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Abstract 

 

Adhesion Measurements for Silver Films on Ceramics Using Micro-Cold 

Spray 

Aditya Goyal, MSE  

The University of Texas at Austin, 2023 

 

Supervisor:  Desiderio Kovar 

 

Conducting patterned silver traces are deposited onto substrates for use as electrical 

interconnects on many devices.  Unlike existing processes that require a high temperature post-

deposition step, the micro cold spray (MCS) process can be conducted at room temperature. A key 

issue for this application is the adhesion of the silver to the substrate. There are a variety of 

qualitative methods for evaluating adhesion of films that include the tape test where adhesives of 

different strengths are applied to the surface and then peeled off to determine the relative adhesion 

of the film to the substrate.  This thesis is focused on the development of a sandwich specimen 

geometry to enable a quantitative measurement of the adhesion energy of films deposited onto 

substrates using the micro cold spray process. Silver films were deposited onto alumina films using 

the MCS process. Sandwich specimens were then produced where a second alumina substrate was 

bonded to the top of the silver film using different adhesives. Of the adhesives that were tested, it 

was found that fast acting epoxy provided the best combination of properties for this purpose. The 

samples were then tested using a previously developed flexural test that was used to supply the 

driving force to first drive the crack through the lower substrate and then for delamination of the 

film. The experiments revealed that the force required to initiate fracture was sufficiently high that 

the crack propagated dynamically until it fully delaminated the film which did not enable a direct 

measurement of the adhesion energy. Analysis showed that an upper bound of the adhesion energy 
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could be determined.  However, the obtained interfacial energy from these experiments was found 

out to be around 10 J/m2. The results and suggestions for improving the tests are discussed. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

The Micro Cold Spray (MCS) is a type of direct-write, film deposition method for 

producing ceramic or metallic films at room temperature. This thick film deposition method is 

especially useful when temperature-sensitive substrates are needed because other competing thick 

film deposition processes require high temperatures. 

The deposition method used to deposit films can have a large impact on the adhesion of 

electronic components. In situations involving high levels of impact-loading, electronic circuit 

delamination results in a catastrophic loss of functionality for a given electronic system. To avoid 

this delamination, stronger adhesion of the deposited material is required. Metallic materials that 

are highly conductive are required for these applications to minimize resistive losses and minimize 

heat gain. Ag is a potential candidate for good quality films because of its high conductivity [1]. 

1.2 MICRO COLD SPRAY PROCESS 

The MCS process accelerates solid nano- to submicron- particles through a nozzle and 

impacts them onto a substrate at high velocities to deposit and create nano-structured films [2]. 

The quality of film and the adhesion level is highly determined by the parameters used during the 

deposition process. Many factors such as gas, pressure, material, and nozzle geometry affect the 

overall film quality. The parameters measured in this experimental process have been recorded 

and presented later in this work.  

The principles of operation are as follows. A sub-micron to micron-scale powder is loaded 

into a reservoir. A screw feeder slowly feeds powder from the reservoir where it is aerosolized 

with an inert gas. The aerosol is then channeled into a deagglomerator that breaks the agglomerates 

into a much finer powder. This is then combined with additional gas and fed through a nozzle.  

The pressure upstream of the nozzle is approximately atmospheric pressure. A mechanical vacuum 

pump backed by a Roots blower is used to evacuate the deposition chamber that is downstream 
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from the nozzle. The aerosol is accelerated by the pressure differential and the particles within the 

aerosol impact onto the substrate to create the nano-structured film.  

There are as of yet no commercial suppliers for MCS machines, so the machine used for 

this study was custom built by members of the Kovar research group at the University of Texas at 

Austin. Many experiments with different powders and geometries have been performed by the 

current and past members of the Kovar research group some of which involve silver, niobium, 

yttria, and copper [3].  

 

1.3 MEASUREMENT OF ADHESION BETWEEN A FILM AND SUBSTRATE 

There are established methods for measuring adhesion of a film to a substrate, such as the 

tape test [4]. This test is performed by adhering adhesive/tape to the surface of a film and then 

peeling it off. The film passes the test if it remains adhered to the substrate and fails the test if it 

remains attached to the tape but delaminated from the substrate. If the film passes the first test with 

one type of tape, a tape with stronger adhesion is then used for a subsequent test. This process is 

repeated until the film fails. Although this type of test is practical, it does not provide a quantitative 

measure of the adhesion to the substrate, only a relative ranking. 

Another established method for measuring adhesion is the tensile pull test [5]. For this test, 

a metal, cylindrical stub is bonded to the surface of a film using an epoxy. After curing, a tensile 

force is applied to the stub until failure occurs. Ideally failure occurs at the interface between the 

film and the substrate (interfacial failure) or within the film (cohesive failure). If the film is 

strongly bonded to the substrate and has a high cohesive strength, the adhesive force cannot be 

measured because the epoxy fails before the adhesive or cohesive strengths are reached. 

Although the pull test offers the advantage over the tape test in that it is quantitative, it has 

the disadvantage that when low strengths are measured, it may not be possible to identify the 

source of the problem. This is because low adhesive strength can occur if the interfacial fracture 

energy between the film and substrate is low (this is a fundamental material property governed by 

the bonding between the two materials) or if the adhesion energy is high, but there is a large defect 
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present along the interface that reduces the force and stress to propagate a delamination crack.  

Although the pull test is easy to employ and offers practical information, it does not provide direct 

information about fundamental material properties. 

Charalambides et al. [6] developed a relatively simple flexural test that allows the direct 

measurement of adhesion energy between two materials. This test utilizes a bilayer that contains a 

crack through the bottom layer and partially delaminates the interface between the two layers. The 

sample is then loaded in flexure that drives the delamination along the interface of the substrate 

used. Compared to other methods for measuring adhesion energy [7,8], this test offers the 

advantage that it does not require crack length measurements. This is a huge advantage because it 

can be very challenging to measure interfacial crack lengths accurately and even small errors in 

the crack length lead to large errors in the adhesion energy because of the strong dependence of 

the driving force for delamination for these specimen geometries. 

 

In the study conducted by Charalambides et al. [6] a bilayer sample was placed in a 4-point 

bend test that contained a notch on the sides of the supporting pins [6]. This caused the crack to 

propagate along the interface between the two layers since that was the path requiring the least 

energy. While the crack is propagating along the interface and it remains within the inner span, the 

moment, and therefore the load does not depend on crack length and is a constant. The interfacial 

energy to propagate the crack (the adhesion energy, 𝓖ss) is then given by Eq. 1. 

 

𝒢𝑠𝑠 =
𝑀2(1−𝜈2

2)

2𝐸2
(

1

𝐼2
−

𝜆

𝐼𝑐
)   (Eq. 1) 

 

Where M is the applied moment, E2 is the Young’s modulus of the alumina, ν2 is the 

Poisson’s ratio of the alumina, and λ is the ratio of the Young’s modulus and Poisson’s ratio of the 

substrate layers. Since the top and bottom substrates are the same, the λ value for these experiments 
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is about one. The values for I2 and Ic are geometrically dependent on the specimen and the flexural 

test which can be calculated by Eq. 2. and Eq. 3. 

 

𝐼𝑐 =
ℎ1

3

12
+

𝜆ℎ2
3

12
+ 𝜆ℎ1ℎ2(ℎ1 + ℎ2)2/4(ℎ1 + 𝜆ℎ2) (Eq. 2) 

 

𝐼2 = ℎ3
2/12    (Eq. 3) 

Here h1, h2, h3 are the heights of each of the substrate layers. For this experiment, h1, h2, and 

h3 are all equivalent. Thus, this test methodology is both relatively easy to implement for bi-layers 

and the determination of the adhesion energy is straightforward to calculate from the data. 

However, a challenge in implementing this test for thick films is that the sample must be partially 

delaminated to perform this test and achieving partial delamination is not straight-forward. Kovar 

et al.[17] showed that the test of Charalambides et al.[6] could be adapted to multilayer samples 

that could readily be pre-cracked. In this thesis, this test is adapted and studied as a method for 

measuring adhesion energy between a deposited film and a thick, ceramic substrate. 

 

1.4 LAYOUT OF THE REMAINDER OF THE THESIS 

This document discusses the testing and development of a method to test the adhesion 

strength of silver on alumina substrates. This work details the application of this process for direct-

writing of electronic circuitry that could be subjected to high-impact loading situations where 

material delamination can occur. In chapter 2, the details of the MCS process are explained, and 

the parameters used to produce films for this study are documented. This is followed by the 

experimental procedures used to prepare sandwich samples for flexural testing. The methods used 

to test the sample are then documented. The results and discussion for this work where the results 

obtained are presented. This is then followed by the conclusions and future work section which 

highlights some potential improvements that can be made to this experimental process. 
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CHAPTER 2: EXPERIMENTAL METHODS 

2.1 OVERVIEW OF MICRO COLD SPRAY MACHINE 

The micro cold spray (MCS) machine is used for creating patterned thick films of metals 

and ceramics without the need for a mask [9]. Since there are no current commercial suppliers of 

MCS machines, each of the systems used throughout the world have been custom-designed and 

built. The MCS system used in the Kovar group at UT Austin was designed and built with 

contributions from many current and former Ph.D. students including Michael Gammage, Derek 

Davies, and Aidan Moyers. There have been many changes to almost all aspects of the design. For 

this reason, the version of the machine discussed throughout this thesis is of the current iteration 

of the MCS machine as of Spring 2023. 

 

The MCS machine, a photograph of which is presented in Fig. 1, has a number of 

subsystems including the powder feeder, the deagglomerator, the nozzle, the deposition chamber, 

and the vacuum system. To better understand the operation of the MCS machine, a schematic is 

shown in Fig. 2 and details the operation of each subsystem described below.  

Figure 1: Photograph of current MCS machine. Letters are referenced in the text. 
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2.2 SCREW FEEDER 

One of the key components of the MCS machine is the screw feeder. This is where the 

feedstock powder is stored and is fed into the system through gravity. A cross-sectional profile of 

the screw feeder is shown in Fig. 3. 

The design of the feeder is such that the bottom of the holding chamber is conical in shape 

to facilitate powder flow into the screw. The top of the feeder is sealed with a metallic cap that is 

then sealed by a spring-loaded grip seal that tightens the seal cap on the top of the screw feeder. 

This is to ensure that a vacuum is maintained. To ensure minimal leakage of air into the feeder, 

the remainder of the feeder is sealed with o-rings that are seated in grooves inside and shaft seals 

around the screw system. It is important to make sure that every seal is present as any missing seal 

can cause a large leak, rendering the depositions non-repeatable. 

Figure 2: Schematic of the MCS machine labelling the important subsystems in the machine. 
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The auger rotates at a pre-set duty cycle and frequency that meters powder at a consistent 

rate, assuming that the screw is uniformly packed with powder. However, in operation of the MCS 

machine, it is apparent that the powder does not always uniformly pack the screw. In particular, 

the powder sometimes sticks to the walls of the chamber, leaving gaps within the screw. Manually 

tapping the walls of the screw feeder periodically reduces but does not completely eliminate 

sticking of the powder. Maintaining a constant powder level within the holding chamber also 

reduces variations in powder feed rates. As the powder falls out of the end of the screw, it is 

aerosolized by the flowing gas. 

 

2.3 DE-AGGLOMERATOR 

The deagglomerator is another key aspect of the MCS machine. This part is responsible for 

ensuring that the feedstock powder, which typically is agglomerated, is broken into smaller 

agglomerates, or, ideally, single particles. The major features of the de-agglomerator are 

highlighted in Fig. 4. The aerosolized powder flows through a serpentine path between rotating 

metallic disks separated by static disks. This gap between the static and rotating disks creates a 

Figure 3: Cross section of the screw feeder. Taken from [9]. 
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strong shear which breaks agglomerates. The rotational velocity is controlled by a brushless motor, 

which is set to a duty cycle and frequency similar to the screw in the screw feeder.  

 

Figure 4: Schematic of the mixer displaying the high rpm disks, motor, and feeder on top. 

Taken from [9]. 
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2.4 NOZZLE 

The function of the nozzle is to accelerate the aerosol to high velocities. A commercial 

converging-diverging nozzle with a throat diameter of 1.75 mm was used. (VRC Metal Systems, 

Box Elder, SD). Because the design of the nozzle is proprietary, the reader is referred to the 

manufacturer for further details about the nozzle geometry. 

Once the aerosol passes through the nozzle, the particles are deposited onto the substrate 

that sits on an X-Y stage. The nozzle to substrate distance used was about 3.5 mm, which is a 

nozzle throat diameter to substrate distance of 1:2. The films were deposited by moving the stage 

in a pattern that was pre-programmed into a computer system that controlled the X-Y stage. Zaber 

console software was used for this purpose. 

 

Figure 5: Schematic of the nozzle used for depositing. Converging-Diverging nozzle from 

VRC Metal Systems with a throat diameter of 1.75mm 
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2.5 DEPOSITION PATTERN 

The aim was to produce a 20 mm × 4 mm rectangular deposit of silver with a uniform 

thickness that could be used subsequently for adhesion testing. This was accomplished by 

depositing a serpentine pattern with the lines spaced sufficiently close to each other that an 

approximately uniformly coated area would be produced. The geometry of the serpentine pattern 

is shown in Fig. 6. 

The code specified that the width of each leg in the pattern was 5 mm, but the diverging 

flow at the exit of the nozzle produced some overspray that resulted in a film that was a few 

millimeters wider than required.  

 

2.6 FEEDSTOCK POWDER 

The silver powder (30-50 nm, US Research Nanomaterials, Houston, TX) used had a 

nominal size that ranged from 30 - 50 nm. It was apparent when putting the powder, the screw 

feeder that it did not flow well, which suggests that it was somewhat agglomerated. 

 

Figure 6: Deposition pattern detailing the path of the nozzle by the stage movement. 
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2.7 OPERATING PROCEDURE 

The following is the operating procedure that was used to deposit the films. Once the machine is 

turned on, (A) the coolant circulator is turned on to ensure that the (C) the mechanical booster 

pump does not overheat. This requires a coolant temperature of between 0°C and 5°C. After this, 

(B) the valve to the gas cylinder is opened to provide gas to the system. The valve is opened so 

that there is sufficient pressure to the system to maintain the desired flow rates. Once the vacuum 

pump and the booster are turned on at (D), the gate valve at (E) is opened to reduce the pressure 

in the deposition chamber to the level required for depositing. Once the button for the pump at (D) 

is turned on, the green valve on top is opened followed by activating the booster and then opening 

the grey valve directly below it. The parts of the machine that control deposition are then activated. 

First, the screw feeder is turned on and the rotational speed is set. Next the gas inlet is opened to 

(F) the deagglomerator and feeder assembly that contains the feedstock powder. The powder 

leaving the feeder is aerosolized and that aerosol then enters the deagglomerator. Powder exiting 

the deagglomerator travels through the tubing containing VCR fittings and pressure gauges (G). 

This is where the pressures for each part of the system can be monitored. The chamber pressure 

should be below 1 torr and the nozzle pressure in the 10-60 torr range, which indicates that there 

are minimal leaks in the system. Lastly the gas and powder mixture are fed through the nozzle into 

the deposition chamber (H) where the film is deposited. 
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2.8 DEPOSITION CONDITIONS 

A table of the deposition conditions used in this study is given below.  

 

 

Preliminary experiments showed that, although all of the deposition conditions listed in 

Table 1 affect the quality of the deposit, there are three conditions which are particularly important: 

The gas flow rate, the chamber pressure, and the upstream pressure. The volumetric gas flow rate 

is fed into the feeder and was measured in units of standard liter per minute (SLPM). The chamber 

pressure is the pressure within the main deposition chamber when depositing which is dependent 

Nozzle Type VRC Metal Systems (Converging-

Diverging, throat diameter: 1.75 mm) 

Deposition Chamber pressure 780-820 mTorr 

Upstream pressure in Nozzle 100-120 Torr 

SLPM 6  

Speed of deposition/stage speed 5 mm/second 

Gas Helium 

Passes 6 

Length of deposition 20 mm 

Width of deposition 6 mm 

Bottom of the nozzle to surface of the 

substrate 

3.5 mm  

Motor Frequency 50 Hz 

Motor Duty Cycle 10% 

Screw Feeder Frequency 200 Hz 

Screw Feeder Duty Cycle 18% 

 

Table 1: Conditions used for depositions. 
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on the flow rate of the gas into the chamber. Lastly the upstream nozzle pressure is the pressure 

within the nozzle during deposition.  

2.9 SUBSTRATE PREPARATION 

The substrate used for these experiments is as-received, high purity Al2O3 (Alumina, 

Coorstek, Golden, CO). The substrates were cut into the required dimensions using a glass cutter. 

Which was then fractured to the specified lengths. To address the problem of repeatability, a 

consistent cleaning method was adopted to make sure the substrates are clean, and the surface 

quality was consistent.  

The methodology used was to first ultrasonicate each substrate for 5 minutes in solvents in 

the following order: distilled water, methanol, acetone, and ethanol. This order was selected so 

that the solvents are introduced in decreasing order of polarity. The solvents should remove surface 

Figure 7: Substrates being ultrasonicated in a beaker with solvent for 5 minutes 

each. 
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contaminants such as skin oils and other organic compounds that can affect the adhesive quality 

of the film. 

 

The substrates were also sputter-coated with gold for about 15 seconds to ensure a higher 

level of adhesion of silver to the alumina substrate [10]. 

Figure 8: Order of solvents to ultrasonicate the alumina substrates. 

 

Figure 9: Sputter coater used to gold coat the alumina substrates. 
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2.10 ADHESION TESTS 

After film deposition, samples were produced so that the adhesion of the Ag to the gold-

coated substrates could be measured. The adhesion measurements were performed based on a 

methodology developed by Charalambides et al. [6]. To produce these samples, the alumina 

substrates containing the Ag films were bonded to another pre-cracked alumina substrate using 

epoxy to create a sandwich. These samples, shown in Fig. 10, are then loaded in four-point loading 

to drive the delamination crack. The load required to delaminate the crack along with the geometry 

are used to calculate the delamination resistance. The goal is to propagate the crack through the 

bottom alumina layer until it intersects the epoxy/alumina interface (shown in orange in Fig. 10). 

If the adhesion of the epoxy to the substrate is low enough, the crack will turn 90˚ and propagate 

along the epoxy/Al2O3 interface. Assuming the silver/gold/alumina has a lower adhesion energy 

than the other two interfaces, the crack will then move across the epoxy and propagate along the 

alumina/gold/silver interface as delamination continues.  

 

Figure 10: Schematic of the sample used to measure adhesion using the 4-point bend test. 
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2.11 VICKERS INDENTATION 

To pre-crack the bottom alumina substrate shown in Fig. 10, these substrates were indented 

using a Vickers microhardness tester (Tukon, 2100, Wilson/Instron, Norwood, MA). This was 

performed by putting a set of five equally spaced indents. The force applied by the indenter was 

10 Kgf. 

To ensure that the crack produced from the set of Vickers indentations was co-linear with 

the indentations, they were oriented at a 45° angle to create cracks along a singular axis as shown 

Figure 11: Instron machine used to create the Vickers Indent. 
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in the schematic in Fig. 12. The small lines protruding out of each of the corners of each Vickers 

indents are cracks. 

 

Large indentation loads are desirable because they produce larger radial indentation cracks 

that allow less stored strain energy in the sample at the point where the cracks propagate during 

the subsequent flexure tests. However, in practice, lateral cracking is observed in most ceramics if 

the load exceeds a critical load. The irregular shape of lateral cracks is not desirable because the 

plane of the crack cannot be controlled if the indentation cracks are not co-linear. Preliminary tests 

showed that the maximum indentation load that could be applied without severe lateral cracking 

was 10 Kgf, so this was the force used for the remaining tests discussed in this thesis. 

 

Figure 12: Co-linear Vickers indent pattern used to pre-crack the alumina substrate to stimulate a notch 
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Fast-acting epoxy (Super Glue, Loctite, Westlake, Ohio) was placed on the pre-cracked 

substrate and bonded to the silver-coated substrate. The thickness of the epoxy was not directly 

controlled but was about 0.75 mm. The curing was performed as per the directions displayed on 

the packaging where the full curing period was between 12-24 hours. The samples were then ready 

for testing. The deposited substrate dimensions had a length of 50-60 mm and a width of 5-6 mm. 

Figure 13: Orientation of the sample, dotted line the direction for crack 

propagation from the co-linear Vickers impressions and the black dots represent 

the equally spaced indent locations. 
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2.12 4-POINT BEND TEST FOR MEASURING ADHESION 

The 4-point bend test used in these experiments keeps the bottom surface in tension and 

the top surface in compression as shown in Fig. 14. 

 

Here, the pre-cracked surface is kept on the bottom so that once the test starts, a crack initiates in 

the alumina from the cracks emanating from the corners of the Vickers impressions. For this 

specimen geometry, the load is constant while the delamination crack is propagating. Thus, it is 

not necessary to measure the crack length to determine the adhesion energy. The adhesion energy 

is given by E.q. 1. 

 

The flexure tests were conducted using a fully articulating four-point bend fixture (Model 

#642.05A-1, MTS Corp, Eden Prairie, MN) that used silicon carbide rollers. The high modulus of 

silicon carbide minimizes deformation of the rolls. The rolls are free to rotate, which minimizes 

friction between the rolls and the sample surface that would otherwise result in errors in the 

Figure 14: Schematic showing the configuration of the sample in the 4-point bend test. 
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calculation of the adhesion energy. The roll supports allow the loading rolls (top rolls) to tilt; this 

allows the rolls to maintain contact with the entire sample surface, even when the top and bottom 

of the sample surfaces are not coplanar. 

 

 

In practice, the sample must be loaded elastically to a large enough load to initiate and then 

propagate the cracks between the Vickers impression and then upwards toward the interface. The 

elastic strain energy stored in the sample must be dissipated by the energy required to create crack 

area in the alumina (negligible) then along the silver/gold/alumina interface or, if it is weaker, the 

adhesive/silver or adhesive/alumina interfaces. If the adhesive bonds very poorly, the crack will 

propagate along one of the two interfaces that are not of interest (adhesive/silver or 

adhesive/alumina interface) and, if the adhesive bonds too well, the crack may propagate directly 

through the adhesive and into the Ag/Alumina interface before deflecting. Although this is not a 

problem by itself, in practice if the load required to propagate the crack upward toward the 

interface is too large and/or the interfacial energy is too low, the stored elastic strain energy cannot 

be completely dissipated by the creation of cracks in the alumina or at the interface. When this 

occurs, the cracks will run along the interface until the sample is completely delaminated and the 

Figure 15: Alumina sample in the 4-point bend test  
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steady-state load to propagate the crack along the interface that is needed to calculate the interfacial 

fracture resistance is not observed. Thus, there is a range of bond strengths for the adhesive that is 

needed for this test to produce data that can be used to measure interfacial fracture energy of the 

Ag/Alumina interface. 

To find an adhesive that had a bond strength in the desirable range without using valuable 

silver-coated alumina samples, preliminary tests were conducted using glass slides in place of the 

alumina and without an Ag coating on the glass, i.e., the glass substrates were bonded directly to 

each other using the adhesives. For these samples, several adhesives were tested that are described 

below.  

 

 

The purpose of these experiments was to test different types of adhesives with varying 

adhesive strengths ranging from superglue to silicone grease to determine an adhesive that would 

provide bond strengths that would be useful for the adhesion tests [6]. 

Figure 16: Orientation of the glass substrate in the 4-point bend test with the applied adhesive 
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2.13 SUPER GLUE 

The first few experiments were run with cyanoacrylate-based superglue (Loctite Super 

Glue Control Gel, Westlake, Ohio) which was a fairly easy process to set up requiring the glass 

slides and the application of the superglue between 3 layers of glass. The full cure time for this 

adhesive was between 12-24 hours based on the packaging. A cure period of more than 24 hours 

was used to ensure ample time for the cross-links to form. The super glue was put in the gaps 

labelled as “Adhesive” in Fig.16. 

The samples were then tested using the 4-point bend test. Observation of the sample 

revealed that the crack did not deflect at the adhesive/glass substrate, which indicates that the bond 

strength was too high, or the fracture energy of the glass was too low.   

 

Figure 17: Configuration of sample and ideal crack geometries from [6]. 


