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ABSTRACT

Cyclic deformation and high-cycle fatigue (HCF) behavior of an iron-based shape memory alloy
(Fe-SMA) Fe-17Mn-5Si-10Cr-4Ni-1(V,C) was studied. In the first step, tests were performed to
characterize the mechanical properties (e.g., yield and tensile strengths, elongation) as well as
the shape memory response of the alloy (i.e., stress recovery behavior). In the next step, the
behavior of the SMA after pre-staring and thermal activation under strain-controlled HCF was
evaluated. The results showed that the SMA recovered stress decreases under fatigue loading
conditions (indicating a phase transformation-induced relaxation during cycling). This implies
that the pre-stress of SMA-retrofitted structures decreases when the structure is under a cyclic
loading condition. The results of this study can be used to quantify this reduction and to better
estimate the mechanical integrity of SMA retrofitted civil engineering structures under fatigue
loading conditions.

1 INTRODUCTION

A novel Fe-17Mn-5Si-10Cr-4Ni-1(V,C) SMA has been recently developed at Empa (Dong et al.
2009, Lee et al. 2013b, Lee et al. 2013a, Leinenbach et al. 2012). The alloy shows very
promising mechanical and shape memory effect (SME) properties (e.g., a high recovered stress).
The alloy can be manufactured by standard melting and casting process under atmospheric
conditions, which makes the large-scale production of the alloy for civil engineering
applications feasible and cost-competitive. Studies on stress recovery (Lee et al. 2013b), phase
transformation (Czaderski et al. 2014), creep and stress relaxation (Leinenbach et al. 2016),
electrochemical characterization and corrosion behavior (Lee et al. 2016) of the Fe-17Mn-5Si-
10Cr-4Ni-1(V,C) SMA have shown a good potential of the alloy as pre-stressing members for
civil engineering applications.

Pre-stressed elements made of fibre-reinforced polymer (FRP) have been already proven to be
very effective in increasing the performance of concrete (Michels et al. 2014, Michels et al.
2013) and metallic (Ghafoori and Motavalli 2015b, Ghafoori et al. 2012a, Ghafoori et al. 20153,
Ghafoori et al. 2015b) structures. However, easy pre-stressing method of the SMA elements
offers clear advantages over complex pre-stressing techniques required for FRP composites
(e.g., Ghafoori and Motavalli 2015a, Kianmofrad et al. 2017). It has been shown in previous
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studies that application of a compression stress to structural members using pre-stressed
elements can enhance the flexural capacity (Ghafoori and Motavalli 2013), buckling strength
(Ghafoori and Motavalli 2015b) and fatigue behaviour (Ghafoori et al. 2012b) of civil
structures. This study aims to further characterize the alloy with a focus on the behavior of the
activated SMA under cyclic loading conditions.

1.1 Fatigue behavior of Fe-Mn-Si SMAs

Although there are several studies on stress recovery behavior and phase transformation of Fe-
Mn-Si SMAs, the cyclic and fatigue behavior of the alloy have not yet been well investigated.
Sawaguchi et al. 2015 have studied the low cycle fatigue (LCF) behavior of the alloy but with a
focus on its seismic damping and vibration mitigation capabilities. Koster et al. 2015 have
recently conducted a series of fatigue tests on Fe-17Mn-5Si-10Cr-4Ni-1(V,C) SMA strips. The
tests were performed on non-activated SMA strips under stress controlled loading conditions
(not-prestressed low- and high-cycle fatigue). It was found that the cyclic hardening mostly
dominates the LCF regime.

1.2 Fe-Mn-Si SMAs as pre-stressing elements in civil engineering structures

There exist many studies on application of pre-stressed carbon fibre-reinforced polymer (CFRP)
for strengthening of concrete (e.g., Czaderski and Motavalli 2007, Gallego et al. 2016, Michels
et al. 2014) and steel (e.g., Ghafoori et al. 2015a, Ghafoori et al. 2015b, Ghafoori et al. 2015c)
girders. Strengthening of concrete and metallic girders using pre-stressed CFRP has been shown
to be very effective method for increasing the load-carrying capacity and enhancing the
serviceability of existing bridge girders. In particular, pre-stressed CFRP laminates can apply a
compressive stress to existing cracks in critical metallic details and therefore can enhance their
cyclic life by reducing crack propagation rate (e.g., Ghafoori et al. 2012a). Despite all
advantages of using composite members for strengthening, pre-stressing procedure of them is
often complicated and requires hydraulic jacks, which makes it difficult or sometimes
impossible. The advantage of using the SMA material as a pre-stressing member is that it can be
easily pre-stressed by heating up to a certain temperature (so-called activation temperature).

A retrofit system that includes SMA strips as pre-stressed elements for strengthening of
concrete and metallic structures has been recently developed at Empa (e.g., Cladera et al. 2014,
Czaderski et al. 2006, Janke et al. 2005). In this new retrofit concept, the SMA strip is attached
to the existing concrete or steel girders. The alloy will be then heated up by electrical resistivity
heating to 160 °C, and subsequently cooled down to room temperature. This heating and
cooling (i.e., activation process) is accompanied with a phase transformation process (martensite
to austenite) which results in development of a tensile stress in the SMA strip (and a
compressive stress in the girder). Application of SMA strip as a pre-stressing element enhances
the load carrying capacity as well as the serviceability of the retrofitted girder. The SMA-
retrofitted concrete or steel girders will be often subjected to cyclic loadings (e.g., due to traffics
when used for strengthening of bridge girders). Design and mechanical integrity assessment of
such retrofitted girders must account for evolution of the SMA recovered stress (i.e. pre-stress)
during such a cyclic loading condition. The effect of cyclic loading on the recovered stress in
the Fe-17Mn-5Si-10Cr-4Ni-1(V,C) SMA member after activation has not yet been investigated.
Since the SMA strips have negligible effect on the stiffness of the large civil structures, the in-
service imposed cyclic loading condition to the SMA is close to a strain-controlled condition.
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Therefore, the main aim of the present study is to examine the behavior of the activated SMA
alloy under a strain-controlled cyclic loading condition.

2 TEST SPECIMENS AND EQUIPMENT

A MTS servo-hydraulic uniaxial testing machine, as shown in Fig. 1.a, was used. A clip-on high
temperature axial extensometer with gauge length of 15mm was used to measure and control the
strain during the tests. A PC-controlled inductive heating system was used for heating the
specimen at the desired rate (i.e. 2 °/min). Dog bone specimens with a thickness of 1.5 mm were
used for the experiments (Fig. 1.b). The ultimate tensile strength, elongation at break, and
yielding stress (based on 0.01% of non-linear strain) of the alloy were obtained as 1015 MPa,
54.9% and 230 MPa, respectively.
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Fig. 1. (a) Testing equipment, (b) dog bone specimens with 1.5mm thickness (dimensions in mm).
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3 TEST PROCEDURE

In this study, a total of three samples were activated and then subjected to cyclic loading. Before
activation, all samples were pre-strained to 2%. The unloading after pre-straining was to a small
tensile stress of 50 MPa to avoid buckling of the sample during the initial phase of activation

due to thermal expansion. The permanent strain for all samples after unloading was about €,

=1.3%. The specimens were then heated up to 160 °C and cooled down to room temperature (2
°C/min) under a constant strain condition.

After activation, Specimens F1, F2 and F3 were subjected to 2 x10° cycles with tensile strain
ranges of 0.070%, 0.035% and 0.105%, respectively. The strain ranges of 0.035% and 0.070%
are supposed to be the common (service) strain ranges that are subjected to pre-stressing
elements in steel (Hosseini et al. 2017, lzadi et al. 2017) and concrete (Lee et al. 2013b)
structures, respectively. The testing matrix was further complemented with an additional test
with a strain range of 0.105 %. The frequency and temperature during fatigue loading was kept
constant for all the tests to be 10 Hz and 25.5 °C, respectively. The stress ranges on Specimens
F1, F2 and F3 in the first cycle were 127 MPa, 67 MPa and 188 MPa, respectively, indicting
larger stress ranges for larger applied strain ranges.

Table 1. Summary of test results.
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Fig. 2. Specimen F1. (a) stress-strain curve during activation process, (b) SMA (activated)
stress-strain behavior under fatigue loading with Ag,=0.070%.
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4 TEST RESULTS

Figure 2.a shows the observed stress-strain response during pre-straining, unloading and
activation processes for Specimen F1. In this figure, the black, blue, green and red curves
represent pre-straining, unloading, heating-up and cooling-down processes, respectively.
Furthermore, this figure shows the results of the original material test, which is shown by a
dashed line. The strain rate during pre-straining to 2% was 0.15 %s™. A recovered stress of o,
=368 MPa was achieved after cooling down to room temperature. Table 1 summarizes details of
the samples and test results. The sample was then subjected to strain-controlled cyclic loading

with Ag;=0.07% and a frequency of 10 Hz.
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Fig. 3. SMA (activated) stress-strain behavior under fatigue loading for (a) Specimen F2 with
Ag;=0.035%, (b) Specimen F3 with Ag,=0.105%.

The stress-strain behavior of the activated SMA under cyclic loading for different cycles of
N=1, 10%, 10 10° 2x10° are shown in Fig. 2.b. The SMA shows an inelastic behavior in the
first load cycle, and the recovered stress is decreased from 359 MPa to 339 MPa. For the cycles
N=2 to 2x10° the SMA shows an almost linear elastic behavior. The SMA recovered stress
decreased gradually during cycling and was 284 MPa after 2x10° cycles. Figure 2.b shows that
the majority of stress loss (due to phase transformation-induced relaxation) occurs during the
first 10* cycles. This observation is in line with the findings reported by . Fig. 2.b indicates that
more than 50% of the stress loss occurs between 107 to 10* cycles.
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Fig. 4. Evolution of &, and &, versus cycles for (a) 2000 and (b) 200000 cycles.
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The stress-strain behavior of the activated SMA under fatigue loading for Specimen F2 (i.e.,
with Ag,=0.035%) and Specimen F3 (i.e., with Ag;=0.105%) are presented in Figure 3. Figure

4 depicts the evolution of o, and o, during cyclic loading for the three specimens. Note

X
that o, is basically the SMA recovered stress, , for each cycle number. It can be seen that

the majority of the loss in recovered stress occurred in the very early stage of the fatigue loading
(see Figures 4.a and 4.b). More details about the results of this study can be found in Ghafoori et
al. 2017.

5 SUMMARY

The performed SMA activation tests confirmed the earlier reports regarding the high magnitude
of recovered stress for the Fe-Mn-Si-Cr-Ni-VC SMA. The alloy is therefore very suitable for
civil engineering applications, in particular for retrofitting of existing constructions.

The SMA recovered stress after activation reduced during fatigue loading. The strain amplitudes
applied in the fatigue tests are representative of the expected in-service conditions for the SMA
when used as retrofitting elements. The findings can be interpreted as decrease of SMA-resulted
prestress and therefore be employed for design and mechanical integrity assessment of SMA
retrofitted civil engineering structures under cyclic loading condition

In a next step, conduction of stress-controlled fatigue tests for the activated SMA and generation
of the S-N curves, to better characterize the Fe-Mn-Si-Cr-Ni-VC SMA, are of major interest.
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