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Fabrication and AE Characteristics of TiNi/A16061 Shape
Memory Alloy Composite
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TiNi/A16061 shape memory alloy (SMA) composite was fabricated by hot press method to
investigate the microstructure and mechanical properties. Interface bonding between TiNi

reinforcement and Al matrix was observed by using SEM and EDS. Pre-strain was imposed to

generate compressive residual stress inside composite. A tensile test for specimen, which under-

went pre-strain, was performed at high temperature to evaluate the variation of strength and the

effect of pre-strain. It was shown that interfacial reactions occurred at the bonding between

matrix and fiber, creating two inter-metallic layers. And yield stress increased with the amount

of pre-strain. Acoustic Emission technique was also used to nondestructively clarify the

microscopic damage behavior at high temperature and the effect of pre-strain of TiNi/Al6061

SMA composite.
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1. Introduction

Residual stress occurred when the difference
of thermal expansion between fiber and matrix
should be relieved to increase the strength of com-
posite (Park et al., 2001 ; Oguocha et al., 2000 ;
Kashiwagura et al. 2000) . Moreover, inducing the
compressive residual stress inside of composites
could improve the tensile strength. TiNi alloy has
been used to solve this residual stress since early
1980s (Garcia 2000 ; Ahrens 1999). TiNi (Shape
Memory Alloy) has special quality of martensite
transformation and superior function of shape
recovery by this quality. After some forms of heat
treatment, the TiNi alloy exists in the martensitic
form at a room temperature. When the material is
subject to plastic deformation, it undergoes a
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mechanical twinning process where each adjacent
layer of atoms moves by one lattice parameter.
However, when the material is heated, it under-
goes a transformation phase to the austenite, the
mechanical recovering imposed mostly deforma-
tion. In this study, smart composites with TiNi
shape memory fiber (SMF) reinforcement was
fabricated by hot press method and their mec-
hanical properties were evaluated. The matrix is
Al6061. The martensite transformation tempera-
ture depends on the chemical composition of
alloy, method of fabrication and heat treatment.
The objectives of this study are likely the next
four sentences. First is studying the microstruc-
tures and mechanical properties were formed in
the process of the fabrication of the TiNi/Al16061
shape memory alloy composites. Second is we
identify the best processing condition of smart
composites by hot pressing. Third is studying of
tensile strength effects of the composites accor-
ding to compressive residual stress by pre-strain.
And finally, it is monitoring the failure mec-
hanism and the damage behavior of composite
corresponding to the variation of pre-strain by
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using the acoustic emission (AE) technique (Liu
et al., 2000 ; Emel’yanov et al,, 2000 ; Enoki et al.,
2001 ; Fregonese et al., 2001).

AE technique, which uses the elastic waves res-
ulted from crack initiation and propagation in a
material (Zyuryukin and Yu, 1999 ; Sukhodolsky
et al., 1998 ; Smagin, 1999 ; Ahn and Nam, 2003),
is a very useful method to evaluate fracture mec-
hanism and microscopic damage of the com-
posites.

2. Materials and
Experimental Set-Up

2.1 Specimen fabrication

TiNi fiber {Ti-50.0 at.% Ni) of 500 ym diam-
eter (made by Kantoc Ltd., Japan} and sheet
metal of 6061 Al alloy were used to fabricate the
smart composites. A hot press was designed for
making aluminum alloy matrix composites rein-
forced by continuous TiNi shape memory alloy
(SMA) fiber. The hot press of 250 ton with a
hydraulic unit cylinder was used. A chamber was
attached to the center of the hot press to keep the
constant temperature. A fixture was designed for
holding and arraying TiNi shape memory alloy
strings as shown in Fig. 1. To investigate the
effect of volume fraction and pre-strain, tensile
test specimens (JIS 6) with several volume frac-
tions were made by hot pressing method under
the optimum processing condition (Yano et al.,
1998 ; Shimoo et al., 1999). The TiNi fibers were
fixed inside of 150 mm X22 mm 6061 Al sheets at
constant spacing and these sheets were stuck be-
tween the press dies as shown in Fig. 2. TiNi/
Al6061 composite was fabricated in the condi-
tions of temperature of 833 K, pressure of 60
MPa, and 30 minutes in hot press. Moreover,
because the surface of Al sheets can be oxidized
easily in air, the hot press was preformed in
Argon. A tensile test specimen of flat bar type
was cut out from freeform as shown in Fig. 3.
To determine the optimum conditions of the
composites, the bonding state between 6061 Al
matrix and TiNi fibers was observed by using
the SEM images. Also, EPMA analysis was used
to evaluate chemical compositions of the dif-

fusion layer. Under the optimum conditions,
TiNi/Al6061 composites with three different vol-
ume fractions of TiNi fibers (3.2, 5.2 and 79%.)

Fig. 1 The fixture for fixing and arraying SMA
fibers
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were fabricated. T6 heat treatment was used to
enhance the mechanical properties of the matrix.
Solution treatments were conducted at 793 K and
813 K for 1 hour. As the final step of processing,
the specimens were applied the kind of three type
pre-strain (1, 3, and 5%.) at room temperature.
Mechanical testing was conducted on the pre-
strained specimens at 363 K. Specimen tempera-
ture was measured on the surface of the specimen
by using the thermocouples.

Figure 4 shows a cross—sectional view of the
fabricated composites by the optimum process-
ing condition. It shows that strong bonding was
formed between the fiber and Al6061 matrix by
the optimum processing condition and the bond-
ed line on the each Al sheet disappeared. Figure
5 shows chemical composition changes through

Al matrix

Fig. 4 SEM micrograph of the TiNi/Al6061 SMA
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Fig. 5 EPMA analysis of the interface between fiber
and matrix

an interface between the matrix and the fiber by
EPMA analysis. According to this result, thick-
ness of the diffusion layer was about 4 ym.

2.2 Experimental apparatus

Tensile test was carried out to understand the
microscopic fracture behavior and the degree of
damage of TiNi/Al6061 composite by using the
AE technique. The schematic diagram of the
experimental set-up is illustrated in Fig. 6. The
test was measured when a crosshead speed was
1.0 mm/min and an atmosphere temperature was
363 K. As the load increased, AE signals were
generated by crack initiation and propagation
within the specimen. These AE signals were de-
tected by AE sensor (wide band) attached on the
front surface of the specimen. The sensor output
was amplified by 40 dB at the preamplifier and
analyzed at the AE main board (MISTRAS 2001)
by AE parameters (AE counts, duration time, am-
plitude, energy, etc.). The threshold level was
fixed to 18.8 mV to eliminate electric and mec-
hanical noises.

3. Results and Discussion

3.1 Stress-strain curves corresponding to
pre-strain variation
In this study, in order to evaluate the effects of
compressive residual stress between TiNi alloy
and Al matrix at high temperature (363 K), 1, 3,
and 5% pre-strains were applied to the TiNi/
Al6061 composite. Figure 7 shows that tensile
strength was the lowest in specimen, which did

Fig. 6 Schematic diagram of experimental set-up
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not undergo pre-strain. Tensile strength was
gradually increased with pre-strain because of
thermal elastic property of TiNi alloy. TiNi alloy
shrank due to the phase transformation from
martensite to austanite at 363 K, but Al matrix
did not shrink at that temperature. Therefore,
compressive residual stress was generated in com-
posite by the difference of thermal expansion at
the boundary between TiNi alloy and Al matrix.
Also Tensile strength was increased with pre-
strain due to the increase of compressive residual
stress in TiNi/Al6061 composite.

3.2 Characteristics of AE signal correspon-
ding to damage of TiNi/Al6061 compo-
site

Figure 8 shows the characteristics of AE signals
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Fig. 7 Stress-strain curves of TiNi/Al6061 com-
posites as a function of pre-strain at 363 K

stage (i) § stage (I E stage (IV)

T T T 1
o 50 100 150 200 250

_Stage(l*:

Events
o 8 8 3
i 1 I3
AN T

(a) Events vs time

Energy

(b) Energy vs time

Fig. 8 AE event, energy vs. time {sec) at 3% pre-
strain composite (T=2363K)

generated in the specimen with 3% pre-strain
to clarify the microscopic damage behavior in
TiNi/Al6061 composite. As shown in Fig. 8(a),
it could be divided into four stages according
to AE signal characteristics. Stage I, AE signals
were not generated at the first stage of the load.
Stage II, as the load increased gradually, about
5 AE signals were generated per second. Stage
I, AE signals rapidly decreased at a point of
70% before the specimen was completely broken.
Finally, AE signals increased at stage IV again.
When the load was applied to the specimen, AE
signals were not generated in the specimen be-
cause the specimen already underwent pre-strain.
However, the load increased gradually and arriv-
ed at stage II, and then debonding at the boun-
dary between TiNi alloy and Al matrix gen-
erated a lot of AE events. The debonding in com-
posite decreased rapidly at the stage III and a
few AE events happened in case of the plastic
deformation of Al matrix, pulling out between
TiNi alloy and Al matrix. This result implied
that the debonding at the boundary between
reinforcement and matrix was generated at the
first stage of the load. When the load increased
gradually, AE events decreased because the de-
bonding was hardly generated and the composite
was deformed rapidly. Only a few AE signals
were generated by the plastic deformation of Al
metrix and TiNi alloy at the threshold level of
45 dB through preliminary experience. Finally,
when the load reached the stage IV, many AE
events were generated by crack propagation into
the TiNi/Al6061 composites and TiNi alloys
fracture. However, energy of AE signals was di-
stributed widely from 50 to 700. As shown in Fig
5(b), energy was distributed by 600 following
to the form and magnitude of the debonding at
stage II. AE signals under 50 in energy were
observed at stage 111 due to plastic deformation of
Al matrix, pulling out between TiNi alloy and Al
matrix. A few AE signals above 600 in energy
were observed as the large crack appeared and it
was propagated into the composites. Finally TiNi
alloy was broken at stage IV. Therefore, it was the
microscopic damage behavior in TiNi/Al6061
composite by using the AE parameters such as
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AE energy. And events could be evaluated.

3.3 AE signals characteristics correspond-

ing to pre-strain variation

In order to evaluate the characteristics of pre-
strain by using the AE technique, the charac-
teristics of AE signals following to pre-strain
variation were inspected. Figure 9 shows the rela-
tionship between cumulated AE counts and pre-
strain variation. As shown in Fig. 9, a lot of AE
counts were generated at the first stage of the
load due to the boundary damage and stress
concentration in the specimen that did not under-
go pre-strain. The appearance of AE counts was
generated alike at specimens of 1% and 3% pre-
strain, but it generated lower counts in the 5%
pre-strain. AE signal initiation in specimens of
I, 3, and 5% pre-strain was also delayed when
we compared non pre-strained specimen.

Figure 10 shows the relationship between the
AE events and pre-strain variation. A lot of AE
events were generated by the boundary damage
and stress concentration in non pre-strained
specimen at the beginning of the load. However,
the number of AE events decreased rapidly at a
point of 70% of the complete fracture of the
specimen. As shown in section 3.1, the reason was
debonding phenomenon between reinforced TiNi
alloy and Al matrix decreased rapidly, TiNi/
Al6061 SMA composites was suddenly deformed
with the load. When the composite was com-
pletely broken, many AE events were generated
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Fig. 9 AE counts vs. time according to pre-strain
variation

by the initiation and propagation of cracks, the
fracture of TiNi alloys. The appearance of AE
events was similar in three cases of 1, 3 and 5%
pre-strain. However, when we compared the
specimens of 1 and 3% pre-strain, AE events in
the specimen of 5% pre-strain were the least
generated. These results implied that AE events
were hardly generated until at a point of 40% of
the complete fracture of specimen by the offset of
the internal compressive residual stress and exter-
nal tensile stress. Tensile stress was generated in
composite after 40% of the complete fracture
and AE events were generated by the cause of
boundary damage between AI6061 matrix and
reinforced TiNi alloy.

From the results of AE events shown in Fig 10,
when the stage of the sudden reduction appeared
in the AE events, it means that the specimen is
reached at a point of 70% of the complete fracture
of composite.
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Fig. 11 AE energy according to pre-strain variation



458 Young-Chul Park and Jin-Kyung Lee

Figure 11 shows the relationship between AE
energy and pre-strain variation. As shown in
Fig. 8, AE energy showed the range of distri-
bution from 0 to 600 in all specimens with 1, 3,
and 5% pre-strain. The energy range was widely
distributed according to degree of damage at each
stage including the boundary damage between the
reinforced TiNi and Al606]1 matrix. And the
number of AE signal counts above 200 in energy
decreased with pre-strain increase. AE signals
under 100 in energy were observed from a point
of 70% of complete fracture in all the specimen
of 1% pre-strain. Then, pulling out and plastic
deformation of TiNi/Al6061 SMA composite
generated AE signals. But the cause was not by
the boundary damage. However, the waveform
and frequency spectrum of AE signals were in-
spected to clarify the microscopic damage mec-
hanism of TiNi/Al6061 SMA composite under
tensile loading.

4. Conclusions

From the application of AE technique to clari-
fying the fracture mechanism of TiNi/Al6061
SMA composite, the following conclusions were
obtained.

(1) 1, 3, and 5% pre-strains were applied to
the specimen to evaluate the effect of compressive
residual stress at the boundary between Al matrix
and TiNi reinforcement, and then tensile strength
was increased by increase of pre-strain.

(2) From the results of the microscopic dam-
age evaluation of TiNi/A16061 SMA composite
with applying the pre-strain by using the AE
technique, it could be divided into four stages
corresponding to the AE signals

i) Stage I —the load was increased but AE
signals were not generated.

ii) Stage I — AE events were above 5 per
second and AE signals above 600 in energy due to
the boundary damage between the matrix and
reinforcement.

iii) Stage IIl —A few AE events and AE
signals under 50 in energy were by the plastic
deformation of composite.

iv) Stage IV— A lot of AE events and AE

signals above 700 in energy were by the fracture
of TiNi alloy.

(3) In spite of the pre-strain increase, the
generating appearance of AE signals and the
energy range were not changed. However, the
generating point of AE signal was delayed with
the pre-strain increase.
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