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2003: NiTi Draht als Betonbewehrung @Empa
(Masterarbeit B. Hahnebach)
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Czaderski, C., B. Hahnebach and M. Motavalli (2006). "RC beam with variable stiffness and strength." Construction and Building Materials 20(9): 824-833.
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2003-2004: NiTi wires as discrete fibers for @Empa
cement embedment (Project SMASH

Fiber content ~1.2%

o, NiTi bei 180°— 845 MPa
1.2% Fasergehalt— 10.1 MPa
Zufallige Verteilung 2D: Faktor
2/n - 6.5MPa

Moser, K., A. Bergamini, R. Christen and C. Czaderski (2005). "Feasibility of concrete prestressed by shape 3

re-fer Fachtagung, Forschung und EntWICklung’ C. Czaderski memory alloy short fibers." Materials and Structures 38(279): 593-600.



Memory Metalle ®Empa

m Legierungen auf der Basis von NiTi m Legierungen auf der Basis von

= Ni-Ti Eisen
= Ni-Ti-Cu = Fe-Ni-Co-Ti
= Ni-Ti-Nb = Fe-Mn-Si
m Ni-Ti-X .
|
| Legierungen auf der Basis von - Deutlich tieferer Preis (...als NiTi)
Ku pfer - Hoherer Elastizitatsmodul (...als NiTi)
- Brauchbare Rickumwandlungsspannung
m Cu-Zn-Al - Brauchbare Umwandlungstemperaturen
m Cu-Al-Ni
[
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2005-2008: Post doc Dong

— Fe-17Mn-5Si-10Cr-4Ni-1(V,C) (mass%

( EMPA |

Européische Patentanmeldung Nr. EP 2 141 251 A1, "Auf Eisen, Mangan und
Silizium basierende Formgedachnislegierungen”, 16.6.2009
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A Novel Fe-Mn-Si Shape Memory Alloy With Improved
Shape Recovery Properties by VC Precipitation

By Zhizhong Dong, Ulrich E. Klotz, Christian Leinenbach®, Andrea Bergamini,

Christoph Czaderski, and Masoud Motavalli

Low cost Fe-Mn-Si-based shape memory alloy (Fe-Mn-Si
SMAs) with good workability, machinability, and weldability
have been drawing much attention during the last two
decades reganding to their potential application in engineer-
ing ! Hitherto, two typical groups of FeMn-Si SMAS,
namely, Fe-28Mn-68i-5CT with a fairly good shape memory
effect (SME) but poor
Fe-14Mn-55i-9Ce-5Ni with good corrosion resistance but poor
SME, have been developed.*® However, beyond some
experimental practice, Fe-Mn-Si SMAs have not been utlized
in the industry due to their shape recovery limit and
“training’” treatment difficulty in applications.

Since Kajiwara and coworkers have made a breakthrough

corrosion  resistance  and

tothis problem (ie., reganding the martensite transformation
from a parent phase  (fe)to an phase (hep) and its reversion
(s~ y) by heating”), they involve a certain amount of Nband
Cto the conventioral Fe-MnSi SMAs, resulting in a
substntial improvement of the SME by producing small
recipitates after aging ! They later reported that
further enhancementof SME can be achieved by prerolling o
simple extension of austenite before an aging treatment. ™ 11!
‘The results showed that both shape recovery strain and shape
recovery stress are remarkably improved after involving NEC
to the matrix. Following the above achievement, the new
second phase precipitated Fe MnSi alloy has ateracted more
rescarchers. For example, Susan et al. found that the addition
of VN also improves the shape recovery, but no results on
shape recovery stresses were reported in their work ™ Mare
recently, Lin ot al. also reported on the effect of ¥ and C on
shape recovery characteristics in FeMn-5i alloy."¥
In the recent years, the application of SMAs in civil
engincering has gained more and more attraction, for

[*] Dr. C. Leinrbach, Dr. Z. Dong, A. Bergamini, C. Caaderski,
Prof. M. Motavalli
EMPA— Suiss Faderal Laboratories for Materials Testing and
Research
Duchendorf CH-8600, Suitzerland
E-mail: christian leinenbaclidempn.ch
Dr. 2. Dorg.
School of Materials Science and Engireering, Tianjin University
Tiarjin 300072, China
Dr. U. E. Klot:
FEM, Resenrch Institete Precious Metals and Metels Chemistry
D-73525 Schuachisch Gruend, Germary

example, for prestressed confinement of concrete columns, ¥
in buildings, for activated internal reinforcement in con
cretd!® or for prestressed short fiber concrete!' The
advantage of reinforcement made of SMA compared 10 steel
is the property that they can be activated internally so that no
ducts and anchorages would be necessary in prestressed
conerete and no friction losses would occur in the case of
prestressed. confinement of columns, However, the widely
used NiTi-based SMAS appear to be 100 expensive. Fe-based
SMAS scom 1o be the best candidate for such purposcs, but up
to now, none of the availabie alloys satisfies the requirements
of either the civil engineering or the mechanical engineering
industry. This is mainly because of the high trnsformation
temperatures and the relatively low recovery stresses.

In the present work, we have designed a nominally nesw
FoMnSi SMA with low transformation temperaturcs. con
taining VC particles. Much emphasis was placed on studying
the heat treatment process to achieve good shape recovery
strain and shape recovery stress without “training” treat-
ments. The work is accomplished by microstructural inves
tigations,

Experimental

Based on thermodynamic calculations using the Thermo-
Calc® software package version R with the steels dedicated
database TCFE3, a nominally new alloy with the com position
Fe17Mn-55i-10Ce4NH (V.0 (mass%) was designed. The
molar ratio mrvimic was adjusted tobe slightly smalles than 1,
e, the C was added overstoichiometrically to V. A bateh of
5 kg of the alloy was prepared by vacuum induction melting,
After forging and hot rolling to 20 mm thickness, the material
was solution treated at 1100°C for 5h. For further testing of
the shape memory properties, rectangular strips (07 X3%
100 mm’) for hending tests as well as dog-bone shaped tensile
specimens with a gauge length of 15 mm and cross-section of
1X 0.7 mm® were prepared using electrodischarge machining
(et Fig. 1)

In onder to determine the 0ptimu m aging tem perature the
samples were encapsulated in Ar filled glass tubes and
annealed at different temperatures 600-950°C for different
times.

The transformation temperatures were measured by
differential scanning calorimetry (DSC). A eycle of cooling
from room temperature (RT) down to —150°C followed
by heating up to 25°C was performed. Samples of about

oy
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Unterschiede zwischen Fe-SMA und NiTi @Empa

m Fe-SMA hat praktisch keine Superelastizitat
m Fe-SMA hat keine vollstandige Rickverformung

aber, Fe-SMA hat
m hohere Steifigkeit
m grossere Temperatur Hysterese

m gute Umwandlungstemperaturen
d.h. praktisch keine Schaden fiir Beton

m tieferer Preis
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2012-2014: KTl Machbarkeitsstudie (Innosuisse)  ®Empa

Materials Science and Technolagy

Giessen Fe-SMA Block
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2012-2014: KTl Machbarkeitsstudie (Innosuisse)  ®Empa

Materials Science and Technolagy

Heating and Cooling Cycle on a flat SMA strip (Test Sample 7.1, 4% prestrained, Batch No, 3)
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Czaderski, C., M. Shahverdi, R. Brénnimann, C. Leinenbach, and M. Motavalli, Feasibility of iron-based shape memory alloy strips for
. . prestressed strengthening of concrete structures. Construction and Building Materials, 2014. 56: p. 94-105.
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2012-2014: KTl Machbarkeitsstudie (Innosuisse)  ®Empa

EB: extern aufgeklebt
NSM: near surface mounted reinforcement with grout
(eingemdrtelt in Schlitze in Betoniberdeckung)

CR: cover replacement with mortar (Ersatz Betoniiberdeckung)

EB NSM

Materials Science and Technolagy
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Shahverdi, M., Czaderski, C., and Motavalli, M., Iron-based shape memory alloys for prestressed near surface mounted strengthening of reinforced concrete beams. Construction and Building Materials, 2016. 112: p. 28-38.
Shahverdi, M., Czaderski, C., Annen, P., and Motavalli, M., Strengthening of RC beams by iron-based shape memory alloy bars embedded in a shotcrete layer. Engineering Structures, 2016. 117: p. 263-273.
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2012-2014: KTl Machbarkeitsstudie (Innosuisse)  @®Empa

Materials Science and Technolagy
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Shahverdi, M., Czaderski, C., and Motavalli, M., Iron-based shape memory alloys for prestressed near surface mounted strengthening of reinforced concrete beams. Construction and Building Materials, 2016. 112: p. 28-38.
Shahverdi, M., Czaderski, C., Annen, P., and Motavalli, M., Strengthening of RC beams by iron-based shape memory alloy bars embedded in a shotcrete layer. Engineering Structures, 2016. 117: p. 263-273.
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2016-2019: Schubverstarkung von Beton @Empa
(Innosuisse Project)

Oberflache aufrauhen Montage der memory-steel Spritzbeton (Sika Monotop)

= Verstarkung von T-Tragern

= Spannweite L=4.30 m

650
8 bars @=12mm

o o

drilling of cores,____@/—» D 150
filled with grout
stirrups
@=8mm ~220
s=450mm 600
4 bars
— @=30mm

ribbed Fe-SMA bars @=12mm
embedded in sprayed mortar 160
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Force F (kN)

2016-2019: Schubverstarkung von Beton @Empa
(Innosuisse Project)

3 memory-steel Bugel
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Force F (kN)
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@ Empa
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Beam 1: keine Verstarkung

Beam 2: drei vorgespannte Blgel
Beam 3: drei nicht vorgespannte Bligel
Beam 5: fiinf vorgespannte Bligel

Czaderski, C., Shahverdi, M., Michels, J.: Iron based Shape Memory Alloys as Shear
Reinforcement for bridge girders, Construction and Building Materials, 2021 274., 121793.
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2019: erste Anwendung im Kurtheater Baden @ Empa

Materials Science and Technolagy

i

4

memory-steel Blgel fur die Schubverstérkuﬁg B

Von Voyager - Eigenes Werk, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=6444105

Kurtheater Baden vor der Verstarkung

Fertige Verstarkung
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2018-2021: Biegeverstarkung von Stahlbeton @Empa
(Doktorarbeit B. Schranz, ETH Zurich)

= Beispiel Briicke in Querrichtung: Biegebewehrung fir negatives Biegemoment

Slab specimens E
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Sx @11.5mm memory-steel bars
L 218
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Schranz, B., Michels, J., Shahverdi, M., Czaderski, C., Motavalli, M., Vogel, T., Shahverdi, M. (2021): Strengthening and prestressing of bridge decks with ribbed iron-based shape memory alloy bars. Engineering Structures 241(112467), 876-891.
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2018-2021: Biegeverstarkung von Stahlbeton @Empa
(Doktorarbeit B. Schranz, ETH Zurich)

= Statischer Belastungsversuch

» Erhoung der Risslast und duktiles Bruchverhalten (Betonstauchen wahrend Stahlfliessen)
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Schranz, B., Michels, J., Shahverdi, M., Czaderski, C., Motavalli, M., Vogel, T., Shahverdi, M. (2021): Strengthening and
prestressing of bridge decks with ribbed iron-based shape memory alloy bars. Engineering Structures 241(112467), 876-
891.
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Biegezugverstarkung einer Stahlbetondecke in @ Empa
einem Schulgebaude in Winterthur

Materials Science and Technolagy
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2021-2024: Verstarken von Stltzen mit memory- @Empa
steel (Innosuisse Projekt)
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Raza, S. etal (2022) “Shape memory alloy reinforcement for strengthening and self-centering of concrete structures—State of the art”, Construction and Building Materials, V. 324, march 2022 126628
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2021-2024: Verstarken von Stlitzen mit memory- @®Empa

steel (Innosuisse Projekt)
BEE o H
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2022-2025: Strengthening of bridges with @ Empa
UHPFRC and memory-steel (Innosuisse Projekt)

Konzept:

1) Montage der memory-steel Stabe

2) Aufbringen einer UHFB Schicht

3) Widerstandsheizung zur Aktivierung
der memory steel Stabe
|- =1

.. concrete
SERADY

Eugen Briihwiler (2020) UHPFRC
technology to enhance the performance of
existing concrete bridges, Structure and
Infrastructure Engineering, 16:1, 94-105

. UHFB
Gerippter

memory-steel
re-fer Fachtagung, Forschungund Stgh st \Vorhandener Beton

Materials Science and Technolagy
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Vorteile der Kombination von memory-steel und UHFB

Die Verstarkung verbessert die Tragsicherheit

Maglichkeit der Vorspannung der sehr diinnen UHFB Schicht
Die Vorspannung reduziert die Verformungen, Rissweiten,
Zugspannungen im innenliegenden Bewehrungsstahl

keine mechanische Verankerungen

Wasserdichte Schicht UHFB

Duktilies Verhalten des UHFB

Gutes Verbundverhalten zwischen UHFB und memory-steel
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Weitere Forschungsprojekte an der Empa ®Empa

m Kurzfaserbeton mit memory-steel Fasern

m Verbesserung der Rickumwandlungsspannung durch Optimierung
der Warmebehandlung

Yang Y. etal (2021) Influence of thermal treatment conditions on recovery stress formation in an FeMnSi-SMA, Materials Science and Engineering.

m Untersuchungen zur Pseudoelastizitat von memory-steel

M. Mohri et al., Effect of thermomechanical treatment and microstructure on pseudo-elastic behavior of Fe-Mn-Si-Cr-Ni-(V, C) shape memory alloy,
Materials Science & Engineering A 855 (2022) 143917.

m Entwicklungen zur Verstarkung von Stahlbrtcken (Ermidung)

J. VUjtech et al.,, Iron-Based shape memory alloy for strengthening of 113-Year bridge, Engineering Structures 248 (2021) 113231.
M.R. Izadi et al., Development of an iron-based shape memory alloy (Fe-SMA) strengthening system for steel plates. Engineering Structures 174 (2018) 433-446

m Untersuchung des Kriechens und der Relaxation von memory-steel
m 3D Betondruck und memory-steel Bewehrung

re-fer Fachtagung, Forschung und Entwicklung, C. Czaderski 21
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