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Shape memory alloys (SMAS) attract a lot of attention due to their unique properties, making
them excellent candidates for actuation and damping applications in numerous industry sectors.
However, well established SMAs such as Ni-Ti are limited to niche applications as they suffer
from high processing costs. Since well-established processing routes from steel industry are suited
for fabrication of Fe-based SMAs (Fe-SMAS), these alloy systems are promising candidates for
overcoming the current roadblocks. Besides a deep knowledge of adapted processing parameters,
cyclic instability is a key issue preventing widespread applications so far. The current study
highlights the pseudoelastic cyclic behavior of two different Fe-SMAs. Functional fatigue tests
were conducted in order to identify microstructural features accountable for functional
degradation. Microstructural analyses revealed that increased dislocation activity leads to
significant evolution of irreversible strain during pseudoelastic cycling.

1 INTRODUCTON

Due to their superior properties shape memory alloys (SMAS) attracted a lot of attention in recent
decades [1-4]. Binary Ni-Ti SMAs, being the most studied SMA in the last century, show
promising functional material properties for damping and actuation applications, i.e. high
recoverable transformation strains and high bearable stresses accompanied by good cyclic
stability [1-4]. However, conventional Ni-Ti SMAs are limited to niche applications, e.g. in the
medical sector, due to costly processing routes needed to obtain suitable functional
properties [1-4]. Thus, numerous SMASs have been investigated in order to reduce processing
complexity and increase cost efficiency [1-4]. In this regard, two newly developed Fe-based
SMAs seem to overcome previous issues. Fe-Ni-Co-Al-X and Fe-Mn-Al-Ni-X are very promising
due to the fact that established processing routes from steel industry are well suited for the
fabrication of SMA components [1-8]. However, opposite to conventional binary Ni-Ti SMAs,
most Fe-based SMAs suffer from rapid functional degradation during cyclic loading. This is
mainly attributed to a high dislocation density and/or a high degree of crystallographic anisotropy,
which results in pronounced pinning of evolving martensite phase boundaries making phase
transformation irreversible [9-11]. However, data reporting on the cyclic degradation mechanisms
of Fe-based SMAs are still rare in literature. Thus, this study outlines the main degradation
mechanisms in two recently developed Fe-based SMA systems, being very promising candidates
for future damping applications, i.e. large damping devices in civil engineering, e.g. to be used in
earthquake resistant buildings.
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2 MATERIALS AND EXPERIMENTAL DETAILLS

Ingots of Fes1Niz»sCo17Al115Tazs (at. %) SMAs were produced using vacuum induction melting.
For growing single crystalline material the Bridgman technique was used in a helium atmosphere.
Dog-bone shaped tensile specimens with a cross section of 1.5 mm x 1.5 mm in the gauge length
were electro discharge machined out of the single crystals with their crystallographic [001]-
orientation parallel to the loading direction. For homogenization of the samples solution annealing
was carried out at 1300 °C for 12 h followed by a short time aging treatment at 700 °C for 1 h.
Ingots of Fesss Mnsag Alizs Niz4 (at. %) were produced by vacuum induction melting. Dog-bone
shaped specimens with a cross section of 1.6 mm x 1.5 mm were electro discharge machined from
the bulk material. Solution treatment and subsequent cyclic heat treatments between the single
phase region (1200 °C) and the (a + y) two-phase region (900 °C) were conducted to stimulate
abnormal grain growth (AGG) to obtain a bamboo-like structure followed by quenching in
tempered water. Ageing was conducted at 200 °C to introduce coherent f-phase precipitates.

For the characterization of the mechanical functional properties, servo-hydraulic testing machines
were used. Systems were equipped with extensometers, which were directly attached to the
sample surfaces. In situ optical and electron microscopy studies were conducted in order to
correlate the global phase transformation behavior with local microstructural evolution upon
mechanical cycling. For further details on the experimental details and sample preparation the
reader is referred to Refs. [9-11].

3 RESULTS AND DISCUSSION

3.1 Functional fatigue — basic considerations

Figure 1 shows a schematic pseudoelastic curve illustrating charactristic values for the evaluation
of the cyclic stability of SMAs.
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Figure 1: Schematic illustration of a pseudoelastic curve highlighting functional degradation (T>Ay).

At ot the stress induced austenite to martensite transformation starts. The plateau stress hardly
changes until the material is transformed to 100 % martensite, followed by an elastic deformation
of the martensitic phase. Upon unloading the reverse transformation from martensite to austenite
takes place, again revealing a plateau-like character. Whereas &irr defines the irrecoverable amount
of transformation strain, g representsthe amount of transformation strain that has been recovered
upon unloading. The absolute values of transformation strain and stress as well as the recovery
ratio (relation of the amount of recovered stain and the transformation strain) strongly depend on
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the alloy system and, thus, on the crystallography of the phases being present. Furthermore, the
general material strength, i.e. the resistance against dislocation glide, is an important factor [1-4].

3.2 Functional properties of Fes1Ni;Co17Al11sTazs (at. %) SMA

Recent studies revealed that Fe-Ni-Co-Al-Ta SMAs show promising functional properties.
However, microstructural processing is complex since only strongly textured polycrystalline
conditions allow for good functional properties [8]. Due to the precipitation of the brittle
B-phase at the grain boundaries, grain boundary cracking is strongly promoted upon
deformation [8,13]. The addition of B reduces precipitation of the brittle p—phase [8,13].
However, due to the pronounced anisotropy, strong textured material is still needed. In this study,
single crystalline material is in focus of experiments in order to exclude the impact of grain
boundary cracking on general functional fatigue properties.
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Figure 2: Cyclic stress - strain response of a (001) oriented Fe-Ni-Co-Al-Ta shape memory single crystal at ambient
temperature [9].

Figure 2a shows the cyclic stress - strain response of a (001) oriented Fe-Ni-Co-Al-Ta SMA single
crystal at ambient temperature. The sample was solutionized at 1300 °C for 12 h and subsequently
aged for 1h at 700 °C [9]. Aging in temperature regimes between 600 °C and 700 °C results in
the formation of finely dispersed y” - precipitates [9].

Figure 3: TEM analysis of the prevailing microstructure after fatigue (100 pseudoelastic cycles at RT); a) overview
image, b) dislocation structures at higher magnification [9].

Form the cyclic stress-strain response it is obvious that the shape recovery decreases distinctly
with increasing cycle number. Whereas in the first cyclic the recoverability is almost 100 %, in
cycles 50 and 100 about 0.9 % and 1.5 % irreversible strain, respectively, are accumulated. Thus,
the shape recovery ratio decreases. It is well known that an interaction of different martensite
variants as well as insufficient matrix hardness can lead to cyclic instability due to the formation
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of dislocations, which are able to pin evolving martensite phases [8-9,13]. Figure 3a shows the
microstructure after fatigue testing. The dark contrast features in Figure 3a were identified as the
stress induced tetragonal martensite phase [9]. Figure 3b shows a TEM image revealing that a
high dislocation activity is present in the microstructure [9]. Thus, it can be deduced that a strong
interaction of the martensite variants, which has been observed by in situ tests [9], led to an
increased dislocation activity. The microstructure appears to be composed of a high amount of
differently oriented martensite variants, being pinned in the austenite matrix. This pinning
mechanisms was also detailed in other studies and corresponding degradation mechanisms were
derived [14-18].

Besides the role of the intensive interaction of martensite variants, the additional impact of the
finely dispersed y’- particles was analyzed [9]. Figure 4 shows TEM images of the nano-scaled
precipitates in the fatigued FCC — matrix. Figures 4a and b reveal that all three phases, i.e. FCC
austenite, BCT martensite and and y’- precipitates, are simultaneously present in the
microstructure. The high-resolution TEM analysis shown in Figure 4d) indicates that the
tetragonal BCT martensite phase is present in the vicinity of the y’- precipitates. Due to the fact
that the martensite phase was found in the direct vicinity of the y'- precipitates two possible
mechanism can be derived that may contribute to functional degradation. First, the coherency
stress field surrounding the particle can provide for a specific amount of intrinsic mechanical
energy to stabilize the martensitic phase in the vicinity of the precipitates. Second, due to the
interaction of differently oriented martensite variants the particle undergoes a double-shear
deformation, resulting in plasticity and concomitant pinning of phase boundaries [9]. Thus, in Fe-
Ni-Co-Al-Ta Fe-based SMAs two degradation mechanisms have be accounted for functional
degradation at RT, however, separation is currently hardly feasible.
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Figure 4: TEM images revealing the presence of y'- precipitates within the fatigued FCC matrix. In a) the area of
interest is shown, b) selected area diffraction (SAD) image of the area in a); the diffraction peaks of BCT martensite,
FCC austenite and y'- precipitates are indexed; c) overview of the precipitates within the FCC matrix and d) high
resolution image indicating martensite in the direct vicinity of the particle. (Recompiled from [9]).

3.3 Functional properties of Fess3sMnzasAl135Niz4 (at. %) SMA

Fe-Mn-Al-Ni SMAs show excellent material properties [5,11,19-21]. Theoretical calculations
based on the energy minimization theory revealed that up to 26 % percent of transformation strain
can be reached in this alloy system [21]. However, to the best of the authors’ knowledge not more
than 12 % transformation strain in single crystalline state and 6.7 % strain in polycrystalline
condition have been observed experimentally up to now [5,11,19-21]. Similar to the Fe-Ni-Co-
Al-Ta SMA detailed in the previous chapter, Fe-Mn-Al-Ni SMA also require small, finely
dispersed precipitates, which make transformation thermoelastic [5,11,19-21]. Figure 5¢c shows
the B—type precipitates within the a-Matrix. The diameter of the f—precipitates is similar to those
in the Fe-Ni-Co-Al-Ta system, i.e. around 10 nm. Several studies revealed and discussed the
impact of the size and volume fraction of the p—precipitates on the functional properties in Fe-
Mn-Al-Ni SMAs [20,22].
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Figure 5: a) Initial microstructure of a polycrystalline Fe-Mn-Al-Ni SMA after solution treatment at 1200 °C for 1h
followed by quenching in tempered water; b) pseudoelastic stress-strain curve of a solution treated polycrystalline
sample as shown in &) upon aging. c) Finely dispersed B — precipitates upon solutionizing and subsequent aging at
200 °C for 3h.

Figure 5a shows the as cast and solutionized microstructure of a Fe-Mn-Al-Ni SMA tensile
sample. Solutionizing and subsequent quenching in tempered water (80 °C) results in evolution
of ductile secondary y—phase at the grain boundaries [23]. Grain sizes range from 500 pm to
1 mm [23]. It is well known that in Fe-Mn-Al-Ni SMAs such microstructures (Figure 5a), i.e.
featuring small relative grain size with respect to the cross section [24], result in poor functional
properties [24]. This is mainly attributed to intergranular constraints, which are often related to
the high anisotropy, i.e. highly pronounced differences in transformation strains in different
crystallographic orientations. Consequently, the pseudoelastic behavior of the polycrystalline Fe-
Mn-Al-Ni SMA shown in Figure 5b reveals poor shape recovery.
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Figure 6: a) Schematic detailing the AGG cyclic heat treatment procedure; b) resulting microstructural appearance upon
solutionizing (0 cycles) as well as 2 and 4 cycles of AGG cyclic heat treatment.

In order to promote an increase of the relative grain size and, thus, allow for improved functional
properties, Omori et al. [25] introduced a heat treatment method for a Cu-Al-Mn alloy, which
leads to abnormal grain growth (AGG) [25]. Expectedly, the functional properties improved
remarkably upon AGG [25]. Figure 6a shows a schematic diagram detailing the AGG heat
treatment procedure for Fe-Mn-Al-Ni. Upon repeated temperature changes from 1200 °C (a
single phase region) to 900 °C (a+y two phase region) and backwards the microstructure changes
as a function of the number of heating-cooling cycles. Figure 6b shows the microstructure
evolution after solution treatment (0 cycles), as well as 2 and 4 cycles of AGG treatment. From
Figure 6b it is obvious that the grain size increased considerably after cyclic heat treatment.
Consequently, a bamboo like microstructure evolved, which shows superior functional properties
as was already outlined in several studies [11,23-26].



SMAR 2017 — Fourth Conference on Smart Monitoring,
Assessment and Rehabilitation of Civil Structures

SMAR 2017

500

1st cycle

&

Stress, MPa
N w
8 8

2" cycle

g

°

’ - . = Strain, %

Figure 7: a) Microstructure of the sample subjected to cyclic loading following 4 thermal cycles of the AGG procedure.
Crystallographic orientations are indicated on each grain and within the inverse pole figure (inset). The red rectangle
in a) represents the AOI shown in ¢) and d); b) pseudoelastic stress-strain response in the first and second cycle of the
sample shown in a). c) and e) show the sample surface during an in situ test in the SEM for the first and second cycles,
respectively. (Recompiled from [11])

Figure 7a depicts the microstructure of a second sample subjected to cyclic heat treatment. As
expected, AGG led to a bamboo like microstructure (Figure 7a). The red rectangle represents the
area of interest (AOI) in Figures 7c and 7d. For the first 2 cycles, an in situ test was conducted in
order to evaluate the martensite variant selection and interaction of variants. In the first cycle
mainly one single martensite variant (dark contrast in the SE image, Figure 7¢) accommodates
the strain, whereas in the second cycle several martensite variants evolve, significantly interacting
at the variant-variant boundaries.
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Figure 8: a) Characteristic values extracted from the cyclic stress-strain response: recovery ratio and critical stress
evolution vs. cycle number; b) prevailing microstructure after 50 pseudoelastic cycles [11].

Studies in a variety of SMAs focused on the interaction of martensite variants during
pseudoelastic transformation and revealed their impact on the functional performance [9,27]. It
was shown for Co-Ni-Ga that due to an intensive variant-variant interaction the stress hysteresis
drastically increases due to internal friction at the interacting variant boundaries, resulting in an
increased dislocation activity [27]. These dislocations are able to mechanically stabilize evolving
martensite variants and lead to a distinct cyclic instability, as this was shown for the Fe-Ni-Co-
Al-Ta system in the previous chapter [9]. However, it seems that degradation mechanisms in Fe-
Mn-Al-Ni and Fe-Ni-Co-Al-Ta SMAs differ significantly. The absolute number of martensite
variants and their distribution within the gauge length strongly differ in the first cycle and in the
fatigue experiment. One large martensite variant is formed in the first cycle and numerous smaller
ones are formed in the second cycle and thereafter (cf. Figs. 7c, 7d and 8b) [11]. The
microstructural condition in areas where martensite was already present in a previous cycle seems
to change in a way that makes martensitic transformation in the following cycles more difficult.
Eventually, this results in the formation of new martensite variants in areas that have not been
transformed before (Figs. 7d and 8b).
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Figure 8a shows characteristic values extracted from the data obtained by the pseudoelastic
fatigue experiments (cf. Fig. 7). Figure 8b depicts the sample surface after 50 pseudoelastic
cycles. From Figure 8a it is obvious that the recovery ratio decreased steadily. Finally, only about
15 % of the Fe-Mn-Al-Ni sample shows a reversible phase transformation in cycle 50. The
evolution of the critical stress for stress induced phase transformation (ocit) Was analyzed
accordingly. It becomes obvious that the degradation mechanisms in Fe-Mn-Al-Ni and Fe-Ni-Co-
Al-Tadiffer significantly. As can be deduced from Figure 2, ocirdecreases with increasing number
of cycles in the Fe-Ni-Co-Al-Ta system. The evolution of ot in Figure 8a reveals a constant
stress level throughout 50 cycles. This is in good agreement with the discussion on the martensite
variant selection related to Figures 7c) and 7d). As in each cycle new martensite variants are
activated, the activation energy (needed to form martensite in an area that has not been
transformed before) does not change distinctly and, thus, the ocit level remains constant.
Furthermore, the surface relief shown in Figure 8b indicates that upon cyclic loading for 50 cycles
a progressive pinning of the evolving martensite variants throughout the transforming grain
occurs. In every cycle new variants are formed. Additionally, the interaction of martensite variants
may lead to pronounced dislocation activity, similar to the Fe-Ni-Co-Al-Ta [9]. However,
evaluation of the impact of the single contributions to the overall degradation seen will be subject
of future work.

4  CONCLUSIONS

The current work introduces the nature of degradation in two novel Fe - based SMAs. Analysis
of microstructure evolution following pseudoelastic fatigue experiments revealed that
degradation mechanism differ significantly comparing both, the Fe-Ni-Co-Al-Ta and Fe-Mn-Al-
Ni SMA system. The main findings are as follows:

- Fe-Ni-Co-Al-Ta SMAs show excellent pseudoelastic properties. However, degradation of the
functional properties following cyclic loading is seen. Microstructural reasons were found to
be related to an increased dislocation activity at the phase and variant boundaries leading to
martensite pinning at these sites and the nano-scaled precipitates.

- For the Fe-Mn-Al-Ni SMA system theoretical transformation strains up to 26 % were reported.
In single cycle experiments excellent pseudoelastic material behavior is shown, however, in
fatigue experiments functional degradation sets in in the very first cycle. Degradation is due to
an increased dislocation activity.

- The degradation mechanisms in both SMA systems differ significantly. Whereas pinning of
martensite variant boundaries in the Fe-Ni-Co-Al-Ta system occurs mainly in regions, in which
martensite variants repeatedly interact, microstructural changes in the Fe-Mn-Al-Ni system can
be observed even upon the first phase transformation event. This shifts martensitic
transformation to sample volumes that have not been transformed before. Consecutive
transformation across the whole sample volume leads to an entirely pinned microstructure upon
fatigue.
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