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Fig. 3. Experimental determination of the Ag percolation limit in (2a) ZnC nanoparticles (inset showing the SEM of the silver flakes) and (b) PEI
(inset showing the SEM of the PEI particles). The right axis represents the measured fracticnal on the two-phase composites.
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Fig. 4. (a) Measured and fractional density of Zn0-Ag-PE| composites. (b) XRD data for the compositions comesponding to Zranging to 5—18 MRayl.

PEI matrices was determined empirically using bulk resistivity
measurements with a custom-built four-point probe system.
For this purpose, 100 nm Au was sputter deposited as elec-

trodes to minimize the effect of contact resistance.

The acoustic velocity for each composite was calcu-

lated from the time of flight through sample thickness,
measured using a pulse-echo setup with a pulser-receiver
{Panametrics 5052) coupled to a 10-MHz contact transducer

Authorized icensed use imited to: Penn State University. Downloaded on September 11,2023 at 18:43:02 UTC from IEEE Xplore. Resirictions apply.



1418

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 69, NO. 4, APRIL 2022

TABLE IV
DENSITIES AND RESISTIVITY OF THE COLD SINTERED ZnO-Ag COMPOSITE

% Volume Ag Geometric density Fractional density Resistivity
(g/em’) (%)

10 59 97.1 4.7 GO~m
12 5.8 93.7 0.25 GO-cm
14 6.0 94.9 0.25 KQ-cm
15 59 93.7 3.6 Q=-cm

17 6.0 03.3 0.44 Q-cm
20 6.2 94.2 0.22 Q-cm

Fig. 5.
() 9 MRayl, (c) 14 MRayl, and (d) 18 MRayl.

{0.25" diameter, NDT Systems, Huntington Beach, CA, USA,
pari# PDG 102) for excitation. The acoustic impedance was
obtained using the composite densities and the calculated
velocities. Acoustic attenuation («) was quantified using the
air-backed contact method. The amplitudes of the transducer
eenerated signal (V;), first front wall {Vnrw), first backwall
(VEW), and second backwall (VEW?) reflection peaks as shown
in Fiz. 7 were measured using an oscilloscope and attenuation

Caonstant

| e |
100um

Energy dizpersive spectroscopy (EDS) data showing distribution of C, Zn, and Ag for the compositions comesponding to (a) £ = 5 MRayl,

was calculated using the following relationship:

B —20 I VEWI .V,
* = 2 & thickness =1 VEW g W
Additionally, velocity scanning maps and C-scans [44]-{46]
were obtained by immersion of the composite in water

to assess the acoustic homogeneity and detect macro-flaws
through the thickness.

(3)
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Fig. 6. SEM data showing the densification of grains (with average grain size) in compositions comesponding to (2) Z =5, (b) Z2=19, (c) £ = 14,

and (d) Z= 1 B MRayl. () Zn0-25%PTFE-16.6% Ag.

V. RESULTS AND DISCUSSION
A. ZnO-Ag-PEI Composite System

The experimental results and analyses are presented in three
parts.
1) Determination of the percolation limit for conductivity

in ceramic and polymer system.

2) Analyzing the compositional dependence of individual
phases on the acoustic properties of the composite
corresponding to each acoustic impedance.

3) Lateral scaling of the composite system.

1) Percolation Limit of Ag in Zn0 and PEI Matrices: Dense,

pure phase half-inch pellets were successfully cold sintered

with 10%-20% wol. fraction of Ag in Zn0 ceramic and
T9%—16.6% vol. fraction of Ag in PEL Tables IV and V
summarize the density, fractional density, and resistivity of the
two-phase system for ZnO and PEIL respectively. The electrical
percolation threshold for Ag in each of the two-phase systems
can be determined from Fig. 3(a) and (b), which illustrate
the variation in electrical conductivity and fractional density
as a function of vol% Ag. The percolation limit is defined
as the minimum concentration of the metallic filler which
allows formation of a continuous conductive network, thereby
causing an insulator-metal transition and is characterized by
an abrupt change of conductivity [47]. The ZnO-Ag composite
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TABLE W/
DENSITIES AND RESISTIVITY OF THE COLD SINTERED £ZnO-PEI COMFOSITE

% Volume Ag Geometric density Fractional density Resistivity (£2-cm)
(g/em’) (%)

7 1.92 09.5 841G

10 2.18 99.3 262G

11 217 952 4.1

12 238 09.8 0.23

16.6 2.79 99.4 0.09

Thickness = 1752 mm
14 [Dersiy = 290 glae

Shaort Aie (mm)

10 15
Long Axis (mm)

ity wy
Avg= 5,87 MRayl. Sid= 0.27 MRy, Median= 5,78, Range = 297 MRay

(a)

at 10 MHz.

with flake Ag filler starts to percolate at 12% vol Ag and
plateaus at 16% vol. Ag while the PEI-Ap composite starts
to percolate at 10% vol. Ag and plateaus at 12% vol. Ag.
The percolation threshold of the PEI system is at a lower
concentration and the conduction onset is sharper than the Zn0O
system. Although Zn0 is smaller in size compared to PEIL,
the difference in the percolation threshold may be attributed
to the easier compressibility of the filler (Ag flakes) in a
low modulus polymer matrix compared to a stiff ceramic
matrix [47]. Since the acoustic transducer design typically
requires the conductivity of the ML to be less than 1 {3-cm, the
volume fraction of Ag for the three-phase composite system
was chosen to be 16.6%.

2) Densification of £Zn0-Ag-FPEI and the Dependence on the
Acousfic Properfies of the Composite Composition for Each
Target Acoustic Impedance: ZnO-Ag-PEl composites were
cold sintered with compositions corresponding to Z varying
from 5 to 18 MRayl with formulation by vol% as listed in
Table 11. As seen in Fig. 4(a), the fractional densities of the
composites are =95% of the theoretical density (calculated
using (1) for the formulation). As seen in Fig. 4(b), ZnO
and Ag are the only crystalline phases. The composites were
investigated using low resolution EDS mapping to observe the
distribution of the individual phases. As observed in Fig. 5, the
overall distribution of PEI and Ag as indicated by the C and
Ag maps, respectively, is uniform in all four compositions.

Fositiors 45,681 (-3.000 man, 2.724 us) Value: 1 (078 %F3H) | Zoom: 295%

(k)
Fig. 7. Velocity scans across the 1/2 in sample with composition for £ = 5 MRayl. (2) Lateral dimension. (b) Through-thickness B-scan measured
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Fig. 8. Influence of pressure on the abzolute and fractional density of
Zni0-16 6% Ag-8% PEl composite in CSP at 150 “C for 5 h.

However, there is some preferential segregation and densi-
fication of ZnO in the Z = 5 MRayl and Z = 9 MRayl
compositions. This might be attributed to either incomplete
mixing of the individual precursors or preferential densifi-
cationfagglomeration of Zn0 grains with increasing vol% of
polymer concentration. Fig. 6(a}—{d) shows the microstructure
development in the various ZnO-Ag-PEI composites. From
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Spatial distribution of £ and velocity measured at 10 MHz in a 2" cold sintered pellet for composition targeting £ = 14 MRayl with

(a) and (k) uniform pressure distribution and (c) and {d) nonuniform pressure distribution during cold sintering.

previous studies, the average grain size obtained after cold
sintering pure ZnO is ~300 nm &+ 100 nm [40], [48]. The
addition of increasing vol% of PEI leads to densification of
the Zn0 matrix, however a reduction in the average grain
size occurs, with 215 nm 4 151 nm, 262 om £+ 186 nm,
281 nm 4 205 nm, and 345 nm £ 191 nm for Z = 5, 9, 14,
and 18 MRayl, respectively. This is consistent with findings
from previous ZnO-polymer composite work [38], [40], where
the polymer is believed to act as a diffusion barrier, preventing
erain growth during CSP.

Table VI summarizes the measured acoustic velocity and
impedances for the conductive cold sintered samples with
compositions targeting Z = 5 MRayl to Z = 18 MRayl. There
is good agreement between the modeled and measured Z. All
the compositions were conductive with resistivity less than
1 Q3-cm. The attenuation in all four compositions was less
than 3.5 dB/mm, measured at 10 MHz. Previous work [20]
has shown that it is challenging to manufacture composites

with both high-Z and low attenuation. However, the three-
phase high-Z cold sintered composites show low losses.

Additionally, despite Zn0 segregation, compositions cor-
responding to Z = 5 MRayl and Z = 9 MRayl had low
attenuation. Previous work by Grewe ef al. [43] demonstrated
that for some material systems (with larger mismatch between
the acoustic impedance of the filler and the matrix), increasing
the particle size of the filler generally increases the composite
attenuation. In this work, it is hypothesized that the length
scale of Zn0 particle segregation is not larce enough to
cause significant attenuation. Velocity scans obtained from the
time-of-flight measurement showed good uniformity across the
112 inch sample for Z = 5 MRayl composition, as illustrated
in Fig. 7(a). Furthermore, the pulse-echo B-scan shown in
Fig. 7(b) shows dense monolithic structure without any large
macro flaws in the part piece.

3) Scaling to 2" Bang ef al. [42] demonstrated that sev-
eral material systems can be cold sintered at pressures
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TABLE V1
TABLE SUMMARIZING THE ACOUSTIC DATA FOR THE COLD SINTERED £Zn0-Ag-PEI COMPOSITES

Target Z Measurced density Measured Z Yelocity Attenuation Electrical
(MRayl) {gfcm’} (MRayl) (m/s) {dB/mm) Resistivity
@ 10 MHz (£2=cm)
18 5.8+£0.09 18 7+0.8 3300 £ 200 22407 0.5
14 53+0.04 14.7+£0.7 2800 £ 100 2E+1.0 0.8
0 4.5+ 0.08 99+0.9 23004 200 2602 0.6
5 294012 5405 1800+ 300 27413 0.3
[0 I
- ©
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Fig. 10. Frequency spectrum for a three ML fransducer (—6 dB bandwidth > 85%).

below 50 MPa, facilitating promise for commercialization.
To enable scaling, in this work, a densification study was
undertaken to realize the minimum pressure required to
cold sinter half inch diameter Zn0-Ag-PEI composite pel-
lets with composition targeting Z = 18 MRayl at 150 °C
with acetic acid as the transient liquid phase. As illus-
trated in Fig. 5, a2 minimum uniaxial pressure of 40 MPa
is required to fully densify this material system. The
acoustic impedance for this sample was found to be
17.9 MRayl

Next a 2" sample with composition targeting Z = 14 MRayl
was cold sintered at 100 MPa on a 150-ton press, achiev-
ing pellet relative densities = 95%. The spatial distribution
measured on the 2" sample is illustrated in Fig. 9(a){d).
For a uniform pressure distribution and homogenous particle
distribution during sintering, the whole pellet conducts acousti-
cally with an average acoustic impedance of 14.9 MRayl and

attenuation = 3 dB/mm, measured at 10 MHz. The attenu-
ation and inhomogeneity increase with nonuniform pressure
application during the CSP.

To demonstrate transducer feasibility, a three-ML
td-element phased array ultrasonic transducer was fabricated
by Philips using standard manufacturing techniques and
equipment utilized in their factory with minimal process
optimization [49]. The first ML consisted of a 2" cold sintered
material with acoustic impedance of Z = 19 MRayl, while
other two MLs of different Z were made of commercial
erade materials. It was observed that (>99%) of the elements
on the unit performed well. Fig. 10 shows the measured
frequency spectrum magnitude on the transducer. Although
there is no significant loop sensitivity improvement observed
on this unit, the —6 dB bandwidth is above 85%, which is
10% wider than a two-ML design, demonstrating improved
quality and functionality.
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(a) Low magnification backscatiered SEM image of a bond-line formed between 2 = 7 MRayl and £ = 19 MRayl. (&) High magnification

backscattered SEM image of a bond-line formed between 2 =7 MRayl and £ = 19 MRayl.

B. Improving Acoustic Velocity Using Hydrozincite Based
Composites

Based on the acoustic data of the Zn0-Ag-PEI system,
a generalized velocity-impedance relationship can be devel-
oped for designing MLs in ultrasonic transducers. Fig. 11
gives the relation between velocity and Z for cold ZnO-
Apg-PEI sintered composites. At low Z wvalues, the low
Zn0 + Ag volume fraction produced low acoustic veloc-
ity composites. The acoustic velocity for compositions with

Z less than 12 MRayl (<2500 m/s) can be improved by
Zn0 with other low-density ceramics like hydrozincite in
the case of nonconducting composites or replacing Ag with
low density metals like aluminum in the case of conducting
composites. Table VII summarizes the acoustic data for low-
Z hydrozincite based composites cold sintered with PTFE.
It is noteworthy that although PTFE propagates sound at a
low velocity compared to PEIL the ZnO-Ag-PTFE composites
velocities for the reported Z range is higher than the PEI
counterparts.
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TABLE VI
TABLE SUMMARIZING THE ACOUSTIC DATA FOR THE COLD SINTERED HYDROZINCITE BASED COMPOSITES

Formulation (vol%) Theoretical Archimedes  Fractional Average Measured average
density measured Density (%) measured Z
{g/em?) density velocity ({(MRayl)
(g/em’) (m/s)
Target Z=11 MRayl: 328 3.12 95.1% 3440 £ 120 10.7
90% hydrozincite, 10%
PTFE
Target Z=9 MRayl: 85% | 3.22 2,13 97% 2930+ 100 9,14
hydrozincite, 15% PTFE
Target Z=8 MRayl: 80% | 3.16 3.12 98.7% 2640 £ 50 8.3
hydrozincite, 20% PTFE
Target Z=7 MRayl: 68.5 | 3.02 2,95 97.5% 2370 £ 80 7
%, hydrozincite, 31.5 %
FTFE
TABLE VIl
TABLE SUMMARIZING THE ACOUSTIC DATA FOR ML-1, ML-2, AND ML-3
Material Acoustic Thickness
impedance (pm)
(MRayl)
MIL-1 50.5% Zn0, 18.5% Ag, Hydrozineite 31 % | 19 200
ML-2 85% Hydrozincite + 15% PTFE 9 165
MIL-3 50%% Hydrozincite + 50% PTFE 5 110

Fluorine

Silver

Fig. 13. (a) Scanning electron image of the graded matching multitayer (b)—(d) EDS mapping of zinc, fluorine, and silver in graded stack, respectively.

C. Co-Sintering of Different Formulations

1) Demaonsiration of Bond-Line Formed During the Co-Cold
Sintering of Two Different Powder Formulafions During Cold
Sintering: To assess the feasibility of forming a bond-line
without a bond agent between different 7 formulations, two
different powder compositions corresponding to Z = 7 MRayl

and Z = 19 MRayl were cocold sintered. Fig. 12(a) and (b)
shows the backscattered SEM imaging illustrating the forma-
tion of a bond-line without significant diffusion. Note that the
powders were manually packed on top of each other during
the process, which accounts for the apparent roughness of the
bond-line.
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2) Tape Casting of Graded Acoustic ML: Since the entire
Z range (5-19 MRayl) can be cold sintered using the same
liquid sintering aid, a graded acoustic stack was demonstrated
via tape casting using three distinct layers with acoustic
impedance Z = 19, 9, and 5 MRayl, stacking them to
the desired thicknesses (summarized in Table VIII), and cold
sintering in a single step. This strategy could, in principle,
allow the entire stack to be cold sintered and isostatically
laminated to form the desired curvature. Fig. 13ia) shows the
cross section of a graded ML tape-casted stack, illustrating
three distinct layers of MLs (1-3), while 13b-d shows the
elemental grading for zinc, fluorine and silver measured using
EDS. The EDS mapping in Fig. 13(d) shows the presence of
Ag in ML-1 corresponding to Z = 19 MRayl with higher
fluorine concentration in PTFE rich ML-3 layer, corresponding
to £ = 5 MRayl as illustrated in Fig. 13ic). The mapping
shows that there is no significant interdiffusion between the
MLs; each retained their constituent composition during cold
sintering.

This work has demonstrated that a family of scalable graded
polymer-ceramic-metal composites can be densified via the
CSP using the same transient liquid phase. This feasibility
demonstration can have profound implications on improve-
ment in bandwidth and sensitivity for ultrasound transduc-
ers using high-end piezoelectric single crystals using graded
stacks via the CSP. The three ML transducer demonstration
shows promise for manufacturing on an industrial scale.

V. CONCLUSION

MLs play a crucial role in optimizing the sensitivity and
bandwidth response of ultrasonic transducers. The emphasis
of this study was to broaden the range of polymer-ceramic-
metal composite materials used for acoustic matching, via the
CSP due to its low thermal budget. The acoustic properties of
the composite agree well with a logarithmic model based on
the volume fraction and material properties of the individual
phases. The process is scalable to 150 mm due to lower
pressure and temperature requirements for sintering this three-
phase material system. This could enable the optimization
of commercial MLs utilized in current generation ultrasonic
transducers at a reasonable cost.
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