Cyclic stress—strain behavior of conventional grain and ultrafine
grain nickel under biaxial straining
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Results are presented on the effects of biaxial straining on the cyclic stress-strain response of ultrafine grain nickel (grain
size = 260 nm) and conventional grain nickel (grain size s 50 pm) over a range of effecuve plaste strain amplitudes from
1 107" to 1 % 1073 Grain refinement causes an increase in saturation stress. For conventional grain nickel, non-proportional
straining causes higher saturation stress than proportional straining; but the ultrafine grain material exhibits the opposite behavior.
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The demonstrated ability to significantly enhance
nechanical properties such as hardness and tensile
itrength through grain refinement has caused a great
ieal of interest in characterizing the fundamental
nechanical behavior of nanocrystalline and ultrafine
rrain materials. Nanocrystalline materials are generally
:onsidered to have grain sizes less than 250 nm, while
iltrafine grain materials have grain sizes between 250
ind 1000 nm [1]. Several detailed reviews of the process-
ng methods and mechanical properties of these types of
naterials have been published recently [1-3].

Previous experimental work on the cyclic response of
wanocrystalline and ultrafine grain materials has been
wccomplished under uniaxial loading conditions. While
here are a number of methods that are used to produce
wanocrystalline and ultrafine grain materials [1], most of
he uniaxial cyclic deformation studies have been on
naterials produced by severe plastic deformation pro-
sesses [4-9] or electrodeposition [10-13]. Although these
wocessing routes certainly cause different substructures
ind internal stress states, there are similarities in their
esponses to uniaxial cvelic deformation. Compared with
:onventional grain size materials, nanocrystalline and
iltrafine grain materials exhibit reduced resistance to
itrain-controlled low cycle fatigue [5,7,9], enhanced resis-
ance to stress-controlled high cyele fatigue [6-8,10,13]
ind significantly higher cyclic saturation stresses [4—
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6,9.11,12]. In the present work, preliminary results on
the biaxial cyclic stress-strain response of conventional
grain nickel and ultrafine grain nickel are presented.
Ultrafine grain (U FG) nickel tubes were electroformed
in a nickel sulfamate solution using the Barrett process
with chemicals supplied by MacDermid, Inc. The bath
contained 412 ml of nickel sulfamate solution (SNR-
24), 44 g of boric acid, 2.6 ml of SNAP AM and 4 g of
Additive A. Constant bath conditions were maintained
at 60 °C and pH of 5.5 4+ 0.5, Nickel-270 (9998 wt.%,
Ni) was used as the anode, and an 80 mm long copper
tube with a 10 mm outside diameter was used as the cath-
ode. Approximately 3 mm of nickel was electrodeposited
onto the outer surface of the copper tube. A constant cur-
rent density of 0.05 A cm™* was maintained by gradually
increasing the plating current as the diameter of the
deposit increased. After the electroplating process was
completed, the copper tube was bored from the electrode-
posited nickel leaving an 80 mm long nickel tube with an
inside diameter of 10 mm and outside diameter of 1 6 mm.
The inside of the nickel tube was then honed to produce
a smooth inner surface. The tube was then machined
into a thin-walled axial-torsional specimen having a total
length of 80 mm, grip section outside diameter of 1 5 mm,
gage section outside diameter of 12.15 mm, gage section
wall thickness of 1mm and gage section length
of 15mm. Transmission electron microscopy revealed
that the grain size measured on a section perpendicular
to the growth direction was normally distributed with
a mean of 260 nm and standard deviation of 105 nm.
X-ray diffraction indicated a strong {100} texture in the




growth direction, which corresponds to the radial direc-
tion of the tube. The purity of the UFG nickel was about
999 wt.% NI as measured using glow discharge mass
spectroscopy and combustion analysis. Major impurity
elements  were  Fe(0.065wt.%),  Cr0.0085 wt. %),
S(0.0075 wt %), Cd(0.0040 wt.%) and C(0.0015 wt.%).
Hyvdrogen was not detectable using these techniques,
but typical values for electrodeposited nickel are on the
order of 0.01 wt.% [11]. Density measurements made
using Archimedes’ principle indicated that the UFG nick-
el attained at least 99% theoretical density. The average
hardness in the gage section of the UFG nickel was 217
HV.

Conventional grain (CG) nickel specimens were
machined from a 19 mm diameter Ni-270 rod. The pur-
ity of the CG material was 99.98 wt.% Ni, with major
impurities being C (0.0065 wt.%), Fe (0.0019 wt.%) and
§ (0.0001 wt.%). The dimensions of the CG nickel ax-
1al-torsional specimens were identical to those of UFG
specimens described above. After machining, the CG
nickel specimens were annealed in a vacuum furnace
at 500°C for 1h to achieve a grain size of about
50 pm. A weak (111} texture in the longitudinal direc-
tion was noted in the CG matenal. The average hard-
ness in the gage section of the annealed CG nickel was
96 HV.

All specimens were hand ground using successively fi-
ner grits of silicon carbide paper and then electropo-
lished in a solution of 100 ml perchloric acid and
400 ml ethanol. Optimum electropolishing results were
obtained at 50V and —50°C.

Axial-torsional cvclic deformation experiments were
performed at room temperature on an MTS axial-tor-
sional testing system under total strain-controlled condi-
tions using a sinusoldal command signal. Axial and
shear total strain amplitudes were continuously adjusted
to achieve the target nominal plastic strain amplitudes.
The axial-torsional tests were carried out under both
proportional and 90° out-of-phase non-proportional
straming. These tests will be referred to as proportional
and non-proportional tests. An automated MTS Test-
Ware-SX program was used to control the test parame-
ters and to digitally acquire data at specified intervals.
An MTS clip-on extensometer was used to measure total
axial strain, & Total engineering shear strain, 7, was ac-
guired by four precision strain gages attached to the
gage section of the specimen. Axial stress, o, and shear
stress, r, were calculated from load and torque data
measured with an axial-torsional load cell. Both UFG
and CG nickel specimens were subjected to identical
cyelic straining experiments as follo“-s
. Constant amplitude: epe eq= 1 x 107 * proportional.
. Constant amplitude: g, 5= 1 % 107 -4 . non- proportional.
. Constant amplitude: &y, .p= 1 = l(l_ , proportional.
. Constant amplitude: gpaeq=1 % 107, non-proportional.
. Mulllplc step test at &, .4 ranging from 1 » 10~ to

1 > 1073, proportional.
6. Multlple step test at £pa0q ranging from 1 x 1o~

1 10~% non-proportional.

The eﬁectlve plastic strain amplitude, ¢y, cr, Is defined
as the radius of the circle that circumscribci the loading
path in plastic strain space {rp N V3 [14] For propor-

wd g
tional straining, Fmgﬁ—{pa+(m;3] . where &pa
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and 7, are the axial and engineering shear plastic strain
amplitudes, respectively. For the non-proportional
straining used in this study, we approximate the radius
of the circular loading path as tper = (e + e/ vV3) /2
During all the tests, cycling continued until the stress
amplitudes had cledrly saturated as evidenced by either
a peak in the cyclic hardening curve or a plateau that
lasted at least 2000 cycles at the lower &pe o or 200 cycles
at the higher &pq em

Typical imposed strain paths and responses at cyclic
saturation for the UFG specimen cycled at fpeen=
1 % 107 are shown in Figures 1-3. In Figure 1, normal-
ized total shear strain, 3/+/3, is plotted versus total axial
strain, & For the proportional case shown in Figure 1,
the amplitudes of the two strain components are equal
and in-phase thus producing the 45° line strain path
in & —y/v3 space. For the non-proportional case, the
amplitudes of the shear and axial strain components
are approximately equal, but %0° out-of-phase causing
the circular strain path. The normalized shear stress,
V3t versus axial stress, o, responses are shown in
Figure 2. These responses parallel the imposed strain
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Figure 1. Total normalized shear strain, 3 /+/3, versus total axial strain,
&, for proportional and non-proportional cvcling of ultrafine grain
nickel at ipq o =1 3 10 .
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Figure 2. Normalized shear stress, /3, versus axial stress, o, for
proportional and non-proportional cycling of ultrafine grain nickel at
Epaer=1x 10



paths quite closely. The resulting plastic strain responses
are shown in Figure 3 where normalized plastic shear
strain, 3,/v'3, is plotted versus axial plastic strain, &p.
Here, y,= 7 — t/G and &, =& — ¢/ E. The Young’s mod-
ulus, £, and shear modulus, ¢, for the CG matenal were
approximately 200 and 70 GPa, respectively. For the
UFG nickel, the E and the ¢ were approximately 165
and 60 GPa, respectivelv. The lower moduli for the
UFG nickel may be caused by the strong {100} radial
texture [15]. In addition, the small amount of porosity
commonly seen in electrodeposited nickel may cause a
modulus reduction [16] Molecular dynamics simula-
tions predict that grain size will not have a significant ef-
fect on modulus unless the grain size is less than 10 nm
(7]

Response plots similar to those shown in Figures 1-3
were produced for the UFG and CG nickel cyclically
saturated under all the test conditions listed previously.
From these plots, the cyclic stress—strain (CSS) curves
shown in Figure 4 were constructed. The C8S curves
show the effects that imposed effective plastic strain
amplitude have on the saturation effective stress ampli-
tude, o, .4 Effective stress amplitude is defined as the
radius of the circle that crcumscribes the loading path
in stress space grr mv@t]_ For proportional loading,
Taer = (03 + 312,) ", where o, and 1., are the axial
and shear stress amplitudes at cyelic saturation. For
the non-proportional loading path used in this study,
ﬂ-sa,eﬂ' = {ﬂ—sa + \/’gfsa‘] ;’2.

The CG nickel CSS curves are shown in Figure 4a.
The response of the CG nickel subjected to the propor-
tional strain path 1s quite similar to uniaxial results on
untextured CG nickel reported by Morrison and Cho-
pra [18]. This result is expected because the onentation
of the principal strain axes remains fixed dunng both
types of cycling. On the other hand, the non-propor-
tional strain path used in this study causes the orlenta-
tion of the principal strain axes to continually rotate.
As a result, multiple slip systems are activated. The mul-
tiple slip enhances dislocation interactions and usually
causes additional cyclic hardening compared with
proportional straining at the same effective plastic strain
amplitude [19]. As shown in Figure 4a, at &y, g%
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Figure 3. Normalized plastic shear strain, ',-I.,.f\,-"i versus plastic axial
stralin, i for proportional :mc! non-proportional cyeling of wltrafine
grain nickel at fp.p=1 2 1077
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Figure 4. Effective cyclic stress—strain curves for (a) conventional
grain and (b) ultrafine grain nickel.

1 » 1073, the non-proportional strain path causes an
approximately 28% increase in the saturation effective
stress amplitude. This degree of additional hardening
compares favorably with the value of 27% reported
by Itoh et al. [20] for CG nickel tested at &p, .5~
1 » 1073, As effective plastic strain amplitude decreases
to 1 x 1074 the additional hardening caused by non-
proportional straining diminishes to almost zero. Zhang
and Jiang [21] also noted a reduction of the additional
hardening in CG copper as effective plastic strain de-
creases. However, Doong et al. [22] observed the oppo-
site effect in CG copper and found that the additional
hardening increases as effective plastic strain amplitude
decreases. A decrease mn additional hardening as effec-
tive plastic strain amplitude decreases 1s commonly seen
in austenitic stainless steels [22].

The CSS response of the UFG nickel 1s shown in
Figure 4b. Clearly the UFG nickel saturates at signifi-
cantly higher effective stress amplitudes than the CG
nickel. In addition to grain refinement, differences in tex-
ture and impurity level could affect the CSS responses.
The {100} radial texture of the UFG nickel is rotation-
ally symmetric about the radial direction. Hosford and
Backofen [23]analyzed the mechanical behavior of sheet
metal with (100} texture normal to the plane of the sheet
and rotationally symmetric texture in the plane of the
sheet. For uniaxial loading along directions in the plane
of the sheet, the Taylor factor [24] was calculated to be
less than the 3.06 value of randomly oriented grains,
which indicates that these are “soft” directions. Sheet
metal directions in the plane of the sheet correspond
to directions in the tubular axial-torsional specimen
perpendicular to the radial direction. These are the



directions in which the principal stresses act. Although
one could question the applicability of the Taylor model
to UFG cyclic plasticity, and texture effects are sensitive
to the biaxial stress state [23], based on the current under-
standing of UFG deformation mechanisms, it is reason-
able to conclude that the influence of texture on the CSS
response is not significant, especially when comparing
the responses under similar strain paths. Although the

UFG material has a higher impurity level than the CG

nickel, Mughrabi and Wang [25] showed that low levels

of impurities do not significantly affect the CSS response.

Therefore, the differences in the UFG and CG hardening

under similar strain paths would seem to be primarily

associated with grain refinement.

Figure 4b shows that the UFG nickel exhibits in-
creased hardening under proportional straining com-
pared with the non-proportional case. This behavior is
quite unusual. There are some materials such as pure
aluminum that exhibit the same hardening under pro-
portional and non-proportional straining [22] owing to
a very high stacking fault energy that causes similar dis-
location structures to form under both types of strain
paths [26,27]. It s known that fundamental plasticity
mechanisms in UFG materials are different from those
that govern the response of CG materials [1,2]. The ef-
fects of the UFG radial texture could be sensitive to
the stress states induced by the different strain paths.
Transmission electron microscopy studies are currently
being performed to provide insight into these fundamen-
tal mechanisms and to relate them to the UFG multiax-
ial response. Another factor that could influence the
results is the inherent difficulty in producing electrode-
posited UFG materials with consistent mechanical
properties from specimen to specimen [28]. In an at-
tempt to minimize this possibility, hardness measure-
ments were obtained from the electrodeposited tubes
prior to machining; and all the specimens used in the
study had similar hardness values.

From the results of this study, the following conclu-
sions can be made:

1. Under the cyclic biaxial straining conditions used in
this study, ultrafine grain nickel exhibits significantly
higher saturation effective stress amplitudes than con-
ventional grain nickel.

2. In conventional grain nickel, the additional cyclic
hardening associated with non-proportional straining
is negligible at gpa or= 1 x 107" but increases as effec-
tive plastic strain amplitude increases. Al gp er=
1 % 1073, the non-proportional strain path increases
the saturation effective stress amplitude by about
28%.

3. In the ultrafine grain nickel examined in this study,
non-proportional straining results in a reduction of
the saturation effective stress amplitude compared
with the proportional case.
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