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FOREWORD

This reporit deals with three separate, but related, aspects of the hy.
Aropen embrittlement problem. The report is categorized .nto three dis-
tinct sections with each section representing a gomplets phase cf the gen-

wral r\r’\kl\v'v\ under invesiio

1 nger Ligd

iaiion,  Section 1 invGlves the An‘:l,rn'( failure in

hign strength steels. Secticn !l is concerned thH .he hydrogen erabrittie-
ment and hydrogen-induced strain aging of titanium alloys, while Section
IIIl presents results on the hydrogen embrittlement of face-centered cuhic
metals

This work represeats the final repcrt of the investigation performed
at Case Institute of Technology, Cl:.eiand, Ohio, under USAF Contract
AF 33(o1n}-3431, during the period March 31. 19%0 to March 31, 1939,
The project was initiated under Project 7021, ""Solid State Research and
Properiies of Matier. ' and Task 70045, "Ef{fect of Environment or the
Internal Structure of Solids, '

The projeci ~vas administered under the direction of Attwell M,
h, Aeronautica. Ke-

ght Air Develapment

Adaiv Taclt Scicanust, Metallurgy Research Bran

search Laboratoriz2s, Directorate of Research,
Center.

Of the autho:'s, P. A, Blanchard, R. J. Quigg, F. W. Schaller and
E. A. Steigerwald are (Graduate Assistants, and A, R, Troiano is Head,
Denartmeant of Metallurgica! Eungineering,
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ABSTRACT

“his report, which describes the influence of hydrogen on the maechan-
ical properties of high strength steel, titanium and face-centered cubic
metals, is divided into three sections.

SECTION1 DELAYED FAILURE IN HIGH STRENGTH STEEL"

The initiation of localized cracking in a hvdrogenated hiph strenpth
steel specimen was foumd~to be dependent on the development ©f a critical
hydrogen concentration and relatively insensitive to the magnitude of the
applied stress. The stress played an essential role in the delaved failure
process by providing the means for grouping the bhydrogen., Assunung (hat
the rate of stress-induced diffusion was a direct function of the applied
stress, the predicted reiationship between incubation time and stress
agreed reasonably well with experimental d- ..

SECTION I HYDROGEN EMBRITTLEMEN : *ND STRAIN AGING IN TI-
TANIUM ALLOYS ;

Low strain rate embrittlement in #itawiun: alloys car_w"bf‘ flas:ilfx,u-d as
a strain aging phcnomenon. Prestramning and aging an alpha-‘ﬁ»(u titdnium
alloy resulted in fl ductility minimum at gome intermediate aging time Ut
appears that hydrogea migrates to a region of inhomogeneous strain, where
a high stress state cxists, and crcates this embrittlement  The restora-
tion of ductility at long aging Bmes was attributed to recovery with sub-
sequent redistribution of hydzréegen,

Low stramn rate hy-dfggen embrittlement was obtained for an aipha
alloy and a bita allyc'v(y, Hydrogen mfﬁall quantities seemed to aid creep
resisiance 1n the parpha alloy, The 4 alloy was resistant to nominal
quantities of hydsagan (420 ppm), but did show embrittiement at higher
levels

SECTION III HYDROGEN EMBRITTLEMENT OF SEVERAL FACE-CEN-
TERED CUBIC ALLOYS
4
7,. Vhe hydrogen embrittlement of austenmitiz Ni-Cr-Fe alloys and OFHC
copper has been investigated. Ni-Cr-Fe alloys were embrittled by hydﬁ»gen
and their embrittlemert was demonstrated to be of the same nature asg that
of steel

A qualitative mechanism was presented which 1n¢icated that only the
transition metals should be capable of conventional hydrogen embrittlement

WADC TR 56-172 v



IR

ims mechanisin also accounted for the observed decrease of embcittlemont

in the austenitic Ni-Cr-Fe allovs with increasing {(Fe + Cr) content,
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DELAYED FAILURE IN HIGH STRENGTH STEEL
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ABSTRACT

The 1nitiation of localized cracking 1n a hydrogenated high strength
steel specimen was focund to be dependent on the development of a critical
hydrogen con. natrasiun and relatively insensitive to the magnitude of the
applied stress. The stress played an essential role in the celayed tailure
process by providing the means for grouping the hydrogen Assumirg that
the rate of stress-induced diffusion was a direct function of the appiied
stress, the predicted re.ationship between incubation time and stress
agreed reasonably well with experimental data
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i INTRODUCTION

The ability of small quantities of hydrogen to drastically embnittle
metals has long been recogmzed Only recertly. however a new facet of
hydrogen embrittlement which involves the abil.ty of hydrogen to produce
deiayed failure, has beer obscrved and studied (1-9)+

Nelaved fariure, or as it is also iermed - static fatipgue. 1s defined
as the property ci a material to fail under the action of a sustained load,
even though i1t :; capable of supporting a mgher load for a finite puiiud of
time  Steel parts which exhibii defayed failure have usuallv been subjected
to a hydrogen environment sometime during their processing and static
fatigue 1 high strength steeis has been definitely attributed to hydrogen (1)

The major portion of the delayed farlure stud:es have been conducted
by tesiung electrolvtically hydrogenated specimens at a constant tensile load
and recording the ime to failure A typical static fatigue curve which
charts the fracture time as a function of applied stress 18 shown in Fig I,
It 3s characterized by three dist:inct regions: an upper critical stress which
18 the notched tensile strength, a lower critical limit below which no fail-
ure occurs and a range of delayed farlure. The influence of strength level
notch acuity. hvdroger concentration, hvdrogen distribution, prestressing
and temperature on the delaved iarlure parameters has been extensively
investigated (1, 4, 5. 7, 9},

Immediately after a short-t:me <athodic charging operation specimens
have in extremely heterogeuncous hydrogen concentration which 15 localized
at the surface Barnett and Trciaiao (3) used resistance mcasurements to
determine the kinetics of crack growth in such specimens and concluded that
the delayed failure was dependent on the growth of the crack which accom-
panies the macroscopic diffusion of hydrogen into the specimen. A quant:-
tative analvs.s of the delaved farlure mochanisa, bhowever was difficult
with a heterogenevus hydrogen distr:bution duc to the continually changing
hydrogen content as a result of redistribution and ocutgassing

A more refined approach to the delaved faliure problem from both a
practical and theoretical viewpoint was empioyed by Johnson., Morlet and
Troiano (7) who utilized a charging, plating and baking sequence to produce

» Numbers in parentheses pertain to references 1n the Bibliography.

Manuscript was released by the authors as a WADC reporton | April 1959
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a rolatively low, but unitorm hvdrogen concentration  The general nature
o{ the delayed farlure behavior of umiformiy hydrogenated material was
similar to that obta.ned for specimens with a heterogeneous hydrogen con-
tent, Tie crack kinetics, however, were altered. With a umiform hydro-
gen content a definite incubation period precedea ihe 1mtiation of a crack
which ultimately led to failure. The 1ucubation period was believed 1o be
the time rcquired ror sufficient hydrogen to concentrate 1n a localized tri-
axial Legxun and 1mitiate a4 crack,

Tests conducted at low temparatures showed that the hydrogen-in-
duced slew crack growth occurred discontinuously (9) This indicated that
the delayed failure process involvea a sciies of crack initiations with in-
stantaneous, but limited propagaticn, rather than the continuous growth of
a single crack. The low temperature results also showed that the activa-
tion encrgy for the incubation time agreed with that for the diffusion of hy-
drogen in alpha iron and that the relationship between stress and hydrogen
necessary to initiate a crack was not sipmihcantly altered over tne tem-
perature range examined.

Since delayed failure is merely a series of crack initiations, the fac-
turs involved 1n determining the incubation time are particularly sigmficant
in explaining the delayed failure nrechamsm The :mtiation of a hydrogen

is dependent on two facters: (al the stress-snducced diffusion

induced crack i

agieres

{f hver " - ! . - N
aof nvcdrnoo 1y s-ei il MR T
0t nucrnoon 1y S d irad I o diaide 4 o~

H & b “ i ia dUvd U4 Fo

gion and (bL) the basic effect of hydrogen on the material causing localized

failure, 1. e. a crack,

The ability of hydrogen to lower the fracture stress., which represents
ihe latter component of the nitiation process. has been the primary subject
of many theories dealing waith hydrogen embrittiecomient.  The majority of
investigators have concluded that the hydrogen pressure in certain voids
o 231;:{?:‘11(&3:15 which act as the fraciuic emibiyos tvnds v luwer the
stress at which these embryos Lecome active  Petch and Stables (10)
posiulate that the surface adsorption of hydrogen lowers the surface energy
necessary for the extension of a crack. De Kazinczy (il) presents a ther-
modynamic argument based on the fact that the hydrogen pas present in the
voids releases energy through the cxpansion which accompanies -rack
growth. This energy then aids in the subsequent propagation of the c¢rack,
Zapffe (12}, and Bastien and Azou {i3) propose that the pressure of hydrogen
in the voids or lattice imperfections produces a triaxial atres- state which
promotes fracture, A somewhat divergent viewpoint has been presented by

Morlct, Johnson, and Jroianc (;-‘1} As a iesull of px'cau‘auuug and APLINE
experiments on high srrength steel, they concluded that the hydrogen con-
centration in the triavial regionn ‘ront of a void or large latfice Linper-
fol13on, rather than the pressure withia the void, is the determining factor

WADC TR 59-i72 5



for embrittlement.

Since each of the th 1ics uscd te expleain hydrogen embrittlement is
dependent on a critical combmahon of hydroygen and stress, they can in
principle be applied to the presently proposed qualitative mechanism for
delayed failure (7). There are several facets of the delayed failure nrob.
lem, most notably the insensitivity of the incubation time to applied stress,
which have not been completely explained The purpese of this investiga-
tion was to examine the parasmeter of incubation time in an effort o exiend

the mechanism for the static fatigue proces

WADC TR 53-172 6



1 MATERIALS AND PROCEDURE

I SPECIMEN PREPARATION

Arrcraft quality SAF-AISI 4340 steel of the following chemical analysis
was used for the investigation

Composition of 4340 Stecl

C ~ Mn S1 N1 Cr Mo
0 3959, 0 &2% 0 29% 1 70% 0 85% 0 25%

The material, designated as heat G was furmished by the Republic Steel Co
tn 5/8" hot-rolled bars Specimens were machined {rom stock heat treated
to a 230. 000 psy strength level according to the following sequénce

Y D .
a; Normalize bar stork at 1650°F for one hour,
o
b) Stress relieve at 1200 F for four hours and furnace cool,
¢} Rough machine specimen blanks fno notch} G, 050" oversize

di Austemtize bianks at 1550°F far 45 [ninntec o3 zalt bt

and o1l quench

ey Temper ane hour zt 75091

{1 Fiprsk machine

Tensile specimens with geometrics. as maicated in Figs 2 were em-
ployed for the experiments.  The spectmen types were comparable 10 the
. N o .
normdi unnotched and 60¥ V.notch specimens used on previous delayed fail-

ure studica {1 7).,

2 HYDROGEN THARGING

Two types of charging conditions were employed. For the dnlayed
failure studies, specimens were degreased in carbo= tetrachloride and then
cathodically charged for five minutes in a 4% sulfuric acid solution at a
current density of 0 02 amperes per square inch. Following charging the
Specunens were washed 1n water and cadmium plated in a sodium cyamide-
cadmium oxide bath for fifteen minutes at fwenty amperes per square foot
(i5}). In order to homegenize the hydrogen distrihution the specirnens were

-3
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baked for thrce hours at 300YF 1n an air furnace Previous work (7) has
indicated that with baking times in excess of one-half hour a uniform hydro-

»en distribution is present,

Tensile tests were performed on specimens which had been clarged
for 24 hours in a solution of 4% sulfuric acid plus a poisun. The poison was
a solution of 2 grams of yellow phosphorus in 40 cc carbon disulf*de and
was addad in the ratio of 10 cc to every 900 cc of electrolyte. The speci-
mens were charged for 24 hours to ohtain a umform hydrogen tontent with-
ouft baking The current density which determanes the hydrogen content
under these conditions (16) was varied between 0, 00605 and 0, 20 amperes
per square inch Hydrogen analyses were performed by the Acid Open
Hearth Commuttee at the University of FPitisburgh

3. TESTING ME THODS

Both the tensile and delayed fuilure tests were conducted with concen-
tricaily al.gned fixtures which insured an eccentricity of less than 0. 001" ia
uniaxial loading  The tensile tests were performed in liquid nitrogen at a
constant crosshead speed of G, 05 inc hes per minute, The time between
charging and testiag in liquid nitrogen was in all cases less than five min-
utes  The static fatigue tests were conducted at room temperature on con-
stant load, lever arm stress.rupture machines. The crack kinetics a
incubation times were determined with the vspeciaily adapted Kelvin double

bridge which has been previousiv described (3)

o0
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il RESULTS AND DISCUSSION

1 INCUBATION TIME

A particularly perpiexing problem in explainizg static fatigue of tash
strength steels 1s the insensitivity of the incubation tirmme to the magnr ude of
applied stress {7)  Since the incubation period at a grven stress s the tune
red for the hvdrogen to build up to & sutficient concentration to mtiate

regu:
a crack. one would expect that at a high stress less hvdiogen would be re-
quired hence a shorter incubation time would result.  !n addition *he driv.
ing torce for the d.ffusion 1s stress therefore as tnis driving force is 1n-
creased the rate of d.ffusion should increase also leadiag to a shorter 1n-
tubation period at higher stresses  In the static fatigue of glass the frac-
ture time .s strongly dependent on the applied stress (17). however no such
dependency 1s present in the high strength steels (7)

A poss.ble explanation tor this behavior hies a1 the effect ol plastic
doeformation ¢3. 7} At higher stresses more deformatiorn should occur  re-
sulting 1n strawn-induced trapping of hydropen which could compensate for
tiie stress. per se and resuit in the observed insensitivity

In an effort to deterramne the role of plastic deformation on the ncuta-
tion time notched tensile speuimens were lcaded at 250 000 ns: for g -
ulcs priv:r v aydrogen charwing Foilowing this prestressing the spocimens
were charged. plated and baked three hours at 300°F. A curve of the 1n-
cubation time as a function of apphed stress 15 proseunied 1n Figure 3 Pre-
stressing had no influence on the general features ¢f the incubatica period
whr:h st1l! exhibited only a very sl:ight dependency on the applied stress
Since loading subsequent to the prestressing should not affect the size of
the lattice void or 'mperfections which are believed to produce the strain-
induced trapping of hydrogen, the factor of stra:n-induced trappiig couid
nof be the critical cne accouniing for the behaviur of the incubation time,

In addition, 1f plastic flow were si1gnificant in determining the shape
of the stress-imcubation time 1c¢istionship. the !factors such as decreased
temperature and increased strength level which inhibat flow should be re-
flected in the delaved farlure behavior  Since ne-‘her of these factors alters
the general {eatures of the tncubation time (1 5 9) it seems reasonable to
conciuce that 1n an analysis of the ncubat.on tume 1n sharp-notched spect-
mens of high strengtl: steels the rele of strain-induced trapp'ng of hydrogen
can be neglected

WADC TR 59-172 9



A Relatronship Between Strese and (lydrogen Content Necessary for
Cracx Imtiation

Ore bas:c compoaent of the 1rcuiatior * i s the relationship between
the hydrogen content and atress .
normal roorm. temperature tensile test which measures some ductility or
strength parameter as a function of hydrogen content does not yvield the de-
sired relation. At room temperature 22 a result of stress-induced diffusion
during the test, the hydrogen content at the guon of ¢ rack 1n:tiation 1s 50t
known, 1o addsiion the stress at which the {irsi crecy 71ates may not cor-
respond with the stress at which failure of the specimen vogurs  In deter-
mining the stress-hydrogen relationship wihic avs & orack it s then
necessary to test under conditions where v, hyd v ontent 18 Mmoeasura
able, that 1s, not altered du::ing testing The conditions of testing must

also be such that the failure of J:» speciv-on s essentially coincident with

w18 e rssary to 1nitiate a crack A

the initiation of the first crack. Such cu. ~¢ attained at low temper-
atures, Previous work (9) has shown that 1 1 » nperatures the incuba-
tion time 1s prolenged in accordance wit. - re..  ed diffusion rate for
hydrogen Hence at liquid nitrogen temp- .ture - - :fusion during the test
which maght alter the lccal hydrogen - L .. bemil At tempera-
tures be.. # -50°F the incubation tin'w . et failure 1s also coincident
with the fracture time (9), that 1s one- . o=t crack inihates 1t instan-
taneously propagates through the » © 7 suuaring failure

. i N -0
Tests were conducted 1n l1quid nivs g ¥} using type A speci-

micns, which were charged for 240 + 3 0 gt suae 4% sulfuric awid. Per-
cent reduction in area was used as {he - a€*er 1" ndicate degree of em-
brittiement and the hvd:ii ~en crar .¢ ... zined b- regulating the charging
current density, In accordance ~..,. v "». iv3ly published results (16} a
linear relatioiship existed b etween tn- - thm of the current density and
the hydrogen cuntent uver a consid. -a; ‘mge of current densitiex (Fig 4)
Above approximaieiy 8 ppm of hvdro-.n, . .. -~ the hydrogen content be-
came essenlially independe © ° _.rrent deneity T1his phenomenon has been
discussed by de Kazincs. {17, vne . . -1 that the point at which the hydregen
content became independeut of chs: man; - . fentaty corresponded to the
current at which the sp oot in oo luwe iy by blistering or cracking, In
this investigation also the -int at which e hyé "a2cn contert as a function
of chareing cusreat dor ity weviated 1. ' iwie :ir. was exactly where irre-

versitle smbrittiement started.

Figure 5 shows the effect of hydrogen content, indicated by the
logarithm of current density, on the wict. :"v of tae hig* strength steel at
-321°F. The resulis show that the relatinn=iu,. Brtw cen nydrogen and stress
te 3 crack e s — AL B

P %3 —— iy woo [ Y St 3. o
neceggary to initd 2 crack 18 primiare., vipdna F oo the hydougén won-

a
tent. Below approximately 5 ppm: of hydrogew. no emoprittiement occurs, nut

WADC TR 59-172 10



when this critical hydrogen content 18 2ttayned catastrophie embrittiement
takes place The initiation of a hydrogen-induced crack above some thresh-
cld stress 1s therefore dependent on the develop:nent of a critical hydrogen
content

Since the basic nature of delayed {ailure 15 not markedly influenced
by temperature, the initiation of a crack at roorn temperature weculd also
be dependent on the development of a critical hydrogen content, Once
seve some throchold value the stress an the deiayed failure process merely
crves to produce sufficient hydrogen grouping to imitiate a crack,

The theories of hydrogen embrittlement which are used to explain the
basic acuion of hvdrogen on the metal are dependent 1n some form on the
calculated pressure developed by the hydrogen in a tvpe of void or imper-
foction  The mectanisms proposed by Petch and Stables (10) de Kazinczy
(. 1). Zapffe {12) and Bastien and Azou (13) are dirccily dependent on the
pressure 1n an imperfection, while in the results presented by Morlet,
Johnrson. and Troiano (l14) the pressure 1n the void 'nfluences the embrit-
tleinent by regulating the hydroger content in the lattice adjacent to the
void  Several methods, which vield essentially equivalent results may be
uscad (0 determine the relationship beiween hydrogen content and hydrogen
pressure {11, 19) Figure o represcnts the relationshwo between pressure
and hvarogen conient calculated by the method of de Kazinczy (11) for a
steel with 0 006% voids  These results indicate that the calculated press.re

riies extremely rap
The similart . the experimentally deterruined relationship between stress
and hyd=ouon cuntent (Fag  5) anad the calculated relationship between pres-
sure and hydrogen (+1g. &) 1s apparent These results indicate, in agree-
ment with the postulated mechanisms, that the pressure 1s vhe critical
parameter imfluencing embrittlement,

ar e A iy s oae s - E S B L T BN
OVSr 2 VRTYy DATICA T FAYArGECHn Ldieling,

o

v the experimental resuits are qualitatively explainable on

e conclusion regarding the exadi mechamsm which is
¢ made since each 1s dependent in some form™m on the hydrogen

o |

perative can

ressure

T O

1

B The Role of Stress-Iinduced Diffusion

Since the embrittlement due to hycrogen is dependent alrmost entirely
on the deveiapment of 2 critical hydrogen content rather than a critical re-
lationship between hydrogen and stress, the relative insensitivity of the
incubation time to applied stress 1s understandable on this basis alone.
However the rele ¢f siress-induced diffusion must still be clarified, In
| ¥ S1s tion between a carton or nitrogen interstitial and
stress freld of a dislocation Cottre'l and B:lby (20} determined that in
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the 1nitial stages of aging the reiatianship between interstitial concentration
and time can be represented as

( ADt 2/3 (a)
n .- aqn —_ a
Vot kT !
where n - number of solute atoms which arrive 1n time ¢t

n_ = total number of atoms 1n solution per umt voluine,

D diffusion ceefficient, k = Boltzmann constant
T absolute temperature, a - constant, and

A - term dependent upon shear madulus, distortion due to
interstitial, and the strength of the stress field abaout
the dislocation.

The delayed failure in notched tensile specimnens of high strength steel
has been qualitatively explained on the basts of the stress-induced diffusion
of hydrogen to the region where fracture 1s 1mitiated (7). If the fracture
embryo 1s considered as a blocked disiocation array of the type described
by Stroh, Cotirell and others (21 - 24). the most effective fracture embryos
will probably be located in the regron of the elastic plastic interface near
the base of the notch, since at this point the macroscopic stresses will be
triaxial and have their maximum values. The stress field about such a
blocked array of dialaacarions will he comparahls to the strecs freld ahant a
dislocution {25)., It then appears reasonable iv assume that for the stress-
wnduced diffusion of hydrogen the local hyvdrogen concentration as a func-
t:on of time will be governed by a relationship similar to equation (a).

m
) pBD: b
TR 0( "Cq ! )

In this case riyy 18 the numbe.- of hydrogen atoms at the point of max-
imum binding energy which arrive in time t, B 18 dependent on the distor-
tion of the lattice due to hydrogen. on the elastic constants and the partic-
ular external notch geometry, and p 1s tiie applied stress. The exponent
{m) would be different from 2/3 as a result of the perturbaticn of the stress
f:eld of the dislocation by the applied stress and the external notch,

In order for embritilement, i e local crack initiation, to occur ny
must equal the critical hydrogen content {n_}. IMence at a given tem-

WADC TR 59-172 12




perature and notch geutseiry equafion {b) can be written as:

p, t, = constant. (c)

where i, 15 the 1ncubation time corresponding to an apphed stress of P, On
this basis the incubation time as a function of applied stress can be calculated

stant Ty oasaes - .
51

nt to evaluate the constant, Figure 7 iepresents

using one experimental poin luate the con
a comparison of the relationship between stress and time as determined by
equatior (c¢) and by experiment. The slopes of the predicted curves agree

reasonably well with the experimental behavior,

The delaysd f21lure process 1s therefore essentially dependent oaly on
the development of a critical hydrogen content  The stress in the faiiure
range influences the process primarily through its ability tc produce a crit-
1cal amount of hydrogen grouping 1n the region where a fracture ernbryo
exists,

2. MACROSCOPIC CRACK GROWTH

Tle mechanism of crack propagaticn in hydrogen-indu:ed celayed
failure involves the stress-induced diffusion of hydrogen {o the region of a
dislocation array When a critical hydrogen concentration is attained, in-
stantanecus, but limited crack growth takes place The actual growth of

the macroscopic crack occurs discontinuously with the total growth time
heing compesed of 2 scrics of crack initiations (7).

Ideally the cross-sectional area of the specimen decreases concen.
trically by a small increment of area, 8 A, after each crack initiation. At
room tempesature in hydrogenated 230, 000 psi strength level material each
increment decrease of specimen area A A is verv small and the resultant
effect is that the macroscepic crack grewth curve appears continuous, Since
each initiation is dependent on the diffus:on of hvdrogen, the overall contin-
uous crack growth curve should a» 2 first approximation be governed by the
rate of movement of hydrogen. The rate of interstitial movement can be
expressed as

D
Vi = ’ﬁ- ¥ (d)

where v, is the velocity of interstitial movemernt, D 1s the diffusion co-
efficient, F is the driving force which is the negative of the gradienr of the
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mnteraction energy (-pgrad U). k 1s Roltzrrann's constaat. and T 1s the ab-
solute temperature (20) This interstitial movement of course. is visualized

as occurring concentr:t¢ with the specimen axis and towards the point ot max-

imum triaxiality,

D -D
YT RT F T kT BredU )

Since the velocity of interstitial movement (v,) 15 assumed to be the con-
trolling factor for macroscopic crack growth, the velocity of the concentric
circular growth of the crack {v.} should be proportional to the movement of
the 1nterstitial (v} Therefore

. A A {constant) iJ e
Ve At *T prad U (f)

at roomn ternperature where the crack appears to grow continuouslv., A A
approaches zerc as A t approaches zero, hence in the limit

dA _ (constant}D grad U (2)
di kT

U is a function of stress and the stress conceniration facior expressed as
U - (constant} OK, 3Zirce O 1s the instantaneous stress, 0 = L/A where
L 1s the applied load and A 1s 1the instantaneous area, then

1

T UGS |
(S constantj = F3Y
L “la UF
and the

grad U - [constant]l [%J grad K. (h)

Once the crack has started, the maximum value of the stress concentration
factor is attained and the gradient should remain 2ssentially constant during
the early stages of crack growth. Substituting equation (h) in equation (g)

dA

Fra constant ir D “E‘:—-! {1)

T HLS
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Integrating this equation

A \ t

f AdA - constant (JD_ (L) f d

J KT/ / ,
Ay 1 hincubat:cn ame)

P >
A% AT /by
B ~(ronstant)\}’f/ (LY (t - 1))

2
(_'}_) . ((_.,l,smnu<,ll:) o ()

Ay k1

where A is the 1mtal specimen area. and Atis the dilference between the
total time and the 1acubation time Using the cahibration curve relating re-
sistanc¢ chanpges with changes in specimen area (3) and roomn temperature
crack growth curves (9) the parameter A was ploited as a2 {funciion of
8t The results presented in Fogs €504 ¢ indicate that the predicted

Iinear relationship s obeyed during the early siages of crack growith, As
shown in Fig 8 fur an applied stress of 175. 900 psi considerable deviations
from linecarity occur during the later stages In this region the assumptions
concermng the constancy of the hydrogen content and the gradient of the
stress concentration factor are least refiable

On the basis of vquation () the slope of the iines relating Aoz to
At in Figs 8 and ¢ should be a durect [unction of the applied stress. In

A2/

kel

Fis & the slopes decrease as the applied load decreases from 225, 000 ps:
to 175, 000 ¢ as the apsiied siress 1s iowered lurther (Fag, Y)

the consistent decrease in slope does not continue  Due to the scatter
inherent in this type of briattle 1ailure 1t 1s felt that the existing data are
insufficient to determine whether or ot this anomoly 1s real or merely

due to chance variations.
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1V SUMMARY AND CONCLUSIONS

The relationship between the applied stress and the time to 1nitiate *he
first crack in a hydrogenated high strength steel specimen was analvzed,
The analysis was based on a separation of the two factors which govern the
incubation time, that is, the basic relation between stress and hydrogen
necessary to initiate a crack and the preferential segregation of hydrogen
due to stress.

Above a particular thresheld stress the conditions necessary for local-
ized cracking were essentially dependent only on the development of a crit-
ical hydrogen content, The basic relationship between hydrogen and siress
is then virtually insensitive to the magnitude of the applied stress in the
delayed failure range. An analogy was drawn between the stress-induced
diffusion of carbon ana nitrogen to the stress field surrounding a dislocation
and the stress-induced diffusivn of hvdrogen to the stress field about a frac-
ture embryo, located at the region of maximum triaxsality, On this basis
the number of hydrogen atoms which arrived at the critical region where
fracture is inttiated was directly dependent on the stress, A relationship
between the applied stress and the :ncubation time was derived and this re-
lationship agreed seasonably well with the experimentally determined values

Employing appropriate assumptions, an analysis of the macroscopic
crack growth curves in delaved failure was made. The prcdicted linear re-
lationship between the sguare of the specimen area and the crack growth
time was rcalized during the early stages of crack growth,
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SECTION !

HYDROGEN EMBRITTLEMENT AND STRAIN AGING

IN TITANIUM ALLCYS

R J Quugg
A R, Troiano
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ABSTRACT

LOw stra:n rate embrittlenient in titanium alloys can be classified as
a strain aging phenomenon. Prestraining and aging an alpha-beta titanium
allov resuiied 1n a ductility minimum at some intermediate aging time. It
appears tha. hydrogen migrates to a region of inhomogeneous striin, whore
a high stress state exists. and creates this embrittlement. The restoration
of ductility at iong zging times was attributed to the lJow temperature re-
covery with subsequent redistribution of hydrogen

Low strain rate bvdrogen embrittliement was obtained for an alpha
alloy and a beta alley, Hydrogen in amall quantities seemed to aid creep
resisiaiice in the aipha alioy The beta ailoy was resistant to nomainal
gquanrtities of hydrogen (420 ppm}, but did show cinbrittlement at higher

levels
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1 INTRODUCTION

Hydrogen has been associated with several modes of embrittlement
One common form 1s low strain rate embrittlement or ""delayed failure’
where tailures can occur under static loading at lower stresses tharn
normal creep failures would be expected Another form 1s an embrittice-
ment most pronounced at impact speeds  This type 1s generally obtained

whe Iy a1

o 18 BTese . il
¢ 18 present in tnie materiax

The object of this 1avestigation 1s to show the many similarities be-
tween low strain rate hydrogen embrittlement 1n titamium alloys and con-
ventional strain aging as miaght be attributable to mitrogen or carbon in
steels A mechanmism for hydrogen embrittlement of ntamum alloys
might then be evolved.

Another objective 1n this investigaticr 15 to cvaluate the effects of
nydrogen on ap alpia and vu a beta alloy  Since many theories of iow
strain rate hvdrogen embrittlement reqguire an alpha-beta intertace  the
incidence of hvdrogen-induced delayed fariure tn the alpha or the beta
alleys would tend to make this an untenable supposition  Evaluation of
the single phase alloys should also aid 1n gamning an understanding of the
overall problem of hydrogen in titanium

Since this report deals with sceveral diverse but fundamentilly re-

. e e s L . .
lated subjects each topic will be introduced svparaiviy and tlen correialed

1: the discussion The topics are as follows
1, llydrogen Embrittlement

2 Strain Aging

3 Creep

4 Titanium Alloy Systems

1. HYDROGEN EMBRITTLEMENT
Hydrogen has been shown to have an embrittiing effect in titanium.
steel, nickel., vanadium. zirconium and miobrum. ©Of these, the first two

have received the most attention

Unailoyed titanium has been reported to be most sensitive to hyd:icgen
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embrittiement at impact speeds (1), Since the solublity 1s quite low
{approximately 30 ppm), titamum hydride (TiH) can be readily formed
This hydride 1s said to have cither a face centered cubic or a face centered

tetragonal structure (1),

Alpha stabiiizing additions, such as aluminum, scem o greatlv -
creasc the solubility of hydrogen in titammum and, consequently, lower the
scnsitivity of the alloy to hydride-induced impact embrittlement (2)

Alpha alloys, however, appear 1o be summcewhal sensitive to low strain rate
)

ermmbrittienient {3) {-

By far the most cextensively investigated phase of hydrogen embnittle -
ment 1in titamum s the alpha-beta alloys  These alloys are sensitive to hy-
dropen at low strain rates, thus, hydrogewn ic able to induce faillures over
a wide range of strosses One of the alloys extensively studied fur thas ny-
drogen-induced delayed failure was the 4 Al - 4 Mn allov {C-130 AM)

(6} (7) (8),

Hydrogen-induced delayed failure has been shown to be a process of
crack 1nitiation and crack growth {6). It is dependert upon microstructure,
the greater the amount of the alpha phase. the wider the range of failures
and upon temperature, the cffects of hydrogen disappearirig at hoth high
and low temperatures (7) (&) {9}, Hydrogen-induced delayed failure also
appears to be dependent on strength level although some controversy oxisis
on this point (10} (11} It is also dependent on the type of alloyving addition

emploved (12)

Beta Uitanium alloys have had the least amount of study of anv of the
allotruopic modifications  The selubility of hydregen 1tn beta 1s quite high
and from the meager data available. these allovs scemn to be resistant to
the effects of hydrogen (3) (4).

The effect of hydrogen in steel 1s in many ways similar to that in
alpha-beta titanium alloys (13) (14) In both cases the influence of hydrogen
1s most proncunced at lower strain rates and in both cases the embrittle-
ment process 1s one of crack initiation and crack growth

There are several major differences between the steels and alpha-
beta titanium alloys. The amount of hydrogen required to embrittle t1-
tanium alloys s an order of magnitude greater than in steel, Steels wall
outgas ai room temperature, titanium alloys will not. Titanium forms a
hyd:ide, steel does not, Alsc, titamwum alloys creep a significant amount

* Numbers 1n parentheses refer to references listed 1in ths Biblwgraph
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2t room temperature wnile little or no creep 1s found in steels at this tem-
peratury,

2. STHAIN AGING

Strain aging may be defined as '"the changes which are obtained when
a cold worked material 1s aged at some temperature below the recrystal-
hzation temperature ' These changes are generally manifested by an 1n-
crease in hardness, yield strength and tensile strength, a lowering of
ductility or impact resistance and the reappearance of a yvreld point (15)
(o) (17)

A Strain Aging and the Yield Point 1n Steels

Strain aging is most potent 1n low carbon steels although very few
steels are completeiy non-aging The y:ie.d point 1s also generally a low
carbon phenomenon, but Fritsche has reported a yield point with up to

70% C in a spheroidized structure {18}

Aging after cold work can take place al room temperature or up to
400°F  The higher the temperature the shorter the aging (ime requ.red
to obtain maximum strain agingz effects A common experimental aging
time would be three hours at 200°F  Overaging is quite slaggish, at
lcast as compared to guench aging {19) At higher temperatures (300 -
700°F) aging can become so rapid that it wou'd scem to take place during
the deformation process itself This phenomenon is called "blue brittle-
ness. " The temperature of embrittlement is lower 1n a tensile test than
in the higher speed impact test. "Blue brittlencss' is often termed spon-
taneous strain

aging

Apparently the amount of strain aging obtained is relatively independ-
ent of the degree of cold work (as long as 1t 1s greater than 2%). Generally.
from b6 to 15% cold work 1s quite common {20)

A vield point 1s generally found 1 stramn aging stecls Cold work
w.:l cause the disappearance of this yield point, but additicnal aging re-
sults 1n itg restoration at a higher load. The time and temperature com-
hinations necessary for the return of ithe yield point are quite similar to
those required for maximum strain aging. Prlling, however, has stated
that yield strength and tensile strength may have increased materially
before the yield point reappears (21},

Both strain aging and the yield point have been conclusively atiributed
to mtrogen and/or carbon Low and Gensamer (20) and Fast (2¢) showed
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that when carbon and nitrogen were eliminated from a steel (erther by using
very high purity iron or a wet hydrogen treatment) then no yield point or
strain aging was obtained 'When this material was carburized or nmitrided,
strain aging and the yield point returncd Nitrogen was found to be the
principal cause of boih phenomena at rocom temperature, while carbon was

the major cause at elevated temperatures (BOOOF or ahove)

Hydrogen can suppress the yieid point oitained at room temperature
teel {3}, Also, hydrogen has been shown to create a y12!d point

at very low temperatures (-150°C} (24)

Some alloving additions to steel, such as aluminum, silicon, titamum.
boron, vanadiumn, or chromium, tend to minimize strain aging {16} (25}
This can be primarily attributed to the formation of stable nitrides and rar-
bides with these additions  Slow cooling wall aid the formation of these com-
pounds and, hence. enhance the resistance to strain aging

Cottrell has presented a workable mechamism for the vield point 1n
iron {(?6, 27), Cottrell predicts that the interstitial solute atoms, carbon
and nitrogen, tend to form a ''cloud'" or "atmosphere' which prevents dis-
location movement, When sufficient stress 1s applied, the dislocations
will break away from this cloud and move without increase 1n load., Cold
work or prestrain causes the dislocations to break free. but f a sufficieat
time interval elapses {aging time), the interstitial solute atoms will form
another "cloud" and a yield point 15 again obtained

B  Strain Aging in Titanium

Strain aging and 1ts assoviated cffccts on mechan:ical properties have
been detected 1n unalloyed commercial purity titamium (28) 129), Rosi1 and
Perkins have shown the mnacidence of vield points (117-282°9C), ductility
minima {234-452°C), and serrated stress-strain curves {452-652°C). The
yield poiats obtained .ould be removed by cold werk and then returned by
aging in a manner much similar to that employed for mild steel

Makrides showed evidence of strain aging 1n an all aipha tiwemurn
'loy (5 Al - 2.5 Sn) (30), The temperature ranges of ducuiity mimima
obtained were quite dependent on the strain rate. varying from 200-400°C
at average testing speeds (.05 in/in/muin) to 600-700°2 at impact speeds
{19 000 in/in/man) This variation w+*h strain rate was so great that
stress rupture data at intermediate temperatures revcaled a ductility min-
imum at an intermediate time {or strain rate) normal ductility being cb-
tained at eithe:r very short or very lung tumes. Makrides attempted. with
little success, to isolate thus strain aging effect, evaluating carbon, mitro-
gen, and oxygen.
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Low strain rate hydrogen cmbrittlerment of alpha-beta titan:um alloys
has been called a strain »ging phenomenon by Burte {31). In this mechanism
hydrogen is said te segregate to grain boundary regions after piastic de-
formation. No reference was made to other more classic forms of strain
aging 1n this paper

C. Strain Aging in Magnesium Alloys

Toaz and Ripling found ductility minima attributible to strain aging in
a series of magnesium  lithium alloys {32} They investigated pure mag-
nesium, Mg - 4 Li(C. P.H ), Mg - 6 Li (mixed C. P H. and B C, C.), and
Mg - 11 Li (B. C.C.). Only the alloys containing lithium exhibited a duc-
tility minimum. These minima were both strain rate and temperature
sensitive. The alloys containing 6 and 11% lithium alsc had scrrated stress
strain curves

3. CHREEP

The fact that titanium alloys creep considerably at low temperatures
must be considered in evaluating the hydrogen sensitivity of these alloys
(7). Also strain aging may have an effect on creep properties (33) (27).

Creep may be defined as "time dependecat plastic deformation™ (7),
There are two basic modes of creep deformation, crystallographic slip
{dislocation glide) and grain boundary flow  Generally slip 18 operative at
Jow temperatures and grain boundary flow at high temperatures The trans-
ition temperature between the two where the grain boundaries and the grains
are considered to be of equai strength has been termed equi-cohesive tem-
perature (ECT) (34),

Creep is a thermally activated process. It is in effect a combination
of applied sfress and thermal fluctuations (35). The activation ¢nergy for
creep in titaniurn at 216°F has been calculated to be approximately 3500
calories per mole (306).

Generally, in a creep process therc is (1) formation (2) movement
and (3) rearrangement oxr aanihilation of dislocations (35). Dislocation
movement causes dislocation interaction with impurities {solute atoms
clouds, or precipitates), grain boundaries, and other dislocations. One
of the results of this is work Lardening. Tending to offset this work hard-
ening i3 recovery,
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4. TITANIUM ALLOY SYSTEMS

Pure titasium undergoas an allotropic modification at 880%C; the high
temperature phase (beta) 1s tody-centered cubic and the low temperature
phase (alpha) 1s hexagonal ciose~packed. The transformation temperature
can be raised with aipha stalnlizing additions, such as Al, Sn, O, or N, or
lowered with such beta stabilizing additions as Mo, Mn, V, Fe, or Cr. If
sufficient beta stabilizers are alloye¢ with titanium, it is possible to ebtain
& two-phase aipha-beta structure or even a completely heta structure at
room temperature.

Unhike the other interstitial elements, hydrogen stabilizes the beta

phase The beta transformation temperature is lowered approximately
10°F per 100 ppin (by weight) hydrcgen.

The resuits of this report are divided 1nto three separate divisions
with a dircussion for each part These divisions are as follows.

1  Strain Aging and Hydrogen Embrittlement 1n an Alpha-
Beta Titanium Alloy

2 Effects of Hydrogen on an Alpha T:tamium Alloy
3. Effects of Hydrogen on a Beta Titamium Alloy

All three divisions are summarized at the close of the report.
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I1. MATERI~'. AND PROCEDURES

i. MATERIAL
A. Alpha-Beta Alloy

The alpha-beta titanium alioy employed was a 4 Al-4 Mn alloy
(C130AM). This material was obtained from Rem-Cru Titamwum TInc  as
5/% 1nch round bar stock, It had been hot rolled 1n the alpha-beta region
and the "as received” tensile strength was about 140. 000 psi. Ali of the
material was from a single heat The chemical analyses are summarized
in Table (

B Alpha Alloy

The alpha titanium alloy used was a 5 Al-2 5 Sn alloy (ALI0AT) It
was obtamned from Cructble Steel as 5/8 inch bar stock Its "as received’”’
tensiie strengtl was also approximately 140, 006 pst. The chemical anal-

yses of the heat employed are listed in Table |
C Beta Alloy

The work performed on beta material was doneona 13V - ii Cr -
Al ¢lloy (£120 VCA). This material was sccured from Crucible Steel as
1/2" bar stock. Its "as rece:.ved" tensile strength was apne~-umately
3%, 000 ps1. The chemical «nalyses of the heat used ar¢ st wn in Table I.

w

Y

TABL: 1

COMPOSITION OF TITANIUM ALLOYS

Trade Nominal
Desig Comgosition H Al Mn  Zn Cr v < N
{ppm) {Weight Percent)
Cl30AM 4 Al.4 Mn 80 3.9 3.8 - - - .01 0t
All10AT 5 Al-2 5 5n 46 5.0 - 2.1 - - - o4
Bl120VCA 13V-11Cr-3Al 150 4,1 - - 111 12 % 02 .03
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2  SPECIMEN PREPARATION
A. Hydrogenation Technique

Hydrcgen was intreduced into the material used 1n this investigation by
a thermal charping techmque  The hydrogen harging was performed prior
to heat treatment of the allovs. Rough mach'ned tensile specimens were
heated lo either 1200°F or 1250°F 1n a hydrogen a.mosphere for varying
periods of time  depending un the hydrogen level Jdesired, and then tarnace
y anaivsts {vacuum extraction).

o

cooled Hydrogen contznts were checked

When verv low hydrogen contents were desired, vacuum annealing
wa - employed In this process the specimens were heated to 1400°F under
vaenum  Hvdrogen contents as low as 10 ppm coulc be obtaired in this

manner
B Post-Hydrogenation Heat Treatments

In most cascs the alpha beta alloy {4 Al - 4 Mn) was used ina ngh
strength quenched and aged condition  The solution treatment was conducted
1n 21r without mzasurable loss of hvdrogen The specirnens were quenched
1in water and then aged :n a salt bath at some 1ntermediate temperature A
typical heat treating cvcle for material contaunng 250 ppm hydrogen wouid
be one nour at 15759°F  water quench. and then age one hours at 1040°F .

This results 1n a strength level of approximately 170000 psa

The annealing cvcle used on this alpha-beta alloy was one hour at
1500°F and furnace cocl) at a rate of 5°F per minute to 1100°F  This re-
sulted in a strength level of 140 000 pss.

The beta alloy {13 V - 11 Cr - 3 Al) had to be re-solution treated to
dissolve the TiCr,; which formed dur.ng slow cooling after hydrogenation
Tre treatment used was one hour at 1500°F and water quench, Normal
ductility 1s then restered. Strengthening could be obtained 1a this material
bv merely heating to 8007 or 900°F to precipiiate the chromium eutectoid,

C Specimen Types and Geometries

Specimen sizes and notch geometrics employed 1n tensile and stress-
rupture tests are indicated in Fig. 1 Note that the "unnotched” specimens
actually have a two inch notch radius.  All material was rough machined
before hydrogenation and heat treatment with . 030 inches of stock left for
fimshing. After finish machimng the unnotched specimens were polished
long:tudinally to ren'ove machining marks, This was done to eliminate
localized stress-ris«rs resulting from transverse scratches.
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D Metallography

Specimens were prepared for metallographic examiration by mechan-
1cal polishing and then etching with a reagent consisting of ! part HF, 1

part 11!\'03. and o parts glycerine.

3. EXPERIMENTAL PROCEDURES
A. Stress Rupture and Tensile Testing

Stress rupture and tensile tests were performed with concentric
alignment fixtures which insured a minimum of eccentricity. 7Tensile tests
were carried out at a constant head travel speed of 0 05 inches per rninute
A standard, lever arm type stress rupture machine was «mployed for
creep and delaved failure tests,

B Testing and Aging at Other than Ambient Ter . perature

Tensile tests were performed at low temperatures using either lhiqmid
nitrogen or dry ice {CO;) in pentane as a refrigerant, Testing at elevated
temperatures was carried out in air in resistance heated furnaces with the
temperature controlied to 1508

Aging at 32°F was performed in an ice water bath Aging at mod-
erate elevaied iemperatures (i25% - 175°F) was accompiished in a heated
oil bati: whiie aging at the higher temperature (500°F} was done in a cir-
culating air furnace,

C Study of Crack Growth and Creep

Crack propagation and creep deformation during delayed failure
tests were studied by the electrical resistance technique developed by
Barnett and Troiano (37). This method utilized a Kelvin double-bridge cir-
cuit to measure changes in electrical resistance acrass the notch cress-
section resuiting from plastic flow or crack propagation, Ths sensitivity
of the instrument is of the order of 3x10"8 ohms. The 1mtial eiectrical
resistance across a sharp notch is about 2x10-4 ohms,
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111 RESULTS AND DISCUSSION

. STRAIN AGING AND HYDROGEN EMBRITILEMERNT INn AN ALPHA-
BETA TITANIUM ALLOY

Hydragen embrittlement can be likened to other more classic strain
aging systems, The following sections describe some of these similarit:es
for an zlpha-beta titaniura alioy, 4 Al-4 Mn (C13GAM).

A Effect of Hydrogen on the Ductility Obtained after Stress Rupturce
Testing of Unnotched Specimens

it has been illustrated that an alpha-beta titanium alloy may bhe quite
ductile when tested in a normal tensile test yet be embrittled at very iow
strain rates (6). This embrittlement at low strain rates 1s obtained at an
intermediate bydrogen level. Hydrogen contents greater than this water.
mediate range will create an embrittlement at all testaing speedi: hydrogen
contents below this level will cause no embrittlement.  With the C130AM
alloy treated to 170, 000 psi by quenching and aging. the tens:lc ductility
obtained at normal testing spceds is lowered by hydrogen contents in ex-
cess of 430 ppm (7). Thus, approximately 250 ppmn hydrogen would prob-
ably be an intermediate level where Iow strain rate embrittlement might
take place but normal ductility could be obtained in & simpic tensile test

A wide variety of low strain rates can be simulated vith the stress
rupture test By imeasuring ductility in this test, one can obtain an approx-
imation of the influence of strain rate on ductilit- at a given hydrogen leve!
Data for the C130AM alloy, strengthened to 170,000 ps:. and containing
200 ppm hydrogen are shown in Fig. 2. Note that ductility remia.ns ¢ sson-
tially constant for failure times less than two hours but then drops off
rap:diy, reaching a rmanimurn near nine hours., With failure times graater
than twenty hours, however, ductility is gradually restored unt.l at vers
long times normal ductility is aga n obtained. A similar behavior s en-
countered for material containing 2690 and 238 ppiir hydrogen as s shown
in Figs 3 and 4.

This ductility mirroum is caused by hydrogen as evidenced by
exarnining this alloy at lower hydrogen levels. Data tor material contain-
ing 30 ppm {the as-received hydrogen content) are 1llustrated ir. Fig 5
It 15 obvious from this figure that no ductility minimum 1s obtained
Material vacuum annealed to 20 ppm showed no evidence of 4 minymum
in tact ductilily increased at lower strain rates, Fig o

At very high hydrogen levels ductility was lowered somewhat at low
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strain rates but no recovery was obtained at lonp times Data for material
containing 420 ppm hydrogen are shown in Firpg 7. Note that at this hvdro-

gen level some lowering i normal tensile ductility was encountered.

A ductility dec:case at low sirain rates 15 not unexpected on the basis
of previcus studies (1. 6, 7. 31} This type of ductilaty loss woild be most
nprevalent at intermediate hydrogen contents where randomly distributed
hydrogen causes no embrittlement If some drivang force for the agglomera-

then diffusion of hydrogen 10 a speaific regon couid

tion of hydrogen ox
enable sufficient hydrogen iv accumulate so that brittleness would result
This agglomeration to a region of high slress has been pictured for a notched
specimen where triaxial stresses exist (YY) For an unnotched spedimen
such as was used in obtaining Figs Z-o, “nhomogeneous plastic deforna-
tion apparecntly can create regions to whu » ywdrogen can diffusc. accumi.
late, and then cause embrittlement Thius, the time deiay for evhrittiemens
1s needed for {(a) sufficient plastic defiormaton te izke place and {b) diffu-
si1on and accumulation of hydrogen  The actual manner :n which hydragen
embrittles wili .o discussed later in the report

The returr of cductility at long tumes {0r veryv Jow strain rates) could
be more casily rationalized if the ductilitv mimimum were jooked upon as
a strain aging phenomenon  Generally, strain aging 1s quite stran rate
and temperature dependent For example, a dadctihity minimum could be
obtain: d as much as 400°F lower at very siow sirain rates than at very
fast strain rates {30) Hence, 1t s andeed possible that at a temperature
between the two du<:tility would be normal at both highand very low strain
rates. but some emorittiement world be obtained at an intermediate stran
rate. Temperatures where this was the case were successfully located
for strain aging attributable to nitrogen and carbon in titamum alloys at
1000°F by Makrides and Gurev and Baldwin {30} 38)

Cottrell has developed an empirical equation to predict the temper-
ature where strain aging might occ:r based on data obtained on stecls (27
This equation s as follows:

1/2
( D\ - IO'S:nt
)

2
where I = ciffusivity 1n cm /sec

e¢© - strain rate 1n 1/sec.
Apparently ar equaticn of this nature can also apply to titamum  Us.ung
Grurev and Baldwin® s data nf ~arbon-induced stra:n aging 3n a.pha titanmum
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at 1000°F . a number on the order of 107} (moas otaimed A similar num-
ber 1s obtained for the hydrogen-induced «tramm aging of Figs 2-4 The
sunitlarity between the niaser obtained for a knowa strain aging inter-
stitiz’ (carbon) and that obtained for hydrogen lends further support to the

pastulate that hydrogen can :nduce a stran agineg offect Apparently ihc
exact magntude of the equation depends on the material bewng evaluated

H the hvdrogen-indused ductility mumma of Figs  2-4 were thought
rt of a strawn aging phenomenon  then ductilhity recovery at
2 rates would be expeciea.  The magration of hydrogen to

of as being,

very low s
reions of inhomogencous stran could also be inccrporated 1n this strain

aiing mechdanism
B Reiation of Hydropgen Etfects to Other Stram Aping Criteria

In the previous scection evplanations of hvdrogen-induced Jow stram
rate embrittiement and the lack of this embrittlemoent at long failure
times have suggested a strain aging type mechanism In order to complets
the picture 3t as essential that other criteria of sira:n aping such as yield
points, serrations, and teraperature dependent ductility ninima be cexaltuated.

The stress-stram curve for the CI130AM alloy 1n the quenched and
aged condition (170, 000 pss strength Jevel) and containing 258 ppm hydropen
s 1llustrated in Fig 8 Note the jack of a vieid point This curve 1s re-
presentative of all stress. stra,u curves obtained on this alloy 1n this con-

dition at all hydrogen ievels from 20 to 330 ppm and at all temperatures
frotn -110°F to 500°F. It :s obvious that no apparent hydrogen-:nduced

yield point 1s connected with the ductiity m.mma of Figs, 2-4,

The 1ncidence of a yield point 1n alpha-beta titanium alloys 15 not
uncommos.  Woth the C139 AM alloy tn the low strength annealed condition
a yield poeint :s obtained frem room temperature up to 650°F. A typical
example is shown in Fig 2 At 6509F a scries of vield points are obtained
much like "serrations’ in mild steels Hydrogen contenis up to 430 ppm
seemed to have no effect on this yield point at room temperature and above
The yield point could be suppressed by cold work but returns with aging

Unnoiched stress rupture data for the C130 AM 1n the annealed cen-
dition revealed no tendency for a ductility minimum with either 15, 80 or
430 ppm hydrogen as is shown in Fig. 10, 11 and 12 Thus. 1t can be
concluded that no connection exis's between the ductility minumd of Faigs
2-4 and the vield puint of Fig 9

If the ductility minimum 1s truly a strain aging phenomenon, then a
minimum should be obtained wher ductility 1s plotted against temperature
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This ductility minimum has been obtained by Damels et al on CI30AM n
the quenched and aged condition containing 800 ppm hvdrapen 7). Duct:hity
minima on T1140A (2 Cr - 2 Mo - & Fe) have been obtained by Wilhiams,

et al. (4) and by Riphng (9} At rovmil) testing speeds the minimum 1s
generally found at room temperature or slightly below In general, most
ijuchors are i1n agreement that the disappearance of hydrogen embrittle -
ment at low temperatures can be artributed to the lowered diffusivity of
iydrogen, whiie the disappearance at high temperatures s due 10 the n-
creased soluhlity of hvd;-ggej

Since at normal testing speeds the CI13CAM alloy containing 206-330
ppm hydregen was sufficiently ductile at room temperature, it was felt
that possibly a minimum in ductility could be discovered at a slightly
higher temperature because of greater diffusivity The data of Fig, 13
show that no minimum was obtained This 1s not unexpected siuc 2 the
solubility of hydregen increases quite rapidly with rising temperature in
this range.

C Effect of Prestrainming and Aging on Final Ducuiity of
Hydrogenated Material

if hydrogen 1s migrating to the regions of inhomogeneous plastic
defuormation as was postulated in part 1 of this section, there would be no
need for a constant applied load as 1s obtained in a stress rupture test
but rather a plastic prestra:n followed by removal of the load could serve
alsoc to provide a driving force for agglomeration of hvdrogen If sufficient
hydrogen were able to accumulate. then some ductility effects could te
detected

The influence of aging at room temperature on the ductility of pre-
strained tensile specimens conta:ning 250 ppm hvdrogen can be seen from
Fig. 14. It s apparent from this figure that final ductility 1s dependent
upon the aging time. The shape of this curve 1s roughly comparable to
the ductility vs. failure time curves of Figs. 2-4 Laike the stress rupture
curves, a loss of ductility was obtained after aging for o hours and this
embriitlement was rercverable after long time aging

T, s ductilsty ™minimum 1s not obtained at lower hydrogen levels u:ing
this prestrain method. These data are shown for 80 ppm hydrogen in Fig
15 and for 20 ppm n Fig 16A At mgher hydrogen levels, such as 420
ppm, where some embrittlement is encountered in a normal tensile test,
evidence of a ductility mimamum 15 also obtained. Fig 16B

It is evident that hydrogen creates a timne dependent embrittlement
after aging for some time greater than one hour at room tempe-ature pro-
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videa that sa. . .y ctwain s present to provide a driving force for

accumulation o v . This plastic strain is probably inhomogencous
creating a hian 14 No continually applied stress 1s required. The
accuraulation »f . causes little or no strengthening of the material.

Apparently plastic strain applied at an elevated temperature can also
serve to aid in the accamulation of hydrogen For example observe the
following data of Burte, Erbin, et al on Til40A {39).

TABLE 17

EFFECT OF PRICR HEAT AND STRESS ON THE ROOM TEMPERATURE
DUCTILITY OF Tild40A

Previous Treatment R A,
Stress Temp. Time 20 ppm 250 ppm
As Annealed 56% 55%
95, 000 70°F 500 hr. 56 49
83, 000 200 100 55 43
80, 000 200 500 55 27
50, 000 600 100 51 30
50, 000 600 500 54 37

it is possible that hydrogen diffused to the regions of plastic deforma-
tion at room temperature while the specimens were awaiting testing, If
this is the case, then the stress rupture test served only to strain the ma-
terial plastically It 1s unlikely that 250 ppm of hydrogen could create any
embrittlement at 600°F

The variation of the duciility minimum with temperature is illustrated
in Figs. 17 and 18, Note that the minimum is shifted to shorter times
with decreasing temperatures beiow i25F. This would indicate a diffusion
dependent phenomenon. A rough approximation of the activation energy of
this prucess (10,000 cal/mole) can be obtained from these three points,
The activation energy for diffusion in C130AM has been reported as
G000 cal/maole (1); 1n 2lpha titanium, it is 12, 38C cal/mvoie and 1n beta ti-

tanium 5640 cal/mole {40)
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At 175%F the ductalr y manimum s sinfted to a Jonger i Enin na
be attributed to the increase in the solubiiity of hydrogen at higher temper
atures A greater quanti.y of hvdrogen must accumulate inorder to achiess
the proper condutions for embrittlement. Daniels, et al  obtaiaed tonger
failure times in notched specimens at elevated temperatures (7)) Thev
attributed this to the increascd solubihity and decreased drnving force ob-
tained at elevated ‘emperatures,

The data obtained appear to sunnnrt the concept tha €
grates to the repgion of inhomagencous plastic deformation (Where 4 stress
field ex1sts).  With a two phasc siructure it 1s unhkely that the aipha e
beta grains will be deformed homogenecusly  Also, Jow temperature crecp
will probably take place by trans-crystalline shp (dislocation glide) with
the grain boundaries acting as barriers, Thus, the :nhomoecncous plastic
deformation could create a region to which hedropen can diffuse near the
grain boundaries and the brittle fracture wall ¢manate from this arca as
postulated by Burte {31), When a notched specimenas used, however. the
region of ihhomogeneous plastic deformation will be near the base of the
notch (41) and crack initiation and propagation wiil begin in this vicinity
comparatively independent of the grain boundary region, as has been
illustrated by Damels (7).

J)x‘l'ur\_'vz: H A

The restoration of Juctihity after long agng times mav be expla.ved
by two mechanisms, (1) recovery of plastic strain and redistribation of
hydroger cr (2) overaging., Low temperature recovery (often calied
"‘metarecovery') has been found 1in micke!, aluminum base alloys o,
and cadmium (42, 43) This low temperature recovery 1s generally
attributed to vacancy migration since the temperatures at which “meota.
recovery” is obtained are too low for anv appreciable self-diffusion wbie:
is necessary for "climb" (anmihlation of cdge dislocat-onsi to take plec.
""Metarecovery' can occur at quite low temperatures particular!y n e
agonal metals. It appears that low tempcrature recovery ts 4 distined
possibility in titanium alloys. If the migration of hydrogen 1s 10 the re
gion of inhomogenewus sirain where a stress field cxists  ther o smal!
amount of recovery and ¢ . companving stress rehief cauld cause the hvdro
gen to redistribute itself and eventually restore ductility

A mechanism involving overaging would be dependent upen the pre-
cipitation of a hydride, Growth of this hydride would then resuit in a
stable precipitate and eventual restoration of ductility,

The return of ductility with additional aging following a strain aginy
type embrittlement 18 not unigue to hydrogen 1n titanium  Carafclo and
Smith obtained what appeared 1o be overaging in strain-aged nnld steels

(i9). It appears also that the strain aging attributable to carbon. mtrogen
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or oxvyecnn aipha-beta titancarn exhibats some evidence of ductility re-

~toeration These data are shown i Fig, 19

tu

The embinittlement caused by hydrogen and the eventual restoration
of ductility can be explatned by several mechanisims Of these. the foi-

lowing appear plausible.

1 Hyvdrogen accumulates and omhr:
solution Re.overy of plastic stram dimiinishes

caase: the hvdrogen to resiuane an egabibrium distrits

< Hvdrogen accumulates and precipitates as a fine hydride
A B p P v
which decomposes upon recovery of plastic straimn causing restoration of

dictihity

3 Hydrogen accumulates and precipitates as a4 tine bvdride
whieh causes cmbrattloment. Additional aging causes this hydride to

grow and overaging 3s accomplished

4 Hydrogen causes embrittlemem while in sclution Hvdride
precipitation resialts an restoration of ductility,

If hyvdrogen were merely redistributed or randomized by a recover,
procvess at long aging times. then at would seem plaus-bie that the enure
process could he reversible 1 ¢ re-prestraming and aging would agamn
(redte a time dependent ductiiity nanomum 1t however, & stable hydride
were the end result of this dging process  then it would be unlikely that

recyeding weuld again produce a ductiiity minnnuwm

Data for the C130AM alloy prestra ned 0%, ages for 120 hours at
room temperature, then prestrained an additional 4%, and aged for varv.
iy lengths of e are allustrated o Fig 200 From th.s [igure 't s
quite evident that a ductility mimimum 1s agamn c¢hbtained after the -.-cond
prestrain and subscequent aging  These data seem to 1ndicate that over-
aging or growth o! a stable hvdride did not cause the restoration of ductiizty
m Figs Z2-4and Figs 34 17 and 18 but rather that th.s resumption of
ductiizty at longers times was attributable to recovery and subscguent re-
distribution ¢f ccunmulated hvdrogen. Since the randum®zation of seg-
regated hydsoger would be miuch miore difficult «f a hire Pydride were pre-
cipitated the authors feel that 1t 1s more hkelv thai hvdrozen ¢ suses em-
brittlement while st'il in solution  The manv sumlarities between hvdro-

LR TeTe Rt
ori

gen embrittiement in steel and in alpha-beta titanium tend 1o supp

inis
concept

In sunimary. the following hypothesis ¢an be advenced for low strain
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rate hydrogen embrittlement of alpha-heta titanium.

Inhomogeneous plastic str2in creates a region to which hydrogen can
diffuse. This may be at the grain boundary arca between alpha and beta
grains wnere slip lines interact with grain boundaries or necar the base of
2 sharp notch, If sufficient time elapses, recovery may take place enabling
Lydrogen to redistribute, and the embrittiement is minimized  Since the
process i1s reversible with additicnal plastic strain, hydride precpitation
does not appear 1o be an gsgential part of this modal

Hydrogen embrittlement in alpha-beta titanium can be hkencd to the
more classic strain aging process caused hy mitrogen and carbon in mild
steel No connection betwzen hydrogen and the vield pomnt was obtained in
this investigation.

2. EFFECTS OF HYDROGEN ON AN ALPHA TiTANIUM ALLOY

The object of this phase of the investigation was to cvaluate the
effects of hydrogen on a typicai alpha titanium alloy, AI1I0AT (5 A!-2 5 Sn)
Since the addition of alumirum increcases the solubility of hydrogen 1n tita-
nium, particular emphasis was placed on low strain rate embrittlement,
The possibihity of low sirain rate embrittlement 1n this alloy has been re-
ported previously (5},

Because delayed faiiure can either be caused by a normal creep
process or by hydrogen embrittiement, 1t is often necessary to separate
these two., Whith unnotched specimens the ductility obtained after a hydro-
gen-induced delayed failurc is often less than after a creep failure, Since
1t is difficult to obtain exact ductility measurements with notched specimens
it 1s often necessarv to use different techniques to sepa-ate hydrogen embrit.
tlement from creep. Daniels, Quigg, and Troiano were able to separate
these delayed failure processes by using three criteria which were as
ollows (7) (8)-

1. Electrical resistance measurements.

2. Sectioning of unbroken specimens for hydrogen-
induced cracks,

3. Elevated temperature testing

I3

Low temperature creep is characterized by cortinuous flow {usually
transcrystallire}, generzlly occurring in three stages, with no measurable
crack formation at least «antil the third stage of creep. A graphical illus-
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tration of the electrical resistance changes associated with a typical creep
failure 1s shown in Fig 21A. Whien the deiayed faiiure 1s caused by hydro-
gen, a delay period or "incubaticn period” is required for the formation of
a crack. This crack then propagates until it is large encugh for failure to
occur. Electrical resistance changes for a typical hydrogen-induced crack
1nitiation and provauaiion process are shuwn in Fig, 21B.  Note from this
curve that little measurable piastic deformation has taken place prior to
the initiation of the vrack

Sometimes the shape of the clectrical resistance curve does not
clearly describe the mndoe of failure. In these cases, Daniels et al, |
recommended the stopping of the iest sometime prior to failure in order to
examine the specimen fur cracks, 1f a crack were located, this would
tend to indicate hydrogen-induced delayed farlure rather than creep (7) (8).

As a final resort. Daniels used elevated temperature testing to sep-
arate creep and hydrogen-induced delayed failure. The thought in this
case was that creep-type failures would tend to be emphasized at moderate
elevated temperatures while hydrogen-inducced deizyed failures would be
minimized at these temperatures

in the present investigation of alpha alloys electrical resistance
studies and, in some cases, scctioning of unbroken specimens were em-
ployed to scparate creep failure from hydrogen embrittlement, No ele-
vated ternperaturc testing was conducted

The effects of hydrogen on the notched stress rupture properties of
the A110AT alloy are 1llustrated in Fig 22 Note from these curves that
hydrogen 1n quantities up to 175 ppm decreases the range of stresses in
which delayed failure can take place without greatly altering the notched
tensile strength Additional hydrogen up to 285 ppm increases the range
of failures only slightly over the 175 ppm level, but again the range of
stresses 1s not nearly as g-eat as at the 45 ppm level The addition of
680 ppm hydrogen lowers the notched tensile strength, but, in addition, a
range of delaved failure is obtained

Electrical resistance measurements showed quite clearly that the
delayed failure obtained at the 45 ppm and 175 ppm levels were of the
"creep type'', 1. e the changes during the test followed a pattern similar to
Fag. 21A, Electrical resistance changes at the 680 ppm level indicated
that these failures were 2 case of hydrogen-induced delayed failure, i.e. a
process of crack initiation and growth similar to that shown in Fig, 21B
was outlined Examinatior of the fracture surface of a specimen contain-
ing 030 ppm hydrogen revealed a pattern of concentric crack formation
sustaiming the hypothesis that hydrogen-induced crack initiation and growth
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had caused the delayed fai1lure  The surface of a fractured specimen con-

tairing 680 ppm 15 shown in Fig 234

At the 285 ppm level the demarcation between creep and hydrogen-
induced delayed failure was uot as sharp, Electrical resistance measure-
meats indicated a large amount of creep plus the possibility of some in-

fluence of hydrogen Sectionming a specimen prior to farlure showed the
incidence of a crack. supporting the concept that hvdrogen-induced de-
laved failure was alvo a factor in these farlurces This crack 1s shown in
Fig 238,

Since the delayed failure found at 45 ppm and 175 ppm hydrogen
levels are attributable to creep, 1t appears that small guannities of hydro-
gen can greatly improve the creep resistance of this alloy without causing
any embrittiement or hydrogen-induced delayed failures This enhance-
ment of creep resistance by hydrogen can be rationalized by consideration
of the thoughts of Cottrell (27}, Cottrell states for the case of transcrystal-
line creep that when dislocation ghde first commmences, the speed of the dis-
location movement will either rapidly increase or gquickly decelerate with
subsequent interaction with other dislocations and grain boundaries, In
alpha titamium 1t appears that hydrogen !probablv in cloud form)} served to
hamper dislocation movement 1n transcrystallhine creep (not necessarily
to block dislocation movement), enabling dislocation and grain boundary
interaction {with resultant work hardeming) to take place. Thusg it appecars
that small quantities of hydrogen can greatly aid in the minmimization of low
temperature creep by serving merely to decelerate moving dislocations.
Hydrogen 1s probably the only interstitial mobile enough to crecote this
effect at room temperature

The data obta:ned at the H80 ppm hydrogen level 1llustrate the sus-
ceptibility of aipka alloys to hydrogen-induced delaved failur-  Since the
diffusion of hydrogen 1s quite slow in alpha t:tanium, long times are re-
quired for hydrogen to accumulate and cause deiaved failure, The range
of stresses over which hydrogen-induced delaved failure can take place s
not nearly as great 2¢ :n the slpha beta alloy (7)

Unnotched stress rupture data aiso 1llustrate the incidence of low
strain raie hydrogen 2mbrittlement Tests conducted oa A}10AT con-
taining 160 ppm hydrogen showed no embrittlement, Fig. 24 while 2ata
cbtained at the 285 ppm level exhibited some embrittlement at very low
strain rates, Fig 2% At the 690 ppm hydrogen level this alpha alloy
was ductile 1n 2 norma’ tersilc test but exhibiied embrittlement 1n all the
low strain rate stress runture tests (Fig 26)

Apparently here. as in the alpha-bera alloy hydrogen diffuses to
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the region of inhomogeneous plastic deformation It is probabie that the
driving force for accumulation of hydrogen 1s not as great as in the lwo-
phast structure Also, the diffusion of hydrogen is much slowsr in the
aipha structure. For these reasons, the incidence of jow strain rate om-
brittlement is not as pronounced in the alpha alloy as in the alpha-beta
alloy.

Ancther ductility minimium at higher temperatires probably attri-
butable to C, N, or O was located for this alpha alloy in the 600¥ - 1000°F
range. These data arc shown in Fig 27 This is the same minimum re-
ported by Makrides (30).

No vield point was obtained in this alloy at any temperature between
-110°F and 1000°F. A typical stress-strain curve 1s shown in Fig, 28

3} EFFECTS OF HYDRCGEN ON A BETA TI1ANIUM ALLOY

With the addition of sufficient beta-stabilizing elements, an all beta
structure {(body-centered cubic) can be stabilized at ambient temperat-res.
The only commercially important veta titamium alloy is the B120VCA
(13V-11Cr-321) alloy which was studied in this section,

Hydror.n has been reported to have a greater solubility in beta t1-
tamum (1} (4), hence, a greater resistance to the effects of nominal
quant.ties of hydrogen might be expected for the beta alloys At high hy-
drogen levels, however, hoth hydrogen embrittlement and hydrogen-in-
duced delayed failure may be encountered. The object of the following
invesligaiion 18 to examine this bela alloy for these phenomena

""soft" (solution treated) BI120VCA are illustrated in Figs 29 and 30,
From Fig. 29 it is apparent that hydrogen contents as high as 420 ppm did
not alter the delaved failure curves. These failures are all attributable to
creep (confirmed by electrical resistance) A hydrogen level as high as
1150 ppm. greatly lowered the notched tensile strength but no region of
delayed failure was oblained (Fig. 30} At an intermediate level. such as
720 ppm, soime embrittlement was detected in the notch tensile strength.
but, 1n addition, a region of delayed failure was obtained. These failures
at 720 ppm seemed to be hydrogen-induced delayed failures following a
pattern previously descrmi® 11in Fig Z1B,

With unnetched ~pcciinens, the effects of 429 ppm were again vir-
i5.1ly uegligible, Fig. 31. A hydrogen content of 720 ppm had only a

>,

[2¢
P

81

ight embrittliag effect on the final ductility of unnotched stress rupture
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specimens, Fig. 32  With 1150 ppm. however, even though tensile ductility
was rearly normal {50% K. A ), the low strair. rate stress rupture failures
were quite brittle (Fig. 32)

Since the sojubility of hydrogen in beta titanium is quite high, large
amounts of hydrogen would be reguired for embrattlement, 1In the case of
B120VCA, greater than 420 ppm hydrogen is required befare any embrittle-
ment can be detected,

The diffusion of hydrogen 1n beta titamum 1s quite rapid, at least as
compaied io aipha and aipha-beta alloys (44). When a driving force, such
as a sharp noti:h, is present, then hydrogen accumulation will be quite fost,
50 rapid that delayed failure can occur in a tume short enough t shsw ern.
brittlernent 1n a notched tensile test, This seems to be the case for notched
specimens contaiming 1150 ppm.  With unnotched specimens. a sufficient
driving force for the accurnulation of hydrogen exssts only after substantial
plastic deformation has taken place. Thus, only the unnotched specimens
tested at low strain rates were significantly embrittled at 1150 ppm hydrogen.

A wide region of delayed failure wies encountered with notched speci-
mens at the 720 ppm level. Because the notch created a region where hy-
drogen could accumulate, embrittlement was not on!y obtained in the notch
tensile test, but alse in stress rupture tests ot lower applied loads.

In an effort to show hydrogen-induced delayed farlure at a higher
hydrogen level (1250 ppm), stress rupture tests were conducted using
miidly notched specimens. It was hoped that the m.ld notch would provide
a lower driving force for the accumulation of hydrogen than the sharply
notched specimen and, hence, would lead to a more time dependent embrit-
tlement The data obtained on B129VCA containing 1250 ppm hydrogen and
150 ppm are shown in Fig. 33, The range of delayed failure with 1250 ppm
was narrow, but one point showing hydrogen-induced delaved failure was
obtained. The faijures at the 150 ppm level were all attributable to creep.

Thus, from these data it can be zoncluded that low stra:n rate hy-
drogen embrittlement (or hydrogen-induced delaved faiylure) can occur n
straight buta alloys. Despite the high diffusion rates in heta alloys. this
low strain rate embritilement 18 not as pronounced as 1n 1lpha-beta alloys,
probably because of the increased solubility or tolerance for hydragen in
the beta structure
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IV SUMMARY AND CONCILUbLIONY

A duct-lity minimum was obtaned :n unnotcned stress rupture tests
conducted on a heat treated alpha-beta titanmium alloy.,  This minimum was
obtained only at intermed:iate hydrogen levels 1200 - 420 ppm); at lower
hydrogen contents no embrittlement was encountered, and at higher hydro-
gen contents embrittlement was obtained in all stress ruptare tests,  This
ty Mminnwin was presu ned 1o be part of a strair aging rmecianism

Prestraimng and then aging this alpha-beta alloy containing this same
intermediate quantrly of hvdregen created a lowering of ductility after a
piven aging trine {generally 2 - b hours) The ductility was restored after
lorger periocs of aging fapproximately 100 hours) This ductility manimum
after prestraining was not ohtained at fower hydrogen levels (20 - 50 ppm)
These data scemed ta confirm the fact that slow strain rate hydroge) em-
brittlernent in alpha-heta titaniam alloys is actually a strain sging prenomenon

A hypothesis was advanced for low strain rate hydrogen embrittlement
in titanium  In this model it 1s said that hvdrogen migrates te a region
created by tnhomogencous plastic strain (where a stress field exists),
3his region may he either at the intersection of slip lines and gramn bound-
asics, or near the base of @ sharp notch Recovery of plastic strain wil}
result in the redistribution of hydrogen with subsequent minmmezation of the
embrittlement Hydride precipitation 15 not an essential part of this
mechanism,

Slow strain rate hvdrogen embr:ttlement can also be obtained 1n an
alpha alloy The range of stresses over which hvdrogen-induced delayed
fariures can ovcar was not large because of the relatively slow diffusion
rate of bydrogen in alpha alloys

Small quantities of hydrogen can also creats« an improvement 1n the
crecp resistance of an alpha allov This can be attributed to the inter-
action between moving dislocations and hydrogen clouds. causing a de-
celeration of the dislocation movement

Siow strain rate hydrogen embrittlement was obtained in a beta alloy.
Because tne high solubility of hydrogen in beta titamium, no hydrogen effects
were encountered with 420 ppm hydrogen or less Notched specimens were
subject to low strain rate embrittlemnent at a lower level than unnotched
specimens (720 ppm v< 1150 ppm hydroge- Because of the high diffu-
sivity of hydrogen i beta titanium,. in some aistances delayed” faiiures
apparently took place in times short enough to cause embrittlement 1n a
notched tensile test.
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The 1ncidence of low strain rate ernbrittlement in an alpha and a
beta alloy rules out the necessity of an alpha-beta interface for hydrogen-
induced delayed failures. In both cascs apparently some strain was
necessary before delaysd failure could occur,

For low strain rate hydrogen embrittlement to occur 1n titanium
alloys it appears the following are necessary:

a a sufficient quantity of hydrogen
b. a sufficient diffusivity of hydrogen
¢, a driving force for the accumulation of hydrogen {as

postulated previously - inhomogeneous strain can
create this force)
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SECTION 1it

HYDROGLN EMBRITTLEMENT OF

SEVERAL FACE-CENTERED CUBIC ALLOYS

P. A. Blanchard
A. R. Trowano
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AESTRACT

The hydrogen embrittlement of austenitic Ni-Cr-Fe alioys and
OFHC copper has been investigated. Ni-Cr-Fe alloys were embrittled
by lirdrogen and their embrittlemenr was demonstrated to be of the same
nature as that of steel.

A qualitative mechanism was presented which indicated that only
the transition metais shouid be capable of conventional hydrogen em-
brittiement  This maechamsm also accounted for the observed dec. conc
of embrittlement in the austenitic Mi-Cr-Fe alloys with increasing (Fe +
Cr) content.
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1 INTRODUCTION

10 O -

brittlement which Iimits the use of these materials 1n severe service .ore
ditions {1)%  Thus far, most of the investipations have been concernced

wi%h titanium and body-centered cubic steel (1, 2. 3) a'though a few have
dealt with austenitic steels {1} Y The latter materiels, whore viriuaiis

no emmbrittlement is found {4, 3}, are ured whore feasibla o< amsent
tailures duz to hydrogen embrittlement (10, 11, 12) Thes differeng e

usceptibility to embritilement between body-centered and face-centered
cubic stecls appears even when the two miates tais have the same ompo
sition, i. e, an austenitic steel which s not affected by hyvdrog o additions
becomes susceptible to crnabrittlement when 1t undes poea e § > a trass-
formation either by coobing to low temperatures or by cold working (4

12, 13).

The influence of structiusre has been explained by the different char.
acteristics of the two lattices with respect too two of the most nmportant
factors anfluencing hydrogen embrittlement. 1 ¢, the equihibriun solub.inty
and the diffusion rate of hydrogen (1, 4, 10. 14) The solubility of hvdro-
gen 1s approximately three to four times greater in austenite than n ter-
rite. Therefore 1t may be expected that more hvdrogen 1s necessarv to
embrittle austenite than ferrite  Furtherinore, the rate of ditffusion of hiv-
drogen 1n austenite is much slower than in ferrite  Since the degrze of ¢
brittlement and the rate of crack propagation 1in embrittled - specincens are
controlled by the diffusion of hydrogen (15, 1v). the lower diffusion rate
may lead to a very different appearent cffcct of hydrogen in face-centered
cubic alloys though the same mechanism mav be operative, The byvdreaen

S PIE o papty
2

I S
i=2330¢ e e

. € £y e
@micny G ey

itic steels disappears at both low and high test toae-
peratures and also at figh strain rates (17}). .= <inwer rate of diffusion
would make a tensile test of hydrogen-charged aus.caitic material equiv-
alent to one at either high strain rates or low temperatures n ferritic

matesrials

Since a number of alloy systems had been examined 1t was inierred
by many invesiigators that no face-centered cubic metal can be embritticd
by hydrogen (4). An exception to tlns was the hydrogen embrittlement of
micke! discovered by Eisenkolb and Ehrlach (13). Their results suggested
that the above ruie was not universal.
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The purpose of this work was twofold. first to datermine whether the
hydrogen embrittlement of nickel is of the same rature as that of steel and
sccerdiy. to examine the effect of alloying on the magnitude of the embrit-
tlement in mickel. For reasons which will ke discussed later, the hydropen
embrittlement of pure copper was also investigated The "optimvu-n'" con-
ditions for hydrogen embrittlernent -vhich have been determined previously
(I7V were used.

WADC TR 59-172 99



. MATERIALS AND PROCEDRURE

iI. SPECIMEN PREPARATION

il anioys were wsed an this investigation. commercially pure
nickel A), T2% N1 - 28" Fe, 51% N1 - 49% Fe. Niivar. Nichrome
i and Nrchrome V, 25.20 stamnless sieel and OFHC copper, The

com-
positions of the firsl Scvea ailovs ave listad i Table T The specimern
types used are shownan g 1 Tre shaerply-notched speamens were

TABIE |

Chenucal Analysis of Material

) Ni ‘}'g Cr % Fe
Nickel A AN 0. 15
72" Ni - 727 27 2
21 NI~ 51 44
Nilvar 36 6
Nichronie | [}4) Iv 24
Nichromme V 50 2N
25-20 Stainless Steel 19.7 24,9 5008

employed for the noteh teusile strength determinations and delayed fatlurce
studies while the unnotched specimens were used fur the tensile strength

and ductility rneasurements
All nickel base alloys were used in the as-roecerved condition, The
steel was studied iramediately after annealing thirly min-

utes at 2050°F or after annealing and cold swaging 67%.

The OFHC corper was obtained from a wirebar and cold rolled 51%
prior to machining  The thermal charging acted simuitancously as a re-

¢ rystallization treatment.

The tens’le properties of these alloys are presented in Table 11 for
the uncharged condition,
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TARLEII

Tensile Properties of the Allovs Used in I'his

Investigation for a 0,05 inch, minuie Cross Head Speed
11 the Tensile Terst

Strength Lewve!l Reduction in Ava
(pe1) at Fracture o
Nickel A 114,600 2%
i 79% i1 - 28% Fuo 95, 500 4%
! 51% Ni - 499% Fe 105, 00U 64%
| Nilvar 71. 000 TR
| INichrome | 109,000 54, 5%
| Nichrome V i02, 000 72.5%
25-20 Steel Anncaled K3, 000 709
25.20 Cold Worked + 7% 40, 000 1%
QFHC copper 30, 000 0%

2. HYDROGENATION AND CADMIUM PLATING
Bath thermal and cathodic charging were used 1n thie investigation,
! Thermmal charging was usced for 25-20 stainless steel in wnich the diffusion
rate of hydrogen is slow and 1n copper which s permeable to hydrogen only

at high temperatures. The procedure used was the following:

a) heat the furnace un to 2050°F for 25-20 stainless steel
and 11i5°F for OFHC copper,

b) flush the tube with argon,
¢) introduce the specimen into the furnace,
d) fiush the tube again with argon.

¢} substitule hydrogen for argon with a pressure sligntiy
above atmospheric pressure.

f) charo- io hours,
g} flush the furnace tube with argon.

hj open the tube ana quench the Spoolicii iis water
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The other alivys were cathodically charced  The charging hath was a 2N
sulfuric acid solution polsoned with 250 mg of arsenic :s sodium arsenite
peo iiter.  The spedimmens were degreased with carbon tetrachioride betore
charging., Current densitiecs emploved were 22 amperes per squarce inch
for the unnotched specimz:nrs and 12 6 amperes per square ainch for the
notched speciumens The bath was heated bv the current to a temnerature
varying between 170°F and !85%r Because of the abundant loss of elec-
trolyte during charging, fresh iiquid was added to the bath everv half hour

Immediately after charging, the specimens were cadimium piated to
avoid subsequent degassing  Cadmium plating was performed in a sodium
cyanide bath with a current density of 20 amperes ner square foot for 5 ruin -
utes when nc subsezquent heating ¢f the specimen was to be performed, and
for 20 minutes when baking was necessary to produce a honogeneous dis -
tribution of hydrogen

3. TESTING

Tcnsile testing was carried ont 1na hydraulic ltesting machine at con-
stant crosshead speeds. Various speeds in the range 0. 01 to 10 inches per
minute were used. Higher strain rate tensile tests were performed on a
draw bench at crosshead speed of 2100 inches per mainute, A constant load.
lever-arm stress-rupture machine was used for delayed failure tests.

WADC TR 5%5-i72 i02




Ul RESULTS AND DISCUSSION
1. SIMILLARITY OF THE HYDROGEN EMBRITTLEMENT OF NICKEL AND
NICKEL BASE-CHROMIUM-IRON ALLOYS WITH THAT OF STEEIL

The effect of cathodically introduced hydrogen on the ductility of
nickel and nickel base-chromium-iron alloys was investigated, These alloys

were embriitied by hydrogen  To determine whether this embrittiement
was of the same tope as that of steel 1ts dependence on strain rate and tem-
poratuare of testing was studied

A. Strain Rate Dependence of the Embrittlement

The variations of the ductility of charged and uncharged nickel and
2% N1-28% Fe are plotted in Fig, 2 and Fig 3 The embritt ement of
both alloys decreascd as strain rate increased, The ductihity of the charged
specimens was lowest ai the ninimum straia rate employed and rqual to
that of the uncharged specnmiens at higl strain rates.

B Temperature Dependence of the Embrittlement

The variation of tne embrittlement of nickel with temperature 1s pre-
sented in Fig, 4 ¥or & particular charging cordition, it disappcared at
low and high test temperatures and was maximum in an mterme-iate range
of temperature,

The hydrogen ernbrittlement of nickel and high nickel-chromium-iron
alloys has, thervufore. the same dependence on strain re‘. and test temper-
ature as that of efcel and hence 1s also a diffusion controlled phenomenon
since 1t disappears whea diffusion is inhibited exther by a high strain rate
or a low testing temperature  This behavior 18 opposite to that of other
kinds of embrittleinent, e, g the embrittlement produced by the presence
of hydrides. which increases with increasing strain rate and decreasing
test temperature {18

C. Recovery

Aging produced o Fecovery of the ductility of the charged alloys in-
dicating that the embrittlement was reversible. One of these allovys,
80% Ni - 20% Fe,was used for detailed study of recovery. The ductility
of the charped alloy increased with increasing baking timmes at 250°F, and
the emhbritilement disapp ared coiupictely wiih sufiicient baking (Fig. 3)
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NOTCH TENSILE AND DELAYED PAILLURE TESTS

X%

The effect of hydrogen on the notch tenstie strenpth of nicker was
studied at varigus temperatures The results shown in Table I indicate
that the notch tensile strenpth of nmicke! was not reduced by hydroper.

TARLE [l

Notch lTensile Strength ot Nickel A in the
Charged and Uncharged Condition

Speciinens Charged 7 hres
witha |2 o amp/s:

Test Temperature  Uncharged Speainiens __current density )
70°F 1-44. 000 psa 144, 300 psa
200°F T2, 500 pst 144, 000 ps)
350°F 142, 000 ps1 138 GGO ps

No delayed failure was observed on not: hed specimens of mokel charped

7 hours with a current donsity of 12 6 amperes per square nch These
results are explainable by the fact that with the harwing conditions used,
the fracture of embrittied nickel was still a ductrie one The reduction in

area at fracture was only reduced to 0% and necking stitl occurred 1mthe
unnotched specimens. Furthermore, the stress-straimn curves of notched
specimens also reached 2 maxiinum It 1s know: (15) that tensile and notched
tensile strength ave not modifred by hyvdrogen embrattiement unless the due -
tility at fracture 1s reduced below the value necessary for necking This
accounts for the insensitivity of not: hed tensile strenvth to the embrittlement

of these allovs
3. VARIATION OF THE EMBRITTLEMENT OF N. CR-FE ALLOYS WITH
COMPOSITION

The variation of the hydrogen embritt taf Ni-Cr Fe alioys as

presented in Fig., & In this figure, the ed figures represent the re-
duction in ductility due to a Cathodl(’ charging treatiment of 4 hours as a
function of the compositien of the alloys he reduciion in ductinty of the
nickel base alloys decreases with increasing (1iton + chromium) ¢ oatent

The embrittlement was maximum for pure nickel and n:l for 51% Ni -
49% Fe alloy, Nilvar and 25-20 stainiess steel It seemed to vary contin-

oT intermediaie &.uxnt)uslllunb

Since the diffus.on rate of hydrogen 1s verv low 1 25-.2C steel at
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room temperature thermal charging, was nsed 1o produce a greater hvaro-
gen content throughout the specirien This treatment did not produce any
embritticaient  Since the susceptibility of a gaven meldi 1o hvdrogen ene-
hrittlement snereases when ifs strength Tevel as increased or its ductility
decreasoed. (15) some 25220 staniess steel was cold swaged 07% - a
treatment which reduce- 1ts duchility Jrom 79755 10 01% and rarses 1is

Y

1

strength level from 83, 000 psi to 146, 000 ps1,  In addition, e an effort to

embrittic the 25-20 steel more severe charging conditions wares o

to ihe following sequence
a) Charge 5 hours. plate 20 minutc 8 bake ! hour at 3509,

by Lieplate. charge 4 honre, plate 20 wanutes, bake ! honr
at 350YF.

<) Deplate, charpge o hours plate 20 nunutes, bake | hour
at 35GYF

<) Deplaie charye 5 hoors
Fre antermediate bhaking treatment was performed to imake the supertacal
sikin of hydrogen prelaced by cathodic cnarging diffuse into the speaimien
By this process a siteht enbrittlement was produced  The ductibity of the
charged allov was reduced from ol% to 539

Ihis result tnducetes that the well known non-susceptibiisty of §tain.-

leas steel to byvdrogern: embrittiement as due to its onherent ductiiity and to

reiatively low hyvdrogen contents

4. THE HYDROGEN FMBRIT FLENMENT QF QFHC COPPER
Oxyucen-bearimg copper 1= Known te b embrittied by an annealing
treatment 1n hydrogen (19) This embr ttlenreni s due 10 the reduciion of
copper oxides by hydrogen. aad the resulting hagh pressures preduced in
the metals by the water vapor., Oxygen free copper was csed to determ,ne

wiheihier copper is suscephbie to hydrogen embrittlement without the mask-
ing cifect of the water vapor reaction A thermal charging of 16 hours at
11159F was used  The results shown 1n Table 1V show that there was no

a5
wmbriftiement

-
=2
¥l
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TABLE IV

Ductility of OFIIC Copper 1n the
Charged and Uncharged Conditions

Test Temperature Uncharged Specimens Charged Specimens
70°F 89. 5% 89%
200°F S 5% BRY
280°F 84, 5% K5
405%F 76,5 75. 5%
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IV GENERAL DISCUSSION

The results presented above prove that, aithough an important factor,
the structure of an alloy does not prosvide an absolute criterion for predicting
an alloy' s susceptibiiity to hydrogen embrittlement Though austenitic iron-
chromum-nickel alloys are in gencral less canable of being embrittled than

territie and martensitic sicels, they are defuinitely susceptible to :
embrittlement and thas suscoptibiiity is o function of romposition among other
things.  This resualt 1s not at variance with previous studies oi austenitic
steels 12,0 5, 1, S, 6. 7) which showed that these alloys were not embrittied
by hydrogen  Prewious woerk was generally performed with less severe
charging conditions than these emploved in this investigation and. for a gov-
en charging condition, the hydrogen embmittlement of No-Cr-Fe alloys ap-

prars oniy for high mickel alloyvs

At this point two anomalies are apparent  First, the
drogen embrittlement of a nickel-i1ron alloy decreases vath g
content is puzzling, espeaiaily when one considers that 1ron 18 the eas:est
metad to cmbeitile wath hydrogen  Secondly., why copper. whichas the
neighbor of nickel in the periodic table, 15 not embrattled by hyvdrogen and
y transi1tion metlais have been thus far embrittied

fa:t that the hv.
n

Creasing 1ron

more generally, why o
by hydrogen?

Sceveral possible reasons which maght ar count 12+ T¢ frrst of these
uostions and a tentalive explanatior for buth these questions as a whole

will he presented.

It 1s kncwn that the stirenpgth level and the ductihity of an alloy are
important factors governing its susceptalbnhity to avdropen embrittlenrent
(15)  An alloy 1s more amenable to embeittlement when its strength ievel
is mcreased or its ductility decrecased. The mechanical properties of the
alloys {Table I1) indicate that, except possibly for copper. this factor can-
not account for their differences in behavior since. for example. the 51%
Ni - 49% Fe alloy has a higher strength leve! and 4 Jower ductility than the
72% Ni - 2b% Fe allov and vet 1s less embrite'ed by hvdrogen,

pararncter with composition The lattice parameter of mickel-iron
ifigreases by o with increasing iron coentent {rom zern o 0%

corresponds to an increase of v% of the velume of the interstiiia
hydrogen and may account for a decrease of its action. The importance of
thic factor 1s hard to estimate. bt 1t not hilieved iv vary enoudgh to pro-

vidie a conclusive explanation
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Thirdly, the var.ations of the diffusion rate of hydrogen with compo-
sition do not provide an explanation ior the varmation of embrittlenten. with
composition. The variation of the ditfusion rate of hydrogen with the com-
position of Ni-Fe alloys 1s presented in Fig, 7 {21} The speed i diffusien
of aydrogen 1s higher in the 51% Ni - 9% Fe ailoy which 15 not embeattled
than in the 72% Ni - 28% Fe alloy which s embrittied

.

were identical, it iz not certain that their hydroges contonts were cgunal
The analyses performed do not pive a conclusive answer to this questiui,
The 51% N1 - 49% ¥ alloy contained 4 ppin of hydrogen ond the pure mikel,
5 ppm. This difference 1s small and may be due to experimental scatter
Furthermore the hydrogen distribution of the specimens 18 known to be
inhomegeneous and this factor decreases the sipmficance of any hydrogen
analysis,

Another aspect of the problem will be now considered. 1t wii. Le
shown that the consideration of the electronic structiure of the alloys
studied may provide an explanaticn for the fact that only transition metals

1 e. iron, titaniam, vanadiurn and nickel. have been shown o
ceptible to hydrogen embrittlement and that the embrittlement of nicke! s
decreased if its alloying with 1ron and chromium sncreases.

It 15 known that hydrogen 1onizes when it goes into solution o« netai
The bare protons diffuse in the metal (22) and are preferentially located in
di-.locations {23)

Cottrell has described a mechamsm of the fracture of a metal whach
implies the cracking of an array of coalesced disiocations (24)  In this
theory, the energy of such an array of dislocations and the stress neces -

sary to roake it g=ow indefiniteiy are calculated.

The presence of hydrogen inn these arrays of dislocations 1acreases
their energy and hence lowers the applieid siress necessary for rracture
(25). A possible reason for this increase of the energy of an array of
dislocations due to the presence of hydrogen can be obtained by an analvs:s
of the effect of hydrogen on electronic structure.

The eiectronz ot the hydrogen atoms in solution 1n a ‘ransition metal
have been shown to join the 2 bands of the meiallic cores (22} as schema-
tically shown in Fig. 8 (b) and {c} On the other haad it 1s known {26) that
the repulsive forces determining the interatomic distance of transition
metlaly such as Ni and its neighbor in the periodic table, Cu, are due to
the overlapping of their d bands t may, therefore. be expected that any
increase of the electronic concentration of these bands produces an increase
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of the repulsive forces between the metaliic (ores, ¥+ ¢ anincrease of the
enerygy of the regon in which this « ffect occurs This effect can occur cnly
with a transition metatl whose 3 d band 1s not full It cannot napper. 1n cop-
per or any non-transition meial which has a completed 3 d band.

Furthermore, this etfect should be lessened when either 1ron orx
chromium s added to mekel, ‘The electronic concentration of wron and
chromvm are lower than that of nickel and therefore a Ni-Cr-Fe aliov
also nas a 3 d band which ts less full than mickel. as appears an Faig 8 (d)
The increase of energy due to the addition of extra electrons to a band s
higher when the band 1s nearly filled than when 1t 18 not.  Therefore when
a transition metal on the left of mickel in the peredic table 1s alloyed with
1it, the increase of energy due to the addition of hydraogen to the atloy de-
croases and the embrittlement may also be expected to decrease When

enough iron and chromium are added to mickel for the ¥ + 5 transformation
to ouvcur, the change of structure 1s believed to account for the reversion of
this trend, 1 e, fermtic Ma-Or-Feas sirongly emmbrittlesd by hvdrogen, This
assumption s supported by the fact that an austemitic steel which 1s not
cinbhrittled by hydrogen becomes susceptible to embrittlernent if 1t under-

goes the 2+ transformation
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¥ SUMMARY AND CONCLUSIONS

The susceptihility to hydrogen embrittlement of austemitic Ni-Cr-F'v
alloys of various compositions and vi OFHC copper has been investigated

Nickel and nickel base-chromium-iron alloys were cmbrittled by
‘athedically introduced hydrogen. Their emhrittlement was of the same
2 as that of sieel, 1. e. it decreased as strain rate increased. dis.

-

b
ppeared at iuw and high temperatures and was eliminated by an adequate
aking treatment

W

b

With a particular charging condition, the embrittlemant i aistenitic
Ni-Cr-Fe decreased with increasing (chromium + 1ron) content,  This
trend was not explained by the consideration of the mechanmical properties
nor by the lattice parameter of the alloys,

A tentative explarnation based on the consideration of the electronic
configuration of the alloys studied was presented to explamn that only
transition metals are capable of conventional hydrogen embrittlement and
that the hydrogen embrittlement of Ni-Cr-Fe 2llovs decreases with their
(Fe + Cr) content

This explanation was supported by the result that OFHC «opper was
not embrittled by thermally introduced hydrogen,
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