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Abstract 

The ultrasonic attenuation of commercially pure titanium 

and the velocity of propagation of ultrasound In It were meas- 

ured at frequencies ranclng from 10 to 50 mc. The same material 

was then heated In hydrogen for many hours at temperatures not 

higher than 5>500C, The two ultrasonic quantities were again 

measured and wore found to have changed remarkably especially 

when the metal had been heated at temperatures close to 5500C. 

In the latter casev long heavy li.nes appeared In the mlcrostruc- 

tures of the metal on heating. On being heated In hydrogen,the 

weight of the metal sample Increased, but the size of the sample 

Increased by a larger percentage; consequently, the density of 

the metal decree sed, again remarkably when the sample had been 

_heated In hydrogen close to 5500C, From the increase in weight, 

the hydrogen content ofthesample was estimated,Che sample was 

also outgassed after being charged with hydrogen. 

To determine the effect of heating alone, samples of the 

metal were heated respectively in vacuum, oxypen, and nitrogen 

under similar conditions. No large changes in the attenuation, 

the velocity, and the microstructures were observed. 

The changes Induced by the heating In hydrogen were believed 

to be resulted from the appearance of new titanium-hydrogen 

phases. In the case of small hvdrogen content, hydrogen in 

solution may also have an effect. 
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Ultrasonic Utenuetlon and Velocity Keasuremsnts In 

CommerciallyFupe Titanium Before and After 

X^rting in Hydrogen 
■ ' u 

I. INTRODUCTION 

To Investigate the effect of occlusion of gases on the 

ultrasonic properties of solidsf titanium and hydrogen nere 

chosen as objects of the present study.    The metal is knonn 
12 3 to be capable of absorbing the gas in a large quantity '  '  . 

According to Hagg , titanium dissolves hydrogen up to 33 atomic 

percent f   while titanium absorbing from 50 to 6? atomic percent 

of hydrogen forms a beta phase which has a face-centered cubic 

structure in contrast to the closely packed hexagonal structure 

of the alpha phase.    These findings were generally accepted 
4 

until recently. 

Attenuation, as well as the velocity of propagation,  of 

ultrasound in titanium, either pure or charged with hydrogen, 

wera determined in the present study.    The methods for measur- 

ing these quantities were described elsewhere  .    The frequency 

of ultrasound ranges from 10 to 50 megacycles. 

In order to charge titanium with hydrogen, it was found 

necessary to heat the metal in the gas.    Since heating usually 

changes the microstructure of a metal and since the ultrasonic 

properties depend on the microstructure, notably the grain 

size6, the effect of occlusion of hydrogen may not be inferred 

from a simple comparison of ultrasonic data obtained before 

and after the heating.    If, however, the temperature at which 

the hydrogen is introduced is not very high, e.g., not higher 

than its recrystellization temperature, the structure of the 
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metal may not change appreciably, If at all.    An examination 

of micros true tures can settle this point and this was done in 

the present experiment.    Even if the structure does change, 

this change cen be made use of in the interpretation of the 

ultrasonic data.    In the present case of heating titanium in 

hydrogen, it was found that, while under certain conditions, 

the structure did not change appreciably, under other condi- 

tions it did change drastically.    Attempts were made to charge 

titanium with hydrogen at room temperature by cathodic 
a 

charging , but so far it has not been possible by this process 

to force a sufficient amount of gas into the interior of a 

sample large enough to be used for ultrasonic measurements. 

Metallography was also employed in an attempt to reveal 

the progress of diffusion of hydrogen into titanium.    Titanium 

samples were cut traversly after being heated in hydrogen for 

various lengths of time, and  their cross-sections were examined 

under a microscope.    Corresponding ultrasonic measurements were 

simultaneously made in some cases. 

II.  SOURCE,  COMPOSITION,  AND PREPARATION OF SAMPI£S 

All the samples studied were cut from two hot-rolled 

commercially pure rods obtained from Titanium Metals Corporation 

of America.    These rods were designated as grade Ti-75A and 

had the following nominal composltiont 
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Fe 0.10 pet, 
N 0.02 pet. 
0 trace 
C 0.04 pet. 
W 0.03 pet. 
Tl balance 

One rod, which was 2" In diameter, was analyzed for the fol- 

lowing impurities, the rest being undetermined: 

Fe      0.26 pet, 
N        0.06o pet. 
C        0.04-7 pet. 

This rod was supposed to have been annealed after being hot- 

rolled. The other rod had a diameter of 2in and was not 

analyzed. These two rods were not received at the same time. 

Samples of approximately ■J-11 in thickness were sawed off 

from either one of these rods. Requirements for reliable 

ultrasonic measurements demand that the two end faces of each 

sample be accurately parallel to each other. Furthermore, 

these surfaces should be mechanically disturbed as little as 

possible. For these reasons, the end faces of the samples 

were first faced on a lathe, then ground with a silicon carbide 

wheel, and finally polished on silicon carbide papers, up to 

grit 600, followed by a cloth on a revolving wheel with 1 

micron aluminum oxide as abrasive. Samples which were to be 

examined for their microstruetures were further polished, or 

alternatively etched and polished. The thicknesses of these 

samples were usually maintained uniform to within 2 or 3 

thousandths of an inch over a large central part, V/henever the 

parallelism of the opposing faces of a certain sample degene- 

rated after some treatments, the sample was ground over again. 

11 uii in,   ! ■Mi'gMBEmga 
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III. EXPERIMENTAL ARRANGEMENTS 

To be charged with hydrogen,  titanium samples were heated 

In either one of two furnaces through which hydrogen was 

passed.    At the Inlets, the hydrogen was under a slight pros- 

sure of approximately 2 psl above the atmospheric pressure 

while at the outlets, which had small orifices, the gas was 

burned.    The hydrogen used was that from commercial hydrogen 

tanks.    All the  samples, which were heated without frequent 

Interruption, specifically, samples T1506, T1507, and T1508, 

to be described below, were heated in a furnace which is used 

in this laboratory for growing single crystals.    This furnace, 

referred to later as Furnace A, was always heated up or  cooled 

down slowly, i.e, in a few hours.    The required elevated tem- 

peratures were generally maintained constant to within - 100C, 

The other furnace, referred to later as Furnace B, was  a com- 

mercial hydrogen atmosphere furnace, equipped with a cooling 

chamber and a quenching outlet.    Samples could be heated up or 

cooled down within minutes or  seconds,    ^/hile samples heated 

in the first furnace always appeared grayish, samples heated 

in the  second furnace had bluish or purple appearances.    These 

films were usually not thicker than 1 or 2 thousandths of an 

inch.    The  temperature of the second furnace was controlled by 

a commercial vane type millivolt controller. 

Samples were also heated in nitrogen, oxygen,and vacuum 

respectively, mainly to determine the effect of heating alone, 

or of heating in the presence of some gases other than hydrogen. 

.-' -i>»^TXi_" "_ .«ÜL»» \r*SC3C33FH ■.~ 
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A large closed metal system with an oil diffusion pump backed 

by a mechanical pump was used for  the vacuum heating.    The 

heating element was inside the closed system, the pressure 

in which could be reduced to not more than a few microns of 

mercury.    For heating in oxygen, the  sample was sealed into a 

small gas-tight metal chamber, which was flushed and filled 

with oxygen.    The chamber was then heated in a furnace. During 

heating,  the pressure inside the chamber was found to be much 

higher than the atmospheric pressure.    For heating in nitrogen, 

the same furnace, built for growing single crystals as men- 

tioned above, was used.    The gas inlet was connected to a 

nitrogen tank regulated at about 5 psl above the atmospheric 

pressure.     The valve controlling  the gas outlet was closed 

after an initial flushing.    Since  the furnace is fairly but 

not completely tight,  it is not known how pure the nitrogen 

gas was insic'e the furnace during heating.    However, since the 

main purpose of this heat treatment was to determine the effect 

of heating titanium in the absence of large concentration of 

hydrogen, no careful determination was made about the purity 

of this particular  gas atmosphere.    This heat treatment will 

be referred to in what follows as heating in nitrogen. 

For  the measurements of attenuation and velocity of pro- 

pagation of ultrasound in titanium,  the arrangement developed 

by Roderick and Truelly was used with some slight modification« 

In the arrangement of Roderick and Truell, the maximum ampli- 

tudes of individual echoes were measured by comparing them with 
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those of pulses of known attenuation generated by a separate 

transmitter.    In the present experiment, the attenuation was 

measured in part by a simplifying  arrangement*.    Since the 

maximum amplitudes of a saries of echoes are expected to 

decrease exponentially , an exponential curve of variable de- 

cay constant was superposed onto the oscilloscope screen on 

which the echoes were seen.    By varying a resistance in the 

circuit of the  generator which produced this exponential 

curve, the decay constant of the curve could be so adjusted 

that the curve fit the tops of any particular series of echoes. 

The exponential curve had been calibrated with the use of 

pulses of known attenuation.    Therefore, in accordance with 

the vslue of the resistance, the value  of attenuation for this 

series of echoes could be read directly from a calibration 

chart. 

In the metallographic work, either hydrofluoric acid in 

glycerine or some mixture of this  acid  and nitric acid in 

glycerine or water was used for etching,    A table microscope 

fitted with a regular camera was used for taking photographs. 

In heating titanium in hydrogen, it was found that the 

volumes and weights of titanium samples changed by an appre- 

ciable amount under certain conditions.    Accordingly, these 

quantities were generally measured, with a micrometer to 
-4." -1 10       and a balance to 10     mg respectively.    From these 

♦Developed in this laboratory.    Details to be published. 
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values, the densities of these samples at different stages 

could be computed. Since the dimensions of the samples were 

generally uniform to a few thousandths of an inch, these den- 

sity values should be significant to three digits, each sample 

being as thick as about -J-" and v/elghing more than 100 gm. 

Changes in densities were found to be large, 10percent in one 

case. For some practical reason, hydrostatic weighing was not 

attempted in addition. 

IV. EXPERIMENTAL RESULTS 

k  total of 10 samples was studied, in addition to a few 

samples investigated during preliminary runs. The sources and 

the treatment before and during study of these samples are 

listed in Table I, Samples were numbered in the order as they 

were cut from the rods; henc, samples which had consecutive 

numbers were adjacent to each other in a given rod. Such ad- 

jacent samples should have similar mechanical and chenfcal 

properties before heat treatment. Some samples were heated 

in vacuum in groups, before any study of them was started, so 

that they were annealed and partially outgassed. 

Results on the attenuation of these samples are plotted 

in Pigs. 1-7. In these figures the energy loss of ultra- 

sound in db per inch of the metal, treated or untreated, is 

given as a function of the frequency of ultrasound. In Fig, 3, 
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Table I 

Heat 

Sample Source, 

Treatment of Titanium Samples  
Treatment   ' Treatment during st 

before 
study 

SI 
Order jAtmospherel Temperet ure 

Length 
of time 
Jfcrl 

» 
b"rod Heated 

together in 
vacuum at 

■ approxi- 
Ti508 I 2i"rod mately 

\ 750oC for 
4 hours. 

1st 
2nd 
Jrd. 

U. 

1st 
2nd 
3rd 
4th 

H2 
Kg 

440 66 

H2 
H2 

Vacuum 
Vacuum 

5ÖÖ 
460 
500 

2" rod 
2" rod 

+ 

550 
550 
550 
590 

77 
?0 

il 
44 
61 
24 
37 

H 
Ti 

.11^ 

"2^ rod 
2" rod 
2" rod 
^"rod 

Prod 

1st 
-22., 

vacaaL 
Vacuum 

45Q- m 
U4 
1_ 

21 

T2 I i i£ 
ißa ZL 

the results of attenuation measurements of T1508 after the 

sample was heated for the second time in hydrogen are not 

given.    These results will be mentioned later. 

Results on the velocity of propagation are given in 

Table II,    Velocities were usually measured for several fre- 

quencies.    No systematic dependence of velocity values on 

frequency was noticed in the investigated frequency range of 

10 to 50 mc within the accuracy of measurement.    Therefore, 

the values of velocity were averaged over the frequency range 

for each sample at each stage. 

Changes of weights and volumes of samples during some 

heat treatments were measured for some samples.    Data for these 

samples are given in Tavies III and IV,    It will be noted that 

f 
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Table II 

Values of velocity of propagation in titanium 

samples for frequencies from 10 up to 50 mc 

Sample 

,Ti507 

T1506 

Treatment 
(Detail's given in Table I) 

i    Vacuum annealed and outgassed 
,   Heated in H2 
i 

|T1508 

nsi 
T1513 ¥: 

Vacuum annealed and outgassed 
1st heating (H2) 
2nd heating (Ho) 

, ^rd Heatj.qg (Pp-L^-  
Vacuum annealed and outgassed 

I 1st heating (H2) 
, 2nd heating (H2) 
j 3rd heating (vacuum) 
.    4th heating (vacuum)  
'■   Vacuum annealed and outgassed 

if 

Velocity 
(in lO^cm/sec) 

7th heating (H2) 

Hgi?    i ^StTd k K2_Z  
•Ti5i? ks received 

5.85 m 
5.8§ 
5.96 n- 
6.32 
6.52 
6.11 

J4 

.04 

121 
Ti520 

'rnoT 

Heated in vacuum 
As received 
Heated in vacuum 
As received 

1^93 

not determined 

irr^JT 
{   Heated in Np 

As received 
Heated in Op (film remaining) 5.95 
 (film polished off)      :    ^.96 

I   not determined 

for some samples, notably T1508,  the changes were tremendous. 

From the measured weights and volumes, the densities of these 

samples are computed and listed in one of the tables.    From 

the gains In weight during heating in hydrogen, of the  losses 

during heating in vacuum after samples were charged with hy- 

drogen, the  amounts of hydrogen introduced or expelled  are 

computed and listed.    Computations are based on the assumption 

that all changes in weight are caused by hydrogen alone.    While 

i i 
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Table IV 

Dimensions and Weights of Ti505,  T1515, 

and T1520 Before and After Treatment 

Sample 

T1505 

Ti^lT 

Treatment 

Heated in 
O2 (6000C, 
60 hours) 

Occasion 

Before 
lM>atir^ 

After 
heatlnß 

Thickness 
(inch) 

0.4602 

0.4611 

"0.^ 

0.562? 

Diameter 
(inch) 

2.2530 

"> 2.2531 
< 2.2540 

2.2526 

Weight 
(gram) 

132.3030 

132.3970 

160.9540 

Ti^20 

Heated in 
vacuum 
(550oc, 
74 hours) 

Before 

After 
Jreating, 

0.5222 

0.5223 

2,2518 

1.9984 117.9318 Heated in 
vacuum 
(590oC, 
78 hours) 

Before 
heating 

After 
heating 

1.9986 117.9330 

the hydrogen used was not purified,  this assumption is con- 

sidered sufficiently valid for the following reasons:    From 

Table IV it is evident that titanium samples did not gain 

appreciable weight when they were heated in commercial oxygen 

at about the seme temperature as in commercial hydrogen. 

Therefore,   any oxygen present in commercial hydrogen as an 

impurity,  or  any other gaseous impurities common to both com- 

mercial hydrogen and  commercial oxygen were not responsible 

for significant changes in weight.    Similar data on nitrogen 

was unfortunately not obtained,  because Ti503 had been heated 

in nitrogen before large changes in weight of samples heated 

in hydrogen were noticed.    Nevertheless,  the value of its 

density after heating, which was 4,50 gm/cc,  suggests that at 

most a small amount of weight was gained during heating. 

A 
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Surfaces of samples heated in hydrogen did not have the 

same appearance after heating as before it. The films which 

appeared, whether they were composed entirely of hydrides or 

not, were, as mentioned earlier, rather thin, of the order of 

a few thousandths of an inch. Densities of some samples, which 

underwent large changes in weight, were determined both before 

and after the films were polished off. Their values did not 

differ. In the case of Ti508, the sample lost a large amount 

of weight during heating in vacuum, even though its surfaces 

had been polished before heating. While this sample was being 

heated, for the first time in vacuum after it had been heated 

in hydrogen, the pressure of the vacuum system stayed for 

several hours at the value of about a hundred microns of 

mercury. On the other hand, when other samples were similarly 

heated, which had not been heated in hydrogen before, the 

pressure did not reach higher than a few microns all the time. 

For these and other reasons, it can be concluded that large 

changes in weight were not caused by any reaction of sample 

surfaces with some impurities in hydrogen. 

In spite of the above mentioned facts it is to be ex- 

pected that the computed values of hydrogen content given in 

Table III were only approximate at best. For this reason, 

the hydrogen content in the as-received samples is indicated 

as zero in the table although in actuality, these samples 

were most likely not entirely hydrogen free. 
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After every heat treatment,  the mlcrostructures of the 

samples listed In Table I were generally examined.    Photomi- 

crographs of most of these samples after various treatments 

are shown In Figs. 8 - 12.    Photographs of a few samples be- 

fore they were ever heated In any gas are not presented, be- 

cause the samples were then not studied.    In these cases, 

photographs of adjacent samples are used as substitutes.    For 

example, T1502 was cut from the 2^" rod next to T1503 and was 

never heated,    k photomicrograph of  this sample Is then pre- 

sented together with photomicrographs of heated T1503 and 

heated T1505 (Fig.  12).    Similarly, T1516 and T1521 were photo- 

graphed In their as-received form (Fig. 11). 

V. DISCUSSIONS 

It was established in this experiment that commercially 

pure titanium, on being heated in hydrogen under certain con- 

ditions, changes its ultrasonic properties as well as its 

density.    While it was Intended to study only the effect of 

occlusion of hydrogen by the metal «hen the experiment started, 

metallographlc observations during this experiment indicated 

that in some cases, hydrogen was not all in solution and some 

other effect was Involved,    In the meantime, other workers re- 

ported    similar metallographlc findings, with the conclusion 

that titanium hydride is produced even when only a small amount 

of hydrogen is absorbed by the titanium.    This does not neces- 

sarily imply that no hydrogen can be In solution. 
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a l l y ou" -a.'-S' d 

(b) Heated f o r t;.<. f i r r . - t i r e 
in hvdrocren 
(550^3, h r s ) 

( c ) Heated f o r the second t i r e 
in hydrogen 
(550°C, 61 h r s ) 

F i r . p 
Photomicrographs of Ti^oP ("}?0.x) 

Continued on the n^xt p~-« . 



(d) Heated for the first tire in 
vacuum (after being heated in 
hydrogen) 
(550°C, 24 hrs) 

(e) Heated for the second tirr.e 
in vacuum 
(550°C, 37 hrs: 
590°C, 3 hrs) 

(f) Heated for the third time in 
vacuum 
(600°C, 40 hrs) 
(This heating is not mentioned 
in the text.) 

Continuation of Fig. B (32Or.). 
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heated in hydrogen 

(b) Ti507 — partially outgassed 
and annealed. 

(c) Ti507 — heated in hydrogen 
(440 C, 66 hrs) 

Fig. 9 , 
Photomicrographs of Ti506 O20x) 



(a) Ti5l4 — partially outpass*' 
and annealed. 

(b) Ti5l3 — heated intermittc 
in hydrogen 
(^^Ooc, ?6 hrs) 

(c) Cross-section of the same 
sample mentioned in (b). 

(d) Ti5l? — heated in hydron-
(5^0°C, 61 hrs) 

Fig. 10 
Photomicrographs of Ti5K , 
Ti^ll, and Ti51? (^2Ox) 
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l # ¥ V # 

»./•: 

».SaR-aijfcc;. fagx-.#: 

(a ) T i5 l6 — as r e c e i v e d 

( t ) Ti ' r ' l i — hea t ed in VDCUUHI 
(^50°C, 7^ h r s ) 

(c) Ti5?l — as received 

(d) Tic20 — heated in vacuum 
(590°C, 77 hrs) 

Fig. 11 
Photomicrorraphs of i'-l6, :i; !:, 

T1521, ana Ti^PO (l:-Ox) 



(a ) Ti50? — as r e c e i v e d 

(b) Ti5C3 — h e a - ' d in r : i ' . ro ••• r. 
(600°C, 4 5 h r s ) 

( c ) Ti505 — h e a t e d in oxv- n 
(6oo°C, "1 h r s ) 

F i r . 1? 
P h o t o m i c r o r r a r h s cr 

" i 5 0 % and Ti^O' ( « T x ) 
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Of all the samples, T1508 underwent one of the largest 

changes on being heated in hydrogen.    This sample nas also 

studied more thoroughly than some of the other samples.    Data 

for  this  sample on weight, volume, density,    and velocity 

of ultrasound, shown earlier  in slightly different ways in 

Tables I,  II,  and III, are retabulated in Table V.    The changes 

in these quantities,  induced by various heat treatments, were 

obviously large as were the changes in the ultrasonic attenu- 

ation shown in Fig, 1.    During the first heating in hydrogen, 

the  av.tenuation decreased up to    70^ or more.    On being heated 

for  the second time in hydrogen,  the attenuation of the sample 

actually changed so much that the values of attenuation could 

no longer be measured by the present arrangement for the fol- 

lowing reasons      It «as remarked,  in the section on experimen- 

tal arrangements,  that generally the maximum amplitudes of the 

series of echoes decay exponentially and this exponential decay 

gives a measure of attenuation.    After the second heating In 

hydrogen,  the envelope of the echoes from Ti508 did not have 

a  smooth exponential shape, but had either a hump or a plateau 

near its end.    When there Is a large energy loss at a given 

point or  interface in the solid, the use of an attenuation 

measure is no longer appropriate because the ratio of energy 

lost to the total amount of energy present in the pulse may 

be too large.    Only after the sample was subsequently heated in 

vacuum, were the patterns of echoes regular again.    From Table 

V and Fig, l, it will be noticed that effects introduced by 
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heating the  sample in hydrogen were annulled, not quite for 

the attenuation, but almost completely for the density and the 

velocity, by a sufficient heating in vacuunu 

On comparing the data for Ti508 with those for Ti5l5 and 

Ti520 (Fig.  5, Tables II and IV), which were heated in vacuum, 

and with those for Ti503 and Ti505 (Fig.  5, 6,and 7, Tables II 

and III), which were heated respectively in nitrogen and oxygen, 

it can be inferred that heating in the presence of hycirogen, 

not heating alone, was essential for introducing large changes 

in the density and ultrasonic properties of titanium.    It is 

not to be inferred that isure heatinß, or heating in the pre- 

sence of nitrogen and oxygen, v;ill not change these quantities 

under  any circumstances.    It was only established that,  at the 

relatively low temperature of 5500C, hydrogen alone could dif- 

fuse,  by sufficient amount,  into titanium and thus remarkably 

change  some  of its properties. 
p 

Hagg reported    that titanium can dissolve hydrogen up to 

33 atomic percent.    In this dissolved state, i.e., in the   a- 
7 

phase, hydrogen atoms occupy interstitial sites, thus expanding 

the lattice  of titanium. These interstitial atoms may be noblle. 

It can reasonably be expected that their presence will affect 

the ultrasonic properties of  the  solvent. 

However, Eagg also reported^ that when the hydrogen content 

in titanium is larger than 33 atomic percent,  a new ß-phase 

appears.    It is the appearance of this  C-phase, which Is be- 

lieved to be primarily responsible for the large changes in the 
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ultrasonic properties of T1508 when It nas heated In hydrogen. 

The hydrogen content of the sample  after  the first heating in 

hydrogen was 44 atomic percent and was beyond the region of 

Hagg's pure a-phase,    After the second heating in the same gas, 

the hydrogen content was 56 atomic percent, and was in the pure 

ß-phase region.    As is evident from Fig.  ^, the sample did 

acquire remarkably different microstructures after being heated 

in hydrogen. 

In order  to examine the effect of dissolved hydrogen,  it 

is necessary to study samples which   have small hydrogen con- 

tent.    After being heated in hydrogen for the first time, 

Ti506 had a hydrogen content of 8 atomic percent and a micro- 

structure apparently unchanged from that before heating (Table 

III and Fig,  9),    This sample had small^ but definite, changes 

in its ultrasonic properties (Fig, 2 and Table II).    Two suc- 

ceeding heatings increased the hydrogen content to a total 

value of 14 atomic percent, which was still in Hagg's pure 

a-phase region.    The ultrasonic properties of the sample changed 

a little more in the same direction.    Another sample, Ti507, 

heated only once, behaved like Ti506 during the first heating 

(Fig,  3 and Table II), 

These facts seem to lead to the interesting conclusion 

that the dissolved hydrogen decreases the attenuation of ti- 

tanium slightly, while the velocity in the same material in- 

creases slightly.    These changes are in the same direction as 

those induced by the appearance of the ß-phase, although their 
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magnitudes may differ considerably.    Data on Ti5l4-, Ti5l3»  and 

Ti5l2 (Fig, 4 and Table II)supplied other evidence in this re- 

spect.    Fig. 4 indicates that there is an intermediate set of 

attenuation values in between two extreme sets while Table n 

shows that there Is an intermediate velocity value. 

Craighead, Lenning, and Jaffee recently reported   that 

when the hydrogen content is belov; 33 atomic percent, all of 

the hydrogen is not in solution.    By starting with vacuum an- 

nealed samples,  they concluded,  from the appearance of line 

marks in the microstructure,  that  a second phase appeared at 

room tcraper?ture v^hen as little  as 0.3 atomic percent of hy- 

drogen was  absorbed by titanium at 700oC.    This precipitated 

second phase was identified as TiH.    According to these find- 

ings,  it  then can not be concluded  in the present study that 

all changes in ultrasonic properties through introduction of 

less than  33 atomic percent of hydrogen were effected by the 

presence of interstitial hydrogen atoms.    It may be pointed 

out, on the other hand, that in the above mentioned report on 

line marks,  it was not definitely established that all the 

absorbed hydrogen precipitated  in the form of TiE at room 

temperature. 

It is very tempting to infer  that changes in ultrasonic 

properties,  in the case of hydrogen content less than 33  atomic 

percent, had the same cause as those when the hydrogen content 

wes over  33 atomic percent.    This  inference has its difficul- 

ties.    For example, for some undetermined reason,  although 
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line marks viere observed in some saiuples, they were not seen 

in Ti506 and T1507,    It h?»s, moreover, not been proved that 

the phase characterized by the line  marks discussed by Cralg- 

head, Lenning,  arid Jaffee is the same as the ß-phase dis- 

covered by Hagg.    In fact,  there is  very little reason to 

expect this to be the case.    Experimental evidence, which will 

be presented in the following paragraph,  further strengthens 

the belief that these two phases are different.    If so, it has 

to be assumed that both phases tend  to decrease the attenua- 

tion values while increase the velocity values. 

When the results for  Til?08 are  compared with those for 

Ti506, it will be noticed that while  the difference in amounts 

of hydrogen charged into the two samples was large,  the dif- 

ference in temperatures at which they were heated in hvdrogen 

was  small,    Vhen Ti506 was heated  in hydrogen at 5000C. for 

77 hours,   its weight increased by 0,2%t    On the other hand, 

the weight of Ti508 increased by 1,7% when the sample was 

heated for only 44 hours, but at 5500C.    Ti508 was not the 

only sample vihich gained an extraordinary amount of xjolght 

on being heated at 550OC.    During the second heating of the 

sample Ti508, Ti5l2, cut from a different titanium rod, was 

left in the furnace with Ti508, and the two were heated to- 

gether for 6l hours,    Although the weights of Ti5l2 were not 

measured,  the gain In thickness (1,8^),  the ultrasonic pro- 

perties (rig, 4 & Table II), and the mlcrostructures after  the 

heating (Fig, 10)  indicated that it also took up a very large 
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amount of hydrogen during heating.    During this same heating, 

T1508 gained another 1,($ In weight while with T1507, In a 

second and third heating at 460oC. for  51 hours and at 500oC, 

for 65 hours respectively, the gains in weight were only 

0,09^ and 0.07^ respectively.    All of these facts point to 

the  conclusion that  between 5000C.  and  550oC., the rate of 

absorption of hydrogen either rises more rapidly but contin- 

uously with temperature than at lower  temperatures or that It 

has an abrupt Increase as soon as  a new phase appears at some 

temperature within the range under discussion.    The latter 

mechanism seems more probable. 

On returning to Ti508 itself,  it will be noticed that 

after the  sample was heated in vacuum twice,  the apparent 

value of hydrogen content was reduced to only 9 atomic percent, 

The velocity of ultrasound had the seme value as it did before 

the sample was heated in hydrogen at  all (Table II).    The at- 

tenuation,  although recovering to some extent, was still far 

lov;or than before  any heeting in hydrogen.    This suggests 

that the  change  in the structure of a sample due to the pre- 

cipitation' of a nev^ titanium-hydrogen phase has much effect 

on the attenuation of the sample.    It seems wrong to assume 

that replacing one phase by a second phase will cause a rais- 

ing or lowering of attenuation solely in proportion to the 

fraction of the new phase present,  and it seems certain that 

the manner of distribution of the new phase is very important. 

In contrast to cttcnuation, velocity of ultrasound is known 

to be insensitive to the change in structure. 
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One point of view given by Smith" in connection with the 

structure may be mentioned.    It was pointed out that vihen ti- 

tanium is charged with hydrogen,  the lattice constants of the 

titanium change by rather large amounts.    Either during the 

occlusion or the  subsequent evolution of the gas, whenever 

there is a phase  change,  the phase boundary steadily migrates 

in the metal.    This boundary cuts through the individual grains; 

consequently,  a severe  strain inside individual grains may be 

expected to accompany the arrival of the phase boundary.  Smith 

maintained that the strain along the phase boundary introduces 

"rifts" or openings,  even when a sample  is kept at a room 

temperature,    Ti50P was heated at about 5500C.  during charging 

or removing of hydrogen,    rhether this heating was sufficient 

to start  some rccrystallization is not known. 

The concept of formation of rifts bv the strain along the 

phase boundary may also offer en explanation for the mechanism 

discussed earlier, namely, that the rate  of occlusion of hy- 

drogen by titanium increases abruptly as  a nev; phase appears. 

The  surfece of the matter at first gets enough hydrogen to 

form a new phase,  the  introduction of which allows a more 

rapid diffusion of hydrogen into the part adjacent to the 

phase boundary, because of the presence of rifts in the region 

already filled ^.vith the now phase. 

The observed changes in the velocity of ultrasound can be 

attributed primarily to the changes in the density of the metel. 

According to the  theory of elasticity, the velocity of prope- 

Gation v of a longitudinal plane wave in an Isotropie solid 
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Is given by the equation 

v =(tdäk) * 
P 

where X is Lame's constant, \i the shear modulus and p the 

density of the solid. On assuming this equation to be valid 

in the present case, it is easv to see that if K+^i of ti- 

tanium during charging or removing of hydrogen remained 

constant, then 

where v^ is the velocity when the density of a titanium- 

hydrogen system is p-^ and V2 the velocity when the density 

is pj.  In Table V are listed the values of -^ and (-» ) 
* v2     Pi 

at various stages of heating, the values all being compared 

with the velocity and the density of untreated titanium. 
v. 

It vill be noticed that the values of -A are all very slightly 

larger than values of (!-£ ) at the same stage. It means, 
Pi 

theKfore, \+^i also changed slightly with the hydrogen con- 

tent. This is to be expected. 

The data on attenuation can be arranged other than as 

given in Fig. 1 through Fig. 7. Instead of the maximum 

strain amplitude, a quantity related more closely to the 

internal friction may be presented as a function of frequency. 

Let 
-ax 

u(x) = Uoe 

for a plane wave  travelling in the x direction, u(x) being 

the displacement at point x, then 
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«2ox 
Kx) = I0e 

where I(x) Is the intensity at the same point. At the point 

x+X v/here X= ^ , the displacement just repeats the value at 

an arbitrary storting point from which 7 is measured, 

l(?)=Ioe      f 

v being,  as before,  the velocity of propagation and f the 

frequency.    The  quantity 

lo 

Sa^ +    when    207 <1 
f I 

gives some measure of  the fraction of energy dissipated dur- 

ing one oscillation.     a   is the attenuation value  shown in 

Fig.  1 through Fig.  7 where it is measured in db/inch.    It 

can be expressed in neper/centimeter by the use  of the equa- 

tion 

o.(äb/in) = 3.421a(neper/cm) 

For Ti508 and Ti5l2,  this quantity is  shown in Figs. 13 and 

14 as a function of frequency, 

Ti5l3 was heated  intermittently,  first in Furnace A and 

then in Furnace B,  these two furnaces having been described 

above in the section on experimental arrangements.    The 

thickness and the ultrasonic attenuation of the  sample and 

the velocity of ultrasound in the sample (Table  II) were 

found to remain unchanged when the sample was heated in 

Furnace B for many hours.    A few other samples heated in 
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Furnace B were also found to undergo no notable change In 

their thicknesses.    As was mentioned earlier,  while samples 

heated In Furnace A appeared greyish, samples heated In 

Furnace B had bluish, purple, or golden appearance.    Although 

the same kind of commercial hydrogen was used for both fur- 

naces, the atmosphere in Furnace B was almost certainly less 

pure than that in Furnace A because the former furnace is 

not as gas tight as the  latter.    Furthermore, one outlet of 

Furnace B was sealed with cold oil to facilitate  quenching. 

It seems that some gas or vapor mixed in the hydrogen in 

Furnace B reacted v;ith the  surfaces of titanium samples and 

thereby retarded the penetration of hydrogen.    In Fig,  10 are 

shown the mlcrostructures of both the surface and the cross- 

section of T1513, heated briefly in Furnace B after being 

heated several tl^es  in Furnace A.    These two mlcrostructures 

are different.    Oxide or nitride on the surface  of titanium 

was reported'  to possibly inhibit hydrogen sorption at rela- 

tively low temperatures.    This difference in the results of 

heating samples in Furnaces A and E is under further  study. 

For example, oil has been taken away from Furnace B, 

In heating samples intermittently,  it has been intended 

to follow the change of microstructure,  the ultrasonic at- 

tenuation, and the velocity of ultrasound while hydrogen 

diffuses into the samples.    In particular, it has been in- 

tended to follow the penetration of the precipitated phase 

iito the   interior of a sample by eiamining the cross-section 
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of the sample.    The process by which the surface structure 

changes is also regarded as interesting.    One preliminary 

result is given in Fig. 15 which shows the surface structure 

of T1513 after it was heated in Furnace L at 5500C. for a 

total of 17 hours.    Curved lines were seen on the surface 

even without its being etched.    It is not considered to be 

likely that these lines were  the product of heat etching. 

Study along these lines  is in progress. 

VI.     CONCLUSIONS 

It is concluded that 

(1) Commercially pure titanium, as received, has meas- 

urable attenuation values for longitudinal waves in the 

frequency range from 10 to 50 mc, 

(2) The group velocity of ultrasound is around  5.85 x 

Kr  cm/sec. 

(3) On its being heated for many hours in vacuum, oxy- 

gen, or nitrogen at temperatures in the neighborhood of 

6000C, the attenuation of,  and the velocity in, titanium 

(commercially pure titanium)  showed little change. 

(4) When titanium was heated for many hours in hydrogen 

at temperatures ranging from 4500C to 5500C, the attenuation 

decreased while the velocity increased.    Samples heated at 

high temperatures underwent remarkably large changes.    In 

the case of velocity, values up to 6.52 x 10^ cm/sec were 



(b) Surface etched 

Fig. 15 
Photomicrographs of Ti5l3, heated 
in hydrogen at 550°C for 17 hrs. 
(The straight lir.es across the 
photographs are accidental scratches 
on the negatives of the photographs) 
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observed.    In the case of attenuations, values changed up to 

70JS or more, 

(5) In the same experiments as in (4), titanium samples 

increased in weight and volume, while decreased in density, 

ugain, remarkably large changes of these quantities occured 

to samples heated to temperatures close to 550oC.    Density 

changes as large  as 11^ were observed, 

(6) From the relations between velocity and density,  it 

can be deduced that some elastic constants of these samples 

also changed by small amounts through being heated  in hydrogex 

(7) Very long lines or needles replaced or covered the 

ic^'ilar grains of samples heated in hydrogen at temperatures 

close to 5500C,    Samples heated below 5000C did not show very 

noticeable changes in their microstructures, 

(8) On being heated in vacuum for many hours  at 550oC, 

a sample which had been heated for many hours in hydrogen at 

5500C before, lost much weight and volume.    Its density,  and 

the velocity of ultrasound in it, finally restored their 

values they had before  any heating.    Its ultrasonic attenu- 

ation was higher than before vacuum heating but still lower 

than before any heating, 

(9) Comparison between data on a sample heated at 5500C 

in hydrogen and those heated at 5000C suggests that there is 

a rapid, or possibly abrupt,  increase in the rate  of absorp- 

tion of hydrogen by titanium at temperatures between 5000C 

and  5500C, 

itac'-vr TKK:" 



(10) The changes In velocity in treated titanium through 

various treatments can be attributed, for the major part, 

to the changes in density, 

(11) In the case that a sample absorbed such a large 

amount of hydrogen that it had a mlcrostructure of very long 

lines or needles, the large changes in attenuation are be- 

lieved to be caused by the appearance of a new titanium- 

hydrogen phase, very likely Hagg's ß-phase, 

(12) In the case that the hydrogen content of a sample 

was small and its mlcrostructure regular, the cause of a 

small decrease in attenuation is not well understood. Be- 

cause of the recent discovery4 that titanium hydride is 

formed even when the hydrogen content in the titanium is very 

small, It is not known whether hydrogen in solution or hy- 

drogen in the precipitated form or both are responsible for 

the small decrease in attenuation. One fact, which probably 

should not be over-looked, is that at small hydrogen content, 

the portion of the hydrogen in solution relative to the por- 

tion in precipitates is larger than at large hydrogen content, 

(13) Certain impurities in the hydrogen are believed to 

be able to so react with the surface of titanium that the 

penetration of hydrogen into the metal is retarded, 

(14) Interesting information about diffusion may be 

obtained by following the change in the microstructures of 

both the surface and the cross-section, as well as in the ul- 

trasonic properties, of titanium, as heating in hydrogen 

progresses. Further investigation along this line is underway. 
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