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ABSTRACT Quantitative information has been obtained on the initiation and early growth of
surface microcracks in polycrystalline copper fatigued in air and in vacuum at two different
testing amplitudes (high cycle and low cycle fatigue). Histograms are presented that show the
number of surface microcracks as a function of their length at different fractions of the fatigue
life in air and in vacuum, Analysis of data such as microcrack density, mean crack length and
major crack length, permit quantitative characterization of the effect of the atmospheric
environment on the different stages of the fatigue failure process.

Notation

Ag, Strainrange

Ao Stressrange oguy = Omin

v Test frequency

R Load ratio o/ 07max

N Number of cycles

Ng  Number of cycles to failure

N;  Number of cycles to the initiation of the first surface microcrack one grain
boundary (g.b.) long

N, Number of cycles at which the first microcrack propagates out of its
initiation site

) Surface microcrack density (number per mm?)

Omax  Surface microcrack density at failure

a Surface crack length

a Mean surface crack length

Length of the major surface crack
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Introduction

It is well known from the early studies of Gough and Sopwith (1) that fatigue
lives of most metals cycled in air at room temperature are considerably reduced
when compared to tests performed in vacuum or in inert gases. However, it is
still not clear how the gaseous environments affect the different stages in the
process of fatigue failure.

For copper, Wadsworth and Hutchings (2) have shown that the reduction in
fatigue life is essentially due to the effect of gaseous oxygen, water vapour
increases the oxygen action to a certain degree, but it does not play adirect role
in fatigue resistance. These results have been confirmed by Hunsche and
Neumann in a more recent study (3).

The general opinion about gaseous environments is that they have little orno
effect on crack nucleation and initial growth, but affect primarily crack
propagation (2)(4)-(7). On the other hand, Thompson et al. (8) and Broom and
Nicholson (9), for example, expressed the opinion that gaseous environments
play a major role in the crack initiation stage.

Grinberg et al. (10) and Verkin and Grinberg (11) have related the influence
of vacuum on fatigue failure to the fact that slip is more homogeneous in
vacuum, which delays both the initiation and the propagation of fatigue cracks.
However, more recently Wang ef al. (12) and Mendez and Violan (13) have
found that the surface slip features in air and in vacuum exhibit no significant
differences when the comparisons are made at the same number of cycles, and
that the homogeneous distribution of surface slip marks is only the result of the
extended cycling in vacuum, and not its cause.

In the last ten years, by conducting numerous fatigue experiments on copper
single crystals (see, for example (14)-(19)), significant progress has been made
in the understanding of cyclic behaviour and of microcrack initiation processes
in Persistent Slip Bands. Concerning the effect of environment, some authors
have investigated the fatigue behaviour of copper single crystals in air and in
high vacuum or ultra high vacuum (UHV). Wang and Mughrabi (12)(18)(20)
have shown that, compared to air, fatigue life was 15 to 30 times greater in high
vacuum. Up to the number of cycles to failure in air, the cyclic deformation
behaviour in air and in vacuum were similar, however, continuing fatigue in
vacuum led to a secondary cyclic hardening stage and to an homogeneous
distribution of surface slips traces. Also the crack growth rates, particularly in
Stage I, were observed to be lower in vacuum. Hunsche and Neumann (3), by
conducting the fatigue tests in air or in oxygen, also demonstrated that the
surface topography was not modified by the environmental reactions and that
crack growth rates are lower in UHV than in air. Moreover these authors found
evidence that the fatigue behaviour in vacuum was associated with rewelding.

On the other hand, only a few studies have been done on the effect of
environment on polycrystalline copper. However, it is well known that inter-
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granular crack initiation frequently occurs in low cycle fatigue tests (21) and
sometimes in high cycle fatigue tests (22)(23).

. .’Ijhg aim of the present work is to obtain quantitative information about
initiation and growth of small surface intergranular microcracks in air and in
vacuum in a fine-grained OFHC copper, in order to characterize the effect of
the atmospheric environment on the fatigue damage process during different
stages of the lifetime.

Experimental procedure

Fatigue specimens were machined i 1Ii
copEor bars o1 25 o et from commercial polycrystalline OFHC

.Two types of specimens were used: (a) specimens of square cross section with
}mdths of about 6 mm and a gauge length of 16 mm (these specimens were used
in total strain controlled tests); (b) specimens with cylindrical gauge lengths 6
mm Iong‘ and 6 mm in diameter, which were used in load-controlled tests.
Th§ specimens were annealed under vacuum for 3 h at 460°C, giving a mean
grain size of 30 um; all the specimens were electropolished before annealing
and.once again just before the fatigue test. The tests were carried out in a total
strain control mode at an amplitude of Ag,/2 = 3.2 x 103 and a frequency
of v = 0.1 Hz, or in a load control mode using amplitudes varying between
86 and 115 MPa with a frequency » = 37 Hz and a load ratio R = —0.95.
Th_e3 tests were performed at room temperature in air or in a vacuum better than
107" Pa, using a servo-hydraulic testing machine equipped with a vacuum
chamber.

Fat.lgue s_pecimens were cycled up to failure, or with periodic interruptions to
permit tl?exr examination by scanning electron microscopy (SEM). At each
interruption a quantitative characterization of the fatigue damage was estab-
lished by determining the number of surface microcracks per unit area (1mm?)
and by making an estimation of their length.

The method used to evaluate the intergranular microcrack length in the case
f)f fine grained specimens has been indicated elsewhere (24). The length of each
intergranular microcrack has been estimated by counting the number of grain
bour}dary segments related to the microcrack at the specimen surface. For
specimens with a mean grain diameter of 30 wm, the mean length of the grain
bgun.dary segments is 0.012 mm. This method is illustrated in Fig. 1 where class
3 indicates three cracked boundaries.

Frgrp these measurements we have established histograms for each test
condition (amplitude, environment) which give the number of microcracks, in
each c}ass of length, at various fractions of the fatigue life. The quantitat’ive
analysis of these histograms permits a characterization of the role of environ-
ment during the early stages of fatigue damage.
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Three grain boundaries crack

One grain boundary crack

Fig 1 The fatigue damage at the specimen surface is characterized at different fractior}s -of the
fatigue life in air and in vacuum by the number of intergranular microcracks per square millimeter
and by their length estimated as the number of cracked grain boundary segments

Results and discussion
Fatigue life and crack initiation mechanisms

The fatigue life, the nature of crack initiation sites, and the propagation modes
in air and in vacuum for the fine-grained copper investigated here, are listed in
Table 1 which classifies the three main test series previously described into class
A, class B, and class C.

Table 1 Fatigue life, crack initiation sites, and propagation modes in air and in vacuum for
different cyclic loading conditions

. Ng Initiation Propagation N
Test conditions cycles site mode N
Class A )
Ag/2 = 3.2 x 107° Air 7.2 x 10° g.b. Inter )
v=01Hz
Vac. 4.4 x 10¢ g.b. Inter
Class B
Ag/2 = 115 MPa Air 3.25 x 10° g.b. Inter—»Trans .
R = ~0.95 .
v =37Hz Vac. 2.12 x 100 g.b. Inter—Trans
Class C
Aof2 = 86 MPa Air 5 x 10 PSB Trans y
R = -0.95 >
v =37Hz (=20)
Vac. 53 x 10° a.b. Inter (> Trans?)
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Fig2 SEM photograph of a secondary surface crack on a specimen tested in air under load
amplitude control, Ao/2 = 115 MPa (test conditions B). Microcracks form early and grow at
grain boundaries then start propagating transgranularly

The effect of the environment on fatigue life is significant even for high
amplitudes, and especially so in the lowest stress amplitude range (class C)
where the ratio Ng,./Ng.,;, is much higher than 11. The test performed in
vacuum at Ao/2 = 86 MPa was stopped before failure, at 53 x 10° cycles; the
examination of the free surface by SEM revealed a major crack only 10 grain
boundary (g.b.) segments long (a = 120 wm), thus indicating an important
residual life. From other results obtained in vacuum, at the same stress
amplitude, but in coarse-grained specimens (d = 0.5 mm) (25), it can be
assumed that in class C the residual life in vacuum can be about 30 to 50 x 10°
cycles leading to N oo/ Np 4ir = 20.

Let us consider now the mechanisms of crack initiation and propagation.

At the highest stress amplitude, class A tests, initiation and propagation of
surface microcracks take place at grain boundaries in air as in vacuum. The
deformation is uniformly distributed in the grains and few transgranular
microcracks are initiated. At the intermediate stress level of 115 MPa, class B
tests, microcracks also initiate and propagate early at grain boundaries, but in
air this propagation changes to transgranular after a length of 4-6 g.b.
segments. In this case, microcracks are also created in Persistent Slip Bands
(PSB), in air as in vacuum, but they remain confined inside a grain and do not
play any role in the initiation of the main cracks.

At the lowest stress level of 86 MPa, class C tests, crack initiation sites are
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different in air and in vacuum. In air our observations are in agreement with
those of Thompson et al. (8) who have shown that, in high cycle fatigue,
microcracks initiate in PSBs and propagate transgranularly. On the contrary
we have shown that, in vacuum, the initiation and early growth stages always
take place at grain boundaries, as for high cyclic loading amplitudes (13).

The objective of the present study was to determine the effect of the
atmospheric environments on surface crack evolution and so it seemed appro-
priate to consider only the testing amplitudes leading to identical crack
initiation and propagation mechanisms in air and in vacuum. To this effect the
studies of microcrack surface features, for example, crack length and density,
were only made for the first two test conditions, classes A and B. The interest
of comparing quantitative data for these two different cyclic loading
amplitudes, low cycle fatigue for the first tests and high cycle fatigue for the
second tests, class B, lies in the fact that, in both cases, the same intergranular
damage mechanisms are present, and, at the same time, the environmental
effect quantified in terms of life ratios is of the same order. At 115MPa, class B
tests, the few transgranular microcracks initiated in air as in vacuum were not
taken into account for our quantitative characterization of the fatigue damage.
The test at 8 MPa will only be considered here to confirm the tendencies of the
environment-induced surface features revealed by comparisons at the higher
stress levels, classes A and B.

Histograms of microcrack lengths

Figure 3 shows the results of the measurements performed at different instants
of fatigue life in air and in vacuum for the tests corresponding to the highest
amplitude of cyclic strains. The histograms giving the number of intergranular
microcracks per square millimeter in each class of length have been represented
on a linear scale as a function of the number of cycles.
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Fig 3 Histograms giving the number of intergranular microcracks per mm® in each class of
length for different number of cycles in air and in vacuum. Test class A
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The observations were performed using several specimens. First in vacuum
a specimen was examined after N = 1000 cycles, but no microcrack was
observed at this fraction of the fatigue life. The same specimen was cycled again
until N = 4000 cycles, then N = 10000 cycles. A second specimen was cycled
up to N = 22700 cycles and a third specimen was directly cycled up to failure
(NE yae = 43700 cycles).

In air a first specimen was examined at N = 1000 cycles and at N = 2000
cycles. The second specimen was examined at 4000 cycles and the third
completely cycled to failure (Ng 5, = 7200 cycles) before being examined. The
second specimen tested until N = 4000 cycles in air was continued in vacuum at
the same amplitude, leading to a residual fatigue life in vacuum of 10 000 cycles.
Therefore, the degree of fatigue damage in air at N = 4000 cycles is equivalent
to that in vacuum at 34000 cycles. This result is in agreement with the
histograms of Fig. 3; in air at 4000 cycles the maximum crack length is already
over 37 g.b. segments, whereas after 22 700 cycles in vacuum itis only seven g.b.
segments long.

The histograms in Fig. 4 show the behaviour of small surface cracks in the
case of intermediate stress levels, class B tests. These results have been
obtained using only one specimen in vacuum and two specimens in air; the first
one examined at 5 X 10* cycles then at 10° cycles whilst the second one was
examined at 1.5 X 10° cycles then at 2.75 x 10° cycles.

A first analysis of Fig. 3 and Fig. 4 shows the following.

(1) the important accelerating effect of air on the processes of initiation and
early growth of the small surface cracks. For example at the highest strain
level tests, class A, at 10000 cycles the largest crack in vacuum is only
3 g.b. segments long, whereas in air the specimen fractured at only 7200
cycles. At the intermediate stress level of 115 MPa, class B, the formation
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Tig 4 Histograms giving the number of intergranular microcracks per mm®* in each class of
length at different number of cycles in air and in vacuum. Test class B
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of a small surface microcrack 2 g.b. segments long in vacuum requires a
greater number of cycles than Ng ;.

(2) that the prolonged cycling in vacuum leads to the initiation of a much
higher number of intergranular microcracks as compared to the fatigue
behaviour in air (compare the heights of the histograms corresponding to
the specimens cycled at failure in air and in vacuum).

(3) that for all the testing conditions, most of the surface microcracks remain
small; their length on the fractured specimens being smaller than 5 or 6
g.b. segments.

Evolution of microcrack density and mean crack length

Figures 5 and 6 show the increase of the density & of intergranular microcracks
in air and in vacuum with cycling at the two highest stress-strain levels. The
values of the different quantities calculated from Fig. 5 and 6 plots, are listed in
Table 2.

The extrapolation of the curves 8~N to zero density gives an estimation of the
number of cycles N, leading to the initiation of first surface microcracks: Ny yuc
is three times higher than N 4 in class A tests and about five times higher in
class B tests.

From the curves 8—N the effect of the environment can also be characterized
by differences obtained in the rate of initiation of new microcracks. In class A
tests, Fig. 5 shows that & increases linearly with the number of cycles in air, as
in vacuum, with a slope, A8/AN, three times lower in vacuum than in air.

TEST SERIES A
N
. VACUUM
2 200L
B a !
) N R
AN
w %
09 100] A
33 /
ES %
ZE
O f i I 1 1
10” 2.10% 3.10% 4.a0* 5.10*
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Fig 5 Evolution of the microcrack density as a function of the number of cycles in air and in
vacuum for the test series A (high amplitudes)
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Table2 Number of cycles leading to the initiation of the first microcracks (N,), rate of initiation of
new microcracks, and maximum density

- N AS/AN Simax
Test conditions eye Iles N,/Np microcracks microcracks
per cycle permm’
Class A
Ag/2 =32 x 1072 Air 500 0.07 1.5 % 1072 56
Vac. 1400 0.03 4.8 x 10° 200
Class B
Ac/2 = 115 MPa Air 5% 10 0.15 1.3 x 107 32
5 0.45 then
Vac. 1.5 x 10 0.07 {1.5 % 10~ 218

For class B tests in air a similar behaviour is found, but the results obtained
in vacuum exhibit two distinct domains as indicated by two straight line plots.
The slope A8/AN is three times lower in vacuum than in air in the first part of
the test, but reaches a value as high as in air in the latter part of the test.

Another important characteristic of the environmental effect is the differ-
ence between the maximum microcrack density values 8,,,, reached in air and
in vacuum, both in low cycle and in high cycle fatigue ranges. One can see from
Table 2 that 8, is four times higher in vacuum than in air in class A tests and
six times higher in class B tests. Moreover, the differences in 8, because of the
environment are still more striking for the lower stress levels of class C tests (see
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Fig 6 Evolution of the microcrack density as a function of the number of cycles in air and in

vacuum for test series B (low amplitudes)
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Fig 7 Plots of the maximum density of intergranular initiated microcracks in air and in vacuum
as a function of the number of cycles to fracture for test series A, B, and C

Table 1). In this case we found a microcrack density 0f270 microcracks per mm?
in vacuum, higher than for class A and class B tests, although the measurements
were made before the specimen fractured. In air, however, the microcrack
density, in PSBs or grain boundaries, is very low, just a few microcracks per
square millimeter. In Fig. 7, we have plotted 8., against Ng in air and in
vacuum from the curves of & against N obtained for the test classes A, B, and C.

The evolution of 8, observed in air is a similar result to that obtained by
other authors on different materials (see, for instance, (26) and (27)). In air the
fatigue damage process becomes more and more heterogeneous as the fatigue
life increases. This behaviour is not observed in vacuum; on the contrary, Fig.
7 shows that in this environment 8,,,, tends to increase slightly with Ng. Thus it
appears that in vacuum the coalescence of small cracks could play an important
role in the formation of the main crack, whatever the cyclic loading amplitudes.
This is not so in air, particularly at low stress amplitudes.

Figure 8 shows the evolution of the mean value of the crack length, a, at the
specimen surface, calculated from the measurements that produced histograms
of the Figs 3 and 4. The extrapolation of the experimental curves a to the value
7 = 1 g.b. segment gives an estimation of the number of cycles, N,, beyond
which @ becomes higher than 1 g.b. segment; in other words it is considered that
at N, the first microcracks start spreading out from their initiation sites into the
neighbouring grains.

INITIATION AND GROWTH OF SURFACE MICROCRACKS 155
) TEST SERIES A AND B
5
&, {0.025
g 2L
A
&
% Ao =115 MPa 0020
E s 2
z
C
M
k AIR vacuum  40.075
o]
‘) A_/I
3 d -
10 10* 10° 108 10!
N (cycles)

Fig 8 Evolution of the mean crack length @ in air and in vacnum as a function of the number of
cycles for test series A and B

The values of N, determined from the a-N curves are given in Table 3. The
effect of the environment on this stage of fatigue damage is more important for
the high amplitude than for the low amplitude tests. Moreover, it is interesting
to note that in the class B tests the effect of the environment is higher on N, than
on the total fatigue life. However, in the class B tests our results are more in
agreement with the general belief according to which the effect of environment
concerns particularly crack propagation. The a—N plots also clearly show that
for all the test conditions of stress and environment, the majority of the
intergranular cracks remain very small during the specimen life since the mean
crack length stays lower than 30 um.

Table 3 Number of cycles leading to the propagation of the first
microcrack out of its initiation site (V,)

Test . N, .
classes Environment (cycles) Ratio
Air 800
A Vac. 7000 8.75
Air 10°
B Vac. 4.10° 4
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Fig 9 Evolution in the early stages of damage of the major crack length a,, versus the number
of cycles in air and in vacuum. Test series A and B

The increase of the major crack length in the early stages of microcrack growth

The length of the largest surface crack observed at different number of cycles
in air and in vacuum for the class A and B tests conditions has been plotted as a
function of the number of cycles N in Fig. 9 and as a function of N/Ngin Fig. 10,
with a linear scale. In these plots it has been taken into account that the crack
only starts propagating at the number of cycles, N,, previously defined. The
fatigue behaviour investigated here concerns the very early stage of microcrack
development in which the major crack length involves only a few boundary
segments (@, =~ 100 wm). In this range of small crack length the evolution of
.0, vErsus N can be described by linear plots as it can be seen in Fig. 10.

An estimation of the growth rates at the specimen surface in this micro-
propagation stage suggests the values given in Table 4. In this table are also

Table 4 Propagation rate in the first stages of microcrack development (ay,,, = 100 pm) and
number of cycles of propagation in air and in vacaum

Test daldN Np— N,

classes Environment (mmicycle) Ratio (cycles) Ratio
Air 3.50 107° 6400
A Vac. 5.45 107 6.4 37000 5.8
Air 2.40 1077 225000
B Vac. 4.14 107 5.8 1720000 76
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Fig 10 Evolution of the major crack length a,,,, plotted versus the fraction of the fatigue life.
Test series A and B

listed the number of cycles (Ng — N,) corresponding to the duration of the
whole propagation stage. Our results on the effect of environment on the
growth rates of very small surface cracks are in opposition to the usual opinion,
according to which the lower the propagation rate, the higher the environ-
mental effect. Indeed, it must be noted that the rates measured in class A tests
are more than 100 times higher than in class B tests.

On the other hand, from the comparisons between the curves in Fig. 10
giving a.., as a function of the fraction of lifetime, and from the values of N,
reported in Table 3, the following features were noted.

(1) In air, the well known behaviour according to which crack initiation
occurs earlier in life for low cycle than for high cycle fatigue is verified. The
first microcracks start propagating at N,/Ng = 0.11 during class A tests
and at N,/N; = 0.31 for class B tests. Moreover, the early stages of the
major crack development take a small fraction of the fatigue life in class
A tests, but a very significant fraction of the fatigue life in class B tests. For
example, for a major crack length of 4 g.b. segments, N/Ng = 0.25 for
class A tests but 0.8 for class B tests.

(2) In vacuum, a similar behaviour is found; however, from one test to
another, the differences in the fatigue life fractions occupied by the
initiation and the early development of the microcracks are less marked
than in air. The first microcracks start propagating at N,/Ng = 0.16 for
class A tests and N,/Ng = 0.19 for class B tests, and for a major crack
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length of 4 g.b. segments the fatigue life fractions are, respectively, 0.3
and 0.6.

(3) The relative positions of the air and vacuum curves are different for the
test classes A and B. For the class A series (Low Cycle Fatigue) Fig. 10
shows that the curve a,,, in air is at lower values of N/Ng than that for
vacuum, while for the class B tests, the curve for air is at higher values of
N/Ng.

From points (1) and (2) above one can see that the crack initiation occurs
early in the fatigue life for high amplitude tests. That this is verified in vacuum
as well as in air clearly shows that this behaviour is characteristic of low cycle
fatigue, whatever the environment. However, the opinion that the crack
initiation stage takes a larger fraction of the fatigue life for low amplitude than
for high amplitude fatigue tests is verified in air more than in vacuum.
Therefore this behaviour appears typical of environment-affected fatigue
damage processes. In vacuum the fraction of the fatigue life associated with
propagation remains important in high cycle fatigue tests.

The third point concerning the relative position of the curves ag,,~(N/Ng) in
air and in vacuum, see Fig. 10, shows that in low cycle fatigue the effect of the
environment is important for the initiation and early growth of very small
cracks (a = 100, wm) compared to the later stages of fatigue damage. However,
in the case of high cycle fatigue, the environmental effect appears to be less in
the early stages of fatigue damage than in the subsequent stages.

Let us summarize now the effect of the environment on the different stages
of fatigue damage considered in this study. Concerning the class A tests, the
effect of environment is especially marked on the stage characterized by the
number of cycles (N, ~ N,) which leads from the formation of the first surface
microcracks one grain boundary long (N,) to the beginning of the stage of
propagation (N,); we found a ratio of 18 between the tests in vacuum and in air.
On the contrary, the effect on N, is weak, only a ratio of 3. We have also found
that the environmental effect is greater on the micropropagation stage, leading
to a surface microcrack of a few grain boundary segments long, than in the later
stages of propagation, see Table 4. Thus it is easy to understand that the
environmental effect is less during the later crack propagation stages where the
crack growth rates are higher.

More surprising are the results in class B tests (low amplitudes) where the
effects of the environment become higher in the propagation stages following
the formation of a microcrack 5 or 6 g.b. segments long: indeed,we have found
a ratio of 5 between (N, — N;) values in vacuum and in air and a ratio of 5.8
between the characteristics of the micropropagation stage. Note that the global
effect on fatigue life is 6, that the effect during all the propagation stage
(Ng — N,)is 7.6, but that the effect on propagation in the stage leading from a
microcrack of 4 g.b. segments long to specimen failure is as high as 13. The
difference in this case, compared to the test series A, is the occurrence of a
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transition from an intergranular crack propagation mode to a transgranular one
at microcrack lengths of about 5-6 g.b. segments. Thus, our results tend to
prove that the effect of environment is more marked on transgranular propaga-
tion than on intergranular propagation. This behaviour is in good agreement
with previous work by Violan et al. (28) on polycrystalline OFHC copper which
gave a ratio of 17 between the mean crack growth rates in air and in vacuum.

Another result which appears very surprising at first sight is that the influence
of the environment during the first stages of fatigue damage is higher for the
high amplitude levels than for the lower amplitudes, although for both cases
this stage corresponds to the same microcrack length (up to 5 or 6 g.b.
segments). However, in interpreting these results, one must take into account
the differences in testing frequencies (370 times lower in test series A). Itiswell
known that the effect of an aggressive environment on fatigue crack propaga-
tion increases when the test frequency decreases (see, for example, (29) and
(30).

Conclusions

The initiation and early growth of intergranular surface fatigue microcracks in
air and in vacuum have been studied in a fine-grained OFHC copper under
different loading conditions which leads to the following main conclusions.

(1) Prolonged cycling in vacuum, in both high cycle and low cycle fatigue,
leads to the initiation of a greater number of surface microcracks than in
air.

(2) Atmospheric environment has a significant effect on the initiation period
leading to the formation of a microcrack one grain boundary segment
long. However, this effect is less than the environmental effect on the total
fatigue life.

(3) In the case of high cyclic amplitudes, environment mainly affects the
subsequent fatigue damage stages, until the formation of a microcrack
about 100 pwm long. This behaviour appears to be related to the low
frequencies used during the present tests.

(4) In low amplitude fatigue tests the effect of environment appears to be
much more marked in the crack propagation stage following the formation
of intergranular microcracks 5 or 6 grain boundary segments long. This
behaviour is associated with a change in crack propagation mode from
intergranular to transgranular.
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