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ABSTRACT

The effects of test frequency on the cyclic stress strain response, the
formation of PSBs, the fatigue 1imit, and on the nucleation and propagation
of fatigue cracks in polycrystalline Cu were studied. Tests were carried
out at 100 Hz and 20 kHz, at R = -1, at room temperature. The cyclic
plastic deformation was found to be the controlling parameter. Practically
independent of test frequency a fatique 1imit occurred at a finite plastic
strain amplitude on the order of 10~° while a PSB-threshold was observed
at Ea, pl = 10‘6; the conditions for the propagation of nucleated micro-
cracks’ appear to govern the fatigue limit. The minor effects of test fre-
quency may be explained by the thermally activated stress component in
addition to a frequency dependence of the rate of damage accumulation.
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INTRODUCTION

Recent advances in experimental techniques permit now to study the cyclic
stress-strain (CSS) behavior of single and polycrystalline metals down to
very low plastic strain amplitudes, e.g. of less than 10-5 . This possibi-
1ity evoked the - in fact - old question of the nature of the fatigue 1imit
(FL) in fcc metals and alloys. As the typical nucleation sites for fatigue
cracks in pure fcc polycrystalline metals are related to the formation of
PSBs, it appears logical to relate the FL of such metals to the threshold
conditions of PSB formation (1,2). On the other hand, sufficient experimen-
tal evidence shows the existence of microcracks in specimens cyclically
loaded well below the FL (e.g. Ref.3). These observations offer the possi-
bility to understand the FL as the threshold condition for the propagation
of nucleated microcracks.

The FL in fcc polycrystalline metals is often defined in a more or Tess

conventional manner, e.g. as the stress or strain amplitude corresponding
to the number of cycles to fracture exceeding 10/. As recently shown on the
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basis of a statistical data evaluation a FL occurs in polycrystalline Cu
for strain amplitudes leading to an excess of 108 loading cycles (3).
Economic considerations prevent conventional fatigue tests under the
required closely controlled conditions to be routinely extended to such
high number of loading cycles. For this reason several investigators have
attempted to increase the test frequency (3,4) up to more than 20 kHz.
Improved test methods made it possible to conduct such high-frequency tests
under total-strain controlled conditions whereby the associated plastic
strain could be measured in the range of approx. 1x10-0 to 5x10-% (6).

It may be speculated that the increase in test frequency might affect the
test results (5). Most of the conventional CSS-data have been obtained
at strain rates between 104 and 10‘2/sec. Testing at 20 kHz is associated
with average strain rates between 1 and 10/sec for which - with the excep-
tion of one very recent study (8) - no stress-strain data have been
published. However, in reviewing published information, Laird (7) came to
the conclusion that only a weak strain rate effect (SRE) if any at all
should be noticeable in the conventional range of strain rates. Laird also
postulated that only a small SRE may occur up to the high test frequencies
(7). Deducing this information over such a large range of strain rates from
literature data may appear somewhat gquestionable because of the possible
overriding effects of variations in composition and pretreatments of the
specimen material, and in experimental conditions.

The objectives of the present investigation included a detailed study of
the effects of the test frequency on CSS-response, on the formation of
PSBs, on the FL, and on the nucleation and propagation of faticue cracks in
commercial pure Cu. Cyclic tests were carried out at 10C Hz ("low
frequency”, LF) and 20 kHz ("high frequency", HF) with special emphasis on
sufficient data to reveal minor differences in test results by means of a
statistical data evaluation.

SPECIMEM MATERIAL AND EXPERIMENITAL COMDITIOMS

A single 1ot of commercial pure polycrystalline Cu (99,98 % Cu) was selec-
ted to provide identical specimen material for all the required experi-
ments. After machining and mechanical polishing of the gauge section all
specimens were heat treated 600 C/1h in vacuum to obtain a uniform micro-
structure with a grain size of approx. 70 ym. The mechanical properties of
the heat treated material at RT were as follows:

Ryo.2 = 37 NPa, Ry = 220 MPa, dyn. Youngs modulus 142 000 MPa for rod
sgaﬁed specimens and 126 500 lNPa for plate shaped specimens (determined at
20 kHz).

The geometry of the specimens for both the LF tests (100 Hz) and the HF
tests (20 kHz) were essentially identical. Two types of specimens were
used. The fatigue 1ife curves and the CSS- curves were determined on cylin-
drical rod-shaped specimens with a diameter of 4mm. For the measurement of
the crack propagation rate and the threshold stress intensity range, cen-
trally notched plate specimens were used (thickness 5mm, width 20mm).
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A1l the LF-tests were carried out in a modified Amsler pulsator. The tests
on the cylindrical specimens were run at constant total strain amplitudes
(Ea tot)' The hysteresis loops, i.e. the data on the ‘Ea, %1 and G, were
continuously recorded. The values of &4 1 used in Fig. 2 correspond to
the values measured at 1/2 of the number of cycles to failure. In tests for
the crack propagation rate (da/dN) and threshold (&K p) measurements the
stress amplitude was controlled. The crack length was monitored by means of
travelling microscopes.

The HF-tests were carried out with a commercial test unit in an essentially
total-strain controlled manner (3). The total strain amplitude (& 5 tot)
was measured by means of miniature strain gauges. The plastic strain_ampli-
tude (€4 1) and the cyclic saturation stress (for N approx. 10°) were
determined as described in Ref. 6.The statistical evaluation of the fatigue
data from both the LF and HF tests was carried out following established
procedures (3).Details of the experimental set-up for the HF crack growth
measurements are given in Ref. 8. The crack length was determined by means
of a '|1'ght—microscope/dosed—circuit—TV system. The computation of the 4K-
values was carried out by a relationship published recently (9).

The dislocation arrangement was observed by means of conventional TEll. Thin
foils were prepared from sections both oblique and parallel to the specimen
axis. To identify non-propagating microcracks the fatigue exposed specimens
were strained by a small amount (E = approx. 2%) in a tensile test machine,
then heated in air for lh at 400 C to oxidize the surface of the micro-
cracks opened up by the prestrain, and finally fractured by faticue loading
at a high strain amplitude for fractographic evaluation.

EXPERIMENTAL RESULTS AND DISCUSSION

The fatigue 1life (Ng) of specimens cyclically loaded under € a,tot"
controlled condition at both test frequencies is plotted in the diagram of
Fig. 1. For most of the strain levels 10 specimens were tested. Computed
fracture probability data are shown in Fig. 1 as p = 10% and p = 50%
curves. The £a,tot"“‘ curve for the HF-tests is clearly shifted towards
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Fig.1l: ea,tot'Nf data for test frequencies of 100 Hz and

20 kHz (curves computed for 10% and 50% fracture
probability), Cu recrystallized, R = -1, RT.
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higher &£, 1ot values with respect to the curve for the LF tests. From the
102 fracture probability curves one may deduce for the HF test conditions
a FL at Ea,tot = 4,6x10‘4 for N exceeding 108. For the NF tests a FL may
be indicated near €a, tot 5x10~% for N exceeding 1x107.

The CSS-curves shown in Fig. 2 were obtained as follows. For the LF test,
although carried out under £a,tot control, &, and €5, p1 Were
recorded for each specimen so that & large number of data points was
available for constructing the CSS-curve. For the HF tests only the E,, p
ranges corresponding to each €a,tot level could be plotted. As shown in
Fig. 2 the CSS-curve for the HF tests is shifted towards higher stress
amplitudes compared to the LF results. In addition, data published by
Mughrabi (2) for Cu specimens (grainsize 25 pm) obtained at test fre-
quencies of less than 1 Hz are included in Fig. 2. The latter data indi-
cate the frequency effect even in the conventional testing range. An expla-
nation of this frequency effect on the cyclic saturation stress may be
obtained from information in the published literature in which the role of
point defects on cyclic hardening (10) at conventional test frequencies and
the effects of the increased production rate of point defects with in-
creasing test frequencies are reported (7, 11).
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Fig.2: CSS-curves determined at various test frequencies
(Cu-recrystallized, R = -1, RT)

Plotting the fatigue 1ife data in a Coffin-Manson type diagram yields the
curves shown in Fig. 3. The p = 50 % 1ines for each test frequency appear
parallel to each other and may be expressed by the equations included in
Fig. 3. The pre-exponential term indicates the frequency effect. From these
results a FL under the LF test conditions may be deduced at &5 7 =
approx. 3x10-5. The statistical analysis of the HF data reveals that the
FL (assumed to correspond with the p = 10% value) occurs at &y pl =
approx. 1x107° for N larger than 108, in agreement with the results of an
earlier investigation (3). It should be pointed out, however, that the HF
tests have been extended well beyond the computed Coffin-Manson line while
the LF tests have been terminated just in the range of this Tine. If we
surmise that in prolongating the LF tests some specimens would have
failed, the LF-FL would be reduced by a small amount. Thus, the influence
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of the test frequency on the FL expressed in terms of Ea’ 1 may t?e
negligible. At this time one may only speculate about the reasons why in

the Coffin-Manson plot the HF - FL is attained at .'m'.g'ner number§ of 10.a—
ding cycles compared to the LF tests. Jne possibility <':ou‘|d lie in the
fact that the rate of damage accumulation is affected during HF test1r}g SO0
that a larger number of loading cycles is required to accumulate the micro-
structural damage as compared to the LF testing.
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Fig.3: € _N¢ relationship determined at 100 Hz and 20 kHz, curves
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As reported earlier (3) PSBs are formed well below the strairu amphtude-of
the FL. A 1imited number of LF-results 1is in agreement with these‘ fin-
dings. Mughrabi (12) found for po'lycryst.ﬂjsine Cu a thr‘esgmd str_‘a1ntf0r
ps3  formation at approx. & 4 pl = 2,5x10 for N = 4x107, 1ear{1zg 1?. a
suaaiativze piastic strain (5’01 cum = 4N £, 1) ofFT' 1, cum - 49 ne
?53 threshold referred to by ?'u'ugﬁrabi is shown by the single data‘pmnt'm
Fig. 3. It falls only slightly short of our experimer}ta'I 0 %—?SB 11ne: which
corresponds to approx. 691 cum = 60. The cumulative plastic strain cor-
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12 Jower PSB-thresholds wouid have aan observed if the cyclic exposure
would have been extended to Targer N-values, equivalent to larger values of

Epl,cum.
Dislocation structures and microscopic observations:

In the overlapping region of cyclic exposure (see Fig. 3), the dj.slo\ca'mor:
arrangencat in HF and LF test specimens (run well into saturation) were
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found to be the same, namely to consist of the vein structure. For the high
piastic strain amplitudes in the case 07 the LF tests, the structure con-
sisted of cells or transition veins-cells. The lowest plastic strain ampli-
tudes in the HF tests were characterized again by the loose vein (or
bundle) structure. What we consider to be of great importance is the in-
frequent observation of the Jadder-Tike >SB structure (in sections parallel
wit' the specimen axis) in the interior of both, the run-out LF specimens
(N2.07) and HF specimens (NZ \9). Exanination of run-out specimens (with
N larger than 109, at f_'a’ tot below the FL) revealed the presence of
microcracks in isolated sirface areas, with length of approx. 100 wum.
Fractography indicated a semi-elliptical shape. These findings can be con-
sidered as an unaabiguous proof for the presence of non-propagating micro-
creasts. 'le a3y surmise, therefors, Bhat Bhe FLOTS related to that oritical
strain amplitude below which microcracks are formed but do not propagate
{1).

1n view of the critical role of the propagation behavior of existing cracks
in determining the FL, an investigation of the frequency effect on the
crack growth behavior appeared essential.The crack growth rate, da/dN, near
threshold is shown for both test frequencies as function of the stress
intensity range, 4K, in Fig. 4. The growth curve for the HF tests falis
somewhat below that for the LF tests. The respective threshold values,
AKyp (assumed to correspond to a growth rate of less than 10~ 2m/cycle),
werd found to be 2,15 £ 0,1 and 2,55 * 0,1 MPaml/2 for the LF and HF tests,
respectively. The ratio of these two

-8 values is comparable to the ratio of

10 jl the saturation stress amplitudes for
5 HF and LF specimens for the same
plastic strain amplitude (see the
d £SS-curves in Fig. 2). In other
jg~a i’ words, the frequency effect on AKyy
.ﬁ may be explained on the basis of the
5 . ~hermally activated stress
100H\Z’, <. component.
10-10 ’}q} Fig.4: Fatigue crack growth rates
f and threshold values
5 e determined at 100 Hz and
4] 20 kHz.
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CONCLUSIONS

(i) The controlling parameter of the fatigue process both in the HF and
the LF exposure is the cyclic plastic deformation. The fatigue life
curves can be described in terms of the plastic strain amplitude up to
the number of cycles to fracture on the order of 109 cycles.

(ii) The fatigue life curves exhibit towards higher N a horizontal portion
the onset of which depends on the test frequency, (for LF tests near
5x107, for HF tests beyond 1x108). This makes it possible to define a
fatigue 1imit (corresponding in our evaluation to a 10 % fracture
probability bound) to occur at a finite plastic strain 1imit on the
order of 1x10'5, practically independent of test frequency.

(iii)The observation of PSBs both at the surface (by 1ight and scanning
electron microscopy) and in the interior (by transmission electron
microscopy) of specimens cycled for very large N-values at ‘Ea, pl
lower than the FL indicates that the formation of PSBs is probably not
the critical event in determining the FL. We believe that the condi-
tions for the propagation of nucleated microcracks are decisive . The
reasons for the higher critical £a, 1-values cited in the Tliterature
may be explained by the N-dependence of the formation of PSBs, which
appears to require a certain critical £p1, cum- The PSB-threshold
strain may be as low as Ea, pl = 10-6.

(iv) The difference in the HF and LF test results (CSS-curves, thresholds
for crack propagation) can be attributed mainly to the thermally
activated stress component with point defect reactions and point
defect clusters as significant factors. The shift of the Coffin-Manson
curve towards higher N-values cannot be explained in this way alone,
probably frequency-dependent processes (which reduce the rate of
damage accumulation) should be taken into consideration.
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