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Abstract 

 

Analogous to developments for improving the performance of piezo-ceramic fiber composite (PFC) 

transducers for integration into fiber-reinforced polymer-matrix (FRP) laminates by a prestressed 

carbon-FRP packaging design and their validation under quasi-static and dynamic tensile testing, 

packaging approaches using thin polyimide foils have been developed and investigated for piezo-

ceramic wafer transducers. Different package designs using foils of different thickness and levels of 

prestrain and unpackaged transducers were adhesively bonded on aluminium tensile specimens and 

tested up to the yield strength of the aluminium and these tests monitored by acoustic emission (AE). 

Combined with visual and microscopic inspection of the piezo-ceramic wafers after tensile tests and 

looking in detail into AE activity, AE intensity, and linear AE signal source location, a correlation 

between AE results and visually observed damage patterns could be established. This led to a design 

improvement which, again, was tested in the same manner. The second series of tensile tests yielded 

information on further possible design improvements and indicated the feasibility of the polyimide foil 

packaging technology for integration of piezo-ceramic wafer transducers into FRP laminates and 

hence for the development of active or smart structures. The contribution will discuss AE monitoring 

as a case study on results for the different designs and highlight the contribution of AE to the design 

improvements. 
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1.  Introduction 
 

Piezo-ceramic wafers are one type of electro-mechanical transducer that find use as actuators in 

adaptive structures [1], as emitters and sensors for elastic guided waves [2], as transducers for 

vibration damping in composite structures or elements [3], or as devices for energy harvesting from 

ambient or service-induced vibrations [4]. Piezo-ceramic transducers show considerable potential in 

smart or adaptive structures [5], but the intrinsic failure strain of piezo-ceramic elements - typically 

between 0.1 and 0.2% [6] - constitutes a severe limitation. Therefore, several approaches for 

improving the failure strain of piezo-ceramic elements for making integration into composite 

structures feasible have been developed in recent years. 

Analogous to developments for improving the performance of piezo-ceramic fiber composite (PFC) 

transducers for integration into fiber-reinforced polymer-matrix (FRP) laminates by a prestressed 

carbon-FRP packaging design [6, 7] and their validation under quasi-static and dynamic tensile testing 

[8, 9], several approaches for packaging designs for monolithic piezo-ceramic wafer transducers using 

thin polyimide foils have been developed and investigated. Test results from a first series suggested 

that the packaging design had to be improved for preventing premature damage to the piezo-ceramic 

wafers. Modified designs with an optimized packaging were then evaluated in a second test series. The 

different packaging designs for the two test series were based in part on extensive analysis using 

analytical and numerical methods (e.g., shear-lag model, finite element simulations), details will be 

published elsewhere. 
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2.  Experimental 
 

2.1 Test specimens 
 
Packaged piezo-ceramic transducer elements were manufactured according to the procedure described 

below. The piezoelectric wafer material (type PIC255 purchased from Dyneos, Switzerland) is used in 

dimensions 50 mm times 30 mm and a thickness of 0.2 mm. A special frame construction was 

designed in order to implement mechanical prestraining of the polyimide foils (type Upilex 25RN and 

75RN from UBE, Japan) used for the packaging design. Two frames consisting of Aluminum bars 

were manufactured. Each of them holds two steel rolls that serve as holders for the polyimide foil. For 

both frames, one roll can be restrained by a catch while the movements of the second one can be 

adjusted with a worm gear. The worm gear is self-locking and allows for very precise (approximately 

0.25%) adjustments of the foil prestrain. In a first step, the top and bottom polyimide foils are put on 

steel rolls and loaded up to their elastic limit (typically 5% for the Upilex RN material). The piezo-

ceramic wafer with electrodes is then sandwiched between the foils and glued with epoxy resin. The 

package is cured for 24 hours at room temperature end then released from the device. A functional 

prestrained transducer is obtained after cut out to net shape. The frame alignment is retained during 

manufacturing by three pins connecting the two parts. Unwanted air bubbles in the resin can be 

removed and excessive resin can flow out on both open edges of the foil. Weights are placed on top of 

the package, assuring a minimum thickness. For the first test series, four different types of samples 

were prepared and two specimens of each type (Figure 1). Two samples just consisted of the pure 

ceramic wafer without packaging, two transducers are packaged in thin (25 µm) foil without any 

prestrain, two samples are packaged in thin foil prestrained at 5% and two samples were made with 

thick (75 µm) foil at 5% prestrain. All samples were cured at room temperature overnight and then 

released from the manufacturing frame and cut to net shape. 

Dog-bone shaped tensile specimens (according to DIN 50125-H) for mounting the packaged piezo-

ceramic wafers were laser cut from Aluminum sheet metal (AlMg4.5Mn0.7). The center part of the 

specimens was sandblasted to assure good bonding quality between packaged piezoelectric wafer and 

specimen. A high strength two-component epoxy (Araldite 420 A/B) was used to glue the samples on 

a flat shoulder tensile test specimen. 

For the second test series with an improved design, specimens were manufactured that contained 

integrated epoxy bevels. This design was developed to reduce the stresses in the packaged devices. 

The bevels were produced with vacuum infusion in a device made of poly-tetra-fluoroethylene (PTFE) 

for ease of deforming of the cured bevels. Bevels were cured at room temperature in the device. A 

cautious sandpaper treatment was applied to smooth the surface of the bevels afterwards. The 

manufacturing process is analogous to that of the first test series described above (Figure 1), except 

that only thick polyimide films (75 µm) were used. Five specimens were manufactured without 

prestrain and five specimens were manufactured with 5% prestrain. The prestraining frame is loaded 

with a polyimide foil, the piezo-ceramic and two pre-cured epoxy bevels are placed at the left and 

right edge of the piezo-ceramic wafer. Liquid resin is added and the second frame with prestrained foil 

is placed on top of the configuration. Several modules were manufactured to assure a proper 

placement of the bevels during the curing phase. A small amount of adhesive was used to keep the 

bevels in place and to prevent misalignments during resin application and curing phase. Microscopy of 

polished specimens of the packaged wafer (edge region) showed that the thickness in the edge region 

is smoothly reduced, assuring a continuous load introduction. 



 
 

Figure 1: Schematic of a cross-section for the different specimen design, (top) piezo-ceramic wafer 

sandwiched between prestrained thick foils, (center) wafer sandwiched between prestrained thin foils, 

and (bottom) wafer sandwich between foils with epoxy bevels (triangular cross-section) along the side. 

 

 
 

Figure 2: Photograph of the test set-up with aluminium specimen, piezo-ceramic wafer and acoustic 

emission sensors. 

 

 

2.2  Test equipment and test parameter 
 

The tensile tests on the different types of packaged piezo-ceramic wafers which were adhesively 

bonded on aluminium tensile specimens were performed on a test machine (type Z100 from Zwick) 

using mechanical grips (Figure 2). The cross-head speed was set to 0.3 mm/min. In the first test series, 

the applied strain was monitored with a mechanical extensometer up to a load of 20 kN (below the 

yield strain of the aluminium). The extensometer was then removed (AE data acquisition was briefly 

interrupted for this) and the test continued up to a load of 22 kN which produced a strain close to the 

yield strain of the aluminium. The specimens were then unloaded and the piezo-ceramic wafers 

investigated for damage. This was performed by removing the top PEI film as well as the top electrode 

and inspecting the wafer in an optical microscope. Photographs were taken of the full wafer and of 

details from selected cracks in the piezo-ceramic material (Figure 3). 

Acoustic Emission (AE) monitoring of the tensile tests has been performed with commercial 

equipment (type AMSY-5 from Vallen Systeme GmbH). Three or four AE sensors (type SE-150M 

from Dunegan Engineering Corp. in the first and two SE-150M and two VS-45H, the latter from 

Vallen Systeme GmbH in the second test series) were mounted on the aluminium tensile specimens 

using a silicone-free vacuum grease as couplant and metal springs for applying constant contact 

pressure. One additional guard sensor was mounted on each mechanical grip of the test machine using 

the same couplant and magnetic sensor holder. Based on a background noise check, the threshold was 

set to 46 dBAE. The rearm time was set to 1 ms, and the sampling rate to 10 MHz. Load and cross-head 

displacement signals from the test machine were recorded synchronously with the AE signals at a rate 



of 4 Hz. Full AE waveforms were also recorded with a sampling rate of 5 MHz, but not included in the 

analysis presented below. Sensor coupling was checked with simulated AE signals (Hsu-Nielsen 
source) and the auto-calibration function of the AE equipment. The signal speed was determined from 

the simulated AE signals and used for linear location of the AE signal sources. 

 
 

               
 

Figure 3: Optical micrographs of a piezo-ceramic wafer (50 mm x 30 mm size) after tensile testing and 

removal of top polyimide film and electrode; the observed cracks are marked in red, (left) full image, 

(right) detail of a crack at higher magnification. 

 

 

3.  Results and Discussion 
 

3.1 Reference tests 
 

Reference tests consisting of tensile loading of pure aluminium dog-bone specimens without any 

piezo-ceramic wafer and with unpackaged piezo-ceramic wafers adhesively bonded to the aluminium 

were performed for providing mechanical and AE data for a comparison with the different packaging 

designs. The data will be presented in the same way for all tests, comprising AE activity (cumulative 

hits as a function of time), AE intensity (AE signal energy rate versus time), AE location (linear AE 

signal source location from two sensors located above and below the piezo-ceramic transducer), and, if 

available, the optical micrograph of the damage after the test. Figure 4 shows these results for a pure 

aluminium specimen; and Figure 5 the same for an unpackaged piezo-ceramic transducer bonded to 

the aluminium tensile specimen. 

Figure 6 shows again the data for an unpackaged piezo-ceramic transducer bonded to aluminium, i.e., 

nominally one repeat of the data shown in Figure 5. However, the AE activity, and even more the AE 

intensity are very low compared to that in Figure 5. The AE data do resemble more those of Figure 4 

which is a plain aluminium tensile specimen. Later inspection in fact showed that the specimen shown 

in Figure 6 was poorly bonded. The adhesive layer did not transfer the stresses from the aluminium to 

the piezo-ceramic transducer. This was consistent with the observation that no cracks could be found 

upon visual inspection under the microscope. The specimen had to be remounted after a first test due 

to slippage in the grips (maximum applied load around 0.1 kN). The corresponding 

Kaiser effect may partly explain a lower amount of AE activity and AE intensity upon re-loading 

compared to Figure 4, but possibly not the significant difference observed here. 

The micrograph (Figure 5) shows that the tensile load introduced some cracks in the piezo-ceramic 

wafer. The cracks are mainly oriented in transverse direction (the load was applied along the long side 

of the wafer). The linear AE signal source location plot does indicate source locations distributed 

along the wafer (positioned between about 12 and 18 cm). The resolution of the AE signal source 

location does not allow unambiguous location of damage events. The micrograph does show one long 

transverse crack and it is hypothesized that this was produced at the time of the significant increase of 

AE activity and AE intensity at a tensile load around 11 kN. The increase in AE activity and AE 

intensity observed during unloading is tentatively attributed to AE events from closing the transverse 

cracks. 



      

     (no micrograph) 

 

Figure 4: Data for a plain aluminium tensile specimen without piezo-ceramic transducer (top left) AE 

activity versus time (top right) AE intensity versus time (bottom left) linear AE signal source location 

(bottom right) micrograph not available 

 

      

      
 
Figure 5: Data for an unpackaged piezo-ceramic transducer adhesively bonded to the aluminium 

tensile specimen (top left) AE activity versus time (top right) AE intensity versus time (bottom left) 

linear AE signal source location (bottom right) micrograph after testing 



      

     (no micrograph) 

 

Figure 6: Data for an unpackaged piezo-ceramic transducer adhesively bonded to the aluminium 

tensile specimen (top left) AE activity versus time (top right) AE intensity versus time (bottom left) 

linear AE signal source location (bottom right) micrograph not available 

 

 

3.2 Selected packaging designs 
 

Data from selected packaging designs for piezo-ceramic wafer transducers will be compared with the 

reference tests and discussed with respect to their relative performance. Again, the data are presented 

in the same manner as for the reference tests (see above). Figures 7 to 9 show AE data and 

micrographs for specimens from the first test series, starting with thin polyimide foils without 

prestrain (Figure 7), then thin polyimide foils with 5% prestrain (Figure 8) and finally thick polyimide 

foils with 5% prestrain (Figure 9). Specimens with thick polyimide foils without prestrain were not 

manufactured and hence such data are not available for comparison. 

First, it can be noted that the different packaging designs differ clearly in the amounts of AE activity 

and AE intensity observed during the tensile tests. It has to be noted that some of the AE intensity 

graphs (AE signal energy rate as a function of time) were limited in scale for the comparison shown 

here. A second observation is that the time into the test when significant increases in AE activity and 

AE intensity are observed, and hence the tensile load that induces significant damage, also differ 

among the different designs. 

The optical micrographs in Figures 7 to 9 indicate that all piezo-ceramic wafers show some damage in 

the form of cracks. A difference is observed between thin and thick foil packaging in that the thick foil 

specimen (Figure 9) only shows relatively short cracks in the vicinity of the top and bottom edges, in 

contrast to the transverse cracking found in the other specimen types (thin foil with and without 

prestrain of 5%). 

A limit of 10
6
 energy units (e.u.) per second in the energy-rate plots can be defined as an arbitrary but 

reasonable indication of cracking damage in the piezo-ceramic wafers, since the reference specimens 

without wafers do not yield energy-rates per second of more than 10
4
 e.u. Based on this criterion, 

Figures 7 and 8 indicate that crack formation is delayed by the thin foil packaging to higher tensile 

loads (16-18 kN). In comparison, the unpackaged wafer yields cracking around 10-12 kN. Whether the  

 



      

       
 
Figure 7: Data for an piezo-ceramic transducer with thin foil packaging without prestrain adhesively 

bonded to the aluminium tensile specimen (top left) AE activity versus time (top right) AE intensity 

versus time (bottom left) linear AE signal source location (bottom right) micrograph after testing 

 

      

      
 
Figure 8: Data for an piezo-ceramic transducer with thin foil packaging with 5% prestrain adhesively 

bonded to the aluminium tensile specimen (top left) AE activity versus time (top right) AE intensity 

versus time (bottom left) linear AE signal source location (bottom right) micrograph after testing 

 



      

      
 
Figure 9: Data for an piezo-ceramic transducer with thick foil packaging with 5% prestrain adhesively 

bonded to the aluminium tensile specimen (top left) AE activity versus time (top right) AE intensity 

versus time (bottom left) linear AE signal source location (bottom right) micrograph after testing 

 

 

thin polyimide foil is prestrained or not, does not seem to make much difference. In the case of 5% 

prestrain, the indication from AE intensity is consistent with that from AE activity that shows a 

significant increase at the same time or load. Without prestrain, there is a gradual increase in AE 

activity, but a clear, stepwise increase in AE intensity at a load level around 15 kN. The linear AE 

signal source locations again highlight the area of the piezo-ceramic wafer as an “active” zone, but as 

noted above, the resolution does not allow for identifying individual cracks. 

For the thick foil packaging, 5% prestrain is the only available specimen type in the first series (Figure 

9). The same AE intensity criterion does yield a relatively low limit for cracking damage (around 8 – 9 

kN), again accompanied by a significant increase in AE activity. The linear AE signal source location, 

however, is interesting, since it shows two distinct clouds of located AE signal sources. The two 

clouds are below 12 cm and above 18 cm, i.e., close to the upper and lower edges of the piezo-ceramic 

wafer. In spite of the limited resolution of the location (estimated at 1-2 cm), this does suggest two 

separate areas of damage. A comparison with the optical micrograph confirms that the AE signal 

source location is consistent with the result from visual inspection. The cracking damage in the thick 

foil packaging with prestrain is changed to short longitudinal cracks (parallel to the load direction) 

near the top and bottom edges of the wafer. 

It could be argued that the short longitudinal cracks are less severe than the full transverse cracks 

observed in the thin foil packaging design and in the unpackaged wafer. However, AE analysis does 

suggest that it occurs earlier, i.e., at lower tensile loads than the transverse cracks. As for explaining 

the mechanism which induces this change in damage pattern, the AE analysis does not provide direct 

clues. 

In further analysis of the tensile tests of the first series, it was hypothesized that stresses induced by 

the design due to differences in stiffness of the various components, and maybe additional residual 

stresses from manufacturing (e.g., curing of the adhesive used to mount the wafers on the aluminium 

specimens) could contribute to the observed damage behaviour and the change in damage pattern. The 

design was therefore changed in order to reduce stresses in the devices and, after extensive modelling, 



an improved packaging design with thick foils and integrated bevels along the edge of the wafer was 

conceived (Figure 1). In a second test series, five specimens each with and without prestrain of 5% 

were tested. Again, AE monitoring was performed and the AE data for one example with and without 

prestrain are shown in Figure 10 and 11, respectively. 

Figure 10 (thick film without prestrain) does show a gradual increase in AE activity and a distinct 

energy-rate increase close to 21 kN, i.e., for stresses producing strains near the yield strain of the 

aluminium. There is an “early” higher energy rate peak initially, but not exceeding 10
5
 e.u. per second. 

Visual inspection under the microscope after the test did not yield any indication of damage in any 

wafer of this design after removal of top polyimide foil and electrode (Figure 12 top left). 

Figure 11 (thick film with 5% prestrain) does yield a high energy rate exceeding 10
6
 e.u. per second at 

a load level around 10 kN. Visual inspection after the test showed short longitudinal cracks near the 

corners of the wafers in all but one specimen of this design (Figure 12 top right). Linear AE signal 

source location with two clouds of locations (similar to that in Figure 9) is consistent with this 

observation. 

For an assessment of the designs, there is, however, another important fact that has to be considered. 

Micrographs taken after manufacturing and before mounting the wafers on the aluminium specimens 

show that in the case of thick foil packaging with 5% prestrain, most devices showed some 

delamination of the foil near each corner (Figure 12 bottom right). These delaminations agree with the 

areas where cracks were observed after tensile testing. It has to be noted that no delaminations were 

observed for the thick foil packaging design without prestrain (Figure 2). 

It is, therefore, not surprising to have significant early AE which is interpreted as coming from the 

formation of these short longitudinal cracks. The large AE intensity burst of the packaged wafers 

without prestrain near the yield point of the aluminium (Figure 10) which cannot be attributed to 

cracking damage in the wafer (Figure 12 top left) is then interpreted as coming from possible partial 

failure of the adhesive between packaged wafer and aluminium specimen. 

 

      

     (no micrograph) 

 

Figure 10: Data for an piezo-ceramic transducer with thick foil packaging with bevels without 

prestrain adhesively bonded to the aluminium tensile specimen (top left) AE activity versus time (top 

right) AE intensity versus time (bottom left) linear AE signal source location (bottom right) 

micrograph not available 

 



      

     (no micrograph) 

 

Figure 11: Data for an piezo-ceramic transducer with thick foil packaging with bevels and 5% 

prestrain adhesively bonded to the aluminium tensile specimen (top left) AE activity versus time (top 

right) AE intensity versus time (bottom left) linear AE signal source location (bottom right) 

micrograph not available 

 

 

  

  
 
Figure 12: Optical micrographs of packaged piezo-ceramic wafers with modified design (top left) 

thick film packaging without prestrain and (top right) thick film packaging with prestrain after tensile 

testing, the observed cracks are marked red, and (bottom left) the design without and (bottom right) 

the design with prestrain after manufacturing, note the delamination of the polyimide foil near the 

corners of the latter which agrees with the location of the observed cracks after testing 

 



If polyimide foil packaging of piezo-ceramic wafers is combined with suitable reduction of stresses 

(e.g., bevels) and manufactured such that corner delaminations are avoided, then the devices will not 

show indications of cracking under short-term, quasi-static tensile loads up to close to the yield point 

of aluminium. 

 

 

4.  Conclusions 
 

Acoustic Emission (AE) monitoring of tensile tests for investigating the performance of different thin 

foil packaging designs for planar, piezo-ceramic wafers under quasi-static tensile loading has indicated 

clear differences in AE activity and AE intensity as a function of time or load. Combined with visual 

inspection (optical microscopy) before and after testing, design improvements based on results from a 

first test series were shown to yield better performance. AE monitoring proved crucial for interpreting 

the damage sequence induced by the tensile stresses for the different packaging designs. Effects from 

manufacturing and processing were also observed in some cases. The packaging technology developed 

with a combined experimental and modelling approach will be useful for future designs of smart and 

adaptive composite structures with integrated piezo-ceramic transducers. 
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