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ABSTRACT

A potentioststic pulse techniQue was used t: siudy the ingress of
hydrogen in titanium (pure and grade 2) in an acetate buffer. Hy-
drogen ingress did not occur with pure titanium, indicaling that
the surface oxide is an effective bamer to hydrogen entry. In con-
trast, the data for Ti grade 2 (UNS''' R50400) were shown to It &
model for hydrogen diffusion and trapping, allowing vaiues to be
oetermined for the irreversible trapping conetant (k) and the flux
of hydrogen into the metal. Two vaiues of k were obtained, de-
pending on the leve! of hydrogen prasent in the metal. The den-
slty of irreversible traps calcuiated from k for iow hydrogen levels
suggests that the principal irreversible traps mey be interstitial
nitrogen, but grain boundanes are ancther possibiity. The addi-
bonal trapping constent obtained for high hydrogen levels is
thuught o be sssociated with hydnde formavon. The irreversitie
trapping constants for T: grade 2 are consistent with s suscept:-
bility to hydrogen ernbritlement relative to that of other glioys. The
results cemonastrate tha! multipie ireversibie traps can be distin-
guished by using the diffusion/irapping model.

KEY WORDS: hydrogen ingress, hydrogen diffugion, hydrogen
trapping, potentostatic, ttanium

INTRODUCTION

Structural heterogeneities in afoys are potential trapping sies for
diftusing hydrogen, and the intsraction of hydrogen with thess irap
sites can render the alloy susceptidle 10 hydiogen embrittiement
Hydrogen ingress i vanous iron- and nickel-base alloys has re-
cently boen atudied using a potentiostatic puise technique in which
8 test siecirode is charged with hydrogen at 8 constant potential
{E.) for 2 Yme (1.).""2 The potential is then siepped 10 a more pos-
tive value. E, (10 mV negative of the open-Circuit potential). and
an anodic cutrent ransient is obtained. By using an approprate
diffusionArapping mode!* to analyze the dats. it was possible to
determine trapping parameters for these alloys. The technique and
mode! have now been apphed 10 titanium in both the pure and
Qrade 2 forms 10 obtain the hydrogen ingress chasactersiics and
then 10 compare the trapping capability of ttanium with previousty
studied alioys in terms of their susceptibility to hydrogen
embrittiement.

Subtwmitied K pubkcation March 1990, m revised torm. Seplember 1990
“Msterials Rysearch Laboratory. SRI in al. 333 Reve: Ave . Menio
Parx. CA 94025
TUNS numbers are heted In Meiais end Aloys in (he Unihed Numbanng Sysiem.
pubkehed by the Socsty of Automotive Engneers (SAE) and cosponsored by ihe
American Socety for Testng ano Matenisis (ASTM)

— Hydrogen Ingress in Titanium®

8.G. Pouna*

Thea diftusionArapping model has been developed for two
cases: (1) diffusion control, in which the rate of hydrogen ngress
is controlled by diffusion in the bulk metal; and (2) interlace con-
trol. in which the rate of ingress is controlicd by the flux across the
interfece.* For a film-covered metal or alloy, the interface controt
model has been found to be applicable in all cases so far. Accord-
ing lo thus model, the lotai charge passed out is given in nondi-
mensional form by*

Q'(x) = VA{1 - e"*rv(mR) - {1 - 1/(2R)ert\ R)) m

The nondimensional terms are defined by Q = QIFJ\V/(Lk.)] and
R = k1 where g is the dimensionalized charge inCm~?, F is the
Faraday constant, and J is the ingress fiux in mui-m~2s~'. The
charge q'(x) cormesponding 1o Q'(x) is equated 1> the charge {(q,)
associated with the expenmental anodic transienis. k, is an appar-
ent lrapping constant measured for irreversible traps in the pres-
ence of reversible iraps and can be sxpressed by K(D,/D,) where
k is the ifrreversible trapping constant, D, is the apparant diffusiv-
ity. and D_ is the lattice diffusivity of hy_:ogen in the metal.

Data for the anodic charge (q,) were oblained by integration
of the current trangients for different charging times and were fitted
to Equation (1) 1o determine k, and J. Values of these two param-
oters can be used 10 calculate the charge (qg) irreversibly trapped
given nongimensionalty by

Qy = VR - 1/2VR)e\ A + e "N\ 2

The chargs associaled with the entry of hydrogsn into the metal
{Q,5) can be determined from its nondimensional form of Q. =
\'R by using the denved value of k,. The daia for q,.. Qr. snd the
cathodic charge (q.) can then be used 10 obtain two ratios:
(1) Gv/q... Cofresponding 1o the fraction of hydrogen in the metal
that is trapped. and (2) q../q.. representing the fraction of charge
associated with hydrogen entry during the charging step. The rato
@+/Q. is iIndependent Of potential because each component has
the same dependence on flux, whoreas q..,/q. generally exhidits
some vanation with potential.

The density of ifeversibie trap particies (N,) can be obtained
diractly from the apparent trapping constant (k) by using s model’
based on spherical traps of radivs d:

N, = ka/(4nd?D,) 3)

where a is the diameter of the me'al alom. The calkcuistion of N,
requires 8 value for d. and therefore a knowledge of potential irre-
versibie traps in tarms of the dimensions of heterogeneites in the

0010-9312/91/000031/33.00/0
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alloy of imerest. The dominant kTeversible trad can then be ident-
fled by comparing the trap density with the concentrations of po-
tential traps in the alloy.

EXPERIMENTAL PROCEDURE

The composition of Ti grade 2 provided by the manutacturer
was as follows: 0.021 C, 0.17 Fe, 0.007 N, 0.16 O, <0.0050 H,
with the balance being Ti. The titanium specimen was 99.99 per-
osnt pure. Both grades of titanium were supplied in the form of
12.7-mm diameter rods and were used in the as-recerved condi-
ton. The yield strength of the as-received Ti grade 2 was given as
380 MPa.

Details of the electrochemical cell and instrumentation have
been given previously.’ The test electrodes consisted of a S-cm
langth of rod in a polytetrafiuoroethylene sheath so that only the
pianar end surface was axposed 10 the electrolyte. The surface
was pokshed with SiC paper tollowed by 0.05-um alumina powder
before sach test 10 remove metal préeviously exposed to absurbed
fydrogen. The electrolyte was an acetate bufter containing 1 M
scetic acid and 1 M sodium acetate with t5 ppm As,O,. The elec-
trolyte was deaerated with argon for 1 hour before measurements
began and throughout data acquisition. The potentials were mea-
sured with respect 10 8 saturated calomel slectrode (SCE). Al
wats wore performed st 22 = 2°C.

The test slectrode was charged with hydrogen for charging
times from 0.5 to 50 s for each E.. Anodic current transierts were
obtined for each charging time over a range of overpotentials (n
= E. - E.). The open-circuit potential (E,.) of the tes’ electrode
was sampiled immediately before sach charging time and was also
used to monitor the stability of the surface film.

RESULTS

Pure Titanium

A typical anodic current transient is shown in Figure 1. The
anodic charge was invariari with t.. which is not predicted by the
diffusionArapping model for either diffusion or interface control.
Therefore. k, couid not be determined at any uverpotential over
the wide range studied (-0.05 to -0.8 V). The open-circuit poten-
tial, and therefore the charging potential, generally exhibited a
positive ahift over the range of charging times for each overpoten-
gal. This shift might compensate for the increase in (. However, in
soveral cases, E_ changed by <5 mV and q, was essentially con-
stant. Therefore, any effect resutting trom the shift in E. appears
10 be minor. Instead, the invariance in q, indicales thal negligible
hydrogen enters the metal, 3o that q.. is approximately 2er0, and
therefore q, corresponds solely to oxidation of the adsorted layer
of hydrogen. that is, it should comprise only Q.,,. The dependence
of log q, on 7 (Figure 2) is linesr over a wics poteniial range, as
expected it Q, ~ G,,,- The lack of dependence at high overpoten:
tals probably corresponds to full coverage of the adsorbed hydro-
gen layer.

THanium Grede 2

An gnodic current transient for Ti grade 2 is shown in Figure
3. The grade 2 metal. in contrast to the pure form, exhidits a
marked dependence of q, on {., 80 trapping constants can be
evaiuated in this case. The anodic churge esscntially involved ab-
sorbed hydrogen. Data for q, could be analyzed in termns of the
inertace control model using Equation (1) to obtain values of k,
snd J that were independent of charging potential (E.) and charg-
ing tme (1.). respectively. in accordance with previous practice.?
the data were analyzed only for charging times =10 g 0 minimize
short-time effocts where. for example, oxidalion of the adsorbec
hydrogen layer can make a sgnificant contribution to q,. Four
tests were performed. atd the values of k, and J given in Table 1
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FIGURE 1. Anodic transient for pure thanium i scetate buffer. t, =
158, E. = ~0.887 Vg The fuil ransent is not shown.
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FIGURE 2. Dependence of snodic charge on overpotental for pure
thanium in scetete buffer.

for two of the lests are typical of the overall results. The fiux in-
creases with overpotential as a result of the dependence of J on
the surtace coverage of H,, The variaton in log J with v shown
in Figure 4 is linear, ag is required with the assumption that the
suriace coversge respond rapidly to changes in potentual

In both tests, k, ts independent of overpotential but exhibits
two values depending on the potential range At charging poten-
tials up o approximately ~0.93 V. k, is 0.028 = 00026 .
whereas the mean value 8t higher potentials is 0.040 s~ ' The two
other tests gave rapping consiants of 0.03€ 3™ ' and 0.042 8" ' at
tgh potentials. so that the mean value of k, at high potentals in
the four tests was 0.040 = 0.004 s™'. Values of q, calculated us-
ing k, and J are compared with the corresponding expenmental
dsls (n = -0.70 Vin test 2) in Figure 5, and it is evident thal the
data sgree well over the chargir.g time range.
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FIGURE 3. Anodic transient for Ti grade 2 in acetate buffer. t. = 15
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FIGURE 4. Dependence of fiux on overpotential for Ti grade 2.

TABLE 1
Values of k, and J for Titanium Grade 2

n E. &, J
Tost (s-') (nmolem-24"")

™ Veocd) Meean k,

-0.614 0029 007
-0.852 0034 0.08
-0.708 0.025 0.08
=075 0.024 0.08
-0806 0.0z8 013
-0.6868 0028 0.17
-0930 0029 022

0.028 = 0.002

—1.040 0.044 0.39
-1.062 0044 0.44
-1.137 0049 0.56
~1.203 0.042 059
-1.283 0.044 0.69
-1.370 0.041 073

-0655 0.031 0.07
-0692 0028 0.08
-0.741 0.029 0.09
-0.796 0.027 0.1
-0.857 0.027 0.14
-0.8921 0.028 0.19

-0.987 0034 029
-1.024¢ 0.0 0.30
-1.111 0039 0.40
-1.182 004
-1.258 0.035
-1.310 0034

The increase in trapping constant at high overpotentials can
De ascribed (0 an addional type of irreversidie trap panicipsting
concurrently with the irreversible traps detected al iow overpotan-
tials. The der:3nies of the two traps are assumed to be additive,
and theretore k, at igh overpotentials can be represented by

kl - kﬂ e "u

CoRROSION—Vol. 47, No. 2
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et

FIGURE 8. Comparison of expenmental and calculsted anodic
charge data for Ti grade 2 in acetate bufter. E, = -0.742 V.

where k,, corresponds 10 the irreversidie raps detected at iow v
and k,, is associaled with the additional type of trap. The total
trapping constant (k,) was laken as the mean (0.040 8~ ') of the
high 7 results, and k,, = 0.028 = 0.0023 ', 30 h; = 0.012 =
0.0068".

Data for the charge ratios as a function of {_ st low overpo-
tentials are shown in Figures 6 and 7. The G+/q,, ratio for T: grade
2 approximalety follows an empirical V. depandence for charging
times up 10 10 8, bul shows an increasing Ceviation from knearity
8t higher charying times, which can be sitributed 1o the different
dependence of qr and q,, 0N {.

The ratio of Q.. 0 Q. increases with {,, and the increase be-
comes grealer at higher overpotentials (Figure 8). The increase in
Q,/qQ. with overpnientia!l indicates that hydrogen entry becomes
more efficient, which in tum implies thal hydrogan stom recombr-
nation during charging on Ti grade 2 mus! oocur electrochemicalty.
il chemical recombination were involved, its rate (= ¢ where 6 is

101
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FIGURE 6. Dependence of Q-/q., on charging time for Ti grade 2
withk, = 0.028 s™' and 0.040 8",
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FIGURE 7. Dependence o q../q. on charging time for Ti grade 2 at
low overpotentials: () -0.60 V. (@) -0.65 V. () -0.70 V,
W -075Vv,(O) -0.80 V. (a) -0.85 V.

the surlsce coverage) shouid increase relative (o the rate of hydro-
gon entry (x 6) 8t high overpotentials. resulting in a loss of charg:
ing officiency. A similar conclusion wat reached in studies® of lita-
nium in sulfunc acid solutions betweer pH 0.25 and 2.25. under
hese conditions, hydrogen evolution is believed 10 occur on an
oxide fim st potentials more positive thar, gpproximatety -1.0
Vece 8N4 W0 invoive glectrochemical detorption as the rate-deter-
mining step.

The data for q+/G., 8t high overpotentiais exhibits nonlinear
behavior similar to that ‘or this ratio at low overpotentials (Figure
0). In adadition, Q./q. in general increases with . as shown in Fig-
ure 9. but varies with n in the opposlie manner trom that found for
fow overpotentials; that is, q,/q, is high a! the low end of the over-
potential range and decreases as v increases (Figure 10). This
neduction in the efficiency of hydrogen eniry can be explained by
the formation of a hydrice, as discussed later.
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DISCUSSION

Fure Titanium

Tranium in the pure form appears 1o be resisiant to hydrogen
penetration. The surface film formed on pure titanum In aQueous
solutions is known t0 be a highly sfiective barner to hydrogen en-
try. Thus, the anodic charge dala are consistent with the presence
of a hydrogen barmer Previous work on single crysial TiO, in the
rutile form® has shown that the drffusivity of hydrogen at 20°C 1s
about four ordars of magnitude higher for the ¢c-axis (1.9 » 107 '®
m? §') than for the a-ams (7.5 » 1022 m? ') The onentation
of the film was not investigated in this work, but it clearly can ge-
termine the resistance of titanium io hydrogen entry and may ac-
count for the difference in charging behavior of the pure and grade
2 forms of tianium.

CORROSION—February 1891
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FIGURE 10. Dependence of q,/q. on overpotential for Ti grade 2 &t
high overpotentials and charging tmes of 20 and 40 s.

Titanium Grade 2

The imeversible trapping constants (k, and k) for Ti grade 2
can be approximated to the apparent trapping constants on the
basis of the low diftusivity of hydrogen in tianium and the close-
ness in the composition of grade 2 and pure titanium. The diffusiv-
ity of hydrogen in o-Ti over the temperature range 25 to 100°C is
axplessed by

D = 6 107%exp [(-60250 = 3350 ymol-"YRT}m?s" " (5)

which gives a vaive of 1.85 x 107" m? s~' at 25°C.7 Because of
the diffuscvity and composition factors, the diffusivities for the pute
and commercial grades are assumed 10 differ negligibly. so that
D, ~ D,. and therefore k ~ k,. Hence, k, = 0.028 =~ 0.002 s~
andk, = 0.012 = 0.006s"".

The rapping 8t low overpotentiais as refiected by the value
ot 0.028 5™ ' for k, could be associated with either the minor ele-
ments (C, N. O. and Fs) or stryctural defects such as grain bound-
aries and dislocabons in the titanium_ Equation (3) was used to
calcutate the density of ireversible raps from k,, by assuming
that the principal type of irap was one of tne minor elements. The
appropriate atomic radius was thyrefore used as the trap redius
(d) and the diamaeter (8) of the titanium atom was taken as 280
om. The values of N, and the atomic concentration (A} of the ole-
ments are given in Table 2. The ratio AN, represents the level nf
sgresmaent between the atomic concentration and the trap dersity
calcuiated on the basis of the appropriate element.

In it cases except nitrogen. AN, is large enough 10 discount
these elements &3 the principal irreversidie trap. even aliowing for
the uncertainty in the hydrogen ditfusivity, which could vary N, by a
tactor of aimos! four. Moreover, oxygen is known {o reduce the
solubliity of hydrogen in titanium.* which suggests that oxygen is
unlikely 10 be a potential trap; this is contisient with the above re-
sulls. However. a reasonable correlation exists for nitrogen, parik-
ularly because the uncertainty factor means that the caiculated
vap density may be no more than five imes larger than the actual
concentration of nitrugen stoms. Interestingly. among the intersti-
tals. nitrogen is particulurly effectrve in reducing the ductility of
thanium.® which coincides with its appsrent role as ihe principal
ireversible trap. Hence. nitrogen may strongly atfect the suscept:-
bility of T1 grade 2 10 hydrogen embrittiement through its combined
influence on brittieness and hydrogen trapping.

CORROSION—Vol. 47, No. 2

TABLE 2
Values of N, for Titanium Grade 2
d “| A
Bloment om) (@)  (my AN

C 77 68107 48 =10 N1
N 74 T4 x 108 14x10" 19
(o} 74 74 x 102 27~ 10" 365
Fe 124 26 x 107 83 = 10 316

Although the data suggest that the principal irreversible trap
may be nitrogen. giain boundaries are another possibiiity. how-
ever, in tha case of steels, the trapping energy of grain bound-
anes. and therefore their reversible/irreversible nature, depends on
their angutar onentation.” A more likely alternative 1s that trapping
results trom hydride formation. Hydnde decomposition :$ expected
10 be glow relative to the duration of a puise test. and hence the
hydrogen can be considered irreversibly trapped

Previous work by Satoh et al. showed that unalioyed titanium
absorbs hydrogen in near-neutral bnne at 25 and 100°C when the
potential is more negative than —0.75 Vg ' These workers
found that only thin surface hydnde films form at potentials more
positive than - 1.0 Vg, but extensive hydnide jormation may oc-
cul at more negative potentials. Traps comesponding 10 the forma-
tion of a surface hydride could be expected to saturate al poten-
tials approaching the commencement 01 accelerated hydride
formation because of the decreasing availability of free ttanium in
the vicinity of the surtace. Trap saturation would lead 10 a
decrease in k, with increasing overpotential, but such a decrease
is not observed. Theretore. it seems more hkely that ritrogen.
rather than surface hydride formation o giain boundaries. acls as
the principal trap at low overpotentials The additional frapping
constant (k,) oblained at high overpotentials (E. < -0.93 Vgee) 15
probably associated with the accelerated fcrmation of hydndes.
Moreover. the decrease in q,./q. In this potential region is Consis-
tent with the presence of a parial bamer to hydrogen eniry and
provides support for the formation of 8 thick hydnde layer

Comparison of Trapping Constants

The irreversible trapping constants for Tr grade 2 sre com-
pered with those obtained previoucly? for a range of aiioys shown
in Table 3. Although various metallurgical factors are involved. the
susceptibility 1o hydrogen embrittiement does appear to foliow the
wapping capability of the alioy as represented by the irreversible
tapping constant. This cofreiation has been discussed earlier for
the steeis and nickel-base alioys hsied ?

From the urder of the trapping constants, the susceptibility of
Ti grade 2 to hydrogen embrittiement at low levels of hydrogen is
predicted 10 be comparable 10 that of incoloy'?’ 825 (UNS N09925)
and MP3SN (UNS R30035). Hydnde precipiates can be observed
in Ti grace 2 at hydrogen concentrations above ~100 ppm by
weight, but they do not cause gross embrittiement of the itanium
until hydrogen levels excsed S00 to 600 ppm.** Similarly.
gas-phase charging studies of incoloy 803 have shown thal pro-
icnged exposure is required to accumulate enough hydrogen to
reduce ductiity.'? Incoloy 525 is hikely 10 behsve similarly to the
903 grade. 80 the trapping constant for Ti grade 2 is consistent
with that of incoloy 925 in terms of hydrogen embrittiement resis-
tance in that relatively long exposure times are required in esch
cass for the hydrogen conceniration 0 exceed the leve! necessary
0 degrade the mechanical properties. Furthermore, the higher
trapping constant (0.040 s ') associated witn the occurrence of
significant hydride formation corcides with the increasing suscep-
tibitity 1o embrittiement with fiydrogen concentration.

21n00ioy 18 8 Uade Name of INCO Aloys Inlgmatona! Inc.. Hunbnglon. Wy
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TABLE 3
Irreversible Trapping Constants
K
Aloy )
4340 stoel 40 =05
18N (300) maraging stesl 150 = 1.05
inconel 718 0.128 = 0.024
Monel K-500 0.040 = 0.010
Ti grade 2 (high H) 0.040 = 0.008
incoloy 925 0.034 = 0.004
Ti grade 2 (low H) 0.028 = 0.002
MP3SN 0.026 = 0.002
SUMMARY

P The ingress of hydrogen in Ti grace 2 was shown to fit a ditfu-

sion/rapping model under interlace control Pure titanium does not
absorb hydrogen because of the sflectiveness cf the surface oxide
as a bamer to entry.

® in the case of Ti grade 2. interstitial nitrogen appears 1o be the
principal irreversible trap al low hydrogen levels, aithough grain
boundanes are another possidility. When the concentration of hy-
drogen becomes high enoigh, hydride formation provides an addi-
tional lorm of bapping.

P The irrevensibie trapping constants for Ti grade 2 are consis-
tent with its relative susceplibility to hydrogen embnittiement From
the order of the trapping constants, Ti grade 2 at low levels of hy-
drogen is predicisd to be comparabie 1o incoloy 925 and MP3SN
in terms of hydrogen embrittlement resistance

P The presence of multiple imeversible traps invoiving interstrtial
elements (or grain boundanes) and hydnde formation cen be dis-
tin uished by using tha diffusionArapping mode!.
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