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To solve the debonding and fracture problems caused by the different thermal expansion coefficients of the transducer
element and the measured object, a new method combined with the powder lamination, pressureless infiltration and hot
pressing sintering is proposed to prepare Fe/PZT functionally graded material as the matching layer of transducers. The
microstructure and element distribution of the functionally graded layer are analyzed by the SEM and EDS. The results
show that the volume fraction and elements of the functionally graded layer after the pressureless infiltration at 1100 °C
and the hot pressing at 800 °C are linearly and continuously distributed along the thickness direction. The thermal cycle
contrast test shows the well matching performance of the functionally graded disk as the transducer matching layer from
room temperature to 180 °C. Finally, Lamb wave propagation experiment at the 180 °C shows that the functionally graded

matching layer can be used effectively.
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1. INTRODUCTION

Ultrasonic transducers have been widely used in the
non-destructive evaluation. The direct contact high-
temperature transducers are very attractive due to their good
efficiency and sensitivity [1—4]. In the process of thermal
cycle, the thermal expansion coefficients of each element in
the sensors do not match. Therefore, it is impossible to
realize the long-term on-line condition monitoring. For
example, the transducer would be damaged due to the
mismatch of thermal expansion coefficients, and the
components must be reassembled before each test [5, 6].

The functional graded material (FGM), which has a
gradually changed property, is a novel method for solving
the interface mutation. It can alleviate or eliminate the
debonding failure caused by the different coefficients of
thermal expansion of two materials at high temperature
[7, 8]. Among numerous methods of manufacturing FGMs,
the powder metallurgy has been widely used due to its high
reliability and low cost [9, 10]. W/Cu based seven-layered
FGM using the spark plasma sintering process was
fabricated by Chaubey et al. [11]. The samples sintered at
1050 °C presented excellent mechanical and physical
properties. The Al/SiC FGM with 4 layers was fabricated by
Surya et al. [12], which was sintered at 580°C in a protected
atmosphere furnace. The obtained FGM attained better
mechanical properties compared with pure aluminum. The
zirconia-based FGM with different thermal expansion
coefficients was designed and prepared by Fang et al. [13],
which indicated that the stress in the FGM can be adjusted
through controlling the distribution of graphite. Fujii et al.
[14] developed partially stabilized PSZ-Ti FGMs by the
spark plasma sintering (SPS) technique, and they have the
ability to prevent the crack propagation in Ti substrates in
the fracture toughness tests. A novel approach for
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fabrication W/Cu FGM with gradients in hardness and
electric conductivity via the microwave processing was
proposed by Zhou et al. [15]. The W-Cu FGM with 11 layers
by powder stacking was fabricated by Yusefi et al. [16],
which has high relative density and excellent sintering
behavior. However, among above FGMs fabricated by the
powder metallurgy methods, their composition distributions
are not continuous. A common strategy is to increase the
layer numbers of the powder stack to achieve approximately
continuous changes in composition.

There are some other preparation methods to fabricate
continuous gradient material, such as centrifugal method or
sol-gel method. Watanabe et al. [17] fabricated Al-Al,Cu
FGM by centrifugal method and investigated the effects of
different processing parameters on microstructure
distributions. The synthesised SiC-TiC FGM was prepared
by Simonenko et al. [18] using the Sol-Gel process. The
composition gradient of the SiC-TiC ceramics was
confirmed by X-ray computed microtomography. However,
the volume fraction distribution can not be easily controlled
by these above methods.

In this paper, a novel approach is proposed to fabricate
Fe/PZT FGM with linearly continuous variation and easily
controlled volume fraction. The technology includes the
powder lamination, pressureless infiltration and vacuum hot
pressing sintering (vacuum degree is 6 x 10°Pa). The
principle of this method is to make PVA volatilize and flow
out of the pores between the powders at high temperatures,
and parts of the interlayer interface are eliminated by the
infiltration process of micro melting iron powder. Then, the
hot pressing further promotes the flow of internal
components, and finally eliminates the interlayer interface
to achieve the final effect of continuous change. At last, as
the matching layer of transducers, the obtained disk is
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applied into the Lamb wave propagation experiment at high
temperatures.

2. MATERIALS AND METHODS

The high purity Fe, PVA and PZT powders with
average particle size 5pm, 30um and 50 um,
respectively, are used as starting materials for FGM
preparation. Four-layered Fe/PZT FGM samples are stacked
and compacted according to the design as shown in
Fig.1  with  variable wt% of Fe and
PZT (80 % PZT-20 % Fe, 60 % PZT—-40 % Fe,
40 % PZT-60 % Fe, 20 % PZT-80 % Fe) in each layer,
respectively. Then, 10 wt.% PVA is added into the prepared
Fe/PZT powder, and mix them evenly in the planetary ball
mill. PVA is as a pore forming agent. The details of boll
mailing parameters are listed in Table 1.
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Fig. 1. The schematic view of four layers Fe/PZT FGM with
varying composition

Imm

Imm

Table 1. Parameters used for milling of the power in planetary ball

mill
Property Fe, PVA and PZT power
Speed 150rpm
Milling time 8h
Grinding medium Stainless steel balls
Ball to power ratio 10:1
Milling vessel Stainless steel jar
Milling atmosphere Normal

The detailed sintering process is as follows. Firstly, the
samples are sintered up to 650 °C and kept at this
temperature for 30 minutes. Then, the samples are sintered
at 1100 °C for 90 minutes. The slightly-melted Fe penetrates
into the voids of the lower layer left by the volatilization of
PVA. The infiltration of slightly-melted Fe eliminates the
interfaces. The values of sintering temperature 1100 °C and
the holding time 90 minutes are obtained through a deal of
sintering experiments [19, 20]. An excessive temperature
(1200 °C, 60 min) or long holding time (1100 °C, 120 min)

P

would cause an excessive loss of Fe. On the contrary, the
permeation is so insufficient that continuous gradient
changes can not be formed. Finally, the sintered FGM
samples are densified by the vacuum hot pressing at 800 °C
and 30 MPa for 90 minutes.

After the final treatment and polishing, the Scanning
Electron Microscopy (SEM, Merlin Compact, Zeiss,
Germany) equipped with an energy dispersive X-ray
spectrometer (EDS) is utilized to evaluate the morphology
and element distribution at cross section surfaces.

3. PROPERTY ANALYSIS
3.1. Fe/PZT FGM microstructure

The backscattered electron image of the hot-pressed
sintered sample at 1100 °C is shown in Fig. 2. Due to the
difference of components between each layer, the brightness
and morphology of the image are also different. Therefore,
the interface between layers is clearly visible. The elemental
mapping analysis of Fe-PZT FGM is shown in Fig. 3.
According to the result of EDS surface scanning in Fig. 3,
the main component of the black area (A) in Fig. 2 is PZT,
the white bright spot (B) in the black area is mainly Pb, and
the gray smooth part (C) are mainly Fe. Due to the material
properties of PZT, it is easy to break and form pits during
grinding and polishing. With the gradual increase of Fe, the
surface of the sample gradually becomes smooth and flat.

The secondary electron surface morphology of the hot-
pressed sample after 1100 °C pressureless infiltration is
shown in Fig. 4. After infiltration and hot pressing sintering
process, it is discovered that the interface between the layers
disappeared completely and the surface morphology of the
samples changed uniformly. In order to explore the changes
of each element after the infiltration, the line scanning
observation is performed in the thickness direction of the
sample, as shown in Fig. 5. It can be seen that Fe, Zr, Pb,
and Ti all tend to change linearly and continuously. This
achievement is attributed to the process of pressureless
infiltration and hot pressing. At high temperatures, the PVA
leaves pores inside the powder sample after volatilization.
Then, after the slight melting of Fe powder, it seeps
downward under its own gravity, which makes the
distribution of various elements change. The subsequent hot
press molding further squeezes and fills Fe and PZT into the
pores of the PVA after volatilization. The joint actions of
pressureless infiltration and hot-pressing sintering make Fe
and PZT vary continuously and uniformly, thus eliminating
the interface between layers.

Fig. 2. SEM microstructure of the layers (backscattered electron SEM): a—L1-L2 layer; b—L2-L3 layer; c—L3-L4 layer
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Fig. 3. Elemental mapping analysis of Fe-PZT FGM
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Fig. 5. EDS line scan analysis of Fe/PZT
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Fig. 6. Thermal expansion test device
3.2. Thermal expansion matching performance test

In order to test the durability of FGM matching layers
when they are repeatedly heated, the FGM and Fe sheet are
glued (A-200NL, China) between the PZT disc and Fe sheet,
separately. The sketch of the devices is shown in Fig. 6.
They are heated repeatedly from room temperature to
180 °C and kept for 30 minutes. The sizes of the PZT disc
and Fe sheet are both 820 mm x 1 mm, the steel plate is
200 mm x 200 mm x 1 mm. After the hot pressing and
sintering process, the FGM thickness is 2.68 mm, which can
be seen in the EDS line scan of Fig. 5. To compare with the
Fe sheet, the final size of FGM sheet is also 820 mm x 1 mm
after grinding and polishing.

It is well-known that stresses would be generated during
repeated heating and cooling due to the different thermal
expansion coefficients between the Fe sheet and PZT disc.
After 61 times hot-cycles, the Fe sheet and PZT disc are
separated from each other, as shown in Fig. 7. The FGM
sheet and PZT disc are still coupled well even after
200 times hot-cycles, which demonstrates the FGM sheet
has a good thermal expansion matching performance from



room temperature to 180 °C. It provides a good idea for
solving the mismatch of thermal expansion coefficients
between the transducer and the test object at high
temperatures.
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Fig. 7. Debonding diagram of PZT disc and Fe sheet at different
shooting angles: a—30°; b—90°

4. LAMB WAVE PROPAGATION TEST

Lamb wave is the most common form of guided wave
in ultrasonic nondestructive testing. The dispersion curves
are important basis for guided wave nondestructive testing,
which have been widely investigated [21-23]. To validate
the performance of the Fe/PZT FGM matching layer at high
temperatures, the Lamb wave propagation experiment is
conducted. The experiment devices are illustrated in Fig. 8.
In this experiment, the Lamb wave signal with the excitation
frequency of 1 MHz is generated by the function generator
(RAM-5000-SNAP, RITEC, USA) and loaded on the
transducer after being processed by the filter. The transducer
generates Lamb wave in the steel plate owing to the
piezoelectric effect. In order to reduce the frequency band
width of the signal and obtain the waveform with
concentrated energy, the excitation signal is a 5-cycle sine
wave signal modulated by the Hanning that can be
expressed as follows:

)]

where f. is the center frequency and A is the signal
amplitude.

The acoustic impedance difference between the
piezoelectric element and the object to be measured should
satisfy the matching requirements. The smaller the acoustic
impedance difference, the lower the wave reflectivity at the
interfaces. The acoustic impedance of the matching layer
can be calculated [24]:
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where Zn, Z, and Z7 are the acoustic impedances of the
matching layer, piezoelement and test piece, respectively.

Steel plate

Oscilloscope

PZT transducer

FGM sheet

Function generator

Attenuator Heating device

Fig. 8. Experimental device for Lamb wave test

The density of 304  stainless steel is
p1=717.9 x 10% kg/m®, and the longitudinal wave velocity is
c1 = 5640 m/s. The density of PZT4 is p, = 7.5 x 10% kg/m?®,
and the longitudinal wave velocity is ¢, = 4600 m/s. From
Z = pc, the acoustic impedance of 304 stainless steel is
Zi= 44556 MRals, and that of the PZT4 ceramic is
Z, = 34.5MRals. Therefore, introducing Zy and Z, into Eq. 2,
the acoustic impedance for the matching layer is
Zn=39.21 MRals. The acoustic impedance for the
matching layer is between those of 304 stainless steel and
the PZT4 ceramic. Therefore, the matching layer can be as
a transition layer to reduce the acoustic impedance
difference. Thus, the wave reflectivity would decrease
greatly, the energy transmittance of transducers increases,
and the sensitivity and resolution of transducers are
improved greatly.

The thickness of the matching layer should be selected
as one quarter wavelength at the resonant frequency of
piezoelements [24]. The resonant frequency of PZT is
1 MHz. The longitudinal wave velocity v is 5120 m/s.
A =v/f =5.12 mm, so the thickness of FGM matching layer
is 1.28 mm.

In this study, the size of FGM matching layer after
grinding and polishing is 20 mm x 1.28 mm, and that of
the steel plate is 1000 mm x 1000 mm x 1 mm. According
to the signal envelope, the propagation time of each wave
packet can be obtained, and the propagation speed of the
wave packet can be calculated by V = s/t, where s is distance
between two matching layers, and t is the propagation time.
Since the propagation speed of each wave packet is
different, the mode of the wave packet can be determined
[25].

Fig. 9 shows the obtained Lamb wave signal at different
temperatures. The distance between the two transducers is
500 mm. The interval time corresponding to the maximum
value of wave packets at 20 °C and 180 °C is 101.44 pus and
102.96 ps, respectively. The excitation signal duration is
5 ps. Therefore, the propagation time of two wave packets
are 98.94 us and 103.06 ps, respectively. The propagation
velocities of the two wave packets are 5054 m/s and
5022 m/s, respectively. According to the dispersion curve
[25], it can be determined that this mode is SO mode, and the
theoretical velocity is 5155 m/s, both errors are within



3.5%. According to the test at 180 °C, the propagating
velocity becomes slow because the materials become soft.
The test at 180 °C indicates the fabricated FGM sheet can
work well as the matching layer.

b
Fig. 9. Lamb wave signal in 1mm steel plate: a—20 °C; b—180 °C

5. CONCLUSIONS

A novel approach combined with the powder
lamination, pressureless infiltration and vacuum hot
pressing sintering is proposed to fabricate Fe/PZT FGM
with linearly continuous variation and easily controlled
volume fraction. Then, properties of the prepared Fe/PZT
FGM are analyzed using the SEM and EDS. At last, as the
matching layer of transducers, the obtained disk is applied
into the Lamb wave propagation experiment at 180 C .
Based on above results, the following conclusions can be
drawn:

1. The Fe/PZT FGM with linearly continuous variation
and easily controlled volume fraction is fabricated by
the presented method.

2. SEM photos and EDS line scan confirm the fabricated
FGM approaching a continuously changed volume
fraction in the thickness direction.

3. When the FGM sheet was used as the transducer

matching layer, it can effectively deal with the
debonding failure caused by different thermal
expansion coefficients between the transducer and the
measured object as temperature changes.
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