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ambient temperature as due to the presence of surface oxides on the metal and
to impurities in the hydrogen.

face film seems to have an effect on the rate of permeation s1m11ar to that
of an oxide film. However, the nitride film thickness necessary to reduce the
rate of permeation was estimated to be an order of magnitude less. No other
work is reported on the effect of surface nitride films on hydrogen permeation
through alpha titanium.

From the pv-n'|1m1nav-y studies (w: 9) conducted at Nebrask T

The primary objectives of Part I of this project were to 1) determine the
kinetic rate parameters for gas-phase hydrogen permeation and diffusion in
alpha titanium, 2) establish the location of the reactions which control the
rate of permeation, and 3) determine the effect of oxide and nitride films on
the permeation rate. The two techniques used in reaching these objectives
were nonsteady state lag-time measurements and steady state permeation. The

four variables examined were membrane geometry, temperature, hydrogen partial
pressure and surface treatment.

THEORETICAL CONSIDERATIONS
Permeation

A generalized expression (ref. 1) for the permeation rate is given by
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where the first two terms in the denominator characterize transport resistance
at inlet and outlet surfaces and the third term in the denominator character-
izes transport through the lattice of the bulk metal. Since Kg (Cga - Cgb) is

d1rect1y proportional to the square root of the partial pressure according to
Sievert's Taw, Kq Cga = K'Kg P/ (refs, 1,2); and equation (1) has the alternate

general form where Cgb ¥ 0:

2naK'K (p?)

IT T X Jah_+ R /bh ¥ in(b/a)/D (2)

Examination of equation (2) reveals that there is no simple way to describe
permeation as a function of geometry for the completely general case where
surface reactions as well as diffusion are involved in the transport process.
However, for the case where lattice diffusion is controlling and hy = hy >> D,
the two surface terms disappear to give
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A plot of j7 versus [en(b/a)]-1 from equation (3) is linear at constant temper-
ature and pressure and is a means to test its validity. If such a plot is non-
Tinear, equation (2) is applicable since both lattice diffusion and surface
reactions are operative in the transport process. The validity of equation (3)
can also be determined from pressure dependent measurements at constant tem-
perature and specimen radii. Equation (3) reduces to equation (4)

ip = (Constant) p? (4)
zn(jT) = 1/2 zn(pa) + (Constant)' (5a)

or in general
zn(jT) =n Zn(pa) + (Constant)' (5b)

A Tog-log plot of jT versus pg is linear with slope 1/2 if diffusion controls
the transport. If the slope is between 1/2 to 1, transport is partially or
totally controlled by surface reactions.

Two cases are of special interest:

Case I - Combined Surface and Lattice Diffusion Control

There is no practical theoretical model to describe permeation as a func-
tion of pressure and geometry. For a given geometry, an empirical temperature
dependent expression for permeation is given by

P = Po exp (-Qp/RT) (6a)
Pressure dependence may be included in equation (6a) by setting

P0 = Popa (ref. 3) (6b)

Case Il - Lattice Diffusion Control

Equation (3) is converted to equation (7) by combining constants and in-
serting the coefficient of permeation as follows:
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Temperature dependence is introduced into the coefficient of permeation by

4= ¢, exp (-Q/RT) (8)

Diffusion

Derivation of a generalized. expression for lag time in thé gas-phase per-
meation of hollow cylinders has been discussed elsewhere (refs. 19,20). The
generalized equation may be simplified to three cases of practical interest:

1)  Surface reactions are very rapid compared with bulk diffusion, ha
and hy >> sD

ay = 1/DtL (9)

where oy = dan (b/a) / [(b% + a®) e (b/a) - (b7 - 291 (10)

2) Reactions occurring at the outlet surface are infinitely rapid and
bulk diffusion as a result of a concentration gradient is very rapid
compared with reactions occurring at the inlet surface, hp - =,
ha << sp

a, = /Dt (11)

2 2

where a = 4/ [b2 - a" - 2a" en (b/a)] (12)

3) Surface reactions occurring at the inlet surface are infinitely
rapid and bulk diffusion as a result of concentration gradient is
very rapid compared with reactions occurring at the outlet surface,
hyg + =, hy << sD

oy = 'I/DtL (13)

where o = 4 / [2b% n (b/a) - (b° - a%)] (14)

It can be seen from the above equations that diffusivity and lag time are
functionally dependent upon inlet and outlet specimen radii. The lag time can
be expressed in the form of an Arrhenius equation

17t = (1/t), exp (-Qp/RT) (15)



Substituting equations (9) and (10), (11) and (12) or (13) and (14) into (15)
gives

D = D, exp (-Qy/RT) (16)

Qp may be compared with the results of others (refs. 10,11) where a plot
of 2n(D) versus 1/T is linear with a slope of -Q/R and intercept Dy. The pre-
exponential constant, Dy, determines the validity of the three equations (9),
(11) and (13). By comparing results to those obtained by others for a-titanium,
it is possible to determine for each geometry whether diffusion, interior sur-
face reactions, or exterior surface reactions or some combination of the three
controls the overall rate of hydrogen transport. Furthermore, a plot of 1/t
versus 1/a depicts the variation of experimental points with geometry about
some line based on a known value of the diffusion coefficient at constant tem-
perature. For diffusion control, D is constant for all ap (geometric configu-
ration parameter) according to equation (10) so that

1/tL . l/aD =] (17)
Taking the logarithm of each side:
zn(l/tL) = ¢n(D) - 2n (1/aD) (18a)

Similarly, for interior surface reaction control and exterior surface reaction
control respectively:

2n(1/tL) an(D) - 2n (1/aa) (18b)

zn(l/tL) an{D) - 2n (1/ab) (18¢)

A plot of an(1/t.) versus 2n{1/a) for each of the three cases is a
straight line of slope -1. Since D is known (refs. 10,11), a reference line may

be drawn to establish which of the three cases gives the best correlation of
the data.

Solubility

For lattice diffusion controlied transport, gas phase hydrogen is in
thermodynamic equilibrium with subsurface hydrogen and the solubility is given
by the ratio of permeability to diffusivity. In terms of the coefficients of
permeation and diffusion, the relationship is given by

c=%p? (19)



Since for partial or complete surface reaction control, gas phase hydrogen is
not in equilibrium with subsurface hydrogen, the solubility cannot be calcula-
ted from transport data.

TEST MATERIALS

Chemical Analysis

A total of twenty specimens were prepared for examination from commerci-
ally pure titanium rod obtained through Astro-metallurgical and G. 0. Carson,
Inc. Typical analysis from the former were 0.005 - 0.015 w/o C, .06 - .14 w/o
Fe, .082 w/o 0, .009 - .015 w/o N, .0009 - .0059 w/o H and balance Ti. Analy-
sis from the latter were .07 w/o C, .13 w/o Fe, 0.24 w/o 0, .02 w/o N, 0.0047
w/o H and balance Ti.

Specimen Geometries

The geometries of "S" series specimens were chosen more or less randomly
and were numbered from 151 through 4S5 as listed in Table I. The geometries
of A-B series specimens were chosen to establish two series of variables,
those with a constant interior radius and varying exterior radii and those with
a constant exterior radius and varying interior radii. Specimens designated
“B" indicate those with a constant exterior radius (b=0.489 cm) and similarly,
those designated with an "A" correspond to specimens with a constant interior
radius (a=0.320 cm). The exterior radii were chosen such that each set, A
and B had the same radius ratio. Al1 specimen lengths were 7.5 inches (19.05
cm). The geometry data given in Table I applies to a 2.54 cm gage length as
shown in Figure 1.

TABLE I. - SPECIMEN GEOMETRY DATA

Exterior Interior Wall -1
Specimen radius b radius a thickness (b/a) [an(b/a)]
(cm) (cm) (b-a)
e o (em)
1AS2 0.4890 0.4369 0.0521 1.119 8.916
352 0.5410 0.4902 0.0508 1.103 10.12
452 0.4356 0.3571 0.0785 1.220 5.026
1S3 0.5156 0.4369 0.0787 1.180 6.039
254 0.5004 0.4369 0.0635 1.145 7.386
354 0.6185 0.3200 0.2985 1.933 1.517
755 0.4890 0.2540 0.2350 1.925 1.527
4S5 0.4890 0.4242 0.0648 1.153 7.026
1-A 0.513 0.320 0.193 1.603 2.12
1-B 0.489 0.305 0.184 1.603 2.12
2-A 0.405 0.320 0.085 1.266 4.24

(continued)



reduced gauge section
/ (heated zone)

|

— ——— rv—— — —— — — —— — —— — — — — —— — —— — ———— —— — — ——

(1.27¢cm)

Figure 1. - Geometric configuration of hollow
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TABLE I. - continued

Exterior Interior Wall

Specimen radius b radius a thickness (b/a) [sLn(b/a)]_.I

(cm) (cm) (b-a)

- , (cm)
2-B 0.489 0.386 0.103 1.266 4.24
4-A 0. 370 0.320 0.050 1.1585 6.94
9-A 0.450 0.320 0.130 1.405 2.9
9-B 0.489 0.348 0.141 1.405 2.94
11-A 0.560 0.320 0.240 1.750 1.79
11-B 0.489 0.279 0.215 1 753 1.79

EXPERIMENTAL

Test System

The experimental system and components, presented in Figure 2, is similar
to that developed by Frauenfelder (ref. 21) and others (refs. 3,39). The most
important aspect of the system is that it utilizes highly sensitive mass spec-
trometry to measure hydrogen flow rate.

e e A mmia e a e

The test system consists of two ultrahigh vacuum systems, an i
used for the introduction of hydrogen into the specimen and an outp
for the analysis and removal of the permeated hydrogen.

nput
u

put system
t system

Specimens were machined to gage section, polished through 600 grit paper
and ultrasonically cleaned in acetone before mounting in the test system. The
A-B series titanium specimens were chemically polished in an acid solution of 75
ml HNO3, 15 ml HF and 15 ml H2S04. The entire system was helium leak checked
and subsequently pumped to the 10-9 torr range. The specimen was then slowly
heated to test temperature while the ion-pump continued to remove outgassed
hydrogen and other residual gases. A steady-state background was achieved
prior to each test run.

Steady-state permeation measurements were obtained by valving out the ion-
pump on the input system and backfilling with nitrogen cold-trapped hydrogen to
the desired pressure as determ1ned on the alphatron pressure gage for pressures
up to about 1.866 X 105 Nm-2 (1400 torr). Above this pressure, a conventional
diaphram type gage was used. Constant pressure was maintained by manual con-
trol of the leak valve. The mass spectrometer (residual gas analyzer) in the
output system simultaneously monitored the hydrogen permeating the cylindrical
wall of the specimen until the permeating flux became constant. Specimen tem-
perature was controlled manually to about + 3°C.

Nonsteady state lag time measurements (refs. 22,23) were made to determine
the diffusion coefficient. Hydrogen was introduced to a precalibrated reservoir,
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Figure 2. - Experimental system
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an isolation valve was opened, and contact was made with the specimen at a pre-
determined pressure. Simultaneous with hydrogen contact, the mass spectrometer
began recording the hydrogen flux. Due to the low hydrogen input pressure re-
quired to prevent formation of B-phase in Ti, the mass spectrometer output had
to be maintained near maximum sensitivity to obtain a well defined current
profile. In order to obtain a single profile of time vs. flux, the data were
replotted on graph paper and the linear portion of the curve was extrapolated
to zero flux. The intercept at zero flux is the delay time, t.

Calibration

Calibration for hydrogen flow through the mass spectrometer was achieved
by a standard known conductance techn1que (ref. 24). According to Figure 3,
the measured calibration factor is 1.68 X 1026 molecules s-1 amp-1 for the
G.E. model 514 RGA. This unit was used for all titanium experiments. A new
Varian quadrupole RGA was used on subsequent experiments involving iron and
carbon steels. In the 1a§£er case, a plot similar to Figure 3 gave a calibra-
tion factor of 1.425 X 1024 molecule s-1 amp-

RESULTS

Permeation

The permeation parameters Py and Qp defined by equation (6a) are pre-
sented in Table II for both the S ser1es and the A-B series specimens. Addi-
tional data are presented in Table III at 600°C. The variables represented by
the data in the tables are incorporated into graphical illustrations in the
following sections.

TABLE II. - HYDROGEN PERMEATION PARAMETERS IN ALPHA TITANIUM AS A
FUNCTION OF TEMPERATURE, PRESSURE AND SPECIMEN GEOMETRY

p _ - Q
Specimen (IC) a [an(b/a)] ! P0 X 10-20 P ]
R (Nm=2) (molecules s~1)  (J mole™')
352 732-798 2. 7 (.02 torr) 10.12 0.298 71,130 = 2700
721-801 5.33 (.04 torr) 0.540
452 636-750 2.67 5.03 0.182 72,380
571-720 5.33 0.364 72,380
423-653 26.66 (.2 torr) 1.82 72,380
1AS? 541-648 5.33 8.92 1.75 69,290
755 605-661 5.33 1.53 2.68 76,340
1S3 540-767 5.33 6.04 0.57 71,060
463-750 26.66 2.80 71,060
1A 600-645 5.33 2.12 1.47 75,670
continued
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TABLE II. - continued

p - -20 Q
Specimen (IC) fz [an(b/a)] 1 P X 107 P -1
(Nm “) (mo]ecu]es s71)  (J mole™")
1B 588-633 5.33 2.49 82,580
2A 522-640 5.33 4.24 1.15 66,850
2B 520-625 5.33 1.73 70,906
9A 595-642 5.33 2.94 2.29 75,730
9B 589-672 5.33 3.70 80,450
11B 575-643 5.33 1.79 2.16 78,880

TABLE III. - PERMEATION RATE AT 5.33 Nm-2 AND 600°C

Specimen b a [2n(b/a)]_] P(mole s']) x 10° P(molecules 5'1) X 10"]5
755 .489 ,254 1.53 12.1 7.3
118 .439 .279 1.79 6.8 41
1B .489 .305 2.12 4.6 2.8
98 .489 ,348 2.9 9.4 5.7
2B 489 .386 4.24 16.3 9.8
1AS2 .489 .437 8.92 20.8 12.5
4A .370 .320 6.94 23.9 14.4
2A .405 ,320 4.24 19.0 11.5
9A .450 .320 2.94 11.2 6.7
TA 513 .320 2.12 7.3 4.4

11A .560 .320 1.79 5.5 3.3
354 .619 .320 1.52 11.6 7.0

Temperature and pressure dependence - The data for sample 4S2 from Table II are
plotted in Figure 4 to illustrate the effect of temperature and pressure on the
rate of permeation. As can be seen in the figure, the permeation is a direct
function of the first power of the pressure. First power pressure dependence
is also illustrated in Figure 5 according to equation (5b) where n = 0.982.

Geometry dependence - Figure 6 shows the combined effect of temperature and
geometry at constant pressure on the permeation rate In general, the permea-
tion rate is highest for high values of [an (b/a)]-! and Towest for Tow values
of the same function. Based on equation (1), such a dependency would suggest
that the diffusion term (last term of denom1nator) is partially controlling the
transport process. That the transport is not totally controlled by diffusion
is seen in Figure 7. A plot of permeation rate versus [en (b/a)]-! according
to equation (3) is linear if diffusion alone controls the transport. The
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profile in Figure 7 is not linear, thus diffusion alone cannot control the
transport. The nearly vertical line to the left of the figure shows where

the points would 1ie if transport were purely diffusion controlled. Figures 8
and 9 show that each surface exerts partial control since the permeation rate
varies when either interior or exterior radius varies and the other is held
constant. Additionally, specimens with the same b/a ratio but different
values of a and b yield different values of the permeation rate. This can be
the case where diffusion is only partially controlling.

Effect of oxide and nitride films - After taking measurements in the "as
polished™ condition, selected specimens were oxidized or nitrided in situ with
pure oxygen or nitrogen at 1 X 105 Nm-2 gas pressure and 270°C for times
required to achieve pre-determined thickness. Film thickness was estimated
from kinetic data available for flat plate specimens (refs. 25,26,27). The
term "as polished” refers to membranes not pre-oxidized or pre-nitrided prior
to permeation testing.

Oxide film on the interior membrane surface reduces the permeation com-
pared with the "as polished" surface as shown in Figure 10. However, there is
no change in the first power pressure dependence that was observed for "as
polished" membranes. Additionally, it is significant that the location of the
pre-oxidized film is critical in its effects on the permeation. Whereas oxide
film on the interior surface reduces permeation, oxide film of about the same
thickness on the exterior surface increases permeation somewhat. The activa-
tion energy for permeation through a specimen pre-oxidized on the interior
(48A thick) is about 99,000 J mole-1 whereas the activation energy through a
specimen pre-oxidized on the exterjor (34A thick) is about the same as for
an "as polished" membrane or 71,000 J mole-1. Apparently, oxide film at the
interior surface has some influence on the rate controlling process. Above
about 600°C,permeation rate is nearly the same as an "as polished" membrane
is at the same temperature. The reason for this is probably related to the
solubility kinetics of surface oxide on titanium. Above about 600°C it has
been observed elsewhere (ref. 28) that the oxide film begins to dissolve in
the bulk, and its effect as a surface barrier to hydrogen penetration is
reduced or eliminated.

Very thin nitride films (<10A) on the interior surface of titanium reduce
the permeation rate by an order of magnitude. The effect of relatively thick
nitride films is shown in Figure 11. The break in the curves at 600-700°C may
be due to solubility effects similar to that observed for oxide. Nitriding at
the exterior surface has virtually no effect on the permeation rate as com-
pared to the interior surface.

Diffusion

Extrapolation of the Tinear portion of a lag time profile is illustrated
in Figure 12. Lag times determined from such profiles were used to compute
diffusivity between 250-600°C. Figures 13, 14, and 15 are Arrhenius plots of
the diffusivity calculated from thin, intermediate and thick membranes for the
three cases of 1) Diffusion control, 2) Interior surface control, and 3) Ex-
terior surface control. These three cases are defined by equations (9), (11),

18
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and (13) respectively. For comparison, diffusion coefficient data obtained by
other investigators (refs. 10,11) are superimposed on these figures as dotted
lines. Based on analysis of the three figures, equation (9) gives the best fit
for thick membranes (high b/a ratio) when compared with others (refs. 10,11)
whereas equations (11) and (13) give the best fit for thin membranes (low

b/a ratio). Thus it can be seen from diffusion data that transport is con-
trolled by surface reactions for thin membranes and a gradual shift toward
diffusion control occurs as the b/a ratio increases. This is to be expected
because surface resistance becomes negligible compared to diffusion resistance
as the wall thickness increases and the concentration gradient becomes negli-
gibly small. Diffusion data corresponding to Figures 13, 14 and 15 are pre-
sented in Tables IV, V, and VI respectively.

TABLE IV. - HYDROGEN DIFFUSION PARAMETERS BASED ON INTERIOR
SURFACE PHASE BOUNDARY REACTION CONTROL ACCORDING
TO EQUATIONS (11) AND (12)

Specimen T (°C) éL—(cmz) Do(cmZ/sec) QD(j mo]e_])
a
1-A 599-750 .01603 1.76 X 10-2 48,910 + 2960
1-B 598-738 .01459 1.53 X 10-2 46,110
2-A 533-663 .003352 1.38 X 10-2 52,670
2-B 592-700 .004899 2.66 X 10-2 57,130
9-A 589-732 .007519 2.15 X 10-2 53,840
9-B 588-747 .008903 2.09 X 10-2 52,790
11-A 600-692 .02415 1.60 X 10-2 46,000
11-B 596-738 .01841 1.38 X 10-2 45,950

TABLE V. - HYDROGEN DIFFUSION PARAMETERS BASED ON EXTERIOR
SURFACE PHASE BOUNDARY REACTION CONTROL ACCORDING
TO EQUATIONS (13) and (14)

Specimen T (°C) 1 (cmz) D (cm2/sec) Qn (3 mo]e_])
o 0 D
1-A 599-750 .02192 2.4 X 10‘2 48,910 + 2960
1-B 598-738 .01995 2.1 X 10-2 46,110
2-A 533-663 . 003922 1.62 X 10-2 52,670
2-8 592-700 . 005733 3.13 X 1072 57,130
9-A 589-732 .009423 2.68 X 10-2 53,840
9-B 588-747 01116 2.62 X 10-2 52,790
11-A 600-692 .03496 2.31 X 10-2 46,000
11-B 596-738 .02664 1.99 X 10-2 45,950
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TABLE VI. - HYDROGEN DIFFUSION PARAMETERS BASED ON
DIFFUSION CONTROLLED TRANSPORT ACCORDING
TO EQUATIONS (9) AND (10)

Specimen T (°C) é%—(cmz) Do(cmz/sec) QD(j mole 1)
1-A 5399-750 .006324 6.85 X 10-3 48,910 + 2960
1-B 598-738 .005673 5.76 X 10-3 46,110
2-A 533-663 .001208 4.98 X 10-3 52,670
2-B 592-700 .001765 9.61 X 10-3 57,130
9-A 589-732 .002802 8.00 X 10-3 53,840
9-B 588-747 .003318 7.80 X 10-3 52,790

11-A 600-692 .009652 6.39 X 10-3 46,000
11-B 596-738 .007356 5.50 X 103 45,950

Geometry dependence is also observed by considering equations (18a),(18b),
and (18c). At a particular temperature, the diffusion coefficient (refs. 10,
11) is constant, so a plot of &n(1/t;) versus ln(l/aD), an(1/az) or an(1/ap)
will yield a straight 1ine of slope -1 as shown in Figures 16, 17, and 18
respectively. Superimposed on these computed lines are the experimental data
points obtained for the various geometries. As can be seen, the data points
tend to merge with the calculated line at higher values of op~! (thicker wall)
for the case where diffusion is controlling the transport whereas the data
points tend to merge with the calculated 1ine at Tower values of «3' and aB]
for the two cases where surface reactions are controiling. As in the case of
Figures 13, 14, and 15, the conclusion drawn from these sets of curves is that
transport tends to be diffusion controlled for thick specimens and surface
controlled for thin specimens.

DISCUSSION

It has been shown from both permeation and lag-time studies that hydrogen
transport in alpha-titanium is partially or completely controlled by surface
reactions depending upon membrane wall thickness and the composition and thick-
ness of surface films.

A possible explanation for the decrease in the permeation rate in the
presence of a pre-oxidized film on the interior surface is related to the for-
mation of titanium hydride. It is suggested that steady state is established
between gas-phase molecular hydrogen, a discontinuous layer of TiH2 and atomic
hydrogen in the titanium lattice. This steady state condition is modified by
oxygen in such a way that partial filling of available chemisorbed sites by
oxygen reduces the number of sites available to hydride. Therefore, the
actual concentration of hydrogen at either the interior or exterior surface is
Tower than it is for the case where the surface jis not pre-oxidized. A
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