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CHARACTERIZATION OF FATIGUE DAMAGE PROCESSES IN A FINE-GRAINED
COPPER TESTED IN AIR AND IN VACUUM.

*
J. MENDEZ, P. VIOLAN, M. QUINTARD and C. GASC

The evolution of the surface fatigue damage in air and in
vacuum with the number of fatigue cycles is characterized in
both environments by the measurement of the density and the
mean length of the surface microcracks.

From these data the effect of the air environment on the
different stages of fatigue damage is discussed. The air envi-
ranment fastens the fatigue damage during all the stages. Mo-
réover, in high cycle fatigue conditions, the environment in-
duces different microcrack nucleation mechanisms : crystallo-
graphic in air, intergranular in vacuum.

INTRODUCTION

The atmospheric environment generally reduces fatique life of metals
and alloys. When experiments are conducted in vacuum or in inert atmosphe-
res, fatigue life is often longer than in air (1).

Although this behaviour is known since fifty years, the role of the
environment on the different stages of the fatigue damage leading to
failure is still discussed. In particular, its effect on the stage of
crack initiation still remains a controversed subject (2). In the case of
copper, oxygen is the primary damaging element, and its action is enhanced
by water vapour (3). Two opposite points of view about the effect of
environment on crack nucleation processes can be found in the litterature.
Thompson et al. (4) have written that in air, persistent slip bands become
regions of high oxygen concentration due to cyclic strain-induced vacan-
cies generation. Then, this oxygen by diffusing in and near the bands
could weaken the crystal, in a first time, leading to early microcracks
formation near the surface. In a second time, oxygen prevents rewelding of
nascent cracks and accelerates the nucleation process. On the contrary,
Wadsworth and Hutchings (3) do not agree that gaseous environments affect
crack nucleation. For these authors, the appearance of intrusions, extru-
sions and microcracks is similar in air and in vacuum for an equivalent
number of cycles, and only further development of the fatigue cracks takes
much more time in vacuum than in air.
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EXPERIMENTAL PROCEDURE
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RESULTS AND DISCUSSION
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Test Control Controlled N : N N Crack initiation
Mode parameter Eate F.vac _F.vac sites
amplitude cycles cycles NF air AIR VAC

bt -3

A Strain — = 3.2 10 7200 43750 6 g.b. } g.b.

B Load -2 - 5w 0.310°% 2. 108 7 gq.b. } g.b.
Z 2

¢ Load 2“ - 86 MPa 510 >5310° >10 p.s.b. | g.b.

|

TABLE 1 - Number of cycles to failure in air and in vacuum for three
cyclic loading conditions and crack initiation sites ;
grain boundaries (g.b.) or persistent slip bands (p.s.b.).

Test conditions A and B

For the test conditions noted A and B the crack initiation sites are
the grain boundaries in both environments ; in B, some microcracks have
also been observed in persistent slip bands, but in air as in vacuum they
remain very superficial and do not play any role in the main cracks

formation.

For A and B conditions the atmospheric environment does not modify
the.nature of the initiation sites ; moreover, apart from microcracks, all
the other characteristic features of the cyclic deformation, the aspect of
the slip bands or the steps formed at grain boundaries, present the same
appearance in both environments for an equivalent number of cycles.

However, the evolution of 6 and n given in Fig.1 and Fig.2 as a
function of the number of cycles, clearly shows that microcracks nucleate
and develop much earlier in air than in vacuum ; moreover, it also demons-
trates that the characteristic features of the surface damage at specimens
failure are very different in both environments.

The metal fatigue process is usualy divided into two stages ; a
stage of crack initiation and a stage of crack propagation (No = N, + Ng).
If we consider that the begining of the stage of crack propagatioﬁ can be
defined by the number of cycles N. at which the first microcrack starts
propagating from its initiation site - i.e. when it involves more than
1 grain boundary - then, N. can be deduced by comparing §(N) and n(N) re-
sults. N, corresponds to the number of cycles from which the number of
cracked boundaries  becomes higher than the number of microcracks §.

Fig.1 and 2 show that N, is always higher than N ., the number of

cycles at which the first cracks can be observed on the"Surface ( § > 0),

representing what we shall call here the micro-initiation stage.

The values of Nmi and Ni determined for both environments in tests A

and B, are listed in Table II.
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Test Environment N
i N. N
mi i F N'/NF émax " max
cycles cycles cycles
A Air 500 800 7200 0
.1
Vacuum 2000 » 7000 43750 0.16 288 ;52
. 5 5
5 Air 0.5 102 1102 0.3 10
5 .310 0.30 3
Vacuum 2 10 4 105 2.1 106 0.19 Zlg Sgg
TABLE II - .

Fatigue damage characteristics for tests A and B. N . -

of cycles to micro-initiati = rneton
! iation. N, = number of cycles,to crack p@&pagation;

num ;
o K numg:: 8£ surface intergranular cracks by,mm” on broken specimens;
max surface craked boundaries by mm“ on broken specimens ’

Through the values of N and N

at i i ifieM i e

de??zggegégorinY1:%nmeqt mod1f1g§ﬁ phe different fatigue damage stages

epllbat ] {h edm1crocrack initiation as well as the crack initiation

S aaee 2t N.A$ :ﬁ:;e:g conduct1ng the fqtigue tests in vacuum. However

o tﬁhs e 1'es more quickly w1th‘the fatigue life in air thaé

I 1ncreas}ng of'the r:f;fa;1ng of the environmental effect.indicated by
F,vac/NF,air for the low stress amplitudes

(see Table I) must be predominantly associated with crack propagat{gn

clearly appears that

An other significant inf i i
) ormation given b he s n
- icar g y the 6{N) and n
” gjita::eiﬁhjracter7st1c features of surface damage are never(?éeiggzgi
e e e n ?cuum ._fgr the same value of the surface cracks'density 8
bl __ength g 1S mugh 1ow¢r in vacuum than in air ; and for tﬁé
il fai]urez %sérgchzir h1g:er in vacuum than in air. %hus, the spe-
e ) ¢ with a surface damage state i

pending on the environment. This point is i]]ugirated by ﬂiﬂg vg;zgirent,

3 and .
max N max measured on broken specimens surfaces (see Table II)
bl

which are always much hi i

N ) _ gher in vacuum than in
d}str1but1on of surface cracks as a function g;r.h
fig.3 for test B, iy
class of length.

In the same way, the
] ir length, iven i
shows that in vacuum crack density is higher f%r eve;;

Test Conditions C

F ; . .
or high cycle fatigue tests corresponding to the loading conditions

noted C in Table I the i
C in Tab 5 effect of environmen ifi i
crack initiation mechanisms in reference to vaiuhi?ds 10 2 modification of

F .
veral ”gq1io;§r8is am%11tude lTevel leading to fatigue lives in air of se-
authors as Th Oor cycles, our results in air agree with those of oth
o weromgson et al.(4) or Thompson and Backofen (5) in air i
n mechanism on cr i i i
about 45 deg. to the applied stress directioz?ta]]Ograph1c planes o] e
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On the other hand, the observation of the surface of the specimens
cycled in vacuum at the same stress level, reveals a much more original
result : in vacuum, fatigue cracks nucleate at grain boundaries as at hi-
gher levels of stress amplitude.

Moreover, in air, there is a little number of cracks on the specimen
surface which increases very slowly with the number of cycles (cracks den-

sity = 2/mm2) and only a few isolated cracks grow independently somewhat
before failure ; whereas, in vacuum, the characteristic features of the
distributed surface damage evolve in a similar manner-as for high stress
Jevels : the test conducted in vacuum was stopped before failure after

N = 53 106 cycles, and the surface examination has revealed that the
density of the intergranular cracks and the number of cracked grain boun-
daries were already as high as & = 273 and n = 551 respectively (see in
Table II the values of & and n reached in vacuum for tests A and B).
: max max

So, the change in crack nucleation mechanism known to be existing in
air between low cycle and high cycle fatigue ranges (intergranular~ intra-
granular) does not appear in vacuum.

In polycrystalline copper cycled in air, the nucleation of fatigue
cracks of Stage I type is therefore associated with the environmental
reactions which take place at the intersection of the persistent slip band
and the surface. This effect seems to be enhanced by the great degree of
plastic strain localization which occurs into the grains at low cyclic
stress amplitudes. An oxydation mechanism of Thompson's type (4), by oxy-
gen diffusion into the bands, can be evoked to explain crack nucleation
characteristics in air. Damage features found in vacuum seem to prove
that, in copper, the degree of strain reversibility is much lower in grain
boundaries than in persistent slip bands.

CONCLUSION

This work has permitted to point out several important informations
about the differences in fatigue damage characteristics induced by the air
environment in polycrystalline copper.

1°/ In low cycle as in high cycle fatigue conditions, all the stages
characterizing the fatigue damage processes are shortened in air with
regard to vacuum ; however the maximum of the environmental effect must be
associated with the propagation stage, in particular in high cycle fatigue
conditions.

2°/ It has been found that in vacuum no change in nucleation
mechanisms occurs between high stress and low stress cyclic amplitudes and
microcracks always nucleate at grain boundaries.

The classical differences in cracks initiation mechanisms - inter-
granular at high stress levels and Stage I crack initiation in persistent
slip bands at low stress levels - has been observed in air.

Therefore, the Stage I crack initiation process must be associated
with an environmental effect.
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SYMBOLS

G(N) ; Gmax

(N "max

L= /s
Act/z
ao/2

N -
F,a1r’NF,vac

Nwi
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FIG.3 - Crack length distribution after specimen failure

(Test B).
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