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ABSTRACT

The fatigue behavior of unalloyed vanédiuﬁ and nioﬁium as wéll,
as their alloys with hydrogen is described. The response of.vanadiumr
hydrogen alloys tolcyclic-loading is shown £o'depend markédly upon the.
presencg'or absence of notches, the hydrogen level, method of test, and
Ifrequéncy. In general,'hydrides improve high cycle life of unﬁotched ‘
.alloys; but are detrimental in.the presence of a notch. ‘iqw test
frequencies also lead to redu¢ed fatigue lives. ‘Stress;assisted hydride
growth in previously hydrided alloys haé been noted both in fatigue énd in
délayed failure experiﬁents; Unalloyed vanadium and solid solutioh vanadium-
hydrogen alloys do not undergd delayed failure; ‘ | |

Preliminary test§ on unalloyed niobiuﬁ-and ée&eral niobium-vanadium
alloys reveal -improvements infstress—controlled fatigue life and decreased
low.cycle life, in agreeméntlwith previous.obseryations'on vanadiumfhydrogen

alloys.




BACKGROUND

We have pfeviously reported significant improvements in the
ﬁnnotched high cycle (stress control,'test frequency > 10 Hz) fatigue
life of polycrystalline_vanadium’when hydrogen in excess of the solubility
limit is added. ﬁowever, under lpw cycle conditibns_(strain control,
test frequenéy ? 1 Hz) hydrides are detriméntal to fatigue reéi;tance.
In an effort'td determine the causes of the pronOunced differences in
response to the two tést methods, we have conducted a ﬁésf program
'involving the following features: . . , ,f-i, |

1) Study of crack initiation times and crack bfépagaﬁion rates
as a functioﬁ of hydrogen content in notched sheet.- |

2) Determination of high cycle fatigue propertieslof notched
V#HQ pars. A

| 3) Study of stress-induced hydridé formation by means of délayed

failure expefiments. |

L) De#ermination of frequency effects on high'c&cle_fatigge of
lV—H2 alloys. |

In,additioﬁ, a study of the effects of hydrogen on fatigue properties
of uﬁnotched Nb has commenced. in view of the great amount of infofmation
obtained in the past year, this report is divided into four distinct
éections: i
Part 1: Effects of Hydrogen on Fatigue Crack Initiatioﬁ and

Propagation in Vénadium

Part 2: Delayed Failure and Fatigue Notch Sensitivity of ﬁ—Hg Alloys

Alloys

Part 3: Effects of Test Frequency on Fatigue- of V-H2

Part 4: Fatigue of Hiobium-Hydrogen Alloys
A general summary of the status of the various test programs appéars at the

end of the report.




Part 1

~ EFFECTS OF HYDROGEN ON FATIGUE CRACK PROPAGATION IN VANADIUM

INTRODUCTION .

‘The effects of hydrogen on monotonic mechanical behavior of the.
group:Va refractory metals: Ta, V and Nb have been extensively investigated. '
Strengthening by the presence of hydrogen.in solution and hydride'
precipitatés in Lhese metals appears to occur yithin certain range(of:
temperatures, but reduced ductility (hydrogenAembrittlehent) at low
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temperature also has been observeq. - Little attention, howe?er, has
beén directed to the influence of hydrogen on cyclice deformation and
fatigue érack propagation in the refractory metals;.
WilCOXy showed that hydrogen in solution (és well as in the form
of hydrides) significantly reduced the.fatigué life of tantalum aﬁd thus o )
concluded that hydrogen embrittlement was associa£ed vith an increased | ;
ease of both crack initiation and crack propagation. 1In contrasf, Leé and .
S.tquoff5 recently reported significant improVeﬁents in high cycle (stress—.
controlled) fatigue life when hydrogen was intro§ucedlinto.§anadium as} |
hydrides. Those tests were conducted‘in tensibn—compression; Further-
more, fatigue lives of hydrided vaﬁadium Qere several‘fimes longer than
for an alloy with 132 ppm hydrogen in solution at a siﬁiiar sﬁress level. 
The present investigation extends the work of Lee and StoloffS to
take into aééount the separaie effects of various lévels of hydrogen~dn:
time for crack initiation and crack propagation rates in vanadium.
Various stress ranges and mean stresses have'béen appiied in stress-
' controlled tests at room temperature. Fatigue crack‘growth charactefisticé
also have been compared with tensile properties. Fracture mode wefe

observed by means of metallography and scanning electronlmicroscopy..



EXPERIMENTAL‘PROCEDURE

Vanadiun was receiyed from Wah Chang Corporation in thevform of
annealed sheet with a grain size ~ 50 um. Fatigue specimens'of single;edge
notch'typé were machined from the original material. _Following-ﬁechaﬁical'
polishing up -to 6 um diamond compound, electrolytic'polishing was.conducted :

in Hgsoh—HdDSOlution,apblying 30 volts at 0°C. All samples were then

" annealed for 2 hours at 760°C in vacuum of 10-7 torr to obtain ; fihal :

;érain size of &~ 80 ym. Hydrogen was added as describéd previqhsly.s The -

Achémical analyses of vanadium and the vanadium Qlloys;fés wéil_as the

size of hydridés, are listed in Table 1. Tﬁe microstfuctures of the

h&drogen-éharged vanadium were»simila? to those reported in ref. 5.
Fatigue tests were conducted at room temperature as previously

described,s-using a sinusodial loading cycle at a cyclic fréquency of

20 'Hz. During the fatigue tests measurements of crack length»vere made

:by means of repliéating thin plastic tape at the fracture surface;

4

accuracy was estimated to be 2 x 10  cm. The tests were terminated
when the crack had reached a length of 60% of specimen width. The

stress intensity range, AK, was determined from a K calibration with

the following expression:
MK = Aova £lafe) (1)
wvhere fla/w) = 1.99 - 0.41(a/w) + 18.70(a/w)2-— 38.&8(a/w)3 + 53.85(a/w)h.

with Ao the gross applied stress, a the effective half crack length‘and

w the specimen width.




RESULTS

Fatigue Crack Propagation

Crack growth rates, da/dN, are‘presented in the form of'log—log

plots of da/dN versus AK:

da/an = c(aK)™ | - (2)

. o
as described by Paris and }:."rdogam.T’u

Fig. 1 shows data plotted for annealed &anadiﬁh and the hydrogen
charged vanadiqm at a stress ratio (omin/cmax) = O.hf It shéws that the
crack growth rates for a given AK were essentially similar in annealed -
vaﬁadium and.the'200 ppm H2 alloy althougﬁ the yield stressAof the 200 ppm H
vanadium was significantly‘higher than thaf of annealed vanadium.s, In
contrast to fhe lov hydrogen alloys, the créck grdwth raﬁes of the high
hydrogen alloys deviate significantly from linearity; howevéf, we will
continue to use Iq. 2Aas 4 busis for discussion. Increasing hydrogén
content iﬁ solution to 420 ppm seems to increaée the slbpevbf da/dy vs.

AK, but for(aAgiven AK the crack growth rate in the twoAphése'lSOO ppm H2
vénadium»was much lower ﬁhan that of the L20 ppm He"alloy..'Fig. 2 shows
data for the stress ratio R = 0.05, for the high ﬁydrogen alloys. Linear
plots were obtained for 420 and 845 ppm alloys only. The irregular behévior

at higher hydrogen contents seems to be associated with the shape and the

amount of the hydride precipitates. 'The crack growth rate of the 845 ppmAH2

alloy for a given AK was the lowest among the hydrided alloys. Detailed
" examination of the crack surface on this alloy clearly showed stress
induced hydrides at the crack tip; the redistribution of hydrogen by

~ stress resulted in the growth of large hydrides, as will be.shown below.-




The low value of the crack growth rate in the 845 ppm,H2 vaﬂadium also
may be related to different fracture morphologies among the hydrided alloys.
Certain featcres of the rate curves for the higher mean stress
values are different from that for the low mean stress value. 1In the
low hydrogen (200 ppm) alloy an ‘increase in the mean stress’ 31gn1f1cantly -
increases the crack growth rate and this is con31stent with results for
9

brittle materials. In the 1500 ppm H alloy, on the other hand, the

crack growth rate was little influenced by the stress ratlo over the entire

range of AK. With regard to the crack growth rate of the hydrlded vanadlum,

there is generally a slope transition for all the stress ratlos, similar toA

that of alumlnum alloys contalnlng inclusions.lo This result is consistent °

with observations of stress—sssisted hydride growth during cyclic loading.

Informatlon on fatlgue crack nucleatlon in vanadium and the hydrogen

~charged vanadium alloys was obtained by determining the number of cycles

to 1n1t1ate a crack in the notched samples. Fig. 3 indicates a relative
merit of the hydrided alloys in delaying crack initiation, while little
influence of low hydrogen content (200 ppm) was observed.

Metallography

In order to study the formation of stress induced hydrides, the
420 ppm and 845 ppm H, alloys were chosen for observation of the fatigued
surface during crack propagation. A series of replicas at the crack tips,

investigated for the 845 ppm H2 vanadium alioy, showed several new hydride

particles which had not been seen when the crack tip was far away from'it.

Also noted was the dissolution of a hydride simultaneous with the growth

" of the adjacent hydride.

It should be noted that since crack initiation at interfaces of

hydrides has not been observed, the hydride particles in vanadium do




) not seem to aid crack initiation; rather they behave as obstacles during
crack propagation. Micrographs of the crack propagation surface in the
420 ppm alloy failed to reveal formation of any stress-assisted hydrides

at the crack tip.

Fractographic Observations'
The fracture surface in annealed vanadium revealed ductile striations,

: 5
as previously reported for unnotched specimens.)

“amount of hydrogen in solution (200 ppm),héd no effect on fractographic .
features.. However, the 420 ppm ﬁ2 élloy (neaf‘the solubilit&<iimit at room

4 o temperature, 460 ppm) revealed cleavage facets; Brittle cleavage vas

observed glso in.thé 1500 ppm H2 alloy. The general features of thé

fracture surfaces. in the present alloys are consistent with those reported

in the previous work.

Tﬁe‘presence of a_small : ‘ : '
DISCUSSION

The fatigue crack propagation parémeteré in Eq. 2 for vanadium

and vaqadium alloys at various stress ranges and mean stress fatids

are listed in Table 2. It can bé éeen that the‘power law exponent, m,

at a stress ratio of R = 0.4, noticeably incréases, from 2.67‘to 6.99,

with hydrogen concentration in sdlutidn in vanadium, but in the hydrided

vanadium,'the m value increases further only to T7.7. A cémparison,between

the 420 ppm vanadium' (hydrogen in solution) énd4the 1500 ppﬁ vanadium

(hydfided) alloys by varying the mean stress ratio shows that m values

in 420 ppm vanadium increase with R, while in 1500 ppm vanadium no

significant increment occurs, apart from: the re;ult at ﬁ = 0.516.

The effect of hydrogen on fatigue crack growth rates should be

relatable to some combination of'properties such as yield stréngth,_oy,




Py

and fatigue strain hardening eprnenf, n', whicﬁ will eventually conﬁrol
B . [} -

the size and properties of the plastic zone at the crack tip. An

inverse relationship between m-and n' has, in fact, been reported in

the 1iterature.ll’12

Several attempts have been made to derive the fatigue crack

- growth equation related to the mechanical property.parameters, but the

only model which takes into account directly the fatigue strain hardening
13

characteristic of materials is that proposed by Tomkins.

In terms of the stress intensity factor range (AK. = hova) ;

AK(l+n')/n' o

da m - A
w2
A3z

Ae '
-k = oa/("EE)n {obtained from a cyclic stress-strain curve)

For most of the experimental conditions of this work, 0.2 < a/w < 0.5 where

. ' -n')/2n!
w 1s specimen width, and thus for a constant w, Kl/n R a(l n')/2n

and ¢
‘m
should be relatively constant.

Therefore, Eq. 3 further reduces to a simple form of crack growth

law:
da ac /'L '
=T (1)
' (c.) '

y

where C 1s a constant.




'Comparison of the present growth rate data #ith the fatigue
strain hardening results reported previouslyS for the various hydrogenated
vanadiﬁm alloys, Table 3, shows a §trong invefse rélation beﬁween m énd
n'Avalués in both unalloyed and hydrogen-charged allojs.' To obtain a
' proportionality factor, called m', the m value was set equal to m’/n';
As a result two distinct regions of m' values betweén low and high hydrogen
vanadium-alloys were evaluated to be m' = 0.931 and m' = 0.665
respectively. This‘may be rather fortuitous'sihcé n' values in two
hfdrided alloys, as indicated in Table 3, are uncertgin but the results
seem to be within the limits between»tﬁo extreme vaiueé, one_each for -
low and high hydrogen alloys. Consequently, the present results for the
power law exponent could be explained in terms of ﬁhe fatigue strain
hardehing coefficient with a relationship of m = 0.931/n' for hydrogen in
solﬁtion and m = O.665/nf for the hydrided vanadium alloys. |

. A simple'felation also has been observed between the crack growth
rate constant, C, and yield stress,_oy}-as.shown in Table 4. The growth
rate constants for each alloy‘decrease with increases in m and hydrogen
cohcentration in alloys, which agrees with‘various models suggeéted in
the literature.lh_l6 It has been suggestedlh that the fatigue cfack
érowth rate should be related to the crack opening displacement, which
is inversely proportional to the square of yield strgngth, oi. In the
present work, Table 4 shows a relationship between the constant, C, in,"
the gppwth equation ahd oy. By éetting c =-a/0§, where o is a strué#ural
constant, two regions of a valﬁes between low and high hydrogen alioys
were found: a = 6.4 x lO_7 and o = l.L x 10_8,respectively. Thus the
‘results in the vanadium alloys for all test conditions may be rgpresented

_in two different forms of the crack growth equation; namely, for hydrogen




(Yo

in solution:

| 0.931/n'

da _ « -7 AK o

o 6.4 x 10 — -(5)
o
y

For the hydrided vanadium alloys:
' . 0.665/n' ~ -
da _ -8 AKX S
i ;.387 x 10 ———;E———f N (6)
¥

Cracking in all alloys was generally tranégranﬁlar although

'intergrénular cracking was occasionally observed..AIn both fypes of R
alloy (hydrogen in solution and hydrides) the rucleation and initial
:propagation of cracks was commonly at a single‘lécation; multiple
cracking was often seeﬁ only at the end of the frééﬁure process; when
unstable fracture occurred at higher stresses. The absence of secondary
éracks in hydrided vanadium also indicates thaﬁlcleavage of the pre— .
existing hydride was not the primary fragtﬁfé mechanism. In-situ .
"studies of fatigue crack pfopagétion, and an analysié of strésses at

. the crack:tipAbotﬁ suggest the gfowth of stresé—induced hydrides, bﬁt

"only in the previously hydrided alloys.
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Part 2

DELAYED FAILURE AND FATIGUE NOTCH SENSITIVITY
OF VANADIUM-HYDROGEN ALLOYS

INTRODUCTION

Studies on the méchanicaL properties of the grouﬁ Va fefractory
metals: Ta, V and Nb, have revealed hydrogen embrittlement charécteristics-
at low 1:em,pera‘t:ﬁrés,1"3 but there has been little or no wor# reported on
| delayed failure. It might be anticipated in these materials. that the high
mobility of hydrogen at room temperature would enhance migration‘td‘the
region of stress'concentration (notch:root) and affect time-dependent
fraéture behavior. In'ref..é and Part 1 of this repoft are described
faﬁigue experiment§ on vanadium-hydrogen alloys which showed‘marked .
imérovement of fatigue life when hydride particles were present,-whilé
"fétigué“érack“ﬁfopagétion’?éﬁes"ﬁéré not significantly affectéa.  It ﬁas
noted that éﬁress—aséisted hydrides formed only in the originally hydrided
alloys aﬁd that their formation enhanced fatigué resistapce.

The work on delayed failure was initiated to determine the foie of
hydfogeq in-solutidn and/or as a hydride phase in vanadium a;loys:on.the

delayed failure and notched fatigue characteristics.

EXPERIMENTAL PROCEDURE

Two differént shapes of vanadium (99.8% purity) have been obtained
from Wah Chang Corp.; roa form for notched fatigue tests and sheet form
for delayed failure studies. Tﬁe rod specimens, originally in the cold-
wofked_condition, were annealed for oné hour af 1050°C in vacuum, then
furnace coolea.~ The sheet sam?lesfof vanadium werevréceived in the
: annealed condition, and were anneéled as describéd in Part 1. Both férms'
of specimeﬁ wvere then annealed for 2 hours at 760%C‘in vaéuum'to give

final grain sizes of 85 um.. Hydrogen gas was in contact with the specimens




for two hours at 600°C for rods and at 660°C for sheets respectively,

followéd by slow cooling to .room temperatufe. qu fatigue tests threé
levels of H2 were introduced: ~ 132, hOO,‘and 1000 ppm, correéponding
to contgnts in earlier ﬁnnotched fatigue tests.5 For delayed failurg.
tests (stress-ruptu}e) fouf.levels of hydrogen were infroduced: '200,
430, 845, 'and 1500 ppm, corresponding to contents used iﬂ earlier work
propagation studies, see Tgble 1.

Fﬁlly reversed tension-compression fatigue tésﬁs in sfresé—control o
mode werevéonducted at room temperature by applying a ;iﬁeiw;;e at'20-Hz‘
on a closed-loop electrohydraulic machine; theée tesf.coﬁditions are.
siﬁilar to those utilized for the previous unnotched  fatigue gtudies;s
For delayed failure tgsts;'specimens were dead-weight ioaded at room
temperaturé in a cfeep—rﬁpture testing machine-and.times‘fo rupfure were
recorded at various load levels. The theoretiéal stresslconcentration

1

factor (Kt) was determined from Peterson™ and found to be 10.2 for the

rod speéimens and 5.8 for the sheet specimens respectively.

RESULTS

Delayed Failure

Results of delayed failure experiments on unalloyed vanadium

I3

and the hydrogenated alloys are shown in Fig. 4. It appears that vanadium -

and its solid-solution alloys with hydrogen are nearly insensitive to

~ delayed failure, indicating non-embrittlement characteristics. ‘Examination

of fracture surfaces revealed significant amounts oprlastic flow and -

'nécking prior to fracture. Hydrided alloys,'howevef, show typicai features

of delayed failure, analogous to those-observed in other materials which

exhibit delayed failure in hydrogen. For example, an incubation time



for crack initiation was noted, followed by a period of slow crack

propagation. An application of a nominal stress intensity, Kl‘= 8.4 MN-m—3/2
for ‘260 hours in a hydrided alloy (8&5 ppm H2) resulted in a significant
amount of hydride reornentatlon and growth at the root of the notch, see
Fig. 5. The hydride'plates are reoriented normal to the applied stress
axis. Fig. 5 feveals early crack‘initiation at the root of the notch 'in
. the region nf streés—induccd hydride growth; it shows that the initial
crack isAtransgfanular, parallel to the reoriented hydride platelets. 1In
~order to observe crack propagaﬁion behavior, the hydrided alloy (845 ppm H2)'
“was precracked by cyclic loading and then slowly cracked under sustained
load; thelappearance of the initial cracks was similar in both conditions,
‘bu@ siénificant amounts of hydride grew only in the delayed failure
speqiman;‘ This indicates that the formation of stress-assisted hydrideS':
can be.more effectively accomplished under the sustained load condition
~than under cycliclloading. Insignificant secondary cracking was ndted at
the interface of hydride and matrix, which is gquite contrary to observafions

made on b and other alloys.3 Metallogfaphic-examination of 430 ppm H,. alloys

2

below the solﬁbility limit of*hydroéen in vanadium) revealed no formation of

stress- 1nduced hydride in both delayed failure and fatigue failure tests,

altnougn extensive plastlc deformation occurred at the root of the notch.
Fracture suffaces of annealed vanadium and 200a-.pp1i1.H2 alloys could

not be examined fractographicall&'due to chisel point fractures which

involved excessive plastic deformation at the point of fracture. The

430 ppm H2’alloy_fractured with some combination of shear and cleavage

regions. The fracture surfaces of the 845 and 1500 ppm H, alloys exhibited 4

only the claavage mode in all stress intensity ranges.




‘with'regions of cleavage. in the 400 ppm H

to a given specimen with K
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Fatigue Hofch'Sensitivity
Fig; 6 is é plot of stress amplitude (o) vs. ﬁumber of cycleé ()
for séveral notched vanadium—hjdrogen élloys. In compérison'to
previously reported data for unnotched Vanadium,s'there,is little int'luence
of notches on the o-H éurve; A striking difference in behavior of vanadium-
hydrogen alloys was .noted, howéverf WhileAnotéhed sampies showed a sharp
drop in fatigue 1liTe with increasing hydrogen content, particularly rapid
for 130 ppm mé£erial; hydrogen at all levels increased the lives of unnotched
samples. TFig. 6 showé little difference in endurance limit betwéen thg' |
400 ppm H2 and lOOQ ppm H2_alloys, unlike the results for unnotched alloys. i
Fractgre modes in notched specimens were essentially similar to
those obser&ed in ref. 5; annealed vanadium revealed ductile striations.

Wavy striations were also -seen in 200 ppm H, alloys, but were interspersed

2

alloy. V-1000 ppm H, showed

2 2

only cleavage. facets.

DISCUSSION

The strégs intensities for unstable fracture, KM’ and the
threshold sﬁ;e;siiéﬁeméities, KTH’ as a funétion of hydrggen content in
vanadium, ob£éined.from Fig.l;,are summarized in Fig. T, together
with the s&heﬁéﬁic iineé for the estimation of the delineation between
non-embrittlement and embrittlement failure conditions at room temperature.
KTH in th present tests was defined as the highest initial stress intensity
= 5.8 which could be loaded without anticipation-

t
of failure within 1000 hours. It should, however, be noted that these .

values are of comparative use only, béing strongly dependent upon the Kt

value. Both KTH and KM values decreased with increasing hydrogen concentration,



corresponding to increasing yield stresses, sée Table 1. This trend may
be explained on the basis of the local variation of stress concentration
factors at notch roots in thé alloys. The yield strength can only
effectively provide limiting stress values for the maximum values of
stress which can be attained at the root of notch, and thus plastic
deformation at the root of a notch will léwer the stress concentration
factor. This indicates that for a given applied stfess intensity in the

range of small'plastic deformation, the stress concentration factor should

~ be greéter as the yield strengthincreases3simply because there will be

less plastic flow in the critical zone. The results also demonstrate
that the alloys containing hydrogen in solution deform in a normal manner,
with no sighificant effect of stress on the rupture time. This result

should be considered in conjunction with the observation that alloys with

. hydrogen in solution did not form stress-induced hydrides regardless of

the apblied stress levels, consistent'with results of high cycle fatigue
crack propagation tests, see Part 1. o

The éffeéts of hydrogen on the notched fatigue endurance limit, oe,‘
at lO7 cycles, obtained from Fig. 6, and notch sensitivity factor,

q =K —l/Kt_l, are summarized in Fig. 8. -The fatigue stréngth reduction

T

factor, K defined as endurance limit in absence of a notch, divided by

£
endurance limit in notched condition, and theoretical concentration factor,
Kt’ ére shown in Tablg 5. Alloys containing a high hydrogen content
(i.e. 1000 ppm H2) have high nqtch éensitivity, leading to poor fatigue
propertie;, compared to tﬁe marked improvements in properties noted in
smooth speciﬁens.-'In addition, it cahAbe seen that as hydrogen is

increased, the fatigue notch sensitivity factor, q, and strength reduction

factor, Kf,_(see Table 5) more nearly approach the values expected from
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theorétical'stress concentration factors. This indicates that the.

stress gradient. produced in the specimen by a notch results in an

appreciable decrease in stress at the notch root with decreasing

hydrogen comtent. Consequently, for the same peak stress, 1000 ppm H2
specimens are subject to the most severe stress gradient in a region

located in the critical zone established by the notch.
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Part 3 |

EFFECTS OF TEST FREQUENCY ON FATIGUE OF V——H2 ALLOYS

INTRODUCTION

,Previous_work in our laboratory has shown that hydrides increase
the foom temperature stress-controlled fatigue resistanée of‘ﬁoly—
crystalline vanadium5 and that the effect may be related to hoth deléyed
craék initiatioﬁ and slowed ;rack.propagation under identical crack tip
stress conditions. The earlier work showed also that o-N curves obtained
by plotting gatﬁration stresses in strain-controlled tests vs. number of
cycles to féilure did not agree well with o-N curves for stress-—control
experiments in fhe'case of hydrided alloys only.5 ,This‘anomolous behavior 
has previously been noted for molybdenum,18 and has been.attributed to ﬁhe
increésed‘freqﬁency usually employed in‘stress—controlled experiments.

The presént work is concerned with frequency effects on fétigue life of‘

vanadium~-hydrogen alloys.

EXPERIMENTAL PROCEDURE

Vanadium was obtained and heat treated as. described prew}iously.5
Fatigue and tensile éxperiments were conducted on specimens with 1l cm long
gage length and 0.5 cm gage diameter. All samples were electropolished
prior té testing fo-remove machine marks. Fully reveréed'tension—compressinp.
fétigue teéts wefe'conducted in éither stress or strain control in a.
© closed-loop electrohydraulié machine; For stress—contfolled tests at 25°C,
20‘Hz and 1 Hz frequencies were employed, with a sinusoidal wave shape. |
Strain-controlled tests were run with a triangular wave to maintain a
constant étrain rate; frequency ranged from 0.2 to.l Hz, depending upon

the maximum strain imposed. Cyclic hardening data were monitored with an
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X—Y recorder.

RESULTS

Fatigue Tests

The effects of test frequengy are shown in Fig. 9a) for vanadium
and 9b) for V—lQOO PPM H2, togéther with strain control data run at a
‘frequency near 1 Hz. The strain-cohtrol data were obtained by plotting-
satpration stré;ses’§s. number of cycles to failure. The cyclic strain
lhardening data obtained in these teéts have previously been reported.sl it
is clear that reducing test frequency from 20 Hz to 1 Hz lowefs the entire
g-N curve and that data for 1 Hz tests agree reasonably well with strain

control data.

Observation 6f Crack Paths
Surface deformation markings obtained from 1 Hz stress control
tests wére almost the same as those obéerved from strain control tests.
- 8lip band cracking and intergranular-transgranular crack growth were
noted for annealed vanadiuﬁ, and transgranular cleavage cracks initiating

at hydride plates:were observed for the V-1000 ppm H2 glloy.

DISCUSSION
The discontihﬁity in the ¢/N curves obtainea froﬁ stress-control
and strain-control tests in molybdenum has previously been attributed to
time.depgndent dislocation multiplication which is dependent upon the
test frequency.18 Figi 9 shows that there is indeed a small test frequency
effect on high cycle life of vanadium, which appears.to be responsible for

the small discontinuity in the o/N curves obtained by stress and strain

A
\.

control. The reduction in fatlgue 11m1t due to the decrease in the test o s
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frequency is not as great as for molybdenum.18 The'ratio of FL/UTS is-
about 0.52, highef than usually noted for fcc metals. Since the same‘high
ratio of FL/UTS is obtained at two frequencies differing by a factor of
20, and strain aging is very sensitive to strain réte; the effécts of
strain aging on fatigue limit seems to be minimal in thi§_material.
Therefore, thé high ratio of FL/UTS is probably an inherent property of
vanaaiuﬁ and other bcc metals, due perhaps to the high ratio of elastic
1imit to ultimate tensile strength; coupled with a low monotonic hardening
rate.'

The pronounced effect of test freguency on fatigue life of hydrided
Ayéﬁadium, Fig. 9b), is related to its dislocation structure; dislocation
multiplication is more time dependent than for annealed vanadium, probably-
due to interaction between fhe mobile dislocations and geometrically -
_necessary onés on the preéipitaté interfaces. A decrease in the inifial
cyclic hardening rate of hydriﬁed vanadium compared to annealed vanadium
aiso indicates that dislocation motion or multiplication was hindered by -
£he hydride plates. A significant decrease in fatigue lifetimes with ‘
decreasing frequency has previously been noted for low—carboh.steelsl9
and polycrystalline o iron.20 :In the latter invesﬁigation fatigue crétk
initiation was shown to depénd4sensitively on strain rate. Consequently,
it may be assumed thaf the increased flow stress in becc metals at higﬁer

strain rates delays crack initiation, particularly in two'phase materials

" or single phase materials in which strain aging may occur.
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Part b

FATIGUE OF NIOBIUM-HYDROGEN ALLOYS

INTRODUCTION

The present work extends the investigation oflinfluence of
hydrogen on fatlgue behav1or of group Va metals to unalloyed nloblum,t
two niobium-hydrogen solid solutwon alloys and twn hydrldpd alloys,
Fatlgue experlments have been conducted under both strain and stress

, ,

. control at room temperature and have been correlated with hydrogen—

- induced cyclic hardening behavior .and fracture morphology.

EXPERIMENTAL PROCEDURE .

Niobium received from Wah Chang Corp.’ (99.9% purity) was in the
form of annesled rod (1.27 cm diam.) with a grain size of ~ 100. um.
Fatlgue and tensile test spe01men with 1.0 cm gage length and 0.56 cm
gage diameter were first machined from the as-received nloblum and then
mechanically polished.A An annealing treatment was conducted-at 700°
'4for 2 hours in a vacuum‘of lO"7 torr, resulting in a final grain size

of 110 um. -Hvdrogen wes added by the same technique as for'vanadium5
'for two hours at 660°C the specimens were then furnace cooled.

Chemical analyses and microstructures of niobium and the n1ob1um alloys

are shown in Tahle 6. Solid solution alloys with 110 and 270'ppm hydrogen,v

as well as hydrlded alloys‘wlth 750~and.1180 ppm hydrogen were obtained;‘
Ten51le tests were conducted at room temperature in air with a straln rate
of 5 r‘lO 3'min—l. Stress~controlled fatigue tests vere. conducted in a
closed-loop electrohydraulic machine, at a frequency of.20'Hz, at room
temperature‘in‘air. Strain-controlled tests were perfofmed with‘a

triangular wave to maintain a constant strain rate; test frequencies

e
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ranged between 0.2 and 1 Hz; depending upon maximum strain. Cyclic
hardening was monitored during constant strain tests by a X-Y recorder.
These test procedures were identical to those employed in the earlier

work on V'-—H2 alloys.5

EXPERIMENTAL RESULTS

Tensilc Tests

The tensile behavior of niobium-hydrogen alloys tested at room -
temperature is summarized in Table 7. The 0.2% offset yield stress'of
'nioﬁium was increased substantially with increasing hydrogen content but
a severe reduction of ductility with hydrogen content resulted in only
.limited improvement of ultimate tensile‘strength. Similar tensile data‘
for niobium-hydrogen alloyg have been reported in the literature.

Fracture modes were aimpled rupture (chisel point fracture) iﬁ
annealed niobium and cleavage in the hydrogen.charged alloys. Both alloy
conditions, either with hydrogen in soiution or as hydride precipifatesg}
- revealed numerous cracks in the early stages éf plastic deformation. The
general surface crackiné morphologies in tension were similar to those
observed in veanadium. |

Fatigue Tests

"Fig. 10 shows the results of stress-controlled cycling tests in

- niobium with various levéls of hydrogen in the form of o, applied stress,
vs. Nf, number of cycles to'failurg. It sﬁows that fatigue live of |
niobium improves with increasing hydrogen content; the fatigue limits,
.ce;'at iOT cyclesfare appreciably increased in the hydrided alloys,
although only small ingreménts in fatigue 1life wére noted at higher

applied stresses. The ratios of G/OUTS as a function of Nf, plotted

in Fig. 11, seem to fall into a single line at higher stress levels
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‘and deviate at lower stress levels. The values of the ratios of

oe/oUTS at 107 cyclee are in the range of 0.5-0.7 generally reported
for bcc_netals.

Strain-controlled fatiéue tests were conducted with the same
materials used in stress control. The results are analyzed in terms of
totallstrain Aet/Z against Nf, as plotted in Fig. 12. The fatigue life
of annealed niobium is not Signfficantlymaffected by changing.cyclic mode
from stress control to strain control and reducing test frequency, but
'fatigue lives of the hydrogenated alloys in strain control are progressively
‘.reduced‘w1th increasing hydrogen content. fhese poor fatigue lives of theA
present alloys in straln control are similar to the observation made in the
hydrogenated vanadium alloys,5 which may in part be aecounted for by the_

deleterious effects of reduced cyclic frequency.

Fracture Morphology

Fracture surfaces of annealed niobium samples con51sted mainly of
ductile striationsr’ No significant differences in fracture mode between
stress control and straln'control were observed in annealed niobium.
_However, the 110 ppn H alloy shows a mlxed mode of cleavage-strlatlon
failure 1n stress control but malnly cleavage facets in strain control.
Both test condrtlons led to significant amounts of plastic flow comblned '
with fibrous features and river lines on the fracture surface. Crack
propagation in stress—control tests on the 110 ppm H2 alloy seemed to
be effectuated primarily through the formation of wide, shallow striatfons
on the cleavage plane, while'in strain control cracking is associated with
a complicated cleavage mechanism.' Fracture surfaces (stress control) of
270 ppm H2 alloy were basically similar to those of the 110 ppm H2 alloy

(striations formed on cleavage planes perpendicular to river 1ines), but
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'.secondaryncracks often formed along cléavage stepé, and this seems a
‘ty#ical mode of mixed shear-cleavage failure; In'contrast,;strain control:
. tésts'on 270 ppm H2 alloys resulfed'mainly in larger flat cleaﬁage facets

. and'also‘a significan£ number of grain boundary cracks; although failure
processes were.mainly~tfansgranular.

The fracture.surfaces of hydrided niobium alloys in stress contol
consisted of highly faceted cleavage surfaces,'with'a small amount of
secoﬁdary craéking, and occasionally intergranular cracks»folloﬁéd by
extensive’cléavage steps on a small scale.- Strain control, on the other
hand, resulted in large cleavage facets-with grain'boundary secondaryl
cracks, which afe similar to those observed in the 270 ppm H2 alloy in
strain control. “ |

Surface morphologies observéd by conventional metallographic
. techniques were génerélly consistent with features on the fractographs:

+ alloyo with hydrogen in suiuLluu at low stresses revealed én insignificant.
amounf of secoﬁdary surface;cracking but at higher stresses'muitiple
secondary cracké parallel to the primary crackvweré obsefyed. Hydrided
alloys exhibited mainly lérge sécondary cfacks at the interface between: f
ﬁatrix and hydride phése while the primary crack followed a mixed

intergranUlan—transgranular path.

| pIscussION
The results reported here are preliminary, but seem té indicate
the same éenerél effects of hjdrogen on fatigue life of niobium and p
.vanadium; betaile& analysis of the data must await determination of
cyclic strain hardening'data, observations of crack initiation and

propagation, and determination of the effect of hydrogen on the dislocation .
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substructure generated by fatigue of niobium.

OVERALL SUMMARY

The room temperature cyclic behavior of vanadium-hydrogen alloys
has been shown té'depend.sensitively upon both microstructural and
external test cénditions. Preliminary work to date on niobium-hydrogen
alloy; has‘revealed.a ﬁattern of behavior ih high and low cycle fatigue
of unnotched sémples similar to that observed for vanadium. The
followiﬁg is a summéry of the most important fesults and conclusions
of‘our wérk:

l.r Hydrogen in solution has a small bénefiéial influence on
,fatigué behavior of unnotched vaﬁadium and -niobium tested in the high
cyéle range.

2. Hydrideé produce a marked improvement in fatigue life of both
unnotched vahadium and niobium tested in the high cycle range.

3. Hydrogen at all levels is detrimental to low cycle fatigue
resistance of vanadium and niobium. Hydridés are particularly harmful.

L. Test frequency is an impértant variable for hydrided vanadium.

5. Hydriﬁés‘delay crack initiation and early propagation in
unnotched vanadium;fcrack propagation rates are increased by hydrogen
for the same test coﬁdi£ions. Crack propggation rates depend uponthe
cyclic strain hardening rate, n', and the'yield stress..lFor identical
cragk tip plastic zéne sizes, hydrides slow crack propagation.

6. The detrimental effects of hydrides oﬁ low cycle fatigue

'behaviof arise from three conditions: ‘

a) decreased fatigue resistance at the low test frequencies ‘\.

characteristic of low,cycle tests
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b) decréased monotonic tensile ductility

c) decreased cjclic étrain hardening raﬁes.
T. The in£roduction'of a sharp notch into unalloyed vanadium
has iittle effect, but causes a pronounced deterioration in fatigue
properties‘of hydrogenated alloys.. The notch sensifivity index increases
with hydrogen content.
. 8. Hydrided ﬁanadium is subject to delayed failure; unalloyed
vanadium and solid solution vanadium—hydrogen‘allpys do not exhibit
delayed failure. |
9. Pre-existing vanadium hydrides grow and reorient in the
triaxial séress field ahead of a notch or crack. No hydrides are observed
as ; result of-streééing solid soiution vanadium-hydrogen allojs.
’ 10. fatigue stfiations are noted in unalloyed niobium, but

‘increasing hydrogén content lead to a cleavage mechanism of crack growth.

ADDITIONAL CONTRACT INFORMATIOW

Effort and Compliance

The principal investigator, N. S. Stoloff,lhas been devotiﬁg
épproximately 25% time during th¢ academié year, exéept for the four
months feriod 1 Séptember,.l976 — 1 January, 1977, when he was on
sabbatical leave and no time was charged to the program. Effort during
the swmer months was at 1/3 tiﬁe. For the balance of the current’
contract yeaf 35% time will be charged to the contract in view of

extensive efforts in preparing several papers for publication. The

25% academic year, 1/3 time summer months level of effort is planned
for the period 5/1/77 - 4/30/78. Dr. D. W. Chung, a post-doctoral
research associate, has been working full-time on this program. K. S. Lee

received his Ph.D. degree in Fall, 1976. R. Venkateshwar was employed
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-as a fesearch assistant during fhe Fall 1976 semester, but was
. recently withdrawn from Rensselaer. Aﬁ uﬂdergraduate research
assistant will be emplOyed tb assist Dr. Chung.

fhe essential tasks outlined in Proposal No. 175(76R)3308(21)
which formed the basis for the research reported here have been

complied with as of this date.

Reports and Publications
co0 3459-8 "Effect of Oxygeﬁ on Deformation and Fracture éf

Polycryétalline Oxygen", by R. L. Straw and N. S. Stoloff, was published
in Metallurgiéal Transactions, V. TA, 1976, pp. 312-31h.

| CdO 3459-9 "Fatigue of Vanadium-Hydrogen Alloys", by K. S. Lee
and N. S. Stoloff, was published in Proc. Conf. on Effect - of derogen A
on Behavior of Materials, AIME, New York, 1976, pp. h0h-lik.

| A paper entitled "Effect of Hydrogeﬁ on Fétigﬁe Crack Propagation
in Vanadium”, by D. W. Chung and N. S. Stoloff has been submitted to
_Metallurgical Transactions.
A paper entitled "Effects of Temperature and Test Frequency on

Fatigue of V-H, Allqys",‘by K. S. Lee and N. S. Stoloff, is to be

submitted for publication during February 197T7.
. A paper entitled 'Delayed Failure and Fatigue Notech Sensitivity
of Vanadium-Hydrogen Alloys", by D. W. Chung and N. S. Stoloff, is to be

submitted for publication during February 197T.
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Table 1

Chemical Analysis of Vanadium Alloys and Their Yield Stresses

Specimens

V~Ann¢éled
V-Heob
V-H420
V-H520
V;HBhs
V_H1000’

V-H1500. "

H

6
200

- Lh20

520

- 8hs
1000

1500

0

(i ppm)

65

170

130

190

300

480

hof

21

39

12

43

57

Yield Stress

(v /m?)

136.5

1&6.1A
173.34
181.7.
189.3 .

192.5

203.7h'A3

Microstructure

Solid Solution

Solid Solution'

-tSolid Solution

Hydride (20 im)
Hydride (40 yum)
Hydride (60 ym)

Hydride (70 ym)



" Table 2

Fatigue Crack Propagation Data for Vanadium and Hydrogen Charged
Vanadium Alloys at Various Stress Range and Mean Stress Ratios.

Specimens Ao (MN/mg) R (= ;;&iﬁ) m - C (em/cycle)
max
. V-Annealed 46.06 - 0.4 2.63 3.67 x 1072
V-H200 . 43.92 0.4 3.0 3.05 x 1077
V-HL20 Lh.68 0.4 6.99 ‘; 1.97 x 1072
V-H1500 © k43.99 0.k 7.7 - 2.80 x 107
V-HL420 - o 43.92 0.05 6.5  3.35 x 1071
v-s20  h3.bh 0.05 7.15  5.18 x 1071t
V-H830 . 43.85 ‘ 0.05 6.7 368 x 10712
V-H1500 : 43.37 0.05 7.7 2.48 x 1071t
V-HL420 43.92 4 0.05 6.5 . 3.35 x 10711
V-HL20 | hh.82 | 0.4 6.99 1.97 x 1072
V-EM20  31.37  0.516  8.33 9.4k x 107
Cvemseo 321 . 0.05 71 279 x 107t
yemIS00  © 32.27 0.516 8.7 2:39 x 1072
V-H1500 43.92 ‘o.bs T.7 2.48 x 107t
V-H1500  143.99 ok 1.9 1.89 x 107




Table 3

Data for Power Law Exponent, m, in Fatigue Crack Propagation
Equation, Compared in Fatigue Strain Hardening Exponent, n'.

Specimen | . mo n' o ‘ ;ﬁ' (n'/n' = @)
VoAnmealed - 2.63 % ) ~0.33 | 0.872",‘
v-H200  3.00 % | 0.297 - 'Ao.892 f . 0.931 ave.
> © V-H420 | 6.5 | 0.159 1.032) -
v-ES20 7.5 0.1 *% 0.715]
V-H830 . 6.70 - 0.1.** , 0.67 % 6.665 ave.
V-H1500 .0 7.70 ~ 0.08 0.61 j

* R= 0.4 - : }
**_Agproximated from a plot of n' vs. Uv/oUﬁs



Table b

Data for Fatigue Crack Growth Rate Constant; C; in Paris Equation in Comparison
with Yield Stresses, oy, in Vanadium Alloys '

1/2

Soecimén - .7 C (emfevele) o (MN/m2) | o (d/di =C) (m"7)
Q-Anﬁealed | 3.67 x 1077 136.5  6.8x107°
1'AV;H200 305 %1077 146.1 6.5 x 10"5‘} =~ 6.4 x‘iO_S ave.
V120 19T x 1079 173.3 5.9 x 1077
V=520 * 5.8 x 107% 1817 1.7 x 10‘61 | |
| V-H830 ’ %3.68 x 1070 '189.3. 1.3 x 1070 - 1.& x 10‘6-5ye;
vemisoo . 2.79 x 10712 203.7 1.2 x‘lO—6J A

-%¥ R = 0.05



- Tahle S

Fatigue Notch Sensitivity Data in Vanadium-Hydrogen Alloys

o } ~ KoL T
~ Specimen . , E{l - & | q:«_K ) at 10 cycles .
V—Annéalgd 10.2 1.5 , 0.156
V-H200 _  10.2 2.35 © 0.255
. yemkoo - 10.2 T B | 0.45 I

- V-H1000 w2 ¢ 6.98 0.652



“Alloys

Nb-H110
Nb-H270
Nb-HT750

Nb—HllBO

Mb-Annealed

H

Table 6

S

~ (in ppm)

2
110
270
750

1180

112

290
3k0

320

N

21

31
3k
64

Chemical Analyses of Niobium-Hydrogen Alloys

Microstructures

‘ solid'solution

- solid solution

solid solution
hydride phase

hydride phase




- Alloys

| ; Nb'-Anneale.}d
" Nb-H110

Nb-H270

No-HT50 |

' Nb-H1180

Table T -

Tensile Data for Niobium-Hydrogen Alloys

O;_Zigy | urs ﬁnifom e (3) . Total e (%)

(ev/m?) - (1/m°) e o
1103.307  182.126 5 s

118,150 Coasar 31 Lo o
121136 223.3%0 . 32 I
C127.001  217.35 s

153.373  © 223.595 Wws o o;
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FIGURE CAPTIONS

Fatigue craék prdpagation rates, da/dN, plotted.aé a funétion of
stress intensity factor, AK, at room temperature for: various
hydrogen concentrations in vanadiumf

Fatigue crack propagation rateé, da/dN; vs; stress inteﬁsity_factor,
AK, at mean stress ratio, R = 0.05, in hydrogén charged vanadium

alloys.

Number of cycles, AN, (to initiate a crack length of AC = 0.0127 cm)

against hydrogen concentration in vanadium alloys at applled stress
range - = 87.7 MN/m . |

Stress intensity vs. time to failure in vanadium-hydrogen alloys.
Stress-induced hydride at the root of a notch in 8h45 épm H

> gl;oy,

. loaded to K = 8.4 Ml\I-m_?’/2 for 260 hours at room temperature.

Stress amplitude vs. number of cycles'to failure fof hydrogen alloys:
a) notcﬁed, bj unnotched.

Stress intensity for unstable fracture and threshold stress intensity
as a function éf hydrogen concentration in vanadium, show1ng the
boundary of delayed failure mode between alloys w1th hydrogen. in
solution and hydrided alloys. |
Fatigue notch sensitivity factor and endurance limit as a funection

of hydrogen content in vanadium—hydrogen alloys;l

Effect of test frequency on fatigue of a) vanadium and b) V~1000 ppm H,.
Stress ampiitude vs. cycles to‘failure of niobium and niobium—hydrbgen
alloys. |

o/o - Nf plot for niobium and niobium-hydrogen alloys.

UTsS

Total strain amplitude against cycles to failure of niobium and

niobium-hydrogen alloy.




. Fig. 1. Fatigue crack propagation rates, da/cLI plotted as a functlon
stress intensity factor, K, at room temperature for various
hydrogen concentrations in vanadlum
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Fig. 2. Fatigue crack propagation rates, da/dN, vs. stréss 'in_,tensity.'
, - factor, K, at mean stress ratio, R = 0.05, in hydrogen charged
' vanadium alloys. ' :
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8 V—H 1500 ppm ; Ao =43 37 MN /m?2
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Fig. 3. Number of cycles, ANi, (to initiate a crack length of AC = 0.0127 cm)

20

Nufnbe_r of cycles (AN x IO%) |
o

against hydrogen concentration in vanadium alloys at applied stress
‘range, Ac = 87.7 MN/m2. ,

Number of Cycles for the Initiation of the Crack Length

o

of AC=0.0l127 cm.
Ao =877 MN/m2 R=0.05
- Notch length = O.127 cm

Notch radius =0.019 ¢m

o0

—200.

' Solubility limit (460 ppm)

! ] Zo

500 1000 1500

~Hp (in ppm)
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.Eig. 4. Stress intensity vs, time to failure in vanadium-hydrogen alloys.




Fig. 5. Stress-induced hydride at the root of a notch in 8L5 ppm H
alloy, loaded to X, = 8.4 wmir-m=3/2 for 260 hours at room
temperature.
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Fig. 6. Stress amplitude vs. number of cycles to fallure for hydrog=n

alloys: a) notched b) unnotched.




- Fig. 7. Stress intensity for unstable fracture and threshold stress

' intensity as a function of hydrogen concentration in vanadium,
showing the boundary of delayed failure mode between alloys - -
with hydrogen in solution and hydrided alloys. o
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Fig.. 8. .

Fatigué notch senéitiVity factor and endurancé limit as a o
‘function of hydrogen content in vanadium-hydrogen alloys. = .
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