Cyclic plasticity of polycrystalline nickel under axial-torsional loading
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ABSTRACT

The axial-torsional cyclic deformation behavior of polycrystalline nickewas imeestigated by performing
fully reversed plastic strain amplitude controlled fatigue experiments at effective plastic strain ampli-
tudes ranging from 1 = 10 o 1 x 10-2, Experiments were accomplished under propertional and 00¢
out-of-phase nonproportional loading paths, Results indicate that loading path has wery little effect on
the cy clic response at the lower effective plastic strain amplitude. However, at the higher effective plastic
strain amplitude, significant additional hardening is induced by the nonproportional loading path.
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1. Imtroduction

During the past few decades, a great deal of research has been
accomplished on the uniaxial cyclic plasticity of metals [1-9], Far
less wiork has been reported on multiaxial cyclic loading even
though service conditions frequently involve this type of loading,
Under axial-torsional cyclic loading conditions employing sinu-
soidal strain or load control histories, the mechanical response
depends not only on the magnitudes of the applied axial and
torsional Ioads, but also on the phase angle between the axial
and torsional components [ 10-15]. During in-phase (proportional)
Ioading, the orientations of the principal stress and strain axes
remain fixed with respect to the specimen axes, However, during
out-of-phase (nonproportional) loading, the principal axes of stress
and strain rotate during the loading cycle, It is well established
that some metals exhibit significantly greater cyclic hardening
under nonproportional loading than under proportional loading,
This phenomenon has been attributed to the additional slip systems
that are activated during nonproportional loading and the result-
ing hardening effect of the dislocation interactions [11,14]. The
maximum additional cyclic hardening caused by nonproportional
Ioading usually occurs when the axial and torsional components
are 90° out-of-phase [15].

Doong et al, [16] demonstrated that stacking fault energy has
asignificant influence on the additional hardening caused by non-
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proportional loading, They performed axial-torsional fatigue tests
on 1100 aluminum, OFHC copper, and 310 stainless steel; which
have respectively, high, medium, and low stacking fault energies,
The amount of additional nonproportional hardening was inversely
related to the magnitude of the stacking fault energy, owing to
the influence that stacking fault energy has on cross-slip [16-189],
Cross-slipof screw dislocations occurs much easier in high stacking
fault energy materials because of the smaller separation distance
between the partial dislocation components, In aluminum, nearly
identical cell dislocation structures are produced under propor-
tional and nonproportional loading over a fairly wide range of
plastic strain amplitudes, The ease of cross-slip enables slip on
multiple slip planes regardless of the loading mode [16], As a
result, aluminum exhibits very little additional nonproportional
hardening. Stainless steel, on the other hand, exhibits significantly
different dislocation structures depending on the loading mode,
Under proportional loading, slip is primarily confined to a single
slip plane and causes the formation of highly planar arrays of dis-
locations, Under nonproportional loading, slip occurs on multiple
slip planes and causes the formation of multiple slip dislocation
structures such as cells and labyrinths [168]. Therefore, stainless
steel exhibits a great deal of additional nonproporticnal hardening
over a wide range of plastic strain amplitudes, For copper, which
has a stacking fault energy intermediate between aluminum and
stainless steel, proportional loading at low plastic strain amplitude
produces single slip dislocation structures such as loop patches
and persistent slip bands; whereas at high plastic strain ampli-
tude, multiple slip structures such as cells and labyrinths form.
Under nonproportional loading, dislocation cells form at plastic
strain amplitudes as low as 8 = 10-3, althougzh the cell boundaries
consist of rather diffuse arrays of dislocations. At higher plastic
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strain amplitude, the cell walls are very distinct and the cell diam-
eters are smaller than those that form under proportional loading
[18]. As a result, the amount of additional nonproportional hand-
ening in copper depends on the magnitude of the plastic strain
amplitude, Clavel and Feaugas [19] proposed that the maximum
additional hardening in copper should ocour at intermediate strain
amplitudes where persistent slip bands form under proportional
loading, but a well-defined cell structure forms under nonpropor-
tional loading, Zhang and Jiang [20] observed very little additional
hardening in copper at plastic strain amplitudes on the order of
10-4, but the additional hardening increased as plastic strain ampli-
tude increased.

Most studies on the effects of loading mode on cyclic harden-
ing have been accomplished on complex alloys, especially stainless
steels, Relatively few studies on pure metals have been reported., As
noted by Zhang and Jiang [20], microstructural features such as pre-
cipitates and twins, as well as phenomena such as stress-induced
phasetransformations, can influence loading mode effects in alloys,
These influences make it difficult to identify the contributions from
the various cyclic plasticity mechanisms, Therefore, the objective
of the present work was to provide additional insight into fun-
damental cyclic plasticity behavior by performing axial-torsional
cyclic deformation experiments on pure polycrystalline nickel, To
the authars’ knowledge, only one other study [21] has reported on
the effects of loading mode on the cyclic response of pure nickel;
and that study did not investigate the low amplitude response
addressed here,

2 Experimental procedures

Thin-walled tubular axial-torsional specimens were machined
from a 19mm diameter Ni-270 rod (9008% Ni), Each specimen
had a gage section outside diameter of 12.15mm, wall thickness
of 1 mm, and gage section length of 15 mm. After machining, the
specimens were annealad in a vacuum of 5= 10-5 Torr for 1h at
500+=C, resulting in a grain size of about 50 um, The specimens were
then electropolished in a solution of 100ml perchloric acid and
400ml ethanol. Optimum electropolishing results were obtained
at 50V and —50°C, X-ray texture analysis revealed a weak (1113
longitudinal texture,

Axial-torsional cyclic deformation experiments were per-
formed at room temperature on an MTS 809 axial-torsicnal testing
system, The tests were run under total strain control using sinu-
soidal command signals, but the axial and shear total strain
amplitudes were continuously adjusted to achieve reasonably con-
stant effective plastic strain amplitude and to maintain the ratio of
the shear plastic strain amplitude to the axial plastic strain ampli-
tude equal to the von Mises normalization factor of /7. Pertinent
stress and strain parameters are defined in Table 1.

An automated MTS TestWare-5X program was used to con-
trol the test parameters and to digitally acquire data at specified
intervals, Total axial strain, £, was measured using an MTS clip-on
extensometer; and total engineering shear strain, y, was acquired
by four precision strain gages bonded to the gage section of the
specimen, Axial and torsional loads were measured using an MTS
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axial-torsional load cell. The experiments were carried out under
both proportional and 90- out-of-phase nonproportional loading
using conditions shown in Table 2, We shall refer to these two types
of loading conditions as proportional and nonproportional load-
ing. For the constant amplitude tests, the specimens were cycled
at the indicated effective plastic strain amplitudes until the stress
amplitudes had clearly saturated. For the multiple step tests, the
specimens were cycled to saturation at sequentially increasing
effective plastic strain amplitudes, All cycling was accomplished
at a frequency less than 1 Hz, and hysteresis loops were recorded
at 0.05Hz. Following the method described by Jiang and Kurath
[22]. we define effective plastic strain amplitude, £,;, - as the
radius of the circle that circumscribes the loading patﬁ' in plas-
tic strain space (o /3 vs. g0, For proportional loading, Spngf =
r_s-}\‘_-f }IzN.'B]'-"z: and for the nonproportional loading used in this
study, we approximate the radius of the circular loading path as
!'qu;r = [5_“ + :"'.N-'I. \,"?]llz.

Brightfizld TEM images of the specimens cycled to saturation
at the constant effective plastic strain amplitudes were obtained
using a JEOL 1200 EX microscope operating at 120 kV, TEM speci-
mens were sectioned from the gage section sothat the foil normal
was parallel to the radial direction. TEM disks were electrolytically
thinned in a solution of 00 ml methanol, 100ml butexyethanol,
11.2 gmagnesium perchlorate, and 5.3 g lithium chloride, Optimum
thinning was obtained at 45 mA and -35=(,

3. Results and discussion
2.1, Axial-torsional siress-sirain response

The axial-torsicnal stress—strain responses of specimens cycled
to saturation at constant effective plastic strain amplitudes
{Epcigr=1x10-4 and 1 x 10-3) are shown in Figs. 1 and 2, Thesa
figures show the axial response (o vs. £p) and von Mises normal-
ized torsional response (/37 vs. y, /3 of each specimen. For the
proportionally loaded specimens shown in Fig 1, the axial and
torsional responses at the same £, o are quite similar. The only
notable difference is that at fpg, g5 =1 » 10-4, the axial mode expe-
rienced slightly more cyclic hardening than the torsional mode as
shown inFig. 1{ajand b}, Some of that difference can be accounted
for by a slight undershooting of the torsional plastic strain ampli-
tude, The magnetostriction-induced constriction of the hysteresis
loop commonly seen in nickel uniaxially cycled at low plastic
strain amplitude [23,24]is clearly seen in the £y, =1 = 10-4 loops
shown in Fiz. 1{a) and (b}, The responses of the specimens cycled
under nonproportional loading are shown in Fig. 2, As with the pro-
portional specimens, the axial and torsional responses are quite
similar, Rather than exhibiting a distinct peak and well-defined
linear elastic unloading region, the loops are quite rounded. This
observation is caused by the fact that during 90- cut-of-phase non-
proportional loading, the response does not follow a purely elastic
unloading path in stress space,

The responses of the specimens cycled to saturation at constant
£ oy ATE plotted in plastic strain space {3,/ vs. &) and stress
space(~ 37 vs. = )in Figs, 2 and 4. Proportional lnading causes the 45
line path and nonproportional loading causes the circular path, The
plastic strain responses shown in Figs, 3 a) and 4(a) indicate that at
both effective plastic strain amplitudes, the imposed plastic strain
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Fig. 1. Auxial and torsional stress-strain responses ab cyclic saturation for specimens cycled under pro portional [0ading at éy =1 = 1074 {ajand (b)and s gr=1 = 1073 ()

and (dj.

path is quite close to the desired profile, Specifically, the nonpro-
portional plastic strain path is nearly circular, the path is centered
on the origin, and the radius is very close to the target effective
plastic strain amplitude, Likewise, for the proportionally loaded
specimens, the plastic strain path is a 45° line with minimal hys-
teresis, the line is centered on the origin, and the half-length of the
line is weryclose to the target effective plastic strain amplitude, [de-
ally, the line should form the diameter of the circle described by the
nonproportional loading, The resulting stress-space responses are
shown in Figs, 3(b) and 4(b). The stress-space responses reflect the
general features of the imposed plastic strain-space paths, For the
nonproportionally loaded specimens, the siTess-space responses
are nearly circular and centered on the origin, although the circles
are slightly elongated in the axial stress direction, For the pro-
portionally loaded specimens, the stress- space responses are 45¢
lines, Fig. 3(b) shows that at gy, g5=1 = 10-4, the response is some-
what asymmetric with the line dusplaced umvard and to the left
of the arigin, During plastic strain-controlled cyclic loading at low
plastic strain amplitude, it is fairly common to see slight asymme-
try in the stress response, Fig. 4(b) shows that at gy, o= 1 = 10-3,
the proportional response is quite symmetric, For nonproportional
loading, the mean radius of the circular loading path represents
the effective stress amplitude, =, . For prnpurru:unallu:uadun el
is represented by one half the Iu:u.a-:junf-r line length, A comparison
of the stress responses in Figs, 3[b]and by mducares that at the
lower strain amplitude, loading path has very little effect on o ..

However, at the higher strain amplitude, nonproportional loading
causes a significantly higher =, ..

2.2, Axial-torstonal cyclic hardening

Stress-space plots similar to those in Figs, 3(b) and 4b) were
obtained at periodic intervals during the constant amplitude tests.
From these plots, o, . Was computed; and cyclic hardening curves
were constructed that plot o, . Vi, &y om0 (CUMUlative effec-
tive plastic strain). Here, £, oy og=4Nep, g Where N is the number
of cycles, The cyclic hardening curves are shown in Fig. 5. At
Epg,eff= 1% 10" 4 nonproportional loading causes a significantly
higher initial hardening rate, although the nonproportional and
proportional specimens cyclically saturated at approximately the
SAME 7 . AL £pg = 1= 10-3, nonproportional loading causes a
higher hardening rate and a significantly higher cyclic saturation

. FrOM these-:].rcluchardenunccurvesand I’n:um additional cyclic
harﬁenmmnr’ormanun obtained during the multiple step tests, the
cyclic stress-strain (CS5) curves shnwn in Fig, 6 were constructed,
The C55curveisaplotofthe effective stress amplitude at saturation,

o, e VI TR & e abwhich the specimen was cycled. Fig. 6 shows
that at oW £z or, loading path has very little influence on satura-
tion stress. However, as £q, o increases, the additional hardening
caused by the nonproportional loading becomes quite pronounced.
AL £ o= 1 10-2, the nonproportional strain path causes about
a 28% increase in the saturation effective stress amplitude, This
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compares favorably with a value of 27% reported by Itoh et al,
[21] for nickel tested at £p wp= 1 = 10-3, As effective plastic strain
amplitude decreases to 1« 10-4, the additional hardening dimin-
ishes to nearly zero. Zhang and Jiang [20] also noted a reduction
of the additional nonproportional hardening in copper as effective
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plastic strain decreases, For comparison purposes, the CS5 curve
for uniaxially loaded polycrystalline nickel [25] is also shown in
Fig. 6. The uniaxial results generally follow the proportional C55
curve, although at &, or between 1 x 104 and 3 = 10-4, the uniax-
ial results are somewhat higher,
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2.2, Transmission electron microscopy

Transmission electron micrographs of the cyclically saturated
specimens are shown in Fig. 7. All the micrographs have the same
arientation as given by the arrows in Fig. 7( bl indicating the longitu-
dinal {L} and circumferential { ") directions, Dislocation structures
produced in specimens cycled at £y, gr=1 = 10-4 are shown in
Fig. 7(a) (proportional) and (b){ nonproportional |, For both loading
paths, the dislocation structure consists of high dislocation density
loop patches separated by relatively dislocation-free channels, This
type of dislocation structure is commonly seen in nickel cycled uni-
axially at low plastic strain amplitude and is usually referred to as
the vein structure [25-27]. The similar dislocation stractures inthe
proportional and nonproportional specimens cycled at the lower
effective plastic strain amplitude account for the nearly identical
saturation effective stress amplitudes, The fact that the nonpro-
porticnal specimen hardensd much more rapidly indicates that
nonproportional loading probably causes a more rapid evolution
of the dislocation structure, However, pre-saturation TEM images
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Fig. 5. Cyclic hardening curves for proportional and nonproportional specimens
cyled at fpegr=1 = 104 and g =1 = 1073,

wiolld be required toconfirm that speculation, The vein dislocation
structure is usually associated with single slip behavior. However,
it has been demonstrated that the vein structure can contain a
significant content of secondary dislocations [28,29). Therefore, it
is possible that the vein dislocation structure can accommodate
multiple slip induced by nonproportional loading when the strain
amplitude is low,

Dislocation structures formed in the specimens cycled at
Lpg,ef= 13 10-3 are shown in Fig. 7(c) (proportional) and (d) (non-
proportionall, Fig. 7(c) shows that the proportional loading path
produces persistent slip bands embedded in a matrix of the vein
structure, similar to the type of structure formed in nickel cycled
uniaxially at intermediate plastic strain amplitudes [25-27]. Under
nonproportional loading at £, e =1 = 102, a cell dislocation struc-
ture is formed as shown in fig. 7(dy This type of dislocation
structure is associated with multiple slip conditions [25-27]. The
significantly different dislocation structures cause the differences
in both the hardening rate and saturation effective stress ampli-
tudes,
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Fig. 6. Cyclic stress-strain curves for proportional and nonproportional spacimens.
Data for uniaxially loaded nickel are also shown,
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Fig. 7. Brightneld TEM images of saturation dislocation structures. (3) Proportional, £, = 1 » 10-4, (D) NONProportional, £, =1 10-4,(c) proportional, £, =1 10

and (d) NONProportional, épe gr=1 » 1073,

Fig. 8. Optical micrographs of acetate replicas extractad from the surfaces of spacimens cycledat &, &= 1 « 10-> under (a) proportional and (b) nonproportional loading.

3.4, Surface slip features

Analyses of the surface slip features generally reflect the results
of the TEM observations. The surfaces of the specimens cycled
under both loading pathsat &, =1 x 10-4 were virtually feature-
less, Some large grainscontained one ortwo parallel slip traces, but
there was no evidence of intersecting slip traces that would indi-
cate the activation of multiple slip systems. At &5, eg= 1 x 10-3 the
situation was quite different. Fig. 8(a) and ( b) shows optical micro-
graphs of acetate replicas extracted from the surfaces of specimens
cycled at g, =1 % 10-2 under proportional and nonproportional
loading, respectively. The orientations of the micrographs are the
same and given by the arrows in Fig. 8(a). Slip traces were espe-
cially common in larger grains, As shown in Fig. 8(a), proportional
loading caused the formation of one set of parallel slip traces. How-
ever, under nonproportional loading, larger grains contained at
least two sets of pronounced intersecting slip traces as shown in

Fig. 8(b). Clearly, nonproportional loading at the higher effective
plastic strain amplitude activated multiple slip systems,

4. Conclusions

From the results of this study on the axial-torsional cyclic plas-
ticity of polycrystalline nickel, the following conclusions are made:;

-

. When cycled at low effective plastic strain amplitude
(£, =1x10-%), the initial cyclic hardening rate is higher
under nonproportional loading. However, loading path has
very little influence on the cyclic saturation effective stress.
Saturation dislocation structures for both proportionally and
nonproportionally loaded specimens consist primarily of the
vein structure,

2, Loading path hasasignificanteffect onthecyclic responseat high

effective plastic strain amplitude (s, o= 1 x 10-?). Nonpropor-
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tional loading causes a higher hardening rate and saturation
effective stress amplitude owing to the activation of multiple
slip systerns, Saturation dislecation structures in proportionally
lnaded specimens consist of persistent slip bands embedded in
a matrix of the vein structure, Nonproportionally loaded speci-
mens consist of well-defined dislocation cells,

3, The effects of axial-torsional loading path on the low and high
strain amplitude responses of nickel correlate wery well with
copper results previously reported by Zhang and Jiang [20].
This observation broadens previously noted similarities in the
uniaxial cyclic plasticity of these metals [30]. In addition, the
high strain amplitude results agree with similar experiments on
nickel accomplished by [toh et al, [21],
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