APPLICATION OF HIGH PERFORMANCE ALLOY
WITH SELF DIAGNOSIS TO ARCHITECTURE

YOSHIO KANEKO™, KAZUKI KIRIKOSHI?, KOJI ONISHI®, TAKAO
SUZUKI™, NORIYUKI MIYAMOTO™® AND SUNARYO SUMITRO™®

ABSTRACT:

The objective of this paper is to examine experimentally an applicability of the health
monitoring system employing TRIP (TRansformation Induced Plasticity) steels. The
application of TRIP steels in order to assess structural performance degradation was
evaluated by material tests. The magnetic characteristics of TRIP steels under tensile and
compressive uniaxial loading were examined with the measurement of induced voltage.
The stress-strain hysteresis and the associated magnetic alternation of TRIP steels were
identified. Further more, plate-bending tests and beam-bending tests were carried out in
order to study the damage-detection characteristics. The dual function of TRIP steels,
serving as both a high ductility load-carrying member and a sensor to monitor damage
accumulation, was confirmed.
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1. INTRODUCTION

Recently, a lot of researches on base isolation and vibration control mainly for an
earthquake and a wind force have been carried out. Especially, the vibration control
systems are installed in the most of new high-rise buildings with the height of more than
60 m. The feature of these damage-control structures is that the earthquake energy, i.c.,
unusual disturbance, is absorbed with damper systems without damage of the
mainframe. However, these systems are generally passive-type ones with
energy-absorbed devices, and there is no architecture in which monitoring apparatus is
installed in order to clarify the structural performance, yet.

On the other hand, there are some researches and developments on high-performance
materials with a self-diagnosis function and a self-instauration function. It was
indicated that the damage level after disaster can be diagnosed and can be applied to
civil engineering structures that is easily restored [1], [2]. Therefore, the construction
of structural systems with more clarified performance may be possible by applying
these advanced technologies to damage-controlled architectural structures.

In this paper, TRIP (TRansformation Induced Plasticity) steel of Fe-Cr stainless alloy
that was studied as reinforcing bars for reinforced concrete structures [2], and stainless
steel (SUS304) are experimentally studied for the damage-detection characteristics.

2. MATERIAL CHARACTERISTICS OF TRIP STEEL AND APPLICATION
The steel plates used at specified portions of automobiles and some austenitic stainless
steels have special material characteristics. The steels displayed a solid-state,
strain-dependent ~ phase  transformation  from a  metastable, austenitic
(face-centered-cubic crystal structure) parent phase to thermodynamically stable,
martensitic (body-centered-cubic crystal structure) product phase as shown in Fig.1,
resulting in high strength and improved ductility. The steel with this transformation
phenomenon became known as TRIP steels [3]. TRIP steels were originally developed
by Zackay et al. [4]. The activity at the time was directed at identifying ultra-high
strength structural steels with improved toughness, i.e., fracture resistance, as compared
with the high-strength, low-alloy steels that were being used for aircraft landing gear
applications and the like. On the other hand, the research on the application of TRIP
steels as sensor in order to examine simply the structural safety was carried out by
Thompson et al. [5]. In

addition, several

application fields of TRIP Stress Martensitic Phase
steels to architectures A Body-Centered-Cubic
were studied and new . Crystal Structure
architectural systems \erromagnetlsm

were proposed [6].

In general, metals
under loading beyond the
elastic region transit into
plastic region. In this

Austenitic Phase
Face-Centered-Cubic
Crystal Structure

Paramagnetism
process, annealed
austenitic stainless alloy >
transforms to hard and Strain
strong martensitic product
phase  under  normal Figure 1: Phase Transformation of TRIP Steel
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temperature and the amount of
martensitic product phase is linear to _l D
the amount of plastic region. The Normal steels —) (=
once transformed martensitic product j |_|
phase never goes back to austenitic —

stainless alloy with unloading

(irreversible  reaction). The B
strain-induced phase transformation TRIP steels —» ) —>
was responsible for the incredible

values of ductility and strain — X
hardening observed in these steels. o - -

. . . Stain-induced Martensitic Formation
Basically, as the material begins to

yield or enter into the plastic Figure 2: Plasticity of TRIP Steel
deformation regime, the phase

transformation is triggered.  The

extent of transformation increases with applied strain so that more and more
strain-induced martensite forms as strain increases. The transformation occurs
inhomogeneously along the gauge length of a tensile specimen such that the regions
where martensite has formed become stronger than the rest of the gauge length and so
necking, i.e., mechanical instability that concentrates subsequent plasticity in the neck,
is delayed (see Fig. 2). Once the transformation occurs to a significant extent along
the entire gauge length, the deformation of specimen then occurs homogeneously
throughout the gauge length until failure, typically with very little or no necking down
associated with final fracture [7], [8]. Specimen elongations of more than 50 % were
observed.

TRIP steels are thus high-strength, high-ductility materials originally developed as
replacement materials for use in applications requiring high-strength, low-alloy steels.
The combination of strength and ductility displayed by TRIP steels was a direct
consequence of the metastable austenitic microstructure developed through special
treatment manufacture processing. TRIP steels gradually transform on application of
strain from austenitic phase to martensitic phase. The parent austenite is paramagnetic
and displays no significant ferromagnetic response. The product martensite is
ferromagnetic. The transition occurs gradually and irreversibly as a function of
applied strain thereby producing a ferromagnetic indicator in the amount of martensite
formed that can be correlated with the degree of straining. Such self-sensing,
self-diagnosis and self-actuating intelligent abilities of TRIP steels are considered for
the application as health monitoring system in architectural structures.

For the special material characteristics of TRIP steels such as high ductility, high
strength and the maximum strain memory associated with magnetics amount, the
following application fields were proposed [6].

(1) Application to reinforcement at the end of RC members in order to increase the
flexural resistance and the plastic strain area

(2) Application to anchor bolts of column base in steel structures in order to increase
the strength and the ductility and reduce the amount of bolts

(3) Application to the damper plate with uniformed section and increase the plastic
strain area
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(4) Application to the splice plate at bolting joint in steel structures in order to
increase the strength and the ductility and reduce the size of plates

(5) Application to thin-plate steel structures by press fabrication, deformed steel
plates and cold-work steel pipes

(6) Application to IC-tag that records the results of magnetic measurement and
damage level

(7) Application to reused steel members with the damage hysteresis

There is not enough data of TRIP steels on the magnetic characteristics under
uniaxial compressive stress. This is because TRIP-bar sensors are mainly utilized
under uniaxial tensile stress. In addition, it was indicated that the influence of loading
direction on the amount of martensite should be identified for practical use as a sensor
because of the anisotropic amount of martensite for the loading direction [2].
Therefore, it is quite important research subject to identify the magnetic characteristics
under uniaxial and alternative cyclic loading and also compare with stainless steels
(SUS304) that are usually used as architectural materials. In this paper, tensile and
compressive loading tests with bar specimens are carried out in order to quantify the
correlation between stress-strain curves and magnetic measurement. In addition, the
applicability to damage-recorded IC-Tag are studied with plate specimens.

3. TENSION AND COMPRESSION TESTS WITH BAR SPECIMENS

3.1 Overview of Experiment

Two sizes of specimens were adopted as shown in Fig.3 in order to restrain buckling of
specimens under alternative cyclic loading. The specimen A has the parallel gauge
length of 14 mm and the specimen B has the parallel gauge length of 24 mm for the
longer magnetic-measurement coil (Coil Sensor). Every specimen is treated as
paramagnetic condition after fabrication. Fig.4 and Table 1 show the measurement
method and overview of specimens, respectively. Strain measurement is carried out
with two strain gauges installed at the confronted center of specimen, as well as with
clip gauge in which the

strain is calculated with Y

rgegsured displacement @ o » 30 o L
divided by the gauge length | o3
of 17.44 mm for Specimen - - - X - . - -8
A and 26 mm for Specimen ] i i ™
B, as shown in Fig.4. The [
magnetic ~ response IS bl 75 3 ; zu 14 LLZ 7 30 |7,5 )
measured as  induced 117 m
voltage by the o y 00 1 ¢
magnetic-measurement coil ] | | ~ |3
installed at Fhe parallel T - - - - - -
gauge of specimens. The ] ! 0

coil length of Specimen A
is 8 mm and that of 30 Izzlzl

2 30 7r.5 IZ
Specimen B is 14 mm in 17

order to measure the larger ~Figure 3: Overview of Specimens: (a) Specimen A,

275 24 112124

amount magnetic response. (P) Specimen B
Regarding the loading
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configuration for TRIP steels,
uniaxial tensile and compressive
cyclic loading and alternative
cyclic loading are applied to
Specimen A and B. Regarding
the stainless steels, only alternative
cyclic loading is applied.

The following strain hysteresis
is set at each loading step for each
specimen. Loading is controlled
by the displacement measured by
the clip gauge and the strain rate is
0.01lmm/min up to £0.2% of strain
and 0.lmm/min after the strain
level for Specimen A, and
0.0025mm/min up to +0.2% of E
strain and 0.025mm/min after the
strain level for Specimen B.

Clip Gauge

Supporting Plate

Loading Device Loading Device |——

Coil Sensor

.

17

2| 7.5 30 7 2| 7 30 7.5 |2

(b) Clip Gauge

Supporting Plate

Loading Device Loading Device |

Coil Sensor

2LLL| 24

117

7.5

Figure 4: Method of Measurement: (a)
Specimen A, (b) Specimen B

30 1[2]2

* Tensile Cyclic Loading: 0 +0.2% +0.4% +0.8% +1.0% +2.0% +3.0%
* Compressive Cyclic Loading: 0 —0.2% —0.4% —0.8% —1.0% —2.0% +3.0%
* Alternative Cyclic Loading: 0 +0.2% +0.4% +0.8% +1.0% £2.0% +3.0%

Table 1: Overview of Specimens

Specimen Loading Configuration | Specimen Type Material
TRIPIA Tension A TRIP steel
TRIP1B Tension B TRIP steel
TRIP2A Compression A TRIP steel
TRIP2B Compression B TRIP steel
TRIP3A1, TRIP3A2 Alternative Loading A TRIP steel
TRIP3BI1, TRIP3B2 Alternative Loading B TRIP steel

SUSAI, SUSA2 Alternative Loading A SUS304

SUSBI1, SUSB2 Alternative Loading B SUS304

3.2 Test Results and Consideration

Every experimental result is shown from Fig.5 to Fig.10. From the figures, it is
obvious that there is little difference of the stress-strain hysteresis between Specimen A
and Specimen B for both TRIP steels and stainless steels (SUS304). However, the
output voltage strongly depends on the length of specimens between Specimen A and
Specimen B for both TRIP steels and stainless steels. Regarding the stress-strain
hysteresis, there is obvious difference between TRIP steels and stainless steels, and
TRIP steels show higher strain-hardening behavior. In addition, the output voltage of
stainless steels is extremely smaller than TRIP steels, and the output voltage is reduced
after unloading. On the other hand, TRIP steels overall keep the output voltage after
unloading. In addition, TRIP steels show the independency of loading direction and
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similar output voltage-strain hysteresis, and the increase of output voltage becomes
prominent beyond the strain level of+ 0.5% that coincides with the experiments under
tensile loading [2]. Thus, the characteristics of TRIP steel as high-strength,
high-ductility and self-diagnosis materials are identified, and the difference between
TRIP steels and stainless steels are clarified.

4. BENDING TEST WITH PLATE SPECIMENS

4.1 Plate-Bending Test

In addition to the experiments on the maximum strain memory with bar specimens, the
simple bending test with plate specimens is carried out in order to identify the
applicability of TRIP steels to structural members. In this test, TRIP steels
(Plate-50%100%1.0mm) and stainless steels (SUS304: Plate-50x100x0.8mm) are bended
by hand, and the magnetic response due to flexural deformation at the centerline of plate
specimens is measured by FERITSCOPE. The FERITSCOPE is a measure according
to the magnetic-induction method. A magnetic field generated by a coil enters into
interaction with the magnetic components of the specimen. The changes in the
magnetic field induce a voltage proportional to the ferrite content in a second coil.

(1) Initial Stage (1) Initial Stage
0.41 046 | 044 | 040 | 046 | 042 | 0.41 043 | 042 | 0.38 0.21 0.21 0.21 0.20 | 0.21 0.20 | 0.21 0.21 0.21 0.20
044 | 0.41 038 [ 039 | 042 | 0.36 | 0.36 | 0.41 043 | 0.41 0.21 0.20 | 0.21 0.21 020 | 020 | 0.20 | 0.20 | 0.21 0.20
047 | 042 | 043 | 037 | 045 | 038 | 037 [ 038 | 041 | 041 018 | 021 | 021 [021 | 021 [022 | 022 | 021 | 021 | 021
051 | 047 | 043 | 043 049 | 039 | 039 | 040 | 042 | 0.40 021 | 022 [ 021 [ 021 |02t [021 [021 |021 |022 | o022
058 | 053 | 050 | 046 | 052 | 043 | 0.44 | 041 040 | 0.38 022 | 0.21 0.21 0.21 0.21 0.21 0.21 023 | 0.21 0.21
(2)First Bending (2)First Bending
044 | 046 | 0.47 | 0.67 1.80 140 | 054 | 045 | 044 | 0.39 0.21 0.21 0.21 0.21 024 | 022 | 0.21 0.21 0.21 0.23
0.46 | 0.41 037 [ 055 | 1.90 | 1.80 | 0.48 | 0.44 | 0.46 | 0.41 0.21 0.20 | 0.21 0.21 0.24 | 0.21 0.21 0.21 0.21 0.21
045 | 042 | 037 | 058 | 2.00 1.80 | 0.50 | 0.41 043 | 0.41 0.21 0.21 0.21 0.21 024 | 0.21 022 | 0.21 0.21 0.21
0.51 048 | 0.44 | 0.59 1.90 1.70 | 0.51 043 | 043 | 0.39 020 | 0.21 0.21 0.21 025 | 022 | 0.21 0.21 022 | 0.22
058 | 0.52 | 0.51 067 | 1.70 | 1.60 | 0.60 | 0.44 | 0.43 | 0.40 0.21 0.21 0.21 0.21 025 | 022 | 0.21 0.21 0.21 0.20
(3)Second Bending (Larger than First Bending) (3)Second Bending (Larger than First Bending)
220 [*2:60 29 0.21 0.21 0.21 022 | 026 | 023 | 0.21 0.21 0.21 0.21
220 [*280 2,6 0.21 0.21 0.21 0.21 0.26 | 024 | 0.21 0.21 0.21 0.21
2.00 |'3.10 28 020 | 0.20 | 0.21 0.21 026 | 023 | 0.22 | 0.22 | 0.21 0.21
2.00 |'3.00 31 0.21 0.21 022 | 0.21 026 | 0.24 | 0.22 | 0.21 0.21 0.21
210 | 2.60 29 0.21 0.21 0.21 022 | 027 | 023 | 0.21 022 | 0.21 0.21
(4)First Retortion (4)First Retortion

041 046 | 047 ] 064 | 170 140 | 058 | 044 | 043 | 038 020 | 0.22 | 0.21 0.21 027 | 023 | 0.21 0.21 0.21 0.21
044 | 038 | 036 | 051 170 160 | 049 | 042 | 039 | 038 020 | 020 | 0.22 | 0.21 028 | 024 | 0.21 0.20 | 0.20 | 0.21
046 | 037 | oa1 054 | 170 190 | 049 | 041 041 038 0.21 0.21 0.21 0.21 028 | 023 | 0.21 0.21 0.21 0.21
052 | 044 | 0.44 | 0.56 1.80 | 200 | 0.54 | 043 | 0.41 0.36 02? Oi; 0;; o: 0‘28 O;S 0‘? 0'2‘ 0;; Oz;
0.57 | 051 [ 050 | 062 [ 150 | 1.80 | 0.58 | 0.44 | 0.40 | 0.32 o 0 o 0 028 ] 028 | 019 | 020 | O. 0.
(5)Third Bending (Same Level as First Bending) (5)Third Bending (Same Level as First Bending)
0.21 0.21 0.21 0.21 029 | 025 | 0.22 | 0.21 0.21 0.21
220 | 2.00
0.21 022 | 022 | 022 | 032 | 0.26 | 0.21 0.21 0.21 0.21
220 | 2.80
200 | 310 020 | 0.21 023 | 022 | 032 | 026 | 0.22 | 0.21 022 | 0.22
- - 0.21 0.21 0.21 022 | 0.31 026 | 022 | 0.21 0.21 0.21
2.00 | 3.00
210 | 260 0.20 | 0.21 0.21 022 [ 029 | 025 | 022 | 022 | 022 | 0.22
(6)Second Retortion (Same Level as Initial Stage) (6)Second Retortion (Same Level as Initial Stage)
0.21 0.21 020 | 0.21 029 | 025 | 0.22 | 0.21 0.21 0.21
210 [780 36
0.21 0.21 0.21 0.21 032 | 027 | 0.21 0.21 0.21 0.21
270 [*2.10 30
= 0.20 | 0.21 0.21 0.22 | 0.31 027 | 022 | 022 | 022 | 0.22
240 | 2.30 32
< 021 | 021 | 021 | 021 031 | 027 | 021 | 021 | 021 | 0.21
230 [°2.70 29
020 | 0.21 0.21 0.21 029 | 025 | 0.21 0.22 | 0.21 0.21
1.90 ["1.90 33

Figure 11: Test Results of TRIP Steel Figure 12: Test Results of Stainless Steel
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This voltage is then evaluated. A ten-mm mesh is drawn on the surface of plate
specimens, and the ferrite content is measured at the center portion of each mesh.
Every specimen is treated as paramagnetic condition after fabrication.

In the test, after flexural deformation is applied, retortion and rebending are
repeatedly applied with the measurement of ferrite content. Figs.11and 12 show the
test results of TRIP steels and stainless steels (SUS 304), respectively. In the figures,
the number indicates the included ferrite volume percentage (%). In the case of TRIP
steels, large ferrite content is observed according to the increased flexural deformation
at the centerline of the plate, and few reduction of ferrite content after retortion. On
the other hand, little ferrite content is observed according to the increased flexural
deformation at the centerline of the plate in the case of stainless steels.

4.2 Beam-Bending Test

The specimen is a steel beam (H-100x100x6x8mm: 6,=3 87N/mm*: SN490B) and TRIP
steel plate (Plate-50%x100x%1.0mm) is attached on both upper and lower flange plate at
the center of the beam as shown in Fig.13. The displacement-controlled loading
system is a uniaxial cyclic load according to the displacement of 0.3 §,, 0.4 J,, 0.5 3,
1.0 8, 2.0 3, and 4.0 &, (8,: displacement at the center of the beam associated with the
occurrence of the full plastic hinge at both loading points). The joint method between
the TRIP plate and the steel beam is shown in Table 2 and Fig. 13.

Table 2: Overview of Specimens

Specimen TRIP-B1 TRIP-B2 TRIP-B3 TRIP-B4
Joint Type Partial Weld | Full Weld Adhesion Full Weld
Space under TRIP | No space No space No space |Space of 3 mm

TRIP-B1 TRIP-B2 TRIP-B3 TRIP-B4

T

Strain Gauge TRIP Steel
Loading Point
AN

300mm 300mm 300mm

Figure 13: Overview of Specimens
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The welding is a partial or full fillet weld (Solid Wire SE-50T), and the adhesion is
Gauge adhesion CC-33. In addition, only for the specimen TRIP-B4, the space of 3
mm between the steel beam and the TRIP plate is installed with the wood plate in order
to reduce the magnetic influence of the steel beam.

A ten-mm mesh is drawn on the surface of plate specimens, and the ferrite content is
measured at the center portion of each mesh for Region 1, 2, and 3 as shown in Fig.14.
The averaged ferrite content at each Region is estimated. As shown in Fig.15, there is
little influence of both adhesion and full welding on ferrite content and it is possible to
apply the present joint method. Fig.16 shows the load-strain and load-displacement
relations at the center of the beam for each specimen. The strain level at the center of
beam is around from 2000 p to 3000 p that is yield strain level, though full plastic
hinges occur at loading points. Fig. 17 shows the ferrite content-strain relation at
Region 1, 2 and 3, respectively. There is few increase of ferrite content except the
specimen TRIP-B2 in which sharp increase of ferrite volume percentage in tension is
observed.

1 1 2 2 3 3
1 1 2 2 3 3
1 1 2 2 3 3

Figure 14: Measurement Point for 3 Regions

(al) Before adhesion
240 | 260 | 270 | 270 | 270 | 270 | 2.70 | 260 | 2.70 | 2.70
230 | 220 | 240 | 240 | 240 | 230 | 220 | 210 | 2.20 | 2.50
220 (220 (220 [ 220 (220 (220 | 220 | 210 | 200 | 240
240 | 220 | 220 | 210 | 220 [ 220 | 210 | 210 | 2.40 | 240
290 | 280 | 250 | 250 | 250 [ 270 | 270 | 270 | 2.80 | 2.70
(a2) After adhesion
300 | 310 | 320 | 310 | 320 | 320 | 320 | 320 | 3.10 | 3.00
3.00 | 3.10 | 3.10 | 2.90 | 3.00 | 3.10 | 3.00 | 3.00 | 3.00 | 2.90
3.10 | 3.00 | 3.00 | 250 | 2.90 | 3.00 | 2.90 | 3.00 | 2.90 | 2.30
240 | 250 | 310 | 270 | 300 [ 300 | 3.10 | 3.00 | 3.00 | 2.90
3.00 | 330 | 320 | 3.10 | 2.70 | 240 | 290 | 3.10 | 3.20 | 3.10
(b1) Before full welding

250 | 270 | 280 | 260 | 280 [ 260 [ 270 | 280 | 2.80 | 2.70
240 | 240 | 260 | 250 | 250 [ 240 | 250 [ 260 | 2.60 | 2.60
230 | 230 | 220 | 240 | 230 [ 230 | 230 | 240 | 240 | 2.60
250 | 220 | 220 | 240 | 236 | 230 | 240 | 260 | 2.60 | 2.50
250 | 260 | 250 | 250 | 250 [ 250 [ 250 [ 260 | 2.50 | 2.70
(b2) After full welding
310 | 320 | 300 | 330 | 310 [ 300 [ 290 | 280 | 2.60 | 2.60
280 | 280 | 280 | 280 | 3.00 [ 280 [ 280 | 290 | 280 | 2.40
280 | 280 | 280 | 280 | 300 [ 280 [ 280 | 290 | 280 | 2.80
300 | 300 | 300 | 290 | 310 [ 310 [ 3.00 | 290 | 290 | 2.80
300 | 300 | 300 | 320 | 300 [ 290 [ 280 | 310 | 290 | 2.90

Figure 15: Test Results: (a) Adhesion, (b) Full Welding
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Figure 16: Load vs. Strain and Load vs. Displacement
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Figure 17: Ferrite Content vs. Strain
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5. CONCLUSIONS

In this paper, the damage-detection characteristics of Fe-Cr stainless alloy, TRIP steels,
and stainless steels (SUS 304) are studied experimentally. On the important research
issues for the practical uses of the high performance alloy, the magnetic characteristics
under tensile and compressive uniaxial cyclic loading and alternative cyclic loading, and
the comparison with stainless steel are experimentally identified. Furthermore,
bending tests with plate specimens are carried out by measuring ferrite content. The
present research has yielded the following findings.

(1) Tension and Compression Test

1-1) There is obvious difference on the stress-strain hysteresis between TRIP steels and
stainless steels, and TRIP steels show higher strain-hardening behavior.

1-2) The output voltage of stainless steels is extremely smaller than TRIP steels.
TRIP steels overall keep the output voltage after unloading, and show the
independency of loading direction and similar output voltage-strain hysteresis.

1-3) The characteristics of TRIP steel are identified, and the difference between TRIP
steels and stainless steels are clarified.

(2) Bending Test

2-1) In the case of TRIP steels, large ferrite content is observed according to the
increased flexural deformation, and few reduction of ferrite content after retortion.
Little ferrite content is observed in the case of stainless steels.

2-2) There is few influence of both adhesion and full welding on ferrite content.

2-3) There is little increase of ferrite content except the specimen TRIP-B2 in which
sharp increase of ferrite volume percentage in tension is observed.
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