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ABSTRACT 

In the heating, ventilation, air conditioning and refrigeration (HVAC&R) industry, bonding 

and joining play an important role in the manufacturing and assembly process, which is critical to 

the cost, safety, reliability, and design freedom of systems. The goal of this thesis is to understand 

and evaluate the usage of adhesive bonds in the manufacture of HVAC&R systems, specifically 

in regards to leakage/reliability characterization and stress analysis under loading. 

The bonding performance under static loading is first studied using a commercial epoxy 

adhesive product. In addition to the traditional surface preparation methods of mechanical and 

chemical etching, a novel laser-interference surface structuring preparation technique was utilized 

to improve bonding performance. Laser interference structuring uses a ND:YAG laser beam that 

is split into two beams that are re-directed to overlap on the same area of a copper alloy. A 

structuring pattern near the interference structuring limits is achieved due to the phase shift 

between the beams that is imparted as they are re-directed. Two different laser structuring methods 

were tested: spot-by-spot and laser raster. Different structuring parameters were varied including 

the laser spot size and pulses per spot (2, 4, 6, 8, 10, 12 pulses/spot) for the spot-by-spot method, 

and raster speed (2, 4, 6, 8, 10, 12 mm/s) for laser raster method. The microstructure morphology 

and surface profile after processing were characterized using the scanning electron microscopy 

(SEM) and profilometry for all surfaces. It was found that the laser-interference structuring 

removed the surface contaminants efficiently and formed dot- or net-shaped structures on the 

surface. This indicates that melting, vaporization, and solidification of the metal happened 

differently. Due to the much higher speed of the laser raster method, considering practical 

industrial applications, it is selected for additional investigation for shear strength improvement. 

The shear strength is measured by a single lap shear test which pulls apart adhesively bonded 

single lap joint specimen under shear loading using a mechanical tester. 

Based on the surface profiles, three different laser raster speeds of 2 mm/s, 6 mm/s and 12 

mm/s were selected for the manufacture of single lap joint specimens for comparison with the 

traditional surface preparation methods. The shear lap strength and displacement at maximum load 

were obtained for the specimens. The laser raster at 6 mm/s increased these values by 

approximately 11.0% and 25.1%, respectively, while the 12 mm/s condition had an increase of 

16.8% and 43.8%, compared with the baseline traditional surface preparation method. It is 
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concluded that laser structuring can enhance the single lap shear joint bonding performance. 

Within the tested laser processing parameters, a higher laser raster speed results in a larger 

enhancement.  

In addition to the static loading test with epoxy adhesive, different adhesive formulations are 

investigated and developed by the collaborating adhesive manufacturer to determine their 

suitability for use under the temperature and pressure conditions in HVAC&R systems. Reliability, 

especially fatigue failure, is another major concern because the strength of the adhesive joints is 

sufficient for HVAC&R applications. Two primary types of fatigue may happen in practical 

applications: thermal fatigue and vibration fatigue. Two test facilities were designed and built to 

test the adhesive performance and understand the failure mechanisms. For the thermal fatigue 

testing, a novel pressure and temperature cyclic (PTC) test stand was designed to simulate the 

pressure and temperature changes that may occur in HVAC&R systems. The test stand was 

designed to switch between hot high-pressure gas and cold low-pressure gas by using a compressor 

with hot gas bypass setup. For the vibration testing, a standard industrial shaker was used to 

provide the required vibration at a given displacement and frequency with a specially designed 

fixture for the tested joints. In both tests, adhesive joints were tested in parallel with brazed joints, 

undergoing extreme thermal and vibration loading conditions. All the samples were leak-checked 

before and after the testing, which were found to be leak-free after the testing, indicating that they 

pass the required qualification test according to available standards. It is confirmed that adhesive 

joints can be a potential alternative when dealing with thermal and vibration fatigue in the common 

working conditions of HVAC&R systems. 

The qualification testing is specific to the required loading conditions, such as pressure and 

temperature variations, and limited to certain tube sizes. An analytical model is developed to allow 

for design and evaluation across various operating conditions. The model aims to predict the 

adhesive stress and strain fields of in tube-to-tube joints based on the geometric parameters, 

material properties, and the loading conditions. In particular, the model uniquely considers the 

influence of thermal expansion and contraction in the joint, which is necessary for the periodically 

changing temperatures in HVAC&R systems. It is numerically solved using Mathematica and 

validated against the published data in the literature. The exact same solutions are achieved using 

the reported data in the literature, under simplified conditions without any temperature change 

involved. The validated model is then used in parametric studies to investigate the influence of 
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geometric sizes and temperature change. Several conclusions are made about the trend of stress 

changes as well as the maximum stress, which provide insight from a perspective of general design 

guidance. Adhesive bonding length should be selected such that the maximum stress is smaller 

than the allowed material strength for both normal and shear stress. Adhesive thickness has less 

impact in the parametric range considered and is nevertheless usually dictated by the manufacture 

recommendation in view of other practical considerations. In regard to the thermal stresses, it is 

found that in practical HVAC&R working environment, the temperature-induced thermal stress 

dominates the stress fields and leads to significant change in the stress distribution across the 

adhesive layer. If a temperature change is present, the combination of all possible loading and 

temperature change should be analyzed to find the most extreme loading condition. This work 

demonstrates the first stress and strain analysis of tube-to-tube adhesive joints considering the 

working conditions of HVAC&R applications involving temperature cycling. All of these results 

provide a detailed guidance for use of adhesive joints across different application or locations in 

HVAC&R systems. The model can be also used as a framework to evaluate and compare the 

performance of different adhesives, as long as the adhesive properties are available. 

Lastly, it is also essential to demonstrate the application of these joints in real HVAC&R 

systems. A proof-of-concept test was done to demonstrate that the use of adhesive joints in a real 

system would cause no change in operation or leakage. A commercial heat pump dryer system was 

used to perform the testing at the Ray W. Herrick Laboratories. Two adhesive joints were installed 

to replace the brazing joints at the compressor inlet and outlet, where the most extreme temperature 

and pressure conditions are present. Results show that the system operates without any change in 

performance and experience no obvious leakage after more than 50 hours of testing over 6 months.  

This work explores the feasibility and reliability of adhesive bonding of copper for 

HVAC&R applications. The bonding strength of adhesive was studied and tested with both 

traditional surface preparation and advanced laser-interference structuring technique. The results 

show that for the tested structural epoxy adhesive, the bonding strength is large enough considering 

the internal pressure in the tube and the laser structure technique can increase the shear strength.  

The long-term reliability with respect to thermal, stress and vibration fatigue are then 

experimentally investigated and the adhesive joints pass the qualifications tests required by the 

standard. Further modeling work for predicting the stress distribution in adhesively bonded joints 

is developed to understand the influence on geometric parameters and temperature change. The 
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adhesive length can influence the stress distribution significantly and temperature-induced stress 

dominates the stress distribution under the HVAC&R loading conditions. Further material 

characterization is needed for crack propagation or detailed fatigue analysis, which is highly 

dependent on the adhesive formula, working environment and loading conditions, which can be 

performed with a more specific targeted application. The experimental and modeling work in this 

thesis provides a foundation for adhesives to be applied in HVAC&R applications and a 

framework to further develop, optimize, and utilize adhesive joining in HVAC&R applications.  
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1. INTRODUCTION 

The background and motivation for the present research is described in this chapter. With 

rapid industrial development and rising environmental issues, the existing joining technology in 

HVAC&R has ever more challenges. There are growing demands for alternative novel joining 

technologies. The environmental issues, current and other alternative joining technologies, as well 

as the objectives of the study are presented in this chapter. 

1.1 Background 

With over a century of developments in the HVAC&R industry, thermal systems are widely 

used in almost every area in our daily life and industry. However, the massive usage of these 

systems also results in some concerning issues including energy consumption, ozone depletion, 

greenhouse effect, etc. HVAC&R systems contribute to the greenhouse gas emissions both directly 

through the massive usage of refrigerants and indirectly through fossil fuel and electrical 

consumption in their manufacture and operation. In an amendment to the U.S.’s proposed 

submission to the Montreal Protocol, the U.S. Environmental Protection Agency (EPA) targets 

global warming potential (GWP) weighted hydrofluorocarbon HFC consumption reductions of 85% 

during the period of 2016–2035. Greenhouse gas emissions by HVAC&R systems are generated 

through the initial product manufacturing and installation as well as maintenance services to charge 

the lost refrigerant through leakage. According to the EPA Navigant refrigerant consumption 

model, HVAC&R equipment will account for over 55% of HFC consumption in the US by 2035 

including servicing the existing and new systems. Figure 1.1 (EPA, 2013) provides the projected 

GWP-weighted HFC consumption attributed to new equipment and equipment servicing as usual 

scenario. As can be seen, the service refrigerant accounts for a significant percentage of the total 

amount.  



 
 

25 

 
Source: Navigant HFC consumption model (EPA, 2015) 

Figure 1.1. Projected GWP-Weighted HFC consumption for HVAC&R applications under 
business-as-usual scenario 

 

According to EPA report (EPA 2015), many HVAC&R equipment types have leakage rates 

of 10% per year due to limitation in joining techniques, system design, operations and maintenance 

practices, etc. Table 1.1 (EPA, 2015) summarizes estimated annual HFC leakage rates for common 

HVAC&R categories.  

 

Table 1.1. Estimated annual HFC leakage rates for common HVAC&R categories 

Equipment Category Estimated Annual HFC Leakage Rates (%) 

Supermarkets and Other Retail 1-25 

Mobile Air Conditioners 2-18 

Cold Storage 15 

Residential Unitary AC 12 

Industrial Process Refrigerant 4-12 

Centrifugal Chillers 2-11 

Commercial Unitary AC 8-9 

Packaged Terminal AC / Heat Pump 4 

Refrigerated Appliances 1 
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Refrigerant leakage causes not only greenhouse gas emissions but also a series of negative 

influences including losing cooling capacity, decreasing energy efficiency and lowering equipment 

lifetime, which also brings indirect emissions. In order to address this issue, one of the critical task 

is to investigate and evaluate new joining technology to reduce the leakage of refrigerants from 

HVAC&R equipment. Before discussion of new and alternative technologies in detail, a brief 

review of the joining technology development is given. 

1.2 Current HVAC&R System Joints 

A typical HVAC&R system consists of various individual components connected together 

by tubes and joints to form a complex piping system for energy generation or distribution. These 

major components usually include compressors, heat exchangers, different type of valves and 

some other accessories such as filters, pumps, etc. Among these components, there are 

subassemblies that are joined together by more essential parts, e.g., tube and fin type heat 

exchangers are manufactured by joining individual tubes and metal sheets together with U-shape 

bends. At every point where two individual parts meet, joining technologies produce a 

mechanically adequate bond between the surfaces without any damage to the original part. These 

must meet the structural requirements for the initial weight and operational pressure of the system 

and allow the refrigerant flow through their path as designed. A strong and reliable joint can 

provide a stable, efficient and leak-free system assembly. The failure of joining will cause leakage 

and a series of negative consequences including danger to the system, wasted energy, and pollution 

to the environment.  

Traditionally, brazing is the most common joining technology in the HVAC&R industry. It 

is a well-established commercial process capable of producing strong joints, which is widely used 

in industry due to the ability of joining most metallic and ceramic materials. The process of brazing 

can be performed using both manual technique as well as automated production modes. As defined 

by the American Welding Society (AWS), the term brazing encompasses a group of joining 

processes that produce the coalescence of materials by heating them to the brazing temperature in 

the presence a filler metal having a melting point above 450 ℃ (840 ℉) and below the solidus of 

the base metal. The brazing filler metal is distributed between the closely fitted surfaces of the 

joints by capillary action. The term brazing temperature refers to the temperature to which a 

material is heated to enable the brazing filler metal to spread and adhere to, or wet, the base metal 
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and form a brazed joint. From the definition, it distinguishes brazing from other common joining 

technologies of soldering and welding. Brazing and soldering have very similar features, but the 

term brazing is used to refer to the joining processes performed above 450 ℃  (840 ℉) while 

soldering refers to the joining process performed under this temperature. With respect the 

difference with welding, brazing is intended to melt the brazing filler metal, not the base material 

while in welding both the brazing filler and base metals are melted to affect the coalescence of 

materials.  

In brazing, the assembly is heated to the point at which the brazing filler metal becomes 

molten and fills the joint clearance between the two surfaces that are being joined. The assembly 

is then cooled and the molten filler is solidified. The filler metal is held in the joints by capillary 

action, anchoring the surfaces together by metallurgical reaction and atomic bonding. This process 

is shown in Figure 1.2. 

 

 

Figure 1.2. Schematic illustration of a brazed joint (Brazing Handbook, 2007) 
 

The properties of the brazed joints are determined mainly by these significant factors: joint 

design and clearance, brazing filler materials, surface preparation, proper temperature distribution 

and alignment. The joining procedure is similar for all joints design and materials. The surfaces 

for joining will be prepared first to clean the contamination attached on the surface, such as dirt 

and oil. After preparation, flux is applied when necessary, depending on the metals 

characterization, to remove the oxide layer. Then the two parts are assembled together with proper 

fixture and support. Heating is applied to the assembly afterwards. The filler material is applied 

when reaching the designed temperature. When the molten filler fills the clearance of the two 

surfaces, heating is stopped and the assembly is allowed to cool down. In some situations, post-

brazed cleaning is needed to finish the brazing procedure (Brazing Handbook, 2007).  
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Traditionally in the HVAC&R industry, the most common geometry for brazed joints are 

tube-to-tube joints. As for the materials, traditionally copper is the most widely used metal in 

HVAC&R systems due to its flexibility and good heat transfer performance. Recently, there is an 

emerging trend to use aluminum heat exchangers to replace the copper ones (Q.Y. Zhang and H.S. 

Zhuang, 2008), which will be discussed in detail later. 

For most of the tube-to-tube joints, a coupling with a slightly larger diameter than the tubes 

will be applied so that both tubes have an overlap area within the coupling for the filler material 

to flow in and establish the bonding. Alternatively, the two components can be connected directly 

without an overlapping coupling to form a butt joint. Strong, uniform, leak-proof joints can be 

made rapidly and inexpensively with brazing, especially for joints that are inaccessible and parts 

that may not be joinable by many other methods.  

The most common heating methods in the HVAC&R industry are furnace brazing and flame 

brazing. Furnace brazing is usually seen in massive manufacturing processes, where components 

or parts enter a continuous or batch furnace with filler material in place and ready to braze. The 

heat generated by the furnace can melt the filler materials uniformly and form the desired brazed 

joints simultaneously for all the components and parts. Most large-scale coil manufactures are 

using furnace brazing. Flame brazing can be used in both factory manufacture and field installation: 

a handheld oxyacetylene torch will be used to melt the filler material and create the brazing joint. 

There are also some other brazing methods available: induction, resistance, dip, diffusion, infrared 

and laser. (Brazing Handbook, 2007) 

Compared to other common metal-joining techniques, such as welding, the major 

advantages of brazing joints in HVAC&R systems are:  

1. Brazing does not melt the base material. It gives a tighter control over the tolerances and 

produces a clean joint without secondary finishing, which can save time and cost in 

manufacture and installation process. It can keep the inner surface of the joints clean and 

neat without creating extra deformation and roughness, which may increase the pressure 

drop. 

2. In general, brazing produces less thermal distortion because it usually has a uniform 

heating, especially when a brazing furnace is used. The joints in the HVAC&R systems 

will go through multiple temperature and pressure cycles; a high thermal distortion and 

residual stress create a higher opportunity to cause failures or cracks. 
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3. Complex and multi-part assemblies can be brazed cost-effectively and easily adapted to 

mass production with automation manufacture since the individual process parameters 

are less sensitive to variation. This is very important for HVAC&R industry, considering 

the massive number of joints are needed in both manufacture and field installation. 

1.3 Emerging Challenges  

Brazing has been used in the HVAC&R industry for decades and proved successful due to 

the previously discussed reasons. However, new challenges have been identified where the current 

brazing technology needs improve. 

1.3.1 Energy Consumption 

Energy consumption and greenhouse gas emissions associated with the high-temperature, 

controlled-atmosphere brazing furnaces is a concern for massive production, especially for tube-

and-fin type heat exchangers. Although there are many optimizations that have been done to 

increase the energy efficiency, and control strategies implemented to reduce the energy 

consumption of brazing furnaces, very high temperature furnaces inevitably consume a significant 

amount of energy. Besides, when using brazing furnaces, since the whole component need to be 

put together into the furnace, the heat is not localized on the joints but applied to all the parts of 

the assembled components like tubes, fins, and sheets in the system. The heat used on the extra 

parts is wasted. The consumed energy contributes the green gas emissions indirectly. 

1.3.2 Manufacturing Cost 

A more cost-effective manufacturing method is desired. A complete HVAC&R system 

usually has a very large number of joints. For example, for a common tube-and-fin air-to-

refrigerant heat exchanger used in domestic heat pump applications, there can be up to hundreds 

of brazed U-shape joints. Considering the huge number of the manufactured units, a cheaper 

joining method will be very beneficial. Building and maintaining brazing furnaces is a large 

investment while flaming brazing is very time consuming and requires large labor cost. 
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1.3.3 Aluminum Brazing 

Another significant issue is aluminum brazing (aluminum-to-aluminum and aluminum-to-

copper). Traditional brazed joining methods have limitations in working with aluminum alloys. 

Over the last 30 years, the traditional copper/brass heat exchangers have been almost completely 

replaced by brazed aluminum units in automobiles and trucks. Cost savings and light weight are 

the major motivation for this change. A similar trend can be seen for the HVAC&R industry, as 

most of the manufacturers are switching to aluminum coils or aluminum alternatives for the same 

reasons. Experimental studies show that micro-channel systems with aluminum alloys achieve 

better thermal performance and lower refrigerant charge than ones with copper tube condensers. 

Continuous developments of aluminum alloys have improved the extrudability, brazability, 

corrosion resistance, and mechanical strength of materials at both room and elevated temperatures. 

However, aluminum brazing is harder and more complicated compared to copper brazing because 

aluminum has very similar melting temperature to the common filler material. After the heat 

exchanger is assembled, the aluminum heat exchangers are introduced into the hot zone of a 

brazing furnace following several pre-braze steps, e.g. cleaning, degreasing, fluxing, and finally 

drying off and proper control of every step is necessary for the brazing quality (Swidersky H W, 

2001). Different filler materials like Si-Al series alloys will be required for aluminum brazing. 

They are quite suitable for aluminum brazing and classified as the BAlSi series of filler alloys by 

the American Welding Society. The solidus temperature of the filler is at least 40 ℃ lower than 

that of the base metal to avoid melting of the base metal during the heating process (Brazing 

Handbook, 2007; Q.Y. Zhang and H.S. Zhuang, 2008). Studies have provided detailed analyses of 

the structure and composition of intermetallics and the distribution of the Si particles (Dehmas et 

al., 2006; Lacaze et al., 2005; Gray et al., 2006).  

In aluminum brazing, besides for the filler material itself, there are some other differences 

compared to copper/brass brazing such as brazing sheet and flux processing, which make the 

brazing process more complicated and costly. Also, in order to improve joint strength, many 

studies have been done on aluminum brazing processes, including investigation of the effects of 

the initial clad thickness, Si concentration, heating conditions, oxide layer, flux material, etc. 

Modeling and experiments show that a thick initial clad layer causes the residue to increase (Zhao 

and Sekulic, 2006; Sontgerath et al., 1996; Gray et al., 1999). As for the flux, the aluminum 
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surfaces are covered by a tenacious oxide, which can re-form in a very short time after removal if 

exposed to water or air (Jordan and Milner, 1956–7; Hatch, 1984; Shapiro, 2010). This oxide layer 

will be an issue for aluminum brazing that restricts the liquid flowing freely while the sample was 

heated above solidus melting temperature, which is contrary to the requirements of a good brazing 

process. The free flow of the molten filler and good wetting of the base surfaces are required to 

braze two surfaces together. In practice, the oxide layer is usually removed by deposition a flux on 

the aluminum surfaces. Over the decades, different flux materials have been proposed and studied 

for oxide layer removal. Traditionally, chloride fluxes are used to remove the oxide layer. The 

principle of the oxide layer removal is when the flux is heated and molten, it will penetrate along 

the oxide/substrate interface through cracks/defects in the oxide film (e.g. due to heating), 

eventually leading to the detachment of the oxide from the metal surface (Jordan and Milner, 1956–

7; Terrill et al., 1971). However, when these fluxes are used, the post-brazed part must be 

thoroughly cleaned to remove the hygroscopic, corrosive flux residue under strict environmental 

and safety procedures. There are many studies on new flux technologies to have a better oxide 

layer removal and wettability, including the current state-of-art flux: a non-hygroscopic, potassium 

fluoroaluminate flux, which removes the oxide layer and can stay on the surface after the brazing 

to provide some protection against corrosion. (Timsit and Janeway, 1993; Gray et al., 1999; Yoon 

et al., 2007; Garcia et al., 2010) 

1.3.4 Galvanic Corrosion 

Galvanic corrosion, also called dissimilar-metal corrosion or bimetallic corrosion, is 

electrochemical process in which one metal corrodes preferentially, when in electrical contact with 

a different type of metal or if both metals immersed in an electrolyte such as water. When electrical 

contact is made between two different metals, ions travel from one metal or “anode” to the 

receiving metal or “cathode”. When this occurs, the anode metal corrodes and the cathode metal 

is protected from corrosion as the anode metal is corroded (Cottis et al., 2010). It is always a threat 

in any type of bimetallic system or structures (Wong et al., 1979; Tadjamoli et al., 1984; M. 

Slámová et al., 2002).  

Although more and more aluminum is being used in HVAC&R systems, not all the 

components can be made with aluminum. Accessories such as valves, bends, pump bodies and 

volutes are almost never made of aluminum, because they cannot be manufactured as easily in 
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aluminum as in copper. Hence, when heat exchangers and some of the tubes are made in aluminum, 

if it circulates in a closed loop, there will be direct or indirect contact between aluminum and 

copper. As a specific example, in many of the systems, a common combination is aluminum heat 

exchanger with copper tubes. The outlet tube from the heat exchanger is made of aluminum but 

the connection tube between the components is made of copper. If the aluminum tube and copper 

tube are brazed together, the filler metal becomes the connection and keeps the electrical continuity 

between the metals. Due to the nature of the HVAC&R systems, they usually work in humid 

environment with possible moisture absorption and water condensation. Some outdoor units may 

be exposed to direct rain water directly. The water on the surface works as an electrolyte to ensure 

ionic conduction.  

With all these conditions satisfied, galvanic corrosion can happen at the location of the 

connections. Based on the electronegativity of Cu and Al, the process will corrode the copper 

material but leave no appreciable galvanic corrosion of aluminum under atmospheric conditions. 

However, the corrosion product of copper, verdigris, attacks aluminum and may be reduced under 

the formation of small copper particles. It has been reported that pits can be initiated in aluminum 

when copper ions are available (Blackwood and Chong. 1998; Bakos and Szabó, 2008; Khedr and 

Lashien, 1992). Both the corroded copper and damage to the aluminum need to be avoided for the 

normal operation of HVAC&R systems, especially when using more and more aluminum parts are 

becoming the trend in industry. 

1.4 Alternative Joining Technologies 

With so many emerging challenges associated with traditional brazing, a larger effort has 

been devoted to the development and improvement of joining technology in the HVAC&R 

industry. Different principles have been explored and applied in order to produce cheaper and 

better joints. Some of the common alternative joining technologies are described below. Note that 

the majority of brazing joints are used for tube-to-tube connections and the material is copper. The 

following joining technologies are designed for copper, if not otherwise specified. 
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1.4.1 Compression Joints 

Compression joints are a very common alternative for brazing joints when using an open 

flame is either not desired or impractical. Compression joints belong to the category of mechanical 

joints. The compression joint usually is composed of an outer compression nut and an inner 

compression ring or ferrule that is typically made of brass of copper. Ferrules can have different 

shapes and materials but most commonly are in the shape of a ring with beveled edges. The longest 

sloping face of the ferrule needs to face away from the nut for the joints to work properly. In the 

joining process, the nut is being tightened and the ferrule is compressed between the nut and the 

receiving fitting. It will seal the gap between the tube and nut, producing a tight joint by clamping 

the end of the ferrule around the tube and bowing away the middle of the ferrule. 

There are two different types of compression joints, flare joints (British type-B/manipulative) 

and standard compression joints (British type-A/non-manipulative). Standard joints require no 

modification on the tube while the flare joints require flaring of the tubing. The standard joints are 

typically used for water and air connectors and can be installed using an ordinary wrench to tighten 

the surrounding nut. Flare joints are used more for gas and high pressure lines and need a special 

tool for flaring before assembly. The tube flaring tool consists a die that grips the tube with a 

mandrel forced into the end of the tube. Tube flaring is considered a type of forging operation and 

is usually a cold working procedure. It is important to use the flare tool properly to avoid stress 

concertation, which will cause early failure of the joints. (Hirschberg et al., 2017; Lorkring, 2019). 

Before flaring, it is necessary to anneal the end of the tube and make sure the tube is cut 

square by the proper tube cutter. After cutting, the tube must be reamed to the full inside diameter 

leaving no inside burr and the tube should be sized to round for later process. Surface cleaning, for 

example using an abrasive cloth, should be used to clean dirt, debris, and foreign substances from 

the tube end. Once the preparation work is done, a flare nut is placed over the tube end and the 

flaring bars of the tool are inserted in the proper opening for the tube size. After flaring, the final 

flared tube end should have a smooth, even, round flare of sufficient length to fully engage the 

mating surface of the flare nut without protruding into the threads (Copper Tube Handbook, 2016). 

As shown in Figure 1.3, are the completed flare tube end and completed flared joint.  



 
 

34 

 

Figure 1.3. Flare joint during the assembly (left) and completed flared joint (right) (Copper Tube 
Handbook, 2016) 

 

Compared with brazing joints, the advantages and disadvantages of compression (as well as 

flare) joints are summarized: 

Advantages: 

• No need for open flame or heating which makes it quick and safe 

• Works at high pressure and with toxic gases 

• Some of the joints are able to occasionally be disassembled, allowing the joints to be 

disconnected and reconnected without compromising the integrity of the joints 

Disadvantages: 

• Restriction on the joint geometry (only applied to tube-to-tube joints) 

• Not as robust and reliable as brazed joints and not tolerant to flexing, bending and 

pressure shock, and therefore leakage is more like to happen in long-term use 

• Bulkier size that takes more space and looks less aesthetically pleasing 

1.4.2 Press-Connect Joints 

Similar to compression joints, press-connect joints are mechanical joints and require no heat 

or open flame. The press-connect joining method was patented in Europe in the late 1950s and 

continues to be used successfully. The method and associated fittings and tools were introduced in 

the United States in the late 1990s. (Copper Tube Handbook, 2016) 

The idea of press connect joints is based on copper’s excellent malleability. The joints rely 

on the sealing ability of special gasket or seal, usually O-ring shape in tube joining, as shown in 

Figure 1.4. Special pressing tools and jaws are necessary for a leak proof connection. There are 
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several manufactures that offer full-product lines of press-connect fittings, valves, and specialty 

items. 

 

 

Figure 1.4. Press-connect joints: cutting view elastomeric gasket (left) and completed joints with 
insertion mark visible (Copper Tube Handbook, 2016) 

 

For press-connect joints, the tube must be free of dents, deep scratches, oils, dirt, or other 

surface contamination. Mechanical cleaning is needed as well as the rounding tool before joints 

assembly. A very detailed and mature joining procedure has been proposed for joint assembly. 

With a specially designed measurement tool, the cutting location and tube insertion length is 

marked. After cutting the tube properly, burrs must be removed from the inner and outer diameter 

of the tube end. The tube must be inserted to the proper depth based on the mark and pressed into 

the joint using a tool. Most of the products in the current market use an electric-drive pressing tool 

to ensure the appropriate pressure. As the last step, addition verification step is required to check 

the press completion by verifying the final dimensions of the joints. 

Compared with brazing joints, the advantages and disadvantages of press-connect joint are 

summarized (Arment et al., 2012; Wilson and Bowers, 2014; Elbel et al., 2016): 

Advantages: 

• No need for open flame or heating which makes it quick and safe 

• Work at high pressure and with toxic gases 

• Reliable operation if following the assemble and verification procedure 

Disadvantages: 

• Restriction on the joint geometry (only applied to tube-to-tube joints) 
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• Special tools and fittings are needed, which increases the cost and weight 

significantly. 

• Pressing tool requires a large installation space 

• Due to the thermal expansion of the copper, it performs worse when working under 

high temperature 

• Complicated procedure for automated manufacture 

1.4.3 Push-Connect Joints 

A push-connect joint is another very common mechanical joint, which requires no heat and 

no additional tools. The joint can be easily made by hand. It has a similar design principle as press-

connect joints that use a special fitting for connection. On the inner diameter of the fitting, an 

integral elastomeric gasket or seal and stainless-steel gripping ring help to produce a strong, leak 

free joint. Once pushed on, the gripping ring and the gasket together provide a positive and strong 

seal on the outer diameter of the insertion tube. The usage of a gripping ring avoids the need for 

electrical pressing tool in the press-connect joint. 

As shown in Figure 1.5, there are two common types of push-connect fittings. One allows 

easy removal and re-connection after installation while the second one cannot be easily removed 

once the fitting is installed. The removable fitting is widely used in refrigerant charging, testing 

and fault detections, which requires frequent connection and disconnection.  
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Figure 1.5. Removable copper push-connect fitting (left) and permanent copper push-connect 
fitting (right) (Copper Tube Handbook, 2016) 

 

The same procedure as for press-connect joints is needed to prepare clean, round, and burr-

free tube ends for push-connect joints. Lubrication may be needed depending on the manufacture 

recommendation. After all preparation work is done, the insertion tube is pushed into the fitting 

until the joint is locked securely in the designed location. 

Compared with brazing joints, the advantages and disadvantages of press-connect joint are 

summarized: 

Advantages: 

• No need for open flame, heating or special tools, which makes it quick and safe 

• Work at high pressure and with toxic gases 

• Removable type fitting can be disconnected without breaking the joint and tube 

Disadvantages: 

• Restriction on the joint geometry (only applied to tube-to-tube joints) 

• Leakage is more like to happen in long-term use 

• Special fittings are needed, which increases the cost and weight significantly 

• Complicated procedure for automated manufacture 

1.5 Adhesive Joints 

As previously shown, several methods have been investigated and applied to serve as joints 

in HVAC&R systems. However, there are certain limitations for every single existing joining 

technology. Most alternative joining methods have not proven that they can replace brazing with 

reliable performance and low cost. Further work needs to be conducted to introduce new 

technology into the HVAC&R industry to develop viable alternatives to brazing. 
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Adhesive joining is the process of uniting materials with the aid of an adhesive, a substance 

capable of holding materials together by surface attachment (ASTM D 907, 2015). It is a widely 

used industrial joining process including automotive, electronics, etc. and is proven to be reliable. 

There are many types of adhesives. Some of them need unheated or heated curing while some do 

not. Adhesives for structural bonding are usually cured to have the adequate strength to transfer 

the loads through the joints. Depending on the components, there are one-part adhesives that need 

to heat up before applying and two-part adhesive that need to mix evenly before applying. Based 

on the applications, there is freedom to design and develop adhesives with certain characteristics 

such as curing temperature/time, assembly time, drying temperature/time, etc., which is very 

beneficial when developing adhesives for a specific application. 

From the literature review and market survey, adhesive tube-to-tube joints are not a mature 

product for HVAC&R systems due to the lack of investment and research on the product 

development and qualification. Most of the existing products are focusing on quick repair, instead 

of initial manufacture. The most common type of adhesive in current HVAC&R joints is two-part 

epoxy with heat curing. Epoxies are widely used as high-performance structural adhesive because 

of their ability to cure without producing volatile byproducts, resistance to chemicals, and low 

shrinkage during curing (Tai and Szklarskasmialowska, 1993; Kahraman and Al-Harthi, 2005). 

When using, the epoxy resin is mixed with hardener at a certain mass ratio to form a homogeneous 

mixture. The mixture needs to be applied to the prepared surface in its working time. The strength 

of the adhesive joint largely depends on several factors, such as the design of the joints, the 

thickness of the adhesive, the bonding area, and modifications to the bonding area. There are not 

many studies that have been done to evaluate the usage of adhesives in HVAC&R systems. 

 

The general advantages of adhesive bonding include: 

1. Adhesive can be used on different joint geometries, not limited to tube-to-tube joints 

2. Adhesive bonding provides a more uniform stress distribution than mechanical joints by 

eliminating the individual stress concentration peaks by avoiding mechanical force 

3. No need for special designed fittings and tools, which usually results in lighter system 

and sometimes cheaper as well 

4. Room temperature curing avoids using heat torch or furnace, which save energy and cost 



 
 

39 

5. The ability to join dissimilar materials with electrical insulation prevents galvanic 

corrosion of metal adherents 

6. Cured adhesive can provide a strong and leak-proof seal between the bonding surfaces, 

which can hold high-pressure gas or liquid 

 

However, there are also disadvantages of adhesive bonding including: 

1. Adhesive joining is much more sensitive to surface preparation than mechanical joints 

and even brazing joints. Proper surface preparation is essential to make a strong and 

reliable joint. It can be extremely hard to conduct proper surface preparation in field 

assembly. 

2. There are no reliable nondestructive tests for determining the strength of a formed 

adhesive joint and the bonding performance is highly dependent on the assembly 

procedure. 

3. Adhesive materials are perishable, unlike filler metals or mechanical fittings. They must 

be stored either refrigerated (one part) or separated (two parts). Once ready to use (mixed 

or heated), they must be assembled and cured within a specific time interval. 

4. The curing process may consume a longer time for than brazing and mechanical joints, 

especially at room temperature. 

5. Long-term reliability is not clearly studied, especially for HVAC&R systems. Adhesives 

are susceptible to degradation when absorbing moisture, undergoing thermal cycling, or 

by chemicals.  

The comparison of brazing joints, compression joints, press-connect joints, push-connect 

joints and adhesive joints are summarized in Table 1.2. Compared with previously discussed 

joining technologies, adhesive joints provide some unique features that are key to overcoming 

certain challenges facing the HVAC&R industry. Using adhesive joints can decrease system 

weight, reduce manufacturing energy and cost, and avoid galvanic corrosion. In addition, unlike 

all the mechanical joints that needs mechanical force, the adhesive joints manufacturing process is 

similar to brazing in nature. 

Although detailed procedures for use of adhesives in HVAC&R systems have not yet been 

introduced to this industry, there is a huge potential to use adhesive joining in massive production 

with assembly line processing. Being aware of all adhesive joint disadvantages, this study aims to 
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evaluate and improve adhesive joining performance in HVAC&R systems and to propose an 

appropriately designed adhesive joint, including adhesive formula, joint geometry, manufacture 

processes, that could potentially outperform traditional brazing and mechanical joining 

technologies. 

 

Table 1.2. Summarized compassion among main types of joints in HVAC&R joints 

 Various 
geometry 

No 
open 
flame 

Permeant 
fittings 

No 
clamping 

tools 

No Extra 
components 

Easy joining for 
dissimilar 

metals 
Brazing 
joints 

      

Compression 
joints 

      

Press-connect 
joints 

      

Push-connect 
joints 

      

Adhesive 
joints 

      

1.6 Objectives  

The objective of this study is to evaluate and develop a better understanding of adhesive 

joints for HVAC&R applications, so that their unique features can be leveraged to overcome the 

challenges facing this industry without risk of joint failure. This will involve a comprehensive 

analysis of adhesive joints strength and fatigue, as well as rigorous thermal performance and 

mechanical reliability tests with consideration of manufacturing processes. To achieve this, the 

following tasks will be undertaken: 

1. Perform a detailed review of the literature and available standards to understand the 

joints strength definition and requirements for HVAC&R applications and to identify 

the critical factors that influence the joints strength such as surface preparation, 

properties of the adhesive and adherents, adhesive thickness etc.   

2. As an important factor of the joints strength, surface preparations of the adhesive 

joints will be studied in detailed. Traditional surface preparation methods are well 

described in the literature and will be used as the baseline technology. New 
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alternative technology: laser interference structuring will be tested and compared to 

the traditional methods. 

3. The failure mechanism of the adhesive under static loading will need to be 

investigated for strength analysis and modeling. Experiments will be performed to 

aid in the validation of models and to provide feedback for adhesive formula 

development. 

4. Long-term reliability of the adhesive joints will be analyzed and tested. The adhesive 

joints in a system under real operation conditions will experience 

pressure/temperature change and vibration. Two accelerated fatigue test stands focus 

on pressure and temperature cycling and vibration will be designed and built, 

respectively.  

5. Tube-to-tube adhesive joint model for stress distribution across the adhesive layer 

will be developed. The model will be exercised to perform parametric studies and 

optimize the geometry. In particular, the thermal effect on the stresses will be 

investigated. 

6. Proof-of-concept prototypes will be constructed to demonstrate the application of 

adhesive joints in commercial HVAC&R systems. 

 

The documentation is organized as follows.  

• Chapter 1: Introduces the current joining technologies and challenges in HVAC&R 

applications to provide the background and motivation for this study. 

• Chapter 2: A detailed literature review of adhesive properties, failure mechanism 

and other critical factors that influence the joint strength.  

• Chapter 3: This chapter investigates the surface preparation methods. Traditional 

surface preparation with mechanical and chemical etching is compared with an 

innovative laser structuring method. The surface profile and bonding performance 

under static loading are evaluated for both methods. 

• Chapter 4: An extensive analysis of adhesive joint fatigue failure and long-term 

reliability under vibration and thermal fatigue. The details of the proposed thermal 

and vibration fatigue test stands are presented, focusing on the failure under dynamic 

loading condition. 
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• Chapter 5: An analytical model for stress distributions in adhesively bonded tube-

to-tube joints is developed and solved. The model is validated to carry out parametric 

studies and understand the determining factors of adhesive joint performance.  

• Chapter 6: Proof-of-concept tests of adhesive joints are presented with detailed 

design of a commercial heat pump dryer test stand. 

• Chapter 7: The final chapter summarize the main contributions and discusses 

potential future work 
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2. LITERATURE REVIEW FOR ADHESIVE PROPERTIES AND 
FAILURE MECHANISM 

There are many advantages of using adhesives in structural joints. Sophisticated designs of 

structures can be often seen in aerospace, aircraft, automotive, electronics, and HVAC&R 

applications. Despite great advances in adhesive development and applications, some issues have 

so far limited their wider application. In this chapter, adhesive joint strength and failure 

mechanisms are reviewed.  

2.1 Adhesive Joint Failure 

Massive efforts have been made in finding an appropriate criterion that will define a critical 

level of stress or strain or energy that causes failure. A number of approaches listed below have 

been developed or adopted by various researchers for predicting the failure load under static 

loading conditions for adhesives and adhesively bonded structures. 

2.1.1 Material-Strength-Based Models 

In predicting failure of common brittle materials like metals, the strength definition for 

materials is clear and useful. A known strength can be used as a simple and accurate failure 

criterion. For example, when the material is under tensile loading, the failure happens when the 

largest normal principal stress reaches the uniaxial tensile strength the material. (Dieter, 1976; 

Dowling, 1993; ASTM E8/EBM-09, 2009). Similarly, a number of strength-of-materials-based 

models have been developed to predict the failure load for adhesive joints including: 

Average stress method: In this theory, the adhesive joint strength is estimated by the 

average shear or normal stress in the adhesive layer at the maximum load. For example, in a single 

lap joint specimen, failure occurring at an applied load 𝑃𝑃 with joint width 𝑏𝑏 and joint length 𝑙𝑙 will 

have an average shear stress (Adams, 1986): 

 

 
P
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τ =   (2.1) 
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This method is very simplistic and assumes rigid adherents so that the adhesive only deforms 

in shear. For single-lap joint tests, failure results from deformation with peel, shear, and strain 

concentration presents at the ends of adhesive joints. 

Maximum stress method: This method compares the maximum stress presented in the 

adhesive layer with the strength of the adhesive. Failure initiates when the stress value exceeds the 

strength.  

However, there are several complications for this method. First, the yield strength of the 

material is not defined for an adhesive. For homogeneous metallic materials, such as copper and 

aluminum, yield strength is a mechanical property of that material and measured by standard test. 

For adhesive joints, the same tensile test only determines the tensile strength of the joint, not the 

adhesive. Obviously, the properties of the adhesive and adherent contribute to the overall strength 

of the joint. It is well established that any change the geometry of the joint will change the strength 

test result and the stress strain field in the bonding layer (Broughton and Hinopoulos, 1999; Taib 

et al., 2006). Secondly, not all the adhesive joints have a brittle behavior. If relatively large plastic 

deformation prior to failure is present, the prediction will be inaccurate. Consequently, although 

the joint strength can be measured by standard testing, it is not a universal criterion to apply to all 

adhesive joints.  

Maximum strain method: Instead of using stress as criterion, Hart-smith (1973) proposed 

a maximum strain criterion that argues the joint failure is mainly dependent on the strain. This 

criterion is widely used in the aerospace industry for determining the strength of metallic and 

composite joints. It also accounts for the non-linear deformation in the adhesive. However, when 

used in adhesive joints, this method has similar issues to the aforementioned methods. 

2.1.2 Plastic Yield Criteria 

The models described in the previous section assume that the adhesive behaves as a linear 

elastic solid, which is only true for brittle adhesives. However, this is not valid for adhesives that 

can go through large plastic deformation before failure. In order to simulate the failure status for 

these adhesives, several models considering the multi-component stress states are proposed, 

including Tresca yield, von Mises yield, and Drucker-Prager plasticity model (Ward, 1971; 

Bowden and Dukes, 1972; Young, 1981; Wang and Chalkley, 2000; Dean and Crocker, 2000). 
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Tresca yield criterion: Tresca proposed the maximum shear stress,𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 , as the yield 

criterion. Based on different stress states in the joints, the maximum shear stress is calculated and 

compared it with the critical value. If the principal stress components in the 1-, 2- and 3- orthogonal 

direction satisfies 𝜎𝜎 1 > 𝜎𝜎 2 > 𝜎𝜎  3, the maximum shear stress can be written as (Ward 1971, 

Young 1981): 

 max 1 3)
1 (
2

τ σ σ−=   (2.2) 

This was initially applied in metal yielding but cannot accurately predict the yield behavior 

of adhesives under tensile, compressive or shear loads, as yielding in these materials is sensitive 

to hydrostatic stress. The validity in the case of structural adhesives is questioned (Haward, 1973), 

because it does not account for the effect of normal stresses. The criterion is then modified for 

reflect the effect of hydrostatic stress 𝑝𝑝, which adds hydrostatic pressure (multiplied by a pressure 

sensitivity 𝜇𝜇 𝑡𝑡) to the pure shear 𝜏𝜏𝑜𝑜.  

 max o tpτ τ µ= +   (2.3) 

where  1 2 3)
1 (
3

p σ σ σ+= − +                                                   (2.4) 

Von Mises yield criterion: This criterion also considers that failure starts to initiate when 

the shear strain energy exceeds a critical value, which is restricted by the following symmetric 

relationship (Young 1981):  

 2 2 2
1 2 2 3 3 1( ) ( ) ( ) constσ σ σ σ σ σ− + − + − =   (2.5) 

where 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is some constant value. 

Similar to the Tresca yield criterion, the original equation cannot be used directly in adhesive 

failure analysis since it does not account the effect of hydrostatic pressure. Modification has been 

made to account for the hydrostatic pressure: 

 max,
o

vonMises mm pτ τ µ= +   (2.6) 

where 𝜏𝜏𝑚𝑚𝑜𝑜  is the yield stress in pure shear and 𝜇𝜇 𝑚𝑚 is pressure sensitivity that can be calculated by 

two different stress states. 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚,𝑣𝑣𝑣𝑣𝑣𝑣 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 is the von Mises yield stress and which is defined by:  

 2 2 2 2
1 2 2 3 3 1( ) ( ) ( ) 6 mσ σ σ σ σ σ τ− + − + − =    (2.7) 
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As reported by Wang and Chalkley (2000), when investigating the yield behavior of metals, 

the von Mises criterion is used more often than the Tresca criterion because it is found to offer a 

better agreement with experimental results. However, both the modified Tresca and the modified 

von Mises criteria can only correlate data with positive hydrostatic stress and tend to be un-

conservative when hydrostatic is compressive, according to comparison against the experimental 

data. 

2.1.3 Fracture Mechanics 

Theories from fracture mechanics have been applied in adhesive failure prediction. The 

concept of fracture in materials deals with two general questions: the separation of a material from 

itself (cohesive fracture) and the separation of a material from a dissimilar material at the bonding 

surface between the two materials (adhesive fracture). Williams (1966) firstly elucidated the 

similarity of adhesive and cohesive fracture from a continuum mechanics viewpoint, in particular 

the energy concept of fracture. 

Griffith (1921) first used an energy balance between strain energy released and the increase 

in surface energy with crack growth in predicting the fracture initiation for a central finite length 

crack in an infinite elastic sheet subjected to tension. Griffith’s work was largely ignored by the 

engineering community until the early 1950s since it is only valid for brittle materials like glass. 

Irwin (1957) and Orowan (1949) modified Griffith’s calculation to apply the energy balance to 

materials that undergo plastic deformation before facture by including plastic work. An important 

concept of stress intensity factor was then proposed to describe the stress status of a sharp-tipped 

crack. The stress intensity was a function of the distance from the crack tip. Sih (1973) applied this 

to a wide range of crack configurations and it is convenient for mathematical analysis of the stress 

field. The stress intensity factor is equivalent to the early Griffith’s energy balance concept but 

calculates the stress distribution. A more direct development of Griffith’s idea became another 

important approach in fracture mechanics: the energy release rate approach. The applied energy 

release rate is the amount of the energy per unit crack area available to growing a crack by the 

applied loading conditions. The energy release approach can be shown to be equivalent to the 

stress intensity factor (Broek, 1978).  

Lots of effort has been put into applying fracture mechanics to predict crack growth and 

failure of adhesive joints. Research has been done on the stress distribution and fracture prediction 
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of adhesively bonded joints using fracture mechanics. (Groth, 1985, 1999; Fernlund and Spelt, 

1991, 1994) Ashcroft, Gilmore and Shaw (1996) explored the cyclic fatigue of adhesively bonded 

joints and found good correlation of energy release rate with the joints failure.  

2.1.4 Fatigue Failure Modeling 

Fatigue is an important loading condition for adhesives that can cause failure to happen at a 

small percentage of the static strength. For any structural joints under fatigue loading, failure 

prediction is required for safety. However, accurate modeling of fatigue failure is very challenging, 

especially when loading and unloading exists.  

Early fatigue research on adhesive followed the stress-life approach, which is widely used 

in metal fatigue analysis and is an experimental-based approach. A series of tests under various 

loading conditions are performed to achieve the data for stress and the number of cycles to failure, 

which is known as S-N curve or Wohler’s curve (Abdel Wahab, 2012). In the ideal case, there will 

be a fatigue threshold under which the joints will have an infinite lifetime. However, various 

research has shown this is not the case for adhesive joints and the threshold is effected by different 

factors (Zhang, 2008; Tenchev and Falzon, 2008; He 2011, Abdel Wahab, 2012; Jen, 2012). 

Because performing exhaustive experimentation on every different possible joint is very time 

consuming, finite element analysis (FEA) came into play for fatigue failure prediction. The fatigue 

modeling of adhesive joints still needs a significant research effort to understand the failure 

mechanism and all the influencing factors. 

In the past research, most modeling work makes modifications to the FEA adhesive joint 

models based on static loading. The first approach is to utilize FEA to obtain the stress states of 

the joints and correlate the stress with the fatigue life data. A significant amount of research has 

been done to understand the determining factor of the stress and fatigue: Jen and Ko (2010) studied 

the effect of the bonding dimension on the fatigue strength; Bernasconi (2010) used different 

overlap length, shape, and material to investigate the peak elastic stress and fatigue life with 2D 

FEA. Similar approaches have been used quite often by others as well (Bachir Bouiadjra et al.2007, 

Wang et al., 2005, Datla, 2010). Another popular approach in modeling is damage mechanics using 

FEA and the cohesive zone model (CZM) and considering the energy (He, 2011; Shenoy et al., 

2010; Wahab 2010; Fessel et al., 2009; Ishii et al., 2007). 
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2.1.5 Summary of Failure Criteria  

Among the three major failure criteria reviewed in this section, fracture mechanics is 

selected for further investigation due to the inevitable issues associated with the other two 

approaches. For material-strength-based models, adhesive joint strength is not material property 

as it is for metallic materials because the adhesive, adherent, and geometry collectively determine 

the adhesive joints strength. For plastic yield criteria, they lack accuracy when compressive 

hydrostatic pressure exists and show invalidity when compared against experimental data. In the 

recent studies for adhesive failure modeling using fracture mechanics, good correlations are 

observed between strain energy release rate (fracture energy) and joint fracture. The adhesive 

properties, especially fracture energy, will be introduced in the next section. 

2.2 Properties of Adhesives  

A number of physically relevant and important properties determine the curing of the 

adhesive and the bonding performance. For a typical adhesive material, physical properties 

including viscosity, density, fracture energy, stress-strain curve are often considered as intrinsic 

properties of the material. Methods of characterizing these properties are described in this section, 

along with interpretation and implications for adhesive joining system.  

2.2.1 Density 

Density is a common and important physical property of interest, which is defined as mass 

divided by the volume. Specific density is the reciprocal of the density and relative density is the 

ratio of the density of the material to that of a reference material. Density typically decreases with 

increasing temperature and increases with pressure.  

There are several methods of measuring the density. The most common is direct 

measurement: the mass of a regular shaped object is measured and the volume is calculated from 

the geometry of the object. It can be applied to most of the liquid adhesive by determining the 

mass of a liquid use to fill a known-volume container. For those solid-state adhesives, indirect 

method of volume displacement technology by immersion of an object of interest into a known 

fluid is commonly used. The volume can be measured by the rise of the liquid in a regular shape 

container or the effluent from a container filled to the brim.  
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Although unlikely to be the determining factor in adhesive selection, density is an important 

indicator of the nature of a polymer, including chemical family, morphology, and filler or void 

content. In this study, when comparing the adhesive joints with brazed joints in HVAC&R systems, 

the mass/density of the joining material is important since lighter products are usually desired for 

most of the residential and commercial applications. The densities of the evaluated adhesives are 

provided by the adhesive manufacture. 

2.2.2 Viscosity 

Viscosity is a very important property of adhesives, especially in the manufacturing process 

for liquid uncured adhesives. The mixing, pumping, and dispensing processes are highly 

influenced by the adhesive viscosity, especially for the automated dispensing system with 

complicated flow paths. It is also a very basic property of the adhesive that provides insights into 

the chemical components, time, and temperature dependence. Changes in viscosity can be 

reflective of formulation, processing, and aging of the adhesive. Note that viscosity is not defined 

by for solid-state materials. 

Newton observed the resistance to deformation of a fluid is proportional to the rate of change 

of deformation (Macosko, 1994). Viscosity is a measure of the internal resistance to flow or 

deformation for a fluid, which is defined as the ratio between the shear stress and the shear strain 

rate. There are two types of fluid that are commonly encountered in adhesives: Newtonian fluid 

and non-Newtonian fluid. A Newtonian fluid is a fluid in which the viscous stresses arising from 

flow, at every point, are linearly proportional to the local strain rate (Panton 2013). A non-

Newtonian fluid will not follow the linear relationship. For formulated adhesives, many of them 

are non-Newtonian fluids and have more complex behavior since they often have high solids 

content, contain fillers and flow controllers, or contain high molecular weight metals. Non-

Newtonian fluid viscosity is usually shear-rate-dependent, which can be important in the mixing 

and applying process. Viscosity is usually physically measured in a number of ways using 

viscometers or rheometers. In this study, the viscosity measured and reported by the manufacture 

is used. 
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2.2.3 Stress-Strain Behavior 

Properties such as the viscosity are important for liquid-state adhesives that usually are 

uncured or partially cured. For cured solid-state adhesive, one of the most important properties is 

the stress-strain behavior. Tests need to be conducted to understand and characterize materials with 

very large Deborah numbers, where the time scale of the test is short compared to any relaxation 

times within the material (Da Silva & èOchsner, 2011). 

The stress-strain behavior for adhesives can provide important information such as the force 

at different displacements and range of applicability. Some applications may desire a certain 

displacement under loading, such as sealants. The modulus must be sufficiently low and the strain 

capabilities sufficiently high under the mechanical or thermal deformation so that the adhesive can 

provide enough flexibility. In other applications, very stiff with high modulus may be required 

such as bearings and structural parts. Due to ease, the screw-driven test frame with constant 

crosshead displacement rate was historically the most common approach for stress-strain 

measurement. For adhesives, care is needed to consider the rate and temperature effect on the 

testing result.  

As previous discussed in Section 2.1, the stress-strain curve is also influenced by the 

specimen configurations, which depends on the properties desired, the nature of the material, and 

the available equipment. The simplest and most common loading condition is uniaxial tension. 

Shear and peel loading conditions are also very important, depending on the applications. Based 

on the stress-strain behavior, a number of metrics can be assessed (Dowling 2007), such as 

modulus, yield stress, yield strain, ultimate strength, and strain at break. Note that for adhesives, 

these are not material properties because multiple factors such as the specimen geometry, curing 

procedure, and test conditions can change the values.  

In this study, a single-lap joint specimen configuration will be used and the details will be 

introduced in the experimental setup in section 2.4.3.  

2.2.4 Fracture Energy 

In material science, fracture energy, also known as critical strain energy release rate, is a 

property that describes the ability of a material to resist fracture. It is one of the most important 

properties of any material for determining the application and safety range of operation. As a 
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material property, it is considered independent of the applied loads and the geometry of the body. 

As previously introduced in Section 2.1.3, fracture energy is a concept based on the energy criteria 

of failure, which is a well-established approach in fracture mechanics. Adhesive fracture energy is 

defined as the amount of energy per unit of new surface created on separation of dissimilar 

materials (Bennett et al., 1974). When the energy release rate of the adhesive is over the critical 

energy release rate (fracture energy), the crack will propagate. 

The application of fracture mechanics to adhesive joints traces back to the 1960s, when 

Ripling and co-workers (Ripling et al., 1964; Mostovoy et al., 1967) developed a mode I test 

method to measure the toughness of structural bonds for metals. Their work then resulted in the 

publication of an ASTM standard in 1975 (ASTM, 1975). Since then, many efforts and 

developments from various researchers advanced the measurement technique and understanding 

of the adhesive fracture mechanics. Different sample geometries and specific tests with different 

procedures were proposed to measure the fracture toughness value for different loading modes. 

For mode I fracture energy characterization, extensive studies have been done by several 

researchers with good results (ESIS, 1997; Nairn, 2000; Ducept, 2000). However, for mode II 

loading conditions, the test procedure and geometry are still not well addressed (Blackman, 2005; 

Schuecker and Davidson, 2000; Leffer et al., 2007). As one of the most important properties, 

adhesive fracture energy is critical from failure prediction and modeling perspectives. Usually for 

modeling purposes, the value of the fracture energy will be provided by the manufacture or fitted 

from the experimental results. 

2.2.5 Cohesive Zone Model 

The cohesive zone model (CZM) is one of the tools to model the material failure, especially 

considering plastic zone and stress distribution ahead of the crack tip. Barenblatt (1959) proposed 

the idea of using a cohesive zone ahead of the crack tip to remove the stress singularity. Dugdale 

(1960) further assumed that there existed a yield-strength-dependent process zone at the crack tip. 

The cohesive zone model describes fracture as a material separation process along the interface. 

Originally, it was used to model concrete composites and interface fracture. With the development 

of the application of polymer-based composites and adhesive joints, it is widely used to model the 

adhesive failure. 
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The basic principle of the cohesive zone model is to describe material separation by using a 

traction-separation law at the process zone. A schematic figure of a typical CZM traction 

separation law is shown in Figure 2.1. Five important model parameters define the traction 

separation behavior: maximum stress 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 and initial displacement 𝛿𝛿0, failure displacement 𝛿𝛿𝑓𝑓, 

fracture toughness G and penalty stiffness k. When a material follows the traction separation law 

under a loading condition, stress and strain will increase following the path OA with a slope of k. 

The crack initiation starts at point A when the stress reaching 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚. The material then goes through 

a softening process along path AB. Note that the traction separation law may have different shapes: 

(1) exponential (Barenblatt, 1962), as shown in Figure 2.2(a); (2) polynomial (Needleman, 1987), 

as shown in Figure 2.2 (b); (3) constant (Dugdale, 1960), as shown in Figure 2.2 (c); (4) tri-linear 

(Tvergaard & Hutchinson, 1992) as shown in Figure 2.2 (d); (5) linear (Camacho & Ortiz, 1996), 

as shown in Figure 2.2 (e); and (6) bi-linear (Geubelle & Baylor, 1998), as shown in Figure 2.2 (f).  

 

 

Figure 2.1 Schematic figure of a typical CZM traction separation law 
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Figure 2.2 Different shapes of the cohesive traction separation law: (a) exponential (Barenblatt, 
1962), (b) polynomial (Needleman, 1987), (c) constant (Dugdale, 1960), (d) tri-linear (Tvergaard 
& Hutchinson, 1992), (e) linear (Camacho & Ortiz, 1996) and (f) bi-linear (Geubelle & Baylor, 

1998). 

 

Applying the traction separation law removes the stress singularity at the process zone. An 

important development was made by Needleman (1987, 1990a, 1990b) and Xu and Needleman 

(1994) and they proposed that CZM can be used as cohesive elements and forming new surfaces 

without defining an initial crack. They related the traction and the material separation between the 

new surfaces. Since then, lots of effort has been put into understanding the physical process of 

crack growth applying the principle of local constitutive cohesion to predict fracture, failure, and 

crack growth. The development of numerical analyses also plays an important role in cohesive 

zone modeling since it is easily embedded with finite element method. A special element called 

cohesive zone element is introduced in FEM to form the interface between the continuum elements, 

which represents the adhesive. With this implementation, the cohesive surface connecting the top 
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and bottom surfaces of the adjoining material can be used to describe the cracks, interaction 

between the material, and surface separation. The process of failure initiation and propagation is 

characterized by the cohesive zone model defined by the constitutive law. Generally, the 

connection is defined by an interface constraint or sharing common nodes for both elements. 

During simulation, the adhesive material as cohesive element will hold the surfaces together with 

the force increasing as described by the surface separation law. Once critical value is reached, the 

crack will initiate and follow the curve until complete failure.  

As a powerful tool to simulate and model the failure and crack along the interface, much 

research has been performed. One early and key issue is how to determine the cohesive zone 

parameters. At early stages, researchers assumed that the parameters can be determined based on 

which values give the best results compared with the experimental results. It requires a good 

estimation and large amount of experience to propose the correct value to fit into the model initially. 

With a massive number of experiments and data, later researchers proposed some certain tests that 

could determine these parameters such as double cantilever beam (DCB) or end-notched-flexure 

(ENF) testing, but needed to verify the results with tests of bulk materials (Yang, Thouless et al. 

2001). Other researchers then applied a similar approach and achieved good results (Andersen and 

Stigh 2004). Liljedahl and Crocombe et al. (2006) determined the initial traction stress using the 

load displacement curve of the mixed-mode flexure (MMF) specimens and calculated the fracture 

energy used in the cohesive zone model under the criteria that the predicted failure load should 

match the experimental data. Blackman, Dear et al. (2003) used the cohesive zone model to 

simulate the fracture of adhesively bonded joints and compared with the analytical solutions to 

explore the implementation of maximum stress. There is also evidence showing that the detailed 

shape of the traction separation curve is less important than the values of fracture energy and 

maximum stress for accurate simulation. (Williams and Hadavinia, 2002)  

2.3 Surface Preparation in Adhesive Bonding 

Obtaining a strong adhesive bond requires various considerations. Wegman and Levi (1985) 

described several key steps of adhesive bonding that are summarized here: receiving materials, 

knowledge of the fabrication process for the parts, mating the parts to be bonded, and surface 

preparation. Among all these steps, surface preparation is usually the most critical, complex, and 

frequently neglected in the bonding sequence. Surface preparation can remove the intermediate 
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surface, paint, rust, or oxide layers. Different materials including adherents, adhesives, and 

chemicals require different surface preparation techniques, but in general, the surface preparation 

needs to consider the cleanliness, roughness, and functionality of the surface. 

2.3.1 Traditional Surface Preparation Methods 

Numerous different surfaces preparation techniques have been proposed and used in industry. 

Based on the mechanism of the techniques, they can be divided to two types: mechanical surface 

preparation and chemical surface preparation. 

Mechanical surface preparations are generally for cleaning purposes. Physical contact with 

the surface is used to clean the prepared surfaces of grease, oil, dirt, rust, paint and other 

contaminants. The main techniques include wire brushing, sanding, and abrasive blasting. There 

are standards for surface preparation before application of coatings using mechanical techniques - 

refer to the standards: SSPC-SP2/3/11/15, ISO 8501 and ASTM D7803 (Ebnesajjad 2011; ASTM 

2019). 

Some typical mechanical preparation methods are summarized as follows: 

Wire brushing: A wire brush tool consists of bristles most often made of steel wire. The 

steel used is generally a medium- to high-carbon variety and very hard and springy. Wire brushing 

can be performed using a hand tool with a handle or can be formed into a wheel or some other tool 

Sanding: Sanding is usually used on non-porous surfaces to thoroughly abrade the surface. 

It can be done by hand or by power tools. For different applications, the sanding particle sizes and 

roughness can be different. 

Abrasive blasting: Abrasive blasting is a more effective way to clean the surface with high-

pressure sand, grit, or liquids. The blasting can remove the solid surface dust but also soluble 

corrosion products. One example is vapor honing. Vapor honing is satisfactory when minimum 

reduction is desired in metal thickness. In this method, powered abrasive material is propelled by 

high velocity water or are steam against the surface. 

Chemical surface preparations are very widely used prior to adhesive bonding. The chemical 

preparations not only clean the surface but also provide some desired functional surface conditions 

(such as to ensure wetting of the surface by the adhesive). Chemical surface preparations usually 

have more complicated processes compared to mechanical preparation and careful handling of the 

chemicals is required. The main techniques include plasma treatment and chemical etching. 
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Some typical chemical preparation methods are summarized as following. 

Plasma surface treatment: The most popular plasma treatment is air plasma, also known 

as Corona treatment. It is a surface modification technique that uses a low temperature corona 

discharge plasma to impart changes in the properties of a surface. Another more effective 

alternative way of plasma surface treatment is atmospheric pressure (air) plasma (APP). APP has 

a much greater plasma density and it is one of the most effective surface treatment process for 

cleaning, activating or coating (Gilbertson, 2001). APP also increases surface energy levels  

achieving complete wettability.  

Chemical Etching: Chemical etching is traditionally the process of using strong acid or 

mordant to cut into the unprotected parts of a metal surface. Etching as a surface treatment 

immerses a metal substrate in an aqueous acid solution. The purpose of etching is to clean the 

surface, especially the loose layer of oxide. The material, the type of oxide, and adhesive needs to 

be carefully considered to choose the proper acid. 

2.3.2 Surface Preparation Procedure 

Aluminum and Aluminum Alloy Surfaces: 

The standard industry practice of surface preparation for adhesive bonding used to be the 

Forest Products Laboratory etching, commonly referred to as FPL etch (Eickner and Schowalter, 

1950). However, this method uses chromates and dichromates that are no longer allowed in many 

countries (Chen et al., 1977). There are many other methods modified from the FPL etch, such as 

the optimized FPL etch, the phosphoric acid anodizing (PAA) process, the P and P2 etchants, and 

the chromic acid anodize procedures (ASTM, 2651; ASTM, D3933; Wegman and Twisk, 2013). 

Different materials, chemicals, and equipment are used in these methods, but the general processes 

and purposes are quite similar. A summary of the main steps of these methods is degreasing, 

alkaline cleaning, etching (deoxidation), rinsing and drying.  

Copper and Copper Alloy Surfaces: 

Copper, brass (alloy with zinc) and bronze (alloy with tin) are very common materials in 

heat exchangers and they can be used for high performance adhesive bonding. Copper has a 

tendency of forming brittle amine components with curing agents from some adhesive systems. 

The most common and successful surface treatment is black oxide, which is especially recommend 

when the adhesive is corrosive to copper. Note that this method is mainly for relatively pure copper 
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alloys containing more than 95% copper (Wegman and Levi, 1985). The procedure is given as 

following degrease, immerse in etching solution, rinse and immerse in to stabilization bath, rinse 

again and air dry. 

Other methods for copper bonding including nitric acid etching, etc. (Ebnesajjad, 2011). For 

brass, sandblasting or other mechanical means can be used; the flowing procedure is one example 

that combines both mechanical and chemical methods (Rogers, 1966); other methods are also 

available (Ebnesajjad, 2011). Note that the methods given above are also viable for bronze. 

1. Mechanical blast (particle size is not especially critical). 

2. Rinse with deionized water 

3. Treat with a 5% solution of sodium dichromate in deionized water 

4. Rinse in deionized water and dry 

2.3.3 Surface Preparation Summary 

Traditional surface preparation methods using mechanical and chemical etching have been 

well studied and used for copper, aluminum and their alloys for decades. Many different 

procedures have been proposed and succeed in providing a clean surface for bonding. However, 

these procedures are not only relatively complicated involving both mechanical and chemical 

process, but also dangerous with toxic or flammable chemical material involved. The cost for 

human labor, safety and environmental issues can be a major concern for manufacturers. 
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3. ADHESIVE BONDING OF COPPER PREPARED BY LASER-
INTERFERENCE NEAR THE INTERFERENCE STRUCTURING 

LIMITS 

In this chapter, a detailed investigation was carried out on a novel alternative surface 

preparation technology, small-periodicity laser interference structuring, with an experimental 

study including surface and joint strength characterization. Adhesive bonding requires adequate 

surface preparation for ensuring an appropriate joint quality. The interest in adhesive joining has 

recently expanded to thermal systems having a large number of joints employed for manufacturing 

and assembly. This study presents surface topology of copper 110 produced by a laser-interference 

setup that would theoretically yield a periodicity of 1.7 µm, which is near the 1.6-2 µm structuring 

limit that was estimated based on thermal diffusion length scale for an 8 ns laser pulse. The results 

show that although the expected periodic interference structuring was not attained, the melt-

induced texturing was affected by the laser-interference profile. Single-lap shear tests are 

performed with specimen surfaces prepared by traditional abrasion and laser interference 

structuring methods. Several laser processing parameters, such as the laser spot size, density, 

number of pulses, and raster speed were studied. Scanning electron microscope and profilometry 

measurements were used to characterize the processed surface microstructures. Web-like 

structures, which indicate widespread melting, were shown to be formed at different processing 

conditions. Based on the surface topologies investigated, two laser raster speeds were selected to 

make single-lap-joint specimens. Baseline joints were prepared by abrading joining specimens. 

The shear-lap strength and displacement at maximum load were shown to be higher by 16.8% and 

43.8% for the laser-structured specimens than those of the baseline specimens, respectively. 

Moreover, the load-displacement curves indicate that the laser-structured joints are more ductile 

than those without laser-structuring. The increase ductility for the laser-structured joints was found 

to yield an increase in the energy absorbed during shear-lap testing of approximately of 80-90% 

over those measured for baseline joints. It is another indicator that laser-interference structuring 

enhanced the bonding performance of single-lap shear joints. 
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3.1 Background 

Adhesive joining is an attractive technology that has been widely adopted in automotive and 

aerospace industries. Recently, there is an increasing need for alternative joining technology for 

component and system manufacturing in the HVAC&R (heating, ventilation, air conditioning and 

refrigeration) industry. For HVAC&R industry, adhesive joining has potential energy and cost 

savings benefits, especially if the mechanical properties of the adhesive joints would be similar or 

better than those of traditional brazed joints (Ebnesajjad and Landrock, 2015). For the components 

and tubes in HVAC&R systems, copper and its alloys are the most common materials. However, 

Cu reacts with the atmospheric oxygen and form an oxide surface layer. The oxide layer, together 

with oils and other contaminants on the surface, reduces the surface energy and bonding strength 

(Ebnesajjad and Landrock, 2015; Wong et al. 1997). Thus, especially for Cu, surface preparation 

for joining is necessary and critical to ensure the bond quality and performance. The most common 

surface preparation techniques employed in industry include chemical and mechanical methods. 

Chemical methods (Ebnesajjad and Landrock, 2015; Ebnesajjad 2011) usually involve chemical 

etching or cleaning with solvents, which are toxic or flammable, such as strong acids, acetone, or 

isopropyl alcohol (IPA). Mechanical methods usually involve sanding, blasting, or brushing. These 

traditional methods are labor intensive and costly to ensure quality control, environmental 

protection, and management of the hazardous materials (Ebnesajjad, 2011). 

In recent decades, with the development of laser technologies, new surface preparation 

techniques using high-energy lasers have attracted research interest. Compared with traditional 

methods, laser processing is a single-step and non-contact method. Laser processing has been 

shown to achieve surface cleaning and structuring. Previous research has studied the laser surface 

preparation of various materials with different laser types, energy levels, and optical setups. 

Neddersen et al. (1993) showed that for the activity of surface-enhanced Raman scattering colloids, 

laser ablation was comparable or superior to that of chemical preparation. The surface 

morphologies produced by laser processing have been studied for different materials, such as Cu 

alloys, Al alloys, Ti alloys, carbon fiber polymer composites (CFPC) using different laser 

processing methods and parameters (Baburaj et al., 2007; Pinto et al., 2003; Watkins, McMahon 

and Steven, 1997; Chérif et al., 2016; Benard et al., 2009).  

The bonding performance enhancement by laser surface preparation has also been studied 

for Al alloys, Ti alloys, and polymers, and it was shown that laser structuring could increase the 
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bonding performance (Wong et al., 1997, Chérif et al., 2016; Benard et al., 2009). Baburaj et al. 

(2007) studied a laser ablation process that generates micro-columnar arrays and increases the 

adhesive bonding strength between plates by several mechanisms. Three reasons that were found 

for bond strength improvement: increase in bonding surface area, mechanical locking of adhesive 

between micro-columns, and modifications in surface chemistry of the adherent that improved the 

surface wettability. Romoli et al.(2017) studied the influence of surface laser texturing on adhesive 

strength using cylindrical specimens of aluminum alloys and showed an improvement of nearly 

30% with respect to those of non-treated specimens. Hernandez et al. (2016) analyzed the effect 

of pulsed laser ablation on copper substrates for adhesive bonding by using scanning electron 

microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and finite element simulations. 

Results indicated that the laser ablation modifies surface morphology and chemistry, enabling 

enhanced mechanical interlocking. 

This paper explores use of the laser-interference structuring technique (Lasagni et al., 2007; 

Daniel et al., 2003; D’Alessandria et al., 2008) of copper for joining of HVAC components. Sabau 

and Greer et al. (2016) and Sabau and Chen et al. (2016) characterized the surface morphology 

and structures produce by different laser fluence using Al alloy, CFPC and conducted single-lap 

shear testing. It was concluded the laser interference technique yielded periodic structuring on the 

surfaces with a significant increase in the bonding strength. A similar bonding enhancement effect 

was also noted for laser-interference structuring of AlMg3 and Ti6al4V with woven hybrid yarn 

composites of glass fiber/polypropylene (Schiefer et al., 2015). Compared to simple one-single 

beam laser ablation, the laser-interference technique creates periodic arrays on metallic surfaces 

in a size range from sub-micrometer to micrometers (Lasagni et al., 2007; Daniel et al., 2003; 

D’Alessandria et al., 2008). Laser-interference techniques split the main laser beam into two (or 

more) beams, and then guide the separate laser beams back to the targeted area using optical 

components. When the laser beam hits the metal surface, the dominating free-electron cloud on 

the surface will quickly transfer the electromagnetic wave into phonons. The subsequent 

photothermal effect creates a surface heat treatment with a designed spatial power distribution, 

with hot and cold spots along the surface according to the wave interference. Based on the designed 

interference, different patterns can be achieved such as dot-, line- and ring-shaped microstructures. 

The first laser-interference structures were reported by Birnbaum in 1965, who used ruby lasers to 

produce regular patterns on semi-conductors. While initial studies were focused on the proof-of-
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principle of laser-interference structuring employing a spot-by-spot technique, i.e., firing several 

laser pulses while the laser beams were held focused on the same spot, more recent studies 

employed a raster technique, in which the laser spot moves at a constant speed as the laser is on.   

After the description of the experimental setup and procedures for laser interference surface 

preparation of copper, the surface profile using SEM and profilometry is presented. Adhesive 

joining is then presented. Single-lap shear tests were performed. The bonding performance of 

laser-structured surfaces was tested, analyzed, and compared to an abrasion-based surface 

preparation method, which is considered as a baseline for the current state-of-the-art. 

3.2 Materials, Surface Preparation, and Characterization 

Copper 110 was selected as it is commonly used in the HVAC industry. All of the specimens 

were cut from the same batch of material, without any additional surface preparation or cleaning 

prior to the laser processing step. The specimens were cut in equal sizes of 101.6 mm (4 in.) by 

25.4 mm (1 in.), as required for the single-lap shear testing.  

3.2.1 Laser Interference Technique and Target Surface Topology 

A 10-Hz Q-switched Nd:YAG laser (Quanta-Ray PRO230; Spectra Physics) was used as the 

laser source (Meyer and Sabau, 2007; Lasagni et al., 2007). The laser pulse duration is very short 

(8-10 ns), and at an average power of 3.5 W, yields a peak power of 350 MW, resulting in very 

high heating and cooling rates. The laser pulse fluence (pulse energy per unit area) was increased 

by using two identical focal lenses in each path of the beams to focus them to either 4 mm or 5 

mm spot size from its original beam size of 8 mm (Sabau et al., 2016; Lasagni et al., 2007). The 

emission wavelength of 1064 nm was transformed to 355 nm using non-linear crystals, decreasing 

the pulse duration to 8 ns. The number of pulses were selected using a mechanical shutter. The 

laser interference power profile was created by splitting the beam and guiding those split beams to 

the sample surface by overlapping them with pre-defined angles with respect to each other (Figure 

3.1). The coherent beams create an interference pattern instead of just adding their intensity. This 

allows a microscopic modulation and creates a light pattern without loss of energy during the 

interference process. The periodicity between power peaks, and laser-interference-induced 

undulations, is defined by the wavelength, λ, and the angle, α, between the two beams, as d=λ⁄2(sin 
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α⁄2). A short review on physical phenomena that yield laser-interference structuring is provided in 

the next paragraph to better understand the surface preparation considered in this study.  

 

 

Figure 3.1. Schematic diagram of the laser interference system. An angle between the beams of 
𝛼𝛼 = 12° is used in this study. 

 

When the laser reaches the rough surface of the metal, multiple reflections due to the 

roughness increases the absorption coefficient. Absorbed photons are instantaneously transformed 

into heat, which causes a temperature rise in the metal. If the temperature of the metal exceeds its 

melting point or saturation temperature at environmental pressure, the metal will melt or evaporate, 

respectively, and induce surface structuring (Sabau et al., 2016). Lasagni et al.,(2007) studied laser 

interference structuring of metals using steel, Cu, and Al by both simulation and experiment. 

Numerical simulations were conducted considering the energy required for melting and 

vaporization. Three critical parameters were identified that govern the type of surface morphology 

based on the power interference distribution on the metal surface: (1) the thermal diffusion length; 

(2) the thermal gradient from maximum to minimum power distribution; and (3) the surface flow 

of the molten metal. It was concluded that thermal gradient between the maxima and minima 

interference induced the surface tension gradient and flow in the molten metal. The surface 

structure was produced by the molten metal flow (Daniel et al., 2003) 

3.2.2 Process Parameters for Laser Surface Preparation  

In order to study the effects of laser interference structuring on copper 110, several different 

processing methods and parameters were controlled. There were two different processing methods 

explored: spot-by-spot and laser raster. The spot-by-spot method uses the mechanical shutter along 
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with a moving platform. The shutter opens and closes to control the number of pulses fired that hit 

on the same location of the surface. After one spot is finished, the platform that holds the specimen 

moves to the next spot and repeats the laser structure, eventually processing the whole area. For 

the same spot, a higher number of pulses results in a higher input energy and may cause a different 

surface profile. The spot-by-spot method provides a precise control over the number of laser pulses 

for each spot. For the laser raster method, the mechanical shutter stays open the entire time while 

the specimen is moved by the platform. There is no separately processed spot, but rather a 

continuously processed region. The raster speed determines the energy applied on the surface. A 

slower raster speed results in a higher input energy per area. Comparing the two methods, the main 

difference is whether the laser is moving on the surface. The spot-by-spot method therefore has an 

inherently slower processing speed compared to the raster method. 

In this work, two laser fluences of F1 = 1.782 and 2.785 J/cm2 per pulse were used by varying 

the laser spot size (db = 5 and 4 mm, respectively) while keeping the same average power of 3.5 

W. In the experiments, 2, 4, 6, 8, 10, and 12 pulses per spot were used for the spot-by-spot method 

and 2, 4, 6, 8, 10, and 12 mm/s raster speeds were used for the laser raster method. Another crucial 

parameter is the laser spot size, which determines the energy density of each pulse on the surface. 

Based on the melting point of the copper and the absorbance of the surface, 4 mm and 5 mm spot 

sizes were selected for the spot-by-spot method (Meyer and Sabau, 2019). For the laser raster 

method, only a 5 mm spot size was used, based on the results acquired for the spot-by-spot 

processing method. The beam angle was 12o, for an optical theoretical periodicity of the structuring 

of ~1.7 μm.  

To understand the effect of the rastering speed, U, of the laser beam on the energy deposited 

on the specimen surface, two process variables were introduced: (a) the number of equivalent 

pulses, NP, and (b) the accumulated fluence on specimen surface, FA. NP represents the number of 

pulses that a local area is exposed, NEP(𝑈𝑈) = db·fL
U

. FA represents the total incident laser energy that 

a local area would be exposed from the total NP pulses striking it as the laser beam is scanned over 

it, as FA=NP F1, where the fluence of each shot is F1. The specimen labels, number of equivalent 

pulses, NEP, and the accumulated fluence on specimen surface, FA, are given in Table 3.1 and 

Table 3.2 for all of the laser structuring conditions considered in this study. As the raster speed is 

increased, the surface is exposed to a smaller number of shots and smaller accumulated fluences. 
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Among all of these various processing methods and parameters, there were 18 different 

processing conditions. For each condition, two different specimens were processed resulting a total 

of 36 processed specimens. The detailed process parameters with specimen labels are shown in 

Table 3.1 and Table 3.2 for the spot-by-spot and raster methods, respectively. 

 

Table 3.1. Laser processing parameters using for the spot-by-spot method  
(average power 3.5 W). 

Case No. Spot size 
(mm) 

Number of pulses 
per spot, NP 

FA  
[J/cm2] Figure 

1 4 2 5.570 5 (a) 

2 4 4 11.14 5 (b) 

3 4 6 16.71 5 (c) 

4 4 8 22.28 5 (d) 

5 4 10 27.85 5 (e) 

6 4 12 33.42 5 (f) 

7 5 2 3.56 6 (a) 

8 5 4 7.13 6 (b) 

9 5 6 10.69 6 (c) 

10 5 8 14.25 6 (d) 

11 5 10 17.82 6 (e) 

12 5 12 21.38 6 (f) 

* FA=NP·F1 for spot-by-spot 
 

Table 3.2. Laser processing parameters for the laser raster method (average power 3.5 W). 

Case No. Spot size 
(mm) 

Raster speed 
(mm/s) NEP FA  

[J/cm2] Figure 

13 5 2 26 44.55 7 (a) 

14 5 4 13 22.28 7 (b) 

15 5 6 8 14.85 7 (c) 

16 5 8 6 11.14 7 (d) 

17 5 10 5 8.91 7 (e) 

18 5 12 4 7.42 7 (f) 
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As shown from the images of the processed samples in Figure 3.2, the processed area has a 

visibly different reflective color and roughness compared to the original surface. The edge of each 

spot can be clearly identified. Note that the edges of the spots overlap by design in order to 

eliminate unprocessed areas between the spots. Compared to the 5 mm spots, which blend together 

in color over the processed area, the 4 mm spot edges had changed to a dark color, even for the 

lowest two pulses per spot. This indicates that the energy per pulse is sufficiently high that the Cu 

reacted with the oxygen in the air while processing. This became more obvious with higher number 

of pulses per spot. This indicates that the energy density for the 4 mm spot size was too high, and 

subsequent surface structuring using the laser raster method only considered 5 mm spot sizes.  

 

(a)  

(b)  

Figure 3.2. Photographs of the laser-processed area on copper using the spot-by-spot method 
with laser spot sizes of: (a) 4 mm and (b) 5 mm. The photos were taken immediately after 

processing. The label numbers correspond to conditions shown in Table 3.1. 

3.2.3 Analysis of Surface Topology Periodicity Induced by Laser-Interference 

The theoretical optical periodicity value of 1.7 µm is slightly lower than that of ~2 µm, 

which was estimated for Cu by Lasagni et al., (2007) for a 10 ns laser pulse based on thermal 

diffusion length considerations. The minimum periodicity of the structuring, 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚, can be crudely 

estimated to be 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚~2 𝐿𝐿𝑡𝑡ℎ , where the thermal diffusion length, 𝐿𝐿𝑡𝑡ℎ, a measure of the heating 
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localization, can be estimated using the time-scale given by the pulse duration (𝜏𝜏𝑝𝑝) and thermal 

diffusivity (α), as 𝐿𝐿𝑡𝑡ℎ = �𝛼𝛼𝜏𝜏𝑝𝑝. For an 8 ns pulse of energy and thermal diffusivities of 𝛼𝛼~11.2, 

10, 9, and 8 ×10-5 m2/s that were measured for electrolytic Cu at 400, 600, 900, and 1222 K 

(Kobayasi, and Kumada, 1968), the 𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 was estimated to be 1.9, 1.8, 1.7, and 1.6 μm, respectively. 

Thus, for the optics used, the periodicity selected in this study (~1.7 μm) is very close to the 

estimated minimum value based on thermal diffusion length. In addition, smaller values of 

maximum attainable structuring depths, 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚, are expected for smaller periodicities.   

Concerning the laser fluence effect on the laser-interference induced structuring, the 

following considerations can be made. Based on the data in Lasagni et al. (2007) for single pulse 

experiments on Cu at periodicities of 3.51 µm, the structuring would be evident, although at very 

small depths (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚) for laser fluences of 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚~1.7 J/cm2 per pulse compared to the full structure 

depths (𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 ) that would be attained at ~ 2.7 J/cm2 per pulse. To quantify the structuring 

effectiveness, Sabau et al. (2020) introduced a threshold fluence, 𝐹𝐹𝑡𝑡ℎ , for which the structure depth 

would be approximately half that of the maximum, or 𝑑𝑑~0.5𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 . For 𝐹𝐹1 ≥ 𝐹𝐹𝑡𝑡ℎ , ‘effective’ 

structuring characterized as 0.5𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑑𝑑 ≤ 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 would be attained. At p=3.51 µm, the threshold 

𝐹𝐹𝑡𝑡ℎ  is ~2.15 J/cm2 as summarized in Table 3.3. We note that the Cu surfaces used by Lasagni et 

al. (2007) were ground and polished with diamond suspensions while the Cu surfaces used in this 

study were cold-rolled. For aluminum, D’Alessandria et al. (2008) found that the interference 

structuring was attained at lower fluences for relatively rougher surfaces and larger periodicities. 

Using the trends in data for Al from D’Alessandria et al., both the 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐹𝐹𝑡𝑡ℎ  may be considered 

to shift from 1.7 and 2.7 J/cm2 for polished Cu surfaces to 1.3 and 1.72 J/cm2 for rough Cu surfaces. 

This was explained by the intrinsic smaller reflectivity for rougher surfaces than that for the 

polished surfaces. In this work, two laser fluences of F1 = 1.782 and 2.785 J/cm2 per pulse were 

used by varying the laser spot size (db = 5 and 4 mm, respectively) while keeping the same average 

power of 3.5 W. In summary, considering these threshold fluences for polished surfaces, roughness 

effect, and the small periodicity selected (~1.7 μm), the use of the F1 = 1.782 and 2.785 J/cm2 per 

pulse seem to cover two possible laser-interference structuring domains, namely, the former with 

minor structuring and the latter with effective structuring. However, the quality of the structuring 

is expected to be affected by the small periodicity selected.   
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Table 3.3.  Survey of surface topology features for single pulse laser-interference processing of 
pure Al and Cu.  

pexp 
[µm] 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 
[µm] 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 
[J/cm2] 

𝐹𝐹𝑡𝑡ℎ  
[J/cm2] 

Metal 
Surface 

condition 
Reference 

2.2 0.7 0.9 1.2 Al rough 

D’Alessandria et al., 
(2008) 

3.4 1.4 0.97 1.37 Al rough 

3.4 1.45 1.42 1.75 Al polished 

4.5 1.5 0.8 0.9 Al rough 

4.7 1.3 1.5 1.68 Al polished Lasagni et al., (2007)  

3.5 1.4 1.7 2.7 Cu polished Lasagni et al., (2007)  
*𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 indicates the minimum fluence for which data is reported 

3.2.4 SEM Characterization of Surface Topology for As-Received, Unprocessed Specimen 

A HITACHI S-4800 scanning electron microscope featuring a maximum resolution of 1.0 

nm and a variable acceleration voltage of 0.5 – 30 kV was used. All of the images shown in this 

study used a 20 kV acceleration voltage and five different magnifications were used (300×, 500×, 

1000×, 2000× and 5000×). SEM micrographs for the as-received surface are shown at different 

magnifications in Figure 3.3. The as-received surface exhibits horizontal rolling marks, many 

micro-cracks throughout the surface, and other surface defects. Even at a very high magnification 

at 5000×, the surface appears quite flat.
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Figure 3.3. SEM micrographs of the as-received unprocessed copper surface at different 
magnifications: (a) 300×, (b) 500×, (c) 1000×, (d) 2000×, (e) 5000×. 
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3.2.5 SEM Characterization of Surface Topology for Spot-by-Spot Technique 

Figure 3.4 and Figure 3.5 show the SEM images at 2000× magnification for the laser-

interference-processed surface using the spot-by-spot method with 4 mm and 5 mm laser spot sizes, 

respectively. For the case of a 4 mm spot size, two pulses per spot already provided enough energy 

to form the finger-like protrusions, filament/network-like patterns that are evidence of widespread 

melting (Figure 3.4a). These types of filament/network-like topologies are a result of melting not 

only at the interference maxima but also at the interference minima. It is likely that the interference 

profile had a role to play in the formation this type of fingering. In Table 3.4, an attempt was made 

to describe qualitatively the surface topology, by indicating the density of geometrical features 

(i.e., protrusions), their height, and their characteristic size. Further increasing the number of pulses 

seems to alter the type of the net-like geometrical features (Table 3.4). Larger surface areas are 

considered to be more beneficial for bonding. Large surface areas would result from taller features 

and higher density of features per unit surface area. The height and density of these melt-induced 

features appear to be maximized for 2 and 6 shots per spot. For these cases, the accumulated 

fluences on specimen surfaces were 3.56 J/cm2 and 7.13 J/cm2, respectively. The height and 

density of these melt-induced features seems to be minimized for specimens with 10 and 12 shots 

per spot. 
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Figure 3.4. SEM micrographs (2000×) of the laser-interference-processed area using the spot-by-
spot method with a 4 mm spot size on copper. Each frame shows a different number of pulses 

per spot: (a) 2, (b) 4, (c) 6, (d) 8, (e) 10, (f) 12.
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Table 3.4. Topology variation for spot-by-spot laser processing with 4 mm spot size. 

Case 
No. 

NP Topology description Protrusion 
size [µm] 

Feature 
density 

Feature 
height 

1 2 Network protrusions 2 Medium  Medium 

2 4 Flatter, thick network 3.5 Very low Very small 

3 6 Upward protrusions 2.5 Very high Very high 

4 8 Flatter, thick protrusions 3 Very low Medium 

5 10 Flat, thin protrusions 1.7 High Very small 

6 12 Flat protrusions 2.2-4.5 High to low Very small 

 

The surface topology is shown in Figure 3.5 for the 5 mm spot size cases. For 5 mm spot 

size and 2 pulses per spot (Figure 3.5a), surface topologies seem to be similar to those observed 

for the case with the 4 mm spot size and 2 pulses per shot (Figure 3.4a). When 4 pulses per spot 

are used (Figure 3.5b), melt rings and microcrater-like features appear. Further increasing the 

number of pulses does not appear to alter the characteristic size of geometrical features (Table 3.5), 

which in average was ∼1.6 µm for all conditions, while for the 4 mm spot size, larger features were 

observed, as large as 4.5 µm. In general, fewer finger-like protrusions are evidenced for the 5 mm 

spot size than for the 4 mm beam size specimens (e.g., Figure 3.5a, 3.5d versus Figure 3.4a, 3.4c, 

and 3.4d) such that the net-like surface topology characterizes the 5 mm spot processing. Also, the 

density of geometrical features, e.g., protrusions, does not seem to vary with the number of pulses 

per spot, while a wider range of variation was observed for the 4 mm beam size specimens. For 

the 5 mm spot size, the surface is flatter for 10 and 12 pulses per spot than for all the other 

conditions. 
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Figure 3.5. SEM micrographs (2000×) of the laser-interference-processed area using the spot-by-
spot method with a 5 mm spot size on copper. Each frame shows a different number of pulses 

per spot: (a) 2, (b) 4, (c) 6, (d) 8, (e) 10, (f) 12.
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Table 3.5. Topology variation for spot-by-spot laser-interference processing with 5 mm spot size. 

Case 
No. 

NP Topology description Protrusion 
size [µm] 

Feature 
density 

Feature 
height 

1 2 Network protrusions 2 Medium High 

2 4 Network protrusions &   
Melt rings 

1.2-1.7 High High 

3 6 Flatter, network protrusions 
& Melt rings 

1.5 Medium Small 

4 8 Network protrusions 1.5 Medium Medium to 
Small 

5 10 Flatter, thin protrusions 1.5 Medium Small 

6 12 Flatter, thin protrusions 1.7 Medium Small 
 

Since the expected periodicity was not attained, it is important to investigate what type of 

surface topology would be attained without laser interference, i.e., using only the main laser beam 

only without splitting it. The surface topology for specimens processed without laser interference, 

is presented next section for similar laser parameters to those for which the surface topology is 

discussed in this Section. The data shows that the laser-interference yields surface topologies with 

finer protrusions and more uniform surface topologies than processing without laser-interference 

(Section 3.2.6). 

For the sake of completion, a montage with SEM micrographs taken at similar 

magnifications as those for the as-received specimen (Figure 3.3) was assembled for one laser-

processed specimen with 4 mm spot size and 2 pulses per spot in Figure 3.6. At higher 

magnification as shown in Figure 3.6d and 6e, the filament web diameter size was measured to be 

~2 μm.
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Figure 3.6. SEM micrographs of the laser interference processed Cu surface (spot-by-spot 
method) with a 4 mm spot size and 2 pulses per spot at different magnifications: (a) 300×, (b) 

500×, (c) 1000×, (d) 2000×, (e) 5000×. 
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3.2.6 SEM Characterization of Surface Topology for Spot-by-Spot Specimens Without 
Interference 

The surface topology for specimens processed without laser interference, i.e., using only the 

main laser beam only without splitting it, is presented in this section. The surface topology is 

shown in Figure 3.7 and Figure 3.8 for specimens processed with the same 5 mm spot size as for 

those processed with laser interference as shown in Figure 3.5. The surface topology features are 

summarized in Table 3.6. For 2, 4, and 6 pulses per spot (Figure 3.7a, b, and c), the surface 

topologies are quite different than those with the laser interference (Figure 3.5 a, b, and c), 

exhibiting large flat areas without protrusions. The rolling direction is evident through vertical 

striations in Figure 3.7a and b. Consequently, the feature height and protrusion size exhibit a wide 

range of variation for each specimen. Overall, these 2, 4, and 6 pulses per spot specimens were 

found to exhibit thicker protrusions than the corresponding laser interference cases. 

Concerning the appearance of the ‘less-affected’ flat areas, the following considerations can 

be made. First, the SEM images were taken from the laser spot center, which is a similar location 

to those for the laser interference specimens. Second, as mentioned in Sabau et al. (2016) for Al, 

the (non)uniformity of the lubrication films from prior rolling operations would affect the overall 

energy available locally for the laser surface treatment, the local temperature evolution during laser 

surface treatment, and ensuing melting. Third, the magnitude of the local laser heat flux in the 

interference maxima is exactly twice than that of the one-beam setup, providing more energy for 

the local melting than that for the one-beam interference-less processing. Thus, more melting is 

expected for the laser interference processing than for the traditional one-beam laser processing.  

For 8, 10, and 12 pulses per spot (Figure 3.8a, b, and c), surface topologies for one-beam 

processing seem different than those with the laser interference processing (Figure 3.5 d, e, and f), 

exhibiting areas with small protrusion sizes (e.g., 1.2 to 1.7 µm) and areas with large protrusion 

sizes (e.g., 2.5 to 3 µm). The less-affected areas seen for processing with lower number of pulses 

are not present for the processing with a larger number of pulses. However, for 8 and 10 pulses 

per spot, the feature density exhibits a variation between regions with medium feature density and 

flatter, less dense regions. The variation in the surface topology is minimum for the 12 pulses per 

spot condition among all the one-beam laser specimens, making the result of this processing 

condition the closest to the laser-interference conditions. However, the surface topologies for the 

12 pulses per spot, with and without laser interference, still remain quite different. Based on the 
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data presented in this Appendix for one-beam (without laser interference) processing and 

corresponding data presented in Section 3.2.5 for the laser interference processing at a periodicity 

of 1.7 µm, which is close that estimated based the thermal diffusion lengthscales, it can be 

concluded that although the laser interference at this small periodicity does not realize the expected 

periodic structuring, it yields surface topologies with finer protrusions and more uniform surface 

topologies.  

 

 

Figure 3.7. SEM micrographs for one-beam laser processed Cu specimens using the spot-by-spot 
method with a 5 mm spot size for number of pulses per spot of: (a) 2, (b) 4, and (c) 6.
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Figure 3.8. SEM micrographs for one-beam laser processed Cu specimens using the spot-by-spot 
method with a 5 mm spot size for number of pulses per spot of: (a) 8, (b) 10, and (c) 12.
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Table 3.6. Topology variation for one-beam laser processed Cu specimens with 5 mm spot size. 

Case 
No. 

NP Topology description Protrusion 
size [µm] 

Feature 
density 

Feature 
height 

1 2 Incomplete melting;    
Network protrusions 

0-1.9 None to 
Medium 

None to High 

2 4 Incomplete melting;      
Thick Network protrusions 

0-2.3 None to 
Medium 

Very small to 
Medium 

3 6 Flatter, network protrusions 
& Melt rings 

0-2 None to 
Medium 

Very Small to 
High 

4 8 Flatter, medium & thick 
protrusions 

1.3-3 Small to 
Medium 

Medium to 
Small 

5 10 Flatter, thin & thick 
protrusions 

1.2-2.5 Small to 
Medium 

Small 

6 12 Flatter, thin protrusions 1.7-2.5 Medium High 

3.2.7 SEM Characterization of Surface Topology for Raster Technique   

After spot-by-spot processing, the laser raster processing was conducted for only the 5 mm 

laser spot size. Six different raster speeds were used: 2, 4, 6, 8, 10, and 12 mm/s. In the raster 

method, a higher speed decreases the overall input energy. The resulting surface topologies are 

shown in Figure 3.9 at a SEM magnification of 2000×. At lower raster speeds of 2 and 4 mm/s 

(Figure 3.9a, Figure 3.9b) the raster method was found to yield similar surface topologies to those 

from the spot-by-spot method. In Figure 3.9a, for the lowest speed, the net-like structure can be 

found in the left side of the SEM with a flatter uniform right side. Crater-like features are evidenced 

for the 4 mm/s case (Figure 3.9b), similar to those for the 4/6 pulses per spot for the spot-by-spot 

processing (Figure 3.6b, Figure 3.6c). As the raster speed is increased from 6 mm/s to 12 mm/s 

(Figure 3.9c through Figure 3.9f), the surface topology becomes less regular. A summary of 

surface topologies for the raster technique is presented in Table 3.7. In general, the surface 

topology appears to be flatter than that for spot-by-spot method with thinner net-like protrusions 

sticking out of the surface.
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Figure 3.9. SEM images (2000× magnification) of the laser-interference-processed area using the 
laser raster method with a 5 mm spot size on copper. Each frame shows a different raster speed 

(mm/s): (a) 2, (b) 4, (c) 6, (d) 8, (e) 10, (f) 12.
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Table 3.7. Topology variation for the raster laser processing with 5 mm spot size. 

Case 
No. 

U 
[mm/s] 

Topology description Protrusion 
size [µm] 

Feature 
density 

Feature 
height 

1 2 Network protrusions 1.2 Medium Medium 

2 4 Network protrusions & 
Small melt rings 

2 Medium Small 

3 6 Flatter, network protrusions 
& large melt rings 

1.5 Medium Small/Medium 

4 8 Flatter, Network protrusions 1.2-1.5 Low Small/Medium 

5 10 Flatter, thicker protrusions 1.5-2 Low Small/Medium 

6 12 Deeper, thin protrusions 1.5 Medium High 

3.2.8 Surface Profile 

A Wyko NT 9100 optical profiling system was used to acquire the surface profile data at a 

magnification of 50×. The area chosen for surface profiling was located near the spot center for 

spot-by-spot processing and near the centerline of a laser scan for the raster processing. The 

average roughness, or arithmetical mean deviation of the roughness profile, Ra, was calculated 

from the profile measurements. Ra was calculated by averaging the absolute height variation within 

the sampling area by excluding a few outlying points so that the extreme points have no significant 

impact on the final results. Figure 3.10a shows one surface profile for the original surface, in the 

as-received, unprocessed condition. In the surface profile, grooves from the prior rolling operation 

are present without any other patterns. The surface profile for the spot-by-spot laser-processed 

specimen, for which the SEM micrographs were shown at different magnifications in Figure 3.4, 

is shown in Figure 3.10b. The surface profile appears to be much rougher than that for the as-

received condition. The surface profile for two raster processed specimens were shown in Figure 

3.10c and 8d. The Ra was estimated to be 183, 394, 340, and 364 nm, respectively. Basically, Ra 

was doubled by laser processing.  A chemical analysis to assess the surface contamination was not 

conducted in this study as this effect is very well documented in the literature for a single laser 

beam (Hernandez, Alfano and Lubineau, 2016) as well as laser-interference (Meyer and Sabau, 

2007; Sabau and Meyer 2020). 



 
 

81 

(a)  

(b)  

Figure 3.10. 3D surface profile at 50× magnification for: (a) as-received, unprocessed specimen 
and (b, c, d) laser interference processed Cu with 4 mm spot size: (b) spot-by-spot, 2 pulses, (c) 

raster, 2 mm/s and (d) raster, 4 mm/s.



 
 

82 

Figure 3.10 continued 

(c)  

(d)  

3.3 Joint Strength Evaluation 

In this section, single lap shear joints were made and tested using both a traditional 

mechanical/chemical surface preparation method and laser interference structuring, to study the 

bonding strength. The raster processing method was selected to prepare surfaces for joining. The 

raster method was selected based on several considerations.  First, compared with the spot-by-spot 

method as shown in Figure 3.5 and Figure 3.6, the laser raster method resulted in net-shape 

structures that had a smaller height and finer length scale. Second, the laser raster method is faster 
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than the spot-by-spot method.  For an industrial application, the two techniques would be actually 

merged by using: (a) a laser fluence (i.e., laser spot size) that would ensure appropriate texturing 

in one pulse and (b) a raster speed that would move the beam adjacent the prior spot for the next 

pulse.  

3.3.1 Experimental Setup 

In this section, single lap shear joints were made and tested using both a traditional 

mechanical/chemical surface preparation method and laser interference structuring, to study the 

bonding strength. The raster processing method was selected to prepare surfaces for joining. The 

raster method was selected based on several considerations. First, compared with the spot-by-spot 

method as shown in Figure 3.5 and Figure 3.6, the laser raster method resulted in net-shape 

structures that had a smaller height and finer length scale. Second, the laser raster method is faster 

than the spot-by-spot method.  For an industrial application, the two techniques would be actually 

merged by using: (a) a laser fluence (i.e., laser spot size) that would ensure appropriate texturing 

in one pulse and (b) a raster speed that would move the beam adjacent the prior spot for the next 

pulse.  

For baseline joints, a traditional mechanical/chemical surface preparation method 

recommended by the adhesive manufacture was applied. The Cu surfaces were first wiped clean 

with by IPA, followed by sanding using 220 grit sandpaper. After sanding, the surfaces were 

cleaned using IPA again. For the laser structured joints, the Cu surfaces were processed using the 

interference technique in as-received condition, i.e., without any solvent wiping. After the surface 

preparation, specimens were stored in plastic cases (under ambient conditions) and bonded within 

48 hours of the structuring. The laser-structured surfaces were not in direct contact with any other 

surfaces at any time to minimize airborne contamination.  

As analyzed in Section 3.2.7, the laser raster method using a 5 mm spot size beam was 

selected. Considering the range of surface profiles attained the 6 mm/s and 12 mm/s raster speeds 

were selected to ensure distinct characteristic between each sample. All of the other laser 

parameters were kept the same as those in the surface characterization study. Three specimens 

were prepared for the mechanical/chemical surface preparation baseline and four specimens were 

prepared for each laser raster condition.  
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The single lap shear joints were bonded with specially designed fixture according to the 

ASTM D1002-10 standard. The Cu specimens were all cut into 25.4 mm (1 in.) × 95.25 mm (3.75 

in.) sizes from the same 110 copper sheet having 1.65 mm (0.065 in.) thickness. The bonding 

overlap length was controlled to 12.7 mm (0.5 in.) as shown in Figure 3.11. Two specimens were 

bonded using a toughened, two-part epoxy structural adhesive (3MTM Scotch-WeldTM Epoxy 

Adhesive DP420). The adhesive bond line thickness was controlled to 0.12 mm, as recommended 

by the manufacturer, by laying down two fishing lines with a given diameter. The specimen 

alignment and overlap length were assured by the bonding fixture. The fixture has the capacity to 

bond eight joint samples at the same time. The first specimen was put in one side of the fixture as 

shown in Figure 3.12a. Adhesive was evenly distributed on the bonding surface with the dispenser 

specified by the adhesive manufacturer. A picture of the specimens with adhesive on top is shown 

in Figure 3.12b. Extra spacers were used to keep the two bonding surfaces parallel to each other. 

With the spacers in place, specimens were put into the other side of the fixture as shown in Figure 

3.12c. These second specimens were then compressed firmly onto the adhesive using the 

aluminum bars on top of each sample with tightening bolts. The whole fixture with samples in 

place, as shown in Figure 3.12d, was then left at room temperature for 24 hours for curing. The 

overlap area was approximately 25.4 mm (1 in.) by 12.7 mm (0.5 in.), following the ASTM D1002-

10 standard, to ensure the specimens can be pulled apart without breaking the Cu adherents.  

 

 

Figure 3.11. Schematic figure for the single lap shear joints. 
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(a) (b)  

(c) (d)  

Figure 3.12. Photographs showing the single lap shear join bonding process and fixture: (a) 
specimens place on one side of the fixture; (b) adhesive applied on the bonding area; (c) 

specimens placed on the other side of the fixture; (d) tightened bolts press the two specimens 
firmly onto each other. 

3.3.2  Single-Lap Shear Strength Results 

In this section, the results of the adhesive joint shear strength are analyzed and discussed. 

The failure mechanism can be identified by inspecting the adhesive and adherent surfaces in the 

overlapping region. Selected photographs of these interfaces are shown in Figure 3.13. For the 

cases shown in Figure 3.13a, most of the adhesive was found attached to one of adherent, while 

the other adherent had little trace of the adhesive. This indicates that an adhesive failure occurred 

at the interface between the adherent and adhesive, as opposed to a cohesive failure inside the 

adhesive material itself. In Figure 3.13b, adhesive remnants can be found on both adherents; 

however, if matched back together, it is clear that the adhesive left on both surfaces have a small 

overlapping region. The overlapping fracture layer can be seen as the lighter gray regions outlined 

in red in the bottom image. This indicates a mixed failure of the adhesive, with peeling of the 

adherents during the test. These adhesive and mixed failure mechanisms are not common for 

toughened epoxy adhesive and are attributed to the nature of the single lap joint test. Although the 
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specimens were cut from the same material lot and carefully aligned along the tester axis to reduce 

the eccentricity of the load path, the high shear force needed to pull apart the specimens still caused 

out-of-plane bending moments.  

 

 
 

Figure 3.13. Selected photographs of the overlapping bonding area after single lap shear testing. 
Each top and bottom pair of images correspond to the same bonded specimen: (a) A2 baseline 
specimen; mixed failure, (b) C3 (12 mm/s) adhesive failure; and (c) C4 (12 mm/s) adhesive 

failure.  

 

The maximum loading force for single lap shear joints is affected by several factors 

including the surface preparation method, adhesive thickness, and joints geometry. In the 

experiments, the adhesive thickness was precisely controlled to be the same for all samples (0.12 

mm). In order to isolate the effect of different surface preparation methods, the influence of the 

bonded area of the joint is reduced by comparing the joint shear lap strength, which is estimated 

by dividing the maximum load by the overlap bonding area (overlap length times the  specimen 

width). The specimen width was uniform at 25.4 mm (1 in.), but due to slight variation in the 

cutting operation, the overlap length varied.  

The load-displacement curves are shown for several specimens in Figure 3.14. For the 

baseline specimen, the variation of the load versus displacement curve near the failure point is 

characteristic of a brittle fracture at failure; for the laser-structured specimens, a ductile fracture is 

observed, i.e., failure point after a slow decrease in the load rate. These data indicate that the laser-

structured joints are more ductile than those without laser-structuring. The increased ductility of 

the laser-structured joints indicates an enhanced bonding of the adhesive to the Cu adherents. The 

energy absorbed by the joint during the deformation testing, which is proportional to the area under 

the load versus displacement curve, is another parameter that can be used to quantify the joint 
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performance. The energy absorbed during the tensile pull was calculated for the data shown in 

Figure 3.14 to be 2.02, 3.71, and 3.89 Joules for the baseline joint and laser-structured joints with 

6 mm/s and 12 mm/s, respectively. Thus, the absorbed energy during shear-lap testing of laser-

structured joints was approximately 1.8 to 1.9× than that for the baseline specimen, i.e., an increase 

by approximately 80-90% over those measured for baseline joints. 

 

(a)  

(b)  

Figure 3.14. Load versus displacement variation during single-lap shear testing for (a): baseline 
specimen A3 and (b) laser-structured specimens B4 and C1 (6 and 12 mm/s raster speed, 

respectively). 
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The results of the tensile shear testing are shown in Table 3.8. The results for specimen C4 

exhibit a significant lower maximum loading, shear stress, and maximum displacement than the 

other samples.   

 

Table 3.8. Geometry, maximum loading, maximum shear stress, and displacement at maximum 
loading for the laser-structured (raster method) and baseline specimens (A: Baseline: B: 6 mm/s; 

C: 12 mm/s; D: 2 mm/s;). 

Specimen 
label 

(condition) 

Overlap 
Length 
[mm] 

Overlap 
Area 

[mm2] 
Max 

Load [N] 
Shear-lap 

Stress [MPa] 
Disp. at 

Max Load 
[mm] 

*Surface 
topology 

A1 (base) 13.7 347.5 4981 14.34 0.26 
Flatter, typical 

to rolling 
operations 

A2 (base) 14.9 379.5 6629 17.47 0.39 

A3 (base) 16.0 407.4 7751 19.02 0.50 

B1 (6 mm/s) 16.0 406.2 7969 19.62 0.53 

Network, 
medium density, 
large melt rings 

B2 (6 mm/s) 16.0 400.1 8194 20.49 0.51 

B3 (6 mm/s) 16.1 409.2 8263 20.19 0.51 

B4 (6 mm/s) 15.9 403.6 8453 20.94 0.63 

C1 (12 mm/s) 16.1 401.1 8563 21.34 0.80 

Thin protrusions 
with medium 

density 

C2 (12 mm/s) 17.1 435.1 9262 21.29 0.63 

C3 (12 mm/s) 17.0 431.6 9201 21.32 0.65 

C4 (12 mm/s) 16.1 409.7 4852 11.84 0.36 

*Topology characterization from Table 3.7. 

 

The shear strength and displacement at maximum loading for the rest of the specimens have 

a clear trend that can be seen in Figure 3.15. The strength and displacement at maximum load are 

both increased for the laser-structured samples compared to those surfaces prepared by traditional 

methods.  

The statistics metrics were evaluated using the shear-lap testing data for all the specimens, 

which is shown in Table 3.8, and shown in Table 3.9. As shown in Table 3.9, compared with the 

traditional method, surface preparation with a laser raster at 6 mm/s was found to increase the 

shear strength and displacement at maximum loading by 11% and 25%, respectively. At 12 mm/s, 

the increases in the shear strength and displacement at maximum loading were 17% and 44%, 
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respectively. These shear-lap testing results indicate that the laser structuring with 12 mm/s yields 

better shear-lap joints than the laser structuring with 6 mm/s. As shown in the remainder of this 

paragraph, this finding is in good agreement with the mechanical interlocking and adhesion 

expected for the surface morphology that was for these conditions.  Basically, the 12 mm/s laser 

processing was shown to yield increased protrusion heights than those with the 6 mm/s, at similar 

protrusion feature density (Figure 3.9c, Figure 3.9f, and Table 3.7). Thus, a larger surface area is 

expected for the 12 mm/s processing than for the 6 mm/s processing. In turn, increased surface 

areas would enhance the mechanical interlocking and adhesion, yielding higher shear strengths. 

However, detailed explanation for the higher raster speed causing a larger enhancement shown in 

Table 3.9 needs further testing and surface characterization, such as XPS and wettability tests, to 

understand and quantify these factors. 

 

 

Figure 3.15. Shear strength (left) and displacement at maximum loading (right) for the laser-
structured specimens and baseline (A: Baseline; B: 6 mm/s; C: 12 mm/s). 

 

Table 3.9. Statistics and percentage increase in the maximum shear stress and maximum 
displacement for the laser-structured specimens with respect to the baseline.  

Methods 
Maximum 

Shear Stress 
[MPa] 

Std. 
Deviation 

[MPa] 

Increase 
[%] 

Disp. at 
Max 

Loading 
[mm] 

Std. 
Deviation 

[mm] 

Increase 
[%] 

Baseline 18.25 1.10 N/A 0.45 0.078 N/A 

Laser: 6 mm/s 20.25 0.66 11.0 0.56 0.064 25.1 

Laser: 12 mm/s 21.30 0.02 16.8 0.64 0.014 43.8 
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3.4 Conclusions and Discussions 

In this study, laser-interference structuring near the interference limit imposed by the 

localized energy transport is evaluated as a surface preparation technique for adhesive bonding of 

copper. A nanosecond pulsed Nd:YAG laser was operated at 355 nm wavelength and laser fluences 

of F1 = 1.782 and 2.785 J/cm2 per pulse. The optical setup considered would enable a structuring 

periodicity of 1.7 µm, which is near the 1.6-2 µm structuring limit that was estimated based on 

thermal diffusion lengthscale for an 8 ns laser pulse. 

The surface topology of Cu formed using spot-by-spot and laser raster methods were 

characterized using SEM and profilometry. The SEM micrographs showed that the surface 

topology of laser-processed specimens is characterized by finger-like protrusions, and 

filament/network-like patterns that evidence widespread melting. The characteristic size of the 

melt patterning, namely its height and feature density, varies with the laser conditions. These types 

of filament/network-like topologies are a result of melting not only at the interference maxima but 

also at the interference minima. Although the expected periodic interference structuring was not 

attained, SEM micrographs for specimens processed without laser interference indicate that the 

melt-induced texturing was affected by the interference processing. 

Larger surface areas are considered to be more beneficial for bonding. Large surface areas 

would result from taller features and higher density of features per unit surface area. The height 

and density of these melt-induced features appear to be maximized for 2 and 6 pulses per spot. For 

these cases, the accumulated fluences on specimen surfaces were 3.56 J/cm2 and 7.13 J/cm2, 

respectively. In general, the surface topology appears to be flatter than that for spot-by-spot method 

with thinner net-like protrusions sticking out of the surface. The height and density of these melt-

induced features were maximized for the 12 mm/s raster processing (accumulated fluence of and 

7.42 J/cm2). This finding for the raster method is consistent with fact that the surface topology 

features were maximized for a similar accumulated fluence (7.42 J/cm2) to that for the spot-by-

spot condition (7.13 J/cm2). 

Joints were adhesively bonded using laser-structured specimens. Baseline joints were 

prepared by abrading joining specimens. Single lap shear tests were performed for the laser-

structured specimens for two raster conditions and abraded specimens. The shear-lap testing 

indicated significant bonding enhancement compared with a baseline preparation method. The 

highest raster speed yielded the best bonding performance within the test conditions investigated. 
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The shear stress and displacement at maximum loading, at a raster speed of 12 mm/s, were 

increased by 16.8% and 43.8%, respectively over those measured for the specimens prepared by 

the baseline method. The load-displacement curves indicate that the laser-structured joints are 

more ductile than those without laser-structuring. The energy absorbed by the joint during the 

deformation testing, which is proportional to the area under the load versus displacement curve, 

was found to increase by approximately 80-90% over those measured for baseline joints. The 

increase ductility for the laser-structured joints is another indicator of enhanced adhesive bonding. 

Future efforts should be focused on investigating the joining performance with laser interference-

induced surface topology, at a target periodicity larger than 2 µm.  
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4. FATIGUE AND RELIABILITY ANALYSIS 

This chapter focuses on experimental investigation of the potential fatigue failure that may 

happen over the long term. The adhesive joints will go through various pressure and temperature 

conditions within the usage life. Vibration will also play an important role in fatigue failure. 

Experimental designs for both temperature/pressure fatigue and vibration fatigue will be 

introduced in detail. Two test stands are designed and built to study the fatigue resistance for 

adhesive joints. 

4.1 Introduction  

Fatigue in engineering is a loss of structural integrity over long-term operation under the 

influence of repeated or continuous application of stress. The stress can be caused by various 

factors like thermal stress, external loading, or vibration. Static loading and safety are often the 

focus; however, failure is frequently observed under repetitive loading at far smaller loads than 

those required to cause the static failure. Failure may occur suddenly after a long time in service, 

at which point many parts may simultaneously need an expensive remedy service. Studies in 

material behavior show that fatigue failure is common to most types of materials and it has been 

estimated that 80% of all engineering failures can be contributed to fatigue (Dowling, 1998). For 

adhesive joints in HVAC&R systems, the static stress in most of the tube-to-tube joints is not very 

high due to the nature of the structure (these joints serve a sealing function instead of a load-

bearing function). However, the temperature and pressure change along with the vibration of the 

system apply a continuously changing stress in the bonding area, which may cause fatigue failure 

even if the stress is much less than the critical static stress.  

4.2 Literature Review 

The earliest study of fatigue was in the 1850s with wide usage of steel on railway and steel 

ships and aluminum alloy aircraft. However, most of the studies were focused on metals and 

adhesive has more complicated analysis due to the heterogeneous system of adhesive itself. It is 

worth considering the source of the fatigue loading. As explained by Adams (2005), the stresses 

in an adhesive joint can be attributed to mechanical loads or to residual effects. The mechanical 
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loads are the forces that the joints need to withstand and usually are easy to calculate. Mechanical 

loads can be further divided into static loads, working load, vibratory loads, and accidental loads. 

The residual effects have more complicated sources including the different thermal expansion of 

adhesive and adherends (which is called thermal stresses) and the expansion of the adhesive as 

moisture is absorbed (which is called hygroscopic stresses). 

4.2.1 Mechanical Loads and Fatigue 

Experimental studies on adhesive joints focus on the fatigue strength and lifetime prediction 

based on several factors including geometric parameters, material parameters, loading conditions 

and manufacturing procedures.  

Different geometries can strongly influence the fatigue performance. Jen (2012) studied 

fatigue lifetime of adhesively bonded scarf joints with various different angles and indicted that 

the fatigue strength increases with scarf angle increasing. de Cista Mattos et al. (2012) performed 

experimental static and fatigue tests of epoxy adhesively bonded single lap joints (SLJ) for 

different bonding areas and found that fatigue lifetime of two joints with different adhesive areas 

can be correlated by a shape factor. Jen and Ko (2010) studied the adhesive dimensions using 

adhesively bonded aluminum SLJs and found that the fatigue resistance decreased as the overlap 

length increased with only one exemption of a 0.5 mm adhesive thickness. Melander et al. (1999) 

concluded that stiffness and fatigue strength are substantially affected by bond defects, based on 

testing a number of fatigue specimens with artificial bond defects. 

Bond-line thickness plays an important role in determining static and fatigue behavior of 

adhesively bonded joints. Studies show that for a specific joint type and application, it should be 

optimized to extend the lifetime. Azari et al. (2011a, 2011b) tested the fatigue and quasi-static 

fracture behavior of aluminum adhesively bonded joints with different bond-line thicknesses from 

0.13 mm to 0.79 mm. Double cantilever beam (DCB) samples with toughened epoxy adhesive 

showed that the fatigue threshold strain energy release rate decreased for very thin bond lines under 

mode I loading and hardly changed under mixed mode loading. Blanchard et al. (1996) tested a 

joint with small overlap area but thick substrate with different adhesive thickness and found the 

fatigue strength was strongly dependent on the strain rate and joint thickness.  

Material properties, especially for the modern adhesives with a large amount of plasticity, 

affect the fatigue behavior of adhesive joints significantly. The studies on material properties 
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usually involve simulation and modeling work. Kumar and Pandey (2011) computationally 

simulated the fatigue fracture by considering both geometrical and material nonlinearities and 

using elastoplastic material models. Markolefas and Papathanassiou (2009) evaluated stress 

redistribution under fatigue loading using a shear-lag model assuming a linear elastic behavior for 

substrate but an elastic-perfectly plastic adhesive model. Kumar and Pandey (2006) applied 

nonlinear finite element analysis to model the fatigue behavior of an SLJ with aluminum substrates. 

They took into account both material and geometric nonlinearities and using kinematic hardening 

modeling for adhesive, which accounts for cyclic plasticity. They found that the peel stress in the 

adhesive layer edge zone grew significantly with failure initiation.  

Loading conditions, including type, level, and frequency is another critical factor for 

determining the fatigue behavior of adhesive joints. Nolting at al. (2008) measured the fatigue 

failure and lifetime of aluminum double strap join (DSJ) and found that higher stress could cause 

adhesive bonding failure while lower stress resulted in substrate failure. Ishii et al. (1998, 1999) 

investigated butt, scarf, and thick substrate SLJs in order determine the fatigue failure criterion of 

adhesively bonded joints under multiaxial stress conditions. They found a similar conclusion as 

static loading failures, namely, that the fatigue limits were governed by the maximum principal 

stress except when negative hydrostatic pressure acts in the adhesive layer.  

Ursinus (2007) presented a study on cyclic fatigue of adhesively bonded glass fiber 

reinforced polymer (GFRP) tubes and found that the applied biaxial pipe stress ratio and the type 

of loading. Knox et al. (2000) carried out experimental tests on adhesively bonded composite pipe 

joints, inducing fatigue failure by subjecting the joints to an external mechanical loading. They 

compared the effect of pure axial fatigue loading and cyclic loading and concluded that former one 

was more detrimental to fatigue life due to the existence of internal pressure. Takiguchi and 

Yoshida (2007) conducted a large number of tensile experiments on an aluminum SLJ using a 

highly ductile acrylic adhesive to understand the effect of pre-strain and loading speed. 

Experimental results show that the pre-strain did not affect the fatigue life and increasing loading 

speed can increase the fatigue strength.  

Only a few studies can be found with respect to curing conditions, but it should also be 

considered as part of the manufacturing process. Yang et al. (2011) studied the effect of curing 

conditions including pressure, temperature, and time on the fatigue performance on carbon fiber 
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reinforced polymer composites (CFRP) and aluminum bonded joints and optimized the fatigue 

lifetime within the test range.  

4.2.2 Thermal Stress and Fatigue 

Thermal stress is created by changes in the temperature of a material. Temperature gradients, 

thermal expansion, or contraction and thermal shock can lead to thermal stresses. In adhesive joints, 

the different thermal expansion of adhesive and adherends is the main reason for the thermal stress. 

Thermal stress also contributes to the fatigue failure, especially when the joints undergo a 

temperature change. A review on fatigue in adhesively bonded joints by Wahab (2012) revealed 

that this topic has received limited attention in the literature, as very few studies can be found on 

thermal fatigue of adhesives. 

Banea and da Silva (2010) reported that adhesively bonded steel joints exposed to high 

temperature (tested at 80 ℃) have a decrease in strength by as much as ~30%. Gao et al. (2011) 

tested and simulated the fatigue lifetime of adhesive films in both hydrothermal aging and thermal 

cycling, and they found a decrease in fatigue life after longer aging times. As for the thermal 

cycling, they found that the fatigue life had an initial increase when going through increased 

thermal cycling, but this eventually decreased. Wu et al. (2016) investigated the effect of thermal 

exposure on the fatigue characteristics of the adhesive bonded aluminum joints. They found that 

the fatigue resistance decreased slightly in a high-cycle regime loaded at 40% of the maximum 

quasi-static strength (>10^6 cycles) and significantly degraded in a low-cycle regime loaded at 80% 

of the maximum quasi-static strength (~10^3-10^4 cycles); they argued that the reason for 

degradation was due to adhesive oxidation. 

4.2.3 Fatigue Testing in HVAC&R Systems 

In order to understand and evaluate the fatigue performance of adhesive joints, a test stand 

must simulate the joint working conditions of an HVAC&R system. In a review of the available 

standards, it is found that the specific requirement for adhesive joints in HVAC&R application is 

given by the ISO standard 14903 (ISO, 2017). Adhesive joints need to go through pressure, 

temperature, and vibration cycling tests to be qualified for use. As shown in Figure 4.1, the joint 

under test needs to be subjected to temperature/pressure swings for a certain number of cycles. 
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The pressure and temperature ranges are to be determined by the manufacturer or application 

requirements. In the cycling test, a 2-min dwell period should be maintained after reaching the 

designated maximum or minimum temperature. One complete cycle contains one heating and one 

cooling process and the complete test should contain 50 cycles. 

 

 

Figure 4.1. Pressure and temperature cycling (PTC) test example adapted from ISO 14903 
(2017). 

 

There have been a few pressure and temperature cycling test stands designed in the literature 

to evaluate refrigerant joints and fittings. Hourahan (1998) described separate test methods to 

evaluate the pressure and temperature cycling fatigue for refrigerant lines and fittings. The method 

for achieving thermal fatigue was to heat the pressurized sample to 132 ℃ and then quench to 4 

℃ in a water bath. It was observed that a total number of 62,000 cycles without failure could prove 

that the thermal fatigue failure was not an issue. Separate pressure fatigue cycling tests for rapid 

pressurization and depressurization of the test samples until failure under multiple stress levels 

were also described. Wilson and Bowers (2014) designed a test stand for accelerated fatigue testing 

that was used to evaluate the fatigue performance of flame-free refrigeration fittings. Two separate 

test stands were designed and built. The thermal shock test stand used a standard vapor 

compression cycle with a set of solenoid valves to split either hot high-pressure refrigerant or cold 

low-pressure refrigerant to the test section. The standard four-component vapor compression cycle 

contained a compressor, condenser, evaporator, and expansion device to provide the hot and code 
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refrigerant flow. In both the heating and cooling modes, the vapor compression cycle runs 

consistently without switching the condenser or evaporator. In order to control the temperature of 

the test section in the designed range, an additional heat exchanger was installed between the test 

section and the vapor compression cycle to provide extra heat transfer capacity for condensing the 

hot gas through the test section without using the condenser in the supporting vapor compression 

cycle. However, the additional heat exchanger brings challenges in system control and extra cost. 

The operating range of pressure and temperature are also limited by the hot and cold reservoirs.  

The same study by Wilson and Bowers (2014) also proposed a vibration test stand design 

shown in Figure 4.2. It had two tube supports with one support fixed and the other support 

oscillating vertically at an amplitude of +/- 3.0 mm. The oscillations are the result of a four bar 

mechanism coupled to a rotating motor with an eccentric shaft. 

 

 
Figure 4.2. Vibration test facility from Wilson and Bowers (2014) 

4.3 Proposed Adhesive U-joints for Testing 

This section introduces the U-joint geometry that is selected for the fatigue testing. The aim 

of the selection is to validate the usage of adhesive joints in the assembled state, in this case, U-

tube joints in the tube-and-fin heat exchanger, as shown in Figure 4.3. During the tube-and-fin heat 

exchanger manufacturing process, the copper tubes will be insert to the pre-made fin plates with 

openings at both ends. The U-shape joints will then be used to connect the tube ends to form a 

closed flow path for the refrigerants. There is usually a lot of U-joints needed for tube-and-fin heat 

exchangers and two tube to tube joints are required for a single U-joint, which makes this the most 

number of joints existing in HVAC&R systems (if using tube-and-fin heat exchangers). 
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Figure 4.3. Copper and aluminum U-joints used in the tube-and-fin heat exchangers 
 

Due to the large number of U-joints in the tube-and-fin heat exchangers and the interest from the 

industrial partners, a U-joint geometry is selected as the joint type to be tested. The U-joint has a 

tube diameter of 3/8 inch based on industry recommendation, with a geometric size shown in 

Figure 4.4. Certain adhesive formulas will be selected based on the recommendation of the 

industry partner for the assembly process. The U-joints test sections will be built based on a 

culmination of all knowledge and experience gathered throughout the project. The following test 

stands that will be introduced in this chapter are all designed to test the given U-joints. 

 

 

Figure 4.4. Geometric size of the U-joint for testing  
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4.4 Pressure and Temperature Cyclic Testing for Thermal Fatigue 

As reviewed, the fatigue failure of adhesive joints is highly determined by the joint shape, 

geometry, materials, and operating conditions. For the purpose of this study, a pressure and 

temperature cycling (PTC) test stand is developed to investigate the thermal fatigue of adhesive 

(or other) joints in HVAC&R systems. The test stand generally follows the guidance of the ISO 

14903 standard, with some interpretation and modifications to better simulate and investigate the 

joint performance in real HVAC&R systems. 

Joints in a standard vapor compression system will experience both steady state operation 

and stop/start cycles, as most systems are designed to cycle on and off based on the load. For 

example, air conditioners, heat pumps, and refrigerators in domestic applications can all easily 

cycle on and off several times a day. In these systems, there are several common refrigerants 

including R22, R134a, R410A, etc. In this study, R410A is selected as the working fluid for the 

test stand because, of these common refrigerants, is has the most extreme operating temperature 

and pressure ranges. An R410A vapor compression cycle running at room temperature can 

experience severe conditions with large variation and high absolute values for pressure, where the 

high side pressure is approximately 4 times the pressure of R22 or 8 times the pressure of R134a, 

operating at similar temperature conditions. Compared to past literature having the same objective, 

instead of using a vapor compression cycle with both an evaporator and condenser to perform the 

pressure and temperature cycling, a new type of PTC test stand is introduced that leverages a hot-

gas bypass vapor-compression cycle to induce the cycling, which simplifies the system 

architecture and enhances the controllability and operating range. 

4.4.1 Test Stand Design 

The test stand was designed to provide combined pressure and temperature cycling. To 

evaluate the reliability of joints at different temperature and pressure typical in HVAC&R systems, 

a test stand must control both the evaporating and condensing temperatures as desired. A standard 

vapor compression cycle as described previously can be used for this testing, but with extra 

difficulty in changing between the hot and cold source temperature due to the unbalanced 

condensing and evaporating load in different modes. Splitting of flow between the test section and 

vapor compression cycle is critical to the safe operation of the test stand, with an additional heat 
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exchanger required. It also needs two heat exchangers connected to two different constant-

temperature sources for the condenser and evaporator. In order to provide the hot and cold gas for 

the cyclic testing, an alternative hot-gas bypass (HGB) method is used. The HGB method removes 

the evaporator from the standard vapor compression cycle by adding a hot-gas bypass line with 

three sets of valves used to control the high-side pressure, low-side pressure, and mass flow rate 

in the system. It is a well-studied technology and widespread for compressor development and 

R&D activities in both subcritical refrigerants such as R134a (Zhang 2018), R410A (Schmidt 

2018) and supercritical refrigerant CO2 (Kurtulus et al., 2014). Its comparability with various 

refrigerants and easy-to-control feature fits the PTC test purpose perfectly. The hot and cold gas 

can then be simply redirected to a test section containing the joints using two sets of solenoid 

valves in the discharge and suction lines, without flow splits between the test section and the vapor 

compression cycle. The full heating or cooling load are used in the test section without additional 

heat exchanger. There are three operating modes for the system: a non-testing mode where the test 

section is sealed off from the normally operating hot-gas bypass loop; a heating mode in which the 

solenoid valves direct the hot gas through the test section; and a cooling mode in which cold gas 

is directed through the test section. The corresponding schematic figures for each of these 

operating modes are shown in Figure 4.5. Note that not all the supporting in-line parts are shown 

in the schematic figures. Non-critical valves and sight glasses used for practical start-up, control, 

and operation of the facility are omitted for simplicity. 
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Figure 4.5. Schematic diagram of the developed pressure and temperature cycling test stand with 
hot-gas bypass control under (a) non-testing, (b) heating, and (c) cooling modes. 
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Regardless of the operating mode, the HGB loop itself works in the same way outside the 

test section, which is best illustrated by the red (high temperature/pressure) and blue (low 

temperature/pressure) flow lines in the schematic diagram in the non-testing mode (Figure 4.5a) 

where all flow is diverted around the test section. High pressure and temperature gas comes out of 

the compressor into the oil separator. At the oil separator outlet, the first set of solenoid valves 

(SV01 and SV02) controls the hot gas into the test section. After the test section, there is a set of 

discharge valves (MV 01&02 and NV 01) to control the discharge pressure and temperature. After 

the discharge control valves, the hot gas is split into two streams: one to the condenser liquid line 

and one to the hot-gas bypass line. A set of hot-gas bypass valves (MV 03&04 and NV 02) are 

placed after the discharge valves and in front of the suction line, and a set of condensing valves 

(MV 05&06) are placed after the condenser outlet. Refrigerant from these two lines mixes 

downstream of these control valves and becomes the single suction gas line to the compressor with 

low pressure and temperature. 

These sets of valves are used to control and maintain three different pressure levels within 

the HGB loop: the discharge pressure, intermediate (condensing) pressure, and suction pressure. 

The condenser is cooled by a constant-temperature cold-water loop, which fixes the condensing 

pressure based on the temperature. With this relatively constant intermediate pressure, the 

discharge pressure and suction pressure can be changed freely over a relatively large range. For 

example, if a higher discharge pressure and temperature is needed, reducing the opening of the 

discharge metering valve will raise the pressure (increase the pressure difference between the 

condensing and discharge pressure). Similarly, reducing the opening of the suction valves can 

decrease the suction pressure as well as the suction temperature.  

Another important feature of this test stand design is that the mass flow rate can also be 

controlled by adjusting the three sets of the valves. Changing the metering influences not only the 

pressure drop across the valve but also the mass flow rate. This is utilized to control the superheat 

at the inlet of the compressor and the mass flow rate in the system. When the refrigerant vapor is 

compressed, work input by the compressor also increases the temperature of the refrigerant. If the 

refrigerant were to be expanded back to the inlet pressure of the compressor without a 

commensurate amount of heat rejection out of the cycle, the refrigerant would continue to become 

hotter. To account for this heat input to the refrigerant, and to achieve the appropriate superheat at 

the inlet to the compressor, the ratio of mass flow of the refrigerant through the condensing line 
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and through the hot-gas bypass line is adjusted by actuating the respective valves. Because 

refrigerant in the bypass line is higher temperature vapor, opening the hot-gas bypass valves will 

increase the refrigerant temperature into the compressor. Conversely, when more refrigerant is 

routed through the liquid (condenser) line, the compressor inlet temperature is decreased. The 

relative ratio of these two mass flows of different enthalpies determines refrigerant enthalpy at the 

compressor inlet. This balance is used to achieve the desired superheat at the compressor inlet and 

also determines the total mass flow rate of the system.  

After the HGB loop reaches the desired operating condition, the solenoid valves within the 

test section are used to switch between the heating and cooling modes to perform a cycling test. 

The heating condition is achieved by connecting the test sections with compressor discharge tube 

to flow the hot gas into the section before going into the condenser by opening SV-01, SV-02 and 

SV-03, as shown in Figure 4.5b. After finishing the heating condition, SV-02 and SV-03 close and 

disconnect the test sections from the compressor discharge. The cooling condition starts by turning 

SV-04 and SV-05 on to flow the mixed cold gas into the test section, as shown in Figure 4.5c. The 

mixed cold flow will then go back to the compressor to close the loop. The next heating condition 

follows the cooling condition. The cycle is repeated by switching the valves alternately. In both 

heating and cooling modes, the HGB loop can operate stably and continuously due to the relatively 

small thermal capacity from the test sections. 

4.4.2 Test Sections and Conditions 

There are two identical test sections installed in the test stand. At the inlet and outlet of each 

test section, connectors are installed to ease the connection of new samples into and out of the test 

stand. In the current study, in order to have a reference sample for evaluation of the fatigue 

resistance of the adhesive joints, brazed joints are tested in one of the test sections. The adhesive 

joints in the other test section are manufactured and assembled by 3M with a pre-machined fixture 

using a toughened, two-part epoxy structural adhesive. The brazed joints are made at Purdue 

University by a qualified technician. U-tube joints are selected as our testing samples due to the 

large number of them in the tube-and-fin heat exchangers. The U-joint has a tube diameter of 0.375 

mm (3/8 inch) based on industry recommendation. The center-to-center distance between the two 

tubes is 25.40 mm (1 inch).  
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A 3D model for a test section is shown in Figure 4.6. Each test section has a 10 U-bends in 

series (20 total joints) that are connected by straight tubes that are clamped down in a fixture plate. 

The lengths of the tubes are kept as short as possible (50.8 mm) to minimize the heating/cooling 

time (i.e., thermal capacity) of the test section, and also to decrease the amount of hot/cold gas 

trapped in the test section when switching between the heating and cooling condition. All the test 

sections are leak-checked using water-immersion method with nitrogen charged to ~1700 kPa (250 

psi) before testing to ensure that they were leak-free. 

 

 
Figure 4.6. 3D model for the fixture plate with adhesively bonded U-joints  

 

The pressure and temperature test conditions for the test section of the hot-gas bypass test 

stand is mainly determined by the selected compressor and valve openings. Based on the test stand 

size and capacity, a 2.5-ton single stage reciprocating compressor designed for R410A is used. 

Based on the data and compressor map provided by the manufacturer, the possible test conditions 

are calculated using Engineering Equation Solver (EES) assuming no pressure drop. The results 

are summarized in Table 4.1. These calculations assume operation with a 20 K superheat at the 

compressor inlet. 
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Table 4.1. Simulation results for the typical operating conditions of the Hot Gas Bypass Test 
stand with selected compressor 

𝑻𝑻𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(℉/℃) 𝑻𝑻𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅(℉/℃) 𝑷𝑷𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(kPa) 𝑷𝑷𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄(kPa) 

10/-12.2 263/128.3 351.6 2297.3 

30/-1.1 238.1/114.5 529.9 2798.6 

50/10 229.7/109.8 770.1 3388.8 

60/15.6 234.9/112.7 917.7 3834.9 

60/15.6 246.7/117.9 917.7 4074.8 

 

The specific set points during testing are decided from this possible range of operation of 

the system so as to understand the fatigue caused by temperature and pressure variations. The 

discharge temperature and suction temperature are the most extreme possible temperatures that the 

test section can experience. The lowest temperature should be above the freezing point of water to 

avoid freeze/thaw cycles that can potentially have other unintended influences on the fatigue 

failure. Also, the highest temperature is limited by the compressor discharge overheat protection, 

which shuts down the compressor when the temperature is too high. Based on this limit, system 

temperatures typically do not exceed 100 ℃  in vapor compression cycles with common 

refrigerants. Thus, the operating condition in the third row of Table 4.1 can be an potential test 

condition for the given test stand, which thereby will cycle the test section (at maximum) between 

10 ℃ and 109 ℃. However, note that the actual temperature swing will be smaller than this due to 

the heat transfer between the environment and tubes leading to the test section. Ultimately, the test 

condition temperature swings should be decided by the application. During the test, the condensing 

temperature, suction temperature, subcooling, and superheat are adjusted to achieve this desired 

testing condition. 

4.4.3 Cycling Procedure and Instrumentation 

In order to achieve the designed cyclic function described in Section 4.2.3, the control 

algorithm for one single cycle is described below and summarized in Table 4.2. The following 

steps are repeated to carry out the pressure and temperature cycling test: 
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Step 1: Power off all valves and open BV 01&02; start the HGB loop and allow it to reach 

steady state 

Step 2: Open SV 01&06 and then close BV 01&02 to run the test stand in the non-testing 

mode 

Step 3: Open SV 02&03 and then close SV 01 to switch to heating mode; allow test section 

to reach set temperature 

Step 4: Open SV 01 and then close SV 02&03 to reset back to non-testing mode with hot 

gas in the test section 

Step 5: Open SV 05 to let the high temperature and pressure gas flow out of the test section 

Step 6: Open SV 04 and then close SV 06 to switch to cooling mode; allow test section to 

reach set temperature 

Step 7: Open SV-06 and then close SV 04&05 to resets back to non-testing mode with cold 

gas in the test section 

Step 8: Repeat steps 3-7 to achieve the required cycle numbers or until a failure 

 

Because the solenoid valves in the test sections are operating directly between the high-side 

and low-side pressures, there is a high pressure difference across the valves. Solenoid valves 

designed for R410A are selected (SPORLAN E series) due to their high maximum operating 

pressure difference, selecting the appropriate valves to be compatible with the suction and 

discharge tube sizes (ME9S240-HP and ME14S250-HP). These solenoid valves have a pilot-

operated disc construction intended for use in refrigeration and air conditioning applications and 

can operate manually with a lift stem. The coils are selected (MKC-2; 24 VAC) to give the largest 

maximum operating pressure difference of 31 bar (450 psi), which satisfies the test stand 

requirements. Preliminary testing found that the solenoid valves would not always fully close fully 

in the presence of a high pressure opposite to the flow direction. In order to ensure consistent full 

closure of the solenoid valves and to avoid backflow when switching between the test modes, two 

additional check valves are installed in the test section lines (CV 01&02). 

The refrigerant temperature and pressure in the test sections are monitored and recorded. 

Pressure transducers (PT 01 & 06) are installed at the inlet of the test section. The temperatures 

are measured with two thermocouples (TC A1 & A2 and TC B1 & B2), one placed at the test 

section inlet and the other one at the outlet. The HGB test stand is equipped with several additional 
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T-type thermocouples to measure the temperature at various locations, gauge pressure transducers 

to measure the pressures, and a power meter to measure the compressor power consumption. A 

Coriolis mass flow meter is used to measure the refrigerant vapor mass flow rate after the oil 

separator. The sensor specifications are listed in Table 4.3. 

 

Table 4.2. On/off status of solenoid valves under different test conditions 

 Non-Testing Mode Heating Mode Cooling Mode 

SV-01 
SV-02 

ON OFF ON 

ON ON OFF 

SV-03 
SV-04 

OFF ON OFF 

OFF ON OFF 

SV-05 
SV-06 

OFF OFF ON 

OFF OFF ON 
 

Table 4.3. Sensor specification for the hot-gas bypass test stand 

Sensor Model Range Accuracy 

Thermocouple Omega TMQSS-125T-6 0 – 350 ℃ 1.0 ℃  OR 0.75% Full 
Scale 

Pressure 
Transducer 

Honeywell 
PX2AF1XX500PAAAX 0 – 500 psia 0.25 % 

Pressure 
Transducer Omega PX176-1KS5V 0 – 1000 psig 1.0 % Full Scale 

Power Meter Ohio Semitronics GW059-EG 0-20kW 0.04% Full Scale 

Mass Flow Meter MicroMotion CMF050 0-0.6055 kg/s 0.5% 

4.4.4 PTC Test Stand Performance 

After test stand construction and leakage testing, multiple tests with different operating 

conditions were carried out to confirm the operational capabilities of the test stand. The first testing 

operated the HGB flow loop at steady state, without engaging the test section, to confirm that it 

could achieve the designed range of testing conditions. At steady state, the temperature can be 

controlled to achieve as low as ~0 ℃  at the compressor inlet and as high as 110 ℃  at the 
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compressor outlet, with respective inlet and outlet pressures of ~350 kPa and ~4600 kPa. Note that 

in the HGB test stand, these pressures are intrinsically coupled to the temperature ranges based on 

the choice of the refrigerant. After confirmation of this functionality, the cyclic testing capability 

of the facility is evaluated following the procedure described in Section 4.4.3. Figure 4.7shows the 

representative transient temperature profiles during several cycles. The figure shows the 

temperature cycles at the inlet and outlet of the test section (𝑇𝑇𝑖𝑖𝑖𝑖,𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜), along with the discharge 

( 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑) and suction (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠) temperature of the compressor that are intended to be kept steady. In this 

figure, the compressor discharge state is controlled at ~70 ℃ and ~3750 kPa, while the suction 

state is at ~ 3 ℃  700 kPa. In this testing, the compressor discharge and suction temperature stays 

stable except during mode switching. The temperature of the test section oscillates when mode 

switching happens approximately at 800 s, 1000 s, and 1300 s, as indicated by the vertical dashed 

lines in Figure 4.7. The heating process raises the test section from ~10 ℃ to ~50 ℃ in ~120 s, 

while the following cooling process takes ~80 s. The hot-gas bypass test stand ensures that the 

duration of the heating and cooling parts of the cycle are determined only by the thermal mass of 

the test section itself. Following the standards introduced in Figure 1, these lengths of time satisfy 

the minimum two-minute dwell period at the desired temperature. One full cycle period is ~7 min, 

with a 10 - 50 ℃ temperature swing; the 50-cycle test as required by the standard then takes ~6 hr 

to finish. 

 

 

Figure 4.7. Temperature of the compressor inlet and outlet as well as the temperature of the inlet 
and outlet of the test section for one complete cycle 
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There is a slight difference between the test section inlet and outlet temperatures when the 

test section is at a relatively high temperature, which is due to heat losses to the environment from 

the test section. Also, there are temperature fluctuations in the suction and discharge lines each 

time the test stand switches between modes, which is caused by the release of hot/cold refrigerant 

from the test section into the system. It is noteworthy to point out the temperature difference 

between the hot/cold gas lines in the system and the test section temperatures. For example, in 

Figure 4.7, the refrigerant temperature at the compressor discharge is ~20 ℃  higher than the 

maximum test section reached at the end of the heating mode. Likewise, in the cooling mode, the 

refrigerant at suction of the compressor is ~10 ℃ lower than that at the test section. The major 

reason for this temperature difference is the heat transfer to the environment along the refrigerant 

lines. Although all the tubes and components are well-insulated, there are still heat transfer due to 

the large temperature difference with respect to ambient, especially from the compressor discharge 

to the test section, where the refrigerant must travel through the oil separator and addition tube 

lengths. The highest test section temperature that can be achieved in the current facility is 80 ℃ 

with a compressor discharge temperature at 105 ℃; the lowest temperature achieved is -5 ℃ in the 

test section but it can go much lower with decreasing the suction pressure. However, as discussed 

previously, the low temperature is maintained above 0 ℃ to avoid freezing and thawing of the 

joints. 

After demonstrating temperature cycling of the test section and determining the cycle time, 

a full 50-cycle test was performed following the test standard. The test stand performs as designed, 

as indicated by the results in Figure 4.8, which shows the temperature and pressure of the 

compressor inlet and outlet as well as the temperature of the inlet and outlet of the test section. 

The total testing time required for all cycles is only 5 hrs. The average discharge temperature of 

the compressor is 56.2 ℃ at a pressure of 3364 kPa. The average suction temperature and pressure 

are 3.6 ℃ and 771 kPa, respectively. In the test section, the highest temperature measured during 

the cycling is 43.4 ℃ and the lowest temperature is 9.2 ℃. During the testing, a time-periodic 

fluctuation in the suction/discharge temperatures and pressures can be observed due to the 

switching of the solenoid valves.  

Before and after the 50-cycle PTC test, both the brazed joints and adhesive joints in the test 

sections are leaked checked using the water-immersion bubble test method as suggested by ISO 

14903 without any leakage detected. 
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Figure 4.8. Temperature and pressure of the compressor inlet and outlet as well as the 
temperature of the inlet and outlet of the test section  

4.4.5 PTC Test Conclusion 

In order to design and evaluate new joining technologies that meet the requirements for the 

HVAC&R industry, it is important to developing testing methods to evaluate the influence of 

pressure and temperature cycling on fatigue of the joints. An innovative test stand is designed, 

built, and demonstrated to simulate the pressure and temperature cycling of joints in an HVAC&R 

system in an accelerated manner. The test stand applies hot-gas bypass control to reduce the cost 

and time of cycling operation. The test stand is shown to successfully perform the pressure and 

temperature cycling test as designed for the assessment and evaluation of adhesive joints, while 

satisfying the ISO standard 14903. Testing confirms that a full cycle of heating and cooling the 

test sections can be finished in a period 7 min with controlled temperature and pressure oscillations. 

In a demonstration of the technique, a 50-cycle PTC test was performed with temperature cycles 

from ~10 ℃ to 40 ℃ and finished in 5 hr. Both the brazed joints and adhesive joints installed in 

the test sections were confirmed to be leak-free after the testing, which indicates that adhesive 

joints have thermal fatigue resistance under the given testing condition. A suggested future 

modification based on the current results is to reduce the heat loss from the test stand lines by using 

better insulation and reducing the tube length, which would allow evaluation of the joints up to 

higher maximum temperature. Solid state relays can be easily used to control the solenoid valves 

in the test stand for long-term testing of joints using this facility. The test stand developed in this 
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work serves as new research infrastructure for the pressure and temperature fatigue testing of joints 

and allows for research and development of new joining technologies and other components for 

HVAC&R applications. 

4.5 Vibration Testing for Vibrating Fatigue 

Failure in HVAC&R joints caused by vibration is a major concern. Although the PTC testing 

design test the joints in a real operating system with vibration from the compressor motor and 

cooling loop flow, the PTC test cannot give accurate measurement on vibration data. Table 4.4 

shows vibration test parameter for the joints as requested by ISO Standard 14903 (ISO, 2017). The 

needed vibration displacement and number of excitations are given based on the different tube 

sizes and requires precise control. To better study vibration induced fatigue, a separate vibration 

test is proposed to simulate the field vibration in HVAC&R systems using a shaker test stand 

available at Ray W. Herrick Laboratories, Purdue University. 

 

Table 4.4. Vibration test parameters for joints from ISO Standard 14903 

Pipe Diameter 
(mm) 

Length 
(mm) Displacement (mm) Frequency (Hz) Number of 

excitation 

< 10 

200 

0.30 

≤ 200 2 000 000 
≥ 10 and < 20 0.25 

≥ 20 and < 30 0.20 

≥ 30 and ≤ 50 0.15 

4.5.1 Experimental Setup 

The separate vibration test is performed using a shaker test stand. The test system produces 

controlled vibrations to evaluate the reliability of components used in various applications. 

It is a vibration test system TV 59335/*-440 from TIRA Schwingtechnik. The test system 

reproduces vibration environment under laboratory conditions for testing the reliability in all fields 

of applications of vibration testing technology. The test system is ideal for performing the 

2,000,000 vibration cycles needed since it is designed for long-time operation with a built-in 

automatic, pneumatic operated load compensation system that allows the nominal vibration 
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displacement. The shaker is cooled by an air-cooling fan, which sucks the air via a filter to make 

sure no external heat influence the testing parts. The TIRA “AIT” system is a vibration unit 

integrated in the frame for guiding the shaker horizontally and vertically. It guarantees the 

optimum vibration isolation and guides the shaker body in the direction of the excitation at low 

frequencies. The system is also equipped with an amplifier and vibration control system to 

establish proof of the reliability. The technical specification for the vibration generator is shown 

in Figure 4.10 and the technical specification for amplifier is shown in Table 4.5. 

 

 
Figure 4.9 Pictures of the shaker test stand (left) and its base plate (right) 

 

 
Figure 4.10. Technical parameters for vibration exciter S 59935/*-440 
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Table 4.5. Technical specification for amplifier A 3 08 3 057 

Parameters: Value: 

KVA ratings 57000VA 

Frequency range DC – 4 kHz 

Max. current and voltage 150 V and 375 A 

Load resistance 1 Ohm 

Input voltage 2.5/5/10 V 

Distortion < 0.7 % 

Signal to noise ratio > 90 dB 

Max/ field current and voltage 150 V and 75 A 

Dimensions 600 × 2200 × 800 mm 
 

Due to the large number of U-joints that are present in tube-and-fin heat exchangers, this 

joint geometry is selected for vibration testing. For this geometry, a U-bend tube is joined at both 

ends to straight tubes, as shown in Figure 4.11. These two tube-to-tube joints are formed by flaring 

the straight tube for insertion of the U-bend with adhesive, rather than using a coupling. The outer 

tube diameters are 9.525 mm (3/8 inch) and the straight tube lengths are 152.4 mm (6 inches). A 

custom adhesive formulation from an industry collaborator (with characteristics similar to the 

previous one) is used for the joining process, which was performed by the industry partner. Two 

different sets of U-joints were tested: one set of 8 samples with adhesive joints and another set of 

8 samples having brazed joints. Two types of joints are tested simultaneously for comparison. 

The vibration exciter generates the vibrations of a specified frequency and displacement to 

drive the base plate. It is important to firmly clamp the U-joints to the base plate for both safety 

and accuracy of the testing. For this purpose, aluminum fixtures are custom-designed and 

fabricated to clamp the extended straight tubes while leaving the U-joints to hang freely at the end, 

similar to their configuration in tube-and-fin heat exchangers. The 3D drawings of the fixtures are 

shown in Figure 4.12. The bottom plate of the fixture is affixed to the shaker base plate using 

bolted connections through two large clearance holes. The bottom and top fixture plates are 

attached using bolted connections; eight bolts pass through clearance holes in the top plate and 

thread into the bottom plate. At the interfacing surfaces between these two plates, there are 16 half 
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cylinder cavities designed to clamp the extended tubes of the samples. Black rubber sheets taped 

on the extended tubes between the plates and samples provide cushioning and fix the samples in 

place. The diameter of the cavity is sized to be slightly smaller than the outer tube diameter plus 

the thickness of the rubber sheet, such that the copper tubes are pushed firmly into place with 

compression of the black rubber sheets. Figure 4.11 shows a photograph of the two sets of U-joints 

with fixtures installed on the shaker test stand. 

 

 

 

Figure 4.11. Photographs of the U-shape joints with adhesive (left) and the fixtures containing a 
set of 8 samples each installed on the vibration shaker test stand. 

 

 

 

Figure 4.12. 3D Drawing of the fixture assembly with U-shaped joints wrapped with black 
rubber sheet. 
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4.5.2 Testing Procedure 

Following Table 4.4, the fixtured joints are subjected to vibrations with 0.3 mm displacement 

at a frequency of 125 Hz. The total number of the excitations is 2,000,000. The displacement and 

frequency of the test section are monitored and measured throughout the test. The joints are not 

pressurized with any fluid during the vibration testing in case of failure. 

Before and after the vibration testing, the U-joint samples are each visually inspected and 

checked for leakage. Before vibration testing, fittings are soldered to the open end of the extended 

tubes to allow charge the samples with high-pressure nitrogen. During the soldering process, the 

U-joints were cooled using wet cloths to keep the temperature near room temperature. The samples 

with fittings are charged to 1700 kPa (approximately 250 psi) and immersed in water to observe if 

there are any air bubbles. The fittings are unsoldered and removed before placing the sample into 

the fixtures. The same process is repeated after the vibration testing. 

4.5.3 Results and Discussion 

Before vibration testing, there were no cracks or imperfections in the adhesive or brazed 

joints, and all the samples were leak-free. The in-situ test stand measurements confirmed that the 

samples were subjected to 0.3 mm displacement vibrations at 125 Hz; the acceleration for the 

shaker was 21.2 g. The test stand ran continuously for 4.5 hours, which resulted in a total of 

2,025,000 excitations. After testing, the rubber sheets used for fixing the samples into place were 

worn as expected, but the copper surface and the joints appeared the same as before testing for 

both brazed joints and adhesive joints as shown in Figure 4.13. All the samples were confirmed to 

be leak free after testing. The results demonstrate that the adhesive joints are able to survive these 

extreme vibration conditions just as the brazed joints without any failures. 
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Figure 4.13. Photographs of the U-shape joints after the vibration test for adhesive joints(left) 

and vibration joints compared with brazed joints (right). 

4.6 Summary and Discussion 

In this chapter, the thermal fatigue and vibration fatigue of adhesive joints were investigated 

by two separately designed qualification tests. The tests refer to the ISO standard and previously 

reported tests in the literature. In both tests, adhesive joints were tested in parallel with brazed 

joints to go through extreme thermal or vibration loading conditions. All the samples were leakage 

checked before and after the testing, and all of them were leak-free after the testing, which indicates 

the pass of the qualification test according to the standard. It is confirmed that adhesive joints can 

be a potential alternative when dealing with thermal and vibration fatigue in the common working 

conditions of HVAC&R systems. However, due to the nature of this study, the long-term (~10 

years) reliability test for adhesive joints is not performed at the current stage. It will be beneficial 

to develop prediction model on tube-to-tube joints to further understand the fatigue failure and the 

possible effect of each parameters. The detailed model development and results are reported in the 

next chapter.  
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5. ANALYTICAL MODEL OF STRESS AND STRAIN IN ADHESIVE 
TUBE-TO-TUBE JOINTS 

This chapter discusses the modeling approach for the prediction of stress and strain 

distribution in tube-to-tube adhesive joints under static loading with thermal strain. The chapter 

first reviews the existing modeling techniques including theoretical and numerical methods for 

tube-to-tube joints and adhesives. The detailed model setup and boundary conditions, including 

the underlying assumptions, and details of the governing equations and solution techniques are 

reported next. Lastly, the accuracy assessment and modeling results are reported and discussed. 

The influences of the thermal expansion and inner tube pressure are further analysed to provide 

insights about the possible failure. The purpose of the modeling is to better understand influence 

of joint geometry, adhesive properties, and loading conditions to accurately predict the potential 

adhesive failure and optimize the performance. This modeling effort builds a framework to provide 

criteria and instructions on designing adhesive joints across different HVAC&R applications. 

5.1 Introduction 

Considering the diversity of fields and applications that HVAC&R systems present, it is 

challenging to build test stands to physically test all possible adhesive joints geometries and 

boundary conditions. A simulation model is necessary to virtually evaluate the performance and 

failure of different geometric sizes under various operating conditions.  

The simulation model will be built combining the known properties for the adhesive that are 

provided by the manufacturer. Due to the wide application of adhesive joints in many mechanical 

structures, investigation of adhesive joint strength and stress distribution and failure prediction has 

drawn significant attention over the decades. Different modeling and solution method have been 

provided in the literature. In order to satisfy the safety and reliability analysis, stress and 

deformation analyses are usually the key targets. The analysis starts with examining the 

equilibrium of the joints with stress-strain and compatibility equations. Solving the set of 

governing equations thereby developed can be done either analytically or numerically. Both 

techniques are reviewed in detail in the following section.  
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The ultimate goal of this study is to build a comprehensive tube-to-tube joint model where 

not only the static loading but also the effect of thermal expansion under temperature change will 

be considered. The model can provide the basis for the design of the new adhesive joints, 

formulating equivalent strength limits, and predicting the failure for the joints. The model can also 

be used to design new adhesive joints and new fittings as well as optimize the geometry for 

different size fittings. 

5.2 Literature Review 

A literature review of the adhesive properties and general fracture criteria used in the 

modeling effort has already been described in Chapter 2. In this section, only the detailed 

adhesively bonded tube-to-tube joint modeling work is reviewed. 

5.2.1 Analytical Models 

Adhesively bonded tube-to-tube joints are commonly encountered in engineering 

applications and have been investigated by the pioneers in structural analysis. Different loading 

conditions, assumptions, and geometries have been studied. One of the earliest models for tube-

to-tube joints can be traced back to Lubkin and Reissner (1956). However, over the past several 

decades, although the use of the adhesives is widespread, the research work on tube-to-tube joints 

in the technical literature is considerably less compared to planar geometries such as single or 

double lap joints (Dragoni and Goglio, 2013).  

Lubkin and Reissner (1956) developed an approach for predicting normal and shear stress 

distributions in adhesive layer of tube-to-tube joints under axial loading. They considered the tube-

to-tube joints in an axisymmetric configuration and applied several assumptions used for flat single 

lap joints. The tubes used in the joints are assumed to be thin shells subjected to tension forces, 

shear forces, and bending moments, but the adhesive is treated as an elastic medium with shear 

and peel stress. The solid tubes are assumed to not shear while the adhesive is assumed to not 

sustain normal stress. The stresses are assumed to be constant over the adhesive thickness. The 

model then used equilibrium equations and stress-strain relations to construct the set of governing 

differential equations. Results are reported in terms of normalized shear and peel stresses for 48 
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cases with different data. The authors also pointed out the solution was possible using standard 

method but no explicit form was provided.  

Terekhova and Skoryi (1972) examined the stress field in bonded tube-to-tube joint under 

external loads and internal pressure, with axial forces uniformly distributed on the faces of the 

shell. The authors assume both the tubes and adhesive are elastic thin-walled structures such that 

the bending rigidity is negligibly low. The adhesive thickness is also assumed to be small such that 

the shear and rupture stress are constant across the thickness. The set of governing equations and 

their solution procedure are then introduced in detail. The authors report the distribution of stresses 

from the axial force loading and the internal pressure. 

Shi and Cheng (1993) proposed a different model that included the case of thick tubes, 

providing a wider range of application. The loading condition is only axial loading. In their work, 

the axisymmetric assumption is also applied to simplify the stress states in the tubes. The axial 

normal stress in the adhesive is negligible. The model is built in cylindrical coordinates using the 

equilibrium equation and compatibility equations. The authors report in detail the manipulation of 

the equation set and eventually use the minimization of the complementary energy to solve the set 

of equations. Although the authors claim that their method yields a closed-form solution, it is not 

reported explicitly. Two examples (one for thin tubes and one for thick tubes) with numerical 

results are given. 

Nayeb-Hashemi et al. (1997) investigated the behavior of tube-to-tube joints under axial and 

torsional loadings. The paper also discusses the fatigue life evaluation for the joints and concludes 

that the failure of the tubular joints not only depends on the applied loads, but also on the tube 

geometry, material properties of adhesive / tubes, and the defects in the joint. The shear distribution 

in this model is calculated using the shear lag model. It is assumed that the adhesive is only subject 

to shear loading and the adherend only subject to axial loading. However, the model considers the 

variation of the shear stress across the adhesive thickness. It is worth noting that the effect of a 

void on the maximum shear stress is also obtained. Under the torsional loading, the assumption is 

made that the adhesive is to shear only in the circumferential direction, neglecting its other 

deformation. The variation of the shear stress across the adhesive thickness is solved. Eventually, 

the failure of adhesively bonded tubular specimens under axial, torsional, and combined axial and 

torsional loadings is obtained. The model can predict the fatigue life of the tubular joints under 

cyclic loading reasonably well. 



 
 

120 

Pugno and Carpinteri (2003) develop a solution for the tube-to-tube joints using shear lap 

model and optimize the joint geometry by variation of the tube cross section. They also investigate 

the crack propagation and crack detection by vibration frequency measurement. In their work, the 

adherends are assumed to only experience tension, causing constant axial stress over their 

thickness. The adhesive is assumed to be a thin elastic medium as in Lubkin and Reissner (1956) 

and the stress state is considered constant over its thickness. After solving the shear and normal 

stress fields, the stress concentration factor and energy balance are investigated to understand the 

crack propagation. The stress analysis confirms that the maximum shear stresses are attained at the 

ends of the adhesive and that the peak of maximum shear stress is reached at the end of the stiffer 

tube and does not tend to zero as the adhesive length approaches infinity. Lastly, an optimization 

is performed using the model and the optimized shape is predicted to permit both reduced weight 

and increased strength. 

Nemeş et al. (2006) and Nemeş and Lachaud (2009) propose a model considering a complex 

stress state with non-isotropic behavior of the tubes. The shear and hoop stress in the tubes are 

both variables over the thickness for both tubes and adhesives. The equilibrium analysis as well as 

the minimization of potential energy are applied to construct the set of equations. The complete 

analytical solution and its process are not given in the paper. The authors conduct parametric 

studies and report the stresses changing with overlap length, thickness, and material properties. 

Furthermore, Kumar (2009), Kumar and Scanlan (2010), and Martinez et al. (2008) developed 

models on the same basis to study different formulations and geometries. 

There are some other researchers that have contributed to the modeling of tube-to-tube joints 

that deal with either similar loading condition or used similar approaches to those reported above 

(Hart-Smith, 1981, Chon, 1982; Thomsen and Kildegaard, 1990; Lee et al., 1991; Lee and Lee, 

1992). Although significant progress has been made in the model development of adhesively 

bonded tube-to-tube joints, a detailed model that focus on the joints with the geometry and 

operating conditions of common HVAC&R systems is still lacking. Most of the previous work 

focused on studying the axial or torsional loading; a few of them consider internal pressure, but 

none have considered this practical application with static loading and thermal expansion.  



 
 

121 

5.2.2 Finite Element Analysis 

Another powerful and common tool in predicting the stress field are finite element methods 

(FEM). FEM has been developed to study various adhesive-bonded joints (Kinloch and Guild, 

1996a; Adams, Comyn et al., 1997). FEM is a numerical method for solving problems of 

engineering and mathematical physics such as structural analysis. They are usually applied in 

situations that involve boundary value problems for partial differential equations that are very hard 

to solve analytically.  

Alwar and Nagaraja (1976) used the finite element method to analyze the stresses in the 

tube-to-tube single lap joints subjected to torsion. The time-dependent properties of the adhesive 

are taken into account by assuming that the adhesive is viscoelastic. A Prony series fitting is used 

for the modulus of the adhesive. The long-term redistribution of the stresses in the adhesive is 

evaluated using the finite element method. As large a reduction as 57% is noticed in the normal 

stress and an even larger reduction of 62% is noticed in the shear stress over three decades of time. 

Yadagiri et al. (1987) also studied the viscoelastic analysis of adhesively bonded joints using the 

finite element method. 

Adams and Peppiatt (1977) used the finite element method to calculate the stresses in an 

adhesive-bonded tube-to-tube single lap joint subjected to both axial and torsional loads using 

axisymmetric quadratic isoparametric finite elements. The axial loading results are compared with 

a published closed form solution from Lubkin and Reissner (1956). The torsional loading case is 

compared with their own analytical model presented in the same paper, with the adherends as an 

orthotropic composite material subjected to torsion. The comparison is performed and discussed 

in detail and the trends are consistent. The influences on the stress distributions of an adhesive 

fillet and of partial tapering of the adherends are also reported. 

Goglio and Paolino (2013) perform a critical review and finite element assessment of the 

published models for stress distributions of adhesive tube-to-tube joints under axial loading. The 

author firstly reviews the underlying assumptions of the selected theoretical models for adhesively 

bonded tube-to-tube joints under axial loading. Then, the author compares the model results with 

the outcome of ad-hoc finite element analysis of five different joint configurations. The authors 

conclude that all the models predict the shear stress but only the Lubkin and Reissner (1956) 

method predicts the correct peel stress distribution. In the joints, the axial and the hoop stresses 

are close to each other and are about one half of the peel stresses. 
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5.2.3 Summary and Discussions 

The modeling of stress and strain in adhesively bonded tube-to-tube joints has been 

investigated by both analytical approaches and numerical methods. Analytical approach requires 

simplifying assumptions to reduce the complexity such that the formulated sets of differential 

equation can be solved. In the literature, many of the approaches do not result in closed-form 

solutions (or they are not provided). However, analytical solutions are valuable in providing 

insights into the stress and strain fields. By examining the terms in the solution, the relation 

between the stresses and inputs such as geometric sizes, material properties and loading conditions 

can be easily identified. With the stresses and strains available, fatigue evaluation can be 

subsequently processed as well. Also, compared to numerical approach, analytical approaches are 

time efficient, allowing exploration of the design space with different inputs, which can be easily 

used to provide optimization and guidance with a short turn-around time. 

Numerical methods using FEM provide an approximate estimate of the exact solution. The 

element type and mesh size need to be selected carefully, as indicated in Adams and Peppiatt 

(1977). In the literature, it is pointed out that inconsistency in finite element results is observed 

due to overly coarse meshes, driven by the computational cost. Also, if the fatigue analysis is 

desired, the cohesive zone model requires accurate measurements to define the  traction separation 

behavior. It is extremely difficult to measure some of the parameters such as the initial 

displacement 𝛿𝛿0, failure displacement 𝛿𝛿𝑓𝑓, and fracture toughness G, which are not readily available 

for the current adhesive. 

Comparing these two approaches, because the goal of this model is to better understand the 

behavior of the tube-to-tube joints and provide guidance on design, optimization, and reliability 

analysis, an analytical approach is selected as the path forward. As pointed out by Goglio and 

Paolino (2013), the Lubkin and Reissner (1956) model predicts both peel stress and shear stress 

accurately under the axial loading condition compared with the FEM results. Thus, the Lubkin and 

Reissner (1956) model is adapted to adjust for more complicated boundary conditions and loading 

conditions as experienced in HVAC&R systems. 



 
 

123 

5.3 Model Formulation 

5.3.1 Geometry, Material, and Boundary Conditions 

The tube-to-tube joint geometry is shown in Figure 5.1. In HVAC&R applications, the joint 

connecting two tubes uses either a coupling or an expanded female tube end. The female tube 

diameter with the gap distance for adhesive determines the outer tube diameter.  

 

Figure 5.1 Schematic diagram of a typical tube-to-tube joint with adhesive bonding 
 

Figure 5.2 shows a detailed schematic of the tube–to-tube joint region with the main 

geometric parameters and material properties labelled. In order to keep the model setup more 

general, here two adherents are assumed to have two different materials with subscripts 1, 2 (e.g., 

𝑟𝑟1 , 𝑟𝑟2 are the radii of the two tubes at the midpoint; 𝐸𝐸1, 𝐸𝐸2 are the Young’s moduli; 𝜐𝜐1, 𝜐𝜐2 are the 

Poisson’s ratios). The adhesive is represented by the shaded area in between the tubes where 𝑟𝑟 is 

the radius at the mid-point of the adhesive, 𝐸𝐸𝑎𝑎  is the Young’s modulus, and 𝐺𝐺𝑎𝑎  is the shear 

modulus of the adhesive. The overlap area as well as the adhesive length is 2𝑙𝑙 . The axial coordinate 

𝑥𝑥 is set to start at the center of the adhesive overlap region. A normalized coordinate 𝑧𝑧 is defined 

later in the solution section to start at the left end. 

The possible loading conditions are also given as the most general setup. The axial force 

loading the joint is 𝐹𝐹 and no torsion loading is applied. The tube has internal pressure of 𝑃𝑃𝑖𝑖𝑖𝑖 and 

outside pressure (usually atmospheric pressure) 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 . The temperature swing for purposes of 

thermal expansion is indicated as 𝛥𝛥𝑇𝑇. 
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Figure 5.2 Schematic figure of the tube-to-tube joint with the main geometric sizes and material 
properties labelled. 

 

Before introducing the forces and stresses, several important assumptions are discussed first. 

The tubes are modeled as thin shells subjected to axial tension, shear force, and bending moments. 

Both tubes have axial displacement, radial displacement, and rotation. The adhesive is treated as 

an elastic medium as a spring layer with shear stresses and peel stresses; the axial stress 𝜎𝜎𝑥𝑥 is 

assumed negligible. The adhesive layer is thin such that the stresses are constant over the adhesive 

thickness and varying along the axial direction only. There is no circumferential shear stress 

because no torsion is applied to the joints. At the end of the adhesive, there is no remaining 

excessive adhesive. The forces, stresses and strains are assumed to be axisymmetric due to the 

axisymmetric geometry.  

A 3D view of a section of a single tube with detailed forces and stresses is shown in Figure 

5.3 and the elementary free body diagrams of the joints are shown in Figure 5.4. In the tubes, the 

forces per unit length can be grouped into axial direction (𝑇𝑇1 , 𝑇𝑇2), transverse direction (𝑉𝑉1, 𝑉𝑉2), 

hoop direction (𝑁𝑁1, 𝑁𝑁2), and bending moments per unit length (𝑀𝑀1, 𝑀𝑀2). In the adhesive layer, 

there are two stresses considered: peel stresses 𝜎𝜎𝑦𝑦 and shear stresses 𝜏𝜏𝑥𝑥𝑥𝑥. Also note that due to the 

axisymmetric geometry, any derivative in the circumferential direction will be zero. 
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Figure 5.3 3D view of a section of the tube with forces and stresses 
 

  

Figure 5.4 Elementary free body diagrams of the joint with forces and stresses  

5.3.2 Governing Equations 

The equilibrium stress-strain relations are examined in this section to form the set of 

governing equations to model the joint.  

The axial equilibrium in adherent 1 can be written as: 

 1 1 1 1 1( ) xyr d T r d T dT rd dxθ θ θ τ= + +  (5.1) 

which simplifies to 

 1
1 0xy

dTr r
dx

τ+ =  (5.2) 
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Similarly, for adherent 2 the axial equilibrium simplifies, noting that the shear stress has 

opposite signs compared to adherent 1: 

 2
2 0xy

dTr r
dx

τ− =  (5.3) 

The transverse equilibrium for adherent 1: 

 1 1 1 1 1 1 12 sin ( )
2 in y

dN dx r d V P r dxd r d V dV rdxdθ θ θ θ σ θ+ = + + +  (5.4) 

which simplifies to 

 1
1 1 1 0y in

dVr r P r N
dx

σ+ + − =  (5.5) 

Similarly, for adherent 2 the transverse equilibrium simplifies, noting that the pressure and 

the peel stresses in the adhesive have opposite signs compared to adherent 1: 

 2
2 2 2 0y out

dVr r P r N
dx

σ− − − =  (5.6) 

The moment balances for both tubes can be written in a similar fashion. The moments are 

summed at the center point of the element with negligible infinitesimal of higher order: 

 1
1 1 1 1 1 1 1( )

2xy
tM dM r d rdxd M r d V r dxdθ τ θ θ θ+ + = +  (5.7) 

 1 1
1 1 1 0

2 xy
dM tr rV r
dx

τ− + =  (5.8) 

 2 2
2 2 2 0

2 xy
dM tr r V r
dx

τ− + =  (5.9) 

The strain and displacement relations of each adherend can be calculated: 

 ( )
x

du dx dx du
dx dx

ε + −
= =  (5.10) 

 ( )r v d rd v
rd rθ
θ θε
θ

+ −
= =  (5.11) 

where 𝑢𝑢 is the axial displacement and  𝑣𝑣 is the radial displacement. (Note that Greek letter 𝜈𝜈 is 

used for the Poisson ratio). 
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As mentioned earlier, due to the axisymmetric geometry, the circumferential displacement 

and strain is zero. The stress-strain relation is given here to consider the axial, hoop, bending 

deformations. The longitudinal displacement (𝑢𝑢1 , 𝑢𝑢2) and transverse displacement (𝑣𝑣1 , 𝑣𝑣2) can 

be written in terms of the forces and thermal strain. These equations assume that there is no Poisson 

effect due to radial stress because of thin shell assumptions. The radial stress does not stretch the 

tubes in axial direction. 

 1 1 1 1
1 1

1 1
x

du T N T
dx E t

υε α−
= = + ∆  (5.12) 

 2 2 2 2
2 2

2 2
x

du T N T
dx E t

υε α−
= = + ∆  (5.13) 

 1 1 1 1
1 1

1 1 1

v N T T
r E tθ

υε α−
= = + ∆  (5.14) 

 2 2 2 2
2 2

2 2 2

v N T T
r E tθ

υε α−
= = + ∆  (5.15) 

where 𝛼𝛼1 and 𝛼𝛼2 are the thermal expansion coefficients of the adherent 1 and 2. Note that in this 

modeling, the temperature change ∆𝑇𝑇 is considered uniform for the entire assembly. The transient 

process of heat transfer from the fluid to the joints to the environment is not considered due to the 

high thermal conductivity and small thermal mass. 

The bending deformation can be written as: 

 
2 2

1 1 2 2
2 2

1 2

 and d v M d v M
dx D dx D

= − = −  (5.16) 

where 𝐷𝐷𝑖𝑖 is the flexural rigidity for the corresponding adherent:  

 
3

2 , 1, 2
12(1 )

i i
i

i

E tD i
υ

= =
−

 (5.17) 

The adhesive layer is assumed to have both normal stress 𝜎𝜎𝑦𝑦  and shear stress 𝜏𝜏𝑥𝑥𝑥𝑥 . It is 

usually a very thin layer, and thus, the bending of the adhesive is not considered. It also assumed 

that the adhesive is linear elastic in behavior. 

 2 1( )a
y

E v v
t

σ = −  (5.18) 
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 2, 1,( )a
xy in out

G u u
t

τ = −  (5.19) 

Also, the surface displacements must coincide with those at the mid point to ensure the continuity 

of the solid for the displacement at the outer diameter of tube 1 and at the inner diameter of tube 

2: 

 1 1
1, 1 ( )( )

2out
dv tu u
dx

= −  (5.20) 

 2 2
2, 2 ( )( )

2in
dv tu u
dx

= +  (5.21) 

A summary of all the known variables and 16 unknown parameters are listed: 

• Knowns:  

o Geometric parameters: 𝑟𝑟1 , 𝑟𝑟2, 𝑟𝑟, 𝑡𝑡1, 𝑡𝑡2, 𝑡𝑡 

o Boundary forces and pressures: 𝑃𝑃𝑖𝑖𝑖𝑖, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜, 𝐹𝐹 

o Material properties: 𝐸𝐸1, 𝐸𝐸2, 𝜐𝜐1, 𝜐𝜐2, 𝛼𝛼1, 𝛼𝛼2 

o Temperature change: ∆𝑇𝑇 

• Unknowns: 

o Stresses: 𝜏𝜏𝑥𝑥𝑥𝑥, 𝜎𝜎𝑦𝑦  

o Force terms: 𝑇𝑇1, 𝑇𝑇2, 𝑉𝑉1 , 𝑉𝑉2, 𝑁𝑁1, 𝑁𝑁2, 𝑀𝑀1, 𝑀𝑀2, 

o Displacement / strain terms: 𝑢𝑢1, 𝑢𝑢2, 𝑣𝑣1, 𝑣𝑣2, 𝑢𝑢1,𝑜𝑜𝑜𝑜𝑜𝑜, 𝑢𝑢2,𝑖𝑖𝑖𝑖 

• Equations: total of 16 independent equations: (5.2), (5.3), (5.5), (5.6), (5.8), (5.9), 

(5.12), (5.13), (5.14), (5.15), (5.16), (5.18), (5.19), (5.20), and (5.21) 

There are equal number of equations and unknown variables and all the variables are a 

function of coordinate 𝑥𝑥.; hence, the problem then can be solved with proper boundary conditions. 

Moreover, the global axial equilibrium for the joints under the axial force 𝐹𝐹 can be written as: 

 1 1 2 22 ( )rT r T Fπ + =  (5.22) 

For solving purposes, an auxiliary unknown 𝑇𝑇0,  is introduced to satisfy: 

 0 2 2 1 1rT r T rT= −  (5.23) 

Combined with Eqns. (5.2) and (5.3): 
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 0 2 xy
dT
dx

τ=  (5.24) 

In the simplification, 𝜏𝜏𝑥𝑥𝑦𝑦 will be replaced with 𝑑𝑑𝑇𝑇0
𝑑𝑑𝑑𝑑

 to reduce the order of the differential equation. 

The mathematical manipulations and variable elimination procedure are discussed briefly below. 

With the definition of 𝑇𝑇0, an integration of Eqns. (5.2) and (5.3) yields: 

 1 1 0 1 1 2 0 20;  and 0;
2 2
r rrT T C rT T C+ + = − + =  (5.25) 

which can be rearranged as 

 1 1 2 2 1 2 1 1 2 2 0 1 20;  and 0;rT r T C C rT r T rT C C+ + + = − + + − =  (5.26) 

Combined with the global axial equilibrium (5.22) and the definition of 𝑇𝑇0, 𝑇𝑇1  and 𝑇𝑇2 can be 

expressed as functions of 𝑇𝑇0: 

 0 0
1 2

1 1 2 2

;  ;
4 2 4 2

T TF r F rT T
r r r rπ π

= − = +  (5.27) 

Substituting 𝑇𝑇1  and 𝑇𝑇2  into Eqns. (5.12 - 5.15), 𝑁𝑁1 , 𝑁𝑁2  and 𝑑𝑑𝑢𝑢1
𝑑𝑑𝑑𝑑

,  𝑑𝑑𝑢𝑢2
𝑑𝑑𝑑𝑑

 can be written as 

functions of 𝑇𝑇0, 𝑣𝑣1, 𝑣𝑣2: 

 01
1 1 1 1 1 1 1

1 1 1

( )
4 2

Tv F rN E t E t T
r r r

υ α
π

= + − + ∆  (5.28) 

 02
2 2 2 2 2 2 2

2 2 2

( )
4 2

Tv F rN E t E t T
r r r

υ α
π

= + + + ∆  (5.29) 

 

20
1

1 1 1 1 1
1 1

1 1 1

( )(1 )
4 2 (1 )

TF r
du r r v T
dx E t r

υ
π υ υ α

− −
= − + − ∆  (5.30) 

 

20
2

2 2 2 2 2
2 2

2 2 2

( )(1 )
4 2 (1 )

TF r
du r r v T
dx E t r

υ
π υ υ α

+ −
= − + − ∆  (5.31) 

Combining the derivatives of Eqns. (5.8) and (5.9) with Eqn. (5.18) and substituting 𝑑𝑑𝑉𝑉1
𝑑𝑑𝑑𝑑

,𝑑𝑑𝑉𝑉2
𝑑𝑑𝑑𝑑

 

in Eqns. (5.5) and (5.6): 
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2

1 1 1
2 12

1 1 1

( )
2

xya
in

dEd M N rtrP v v
dx r r t r dx

τ
= − − − −  (5.32) 

 
2

2 2 2
2 12

2 2 2

( )
2

xya
out

dEd M N rtrP v v
dx r r t r dx

τ
= + − − −  (5.33) 

In Eqns. (5.32) and (5.33), substituting in 𝑀𝑀1 and 𝑀𝑀2 using Eqns. (5.16) and (5.17),𝑁𝑁1 and 𝑁𝑁2 

using Eqns. (5.28) and (5.29), and 𝜏𝜏𝑥𝑥𝑥𝑥 using Eqn. (5.24), all the terms become a function of 𝑇𝑇0, 

𝑣𝑣1, 𝑣𝑣2:  

 

24 2
2 2 01 1
1 1 1 24 2 2 3 3 2 2

1 1 1 1 1 1 1 1 1 1 1

2 2
1 1 1 1 1 1 1

03 2 2 3
1 1 1 1 1 1 1

(1 )112(1 ) 12(1 ) 3

(1 ) 12(1 )6
4

a a

in

rE rE d Td v rv v
dx r t E t r t E t r t E t r dx

r F E tT T P
E t r r r E t

υυ υ

υ υ υ α υ
π

  −
+ − + − − − 

 
  − −

− = − + ∆ −  
  

 (5.34) 

 

24 2
2 2 02 2
2 2 2 14 2 2 3 3 2 2

2 2 2 2 2 2 2 2 2 2 2

2 2
2 1 2 2 2 2 2

03 2 2 3
2 2 2 2 2 2 2

(1 )112(1 ) 12(1 ) 3

(1 ) 12(1 )6
4

a a

out

rE rE d Td v rv v
dx r t E t r t E t r t E t r dx

r F E tT T P
E t r r r E t

υυ υ

υ υ υ α υ
π

  −
+ − + − − − 

 
  − −

+ = − + ∆ +  
  

 (5.35) 

The last differential equation can be obtained by substituting Eqns. (5.20) and (5.21) into 

Eqn. (5.19) and further combining with Eqns. (5.24), (5.30) and (5.31). All the remaining terms 

are as function of 𝑇𝑇0, 𝑣𝑣1, 𝑣𝑣2. 

 

2 2 2 2 2
0 1 21 2 1 2

0 1 2 1 22 2 2
1 1 1 2 2 2 1 2

2 2
2

1 1 2 2
1 1 1 2 2 2

2 2(1 ) (1 )

2 (1 ) (1 ) (1 ) (1 )
4 4

a a a a

a

d T G r G G Gd v d vT t t v v
dx t E rt E r t t dx dx tr tr

G F F T T
t r E t r E t

υ υυ υ

υ υ υ α υ α
π π

   − −
− + − + − +   

  
 − −

= − + − − ∆ + − ∆ 
 

 (5.36) 

Thus, a set of three coupled differential equations (5.34), (5.35) and (5.36) is obtained with 

three unknowns 𝑣𝑣1, 𝑣𝑣2 and 𝑇𝑇0. With appropriate boundary conditions, this set can be solved to 

further solve for the stress and strain field in the joint. 

The solution procedure presented by Goglio and Paolino (2013) is adopted. The set of 

equations can be further simplified by introducing the following dimensionless functions 

𝑓𝑓(𝑧𝑧),𝑔𝑔(𝑧𝑧), and ℎ(𝑧𝑧)  where 𝑧𝑧 = 𝑥𝑥+𝑙𝑙
2𝑙𝑙

 is a dimensionless variable such that 𝑧𝑧 = 0 (𝑥𝑥 = −𝑙𝑙) at the 
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left end of the adhesive and 𝑧𝑧 = 1 (𝑥𝑥 = 𝑙𝑙) at the right end of the adhesive. The dimensionless 

functions are given by: 

 
22

1
1

1 1

(1 ) 2 ( )
2
F lv f z

r E t
υ

π
 −

=  
 

 (5.37) 

 
22

2
2

2 2

(1 ) 2 ( )
2
F lv g z

r E t
υ

π
 −

=  
 

 (5.38) 

 0 ( )
2
FT h z

rπ
=  (5.39) 

The set of differential equations then becomes: 

 

4 4 4 1 1
1 11 12 1

1 1 1

4 4 4 2 2
2 22 21 2

2 2 2

2 2 2 2
2 2 2 22 1 2 1
2 1 2 2 1 1 3

2 1 2 1

3 33( )

3 33( )

( )

IV II

IV II

II II II

r rrf K f g h h C
r r r

r rrg K g f h h C
r r r

B B B r B rh rh B g B f B g B f C
r r r r

γ γ

γ γ

Λ Λ
+ + − − − = − +

Λ Λ
+ + − − + = − +

 
− + − + + Λ −Λ = − + 
 

 (5.40) 

The primes in the previous set of equations set indicating the differentiation order and the 

coefficients and constants are defined as follows: 

 
2

2 2 2(1 ) i a
i i

i i

t GlB
t tE

υ
 

= −  
 

 (5.41) 

 
2

22 i
i i

i i

tl
t r

υ
 

Λ =  
 

 (5.42) 

 
4 2

4 2 212(1 ) i
i i

i i

tlK
t a

υ
   

= −    
   

 (5.43) 

 
3

4 2 2 212(1 ) a j
ij i

j i j j

rE tl l
t t r E t

γ υ
 

= −   
 

 (5.44) 

Note that the constants 𝐶𝐶1, 𝐶𝐶2 and 𝐶𝐶3 are the contribution of adding the pressure forces and thermal 

strain on the joint.  
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2 2

1 1 1 1 1 1
21 1

1 1 1 1
1 1

1

2 212 12
224

2

in in
E t l l E tT t P t P T

r t t rlC r tF t F
r

α α

π

π

    
− ∆ + − ∆          = =  

 
 (5.45) 

 

2 2

2 2 2 2 2 2
22 2

2 2 2 2
2 2

2

2 212 12
224

2

out out
E t l l E tT t P t P T

r t t rlC r tF t F
r

α α

π

π

    
− ∆ − − − ∆          = =  

 
 (5.46) 

[ ] 2 2
2 2 1 1 2 2 1 1

3

2 (1 ) (1 ) (1 ) (1 )2 24

2

a
a

G T l lC t rG t TF t t F
r

υ α υ α υ α υ απ

π

− − − ∆ − − −   = = ∆   
   

 (5.47) 

5.3.3 Boundary Conditions 

The differential equations can only be solved with appropriate boundary conditions. In 

HVAC&R systems, the joints at different locations may have different boundary conditions. The 

common scenario for joints is to seal and connect two tubes without large axial forces and torsion. 

The following boundary conditions are therefore considered. As shown in Figure 5.2, for the part 

where the tube and adhesive layer both ends, it is evident that in the end sections of the tubes, the 

forces and moments must disappear: 

 

 2 2 2

1 1 1

 ,  0
 ,  0

at x l T V M
at x l T V M

= − = = =
= = = =

 (5.48) 

In contrast, in the section where adhesive layer ends but the tube continues, the tubes are 

subjected to bending and shear. The boundary conditions for tubes at the transition between the 

overlap and non-overlap are not of simple axial loading and must be found by ensuring the 

continuity of force, moment, displacement, and rotation. As discussed in Goglio and Paolino 

(2014), the results can be derived by deleting the terms related to the adhesive layers or by referring 

to the theory for thin cylinder shells with bending (Coates, 1930): 

 1 1
1, 1 1 1 1

1 1

( cos sin )
2

x
tube v v

Fv e A x B x
E t

λ υλ λ
π

= + −  (5.49) 
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 2 2
2, 2 2 2 2

2 2

( cos sin )
2

x
tube v v

Fv e A x B x
E t

λ υλ λ
π

−= + −  (5.50) 

2
4

2 2

3(1 )where ;  ,  are constants to be dertermined.i
i vi vi

i i

A B
r t
υλ −

=  

The continuity of force, moment, displacement, and rotation at both ends of the joints can 

be written as: 

 

1, 1 2, 2

1, 1 2, 2

1, 1 2,

Force:                  ;               ; 

Moment:              ;          ;

Displacement:      ;             

x l x l x l x ltube tube

x l x l x l x ltube tube

x l x ltube tub

V V V V

M M M M

v v v

= − = − = =

= − = − = =

= − = −

= =

= =

= 2

1, 2,1 2

 ;

Rotation:             ;         ;

x l x le

tube tube
x l x l x l x l

v

dv dvdv dv
dx dx dx dx

= =

= − = − = =

=

= =

 (5.51) 

33 2
1 1

, ,3 2 2where , , and  ( 1, 2).
12(1 )

i i
i tube i i tube i i

i

E td v d vV D M D D i
dx dx υ

= − = − = =
−

 

Using the earlier defined dimensionless variable 𝑧𝑧  and functions 𝑓𝑓(𝑧𝑧), 𝑔𝑔(𝑧𝑧), ℎ(𝑧𝑧)  and 

substituting the boundary conditions. At the region where adhesive and tube both ends as indicated 

in (5.48): 

 

2 0

2 0

2 0 0
2

1 1

1 1

1 1 1
1

(0) 0 1;  
(0) 0 0;  

3(0) 0 0;  

(1) 0 1;
(1) 0 0;

3(1) 0 0;

II

III I

II

III I

T h
M g

rV g h
r

T h
M f

rV f h
r

= ⇒ = −

= ⇒ =

= ⇒ − =

= ⇒ =

= ⇒ =

= ⇒ − =

 (5.52) 

At the transition region as indicated in (5.51): 
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2
0 1 0 1 0 0

1

2
0 1 0 1 0 1 2

1 1

2
1 2 1 2 1 1

2

2
1 2 1 2 1 2 2

2 2

32 0;

2 2 3 ;
( 1

32 0;

2 2 3 ;
( 1

III II I I

II I

III II I I

II I

rf K f K f h
r

rf K f K f
r

rg K g K g h
r

rg K g K g
r

υ
υ

υ
υ

− + − =

− + = −
−

+ + − =

+ + = −
−

 (5.53) 

5.4 Solution Method 

The study by Lubkin and Reissner (1956) provides no details on the solution procedure. It 

is remarked that the equation set is linear with constant coefficients thus it can be solved with 

standard method. The results are given as normalized stress values at 11 points of the overlap area 

with a collection of 48 cases with respect to different configurations, including variations in 

overlap length, stiffness, and curvature. In the search for an explicit closed-form solution, there 

are several challenges. The high order of the set of differential equations is a major practical 

difficulty. It is possible to achieve approximate solutions without particular difficulties by 

numerical integration, but if an analytical solution is possible, it can provide insights of the stresses 

and strains to study the properties of the solution. Goglio and Paolino (2014) revisit the Lubkin 

and Reissner (1956) model and provide a solution method using Laplace transforms. A similar 

solution approach using Laplace transforms is applied in this study, but the procedure of finding 

the partial fractions decomposition is modified to simplify the calculation. The solution process is 

evaluated using Mathematica due to the complicated symbolic manipulations involved. 

The algorithm used to solve the set of governing equations is shown in Figure 5.5. The major 

steps are reported in this section and the complete details of the solution process (namely, the 

complete Mathematica notebook) are reported in Appendix A. 
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Figure 5.5 Solution algorithm using Laplace transform with boundary conditions. 
 

By applying the Laplace transform to Eqn. (5.40) and substituting the boundary conditions 

at 𝑧𝑧=0 from Eqns. (5.52) and (5.53), the transferred Laplace functions can be written in the 

following format:  

 
0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

( ) ( , , , , , )
(3 3) ( ) ( , , , , , )

( ) ( , , , , , )

I I I

I I I

I I I

F s f s f f g g h
S G s g s f f g g h

H s h s f f g g h

    
   × =    

         

  (5.54) 

where 𝑠𝑠  is the complex variable and 𝐹𝐹(𝑠𝑠),𝐺𝐺(𝑠𝑠),𝐻𝐻(𝑠𝑠)  are the Laplace transforms of the 

functions𝑓𝑓(𝑧𝑧), 𝑔𝑔(𝑧𝑧), ℎ(𝑧𝑧) . The 3 × 3 matrix 𝑆𝑆 is fully determined by the previously defined 

variables: 𝐾𝐾𝑖𝑖 , 𝛾𝛾𝑖𝑖𝑖𝑖,𝛬𝛬𝑖𝑖 ,𝛣𝛣𝑖𝑖(𝑖𝑖, 𝑗𝑗 = 1,2). Note that these can be calculated by the known geometric 

parameters and material properties. For matrix 𝑆𝑆, assuming the inverse matrix exists, then 𝐹𝐹(𝑠𝑠), 

𝐺𝐺(𝑠𝑠), 𝐻𝐻(𝑠𝑠) can be found by multiply  𝑆𝑆−1on both sides. This is a reasonable assumption considering 

the actual values of the properties. Nevertheless, the existence should be checked once the values 

are substituted into the matrix. 

 
0 0 0 0 0

1
0 0 0 0 0

0 0 0 0 0

( ) ( , , , , , )
( ) (3 3) ( , , , , , )
( ) ( , , , , , )

I I I

I I I

I I I

F s f s f f g g h
G s S g s f f g g h
H s h s f f g g h

−

    
    = ×    

         

 (5.55) 

By calculating the inverse matrix and multiplying, the three Laplace transforms can be 

written as: 
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1 0 0 0 0 0

2 0 0 0 0 0

3 0 0 0 0 0

5
2 1

0
10

, 0 0 0 0 0
0

( ) ( , , , , , )
1( ) ( , , , , , )
( )

( ) ( , , , , , )

( ) det

( ) ( , , , , , )     ( 1, 2,3)

I I I

I I I

I I I

i
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I I I i
i i j

j

F s q s f f g g h
G s q s f f g g h

p s
H s q s f f g g h

p s S d s

q s n s f f g g h s i

+

=

=

  
   =   

   
   

= = ×

= × =

∑

∑

 (5.56) 

The coefficients in 𝑞𝑞𝑖𝑖(𝑠𝑠)  are known and the coefficients in 𝑝𝑝(𝑠𝑠)(𝑖𝑖 = 1,2,3)  are unknown as 

functions of the initial conditions. Note that 𝑝𝑝(𝑠𝑠)
𝑞𝑞𝑗𝑗(𝑠𝑠)

 is a proper rational function with 11th order 

polynomials on the numerator and 10th order polynomials on the denominator. The method of 

partial fraction decomposition can be applied to express the fraction as a sum of a polynomial 

(possibly zero) and one or several fractions with a simpler denominator. Note that in the numerous 

cases studied in this work and in the literatures, with the material properties and geometric 

parameters in its reasonable range, the 11th degree polynomials 𝑝𝑝(𝑠𝑠) always had distinct roots 

𝜆𝜆𝑘𝑘 ,𝑘𝑘 = 1,2, … ,11. Without loss of generality, it can be assumed that the coefficient of 𝑠𝑠11 in 𝑝𝑝(𝑠𝑠) 

is 1; otherwise, both 𝑝𝑝(𝑠𝑠)and 𝑞𝑞𝑖𝑖(𝑠𝑠) (𝑖𝑖 = 1,2,3) can be divided by that coefficient. Then it can be 

written as: 

 

11

1

11
,

1

( ) ( )  

( )( )    ( 1, 2,3)
( )

k
k

i ki
i

k k

p s s

cq sr s i
p s s

λ

λ

=

=

= −

= = =
−

∑

∑
 (5.57) 

Recombining 𝑟𝑟𝑖𝑖(𝑠𝑠)  into a single fraction whose denominator is the least common 

denominator 𝑝𝑝(𝑠𝑠):  

 

1111

11
1 1( ),

1 ,

1111

1 1( )

( )
( )( )  =   ( 1, 2,3)
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 
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−

 
= − = 

 

∑ ∏
∑

∑ ∏  (5.58) 
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If both sides of Eqn. (5.58) are evaluated at 𝑠𝑠 = 𝜆𝜆𝑚𝑚, (1 ≤ 𝑚𝑚 ≤ 11) then all the terms on the right-

hand size become zero except the one corresponding to 𝑘𝑘 = 𝑚𝑚, therefore: 

 
11

,
1( )

( ) ( )     ( 1, 2,3)i m i m m k
j j m

q c iλ λ λ
= ≠

= − =∏  (5.59) 

It can be noticed that 
11

1( )

( )   m k
j j m

λ λ
= ≠

−∏ in right side of Eqn. (5.59)following from differentiation 

of 𝑝𝑝(𝑠𝑠) in its product form and the condition that 𝑝𝑝(𝑠𝑠) has distinct roots implies that 𝑝𝑝(𝜆𝜆𝑚𝑚)≠ 0. 

Dividing Eqn. (5.59) by the differentiation of 𝑝𝑝(𝑠𝑠) yields:  

 ,
( )=      ( 1, 2,3)
( )

i m
i m

m

qc i
p
λ
λ

=
′

 (5.60) 

If 𝑝𝑝(𝑠𝑠) and 𝑞𝑞𝑖𝑖(𝑠𝑠) (𝑖𝑖 = 1,2,3) have real coefficients and 𝜆𝜆𝑖𝑖,𝑚𝑚 = 𝜆𝜆𝚤𝚤,𝑙𝑙����, it can derived that: 

 , ,
, ,

, ,

( ) ( )
=  =    ( 1, 2,3)

( ) ( )
i l i m

i l i m
i l i m

q q
c c i

p p
λ λ
λ λ

= =
′ ′

 (5.61) 

With the following basic inverse Laplace transform: 

  1  11 1( ) 1  &  ( ) ate
s s a

− −= =
−

   (5.62) 

The inverse Laplace transform can be performed on the decomposed functions: 

 
11

 1
,

1

( ){ }
( )

j z
i j

ji

p s c e
q s

λ−

=

=∑  (5.63)  

Note that 𝜆𝜆 = 0 is also one root for 𝑝𝑝(𝑠𝑠), Eqn. (5.63) can be further written as: 
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,0 1

,
10

 1  1  1

1 2 3

( ){ }     ( 1, 2,3)
( )

( ) ( ) ( )( ) { }; ( ) { }; ( ) { };
( ) ( ) ( )

j zi
i j
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p s p s p sf z g z h z
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− − −

= + =
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  
 (5.64)  

where 𝜆𝜆𝑗𝑗 is the non-zero root for 𝑝𝑝(𝑠𝑠), which can be expressed as follows: 

 1 6 1 2 9 2 2

3 10 3 3 4 2 7 5 3 8 11

;  ;  

;  ;  ;  0

r r m i

r m i

λ λ λ λ

λ λ λ λ λ λ λ λ λ

= − = = − = +

= − = + = = − = = − =
 (5.65) 



 
 

138 

This can be simplified by using the Euler formula and considering the conjugate relation of 

the roots and coefficients. The final solutions can be given: 

 

10 3
,0 ,0 1

, ,1 , ,2
1 10 0

, ,3 , ,3

 1  1  1

1 2

( ){ } (cosh( ) ( cos( ) sin( ))
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+ × + =
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3

};
( )s

 (5.66) 

where the new coefficients are all real and depend on the initial conditions. The relation of the new 

coefficients 𝑐𝑐𝑖𝑖,𝑗𝑗,𝑘𝑘  and previous coefficients 𝑐𝑐𝑖𝑖,𝑚𝑚 can be given as: 

 

1,1, ,1 ,6 1,2, ,1 ,6

1,3, ,1 ,6 1,4, ,1 ,6
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 (5.67) 

where 𝑅𝑅𝑅𝑅[ ] and 𝐼𝐼𝐼𝐼[ ] indicate respectively the real and imaginary part of the complex number. 

Eqns. (5.66) and (5.67) defined the coefficients and equations for the final solution. 

However, there are still five unknown constants as the initial conditions at 𝑧𝑧 = 0. In order to solve 

these unknown constants, the other set of boundary conditions must be applied. Substituting in 

Eqn. (5.66) to the given boundary conditions in Eqns. (5.52) and (5.53) evaluating at z=1, a set of 

linear algebraic equations can be achieved and solved as shown below. 
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    
        

 (5.68) 

Once the five unknowns are solved, the solution process for the three dimensionless 

functions are completed. Then the peel and shear stress can be related with the dimensionless 

function. 
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Substituting the expression into the peel and shear stress, with suitable mathematical 

manipulation and reorganization, the final solution of the stresses are: 
2 2 3
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where the new coefficients can be expressed as: 
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 (5.71) 

5.5 Results and Discussion 

5.5.1 Model Validation 

The model developed here is based on the previous model by Lubkin and Reissner (1956), 

but with the additional consideration of the effects of pressure and thermal expansion. Goglio and 

Paolino (2014) revisited the model of Lubkin and Reissner (1956) to develop an explicit closed-

form solution and analyzed the same loading condition with finite element analysis. They 

compared the original solution of Lubkin and Reissner, their explicit closed-form analytical 

solution, and the finite element analysis solution and concluded that all three solutions are 

consistent. 

In this study, the solution method also uses Laplace transforms, as suggested by Goglio and 

Paolino (2014). In order to validate the current model and its solution method, a validation case is 

simulated using the same loading condition as reported in the literature. Note that in the validation 
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case, an external axial force is given without considering the effect of pressure and thermal 

expansion. The geometric parameters, material properties, and axial loading for the validation 

cases are reported in Table 5.1 and Table 5.2, which were first studied by Lubkin and Reissner 

(1956) and then reproduced by Goglio and Paolino (2014) with numerical values reported for the 

solution.   

 

Table 5.1. Geometric size of the validation case in the literature (Dragoni and Goglio, 2013)  

Parameters 𝒓𝒓𝟏𝟏(𝒎𝒎𝒎𝒎) 𝒓𝒓𝟐𝟐(𝒎𝒎𝒎𝒎) 𝑟𝑟(𝒎𝒎𝒎𝒎) 𝒕𝒕(𝒎𝒎𝒎𝒎) 𝒕𝒕𝟏𝟏=𝒕𝒕𝟐𝟐(𝒎𝒎𝒎𝒎) 𝒍𝒍(𝒎𝒎𝒎𝒎) 

Values 48.625 51.375 50 0.25 2.5 12.5 

*The actual numerical data used in the calculation example in the paper is 𝑟𝑟1 = 48.75, 𝑟𝑟2 =
51.25 

 

Table 5.2. Material properties and loading condition of the validation case in the literature 
(Dragoni and Goglio, 2013) 

Parameters 𝑬𝑬𝟏𝟏 𝑬𝑬𝟐𝟐 𝝂𝝂𝟏𝟏 𝝂𝝂𝟐𝟐 𝑬𝑬𝒂𝒂 𝑮𝑮𝒂𝒂 𝑭𝑭 

Unit 𝐺𝐺𝐺𝐺𝐺𝐺 𝐺𝐺𝐺𝐺𝐺𝐺 − − 𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀 𝑁𝑁 

Values 200 200 0.3 0.3 1000 375 7854 

 

The validation is done by comparing the key numerical values as shown in Table 5.3 and 

also overlaying the normalized stress predictions in the same plot. The same values for the initial 

boundary conditions, as well as the coefficients for the final solution, are achieved with minimal 

error only, which we attribute to the number of significant figures used in in the calculation 

process. 

 
Table 5.3. Comparison of the numerical values of the initial conditions at z = 0 of the reported 

data in the literature with the solved model in this study 

Parameters 𝒇𝒇𝟎𝟎 𝒇𝒇𝟎𝟎
𝑰𝑰 𝒈𝒈𝟎𝟎 𝒈𝒈𝟎𝟎𝑰𝑰 𝐡𝐡𝟎𝟎𝑰𝑰 

Dragoni and Goglio, 2013 0.00459 0.02978 0.02384 -0.17159 2.70675 

Solution in this Study 0.0045952 0.0297451 0.0238371 -0.171582 2.7068 
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Figure 5.6. Comparison of the normalized stress field with the Lubkin-Reissner solution and 
Goglio-Paolino solution using the data given in Table 5.1 and Table 5.2. (Note that the lines are 

exactly overlapping) 

 

As shown in Figure 5.6, the graphs of the corresponding normalized normal and shear stress 

are all identically matching with the reported data in the literature. This demonstrates that the 

current solution approach can successfully solve the equation set. Although in this study, the 

effects of pressure and thermal expansion are added into the model, they just make changes to the 

constants in the differential equation set. The order and coefficients of each unknown variables are 

kept the same with identical solution approaches. It is fully expected that the model will be accurate 

with the addition of these new effects.  

5.5.2 Parametric Studies Setup 

With modeling and solution method validated, the stresses in tube-to-tube adhesive joints 

are studied for practical operating parameters occurring in HVAC systems. There are various 

possible combinations of material and geometries in different such applications. A representative 

example joint is selected matching the geometry of the joints tested in Chapter 4 to carry out 

parametric studies and understand the influence on the key parameters. The first study focuses on 

the adhesive geometric design, namely, the overlap bonding length and adhesive layer thickness, 

which are important parameters to determine before manufacturing. Note that the pressure and 

temperature effect are not considered during this initial variation of the geometric sizing. Then, 

after the geometric variations, the second study investigates the effect of thermal expansion on the 

stress and strain fields. 
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The baseline case is given in Table 5.4 and Table 5.5below, where the geometric parameters 

are measured from the actual joints and the material properties are collected from the 

corresponding manufacturers. Note that 𝐸𝐸𝑎𝑎 and 𝐺𝐺𝑎𝑎 of the adhesive DP420 used in Chapter 4 are 

not available. As suggested and provided by the manufacturer, the property data of DP460 

available from experiment measurements are instead used in the following tables, which will 

provide similar trends and guidance on the application of adhesives for joining in HVAC&R 

systems. 

 

Table 5.4. Geometric size of the tested adhesive joints in this study  

Parameters 𝒓𝒓𝟏𝟏(𝒎𝒎𝒎𝒎) 𝒓𝒓𝟐𝟐(𝒎𝒎𝒎𝒎) 𝑟𝑟(𝒎𝒎𝒎𝒎) 𝒕𝒕(𝒎𝒎𝒎𝒎) 𝒕𝒕𝟏𝟏=𝒕𝒕𝟐𝟐(𝒎𝒎𝒎𝒎) 𝒍𝒍(𝒎𝒎𝒎𝒎) 

Values 9.1186 9.9514 9.545 0.1 0.8128 4 

 

Table 5.5. Material properties and loading conditions of the tube and adhesive used in this study 

Parameters 𝑬𝑬𝟏𝟏 = 𝑬𝑬𝟐𝟐 𝝂𝝂𝟏𝟏 = 𝝂𝝂𝟐𝟐 𝜶𝜶 𝑬𝑬𝒂𝒂 𝑮𝑮𝒂𝒂 𝑭𝑭𝒆𝒆𝒆𝒆𝒆𝒆 𝑷𝑷𝒊𝒊𝒊𝒊 𝑷𝑷𝒐𝒐𝒐𝒐𝒐𝒐 

Unit 𝐺𝐺𝐺𝐺𝐺𝐺 − 1/K 𝑀𝑀𝑀𝑀𝑀𝑀 𝑀𝑀𝑀𝑀𝑀𝑀 N bar bar 

Values 117.2 0.33 1.7× 10−5 2135 375 0 30 1 

 

The internal pressure of 30 bar is selected based on the operating pressure of the typical 

HVAC&R systems based on the common refrigerants. Among the common refrigerants, R410A 

has a relatively high operating pressure compared to the rest. At the compressor discharge, a 30 

bar (~435 kPa) is usually expected, which is at the higher end of common system operating 

pressures. There are other refrigerants operate at a much higher pressure (e.g., CO2), but they need 

a corresponding tube material with higher strength (e.g., stainless steel).  

The loading condition re-defined for the studied joints in HVAC&R systems as these joints 

usually are not structural parts with large external force. As discussed in Chapter 1, the main 

purpose of these joints is to connect the components together without leakage under the operating 

pressure. Thus, in the parametric studies, the axial force is not given arbitrarily, but instead 

evaluated based on the pressure difference acting on the tubes in the axial direction. Nevertheless, 

in some applications there may be a different external force on these joints (e.g., if they are load-
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bearing) in the system. In any case, the following analysis is valid as long as the force is along the 

axial direction. 

As indicated in Figure 5.7, the tube axial force balance can be calculated as following 

assuming no external axial force exists. In the case where external force needs to be considered, it 

can be trivially added into (5.73). 

 

2 222

2 211

( ) ( )
2 2

( ) ( )
2 2

out out

in in

t tF P r r

ttF P r r

π

π

+

−

 = × − − 
 

 = × + − 
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 (5.72) 

 in outF F F= −  (5.73) 

 

 

Figure 5.7. Axial force balance with pressure different across the tubes  

5.5.3 Influence of Geometric Sizes 

The geometric sizes are firstly investigated due to the importance in deciding these 

parameters during the manufacturing process. It is critical to provide guidance to HVAC&R 

manufacturers such that the sizes are properly decided for the specific application. 
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For tube-to-tube joints, there are two critical sizes that need to be determined for a given 

tube size and materials, the bonding length (2𝑙𝑙) and adhesive thickness (𝑡𝑡). The bonding overlap 

length 2𝑙𝑙  is first varied from 2 mm to 16 mm while the rest of the parameters are kept the same. 

The length selected in Chapter 4 is 8 mm, which is selected based on the typical brazed joint at 

same tube diameter. The variation range is determined such that it can provide a clear trend near 

this current practical value. The results are shown in Figure 5.8 as the stress distribution in the 

adhesive layer plotted along the previously defined dimensionless axial coordinate variable 𝑧𝑧. 

 

(a)  

(b)  

Figure 5.8. Variation of stress distributions with the change of bonding length (2𝑙𝑙) plotted 
against the dimensionless variable 𝑧𝑧: (a) normal stress; (b) shear stress.  

 

Several observations and conclusions can be made from the modeling results: 

• For both of the stresses, the two peak stresses appear at end of the adhesive, with the 

maximum stress at location 𝑧𝑧 = 0. This is consistent with the results from literature. 
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• The normal stress profile shape changes with the bonding length while the shear 

stress profile stays relative consistent in shape (but with very different values). 

• Decreasing the bonding length will significantly increase the maximum stress for 

both the shear and normal stress in the adhesive layer. 

• In the situation where the joints are not load-bearing components, with relatively 

high internal pressure (30 bar), the stresses are very low compared to the adhesive 

strength. Therefore static loading failure is not a concern for normal operating 

pressures. 

• In the case of external loading existing where static failure might be a concern, the 

length should be selected such that the maximum stress is smaller than the allowed 

material strength for both normal and shear stress.  

 

A finer change in bonding length is investigated to observe the shape change in normal stress as 

shown in Figure 5.9. In this particular case, the profile change can be observed clearly. With 𝑙𝑙 >

2.5 𝑚𝑚𝑚𝑚, there are two local minimums in the stress profile. With decreasing the length, two 

minimums move to the center point and merge as one global minimum when 𝑙𝑙 < 2.5 𝑚𝑚𝑚𝑚 and the 

compressive stress becomes largest at the center point. 

 

 

Figure 5.9. Variation of the normal stress distributions with the change of bonding length (2𝑙𝑙) 
plotted against the dimensionless variable 𝑧𝑧. 

 

Adhesive thickness (𝑡𝑡) is varied next while the keeping the rest of the geometric parameters 

constant. Note that the model assumes the adhesive is a thin layer without considering bending, 
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which limits the applicability for thick adhesive layers. In general, for epoxy-type adhesives, a thin 

layer is always recommended by the manufacturer due to the fact that epoxies have been shown to 

have higher shear strength in standardized testing with relative thin layers. Also, thicker bondline 

thickness may have more cavity and pre-cracking in the manufacturing process. For example, for 

DP420 the manufacturer-recommend bondline thickness is in a small range from ~0.1 – 0.2 mm. 

Thus, the thickness 𝑡𝑡 is varied from 0.06 – 0.2 mm.  

Note that if only the thickness is varied, there will be a change in axial force due to the 

change of cross section of the adhesive area used in the pressure-force calculation. Compared to 

the baseline, the axial force decreases by 5% at 𝑡𝑡 = 0.06 mm and increased 12% at 𝑡𝑡 = 0.2 mm. In 

order to isolate the changing parameter, the axial force is kept constant using the baseline value. 

The results are shown in Figure 5.10 as the stress distribution in the adhesive layer plotted along 

the previously defined dimensionless axial coordinate variable 𝑧𝑧. The studies that allow the change 

of axial forces were also performed and showed same conclusions and trends (plots not shown). 
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(a)  

(b)  

Figure 5.10. Variation of stress distributions with the change of adhesive thickness (𝑡𝑡) while 
keeping the axial force constant. The results are plotted against the dimensionless variable 𝑧𝑧: (a) 

normal stress; (b) shear stress.  

 

Several observations and conclusions can be made from the modeling results: 

• For both stresses, the two peak stresses appear at end of the adhesive, with the 

maximum stress at location 𝑧𝑧 = 0. This is consistent with the results from literature. 

• For normal stress, the adhesive thickness has relatively small impact on the stress 

distribution; increasing the thickness decreases the maximum stress. Unlike the 

bonding length case, the stress profile is not affected by the bonding thickness over 

the range investigated.  

• For shear stress, increasing the thickness also decreases the maximum stress but 

increases the minimum stress. The shear stress profile is more flattened with higher 

stress in the center part and lower stress at both ends. 
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• Under heavy loading condition where maximum stress values are a concern for static 

loading failure, the thickness should be selected properly to limit the maximum 

stresses. However, the effect of thickness on stress is less significant compared to the 

bonding length. In practice, following the manufacturer recommendation within a 

narrow range will usually result in satisfactory performance. 

5.5.4 Influence of Thermal Expansion 

The thermal expansion is key to the joint reliability in HVAC&R applications. Large 

temperature changes are expected to occur periodically throughout the life of the system. The 

modified model adds thermal strain due to the thermal expansion such that it can capture the 

influence of temperature change on the stress fields in adhesive layer. 

As already discussed in Section 4.4.2, based on the common operating conditions in 

HVAC&R systems, the change in temperature is varied from ∆𝑇𝑇 = 10 𝐾𝐾 ~ 100 𝐾𝐾. A temperature 

change of 100 K is considered as an extreme case. A positive temperature change stands for 

increase in the temperature compared to the original temperature while negative stands for 

decrease from original temperature. It is important to consider this when dealing with joints in 

different locations of the systems. For example, considering a unit working at room temperature, 

the joints on the condensing side will usually experience a positive temperature change while the 

joints on the evaporating side will see a negative temperature change. The effect on positive 

temperature change is discussed first and the effect of negative temperature change is discussed 

separately later. The results of positive temperature change on the stress distributions are shown 

in Figure 5.11 as the stress distribution in the adhesive layer plotted along the previously defined 

dimensionless axial coordinate variable 𝑧𝑧. 
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(a)  

(b)  

Figure 5.11. Variation of stress distributions with the change of temperature (∆𝑇𝑇 =
10𝐾𝐾  ~ 100𝐾𝐾 ) plotted against the dimensionless variable 𝑧𝑧: (a) normal stress; (b) shear stress.  

 

Comparing Figure 5.11 with Figure 5.8 and Figure 5.10, and noticing the different scales for 

vertical axes, it can be concluded that the thermal–expansion-induced stresses are dominant 

compared to the contribution of the internal pressure to the stress field. Due to the symmetries in 

the of the joint, the thermal-expansion-induced stress fields are centrosymmetric around z = 0.5 

with both normal and shear stress values at the z = 0.5 do not change with temperature. Moving 

from z = 0.5 towards both ends (z = 0 and z = 1), thermal expansion has higher impact on the stress 

distributions. The peak stresses appear at both ends of the adhesive for normal and shear stress. 

The maximum stresses increase as the change in temperature increase. It is worth noting that in a 

positive temperature change, positive values for both stresses appear at location 𝑧𝑧 = 1  and 

negative values appear at 𝑧𝑧 = 0. 
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In order to further understand the thermal-expansion-induced stresses, a finer temperature 

range ∆𝑇𝑇 = −5 𝐾𝐾 ~ 5 𝐾𝐾 with both positive and negative temperature change is used for the model 

and the results are shown in Figure 5.12. 

 

(a)   

(b)  

Figure 5.12. Variation of stress distributions with the small and negative change of temperature 
(∆𝑇𝑇) plotted against the dimensionless variable 𝑧𝑧: (a) normal stress; (b) shear stress.  

 

It can be clearly observed that the negative temperature change has the opposite influence 

on the stress fields compared to the positive temperature change as labeled in Figure 5.12. The 

difference when comparing positive and negative temperature change (e.g., the maximum and 

minimum stress are not the same) is due to the pre-existing stress due to the axial loading. This is 

expected as the expansion or contraction has opposite impact on the thermal strain. With only a 

small temperature change, the stress profiles have changed significantly. Note that this will be 

different if the joints are used as load-bearing structures. In the previous results shown in Figure 
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5.11 and Figure 5.12, the axial force is calculated using Eqn. (5.72) and Eqn. (5.73) with the 

parameters given in Table 5.4 and Table 5.5. The axial force is only ~152 N. A heavily loaded 

case with axial force of 5,000 N is presented to further illustrate the major influence of the thermal 

stresses at an intermediate temperature change of ∆𝑇𝑇 = 50 𝐾𝐾 , which is realistic and common in 

HVAC&R systems such as in ice makers or frozen storage applications. The values here are picked 

for demonstration purpose within the reasonable range but the general conclusion is valid for other 

conditions. Figure 5.13 and Figure 5.14 show the normal stress and shear stress distributions 

comparison respectively with loading condition under ∆𝑇𝑇 = 0 𝐾𝐾 and ∆𝑇𝑇 = 50 𝐾𝐾  with small axial 

loading 𝐹𝐹 = 152 𝑁𝑁 and large axial force 𝐹𝐹 = 5000 𝑁𝑁. In both figures, the stress distributions in 

the adhesive layer are plotted along the previously defined dimensionless axial coordinate variable 

𝑧𝑧.  

 

(a)  

(b)  

Figure 5.13. Comparison of normal stress distributions with low and high axial loading force 
experience the same temperature change (∆𝑇𝑇 = 50 𝐾𝐾) plotted against the dimensionless variable 

𝑧𝑧: (a) low axial force 𝐹𝐹 = 152 𝑁𝑁; (b) high axial force 𝐹𝐹 = 5000 𝑁𝑁.  
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(a)  

(b)  

Figure 5.14. Comparison of shear stress distributions with low and high axial loading force 
experience the same temperature change (∆𝑇𝑇 = 50 𝐾𝐾) plotted against the dimensionless variable 

𝑧𝑧: (a) low axial force 𝐹𝐹 = 152 𝑁𝑁; (b) high axial force 𝐹𝐹 = 5000 𝑁𝑁. 

 

The presented stresses have two sources: axial-force-induced stress and thermal-

expansion-induced stress. As shown in Figure 5.13 and Figure 5.14, with low axial force, the 

thermal stresses dominate the stress profile with respect to the baseline. The axial stresses induced 

by pressure along are close to zero. However, with the very high axial force, both the axial force 

and thermal stress play important roles. It can be noticed the maximum normal and shear stresses 

have different values and locations after experiencing temperature change. A summary of the 

stresses at both ends of the adhesive for low and high axial loading with temperature is shown in 

Table 5.6. 
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Table 5.6. Geometric size of the tested adhesive joints in this study  

Cases 
𝐹𝐹 = 152𝑁𝑁 𝐹𝐹 = 5000𝑁𝑁 

 ∆𝑇𝑇 = 0 𝐾𝐾 ∆𝑇𝑇 = 50 𝐾𝐾 ∆𝑇𝑇 = −50 𝐾𝐾 ∆𝑇𝑇 = 0 𝐾𝐾 ∆𝑇𝑇 = 50 𝐾𝐾 ∆𝑇𝑇 = −50 𝐾𝐾 

𝜎𝜎𝑧𝑧=0(𝑀𝑀𝑀𝑀𝑀𝑀) 0.39 -11.4 12.1 12.7 0.94 24.5 

𝜎𝜎𝑧𝑧=1(𝑀𝑀𝑀𝑀𝑀𝑀) 0.17 10.8 -10.5 5.7 16.3 -4.9 

𝜏𝜏𝑧𝑧=0(𝑀𝑀𝑀𝑀𝑀𝑀) 0.45 -2.6 3.5 14.8 11.7 17.9 

𝜏𝜏𝑧𝑧=1(𝑀𝑀𝑀𝑀𝑀𝑀) 0.39 3.4 -2.6 12.8 15.8 9.8 

 

The thermal stresses together with axial force loading can create complicated stress 

distributions. It can be noticed the maximum normal and shear stresses have different values and 

locations after experiencing temperature change. Depending on the loading condition and location, 

the thermal stress can significantly increase the maximum stress, which is especially critical with 

pre-existing loading as shown in the last two columns of Table 5.6. Both positive and negative 

temperature change as well as the external loading conditions should be considered in the system 

design phase. 

5.5.5 Discussion on Thermal Stress 

The above analyses thoroughly discussed the thermally induced stresses from a static loading 

perspective to check the maximum stress. It is clearly observed that in adhesive tube-to-tube joints, 

thermal-expansion-induced stresses plays a critical role in determining the stress distribution. 

Variation in joints temperature can significantly change the stress distribution. In HVAC&R 

systems, these large temperature swings will happen frequently with typical system operations. 

Thermal stress and strain must be included in the stress analysis. 

As discussed in Chapter 4, fatigue failure can happen with stress cycling at values much 

lower than the static strength limit. If the system experiences temperature cycling, the thermally 

induced stresses will appear cyclically. In fact, the effect of the thermally induced stresses on the 

total stress distributions can be treated as a superposition independent of the axial-loading induced 

stresses. Comparing the difference between the stresses for low and high axial forces, the thermal 

induced normal and shear stresses in both loading conditions are identical to each other. It can be 
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concluded that the thermal induced stresses are independent of the axial force loading. This is 

consistent with the model setup. In the simplified system equations showed in Eqns.(5.40), the 

thermal expansion coefficients only appear in the constants. From a mathematical perspective, the 

superposition of solution for system of differential equations also yields the same conclusion.  

The most accurate method to predict the failure of adhesive is evaluation of crack initiation 

and crack propagation. However, material behavior of adhesive, especially the fatigue crack 

growth must be obtained using costly and time-consuming experiments. In order to properly 

calculate the crack propagation, it is critical to check that no pre-existing defect below the 

detectable size will grow during the lifetime of the joints, which is another extremely challenging 

task. 

From a design perspective, the developed stress distribution model can be further applied 

considering the maximum stress change with given temperature change or loading change. As 

shown in Table 5.6, assuming the system operates with a 50 K temperature swing, ∆𝜎𝜎𝑦𝑦,𝑚𝑚𝑚𝑚𝑚𝑚 and 

∆𝜏𝜏𝑥𝑥𝑥𝑥,𝑚𝑚𝑚𝑚𝑚𝑚 can be retrieved from the model, as inputs parameter to a damage parameter method with 

Paris’ Law to provide guidance for reliability design for thermal fatigue without exhaustive testing.  

5.6 Summary and Conclusions 

In this chapter, an analytical model predicting normal and shear stress distributions in 

adhesive layer of tube-to-tube adhesive joint is developed, validated and applied for parametric 

studies. The model reconsidered the classical model for this situation but added the influence of 

thermal expansion and contraction, which is necessary for consideration due to the constantly 

changing temperatures in HVAC&R systems. A solution process using Laplace transforms is 

implemented in Mathematica to provide an explicit closed-form solution. The solution is validated 

against published data from the literature and an exact match is achieved.  

Applying the developed model of tube-to-tube joints, the relation between the joint stress 

and strain distributions and determining parameters can be clearly probed. The validated model is 

used in parametric studies to investigate the influence of adhesive overlapping length, adhesive 

bondline thickness, and temperature change experienced by the joints. Several conclusions are 

made about the trend of stress changes as well as the maximum stress: 

For geometric parameters: the peak stresses usually appear at both ends of the adhesive; 

decreasing the bonding length will largely increase the maximum stress appeared for both the shear 
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and normal stress in the adhesive layer; increasing the thickness slightly decreases the maximum 

normal stress with relatively small impact on the shear stress field; and increasing the thickness 

decreases the maximum shear stress but increase the minimum stress resulting in a more flattened 

shear stress profile. 

For thermally induced stress, they can be treated as a superposition over the original solution. 

Higher temperature differences cause higher stresses distribution changes. The negative and 

positive temperature changes will have opposite influence on the stress fields. The stresses are 

determined by both axial force induced stress and thermal induced stress. The relative values of 

the external force and temperature change determines the stress profiles. The possible further 

fatigue analysis is introduced but no detailed work is given due to the goal of current study. 

More importantly, it is concluded that thermally induced stress plays a critical role in 

determination of the stress distributions of adhesive joints, especially in HVAC&R systems that 

will have large temperature swings. From both static and fatigue perspectives, thermal expansion 

must be included in the joint stress analysis. 

From a design guidance perspective, the trend and understanding discovered in this model 

can help determine the geometry sizes. Adhesive bonding length should be selected such that the 

maximum stress is smaller than the allowed material strength for both normal and shear stress. 

Adhesive thickness has less impact and usually limited by the manufacturer recommendation from 

practical consideration. If temperature change is present, all the possible combination of loading 

and temperature change should be analyzed to find the most extreme loading condition. The 

thermally induced stresses must be always considered since even a small temperature change 

(|∆𝑇𝑇| < 5 𝐾𝐾) can cause significant stress changes. 

This work reports the first detailed tube-to-tube joint model of stress and strain distributions 

aiming to simulate the working conditions of HVAC&R applications. All of these results provide 

a detailed guidance for use of adhesive joints across different application or locations in HVAC&R 

systems. The model can be also used as a framework to evaluate and compare the performance of 

different adhesives, as long as the adhesive properties can be determined as inputs. 
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6. PROOF OF CONCEPT TEST 

In this chapter, a proof-of-concept test is conducted to evaluate the performance of adhesive 

joints in an HVAC&R system under normal working condition. The aim is to directly apply the 

adhesive into system joining or manufacturing process to prove the concept. At the same time, the 

tests can help to detect any unexpected issues in the assembly process and failures that are not 

captured by the traditional testing methods.  

The proof-of-concept test uses tube-to-tube joints in a commercial heat pump dryer test stand. 

The test covers both tube-to-tube assembly as may happen in installation or repair in the field. The 

heat pump dryer test stand has been finished with experimental data and preliminary results. 

6.1 Experimental Design 

A heat pump system taken from a commercial clothes dryer is selected as the test system. 

The system components are summarized in Table 6.1. Figure 6.1 shows an image of the test stand 

alongside a schematic diagram of the flow loop with the primary components labelled. The system 

is a vapour compression cycle: the refrigerant vapour comes out of compressor and is condensed 

to liquid against ambient air through the subcooler and condenser. A separate fan is used to provide 

the airflow for the subcooler and to cool down the compressor. The liquid out of the condenser 

expands through a capillary tube and evaporates in the evaporator which then goes back to the 

compressor and closes the cycle. There is a blower that provides airflow for both the condenser 

and evaporator through the same air duct. 

 

Table 6.1. Components and material applied in the heat pump dryer system 

Compressor HIGHLY (Shanghai Hitachi) BSD122DN-H3BDA 

Condenser Tube-and-fin type (Material: Aluminum) 

Subcooler Tube-and-fin type (Material: Aluminum) 

Capillary Tube Material: Copper) 

Evaporator Tube-and-fin type (Material: Aluminum) 

Filter Dryer Material: Copper) 

Tubing 1/4-inch for discharge and 3/8-inch for suction (material: Copper) 
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Figure 6.1. Schematic drawing (left) and photograph (right) of the custom-instrumented heat 
pump dryer test stand with the locations of the pressure transducers (P) and thermocouple 

measurements (T) indicated. The adhesive joints are placed at the locations labelled “1” and “2”. 

 

The commercial system introduces various factors that may influence the adhesive joint 

performance. The system has a relatively high pressure of up to 15 bar at 55 ℃ with R134a as the 

refrigerant. The tubing is exposed to sudden pressure changes and random vibrations when the 

compressor and blower are running. It is an oil-lubricated system with oil passing through the 

tubing along with the refrigerant. There is tension and torque on the joints caused by thermal 

expansion and contraction as the system heats and cools as it is cycled on and off. All of these 

factors simultaneously act on the adhesive joints in a manner that is hard to simulate through 

standardized testing. 

The system was also selected due to its simplicity in system control. The system consists of 

a single speed compressor, blower and fan with a capillary tube. There is no active control, and 

hence, the system operating conditions are only determined by the refrigerant charge amount and 

environmental temperature. Within a lab-testing environment, the temperature stays relatively 

constant. The operating conditions can thereby be used as an indicator for the system refrigerant 

charge amount. 

The system is custom-instrumented with sensors to monitor the operating conditions. Three 

pressure transducers and five thermocouples are installed to measure the pressure at several 

selected locations and the temperatures at the inlet/outlet of each component, as labelled in Figure 

6.1. The pressure transducers measure from 0 – 500 psig with an accuracy of ± 0.65 psig. The 
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thermocouples are copper-constantan (T) type with ± 1 ℃ uncertainty. Two different locations are 

selected for insertion of the adhesive joint based on the operating conditions of the system, as 

marked by red crosses in Figure 6.1. Location “1” is at the compressor outlet where there is the 

highest temperature and pressure in the system; location “2” is at the compressor inlet, with the 

lowest temperature and pressure. At each location, the original tubing is cut with a chip-free tube 

cutter in the middle, leaving two open ends. A copper coupling is used to form a new tube-to-tube 

connection using the adhesive, as will be described in the subsequent section.  

6.2 Heat Pump Dryer System Modeling 

In order to better describe the system operating condition and compare the testing results in 

a consistent manner, a simulation model of the heat pump dryer system was built in Engineering 

Equation Solver (EES, introduced in Chapter 3). As described in Figure 6.1, there are only three 

measured pressure values: compressor inlet, compressor outlet, and subcooler outlet before the 

expansion valve. All the temperature values at the component inlets and outlets are measured and 

can be considered known. The simulation model should be able to calculate the properties at each 

state point with reasonable assumptions and simplifications to represent the system in T-s diagram 

and p-h diagram. 

Compressor inlet and outlet pressures and temperatures are measured; the state points are 

fully determined to look up the enthalpy and entropy: 

 , / , / , /( 134 , , )comp in out comp in out comp in outh enthalpy R a P T=   (6.1) 

 , / , / , /( 134 , , )comp in out comp in out comp in outs entropy R a P T=   (6.2) 

For the condenser, it is assumed that there is no pressure drop in the tubing, so the inlet is 

fully decided by the pressure and temperature, similar to the compressor. The condensing 

temperature is determined by: 

 , ,, ( 134 , )cond saturation in cond inP P T R a T=   (6.3) 

Because the size of subcooler is much smaller than the condenser, assuming there is no 

pressure drop across the subcooler, the pressure at condenser outlet can be determined by: 

 , ,cond out subcooler outP P=   (6.4) 
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The condenser outlet (subcooler inlet) state properties are then fully decided by this pressure 

and measured temperature. The subcooler outlet temperature and pressure are both measured, 

which is also the inlet of the expansion device (capillary tube in this system). Assuming constant 

enthalpy, the outlet state can be determined with the measured temperature:  

 , , ,capli out capli in subcoller outh h h= =   (6.5) 

 , , ,( 134 , , )capli out capli out capli outP Pressure R a T h=   (6.6) 

Note that this is where the refrigerant just leaving the expansion device. There is extra 

pressure drop in the distribution tube before flowing into evaporator. It can be treated as a second 

expansion device with same assumption of constant enthalpy: 

 , , ,tube out tube in capli outh h h= =   (6.7) 

 , , ,( 134 , , )tube out tube out tube outP Pressure R a T h=   (6.8) 

The evaporating pressure is determined by the inlet temperature: 

 , , ,, ( 134 , )evap saturation in evap in tube outP P T R a T T= =   (6.9) 

The evaporator outlet temperature and pressure are both measured, which closes the loop. 

The subcooling of the condenser the superheat of evaporator then can be calculated by: 

 ,cond cond outsub T T= −

  (6.10) 

 ,evap out evapsup T T= −

  (6.11) 

6.3 Adhesive Joining Procedure 

A structural adhesive two-part epoxy was used as the bonding material for the application 

process. As suggested by the manufacturer, a manual applicator with a static mixing nozzle were 

used to evenly mix and apply the adhesive to the surface.  

The outer tube surfaces were prepared by a traditional method of acetone cleaning, followed 

by sanding, and lastly a second acetone cleaning. The coupling is only acetone-cleaned because 

the inner surface of the small-diameter tube is inaccessible for sanding. Note that the coupling is a 

standard size for brazing purposes and is not specifically designed for adhesive joining. The gap 

size between the tube outer diameter and coupling inner diameter at both locations is measured to 

be 0.85 mm; this is within the recommended working range for the adhesive, which will guarantee 
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a strong adhesive bond. Figure 6.2 shows the location “1” tube cut, with the two open ends aligned 

after preparing the bonding surface; the coupling is shown slid onto the left-side tube end. The 

difference in color of the copper tube near the coupling indicates that the surface preparation 

removed the oxide layer and other contaminants. Before applying the adhesive, the two tube ends 

are aligned coaxially and pressed against each other to decrease the possibility of adhesive leaking 

into the inner surface of the copper tubing. The adhesive is circumferentially applied on the cleaned 

tube area to cover a region the same length as the coupling. The coupling is slowly slid along the 

tube until the cut is at the center of the coupling. It is ensured that the adhesive fills the gap between 

the tube and the coupling, with no visible openings; the assembled joint is shown in Figure 6.2. 

Because the tube is in a horizontal orientation, the adhesive accumulates at the bottom of the tube 

due to the effect of gravity. The adhesive is left to cure at room temperature for 24 hours. After 

curing, an aluminum safety shield is placed around the joints in case of a catastrophic failure. The 

other adhesive joint in location “2” is manufactured following the same procedure.  

 

 

Figure 6.2. Photographs of the cut location “1” for the tube-to-tube joint after preparing bonding 
surface (left) and within the coupling in place over the cut after application of the adhesive 

(right). 

6.4 Testing Procedure 

Before cutting the tubes, a baseline test was performed to measure the system operating 

conditions. The system was charged with 428 g of refrigerant R134a, which is recommended by 

the manufacturer. All of the system components (e.g., the compressor, fan, and blower) were run 

at a fixed speed that was maintained constant for the duration of the test until steady-state operating 

conditions were achieved. 
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After recording the standard operating condition benchmark, the tubes were cut and re-

assembled with adhesive joints as described in the previous section. Before recharging the system 

with refrigerant, a leakage check was performed by charging the lines with high-pressure nitrogen 

and pulling a vacuum on the system. The system high-side operating pressure is approximately 

960 kPa and it was charged with nitrogen to 1900 kPa. After 72 hours, the pressure dropped by 

~1% to 1880 kPa and then held steady. When a vacuum was pulled on the system, no pressure 

increase was observed after 6 hours. These tests confirm that the system was leak-free after the 

initial adhesive joining and ready for testing. 

The system was charged with the same amount of refrigerant as during the baseline testing. 

After charging, a long-term test plan was followed for the adhesive joints: the system was run for 

several hours every one or two weeks, similar to the anticipated operation of the device, with the 

pressure and temperature recorded after reaching a steady operating point. The procedure evaluates 

whether the prototype adhesive joints can hold the pressure over a long time while being subjected 

to normal running cycles. The system pressures and temperatures are compared with baseline 

results, which would differ if there was a significant loss of charge. 

6.5 Results and Discussion 

The operating conditions for the baseline and the case with adhesive joints case are compared 

in Figure 6.3. The baseline condition is defined as the standard operating condition, achieved by 

the initial charge without any modification with adhesive joints. Several assumptions were made 

to calculate all state points where there is not a direct measurement, namely: no pressure drop in 

the condenser, constant enthalpy across the expansion devices, and two-phase operation the 

condenser and evaporator. Due to the long tubing and distributor before evaporator, there is an 

additional pressure drop between the capillary tube (point 5) and evaporator (point 6). This was 

treated as a second expansion device to accurately capture the pressure and temperature at the 

evaporator inlet. 

The data presented in Figure 6.3. indicates that there is a consistent operation before and 

after installation of the adhesive joints. In both cases, between state points 5 and 6, there is 

additional pressure drop with the according temperature decrease. Also, note that the there is 

pressure drop across the evaporator, which explains the temperature decrease from state point 6 to 

1. A small variation in the pressure and temperature, comparing the baseline and adhesive data, 
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are attributed to slightly different charge amounts due to the refrigerant scale uncertainty and 

difference in the room temperature (21.9 ℃ for the baseline versus 22.4 ℃ in the adhesive case).  

In order to further evaluate the feasibility of this concept, the system was operated 

periodically over the next 6 months per the testing procedure described in the previous section. 

The corresponding temperature-entropy (T-s) and pressure-enthalpy (P-h) diagrams are shown in 

Figure 6.4, with the adhesive test operating points overlaid on a plot of the baseline condition. As 

shown in Figure 6.4, the system performed consistently with each subsequent test after sealing the 

joints with adhesive. The consistent pressure level and system performance indicates that there 

was no leakage over the testing period and that the adhesive joints operate successfully under the 

temperature changes and vibrations associated with operation of the system using refrigerant 

R134a. Despite the limitations of testing only two adhesive joints over a moderate 

temperature/pressure range for a period shorter than the typical lifetime, as a proof-of-concept test, 

this suggests that adhesives may be feasible and practical to replace brazed joints in HVAC&R 

systems. Further testing is recommended to evaluate the performance of adhesive joints in 

HVAC&R systems to the point of failure or leakage. 

 

 

Figure 6.3. Schematic diagram of the heat pump system showing the pressure and temperature 
values measured or calculated at each state point. The baseline data are shown in blue and the 

data for the tests with the adhesive joints are shown in red.
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Figure 6.4. T-s (top) and P-h (bottom) diagrams of heat pump system operation conditions at the 
baseline condition and for three selected tests over a 6-month period after installing the adhesive 

joints.
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6.6 Summary  

Adhesive joints have the potential to replace brazed joints and improve system efficiencies 

in the HVAC&R industry. After various testing and modeling, to demonstrate the application 

procedure and explore the feasibility of an adhesive joint, a proof-of-concept tests were performed 

using a heat pump dryer system. An adhesive joining procedure is presented including surface 

preparation, adhesive preparation, adhesive application, and curing. For the heat pump dryer 

system, tube-to-tube adhesive joints were installed at the inlet and outlet of the compressor. The 

system was first pressurized to check for initial leaks and then charged with refrigerant for 

performance testing over a 6-month period. Results showed that the adhesive joints hold the 

refrigerant pressure without leaks and the system performs consistently before and after the 

installation of adhesive joints. The proof-of-concept tests indicate that it is practical to use of 

adhesive joints to replace brazed joints in HVAC&R applications, which warrants further 

investigation. 
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7. SUMMARY AND RECOMMENDATIONS 

In this chapter an overall conclusion is given of the main investigations of the current work. 

While the research performed achieved the objectives and addressed the questions posed in the 

introduction, the current works also opens several new doors to future extensions and 

improvements. These potential future research investigations are outlined in the final section of 

this chapter. 

7.1 Overall Conclusion 

Adhesive joints have the potential to replace brazed joints and improve system efficiencies 

in the HVAC&R industry. Compared to existing brazed and mechanical joints, the use of adhesives 

offers lowers cost, eases manufacturing without an open flame, and provides the flexibility to be 

applied to various materials and geometries. However, the adhesive joints’ performance and 

reliability in the long-term needs further evaluation. The research and applications employing 

adhesive joints for HVAC&R systems is still at early stage and limited results are available on 

fatigue failure and real system testing conditions. In order to contribute to the research area, both 

experimental and analytical modeling work have been performed in the present work. Firstly, 

laser-interference structuring is evaluated as a surface preparation technique for adhesive joints, 

which enhances the bonding performance compared with those joints made with the traditional 

preparation method. Next, the fatigue failure of adhesive joints in HVAC&R systems are 

investigated since it is the major concern for long-term reliability. Two separate tests are designed 

and performed to evaluate the vibration fatigue resistance and pressure and temperature cyclic 

fatigue resistance. The tested adhesive joints showed good fatigue resistance and passed both tests. 

The pressure and temperature cyclic test stand serves as new research infrastructure for the 

pressure and temperature fatigue testing of joints and allows for research and development of new 

joining technologies and other components for HVAC&R applications. Furthermore, an analytical 

model on stress and strain for adhesively bonded tube-to-tube joints under thermal stresses is built 

and solved to establish a framework for failure prediction under thermal loading. Lastly, to 

demonstrate the application procedure and explore the feasibility of an adhesive joint, two separate 

proof-of-concept tests were performed using a heat pump dryer system. An adhesive joining 



 
 

166 

procedure is presented including surface preparation, adhesive preparation, adhesive application, 

and curing. The installed adhesive joints hold the refrigerant pressure without leaks. The system 

performs consistently before and after the installation of adhesive joints, which indicate the 

potential or use of adhesive joints to replace brazed joints in HVAC&R applications. 

7.2 Recommendations for Future Research 

7.2.1 Extended Reliability Testing 

The experiments designed and performed in the current work, including the pressure 

temperature cyclic (PTC) test stand, vibration testing and proof-of-concept testing, constructed a 

platform to perform reliability testing on the adhesive joints. However, only a limited number of 

tests were performed to demonstrate the functions of these test stands. In the PTC testing and 

vibration testing, only U-shape joints with one geometry were selected and passed the qualification 

testing with test conditions recommended by the ISO standard. 

Using the current infrastructure, extended PTC and vibration tests can be performed under 

various testing conditions with different joint type, size, and material. Here are some potential 

studies in the future: 

• PTC tests with low temperature below 0 ℃. This can be steadily achieved with the 

current stands. The effect freezing of condensed water and moisture in the adhesive can 

be studied for those applications involving low-temperature operation. 

• Reliability testing on different joint sizes for all possible HVAC&R applications. Much 

larger tube diameters are used in large-scale systems. In practice, the tests should be 

performed based on the targeting application. Both PTC and vibration tests are capable 

of testing joints in different sizes. 

• Conducting the same sets of testing with different metals for adherents can be beneficial, 

such as Cu-Al joint and Al-to-Al joints. This can extend the usage of adhesive joints 

which may also enables the possibility to use adhesive joints in other industries.  

• The current work shows adhesive joints can pass the standard required testing and work 

in heat pump dryer system. Long-term (in timescale of years) reliability testing in both 

fatigue test stands and real systems can better prove the reliability and identify potential 

issues. 
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7.2.2 Improvements to the Analytical Structural Model 

A number of possible improvements to the analytical structural model are reported here. 

• The model only considered elastic material properties for both adherents and adhesive. 

While it is a good assumption for the studied case, plasticity can be also considered, 

especially for adhesives. 

• The adhesive is assumed to be a thin layer due to the manufacture-recommended 

bondline thickness. Further investigation without thin layer assumption can improve 

the applicable range of this model, even for different geometries and applications. 

• The model only considered axial loading force as external forces based on the working 

conditions of these joints in HVAC&R systems. Further loading scenarios can be added 

into the model, including radial force, torsion, or bending to extend the capability of 

the model. 

• For thermal effects, a linear thermal expansion coefficient is used. A more complicated 

and accurate thermal expansion model can be applied with detailed measurement data 

to capture the thermal strain at different temperature levels. This can further improve 

the accuracy of the model. 

• The model does not consider the thermal expansion and contraction of the adhesive. 

This can be another improvement to increase the application range and accuracy. 

• The current work concluded thermal stress is significant in adhesive joints in 

HVAC&R systems with parametric studies on static loading conditions. The failure 

under fatigue can be further developed. Based on the approaches available, fracture 

energies or stress intensity factor under different loading conditions and testing 

environment are needed to develop the failure model. This requires a complete set of 

characterization testing for the given adhesive. The results of the current model can be 

used as inputs to the failure prediction model. 

7.2.3 Other Possible Research 

Some other related future research inspired by the current work is summarized, which 

require multidisciplinary engineering and collaboration, but can be very beneficial to the industry.  
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• In Chapter 3, the conclusion indicates that the laser interference technique can increase 

the joint strength, which has great potential to replace the traditional surface preparation 

methods. However, these tests were completed in a laboratory setup that cannot be 

directly used in manufacturing environment. Compared with sanding and chemical 

cleaning, laser processing can be integrated with automatic manufacturing, for example 

robotic arms. Efforts are needed to design small-scale devices for laser interference 

structuring with either hand processing or automatic production lines.  

• Adhesive has great flexibility as discussed in the introduction part. Adhesive co-

development with joint testing for HVAC&R systems can ensure the final success in 

using adhesive joint in HVAC&R systems. Adhesive formula can be modified based 

on the requirements. Once issues and needs are identified in the joint evaluation tests, 

adhesive manufactures can correspondingly modify the formulation to satisfy the 

newly identified needs for HVAC&R system.  

• HVAC&R manufacturing process optimization can be another great opportunity 

enabled by the current work. Once adhesive is ready to be used in HVAC&R systems, 

the current assembly lines using brazing / soldering must be modified to adapt the 

different technology. With potentially fully automatic manufacture process with 

surface preparation, adhesive applying and curing without open flame, the assembly 

cost can be decreased with increasing efficiency.  

• Comparing to conventional joints in the HVAC&R industry, application of adhesive 

provides design freedom to remove the geometrics limitation for components in the 

system that are governed by the need for brazing. Heat exchangers may be redesigned 

to potentially leads to more compact systems using less mass and refrigerant charge; 

for example, flat tube heat exchangers can be joined by an adhesive without additional 

challenge. Reduced refrigerant charging is also critical for systems with flammable 

refrigerants. 

• Thermal and heat transfer studies of adhesive layers. There is a widespread interest to 

use high strength bonding material (adhesives) with high thermally conductivities (e.g., 

micro-channel heat exchanger assembly, cylinder-to-cylinder heat exchangers). Most 

of the adhesives in current markets have very low thermal conductivities. To overcome 

this problem, filler particles can be added to the adhesive to enhance the heat transfer 



 
 

169 

performance. This has limited increase on heat transfer with adverse effect on the 

strength and fatigue resistance. The tests and model developed in this work can be 

readily used to evaluate the newly developed adhesives. It is also possible to further 

develop co-optimization model for both structural and thermal performance.  
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APPENDIX. WOLFRAM MATHEMATICA PRINTOUT 
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