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Abstract 
Chemical surface treatment of aluminum has a significant effect on the bonding 

characteristics and the applications in which adhesive bonding of aluminum is used.  

Chromic acid etching is one of the oldest and most widely conducted treatment methods 

in industry.  Henkel Loctite often receives requests to perform the chromic acid etching 

process on aluminum but it can be hazardous and inefficient.  An actual chromic acid 

etching system for aluminum was designed and compared to other surface treatment 

methods to determine if this system would be of benefit to the sponsor in the future. 
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Executive Summary 

Our sponsor, Henkel Loctite, is the world’s largest manufacturer and supplier of 

consumer and industrial adhesives.  Loctite conducts in-house services to outside 

companies to improve any products using adhesives manufactured by Henkel Loctite.  

For many applications, products using adhesives need special material treatment prior to 

adhesion.  Certain materials, such as aluminum, steel, and various plastics, undergo 

surface treatment preparation prior to adhesion bonding in order to improve the strength 

and durability of the products. 

 One of the most common surface treatment methods, chromic acid etching, was 

actually conducted on site at Henkel Loctite’s laboratories.  Chromic acid etching 

involves submersing materials into a heated chromic acid bath for approximately ten 

minutes then cleaning the treated parts with water prior to bonding.  Chromic acid 

consists of 10 parts by weight sulfuric acid, 1 part by weight sodium dichromate, and 30 

parts by weight water.   

However, there were many flaws in the process and our sponsor decided that it 

was a worthwhile investment to improve the chromic acid etching process and determine 

if it would be of benefit to the company to implement a permanent on-site system.  This 

process is used on a wide variety of materials before the bonding process, but it is used 

most extensively on aluminum, mostly because aluminum is one of the least costly 

materials in industry.  This project focused entirely on the treating and bonding of 

aluminum, and more importantly focused on the chromic acid surface preparation 

treatment of aluminum compared to four other commonly used treatment processes.  
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These four were chromic acid anodizing, sulfuric acid anodizing, “hard” anodizing, and 

phosphoric acid anodizing.  All five of these methods are used extensively in the 

transportation, consumer cookware, and manufacturing industries, as well as many other 

industries.  The goal of the project was to: 

• Set up and design an actual working chromic acid etching system 

• Treat multiple aluminum parts using the same bath 

• Identify any flaws and faulty conditions associated with the system 

• Conduct various experiments to improve these flaws 

• Determine when the acid bath began to degrade to the point where it was 

no longer effective 

• Compare the chromic acid etching treatment method to various other 

surface treatment methods done outside of Henkel Loctite to determine if 

a permanent system should be implemented on site or if all parts should be 

shipped out for treatment prior to bonding 

The chromic acid bath was constructed using a temperature-controlled water bath 

and placing a Pyrex baking dish, containing the chromic acid, half way into the bath.  A 

stand was also constructed to hold the aluminum parts as they were being treated.  For 

this project, aluminum lap shears with dimensions of 1 inch by 4 inches, provided by 

Henkel Loctite, were used throughout all experimentation.  This apparatus was able to 

treat a maximum of 18 lap shears at a time, and the lap shears were submerged into the 

chromic acid bath at a depth of at least 0.5 inches, as this was the required bond area for 

testing. 
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In order to insure that quality results were obtained throughout the project, an 

appropriate adhesive had to be chosen.  Given 10 adhesives recommended by the 

supervisor, 10 lap shears were treated with the chromic acid for each of the 10 different 

adhesives.  Once all bonded assemblies cured, they were tested for maximum shear 

strength using an Instron machine.  All bond strengths were recorded and the statistical 

software Minitab was used to analyze the data.  It was proven that only three of the 10 

tested adhesives had higher average bond strengths after treatment compared to bonded 

non-treated aluminum, and only one adhesive, H4800, had statistically significantly 

better bond strength after treatment.  Therefore, H4800 was the chosen adhesive to be 

used throughout the project. 

When analyzing data from the adhesive selection process, it was found to have an 

unusual amount of variance from substrate to substrate, even within the same adhesive.  

When bonding the aluminum lap shears after treatment, there appeared to be some 

residue left over on the lap shears possibly affecting bond strength.  Therefore, a design 

of experiments analysis was proposed to determine if cleaning the treated surface with 

isopropyl alcohol would improve the bond strength and limit the variance.  After 

analyzing the data on Minitab, it could not be proven that cleaning the lap shears with 

isopropyl alcohol had any impact on results. 

There was still an observed water stain or some sort of residue remaining on the 

surface of the treated aluminum parts.  A different experiment was conducted to 

determine if wiping the parts after treatment with a tissue instead of drying them in an 

oven for 10 minutes would improve the process.  When testing was complete, a 

significant increase in bond strength occurred with the tissue-wiped specimens and it was 
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proven that the tissue-cleaned lap shears had statistically significantly better bond 

strength and less variance.  Therefore, this cleaning procedure was used throughout the 

rest of the project. 

One of the main goals of the project was to determine how long it would take for 

the chromic acid bath to degrade to a point where it was no longer effective in treating 

the aluminum lap shears.  According to Henkel Loctite, a project should never require 

more than 500 lap shears to be bonded at once.  To be on the safe side, 1000 lap shears 

were treated.  Instead of actually treating 1000 lap shears, a calculated amount of 

aluminum powder was dropped into the chromic acid bath to simulate the amount in 

order to save time and resources.  Another experiment was conducted in which 10 

assemblies were treated and bonded with a fresh bath and another 10 assemblies were 

treated and bonded with the “degraded” bath.  There was no proven indication that bond 

strength was affected before and after the addition of the aluminum powder.  Also, the 

chromic acid bath was analyzed before and after the aluminum powder was added to 

determine the difference in composition of the bath.  The same was conducted for treated 

aluminum specimens and it was determined that very little difference occurred after 1000 

lap shears were treated.  This assured Henkel Loctite that the bath would not degrade 

during any future projects. 

Once the chromic acid treatment system was fully established, this treatment 

method had to be compared to others to determine if the company should use this process 

in the future.  Aluminum lap shears were sent out to various companies to perform four 

other treatment methods: chromic acid anodizing, sulfuric acid anodizing, sulfuric “hard” 

anodizing, and phosphoric acid anodizing.  A control group of untreated aluminum was 
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also used in the analysis for comparative purposes.  All treatment methods were bonded 

with adhesives H4800, 435, and 332, and some were sent for environmental conditioning 

for two weeks.  Environmental conditioning consisted of a salt fog chamber, a regular fog 

chamber, and lower temperature oven, and a higher temperature oven.  The lap shears 

that were not conditioned were compared to those that were and various treatment 

methods were compared to each other of the same adhesive used for bonding.  Again, 

using Minitab, it was proven that phosphoric acid anodizing had overall stronger bond 

strengths than other treatment methods, but also was the only treatment method that 

didn’t show a statistical significant drop in bond strength after being exposed to 

environmental conditioning.  We also examined other factors such as cost, ease of use 

(safety), and use in industry to determine the best overall surface treatment.  It was 

determined that the best performing surface treatment, phosphoric acid anodizing, was 

also the safest and most widely used in industry.  It was concluded that phosphoric acid 

anodizing was the best aluminum surface treatment for Henkel to pursue for future 

testing. 
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Introduction 

The first adhesives can be traced back to 4000 B.C., when archaeologists uncovered 

clay pots that had been repaired using tree sap.  Adhesives have a history of about 6000 

years, longer than most current industries.  The Greeks and Romans used many natural 

adhesives, including tar and beeswax, used for several military purposes such as naval 

vessels and bows used by troops.  Beginning around 1700, the first glue factory opened 

up in Holland to manufacture animal glue from hides.  It was not until the Industrial 

Revolution that technical advances in adhesives began to improve.  At this time, the first 

glue made from a polymer was introduced, and as plastics were discovered during the 

early 1900s, new and specific advances developed in adhesive technology, such as 

flexibility, toughness, and chemical resistance.1  Currently, the adhesive industry is a 

multi-billion dollar industry and is located throughout 125 countries in the world.  Today, 

adhesives hold together almost every piece of manufactured equipment used throughout 

the world.  Whether it is the automotive industry, electronics, aerospace, metal, assembly, 

or construction industries, products could not be made without the application of 

adhesives.   

Our sponsor, Henkel Loctite, has been in the adhesive industry for over 50 years.  

With products currently being marketed in more than 80 countries around the world, 

Henkel Loctite is the leading developer and manufacturer of adhesives, sealants and other 

specialty chemicals.2  Henkel Loctite offers a service to its clients where engineers find 

the best solution to their needs based on desired specifications and cost.  In some 

instances, in order to increase bond strength, the surface of the substrate prior to bonding 

is altered in some way.  The focus for this specific application was the analysis of various 
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chemical surface preparation techniques.  The first and most important technique is 

known as chromic acid etching or FPL (Forest Product Laboratory) etch, named after the 

company where it was invented in 1950,  where a chemical alteration of the surface of a 

given substrate undergoes an oxidation process which “eats away” at the surface, creating 

a rough texture, thus increasing the surface area.  Chromic acid is simply a mixture of 10 

parts by weight sulfuric acid, 1 part by weight sodium dichromate, and 30 parts by weight 

water.  By increasing the surface area of substrate, the adhesive has more available area 

to bond.  However, there was a limit as to how many preparations could be completed 

using a single batch of the chromic acid.  Henkel Loctite’s primary interest was to know 

how long the bath could be used before having to replace it and the issues associated with 

having to replace the acid bath. 

The chromic acid etching process had been used before at Henkel Loctite but was 

not permanently implemented.  Testing on aluminum samples had previously been 

conducted using set temperatures, bath exposure times, and certain adhesives, but the 

testing apparatus was taken down since it was only used for one at a time custom 

procedures.  Because chromic acid etching of aluminum used as a preparation for 

adhesion is not a widely used process, Henkel believed that it would not be economical to 

run the testing process on a continuous basis. 

However, with the adhesives industry becoming more technologically advanced 

and the need for more improved product performance, the implementation of this testing 

apparatus appeared to provide excellent future opportunities and benefits for Henkel 

Loctite.  It could have allowed them to interact with a larger number of customers and 

other companies who could find the need for Henkel Loctite to perform these tests on 
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their products.  The main purpose of this project, determining the life of the chromic acid 

bath, gave the company a good idea as to how efficient this process was.  Other chemical 

surface preparation techniques were evaluated as well, such as various anodizing 

processes.  These other techniques were not analyzed to the extent of the chromic acid 

etching process; however, they were used for comparative data. 

Using standard aluminum test specimens provided by Henkel Loctite, a bench top 

etching system was designed.  By submersing and exposing the desired bond area to this 

chromic acid bath for a set time and temperature, the area was prepared for adhesion.  

The design was able to handle 40 standard Lap Shears and the concentration profile of 

acid throughout the system was equal at all points.  Also in order to determine when the 

chromic acid bath began to degrade, various tests were performed on the solution 

throughout the entire process to evaluate pH, aluminum content, and chromate levels.  

The system allowed for an easy and safe removal of the acid solution.  Structural 

adhesives with different curing mechanisms were evaluated in order to identify possible 

trends.  These standard bonded test specimens were then evaluated using different 

mechanical property tests.  These tests determined the bond area’s maximum shear 

strength.  Environmental chambers were used in order to simulate advance aging in a 

short period of time.  A design of experiments was established in order to avoid 

variations in data and to provide accurate statistical analysis of the results.  This statistical 

analysis ranked each run according to bond strength.  By using the previous tests based 

on the content of the solution at various times and bond strengths of the corresponding 

test specimen, it was determined when the bath needed to be altered or changed.  This 

provided information with regards to how many test specimens could be treated before 
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the bath was no longer effective.  Using this information, other surface preparation 

techniques were investigated in order to analyze if this process was indeed reasonable for 

future implementation. 
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1.0 Literature Review 

Before proposing the designs for certain bench-top surface preparation systems, we 

had to be well versed in the technology that was being used.  To truly understand the 

scope of this project, we must look at what had been done previously and in the current 

industry today. 
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1.1 History of Adhesives 

The adhesives industry is one of the largest in the world, spanning over 750 

companies comprising of the multi-billion dollar industry.  50 of those 750 companies are 

responsible for 50% of sales in the adhesive world.  Henkel-Loctite, one of those 50 

companies, is one of the largest adhesive companies in the world, and because adhesives 

are literally found in almost every piece of manufactured equipment in today’s high and 

ever-changing technological world, Henkel-Loctite has a huge impact not only on the 

adhesives industry, but also in everyday life.3 

In order to understand the importance of the role adhesives play in the world, it was 

necessary to understand the history behind adhesives.  The first observed adhesive can be 

dated back to 4000 B.C. in which pre-historic tribes plugged broken pottery vessels with 

tree sap in which they stored foodstuffs in the coffins of dead people.  Between 2000 and 

1000 B.C., animal glue began to be used throughout civilization, as paintings, murals, 

and caskets contained glue in their construction.  Artifacts from ancient Egypt, such as 

the tombs of pharaohs, were observed to be bonded or laminated with some form of 

animal glue.4 

The Greeks and Romans, approximately 2000 years later, began to improve on this 

glue by incorporating various natural substances into adhesives to provide better bonding 

strength.  Ingredients such as egg whites, blood, bones, hide, milk, cheese vegetables, 

grains, beeswax, and tar were all used in various forms of manufacturing and artwork, 

such as ship construction and veneering and marquetry, in which thin sections of layers 

of wood were bonded together.5 
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For the next several hundred years, adhesives became more widespread as furniture 

and cabinet makers incorporated adhesives into their work.  Some of these makers can be 

recognized today, such as Chippendale and Duncan Phyfe.  Adhesives also have played 

an important role in military history, as most weapons parts in the early part of the 

millennium were bonded solely with adhesives.  Violins were laminated with a specialty 

adhesive, and violin makers today have yet to recreate the lamination process of the 1500 

and 1600s.6 

In the 1700s, the adhesive industry really began to take off, as the first glue factory 

was constructed in Holland in which animal glues were manufactured from hides.  In the 

late 1700s, patents began to be issued for glues and adhesives, as fish glue and adhesives 

using natural rubber, animal bones, fish, starch, and milk protein were all patented.  By 

the start of the industrial revolution, the United States had several large glue-producing 

factories.  As the 1900s progressed, the discovery of oil helped the adhesive industry take 

off in great proportion, as this led to the discovery of plastics.  The introduction of 

Bakelite phenolic allowed adhesives using resin to be put on the market, and within the 

next 40 years, as new plastics and rubbers were being synthetically produced, the present 

day technology of adhesives were discovered.  This development of plastics and 

elastomers has allowed the properties of adhesives to be changed and improved, such as 

flexibility, toughness, curing or setting time, temperature and chemical resistance. 7 

1.1.1 Importance of Adhesives in Industry Today 

Adhesives are everywhere in the highly technological manufacturing world today, 

and it is no surprise that adhesives are one of the most important substances used in 

industry.  Many adhesives have taken the place of other joining processes, such as bolts 



  23

and welding, which reduced the cost of manufacturing and labor.  Adhesive companies 

on-sell their products to companies in the construction sector, aircraft manufacturers, 

automotive manufacturers, and packaging industries.8  The following is a list of several 

commonly used adhesives and their role in industry and every-day products. 

Fish Glue:  Used for photo emulsion for photo films and photo resist coatings. 

Casein Glue:  A waterproof adhesive used in the sealing of cigarette paper. 

Starch:  Used to bond paper products such as bookbinding, corrugated boxes, paper 

bags, wallpaper paste.  

Cellulose Adhesive:  The adhesive used on decals on windows and on strippable 

wallpaper. 

Rubber-based Solvent Cements:  Used on counter tops, cabinets, desks and tables.  

Also used on self sealing envelopes and shipping containers, and widely used in the shoe 

and leather industries. 

Epoxies:  Often used to bond metals and have replaced some traditional metal-joining 

processes, such as rivets, bolts, welding, brazing, and soldering.  These metals are used to 

build rotor blades on helicopters and to build skis and snowboards. 

RTV Silicone Adhesives:  Used as sealant and caulking compounds in the construction 

industry as well as sealants for windows and doors on space shuttles. 

Anaerobic Adhesives:  Used in any industry that needs fasteners, gaskets, bearings or 

any mechanical device to be sealed or secured. 

Cyanoacrylates:  Also known a Super Glue.  Used in electronics for printed circuit 

board wires and components and on disposable plastic medical devices.9 
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1.2 Surface Preparation Techniques 

The purpose of surface treatment in preparation of adhesion is to modify the 

material to provide the best conditions for bonding.  In this project, the material to be 

tested for adhesion was aluminum.  Metal surfaces usually have an oxide layer on their 

surface, making it highly polar and ideal for adhesion.  The major focus of surface 

treatment for metals, in particular chemical treatment, is to enhance the bonding strength 

and most importantly, to increase the endurance of metal bonds, especially in humid 

environments.10  

 In preparation of metals, the organic adhesive is intended to only make contact 

with the adherend material, as there should be no layers of oxide film, paint, chromate 

coating, chromate-free coating, phosphate coating, or silicon release agents.  These are 

called weak boundary layers and drastically reduce the effectiveness of adhesion.  When 

the materials are bonded to the adhesive, the bond should always be broken within the 

organic adhesive material, and not between the adhesive and the adherend.  A cohesive 

failure is the desired failure in which the adhesive remains of both pieces of adherend, 

whereas an adhesive failure is one that occurs at the interface between the layers.  100 % 

cohesive failure is always the desired failure mechanism when describing materials 

bonded to organic adhesives.11 

 In preparing the test aluminum samples for adhesion, the three most important 

steps involve cleaning, abrading the surface mechanically to increase contact surface, and 

chemical treatment to improve corrosion resistance.  In this project, chemical treatment 

was the variable studied and several different chemical surface treatments were compared 

based upon their effectiveness of bonding with a particular adhesive. 
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1.2.1 Chromic Acid Etch 

The chemical treatment that was under the most investigation for this project was 

chromic acid etching, or the Forest Products Laboratory (FPL) etch, named after the 

aluminum surface preparation for Clad 24S-T3 in 1950, and later revised in 1975.  The 

etching bath consists of 10 parts by weight sulfuric acid, 1 part by weight sodium 

dichromate, and 30 parts by weight distilled water.  This solution is commonly referred to 

as chromic acid.  When the aluminum is etched with the chromic acid, a layer of 

aluminum oxide is formed.   There are two reactions present in this etching process12: 

(1) 2AI + H2SO4 + Na2 Cr2O7   --------->   Al2O3 + Na2SO4 + Cr2SO4 + 4H2O 

(2) Al2O3 + 3H2SO4  ----------->   Al2(SO4)3 + 3H2O 

The first reaction produces the aluminum oxide, which then reacts with the sulfuric 

acid to produce aluminum sulfate.  However, the first reaction proceeds much faster than 

the second one, 

allowing a controlled 

amount of aluminum 

oxide on the surface.  It 

was part of the project 

to determine not only 

how long it took for the 

chromic acid bath to 

lose the effective 

amount of sulfuric acid, Figure 1:  Stereo STEM Micrograph of Chromic Acid Etched Surface of 
Aluminum 
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but also if there was an appropriate amount of aluminum oxide on the surface of the test 

sample ready for adhesion. 

Figure 113 shows the surface of the aluminum after chromic acid etching, and Figure 

214 shows a proposed sketch of the aluminum oxide structures.   

After the etching process is complete, the sample must be rinsed with water, but it is a 

better idea to spray the aluminum surface instead of submerging it because residue from 

the surface will eventually contaminate the water bath, thus lowering the pH level and 

possibly leading to bond failures. 

Figure 2:  Drawing of Oxide Structure for Chromic Acid Etching 
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1.2.2 Sulfuric Acid Anodizing and “Hard” Anodizing 

In addition to submerging the aluminum in an acid bath and removing it after a 

given period of time, another surface preparation process involves running an electric 

current through a sulfuric acid/water bath while the aluminum sample is submerged.  The 

solution is similar to chromic acid minus the sodium dichromate.  Like the chromic acid 

etch, a very thin layer of aluminum oxide is formed on the surface of aluminum.  This is 

called sulfuric acid anodizing and is used considerably by the automotive and consumer 

cookware industries.   

A variation of sulfuric acid anodizing is hard anodizing, which uses the same 

process as regular sulfuric acid anodizing except the acid is cooled to the freezing point 

of water and the current through the bath is substantially increased.  Compared to the 

regular anodizing process, a much thicker layer of aluminum oxide is produced, as holes 

and fissures in the surface give the treated aluminum a more uniform appearance.  The 

oxide layer has a much stronger bond to the original aluminum surface, making it more 

durable in harsh weather and salty environments, as well as increasing bond strength 

when an adhesive is applied to the treated surface.15 
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1.2.3 Phosphoric Acid Anodizing 

Aside from etching, anodizing is one of the most widely used surface treatments 

of metals, especially in the aerospace industry.  During the process, stable coatings or 

films are formed on the aluminum surface in a wide variety of electrolytes.  The test 

samples are submerged in a bath of 9-12 weight % phosphoric acid at 19-25 degrees 

Celsius between a voltage from 9 to 16 V under a direct current.  Compared to the 

chromic acid etch, this process is less dependent on certain variables, such as time 

between treatment and rinsing.  This is the preferred treatment in the aerospace industry 

because the oxide layer formed is 

thicker than the chromic acid, and 

the “whiskers,” as shown in Figure 

2 (above), are generally longer in 

the anodizing process.  However, 

the immersion time is almost twice 

as long compared to the chromic 

acid etching process, which only 

lasts for about 10 minutes, 

compared to the 20 to 25 minutes 

required for anodizing.16 

Figure 317 shows the surface of the same aluminum test sample as shown in 

Figure 1Error! Reference source not found., but after phosphoric acid anodizing 

treatment.   

Figure 3:  Stereo STEM Micrograph of Aluminum Surface 
after Phosphoric Acid Anodizing 
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Figure 418 shows the oxide layer drawing of the aluminum surface. 

 

                                          

 

 

 

 

 

1.2.4 Chromic Acid Anodizing 

Finally, the chromic acid anodizing process is similar to phosphoric acid 

anodizing, in which the aluminum test specimen is subjected to a voltage and applied 

current, thus forming an electrolyte layer.  The chromic acid in the solution leaves a 

strong layer of aluminum oxide on the surface, allowing for a strong bonding 

environment.19 

 An actual chromic acid etching process was devised in this project and the main 

variable to be tested was how long an individual bath could be used until it was no longer 

effective.  The bonding strengths of the adhesives used on the chromic acid etched 

samples were compared to those of the three other surface treatment methods discussed. 

Figure 4:  Drawing of the Oxide Structures after 
Phosphoric Acid Anodizing 
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1.3 Adhesive Chemistry 

In order to adhere properly and efficiently to a substrate, an adhesive must first do 

two things.  First it must “wet” the surface, by spreading material throughout the entire 

bond area and making a contact angle 

approaching zero.  The contact angle is 

the angle at which the vapor/liquid 

interface meets the solid surface [See 

Figure 5].20   Secondly the adhesive 

must harden to a cohesively strong 

solid.21 

Wetting is important since it involves making intimate contact between the 

molecules of the adhesive and the molecules in the surface of the substrate.  This 

application technique is extremely important with every adhesive.  By applying adhesive 

in this fashion, it permits maximum interactions on the surface of the substrate, in turn, 

increasing bond strength.  After the substrates are mated, hardening can occur by 

chemical reaction, loss of solvent or water, or by cooling/heating.  When this intimate 

contact is made, van der Waals forces are built, but other intermolecular forces may occur 

such as chemical bonds.  This is where things can vary depending on the chemistry of the 

particular adhesive and substrate being used.  If the adhesive can penetrate into the 

substrate before hardening, then mechanical interlocking will contribute to the overall 

strength of the bonded area.  Intertwining of polymer molecules in the adhesive with 

those in the substrate would result in molecular interdiffusion across the interface.  These 

four phenomena underlie the physical adsorption, chemical bonding, mechanical 

Figure 5:  Contact Angle 
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interlocking and diffusion theories of adhesion.  The remaining two theories that provide 

a backing as to how adhesives work are electrostatic theory and weak boundary layer 

theory.  Electrostatic theory states that if two metal substrates are placed in contact, 

electrons will be transferred from one to the other.  This forms an electrical double layer, 

which in turn gives a force of attraction.  Lastly, weak boundary layer theory proposes 

that clean surfaces give stronger bonds to adhesives.  Some contaminants such as rust and 

oils produce a layer which is cohesively weak, which in turn, weakens the overall bond 

strength.22 

The remainder of this section covers the particular chemistries involved with the 

type of adhesives that were evaluated. 

1.3.1 Epoxy Resin Adhesives 

Epoxy resins are reactive with a number of different curing agents and yield a 

wide variety of products with different cure requirements and end use performance.  

Epoxy resins cure with no byproducts, have low shrinkage and adhere to many different 

substrates.  Although epoxy adhesives represent only a small part of the total adhesives 

market, they are unequalled in performance where high strength and endurance properties 

are significant.23 

Epoxy adhesives are made up of the resins themselves, plus the hardeners that 

produce the curing reactions.  The first commercial epoxy resins, and still the most 

important, are those from the diglycidyl ether of bisphenol A (DGEBA resins). 

Bisphenol A epoxy resins are difunctional, with epoxide groups on the ends of the chain.  

As the molecular weight is increased, the resin retains its epoxide difunctionality while 

adding n repeating groups as shown above.24 [See Figure 6]25  
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Hardeners, or curing agents, determine the type of chemical bonds formed and the 

degree of crosslinking which occur with the epoxy resin.  The type of curing agent will 

also determine the rate of reactivity, degree of exotherm, gel time, formulation viscosity,  

and the heat requirement during the cure cycle.  These factors, in turn, affect the electrical 

and physical properties, chemical resistance, and the heat resistance of the cured 

adhesive.  The types and number of curing agents available continues to grow rapidly.26  

The two types of curing agents that will be focused on are amine based hardeners and 

polyamide based hardeners.   

Figure 6:  Diglycidyl Ether of Bisphenol A (DGEBA Resins)
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1.3.1.1 Amine Hardeners 

 The functionality of an 

amine is determined by the 

number of amine hydrogens 

present on the molecule.  A 

primary amine group (nitrogen 

with two hydrogens bound to 

it) will react with two epoxide 

groups.  A secondary amine 

group (nitrogen with only one 

hydrogen bound to it) will react 

with on epoxide group.  A tertiary amine group (nitrogen with no 

hydrogens bound to it) will not react readily with any epoxide groups; 

however it will serve as a catalyst to accelerate epoxy reactions [See 

Figure 7].27  There are three types of amines that when used will affect 

the various adhesive properties as discussed in section 2.4.1.  These 

three types are aliphatic amines, cycloaliphatic amines, and aromatic amines.28  In all 

cases, regardless of the type, an amine group must be present in order for it to be 

considered an amine.  In aliphatic compounds, atoms can be joined together in straight 

chains, branched chains, or non aromatic rings.  Cycloaliphatic amines are when atoms 

are joined in a ring structure that is not aromatic.  Lastly, aromatic amines are atoms 

joined in a ring structure that is in fact aromatic.   Aromaticity is a chemical property in 

which a conjugated ring of unsaturated bonds, lone pairs, or empty orbitals exhibit a 

Figure 7:  Amine Reaction Sequence 

Figure 8:  
Aromatic Amine 
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stabilization stronger than would be expected by the stabilization of conjugation alone 

[See Figure 8].29  

1.3.1.2 Polyamide Hardeners 

The most commonly used polyamides are the condensation products of dimerized 

fatty acids and aliphatic amines such as diethylene triamine.  The amide link is produced 

from the condensation reaction of an amino group and a carboxylic acid or acid chloride 

group, at which point a small molecule, usually water, is eliminated30 [See Figure 9].31  

 The polyamides react with epoxide groups through the unreacted amine functional 

groups in the polyamide backbone, similar to that of basic amine hardeners.  However, as 

a result of their relatively large molecular weight, the ratio of polyamide to epoxy resin is 

more forgiving (less critical) than with low molecular weight polyamines.32 

1.3.2 Acrylic Adhesives 

Acrylic adhesives today are a large class of specifically designed products made 

to meet the needs of industry in the assembly of a wide variety of components.33  These 

adhesives are solvent-free ‘reactive’ engineering adhesives that include but are not 

limited to cyanoacrylate, anaerobic and modified acrylic adhesives.34 

Figure 9:  Condensation Reaction
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Acrylic adhesive polymers are widely used for applications such as pressure 

sensitive tapes, labels, and other decorative and functional pressure sensitive products.  

These applications thrive on the adhesive’s versatile adhesion ability and excellent aging 

characteristics.  Acrylic adhesives are also widely used as elastomers and thickener 

components in a variety of waterborne construction adhesives, laminating adhesives, and 

packaging adhesives.35 

Acrylic chemistry is the basis for a number of 100% solids reactive engineering 

adhesives used in structural bonding applications, generally involving a metal or plastic 

nonporous surface.36 

1.3.2.1 Cyanoacrylate Adhesives 

Cyanoacrylate adhesives are unique among the many classes of adhesives, in that 

they are the only single component, instant bonding adhesives that cure at ambient 

conditions without requiring an external energy 

source.  This characteristic, and its ability to bond to a 

wide variety of substrates, has made cyanoacrylate 

adhesives ideal for numerous bonding applications.  

In this case we focused particularly on ethyl 

cyanoacrylate37 [See Figure 10].38  

  

Figure 10:  Ethyl Cyanoacrylate
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The reactivity of cyanoacrylates is directly traceable to the presence of two strong 

electron withdrawing groups (designated X and Y) [See Figure 11].39  

 

 

 
 
 
 

 
 
 
 
 
Where: X = CN 

Y = COO-CH2-CH3 
  

 These groups make the double bond highly susceptible to attack by weak bases.  

More specifically, cyanoacrylate rapidly polymerizes in the presence of water 

(specifically hydroxide ions) in air, forming long, strong chains which join the bonded 

surfaces together [See Figure 12].  The nucleophile represents the hydroxide ions found 

in air. 

This reaction will continue until all available monomer is consumed or until 

growth is interrupted by the presence of an acidic species. 

Figure 11:  Electron 
Withdrawing Groups 

Figure 12:  Ethyl Cyanoacrylate Mechanism of Polymerization 
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1.3.2.2 Methacrylates and Acrylates 

Polymers made from esters of methacrylic and acrylic acids have been widely 

used for many years.  As a result of this, many methacrylate and acrylate monomers are 

available commercially for use in making liquid monomeric adhesives.  Also, the 

technology for making other monomers as required is well established, therefore, it is 

now possible to have monomers specifically designed to meet particular adhesive 

requirements.40  These monomers, which during cure form long polymeric chains, can 

have many different traits based on the chemical structure of said monomers.  The 

characteristic properties of a polymer are greatly influenced by the conditions of 

polymerization.  Variations in catalyst level, reaction time, temperature, and monomer 

concentration make it possible to adjust the polymer’s molecular weight and ultimately 

its physical properties.41  The basic monomeric structures for acrylates and methacrylates 

can be seen below in Figure 13.42 

 

 

 

 

 
Figure 13:  Basic Monomeric Structures
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Polymerization is started by a free-radical initiator, often times a peroxide.  The 

monomers then polymerize rapidly, adding onto the growing chain to form the final 

polymer [See Figure 14].43  

 

 

 

 

The acrylate polymers have an alpha hydrogen adjacent to the carbonyl group 

and, therefore, have more rotational freedom than the methacrylates.  The substitution of 

a methyl group for the hydrogen atom (producing a methacrylate polymer) restricts the 

freedom of rotation of the polymer and thus produces harder, higher tensile strength and 

lower elongation polymers than their acrylate counterparts (See Table 1).   

 

Table 1:  Mechanical Properties 

Polymethacrylate Tensile Strength (psi) Elongation (%) 
Methyl 9,000 4 
Ethyl 5,000 7 
Butyl 1,000 230 

Polyacrylates Tensile Strength (psi) Elongation (%) 
Methyl 1,000 750 
Ethyl 33 1,800 
Butyl 3 2,000 

 

Figure 14:  Final Polymers
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1.4 Loctite® Standard Test Method 

Loctite standard test methods were used to evaluate various properties with 

certain bonded substrates.  The main concern for our specific application is bond 

strength.  There were various ways of observing bond strength, and different types of 

bond strength.  For our particular application, we observed the shear strength of our 

bonded assemblies.  In order to do so we used STM (Standard Test Method) 700:  Shear 

Strength of Adhesives Using Lap-Shear Specimens. 

This involved the lap shears being pulled on the Instron 4505 machine using a 50 

kN load cell at 0.05 inches per minute.  Peak load and failure mode were then recorded 

after bond failure.   

Shear strength is the strength of a material or part of an assembly in which the 

material fails in shear.  Shearing is the deformation of a material in which parallel 

surfaces slide past each other.  The aluminum lap shears used in this project were 1 inch 

by 4 inches and bonded together at an area of 0.5 inches.  Force was applied in opposite 

directions at each end of the bonded assemblies until failure occured.  Even though 

substrate failure was the desired goal when testing bonded assemblies, many times the 

substrates underwent adhesive and cohesive failures, resulting in various bond strengths.  

For an image of adhesive failure, see Figure 15 and for an image of cohesive failure see 

Figure 16. 

Please See Appendix A for STM 700. 
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Figure 15:  Adhesive Failure

Figure 16:  Cohesive Failure
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2.0 Experimental Techniques 

The overall goal was to design and evaluate a bench-top chromic acid etching 

system for aluminum prior to adhesion.  Once that was completed, the results of this 

system were compared to other chemical surface preparation techniques.  These 

techniques could use the system previously created for the chromic acid etch, or a 

completely new system.  The previous chromic acid etching system at Henkel-Loctite 

consisted of a large beaker filled with the acid on a hot plate in which the lap shears were 

hand placed into the beaker and then hand removed after 10 minutes.  The other surface 

preparation techniques could also be provided by an outside vendor in the interest of time 

and lack of resources.  In order to complete this task, mission objectives were laid out. 

1) Design and build a Bench-top chromic acid etching System. 

2) Determine when the batch of chromic acid degraded to a point where it was no 

longer useable. 

3) Evaluate other possible surface preparation techniques. 

4) Determine which system suited the needs of our sponsor the best. 

1)  Using our knowledge of safe lab practices obtained over a four year period at WPI, 

and researching previous systems used by our sponsor and other companies alike, a 

system was designed.  The designed system also took into account sizing specifications, 

as well as repeatability.   

2)  Appropriate adhesives were selected for use during testing in order to ensure the best 

results. The most optimal cleaning method prior to bonding was also determined. 
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3)  By evaluating the strength of our bonded assemblies, we were able to determine when 

the batch began to degrade.  By using the same batch for multiple assemblies, it became 

apparent when the strength of the bonds began to decrease or become erratic.  Evaluating 

the aluminum content and chromate levels of the batch throughout the entire preparation 

process gave us a closer look at the changes in the bath as the bond strengths of the 

samples decreased. 

4)  Evaluating the bond strengths of the chromic acid etching samples, compared to those 

of different surface preparation techniques, allowed us to determine which technique was 

best for adhesion.  By having multiple surface preparation techniques for aluminum, it 

allowed the company to rely on multiple options.  It also opened up opportunities to 

explore avenues that Henkel had yet to observe. 

5)  Using statistical analysis, it was determined which surface preparation techniques 

yielded the best bond strengths.  Using that data, and other information such as the cost, 

safety of the techniques, and efficiency it was determined which system best suited our 

sponsor. 
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2.1 Assembly Method for Chromic Acid Bath 

Since the acid bath being constructed needed 

to hold a constant temperature of 70°C, it was 

necessary to evaluate various possibilities of 

achieving this.  After consulting with several lab 

managers both on the WPI campus and here at 

Henkel-Loctite, a water bath was decided on 

because it provided the most accurate acid 

temperature in the safest manner.  Assembly of the 

acid bath first began by selecting an appropriate vessel to place the acid into.  Since glass 

was one of the only materials that could be used with chromic acid, because of its highly 

reactive potential with other materials, we settled on a Pyrex baking dish.  By partially 

submerging the dish into the water bath, above the line of the chromic acid, good heat 

transfer throughout the dish and the bath was assured.  Aluminum handles were then 

glued to the sides of the dish to act as stops to keep the dish remaining at the proper level, 

and to also aid in removing the dish from the water bath for waste disposal.   

The chromic acid bath was created using 10 parts by weight sulfuric acid, 1 part by 

weight sodium dichromate dehydrate, and 30 parts by weight water, which after 

conducting several conversion calculations, resulted in 82 mL of sulfuric acid, 15.25 

grams of sodium dichromate, and 452 mL of water [See Appendix B for Calculations].  

The bath was stirred regularly with a glass rod and placed into the water bath.  In order to 

keep the chromic acid bath at 70 degrees Celsius, the water bath temperature had to be 

kept at 80 degrees Celsius.  The apparatus, as shown in Figure 17, which was fabricated 

Figure 17:  Complete Assembly of 
Chromic Acid Bath 
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at the machine shop here at Henkel-Loctite, was used as a fixture to hold the aluminum 

test specimens in place during the etching process.  It also was used to hold the specimen 

in place during the rinsing process, shown in Figure 18, once etching was completed. 

 

Figure 18:  Spraying of De‐Ionized Water on 
Treated Specimens 
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2.2 Adhesive Selection Testing 

An appropriate adhesive candidate for an eventual chromic acid bath degradation 

study was chosen based on a study evaluating 10 adhesives, as shown in the test matrix in 

Table 2.  10 replicates per run were chosen based on a Minitab analysis, assuming that a 

minimum difference of 383 psi could be detected using the same adhesive from treated to 

non-treated specimen with a 90% chance that this difference would be found.  The 

candidate was selected based on the greatest mean difference in bond strengths achieved 

from treated to non-treated specimen, given the difference in the mean was statistically 

significant. 
 

* Data acquisition was only obtained for 6 specimens on the 1st run due to software issues. 
** 7387 Primer was used for Runs 9, 10, 19 & 20  NOTE:  Run 21 was completed in order to see if the bath 
began to degrade after a set order of runs, based on the performance of this specific adhesive (E-60HP). 

Table 2:  Adhesive Selection Test Matrix 
Run Adhesive Treatment Test Method Primer Reps 

1 E-60HP None STM 700 None 6* 
2 E-30UT None STM 700 None 10 
3 H8010 None STM 700 None 10 
4 E-40FL None STM 700 None 10 
5 H4800 None STM 700 None 10 
6 H8000 None STM 700 None 10 
7 480 None STM 700 None 10 
8 435 None STM 700 None 10 
9 331/7387** None STM 700 7387 10 
10 332/7387** None STM 700 7387 10 
11 E-60HP Chromic Acid STM 700 None 10 
12 E-30UT Chromic Acid STM 700 None 10 
13 H8010 Chromic Acid STM 700 None 10 
14 E-40FL Chromic Acid STM 700 None 10 
15 H4800 Chromic Acid STM 700 None 10 
16 H8000 Chromic Acid STM 700 None 10 
17 480 Chromic Acid STM 700 None 10 
18 435 Chromic Acid STM 700 None 10 
19 331/7387** Chromic Acid STM 700 7387 10 
20 332/7387** Chromic Acid STM 700 7387 10 
21 E-60HP Chromic Acid STM 700 None 10 
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2.2.1 Methodology 

The first tests consisted of applying adhesive to untreated aluminum lap shear 

specimens and letting them cure for at least 3 days.  Prior to the application of the 

adhesive, all bonding surfaces were cleaned with isopropyl alcohol.  Adhesive was then 

manually applied to one lap shear specimen and was mated with a second lap shear with a 

0.5” overlap.  The mated assembly was clamped with two (2) Brink and Cotton No. 1 

clamps and allowed to cure for at least 72 

hours at ambient conditions prior to testing 

[See Figure 19]. 

  The same testing procedure was then 

conducted on the chromic acid treated lap 

shear specimens using the same adhesives.  

The aluminum lap shears, with a clamp 

holding 2 specimens separated by a 

polypropylene block, were lowered into the bath 20 at a time for 10 minutes as 1 inch of 

the specimens were submerged into the bath.  After 10 minutes, each batch of 20 

aluminum lap shears were sprayed with de-ionized water and dried in an oven held 

constant at 80 degrees Celsius for another 10 minutes.  Both the temperature of the water 

bath and acid bath were monitored in between each run to ensure the correct temperature 

was maintained.  Once the test specimens were taken out of the oven, they were 

immediately bonded with the selected adhesive and let out to cure for 72 hours.   

Figure 19:  Clamped Assembly 
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 The bond strengths of the lap shears from the adhesive selection process were 

determined using the Instron 4505 machine using a 50 kN load cell. All assemblies were 

tested according to STM-700 where samples were pulled at 0.05 inches per minute and 

peak load and failure mode were recorded [See Figure 20].  The bond strengths were 

then analyzed by maximum strength and adhesive type using an F-test to determine if 

there was a significant difference in the variance between the treated and untreated 

specimen and a t-test to determine if there was a significant difference between the 

means. 

 

 

Figure 20:  Testing of Specimen on 
Instron 
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2.2.2 Results &  Discussion 

The mean maximum bond strengths of all 10 adhesives are shown in Figure 21, and the 

full tabulation of results is shown in Appendix C.   

Figure 21:  Results of Average Bond Strengths for Adhesive Selection Testing 
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NOTE:  Run 21 (represented here by the green bar) was completed in order to see if 
the bath began to degrade after a set order of runs, based on the performance of this 
specific adhesive (E-60HP). 
 

As shown in the above chart, the four adhesives that produced improved bond strength 

from untreated to treated were E-40FL, H4800, 435, and 332.  Data analysis was 

performed on these adhesives to determine if the improvement in bond strength was 

statistically significant.  Therefore, we used both Excel and Minitab to perform a t-test 

and F-test for the bond strength data from the following adhesives: E-40FL, H4800, 435, 

and 332.   
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2.2.2.1 Loctite® E‐40FL™ 

 
F-Test Two-Sample for Variances 

 
Table 3:  F-Test for E-40FL 

 Untreated Treated 
Mean 493.5 562.7 

Variance 10673 35410 
Observations 10 10 

df 9 9 
F 0.301  

P(F<=f) one-tail 0.044  
F Critical one-tail 0.315  

 
From this result, since the p-value <0.05, at a 95% confidence level, we could conclude 

that the variances were statistically significantly different. 

 
t-Test: Two-Sample Assuming Unequal Variances 

 
Table 4:  t-test for E-40FL 

 Untreated Treated 
Mean 493.5 562.7 

Variance 10673 35410 
Observations 10 10 

Hypothesized Mean Difference 0  
df 14  

t Stat -1.02  
P(T<=t) one-tail 0.165  
t Critical one-tail 1.76  
P(T<=t) two-tail 0.325  
t Critical two-tail 2.14  

 
From this result, since the p-value >0.05, at a 95% confidence level we could not prove 

that the differences in the means between the treated and untreated samples were 

statistically significant. 
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2.2.2.2 Loctite® H4800™ 

 
F-Test Two-Sample for Variances 

 
Table 5:  F-test for H4800 

 Untreated Treated 
Mean 2185.9 3319.8 

Variance 70694 73684 
Observations 10 10 

df 9 9 
F 0.959  

P(F<=f) one-tail 0.476  
F Critical one-tail 0.315  

 
From this result, since the p-value >0.05, at a 95% confidence level, we could not 

conclude that the variances were statistically significantly different. 

 
t-Test: Two-Sample Assuming Equal Variances 

 
Table 6:  t-test for H4800 

 Untreated Treated 
Mean 2185.9 3319.8 

Variance 70694 73684 
Observations 10 10 

Pooled Variance 72189  
Hypothesized Mean Difference 0  

df 18  
t Stat -9.44  

P(T<=t) one-tail 1.08E-08  
t Critical one-tail 1.73  
P(T<=t) two-tail 2.16E-08  
t Critical two-tail 2.10  

 
From this result, since the p-value is <0.05, at a 95% confidence level we could assume 

that the differences in the means between the treated and untreated samples were 

statistically significant. 
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A graphical representation for the strength values obtained for H4800 is shown in the 

individual value plot shown below [Figure 22]. 
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Individual Value Plot of H4800 Untreated, H4800 Treated

The previous individual value plot presents the difference in the data from treated to 

untreated specimen while also identifying the scatter. 

Figure 22:  Individual Value Plot for H4800
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2.2.2.3 Loctite® 435™ 

F-Test Two-Sample for Variances 
 

Table 7:  F-test for 435 
 Untreated Treated 

Mean 1106.5 1671.8 
Variance 172581 410221 

Observations 10 10 
df 9 9 
F 0.421  

P(F<=f) one-tail 0.107  
F Critical one-tail 0.315  

 
From this result, since the p-value >0.05, at a 95% confidence level, we could not 

conclude that the variances were statistically significantly different. 

 
t-Test: Two-Sample Assuming Equal Variances 

 
Table 8:  t-test for 435 

 Untreated Treated 
Mean 1106.5 1671.8 

Variance 172581 410221 
Observations 10 10 

Pooled Variance 291401  
Hypothesized Mean Difference 0  

df 18  
t Stat -2.34  

P(T<=t) one-tail 0.015  
t Critical one-tail 1.73  
P(T<=t) two-tail 0.031  
t Critical two-tail 2.10  

 
From this result, since the p-value is <0.05, at a 95% confidence level we could assume 

that the differences in the means between the treated and untreated samples were 

statistically significant. 
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A graphical representation for the strength values obtained for 435 is shown in the 

individual value plot shown below [Figure 23]. 
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Figure 23:  Individual Value Plot for 435 

The previous individual value plot presents the difference in the data from treated to 

untreated specimen while also identifying the scatter. 
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2.2.2.4 Loctite® 332™     

F-Test Two-Sample for Variances 
 

Table 9:  F-test for 332 
 Untreated Treated 

Mean 1619.2 1978.2 
Variance 12339.73333 323025.2889 

Observations 10 10 
df 9 9 
F 0.038200518  

P(F<=f) one-tail 2.0925E-05  
F Critical one-tail 0.314574906  

 
From this result, since the p-value <0.05, at a 95% confidence level, we could conclude 

that the variances were statistically significantly different. 

 
t-Test: Two-Sample Assuming Unequal Variances 

 
Table 10:  t-test for 332 

 Untreated Treated 
Mean 1619.2 1978.2 

Variance 12339.73333 323025.2889 
Observations 10 10 

Hypothesized Mean Difference 0  
df 10  

t Stat -1.960358798  
P(T<=t) one-tail 0.03919477  
t Critical one-tail 1.812461102  
P(T<=t) two-tail 0.078389541  
t Critical two-tail 2.228138842  

 
From this result, since the p-value is <0.05, at a 95% confidence level we could assume 

that the differences in the means between the treated and untreated samples were 

statistically significant. 
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A graphical representation for the strength values obtained for 332 is shown in the 

individual value plot shown below [Figure 24]. 
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Figure 24:  Individual Value Plot for 332 

The previous individual value plot presents the difference in the data from treated to 

untreated specimen while also identifying the scatter.   

It was observed that H4800 had the greatest mean difference in strength from 

untreated to treated specimens, a value of 1184 psi.  According to the t-test for H4800, 

the difference in the means was also determined to be statistically significant, thus 

qualifying this to be the adhesive used to perform the upcoming bath degradation testing.  

Also, because 435 and 332 proved to have statistically significantly different means, 

these adhesives were also chosen to be used in the upcoming comparative analysis of 

different aluminum surface treatments.  Since many of the treated specimens had 



  56

coefficients of variance above 15%, it was decided that a further test to discover whether 

or not an IPA wipe prior to bonding had any affect on the variance was appropriate.  
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2.3 Design of Experiments Using IPA Cleaning and 
Chromic Acid Etching Treatment 

 

The variance in the results of the adhesive selection experiment was undesirable, 

therefore it was decided that further experimentation was warranted.  It was important to 

investigate the reason for the variance, as one 

possible reason was some residue from the bath 

remained on the specimens [See Figure 25].  An 

additional cleaning method was proposed in 

which isopropyl alcohol (IPA) was applied to the 

treated area and wiped off prior to bonding.  A 

Design of Experiments (DOE) analysis was 

created using Minitab to determine if the IPA 

cleaning process did have an effect on the 

variance as well as bond strength.   

2.3.1 Methodology 

Minitab was used to perform a Design of Experiments investigation in which lap 

shears were etched with chromic acid and bonded with adhesive H4800, while others 

were bonded without treatment.  Half of these were cleaned with isopropyl alcohol prior 

to bonding, while others were not.  The test matrix, as shown in Table 11, indicates that 

only 5 replicates were performed at once and were let to cure for 72 hours. 

 

 

Figure 25:  Residue that Remained on 
Specimen 
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Table 11:  Design of Experiments Test Matrix 
Standard Order Run Order Treatment Cleaning Cure Replicates 

1 1 None None 72 hr 5 
4 2 Chromic Acid IPA wipe 72 hr 5 
5 3 None None 72 hr 5 
7 4 None IPA wipe 72 hr 5 
2 5 Chromic Acid None 72 hr 5 
6 6 Chromic Acid None 72 hr 5 
3 7 None IPA wipe 72 hr 5 
8 8 Chromic Acid IPA wipe 72 hr 5 

 

The lap shears were treated and cleaned in the exact order listed in the test matrix, 

and the same procedure for treating and bonding mentioned in section 2.2.1 was used in 

this experiment, except that half were sprayed with IPA then wiped off before the 

adhesive was applied. 

2.3.2 Results & Discussion 

The average bond strengths and the standard deviations of each of the 8 runs are shown in 

Table 12.  It was apparent that cleaning the surface with isopropyl alcohol prior to 

bonding had little to no effect on the bond strength, while treating the aluminum with 

chromic acid had a significant effect on strengthening the bond of the adhesive. 

Table 12:  DOE Results for IPA Wipe Testing 
Standard 

Order Run Order Treatment Cleaning Average Std. 
Dev. Res. 1 Res. 2 

1 1 none none 1815 165 -3 0.5 
4 2 treated IPA wipe 2975 164 206 -206.5 
5 3 none none 1821 164 3 -0.5 
7 4 none IPA wipe 1956 42 80 -81 
2 5 treated none 2885 476 297.5 -200.5 
6 6 treated none 2290 877 -297.5 200.5 
3 7 none IPA wipe 1796 204 -80 81 
8 8 treated IPA wipe 2563 577 -206 206.5 
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Figure 26 is a graphical representation averaging the bond strengths of the 4 different 

types preparations used during this experiment. 

 

The residuals indicate the difference between the averages of two similar runs.  

For example, the average of the means of runs 1 and 3 is 1818 and the residual 1 of each 

run is just the difference between the average of this particular run and the average of 

both runs.  Residual 2 works the same way for the standard deviations of two similar 

runs. 

 Minitab performed a factorial fit for the average versus treatment and cleaning 

and for the standard deviation versus treatment and cleaning.  The calculated P-value for 

average versus treatment was 0.011 and the P-value for standard deviation versus 

Figure 26:  Averaged Bond Strength Results
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treatment was 0.064 [see full Minitab results in Appendix D].  Because the P-value for 

average versus treatment was less than 0.05, it was proven that the means were 

statistically significantly different, indicating that treatment had an effect on average 

bond strength.  The P-value for standard deviation versus treatment was slightly greater 

than 0.05, thus at a confidence interval of 95%, it could not be proven that the difference 

was statistically significant.  However, at a confidence interval of 93.6%, it can be proven 

that the standard deviations are statistically significantly different from treated to 

untreated assemblies.  
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2.4 Post Treatment Cleaning Method Analysis 

It was observed during previous analysis that the method used to clean the 

aluminum lap shears after they were taken out of the chromic acid bath often left behind a 

water stain that may have had an effect on bond strength, possibly contributing to large 

variances in bond strengths.  The new proposed method involved wiping the lap shears 

clean with DI water and a Kimwipe (sterile tissues used in the Loctite® lab), as opposed 

to drying them in a convection oven at 80° C for 10 minutes.  The surfaces of the etched 

aluminum appeared to be much cleaner after wiping them with Kimwipes, as shown in 

Figure 27, therefore an experiment was performed to determine if the new proposed 

cleaning method had a significant effect on the bond strength. 

 

 

 

 

 

 

Figure 27:  "New" Cleaning Method (right) vs. "Old" Cleaning 
Method (right) 
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2.4.1 Methodology 

10 replicates were treated in the chromic acid bath in the same manner as 

discussed in section 2.2.1.  After being sprayed with de-ionized water, they were placed 

in the oven at 80 degrees Celsius for 10 minutes.  Once removed from the oven, the 

etched surfaces were cleaned with isopropyl alcohol prior to bonding.  Again, the lap 

shears were bonded with adhesive H4800 in the same procedure as outlined in section 

2.2.1 and let to cure for 48 hours. 

 An additional 10 replicates were treated in the chromic acid bath, but instead of 

being placed in the oven for 10 minutes, they were hand wiped with Kimwipes, ensuring 

no water or residue remained on the surface when complete.  Like the “oven dried” 

specimens, they were then cleaned with isopropyl alcohol prior to bonding and let to cure 

for 48 hours. 
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2.4.2 Results & Discussion 

 Once the bonded lap shears were allowed to cure for 48 hours, the bond strengths 

were determined using STM 700 on the Instron machine, as discussed in section 2.2.1.  

The bond strengths of the two different cleaning methods are shown in Table 13.   

Table 13:  Bond Strength Results 
Cleaning Method 

"Old" "New" Replicate 
Strength [psi] Failure Mode Strength [psi] Failure Mode 

1. 1008 Adh/Coh 3137 Cohesive 
2. 1519 Adh/Coh 3406 Cohesive 
3. 1367 Adh/Coh 3219 Cohesive 
4. 2282 Adh/Coh 3400 Cohesive 
5. 1059 Adh/Coh 3498 Cohesive 
6. 1267 Adh/Coh 3886 Cohesive 
7. 1972 Adh/Coh 3445 Cohesive 
8. 2518 Adh/Coh 3663 Cohesive 
9. 2054 Adh/Coh 3209 Cohesive 
10. 1196 Adh/Coh 4160 Cohesive 

Average 1624  3502  
Stand. Dev. 540  321  

COV 0.332  0.092  
Minimum 1008  3137  

 

A one-way ANOVA analysis was performed using Minitab and is shown in 

Figure 28 below: 

Figure 28:  ANOVA Analysis for Cleaning Methods



  64

As shown in the data, the average bond strength of the assemblies cleaned using 

the “Old” method were considerably less than those cleaned using the “New” method.  

On average, the new cleaning method produced bond strengths more than double those 

achieved from the old cleaning method using the oven (1624 psi vs. 3502 psi).   

According to the Minitab analysis, since the p-value was less than 0.05, at a 95% 

confidence interval, it was proven that the bond strengths were statistically significantly 

different.  This can be interpreted visually on the above Minitab output in which the 

distributions of the two sets of data do not overlap.  Therefore, it was concluded that the 

new cleaning method using Kimwipes instead of an oven after acid treatment should be 

used in the overall chromic acid etching process at Henkel Corporation. 
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2.5 Bath Degradation Testing 

After a certain number of lap shears are treated in the chromic acid, the bath will 

eventually begin to degrade, as indicated by the chemical equation shown in section 

2.2.1, when aluminum reacts with chromic acid (sulfuric acid and sodium dichromate).  

The bond strengths of the treated assemblies will be a direct reflection of this bath 

degradation, as the oxide layer on the surface of aluminum will become thinner.  Henkel 

should never receive a single order requiring more than 500 aluminum lap shears to be 

treated at once, so it was essential to determine if treating 500 specimens would degrade 

the bath.  To be safe, it was decided that 1000 lap shears were to be treated before 

analyzing the chromic acid bath.  However, treating 1000 lap shears would be rather 

tedious, and instead a calculated amount of aluminum powder was added to the acid bath 

to simulate 1000 lap shears.  Specimens were treated before and after the addition of the 

aluminum powder, bonded, and tested for their bond strengths.  The shear strengths of 

assemblies before and after the 1000 lap shear simulation were then compared and 

determined if the differences were statistically significant.  Two specimens (1 before 

addition of Al powder, 1 after addition of Al powder) were submitted for energy 

dispersive X-ray spectroscopy (EDS) analysis to determine the chromium content on the 

etched surface of the aluminum.  Two liquid samples (1 before addition of Al powder, 1 

of after addition of Al powder) of the acid bath were submitted for ICP-AES (Inductively 

Coupled Plasma-Atomic Emission Spectroscopy) to determine the chromium content in 

solution.  If the bond strengths between the two runs were proven to be statistically 

significantly different, it would be confirmed that the bath did degrade before 1000 lap 
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shears were treated and a critical ratio of chromium to aluminum content could later be 

determined. 

2.5.1 Methodology 

 A fresh bath of chromic acid was prepared and 10 lap shear replicates were 

treated using the same procedure used throughout the project and cleaned using 

Kimwipes as discussed in the previous experiment.  They were then bonded with 

adhesive H4800 and let to cure for 48 hours. 

 0.16 grams of aluminum powder was added to the acid bath to simulate 1000 

aluminum lap shears [calculations shown in Appendix E], and 10 more replicates were 

treated, cleaned, and bonded in the same procedure as those before the powder was 

added.  For both runs, a designated test specimen was submitted for energy dispersive X-

ray spectroscopy (EDS) analysis to determine the chromium content on the etched 

surface of the aluminum, according to ASTM E1508-93a [see Appendix F for ASTM 

E1508-93a].  The EDS analysis was conducted using a Kevex detector attached to 

Hitachi S-570 SEM.  An accelerating voltage of 20 KeV and a sampling scan duration of 

200 seconds was used for data collection.   

Also an approximate 3 mL sample of the chromic acid bath was taken before and 

after the addition of aluminum powder and submitted for ICP-AES (Inductively Coupled 

Plasma-Atomic Emission Spectroscopy) to determine the chromium content in solution.  

These liquid samples were tested and analyzed according to STM-40 [See Appendix G 

for STM-40] using a Varian Vista.  0.2 grams of the sample was diluted to 25 mL with 

de-ionized water and a 10 fold dilution was then prepared and analyzed.  
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2.5.2 Results & Discussion 

 The bonded assemblies were pulled using the Instron machine according to STM-

700 and the maximum bond strengths of the two runs are shown in Table 14. 

Table 14:  Bath Degradation Results 
Bath Condition 

Before Addition of Al Powder After Addition of Al Powder Replicate 
Strength [psi] Failure Mode Strength [psi] Failure Mode 

1. 3538 Cohesive 3173 Cohesive 
2. 3383 Cohesive 3405 Cohesive 
3. 3425 Cohesive 3586 Cohesive 
4. 3586 Cohesive 3709 Cohesive 
5. 3345 Cohesive 3676 Cohesive 
6. 3285 Cohesive 3262 Cohesive 
7. 3132 Cohesive 3089 Cohesive 
8. 2944 Cohesive 3493 Cohesive 
9. 3108 Cohesive 3392 Cohesive 
10. 3455 Cohesive 3467 Cohesive 

Average 3320   3425   
Stand. Dev. 204   206   

COV 0.061   0.060   
Minimum 2944   3089   

 
A one-way ANOVA analysis was performed using Minitab and is shown in Figure 29 

below: 

Figure 29:  ANOVA Analysis for Bath Degradation Testing
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According to the Minitab analysis, no statistical significant difference in bond 

strength from the fresh to degraded chromic acid bath can be determined.  Since the P-

value was greater than 0.05, with a 95% confidence interval, it could not be proven that 

the difference in the means between the fresh and degraded samples was statistically 

significant. 

The EDS spectrum of the etched area of the aluminum lap shear sample before the 

addition of aluminum powder is shown in Figure 30, and the spectrum after the addition 

of aluminum powder is shown in Figure 31. 

Figure 30:  EDS Spectrum of Aluminum on Etched Surface, Fresh Bath 
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Figure 31:  EDS Spectrum of Aluminum on Etched Surface, Degraded Bath 

 

According to these EDS spectrums, the etched area of the aluminum lap shear 

treated before aluminum powder was added contained 63.9 weight % aluminum, 0.52  

weight % chromium, 3.49 weight % manganese, and 32.05 weight % copper.  The lap 

shear treated after the addition of aluminum powder contained 56.10 weight % 

aluminum, 1.59 weight % chromium, 3.89 weight % manganese, and 38.43 weight % 

copper. 

  The ICP-AES revealed that the chromium content of the acid bath before the 

addition of aluminum powder was 1.45 % and the chromium content after the addition of 

aluminum powder was 1.24 %. 

 It was concluded that after the addition of 0.16 grams of aluminum powder to the 

chromic acid bath (simulating 1000 lap shears), no significant difference in bond strength 

was apparent, warranting no further investigative analysis of the physical data obtained 

on the etched surfaces and acid bath samples. 
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2.6 Comparative Analysis Study on Chemical Surface 
Treatments for Aluminum 

 

A comparative analysis study was performed on multiple chemical surface 

preparation techniques for aluminum prior to adhesion bonding.  Five of the most 

commonly used surface treatment techniques in industry were chosen to be used on 

aluminum lap shears: sulfuric acid anodizing, sulfuric "hard" anodizing, chromic acid 

etching, chromic acid anodizing and phosphoric acid anodizing [See Figure 1].  The 

experiment used three different adhesives (H4800, 435, and 332), which were chosen 

from the adhesive selection process because they produced higher mean bond strengths 

after surface treatment. Treated assemblies along with the control (untreated aluminum) 

underwent heat aging and humidity 

testing for a period of two weeks.  After 

environmental conditioning was 

complete, the data was analyzed to 

determine the best chemical surface 

treatment for maximizing bond strength 

and minimizing variance.  Once the 

ideal treatment was identified, other 

variables such as cost, safety, and time 

efficiency were taken into consideration 

for the final determination of the best chemical surface treatment to be used at Henkel in 

the future. 

Figure 32:  (Near to Far) Chromic Acid Anodized, 
Sulfuric "Hard" Anodized, Phosphoric Acid Anodized, 
Sulfuric Acid Anodized, Chromic Acid Etched, No 

Treatment 
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2.6.1 Methodology 

Aluminum lap shears were treated and bonded as shown in the test matrix in Table 15. 

Table 15:  Comparative Analysis Experimental Test Matrix 
Run Adhesive Treatment Conditioning Replicates 

1 H4800 Chromic Acid Etch None 10 
2 H4800 Chromic Acid Etch Salt Fog 10 
3 H4800 Chromic Acid Etch Condensing Humidity 10 
4 H4800 Chromic Acid Etch 125° C 10 
5 H4800 Chromic Acid Etch 175° C 10 
6 435 Chromic Acid Etch None 10 
7 435 Chromic Acid Etch Salt Fog 10 
8 435 Chromic Acid Etch Condensing Humidity 10 
9 435 Chromic Acid Etch 100° C 10 
10 435 Chromic Acid Etch 125° C 10 
11 332/7387 Chromic Acid Etch None 10 
12 332/7387 Chromic Acid Etch Salt Fog 10 
13 332/7387 Chromic Acid Etch Condensing Humidity 10 
14 332/7387 Chromic Acid Etch 125° C 10 
15 332/7387 Chromic Acid Etch 175° C 10 
16 H4800 Chromic Acid Anodized None 10 
17 H4800 Chromic Acid Anodized Salt Fog 10 
18 H4800 Chromic Acid Anodized Condensing Humidity 10 
19 H4800 Chromic Acid Anodized 125° C 10 
20 H4800 Chromic Acid Anodized 175° C 10 
21 435 Chromic Acid Anodized None 10 
22 435 Chromic Acid Anodized Salt Fog 10 
23 435 Chromic Acid Anodized Condensing Humidity 10 
24 435 Chromic Acid Anodized 100° C 10 
25 435 Chromic Acid Anodized 125° C 10 
26 332/7387 Chromic Acid Anodized None 10 
27 332/7387 Chromic Acid Anodized Salt Fog 10 
28 332/7387 Chromic Acid Anodized Condensing Humidity 10 
29 332/7387 Chromic Acid Anodized 125° C 10 
30 332/7387 Chromic Acid Anodized 175° C 10 
31 H4800 Sulfuric Acid Anodized None 10 
32 H4800 Sulfuric Acid Anodized Salt Fog 10 
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Table 16:  Comparative Analysis Experimental Test Matrix 
Run Adhesive Treatment Conditioning Replicates 
33 H4800 Sulfuric Acid Anodized Condensing Humidity 10 
34 H4800 Sulfuric Acid Anodized 125° C 10 
35 H4800 Sulfuric Acid Anodized 175° C 10 
36 435 Sulfuric Acid Anodized None 10 
37 435 Sulfuric Acid Anodized Salt Fog 10 
38 435 Sulfuric Acid Anodized Condensing Humidity 10 
39 435 Sulfuric Acid Anodized 100° C 10 
40 435 Sulfuric Acid Anodized 125° C 10 
41 332 Sulfuric Acid Anodized None 10 
42 332 Sulfuric Acid Anodized Salt Fog 10 
43 332 Sulfuric Acid Anodized Condensing Humidity 10 
44 332 Sulfuric Acid Anodized 125° C 10 
45 332/7387 Sulfuric Acid Anodized 175° C 10 
46 H4800 Sulfuric ‘Hard’ Anodized None 10 
47 H4800 Sulfuric ‘Hard’ Anodized Salt Fog 10 
48 H4800 Sulfuric ‘Hard’ Anodized Condensing Humidity 10 
49 H4800 Sulfuric ‘Hard’ Anodized 125° C 10 
50 H4800 Sulfuric ‘Hard’ Anodized 175° C 10 
51 435 Sulfuric ‘Hard’ Anodized None 10 
52 435 Sulfuric ‘Hard’ Anodized Salt Fog 10 
53 435 Sulfuric ‘Hard’ Anodized Condensing Humidity 10 
54 435 Sulfuric ‘Hard’ Anodized 100° C 10 
55 435 Sulfuric ‘Hard’ Anodized 125° C 10 
56 332/7387 Sulfuric ‘Hard’ Anodized None 10 
57 332/7387 Sulfuric ‘Hard’ Anodized Salt Fog 10 
58 332/7387 Sulfuric ‘Hard’ Anodized Condensing Humidity 10 
59 332/7387 Sulfuric ‘Hard’ Anodized 125° C 10 
60 332/7387 Sulfuric ‘Hard’ Anodized 175° C 10 
61 H4800 Phosphoric Acid Anodized None 10 
62 H4800 Phosphoric Acid Anodized Salt Fog 10 
63 H4800 Phosphoric Acid Anodized Condensing Humidity 10 
64 H4800 Phosphoric Acid Anodized 125° C 10 
65 H4800 Phosphoric Acid Anodized 175° C 10 
66 435 Phosphoric Acid Anodized None 10 
67 435 Phosphoric Acid Anodized Salt Fog 10 
68 435 Phosphoric Acid Anodized Condensing Humidity 10 
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Table 17:  Comparative Analysis Experimental Test Matrix 
Run Adhesive Treatment Conditioning Replicates 
69 435 Phosphoric Acid Anodized 100° C 10 
70 435 Phosphoric Acid Anodized 125° C 10 
71 332/7387 Phosphoric Acid Anodized None 10 
72 332/7387 Phosphoric Acid Anodized Salt Fog 10 
73 332/7387 Phosphoric Acid Anodized Condensing Humidity 10 
74 332/7387 Phosphoric Acid Anodized 125° C 10 
75 332/7387 Phosphoric Acid Anodized 175° C 10 
76 H4800 None None 10 
77 H4800 None Salt Fog 10 
78 H4800 None Condensing Humidity 10 
79 H4800 None 125° C 10 
80 H4800 None 175° C 10 
81 435 None None 10 
82 435 None Salt Fog 10 
83 435 None Condensing Humidity 10 
84 435 None 100° C 10 
85 435 None 125° C 10 
86 332/7387 None None 10 
87 332/7387 None Salt Fog 10 
88 332/7387 None Condensing Humidity 10 
89 332/7387 None 125° C 10 
90 332/7387 None 175° C 10 

Note:   

• The condensing humidity chamber operated at 50°C. 

• See Appendix H for operating conditions of the salt fog chamber. 
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All 5 types of surface treated aluminum lap shears and the non-treated laps were 

bonded in the same manner as described in section 2.2.1.  The chromic acid etched 

specimens were treated on site in the same procedure outlined in section 2.2.1 and the 

sulfuric acid anodized samples were taken from inventory at Henkel-Loctite.  Aluminum 

lap shears were sent out to various companies to be phosphoric acid anodized, sulfuric 

“hard” anodized, and chromic acid anodized.  The addresses for these companies are as 

follows: 

Chromic Acid Anodized:  
 
Plainville Plating Company 
21 Forestville Ave 
Plainville, CT 06062 

   
See Appendix I for specifications on treatment methods used. 

 
Sulfuric “Hard” Anodized:  
 

Plainville Plating Company 
21 Forestville Ave 
Plainville, CT 06062 

   
See Appendix J for specifications on treatment methods used. 

 
Phosphoric Acid Anodized:  
 

Aerospace Defense Coatings of Georgia 
7700 N. Industrial Blvd 
Macon, GA 31206 

See Appendix K for specifications on treatment methods used. 
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2.6.2 Results & Discussion 

In this section the results are presented in a specific structure.  First, they are 

presented with respect to conditioning, more specifically, how all the bonded assemblies 

compared when they were exposed to specific environmental conditioning.  Next, they 

are presented with respect to surface treatment, where it shows how a specific surface 

treatment reacted after being exposed to various environmental conditions.  

See Appendix L for full tabulation of results 

 

2.6.2.1 Results by Conditioning 

2.6.2.1.1 Unconditioned Assemblies 

Table 18 presents a summary of the results obtained for the unconditioned assemblies. 

Table 18:  No Conditioning – Pulled After at Least 72 Hours 
Aluminum Surface Treatment 

Adhesive None 
Chromic 

Acid 
Etch 

Chromic 
Acid 

Anodize 

Sulfuric 
Anodize

Sulfuric 
“Hard” 
Anodize 

Phosphoric 
Acid 

Anodize 
Average 

Strength (psi) 2217 2845 2563 2709 2614 2910 

Stand. Dev. 921 570 116 349 362 202 
COV 0.415 0.201 0.045 0.129 0.139 0.069 

H4800 

Minimum 682 2164 2412 2223 1767 2546 
Average 

Strength (psi) 2104 2522 2264 1687 2394 3609 

Stand. Dev. 243 241 142 203 137 178 
COV 0.116 0.096 0.063 0.120 0.057 0.049 

435 

Minimum 1870 2196 1969 1195 2215 3256 
Average 

Strength (psi) 1871 2998 2129 2511 834 2174 

Stand. Dev. 100 184 96 223 406 142 
COV 0.053 0.061 0.045 0.089 0.487 0.065 

332 

Minimum 1695 2580 1982 1971 285 1959 
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Figure 33:  Bond Strength vs. Surface Treatment (No Conditioning) 

 

As shown in Figure 33, bond strength varied greatly by not only treatment 

method, but also by adhesive type. To organize this data, each adhesive type was 

analyzed separately using Minitab. 
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2.6.2.1.1.1 Loctite® H4800™ 
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Figure 34:  Individual Value Plot ‐ H4800 (No Conditioning) 

 

The above individual value [See Figure 34] plot may also be referred to as a 

scatter plot.  Essentially, it plots every single bond strength result obtained for each 

particular surface treatment.  It gives the viewer an idea to the amount of scatter 

associated with each run. 
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Shown in Figure 35 is 

a method of statistical analysis 

known as Tukey’s.  The lower 

and upper values of the Tukey 

analysis represent the 

difference in the range of bond 

strengths of the treated 

assemblies from the bond 

strengths of the control 

assemblies. If a given 

treatment had all positive 

values from lower to upper, it 

proved that the bond strengths 

were statistically significantly 

stronger than the non-treated 

samples at a 95 % confidence 

interval.  On the other hand, if a given treatment had all negative values from lower to 

upper, it would prove that the bond strengths were statistically significantly weaker than 

then non-treated samples at a 95% confidence interval.  Lastly, if a given treatment 

contained the value zero from lower to upper, it could not be proven that the bond 

strengths were statistically significantly different at a 95% confidence interval. 

Figure 35:  Tukey's Analysis ‐ H4800 (No Conditioning)
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Ranked Average Bond Strengths (psi) – H4800 (No Conditioning): 

1. Phosphoric Acid Anodize (2910)* 
2. Chromic Acid Etch (2845)  
3. Sulfuric Anodize (2709) 
4. Sulfuric “Hard” Anodize (2614) 
5. Chromic Acid Anodize (2563) 
6. None (2217) 

 
According to the Tukey analysis [See Figure 35], only one of the previous 

surface treatments had a greater average bond strength that proved to be statistically 

significantly different from the control (None) at a 95% confidence interval.  The lower 

and upper values of the Tukey analysis represent the difference in the range of bond 

strengths of the treated assemblies from the bond strengths of the control assemblies. 

Since phosphoric acid anodizing had all positive values from lower to upper, it proved 

that the bond strengths were statistically significantly better than the non-treated samples 

at a 95 % confidence interval.  
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2.6.2.1.1.2 Loctite® 435™ 
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Figure 36:  Individual Value Plot ‐ 435 (No Conditioning) 

 
The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 435 (No Conditioning): 

1. Phosphoric Acid Anodize (3609)* 
2. Chromic Acid Etch (2522)* 
3. Sulfuric “Hard” Anodize (2394)* 
4. Chromic Acid Anodize (2264) 
5. None (2104) 
6. Sulfuric Anodize (1687)  

 
 

 

According to the Tukey 

analysis [See Figure 37], 

phosphoric acid anodize, 

chromic acid etch & sulfuric 

“hard” anodize all had 

greater average bond 

strengths that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.   

Figure 37:  Tukey's Analysis ‐ 435 (No Conditioning) 
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2.6.2.1.1.3 Loctite® 332™ 
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Figure 38:  Individual Value Plot ‐ 332 (No Conditioning) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 332 (No Conditioning): 

1. Chromic Acid Etch (2998)* 
2. Sulfuric Anodize (2511)* 
3. Phosphoric Acid Anodize (2174)*  
4. Chromic Acid Anodize (2129)  
5. None (1871) 
6. Sulfuric Hard Anodize (834)  

 
 

According to 

the Tukey analysis 

[See Figure 39], 

chromic acid etch, 

sulfuric anodize & 

phosphoric acid 

anodize all had 

greater average bond 

strengths that proved 

to be statistically 

significantly 

different from the 

control (None) at a 

95% confidence 

interval.   

 

 

Figure 39:  Tukey's Analysis ‐ 332 (No Conditioning) 
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2.6.2.1.2 Salt Fog Conditioned Assemblies 

Table 19 presents a summary of the results obtained for the salt fog assemblies. 

Table 19:  Salt Fog Conditioning Results 
Aluminum Surface Treatment 

Adhesive None 
Chromic 

Acid 
Etch 

Chromic 
Acid 

Anodize 

Sulfuric 
Anodize

Sulfuric 
“Hard” 
Anodize 

Phosphoric 
Acid 

Anodize 
Average 

Strength (psi) 2058 1334 2351 2562 1900 3005 

Stand. Dev. 406 790 306 244 176 494 
COV 0.197 0.592 0.130 0.095 0.093 0.164 

H4800 

Minimum 2058 1334 2351 2562 1900 3005 
Average 

Strength (psi) 0 64 2296 1278 2203 3468 

Stand. Dev. 0 202 356 130 147 441 
COV -- 3.162 0.155 0.102 0.067 0.127 

435 

Minimum 0 64 2296 1278 2203 3468 
Average 

Strength (psi) 1247 1540 1921 2436 549 2094 

Stand. Dev. 222 671 166 167 279 76 
COV 0.178 0.436 0.086 0.068 0.508 0.036 

332 

Minimum 936 0 1561 2079 130 1974 
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Figure 40:  Bond Strength vs. Surface Treatment (Salt Fog) 

 

As shown in Figure 40, bond strength varied greatly by not only treatment 

method, but also by adhesive type. To organize this data, each adhesive type was 

analyzed separately using Minitab. 
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2.6.2.1.2.1 Loctite® H4800™ 
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Figure 41:  Individual Value Plot ‐ H4800 (Salt Fog) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – H4800 (Salt Fog): 

1. Phosphoric Acid Anodize (3005)* 
2. Sulfuric Anodize (2562) 
3. Chromic Acid Anodize (2351) 
4. None (2058) 
5. Sulfuric “Hard” Anodize (1900) 
6. Chromic Acid Etch (1334) 

 
 

 

 

According to the 

Tukey analysis [See Figure 

42], only phosphoric acid 

anodize had a greater average 

bond strength that proved to 

be statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.  

Figure 42:  Tukey's Analysis ‐ H4800 (Salt Fog) 
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2.6.2.1.2.2 Loctite® 435™ 
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Figure 43:  Individual Value Plot ‐ 435 (Salt Fog) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 435 (Salt Fog): 

1. Phosphoric Acid Anodize (3468)* 
2. Chromic Acid Anodize (2296)* 
3. Sulfuric “Hard” Anodize (2203)* 
4. Sulfuric Anodize (1278)* 
5. Chromic Acid Etch (64) 
6. None (0) 

 
 

 

According to the 

Tukey analysis [See Figure 

44], phosphoric acid anodize, 

chromic acid anodize, 

sulfuric “hard” anodize & 

sulfuric anodize all had 

greater average bond 

strengths that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.  

Figure 44:  Tukey's Analysis ‐ 435 (Salt Fog) 



  90

2.6.2.1.2.3 Loctite® 332™ 
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Figure 45:  Individual Value Plot ‐ 332 (Salt Fog) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 332 (Salt Fog): 

1. Sulfuric Anodize (2436)* 
2. Phosphoric Acid Anodize (2094)* 
3. Chromic Acid Anodize (1921)* 
4. Chromic Acid Etch (1540) 
5. None (1247) 
6. Sulfuric “Hard” Anodize (549) 

 
 

 

 

According to the 

Tukey analysis [See Figure 

46], sulfuric anodize, 

phosphoric acid anodize & 

chromic acid anodize all had 

greater average bond 

strengths that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.  

Figure 46:  Tukey's Analysis ‐ 332 (Salt Fog) 
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2.6.2.1.3 Condensing Humidity Conditioned 
Assemblies   

 

Table 20 presents a summary of the results obtained for the condensing humidity 
assemblies. 

Table 20:  Condensing Humidity Conditioning Results 
Aluminum Surface Treatment 

Adhesive None 
Chromic 

Acid 
Etch 

Chromic 
Acid 

Anodize 

Sulfuric 
Anodize

Sulfuric 
“Hard” 
Anodize 

Phosphoric 
Acid 

Anodize 
Average 

Strength (psi) 1684 1867 1732 2347 1813 2710 

Stand. Dev. 401 437 155 213 194 325 
COV 0.238 0.234 0.089 0.091 0.107 0.120 

H4800 

Minimum 1684 1867 1732 2347 1813 2710 
Average 

Strength (psi) 1531 1629 1664 950 1561 3902 

Stand. Dev. 159 558 163 129 304 341 
COV 0.104 0.343 0.098 0.136 0.195 0.087 

435 

Minimum 1531 1629 1664 950 1561 3902 
Average 

Strength (psi) 1303 1963 1899 2337 997 2213 

Stand. Dev. 250 397 124 100 374 146 
COV 0.192 0.202 0.065 0.043 0.375 0.066 

332 

Minimum 774 963 1666 2108 546 1910 
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Figure 47:  Bond Strength vs. Surface Treatment (Condensing Humidity) 

 

As shown in Figure 47, bond strength varied greatly by not only treatment 

method, but also by adhesive type. To organize this data, each adhesive type was 

analyzed separately using Minitab. 
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2.6.2.1.3.1 Loctite® H4800™ 
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Figure 48:  Individual Value Plot ‐ H4800 (Condensing Humidity) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – H4800 (Condensing Humidity): 

1. Phosphoric Acid Anodize (2710)* 
2. Sulfuric Anodize (2347)* 
3. Chromic Acid Etch (1867) 
4. Sulfuric “Hard” Anodize (1813) 
5. Chromic Acid Anodize (1732) 
6. None (1684) 

 
 

 

 

According to the 

Tukey analysis [See Figure 

49], phosphoric acid anodize 

& sulfuric anodize both had 

greater average bond 

strengths that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.  

 

 

 

 

 

 

Figure 49:  Tukey's Analysis ‐ H4800 (Condensing Humidity)
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2.6.2.1.3.2 Loctite® 435™ 
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Figure 50:  Individual Value Plot ‐ 435 (Condensing Humidity) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 435 (Condensing Humidity): 

1. Phosphoric Acid Anodize (3902)* 
2. Chromic Acid Anodize (1664) 
3. Chromic Acid Etch (1629) 
4. Sulfuric “Hard” Anodize (1561) 
5. None (1531) 
6. Sulfuric Anodize (950) 

 
 

 

 

According to the 

Tukey analysis [Figure 51], 

only phosphoric acid anodize 

had a greater average bond 

strength that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.   

Figure 51:  Tukey's Analysis ‐ 435 (Condensing Humidity)
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2.6.2.1.3.3 Loctite® 332™ 
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Figure 52:  Individual Value Plot ‐ 332 (Condensing Humidity) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 332 (Condensing Humidity): 

1. Sulfuric Anodize (2337)* 
2. Phosphoric Acid Anodize (2213)* 
3. Chromic Acid Etch (1963)* 
4. Chromic Acid Anodize (1899)* 
5. None (1303) 
6. Sulfuric “Hard” Anodize (997) 

 
 

 

 

According to the 

Tukey analysis [See Figure 

53], sulfuric anodize, 

phosphoric acid anodize, 

chromic acid etch & chromic 

acid anodize all had greater 

average bond strengths that 

proved to be statistically 

significantly different from 

the control (None) at a 95% 

confidence interval.  

 

 

 

 

Figure 53:  Tukey's Analysis ‐ 332 (Condensing Humidity)
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2.6.2.1.4 Heat 1 Assemblies (100°C for 435, 125°C for 
H4800 & 332) 

 

Table 21 presents a summary of the results obtained for the heat 1 assemblies. 

Table 21:  Heat 1 Conditioning Results 
Aluminum Surface Treatment 

Adhesive None 
Chromic 

Acid 
Etch 

Chromic 
Acid 

Anodize 

Sulfuric 
Anodize

Sulfuric 
“Hard” 
Anodize 

Phosphoric 
Acid 

Anodize 
Average 

Strength (psi) 3800 3988 3316 2320 1907 3491 

Stand. Dev. 386 512 386 243 300 432 
COV 0.102 0.128 0.116 0.105 0.157 0.124 

H4800 

Minimum 3191 3043 2759 1974 1360 2781 
Average 

Strength (psi) 1081 1300 1861 813 968 2381 

Stand. Dev. 111 142 168 154 120 375 
COV 0.103 0.109 0.090 0.190 0.124 0.157 

435 

Minimum 854 1004 1642 550 776 1892 
Average 

Strength (psi) 1981 2538 2036 1729 736 2061 

Stand. Dev. 114 281 152 193 352 66 
COV 0.057 0.111 0.075 0.111 0.479 0.032 

332 

Minimum 1837 2028 1848 1419 307 1979 
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Figure 54:  Bond Strength vs. Surface Treatment (Heat 1) 

As shown in Figure 54, bond strength varied greatly by not only treatment 

method, but also by adhesive type. To organize this data, each adhesive type was 

analyzed separately using Minitab. 
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2.6.2.1.4.1 Loctite® H4800™ 
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Figure 55:  Individual Value Plot ‐ H4800 (125°C) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – H4800 (125°C): 

1. Chromic Acid Etch (3988) 
2. None (3800) 
3. Phosphoric Acid Anodize (3491) 
4. Chromic Acid Anodize (3316) 
5. Sulfuric Anodize (2320) 
6. Sulfuric “Hard” Anodize (1907) 

 
 

 

 

According to the 

Tukey analysis [See Figure 

56], none of the previous 

surface preparation 

techniques had a greater 

average bond strength that 

proved to be statistically 

significantly different from 

the control (None) at a 95% 

confidence interval.  

Figure 56:  Tukey's Analysis ‐ H4800 (125°C) 
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2.6.2.1.4.2 Loctite® 435™ 
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Figure 57:  Individual Value Plot ‐ 435 (100°C) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 435 (100°C): 

1. Phosphoric Acid Anodize (2381)* 
2. Chromic Acid Anodize (1861)* 
3. Chromic Acid Etch (1300) 
4. None (1081) 
5. Sulfuric “Hard Anodize (968) 
6. Sulfuric Anodize (813) 

 
 

 

 

 

According to the 

Tukey analysis [See Figure 

58], phosphoric acid anodize 

& chromic acid anodize both 

had greater average bond 

strengths that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.  

Figure 58:  Tukey's Analysis ‐ 435 (100°C) 
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2.6.2.1.4.3 Loctite® 332™ 
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Figure 59:  Individual Value Plot ‐ 332 (125°C) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 332 (125°C): 

1. Chromic Acid Etch (2538)* 
2. Phosphoric Acid Anodize (2061) 
3. Chromic Acid Anodize (2036) 
4. None (1981) 
5. Sulfuric Anodize (1729) 
6. Sulfuric “Hard” Anodize (736) 

 
 

According to 

the Tukey analysis 

[See Figure 60], 

only chromic acid 

etch had a greater 

average bond 

strength that proved 

to be statistically 

significantly 

different from the 

control (None) at a 

95% confidence 

interval.   

 

 

 

 

 

Figure 60:  Tukey's Analysis ‐ 332 (125°C) 
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2.6.2.1.5 Heat 2 Assemblies (125°C for 435, 175°C for 
H4800 & 332) 

 

Table 22 presents a summary of the results obtained for the heat 2 assemblies. 
 

Table 22:  Heat 2 Conditionings Results 
Aluminum Surface Treatment 

Adhesive None 
Chromic 

Acid 
Etch 

Chromic 
Acid 

Anodize 

Sulfuric 
Anodize

Sulfuric 
“Hard” 
Anodize 

Phosphoric 
Acid 

Anodize 
Average 

Strength (psi) 1564 1857 1813 1539 805 2049 

Stand. Dev. 390 778 124 138 152 127 
COV 0.249 0.419 0.069 0.089 0.188 0.062 

H4800 

Minimum 982 685 1649 1361 578 1835 
Average 

Strength (psi) 20 252 264 41 1 0 

Stand. Dev. 42 111 133 61 2 0 
COV 2.052 0.441 0.506 1.479 1.563 1.610 

435 

Minimum 0 0 0 0 0 0 
Average 

Strength (psi) 2315 2992 2294 1671 946 2241 

Stand. Dev. 105 196 134 152 430 115 
COV 0.045 0.065 0.058 0.091 0.455 0.051 

332 

Minimum 2140 2741 2081 1425 402 2045 
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Figure 61:  Bond Strength vs. Surface Treatment (Heat 2) 

As shown in Figure 61, bond strength varied greatly by not only treatment 

method, but also by adhesive type. To organize this data, each adhesive type was 

analyzed separately using Minitab. 



  110

2.6.2.1.5.1 Loctite® H4800™ 
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Figure 62:  Individual Value Plot ‐ H4800 (175°C) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – H4800 (175°C): 

1. Phosphoric Acid Etch (2049) 
2. Chromic Acid Etch (1857) 
3. Chromic Acid Anodize (1813) 
4. None (1564) 
5. Sulfuric Anodize (1539) 
6. Sulfuric Hard Anodize (805) 

 
 

 

According to the 

Tukey analysis [See Figure 

63], none of the previous 

surface preparation techniques 

had a greater average bond 

strength that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.  

Figure 63:  Tukey's Analysis ‐ H4800 (175°C) 
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2.6.2.1.5.2 Loctite® 435™  
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Figure 64:  Individual Value Plot ‐ 435 (125°C) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 435 (125°C): 

1. Chromic Acid Anodize (264)* 
2. Chromic Acid Etch (252)* 
3. Sulfuric Anodize (41) 
4. None (20) 
5. Sulfuric Hard Anodize (1) 
6. Phosphoric Acid Anodize (0) 

 
 

 

 

According to the 

Tukey analysis [See Figure 

65], chromic acid anodize & 

chromic acid etch both had 

greater average bond 

strengths that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.  

Figure 65:  Tukey's Analysis ‐ 435 (125°C) 
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2.6.2.1.5.3 Loctite® 332™ 
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Figure 66:  Individual Value Plot ‐ 332 (175°C) 

The previous individual value plot presents the difference in the data for all 

surface treatments evaluated while also identifying the scatter.   
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Ranked Average Bond Strengths (psi) – 332 (175°C): 

1. Chromic Acid Etch (2992)* 
2. None (2315) 
3. Chromic Acid Anodize (2294) 
4. Phosphoric Acid Anodize (2241) 
5. Sulfuric Anodize (1671) 
6. Sulfuric “Hard” Anodize (946) 

 
 

 

 

According to the 

Tukey analysis [See Figure 

67], only chromic acid etch 

had a greater average bond 

strength that proved to be 

statistically significantly 

different from the control 

(None) at a 95% confidence 

interval.   

 

 

 

 

 

 

Figure 67:  Tukey's Analysis ‐ 332 (175°C) 
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2.6.2.2 Results by Surface Treatment 

In order for a given surface treatment to be considered successful it must be able 

to maintain its strength with the bonded adhesive in adverse conditions.  Previously we 

compared the performance of the six surface treatments within the respective conditions 

that they were exposed to.  Now we will investigate how each specific surface treatment 

reacted to adverse conditions (heat/humidity aging) compared to its unconditioned 

control. 
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In the Table 23 below, within each surface treatment, the unconditioned control 

was compared to its conditioned counterparts.  It was then determined, using Minitab, 

whether or not the conditioned counterpart was statistically significantly weaker than the 

unconditioned control at a 95% confidence interval.  If so, that particular condition was 

considered to be a failure.  The number in the parentheses is “[average bond strength of 

the unconditioned control]-[the average bond strength of the respective condition]” 

 

Table 23:  Pass/Fail Test for Conditioned Assemblies 
Conditioning 

Treatment Adhesive Salt Fog Condensing 
Humidity Heat 1 Heat 2 

H4800 Fail (1511) Fail (977) Pass (-1144) Fail (988) 
435 Fail (2458) Fail (892) Fail (1222) Fail (2270) Chromic Acid 

Etch 332 Fail (1458) Fail (1035) Pass (461) Pass (6) 
 

H4800 Pass (212) Fail (831) Pass (-753) Fail (750) 
435 Pass (-33) Fail (600) Fail (403) Fail (2000) Chromic Acid 

Anodize 332 Fail (208) Fail (230) Pass (93) Pass (-165)
 

H4800 Pass (147) Fail (362)  Fail (389) Fail (1170) 
435 Fail (408) Fail (737) Fail (873) Fail (1645) Sulfuric Acid 

Anodize 332 Pass (75) Pass (173) Fail (782) Fail (840) 
 

H4800 Fail (713) Fail (800) Fail (706) Fail (1809) 
435 Pass (191) Fail (833) Fail (1426) Fail (2393) Sulfuric Hard 

Anodize 332 Pass (285) Pass (-163) Pass (98) Pass (-112)
 

H4800 Pass (-95) Pass (200) Pass (-581) Fail (861) 
435 Pass (140) Pass (-293) Fail (1227) Fail (3608) Phosphoric Acid 

Anodize 332 Pass (79) Pass (-39) Pass (113) Pass (-67) 
 

H4800 Pass (159) Fail (534) Pass (-1582) Fail (653) 
435 Fail (2104) Fail (574) Fail (1024) Fail (2084) Untreated 
332 Fail (624) Fail (568) Pass (-110) Pass (-444)
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As was previously mentioned, in order for any one of these surface treatments to 

be considered successful, regardless of the initial bond strengths that it may achieve, it 

needs to maintain its strength in adverse conditions.  According to the Minitab analyses 

performed to complete Table 23, it was noticed that every single surface treatment failed 

at the following adhesive and conditioning combination; H4800 at 175°C, 435 at 100°C 

& 435 at 125°C.  Therefore, those three combinations must be excluded from 

consideration.  After excluding those three combinations, there is only one surface 

treatment that stands out above the rest when it comes to maintaining strength in adverse 

conditions.  That particular surface treatment is phosphoric acid anodizing, passing the 9 

remaining adhesive and conditioning combinations.  Sulfuric “hard” anodizing and 

chromic acid anodizing tied for second place, passing 5 of 9 the remaining adhesive and 

conditioning combinations. 

Not only did phosphoric acid anodizing outperform every other surface treatment 

by maintaining its strength through adverse conditions, it also showed much less variance 

compared to the current surface treatment that Henkel uses, chromic acid etching.  More 

specifically it did as good, or better, than chromic acid etching for every single 

adhesive/conditioning combination.  For 5 of the 9 adhesive/conditioning combinations it 

proved to have a statistically significantly lower variance than chromic acid etching at a 

95% confidence interval. 
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2.6.2.2.1 Visual Observations 

As the testing progressed, it became visually apparent which substrates provided better 
resistance against humid environments.  Below are images [See Figure 68] which display 
each substrate after exposure to 2 weeks of conditioning, in both salt fog and condensing 
humidity chambers. 
 

 
Figure 68:  Surface Treatment's Resistance to Humid Environments 

*Note:  Only the left side of the phosphoric acid anodized specimen is representative of 
how it reacts to humid environments.  This is due to the fact that only one side of the 
treated lap shears was primed with BR-127. 
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Visual inspection of the treated aluminum assemblies revealed little change in 

appearance after exposure to the humid environments. 

As stated before, only one side of the phosphoric acid anodized specimen was 

treated with the BR-127 primer. The primed surface, visually, seemed to provide better 

corrosion resistance than the un-primed side.  Also, it was observed that the chromic acid 

etched specimen had a very similar resistance to the humid environments to untreated 

specimens.  This may very well be because only a small portion of each lap shear was 

chromic acid etched.  Only the bond area of each aluminum lap shear was etched, leaving 

the rest of the surface area susceptible to corrosion.  In turn, the corrosion on the 

untreated portion may have affected the treated portion of the lap shear, thus, not properly 

representing it’s resistance in humid environments.  
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3.0 Conclusions 

During the 8 weeks spent here at Henkel, many conclusions were made based on 

the results obtained during experimental procedures.  In this section of the report, these 

conclusions are presented. 
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3.1 Chromic Acid Etching Process 

 Throughout all the experimental procedures completed here at Henkel, using the 

current chromic acid etching system, some conclusions were made that improved the 

overall performance of the treated specimens.  These conclusions are discussed below. 

3.1.1 Design and Assembly of System 

 The previous chromic acid etching system at Henkel Loctite had several flaws and 

it was important to correct them by designing and building an entirely new system.  A 

beaker filled with the chromic acid was used and test specimens were hand placed into 

the beaker then taken out manually.  This beaker was heated with a hot plate and the 

temperature was monitored with a glass thermometer.  In order to maintain the required 

temperature of 70 degrees Celsius, the hot plate had to be hand adjusted, resulting in 

temperatures greater than or less than the required operating temperature.   

 The new system used a water bath with an automatic temperature controller and a 

stand was built surrounding the bath to hold 20 lap shears, thus allowing 20 specimens to 

be treated at once in uniform.  This resulted in more accurate and consisted results from 

the previous method.  Also, it was a much safer method than using a hot plate because the 

acid bath was secured in the water bath instead of sitting freely.  The freshly treated lap 

shears were able to be cleaned with water before any manual removal from the system, 

ensuring further safety and more accurate results. 
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3.1.2 Degradation 

It was important for our sponsor to understand whether or not the chromic acid 

bath degraded after treating a certain amount of test specimen.  This could potentially 

cause a drop in bond strength of the treated specimen, affecting the consistency of data.  

The chromic acid bath, contrary to what was initially thought, did not degrade after 

simulating treatment of 1000 aluminum lap shears.  After the addition of 0.16 grams of 

aluminum powder (1000 lap shears), there was no significant difference in bond strength 

between lap shears treated with the “fresh” bath and those treated with the “degraded” 

bath.  This is an important result, ensuring that bath degradation will not be a concern for 

all future projects that involve chromic acid etching. 

3.1.3 Cleaning Method 

It was also important for our sponsor to ensure that the current process in which 

specimen are treated, obtained the best results possible.  One possible area for 

improvement involved the cleaning after treatment and prior to bonding.  The 

investigation as to whether or not cleaning the treated aluminum surface with isopropyl 

alcohol prior to bonding had any effect on bond strength proved to be negative.  Both the 

average bond strength and standard deviation between cleaned and non-cleaned samples 

did not prove to be statistically significantly different.  However, wiping the samples with 

Kimwipes directly after being removed from the chromic acid bath did prove to have a 

statistically significantly better bond strength compared to drying them in an oven.   This 

too proved to be a very significant result.  By modifying the previous process used here at 

Henkel, we were able to improve bond strength while minimizing variance, which is a 

result that is always desired. 
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3.2 Comparative Surface Treatment Analysis 

When evaluating a specific surface treatment, there are many important factors 

one must consider.  The most obvious factor is performance; however, there are others 

that must also be analyzed in order to determine if a specific treatment method is a viable 

one.   

3.2.1 Performance 

Below is a list of the three most important factors when evaluating the performance of a 

surface treatment method on aluminum: 

1. Achieving high bond strength. 

2. Maintaining that bond strength through adverse conditions 

3. Minimizing scatter in the bond strength data. 

The only surface treatment method that successfully addressed those three performance 

factors was phosphoric acid anodizing.  Therefore, it has been concluded that it is the best 

performing surface treatment method. 

3.2.2 Cost 

Cost is very important when evaluating which surface treatment that should be 

incorporated into Henkel’s future testing.  For example, if a particular surface treatment 

had superior performing qualities, but was very expensive, it may not be profitable to 

take for the company to pursue.  On the other hand, if a particular surface treatment was 

rather inexpensive, but performed rather poorly, then it wouldn’t be plausible for the 

company to pursue.  So the ideal candidate falls somewhere in the middle of those two 

scenarios.   
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Now, further analyzing our particular cases, we can determine a ranked system for 

all the surface treatments previously evaluated.  Chromic Acid Etching has been 

neglected from the following assessment since it would be rather difficult to determine 

just how much it costs to treat a given amount of specimen.  This is simply because there 

are too many variables to take into consideration such as, supply cost, laboratory cost 

(technician’s time), and waste disposal.  Also, it is the companies desire to eventually 

steer away from the use of chromic acid etching due to the safety and environmental 

concerns associated with it.  Sulfuric acid anodized specimens were also neglected, since 

they are a standard test specimen that Henkel currently stocks in their laboratories. 

 
Table 24 below presents the cost of each all surface treatments previously evaluated. 
 

Table 24:  Cost of Surface Treatments 
Surface Treatment Cost Per 1 Lap Shear (USD) 

Chromic Acid Anodize 1.30$ 
Sulfuric “Hard” Anodize 2.62$ 
Phosphoric Acid Anodize 3.00$ 

 

 Since it isn’t our decision on how much money Henkel would be willing to spend 

for future testing, all we can do is provide the cost.  It is of the discretion of our liaison to 

decide if the performance to price ratio is worth pursuing in the future.  

3.2.3 Ease of Use – Safety 

It is also very important that the certain surface treatment that Henkel uses in 

future testing be very safe and relatively easy to use.  Since the only surface treatment 

method that was done “in house” was chromic acid etching, it is the only candidate that is 
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considered to have any safety issues whatsoever.  All the other specimens were sent out 

for treatment, resulting in virtually no concerns. 
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3.2.4 Use in Industry 

A given surface treatment’s use in industry is also of importance to Henkel.  Since 

Henkel is a client driven company, they will benefit if they can provide testing on a 

surface treatment that is widely used in industry.  From the previous research done, it was 

established that the most widely used surface preparation technique on aluminum in 

industry, is phosphoric acid anodizing.  It is the preferred treatment of the aerospace 

industry because the oxide layer formed is thicker than chromic acid etching, and the 

“whiskers” (which increase surface area) are much longer in phosphoric acid anodizing 

process. 
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4.0 Recommendations 

Results obtained from this project reflect short time periods of treating aluminum 

specimens, bonding them, and testing their bond strengths.  It is recommended that 

additional testing take place with unused treated lap shears to ensure that the data 

portrayed in this project is completely accurate.  A larger water bath was ordered to 

conduct future chromic acid etching for the sponsor.  Because the water bath used in all 

experiments in this project was rather small, a limited number of aluminum lap shears 

could be treated at once.  A larger water bath will allow more specimens to be treated in 

one batch, possibly producing more accurate results and requiring less time.  After testing 

was completed, certain conclusions were drawn due to the success of our designed 

system.  A larger water bath was 

purchased to accommodate various test 

specimens and can be seen below in 

Figure 69.   

 It is also recommended that the 

environmental conditions be changed 

slightly to fully ensure that a certain type 

of surface treatment method performs 

better in some conditions and worse in others.  For this project, the lap shears were placed 

in salt fog chambers, regular fog chambers, and heated ovens for exactly two weeks.  

Placing assemblies in these chambers for longer periods of time and at different 

temperatures would give a very wide and descriptive range of results. 

Figure 69:  Large Water Bath 
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 Also, shear strength was the only variable tested in these experiments.  To get a 

better idea of how strong the bond really is, it would be beneficial to perform other test 

methods, such as peel strength, in which the entire lap shear is bonded then peeled off 

using the Instron machine.  Looking at the bond strength from multiple angles will give 

Loctite more detailed information on each surface treatment with a particular adhesive. 
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Appendix A:  STM 700 
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Appendix B:  Chromic Acid Bath Calculations 
 
Composition of Chromic Acid Bath: 
 

10 parts by weight sulfuric acid (H2SO4) 
1 part by weight sodium dichromate (Na2Cr2O7) 
30 parts by weight water (H2O) 

Molecular Mass of Bath: 
 

H2SO4: 98 g/mol 
Na2Cr2O7: 298 g/mol 
H2O: 18 g/mol 

Density of Bath: 
 

H2SO4: 1.84 g/mL 
Na2Cr2O7: 2.52 g/mL 
H2O: 1 g/mL 

 
Assuming 10 g H2SO4, 1 g Na2Cr2O7, and 30 g H2O, total volume can be calculated 

 

mL
mL
gg

mL
mL
gg

mL
mL
gg

30130

40.052.21

43.584.110

=⋅

=⋅

=⋅

 

 
5.43 mL H2SO4:  15.2 % by volume 
0.40 mL Na2Cr2O7:  1.12 % by volume 
30 mL H2O:   83.7 % by volume 
 

mLmL
mLmL
mLmL

98.451837.540
05.60112.540
08.82152.540

=⋅
=⋅
=⋅

 

 

g
mL
gmL 25.1552.205.6 =⋅  

Chromic Acid Bath Contains: 
 

82.08 mL H2SO4 
15.25 g Na2Cr2O7 
451.98 mL H2O 
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Appendix C:  Adhesive Selection Testing – Raw Data 
 

 



  144

Appendix D:  DOE Full Minitab Results 
 
Factorial Fit: Avg versus Treatment, Cleaning  
 
Estimated Effects and Coefficients for Avg (coded units) 
 
Term                Effect     Coef  SE Coef      T      P 
Constant                    2262.63    92.65  24.42  0.000 
Treatment           831.25   415.62    92.65   4.49  0.011 
Cleaning            119.75    59.87    92.65   0.65  0.553 
Treatment*Cleaning   61.75    30.88    92.65   0.33  0.756 
 
 
S = 262.060     PRESS = 1098810 
R-Sq = 83.77%   R-Sq(pred) = 35.10%   R-Sq(adj) = 71.60% 
 
 

The following Minitab analysis proves that, at a 95% confidence interval, the difference 
in bond strengths from treated to untreated assemblies is statistically significantly 
different. 
 
Factorial Fit: Std Dev versus Treatment, Cleaning  
 
Estimated Effects and Coefficients for Std Dev (coded units) 
 
Term                 Effect    Coef  SE Coef      T      P 
Constant                     333.63    74.75   4.46  0.011 
Treatment            379.75  189.87    74.75   2.54  0.064 
Cleaning            -173.75  -86.87    74.75  -1.16  0.310 
Treatment*Cleaning  -132.25  -66.13    74.75  -0.88  0.426 
 
 
S = 211.428     PRESS = 715230 
R-Sq = 68.22%   R-Sq(pred) = 0.00%   R-Sq(adj) = 44.38% 
 

 
The following Minitab analysis proves that, at a 93.6% confidence interval, the difference 
in standard deviations from treated to untreated assemblies is statistically significantly 
different. 
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Appendix E:  Aluminum Powder Addition Calculations 
 
Depth of Aluminum Oxide Layer for Chromic Acid Etching:  

cm6105.4 −×  
 

Density of Aluminum:  

37.2
cm

g  

 
Average Radius of Aluminum Powder Particle:  

0 cm0006.  
 
Surface Area of Aluminum Powder Particle:  

2622 107.30006.044 cmr −×=⋅⋅=⋅⋅ ππ  
 

Volume of Aluminum Powder Particle:  
31033 1005.90006.0

3
4

3
4 cmr −×=⋅⋅=⋅⋅ ππ  

 
Grams per Particle: 

particle
g

cm
gcm 9
3

310 1044.27.21005.9 −− ×=⋅×  

 
Centimeters Cubed per Particle: 

g
cm

g
particle

particle
cm 3

9

310

371.0
1044.2

1005.9
=

×
⋅

×
−

−

 

 
Dimensions of Treated Surface on Aluminum Lap Shear: 

cmcmcm 16.54.254.2 ××  
 
Surface Area of Treated Surface on Aluminum Lap Shear:  

238.13 cm  
 
Mass of Aluminum Powder Equivalent to Treating 1000 Lap Shears:  

3326 06.0100000006.038.13105.4 cmlapscmcmcm =⋅=⋅× −  

g
cm

gcm 162.0
371.0

112042.0 3
3 =⋅  
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 Appendix G:  STM 40 
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Appendix K:  Phosphoric Acid Anodizing Specifications 
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Appendix L:  Comparative Analysis Raw Data 
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