of the amplitude loé tserrations/{o) with the strain rate.



Which solute atoms are responsible for the obseB¥84 is not a trivial
question. Ti exhibits aging phenomena in severslirdit temperature ranges
that have been related to H, O, C, N and even ituizhal Fe atoms,
considering their respective bulk diffusivities [26Hydrogen was held
responsible for DSA between 200 and 400K [26]. HeeveNemat-Nassest al.
[27] observed room-temperature DSA in nearly H-figéenium and suggested
that diffusion of O, C and N in the core of dislbeas, much faster than bulk
diffusion, can explain it. Like in the present caagéi-induced reduction in DSA
was noticed in Ti6246 [28] at 20°C and in commadlgigure Ti at 500°C [14].

By contrast, in a Tispecimen charged by error to 0.140at.% H, aboge th
solubility limit — although without any drop in diiity — "large" serrations, with
amplitudes around 5MPa suddenly appeared aroundtédifi, during a tensile
test at 2x10s? along DT. Such serrations, significantly largearththose
observed in vacuum-annealed metal at the samenipadie, might be due to
twinning. This would be consistent with the H-inddadecrease in critical stress
for twinning reported by Beck [18], who suggesthdtthydrides provide stress
concentrations likely to trigger twin nucleation.

CONCLUSIONS

Solute oxygen and hydrogen atoms have antagonisictef on the
mechanical behavior of bothrZr anda-Ti. While the former increases the yield
stress and hardening exponent, reduces the aofivablume and enhances
static and dynamic strain aging phenomena, therlaignificantly reduces these
effects, as long as the O content is not too high.
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