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This dissertation is primarily concerned with the integration of additive 

manufacturing (AM) techniques into planar magnetics to achieve more efficient 

designs for power modules, which are in high demand. The two main focuses of this 

dissertation are: (1) the use of a paste-based AM technique called syringe-printing to 

create planar transformer windings without the need for pressure, using silver-based 

paste. The dissertation will address manufacturing considerations such as trace width, 

gaps, and heights that are printable, as well as the impact of electrical resistivity on the 

sintering process for the syringe-printed silver-based windings; and (2) the evaluation 

of the reliability of the syringe-printed silver-based windings, which will involve 

assessing adhesion performance between the metal/ceramic interface, conducting 

accelerated life tests (including thermal aging and thermal cycling tests), and 



  

identifying failure modes, failure sites, failure mechanisms, and developing 

degradation/failure models. 

In order to achieve the desired printing geometry in terms of width and gaps 

between segments, printing settings were studied parametrically by fitting targeted 

values with actual values. A low-temperature sintering profile was optimized, with a 

dwell time of 8 hours at 350°C resulting in a resistivity as low as τȢσωρπɱϽÍ, 

which was approximately 2.5 times higher than bulk silver. To improve bonding prior 

to syringe-printing the silver-based windings, it was suggested that an adhesive layer 

consisting of titanium (Ti) and silver (Ag) be deposited onto the alumina substrate. A 

degradation model was developed for thermal aging tests. Two batches of single-layer 

7-turn syringe-printed windings were subjected to thermal cycling tests, and the 

corresponding failure modes and mechanisms were investigated. The failure data was 

used to combine with the strain-energy density extracted from the finite element 

simulation to develop the fatigue model, with the Coffin-Mason model being fitted for 

future comparison. A more conservative model could be recommended for real-world 

applications. Finally, the silver-based paste was syringe-printed onto a cooler with a 

limited footprint area, which served as the primary and secondary planar transformer 

board and was used in a 10 kW DC-DC full-bridge power converter with 97% 

efficiency. Corresponding thermal and electrical performance were discussed. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

1.1.1 Trends of the planar magnetics in advanced power module 

Silicon Carbide (SiC) has been shown to be the leading power semiconductor for next-

generation high-power switching devices for advanced power module due to its excellent 

properties, such as high-breakdown voltage (10 kV ï 24 kV), high-switching frequency, low 

losses and high junction temperature compared to conventional Si power technology [1] [2] [3] 

[4] [5]. However, the current 2D packaging approaches are restricting the performance benefits 

offered by SiC power devices, particularly in terms of packaging design and manufacturing 

technologies. To overcome these limitations, 3D embedded packaging should be used to 

achieve low profile and high-density integration [6] [7] [8]. This can be accomplished by 

shifting from standard subtractive manufacturing to additive manufacturing for the windings 

in planar magnetics, including planar inductors and planar transformers, which are the two 

largest components in a power converter. Over the past five years, researchers have suggested 

combining additive manufacturing techniques into planar magnetics because it provides more 

flexible design with less material waste [9] [10] [11] [12]. However, most of these proposals 

are still in the prototyping phase, and rare of them have realized the potential to integrate planar 

magnetics with a cooling system to improve packaging density and assess reliability 

performance. To advance the development of planar magnetics towards further integration, a 

co-design approach is required to address electrical, thermal, and thermo-mechanical issues in 

a coupled manner, allowing reliable incorporation of additive manufacturing techniques.  

1.1.2 Review of conventional manufacturing for planar transformer windings 

Planar transformer windings are traditionally manufactured using PCB technology and 

carving copper foil [13] [14] [15] [16] [17] [18]. PCB technology is often preferred due to its 

advantages such as mass production and repeatability, and low leakage inductance [19] [20] 
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[21]. It involves patterning and etching copper metallization on an FR4 board, as shown in Fig. 

1 [22]. The copper thicknesses are typically limited to standard values: 17.5 µm, 35 µm, 70 

µm, 105 µm, 210 µm, and 435 µm [23]. These values are relatively small and require parallel 

layers to carry high current, which refers to embedded multilayer windings. Selecting the 

appropriate thickness is critical for managing the temperature rise caused by the current.  

 

Figure 1. The process of thick etching features (a) before etching and (b) after etching with single layer thickness of 

1 oz. to 6 oz. or 35 µm to 210 µm [22] [23] 

An alternative method is carved copper foil, which involves using a computer numerical 

control (CNC) machine to mill windings that are then assembled into multilayers with 

insulating layer (Kapton insulation) to form primary and secondary planar transformer 

windings [24]. This method has a significant advantage over PCB technology in that copper 

thickness is not limited, and the number of complex parallel layers can be reduced. As a result, 

the thickness of the insulating layer can be adjusted to different values. However, connecting 

the layers remains a significant challenge that must be addressed with careful design. 

The two traditional manufacturing methods mentioned above are classified as subtractive 

manufacturing, which relies on multiple working procedures involving multiple pieces of 

equipment, creates significant electronic waste, and is associated with reliability concerns. 

Furthermore, it limits the potential to integrate the windings into cooling system when 

considering to be implemented for a high-power converter. On the other hand, additive 

manufacturing simplifies the production process by dividing it into direct printing and post-
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processing. The following section examines the various types of additive manufacturing 

techniques and explores their potential for fabricating planar transformer windings. 

1.1.3 Review of additive manufacturing techniques 

Additive manufacturing (AM), also known as three-dimensional (3D) printing, involves 

the layer-by-layer fabrication of a 3D object using a 3D digital model generated by a 3D 

computer-aided design (CAD) system. The CAD software generates objectives that are 

typically saved as a G-code or stereolithography (STL) file consisting of a sequence of 

triangular meshes [25] [26] [27] [28] [29] [30]. The file is then sliced uniformly or non-

uniformly using slicer software so that the printer can print the objectives layer-by-layer. In 

comparison to conventional manufacturing, AM is considered a sustainable and flexible 

manufacturing technique due to its ability to reduce material waste and achieve complex and 

customized designs. Numerous review papers are available on the AM techniques that have 

been widely used in motor vehicles [31] [32] [33], as well as medical [34] [35] [36], aerospace 

[37] [38] [39] [40] [41] [42], and military applications [43] [44] [45] [46]. 

The categorization of AM technologies can be based on the input materials that are to be 

printed. As shown in Fig. 2, which is adapted from [47] [48], there are five different types of 

AM techniques: liquid-based, solid-based, powder-based, ink-based, and paste-based systems. 

 

Figure 2. AM technologies classification adapted from [47] [48]. 
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A. Liquid-based system 

liquid-based AM systems can be further divided into melting and polymerization 

subsystems approaches [48]. Melting refers to the fused deposit modeling (FDM) technology, 

where a continuous filament of thermoplastic materials such as polylactide (PLA) [49] [50] 

[51] and acrylonitrile butadiene styrene (ABS) [51] [52] [53] [54] is rolled by a feed pinch 

roller and heated to a molten state in the liquefier, then extruded through a nozzle in a controlled 

manner on the build platform layer-by-layer while the material is re-solidified at the same time. 

FDM is mainly applied in prototyping. Polymerization is related to a stereolithography (SLA) 

process, where a UV laser draws a shape, pre-loaded in the slicing software onto the surface of 

a vat filled with liquid UV-curable photopolymer resin [55] [56]. The resin is then 

photochemically solidified to formed a single layer of the targeted 3D object while the uncured 

resin provides support to maintain the shape. Once a layer is formed, the platform moves down 

and uncured resin refills the top of the tank. Each layer is repeated until the entire objective is 

completely printed. The photopolymer resin can be mixed with powder such as Al2O3 and SiO2 

[57] [58], therefore SLA has the capability to print ceramic [59]. SLA is widely implemented 

in medical technology [60] [61] [62], electronics [63] [64], and tooling master patterns [65] 

[66]. 

B. Powder-based system 

In powder-based systems, metal powder, polymer powder, and ceramic powder are 

typically used as feeding materials [67] [68]. This approach can be classified into melting and 

binding subsystems. In melting subsystem, the powder is melted or sintered exploiting a laser 

or high-power electron beam to form a substantial part. It comprises selective laser sintering 

(SLS), direct metal laser sintering (DMLS), selective laser melting (SLM), electron beam 

melting (EBM), and laser metal deposition [48]. A binding subsystem refers to a binder jetting 

technique where a binder is injected from one or more nozzles followed by gluing the powder 
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together [69]. Compared to SLS and EBM, it adopts a low-energy process during printing but 

it requires a longer curing time (~6 to 12 hours) and subjects materials to heat-treatments 

involving sintering and consolidation above 1000 for another 24 to 36 hours [70] [71] [72] 

[73]. 

C. Solid-based system  

Solid-based systems refers to a laminated object manufacturing (LOM) process in which 

layers of sheet material are glued together and cut to shape using laser such as a CO2 laser. The 

sheet material can be metal, plastic or adhesive-coated paper. The process can be described as 

a ñbond-then-formò process involving adding and subtracting material to create a part [74]. A 

sheet of raw material is delivered to the build platform by a heated roller. A laser is then applied 

on the top of the sheet to trace a layer of desired shape of the object. Once a layer is built, the 

platform moves down and the non-part area is removed to form a waste take-up roll, so that a 

fresh sheet can be rolled into position. The process is repeated until the desired object is 

constructed. The parts manufactured by LOM have high durability, low brittleness, and 

fragility. However, some of the concerns should be brought to the forefront, such as moisture 

due to unsealed models, less accuracy in z-direction compared to SLA and SLS process due to 

swelling effect [23], and inhomogeneous thermal and mechanical properties [75].  

D. Ink-based system 

An ink-based AM system can be further divided into inkjet printing (IJP) and aerosol jet 

printing (AJP). Both are based on the direct-writing approach, which enables non-contact 

deposition of various materials in flexible patterns. Nanoparticle inks, such as silver, are often 

used in both IJP and AJP. IJP has attracted considerable interest in the field of printed 

electronics in recent years [76] [77] [78] [79]. Such electronics include transistors, integrated 

circuits, and memory devices. The IJP process is illustrated in Fig. 3 [80]. During the process, 

a fixed amount of ink in a chamber is ejected from a nozzle via piezoelectric action [81] and 
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impinges on the substrate. The droplet spreads due to the momentum acquired from the ejection 

and surface tension assisted flow along the surface [81] [82]. 

 

Figure 3. A schematic of IJP process  [80] 

In the AJP process shown in Fig. 4 [83], droplets with micron-scale size due to the rapid 

evaporation of the solvent, are generated in the ultrasonic atomizer and transported by a carrier 

gas such as nitrogen to the deposition head via an aerosol delivery tube. A sheath gas is inserted 

into the deposition head to surround the aerosol mist mixed with droplets and a carrier gas to 

collimate the beam, together going through the nozzle [83] [84]. Due to inertial effects in the 

narrow nozzle, the droplets can be diverted from the mist, leading to aerodynamic focusing, 

and therefore the droplets are able to be directed towards the substrate in an impinging jet [83]. 

AJP has the ability to print multilayer ceramic capacitors (MLCCs) [85], sensors [86] [87] [88], 

and transistors [89] [90] [91] [92] [93]. 
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Figure 4. A schematic of AJP  [83] 

The process parameters affecting the printing quality are the flow rate of the carrier gas 

and sheath gas, the aerosol droplet size, the nozzle size, atomizer power, and the temperature 

of the substrate. The details of those parameters depend on the different processes used for 

AJP.  

E. Paste-based system 

In a paste-based AM system, paste printing or syringe printing is often used. This is a type 

of extrusion technique. A paste printer generally has a syringe containing paste, a leadscrew 

driven system consisting of a motor and syringe piston that is used to push the paste, and a 

build platform, as shown in Fig. 5 [94]. The direction of the movement of the syringe and the 

build plate depends on the printer. In some paste printers, the syringe moves in the x-, y-, and 

z-direction while the platform is fixed. Some others have a movable platform in the z-direction, 

and a syringe travels in the x-y plane. Paste printing is different from either FDM or IJP, as it 

uses paste as the feed material. The paste can be commercially purchased or self-made. It is 

typically made by nanoparticles such as nano-silver or nano-copper, and some flux which is 

used to wet the nanoparticles. It can also be utilized for ceramic and polymer printing [95] [96].  

The significant advantage of this technology is flexibility and customizability in terms of paste 

formation. It provides the opportunity to print electronics such as magnetic core and conductive 

winding [97] [98]. However, the dramatic limitation is the development and reliability of the 



 

 

8 

 

paste, especially on fabricating conductive trace as they are expected to have a relatively high 

electrical resistivity compared to the bulk silver or copper wires and good mechanical 

properties in terms of shear strength, adhesion, and humidity. More research using the paste 

printing technique can be expected.  

 

Figure 5. A Schematic of paste printing [94] 

1.1.4 Review of the state-of-the-art additively manufactured trace 

To date, the focus of researchers has been on incorporating IJP-printed and paste-printed 

traces into electronic components like transistors, resistors, and circuits. The majority of their 

attention has been on examining factors that affect the quality of printing, electrical 

performance, post-processing, and fluid mechanics. For instance, Mohd et al. ink-jet printed 

electrical circuit on flexible PET substrate and characterized its electrical performance, as 
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shown in Fig. 6 [99]. They found that double printing can produce better electrodes with lower 

resistances and an optimum gap between conducting lines should be 300 µm. 

 

Figure 6. Example of ink-jet printed devices [99] 

Hyun et al. printed conducting lines using IJP and determined the width, length, and 

thickness as dependent on the dot diameter, resolution, and volume fraction of particles in the 

ink [100]. After sintering their samples for 20 minutes at 250 , they exhibited a resistivity of 

4.2 ÕÝĀcm, approximately 2.6 times that of bulk silver, which resulted from rapid grain growth 

within the first 10 minutes as displayed in Fig. 6 [100].  
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Figure 7. Field-emission scanning electron micrographs of the sintered samples at 250 C: (a) 5 min; (b) 10 min; (c) 

15 min; (d) 20 min; (e) 60 min [100]. 

Neil et al. examined the effects of carrier gas flow rate (CGFR) and sheath gas flow rate 

(SGFR) on the quality of AJP-printed silver traces [101]. They determined that, for most of the 

macroscale geometric quantities tested, CGFR had a greater impact than SGFR. Increasing the 

CGFR was found to result in an improvement in the effective electrical conductivity of the 

printed silver traces. Furthermore, the researchers observed large, randomly-distributed silver 

crystalline deposits on the surface of most of the traces, regardless of flow rates. As the CGFR 

increased, the coarseness of agglomerates also increased, and the largest agglomerate was 

found on the surface [101]. 

Chiolerio et al. have reported on their achievement of low resistance silver lines through 

the inkjet printing of a commercial silver-based ink onto a flexible kapton substrate, followed 

by low energy laser annealing to encourage nanoparticle coalescence [102]. They discovered 

that by increasing the power to 2.83 kW/cm2, the laser annealing process allowed the formation 
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of the silver lines while causing no harm to the kapton substrate. The optimal conditions they 

identified were a power density of 1.975 kW/cm2 and a galvo mirrors speed of 1.5 mm/s for 

thick films (8 layers) and 1.12 kW/cm2/0.5 mm/s for thinner films (6 layers). Under these 

conditions, they obtained a resistivity of 4.9 ÕÝĀcm in both cases, equivalent to 32.65% of the 

conductivity of pure bulk silver [102].. 

Cameron et al. investigated the use of a rapid ultraviolet (UV) flash annealing techniques 

to achieve high conductivity of AJP-printed silver trace on liquid crystal polymer (LCP) 

substrates [103]. Their findings were shown in Fig. 8 [103]. It revealed that films prior to 

sintering display a darker color and may have a sheen on the surface. A properly sintered AgNP 

ink displays a condensed pattern of particles that are tightly packed and more reflective 

Inadequate drying can lead to delamination of features that did not adhere properly to the 

substrate [103]. This problem arises when the deposited film is not completely dried before 

being exposed to UV flashes. If the film is not adequately dried, local blisters may also form, 

resulting in darker oxidized spots caused by superheating [103]. Stress delamination may occur 

on certain corners and small features, like transmission lines, where the Ag film and the 

substrate have less surface contact area. Other defects that occur due to insufficient drying 

include bubbles and blisters formed between printed layers, resulting in a "popcorn effect" 

[103]. 
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Figure 8. (a) Wet AJP Ag ink. (b) Flash UV sintered AJP Ag ink. (c) Delamination of Ag ink under flash UV sintered 

layers. (d) Bubbles formed under Ag ink during flash UV sintering [103] 

Yi et al. used a paste extrusion 3D printer to print nano-Ag paste and then sintered it at 

250  to produce the windings of a toroid inductor, as depicted in Fig. 9 [9]. They summarized 

two techniques for increasing the electrical conductivity of 3D-printed metals: laser-assisted 

sintering and microwave-assisted sintering. In the first method, a focused laser beam is directed 

at the metal as it is being printed, locally heating the material to a high temperature to accelerate 

the consolidation of the metal particles, resulting in higher electrical conductivity. Localized 

heating is employed to avoid any potential detrimental effects on the printed magnetic material. 

The second method involves heating the entire printed part in an oven using both conventional 

and microwave energy. By adjusting the microwave frequency to optimize its absorption by 

the metal, the metal winding can be heated to a significantly higher temperature than the 

magnetic material in a brief period of time. 
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Figure 9. Commercial nano-silver paste for paste-extrusion 3-D printer [9] 

While most researchers have focused on printing quality, electrical performance, and post-

processing parameters, some have also examined the reliability of AM-printed traces. For 

instance, Beihan et al. investigated the thermal cycling of AJP-printed conductive silver traces 

in printed electronics, exposing them to temperatures ranging from -40 to 125  for 2500 

hours. Failure analysis revealed cracks caused by CTE mismatch in the area covering a 'trench' 

between the NEA121 layer and copper pad [104].  

Gurvinder et al. explored the fatigue behavior of IJP-printed silver interconnects on a silica-

coated mesoporous flexible PET substrate [105]. They discovered that humidity exposure and 

thermal cycling caused significant drops in resistance, but for different reasons, and both 

resulted in faster fatigue during subsequent mechanical deformation. Specifically, resistance 

did not decrease during fatigue cycling after five days of aging at 75 ǓC/85%. Instead, there 

was a rapid increase, likely due to further reductions in the ductility of the organic matrix 

caused by swelling. Fig. 10 displays a reduction of about 35% in the initial resistance after 100 

cycles, and the subsequent 25 cycles showed a change of less than 0.4%. On the other hand, 

Fig. 11 exhibits a sudden increase in resistance without any initial drop, and the resistance 

increased by 30% after 150 cycles [105]. 
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Figure 10. One-layer interconnect resistance vs thermal cycling (ī40  to 75 , 15 min dwell 10 min ramp) [105]. 

 
Figure 11. Fatigue behavior of a two-layer printed interconnect at 1.5% strain amplitude after 125 thermal cycles 

from ī40  to 75  [105]. 

1.1.5 Candidate AM methods used to fabricate planer transformer  windings 

To meet the requirements for practical use of planar transformer windings in a power 

converter, the selected AM techniques must satisfy the following criteria: 

(1) Capable of printing copper or silver in appropriate forms such as sheets, inks, or pastes; 

(2) Relatively easy post-processing without the need for high temperatures or pressures; 

(3) Ability to directly print the feeding materials at designated positions on a PCB. 
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1.1.6 Candidate AM materials used to fabricate planer transformer  windings 

In a planar transformer, power losses in the windings are primarily due to two types of 

losses: copper/silver losses and eddy current losses. Copper/silver losses are caused by the 

resistance of the wire used in the windings, while eddy current losses are caused by the 

magnetic fields that are induced in the conductive materials of the windings due to the changing 

magnetic field of the transformer. Equation (1) reveals that the amount of the power lost due 

to wire losses is proportional to the square of the current flowing through the windings and the 

resistance of the wire. This means that increasing the resistance of the wire will increase the 

power lost. 

0 )2 ρ 

Where, 0  is denoted as the power loss due to the copper/silver wire loss, ) is the current 

flowing through the wire, and 2 is the resistance of the wire. 

On the other hand, the amount of power lost due to eddy current losses is proportional to 

the square of the thickness of the windings and the frequency of the alternating current used to 

power the transformer, as expressed by Equation (2). This means that increasing the thickness 

of the windings without adjusting frequency of the AC power will decrease the power lost due 

to eddy current losses. Therefore, in order to minimize power losses in the windings of a planar 

transformer, the candidate material is supposed to have a low resistivity and to have the 

capability to be printed with certain thickness. 

0 +Ͻ" ϽÆϽÔ ς 

Where, 0  is denoted as the power loss generated by the eddy current, + is the eddy current 

constant depending on the materials, " is the maximum magnetic flux density in wire, Æ is the 

frequency of alternating current, and Ô is the thickness of the wire. 

Table 1 displays the manufacturability, form of metals used as feeding materials, and the 

primary concerns when implementing them to build planar transformer windings. The table 
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reveals that ink-based and paste-based AM systems have the most potential for fabricating 

planar transformer windings for real-world applications. 

Table 1. Assessment of candidate AM methods for manufacturing planar transformer windings 

AM 

system 

Method 

Ability to 

print 

metal 

Form of 

the metal 

as feeding 

materials 

Printed 

thickness 

for single 

layer 

Concerns 

Ability 

to 

directly 

print on 

PCB at 

specified 

locations 

Liquid-

based 

FDM No - - - - 

SLA Yes Cu powder Ò 200 µm 

Distortion 

induced by 

shrinkage 

during the post-

curing process 

No 

Solid-

based 

LOM Yes Cu sheet Ó 50 µm 

Inhomogeneous 

thermal 

material 

properties 

No 

Powder-

based 

SLS Yes Cu powder ~ 100 µm 

Shrinking and 

warping due to 

thermal 

distortion 

No 
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DMLS Yes Cu powder ~ 20 µm 

Shot peening 

introducing 

residual 

compressive 

stress into the 

surface region 

No 

SLM Yes 

Cu alloys 

powder 

20 µm - 

50 µm 

Lack of wetting 

with preceding 

layers caused 

by partial 

melting due to 

insufficient 

laser power 

No 

EBM Yes 

Cu alloy 

powder 

~ 70 µm 

Processing 

temperature as 

high as 1100°C;  

No 

LENS Yes 

Cu alloy 

powder 

250 µm - 

750 µm 

Deposition 

defects such as 

pores, cavities, 

and micro-

cracks 

No 

Ink-based IJP Yes 

Nano-Ag 

particle 

ink 

~1.5 µm 

Insufficient 

printed height 

Yes 
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AJP Yes 

Nano-Ag 

particle 

ink 

0.1 µm - 

100 µm 

Printed splats 

concern 

Yes 

Paste-

based 

Syringe-

printing 

Yes 

Nano-Ag 

paste made 

by powder 

and flux 

Ó 100 Õm 

Undeveloped 

sintering and 

reliability 

performance 

Yes 

Conductive polymers [106] [107] [108] [109], carbon nanotubes [110] [111] [112] [113], 

or metal nanoparticles [114] [115] [116] are the materials commonly used in in-based and 

paste-based AM systems. However, for the application of planar transformer windings that are 

intended to carry high current for high power and long-term use, materials with outstanding 

electrical and thermal conductivities are required. Metal nanoparticles are more competitive in 

this regard than carbon nanotubes and polymers. While gold (Au) particles have the best 

conductivity, their expensive cost limits their use. Copper (Cu) particles are low-cost, but they 

suffer from oxidation. On the other hand, silver (Ag) particles offer excellent electrical and 

thermal conductivities, and good chemical stability, making them the most favorable choice 

for the preparation of ink and pastes. 

Typically, nano-Ag inks are prepared by mixing nano-Ag particles (size ~30 ï 175 nm), 

polymeric resins, solvents, and additives [117]. The nano-Ag particles content in the 

formulation can take up to 30 wt% to offer advantages in electrical conductivity and slow 

oxidation rates. Polymer resins serve as stabilizers to prevent agglomeration of the nano-Ag 

particles and capping agents to protect them from oxidation. Najwa et al. showed that the 

binding activities contributed by the polymerization reactions during the curing process can 

facilitate proper adhesion between the printed nano-Ag ink and the substrates [118]. Solvents 

are added as a carrier for the ink, and the type of solvents used depends on their ability to 



 

 

19 

 

dissolve the polymer resins. Additives, typically less than 5 wt% of the entire nano-Ag ink, 

help regulate the surface tension, wettability, and rheology. Numerous types of nano-Ag ink 

are commercially available and widely used for conductive traces and electronics [118]. For 

example, McKenzie et al. investigated the sintering mechanisms for nano-Ag trace deposited 

on rigid (glass) and flexible (Kapton) substrates [119]. Skarzynski et al. printed circuits using 

nano-Ag inks with the addition of surfactant with different concentrations to test the best 

concentration for low electrical resistivity [120]. 

Nano-Ag pastes generally comprise nano-Ag particles (<100 nm in size) with a weight 

percentage of up to 80%, a dispersant within 1 wt% to prevent particle agglomeration, and a 

binder acting as insulation in metal particles to facilitate fast and complete sintering [121] 

[122]. The primary use of nano-Ag pastes is for die-attach to promote a strong bonding between 

chips (SiC or GaN) and substrates. For instance, Zhang et al. evaluated the shear strength of 

SiC device sintered by nano-Ag paste on DBC substrates in air and vacuum for 350 , 

respectively [123]. Yan et al. proposed a new approach sintering pressure-less nano-Ag pastes 

in a poor-oxygen atmosphere and formic acid reduction atmosphere to directly bond IGBT on 

nonmetallized DBC substrates [124]. 

The focus of the development of nano-Ag inks and pastes is low electrical resistivity and 

relatively easy sintering processes, including low temperature and less/zero pressure 

conditions. To achieve low electrical resistivity, it either requires to increase the weight 

percentage of nano-Ag particles or to reduce the nano-Ag particle size. However, this will have 

to rise the needs of dispersant, binder, and the sintering temperature. Therefore, there is a 

tradeoff among them. Several types of nano-Ag inks and pastes have been developed by 

research groups and companies and are commercially available. Table 2 summarizes the 

potential candidates with their sintering conditions, electrical resistivity, and the ability to be 

pressure-less sintered and used for planar transformer windings. Most of them have a 
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comparable low electrical resistivity compared to bulk silver. However, as discussed earlier, to 

reduce the eddy current losses, candidate materials are also expected to be printed at certain 

thickness. The wire used for PCB manufacturing requires a minimum thickness of 17.5 µm, 

making it a useful comparison. Hence, the nano-Ag paste developed by NBE Tech [125] was 

chosen as the targeted winding material in this dissertation. Therefore, the corresponding paste-

based AM system was selected as the printing method. 

Table 2. Prospective candidate nano-Ag inks and pastes for AM-printed planar transformer windings 

Type of Ink 

or Pastes 

Sintering 

condition 

Electrical 

resistivity 

(×10-8 Ýɛm) 

Times of 

bulk silver 

Layer 

thickness 

(µm) 

Reference 

Nano-Ag ink R.T., 24h ~8.0 ×5.03 ~ 10 µm [126] 

Nano-Ag ink 180°C, 15 

min 

~3.7 ×2.33 ~ 7 µm [127] 

100°C, 10 

min 

~7.40 ×4.65 

120°C, 10 

min 

~5.10 ×3.21 

140°C, 10 

min 

~4.60 ×2.89 

Nano-Ag 

paste 

250°C, >30 

min 

~4.80 ×3.01 > 100 µm [125] 

1.1.7 Multilayer windings VS. single-layer winding 

For decades, multilayer windings design has been used owing to their ability to provide 

higher turns ratio, which makes them more versatile in certain designs and results in higher 
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power density. However, a major drawback of this design is that it limits heat dissipation 

vertically due to the low thermal conductivity of FR4 (0.25W/m-K) shown in Fig. 12 [128], 

which leads to inefficient cooling. On the other hand, compared to multilayer windings, the 

single-layer winding design has two significant advantages. Firstly, it has lower leakage 

inductance due to the shorter length and less area of exposed conductor, which reduces the 

magnetic flux linkage. Secondly, from a thermal perspective, the heat generated by the 

windings can be easily dissipated, thereby allowing the winding to carry more current and 

increase the power density. This provides a significant opportunity for a co-design between the 

thermal, electrical, and manufacturing teams to integrate the windings into the cooling system 

of a high-power and high-efficiency power converter. 

 

Figure 12. (a) The 3-D model of a traditional 8:4 planar transformer with spiral winding and (b) 2-D cross section 

of the transformer showing the arrangement of the transformer. Each primary PCB has eight turns (four on each 

side) and each secondary PCB has four turns (two on each side). The primary PCBs are connected in parallel and 

secondary PCBs also are connected in parallel [128]. 

1.1.8 Summary 

In this section, it was discussed that planar transformer windings have the potential to be 

integrated with the cooling system through additive manufacturing, which can increase power 

density for high power applications. Various additive manufacturing techniques were reviewed 

based on the type of feeding materials. It was concluded that the paste-based system, 

specifically the syringe-printing method, is the most suitable method for manufacturing planar 

transformer windings due to its ability to extrude metal pastes and to directly print on a 
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substrate at a specific location. NBE Techôs commercially available nano-Ag pastes were 

chosen as the winding materials due to their good electrical and thermal conductivities, the 

potential in terms of low sintering temperatures, as well as the comparatively desired layer 

thickness. 

1.2 Motivation, objectives, and scope of the dissertation 

1.2.1 Motivation of the dissertation 

As of now, only a small number of researchers have recognized that potential of implement 

the AM techniques into planar transformer windings, which serve as the primary source of heat 

and can be combined with the cooling system to reduce package size and increase package 

density. The lack of investment in manufacturability and reliability has resulted in research 

gaps, which have inspired the focus of this dissertation. 

1.2.2 Objectives and the scope of the dissertation 

This dissertation mainly investigates two objectives, manufacturability and the reliability 

performances of the AM-printed planar transformer windings using the selected nano-Ag paste. 

Fig. 13 exhibits the scope of the dissertation. 

 

Figure 13. The scope of this dissertation 

Chapter 2 focuses on the manufacturability by exploring the printing methodology using 

paste-based AM technique, called syringe-printing method. The parameters including feed-rate 

and pressure that can affect the printing quality were optimized to enhance a desired print. 
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Electrical resistivity was then improved by evaluating the sintering conditions at pressure-less 

conditions.  

Chapter 3 studies the reliability performance including adhesion assessment between nano-

Ag and alumina (Al2O3) substrate, and the bonding enhancement by depositing a layer of Ti 

acting as an adhesive layer between Nano-Ag/Al 2O3 interface. Thermal aging tests at different 

thermal conditions were performed to conduct a degradation model for adhesion. Moreover, 

two batches of nano-Ag windings with a design of 7 turns experienced thermal cycling tests 

with different cycling conditions to figure out the failure mode and failure mechanism. The 

time to failure data was regressively analyzed and combined with the strain-energy based 

modeling carried by ANSYS Workbench to develop the fatigue model. As a comparison to 

evaluate the conservation, the time to failure data was also fitted into Coffin-Mason model to 

predict the fatigue life for the 7-turn windings. The acceleration factor was also estimated.  

Chapter 4 introduces a 10kW DC-DC full-bridge power converter with 97% efficiency, 

where the nano-Ag pastes were syringe-printed and sintered to form a single-layer 7-turn 

windings on a customized alumina cooler with a limited foot-print. Thanks to the flexibility of 

syringe-printing, it allows the package size to be further minimized and fully realizes the 

advantage of the cooling design with capability to cool the planar transformer windings and 

core in the same time. The corresponding thermal and electrical performance of the syringe-

printed nano-Ag windings were also provided. 

Chapter 5 summarizes the conclusions, contributions, and future work. 
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CHAPTER 2: MANUFACTURABILITY 

2.1 Equipment and materials 

This dissertation work employed the VOLTERA V-One, a paste printer purchased from 

VOLTERA, Inc., as shown in Fig. 14. The pressurized extruder, equipped with a cartridge that 

holds the feed materials, allows for the precise syringe-printing of paste onto a build-plate 

measuring 135 mm x 113.5 mm at a controllable speed. The build-plate remains stationary 

while the extruder moves in X, Y, and Z directions. 

 

Figure 14. VOLTERA V-ONE printer used in this study 

The nano-Ag paste used in this dissertation work was obtained from NBE Tech, LLC and 

was chosen due to its low theoretical electrical resistivity and high thermal conductivity, as 

well as the layer thickness greater than 50 µm after extrusion, making it a suitable material for 

the planar transformer windings. Table 3 provides further details. 
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Table 3. Datasheet of the nano-Ag paste purchased from NBE Tech, LLC [125] 

Parameters of nano-Ag paste Approx. 

Porosity <30% 

Density > 7.9 g/cm3 

Viscosity ~300,000 cps 

CTE 19.6 x 10-6/  

Melting temperature 961 

Sintering temperature 250 

Elastic modulus 10 to 30 GPa 

Electrical resistivity <2.6 x 10-6 ÝĀcm 

Thermal conductivity >200 W/mK 

2.2 Printing methodology 

To ensure accuracy during the printing process, a parametric study was conducted on the 

syringe-printing process, as depicted in Fig. 15, which outlines the flowchart of the 

manufacturing process. 

 

Figure 15. Printing methodology of syringe-printing for manufacturing windings 
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Fig. 16 shows the operational principle of the V-One printer. Once the CAD model is 

uploaded to the printer, the extruderôs motor first prints an outline of the geometry using a 

nozzle with a specific inner diameter and then fills the object until it is completely filled. The 

printer determines the number of fillings based on the pass spacing, which is the minimum 

center-to-center distance between two adjacent printed lines. For example, for a 2.25 mm 

segment, the printer extrudes a rectangular outline before filling in the blanks. 

 

Figure 16. Illustration of V-one printerôs operational principle in terms of theoretical and real cases. 

2.3 Defining key parameters for deposition 

The key parameters for deposition targeted to be investigated are as follows: 

¶ Kick ï discrete application of pressure to printing cartridge 

¶ Trim length ï maximum print length for a single kick 

¶ Feed rate ï the speed at which the extruder nozzle moves 

¶ Pass spacing ï the minimum center-to-center distance between two printed adjacent lines 

¶ Nozzle height ï distance between the nozzle and the substrate 

The proper extrusion of paste depends on the ratio between the kick and trim length, and 

this ratio varies according to the viscosity of the paste. Balancing the kick and trim length is 

critical. Although a high trim length requires a high kick, a higher kick value increases the risk 

of cartridge rupture. On the other hand, a low kick reduces the risk of rupture but leads to a low 

trim length, which slows down the printing process and results in a rougher print. After a 
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thorough investigation, the optimal values for the kick and trim length when using nano-Ag 

paste as a feed material are 0.35 and 40 mm, respectively. 

Another balance is needed between feed rate and pass spacing to maximize printing quality. 

A high feed rate can result in gaps in a trace being printed, while a low feed rate can lead to 

clogging and unexpected thicker prints. The pass spacing is determined by the feed rate and 

the inner diameter of the nozzle. The nozzleôs inner diameter should be at least 6 times larger 

than the particle size in pastes to avoid clogging, and the pass spacing must allow for proper 

overlap of printed lines without letting the nozzle contact and mess up the deposited paste. To 

explore the relationship between feed rate and pass spacing, a variable control method is used. 

A nozzle with an inner diameter of 225 microns is selected, and the feed rate is set to 200 

mm/min. The pass spacing is modulated to obtain the minimum allowable spacing between 

two traces without creating a shorting issue.  

A proper value of nozzle height should provide sufficient space for paste extrusion but 

prevent the nozzle tip from immersing in the deposited paste and cause damage. 

2.4 Parameter optimization 

The parameter optimization refers to a calibration process of the printer, including the 

minimum allowable gap between two parallel traces, the accuracy of the printed trace width, 

and accuracy of the spacing between two printed traces. The calibration process is shown in 

Fig. 17, which enables a less error between the targeted value and the actual value in terms of 

trace width and spacing. Relations between the targeted value and actual value for width and 

spacing can be developed by curve fitting, which will be used for syringe-printing the actual 

windings used for power module. 

 
Figure 17. Parameter optimization (calibration) process 
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2.4.1 Minimum allowable gap 

The width range for each trace was chosen based on the typical design of planar transformer 

windings and includes 1.25 mm, 1.5 mm, 1.75 mm, 2.0 mm, 2.25 mm, and 2.5 mm, while the 

gap range between the two traces was set between 0.1 mm to 1.0 mm in increments of 0.1 mm. 

A total of 66 segments were planned for the test. A constant feed rate of 200 mm/min and a 

nozzle with an inner diameter of 225 microns were used. It is important to note that the spacing 

referred to is the gap between two segments filled with nano-Ag paste, as illustrated in Fig. 18, 

where all segments printed using a syringe are shown as straight lines of various widths and 

gaps on an alumina base plate. A brief sintering profile obtained from the datasheet is depicted 

in Fig. 19 and 2-probe tests were used to check possible shorting. The height of the printed 

traces was determined by measuring the cross-sectional view of each trace with an optical 

microscope. This same process was repeated for the traces that were syringe-printed using 

nozzles with inner diameters of 335 microns and 437 microns, respectively. 

 

Figure 18. Syringe-printed traces (nozzle with inner diameter of 0.225mm used) with width of 1.25 mm, 1.5 mm, 

1.75 mm, 2.0 mm, 2.25 mm, and 2.5 mm, with spacing ranging from 0.1 to 1.0 mm for each group on alumina 

substrate after applying a special sintering process obtained from the nano-Ag paste 



 

 

29 

 

 

Figure 19. Sintering temperature profile of the nano-Ag paste [125] 

Table 4 outlines the minimum allowable gap between two parallel traces and the maximum 

height of a single trace using different nozzles with the proper settings. It reveals that the 

minimum allowable gaps between two printed traces are 0.13 mm, 0.19 mm, and 0.25 mm 

when using nozzles with inner diameters of 0.225 mm, 0.335 mm, and 0.437 mm, respectively. 

This information is useful for guiding the co-design of actual planar transformer windings with 

regard to the spacing between each turn. 

Table 4. Minimum allowable gap between two parallel traces and the maximum height of the single trace using 

different nozzles with the proper settings. 

Materials Nozzle 

I.D. 

Minimum 

allowable 

gap 

Maximum 

height 

Kick Feed-rate Pass-

spacing 

Nano-Ag 

paste 

0.225 mm 0.13 mm 0.15 mm 0.35 200 

mm/min 

0.15 mm 

0.335 mm 0.19 mm 0.21 mm 0.50 200 

mm/min 

0.18 mm 

0.437 mm 0.25 mm 0.26 mm 0.70 200 

mm/min 

0.22 mm 
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2.4.2 Printed width error  

Table 5 presents the mean value of the width measured 10 times under a microscope and 

compares it with the targeted width when using the nozzle with inner diameter of 225 microns. 

Equations (3) ï (5) were used to calculate the width, corresponding standard deviation, and the 

width difference. Then, the recommended widths were updated based on the calculated values. 

For example, if the targeted width is 1.25 mm, the recommended designed width in the CAD 

software is 1.1469 mm. Fig. 20 shows that the printing error decreases with an increase in the 

targeted width. However, a larger width should be considered from a manufacturing 

perspective, while the electrical design should be taken into account for an actual application. 

A linear relationship exists between the actual mean width and targeted width, as shown in Fig. 

21, which is described by Equation (6). 

Table 5. Targeted trace width, mean width, printing errors, and recommended width 

Targeted 

width 

(mm) 

Mean 

actual 

value (mm) 

Error (%) 

Standard 

deviation 

Difference 

Recommended 

width (mm) 

1.25 1.1469 8.25 0.0407 0.1031 1.3531 

1.75 1.7206 1.68 0.0186 0.0294 1.7794 

2.25 2.2363 0.61 0.0356 0.0137 2.2637 

 

%ÒÒÏÒ
ȿÔÁÒÇÅÔÅÄ ×ÉÄÔÈÍÅÁÎ ÁÃÔÕÁÌ ×ÉÄÔÈȿ

ÔÁÒÇÅÔÅÄ ×ÉÄÔÈ
ρππϷ σ 

ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎ
ВÁÃÔÕÁÌ ×ÉÄÔÈÍÅÁÎ ×ÉÄÔÈ

ÍÅÁÓÕÒÅÄ ÔÉÍÅÓ
τ 

×ÉÄÔÈ ÄÉÆÆÅÒÅÎÃÅȿÔÁÒÇÅÔÅÄ ×ÉÄÔÈÍÅÁÎ ÁÃÔÕÁÌ ×ÉÄÔÈȿ υ 

9 ρȢπψωτ8 πȢςπυς φ 

Where, 8  and 9  represent the targeted width and actual width, respectively. 
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Figure 20. Targeted width VS. width error 

 

Figure 21. Targeted width VS. actual width 

2.4.3 Printed spacing error 

Table 6 summarizes the mean value of the actual spacing measured 10 under a microscope 

and compares it with the targeted spacing between two printed traces with a width of 2.25 mm. 

Equations (7) ï (9) were used to calculate the spacing error, corresponding standard deviation, 
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and the spaces difference. The targeted spacings were replaced with the recommended spacings 

as input values. For instance, if the targeted gap is 0.1 mm between two printed traces with a 

width of 2.25 mm, it is recommended to leave a 0.0678 mm spacing in the CAD model. 

Table 6. Targeted trace width, mean width, printing errors, and recommended width 

Targeted 

spacing (mm) 

Actual mean 

(mm) 

Standard 

deviation 

Difference 

(mm) 

Recommended 

spacing (mm) 

0.1 0.1322 0.0049 0.0322 0.0678 

0.2 0.2584 0.0043 0.0584 0.1416 

0.3 0.3638 0.0046 0.0638 0.2362 

0.4 0.4665 0.0057 0.0665 0.3335 

0.5 0.5465 0.0050 0.0465 0.4535 

0.6 0.6191 0.0064 0.0191 0.5809 

0.7 0.7056 0.0029 0.0056 0.6944 

0.8 0.8026 0.0023 0.0026 0.7974 

0.9 0.9094 0.0059 0.0094 0.8906 

1.0 1.0181 0.0134 0.0181 0.9819 

%ÒÒÏÒ
ȿÔÁÒÇÅÔÅÄ ÓÐÁÃÅÍÅÁÎ ÁÃÔÕÁÌ ÓÐÁÃÅȿ

ÔÁÒÇÅÔÅÄ ÓÐÁÃÅ
ρππϷ χ 

ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎ
ВÁÃÔÕÁÌ ÓÐÁÃÅÍÅÁÎ ÓÐÁÃÅ

ÍÅÁÓÕÒÅÄ ÔÉÍÅÓ
ψ 

×ÉÄÔÈ ÄÉÆÆÅÒÅÎÃÅȿÔÁÒÇÅÔÅÄ ÓÐÁÃÅÍÅÁÎ ÁÃÔÕÁÌ ÓÐÁÃÅȿ ω 

Fig. 22 illustrates that the spacing error can be effectively reduced as the targeted spacing 

increases before reaching a threshold spacing value of 0.8 mm. However, a larger gap often 

generates a higher loss, so it should always be coordinated with electrical performance. Fig. 23 
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reveals a linear relation between the actual mean space and targeted space, which is expressed 

by Equation (10). 

9 πȢωυυ8 πȢπυωρ ρπ 

Where, 8  and 9  represent the targeted space and actual space, respectively. 

 

Figure 22. Targeted spacing VS. space error 

 
Figure 23. Targeted spacing VS. actual spacing 
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2.4.4 Printed spacing using recommended values 

Fig. 24 compares the errors before and after applying the recommended spacing values, 

and it shows that at a given value of targeted spacing smaller than 0.6 mm, the printing error 

using recommended values is significantly smaller those directly using targeted values. The 

linear relations for using recommended values have a slop of 1.0024 closer to 1 compared to 

the slope of 0.955 using targeted values directly, as shown in Fig. 25. 

 

Figure 24. Comparison of printing error using targeted spacing value directly as an input and using recommended 

spacing value as an input 

 
Figure 25. Comparison of actual spacing using targeted spacing value directly as an input and using recommended 

spacing value as an input 
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2.5 Optimization  of electrical resistivity 

2.5.1 Design of experiment 

Aiming for a low electrical resistance in the windings of a planar transformer, as discussed 

in Section 1.1.6, can result in fewer power losses. Resistance for a given geometry is 

significantly affected by two factors at constant pressure during the sintering process: 1) the 

maximum temperature and 2) the dwell time. To obtain a lower resistivity, the sintering process 

can be optimized by increasing the temperature and dwell time. The electrical resistivityôs 

theoretical value listed in the datasheet is typically achieved by annealing, which involves 

heating silver particles to 1200°F (760°C). To avoid such a high temperature and the associated 

risk of thermal cracking for the alumina substrate, a lower sintering temperature of less than 

half the annealing temperature was utilized as a post-processing step. A design of experiment 

(DOE) was created to investigate the effect of sintering on electrical resistivity, as shown in 

Table 7, with various temperatures and dwell times.  The datasheet specified 250°C as the 

sintering temperature, which is primarily employed for die-attach purposes. This temperature 

was chosen as the initial condition in the DOE, followed by 280°C, 300°C, and 350°C. To 

demonstrate the resistivity under the listed DOE conditions, twelve serpentine patterns were 

printed on bare alumina substrates at room pressure, as shown in Fig. 26. 

Table 7. DOE to investigate the impact of sintering condition on resistivity. 

Sample Ramp rate Maximum temperature Dwell time, hours 

1 

5°C/min 

250°C 

2 

2 4 

3 8 

4 

280°C 

2 

5 4 
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6 8 

7 

300°C 

2 

8 4 

9 8 

10 

350°C 

2 

11 4 

12 8 

 

(a)  (b)  

Figure 26. (a) Gerber file of the serpentine pattern drawn in FAB 3000; (b) Syringe-printed serpentine pattern (width 

2.25 mm x length 1185 mm x 0.2 mm height) on a bare alumina substrate for electrical resistance measurement. 

Following that, the resistance was measured using a milliohm meter through 4-probe 

Kelvin measurements. Equation (11) was then used to calculate the resistivity based on the 

printed geometry and measured resistance 

ʍ 2
!

Ì
ρρ  

Where, ʍrepresents the electrical resistivity, ɱϽÍ; 2 represents the electrical resistance 

measured by 4-probe Kelvin measurement, ɱ; ! is the cross-sectional area of the windings, 

Í ; Ì is the total length of the serpentine pattern, Í. 
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2.5.2 Sintering mechanism 

Fig. 27 illustrates the three stages of a sintering process [129]. During the first stage, the 

rough surfaces of the powder particles become smooth, and neck formation occurs as grain 

boundaries form. The second stage is characterized by densification and pore shrinkage. After 

the formation of grain boundaries in the first stage, they serve as the new source of atoms to fill 

the concave areas, diminishing the particleôs surface. The third stage involves grain growth and 

the formation of closed spherical bubbles as pores break up. 

 

Figure 27. A model explaining the sintering process [129] 

2.5.3 Results and discussion 

Thus, at a constant pressure, increasing the sintering temperature and dwell tie can result 

in a decreased resistance in a given printed structure. Fig. 26(b) displays serpentine windings 

that are 2.25 mm wide, 1185 mm long, and 0.2 mm high. 4-probe measurements were 

conducted and resistivity of reach sample was computed, as listed in Table 7. These results 

have been consolidated into Fig. 28, which illustrates that a higher sintering temperature and a 

longer dwell time lead to lower resistivity. The sintering process was conducted at 350  for 8 

hours, resulting in the lowest resistivity of be τȢσωρπɱϽÍ, which is 2.75 times greater 

than bulk silver. 
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Figure 28. Effect of sintering temperature and dwell time on electrical resistivity. 

2.6 Thermo-mechanical analysis during sintering 

2.6.1 Curvature and stress distribution 

Previous findings have shown that the syringe-printed traces are capable of meeting the co-

design criteria from both an electrical and manufacturing standpoint. Nonetheless, the thermal 

and mechanical effects remain unclear. The coefficient of thermal expansion (CTE) mismatch 

between the nano-Ag trace (ρωȢφ ρπȾᴈ) and the Al 2O3 substrate (φȢτ ρπȾᴈ) can 

induce large internal stresses and further results in deformation failure during the sintering 

process. Thus, it is critical to investigate the curvature and stress distribution in their 

laminations. Theoretical analysis can be performed based on a simplified 2-layer lamination 

shown in Fig. 29.  
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Figure 29. Schematic diagram showing the curvature and stress distribution between nano-Ag trace and the Al 2O3 

substrate 

It is assumed that the nano-Ag trace and Al 2O3 substrate are perfectly bonded without 

friction and the thickness of them are significantly smaller than their length. Temperature is 

uniform without gradient inside the laminations. Moreover, plastic strain and creep are not 

considered. The force equilibrium at the cross-section can be expressed by: 

& πȠ     0 0 πȠ      0 0 π ρς 

Where, 0 is the force applied on the cross-section, subscript, ! and " denote as nano-Ag and 

Al 2O3 materials, respectively. 

The moment equilibrium at the cross-section can be expressed by: 

- - - 0
È È

ς
ρσ 

Where, - is the bending moment of the nano-Ag trace and Al 2O3 substrate, respectively. They 

can be expressed by: 

)
× È

ρς
ρτ 

)
× È

ρς
ρυ 
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Where, ) is the moment of inertia, × and È are the width and thickness, respectively. 

The curvature, ʍ, can be expressed by: 

ρ

ʍ

-

%)

-

%)
ρφ 

Where, % is the Youngôs modulus. 

Substituting Equation (13) into the Equation (16) and obtaining the followings: 

0
È È

ς

%)

ʍ

%)

ʍ
ρχ 

The total strains at the cross-section are due to stretching, bending moment, and thermal 

expansion. The expression are as follows: 

ʀ
0

%
ρ ʉ

× È

-

%
ρ ʉ

)
Ͻ
È

ς
ɻ ϽЎ4 ρψ

 

ʀ
0

%
ρ ʉ

× È

-

%
ρ ʉ

)
Ͻ
È

ς
ɻ ϽЎ4 ρω

 

Where, ʀ is the total strain. ʉ is the Poissonôs ratio. ɻ is the CTE, and Ў4 stands for temperature 

difference. 

The total strain equilibrium can be expressed as: 

ʀ ʀ ςπ 

0

%
ρ ʉ

× È

0

%
ρ ʉ

× È
ɻ ɻ ϽЎ4

ρ

ς

- È

%
ρ ʉ

)

- È

%
ρ ʉ

)
ςρ 

Substituting Equations (14) to (19) into (21) and re-arranging, 

%× È %× È

φÈ È

ρ ʉ

%× È

ρ ʉ

%× È
ɻ ɻ ϽЎ4

ρ

ς”
È ρ ʉ È ρ ʉ ςς

 

Where, the stretching, thermal, and bending moment components are specified as follows: 
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ÓÔÒÅÔÃÈÉÎÇ ÓÔÒÁÉÎ
%× È %× È

φÈ È

ρ ʉ

%× È

ρ ʉ

%× È
 

ÔÈÅÒÍÁÌ ÓÔÒÁÉÎɻ ɻ ϽЎ4 

ÂÅÎÄÉÎÇ ÍÏÍÅÎÔ ÓÔÒÁÉÎ
ρ

ςʍ
È ρ ʉ È ρ ʉ  

Set the following components: 

+
%× È %× È

φÈ È

ρ ʉ

%× È

ρ ʉ

%× È
ςσ 

, ɻ ɻ ϽЎ4 ςτ 

Substituting them into Equation (22) and re-arranging, the curvature, ʍ, can be expressed as: 

ʍ
È ρ ʉ È ρ ʉ

ς, +
ςυ 

The strain in x directions can be expressed by: 

ʀ
ρ

%
ʎ ʉʎ ʎ

ρ ʉ

%
ʎ ςφ 

Where, ʎ , ʎ , and ʎ  are the stresses in x, y, and z directions, respectively. 

The stress in x directions can be expressed by: 

ʎ
ʀὉ

ρ ʉ
ςχ 

2.6.2 Finite element simulation 

The curvature and the stress distribution of the two-layer laminates between the nano-Ag 

trace and the Al 2O3 substrate can also be extracted by finite element simulation which was 

carried out by ANSYS Workbench in this study. To facilitate and simply the model, a quarter 

laminate was built and presented in Fig. 30. The specifications and material properties of both 

the nano-Ag trace and the Al 2O3 substrate can be found in Table 8. 
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Figure 30.Quarter laminate model used for simulation 

Table 8. Dimension and material properties of the laminates used for simulation 

Materials Dimension 

(length x width 

x thickness), 

mm3 

Youngôs 

modulus, GPa 

[125] 

CTE, ρπȾᴈ 

[125] 

Poissonôs ratio 

[125] 

Nano-Ag 15 x 15 x 0.20 10 19.6 0.37 

Al 2O3 20 x 20 x 0.64 300 6.4 0.22 

The boundary conditions were comprised of mechanical constraints and thermal 

conditions. Specifically, the vertex of the Al 2O3 substrate were set to be fixed. The 

displacement in X direction on the ZY plane and the displacement in Y direction on the ZX 

plane were set to be constant, respectively. The thermal condition involved cooling after 

sintering at 350 . Thus, the stress-free temperature of the nano-Ag traces was established as 

350 . It was assumed that the laminates underwent cooling at a rate of 5 /min until it reached 

22 . To enable curvature to occur in the X direction of the schematic diagram depicted in Fig. 

29, a fine mesh in the laminates was implemented, based on the number of divisions.  



 

 

43 

 

2.6.3 Results and discussion 

Fig. 31 presents the obtained deformation of the laminates, where Points A and B were 

used to calculate curvature. It reveals that the maximum curvature during the cooling process 

reaches 694.5 mm, and the normalized curvature was plotted in Fig. 32. Fig. 33 provides the 

stress distribution details. The corner of the bonding interface was found to exhibit the highest 

equivalent stress, suggesting it may serve as a potential site for delamination failure. Fig. 34 

illustrates the effect of height ratio (Î È ȾÈ ), with È  fixed at 0.64 mm 

and È  set to 0.15 mm, 0.21 mm, and 0.26 mm, as reported in Table 4. The graph 

demonstrates that a lower height ratio leads to an increased value of normalized curvature, 

which also raises the risk of delamination. The rise in normalized curvature is attributed to the 

thermo-mechanical stress generated at the interface due to the CTE mismatch between the 

syringe-printed nano-Ag trace and the !Ì/  substrate, as depicted in Fig. 35. Therefore, from 

a thermo-mechanical perspective, it is recommended to print a lower height of nano-Ag trace. 

Fig. 36 displays the scenario when the sintering temperature is varied. A higher sintering 

temperature can result in a greater equivalent stress generated during the cooling process. 

 

Figure 31. Deformation of the nano-Ag and the Al 2O3 substrate laminates 
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Figure 32. Curvature of the laminates during cooling 

 

Figure 33. Stress distribution of the nano-Ag and the Al 2O3 substrate laminates 
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Figure 34. Effect of height ratio on normalized curvature 

 

Figure 35. Effect of height ratio on equivalent stress 

 
Figure 36. Effect of sintering temperature on stress 
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CHAPTER 3: RELIABILITY 

3.1 Assessment of adhesion 

3.1.1 Adhesion mechanism between nano-Ag and Al2O3 with Ti at interface 

The previous samples shown in Fig. 26b used to optimize the electrical resistivities were 

found to have delamination issue after printing for a few days and it could be relatively easy to 

be peeled off by a tape, indicating a poor adhesion between the syringe-printed nano-Ag trace 

and Al2O3 substrate. This is due to the low surface energy of Al2O3 [130] [131] [132] [133], 

liquid metals tend to exhibit poor wettability on its surface [134] [135] [136]. To address this 

issue, Titanium (Ti) is commonly added to metal/Al2O3 interface as an active element, reducing 

the interfacial energy and enhancing the interfacial bonding [137] [138]. At the interface, Ti 

atoms bond with O atoms to create a layer composed of Ti-O compounds, which is stronger 

than Ag-O bond. This could be verified by calculating the binding energy between two atoms. 

The binding energy could be seen as the energy required to break apart the bond between two 

atoms, also known as the dissociation energy. This energy is related to the difference in energy 

between the two isolated atoms and the bonded state. For Ag and O, the dissociation energy 

could be found from the experimental data or theoretical calculation. One possible approach is 

to use the Born-Haber cycle, which relates the dissociation energy to other thermodynamic 

quantities such as the lattice energy and the ionization energy. It needs to consider the 

enthalpies of several processes, including the sublimation of the metals (Ў( ), the ionization 

of the nonmetals ()%), the formation of the oxide compounds (%!), and the formation of the 

lattice energy (5). The formula of Born-Haber cycle can be expressed as: 

Ў(Ј Ў( )%%! 5 ςψ 

According to this method, the dissociation energy of silver oxide (AgO) can be expressed as: 

!Ç/ Óᴼ!ÇÇ
ρ

ς
/ Ç ςω 
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Ў(Ј Ў( )% %! 5 σπ 

Where, Ў(  denotes to the enthalpy of sublimation of Ag, !ÇÓᴼ!ÇÇ, and it equals 

to 285.8 kJ/mol, )% denotes to the ionization energy of oxygen (O), / Çᴼ/ Ç, and 

it equals to 657 kJ/mol, 5  denotes to the lattice energy of AgO, !Ç/Óᴼ!ÇÇ

/ Ç, and it equals to -1061.7 kJ/mol, %!  denotes to the enthalpy of formation of AgO, 

and it can be estimated using the enthalpies of formation of AgO and Ag2O expressed by 

Equations (31) and (32) as follows: 

!ÇÓ
ρ

ς
/ Çᴼ!Ç/Ó σρ 

ς!ÇÓ
ρ

ς
/ Çᴼ!Ç/Ó σς 

Therefore, the enthalpy of formation of AgO can be expressed by Equation (31): 

ς!Ç/Óᴼ!Ç/Ó
ρ

ς
/ Ç σσ 

Where, the enthalpy of formation of AgO equals to -30.6 kJ/mol, and the enthalpy of formation 

of Ag2O equals to -31.1 kJ/mol. By substituting the values, the enthalpy of formation of AgO, 

%! , equals to -73.1 kJ/mol. Taking all the values of the components in Equation (30), the 

dissociation energy of AgO is 106.6 kJ/mol. 

Similarly, the dissociation energy of titanium oxide (TiO2) can be expressed as: 

4É/ Óᴼ4ÉÓ / Ç στ 

Ў(Ј Ў( )% %! 5 συ 

Where, Ў(  denotes to the enthalpy of sublimation of Ti, 4ÉÓᴼ4ÉÇ, and it equals to 

468 kJ/mol, )%  denotes to the ionization energy of oxygen (O), / Çᴼ/Ç, and it 

equals to 657 kJ/mol, 5  denotes to the lattice energy of TiO2, 4É/Óᴼ4ÉÓ / Ὣ, 

and it equals to 410 kJ/mol, %!  denotes to the enthalpy of formation of TiO2, and it can 
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be estimated using the enthalpies of formation of TiO and Ti2O3 expressed by equations (36) 

and (37) as follows: 

4ÉÓ
ρ

ς
/ Çᴼ4É/Ó σφ 

ς4ÉÓ
σ

ς
/ Çᴼ4É/ Ó σχ 

Therefore, the enthalpy of formation of TiO2 can be expressed by equation (38): 

4É/ Ó 4ÉÓᴼ4É/ Ó σψ 

Where, the enthalpy of formation of TiO equals to -519 kJ/mol, and the enthalpy of formation 

of Ti2O3 equals to -1159 kJ/mol. By substituting the values, the enthalpy of formation of TiO2, 

%! , equals to -640 kJ/mol. Taking all the values of the components in Equation (35), the 

dissociation energy of TiO2 is 630 kJ/mol. 

Therefore, the binding energy between Ag and O is 106.6 kJ/mol, which is significantly 

smaller than the binding energy of 630 kJ/mol between Ti and O representing the energy 

released when one Ti atom and two O atoms combine to form TiO2. 

3.1.2 Experimental study on adhesion between nano-Ag/Al 2O3 with Ti deposited at the 

interface 

Theoretical analysis has shown that incorporating Ti can enhance the bonding between Ag 

and Al2O3 at the interface. Nevertheless, it is imperative to explore and address the quantity 

and deposition methodology of Ti. 

In this study, E-beam deposition was employed to deposit Ti on the Al2O3 substrate to 

obtain a dense, uniform, and well adhered layer. It is a thin-film physical vapor deposition 

where a target anode is bombarded with an electron beam given off by a charged tungsten 

filament under high vacuum. The schematic of this process is shown in Fig. 37. In the 

deposition chamber with a minimum pressure of 7.5×10-5 Torr (10-2 Pa), the generated beam 

from the electron gun is accelerated to a high kinetic energy and strike to the rod-shaped 

evaporation materials, causing atoms from the target to transform into the gaseous phase 
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followed by immersing into a solid form. As a result, a thin layer of the anode material can be 

coated with a rate from 0.1 to 100 µm/min in the vacuum chamber. The facility shown in Fig. 

38 is available to use at the FAB Lab at the University of Maryland.  

 

Figure 37. Schematic of E-beam deposition 

 

Figure 38. Angstrom E-beam Evaporator at FAB Lab of University of Maryland 

A. Design for experiment  

In order to examine how the amount of Ti affects the bonding strength between the syringe-

printed nano-Ag traces and Al2O3 substrate, varying layer thicknesses of Ti were deposited 
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onto an Al2O3 (96%) substrate using Angstrom E-beam Evaporator. To ensure targeted 

deposition, a customized shield mask constructed of stainless steel was utilized to selectively 

expose several rectangular areas (12 mm x 2 mm) during the process. Consequently, Ti was 

successfully deposited only in those exposed regions. Because Ti quickly oxidizes when 

exposed to air, a layer of Ag with the same amount of Ti was also deposited onto the Ti to 

serves as a protective layer. In this study, the layer created by depositing Ti and Ag together is 

referred to as the adhesive layer. The rectangular areas of the adhesive layer were then syringe-

printed with nano-Ag pastes, and the resulting nano-Ag traces were sintered at 350  for 8 

hours. A shear tester was then employed to shear the trace off to quantify the shear strength. 

The experimental process is depicted in Fig. 39, while Table 9 outlines the different groups that 

were tested using varying amounts of adhesive layers. Each group has eight specimens. Five 

of them were prepared for shear test and the rest were cross-sectioned for microscope view. 

The control groups were deposited with adhesive layers only. Fig. 40 shows the syringe-printed 

nano-Ag traces prepared for the shear tests. 
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Figure 39. Experimental process 

Table 9. Shear test groups and control groups used for adhesion assessment 

 

Shear test group  Control group 

Adhesive layer 

thickness 

Syringe-printing 

layer thickness 

 Adhesive layer 

Ti Ag Nano-Ag pastes  Ti thickness Ag thickness 

G1 10 nm 10 nm 

~0.20 mm 

C1 10 nm 10 nm 

G2 50 nm 50 nm C2 50 nm 50 nm 

G3 100 nm 100 nm C3 100 nm 100 nm 

G4 150 nm 150 nm C4 150 nm 150 nm 



 

 

52 

 

G5 200 nm 200 nm C5 200 nm 200 nm 

G6 250 nm 250 nm C6 250 nm 250 nm 

G7 300 nm 300 nm C7 300 nm 300 nm 

 

Figure 40. Shear test group and control group 

B. Shear test 

The shear tester (xyztec bv series) used to shear the nano-Ag traces is depicted in Fig. 41. 

All the shear tests were performed at the Center for Power Electronics Systems (CEPS) situated 

at the Virginia Tech Research Center (VTRC). The tester is equipped with a toolhead that can 

move along the x, y, and z axes, and a stationary test stage on which the targeted samples are 

held in place during shearing. A camera is used to capture images and to monitor the alignment 

between the toolhead and the traces being measured. At the start of the shear test, the toolhead 

was programmatically lowered to touchdown the Al2O3 substrate and then raised by 18% of 

the traceôs thickness, after which the trace was sheared at a rate of 500 Õm/s until it had 

traversed a distance of 600µm. Throughout the shearing process, data were collected regarding 

the time and the force applied to the traces shown in Fig. 42. As such, the maximum force 

leading to break could be determined and used to calculate the shear strength using the 

following formula: 
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Where, &  is the maximum force that can be captured from the plot, ! is the footprint area 

of the nano-Ag traces, it can be expressed by: 

! 7 , τπ 

Where, 7 and , are the width and length of the trace, respectively, and their values are 2 mm 

and 12 mm, respectively. Thus, the footprint area of a trace is 24 mm2. 

 

Figure 41. Shear tester from CEPS at VTRC used in this study 

 

Figure 42. An example of plot of time and shear force applied to the nano-Ag trace using shear tester. 
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C. Identification of failure site by surface analysis using XPS 

Although it is evident that the trace is broken after shearing, it is difficult to assess the 

effect of the adhesive layers due to the ambiguity of the failure sites. Different amount of 

adhesive layer can result in different failure sites. They are three possible locations where the 

break can occur, as illustrated in Fig. 43, and the corresponding potential failure mechanisms 

are listed in Table 10. A break occurring within the sintered nano-Ag trace during shearing 

indicates that the adhesive layer is desirable and exhibits effective adhesion performance. 

Conversely, a break observed either between the nano-Ag trace and the adhesive layer, or 

between the adhesive layer and the Al2O3 substrate, is indicative of either an insufficient or 

excessive amount of adhesive layer, respectively, indicating poor adhesion performance. 

 

Figure 43. Side view of schematic diagram with three potential failure sites after shearing 

Table 10. Adhesion assessment based on the potential failure sites. 

 Potential failure sites 

Adhesion 

assessment 

1 Inside the sintered nano-Ag trace effective adhesion 

2 Between the nano-Ag trace and adhesive layer Poor adhesion 

3 Between the adhesive layer and Al2O3 substrate Poor adhesion 

Failure sites can be confirmed by surface analysis. The criterion is to analyze the weight 

percentage of the elements left on the sheared surface. To illustrate, failure site 1 (located within 

sintered nano-Ag) is prone to happen when the weight percentage of Ag is higher. On the other 
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hand, failure site 2 (located between nano-Ag and metallized Ti) is more likely to occur when 

a higher weight percentage of Ti is detected. Finally, failure site 3 (located between metallized 

Ti and Al2O3 substrate) is more prone to occur when the presence of aluminum (Al) is detected. 

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface elements of the 

sheared surface to identify failure sites. It is a surface-sensitive analytical technique that is used 

to determine the chemical composition and electronic states of elements in a material. It works 

by irradiating a sample surface with X-rays, which causes the ejection of electrons from the 

atoms near the surface [139]. By measuring the kinetic energy and intensity of the emitted 

electrons, XPS can identify the elements present and their oxidation states. In contrast to 

Scanning Electron Microscopy (SEM), XPS has a significant advantage in its high surface 

sensitivity. This allows it to detect only the atoms located within a few nanometers (~5 nm) of 

the surface, making it less likely to detect Al atoms in the Al2O3 substrate if failure sites 1 and 

2 are the case. This study used the XPS facility (Kratos Ultra DLD XPS) at the ALD 

Nanostructures Laboratory (ANSLab) at the University of Maryland. 

D. Results and discussion 

The five samples in each group summarized in Table 9, shear tests were conducted, and 

the peak shear forces leading to break were recorded to calculate their shear strengths using 

Equation (39). Fig. 44 illustrates the relationship between the Ti thickness in the adhesive layer 

and the shear strength, including the maximum, mean, and minimum values. The results 

demonstrate a linear increase in shear strength when the Ti thickness increases from 10 nm to 

200 nm, followed by a stable trend from 200 nm to 300 nm.  
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Figure 44. Shear strength of nano-Ag traces syringe-printed on Al2O3 substrate metallized by Ti in different 

thickness 

It is essential to consider the surface analysis obtained from XPS to understand the failure 

sites, as discussed earlier. Fig. 45 shows the weight percentages of elements (Ag, O, Ti, and 

Al) in a bar graph.  

 

Figure 45. Weight percent of elements in each group detected by XPS 

C1 C2 C3 C4 C5 C6 C7 G1 G2 G3 G4 G5 G6 G7

Ti wt% 11% 8% 4% 4% 2% 1% 1% 6% 6% 5% 5% 3% 4% 3%

O wt% 14% 13% 11% 7% 9% 8% 8% 12% 13% 11% 14% 17% 16% 28%

Ignoring C 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

Al wt% 5% 5% 5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 10% 28%

Ag wt% 70% 75% 80% 89% 89% 91% 91% 82% 81% 84% 80% 80% 71% 41%
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For the control groups from C1 to C4, the detected Ti amount significantly decreased from 

11% to 4%, while the Ag amount significantly increased from 70% to 89%, indicating 

successful depositions with varying adhesive layers. The amount of Ti detected in C5 to C7 

was minimal. As mentioned earlier, XPSôs surface sensitivity is 5 nm. The Ti covered by 150 

nm Ag in C4 was still detected. This is because the Al2O3 (96%) substrate used in this study 

has a surface roughness of 3 µm (300 nm), which means that it was possible that some regions 

were not covered by the adhesive layer during E-beam deposition. This also provides an 

explanation for the detection of Al in C1, C2, and C3. However, in C4 to C7, the total thickness 

of the adhesive layer exceeded 300 nm, making it improbable for Al to have been detected. It 

is reasonable that Ti was detected for all the shear test groups with nano-Ag traces (~0.20 mm 

thick) syringe-printed on the adhesive layer. It is due to the porousness of the sintered nano-

Ag traces. To substantiate these claims, the specimens in the microscope group depicted in Fig. 

40 were cress-sectioned, ground, and polished, and then examined by SEM. Figs. 46-48 

displays an SEM image of the sintered nano-Ag trace syringe-printed on the Al2O3 substrate 

metallized with adhesive layers varying from 100 nm to 300 nm. The images indicate that (1) 

there is a relatively smooth and uniform cohesion between the printed nano-Ag and the 

metallized Ag in the adhesive layer after sintering; and (2) the majority of the nano-Ag/Al 2O3 

interface is covered by the adhesive layer, with only a limited area exposed. This observation 

is further confirmed by EDS mapping, which provides the element distribution, as shown in 

Figs. 49-51.  
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Figure 46. SEM view of sintered nano-Ag trace syringe-printed on the Al2O3 substrate metallized by adhesive layer 

consisting of 100 nm Ti and 100 nm Ag 

 

Figure 47. SEM view of sintered nano-Ag trace syringe-printed on the Al2O3 substrate metallized by adhesive layer 

consisting of 200 nm Ti and 200 nm Ag 
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Figure 48. SEM view of sintered nano-Ag trace syringe-printed on the Al2O3 substrate metallized by adhesive layer 

consisting of 100 nm Ti and 100 nm Ag 

 
Figure 49. Elements distribution of the specimen shown in Fig. 42 from EDS mapping 
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Figure 50. Elements distribution of the specimen shown in Fig. 43 from EDS mapping 

 
Figure 51. Elements distribution of the specimen shown in Fig. 44 from EDS mapping 
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Fig. 52 illustrates the results of XPS analysis, displaying the binding energy versus count 

per seconds (CPS). The peak of Ti binding energy is shifted to the left side compared to its 

standard peak value, indicating that Ti atoms have lost electrons to O atoms and formed TixOy. 

 

Figure 52. Binding energy of Ti detected from XPS analysis 

As mentioned earlier, the criterion defining the failure sites between site 1 and 2 

summarized in Table 10 is the amount of Ti detected. However, the change in the weight 

percentage of Ti for shear test groups G1 to G4 is minimal, making it difficult to define an 

absolute amount of Ti that can distinguish the failure sites. Despite this, Fig. 44 shows a 

significant increase of over 50% in shear strength between G4 and G5, even though the 

corresponding Ti content dropped only from 5% to 3%. This suggests that (1) the failure 

location for G1 to G4 was likely occurred between the adhesive layer and the nano-Ag trace, 

indicating that the adhesive layer is less effective in enhancing bonding due to insufficient Ti 

deposited on the Al2O3 substrate, and (2) the failure site for G5 was likely occurred within the 

sintered nano-Ag, resulting from a relatively effective amount of the adhesive layer underneath. 

To support this statement, Fig. 53 exhibits the atomic percent plotted based on XPS analysis, 
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which reveals that the average atomic percent of Ti in G1 to G4 is about 3.73%, while that of 

G5 is less than 2%, indicating a higher amount of Ti was exposed after shearing.  

Recall Fig. 44, it can be seen that increasing the deposited Ti from 200 nm to 300 nm 

results in a relatively stable shear strength, but the failure sites may differ. Both the weight 

percentage and atomic percentage plots reveal the presence of Al in G6 and G7. In contrast, no 

Al was detected in C6 and C7, where the Al2O3 substrates were solely covered by the adhesive 

layer. This suggests that during shearing, some of the adhesive layer used to cover the Al2O3 

in G6 and G7 may have peeled off, increasing the likelihood that the failure site is between the 

adhesive layer and the Al2O3 substrates. 

 

Figure 53.Atomic percent of elements in each group detected by XPS 

E. Summary 

This section investigated the evaluation of the adhesion performance of various amounts 

of adhesive layer comprising deposited Ti and Ag. The results of this evaluation, including the 

C1 C2 C3 C4 C5 C6 C7 G1 G2 G3 G4 G5 G6 G7

Ti 2p % 6.6 5 2.66 3.33 2.12 1.21 1.23 4.08 4.13 3.74 3 1.98 2.2 1.7

O 1s % 26.5 26.3 21.5 20.1 23.3 19.9 19.8 23.3 26.6 21.8 24.6 33.8 28.6 40.9

Al 2s % 5.08 5.28 5.69 0 0 0 0 0 0 0 0 0 10.6 24.4

Ag 3d %19.1 21.8 22.8 35.7 35.4 34.7 33.8 24.7 25.4 25.6 20.4 24.2 19 8.82
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corresponding most likely failure sites, are summarized in Table 11. Based on these findings, 

it is recommended that an adhesive layer consisting of 200 nm Ti and 200 nm Ag be used for 

effective bonding between syringe-printed nano-Ag and the Al2O3 substrate. The shear strength 

of different groups and the corresponding failure sites are marked in Fig. 54. 

Table 11. Adhesion assessment based on the different adhesive layer with their most likely failure sites 

Adhesive layer 

The most likely failure sites 

Adhesion 

assessment Ti Ag 

10 nm 10 nm 

Between the nano-Ag trace and adhesive layer Poor adhesion 

50 nm 50 nm 

100 nm 100 nm 

150 nm 150 nm 

200 nm 200 nm Inside the sintered nano-Ag trace effective adhesion 

250 nm 250 nm Between the adhesive layer and Al2O3 

substrate 

Poor adhesion 

300 nm 300 nm 

 

 

Figure 54. Shear strength of nano-Ag traces syringe-printed on Al2O3 substrate metallized by Ti in adhesive layer 

with different thickness and the corresponding failure sites detailed in Table 9 
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3.1.3 Thermal aging test 

A. Design of experiment 

To evaluate the long-term stability and reliability of nano-Ag traces syringe-printed on the 

Al 2O3 substrate under high-temperature conditions, thermal aging test was conducted. The test 

involved subjecting the syringe-printed nano-Ag traces to elevated temperatures while testing 

their shear strength. Prior to syringe-printing and sintering, an adhesion layer comprising 200 

nm Ti and 200 nm Ag was deposited on the Al 2O3 substrate. The dimensions of the printed 

traces were the same as those investigated in previous section and shown in Fig. 40. The traces 

were aged at 250  for 100, 200, 400, 600, and 800 hours, using a thermal chamber to carry 

out the tests and a thermal couple to monitor the temperature inside the chamber, as depicted 

in Fig. 55. Fifteen specimens were prepared for shear tests at each aging hour, with 10 being 

used for the shear test and 5 serving as control groups for SEM analysis. The aging conditions 

are summarized in Table 12. 

 

Figure 55. Thermal aging test setup 
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Table 12. Thermal aging conditions 

Thermal aging condition Taken out time for shear tests 

250  100 hrs, 200 hrs, 400 hrs, 600 hrs, 800 hrs 

B. Results and discussions 

The same shear tester as introduced in the previous section was used for conducting shear 

tests on each aged specimen. The shear strengths were calculated using Equation (39) and 

plotted in terms of maximum, mean, and minimum values, as depicted in Fig. 56. The results 

show an increase in shear strength of 17.85% after 100 hours, and 50.37% after 200 hours of 

thermal aging. This can be attributed to the pore size and porosity percentage of the nano-Ag 

paste. The porosity of the nano-Ag paste, as listed in Table 3, is less than 30%. However, 

despite sintering the printed nano-Ag traces at 350  for 8 hours prior to thermal aging, there 

was still potential for pores to interconnect and form closed pores, thereby reducing the size in 

the second stage of the sintering mechanism. The first 200 hours of aging time provided the 

driving force to allow more time to promote this potential. Several studies have reported on the 

roles of pore sizes and percentage of porosity and the influence of pore shape on the mechanical 

properties of sintered Ag used as joints between die and substrate [140] [141] [142] [143]. They 

have reported that the shear strength of nano-Ag joints was increased after aging for 50 hours 

at 300  due to the shrinkage of pore size. It took 150 hours longer for the syringe-printed 

nano-Ag trace to reach the peak shear strength. The difference is not only due to the lower 

aging temperature, but also relies on the geometry of the tested model and the manufacturing 

approach to fabricate the nano-Ag pastes under pressure-less condition. The majority of 

previous studies utilized stencil-printing to deposit nano-Ag paste on the substrate and then 

mounted the chip, creating a sandwiched model. In contrast, syringe-printing applies 

considerably less pressure than stencil-printing, and there is no additional pressure given by 

the top chip, resulting in larger pores in the initial stage of sintering.  
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Figure 56. Shear strength values of nano-Ag traces syringe-printed on the Al2O3 substrate metallized by adhesive 

layer consisting of 200 nm Ti and 200 nm Ag. 

D. Degradation model 

Reliability issues become very important when the adhesion of syringe-printed nano-Ag 

traces degrades over time. The degradation model is desired to developed as it helps to predict 

and prevent failures that can occur over time due to aging factor. There are many time 

dependent forms for degradation, but the three most common are Power Law, Exponential, and 

Logarithmic. Power law was selected as the degradation model in this study, and it can be 

mathematically developed by the following steps. Let „ represent the shear strength of syringe-

printed nano-Ag trace. Assuming that known that „ changes monotonically and relatively slow 

over the lifetime, then a Taylor expansion is applied to simplify the laws of degradation. The 

Maclaurin Series can be produced with a Taylor expansion of ὸ π, as follows: 

ʎÔ ʎ Ô
Ћʎ

ЋÔ

ρ

ς
Ô
Ћʎ

ЋÔ
Ễ τρ 

It is assumed that the higher order terms in the expansion can be approximated using a power 

exponent Í so that: 

ʎ ʎ ρ ! Ô τς 
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Where, ʎ  is the unaged shear strength. !  and ά are the nano-Ag traceôs dependent 

coefficient and the power law exponent, respectively. Both of them can be determined from 

observed parameter-degradation date. Specifically, when !  is greater than 0, it means „ 

increases monotonically with time. On the other hand, when !  is smaller than 0, it indicates 

„ decreases monotonically with time. Recall Fig. 56, it was discussed that the first 200 hours 

served as the extra sintering process, thus, the data from 0 to 200 hours was invalid for 

developing the degradation model. The 400 hours data acts as 200 hours of aging time. By 

analogy, 600 hours and 800 hours data shown in Fig. 56 standard for 400 hours and 600 hours 

of aging time, respectively. The data used to develop a degradation model have been boxed in 

Fig. 57. It shows a decreasing relation between aging time and shear strength. 

 

Figure 57. Updated shear strength values of nano-Ag traces syringe-printed on the Al2O3 substrate metallized by 

adhesive layer consisting of 200 nm Ti and 200 nm Ag. 

Therefore, Equation (42) can be updated as follows: 

ʎ ʎ ρ ! Ô τσ 

! Ô
ʎ ʎ

ʎ
ττ 
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Taking the logarithm for Equation (44) and it becomes: 

ÌÎ
ʎ ʎ

ʎ
ÍÌÎÔ ÌÎ! τυ 

The data of shear strength aged at 250  is summarized in Table 13. The power-law exponent 

ά which best describes the degradation of ʎ versus time can be found by plotting ÌÎÔ and 

ÌÎ  . The plot is shown in Fig. 58. The linear relation from the three data point in the plot 

is as follows: 

ÌÎ
ʎ ʎ

ʎ
ςȢςχχσÌÎÔ ρτȢφυψψ τφ 

Where, 

Í ςȢςχχσ 

ÌÎ! ρτȢφυψψ 

! τȢσπρπ  

Substituting them into Equation (43) and power law degradation model for adhesion of syringe-

printed nano-Ag traces on the Al 2O3 substrates is expressed as: 

ʎ φȢρυ -0Áρ τȢσπρπ ÔȢ τχ

Table 13. The data of shear strength aged at 250 

Aging time, hrs 

Shear strength 

(mean), MPa 

ÌÎÔ ÌÎ
„ „

„
 

0 6.15   

200 5.69 5.30 -2.59 

400 3.92 5.99 -1.01 

600 0.87 6.40 -0.15 
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Figure 58. Decreasing adhesion degradation with time 

The degradation rate can be defined as: 

2
Äʎᶻ

ÄÔ
τψ 

Where, 

ʎᶻ ρ
ʎ

ʎ
Ô τω 

Substituting Equation (49) into (48), the degradation rate becomes: 

2 ÍÔ ςȢςχχσÔȢ υπ 

Thus, the degradation rate can be plotted in Fig. 59. The power-law exponent is greater than 1, 

indicating an increasing degradation rate until failure. 
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Figure 59. Degradation rate 

E. Time to failure model 

Time to failure (TF) occurs when the shear strength of the syringe-printed nano-Ag trace 

degrades to the point where the trace can no longer function properly, such as, delamination, 

in its designed use for planar transformer windings. TF can be developed from the power law 

equation and expressed as follows: 

4&
ρ

!

ʎ ʎ

ʎ
υρ 

The shear strength for the syringe-printed nano-Ag trace on the Al 2O3 substrate without 

adhesive layer deposited is about 0.42 MPa. Also, considering the maximum shear strength 

(unaged shear strength) is 6.15 MPa. Thus, the critical shear strength should belong to [0.42 

MPa, 6.15 MPa]. Assuming that the shear strength drops 20%, 30%, 40%, and 50% of the 

unaged value can be considered as failure, respectively. The corresponding TFs are calculated 

and summarized in Table 14. 
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Table 14. Shear strength tolerance and corresponding time to failure 

Percent drop used to define 

the failure 

Shear strength after the 

drop, MPa 

Time to failure, hrs 

20% 4.92 308.12 

30% 4.31 368.17 

40% 3.69 417.74 

50% 3.08 460.75 

 

3.2 Strain-energy based modeling for nano-Ag windings under thermal cycling 

conditions 

3.2.1 Introduction of strain-energy based fatigue life model 

Fatigue induced by thermal cycling can be expected to be the major failure mechanism for 

the planar transformer due to the CTE mismatch between the syringe-printed nano-Ag 

windings and the Al 2O3 substrate. During temperature cycling, cyclic strains at the nano-

Ag/Al 2O3 interface are induced and cause failure modes such as crack. Developing a fatigue 

model can help predict the fatigue life characterized by number of cycles to failure (CTF), 

which is the time it takes for the syringe-printed nano-Ag windings to fail due to thermal 

cycling. With this information, designer can optimize the windingsô design to enhance its 

durability and reliability. Fatigue model can be developed based on cyclic strain range, cyclic 

stress range, or cyclic strain energy. In this study, cyclic strain-energy based fatigue model is 

targeted as it considers both stress and strain effect. The Hysteresis loops depicted in Fig. 60 

indicate the level of strain energy generated in a material when subjected to cyclic loading, 

where the total strain energy density is the sum of elastic energy density and plastic strain 

energy density, as expressed in Equation (52). Equations (53) and (54) described the total strain 

energy density in terms of cyclic normal loading and shearing loading, respectively.  
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ʎ
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Ў7
ʐ
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ʐÄɾ υτ 

Where, Ў7 is the total strain energy density, Ў7  and Ў7  are the elastic strain 

energy density and plastic strain energy density, respectively.  and  are the elastic 

strain energy densities for cyclic normal loading and shear loading, respectively.  ʎ  and 

ʐ  are the maximum normal stress and maximum shear stress, respectively.  ḂʎÄʀ and 

ḂʐÄɾ are the plastic strain energy densities for cyclic normal loading and shear loading, 

respectively.‐ and ‎ are the cyclic normal stress and shear stress, respectively. 

 

Figure 60. energy components in cyclic hysteresis loop. 

Fatigue life can be correlated to the total strain energy density using power law equation 

expressed as: 

.
Ў7

#
υυ 

Where, N stands for CTF, Ў7 is the total strain energy density. # and Î denoted as material 

fatigue constant and material fatigue exponent, respectively. 



 

 

73 

 

For solder applications under thermal cycling, where creep rate plays a significant role as 

the temperature is increased up to half of the solderôs melting temperature. Dasgupta et al. 

further developed the plastic portion into instantaneous plastic and creep components when 

non-linear time-depended material constitutive model is used, expressed by Equations (56) and 

(57) as follows, respectively. 

7 7 . υφ 

7 7 . υχ 

Where, 7  and 7  are the instantaneous plastic density and creep strain energy 

density, respectively. 7  and 7  are the fatigue constants due to instantaneous plastic 

strain energy density and creep energy density, respectively. 0 and ὧ are the corresponding 

fatigue exponents due to instantaneous plastic strain energy density and creep energy density, 

respectively. Despite this, creep is not a concern for syringe-printed nano-Ag due to its high 

melting temperature (961 ), which is significantly higher than the typical cyclic temperature 

by two-fold. Given that the impact of the elastic component on the strain energy density during 

the temperature cycling is insignificant when compared to the plastic component, simplifying 

the model would enable an investigation of the plastic strain energy density. 

In this section, the aim is to simulate the plastic strain energy density of the syringe-printed 

nano-Ag windings experiencing two temperature cycling conditions listed in Table 15. These 

values will be utilized, along with the failure data from actual temperature cycling tests which 

will be conducted and discussed in the Section 3.3, to estimate the nano-Ag fatigue constant 

(#) and fatigue exponent (Î). Therefore, a fatigue life model of the syringe-printed nano-Ag 

windings can be developed. The scope describing the logic of the simulation is provided in Fig. 

61. ANSYS workbench is utilized to carry out this simulation. 
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Table 15. Temperature cycling conditions used for modeling 

 

Min. 

temperature 

Max. 

temperature 

Median 

temperature 

Ramp rate 

Dwell time at 

both extreme 

temperatures 

Condition 1 -55 175 

60 10 /min 15 minutes 

Condition 2 -65 185 

 

Figure 61. The scope of the FEA simulation 

3.2.2 Geometry and material properties 

It is assumed that the nano-Ag windings are syringe-printed and spired 7 turns on a square 

Al 2O3 substrate, as shown in Fig. 62. The width and thickness of each turn are 2.25 mm and 

0.2 mm, respectively. The minimum gap between each turn is 0.45 mm. The material properties 

are taken from references and summarized in Tables 16 and 17 [144]. Since the thermo-

mechanical stress, strain, and strain-energy are caused by the CTE mismatch under temperature 

cycling, both the Youngôs modulus and CTE are set to be temperature dependent. 
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Figure 62. FEA model 

Table 16. Material properties used for FEA [144] 

Materials 

Youngôs modulus, 

GPa 

Poissonôs ratio CTE, ρπȾᴈ 

Al 2O3 300 0.22 6.4 

Nano-Ag Table 17 0.37 19.6 

 
Table 17. Temperature dependent Young's modulus [144] 

Temperature -40 0  25 60 120 150 

Youngôs 

modulus, 

GPa 

9.01 7.96 6.28 4.52 2.64 1.58 

3.2.3 Anand constitutive model 

Anand model is selected to be the constitutive model as it takes into account viscoplastic 

phenomena that are time-dependent, meaning that the amount of plastic strain developed is 
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dependent on the loading rate. The model does not necessitate an explicit yield condition or a 

loading/unloading criterion since it assumes that plastic strain occurs at all nonzero stress 

values, albeit with an immeasurably small rate of plastic flow at low stresses. It is capable of 

characterizing the mechanical response of nano-Ag subjected to significant viscoplastic, but 

minor elastic deformations. The Anand model comprises two sets of equations. The first set 

relates to the correlation between the saturation stress and the strain rate at a particular 

temperature, described in Equation (58), while the second set deals with the relationship 

between stress and strain at a specific strain rate and temperature, described in Equation (59): 

ʎᶻ
Ó

ʊ

ʀ

!
ÅØÐ

1

24
ÓÉÎ È

ʀ

!
ÅØÐ

1

24
υψ 

ʎ ʎᶻ ʎᶻ ÃÓ ɻ ρ ÃÈ ʎᶻ ʀ   ȟ ɻ ρ υω 

Where, ʎᶻ is the saturation stress. ʀ is the inelastic strain rate. ʊ is the materials constant. ὃ is 

the pre-exponential factor. 1 and 2 are the activation energy and universal gas constant, 

respectively. ά and ὲ denote as strain rate sensitivity and strain rate sensitivity for the 

saturation value of deformation resistance, respectively. ί and ί stand for initial value of 

deformation impedance and saturation value coefficient of deformation impedance, 

respectively. ὧ is the function of temperature and strain rate. ‌ represents the strain rate 

sensitivity of hardening/softening. È is the hardening/softening constant. 4 is the temperature. 

Many researches introduced the procedures to test these parameters listed above. As for nano-

Ag paste used for this study, GQ-Lu et al. have tested and reported the corresponding 

parameters summarized in Table 18 [144].  

Table 18. Material parameters of Anand model for the nano-Ag paste [144] 

! (ί ) 
1

2
 Í Î ʊ 

Ó 

(MPa) 

Ó 

(MPa) 

È ‌ 

9.81 47442 0.65720 0.00326 11 67.389 15800 2.768 1 
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3.2.4 Boundary conditions 

From mechanical perspective, 3-2-1 nodal constraints were applied to the Al 2O3 substrate 

to ensure that the stresses were generated only due to the CTE mismatch, where point A was 

set to be fixed while point B was allowed to move in X and Y directions and point C was only 

allowed to move in X direction, as shown in Fig. 63. From thermal perspective, temperature 

cycling conditions listed in Table 15 were used, and 10 cycles were simulated for both 

conditions. Fig. 64 displays an example of temperature profile using temperature condition 1 

(-55 to 175 ). The first load step was used to simulate the sintering process of the syringe-

printed nano-Ag paste with the use of Element Death function to kill off the stiffness of the 

elements at the 1st step and with the use of Element Birth to bring back the stiffness of the 

elements in ANSYS Workbench. It indicates that the temperature ramps up to 350  to solidify 

the paste to be windings. Thus, the stress-free temperature of the nano-Ag windings was 

specified to 350 .  

 

Figure 63. Mechanical constraints in FEA 
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Figure 64. Temperature cycling profile using condition 1 in Table 15 

3.2.5 Meshing 

The mesh details of the model are depicted in Fig. 65. As explained in Section 2.5, when 

the nano-Ag paste was sintered at 350  and subsequently cooled, residual stress was formed 

between the nano-Ag windings the Al 2O3 substrate, leading to curvature tendencies in the Y 

direction, as indicated in Fig. 29. Thus, a fine mesh was created for the nano-Ag windings, 

based on the number of layers specified in Fig. 66. With an increase in the number of layers, 

the number of elements in the mesh also increased, which is expected to result in more accurate 

outcomes. Fig. 67 presents the outcome of a mesh convergence study, which is a critical aspect 

of FEA simulation, and investigates the effect of mesh size, in terms of the number of divisions 

inside the windings, on the results (plastic strain energy density). The findings demonstrate that 

the plastic strain energy density tends to be stable when the number of layers in the windings 

exceeds 10. Therefore, 10 layers was assigned to be the number of divisions during mesh 

process to conduct the plastic strain energy density under both two temperature cycling 

conditions. 
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Figure 65. Mesh details in FEA 

 

Figure 66. Number of layers corresponding to number of elements generated in mesh 
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Figure 67. Mesh convergence study 

3.2.6 Results and discussion 

Sparse Matrix Direct Solver was used to enable a more robust solver for nonlinearities with 

the large deflection turned on. Solver Units option was set to be manual to maintain consistency 

between the Anand viscoplasticity reference units and the solver unit system. Force 

convergence was engaged to track the status of the force convergence plot as the solution was 

solving and shown in Fig. 68. 

 

Figure 68. Force convergence plot during solving (x-axis: time in minute, y-axis: force in N) 
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Table 19 summarizes the maximum stress and strain values, as well as the maximum plastic 

strain energy density. Under thermal cycling condition 1, Figs. 69, 70, and 71 represent the 

equivalent stress, elastic strain, and plastic strain respectively. The corresponding accumulated 

equivalent stress and strain over time can be seen in Figs. 72, 73, and 74, respectively. The 

maximum stress and strain values were found at the interface between nano-Ag windings and 

the Al 2O3 substrate, which is also the location with the highest plastic strain energy density 

shown in Fig.75. Compared Figs. 70 and 71, the elastic strain is significantly smaller than 

plastic strain, indicating minimal damages induced by elastic strain. Fig. 76 displays the 

accumulated plastic strain energy density over time, which exhibits a linear relationship after a 

few initial cycles. This suggests that the plastic strain energy density can be predicted after a 

set number of thermal cycles, and as the number of cycles increases, fatigue cracks are likely 

to occur eventually. 

Table 19. Summary of FEA results under the two temperature conditions 

Temperature 

conditions 

Max. equivalent 

stress, Pa 

Max. equivalent 

plastic strain 

Max. plastic strain 

energy density, J/m2 

TC1 (-55 - 175 ) ςȢχρρπ 0.1108 ςȢυπρπ 

TC2 (-65 - 185 ) ςȢχχρπ 0.1314 σȢσρρπ 

 

Figure 69. Equivalent stress of nano-Ag windings (substrate hidden) under thermal cycling condition 1 
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Figure 70. Equivalent strain of nano-Ag windings (substrate hidden) under thermal cycling condition 1 

 

Figure 71. Accumulated equivalent plastic strain (substrate hidden) under thermal cycling condition 1 

 

Figure 72. Accumulated equivalent stress over time 
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Figure 73. Accumulated equivalent elastic strain over time 

 

Figure 74. Accumulated equivalent plastic strain over time 

 

 

Figure 75. Plastic strain energy density of nano-Ag windings (substrate hidden) under thermal cycling condition 1 
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Figure 76. Accumulated plastic strain energy density over time 

3.3 Thermal cycling test 

3.3.1 Design of experiment 

Thermal cycling tests were designed and performed under two conditions, as summarized 

in Table 15, to identify potential failure modes, confirm failure mechanisms, and collect failure 

data for approximating fatigue life model constants. The test setup, depicted in Fig. 77, utilized 

a programmable EC1x Environmental Chamber (Power 2200 watts, Voltage 110 vac), which 

had the capability to heat up to 300  with a maximum ramp rate of 30 /min. The chamber 

was equipped with a 3/8ôô, SAE 45-degree flare male fitting on the rear, allowing a liquid 

nitrogen tank to be connected to operate as low as -184 . Liquid nitrogen was purchased from 

AirGas, LLC. For each temperature cycling condition, 6 specimens were prepared, in a total of 

12 specimens, as shown in Fig. 78. Each specimen was syringe-printed on an Al 2O3 substrate 

using nano-Ag paste and experienced the same sintering profile (350  for 8 hours) to form 

nano-Ag windings prior to the thermal cycling tests. After completing the thermal cycling at 

25, 50, 75, 100, 150, 200, 250, 300, and 350 cycles for windings experiencing temperature 

condition 1, and at 25, 50, 75, 100, 150, 200, and 250 cycles for windings experiencing 

temperature condition 2, all the samples were taken out at each observation cycle and their 

resistance was measured using 4-probe Kevin measurement. A dummy sample connected to a 
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thermocouple was also placed in the chamber to monitor temperature changes inside the 

chamber. The potential failure modes, failure mechanisms, and failure criteria are listed in 

Table 20. Microscopes were used to characterize the failed specimens. Finally, failure data 

were collected as type-I interval censored data for reliability analysis. 

 

Figure 77. Thermal cycling tests setup 
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Figure 78. 12 specimens prepared for thermal cycling tests 

Table 20. potential failure mode, failure mechanism, inspection method, and failure criterion for each TC condition 

 

Due to the minimal gap of only 0.5 mm between each turn, the possibility of shorting 

concerns for two adjusting traces exists. To ensure that there is no potential shorting between 

each turn of the windings, a 4-probe Kevin electrical measurement was conducted on each 

specimen after syringe-printing and sintering. The corresponding resistance (Ὑ) between two 

points was recorded. Given that the printed windings have a relatively uniform thickness and 

width, the resistance between two points should be directly proportional to the length (ὒ) of the 

two points. For instance, in Fig. 79, 2 , 2 ,  2 ,  2 , 2 , and 2 , should exhibit a 
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linear increase with , , , , , , , , , , and , . This has been demonstrated by the plot 

in Fig. 80, where a linear relation ship between the segment length and resistance is observed. 

Additionally, the percentage change in resistance should also linearly increase with the 

percentage change in length, with a slope of 1 indicating no shorting. Fig. 81 illustrates that the 

slope is 0.99, combined with Fig.80, indicating that the syringe-printed windings are not 

shorted and are ready for the thermal cycling tests. 

 

Figure 79. CAD model of the 7-turn windings (left) and the actual syringe-printed windings (right) 

 

Figure 80. Linear relations between resistance and two points in a sample before thermal cycling tests 
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Figure 81. Linear relations with a slop of 1 between percentage change in resistance and percentage change in length 

in a sample before thermal cycling tests 

The heat transfer mechanism during a temperature cycle is convection. In order to achieve 

accurate values for ramp rate, dwell time, and temperature, adjustments may be needed for the 

corresponding input values. The dwell temperature set value for the heating function is 

controlled by the chamber probe, which provides feedback to the PID control loop to control 

the air temperature inside the chamber. The PID3 using the user probe for control was set. To 

prevent overshooting after reaching the extreme target temperature, the chamber temperature 

and user temperature were monitored by heating a dummy specimen connected with a 

thermocouple to 155 . The results are shown in Fig. 82, indicating that the chamber 

temperature is always greater than the user temperature during heating and reaches the targeted 

temperature earlier. Once it passes the targeted temperature, the heating rate slows down and 

stops increasing after reaching ~163 . Although there was minor overshoot in the user 

temperature, it was negligible. Therefore, the concern about overshoot under PID3 is resolved. 

To examine if there is any delay between the targeted ramp rate and the actual ramp rate, the 

dummy sample underwent two cycles, and the real temperature profile slightly lagged behind, 

as shown in Fig. 83. Hence, adjustments were made to the heating and cooling ramp rates to 
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ensure an actual ramp rate of 10 /min for both heating and cooling, requiring a targeted ramp 

rate of 11.14 /min and 11.30 /min, respectively. 

 

Figure 82. Chamber temperature profile VS. user temperature profile suing PID3 during heating 

 

Figure 83. The real and theoretical temperature cycling profile from -55  to 175 

3.3.2 Type-I interval censored data 

There are two types of life testing data, including type-I which is time terminated, and type-

II which is failure terminated. This study uses type-I interval censored data. In this study, it is 
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assumed the failure data follows a Weibull distribution as it is flexible enough to capture a wide 

range of failure patterns. The probability density function (PDF) of a two-parameter Weibull 

distribution is expressed as: 

ÆÔ
ɼÔ

ɻ
ÅØÐ

Ô

ɻ
φπ 

Where, ɻ π and ɼ π are the scale and shape parameters, respectively. 

The cumulative density function (CDF) is formulated in Equation (61): 

04 Ô &ÔȠɻȠɼ
ρ ÅØÐ
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Where, 4 is denoted as the distribution function of lifetime. 

The reliability function can be expressed as: 

04 Ô 2Ô ÅØÐ
Ô
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The failure rate function can be expressed as: 
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ɼÔ
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The mean time to failure (MTTF) can be expressed as: 

-44&ɻɜρ
ρ

ɼ
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Maximum likelihood function (MLE) is typically used to estimate the parameters. For type-I 

interval censored data, it can be written as follows: 

,ɻȟɼ ÆÔȠɻȟɼ ρ &ÔȠɻȟɼ φυ 

Where, 

ɿ
ρȟ                        ÉÆ ÆÁÉÌÅÄ ÁÔ Ô
πȟ                  ÉÆ ÃÅÎÓÏÒÅÄ ÁÔ Ô

φφ 



 

 

91 

 

Substituting Equations (60) and (61) into (65), and taking logarithm on both sides, then log-

likelihood function is obtained as follows: 

ÌÎ,ÌÎ
ɼÔ

ɻ
ÅØÐ

Ô

ɻ
ÅØÐ

Ô

ɻ
Ìɻ ȟɼ φχ 

Set ɻ ʃ, and take the derivative of ʃ and obtains the followings: 

ЋÌ

Ћʃ
Ô

ɿÔ

ρ ÅØÐʃÔ
φψ 

Where, ʃ and ɼ are the maximum likelihood estimation of ʃ and ɼ, respectively. Use numerical 

methods to solve with respect to ɼ, then substitute to find ʃ.  

3.3.3 Coffin-Mason model 

Coffin-Manson model is a commonly used empirical model to predict the fatigue life of 

materials subjected to cyclic loading. The model is based on the assumption that fatigue life is 

inversely proportional to the cyclic plastic strain range experienced by a material. The Coffin-

Manson model relates the number of cycles to failure to the cyclic plastic strain amplitude 

(Ўʀ ) as follows: 

Ўʀ

ς
ʀς. φω 

Where, Ўʀ  can be extracted from FEA simulation. ʀ and Ã are the fatigue ductility coefficient 

and fatigue ductility exponent, respectively. By fitting the experimental data to the Coffin-

Manson equation, both ʀ and Ã can be determined, allowing for the prediction of the fatigue 

life of the syringe-printed nano-Ag windings. 

3.3.4 Results and discussion 

During each inspection time, all of the specimens were removed for electrical 

measurements, an example of specimens under thermal cycling condition 1 is shown in Fig. 

84. The failure frequency at each thermal cycling test condition was summarized in Table 21, 
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indicating that all of the windings can endure up to 150 cycles under both cycling conditions. 

For most of the failed samples, an increase in resistance before open circuit failure occurred 

was captured, such as Samples 2, 3, and 5 under thermal cycling condition 1. A closer 

inspection using a microscope was provided in Fig. 85, which revealed that cracks crossing the 

cross-sectional area of the windings were observed. Surface cracks were first observed after 

150 cycles under thermal cycling condition 1 and after 100 cycles under thermal cycling 

condition 2, as shown in Fig. 86. It is believed that the surface cracks initiated after 100 and 

150 cycles, respectively, and tended to propagate along the cross-sectional area of the windings 

as the cycles accumulated. Eventually, some cracks propagated enough to fracture the windings 

in their width direction. This phenomenon can be explained by the CTE mismatch between the 

nano-Ag windings and the Al 2O3 substrate, which induces cyclic strains within the nano-Ag 

windings and results in failure under thermal cycling. 

Table 21. Failure frequency under each thermal cycling condition 
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Figure 84. Electrical resistance measurement for all the 6 specimens at each inspection time during thermal cycling 

test condition 1 (-55 to 175 ) 
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Figure 85. Failure examples under each thermal cycling condition (a scale bar of 0.20 mm is located at the southeast 

corner) 

 

Figure 86. Surface cracks observed under thermal cycling test condition 1 after 150 cycles (a scale bar of 0.5 mm is 

located at the southeast corner) 










































