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Effect of Crack Closure in Nb-H Alloys
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ABSTRACT

The effect of crack closure on near-threshold fatigue crack propagation rate
has been investigated in niobium-hydrogen alloys. The study was undertaken
with the ultimate goal of determining the role of hydrogen in conjunction
with effects of crack closure on the fatigue and embrittlement processes of
niobium as a representative of group VA metals. Fatigue tests were
performed at room temperature on a hydrogen-free specimen as well as
specimens containing hydrogen in solid solution and in the form of hydride.
Compact specimens were tested using a tension-tension loading cycle at a
frequency of 4 Hz and load ratios of 0.05, 0.4 and 0.75.
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INTRODUCTION

Numerous investigations in the 1i

terature have concentrated on the effect of
hydrogen on monotonic mechanical behavior of group VA refractory metals

vanadium, niobium and tantalum (Farahani et al., 1981, Ghar et al., 1977).
Nevertheless, little attention has been directed to the influence of
hydrogen on the fatigue crack propagation behavior in this group of metals.
Among the early investigators in this field, Beevers (1970) found that the
restriction of twin formation by the hydride precipitates can increase the
life of a-titanium. Wilcox (1964), however, reported that hydrogen in solid

s0lid solution and hydride forms significantly reduce the fatigue life of
~ tantalum.

In contrast, Lee et al., (1976) reported that vanadium containing hydrogen

in the form of hydride significantly improved fatigue life in the high cycle
tension-compression operation. Chung et al., (1978) found that vanadium
alloys containing hydride are more resistant to crack initiation than alloys
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with hydrogen in solid solution. Owen et al., (1987) suggested that
hydro.gen in solution is the predominant cause for both the strengthening and
em?rlFtlement observed in V and V-Cr alloys. Hydrides, however g
existing or stress induced, appear to make little or no contributier;.

either

Fariabi et al., (1983) investigated the effects of hydrogen on th

near - threshold fatigue crack growth rate of niobium at room temperaturee
The results indicate that the threshold stress intensity range AKth.
decreases with the addition of hydrogen and reaches a minimum (Al,(th)rnin’
at a hydrc?gen concentration approximately equal to the solubillity limit olf
hyd.rogen in niobium. As the hydrogen concentration exceeds the solubilit
:!_1m1t, AKth increases with the increase of the amount of hydrogen dissol g
1r.1 the specimen. From these results, it was suggested th:i
dislocation-hydrogen interaction plays an important role in th

embrittlement process. Polvanich et _al., (1987) have investigated the
effect of temperature on near-threshold fatigue crack growth rage in the
niobium-hydrogen alloys at 273 and 400 K. At both temperatures the resulte
slt:ov.q that the behavior of AKth as a function of hydrogen conc’entration 'ss
similar to that obtained by Fariabi et al., (1983) at room temperature 1It

was a o oun a (A )min increase the o]
1s f d that Kth ses linearly with
increase

in

The faffect of crack closure of fatigue crack growth has been studied b
Halliday et al., (1981). They showed that the difference in crack growtz
rates can be substantially accounted for by an effective stress intensit

gactor range parameter in Ti alloys. Gray et al., (1984) observed that thy
influences of grain size and mean stress on fatigue crack growth in ’I'?
alloys are attributed to mechanisms of roughness-induced closure and th:L
degree of crack path deviation. Shih et al., (1974) showed that cr ke
closure occurs during fatigue for the Ti alloys. However crack closac

canr'\ot be regarded as the sole cause for the various observt;d phenomena ufl;e
fatigue. It cannot completely account for the influence of stress ratio oxf

fatigue crack growth; neither can it f i
i ; ully explain the dela
under variable-amplitude loading. b pfsansaen

?endse et al., (1985) investigated the role of hydrogen attack i
1nf1ue.ncing fatigue crack growth in pressure vessel steels. They found t}:.:?t
the microstructural damage from grain boundary void formation followi
prc?longed exposure to high temperature, high pressure hydrogen environmenr;g
which c.auses severe degradations in strength, ductility and toughne :
properties, has only a marginal effect on the propagation of fatiguegc:asi
at near-threshold levels since any acceleration in growth rates due :o
hydrogen attack damage is offset by a local reduction in crack driving f
from the concomitant increase in crack closure. g rores

Todd et: al., (1988) recently proposed a new mechanism of crack closur
resulting from hydrogen embrittlement. As they investigated the
cathodically protected ASTM A710 steel tested in seawater, they obs ?i
that the increased threshold stress intensity range and sléaw chck :;v:h
rates could not be attributed to calcareous deposit formation, but a geaw d
to be a function of hydrogen embrittlement resulting in 'metal lLpeci o
developing in the crack wake and contributing to crack closure. ges

EXPERIMENTAL PROCEDURES

The §pecimens used in this investigation were made of pure niobium (99.85 %)
furnished by Teledyne Wah Chang Corporation in the form of a sheet 1 mm in
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thickness. Compact tension specimens were machined out of this #heest i1
dimensions chosen such that a plane stress condition was satisfied The
specimen preparation as well as the method used to introduce hydrogon are
described in detail elsewhere (Fariabi et al., 1983) .

Fatigue tests were conducted in a tension-tension loading with a closed- loop
electro-servohydraulic material testing machine in a haver-sinusoidal load
cycle operating at a frequency of 4 Hz. The tests were performed at load
ratios of 0.05, 0.4 and 0.75. The stress intensity range, AK, was

determined using the expression

AP

AK= f (a/w)

BWl/2

where AP is the load range, B and W are the thickness and the width of the
£ specimen, respectively, and f(a/w) is the compliance function, where a is
the crack length.

The change in crack length was determined by measuring changes in the
electrical potential at two points across the crack where a constant

alternate current was applied. The system used in measuring the crack
: extension as well as the method used in measurements are described in detail
- elsewhere (Polvanich et al., 1987). The tests usually were terminated when

the crack length was about 60 ¥ of the specimen width.

Measurements of crack closure to determine crack opening load on
near-threshold stress intensity level vere made by means of electrical

potential and clip-on gage technique. The applied load versus the output
(electrical potential and displacement) curve were recorded on a XxX°y
recorder at a freguency of 0.04 Hz. Closure load was determined from the

point where the curve deviated from linearity during the unloading cycle. To
detect the slight variations of linearity in load-output curves, a
subtraction circuit system was used to facilitate the specifying of the
closure load (Kikukawa et al.,1976).

RESULTS

The fatigue tests were performed at 296 K on hydrogen-free as well as
hydrogenated niobium specimens. All specimens were fatigued using a
tension-tension loading cycle at a frequency of 4 Hz and load ratios of
.05, 0.4 and 0.75. Figures 1(a) through 1(c) show the crack growth rate,
da/dN, as a function of stress intensity range, AK, for all the hydrogen
concentrations used in this study. The majority of the curves in the
figures represent the crack growth rate in Regions I and II. In some
specimens, however, the tests were extended to cover Region III or part of
L€ From these figures, it can been seen that at the low crack growth rate
(near-threshold) , there is a strong dependence of AKth on the concentration
#t hydrogen in the specimen. This region is then followed by Region II
_where da/dN gradually increases with AK.

+he threshold stress intensity range, AKth, as a function of hydrogen
sancentration is plotted in Fig: 2. From Fig. 2, one can see that at
¥=0.75, AKth of hydrogen-free niobium exhibits the highest value and this
value decreases continuously as the hydrogen concentration is further
ncreased. The results at R=0.05 and 0.4 show that AKth of hydrogen-free
siobium is still the highest and decreases as hydrogen is introduced but
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Fig. 3. Effective threshold stress intensity range,
AKeff,th, as a function of dissolved hydrogen in
Nb-H alloys at R=0.05, 0.4 and 0.75.

Fig. 1.Fatigue crack propagation rate, da/dN, as a function
of stress intensity range, AK for different hydrogen
concentrations in Nb-H alloys at (a) R=0.05, (b)
R=0.4 and (c) R=0.75.
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reaches a minimum at a critical concentration where the maximum
embrittlement occurs. As the hydrogen concentration exceeds this critical
concentration, AKth increases with the increase of hydrogen content in the
specimen. Also observed in Fig. 2 is that the values of AKth at R=0.4 are
jower than those obtained when the load ratio equals 0.05. Moreover, the
variation in AKth with hydrogen concentration is much reduced at R=0.75.

Crack closure measurements were made on near-threshold stress intensity

jevel at freguency of 0.04 Hz. Figure 3 represents the effective threshold
stress intensity range, AKeff,th, as a function of hydrogen concentration.
From this Fig., one can observe that at R=0.75 the relationship between

effective threshold stress intensity range and hydrogen concentration shows
the similar behavior as threshold stress intensity range vs. hydrogen
concentration. The effective threshold stress intensity range decreases
continuously with the addition of hydrogen. This Fig. also shows that at
R=0.05 and 0.4, the AKeff,th decreases continuously with the addition of
hydrogen in solid solution and in the form of hydride and does not exhibit
the same trend as AKth vs. hydrogen concentration.

In order to determine the mode of fracture which occurred during crack
propagation, the fracture paths of fatigued specimens were examined using an
optical microscope. Figure 4 displays the fractograph of fracture paths of
niobium-hydrogen alloy. Crack branches can be observed at the specimen
containing 850 ppm wt. H tested at R=0.75.

Fig. 4.Fractograph of fracture paths of niobium specimen
containing 850 ppm wt. H at R=0.75.

DISCUSSION

From Fig. 2, one can see that at R=0.75, AKth decreases continuously even
though the amount of hydrogen exceeds 402 ppm wt. which is the stress-free
solubility 1limit of hydrogen in niobium at room temperature (Table T) s The
critical hydrogen concentration where the maximum embrittlement occurs is
not observed as it was reported earlier (Fariabi et al., 1983). This
pehavior indicates the presence of two mechanisms which are responsible for
the embrittlement of niobium with hydrogen. The first mechanism is
responsible for the hydrogen embrittlement in the solid solution phase, and
the second mechanism becomes operative when the hydride phase is present.
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Table I vVariations of the critical concentration at maximum
smbrittlement, Ccr, and the solubility 1limit, C, as a function of
tsmperature.

T Cecr C

K ppm wt . ppm wt.
400 260 1271
350 350 775
296 450 402
273 650 253
220 990 75

¥rom their study of ion microprobe analysis for niobium hydride in
hydrogen-embrittled niobium, Grossbeck et al., (1976) reported that the
thickness of the Nb-H layer is about 1 pm. The SEM evidence also indicated
that hydride-like layers occur at fracture surfaces with dimensions in the
order of microns (Grossbeck,1975). From Table II, one can see that the
magnitude of CTODmax is several order of microns and is comparable with the
thickness of the Nb-H layer. This result indicates that there is a
possibility that the hydride occurred at fracture surfaces in niobium may
contribute to crack closure which is similar to the oxide-induced crack
closure proposed by Suresh et al., (1981) . However, it has been observed
that the thickness of the oxide is in the order of 6 nm below 400 K
(Grundner, 1984) and hence no indication of oxide-induced crack closure is

to be expected in niobium. Thus, in addition to plasticity-induced crack
closure operated at all Nb-H alloys, the formation of hydride may lead to an
increase in the magnitude of the crack closure at low load ratios. The

hydride-induced crack closure becomes more effective at low temperature
since the solubility 1imit of the specimen is much lower at these
temperatures.

Figure 3 shows the variation in AKeff,th with the hydrogen concentration.
The values of AKth and AKeff,th are also listed in Table II. These values
indicate that except for the test at R=0.75, the intrinsic fatigue crack
growth thresholds, AKeff, th, do not follow the same trend as the apparent
AKth values for hydrogen concentration exceeding Ccr. The effect of
hydrogen and load ratio in niobium can be seen after separating the
influence of crack closure from AKth, a significant decrease in AKeff,th
can easily be observed. Consequently, the crack closure behavior appears to
influence the AKth markedly. Moreover, AKeff,th is essentially independent
of load ratio for the same hydrogen concentration and hence crack closure
can account for the variation of AKth.

The role of hydrogen in influencing the near-threshold fatigue behavior
becomes complicated due to the effects of two competing mechanisms between
the promoting hydrogen embrittling and the retarding crack closure effect.
Table I lists the values of critical concentration, Ccr, where maximum
embrittlement occurs and the stress-free solubility limit, Cc, of hydrogen
in niobium. As reported earlier (Polvanich et al., 1987), the value of the
activation energy, Q, which represents the slope of the linear relationship
between the natural logarithmic of hydrogen concentration for maximum
embrittlement, Ccr, and the inverse absolute temperature, 1/T, is equal
to 1370 cal/mole or 0.059 eV. This activation energy can be considered as
the energy barrier for crack closure to overcome the hydrogen embrittling
effect in niobium. Thus, Ccr represents the balance point between hydrogen
embrittling and crack closure effect.
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Table II Values of threshold stress
effective threshold stress intensity range, AKeff,th, maximum cyclic crack
tip opening displacement, CTODmax, and load ratio, R, as a function of
hydrogen concentration, Co, for temperature of 296 K.

intensity range, AKth,

AKth

AKeff,th CTODmax
ppm wt. MN/m3/2 MN/m3/2 pm
0 0.75 4.3 378 134,12
280 0.75 3.4 323 7.04
468 0.75 3.2 2.94 6.08
850 0.75 2.5 2.23 3..52
1181 0.75 2. 3 2,07 2::56
0 0.05 8.0 3.28 312
0.4 6.5 3,12 5419
239 0.05 5:2 322 1.13
0.4 3.5 2.80 1.28
529 0.05 5.2 2.76 1.11
0.4 3;:3 267 1.12
1047 0.05 5.5 2.20 0.99
0.4 3.6 2.34 1.06

The effect of hydrogen and load ratio on fatigue crack growth properties arec
interrelated. The effect of hydrogen on AKth is controlled by the
concentration of hydrogen at the crack tip and its influence on crack
closure. The hydrogen may induce hardening and softening of material thus
affecting plasticity-induced crack closure. Values of maximum cyclic crack
tip opening displacement, CTODmax, calculated from experimental results are
given in Table II. From this table, one can see that CTODmax increases as
load ratio is increased and hence the crack remains open for most portion of
the fatigue cycle. The increasing CTODmax associated with a high load ratio
leads to reduction in plasticity-induced crack closure under plane stress
condition (Budiansky et al., 1978). Table III lists the cyclic plastic zone
from previous microhardness measurements (Fariabi et al., 1984).
The cyclic plastic zone size have been observed to show a similar behavior
as AKth vs. hydrogen dissolved. Furthermore, the values of cyclic plastic
zone size at R=0.4 are lower compare to those at R=0.05 and hence, the lower
plasticity results in less crack closure. Consequently, the amount of
plasticity-induced crack closure increases with decreasing load ratio. The
AKth values have been observed to be considerably higher where larger
plastic zone is formed and hence more plasticity-induced closure at low load
ratio. Conversely, AKth values are lower resulting from the lower formation
of plastic zone at high load ratio.

size, r,

At a low load ratio R=0.05, the amount of available hydrogen around the
crack tip is much less due to the low hydrostatic stress. The effect of
closure can be significantly enhanced at low load ratio due to small crack
opening displacement. As the hydrogen concentration is above the critical
concentration where maximum embrittlement occurs, the hydrogen embrittlement
of niobium is offset by overcoming the energy barrier of crack closure. At
load ratioc R=0.4, the closure effect on specimen reduces significantly and
thus the AKth does not increase remarkably as the hydrogen concentration
exceeds the critical concentration compared to result obtained at R=0.05.
Therefore, with the greater crack opening displacement and less cyclic
plastic zone size at higher load ratio, AKth values would decrease. At a
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the effect of crack closure is negligible f?g
i n in soli

not compensate for the intrinsic embrittlement of hy%foizases ki

:zzution or in the form of hydride. Accordingly, the AKth :iloys

hydrogen concentration is increased for all niobium-hydrogen .

high load ratio of R=0.75,

i i a
values of plastic zone size, r, and load ratio, R, as

ITI
e Co, for temperature of 296 K.

function of hydrogen concentration,

R r
Co
mm
ppm wt.
0 0.05 1.60
0.4 1..50
70 0.05 6.00
116 0.05 0.42
0.4 0.44
0.20
0505 .
0 0.4 1.00
0.34
0.05 .
e 0.4 0.16
0.50
0.05 .
o 0.4 0.14
0.30
0.05 5
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1.80
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Loz 0.4 1.45
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CONCLUSIONS

i conclusions
¥rom the results obtained in the present research, the following

an be drawn :

stress intensity range, Akth, of niobium isogerydﬁ;ir
io R=0. an .4,

{luenced by the presence of hydrogen. At 1ower.10ad ratlis e el

4 AKth increases as the hydrogen concentration excee o o

i i e e

: ntration where the maximum embrittlement occurs since B e

”HC: losure can compensate for the intrinsic embrittlement Z i dgratio

E i oot i trast, at higher loa

i 1 dride. In con i
TR tion or in the form of hy ; ‘ s
ﬂx:ssot;e AKth decreases as the hydrogen concentration increases Z&lif che
i i oe
7?;' ;1 concentration where the maximum embrittlement occurs
dc

Kist.

{1) The threshold

stress intensity range as a function of

4y The behavior of the threshold A ere e e

concentration suggests the presence of two

ydrogen
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responsible for the embrittlement of niobium with hydrogen. The first
mechanism is responsible for the hydrogen embrittlement in the solid
solution phase, and the second mechanism becomes operative when the hydride
phase is present.
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