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V OR VWORD

rhis reporz dc' us with three sepa.-ate, hut r-'lated. aspects of the hy-,
A ncnxbrittlemnent pro:slem., The report is categorized into three his -

tvwtt se,,tions with each section representing a complete phase cf the gen-

higo st:,ength steels. Secticon 11 is concerned with the hydrogen Ern-iLrittie-

merit and hydrogen -induc ed strain aging of titaniurn alloys, white 
5
actior.

IlI pres ents results on ti-e hiydrogen ernbrittlerr-et nf face-centered cubic
mnetalIs

T Ihis work represe.-its the final repcrt of the investigation performed

at Casc Irnstitute of Technology, Clr.:e~ancd. Ohio, under USAF Cortiact
AF 33(4l)1,- 3431, during the period March 31. 19'_t, to March 31, 1959.
The project was initiated, uinder Project 7021, "Solid S'tste 1ýese4!rcf, and
Properiý.ies of Matter. " and Task 70o45, "Effect of Environment or !the

Internal Structure af Solids."

The project ý,Ab adminirstered tinder the direction of Attwell M.
Adni,' Taf!- R-.. , '~~1' .eea rc h Branch. Aotronautira. he-

sea:rch Laboratori -s, Directorate of Research, igh Dzvvi -nn

Center.
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ABSTRACT

-his report, Wh~ich describes the influence of hydrogen on the iciechani-

ical' piope-L-ties of high strength steel, titanium and face-centered cuibic

metals, is divided into three sections.

SECTION 1 DEL-AYED FAILURE IN 11101S1 MV-EN't-T],I -V1 EE

The initiation of localized cracking in a hydrogenated hipg'h streviipthI

steel specimren was du~t e dpendent on the development ,I a critical

hydrogen concentration aod relatively mnsensitive to the magnitudev of th'.

applied Stress. The stress played an essential role in the djelayed failure

Process by providing the means for grouping the hydJiogen. Assuming Jia,
the rate of Stress- induct i diffusion was a direct function of the app)i,,d

stress, the predicted relationship between ilecubatiun tirne and str !sss
agreed reasonably well with experimental d.--

SECTION 11I HYDROGENEMBRITTLEMEN: ' ',; STRAIN AGING IN TI-
TA7NIUM ALýLOYS

Low strain rate emnbrittlenieut in ttte4u4 alloys can be -lassificd a,.

a strain aging phcnomenon. Prestraining antI aging an alpha- lai tisd!ý~rin-
aPoy resý ilted in jductility mnininuim. at Eonie intermrediate aging time It

appears that hyrig migrates to a region of inhomogeneous strain. w&hereý
a high stress 5tate cx4iatj, and crecates, this ei-brittlement The restora-

tion of ductility at long aging ))mes was attributed to recovery with sun-
sequent redistribution of sen

Low strýin rate hydregen t-mitrittlemrent was obtaineI for an -hA

alloy and a Ib;a allp ,. Hydrogen, in ýLall quantities seemed to aid creel)

resistance in theWepha alloy, The J~~alloy was resistant to nominal
quantities of 4*4i~gai (420 ppm), hut did show embrittlement at higher
levels

SECTION III HIYDROGEN EXIBREITTLEMEN'r OF SEVERAL FACE-CEN-
TERED CUBICALLOYS:

- fhe hy4roaean embrittlernent :)f austenitiL: Ni-Cr-Fe alloys and OFHC
copper has been investigalted. Ni--C-r-Fe alloys were emrbrittled by hydrog~en
and thetir embrittlemept was (demonstrate'- to be of th-e same nature as that

of steel

A qualitcative mechanism was presented wvhich, i6ated that orly the
transition metals should be capable of conventioina h~~gen embritteIcnent

WADC TZ 1;9 172 IV



This mechanism also accounted for the observed dccrease ef rrt t-iemt
in tI, a ustet tiL Ni-C'-I F. alIo, s witI i-c leasing (Fu Cr) c outejIt.
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SECTION 1

DELAYED FAILURE IN HiIGH STRENGTH STEEL.

I-, A. SteuLerwald

F V, Schaller
A 1R. Trolanc.
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ABSTRACT

The initiation of localized cracking in a hydrogenated high strength

steel specimen was found to be dependent on the development of a critical

hydrogen cont ntrati-,n and relatively insensitive to the magnitude of the

applied stress. The stress played an essential role in the delayed failure

process by providing the means for grouping the hydrogen Assuming that

the rate of stress-induccd diffusion was a direct function of the c.ppiied

stress, the predicted re'ationship between incubation time and stress

agreed reasonably we:-l with experimental data
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i INTRODUCTION

The abilitv of small quantities of hvdrogcn to drastically enmbrittlh

metals has long been recognized Only re(erfllv. however a new facet of

hydrogen embrittlement which involves the aidl.Iv of hy_,rogen to produce

delayed failure, has beer. observed and studied Il-Qj

tc,'a"ed fa~iure, or as it i6 also iernmed - static fatigue is defined

as the property of a material to tail under the action of a. sustained load,

even though it - ; capable of supporting a higher load for a finite pui-iud of

time Steel parts which exhiboi deiayed failure have usu.allv been subjected

to a hyidrogen environment sometime during their proce:;ssng and stat.ýWc

fatigue in high strength steels has been definitely attributed to hydrogen (I)

The major portion of the delaeyed failure stud:es have been conducted

by testing electrolytically hydrogenated specimens at a constant tensile load

and recording the time to failur.e A typical static fatigue curve which

charts the frat ture time as a function of applied stress is shown in Fig 1.

It is characterized by three dis:.nct regions: an upper critical stress vhich
is the notched tensile strength, a lower criti-al limit below which no fail-

ure occurs and a range of delayed failure. The influence of strength level

notch acuity. hvdroger, concentration, hydrogen distribution, prestres sing

and temperature on the delayed iailure parameters has been extensively

investigaled l!, 4, 5. 7, 9).

lnrmediatelv alter a short-*nie ( athodic ciarging operation specimens

have ;- extremely hcterogetieuub hydrogen concentratin w,hich is locaihzed

a, the surface Barnett and Trocaao 13) used rcs-sance measurements to

deternine the kinetics of crack growth in such specimens and concluded that

the delayed failure was dependent on the growth of the crack which accorri-

panies the macroscopic difiasion of hydrogen into the specimen A quanti-

tative analvss of the -,l.idremcchaoisn, however was dlifcult

,th a ' geieous hydrogen dist ;bution due to the c.ontinually changing

hydrogen content as a result of redistribation and outgassing

A more refined approach to the deluved failure problem from both a

practical and theoretical viewpoint was employed by Johnson. Morlet and

Trotano (7) who utilized a charging, plating and baking sequence to produce

- Numbers in parentheses pertain to references in the Bibliography.

Manuscript was released by the authors as a WADC report on l April 1959
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a :-_]atively 1o3, h, bh t ,rutiorn hyd rogen conceltrrat on I lI T I'e • itrI i!,atIi r"

(the oelayed failure behavior of umnforiln 1 %i\ tiroiciatci iaterial ,ak
siniiiar to that obtaned for spetiimens "svith a lictisrogeneous hydrogen con-

tent. TIe c rack kinetics., however, were altered. With a uniform hydro-

gen content a definite incubation period preceded the initiation of a cra-k

which ultimately led to failore The incu-bation period was believed to be

the limo rcquired 'or sufficient hydrogen to concentrate in a localized tri-

atai t n c L gio dlibi li iatdl, 4 -roa-k.

Tests conducted at low% temperatores .ho-aed that the hydr•oe•n-in-

duced sle-w crack growth occurred discontinuouisly (')) This indicated that

the delayed failure process involved a series of cra( R initiations with in-

stantaneous, but limited propagatic n, ralhe r than the continuous croawlh of
a single crack. T7he !ow teroperature resu~ts also showed that the activa-

tion energy for the incubation time agreed 1%itl' thalt to:- the diffusion of hy-

drogen in alpha. iron and that the relationship b.twccin stress aad hIydrogen
necessary to inituate a cra(k was not sigmficauitly altc re-d over tne tem-

perature range examined.

Since del'ayed failure is nierely a series of .rack ;nitiations, the fac-

tots mnvoled in determining the incubation timuei are particularly significant

in explaining the delayed failure niechanism the .nutratton of a hydrogen

induced crack if: dependent On tuc factor.. (a I *b -. .. ... .. ccd AC(.. >-....

glen and (b) the basic effect of hydrogen on the material caus;.ng localized
failure, i. e. a crack.

The ability of hydrogen to lower the fracture stress. which represents

the latter component of the initiation process. has been the prinmary subject
of many theories dealing with hydrogen ernbrittlenient. The majority of

investigators have concluded that the hydrogen pressure in certain voids

c ~ ... errf.ctions which actas the f ... 1...., .. eH iu lower the
stress at which then.e emnbryos Lecome active Petch and Stables (10)

postulate that the surface adsorption of hydrogen lowers t11 surface energy

necessary for the extension of a crack. De Kazinczv (il) presents a ther-

modynar,-ic arguinent based on the fact that the hydrogen gas present in the

voids releases energy through the expansion which accompanies :rack
growth. This energy then aids in the subsequent propagation of the crack.

Zapffe (12), and Bastien and Azou (i3) propose that the pressure of hydrogen
in the voids or lattice imperfections produces a triaxial 91-n•- 'tate wthich
promotes fracture. A somewhat divergent viewpoint has been presented by
Morlct, Jnsrand_ 2 roiario ('141. As a Icbult -f plusr.uiui aId g

experiments orn high titreugth steel, they concluded that the hydrogen con-

centration in the tria'ial region in ":ort iof a void or large ,attice iicrik -

f....i.., rat,,ei than the pressure Aithi-i the void, is the determining factor

WADC TR 59- i7Z 5



for embrittr•-nent

Since each of the theorics used to explý.in hydrogen embrittlement is

dependent on a critical combination of hydrogen and stress, they can in
principle be applied to the presen•;y p•rnse,i quialitative mechanism for
delayed failure (7). There are several facets of the delayed failure ,rob-
lem, most notably the insensitivity of the incubation time to applied stress,
which have not been completely explained The purpose of this investiga-
tan w .as to cxamrine the parameter of inc-ubationwuti, iln a;i tffurt to extend
the mechanism for the static fatigue process.

WADC TR 59-17 Z6



I1 MATE:RIALS AND PROCEDIR.E

I SPECIMEN PPEPARATION

Aircraft quality SAF-AISI 4340 steel of the following chemical analysis
w,.as used for the investigatlon

Comipositi•n of 4340 Stecl

C Mn S1 Ni Cr Mo
0 395% 09% 00 "o0 9% 1 7en% 0 85% 0, 25%

The material, designated as heat G was furnished by the Republic Steel Co
in 5/8' hot-rolled bars Specimens were machined from stock heat treated
to a 230. 000 psi strength level according to the following sequence

am Normallze bar stock at 16;0° F for one hour.

b) Stress relieve at 1200 F for four hours and furnace cool,

c) Rough machine specimen blanks (no notch) 0. 0%0 oversize

dl Austenitizei blank, at !550OF 'or A-- .ninito bat
and oil quench

et Teiriepr n- I 75001

i) Fiji's'. i -nac hint,

Tensile specimens "A'eth geometries, as iioicated in Figs 2 were em-
ployed for the experimentts The specinmjen it.n,, '-' ............. t... .
norra.il unnotched and b60 V-notch specimens used in previous delayed fail-
ure studivo (1 7).

2 HYDROGEN C:NARGING

Two types of charging conditions were employed. For the dilavod
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 charping the
peiijriens w.ere washei" in water and cadmium plated in a sodium cyanide-

cadmium-n oxide bath for fifteen minutes at twenty amperes per square foot
(15). In order to hornogeiiize the hydrogen distribiation the specnrnerln were

WADC TR 59-172



baked for thri e hours at i00nF in an air furnace Previou3 work (7) has

indicated that with baking tir-ies in excess of one-half hou.r a uniform hydro-

ut n distribution is present.

Tensile tests were performned on specimens whicýh had been charged

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 disulfrde and

was addad in the ratio of 10 cc to every cOO0 cc of electrolyte. The speci-

mnens were charged for 24 hours to obtain a uniform hydrogen content with-

out baking The current density which determines the hydrogen content

under these conditions (16) was varied between 0. 0005 and 0 20 amperes

per square inch Hydrogen analyses were performed bV the Acid Open

Hearth Committee at the University of Pittsburgh.

3 TESTING METHODS

Both the tensile and delayed failure tests were conducted with concen-
tricaiii ;Aý..,-;d fixtures which insured an eccentricitv of less than 0. 001" i;L

uniaxial loading. The tensile tests wvere performed in liquid nitrogen at a

constant crosshead speed of G. 05 inc hes per minute, The time between

charging and testing 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 ýtress-rupture machines. The crack knetics ad

.,ncuhaton times w.ere deter•,manued with the vepeciiliy adapted Kelvin doubei

bridge which has been previouslv described (3)

WADC TR 59-172 8



lil RESULIS ANIDDISCGUSSION

I INCUB3ATION TINIE

A pa rtic ularll .. perpiesxing problem in expl~Lnhitg static fatigun of :l
strength steels is the insens itivit of 0 the n cibation I inie to the roagnilude of
applied stress (7) Since t1w inc ubal ion period at a civient stres- is thv
requ-rcd fo- ro the hdrogen to build up to a suifficient c oncentration to iriitý.dtc
a (rack. one oudexpect tliat at a hiL'h st ress a hvdio u ~en would be re -
qu-red hence a shorter inc hation time wkood re'sult. In addition I;-- d'r- v

ing force for the dlliisiun is stres s therefo;-e as' tols driving force is In-
i-eased the rate of d~ffusjion boa]d tnc rea se also leahding to a shorter in -

ubation period at higher streass s In the- static fatigue of Izlass the linac
ture t ImIIe LS st rongl v dependent oin t lie, appIit mci stresas W)17 howe ve r no( s u ( h
d'-pt-ndency is present in the high stzt-ictth steels 171

A poas b]e - c~pla naI o! for t ýis be havitor 1 ieý ni. the effec to:. pias'I c
defJormation J) 71 At hiijier stresses more (Information should o( , or r( --
sulting in strain-mcnduct d t rapping (-I hydropen, whiich could conmpensatIe for

tiie stress. per sf- and result in thin observed insersitivity

In anI effort to ddetrrnm Hicthe role --, pla at., d eformnation on the in,-:.!.a -
lion t*-ine rotc hed tenis I ]e. mn were leadued at 2 ')f) 000 p. f -j- ;____

pii o t hydrogen chareing Foll(uxv~rp this prestressing the spoýcimens
w.,re- Charged, platced anid baked three hoors at 300

0
.1. A curve of the in -

cuiba lion time as a fuinc lion of applier) stre!3c, ;s prcs-.itcl in Figure 3 Pre-

strr~ssmin had no influence on the general features ef the incubation., period
,Ah) At still exhibited only a yer sla: gh I dependency- on the applied stress
Snre- loading suibsequent to tCse prestressig should riot affe ct the size Ji

the lattice void or trmpcrfections 'ih-r h art, belJieved to produce tilt strain-

induced trapping of hydrogen, the factfor of stra.,n-induc- d trap "p;;na coulds
ntbe the critical cote a( coutiniriq for the behaviur of the incubationi time,

In addition, if plastic fVow were significant --n dleterminingQ the shape
of the stress -incubation time i eiittonship. the !actors such as dec reaseol

ttrnperature and increasi-d strength level ýhh Ii nhzbi! flow should be re-
flected in the delaved faltlore behavior Since nte-hei of these factors alters

hegeneral features of the ;nicuba lion time :1 5, 9) :t seenis reasonable to
conlu-Ce that in an analysiý: of the ncuba!.on Line in sharp-notched speci-
mens of h-,gh strength steels the role of strain. induced trapp-ng of hydrogert
can be neglected

WADG TR 59- 172 9



A Relat'onship Between Stress ;tnb h!Vdrogen Content Necessary for

Crack Initiation

Ore bas:c compocc"t of tfl-e iiCt, n no,- tie. is the relationship between
the hydrogen content and i1tress -,.1-,, iz !5 ..e- ssary to initiate a crack A

normal roomr, temperature tensile test which measures some ductilit" or

strength parameter as a function of hydrogen content does-. not yield the &e-

sired relation. At room temperatc.-' -' a resu!t of stress-induced diffusion

during the test, the hydrogen content at the c'.•,:,. of r iack mottatlon is not

n,,IVWLI. Li akA*oit the bLtrLcs at which thn ifrs crc' N. hrif Iir, may rot cor-
respond with the stress at which failure ofthe ,w- ,i , -!- ncurs In deter-

mining the stress-hydrogen relationship whc> or- -,: . -ack it is th•en

necessary to test under conditions where L-, '"y' 2' :. • otent e ti ft masur-

able, that is, not altered du, .,n testing The conditions of testing must

also be such that the failure of Ic spcicr -n is essentiallv coincident with

the initiation of the first crack. Such cu. -e attained at low temper-

atures. Previous work (9) has shown thet ct I x nperatures the incuba-

tion time is prolonged in accordance wit. re.. -I diffu•ion rate for
hydrogen Hence at liquid nitrogpn ternmp' .t.r - -i tusion during the test

which might alter the lc,:al hydrogen , . .11 be nl At tempera-

tures be.. R -50°F the incubation tin--c. -rd f-
t
ilure is also coincident

with the fracture time (9), that is onr-' . -' _rck initiates it instan-

taneously propagates through the .-acing failure

Tests were conducted in liquid nliii k' ' 
0

:) using type A a-pri -
- 1.- I.- A.. . .

cent reduction in area was used as :-e .. ne'er indicate degree of em-

britt:iement and the hyd: '- en c-. it .... ',ried b-" regulating the charging

current density, In accordance ..... r " .i"aly publ:shcd results (16) a

linear relatio sship existed between to- thm o! the current density and

the hydrogen content over a consiG. -a; .:-lge of current densities (Fig 4)

Above approximately 8 porn of hvdro ..-.. . .. •. - the hydrogeýn content be-

came essentially independe - rrent density "1his phenonmenon has been

discussed by de Kazinc ,;- .m: '-ns . -•-i that the point at w, hitch the hydrogen

content became independeiit of crr: -3•nn-- . . :. .. -tv corresponded to the

current at w;rhich the sp o. --. :o-... 8r by blistering or cracking. In
this investigation also the -int at which .t.e hyc, -o-,'en conter.t as a function

of charc.injr cucrrc.t der!sity .evtated i, m ijiie -r. was exactly where irre.-

versitle einbritt.einent started,

Figure 5 shows the effect of hvdr-ogen content, indicated by the
logarithn-i of current density, on 'he z.-ci 'a.of le hlylb strength steel at
-3Z1 0 F. The reaults show that the reiat-,-,., c %ts,.-ea nr'drogen and stress
nece.ssary to ntiate . . pra -car., in O ,zr.-:! . .-. , - & • •• i-

tent. Below approximately 5 ppmr of hydrogen no einorittiement occurs, t~tit
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when this critical hydrogen content is -ttned catastrophlc embrittiemrent
takes place The initiation of a hydrogen-induced crack above some thresh-
eld stress is therefore depen-dent on the developmecnt of a critical hydrogen

content

Since the basic nature of delayed failure Is, not mnarkedily influenced
by temperature, the initiation of a crack at room temperature would also

be dependent on the development of a critical hydrogen contcnt, Once

ab-,ncvtrshold value ti ýsti~ ii Hine deiayed failure process -nerely
serves to produce s-iffic ietit hydrogen grouping to initiate a (-rack.

The tlieor-.es of hydrogen emobrittlemnert whi~ch are used to explain the
ba-i aciioii of hyvdrogen on the metal are dependent in some lorm on the

calculated pressure developed by the hydrogen in a type o' void or imper-
faction The mtchanisms proposed by Petch and Stables (10) de Kazinczy
(; 1). Zapffe (12) aiid Bastien and Azou (13) are di ,-ciCv dependent on the

pressiire iii an imperfec tion, while in the results prese~nted by Morlet,
johnison. and Troiano (1-1) the pressure in the void influences the embrit-
tleirient by regulatitig the hydrogei, content in the lattice adjacent to the

void Several methods, which yield essentially equivalent results may be
us,.- determine the relationship between hydrogen content and hydrogen

pressure (11, 19) Figure to represents the relationship between pro~ssure
and hvfirogen content calculated by the mecthod of de Kazinczy (11) for a
sieci with 0 0060% void-s These results indicate that the calculated pirass- re

------ r-----------------..-. ...... 3f

The similar,- the experimentally deterrmined relationship bl:tw.een stless
and hyd'xýgc n ( tn (Fig 5) and thc calculated relationship between pres-
sur e and hyorogen (k ig. f,) is apparent These results indicate. in agree-
mient with the postulated mechanisms, that the pressure is* lIie critical
parameter influencing embrittlement.

Although the experimnental results are qualitatively explainable on
thibasis, --o degi-ite conclusion ricgaidonqg tht, exati..i ethditibnni which is

Operative can be made since eac.h is dependent in some for'n on the hydrogen
pressuir e

B The Rule of Stress- biduced Diffusion

Since the embrittlement due to hydrogen is dependent almost entirely
on t~he devetopment of a critical hydrogen content rather than a critical re-
lationshnp betweenr hydrogen and stress, the relative insensitivity of the
.nicubation timie to applied stress is understandable on this basis alone.

.....ve !h -O4 CA GlC3,nadco ddfu ioii~ ni. t Ii be 6iariuien T

the analysis of the interaction between a carbon or nitrogen interstitial and
the stress field of a dislocation Cottre'l and B:lbv (201 determined that in

WADC TR 59-1l7-- 11



the initial stages of agine the r,-at:-'nship between :ntersttdial concentration
and tlzne can be represented as

fl-nADt 213(a
n - (no0( ý- 0 (a)

where n -- i.umber of solute atoms which arrive in tim-,e t

no - total nunmber of atoms in solution p-r un:it volumne

D diffusior, coefficient, k Boltzmann constant

T absolute temperature. a - constant, and

A . term dependent upon shear modulus, distortion due to
tnterstitial, and the strength of the stress field about
the dislocation.

The delayed failure in notched tensile specLnoons of high strength steel
has been qualitativeiy explained on the basis o• the stress- induced diffusion
of hydrogen to the region where fra-ture is initiated (7). If the fracture
embryo is considered as a blocked dislocation array oI the type described
by Stroh, Cottirell and others (21 - 241). the roost effertwe-P fracture embryos
will probably be located in the reg.otu of the elastic plastz, i.ntterface near
the bnse of the notch, uince at this point the macroscopic stresses will be
triacial and have their maximum values. The stress f.eld about such a
blocked array of diý!scations will he nmnparahle to the zt,•r-% field about a
dislocation (25). It then appears reasonable Z. .-Stmc that for the stress-
induced diffusion of hydrogen the local hydrogen concentration as a func-
thon of time will be governed by a relationship similar to equation (a).

ITo
nlH - ctnoC ( j i •b)

k T

In this case n 8 is the numbe.- of hydrogen atoms at the point of max-
imum binding energy which arrive in time t, B is dependent on the distor-
tion of the lattice due to hydrogen, on the elastic constants and the partic-
ular external notch geometry, and p is the applied stress. The exponent
(m) would be different from 2/3 as a result of the perturbation of the stress
Leld of the dislocation by the anplid stress and the external notch.

In order for embrittlement, i e local crack initiation, to occur nH
must equal the critical hydrogen content (nc). Hence at a given tern-

WADC TR 59-172 12
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peratur' and notch geumctry equation (bh can be written as:

PI t 1 constant. (c)

where i is the incubation time corresponding to an apphed stress of p1 . On

this basis the incubation time as a function of applied stress can be calculated

using' one expeorimental ponf,.t to evlut the const-riti F~~e7Ypeei

a comparison of the relationship between stress and time as determined by

equation (c) and by experiment. The slopes of the predicted curves agree

reasonably well with the experimental behavior,

TI" deClayd failure process is therefore essentially dependent only on
the development of a critical hydrogen content The stress in the failure
range influences the process primarily through its ability to produce a crit-

ical arnount of hydroge.i grouping in the region where a fracture embryo

exists.

2. MA( ROSCOPIC CRACK GROWTH

TL.e mechanism of crack propagation in hydrogen-indu,:ed 6.ela-ed
failure involves the stress;-.nduced diffusion of hydrogen to the i-egion of a

dislocation array When a criticaL hydrogen concnrntration is attained. in-
stantaneous, but limited crack growth takes place The actual growth of

the macroscopic crack occurs discontinuously with the total growth time
b....g c..n. po. d of .. .c .c f ci c -i j

Ideally the cross-sectional area of the specimen decreases concen,-

trically by a small increment of area, a A, after each crack initiation. At
room tempc'ati•re in hydrogenated 230, 000 psi strength level material each
increment decrease of specimen area A A is very small and the resultant

effect is that the macroscopic crack growth curve appears continuous. Since

each initiation is dependent on the diffusion of hydrogen, the overall contin-
uous crack growth curve should a- a first approximation be governed by the

rate of movement of hydrogen. The rate of interstitial movement can be

expressed as

Dv -DkT F (d)

where v, is the velocity of interstitial movement, D is the diffusion co-

efficient, F is the driving force which is the negative of the graidieTr of the

WADC TR 59-172 13



interaction erc.rgy C-grad U) k is Boltzrrann' s constant. and T is thc ab-
solute temperature 12C) This interstitial nmovernent of course, is visualized
as occurring concentric with the specirmen axis and towards the point o' nmAx-
imum triaxiality.

-D
v F -F-T grad U (e)

Since the velocitt of interstitial movement iv,) is assurned to be the con-
trolling factor for macroscopic crack growth, the velocity of the concentric
circular growth of the crack (v 9 should be proportional to tbe movemnent of
the interstitial (v 1 I Therefore

A A (constant) DgC Atk grad U (f)c -t - k T

at room temperature where the cra k appears to grow continuouIslv. A A

approaches zero as I t approaches zero, hence in the limit

dA .. (constant)D grad U (g)

di kT

U is a function of stress and the stress concentration factor expressedas
U ,- (constant) (TK, :;lre 0 is the instantaneous stress, a = L/A where
L is the applied load and A is the instantaneous area, then

[ constant] ý F

and the

grad U - L onstantjXI grad Kf. (h)

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

dA rlL
Aconstant r D-I (

WADC TR 59-172 14



Inte grating thins equation

Ak t

f AdA -ostn D2 IL) f GI,
o 1  n ti i tii I ne I

2 + ( < +o n s t a ,n j • -7 - ( L ) , 0 t, )

- k,,,sl fn t ai•-) 0 aD. )( ) Lt Wt

%vhite'e A,, is thut initial spec ilnen area, and At is the dilterence between, the

totai tinm and the incubation tiie Usinig the Lalibration curve relating re-
sistanc( tiaiipes with changes in speciniyn area (3) and rooin temperature

rat R triiwth ( iir-vc. (9) the I k-, ra t Plo(ted as a fknction of

St I'The results presented in Figsi A Cd 1,4 indicate that the predicted
linear relialonship is obeyeld during the early siages of cr3ck growthl. As

s hoA n in Fig 8 for an apl)lied stress of 175. 000 psi considerable deviations
from• llrnarity occur during the later stages In this region the assumptions

concerning the constaniny of the hydrogen coitent and the gradient of the
stress concenitratiton factor are least reliable

On thc b)asis of equation il) the slope of ih-, e io, l '-e g .... A to

A t iii Figs 8 anid 1' should he a d.rect .ýunctioii c-f the applied stress. In
Fig 6 the slopes decrease as the s.pplie,i load decreases from 225. 000 psi

. . . .17-. . . . aZ ti,c apAJi d stres., is jowered i'urther (Ikig. 9)
the consistent decrease in slope do,,,s not cont-nue Due to the scatter

inherent in this type of brittle tailur,s it is felt that the existing data are
insufficient to determine w,,hether or i:ot this anomnoly is real or merely

due to chance variations

WADC TR 59-172 15
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IV SUMMARY AND CONCLUSIONS

'he relationship between the applied stress and the time to initiate *he
first crack in a hydrogenated high streng.th steel specimen was anal;'zed.
The analysis was based on a separation of the two fan tors which govern rr
incubation time, that is, the basic relation between stress and hydrogen
necessary to initiate a crack and the preferential segregatinn of hydrogen
due to stress.

Above a particular threshold stress tie conditions iiecessary for local-
ized cracking were essentially dependent only on the development of a crit-
ical hydrogen content, The basic relationship between hydrogen and stress
is then virtually insensitive to the magnitude ol the applied stress in the
delayed failure range. An analogy was drawn between the stress-induced
diffusion of carbon and nitrogen to the stress field surrounding a dislocation
and the stress-induced diffusiin of hydrogen to the stress field about a frac-
ture embryo, located at the region of maximum triaxiahity On this basis
the number of hydrogen atoms which arrived at the critical region where
fracture is initiated was directly dependenit on the stress. A relationship
between the applied stres.s and the Incubation time was derived and this re-
lationship agreed .-easonabiy well with the experimentally determined values

Employing appropriate assumptions, an analysis of the macroscopc
crack growth curves in delayed failure lxas made. The prcdicted linear re-
lafionship betwccn the square of tie specimen area and the crack growth
time was realized during the early stages of crack growth,
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V B3IBLIOGRAPJ{3

I- R. P Frohnmberg, W J Barnett. and A R Troiano, "Delayed Fail-
ure and Hydrogen Ern'brittlement in Steel," Trans ASM, 47, 892-925,
(1955j.

2 E R. Slaughter, E E Fletcher, A. R Elsea. and G K. Manning,
' An Investigation of the Effe-ts ro.f H-'drogn -i, he Brittle Failure of

Nigh Strength Steels, " WPDC 7R 56-83 (April 195o)

cal- I W J. Barnett and A R Troiano. "Crack Propagation in the Hydrogen-
Induced Brittle Fracture of Steel. " Trans AIME. 209, 486-494, (1957).

55

4 R D Johnson, 11 Hf Johnson W J Barnett and A R. Troiano,
"Hydrogen Enibrsttlernent and Static Fatigue in High Strength Steel,
WADC Interim Report (Augutal 19551

5. II H Johnson, R D. Johnson, R. P Frohmberg, and A R Troiano,
"Static Fatigue in Twelve Heats of 4340 Steel E.'rbrittled with Hydrogen.
WADC TN 55-30e., (August. 1955)

6 R D Johnson. H. H Johnson J G Morlet and A R Troiano,
"Efl(eCi of Phvsical Variahles on Delaved Faslure :n Steel,' WADC TR
5n-220. (June, 1956;

7. H. IH Johnson, J G Morlet, and A R Trotano "Hydrogen, Crack
Initiation. and Delayed Failt,'-e 1n Steel. " Tran;s AIMS, 212, 528-536,
(August 19581 also NATURE, 170 777, (April 13, 1957),

8 R D. Daniels, R. J Qu;gg, and A. R. Trotano, "Delayed raailure
and Hydrogen Embrittlement in Titanium. " Trans ASM, 51, (1959).

9 E A Steigt-rwald F W Sc haller and A R. Troiano, "Effect of
Temperature on the Static Fatigue Charac teristics of Hydiogen Em -

brittled 4340 Steel." WADC TR 58-178. cApr-]. 1958)

10. N J Fetch and P. Stanles, "Delayed Fracture of Metals Under Static
Load," Nature i69, 842-843 (May 17. 19521 also N, J. Petch, "Low-
ering of the Fracture Stress Due to Surface Adsorption, " Phil, Mag.,

1. 331-335. (1956)

11. F de IRazinczy. ".A Theory of Hydroge.. Ernbr-ttiem.nt, " J! of iron
and Steel Inst. , 177, 85-92 (1954)

WADC TR 59-172 17



12 C Zapife, dis:-ussi.m of "Metal Arc Welding of Steel, ' by S A.

Herres, Trans ASM, 39, 191, (1947)

13. P Baitien and P Azou, "Effect of Hydrogen on the Deformation and

Fracture of Iron and Steel in Simple Tension, " Proc. of the First

World Met. Cong. ASM, 535-552. (1951)

14. J. G Morlet, H. H Johnson, and A. R Trolanc, "A New Concept of

Hydr .gen Embrittlement in Steel," Jl. of Iron and Steel Inst , 189,

37, (May, 1958)}

15, H H. Johnsun, E. J Schneider and A R. Troiano, "The Recovery

of Embrittled Cadmium Plated Stee], " Iron Age, 182, No. 5. 47-50,

11958)

Io A E Schuetz and W. D. Robertson, "Hydrogen Absorption, Ern--

brittlement and Fracture of Steel. " Corrosion, 03, 437-458, (1957).

i T. C. T~aker and F. W Preston, "Fatigue of Glass Under Static Loads,'

Jl. App. Phys. , 17, 170, (1946).

18. F de Kazinczy, "Hydrogen Occlusion and Equilibrium Hydrogen

Pressure in Steel During Electrolytic Charging, " Jernrkontorets

Annaler, 139, 466-480, (1955).

19. C. Sykeo, Ii. 1T. Bui---... --,d C. C. G-g•g- "Hydrogen in Steel Manu-

facture. " JI. of Iron and Steel Institute, 15o, 155- 180, (June, 1947).

20. A. H. Co~ttell and B A. Bilbv, "Dislocation Theory of Yielding and

Strain Aging of Iron," Proc. Phys Soc , A62. 49, (1949).

21 A. N. Stroh, "A Theory of the Fracture of Metals " Advances in

Physics, 6, 418, (1957)

22 A. H Cottrell, "Theory of Brittle Fracture in Steel and Similar

Metals, " rrans. Met Soc. AIME, 192, (April 1958)

23. C. Zener. "The Micro-Mechanism of Fracture. ' Trans. ASM, 40B,

3, (1948).

24 N. F. Mott, "Fracture in Metals," Jl Iron and Steel Inst. , 183.

233, (1956).

/5. A. N Stroh, "The kFormation of Cracks as a Result of Plastic Flow,

Proc. Roy. Soc [Al, 223, 404, (1954).

WADC TR 59-172 18



UPPER CRITICAL

STRESS

U) DELAYED FAILURE FRACTURE TIME

.) STRESS RANGE

I-

W 
,-•STATIC FATIGUE LIMIT

- _ _

0.1lo 1 0I0 000

FRACTURE TI ' NR1HOURS

FIG. 1: SCHEMATIC REPRESENTATION OF STATIC FATIGUE
CHARACTERISTICS OF A HYDROGENATED HIGH
STRENGTX STEEL.

WADC TR 59-172 
19



2" RA7D.

300 JLI

0.080" i I

UNNOTCHED TENSILE SPECIMEN
SPECIMEN TYPE A

NOTCH RADIUS .001"

0.360 0.'212

00461,4
60 V NOTCH TENSILE SPECIMEN

SPECIMEN TYPE 8

FIG. 2 " SPECIMEN TYPES USED IN
THIS INVESTIGATION.

WADC TR 59-172 20



3001

275

250-- -

S225%

20O

175
w

LLJ !2-5

4 100 - 0 NO PRESTRESS

0 PRESTRIESSED AT 250O00OPS!
BEFORE CHARGIG

750

5.0 OO
INCUBATION TIME e MINUTES

FIG. 3 :EFFECT OF PRESTRESSING BEFORE HYDROGENATION ON THE
INCUBATION TIME. SPECIMEN TYPE B 230,000 PSI

STRENGTH LEVEL, BAKED 3 HOURS AT 300 F AFTER
HYDROGENATION AND PLATING.

WAIUC TR 59-172 21

I



z(I

I I I ~LL.

0 wIz

0.0

- IIx

I ~ 0I w
* ___J __

~ - A -
I0 I .

zý

I ~CLk-~~ ~__ _ i~ I W 0

iz
WAD ; 59 }-172 22



z z
0)

0--
+

crLuJLi

0 U. z

~~I Nj

0 l O ) LaJ

CC

wwLL
0 0

0-0

0 0 0 _
10 t>

1-.--.o.0



TEMPER~ATURE -32loF 1
-45 ...t -1 __1__1 r

2S30-

2I5 -1
crw 15 -

-, I I I

0 1 2 3 4 5 6 7 8 9 10
TOTAL HYDROGEN CONTENT-PPM

FIG.6 :RELATIONSHIP BETWEEN PRESSURE AND HYDROGEN
CONTENT CALCULATED BY METHOD OF DE KAZINCZY(I1I)
FOR STEEL WITH 0.008% VOIDS.

WADC TR 5- -172 24



if cn W

0- + __0 00

U.S LL w.

ON eL.S I a. J

"-j

to W iI w

a- K!
JoJ

Z Or

-o-Iz c

CsJ -

CL~
cn 0

WAOC H 59-72 2

Iw



I APPLIED STRESS

o- 225,000 PSi-'

- - 200po0 PSi I

S- 175,000 PsI-+--
I 'I

0

70 +_0

300

0 10 20 30 40

CRACK GROWTH TIME '-'At (MIN)

FI. 8 :RELATIVE CHANGE IN CRACK AREA AS A
FUNCTION OF CRACK GROWTH TIME FOR
HYDROGENATED 4340 STEEL, 230,JOO PSI
STRENGTH LEVEL.

WADC TR 59-172 2



+ - -00

o- 160,000 PS IS - 50,000 PS I

lO o_ -' 20,000 Ps I

I. __0 -_----
U!, i + I ", I

"". j_ _ _ _ _ _90
10

30 -0 10 20 30
CRACK GROWTH TIME At (MIN)

FIG. 9 :RELATIVE CHANGE IN CRACK AREA AS
A FUNCTION OF CRACK GROWTH TIME
FOR HYDROGENATED 4340 STEEL,
230,O00 PSI STRENGTH L-VLL.

WAOC TR 59-172 27



SECTION 11

HYDROGEN EMBRITTLEIMENT AND STRAIN AGING

IN TITANIUM ALLOYS

R J Quigg
A R. 'roiano
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ABS TRAC T

Low stra-nc rate en-ibrittlernent in titannuim alloys can be classified aq

a strain aging~ pheniomn-ioi.. Prestraiciine- and aging an alphia-beta titaniumi
ainv e.,uized !n a duc-tility niininimn at soine intermediate aging ýiirne. It

apers tha, hydrogen niý,rates to a region 01 inh orogeneous strrain, where
a high stress state exists, and cre~ates this einbrittlernent. The re~steration,
of' ducti lity at lung agingz times w,%as attributed to the loN temnpe rature re-

t very with subs eqli: co rediistribution of hydrogen

Low strain ratý- h'vdrotien embrittleinent was, obtained for an alpha

alloy andl a be~a alloy. - ydroge n in siroal I quantities s een-,d to aid creep
rc'slis,toC, -.n thie alpha al~oy The beta alloy was resistant to nominal

quantitie s of hydrovc ge-1 20 ppm), but did show eiiibrittl em cot at higher

1ev vi (-I
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1 INTRODUCTION

Hydrogen has been associated with several niodes of ernbrittlernent

One common form is low strain rate emnbrittlement or "delayed failure"
where tailures can occur under static loading at lower stresses than
normal creep failures would be expected Another forin is an embritL'le-

ment most pronounced at impact speeds this type is generally obtained
..hnahd-.d t-s f Lrsc~ inI Lthe Untaeti

The object of this investigation is to show the many sinmilarities be-

tween low strain rate hydrogen embrittlentent in titanium alloys and con-
\entional strain aging as might be attributable to nitrogen or carbon in

steels A mt-chaniscrm for hydrogen enibrittlemnent of titanium alloys
might then be evolved.

Another objective in this investigation is to evaluate the effects o!

hydrogen en an alpha and uot a beta alloy Since many theories of low
strain rate hydrogen enibrittlemnent reqiuire an alpha-beta interface ihe
incidence of hydrogen-induced delayed failure in the alpha or the beta
alleoys; would tend to make this an untenable supposition Evaluation of

the single phase alloys should also aid in gamiung an understand;ng of the
overall problem of hydrogen ti titanium

Since this report deals ,%ith several diverse but fundanientaily re-
latcda ,ljc c.5 each topic ',ii e ta i uiaj-o t-t-t uat ajel, ,nu ii en curreiatd

in the discussion The topics are as follows

I. llvdrogen Embrittlement

2 Strain Aging

3 Creep

4 Titanium Alloy Systems

1, HYDROGEN EMBRI'T T"LIME;NI

Hydrogen has been shown to have an embrittling effect in titaniumn.
steel, nickel, vanadium, zirconium and niobium. Of these, the first two
have received !he most attention

Unailoyed titanium has been reported to be most sensitive to hydecgen
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einbrittitement at impact speeds ( 1)* Since the solubility is quite low
lapproxinatelv 50 ppmn), titanium hydride (TItt) can be readily formed

This hydride is said to have either a lace centered cubic or a face centered

tetras onal structure (1).

Alpha stabin zing additions, such as aliminnuri, scern :c greatly in-

crease the solubility of hydrogen in titaniun and, consequently. lower the

sensitivity of the alloy to hydride- induce.d impact embrilttlerneat (2)

Alpha al-rppcar to o"- s ,uiiwhai sensitive to 1ov- strain rate

er:.brzttlcnieit (3) (4) (5),

By far the most extensively inve-a.tgated phase of hydrogen embrittle-

erient in titanium is the alpha-beta alloys These alloys are sensitive to lIv-

drogen at low strain rates, thus, hydrogen ;- able to induce failures over

a Aide ran~ge of stre.sses One of the alloys extensively studied for tbus Hy-

drogen-induced delayed failure was the 4 Al - 4 Mn allov (C-I130 AMI

(o) (7) (8).

Hydrogen-induced delayed failure has been shown to be a process of

crack initiation and crack growth (6) It is dependfi-t upon microstru( ture.

the greater the amount of the alpha phase. the wider the range of failures

and upon temperature, the effects of hydrogen disappearing at both high

and low temperatures (7) (8) (9). Hydrogen-induced delayed failurc also

appears to be dependent on strength level although some controversy exln 's

on this point (101 (11). It is also dependent on the type of alloying addition

emploved (WI)

Beta titanium alloys have had the least amount of study of anv of the

allotropic modifications The solubility of hydrogen in beta as quite high

and from the meager -data available, these alloys seem to be resistant to

the effects of hydrogen (3) (4).

The effect of hydrogen in steel is in many ways similar to that in
alpha-beta titanium alloyq (13) (14) In both cases the influence of hyidrogen
is most pronounced at lower strain rates and in both cases the emnbrittle-

ment process is 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 ti-

tanium alloys 's an order of magnitude greater than in steel. Steels will

outga. at room temperature, titdinum alloys will not. Titaniun forms a

hydride, steel does not. Also, titanium alloys creep a significant anmount

* Numbers in parentheses refer to references listed in th? BblMography,
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.. ronni temperature wnlie little or no creep is found in st-els at tills tern-
pterat[r,

Ž. STR-AIN AGING

Strain aging may be defined as "the changes which are obtained when
a cold worked material is aged at some temperature below the recrystal-
lization temperature " Those changes are generally manifested by an in-
crease ýri hardness, yield strength and tensile strength, a lowering of
ductility or impact resistance and the reappearance of a yeld point (151
jib) (17)

A Strain Aging and the Yield Point in Steels

Strain aging is most potent in low carbon steels although very few
steels are completeiy non-aging The yxe.d point is 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 at room temperature or up to
400°F The highre the temperature the shorter the aging lime requred
to obtain maximum strain aging effects A common experimental aging
time would be three hours at 200 3'F Overaging is quite slaggish, at
least as compared to quench aging (19) At higher temperatures (3000 -
700 0 F) aging can bcco-me so rapid 'hat it wou'd seem to take place d'-_rFg
the detormation process itself. This phenomenon is called "blue brittle-
e__." The temperature of embrittlement is lower in a tensile test than

in the higher speed impact test. "Blue brittleness" is often termned spon-
taneokus strax, ag:ng

Apparently the amount of strain aging obtained is relatively independ-
ent of the degree of cold work (as long as t is greater than 2%). Generally.
from 6 to 15% told work is quite common 120)

A yield point is generally found itn strain aging steels Cold work
v,'Il cause the dtsappearanci, of this yield point, but additional aging re-
sults in its restoration at a higher load. The time and temperature corn-
binations necessary for the return of the yield point are quite similar to
those required for maximum strain aging Pilling, however, has stated
that yield strength and tensile strength may have increased materially

before the yield point reappear. (21).

Both strain aging and the y;,eld point have been conclusively attributed
to nitrogen and/or carbon Low and Gensamer 120) and Fast (Zz showed
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that when carbon and nitrogen were eliminated from a steel (either by using
v'ery high purity iron or a wert hydrogen treatrnent) then no yield point or
stý,ain aging w-as obtained Whenl this material was carburized or nitrided.
strain aging and the yield point returned Nitrogen was fIoun~d to be th-e
principal caia~e of both plienomena at room temperature, while, carbon was
the major cause at elevated temperatures (300oF or ahoýve)

Hydrogen can suppress the yield point o-taiiied at roomn temperature
;,i-nmildd ,tvv. (Z3). Also, hydrogen hns been shown to create a y' .!id point
at very low temperatures (- l50oCI (24)

Some alloying additions to Setee, such as alumninum, silicon. titanium.
boron., vanadiumzz, or chromium, tend to minimiiize strain aging (1b) (25,1
This can be priiniarily attributed to the formaitioi; of stable nitrides 'And , ar-
bides with tn-!se additions Slowk cooling will aid the formation of these coin -

pounds and, hence, enhance the resistance to strain aging

Cottrell has presented a workable mechanism for the yield point in
iron (,76. 27), Cottrell predicts that the interstitial solute atomis, carbon
;ind nitrogen. tend to form a "cloud" or "atmosphere" which prevents dis -

location irovernien. When sufficient stress is applied, the dislocation-s
will break away from this cloud and move without int-rease in ]ood. Cold
work or prestrain causes the dislocations to break free, but if a sufficienat
time interval elapse., (aging timre), the interstitial solute atomrs will form
another "c loud" and a yield point iz again obtained

B Strain Agi-n in TIitaniium

Strain aging and its assoc:iated cffeccts on, mechan~cal properties have
been detected in unalloyed commercial purity titanium (28) 129). Rosi and
Perkins have shown the !n'7'don-e of yield points (117- 2820 C). ductility
minima (23L. 452

0
C), and serrated stress-strain curves (452-652 0 C). The

yield points obtained .:ould he removed by cold work and then returned by
ag-ing in a m-anner much simnilar to that employed for mnild steel

Makrides show.ed evidence of strain aging in aii all alpha tit-nuur-1
'loy (5 Al - 2 5 Sn) (30). The temperature ranges of dluctility nmnima

obitained vuere quite dependent on the strain rate. var; inp_ fromn 200--400"C
at average testing speeds (. 05 in/in/mmn) to 6 0 0 - 7 0 0 0 C at impact speeds

(19, 000 in/in/mim) This variation vx-` strain rat- was so great that
stress rupture data at intermediate temperatures revcaled a ductility mm-.n
iinumn at an intermediate time (or strain rate) normal ductility beisig Oh-
tained at erthv:r very abort or, -eiy :unig tm-mes. Mvakrtdes attempted with
little success, to isolate ibis strain aging effect, evaluating carbon. nitr-o-
gen, and oxygen.
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Low strain rate hydrogen errmbrittlement of alpha-beta tltar:=um alloys

has been called a strain :ging phenomenon by Burte (31). In this mnechanism

hydrogen is said to segregate to grain boundary regions after piastic de-
formation. No reference was made to other more classic form-~s of strain

aging in this paper

C. Strain Aging in Magnesium Alloys

Toaz and Ripling found ductility minima attributible to strain aging in

a series of magnesium-lithiuina alloys (32) They invostigated pure mag-
nesium, Mg - 4 Li (C. P. H ), Mg - 0 Li (mixed C. P H. and B C. C. ), and

Mg - 11 Li (B. C. C, ). Only the alloys containing lithilum exhibited a duc-
tility minimum. These minima were both strain rate and temperature

sensitive. The alloys containing 6 and 11% lithium also had serrated stress

strain curves

3. CREEP

The fact that titanium alloys creep considerably at low tempcratures
must be considered in evaluating the hydrogen sensitivity of these alloys

(7). Also strain aging may have an effect -in creep properties (33) (27).

Creep may be defined as "time depeneiat plastic deformation" (7).
There are two basic modes of creep deformynaion, crystallographic slip
(dislocation glide) and grain boundary flow Generally slip is operative at
low 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 equal strength has been termed equi-cohesive temn-

perature (ECT) (34).

Creep is a thermally activated process. It is in offect a combination
of applied stress and thermal fluctuations (35). The activation energy for
creep in titanium at 210 "F has been calculated to be approximately 3500

calories per mrole (36).

Generally, in a creep process there is (1) formation (2) movement
and (3) rearrangement or annihilation of dislocations (35). Dislocation
movement causes dislocation interaction with irpipurities (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 Is recovery.
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4. TITANIUM ALLOY SYSTEMS

.-lure tit,.an-um. undergo..s an allotropic modification at 880°C; the high
temperature phase (beta) is L-ody-centered cubic and the low temperature

phase (alpha) is hexagonal ciose-pa-ked. The transformatoio temperature
can be raised with alpha stabilkzing additions, such as Al, Sn, 0, or N, or
lowered with such beta stabilizing additions as Mo, Mn, IV, Fe, or Cr. If
sufficient beta stabilizers are alloyed with titanium, it i- possible to obtain

a two-phAse .ilpha-beta structure or even a completely beta structure at

room temper.ature

Unlike the other interstitial elements, .y'drogen stabilizes the beta
phase The beta transformation temperature is lowered approximately
10°F per 100 ppmn (by weight) hydrcgen,

The results of this report are divided into three separate divisions
with a diFcussion for each part These divisions are as follows.

I Strain Aging and Hydrogen Ernbrittlement in an Alpha-

Beta Titanium Alloy

2 Effects of Hydrogen on an Alpha Titanium Alloy

3. Effects of Hydrogen on a Beta Titanium Alloy

All three divisions are summarized at the close of the report.
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IL INATFRlt~y_ AND PROCE~DURES

I.MATERIAL

A. Alpha-Beta Alloy

The alpha -beta titaniumn al ioy Cm1pluVfcd N~i s a 4 Al1-4 M%,n alloy

(Cl 30AM). This mater:ial was obtained from Rein- Cru TitanlUrm Inc as

5. 6s inch round bar sIock. It had been hot rolled in the alpho -b.-ta. region

and the "as received" tensile strength Nkas about 140. 000 ps i A!! of the
inaterial was from a single heat The chemical analyses are 3urnmari ,pd

in Table I

13 Alpha Alloy

The alplia titanium alloy wted. was a 1, A!- 5, Sn alloy (Al IOAT) It
was obtained from Crucible Steel as 5/8 inch bar stocg! Its "as received-
tensjih r~'- as also aplproxirriately 140, 000 psi, The chemical anal -

ysvs of the, heat employed are listed in Table I.

G Beta Alloy

!17e work perfor.-ed on beta material was done on a 13 V - i Cr -

3 Al z.1loy (E 120 VCA). This material was secured from Crucible Steel as

I/2" bar stoc~k Its "as rece~ved" tensile strengpth was aT-ne--trirately
155, 000 psi The chemnical i~nalyses of the heat used a' -,. si wn in Table I.

TABLi. I

COMPOSITION OF TITtANIUM ALLOYS

Trade Nominial

Desig Composition H Al Mn -7n Cr V C N
(ppmr) (W.eight Percent) - -

G 130AM 4 A l -4Mn 80 3. 9 3.8 -. 0 01

AlIlOAT 5 Al -2 1;Sn 46 5. 0 - 2,.7 0 04

Bl1Z0VCA 13V-lIlICr- 3A1 150 4, 1 - - I I 1 2. . 02 03
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2 SPECIMEN PREPARATION

A Hydrogenation Technique

Hvdregen was introduced into the material used in this investigation by

a thermal c(harging tec hnique The hydrogen harging was performed prior

to heat treatment of the alloys Rough mnach'ned tensile specimens were

heated to either 1200oF or I 250oE in a h,,drogen atmosp-here for varying

periods of tine denending on the hydrogen level ?mzred. and then xirnace
cooled Hydrogen contents were checked by analvsis (vacuum extraction),

When vero low hydrogen contents wevre desired, vacuum annealing

Wa> emiployed In tins process the spermen.q were heated to 1400oF under

ac"urri Hydrogen contents as low as 10 ppm coulC be obtained in this

manner

B Post- Hydrogena!in Heat I"realments

In most cases tle alpha be,-ta alloy (4 Al - 4 Mn) was used in a high

strength quenched and aged condition The solution treatment was conducted

in lir without measurable lobs of hydrogen The specimens wcrt quenched

in water and then alted :n a salt bath at some intermnediate temperature A

typical heat treating cycle for matercal containing 2.50 ppm hycirogen would

be one nour at 1575 0 F. water quench, and then age one hour at 1040
0

F.

This results in a strength level oI approximately '70. 000 psi

The annealing cycle used on this alpha-beta alloy was one hour at

1500°F and furnace cool at a rate of 5°F per minute to 1100oF1. This re -

sulted in a strength level of 140 000 psi.

The beta alloy (13 V - II Cr - 3 All had to be re-solution treated to

dissolve the TiCr 2 which formed dur.ng slow cooling after hydrogenatioui

i-e* irratirent uned was one hour at 1500'F and water quench. Normal

ductxihte is then restered. Strengthening could be obtained ia this material

by merely heating to 8U00 or 00
0

NF to precipitate the chromium eutectoid,

C Specimen Types and Geometries
1

Specimen sizes and notch geometries employed in tensile and stress-
4 rupture tests are indicated in Fig. 1 Note that the "unnotched" specimens

actually have a two inch notch radius Ali material was rough machined

3 before hvdiogenation ind heat treatment with . 030 inches of stock left for

finishing. After finish machining the unnonched specimens were polished

long:.tudinallv 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 wvere prepared for nietallotraphic examination by nmechan-

ical polishing and then etching with a reagent conristing of 1 part HF, I
part IINO 3 . and o parts glycerine.

3. EXPERIMENTAL PROCEDURES

A. Stress Ruapture and Tensile Testing

Stress rupture and tensile tests were performed with concentric
alignment fixtures which insured a minimum of eccentricity1. Tensile tests
were carried out at a constant head travel speed of 0 05 inches per minute

A standard, lever arm type stress rupture machine as! ,enployed for
creep and delayed failure tetlts.

B Testing and Aging at Other than Ambient Ter.perature

Tensile tests were performed at low temperatures using either hquid
nitrogen or dry ice (COZ) in pentane as a refrigerant. Testing at elevated
temperatures was carried out in air in resistance heated furnaces with the
temperature controlled to - 5nF.

Aging at 32OF was performed in an ice water bath Aging at mrncd--
erate elevated iemperatures (i25

0 
- 175

0
F) was accomplished in a heated

oil bati. while aging at the higher temperature (500 3
F) was done in a cir-

culating air furnace.

C Study of Crack Growth and Creep

Crack propagation and creep deformation during delaved 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 m.easure changes in electrical resistance acrnss the notch cross-
section resuiting from plastic flow or crack propagation. Th.- sensitivity
of the instrumnent is of the order of 3x10-

8 
ohms The initial eiect-ical

resstance across a sharp notch is about 2x10- 4 
ohms.
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III RESULTS AND DISCUSSION

1. STRAIN AGING AND HYDROGEN EMBRIT ILEMENT IN AN ALPIAA -
BETA TITANIUM ALLOY

Hydrogen embrittlernent car. be likened to other inn re class itc srain
aging, systems. The following sections describe some of these s,,milarit:es
for Aniphpa-beta titaniuiiii alloy. 4 AI-14 Mn (C 130AXM)

A E-ffect of Hydrogen on the Ductility Obtained after Stress Rupture

Teseting of Unnotched Specimens

It has been illustrated that an alpha-beta titanium allov may be quite
ductile when tested in a normal tensile test yet be ernhritt led at vvrx towN
strain rates (6). This embrittlenient at low strain rates is o~btained at ani
inte rmediate hydrogen level. Hydrogen contents g2reater than this inter -

mediate range will create an embrittlenient at all testing speed-.: hydrovgen
(ontents below this leve. will cause no enribrittlement With the Cl 30AMI

alloy treated to 170, 000 psi by quenching and aging, the tensslu clu~tiht%
obtained at normal testing speeds is lowered by hydrogen contents In ex -
cess of 430 ppmn (7). Thus, approximately 250 ppin hydrogen would prob-
ably be an intermediate level where low strain rate emrbrittleme-nt might
take place. bui normal ductility could be obtained in a simpli tensile test

A wiulc variety of low strain rates can be simulated vwith the stresý
rupture test By measuring ductility in this test, one can. obtain an apiprox-
imation of the influence of strain rate on ductilit: at a given hydrogeii leve!
Data for the CI30AM alloy, strengthened to 170. 000 psi. and containing
200 ppm- hydrogen are shown in Fig. 2. Note that ductility rern-an. t~ .son-

tially constant for failure times less than two hours but then drops off
rap~di r. reaching a minimurn near nine hours. With failaire time:,r.~e
than twe-nty hours, however, ductilitv is gradually restored iint.] et! ir
long times normnal ductxlity is aga n obtained A similar behavior -.s en-r
countered for material containing 260 and .130 ppm; hydrogen as ;s sho-n
in Figs 3 and 4.

This ductility min'-.-.-ar is caused by hydrogen as evident ed bv
examining this alloy at lower hydrogen levels. Data bor mater'i I contain-
ing 80 ppmn (the as-received hydrogen content) are illustrat.-d ii'. FiL:
It is obvious from this figure that no ductility minimum is obtained
Material vacuunm, annealed to 20 ppm showed no evidence of a niinimuim
in tact ductility increased at lower strain rates, Fig b

A! very high hydrogen levels ductility was lowvered somewhat at lOWN
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strain rates but no recovery was obtained at long timies Data for niatterial

containin2 .420 ppm hydrogen are shown in. F',g 7. Note tha, at this livdrO

gen lev-el somle loweritng, ;. normnal tensile ductility wvas encouatered.

A ductility dec. case at tow ýýraln rates is not unexpected on the liasis

of pre'csnos studies (1. 6. 7 31) Th: s type of ducti litN loss 1eno-dd be mrost

prevalent at intermediate hydrogven contents xiiere randorely distri outed

hydrogen causes no enmbrittlemnent 1.1 some driving force for t!,, ag~jone ri -

enable suiffici,-nt !-ydrogen to accumulate so that brittleness wvould res,'ult

This agglomeiration to a region of high st ress has been pi~tuhred for a nut, I.led
specinmen wvhere triaxial stresses exist (7) For all Uiiiott lied spIuV 11iVen
.such as was used iii obtaining Fii ga-o. -nbotin geneouis pla st ic dolornia -

tion apparentl-y can create regioiis to whio'r iNdro gen (an diffuse, at. iin'u -

late, and then cause eunbritttenient Fhluuu. the. Ii ni' li for 'irtene

is neededt for (a) sufficient plas tic deiororal ~ou t.. ,takv placu:e end (13) di fitu

s ion and at cuinula ion of hydrogen The a, tual nianne r in %%hi 
t

u 1l~ ''

embrittles will ,- d-scussed later in the rcport

The retu rr of ductility at Ionic I irto (or %vi'rv low strain rates) r uil d
be mnore eaSilY ra tiouia. 1zcdl if the du~tIi)ity oin inlum were iokiiupon as

a strain aging phuenomnenon Generally. st ra in aging is quite "train rate
and temperature dependent For e-xample, a dut tility miinimumu could lIi(

obta~ia d as coutch as 400'F' lowe-r at verv s hii strain rates tha!1 at vr

fast strain rates (30) Hence, it is inciced possible that ;.t a touniperatiu'rt

between the two do': tility xould be normal at both hig h and % erv lom.sStriuýzn
rates. but some emorittlemeiiT world be obtained at an intc'rrne!dat, ,itra~n,

ra "e Temperatures where this %kas the case were successfully located
for strain aging attributable to -;-troQLen and carbon in titanit~ni alleys at

1000OF by Makrides and Gurev an d B alIdw i T f 10) th38

Cottrell has developed an emnpiri cal equation to predict the temlper -

attire where strain aging might occ ur based on data obtainedvf on, ateF eels

This equation is as follows

2
w-here Di- diffusivity in cmi /sec

Eo strain rate in 1/set>

Appa rently an eqauiof this nature can also apply~ to t~tanvar-n Us ,ng

Girev and Baldwin, s data o' -arbon-iniduced st ra~n aging -.n a.nha titaniuni
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at 1000J
0 F. a niunibvrr on t

t
n- oider of 10t ni' is obtain-d A simnilar numi-

her is obtained for the hydro.gen i.ndut ed itiaging of Yigs 2-4 riThe
suiinla ritty betmet- ni th e'. nor obtained for a knowý.i Stra in aging inter-
stit:ýa (ca rboii and *!hat obtained for hydrogecn lendis further siipport t,, the-

ustlaze that 'nydroger. can.~'i~- a st' " £ufctApaetyt

exact ma ginitde of the equation depends on the inateria I betn o e-a bat ed

If the h\rlroL!cri-indtin i'd dLat ilitv nininina of Figs 2-4 wvere t.hought
of ;is being [-,rt of a strain aint igpnnen teidutitreorya

very low st r?,'0 rra t-. would be eXpeCL(enQ The ntr gration of hydrogen to
revetons of inhorn-ogerteous strain could also hr irii c rporit!ed in th~ a strain

a ii necthanisni

B Re ;aiiii of I iydrot'eti Eflfe ts to O-tlie r St rain Aging Criteria

In the- previous scution es-Itanatroris o! vr-drognir--induced low strair
rare, eiirtritti'vineiit aiid t1re la. of this ertifri0t tlenient at long faillure

t inics have suggesied it st r it ii a gitig typo moechir ni sin In order to conlolete
the Iritture it is essential that oither criteria of St!rao aging such as yield
points, serrations, arid eteruperatrire rieperident dui t irty nirinima be e-saluated.

The stri'sa- strain k rys,- for the Cl 3OAM alloy iii the quench led and

a-ge d condition. (170, 000 Ipsr streýngthi level? and -ontainmog 250 ppin hydrogen
ill11ustrated tn Fig 8 Note the la( k of a y ield point This cuirv.e is re ,-

prt~,scnttativc of all stress- strain curves obtained on this alloy in this con-
dition at all hydrogen levc Is from 20 to 330 Pppm and at all temperatures

firin. -11 I0 F to r00
0

F. P: is ohyrious that nor apparent hydrogen- :ndurced
yield porn:. is connected withi the du-tnlityV ni-rinia of Ftgs, Z -4.

The rincidenc e of a yield point in alpha -beta titanium alloys is not
tin o11`111o. W-t h the Cl 31 AM alloy in Oihe Iov strength annealed condition
a yield pue.irr--, obtained !runm roomn temnperature rip to 650 0 F. A typretl
exaniple is shown in Fig 9 At 650()F a senries of yield points are obtained
much like "serrations" iii mild steel iHy'dro'gen conierris 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 wt.th aging

Unnoiched stress rupture data for the C1 30 AM in the annealed con-
dition revealed no tendency for a ductility minmmumn with either 15,. 80 or

430 ppm hydrugen as is shown int Fig 10, 11 and 12 Thtus. it can be
concluded that no connection exis' ,s between the ductility lIOri of Figs
2-4 arid the yield point of Fig Q,

If the ductiltty1 m-nimurn is truly a strain aging phenomenon, then a
minimumi should be obtained when ductility is plotted, against tempe:rature-
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This ductility minimum has been obtained by Daniels el a] on C130AM in
the quenched and aged condition containing 800 pprm h1dwrnipcn 71). Ductility
minima on Til40A Q2 Cr - 2 Mo - 2 Fe) have been obtained by Wiliams.

et al. j4) and by Ripling (91 At rrm-l testing speeds the minimum is
genterally found at room. temperature or slt.ghtly below In general. most

iuthors are in agreement that the disappearai-ce of hydrogen embrittle-
menrit at low temperatures can be altributed to the lowered diffusivitv of

aydrogen, while the disappearance at high temperatures is due to the )n-
creased soluhil'tir of Mhy.drogen

Since at normal testing speeds the C 130AM alloy containing 200-330
ppm hydrogen was sufficientiy ductile at room temperature, t was felt
that possibly a minimum in ductility could be d~scovered cat a slightly
higher temperature because of greater drffusivi'y The data of Fig. 13
show that no inimnum was obtained This is not unexpected sinc the
solubility of hydrogcn increases quite rapidly with rziiing temperature in
this range.

C Effect of Prestraining and Aging on Final Ductuiicy of
Hydrogenated Material

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

The influence of aging at room temperature on the ductility of pre-
strained tensile specimens conta .ning 250 ppm hydrogen can be seen from
Fig. 14, It is apparent from this figure that final ductilitv is dependent
upon the aging time. The shape of this curve is roughly comparable to
the ductility vs failure time cur yes of Figs. 2-4 Like the stress rupture
curves, a loss of ductility was obtained after aging for o hours and this
ernbriltlement was rerr-.erable a;fter long time aging

"Lb s ductilitv -iminmum is not obtained at lower hydrogen levels uing
this prestrain method. These data are shown for 80 ppm hydrogen in Fig
15 and for 20 ppm .n Fig 16A At higher hydrogen levels, such as 420
ppm, where some ernbrittlement is encountered in a normal tensile test,
evidence of a ductility minimurn io also obtained. F.g 16B

It is evident that hydrogen creates a time dependent embrittlement
after aging for some time greater than one hour at room tempe: ature pro-
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,.idea '.at ss.. -. *,-ain is present to provide a driving force for
accumulation 0 " .i This plastic strain is probably inhorno geneot's
creating a hio.,' 1' No continually applied stress is required. The
a cui~iulat'on ,i , causes little or no strengthening of the material.

Apparently pl:.stc strain applied at an elevated temperature can also
serve to aid in the at.,caulation of hydrogen For example observe the
following data of Burte, Erbmn. et al on T1I40A ( 3 1)

TABLE Ii

EFFECT OF PRIOR HEAT AND STRESS ON THE ROOM 17EMPERATURE

DUCTILITY OF Til40A

Previous Treatment R. A.
Stre• Tl'em1p. Tinme 20 ppm 250 ppm

As Annealed 56%]0 55%

95, 000 70'F 500 hr. 56 49

81, 000 2-00 100 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 is unlikely that 250 ppm of hydrogen could create any
embrittlernent at 600 0

F

The variation of the ductility minimum with temperature is illustrated
in Figs. 17 and 18. Note that the minimum is shifted to shorter times
with decreasing temperatures below 1 25

0
F. This would indicate a diffusion

dependent phenomenon. A rough approximation of the activation energy of
this process (10, 000 cal/mole) can be obtained from these three points.
The activation energy for diffusion in C130AM has been reported as
qOO O.-l.rn•ie (l); in alpha ittanum, -t is 12, 380 'al/111ole and in beta ti-
tanium 6640 cal/mole (40)
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Pat 17501' the ducit'ili ;' Imilniniu is shil'titi to a Qnric r t~me I 1 t

be attributed to the increase In thliLil' t of ]lydrngeýU iiAtl hgilt 'ICtili_

attires A greater qoantnv of bedrogen most arc unulat,' inn rdv r to at i-%4

the proper conditions for em hritt Icmciii Doniels. ti Ai ubti cc-cii i Nerr
fai lure: tomes in notched spec imenes a: qvlw'tatd tempt> uratnsr (V I hee
afttributed this to the increased solo hil tly and dtierrea sed rit' my- for, vi ''~I -b

tamned at elevated( *erperatiires.

The data obtained appear to s'iTnnrt the co'tcep that h"A.'d "rz.::
grates to the region of inoront:>geneous piastie dcftutyatnuit (utier at S I tes

"fied exit~s) With a two phase siructure It is- inus!.tiial t'hegn n

betLa graitns will be deformned hoino tenemr si Al so, low tvi'iiin'ture ti.t t cc

will probably take place by trains -cerysta ii in shp (disocation Qti) with
the grain botmndaries acting as barr icrs, Thu, !hv rrl~ctt ieiwttti 5 Iidi5 i

dieformoation could create a region to whil ., b 'do.i art ulificn(e ltr tll.
grain bounda rics and the un ttle fru to t-e will e ita noti..' frr thits a rva '1s
postuated by Bu~rte (31), When a nolt bed speetie ite is utsed, hon e' kvr - ti

t
i'

region of iboniogeneous plastic defurutratriot witll be near the bav oi cf 10I~
notch (41) and crack initiation and Jiropaatioti will begin ini tills vtrtt

comiparativ ely independent of the grain ti onda rv rt'gioic. as has bteeni
illustrated by Daneies (7).

The restoration of 'AuthIute after long agurig t imes omav be '91.ic

by two mechanisms, (1) recovery of plastic strain arid erlist rhd wi t'l
hydrapen cr (2) overaging. Lowe Itniperacore ret overx' (often , ai! it-
"metarecovery") has been found in 0]: kel, alumninumr base alloys ,,ini

and cadmitum (42, 43) This low tenipe rature receovery is gt'riral 4

attributed to vacancy migrat~ion sint e the temperatures at whInch 'nmiea
recovery'' is obtained are too low for any appret: o it'l sit fdrAifosm i u '
is necessary for " cl inb" (ano hi at can of edge tlrslo at 'not t to rat Ml o,
''Metarecovery" can occur at quite low ernpcratnrcs partit U5l I k n hi't
agonal metals. It appears that lomw temperature recoavei v is. I distinot
possibility in titanamr allolys. If thle nnr)gratioit of b'i drogeri is to !h ricei
gion of inhonnogeneons scrain where a stress field ex-is ts bera'f malt:
amount of recovery and z -coinpanving st ress reit if could t uu oth. I id'st n)
gen to redistribute itself and eventually restore uctimlity

Ak mechanism involving averaging would be dependent upon lb. pre-
cipitation of a hydride, Growthi of this hydride would then restilt tic a
stable precipitate and eventual restoration of dtuctility.

The return of ductility with additional aging following a strain aging
type ensbrsttlement is not unique to hydrogen in 

t itanium Garafolc. alid!
Smith obtained what appeared ico te ox-eraging in strai~n-aged mnild steels
(1%) It appears also that the strain aging attributable to Carbon, nitrogen
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.1r u\ý ':'-1u n .1 pha - i.-t-a titanur'- exhihits. snnell ,.\idence of ducti jI ty i-

rdt.) I h, 1 liel lt t a Tve 1nov I J-. IF IL 19

'llb. enihznittle-nint caused b%, hydrogen and the eventual rest oration

o)f dui t'Ilty ,-,IIIn beexplained hN. seve-ral frinec hanstis Of these, the fo;-
1mnt: ippcitr plausible-

I ]I,. rogl--i acc unulates, and 11!1r~A' '-,,~ p rc:;Cnit ii

ýotutilon 1t,.'. 'cV of pla.stic strain diminishes the drix ing forcri n
jo-,: Owe hvydrogen to r-siltic ,in 'q~iilibriuni distri Lu!lion

2Ilvdi-ogtri a, k unitilates cind prel ipitatus as a fine hvdride(
vii it iv 0.'. onjses uponui recovery- of plasti, strain (aising restoration of

d 1, ti.lit%

i yldr-ogeni t( iiiiiiiaiiti and pre-cipitatcs atý t linc hydiride

,.%hi h , mse, cý iihrittlviiicit Addit~onal avi;g tauis(-s 0 iý-; hldrod'. to

irtvi-. .,v, rateiiw s .1. comipiislier
1

4. hly-drogeii causes vinlirittleineii while in scelijon Ily~drlid.'
pre.. ipitatonn it) restoration of dcu tilitv.

If hN\dro tevn w~re mierelv' redistr ibuted or rand,,ycix-d by a reox-e(

pr at long. atiýIng tiunes. then it wkokld seecm plaushliv thai the enitire
pr-, cs 1 cod 1.- relersible a e re -pr , ; a -nirg -ýnd ac~ntg %,ould a gain

reate 4 time deipendient ductilitv nrinniuiii If, Iiowevcvr. - ,table hydcride
\- -i-v the end resul~t (if this ag~ig~~ process then it wtould be milikeiv that

re ok N inte wecii d again produce aI diict--'tv niininnrn

Dunt for I Ii. CAI 30ANI aI ov prest Ta ned oo. agei4( for 120 hours at

rioioi tempera ture, then prest rained an additiona) 41%, and age-d for Va V.

mIte linLthis of tirne are- illustrated rin Fg ?0t Funi 1'..s figure -t is

quite, evident that a ductility mionilnurn is again (.bta~ji,-d after the - -cond

hi restlia in .1nd ,Labscquent a ging These data seem to Indicrate that over -

a yin c4 or g~rowth W it stable hvdr idv did niot cans c t h,- r esto rat inn oif do U ~t,!,
lin Wigs 2-4 and Figs 14- 17 and 18 but rather th-at tb- s resumoption of
ditcin ii at h npef. tin-ie6 va s attributable !o r ýc o-c rv And( subs equent e-

disktriubction cf z i. uniiulatvo lydirogen. Sinco. the randornzution of seg-

regated hydi gci would be n-inci niore diD'u itlt -f a tine l'- dr~de %were pie-

c pitated the authors feel that it is more likely thaf hydro-L.'i c iUse-s ciii-
bruit I enent %khInc st -1 mI* solution The many s inilanities betw-een hyvdro -

ýtii eunbrittivicient in stleel and -.n alpha-beta t*.taniuii !0~ to 5.Ppcrt ca

c onicept

lIi sini~n~ary. the follow-ing hypothess.-a can be ad.ernc~cd for lowk stra in
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rate hydr-3gen einbrittlement of alpha-beta titanium.

Inhonmogeneous plastic stri-2n creates a region to which hydrogen can
diffuse. This may be at the grain boundary area between alpha and beta

grains whlere slip lines interact with grain boundaries or near the base of
ai sharp notch. If sufficient time elapses, recovery may take place enab.h'ng

hydrogen to redistribute, and the ernbrittlernent is n-Knimzed Since the

process .s reversible with additional plastic strain, hdride prec:pitation
clue uji anrppear tonb ha- esr, sentiali 1-~t of ti isi~~c

Hydrogen embrittlernent in alpha-beta titanium can be iKened to the
more classic strain aging process caused by nitrogen and crarbon iu mild
steel No connection between hydrogen and the yield point was obtained in

this investigation.

2. EFFECTS OF HYDROGEN ON AN ALPHA TITANIUM ALLOY

The object of this phase of the ins estigatlon was to evaluate the
effects of hydrogen on a typical alpha titanium alloy, AIIOAT (5 A!-2 5 Sn)
Since the addition of alumirnum increases the solubility of hydrogen in tita-

nium, particular emphasis was placed on low strain rate ernbrittlenient.

The possibility of low strain rate enmbrittlement in this alloy has been re-

ported previously (5).

Because delayed faiture can either be caused by a normal creep
process or by hydrogen embrittlement, it is often necessary to separate

these two. With unnotched specimens the ductility obtained after a hydro-
gen-induced delayed failure is often less than after a creep failure, Since
it is difficult to obtain exact ductility measurements with notched specimens
it is often necessary 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
iollows (7) (8)"

1. Electrical resistance measurements

2. Sectioning of unbroken specimens for hydrogen-
indu;ced cracks.

3. Elevated temperature testing

Low temperature creep is characterized by continuous flow (usually
transcrystalline): generally occurring in three stages, with no rreauurabie

crack formation at least until the third stage of creep. A graphical illus-
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tration of the electrical resistan,ze changes associated with a typical creep
failure is shown in Fig 21A. When the delayed fajiure is caused by hydro-

gen, a delay period or "incubation period" Is requixed for the formation of

a crack. This crack then propagates until it is large enough for failure to
occur. Electrical resistance changes for a typical hydrogen-induced crack

initiation and pro:.acathvii prucebs .ý e huwuiin A Fig. 21B. Note from this
curve that 1ittle measurable plas:ýic deformation has taken place prior to

the initiation of the ci ack

Somnetimes the shape of the electrical resistance curve does not

clearly describe thf- mrno'e of failutre. In these cases, Daniels et at. ,
recommended the stopping of .he .est sometb-ne prior to failure in order to
examine the specimen for cracks. If a crack %ere located, this would

tend to indicate hydrogen-induced delayed failure rather than creep (7) (8).

As a final resort. Daniels u-,ed 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-,induced dela-yed failures woutld be

minimized at these temperatures

In the present investigation of alpha alloys electrical resistance
studies and, in some cases, sectioning of unbroken specimnens were em-
ployed to Lcparate creep failure from hydrogen. embrittlement. No ele-
vated temperature testing was conducted

The effects of hydrogen on the notched stress rupture properties of
the Al lOAT alloy are illustrated in Fig 22 Note from these curves that

hydrogen in quantities up to 175 ppni 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 slightl, over the 175 ppm level, but again the range of
t.tresses is 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 delayed 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
Fig. Z!A. Electrical resistance changes at the 680 ppm level indicated
that these failures were a case of hydrogen- induced delayed failure, i.e. a
process of crack initiation and growth smimtar to that shown in Fig. 21B
was outlined Examinatior. of the fracture surface of a specimen contain-

ing 680 ppm hydrogen revealed a pattern of concentric crack formation
sustaining the hypothesis that hydrogen-induced crack initiation and growth
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had caaused the dela~'ed failure The surface of a frac tured specimen con-
taining t)60 ppm iv, shown it- Fig 233A

At the 285 ppmn level the demarcation between creep and hydrogen.
induced delayed failure was fict as sharp. kLlectrical resistance mneasure -

meutts ind~.catfed a large amount of creep plus tiiý possibility of sorne in-
fhience of hyvdrogen Sectioning a specimen prior to failure showed the
incidenice of a crack. supportiniý the c oncept that !-,droigen-indii ed de-
lavL-d falihire was al~o a factcir in. tinsc Idiuisrhis crack is shown in

Fig 'L _ 3B.

Since the dielayed failin'e found at 49 ppmn ainc 115 ppm hydrogen
levels are attributable to cIreep, it appears th-at snyal! quianlities of iiydrc-
gen can greatly improve the creep resistance ofl this alloy Without causing
any ernbrittien-ent or hydrogen-induced delayed failur es This enhance -
merit of creep resistance by hydrogen can be rationalized by consideration
of the 'houghit. of Gotirell (27). Cottrell state~i for the ca-se of transc rystal-
line creep that when dislocation glide first coimeniices. the speed of the dis-
location movement will either rapidly increase or quickly decelerate with
subsequent interac tion with other dislocat ,ons and g! ain boundaries. In
alpha titanium it appears that hydrogen ipro3bablv in cloud form,, strved to
ham-per dislocation movernent in trans;C yslallirit- creep (not necessarily
to block dislocation movement), enabling dislocation ,:-ud gprain boundary
interaction (with resultant work hardeniing) to take place. I'hus it appears
that small quantities of hydrogen can greatly aid in the minimization of low
temperature creep by ser% ing merely to decelerate rnoving dislucationgi.
Hydrlg~en is probably the only interstitial mnobile enough to creete this
effect at room t-mperature

The data obta-fned at the 68 Ppm hydrogen level illustrate the suis-
ceptibility of alpha alloys to hydrogen- induced delayed failur- Since the
diffusion of hydrogen is quite slow in alpha titan~ium. long times are re-
quired for hydrogen to accumulate and cause de* 'aed failure, The rangp
of stresses over wvhich hydrogen- induced delayed failure can take place is

not nearly as gucat as--! t------'ph.4 beta alloy !7)

Unnotched stress rupture data aiso illustrate the incidence of low
strain rale hydrogen emnbrittlement Tests conducted oia Al IOAT con-
taining 11bO ppmn hydrogen showed no embrittlemnent, Fig, 24 wrhile z!-ta
ob'tained at the 285 ppm level exhibited some enibrittlement at very low
strain rates, F~g ZS At the 690 ppm hydrogen level this alpha alloy
was ductile in a norma, tersilc test buit exhibited embrittlement in all the
low strain rate stress ruinture tests (Fig 26)

Apparently here, as in the alpha-beta alloy hydrogen diffuses to
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the region of inhornogeneous plastic deformation It is probabie that the
driving force for accuniulation of hydrogen is not as great as in t:!ie two-
phasr structure Also, the diffuýsion of hydrogen is much slowe-r in the
alpha tdructure. For these reasons,s the incidence of lwstrain -- te ein-
brittleinent is not as D.-ouounced in the alphia alloy as tn the alpha-beta
alIloy.

Another ductility rnininutin a, higher temperatuires Probably attri-
butable to C, N, or 0 was located for this alpha alloy in the 6 OVa - 1000 0 F'
range. These data are shown in Fig 27 This is the Santie ininimum re-
ported by Makrides (30)_

No yield point was obtained iii this alloy at any temperature between
- 1 10 0 F and 1000 0F. A typical stress-strain curve- is shown in Fig. 28

1- 3 EFFECTS OF HYDROGEN OINA BETA TIJANIUM ALLOY

With the addition of sufficient beta- stabilizingt elements, an all beta
structure (body.-centered cubic) can be stabiliz-d at ambient termperat-Ce..
The only commercially inmportant beta t,:anium alloy is the B120 VCA
0I 3V- 11lCr- 3Pý 1) alloy which was st-odied in this section.

Hydror' n has been reported to have a greater solubility in beta ti-
taniuin (11 (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, both hydrogen enibrittlemnent and hydrogen-in-
duced delayed failure may be encountered The object of the following
investigation is to examine this beta alloy for these phenomena

The effects of hydrogen on the notched stress rupture properties o!'
"soft' (solution treated) 13120VGA are illustrated in Figs 29 and 30.
From Fig. 29 it is apparent tha~t hydrogen contenits as high' as 420 ppm did
not alter the delayed failure curves. These failures are all attributable to
creep (confirmed by electrical resistance) A hydirogen level as high as
1150 ppmn. gre~atly lowered the notched tensile strength but no region of
delayed rtrewas obtained (Figý 30) At an intermediate level, such as
7Z0 ppm, so.ine em-brittlement was detected in the notch tensile strength.
but. in addition, a region of delayed failure was obtained. These failures
at 720 ppm seemed to be hydrogen- induced delayed failures following a
pattern previously deseri' i in Fig 21B,

With unnotchad 'pi.;nthe effects of 420 ppm wvere again vir-
tualliy seicgigibie, Fig. 31. A hydrogen content of 720 ppm had only a
slight embrit+!1;,g 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 nearly normal (50% R. A ), the low strair. rate stress rupture failures

were quite brittle (Fig. 32)

Since the solubility of hydrogen in beta titanium is quite high, large

amounts of hydrogen would be required for embrittlement. In the case of

BI20VCA. greater than 420 ppm hydrogen is required before any embrittle-

ment can 1e detected.

The diffusion of hydrogen in beta titanium is quite rapid, at least as

conpai ed to alpha and alpha-beta alloys (44). When a driving force, such

as a sharp notc:h, is present, then hydrogen accumulation will be quite fast,

so rapid that delayed failure can occur in a time short enough to -1 3- wer,.-

brittleinent in a notched tensile test. This seems to be the case for notched

specimens conltainilii: 1150 pprr,. With unnotched spec miens, a sufficient

driving force for the accurnultton of hydrogen exists only alter substantial

plastic deformation has taken place. Thus, only the unnotched specimens

tested at low strain rates were significantlV emnbrittled at 1150 ppm hydrngen.

.A wide region of delayed failure was enc.•untered with notc'hed speci-

mens at the 720 ppm level. Because the notch created a regi.on where hy-

drogen could accumulate, embrittlement was not omit - obta1ined in the notch

tensile test, but also in stress rupture tests ,t lower applied loads.

In an effoc-t to show hydrogen-induced delayed failure at a higher

hydrogen level (12,50 ppm), stress rupture tests w,-re conodjcted using

mildly notched specimens. It was hoped that the mld notch would provide

a lower driving force for the accumulation of hyd-ogen than the sharply

notched specimen and. hence, would lead to a more time dependent embrit--

tlement The data obtained on B12QVCA containing 1250 ppmt- hydrogen and

15'0 ppm are shown in Fig. 31. The range of delayed failure with 1250 ppm

was narrow, but one point showing hydrogen1-induced delayed fa:lure was

obtained. The failures at the 150 ppm level were all attributable to creep,

Thus, from these data it can be concluded that low strain rate hy-

drogen embrittlement (or hydrogen-,mnduced delayed failure) can occur irn

stramght beta alloys. Despite the high diffusion rates in beta alloys, this

low strain rate embrittlemnent is not as pronounced as in ilpha-beta alloys,

probably because of the increased solubility or tolerance for hydrýýgen in

the beta structure
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IV SUMMARY AND CONCL'biONn

A duct-litt,- ninirnii j was obtained mn tnoot-ched stress rupture tests
conducted on a heat treated alpha-beta titanium alloy. Th:.s minimum was
obtained only at intermediate hydrogen levels {200 - 420 pprm ) at lower
hydrogen contents no enibrittlehment was encountered, and at higher hydro-
gen contents embrittiemeni was obtamned in all stress rupt ire tests. This
Auc 'tv nnii-n ,,uii, wai press ,ed to be part ot a strain aon, ec haeijicm

Prestr.-ininen and theni pging this alpha-beta alloy containsng this samte
intermemate clnanoh y of hyvdrogen , raeat'd a lower tng of duc tility after a
given aging tiote (generally ," - u hours) The ducthlity was restored after

longer periocs of aping (approximately 100 hours) This ductility rr inlr•um
after prestraining was not obtained at towxer hydrogen levtels (20 - 80 ppm)

These data s-evnied to (ontf•rin the fact that slow strain rate hydro.e em-

brit'lement in alpha-beta tntaniam alloys ii actually a strain a ging p ,enomnenon

A hypothesis wa.-, advantced for 1okv strain rate hydrogen embrittlerent
in titaniuni In this niodel it is said that livdrogt.'re migrates to a repion
created by inhomogeneous plastic strain (where a stress fheld exsits).
iis rcegion may he either at the interseclion of sl,p lines and grain bound-
n:ies. or near the base of a sharp notch Recover\ of plastic strain will

result in the red3stribution of hydrogen with subsequent n-iininnzation of the
embrittlement Hydride precipitation is not an essential part of this
me c ha ni s..

Slow strain rate h,•drogen embrittlenment (adi also be obtained in an
alpha alloy The' range of stresses over which hydrogen- induced delayed
failures can Oc'( ir was not large because of the relativel" slow, diffusion
rate of hydrogen in alpha alloys

Small quantities of hydrogen can also creati an inmaprovement in the
t ret'p resistance of an alpha alloy This can be attributed to the inter-
action between moving disloc--ations and hydrogen (louds. causing a de-
celeration of the dislocation movement

Slow strain rate hydrogen embrittlement was obtained in a beta alloy.
Because tne high solubility of hydrogen in beta titanium, no hydrogen effects
were encountered with 42,0 ppm hydrogen or less Notched specimens were
subject to low strain rate embrittlement at a lower level than unnotched
specimens (720 pp:r. v- 1150 ppm h'ydroge- Because of the high diffu-
sivity cif hydrogen in beta ttanu-. in some istaticus "delayed failures
apparently took place. in times short enough to cause embr*ttlement in a
notched tensile test.
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The incidence 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 someo strain was

necessary before delayed failure could occur.

For low strain rate hydrogen ernbrittlemnent to occur in titanium
alloys it appears the following are necessary:

a a suffi'ient quantity of hydrogen

b. a sufficient diffusivity of hydrpgen

c. a driving force for the accumnlation of hydrogen (as
postulated previously - inhourogeneous strain can
create th.,s focce)
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SECTION IiI

HYDROGLN EMBRITTLEMENT OF

SEVERAL FACE-CENTER ED CUBIC ALLOYS

P. A. Blanchard
A. R. Troiano
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AEFSTRACT

The hydrogen embrittlement of austenitic Ni-ir-Fe alloys and

OFIIC copper has been investigated. Ni-Cr-Fe alloys were embrittled
by 1r;'drogen and their embrittlement waa demonstrated to be of the same
nature as that of steel,

A qualitative mechanism was presented which indicated that only
the transition metals should be capable of conventional hydrogen em-

brittlement This mechanism also accounted for the observed dec. ý--
of ernbrittlement in the austenitic Ni-Cr-Fe alloys with increasing (Fe +
Cr) content.
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tueo itcrea~ed application of 1hI gh r!"~ ~ i~

steel and tttaniuin. has stimnulated an extensixve s mtv hd C' elni-

brittlemera which lii-nits tho use o1 these maternt. Is in severe e xicev

dit Eons ) .Thus fa r, nmost of the invesni l~ations havce been t-on- rued

wi'.hititanium and body-cýentered cubic steel (1 !. 3) although .1 hv a-

dealt .vith aust~enitic a tec!h; II".The latter nate ri, lx. chit re % in ua;

tailures du2 to hydroge~n exibr ittlernient (Jo 1 I I. 12, Ulhý dific r e i

snusceptibility to en; britoenent betweven body - c cunte rod and tat - i eute red

cubic' steels appears even when the tx a no- Li-t ha-ve ttie samne .. onipo

sitiuon, i. U 'Anl ausýlenutlc Steel Mhich Is not affected by' Idd~g: dutIt i),

becone s sus ceptibit- to ci, ,brmttlenia-t when it Uiitm',
5

.i ii- I re.! -

formnation either by cooluing to low% tenmpoýral tre s or by Cotl (Actn ui

12. 13),

The influence of struc!ti.-e has been exi~.psiiid b,, the different .hjr
acteristics of the two, latt:.ces with respect t, !Wo of tile mnost ini1purtan'.

f to influencing hydrogen einbr ittlenientL a the equiitri um. sonit)iii.

and the diffusion rate of hydrojen (1, 4. 10, 14) The solubi !,.v Ahtvdo

gen is approximately three to four times gýreater in austeni~te than iii i-r -

rite. Therefore it may be expected that more hyvdrogen-j is tieckssa ry, to

en-ibrittle austenite than ferrit'e Pu-thermnore, thle rateý Of dIffus11 0on 114%; -

drogen in austenite is much slower than in ferrite Sin(ce the degreev oi i

brittlernient and the rate of crack propagation in emubnittled spe m unes ar,

controlled by th'- diffusion of hydrogen 015, lo). the lowecr diffuision rate

may lead to a very uh'fferent appearent e-ffect of hydrogen in fai. c - centt re-d

cubic alloys though the same nechanism may be operat,.ve. [Fhev -d r -ii

~ni'unttlrnei.off fcrritic tel;dL.,appear a at uot h io-in ai:d higph testti -

peratures and also at high strain rates (17), .cý i't-xer rate of Iiibfusion
would rnake a tensile test of hydrogen- chargeG a- .,tlc imaterial vqoiti -

alemit to one at either high strain rates or low temperatures iii f-r:rilic

materials

-Since a nunnimer of alloy systems had bee-n exarnined it inias inn nred

by many investigators that no face -centered cubic metal can be embritti ed

by hydrogen (4). An exception to this was the hydrogen emrnhrttlemint of
nicket discovered by Eisenkoib and Ehrlich (13), Their results suggestted

that the above rule was not univercsa'
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The purpose of this work was twofold, first.to tl,•teriine whuther the

hyd-ugen embx ittlement of nickel is of the same natture as that of steel and

stcc(L_.Siy. to examine the effec, of alloying on the magnitude of the embrit-
tlenient in nickel. For reasons which wi!l bo discussed later, the hydrogen

ambrtt!cnji.rt of pure copper was also investigated The "optimum-" con-

ditions for hydrogen ermbrittlement "h-ich have been determined previously

(17.1 w,:ere utsed.
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NI ATEIIIAL-S A-1t) PROCEDURE

I. SPECIMEN PREPARAli ±)N,

Eight allo ys we-re used in this invesmnWtior. ummerrially pure
-niiw (Nickcvl A), 72% Ni - ZW%

1 
Fe, h 1% Ni - 49%' Fe. N-il ar. Niclironw

iand Nc)-ircnint V, 21-20 stambl-~s -Um!i and OFIiG copper. Thr comn-
pos~tions of Or~ first 3,1 A ~ .2ý aI " " The syx-iiiet.
"tyes used ani Wi.wn in tipi I T~e sharplv-nott lied speu imens were

TABPLE I

Chemicial Analysis of' Materi.,-l

Ni( kol A 1d 0 1~
72`4 N i 2,, - Fev 72 7 27 2.

it Ni 4- Fe5 ,

NiIkar iio

Niuhruine V A 0 2")
2"- 20 Stainless SMee 19.7 24.9 51

euripouyed f:,r the notenh tensile strength~ octerininations and delayed fallurt
stidie, while the iu-nntched spe( :mvns %v ere used Louý the tensile si rengt h

and d'mc til ity mneasurements

All niukel base- alloys were used iii the as-irem. pved condition. The
25020 stainiuss Mteel as studmied mnmediately after- annealing thirty i-n]-
utes at 2050OF or after annealing an~d cold swaginy 07%,

The OF14C Lopper was obtained from a wireb~ar and cold rolled 51%
prioir ti) machining The thermal charging acted smmultaneouy as a ne--

rvstatlization treatment.

The teiisie nropprtmcs of these alloys are presented in Table It for
the uncharged condition.
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TAI L., II

1.i 11., Prouerties of the Allov, Used in Ihis
Invest-gation 'or a 0. 05 in, -. m, ln'u (Ci'obs Head Speed

in the iFtensile -I-e. t

S;trengbth Leve! Reduction in Ar~ a
(psi) at Fgacture

Nickel A I 1h. 000 7ý%

7'V i5' - 2% Fte 95, S00 74%
5 1% Ni - 4'1% Fe 10 0i, 000 647
Njlvar 71. ()I0) 75%

Nn hrorne 1 109, 000 54. 5%
Niihronie V i02, 000 72 5%
25-20 Stetl Anmealed 1 5, 00n 7,%
2'-20 C(old Workeid I4o. 000 7l%%

'FItC bopper 30. 00G, 00%

2. HYDROGENATION AND CADMIUM PLATING

Bntth thermal and catbodi, charging we.re used in this investigation,
'hernmal charging was used for 25-20 stainless• steel in wnich the diffuslon

rate of hydrogen is slow and in copper which is permeable to hydrogen only
at high temperatures. The procedure used was the following:

i) heat ihe furnace no to 2050 F for 2;-20 stainless steel
and 1115°F for OFHC copper,

1) fli,3h the tube with argon,

c) introduce the spe. imen into the furnace,

d) fiush the tube again with argon.

v) ýtd.stitiite hydrogen for argon with a pressure slightty
above atmospheric presstire.

f) chari{'" lo nones.

g) flush the furnace tub( with argon.

h) open the tube anri quench the s. t i,
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The other alloys were cathodically, charee4 The , ha r,,im hi ath ita _'
sulfuric acid solution poisoned with 250 m~g of arsenic ~s ,cidiurn arsenite

ptI 'ter Thie zipeinmens were- deg'reased with carbon tetrachloride befole
charging. Current densities emnployed were 22 amperes per square inchI

for the unnotched speciren t- and 1 2 o amperes per square inchi for the
notched specimens The bath was heated bv the current to a temri.erat'irv
varying between 17Q0OF and 185%. i-' ecause of kne abundant loss of elec--
trolyte during charging, fresh ixqui'i ,-as adided to the bath everv hall hour

Immediately after charging, th--i specimrens \&ere cacliniuri plated to

avoid subsequent degas sing Cadrnuijn plating was perlorm-ed in a sodiurr
cyanide bath with a curreat density of 20 amiperes -c r square foot for 5'no
utes when nc subserquent heating of the specirn-n was to be performed, and
for 20 minutes -when baking was necessary to produce a hon~ogcneouu: dis -

tribution of hydroiu'en

3 TESTING

Tc:nsile testing was carrie-d out in a hydraulic testinip n- i t n

stant crosshead speeds. Various speeds in the range 0. 01 to 10 inches per
niiioute were used.. Higher strain rate tensile tests were perfor~med onl a
draw bench at crosshead speed of 100 inches per minute. A constant load.
lever-arin stress - rupture machine was used for- delayed failure tests.
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Il.RESULTS AND DISCUSSION

P. SI1MWlARITY OF THE HYDROGEN EMHR1TTLEMEN[7 OF NICKEL AND
INICKEL BASE-CHROMIUM-IRON ALLOYS WITH THAT OF STEEL

The effect of cathodically introduced hydrogen. on the ductility oif
nickel and nickel base - c--ro-iiun -. run alloys wvas investigated. These, afloys
'v rce ebYittiedhby hydrogen 1-o dete rmine whether thisý enihe i~ttlerent
was of the samc t:.pe as that of stee] its dependence C 0 strain rate and tern-

u" testinji w.as studi,:

A- Strain Rate DependenCe of the Embrit t lowen!

The variations of the ductility of charged and inic barged nickel and
72% Ni-2$% Fe aree plotted inx Fig. ! and Fig 3 The rnihr'tteumett of
bothi alloys decreased as stra~in rate increased. Thv ductility of tie charged
specimens was lowest a, the miinim-um strain rate employed and f-qula to
that of the unk harged spec inwn s at lii43 tri rates -

B Temperature Depetndence of the Emnbrittlernent

The variation of thne embrittl-eincu of nickcol wýith tempife ratutre is pre -

sented in Fig. 41 For a particular char-ginv condition, it disappeared at

low and high res~t te mperatures and was miaximum iii an znte-rrioielate irange
of temperature.

The hydrogen eroibrittlement of nick'el and high nickel - chronniani- i roil
alloys has, therofore, the same dependence on strain rV.' andi test temper-
aLtu~re as that of stcel and henctte is also a diffus ion controlled phenomenion
sinice it disappear- wvht n diffusion- is inhibited either by a high strain rate
01 a low testing temperature This behavior is opposite to that of other
kinds of ernbrittlcinent, e. g the eirbrittlement produced by the -preseince
of hydrides, which inicreases with increasing sqtrain rati' and decreasin~g
test temnperatuýre (W

C. Recovery

Aging produced a recovery of the ductility of the charged alloys in-
dicating that the ernibrittlement was reversible. One of these alloys.
80% Ni - 20%j' Fe~was used for detailed study of recovery. The ductility
of the charged alloy' increased with intcreasing baking tirres at 2500 F. and
the enibrittl-ernet eL;pacd cA:iipielEtiy with sufficient baking (Fig4
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.1 1TC TENSILE AND DELAYED -1-1-URE TESTI;

The effect of hydrog~en on the notch te'rslie ztrength of .-.i.kc-, was

studied at %varic-is tempe rature s Thle res ults showýn in) TaLble HI inritcta c

that the, notch tensile :0renoth if ni cke' %tas riot reduced by hydroge ri.

TA B LE I1I1

Iochlr-iilt Strength of N~ckel A fin the

Charged and linc iharled Gonidit on

Stwcin ccril, Charged? f11-

%&wit h a I Z. o a n) )/S i
T.-st Teijipe ratiire Uricha rgq- d Spe.irit 11;ns ciirrent derisitI

7 0oF 1-44. 000 psi l144. 101) psi

20ool. *' " '.00 psi 144. 000 psi

30F142. 000 psi 138 000 ps I

No delayed failure was obsur%-ed on no!-. hrd spit in~icri, of ni, kil! horcid

t ours with a current denou,,tv of 12 r; arnprr-es per sqniiare rich ilirS'
restilts are explainabie by the fact that krtib thu. ha-, , cur(idtroosnisi

';he fra c ure of rrinbrittlcd nickel wAas stil ria dlictlý I ¾on Ili e doti tio .I.
a rea at fracture was un~v reduced to 50%' arid nec king still 0cc i irred r~ ihthe

unnotched spec.imens. Furthermore, the stre-ss -stramin tirv-s oif flotc fed
specnnens also renached a maxi moni It is kno(w; f 15) that tensl- e ard nujt i;.. 1

tensile strength arc rnot niodi fed byv hvdro grn nm fr ittlIernenrt unless tli edoi -

tility at fracture is reduiced below the N-alne nect-ssarv for nec king 11 1-,

accorints fur the inisensistivity of niotlhed tensile streruitl ti) the erubrittlerijent
of these aillov

3. VARIATION OF THE EMBRITTLEMENY OF- N.1' CR-FE ALLOXS WITH
CO MPOSI TION

The variation of the hydiro gen ec-nbr ittiC en--t ofI Ni - Cr Ft- &!!-, Vs 1s

presented in Fig. 6- In this figure. the circ led .ilgires repre sent the ri.--

dLictuLon in ductility due to a cathodur charging treatment of 4 irours as a
function of the composition of the alloys The reduction in ductirity --, ttif
nickel base alloys decreases with increasing (iron c brrooixiri) ( okicenlf
The emrbrittlement was maximnuni for ý'r tr'-kei arnd n.1 for 51J% Ni -

49% Fe alloy, Nilvar and 25-20 stainiess ste-el It -3eenied to vary cont in-
uously fori-ienrdai .oiipus it ons

Since the diffus.on rate oif lirdrogeti us verx- lowk iii 2;;-2C steel at
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room0 It'. Tl,13,½Itttre tiitiiiii &iarginin 33as 'ised to si'odUL a g'reteitr tivcirt-
geti i ii!teint iI.iiitiLhill the 5j( t iI-twi) This Treatmient did not pro duce anyý

'mlbi-Muiiien Since the' sumceetitb~ilty of a penVi iiitai Ito (4ttroitm eon-

brittlenient increasesw'.chn it strength JtPM( is increased or ts diictiitt

dur reased. (15) sooe 2"-20 sainless steel was cold swaged W~ - a

Treatment whilih reduce- its du( tilhty iron 'rl to in-oand raises it.s

stire)gth level fromn 81. 0(I0 psiý to 146-. 000 psi. fio addition inl anl effort to

einirittIc the 25-20) stee more sevt'tt, dmarilp onditons vmneri" -

a) udarp 5 houiis plate /0 oii~nui bEame 1 hotr at MR0
3 9

,

I') U~plate, harce 4 )3)'os plMate 20 minutes, bake I lair

at w I0 I'

4 ) t-plait. (inargo '4 1.oors Wtivi 20i ""u~:tes, Jiak' J to'r

di) I )pQa 1v, Witry, I ttor,

Ii' Wtlmewl.-t$ Wk=i~~l :riwtir' ii was Jptrtiiiit.I tio ii~Ateit)( ut-HiO ai;

shn if ltvor g preK i-e by ,t thodiit liar clog thtsi' wuoo the sp"ie lt ii

flo this ;irot van a sni'ii trihrttlminiAt dSa ;ir'dM- 'T[he dio tili tWK,

iargid A lot' na.i lidiui 3(1t (roim to ý,i"

Flnt- r; sul t it'd' alt-s thI tOIhe " ell kIiOw"n niuo"ns pdiut Ot iiai4m-

r,'iati~vlv low. (uvrcogt-iij ''i.teiu
T

s

-4. 'TIE 11 !IYDlRO(AN PM BR F! I XY:N 01OF) C CO)PPEI

Oxycci -ma i ig pper is known to bo embnrll d by an anneaItog

Treatmient in hydroigen (1 0 ) Dot a .'rI hr.XI erreot is dite to the redu iic 11o1Ii

coppe r oxides lie hydrtogen. and the r esul Itog b~h press oes producutd in

bhe mnetals by A 'tw,~ur ta pc. r. xygen frete copper was used to de trmanoi

wnether copper is susceptihie to hydrogen etnbrTttlentent w~tbout t"n' tash-

ing effe I of thea water vapor ri-act ion A thermal charpang of iTo Wars''a

I I J5
0

12 -Aa used FTev restits shown iii Tab~e TV shgw- That there Was 110
wirih ~tlemnteo
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"TABLE IV

Ductility of OFTI C Copper mn the
Chariged and Uncharged Conditions

Test Temperature Uncharged Specimnenas Charged Specinmens

70°F 8 q. 5 9TI•nclou " %8£

2 s0
0

" )4. 1,% 84
"-105 01P" 76-. i% 7-5. 5
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IN' GENERAL DISCUSSION

rhO results presented above prove that, although an important factor.
the atructurre of an alloy does not provide an absolute critelnon for predictin,

an alloy' s susceptibliity to hydrogen en trntilement Though austenit iron -

cihrornm-wn -nickel alloys are in genera] It' ; Eapa Wt of being emhr itl.d than
lerritli and :nc:rtensiti stecls, the- are dettt py ,'.1cep'ible to hydr. othern
rnhi-rittlenint and t.m sunvcpt iy in a xfllciiuin of "omhJpositloll amo othnc

things. This result is itli at variance wvith previous studies 0li auSteni t ic
stecls Q, i, 4, 9. ",. 1) winch showed that these alloys,, were no, cinbrlrtled

by hydrugeni Prcvious wr-k v.as generally perforzued with less severe,

hharginlg conditions Utan tWcse employed in this i m'esulgailion and. for a pyv.

enr t'girpng condition, the htydroigen einbrhi'ittlirnwect of N,-(r.-Fe alloys ap-

pears only' for hgin tcikeli alloNy

At this potut two anomalits are apparent Fir,,t, the fa-:t that the he.

dro•ci v'nibrittleietnt of a litkel-iron allno decr-as-ss ,ttib jocri'asmig iron

rnc-rt is puzzliig. 'spe, laity" Nlan one considtlrs that iron is the ca•etit

theta! to cI'Db-rtnl ith hydrogen Secondly, why copper. whith is the

nitahbor of nickel in the pe rodic table. is riot embrittled by hydrogen and

tmore gvenerallv. why owly transition ret' tais have been thhas far en;briltled

by h.y, drogen?

Several possible reasons whit h nnght a• 0oum 1 , , e Orst of thest

q,'-stions and a tentative explan0 tion for both thesAe questions as a whole

will to' pr'et'ented.

It is known that the siren'nti level and te diuctility of an alloy are

intportan: facttrs cnx'erning its suii-BpflbtJttv to ydcrog.' embrittllenovt

(15) An alloy is more amenable to ivrnha:tlement when its strenthi i'voi

is increased or its ductilty decreased, The meo hanical properties ci 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 a::oy has a higher st-ingth level and a lower ductility than tie

72%- Ni - Ztn% Fe alloy and yet is less enbrnit'ed bv hydrogen.

A second possible reason for the behavior is the variation of lattice

parameter with composition The latttre paranmeter of nickel-irocn alovs

increases by ,, with increasing iron content from 'ero to uO% (20M. 'lhis

correspon.,ds to an increase of o% of the volume at the ýnotrsttial bites for

hydrogen and may account for a decrease of its action The importance of

his factor is hard to estinate, hot tt is not he-Nevad to vary enough to pre-

vide a conclusive explanation

WADC TR 59-172 107



Thi rd]),, the vat ations of the diffusion rate of hv~droilei h I h ce')-po
sýition do not pro% ide an expianation lor the v.. rtasiio-' -I ebuten,

cc-rnposition. The variation of the d~i lfv;ion rate of hydrogen -,it!- thounl-

position of Ni-Fe alloys is presen-ed in Vig .7.i) The' zpeed ýi dliff isi,-
of qydrogen is higher in the 5 116' Ni - 41ý' Fe ail lu whit hl is not C lie"tti Ic (

t~han in. the 72% Ni - 28%i' Fe alloy wit; is etnibriti ,ed

were ide ntical, it is -not ertanii tlhat theicir hydrog4ei . ot-nt ere c q."i
The analyses perfor med do not 1?ive a conclusive answevr to thliis qw-l-)
TFhe 51% Ni - 4"10 Fo alloy contained 4 ppin of hvd rozeian d1 the puo iQ iii

5 oprri This difference is s n-tall and may be due to Pesperi niental Sikat tir

Furthermore the hydriogen distrtbution of the spe irnens is knowu ito be
inhomnogeneotis anid this factor dtecreasevs the s igni t iance of any h-yd roge:
analysis.

Another aspect of the problem will be now considered, it wiU :ýe
shown that the consideration of the electronic strat irý tof f th alloys
studied ri-ay provide an explanation for the fact that oni-, !ransit~n
1e. i ron, titanium, vanaditan and nickel, have( bt-ir sl-wn --J bc sut-

ceptible to hydrogen crni littlernen' and that the en-ibrittlcirrient of no, k,-
decreased ~f its fl~oying with iron and chrom-ium increases.

It is known that livdro~ztn ionizes when it icoes into sollutcion ,I) t ic

The hare protons diffuse in the metal (22) and are preferentially located i
di locations (23)

Cot~trell has described a mechanism. n! tht: Fracture oif ai metal who( It
;mplies the cracking of an array of coalesced dis'locations 124) Tn this
theory, the energy of such an array of dislocations and the sI res-, nec(U c

sary tc, roake it ;;-,w indefinitely are calculatee..

The presence of hydrogen in these arrays of dislo ations increase-s
their energy and hence lowers the applied stress ne-essairv for fracture
(25). A possible reason for this increase of the energy of an ar rav -)f
dislocations due to the presence of hydrogen can be obtained by an analysis
of the effect of hydrogen on elect-ronic structure.

The electronc of the hydrogen atoms ini solution in a Ir.,nsitton metal
have been shown to join the d bands of the metallic cores (22) as schema-.
tically shown in Fig. 8 (b) andi (c) On the other hand it is known (26) that
the repulsive forces determ'ninp thei interatomic distance of transition
iiitals such as Ni and its neighbor in the- periodic table. Cut. are due to,
the overlapping of their d bands 1t may, therefore. be expected that any
increase of the electronic concentratturi of tho!se bands produces an increase
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of thk- repulsive forces betwee n the n"etaflic •ars, i e an increase of th,
enerirv of the region in which this , ffec occ:'s This eMfect (can occur cnly
"w'ith, a trans ition mietal whose .5 d 1)anid is not fuil it cannot liapper. in cop-
per or any non-transition ineial which has a completed 3 d band.

Furthermore. ihis eflect shitld he lesseneo when ethwer iron or
chrnann iis added to nickel. The electronic concentration of iorn and

bhronnuni are lowe-r than that of nicke . and thefrefore a NI-Cr-ye alIi.ov
also nas a 3 d band wh,'h :a ions f'i: than' nickel as appuars in Eig 8 Id)

11v increase of energy due to the aridilion of extra Oelctroi-i to a band is
hlithe r when th ii b.nd is iie;i Iry frh ed! than when it is not, Therefore when
a traIisttlon "iewal on the left of irNkel in the periodi. table is alloyed unith
i, the inc-rcase of energy lUne to the addition of hydrogen to the alloy 'ri' -

cnasevs anii the enihbrittlewi .;t r-,y alsto bch texpec ted to decrease When

.incliti iron and (hritniitim are added to mckel fo- the Y ' :a transfor-mation
to it t uir, the cha•ge of srritrwu tv is believed to aciounit for the revei-siOn of
tins trend, I e. fcrritic N-".-r-ev is strongly vrnbrit!hi;.i by Iydrogen, Thi
.i-sumtptiorn is supported by the fact that an 8uslenitir tveel which rs not
,i!,ri ttled I,. hivdroveen become s susceptible to etnbrittlernient :f it under-

goes tin Z* transforimatio:-.
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V SUMMARY AND CONCLUSIONS

The sue ceptihbt ity to hydrogenT ernbrittlernexnt of austendtic Ni-C r-
alloys of variotus conmpositions and of OFI-IC coppe r has been investigated

Nickel and nickel base-chrornium-t.ron alloys werc cznt)rittlhd by
cath-.dicallA int.roduced hydrogen, Their emhrittlement was of the seLme
type as that C-f steel, i.e. it diecreased as strain rate in( reased. dis
appeared at low and high tempt ratures and wasý eliminated by an adqi.ate

baking treatment

With a particular charging condition, the embrittle)rn a. -.f ,.it

Ni-Cr-Fe decreased with increasing (chrornmium. + iron) content. This
trend was not explained by the consideration of the me c-hnic4,al properti•e,
nor by the lattice parameter of the alloys.

A tentative .explanation based on the consideration of the e!ectronit
configuration of the alloys studied was p-esented to explain that only
transition metals are capable of conventional hydrogen embrittlenitent and
that the hydrogen embrittlement of Ni-Cr-1, c alovs decreasses with Oh'er

(Fe + Cr) content

This explanation was supported by the result that OFlIC ( upper was
not enhbrittled by thermally introduced hy(drogen.
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.170 .100
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UNNOTCHIZED TENSILE SPECIMEN FOR Ni- Cr- Fe ALLOYS

.190

UNNOTCHED TENSILE SPECIMEN FOR OFHC COPPER
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NOTCH RADIUS 0.001"

SHARP NOTCH SPECIMEN

FIG. I: SPECIMEN 'YPE n USEFn ,' THiS INVESTIGATION.
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' -JNC HARGED SPECIMENS
o ,-PECIMENS CHARGED 4HRS

TEMP 176°F

CURRENT DENSITY 22 At;ii'/SO INso

>.6010

700

Rio

40

O.Of 0.1 !.0 10 l00

CROSS HEAD SPEED -n IN/MIN

FIG.2:DUCTILITY AT FRACTURE AS A FUNCTION OF STRAIN
RATE IN CHARGED AND UN, CHARGED NICKEL.
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r -- T
I-.I4 UNCHARSEO SPECIMENS

r0 SPECIMENS CHARGED 4HRS

T'EMP !7C-'F

80 . CURRENT DENSITY 22 AMP/SQ IN -

70

It 61
50 _

I I

50-

-- .. . . .. _ _.. . .. .. . . .. _ _ _

0.01 0.1 1.0 10 100

CROSS 14EAD SPEED IN/MIN

FIG.3:. DUCTILITY AT FRACTURE AS A FUNCTION OF STRAIN
CATE 110 A CHARGED AND UNCHARG-ED 72% NI-28%Fe
ALLOY.
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80 - I

+ 'K FA•GrLU SPECMENS

q SPEX-,IME•NS OPARC3•cO 4 HRS

SO•JRRL• "r DENSItY ?2 AMPiSQ'N

70-,

++

i ° N

t

44

40- "

-300 -0_ -•00 0 I00 200 300 400 500

TEST TEMPERATURE -F

FIG.4"DUCTILITY AT FRACTURF AS A FUNCT!ON OF TEST TEMPo-

ERATURE IN CHARGED AND UNCHARGED NICKEL. STRAIN

RATE 0.05 IN/IN/MIN.
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C SPECIMENS CHARGED 4HRS

TEMP 176'F

CURRENT DENSiTY 22 AMP/SQ IN

,- UNCHARGED SPECIMENS

_ _.

S 6 0 [ _ _ 

,-

00

550

50
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FIG.5: INFLUENCE OF AGING AT 250OF ON THE DUCTILITY OF A
HYDROGENATED 80% NI - 20% Cr ALLOY.
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FIG.6: INFLLENCE OF THE COMPOSITION OF Ni-Cr-Fe ALLOYS
ON THEIR HYDROGEN EMBRITTLEMENT. ALL SPECIMENS
WERE CHARGED 4HRS AT 176-F WITH A CURRENT
DENSITY OF 22 AMP/SO IN. CIRCLED FIGURES REPRE-
SENT THE REDUCTION OF DUCTIL!TY BROUGHT ON BY
HYDROGEN CHARGING.
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FIG. 7: VARIATION OF THE DIFFUSION RATE OF HYDROGEN
*P.TrH NICKEL CONTENT IN BINARY IRON- NICKEL
ALLOYS AT VARIOUS TEMPERATURES (19).
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FIG.8:DENSITY OF STATES OF THE 3d AND 4s PANDS OF COPPER.
HYDROGEN FREE AND HYDROGEN CHARGED NICKEL AND
OF NICKEL BASE- CHROMIUM- IRON ALLOYS.
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