LCF behavior and microstructure of alpha-brass CuZr80
under uniaxial, planar-biaxial and tension-torsion loading
conditions
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ABSTRACT. The low-cycle fatigue behavior of a-brass CuzZn30 was investigated in
uniaxial (tension-compression and torional) and biaxial tests under total strain control
at room temperature. Planar-biaxial fatigue tests were carried out on a servohydraulic
tension-compression testing machine with and without phase shift using a cruciform
specimen geometry with fixed principal stress axes. In phase and out of phase tension-
torsion tests were performed using tube shape specimens on a servohydraulic tension-
torsion testing machine. Microstructural investigations were performed by transmission
electron microscopy as well as by scanning electron microscope. For all proportional
load cases the equivalent strain amplitude based on a maximum shear strain energy
criterion results in a similar hardening behavior and in fatigue life times within a
scatter band of three. Out of phase loading results in additional cyclic hardening and
reduced life time. Planar glide structures were observed in all tested cases as well as
areas of pronounced strain localization in the torsional load cases. No evidence of
transition to wavy glide behavior was observed.

INTRODUCTION

In the literature only view studies on the micrasture evolution under multiaxial
loading are available. In the past, especiallyngtas steels but also copper as a model
material for wavy glide behavior were investigatédbong et al. [1] studied the
microstructure development of stainless steel gra@®® and 310 (showing mainly
planar glide) as well as aluminium and copper (shgwvavy glide) under tension-
torsion loading with rotating principal stress ax€sey found for the non proportional
case that planar slip materials exhibit multi "tpuctures and extra hardening due to
the activation of several slip systems.

Zhang and Jiang [2] studied on polycrystalline @phe influence of texture under
tension-torsion loading conditions. Under non-pmtipoal loading with time varying
principal stress directions, the influence of teetiire on the stress-strain behavior was
not significant, but more slip systems were acédatompared to proportional loading.



The resultant saturation stress was inversely ptigpal to the dislocation cell size.
The relationship between stress and strain amplitugls almost completely reversible:
After the change from a higher to lower strain ataode or from a load with a rotating
axes system to proportional loading the originedss level was resumed. This means
basically that the material behavior is largelyapendent from the load history, while
there was also shown that the dislocation arrangesweere not completely reversible.
For the austenitic steel 800H under proportionaFLl@ading dislocation cell structures
were observed while under nonproportional tensayeidn load disordered dislocation
structures with higher dislocation densities weyent [3]. Due to a strong additional
strengthening a significant reduction in life tirmem 2500 cycles to 15-30 cycles was
observed. The present work is intended to give mtribmition on microstructural
understanding of biaxial fatigue on planar glideenal.

MATERIAL AND METHODS

For the present investigation the single phadmass alloy CuzZn30 (69.2% copper and
30.7% zinc) was chosen as a model material. Cuzr@#@0a very low stacking fault
energy and exhibits a high degree of short rangeran the microstructure [4]. The
material was supplied as hot rolled plates withhckhess of app. 15 mm from
Wieland-Werke AG, Germany. The mechanical propertiem tensile tests according
to DIN EN 10002, the elastic constants measuretl ipulse echo method and the
grain size determined by linear intercepts of gkanndaries according to DIN EN ISO
643 are given in table 1.

The biaxial LCF deformation experiments were comedcstrain controlled on tube
shape specimens under tension-torsion conditioo@rding to ASTM E 2207. For that
purpose a servohydraulic testing system from MT@pgupd with two load cells, 50 kN
and 500 Nm, was used (Figure 1a). The specimens lgadige length of 30 mm with a
diameter of 13 mm and a wall thickness of 1.5 mhatimeans that the requirements of
ASTM E 2207 for the wall thickness / diameter ratiol:10 were not fullfilled. The
inner surface was finished by honing. The outerfasgr of the specimens was
mechanically polished until 6 pum roughness. In phé®) and out of phase (OP)
loading cycles were applied with a constant fregyenf 0.15 Hz. Figure 2 shows the
differend loading relations between tension anditor loading: (i) proportional loading
(triangular shape), (ii) out of phase loading (P@ase shift sine shape) with circle path,
(i) out of phase loading with box path (altermgtiramps in tension and torsion). The
planar biaxial tests were performed on a 250 kNagrdraulic test rig (Figure 1b)
using cruciform specimens with a thinned centrabasf diameter 15 mm and 1.6 mm
thickness. The specimens were milled and polisheethamically. Total strain
controlled ramp load was applied with a frequentc@.8 Hz using a biaxial orthogonal
extensometer. The amplitude in both loading axes &gual while the phase between
the loading axes was varied as 0°, 22.5°, 45° abl Yhe stress response was
calculated from global elastic synchronous unlogdiccording to [5]. Uniaxial LCF
tests where done for comparision in tension-congwason a 100 kKN servohydraulic



testing system using conventional LCF specimen bads under pure torsion on the
tension-torsion system using tubular specimens.

After mechanical tests, specimens were cut ouheftibular specimens perpendicular
to the tension-compression axis for microstructura¢stigations. For TEM studies thin

foils were perpared by electrolytically thinningad preparation of specimens for SEM
investigations ends up with a vibration polishinggedure. The TEM investigations

were done on a Jeol 4000 FX with 400 kV accelematioltage. Electron channelling

contrast imaging (ECCI) technique was applied imgh resolution field emission SEM
MIRA3 XMU from TESCAN Company.

Table 1. Mechanical properties of the investigatdatass alloy CuzZn30 (UTS —
ultimate tensile strength, YS - yield strengtlg,-Aelongation to rupture)

UTS YS As Young's Poisson Grain Size
[MPa] [MPa] [%] modulus [GPa] ratio [um]
339 113 65 110 0.345 33

o e
Figure 1: a) Tension-torsion test device with tabutpecimen at BAM Berlin, b)
planar-biaxial test system with cruciform LCF speen at TU Bergakademie Freiberg.

a) b) c)
Figure 2: Tension torsion load cases in th¢/V3-plane: a) proportional, b) non

proportional circular (90° phase shifted sine) ar)d non proportional box path
(alternating ramp load).



RESULTS AND DISCUSSION

Figures 3 and 4 show the cyclic deformation curfeesests with approximately 0.5 %
and 1 % equivalent strain amplitude. The maximumivedent stress amplitude (von
Mises) is plotted versus the number of cycles Nt &b load cases initial cyclic
hardening was observed followed by cyclic softerongyclic saturation. In addition, a
secondary hardening occurred under uniaxial andaplhiaxial loading conditions. In
the planar-biaxial cases, both axes were deform#dtatal strains of 0.28 % (resulting
in 0.49 % equivalent strain amplitude in the syodous case) and 0.53 % (resulting in
0.97 % equivalent strain amplitude in the synchusnoase), respectively. The phase
shifted planar biaxial loads result in lower eqléve strain amplitudes at fixed total
strain amplitudes in the two loading axes. The \egant strain amplitude shows a
small variation during the test due to cyclic haidg and consequently changes in the
effective Poisson ratio. The given values for tlgelic strain amplitudes in the legend
are therfore determined at half lifetime.

The OP tension-torsion tests with circle and bading path show a pronounced initial
hardening within the first few cycles. For both ditojoles the circle path results in the
strongest hardening. Shamsaei and Fatemi [6] steyjemn approximation of the
additional hardening formulated as the non propoéi parametem,, (which is defined
as the quotient of the stress amplitudes in OPingaand IP loading minus one) from
the uniaxial Ramberg-Osgood constants for the nwmmotand cyclic stress strain
curves which are given for the present materigabie 2. The calculated and measured
values ofan, from the circle path at maximum stress are alsergin this table. It can
be shown that the correlation gives a good consigevgrediction. For the strain
amplitude of 1% the measured value is much lowan e calculated value. It can be
understood taking into account that the reasonttier measured cyclic softening is
mainly micro crack formation and propagation and aaeal cyclic softening of the
bulk material.
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Figure 3: Cyclic deformation curves for uniaxial\asll as biaxial tension-torsion and

planar-biaxial tests with small equivalent strampditudes.
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Figure 4: Cyclic deformation curves for uniaxial\asll as biaxial tension-torsion and
planar-biaxial tests with large equivalent straimpéitudes.

Table 2: Ramberg-Osgood parameters for monotonik)(and cyclic (n’, K’) stress
strain curves, calculated ;") and measuredif,") non proportional factors.

n K n’ K | dnp’(0.5%) | anp™ (0.5%) | 0np®(1%) | anp™ (1%)
0.153| 191 | 0.258 633 0.69 0.60 0.73 (0.55)

The resulting fatigue life time diagram is givenhkigure 5. For all proportional cases
(tension-compression, torsion, planar-biaxial syanbus, tension-torsion in phase) the
life times are within a scatter band of factor ehr&he fatigue life times of the phase
shifted biaxial tests are significantly lower. For equivalent strain amplitude of 1% the
fatigue life time is reduced from app. 4000 cydest5 cycles in the tension-torsion
circle path. This loading path results in chronatally rotating principle stress axes
during cycling and thereby avoid reversible plasteformation on the slip systems
which results also in the strong initial hardenihg.conrast in all planar-biaxial load
cases there are fixed principal stress axes irce¢héer of the cruciform specimen. The
crack starts always in the junction between thesmesment area and the smooth radius
to the thicker part of the specimen. It is assuthatlin these slightly notched areas also
rotating principal stress axes occour under phasgeed loads. The non proportional
tension-torsion loads result in the lowest fatigjues. The circle path gives a stronger
life time reduction than the box path.

Both the SEM and TEM investigations revealed a pumted planar glide behavior in
all deformation stateds. No evidence for a tramsito wavy glide behavior was found.
Figures 6 and 7 show TEM images for an equivaletall strain amplitude of 0,5 % for
pure torsion and for out of phase tension-torsmad|with circle path at half lifetime,
respecitvely. The bands of dislocation rich area&igure 6a) are so-called persistant
luders bands (PLB) [7], which are not so active Igersistant slip bands (PSB) in wavy
glide materials. Therefore, some authors call tleso intense slip bands (ISB) [8].



Such arrangements are found in uniaxial tensionpcession, synchronous planar-
biaxial and torsion specimens. Especially aftesitor and tension-torsion loading,
additional strong slip localisation areas were fhuwhich are most probable micro
twins (Figure 7). Figure 8 shows the same micrastinal feature obtained by electron
chanelling contrast imaging in the SEM on a spenigheformed at an equivalent strain
amplitude of 1 % until final fracture. Persistatidérs bands were not found in all
investigated OP tension-torsion specimens at fra@nd half lifetime.
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Figure 5: Fatigue live time plot for the differdoading cases.
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Figure 6: TEM micrographs for specimen after puoesion loading with 0.5%
equivalent strain, N2=13,500 cycles, a) area with persistent [idersl®gqPLBs), b)
area with additional strain localization.
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Figure 7: TEM micrographs for specimen after outpbise tension-torsion laoding
with circle path and 0.5% equivalent strain af2RN600 cycles showing areas with
pronounced strain localization: a) general viewhvaending contour from preparation,
b) enlarged picture.
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Figure 8: Inverted ECCI micrograph for a specimeathwension-torsion deformation
on the circle path and 1% equivalent strain 48 cycles showing area with

additional strain localization (micro twins).
SUMMARY AND CONCLUSIONS
Total strain controlled LCF experiments were caroet ona-brass CuzZn30 in uniaxial

tension-compression, pure torsion, planar biaxidl nsion-torsion loading. The stress
amplitudes under uniaxial and biaxial in phase ilegctonditions using the maximum



shear strain energy criterion are in good agreentamne torsion loading results in the
highest stress amplitudes for all synchronous cabbke out of phase tests exhibit
shorter life times and higer stress responsesgcidlyaunder the tension-torsion loading
conditions. The estimation of the non proportiamatdening factor from uniaxial stress
strain curves according to Shamsaei and Fatemi ré8ults in a conservative
approximation. The highest damage and hardeningosearved in the circle path.

The microstructure showed always planar dislocatistmuctures. Dislocation
arrangments according to wavy glide behavior weteobsered. The proportional cases
showed intense shear bands. These bands were uud fa the non proportional
tension-torsion test. In the samples with torsiolealding additional locations were
found which might be micro twins.
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