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J. F. Lynch, J. Tanaka and R. H. V7iswall

Brookhaven National Laboratory
Department of Energy and Environment

Upton, New York 11973

Summary

The lattice expansion of ct-FeTiH was found to be anomously

small as a function of hydrogen content. Samples were prepared by

absorbing hydrogen in previously activated, strain relieved FeTi
2

having a surface area of 0-5 m /g. The apparent partial molar

volume of hydrogen, Vu, was 0.1±0.1 cc/g atom (FeTiH n n _ ) ; a value

much lower than the accepted range of 2.2-1.4 cc/g atom previously

reported for hydrogen-metal solutions. The behavior is attributed

to preferential occupation by hydrogen of Ti rich sites produced by

surface segregation effects which are known to occur in activated

FeTi. The a/a+3 phase boundary is estimated to occur at an overall

composition equivalent to FeTi _ n.. .At this composition ~85% of the

total hydrogen content is estimated to be associated with surface

layers ~100 A5 in depth. Unactivated FeTi (low surface area) behaved

quite differently and it is clear that in the low dilution region

surface segregation effects play a dominant role with respect to

system behavior. Evidence is also presented that strain and dis-

locations produced by a hydriding-dehydriding cycle increase hydrogen

solubility and shift the phase boundary towards higher hydrogen

contents.



Introduction

It has been observed that dilute solutions of hydrogen in

certain intermetallic compounds grossly deviate from ideal

behavior, i.e., they do not obey Sieverts law. The most

striking feature of the deviation is the rapidly increasing

exothermicity of the heat of solution as the hydrogen

concentration approaches zero. To date this feature has been

found to be common to all intermetallic-dilute hydrogen systems

in which the two metal components consist of an exothermic and

endothermic dissolver of hydrogen; i.e.,

LaNi5,
1 TiC^ 8 (C15),2 TiCr1 g (C14)3and FeTi. Recently

Flanagan et al. have noted that this behavior may be caused by

the trapping of hydrogen by a certain type of defect which can

only occur in intermetallic compounds of the above type. This

defect results from an exchange of two different metal atoms,

thus creating an interstitial site which is quite different from

the normal interstitial sites and which is energetically favored

by hydrogen. In the proposed model, no distinction was made

between bulk and surface trapping but it was suggested that

surface segregation, which for example is known to occur in FeTi

and LaNi5, may be the underlying cause of the observed
4

behavior. Similarly Wenzl and Lebsanft have proposed that the

heat of solution in bulk FeTi is endothermic and the highly

exothermic sorption of hydrogen observed at low concentrations

is actually due to chemisorption on the surface and that the hydro-
4

gen content in the bulk is a very small fraction of the total.



This paper is an account of our efforts to differentiate

between bulk and surface hydrogen in a-phase FeTiH by examining

its lattice expansion as a function of hydrogen content using

x-rays. The rationale for our approach is based on two

considerations. First, the contribution of the surface layers

to the intensity of scattered x-rays is negligible and,

consequently, the lattice expansion of the bulk material will

readily be observed. Secondly, as noted in a recent review by

Peisl, the lattice expansion of hydrogen-metal solid solutions

is linear as a function of hydrogen content. More importantly

he pointed out that there is very little variation between

different materials and that the partial molar volume of

hydrogen, V^, dissolved interstitially in a large number of bcc,

fee, and hep metals and alloys is about 1.8 cc/g atom. Thus, in

the present instance, if hydrogen is concentrated in defect

sites near and on the surface then anomalously small lattice

expansions and partial molar volumes for hydrogen will be

observed. Conversely, if the lattice expansion is normal then

it can be concluded hydrogen is essentially distributed

homogeneously throughout the bulk.

Experimental

Several small ingots weighing 15-30 g were prepared in an

arc furnace using zone refined metals obtained from the

Materials Research Corp., Orangeburg, N. Y. These metals had



reported purities of 99.99%. After the initial melting, ingots

were remelted several times to ensure homogeniety. Subsequently

each ingot was annealed overnight at 1000°C. Unless noted

otherwise, a group of samples was prepared from each separate

ingot using the following procedure. The ingot, was crushed to

pass through a 40 mesh screen and then activated by the usual

hydriding-dehydriding process. The activated alloy was then

sieved through 200 mesh screen and divided into several samples

of "0.5-2.0 g each. Each sample was introduced into a stainless

steel or quartz reactor, evacuated and annealed under high

purity He at 800°C for 45 minutes. This effectively relieved

the strains induced by the crushing and activation process. At

this point one sample from each group of samples was removed

from its container and the lattice parameter determined. This

served as a reference sample. A second sample, weighing "2 g

was removed and its surface area/weight ratio was determined

using the BET method. The remaining samples were dosed with a

known amount of hydrogen at pressures ranging from 15mm Hg to 10

atm. The hydrogen content for samples exposed to low pressure

hydrogen (P < 1000 mm) was calculated from PVT data. The

pressure was measured using a multirange HKS transducer. The

estimated error in H content determined by this method is ±5%.

The H content of samples prepared at pressures in excess of 1000

mm (n > 0.026) was determined by vacuum extraction at 1000°C.

Here the estimated error was equivalent to H/(FeTi) = n =

±0.002. All samples so analysed were poisoned with



9 10CO ' before air exposure. A blank correction was required for
2

activated (Surface area =0.5 m /g) samples and was equivalent

to 1.6 x 10~ mols H^/g of sample. The blank value is

attributed to the presence of CO, O? and H2O on the alloy

10surface.

Several samples were prepared which had relatively low

specific surface areas, (defined as surface area/g). In this

case the activation step was omitted and the ingots were

directly crushed to -140/+200 mesh size and then treated as

above.

The x-ray patterns were determined using a Norelco

diffractometer and CuK , radiation Ck - 1.5405 8). An

internal Si standard was used (Standard Reference Material #640

National Bureau of Standards, Washington, D. C ) . The 2& values

of the alloys were corrected using neighboring Si peaks as

calibrators. Lattice parameters and standard deviations were

calculated from the 29- values with the computer program LATCON,

a two stage, linear, non-iterative least squares program.

Results and Discussion

The lattice expansion of FeTi in the solid solution (a-

phase) region for several series of samples is listed below

With several exceptions, samples were prepared by addinq

hydrogen to a previously activated (high specific surface area)

annealed alloy. All samples prepared in this manner gave sharp

x-ray diffraction patterns in which the CuKal and CuK ~ peaks



were well resolved for the high angle reflections. At low H

contents (r < 0.030) there was a barely perceptible broadening

of the peaks as compared with the original alloy. At

concentrations of n > 0.03 the broadening of the high angle

reflections was noticeably increased. An exception was Sample

6 (FeTiHQ Q 4 3) which was prepared by decomposition from the

phase. The x-ray diffraction pattern of this material was

strikingly different tban those described above. The peaks were

much broader and the high angle reflections did not resolve the

CuK , and CuK ~ peaks. In this case the lattice parameter was

determined by peak profile analysis of a step scanned pattern.

The remaining exceptions involved Series C samples which were

not activated previously. The specific surface area of these

samples was much lower than that of the activated samples and,

as measured using the BET technique, was 0.03 m /g. However, as

usual with low surface area samples, the BET results were

erratic. Another estimate, based on the assumption that the

particles are spherical, gave an area 0.01 m /g. In any case it

is sufficient for our purpose to note that the specific surface

area is much lower than that of the activated samples. Under a

pressure 1000 mm for 5 hrs. the hydrogen content was equivalent

to composition corresponding to FeTiHn n n o.

The partial molar volume of hydrogen, V H, may be calculated

from the following;

v = ̂  (£\
H dn \BJ



where V is the volume of the unit cell of the metal solid

solution; N is Avogadros number; n is the atom ratio, H/M, where

M is the mols of metal; and B is the number of metal atoms in a

unit cell; in the case of an intermetallic compound, M is the

formula unit and B is the number of formula units in a unit

cell. In all previously reported results the increase of the

cell volume is linear as a function of the hydrogen content in
dVcthe low dilution solid solution region, thus —^— can be readily

evaluated and V,, has been found to be 1.8 ±0.4 cc/g atom. In

Figure 1 we have plotted the cell expansion vs. hydrogen

content for all activated samples made by absorption. Two

anomalies are immediately apparent; the cell expansion is very

small as a function of hydrogen content and it is not linear.

For purposes of comparison also represented is the calculated

expansion if V,, was a constant and within the range of

1.4-1.8 cc/g atom. It may be noted further that the difference

between normal behavior and our results is far greater than any

possible experimental error. In the concentration region

extending from n = 0 to n = 0.025, V^, calculated on the basis of

lattice expansion,is O.i ± 0.1 cc/g atom. Above n = 0.025 there

is a rather sharp increase in the slope of the curve and,

consequently, V,,. At higher concentrations there is no further

increase in volume of the unit cell. This is attributed to

saturation of the cx-phase and precipitation of the S-phase,

although the diffraction patterns give no indication of its

presence below FeTiHg ncy This is not surprising because even



at the latter composition the 3-phase would only constitute 2-3%

of the total material present.

If the lattice expansion were within the usual limits the

contention that hydrogen was primarily located in surface and

near surface defects produced by metal segregation would be

disproven. Unfortunately the converse is not true and

additional evidence must be considered before it is possible to

state with reasonable certainty the cause of the effects

observed. First it is conceivable that our observations could

be due to very unusual electronic or structural properties. We

know of no such in FeTi and until evidence is put forward of

their existence this possibility will not be considered further.

On the other hand there is strong support for the view that the

low Vj, observed in the dilute region is only apparent and is due

to non-homogeneous distribution of hydrogen. Schlapbach et

al. have shown that a substantial amount of surface segregation

exists in FeTi to a depth of ~70 8 below the surface. The

depth is somewhat variable and depends upon sample history

(annealing temperature, oxygen content,, etc.). They also report

that while oxide phases exist, a substantial portion, if not

most, of the segregated Ti remains metallic. Wenzl and

Lebsanft report that the concentration of hydrogsn in bulk

FeTiHx at the a/a+f! phase boundary corresponds to FeTiH_ Q 0 1 as

determined from resistance measurements. In our experiments

activated (high specific surface area) FeTi will take up

hydrogen very quickly reaching a concentration of FeTiH 0 2 5 in



"1 minute even at pressures as low as 25 mm of Hg, while further

takeup is rather slow even at pressures of several atmospheres.

In contrast, unactivated (low surface area) FeTi reacts only

very slowly reaching a concentration of FeTi g ^ after 5 hours

at 1000 mm pressure. Thus, in the low dilution region the

system's behavior appears almost wholly dominated by the

specific surface area parameter. Ordinary surface chemisorption

can be ruled out since even under the most optimistic

assumptions it would require the equivalent of "25 monolayers of

H atoms to account for the observed effects. Therefore, based

on prior evidence and present results it is most likely that the

observed, anomalous lattice expansion is due to the trapping of

hydrogen in Ti rich phases near the surface produced by surface

segregation of the component metal atoms. Further, it is

probable that the segregated hydrogen is in equilibrium with

hydrogen in the normal bulk site and, as the total hydrogen

content increases, the more stable, segregated sites tend toward

saturation thus increasing the fraction of hydrogen in the

normal site: this behavior results in a non-linear relation

between expansion and overall hydrogen content and, as pointed

out by Flanagan et al., also accounts for the decrease in the

heat of solution observed by Wenzl & Lebsanft as n + 0,

It is possible to approximate the distribution of hydrogen

between the bulk and the surface segregated layers by assuming

that VH in the bulk is actually the average value of 1.8 cc/g

atom. In such a case, as examination of Figure 1 will reveal,
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90% or more of total hydrogen present is in surface layers up to

an overall composition of FeTiH™ Q30* A t t n e P n a s e boundary the

overall composition is estimated to be n = 0.040 ± .05, the

fraction of hydrogen in the surface segregated layers decreases

to "85% and the composition of the bulk material is FeTiH_ Oo6«

We do not consider this value to be in serious conflict with

that of Wenzl and Lebsanft4 for reasons noted below. A measure

of the depth of surface layer can be approximated by assigning 1

hydrogen atom per Ti atom and assuming the Ti density is about

the same as the bulk FeTi. Then at the composition of

FeTiH _ao the depth of the affected surface layer is

_ .. o n(0.85 x 6.02 x 1Q23 x Vol. FeTi unit cell) _ , n,
D e P t h ' X = Surface Area/g mol FeTi 1 0 3

The above value, while fidmittedly only an approximation, is in

quite good agreement with the value of 70 A experi-

6
mentally determined by Schlapbach et al. Further, it

should be pointed out that, since the amount of surface

segregation is dependent on the surface area/weight ratio,

oxygen content, heat treatment, etc., the behavior of the dilute

FeTi-H system will vary as a function of sample history.

Finally several comments upon the mode of preparation of

a-FeTiH and the solubility of hydrogen are appropriate. Sample

6, which was prepared by decomposition of the 8-phase, had a

substantially higher hydrogen content than samples prepared by

absorption at the same pressure and temperature. The x-ray

diffraction pattern indicated no evidence of the presence of the
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B phase, nor was any expected since it was equilibrated for 24

hours at room temperature at 1 atmosphere pressure; well below

the equilibrium (plateau) pressure required for the coexistence

of the two phases. In this connection it has been shown by

Lynch et al. that the solubility of hydrogen in aPdH is

enhanced when the Pd has been previously cycled through the

a+B/a phase boundary as compared to annealed Pd. In addition

the a/a+$ phase boundary was shifted towards higher hydrogen

contents. They attributed the solubility increase to strained

regions around dislocations caused by 3 phase precipitation.

Indeed, dislocations in cycled FeTi have been directly observed

by Schoberr Thus, it is likely that FeTi behaves similarly and

the solubility of hydrogen in the bulk a-phase, the location of

the phase boundary and the distribution between surface and bulk

hydrogen will depend upon the direction from which equilibrium

is approached and the amount of strain in the alloy.

Consequently we see no conflict between our present results and

th«= results of a recent structural analysis of FeTiDn nt.-7 by

Thompson et al. . This sample was prepared by decomposition

from the g-phase and equilibrated with D2 gas at several

atmospheres pressure. The D content was determined by vacuum

extraction @ 1000°C and was assumed to be entirely in the bulk

FeTi material except for an insignificant amount in a surface

chemisorbed layer. In the analysis the D concentration was

constrained to the extraction value since it cannot be

determined accurately from the diffraction data because of the
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strong correlation of the D population with the thermal

parameter. Subsequent structural analysis, in which nn prior

concentration constraint was imposed, indicates the bulk

concentration to correspond to FeTiDQ 0 4 0 ± Q 1 4. Considering the

demonstrated influence of various factors upon the behavior of

a-FeTiH i»e. surface area, surface segregation, oxygen

content, heat treatment and mode of preparation, the results of

Thompson et al. can be readily accommodated by our thesis.
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Sample

Series A

Ref

1

2

3

4

5

6*

7

8

9

Series B

Ref

1

2

3

Series C

Ref

1

n

(H/FeTi)

0

0.009

0.019

0.022

0.026

0.030

0.043

0.045

0.048

0.067

0

0.03 3

0.035

0.179

0

0.002

ao

S
2.9762

2.9763

2.9763

2.9764

2.9764

2.9767

2.9771

2.9769

2.9770

2.9770

2.9763

2.9768

2.9769

2.9769

2.9764

2.9763

Std.
Deviation

X x 104

1

1

1

1

1

1

2

2

1

1

1

1

1

1

1

1

Surface Area

m2/g

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.5

<0.05

<0.05

Unit cell
Volume

83

26.3625

26.3651

26.3651

26.3678

26.3P78

26.3758

26.3864

26.3811

26.3837

26.3837

26.3651

26.3784

26.3811

26.3811

26.3678

26.3678

AV
(Cell vol-Ref vol)

A3 x 10'

0.26

0.26

0.53

0.53

1.33

2.39

1.86

2.12

2.12

1.33

1.60

1.60

Neg.

Prepared by decomposition from 0 phase.
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Figure Caption

Expansion of the a-FeTiH unit cell as a function of overall

hydrogen content, n = K/(FeTi). Vertical bars represent error

of V. For error in H content see text. The steeply rising

lines at left indicate expansion if the partial molar volume

of hydrogen, VH, were in the normal range. All samples were

previously activated, annealed and prepared by absorption.
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