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FOREWORD

This report was prepared by the Metals Branch and was initiated under
Project No, 7351, "Metallic Materials," Task No., 73510 "Titanium Metal and
Alloys" and was administered under the direction of the Materials Laboratory,
Dirsctorate of Research, Wright Air Development Center, with Harris M, Burte
acting as project engineer,

This report covers work conducted from July 1954 to October 1955.



ABSTRACT

It is now well recognized that hydrogen contamination in alpha-beta
titanium alloys can lead to sudden, brittle fracture during the use of these
materials, The strain aging embrittlement which causes such fracture has
been investigated,

Strain aging hydrogen embrittlement in alpha-beta titanium alloys has its
greatest effect on mechanical properties measured at slow strain rates. It
can cause low ductility in room temperature tensile tests and premature hrittle
fracture in room temperature rupture tests, Fracture due to this process tends
to be intergranular. Metallographic examination of many hydrogen contaminated
alpha-beta alloys shows no evidence for a third phase either before or after
fracture. In at least one alloy, however, a third phase was visible after
fracture, Both alloy composition and miecrostructure affect susceptibility
to strain aging embrittlement. Increasing test temperature seems to decrease the
tendency towards embrittlement, but increases the rate at which embrittlement
can occur, A mechanism for strain aging embrittlement is proposed, Other
types of embrittlement which may be caused by hydrogen are mentioned.

PUBLICATICN REVIEW

This report has been reviewed and is approved.

FOR THE COMMANDER s

.

M. R. WHITMCEE
Technical Director
Materials laboratory

Directorate offEEEEg:eh
L

oy G

~ N, '\\‘L. V;V')t'“f ‘\‘I ’ .

WADC TR 54-616 Pt 3 iii



TARLE (F CONTENTS

Section

I
II
I11

<

VII
Vil

IX

XI

X1I

Introduction « « o « o « &
Experimental Methods . . «
Strain Aging Embrittlement
Specimen Surface Condition

Specimen Type

L L J L] L ] L] L

Hydrogen Content « « o ¢ o o«

Heat Treatment and Alloy Compesition

Macroscopic Examination of Fractured

Microscopic Examination .
Discussion . . 2 4« 4 o 4

Summary

L] L] - L] L - a - -

Bibliography s & 8 & & ¢ &

WADC TR 54-616 Pt 3

iv

L ]

Specimens

L 4

o
E;\O OOQO\\APWNHE

E R



10

11

12

13

1y

LIST OF ILLUSTRATIONS

The Effects of Hydrogen on the Room Temperature Tensile
Properties of Ti-140A, Ht, ML170. Unnotched Specimens
E‘xceptWhereIndicated. 8 % 8 & o+ * % 4 8 s s " e " s s e e
The Effects of Hydrogen on the Room Temperature Rupture
Behavior of Notched Specimens, In (A) the Height of a

Line Extending Above a Point is Proportionsl to the

Reduction in Area at Fracture, © s o 9 8 8 % 8 8 s s e s s .

The Influence of Time to Fracture on Ductility Measured
in Room Temperature Tensile and Rupture Tesats, Unnotched
SPGCimen3| ¢ 8 B 8 8 & B & 4 & 8 # 6 4 e+ & & 8 B s 4 8 & e »

The Effects of Specimen Surface Condition ® s e st s v s o
The Appearances of Fracture Surfaces for Unnotched Specimens .

The Effects of Various Factors on Ductility Measured in Room
Temperature Tensile Tests., Unnotched Specimens, *» v e s s

Mechanical Property Specimens that have been Tested. Not
Drawn to Scale, Mechanical Property Data are Reported Omly
for the Unnotched and V-Notched Cylindricel Specimens, PP

Comparison of Room Temperature Datsa for Unnotched and
V-Notched Cylindrical Specimens., C-130AM, Hydrogen = 320 ppm.

Photomicrographs of Ti«140A, Ht, M1192, 210 ppm Unsirained
Material. Perpendieular to Rolling Direction. Mag, 500X, . .

The Appearances of Fractures in Notched Specimens of
Ti"éAl').}.VSheetoocno-oo-ooo-ooooocooooo

The Appearance of the Fracture Surface for Notched Specimens
of High Hydrogen Material, Both Ends of One Specimen, Nots
the Post Fracture CrackSe o+ o ¢ ¢ o o ¢ o ¢ s o ¢ 8 4 « ¢« s »

Post Fracture Cracking. Longitudinal Section Through
Fractured End of Notched, High Hydrogen Specimen, ¢ o s o o

Photomicrographs of Ti-1404, Ht, ML170. Unatrained
Material. Perpendicular to Rolling Direction. Mage. 500X . .

Photomicrographs of C-130AM, Ht. B337l. Perpendicular to
ROlling Direction. mso EOOL * & » & & & & 8 & & 8 ® 8 & 8

WADC TR 54-616 Pt 3 v

¥

25

26

27
28

29

30

31

32

33

34

36

37

38



LIST OF ILLUSTRATIONS (Continued)

15 Photomicrograph of C-130AM, Ht. B5038, 320 ppm. Unstrained
Material. Perpendicular to Rolling Direction. Mag. 500X. « « & 39

16 Photomicrographs of C-130AM, Ht. B5038, 320 ppm. Parallel
to Rolling Direction. Mig. 500x0 ® ® 8 9 8 B g s 8 8 8 s 8 0 ho

17  Photomicrogrephs of Ti=-150A, Ht., R68, 250 ppme Perpendicular
i {s) R)lling Directione Mﬁs- soox‘ O A L R R R R A hl

18 Photomicrographs of Ti~1504, Ht. R68, 250 ppm. Parallel to .
Rolling Direction. Magof)'ooxo..oo-............142

19 Photomicrograph of Ti-155AX, 260 ppm. Unstrained Material.
Perpendicular to Rolling Direction. Mag. 500X. This
Material not Susceptible to Strain Aging Hydrogen
Embrittlement, :

’....O......l..'ll...... h3

WADC TR 54-616 Pt 3 vi



I1I

v

VI

VII

VIII

LIST OF TABLES

AnalyseSOfTitaniumAlJ.OYS..-......-.-.....

Preparatory Treatments to Adjust Hydrogen Content and
Themal History L ] [ ] - L] L ] L ] - - L] » L ] * L) » L] [ ] L ] - - .

The Effects of Hydrogen Contamination on the Room Temperature
Tensile and Rupture Behavior of C-130AM, Ft, B5033,
Unnotehed Specimens o v v o o o o o o o s o o « o o o 2 o o »

The Effects of Hydrogen Contamination on the Room Temperature
Rupture Behavior of Ti-1404, Ht., M1170. Unnotched Specimens

The Effects of Specimen Surface Condition on the Room
Temperature Tensile Behavior of Low Fydrogen Material . . . «

The Effects of Specimen Surface Condition on the Room
Temperature Rupture Behavior of C-130AM, Ht. B5038. 4 o & « &

The Effect of Heat Treatment on Susceptibility to Hydrogen
Embrittlement, Room Temperature Rupture Tests on Notched
SpGCimnB of Ti"ll;.O‘A’ H%. Nll92 " 8 s 2 8 ¢ + 8 B s e 0 s 8 @

Room Temperature Mechanical Properties of a Material Whieh
Does Not Exhibit Strain Aging Embrittlement at a Hydrogen
Content Of 260 pp]Il. Ti-lsﬁﬂx L] » * [ ] - L] L ] L] L L] L] L] [] [ ] - L]

WADC TR 54-616 Pt 3 vii

16

17

19

20

21

22

23






I. INTRODUCTION

One of the importent phases of research in titanium and titenium alloys
has been concerned with the effects of interstitial contaminants on the
properties of these materials. From the very first much attention was
devoted to the effects of oxygen, nitrogen and carbon; recently the effects
of hydrogen have been the subject of extensive research.

The early work of Jaffee and co-workers (1, 2, 3) on unalloyed titanium
showed that hydrogen is relatively soluble in the beta, body centered cubiec,
elevated tempersture phase of titanium, but at room tempereture is quite
insoluble in the alpha, hexagonal close packed, low temperature phase, In
unalloyed titanium or alloys with low contents of alpha stabilizing elements,
which at room temperature are predominantly alpha phase, hydrogen in excess
of the solubility limit is precipitated as hydride needles or platelets,
and this increases the classical ductile to brittle transition temperature,
Thus the effects of hydrogen contamination on the duetility of these all-
alphe materials is greatest at high strain rates, in the presence of a
notch, and at low test temperatures. Hydrogen contamination in the range
0-500 parts per million by weight (pom) has little effect on properties
measured in normal room temperature tensile tests, but has a pronounced
effect on the energy absorption measured in & notch-bend impact test,

In alloys with beta stabilizing elements such as iron or menganese,
both alpha end beta phases may be present at room temperature, end the
effects of hydrogen on mechanical properties are quite different from those
for the sll-elpha alloys {4, 5, 6, 7)s These elpha~beta alloys are repre-
gentative of many of the commercislly available titanium allcys, and the
remainder of this report is concerned with these two rhase alloys. Jaffee
ete al. (4s 7), and Kotfile and Frbin (5) showed thet in several alphe-
bete alloys hydrogen content does not cause a hydride precipitate but does
induce a strain rete sensitivity leading to low ductility in tensile tests
at slow testing speeds, This is exmsctly opposite from the effect of strain
rate on the duetility of all-alpha alloys. It was suggested that in aipha-
beta alloys hydrogen contributes tc & strain aging type of embrittlement,
The problem of the effects of hydrogen in alpha-beta titanium alloys assumed
practical rather than academic importance during the spring of 195/ when
failures in aircraft parts were reported that could be attiributed to hydro-
gen embrittlement. Work at Praett and wWhitney Airersft Corporstion showed
that hydrogen could cause premature brittle fracture under conditions of
sustained loading. Other work on alpha-beta alloys hes been reported
(84 9, 10)s The results of an initial investigation at Materisls Laboratory,
Directorate of Research, Wright Air Development Center have been presented
in Part 1 of this report (Reference 6). Part 2 dealt with methods
of analysis for hydrogen. This Part 3 is concerned with the effects of
hydrogen on the room temperature mechanicel properties of alpha=beta
titanium slloys, and the mechanism of strain aging hydrogen embrittlement,

Mapuscript released by author October 1956 for publicaticn as & WADC
Technical Report.
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1I. EYPERIMENTAL METHODS

The materials for which mechanical property test data are reported
are described in Table I, They are all commercial or semi-commercial
alpha-beta alloys which were supplied in the form of barstock. Experiments
were also performed on sheet material, and on specimens from forged articles,
but since these gave results similar to tkose for barstock they will be
discussed in a gualitative manmer only. The preparatory procedures
described in Table IT were performed on the as-received stock in order to
obtain different levels of hydrogen contamination in specimens from one
heat of a given material. In order to isolate the effects of hydrogen
contamination from those of other metallurgical variatles, the materials
of different hydrogen levels vprepared from one heat were brought to
gimilar thermal histories before test specimens were machined. Hydrogen
content was decreased below that of as-received material by vacuunf annealing;
the pressure, measured in a room temperature zone in the vacuum annealing
system was usvally below 0.1 mieron, and scmetimes was as low as 0.(C1
micron. The hydrogen content was increased over that in the as-recelved
material by heating in a hydrogen atmosphere. Thermal history adjustment
and homogenization of hydrogen content across specimen cross-section were
accomplished by heating in air or inert gas. No differences could be
attributed to the use of air vs. an inert gas since the contaminated
surface resulting from heating in air was removed during the machining
of test specimens.

Hydrogen analyses were by the vacuum fusion method. Annealing in
ajr or inert gas, or mechanical property testing had no discernable effect
upon the hydrogen content., Hydrogen contents are expressed as parts per
million by weight (ppm).

Room temperature mechanical property test data are reported for
notched and unnotched cylindrical specimens machined from the barstock.
Tensile tests were performed at various strain rates corresponding to the
testing speeds indicated, Rupture (sustained loading) tests were performed
on standard lever-arm creep-rupture frames. In many cases several speci-
mens were loaded in tandem on a single frame, When one specimen broke a
new one or a dummy was inserted, and the stress was reapplied. Room
temperature for rupture testing was controlled between 72°F to 7,/F;
room temperature for tensile testing was not controlled and may have
varied between 70°F to 90°F,

The unnotched eylindrical specimens had a gage length of 1 inch and
a gage diameter of 0.187 inch., The notched cylindrical specimen was a
0.294 inch bar with a cireumferential 60° V-notch that reduced the load-
carrying area to a circle 0,137 inch diameter. Radius at root of notch
was 0,01 inch. Speecimen ends for both types were 3/3 inch diameter with
16 threads per inch. The majority of the unnotched specimens were
tested with as-machined, or as-machined and rough polished surfaces.
The effect of specimen surface preparation was also investigated.
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Metallographic specimens were mechanieally polished and were etched
with one of the following mixtures.

L3% HF = 2% (by volume) 2% 20%

cone. HNO3 = 10% - 20%
Ho0 = 83% 03% -

glycerine = - - 60%

ITI. STRAIN AGING EMBRITTLEMENT

Tensile and rupture test data for two tltanium alloys are presented
in Figures 1, 2a and 2c and Tables III, IV, Considering first the tensile
teat data; hydrogen content between 10 and 400 ppm has little effect on
the uvltimate tensile atrength, the yield strength, or the ratio of notch
strength to unnotch strength., Ductility, as measured by elongation or
reduction in ares is reduced by hydrogen content, but the amount of the
reduction is not a single valued function of hydrogen content. It
depends on the strain rate at which the test is performed and other
faetore which will be discussed below, At high strain rates hydrogen
containing material may show the same ductility as hydrogen free material,
whereas at low strain rates the ductility may be greatly reduced. This
strain rate depsndence of the tensile test ductility of hydrogen con-
taining material is characteristic of the embrittlement under considera-
tion, and suggests that it arises from some strain aging mechanism, Two
important features of this strain aging embrittlemsnt are how slow the
strain rate must be for an appreciable ductility reduction to be apparent,
and the minimum hydrogen content required to produce it at any strain rate,

Consider now the rupture test data for ummotched specimens. For
both hydrogen free and hydrogen containing materials, as the stress level
is decreased the times to fracture is increased, The rate of increass of
fracture time with decrease of stress is much greater for hydrogen free
than for hydrogen containing material., Furthermore, the ductility of
hydrogen free specimens is relatively independent of stress level or time
to fracture, whereas that of hydrogen containing specimens decreases

-markedly as time to fracture increases. Very high stress levels and short
fracture times correspond to rapid rates of plastic deformation and this
i3 analogous to fast strain rates in the tensile test, 1In Figure 3,
ductility measured as reduction in area is plotted against time to fracture
for both tensile test and rupture test specimens, It is recognized that
such a comparison can be only approximately valid, but the data do
jndicate the importance of time to fracture in determining the extent
of embrittlement developed in either tensile or rupture tests., Time to
fracture in the tensile test is controlled by the strain rate, and in the
rupture test by the stress lewel, If time to fracture is sufficiently
short the hydrogen contaminated material tends to act in a ductile manmer,

WADC TR 54-616 Pt 3 3



It was difficult to make accurate measurements of ductility for the
notched specimens, however, the data that are presented in Figure 2a
inelude an indication of the reduction in area at fracture, Qualitatively,
the behavior of notched specimens is quite comparable to that of unnotched
specimens., At very high stiresses and short fracture times the hydrogen
free and hydrogen containing specimens fracture in comparable times, both
in a ductile manner. At lower stress levels where the hydrogen free
specimens fracture in long times still in a ductile manmer, or do not
fracture, the hydrogen containing specimens exhibit premature brittle
fracture., The data in Figure 2c are all in the range in which the hydrogen
containing specimens fracture in a premature brittle manner.

In rupture tests as in tensile tests therse are two important features
of the strain aging embrittlement; a minimum rupture time which is
necessary for emtrittlement to be observed, and a minimm hydrogen content
for premature brittle fracture even at very long rupture times. It is
evident that a strain aging mechanism for the hydrogen embrittlement must
explain premature and low stress fracture in sustained loading as well as
the strain rate sensitivity of the duetility.

The characteristic qualitative features of the strain-aging hydrogen
embrittlement are as is desecribed above; the influence of factors such
as specimen surface condition, specimen type, hydrogen content, alloy
composition, and microstructure will be discussed below. All of these
factors affect quantitative rather than qualitative aspects of the
embrittlement.

IV, SPECTIMEN SURFACE CONDITICN

The unnotched cylindrical specimens that were tested had one of the
following surface conditionas as-machined; machined + rough polish; machined
+ fine polished through 0000 metallographic paper. The appearances of
the specimen surfaces are illustrated in Figure 4 which shows broken ends
of mechanical property test specimens. For the as-machined specimens, the
intersection of the fracture surface with the specimen surface coineides
with machining marks around most if not all of the specimen circumference.
For rough polished specimens part of the intersection of the fracture
gurface with the specimen surface coineides with polishing seratches.

For the fine polished specimens there was no apparent influence of
specimen surface marks. These observations are general for both hydrogen
free or hydrogen containing specimens tested in tensile and rupture tests,

The appearances of the fracture surfaces of unnotched specimens are
shown in Figure 5, and will be discussed more fully in eection VIII.
Two types of fracture surface are observed, one for specimens whieh fracture
in a ductile manner, and one for specimens which fracture due to strain
aging hydrogen embrittlement. For either ductile or hydrogen embrittled
specimens, the appearance of the fracture surface is similar for all three
types of specimen surface,
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The ductile fracture specimens show a classical "eup and cone," and
it is generally agreed that fracture is initiated in the interior of suech
a specimen, The effects of surface condition on tensile or rupture prop-
erties should be minor for specimens with this type of fracture, For
the brittle fracture specimens with as-machined or rough polished surfaces,
the fracture micleus can usuvally be associated with a seratch on the sur=
face. For the fine polished, brittle fracture specimens no association
of the fracture nucleus with visible surface scratehes is apparent,

Data on the effects of specimen surface condition on mechanical
properties are presented in Table V and Figures 6d and 6e for tensile
tests, and in Table VI for rupture tests. As expected, specimen surface
condition has no significant effect upon the mechanical propertias of
ductile, hydrogen free material, For hydrogen containing material specimen
surface condition does not affect qualitative features of the strain aging
embrittlement, but it does have quantitative effects, In rupture tests
at a given stress level, the polished specimens require a longer time
for premature brittle fracture., In tensile tests there is an indication
that polished specimens may require slower strain rates for an appreciable
ductility reduction to be apparent, An alternate explanation of the
tensile test data in Figures 6d and ée is that in some alpha-~beta alloys
hydrogen can cause a notch sensitivity type of embrittlement at fast
strain rates in addition to the strain aging embrittlement being considered
here,

With the exception of the fine polished specimens of Ti-150A, and the
specimens of Ti-140A, Ht. M170, 250 ppm, the umnotched hydrogen contain-
ing (above 100 ppm) specimens for which data are reported in Tables III
and IV and Figures 1, 3 and 6 have as-machined surfaces. The specimens
of Ti-140A, Ht. M1170, 250 ppm had as-machined + rough polished surfaces,

Any conclusions in this report which rest upon quantitative aspects
of the tensile or rupture data have been evaluated for the possibility
that variations in specimen surface condition are produeing spurious
results, Quantitative comparisons are presented only when such a
possibility is very remote.

The Venotched c¢ylindrical specimens tested were all machined in
the same way, Observation of fractured specimens indicates no evidence
for any effects of machining marks at the root of the noteh,

V. SPECIMEN TYFE

A variety of notched and umnotched tensile and rupture test specimens
have been used (Figure 7). These have included cylindrical specimens
from barstock and forgings and flat specimens from various gages of sheet.
The effects of hydrogen on tensile and rupture test behavior are quali-
tatively the same for all of these specimen types.
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Rupture data for unnotched and V-notched cylindrical specimens are
compared in Figure 8, The extrapolation of the curve for notched specimens
to cross that for unnotched specimens is justified by the general experience
that these notched specimens can show premature btrittle fracture at lower
nominal stresses than unnotched specimens (e. g. see data for Ti-1404,

Ht. M1170). Premature brittle fracture in notched specimens can occur at
nominal stresses as low as 40% of the short time notched tensile strength.
The qualitative features of strain aging hydrogen embrittlement are the
same for both types of specimens., For each there is a stress above which
fracture will be ductile due to short fracture time, and naturally there

is a stress below which fracture will not occur in time periods of
practical interest. 1In each case there is an intermediate range of stress
over which hydrogen contaminated specimens fracture prematurely, in a
brittle manner, However for this V-notched specimen, the range of stress
{pominal stress based on original cross-secticnal area) over which premature
brittle fracture can occur is much greater than for unnotched specimens.
Two factors must be considered to understand the effect of this type of
notch: the triaxial stress state which tends to restrict plastic flow, and
the stress concentration near the root of the noteh, The former causes

the short time notich tensile strength to be greater than the unnotched
ultimate tensile strength, The latter allows long time premature brittle
fraeture to oceur at lower stresses in notched than in unnotched specimens.
As a result, for short rupture times the notched specimens require a higher
stress than the unnotched specimens;for relatively long times to rupture
the reverse is true.

VI. HYDROGEN CONTENT

At the low hydrogen contents of the vacuum annealed "hydrogen free"
material none of the alloys tested exhibit any tendency towards strain
aging embrittlement. There must therefore, be some minismum hydrogen con=-
tent below which embrittlement will not occur no matter how slow the
strain rate is in a tensile or rupture test,

The influence of hydrogen content above this minimum, on tensile
test ductility, is 1llustrated by the data in Figure éc and 6d. At a
hydrogen content of 170 ppm the alloy Ti-140A, Ht, ML170 will show premature
brittle fracture in rupture tests and it can therefore be assumed that
there would be a reduction in tensile test ductility if slower strain rate
tensile tests were performed. It may be coneluded that increasing hydrogen
content allows an increase in the strain rate which must be used for an
appreciable ductility reduction to be apparent. The data in Figure 6éd
indicate that for a given strain rate the amount of the duetility reduc-
tion increases as the hydrogen content increases.

Sinee the dependence on strain rate or time to fracture is similar
in tensile and rupture tests, increasing the hydrogen content rust de-
crease the minimm time to fracture at which premature brittle fracture
can be observed in a rupture test., The times to fracture for the data
in Figures 6c and 64 are above this minimum, and the hydrogen containing specimens
show premature brittle fracture. At a given stress level in this range of
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bebavior, inereasing the hydrogen content decreases the time required
for premature brittle fracture,

VII. HEAT TRFEATMENT AND ALLOY COMPOSITICN

Rupture test data on two heat, treated conditions of a hydrogen con-
taining material are presented in Table VII, Cne set of otherwise
identieal specimen blanks was furnace cooled from a temperature low in
the alpha-beta range for this alloy, the other was air cooled from a
temperature higher in the alpha-bete range. Mierostructures obtained are
shown in Figures %9a and 9b, The rupture data indicate that heat treate
ment alone can cause profound differences in the susceptibility of a
given alloy to hydrogen embrittlement,

At appropriate hydrogen levels or heat treatments strain aging
hydrogen embrittlement has been observed in alpha-bets alloys with the
following nominal compositions:

Ti-8Mn Ti-2Fe=20r-Mo
Ti=-4A]l=4Mn Ti-3¥n-1Fe-1V=-1Cr-1Mo
Ti-6A1-4V

Ti-1,.5Fe-2.Cr

Note that embrittlement can occur whether or not.a eutectold reaction
is possible,

As a consequence of the vacuum annealing, hydrogenation and homogeni~
zation treatments described in the Section II, the materials now to be
discussed were in annealed low in the alpha-beta region + furnace cooled
conditions. Microsiructures before mechanical property testing are shown
in Figures 13, 1l4b, 15, and 17a. Variations in prior mill procegsing
caused a variety of microstructures even though the final thermal treat-
ments for these materials were similar. Tensile and rupture data pertinent
to this discussion are contained in Figures 2, 3 and 6 and Table VIII,

It is evident that although heat treatment can have an effect, susceptibility
to hydrogen embrittlement is not peculiar to one particular type of
microstructure. :

The tensile test data in Figures 6a and 6b are for two heats of
nominally the same alloy, both given final thermal treatments of furnace
cool from 1300°F, and both with very similar microstructures. Due to
slight differences in composition or mill processing a much lower strain
rate (longer time to fracture) must be used in order to observe embrittle-
ment in Ht, B5033 than in Ht. B3371 even though the former has a higher
hydrogen content, The notch rupture test data in Figures 2a and 2b show
a simjilar difference in the time to rupture at a given stress level.

Cther comparisons are possible from the datae in Figures 2, 3, and 6 to
show that alloy composition or microstructure or an interaction between
these two can affect quantitative features of the embrittlement such as
minimim time to fracture for emirittlement to be produced in either
tensile or rupture tests, or time to premature brittle fracture at a given
stress level in the rupture test.
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For example, even polished specimens of Ti-150A, Ht. R68 at 250 ppm
require a shorter minimum time to fracture in tensile tests than as-
machined specimens of C~130AM, Ht. B5038 at 320 ppm.

Table VIII and Figure 18 present data for an alpha-beta alloy, in an
annealed condition, at a hydrogen level which does cause embrittlement in
many other alpha-beta alloys. However, this alpha-beta alloy does not show
any evidence for strain aging hydrogen embrittlement. It is evident that
composition or mierostructure or an interaction between these two can also
affect the minimum hydrogen content which can cause embrittlement even at
very slow sirain rates.

Although these data do not provide an uneguivoeal demofistration of
the effect of composition as separated from the possible effects of heat
treatment or an interaction between composition and heat trsatment, it
is felt that composition must be an important primary variable contribut-
ing to the susceptibility of a given material to strain aging hydrogen
erbrittlement.,

VIII. MACRGSCCPIC EXAMINATION (F FRACTURED SPECIMENS

The appearances of the fracture surfaces of unnotched eylindrieal
specimens are presented in Figure 5 and have been partially discussed.
Ductile fracture, whether for hydrogen free material, or for hydrogen
containing material tested at high strain rates, results in a characteristic
"oup and cone" appearance around the entire cireumference of the specimen,
For brittle fracture the cup and cone characteristics are greatly reduced
and do not extend entirely around the specimen circumference. The
portion of the fracture surface which is perpendicular to the specimen axis
has a relatively smooth area adjacent to the portion of the specimen
circumference where the cup and cone arppearsnce is absent, and a rougher
area radially opposite to this, It should be mentioned that similar
fracture surfaces have been observed to result from trittle behavior in
titanium alloys due to causes other than strain aging hydrogen embrittle-
ment,

The appearance of ductile, and premature brittle fractures in notched
sheet specimens ie presented in Figure 10, Premature britile fractures
contain a smooth area, perpendicular to the specimen axis, extending from
the root of the notch, Note that the extent of this smooth area is greater,
the smaller the stress level which caused fracture.

The appearance of these hydrogen embrittled fracture surfaces suggests
that the nucleus of fracture is in the smooth area at or near the specimen
surface, FPremature brittle fracture consists of growth of this nucleus
into a erack vwhich propagates across the specimen until the residual cross-
sectional area can no longer support the applied load, followed by ductile
fracture in this residual cross-section.
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The appearance of the fracture surface of a hydrogen containing
V-notched cylindrical specimen is shown in Filgure 11, With these speci-
mens 1t was not possible to establish clear-cut differences between
the gemeral appearances of ductile and premature brittle fractures, btut it
was noted that hydrogen contaminated specimens contain cracks running more
or less parallel to the specimen axis, The intersection of such cracks
with the fracture surface can be seen in Figure 11. A section taken
parallel to the specimen axis is shown in Figure 12, and further illustrates
the nature of these cracks. A few tensile teat specimens were examined
immediately after fracture and thereafter. In this case,visible cracks
could not be detected immediately after fracture but were present 1 week
later. Examination of all other specimens was at least several weeks
after fracture. In general, the crack traces in the fracture surfaces of
the two broken ends of the specimen do not coincide if the fracture
surfaces are brought together; this is another indication that most of
the cracks tend to form over a period of time after fracture. Such post
fracture cracks are found in the broken ends of almost all eylindrical
Venotched specimens where the hydrogen content is such as to render the
particular material under test susceptible to strain aging emtrittlement.
They occur irrespective of whether high or low strain rates leading to
ductile or brittle original fractures are usad., Post fracture cracks are
also prevalent in unnotched cylindrical specimens if high strain rates
leading to ductile fractures preceded by necking are employed, Unnotched
specimens which fail in a brittle manner, with little or no necking, exhibit
1ittle or no post fracture cracking.

It is evident that this post fracture cracking is due to the same
strain aging hydrogen embrittlement that leads to premature brittle
fracture in rupture tests, and is caused by residual radial stresses in
the 2 halves of the fractured specimen. The radial stresses are set up
by the triaxial stress state induced in cylindrical specimens by a noteh
or necked region.

IX. MICROSCOPIC EXAMINATION

Representative microstructures of unstrained material, and of
material near the fracture surfaces of test specimens are shown in Figures
13 to 19, Sections have teen taken both perpenmdicular to and parallel
to the rolling direction of the barstock. The hydrogen free and hydrogen
containing materials, in an unstrained condition, have essentially the
same microstructure. Examination of the region near fracture in mechanical
property test specimens shows that testing does not affect the microstruc-
ture of hydrogen free material, Similarly, for many of the materials
tested, fracture duve to strain aging hydrogen emirittlement is not
accompanied by visible microstructural changes. There are occasionally
some indications of a precipitate near the ends of post fracture cracks,
but this evidence is not at all clear-cut. For Ti-150A, Ht, R68 a dark
etching precipitate does appear in strained regions of the hydrogen con-
taining fractured test specimens., It is most prevalent near the origimal
fracture surface and around the ends of poat fracture cracks. This
precipitate can be redissolved to yleld a mierostructure comparable to that
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in unstrained material by heating in air or inert gas. Moat of the
precipitate disappears after 45 hours at 800°F; after 7 hours at 1200°F
it has been completely redissolved, Figure 17d shows a partially
redissclved precipitate at the end of a post fracture crack.

The post fracture cracks present in Figures lic, 16b, 17c¢, and 18c
tend to follow an intergranular path, From this it may be concluded that
strain aging hydrogen embrittlement leads to intergranmular fracture.

X. DISCUSSION

There is a marked similarity between the qualitative aspects of
hydrogen embrittlement in steel (11, 12, 13, 14) and strain aging
hydrogen embrittlement in alpha-beta titanium alloys. It is quite
possible that the mechanlisms of embrittlement are also very similar.

The following is proposed as the framework for a mechanism of
strain aging hydrogen embrittlement in alpha-beta titanium alloys,
Initially, in unstrained material, the hydrogen is in interstitial
solid solution. Plastic deformation provides microscopic reglons
towards which there is a tendency for the hydrogen to segregate. The
net result of such microsegregstion is to provide regions, where miero-
cracks can be initiated and propagate,thus providing a low streas route to
brittle fracture.

The similarity between the mierostructures of unstrained hydrogen
free and hydrogen containing alpha-beta alloys suggests that initially
the hydrogen is in interstitial solid solution. The titanium-hydrogen
phase diagram (3) indicates that hydrogen is a beta phase stabilizer, and
has very little room temperature solid soclubility in unalloyed alpha phase,
It is conceivable that alloying the alpha or beta phases can change the
s0lid solubilities of hydrogen in these phases, but in alpha-beta alloys
such as Ti-l,5Fe=2,5Cr in which the alpha phase 1s relatively pure, the
hydrogen,at room temperature,is probably partitioned to the beta phase,
Even within unstrained beta phase there will be a tendency for the
interstitial hydrogen atoms to segregate to lattice defects such as
dislocations, vacanciles, or grain bovndries, The intercrystalline nature
of hydrogen embrittlement fractures suggests that plastic deformation
affecta the structure in some manner as to establish more sites for such
segregation at the grain boundries, The hydrogen atoms will tend to
diffuse towards such sites, The extent of such microsegregation will
depend upon the extent of the deformation, the partition function between
the new sites and the remainder of the beta phase, the initial concentration
of hydrogen in the beta phase, and the rate at which the necessary diffusion
can occur, It is sugrested that if this microsepregation causes s high
enough local concentration of hydrogen atoms, & microcrack ¢an be formed.
The exact manner of formation of the intererystalline miecrocrack camnot
yet be deseribed; in at least one of the materisls tested there is evidence
that 1t involves formation of a third, possibly hydride phase, Another
possibility involves condensation of molecular hydrogen in lattlce vacancies.
Growth of the microcrack may involve a continmuation of this embrittlement
process in the strained material around the periphery of the crack.

WADC TR 54-616 Pt 3 10



Application of this mechanism to the mechanical property data must
consider both the tendency towards microsegregation and the rate at which
microsegregation and consequent embrittlement can occur. The tendency
towards microsegregation is provided by the initial hydrogen concentration,
and plastic deformation which may be quite localized., The rate of
microsegregation, involving diffusion of the hydrogen, may be relatively
slow, Ductility measured in a tensile test will depend upon the rate at
which this microsegregation can oceur relative to the rate of straining
imposed on the material, At high strain rates the material fails in a
ductile manner by plastic deformaticn before appreciable microsegregation
and consequent embrittlement can occur., At very slow strain rates a local-
1zed region of the specimen is sufficiently deformed to induce microsegre~
gation, and this takes place with consequent fracture before total
deformation of the specimen is very pgreat. Similarly, in rupture tests at
very high stress levels the rate of straining due to creep is so grest
that duetile fracture oceurs before microsegregation is appreciable. At
low stresses, where creep is slow, a critical amount of deformation in a
localized section leads to microsegregation and fracture tefore much cresp
can occur, This can happen even at stress levels where the creep is so
8low that normal ductile fracture would not occur in time periods of
practical interest. The time for premature brittle fracture in a rupture
test at a given stress level will depend upon the time reguired for suffi-
cient plastic deformation to initiate the embrittlement, the rate at which
microsegregation oceurs, and the rate of propagation of the microcrack
which is formed.

A stress-concentration such as exists at a noteh or a surface seratch
can lower the stress, or at a given stress can decrease the time required
for sufficient localized plastiec deformation to initiate the embrittle-
ment. TIn some notched specimens the ecomplicating influences of triaxial
stress states must be considered.

At this stage in the discussion the information available (5, 6, 7, 9)
on the effects of test temperature on strain aging hydrogen embrittlement
should be considered. If tensile tests at a constant slow strain rate
are performed over a range of temperatures the ductility reduction due
to hydrogen is zero at high temperatures, goes through a maximum as
temperature is decreased, and again approaches zero at very low tempera-
tures., The temperature of the maximum duectility reduction depends wpon
the alloy, hydrogen content, and strain rate, and may be below room
temperature, Rupture tests performed at room and elevated temperatures
indicate that a hydrogen content that leads to premature trittle fracture
at room temperature, may not do so at elevated temperatures., Rupture
tests at subzero temperatures have not been reported.

These data suggest that temperature affects both the susceptibility
towards embrittlement at a given hydrogen econtent, and the rate at which
embrittlement can occur. Increasing test temperature might be expected
to affect the tendency for hydrogen to partition between general inter~
stitial solid solution and microsegregation to deformation induced sites
in favor of the former. Therefore, increasing test temperature decreases
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the tendency towards embrittlement, Decrealing the temperature decreases
the rate at which hydrogen can diffuse, and therefore decreases the rate

at which embrittlement can occur even through the tendency towards
embrittlement is increased. In tensile tests at a constant strain rate
there will be no ductility reduction at elevated temperatures because there
1s no tendency towards embrittlement., At very low temperatures there is
no ductility reduction because the rate of embrittlement iz slow with
respect to the strain rate. Between these two temperature extremes the
ductility reduction goes through a maximum,

The effects of composition and microstructure on susceptibility to
strain aging hydrogen embrittlement have been demonstrated, and may be
due to many causes. Composition can be expected to affect the sclubilities
of hydrogen in the alpha and beta phases, and the partition between general
interstitial sclution and microsegregation, Heat treatment can affect the
ratio of alpha phase to beta phase present at room temperature, and the
compositions of these phases. Heat treatment and differences in content
of other interstitial elements can affect the nature of the alpha-beta
grain interfaces, which, sinece fracture is intergramilar, should
influence the strain aging embrittlement.

Attention in thie report has been focussed on strain-eging hydrogen
embrittlement; it must be pointed out, however, that hydrogen cen have
additiornal effects on the properties of alpha~beta alloys, With some
alpha-beta alloys a suitable combination of hydrogen content and heat
treatment may result in material which, at room temperature, has s hydride
phase in its microstructure (15). This might be expected to produce the
greatest reduction in ductility when the material is tested at fast
strain rates and in itself should not cause the premature brittle fracture
in rupture tests which is characteristic of strain aging embrittlement.

At elevated temperatures where strain aging embrittlement does not oceur,

a different type of embrittlement frequently takes place (6), Here,
specimens which have been exposed to elevated temperature creep conditions
are found to have lowered ductility when tested in subsequent room tempera-
ture, fast rate tensile tests. When strain aging embrittlement ecan occur
in conjunction with these other types of embrittlement, the effects of
hydrogen on the mechanical properties may be quite complex,

XI. SUMMARY

Hydrogen contamination can cause more than one type of emtrittlement
in alpha-beta titanium alloys. In this report attention is focussed upon
strain aging embrittlement which cceurs at room temperature, Only alpha~
beta alloys are considered.

Strain aging embrittlement has its greatest effect on properties
measured at slow strain rates. It can cause low ductility in room
temperature tensile tests, and premature brittle fracture in room tem~
perature rupture tests. The presence of stress concentrations lowers the
applied load at which premature brittle fracture can occur,
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Susceptibility to strain aging embrittlement is a funetion of alloy
composition and mierostrueture. Both the minimm hydrogen content
required to produce emitrittlement, and how slow the strain rate must be
for embrittlement to be perceptible may be affected,

Strain aging embrittlement can occur whether or not the alloy compo-
sition is such that a eutectoid reaction is possible.

Examination of fracture surfaces suggests that premature brittle
fracture consists of propagation of a crack until the residuval cross-sectiorn-
al area can no longer support the applied load, followed by ductile. fracture
in this residual cross-section.

In many of the alpha-beta alloys tested, metallographic examination
of hydrogen contaminated specimens shows no evidence for a third phase
either before or after fracture. In at least one alloy a third phase
wag visible after fracture.

Many of the troken ends of hydrogen contaminated mechanical
property test specimens develop cracks which are parallel to the long
axis of the specimen, This occurs after the specimen is broken in a
mechanical property test which causes a triaxial state of stress. These
cracks are presumably hydrogen embrittlement fractures due to residuval
radial stresses, and they tend to be intergranular.

Increasing test temperature seems to decrease the tendency towards
hydrogen embrittlement but increase the rate at which it can occur.

A mechanism of strain aging embrittlement is suggested which
involves microsegregation of hydrogen to the grain boundries in
plastically deformed material, This microsegregation involves diffusion
of the hydrogen and proceeds at a finite rate. Properties measured in a
mechanical property test depend upon whether the rate of deformation
is fast or slow relative to the rate of microsegregation and conssquent
enmbrittlement,
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TAHLE II

PREPARATORY TREATMENTS TO ADJUST
HYDROGEN CONTENT AND THERMAL HISTORY

Alloy As-received Hydrogen Treatment applied to the as-received
and hydrogen level material
Heat level tosted
(ppm) (ppm)
Ti-1404 250 20 Vacuum anneal, 1200°F, 24 hrs,
Ht, MI170 + furnace cool
170 Vacuum anneal , 1200°F, 2 hrs,
+ air cool + heat in argon, 1200°F,
22 hrs. + furnace cool
250 Heat in helium, 1200°F, 24 hrs.
+ furnace cool.
RC~130B 60 10 Vacuum anneal, 1300°F, 25 hrs,
Ht., B5038 + furnace cool
320 Hydrogenate, 1300°F, 21 hrs.
+ air cool + heat in air, 1300°F,
4 hrs. + furnace cool
RC~130B 60 60 Heat in air, 1300°F, 3 hrs.
Bt. B3371 + furnace cool
150 Hydrogenate, 1300°F, 21 hrs.
+ alr cool + heat in helium, 1300°F,
5 hrs, + furnace cool,
190 Hydrogenate, 1300°F, 21 hrs.
+ air cool + heat in helium, 1300°F,
5 hrs, + furnace cool
280 Hydrogenate, 1300°F, 21 hrs, + air
cool + heat in helium, 1300°F, 5
hrs, + furnace cool
Ti-1504 250 10 Vacuum anneal, 1300°F, 25 hra,
Ht. Ré3 + furnace cool
250 Heat in alr, 1300°F, 24 hrs.
+ furnace cool.
Ti-1404 210 210 Heat in air 1200°F, 24 hrs,
Ht. M1192 + furnace cool
210 Heat in air 1200°F, 2/ hrs,
+ furnace cool + heat in air 1350°F,
22 hrs, + air cool.
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TABLE IT (cont'd)

PREPARATCRY TREATMENTS TO ADJUST
HYDROGEN CONTENT AND TVERMAL HISTCRY

Alloy As~received Hydrogen Treatment applied to the as-received

and hydrogen level material
Heat lavel tested
(ppm) (ppm)
Ti-1554% 260 5 Heat in air, 1250°F, 0.5 hrs.

+ furnace cool + vacuum anneal,
1300°F, 24 hrs, + furnace cocl.

260 Heat in air, 1250°F, C.5 hrs.
+ furnace cool + thermal treat in
air, 1300°F, 24 hrs. + furnace cool.
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TAELE V

THE EFFECTS (F SPECIMEN SURFACE CONDITICN

ON THE ROOM TEMPERATURE TENSILE BEHAVICR
OF LOW HYDROGEN MATERIAL

Tltimate Reduction
Testing Tensile in
Surface Speed Strength Area
Condition (in./min.) {1000 psi) (%)
C-1304M, Ht. B5038, 10 ppm
Rough Polished 0.02 138 43
Fine Polished 0,02 142 L4,
Ti-1504, Ht. R68, 10 ppm
As Machined 0.1 142 52
Fine Polished 0.1 1.3 49
As Machined 0.02 143 52
Fine Polished 0.02 141 46
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TABLE VI

THE EFFECTS CF SPECIMEN SURFACE CONDITTON
ON THE ROCM TEMPERATURE RUPTURE BERAVIOR
OF C-130AM, Ht. B5033

Reduction
Time to in
Surface Stress Fracture Area
Condition (1000 psi) (hr.) (%)
10 ppm
Rough Polished 135 27 LO
Fine Polished 135 9.3 39
320 ppm
As Machined 130 6.0 8.1
As Machined 130 6,7 9.4
Fine Polished 130 , 203 9.1
Fine Polished ' 130 L 10.6
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TABLE VII

THE EFFECT OF HEAT TREATMENT ON SUSCEPTIEILITY TO
HYDROGEN EMBRITTLEMENT, ROOM TEMPERATURE RUFTURE
TESTS ON NOTCHED SPECIMENS (F Ti-1/0A, Ht, M1192

Heat Treated Stress Time to Fracture
Condition (1000 pst) {hr.)
Furnace cooled 168 1.0
from 1200°F 146 40
Air cooled from 169 Did not fracture in 93 hr.
1350°F 1.3 Did not fracture in 1300 hr.
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a. Fine Polished b. Rough Polished ¢. As Machined

Figure 4., The Effects of Specimen Surface Condition
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a,.

be Brittle Fracture Due to
Strain Aging Hydrogen
Embrittlement

Ductile Fracture

The Appearances of Fracture Surfaces for Unnotched

Figure 5.
Specimens.
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Figure 9.
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Figure 10,

a.

b.

Ce

The Appearances of Fractures in Notched Specimens of
Ti-6A1-4V Sheet.

a. Ductile Fracture. Hydrogen = 50 ppm, Short Time
Tensile Test.

be Brittle Fracture. Hydrogen = 300 ppm, Rupture
Test at 130,000 psi, Rupture Time = 9 hrs.

¢. Brittle Fracture. Hydrogen = 800 ppm, Rupture
Test at 60,000 psi, Rupture Time = 91 hrs.
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Figure 12, Post Fracture Cracking. Longitudinal Section
Through Fractured End of Notched, High
Hydrogen Specimen,
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20 ppm

b 170 ppm

Figure 13. Photomicrographs of Ti-140A, Ht. M1170, Unstrained
Material. Perpendicular to Rolling Directionm.
Mag. 500X.

WADC TR 54-616 Pt 3 37

Approved for Public Release



a. 60 ppm, Near Fracture

b. 280 ppm, Unstrained Material

c. 280 ppm, Near Fracture

Figure 14. Photomicrographs of C-130AM, Ht. B3371. Perpendicular
to Rolling Dirzciion. Mag. 500X,
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Figure 15. Photomicrograph of C-130AM, Ht., B5038,
- 320 ppme Unstrained Material. Perpendicular
to Rolling Direction. Mag. 500X,
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Unstrained Material

b. Near Fracture

Figure 16, Photomicrographs of C-130AM, Ht. B5038, 320 ppm.
Parallel to Rolling Direction. Mag, 500X,
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a. Unstrained Material b. Near Fracture. Third
Phase

c. Near Fracture. Post d. Post Fracture Crack Plus
Fracture Crack and Partially Redissolved
Third Phase Third Phase

Figure 17. Photomicrographs of Ti-150A, Ht. R68, 250 ppm.
Perpendicular to Rolling Direction. Mag. 500X,
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b, Near Fracture. Third Phase at
End of Post Fracture Crack.

¢. Near Fracture., Post Fracture Crack

Figure 18, Photomicrographs of Ti-150A, Ht. R63, 250 ppm.
Parallel to Rolling Direction. Mage 500X.
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Figure 19. Photomicrograph of Ti-155AX, 260 ppm., Unstrained
Material. Perpendicular to Rolling Direction.
Mag. 500X, This Material not Susceptible to
Strain Aging Hydrogen Embrittlement.
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