
ABSTRACT 
COCHRAN, JOSEPH LYLE.  Development and Evaluation of Environmentally Friendly 

Cold-Forging Lubricants Based on an Emulsion Polymerization System.  (Under the 

direction of Gracious Ngaile.) 

 

Cold forging applications are used in the manufacturing of machine parts, this is due to the 

conservation of material and high geometric tolerances achieved.  The cold forging industry 

currently uses a zinc phosphate system combined with soap which involves many different 

chemical baths that produce some toxic wastes.  This research covers the development and 

testing of a new environmentally friendly cold forging lubricant based on an emulsion 

polymerization system as an alternative to the zinc-phosphate lubrication system.  The 

developed lubricants were compared to the zinc phosphate and a second lubricant, MEC 

HOMAT. 

The lubricants developed under this study were all based on an emulsion polymerization 

process in which polymer sub-systems were investigated.  Iterative testing resulted in a Steryl 

Methacrylate and 2 Ethyl Hexyl Acrylate system.  These polymers have a high glass 

transition temperature, Tg, and low molecular weight which enhances lubricity during 

forming.     

A total of 29 variants of lubricant were formulated.  Out of these, five lubricants were 

selected for comprehensive testing and comparison with the zinc phosphate system.  In order 

to evaluate the lubricants with respect to their tribological performance, four different 

lubricant tests were used in conjunction to evaluate the developed lubricant.  These tests 

included the ring compression test, the spike test, double-cup backward extrusion test, and 

the ball penetration test.  The tooling was designed and built to conduct all the tribological 

 



tests.  In order to size the tooling and properly select material for the tooling and the dies, 

Finite Element Analysis was used.  To investigate the lubricants at an elevated temperature 

level, a heated set of dies was also designed and constructed.  The heated dies designed were 

used to conduct compression tests at temperatures of 360˚F which gave trends indicating 

friction at higher temperatures.  

The ring compression test, a medium severity test, resulted in a friction factor, m, of 0.158, 

0.153, 0.142, 0.125, and 0.123 for Poly Lubes 1-5, respectively, compared with 0.124 and 

0.157 for HOMAT and Zinc Phosphate respectively.  The spike test, a medium severity test, 

Poly Lubes 1-3 had friction factors of 0.035, 0.055, and 0.050 respectively.  The zinc 

phosphate samples exhibited a friction factor of 0.045.  The double-cup backward extrusion 

test was used to compared the performance of HOMAT and Poly Lube 3.  The friction factor 

for HOMAT on AISI-6061 aluminum was 0.05 compared to 0.04 with Poly Lube 3.  Cold 

forging process temperatures can approach 600˚C locally, thus lubricants need to withstand 

this temperature rise.  

To evaluate the lubricants for warmer conditions, dies were heated to 360˚F in order to 

simulate hot dies in an actual forging production process.  The elevated temperature testing 

revealed that the polymer lubricants perform the same or slightly worse at elevated 

temperatures. The friction decreased 1.0% for Poly Lube 4 and increased 8.2% for Poly Lube 

5.  The lubricity of zinc phosphate system increased with temperature, having a friction 

reduction of 31.9%.  The performance of HOMAT lubricant was also improved by 17.2% at 

higher temperatures.   

Based on the test results, the developed polymeric lubricants are expected to function well in 

light to medium severity forging applications. 
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CHAPTER 1 

Introduction 
Cold forging applications are widely used in the manufacturing of machine parts due to the 

conservation of material and high geometric tolerances achieved with this process.  

Additionally, the work hardening of the part is a benefit of cold forged parts, making them 

much stronger.  The high normal forces, large surface expansion, high temperature, and high 

die-workpiece relative movement associated with the process requires a specialized lubricant 

which is firmly bonded to the workpiece surface and can redistribute under high normal 

forces without failure.  The cold forging industry currently uses a zinc phosphate combined 

with soap lubricating system that involves many different chemical baths which produces 

some toxic wastes.  This research covers the development and testing of a new 

environmentally friendly cold forging lubricant based on an emulsion polymerization system 

as an alternative to the zinc-phosphate lubrication system. 

1.1 Objectives 
There are two major goals for this study: 

• Develop an effective cold-forging lubricant based on an emulsion polymerization 

system 

• Design and build tooling for the tribo testing of the lubricants  

 

Some of the specifications and characteristics of the desired lubricant are outlined below:  

Application of the new lubricant process needs to be a single step process which is easily 

implemented, such as a dipping or spraying process.  The lubricant will use a polymer or 

substrate that has long chain molecules in order to form a tenacious film on the sample.  This 

tough film encourages toughness in the lubricant layer.  The lubricant must bond with the 

surface of the workpiece, and not contain any environmentally unfriendly chemicals.  

Friction levels must not be much higher than that of the existing lubricants, or it will not be 

practical to implement.  Finally, the removal of the lubricant cannot involve a hazardous 

process such as the acid dipping needed for the zinc and phosphate system. 
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1.2 Approach 
To develop a new environmentally friendly lubricant, an analysis was needed to investigate 

cold forging and tribological properties of the process.  Computer modeling was conducted to 

evaluate the conditions on the tool workpiece interface which helped in lubricant 

formulation.  A review of the state of the art in environmentally friendly lubrication was 

conducted to draw from innovations in lubrication technology.  Computer analysis including 

FEA was conducted to investigate the tribological properties of the lubrication to aid in the 

tribo-testing via simulating various friction levels in forming operations.  Also, the local 

surface extension during different forming operations was investigated since this controls the 

amount of lubricant redistribution needed.  

 

A new environmentally friendly lubricant for cold forging was developed via emulsion 

polymerization.  This process was unique in the ability to create a polymerization with 

internal stabilization and an ability to chemically bond to the surface of the metal.  This 

chemical bond of the lubricant maintains the lubrication in the interface of a forming 

operation during large amounts of surface extension. 

 

The samples were subjected to various tests which mimic the conditions in a cold forging 

environment.  These tribo tests allow study of the friction factor at the interface between the 

workpiece and the die.  This used in conjunction with lubricant revision allowed 

development of an effective, environmentally friendly lubricant.  Following the tribo testing 

the samples surface chemistry and the surface roughness were studied to fully evaluate the 

effectiveness of the developed polymer lubricant system. 
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CHAPTER 2 

State-of-the-Art in Cold-Forging Lubrication  
The current zinc phosphate lubricant system requires a series of chemical baths that must be 

constantly maintained. The baths must be heated and filtered requiring large amounts of 

energy to be consumed in operation of the lubrication system. This plus the large personnel 

costs associated with this process make it prohibitive for a small employer to enter the 

forging industry. The parts being coated need to be dipped in a series of the chemical baths 

for the coatings to be formed on the part prior to forming, and then there are baths for 

removing the coating after forming. 

 

The baths used in the process become laden with metal sludge over time which contains 

heavy metal ions. This sludge is toxic and must be dealt with according to government 

regulations. Additional byproducts of the various baths are acids, caustics, soaps, and other 

phosphate compounds. The workplace conditions surrounding these coating processes have 

required much attention to worker safety dealing with these dangerous processes. 

 

Currently the major lubrication system for cold forging is based on zinc-phosphate coating 

combined with metal soap. Due to the environmental problem with this system there are 

efforts in developing efficient and environmentally friendly lubrication systems. There have 

been some lubricants developed in Japan in the mid 90s which are beginning to see 

application in the auto industry, and the necessity for a similar lubricant is obvious. One of 

these lubricants is MEC-HOMAT.  The manufacturer insists it is environmentally friendly 

and also performs up to the level of the zinc-phosphate system. Other lubricants have been 

experimented with but few have been able to perform up to this level and remain 

environmentally friendly. Mineral oil based lubricants are widely used in less severe 

applications however cold forging applications can reach high enough temperatures to cause 

mineral oils to break down and burn. Synthetic oils have been applied with marginal success 

but the zinc phosphate system still out performs in heavy deformation applications [Brown, 

1999]. Synthetic lubricants that have been developed include polyalkylene glycols, esters, 
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phosphate esters, and synthetic hydrocarbons. Polyalkylene glycol has seen some use in cold 

forming applications [Brown, 1999]. 

 

In formulating a lubricants additives are typically added to the base lubricant to fine tune the 

performance of the lubricant for the specific application. In cold forging applications the 

most important additive is the extreme pressure additive, or EP additive. The purpose of the 

EP additive is to lower the shear friction of the lubricant. When in use the lubricant must be 

able to shear itself easily to allow relative motion between the part and the die. The lubricant 

is effectively a sacrificial material in the forming process. The zinc phosphate system has 

layers, some of which crumble and slip easily, while others adhere to the billet to prevent 

metal to metal contact.  

 

2.1 Friction During Cold-Forging Process 

2.1.1 Friction Laws 
In order to evaluate the performance of various lubricants under various materials and 

process conditions and be able to predict the forming pressures, it is necessary to express the 

interface friction quantitatively.  There are two laws that can be utilized for this purpose, 

namely; Coulomb’s law and shear law.  The Coulomb friction is a function of the pressure 

applied normal to the sliding surface, p, and the shear stress, τ.  

p*µτ =      

For sticking  

kp >= µτ       

In the Coulomb friction the values can range from 0 up to 0.577 according to Von Mises the 

max value of µ is 0.577. Since this only happens when the surface is uniformly at the load 

equal to the flow stress it is not uncommon for the applied load to reach several times the 

flow stress. With the growing p the shear strength coefficient, k, for the material remains 

constant meaning the µ actually drops. Due to this the µ becomes useless when µp > k since 

there is no longer any sliding occurring along the interface. Because of this a friction shear 

law is used to define the friction during forming. 

mk=τ    
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The friction factor (m) for cold forging is based on the ratio of the shear strength of the 

formed material to the shear strength of the lubricant. The closer this ratio is to zero the better 

the lubricant. This is different than the typical friction coefficient µ used in typical physics 

friction applications.  For cold forming of steels and aluminum a friction factor of m = 0.05 

to 0.15 are typical for a phosphate-soap lubricant system [Altan, 1983].  Any replacement 

system should also have a friction factor in the same range, or better. 

 

2.1.2 Parameters that Influence Friction and Lubrication in Cold-Forging 
There are numerous parameters that influence the friction and lubrication and lubrication 

conditions present at the die/workpiece interface.  These parameters can be divided into three 

groups: 

1. Tool-workpiece parameters: Material properties, geometry, surface finish of the tool 

and the workpiece, etc. 

2. Lubricant parameters: Composition, viscosity, lubricant film thickness, etc. 

3. Process parameters: Interface pressure, sliding velocity, sliding length, heat generated 

at the interface, surface expansion, etc. 

 

For example the surface expansion of the material in a cold forging part depends on the 

geometry of the finished part.  The more surface features of the part, typically the more the 

surface expansion around the corners of the formed part.  Increasing the surface to volume 

ratio of a part makes the friction on the surface of the part more important in its new state.  

Lubricants must be able to redistribute themselves in order to cover the newly generated 

surface. 

2.2 Zinc Phosphate Systems 
Cold forging requires lubrication to protect the die and to improve part quality. The most 

used lubricant system is a zinc and phosphate coating that can be used in conjunction with a 

soap layer to encase and lubricate the part. Before a lubricant is applied, the surface needs to 

be clean and homogenous to allow a uniform lubricant coating [Bay, 1994]. If necessary the 

cleaning process starts with a mechanical de-scaling process and then all parts receive 

chemical wash that removes any oxidized material on the surface. 
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Once the surface is clean it is then rinsed and then pickled in an acid solution with a pH of 

2.0 and heated to 40˚C-95˚C where the pickling reaction occurs. 

[Bay, 1994] 

Once the iron ions are left on the surface it is rinsed with cold water and the surface is now 

ready for the deposition of the zinc phosphate using the following reaction. 

[Bay, 1994] 

The zinc phosphate solution can contain oxidants that act as accelerators.  These oxidants 

help convert the ions, formed previously, into ions. The oxidation of  to  

can be accelerated by the addition of sodium nitrite or sodium chlorate to the zinc phosphate 

solution. However, the nitrate based accelerators which precipitate in the sludge are 

hazardous materials for the environment and the health of the workers.  

+2Fe +3Fe +2Fe +3Fe

 

After the zinc phosphate layer is on the surface the sample is rinsed in cold water again and a 

soap layer is applied.  The soaping bath is maintained at 40˚C-80˚C and contains sodium 

stearate.  The reaction between the sodium stearate and the zinc phosphate creates a bond 

between the zinc soap and the phosphate of the surface. This reaction is described as follows: 

4322323243 2])([3)(6)( PONaZnCOCHCHCOONaCHCHPOZn xx +→+  

The layers of the lubricating system can be seen in Figure 1 along with their chemical 

compositions. 

 

 

Alkaline soap[ 6CH3(CH2)xCOONa ]
Zinc soap [ 3(CH3(CH2)xCOO)2Zn ]
Zinc phosphate crystals[ Zn3(PO4)2 ] 

Work-piece materials: [ Fe ] 

Figure 1: Layers of the zinc phosphate lubricating system 
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The process of applying the lubricant system is subject to many problems that adversely 

affect the efficiency and environmentally friendliness of the process. The cleaning part of the 

system uses a chemical bath which is considered toxic waste when disposed of due to the 

chemicals and the metal contaminants in the fluid. For this reason the baths are maintained as 

long as possible to lengthen the life of the fluid used however the some waste is unavoidable 

in this lubrication process [Geiger, 1995]. The rinsing baths are subject to contamination by 

heavy metals, and the acid baths are corrosive causing all of the baths used for the process to 

be treated as a toxic waste that contains a harmful sludge that needs to be removed to 

continue use of the baths [Geiger, 1995]. The newly developed sludge removal systems as 

seen in Figure 2 extend the bath life but the toxic material is still a problem. 

 
Figure 2: Treatment process for wastewater from cleaning [DOE, 2003] 

 

In addition to having problems with the toxic materials in the process the baths used in the 

process need to be maintained between 40 and 90°C and constantly filtered and stirred using 

large amounts of energy. Lastly, the phosphating process corrodes the surface of the 

workpiece and can alter the surface materials properties [Gariety, 2004].  Diffusion of the 

lubricant chemicals into the material surface can cause problems when heat treating the 

material.  
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2.3 Replacement Systems for Zinc Phosphate 
In order to replace the current systems using zinc phosphating baths, the developed system 

must be as effective as the current system and also it needs to be economical to use. Different 

systems have attempted to replace the current technology with varying results. 

 

Many developments have focused on improving the phosphating process in order to save 

costs and improve production however; this has not made any major improvements on the 

environmental impact of the process. This is because most focus on adding a coating on top 

of the existing phosphate layer of either wax or a polymer. An example is Formlube by 

Freiborne Industries, which is intended for use on top of the traditional phosphate layer. It 

applies a tough film on the surface which is protective to the die and reduces friction as well. 

The problem with any lubricant that still uses the phosphate layer is the inherent negative 

environmental impacts of that system. 

 

The MEC Corporation of Japan has developed a system that is based on a solution of metal 

salts which are deposited and bonded to the surface of the part being formed and then the 

coating crushes and rolls protecting the surface below. The Lubsol lubricant by Daido uses 

many salts in suspension with surfactants to adhere to the material once applied and also to 

maintain the suspension during storage. These metallic salt based lubricants have seen the 

best performance of any replacement studies so far, out performing the traditional zinc 

phosphate system in tests [Altan, 2004].  The MEC Homat lubricant is currently in use at 

two of Toyota’s manufacturing facilities in Japan proving the abilities of this new system 

[MEC International website].  

 

2.3.1 Lubricants on the Market 
Literature review shows that in the last 7 years research effort has been made to develop non-

zinc phosphate coating based lubricant systems. Five replacement lubricant systems were 

identified to be in the experimental stage. These lubricants include MEC-HOMAT, DAIDO-

LUBSOL, MCI Z-Coat, and Condat VICAFIL. 
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The HOMAT lubricant developed by MEC International has shown to perform well and its 

applications process is simple. The lubricant is applied and dried on the billet surface to form 

a thin layer. The lubricant has favorable lubrication properties and is able to perform 

similarly to the conventional Zinc Phosphate system. The other advantage of this lubricant is 

easy removal after forging. 

 

The LUBSOL lubricant series by DAIDO involves a phosphoric compound that adsorbs 

directly to the metal surface and then incorporated solid lubricants are used. The surface of 

the sample needs to be cleaned before application and then the lubricant is applied to the 

surface and dried [Gariety, 2004]. 

 

The Z-Coat lubricant by MCI works very similarly to the conventional Zinc Phosphate 

system, however, the surface coating is replaced by a zinc iron alloy on the surface. This is 

done by blasting the surface to create the alloy. The lubricant mechanism is carried out by a 

soap on the surface such as Molybdenum Disulfide. There are environmental concerns with 

heavy metals with this type system as molybdenum is considered environmentally 

unfriendly. 

 

VICAFIL by Condat is similar to the previous in the respect that it still uses the soap and just 

replaces the phosphate layer with a new one. The process involves pickling and rinsing but 

the coating process in non-reactive and uses B4O7Na2 + 5H2O and a new generation silicate-

based processing. The above are applied in aqueous solution and dried on the sample 

[Dubar, 1998]. 

 
Of the lubricants mentioned above Daido and the MEC replacement lubricants performed 

best in backward extrusion tests [Gariety, 2004]. The lubricant system still uses many of the 

same elements as the traditional system using phosphorus and metals. But these lubricants 

seem to have different adhesion mechanism. 
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2.3.2 Common Chemical Compositions in the Alternative Lubricants 
The replacement lubricants that show the best overall performance are the film lubricants 

which are coated on the sample prior to forming. The MEC International HOMAT lubricant 

performs well and appears to consist of a water-based salt lubricant containing zinc and other 

metal salts along with a phosphate material. This dries in a crystalline structure on the surface 

of the material to be formed. The Daido Aquilube system uses the components seen in Table 

1.  There is also another lubricant system, MCI Z-coat, that involves a lubricant that forms a 

Zn/Fe alloy on the surface of the billet and then soap is used in between the sample and the 

die. 

 
Table 1: Aquilube  Lubricant Components 

Calcium Compound 5-10% 

Water Soluble Inorganic Salt 1-5% 

Phosphorus Organic Compound 0.5-1% 

Sulphurized Compound (ester, fat, etc) 1-5% 

Lubricant Surfactants 5-10% 

Synthetic Alcohol 5-10% 

Water insoluble Inorganic Salts 5-10% 

Calcium Compounds Trace 

Water 60-80% 

 

 

2.3.3 Performance of Replacement Lubricants 
In a study conducted at Ohio State University’s Net Shape Manufacturing Center the 

previously mentioned lubricants were tested using a double-cup backward extrusion test. 

This test is able to find the friction factor for a forging lubricant by forming a small sample. 

The samples were then compared to find the effectiveness of these new lubricants. In this 

study the MEC Homat lubricant performed best with a friction factor nearly half that of the 

zinc phosphate system, Figure 3. 
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Figure 3: Friction factor of Zinc Phosphate vs. new lubricants, Double-cup Backward Extrusion [Altan, 

2004] 
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CHAPTER 3 

Polymeric Lubricant Development 
In metal forming there are many different types of lubricants for the different types of 

processes that they are needed for. The lubricants fall into a few basic categories including 

mineral oils, emulsions, water based systems, and solid based systems. Mineral oils, which 

are natural oils, have been used in many forming and cutting processes for their good 

lubricant properties, however their cooling abilities are limited. Water based lubricants have 

great cooling abilities but are poor lubricants where there are high forming pressures and 

temperatures. Emulsions are formed by water soluble oils which are combined with water to 

produce a lubricant that had both good cooling and lubricating properties. All of these 

lubricants are limited in their temperature range for operation. Cold forging operations 

average 200°C and temperatures can spike up to 600°C [Bay, 1994]. However, some 

synthetic lubricants have been able to operate at this level and perform well [Sheljaskow, 

2001]. 

 

3.1 Polymer Lubricant Components 
Polymer systems are created of many unlike parts to acquire unique properties for a given 

application.  All polymers have a long chain fatty acid, or monomer.  To keep the monomers 

in the desired suspension surfactants are used.  Other additives can be added for various 

effects, however, the polymer creation process is as important as the ingredients used in the 

composition. 

 

3.1.1 Monomers 
The base of the polymer is the monomer which contains the base hydrocarbon which 

provides bonding locations for other items to be added. The base monomer controls many of 

the physical properties of the finished polymer. The choice of monomer influences the glass 

transition temperature, Tg, and the molecular weight of the system. The Tg has proven to have 

a strong impact on the lubricity of the system.  The lower the Tg the better the lubricating 

properties.  The Tg is controlled by the ability of the molecule to reorient itself in the system. 
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Wider molecules have lower Tg’s, however, the larger the free space in the system the more 

room there is for movement. For this reason under high pressures the Tg’s change due to the 

added restriction due to compression [Cambridge, 2005]. Experimentation of introducing 

CO2 into the polymer emulsion has been able to maintain the free volume during higher 

hydrostatic pressure on the polymer, however, application at pressures equivalent to cold 

forming applications has not been tested [Wissinger, 1991]. This process is not economic 

since new equipment would be needed to install the system. The speed of transition in the 

polymer may not take long enough to facilitate a transition since most cold forging 

operations are a single quick stroke. 

 

Cross-linking restricts polymer movement so a polymer with little or no cross linking is 

preferred since material movement is crucial to the performance. Also, branching polymers 

are unique that the restriction due to wideness is offset by the greater free space associated 

with the molecule making the change in Tg specific to the individual monomer [Cambridge, 

2005]. 

 

The polymer is created via free radical polymerization where the monomer gains a free 

electron from a pendant group allowing a covalent bond between the monomer chains. This 

process is initiated through a thermo chemical reaction and the rate of reaction is temperature 

dependant [Gilbert, 1995].  

 

3.1.2 Surfactants 
Surfactants, or stabilizers, are used in many different capacities in the polymer creation 

process.  In emulsion polymerization the monomer is mixed with water and a stabilizer is 

added to make the emulsion remain in its mixed homogenous state.  Phosphoric acid is added 

to react with the metal surface that the polymer will come in contact with, and the phosphoric 

acid covalently bonds with the monomer as shown in Figure 4.  For boundary lubrication the 

long chain fatty acids are good surfactants since they securely hold the material in high stress 

situations [Clint, 1998].  Additional surfactants are added to the system to ensure stability 

over time during storage.  
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Figure 4: Surfactant in Friction Layer [Clint, 1998] 

 

3.1.3 Other Additives 
There are many additives being used to improve the performance of forging lubricants, and 

these need to be understood to aid in formulating a new lubricant.  The additives of major 

importance in a cold-forging application are extreme pressure additives, esters or fatty acids, 

sulfur, salts, phosphorus, silicones, etc.  The extreme pressure additives allow for the 

shearing mechanism to work since the lubricant needs to shear against itself easily.  Graphite 

is a good example of lubricant with low shear stress, however, it does not adhere to the 

surface well and cannot be applied easily prior to forming.  Graphite is commonly used in hot 

forming where other lubricants cannot operate under the higher temperatures.  Materials 

added to the polymer can tailor the performance in order to meet specific needs. 

 

Many cold forging lubricant systems use a particulate layer or layers to facilitate shearing 

during the forming operation.  The layers break and the particles are able to slide and 

redistribute during forming protecting the material underneath.  A solid additive to the 

polymer may allow a similar mechanism for lubrication.  However, the addition of polymeric 

spheres requires the addition of an ionic or steric stabilizer [Tao, 1997].  Cross-linked 
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nanospheres have shown good performance in lubricants, however the production process for 

the nanospheres is complex and is cost prohibitive for a cold forging lubricant which is used 

once.  Despite the fullerenes having great lubrication test in experiments, the lubricant can 

contain heavy metals which pose many environmental hazards.  The concept however should 

apply somewhat on a larger scale. 

 

3.2 New Polymeric Lubricant Development  
The proposed method of producing the synthetic lubricant is by emulsion polymerization.  

The anticipated water-borne chemistry will incorporate the adhesion and stabilization 

mechanisms within the matrix of the polymer.  This will wet-out and adhere the lubricant 

directly to the surface of the metal with minimal pre-treatment. 

 

Emulsion polymerization is a process in which high molecular weight polymers are produced 

in water. Since water is generally the continuous phase, the products are characterized by low 

viscosity, providing ease of use.  This fluid can have a molecular weight which provides 

enhanced polymeric properties.  Soaps are added to compartmentalize the organic and water 

phases and to form a stable emulsion.  The base polymer is determined by the type and 

amount of the primary monomers, which is selected based on the desired primary properties.  

Functional monomers are added in smaller amounts to provide adhesion, crosslinking, adjust 

molecular weight, etc.   

 

The approach taken with this polymer deviates from the standard emulsion polymer.  One of 

the drawbacks of standard emulsion polymers is that the soaps used to stabilize the polymers 

are associated to the polymer surface, and not chemically bonded.  When applied to a 

substrate, the unbonded surfactants initially migrate to the interface reducing interfacial 

surface energy, forming a soap layer on the surface.  The polymer is then bonded to the 

surface by association to the surfactant in much the same way as the association for stability 

in the water phase.  This, however, allows for the removal of the polymeric layer under high 

stress conditions. 
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In this project three polymer combinations were developed based on: methyl methacrylate / 

stearyl methacrylate copolymerization, butyl acrylate / stearyl methacrylate 

copolymerization, and 2 ethylhexyl acrylate.  The general structure of the different 

monomers are shown in Table 2. 

 
Table 2: Basic chemical structure of monomers used 

Stearyl Methacrylate Methyl 

Methacrylate 

Butyl Acrylate 2 Ethylhexyl Acrylate 

 

 

 

The lubricant development used the ring compression for testing iterations.  Developed 

lubricants were tested and friction levels measured.  Then based on the friction level, surface 

analysis, and other lubricant characteristics alterations were made to the lubricant and the 

process repeated. 

 

3.2.1 Methyl Methacrylate / Stearyl Methacrylate Co-Polymerization 
The initial tests were conducted with a mixture of stearyl methacrylate and methyl 

methacrylate which was chosen for its large pendant groups which are desirable for good 

lubricity.  Figure 5 shows the structure of the components and the basic acrylic structure of 

the polymer.  
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Figure 5: Methyl methacrylate / Stearyl methacrylate (individual parts above, basic acrylic structure 

below) 
 

The acid in the lubricant was neutralized with ammonia to see the effect on the performance 

of the lubricant.  Preliminary evaluation of the lubricants were carried out using the ring test.  

The friction for the acidic lubricant was 0.21 and with the neutral lubricant was 0.225, this 

was possibly due to the polymer not reacting with the surface of the metal as well causing a 

weaker bond with the metal.  Lubricant information is shown in Table 3. 
Table 3: Lubricant 5, 6, and 6A properties 

Lubricant Number Lube 5 Lube 6 Lube 6A
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate
Secondary Polymer Methyl Methacrylate Methyl Methacrylate Methyl Methacrylate
Additives ammonia
pH 1.9 1.9 8.5
Ring Friction Factor 0.22 0.21 0.225  

 

The molecular weight of the stearyl methacrylate and the methyl methacyrlate emulsion was 

lowered which also lowered the glass transition temperature or Tg which gave a friction level 

of 0.19. A silicone oil emulsion was added at 3 % since silicone is a lubricant additive in 

many applications, and this lowered the friction level to 0.18, see Table 4.  
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Table 4: Lubricants 8 and 8A properties 
Lubricant Number Lube 8 Lube 8A
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate
Secondary Polymer Methyl Methacrylate Methyl Methacrylate
Additives silicone emulsion
pH 1.9 1.9
Tg lower than 6
Molecular Weight lower than 6 lower than 6
Ring Friction Factor 0.19 0.18  

 

3.2.2 Butyl Acrylate / Stearyl Methacrylate Co-Polymerization 
To further lower the molecular weight and the Tg the copolymer was changed again to butyl 

acrylate and stearyl methacrylate which by itself yielded a friction factor of 0.17.  Figure 6 

shows the structure of the components and the basic acrylic structure of the polymer.  

 

 
Figure 6: Butyl acrylate / Stearyl methacrylate (individual parts above, basic acrylic structure below) 

 

With this co-polymer two different silicone emulsions were tested for  their effects and the 

better of the two had a friction level reduction of 0.03 while the other only 0.01. In 

conjunction with the silicone emulsion testing colloidal silicate was added to the systems to 

check the effect of adding a solid particulate for a graphite like lubrication. This addition of 

the silicate did not effect the overall performance of the lubricant. The lubricant friction with 

the silicate was approximately the same or slightly worse.  The lubricant information is listed 

in Table 5. 
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Table 5: Variations of lubricant 9 
Lubricant Number Lube 9 Lube 9A Lube 9B Lube 9C Lube 9D Lube 9E
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate
Secondary Polymer Butyl Acrylate Butyl Acrylate Butyl Acrylate Butyl Acrylate Butyl Acrylate Butyl Acrylate

Additives

silicone emulsion 3% silicone emulsion 
Sinocil 603CL

3% silicone emulsion 
Sinocil 603CL - 5% 
colloidal silicate

3% silicone emulsion 
Sinocil 60HR

3% silicone emulsion 
Sinocil 60 HR - 5% 
colloidal silicate

pH 1.9 1.9 1.9 9.06 1.9 8.98
Ring Friction Factor 0.18 0.17 0.14 0.14 0.16 0.17  
 

3.2.3 2 Ethylhexyl Acrylate / Stearyl Methacrylate Co-Polymerization 
To lower the Tg and molecular weight even further the co polymer was changed to 2 

ethylhexyl acrylate and stearyl methacrylate which has a much lower Tg due to the pendant 

groups of the 2 ethylhexyl acrylate split making a much wider molecule which has more free 

space around it.  The co-polymerization of the 2 ethylhexyl acrylate and stearyl methacrylate 

uses the 2 ethylhexyl acrylate which has two ‘tails’ on the monomer as shown previously in 

Table 2.  The basic structure of the components and the overall acrylic structure is shown in 

Figure 7. 

 
Figure 7: 2 Ethylhexyl acrylate / Stearyl methacrylate (individual parts above, basic acrylic structure 

below) 
The friction for the base co-polymer was 0.13 and with 6 % silicone the friction level was 

lowered to 0.12. These friction levels were also improved by dipping the specimens in 

calcium nitrate prior to forming which neutralizes the surface of the polymer making it bond 

less with the die lowering sliding resistance on the die surface.  As shown in Figure 8, the 

calcium nitrate prevents the bond forming with the die.  Preventing bonding with the die 

allows easier relative movement between the lubricant layer and the die during forming, 

keeping the lubricant layer more intact. 
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Figure 8: Polymer lubricant mechanics with the addition of Calcium Nitrate 

 

The calcium nitrate reduced the friction level on the parts by approximately 0.015 with a dip 

application. On these lubricants a non-ionic surfactant was tested to stabilize the emulsion 

over time. The versions of the lubricant that contained the surfactant have a much better shelf 

life and the emulsion is therefore much more robust for industrial use. The lubricant 

performance and composition is listed in Table 6. 
Table 6: Calcium nitrate testing with lubricant 12 

Lubricant Number Lube 12 Lube 12 w/CN Lube 12D Lube 12D w/CN
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate
Secondary Polymer 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate

Additives

6% silicone emulsion 
Sinocil 603CL - 6% 
Non-ionic surfactant

6% silicone emulsion 
Sinocil 603CL - 6% 
Non-ionic surfactant

pH 1.9 1.9 1.9 1.9
Ring Friction Factor 0.13 0.125 0.125 0.12  

3.2.3.2 Surfactant Testing 
Following the initial results for the surfactant, lubricants were prepared to compare 

hydrophilic and hydrophobic surfactants on the lubrication performance. The hydrophilic 

emulsion had a better emulsion than the hydrophobic and with silicone oil added the 

emulsion the hydrophobic had a friction level of 0.13.  Though the friction was higher than 

the previous test, this can be explained by a slight change in the testing process.  These tests, 

unlike the previous tests, ensured complete drying of the billets using a heat gun to more 

closely mimic the real world conditions. This accounts for the slight jump in the friction 

levels from the previous test.  The lubricant information can be seen in Table 7. 
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Table 7: Lubricants 13 - 15 properties 
Lubricant Number Lube 13 Lube 14 Lube 14A Lube 14B Lube 15 Lube 15A
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate
Secondary Polymer 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate

Additives

#12 w/ 
3.5%Hydrophillic 
surfactant w/ phase 
inversion

#12 w/ 1.5-2.0% 
Hydrophillic 
surfactant, no phase 
inversion

3% silicone emulsion 
603CL

6% silicone emulsion 
603CL

#12 w/ 1.5-2.0% 
Hydrophobic 
surfactant, no phase 
inversion

6% silicone emulsion 
603CL

pH 1.9 1.9 1.9 1.9 1.9 1.9
Ring Friction Factor 0.13 0.14 0.13 0.13 0.135 0.15  
 

3.2.3.3 Co-Polymerization Concentration Testing 
The concentration of the 2 ethylhexyl acrylate in the co-polymer was checked at 0, 10, 20, 

and 30 percent allowing a comparison of the homopolymer of stearyl methacrylate and 

varying levels of 2 EHA, Table 8. The polymer with 30% 2EHA had the lowest friction level 

at 0.135 for the base polymer using a hydrophobic surfactant, but with the hydrophilic 

surfactant the 20 and 30 percent 2EHA performed close to one another with a friction level of 

0.14 for the base polymer. However, the 10 percent and the homopolymer did not perform as 

well at 0.145. From this thirty percent 2EHA is viewed as the best co polymerization found 

with low molecular weight and a low Tg. 
Table 8: Lubricants varying levels of 2EHA 

Lubricant Number Lube 14 Lube 16 Lube 17 Lube 19 Lube 19A
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate

Secondary Polymer
30% 2 Ethylhexyl 

Acrylate
20% 2 Ethylhexyl 

Acrylate
10% 2 Ethylhexyl 

Acrylate
0% 2 Ethylhexyl 

Acrylate
0% 2 Ethylhexyl 

Acrylate

Additives

1.5% Hydrophillic 
Surfactant

1.2% Hydrophillic 
Surfactant

1.5% Hydrophillic 
Surfactant

1.8% Hydrophillic 
Surfactant

1.8% Hydrophillic 
Surfactant - 3% 
Silicone

pH 1.9 1.9 1.9 1.9 1.9
Ring Friction Factor 0.14 0.14 0.143 0.145 0.15  
 

A trifloroethyl methacrylate was tested since the fluorine groups have proven good in many 

lubrication applications. This was added to a thirty percent 2EHA and stearyl methacrylate 

co-polymer. The friction levels did not change appreciably, see Table 9. The friction levels 

for the lubricant with the trifloroethyl methacrylate exhibited friction factors between 0.14 

and 0.15. 
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Table 9: Lubricants testing trifloroethyl methacrylate 

Lubricant Number Lube 21 Lube 21A Lube 21B
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate

Secondary Polymer
30% 2 Ethylhexyl 

Acrylate
30% 2 Ethylhexyl 

Acrylate
30% 2 Ethylhexyl 

Acrylate

Additives
3% trifloroethyl 
methacrylate

3% trifloroethyl 
methacrylate - 3% 
silicone emulsion

3% trifloroethyl 
methacrylate - 6% 
silicone emulsion

pH 8.14 8.14 8.14
Ring Friction Factor 0.14 0.148 0.143  

 
 

From the ring testing the best lubricant system developed used a 30% 2EHA and stearyl 

methacrylate co-polymer which makes a good lubricant. The lower molecular weight 

polymers and lower the Tg of the polymer system, the better the lubrication seen in the 

testing. Hydrophillic surfactant performed best helping achieve a good polymerization 

distribution at a concentration between 1 and 2 %. The 603 CL silicone emulsion helped 

lower the friction level of the lubricant further. A calcium nitrate dip before forming helps 

improve the friction by neutralizing the surface of the lubricant preventing it from bonding as 

strongly with the die surfaces. Lubricant 14 B functions best in the ring test while having a 

stable emulsion which is capable of functioning in an industrial environment. 

 

For the final testing the zinc phosphate system and three variations of the polymers 

developed were tested. In order to fully investigate the lubricants two co polymerizations 

were chosen. The 9C lubricant was chosen for the final testing to see the capabilities of the 

butyl acrylate / stearyl methacrylate system. 14B and 15A were chosen for their more stable 

emulsions and better overall performance in the initial testing. The lubricants are described in 

Table 10.  
Table 10: Polymers used for final testing 

Lubricant Number Poly Lube 1 Poly Lube 2 Poly Lube 3
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate Stearyl Methacrylate
Secondary Polymer Butyl Acrylate 2 Ethylhexyl Acrylate 2 Ethylhexyl Acrylate

Additives

3% silicone emulsion 
Sinocil 603CL - 5% 
colloidal silicate

1.5-2.0% 
hydrophobic 
surfactant - 6% 
silicone emulsion 
603CL

1.5-2.0% hydrophillic 
surfactant - 6% 
silicone emulsion 
603CL

pH 9.06 1.9 1.9
Ring Friction Factor 0.14 0.15 0.13  
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The final lubricants were sent to ETNA Products Inc. for further analysis and two further 

lubricants were created.  ETNA is a lubrication company that develops varieties of lubricants 

for the metal forming industry.  These two lubricants are referred to as Poly Lube 4 & 5 and 

can be seen in Table 11. These Lubricants do not contain silicone additives since ETNA did 

not want any additives in the lubricants used in forging application for concerns of 

interaction with the material and also environmental concerns.  The molecular weight of 

these lubricants was reduced further for these two variations which improved the friction 

factor with respect to lubricants with the same chemical composition tested earlier.  

Lowering the molecular weight makes the lubricant more able to deform once on the surface 

due to less cross linking between the polymer. 
Table 11: Poly Lube 4 & 5 chemical composition 

Lubricant Number Poly Lube 4 Poly Lube 5
Primary Polymer Stearyl Methacrylate Stearyl Methacrylate
Secondary Polymer Butyl Acrylate Methyl Methacrylate
Additives none none
pH 8 8
Ring Friction Factor 0.13 0.12  
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CHAPTER 4 

Tribo-Test Apparatus Design 
To evaluate the performance of a forging lubricant, many laboratory tests have been 

developed. These tests are often used in conjunction to produce a better picture of the 

tribological properties of a given lubricant. In this research a combination of four different 

tests are used which have all been used before, however, the combination of all of these tests 

is not as common. This will give an indication of the relative performance between the 

experiments. The tests chosen for comparison are the ring compression, spike forward 

extrusion, double cup backward extrusion, and ball penetration tribological tests. In order to 

perform all of the tests, modular tooling was designed and built for conducting the tests. 

4.1 Introduction to Tribological Tests 
In order to test a lubricant the experimentation needs to mimic the conditions that a part 

being cold forged will endure. There are tests that are currently used for evaluation of 

lubricants in metal working applications. The ring compression test, spike test, double-cup 

backward extrusion, and ball penetration tests have been used in multiple studies previously 

for evaluation of lubricants [Buschhausen 1992; Sheljaskow, 2001; Ohmori, 1991].  

4.1.1 Ring Compression Test 
The ring compression test is commonly used to evaluate forging lubricants. The ring test 

consists of the deformation of a cylinder with a hole drilled through the center of the billet. 

The billet is compressed to various height reductions and the change in the inner diameter of 

the billet reflects the friction factor along the tool/workpiece interface. The higher the fiction 

the more the inner diameter of the test piece is reduced. In low friction environments the 

inner diameter of the billet increases as shown in Figure 9. 
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Figure 9: Formed Ring Compression Test samples [Sofuoglu, 2001] 

 

4.1.2 Spike Extrusion Test 
The spike test is a more severe forging test than the ring test and is also used in the forging 

industry to test lubricants.  The spike test is most often used in the evaluation of warm 

forging lubricants, but the principles apply in cold-forging as well.  A solid short cylinder of 

material is pushed into a tapered hole in a die surface. The ratio of the material going down 

the hole to the amount of material staying on top of the die is indicative of the friction 

observed during the forming process. The better the lubricant, the taller the spike of material 

left on the sample after forming (see Figure 10). 

(Low Friction) 

(High Friction) 
  

Figure 10: Formed Spike test samples diagram 
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4.1.3 Double-Cup Backward Extrusion Test 
The double cup backward extrusion test is used to test the performance of a forging lubricant 

in high deformation situations. This test provides strong differentiation between lubricants 

that have lower friction, i.e. there is a high resolution for lubricants with a friction coefficient 

less than m=0.2. This test is also regarded as a reliable method of evaluating cold forging 

lubricants and is widely used in the industry [Shen, 1992]. 

 

  

 
Figure 11: Example double-cup backward extrusion test sample cross-sections before and after forming 

 

The double cup backward extrusion test involves a cylindrical sample of a diameter 

approximately equal to its height. Then the sample is placed inside a cylindrical die and it is 

supported from the bottom by a punch in the center which has a diameter which is 

approximately half that of the sample. A second punch pushes on the sample from the top 

and continues downward until a predefined stroke is reached. In order for the punch tips to 

approach each other the material needs to flow outward from under the punch and then back 

around either the upper or lower punch. The friction on the outer surface of the billet dictates 

the cup height ratio, see Figure 11.  If there is no friction the two cup heights would be equal, 

however with the introduction of friction the cup produced by the moving, upper punch will 

be deeper since the friction on the outer surface of the billet restricts movement in the 

(Low Friction) (High Friction)   ( Undeformed )   

L L  

h 1   

h1 

h 2   

h2 

R1 = h1/h2 R 2  = h 1 /h 2 

L L L     
R 1  > R2 
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direction on the punch movement. These forming conditions have high normal forces and 

large surface expansion of the material making it a severe test for a cold forging lubricant.  

Figure 12 shows a sample before the test and after the test has been conducted. 

 

 
Figure 12: Double cup backward extrusion sample before and after forming [Altan, 2004] 

 

4.1.4 Ball Penetration Test 
The ball penetration test was developed to allow the galling prevention properties of a 

forging lubricant to be examined.  The test consists of a cylindrical workpiece and a die 

which uses a container for the sleeve and a ball which is pushed through the center of the 

workpiece Figure 13. The ball is slightly larger than the inner diameter of the workpiece and 

the material is deformed to allow the ball to pass through. The bottom of the workpiece is 

supported to prevent the workpiece from moving inside the container. The support in Figure 

13 is a counter punch from the bottom which has a hollow center for the ball to go into after 

the operation is complete. A punch then pushes the ball downward through the workpiece.   

 
Figure 13: Ball Penetration Test Diagram [Ohmori, 1991] 
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The cross section reduction used in the ball penetration tests vary from 2.5% to 14%.  The 

sample is examined for galling and the location down the sleeve that the galling occurred.  

Typical testing sample diameter and ball diameters, with the reduction value is shown in 

Figure 14. This can be done with optical microscope or various other forms of microscopy. 

For comparison the maximum reduction without galling is recorded for various lubricants. 

The closer to the top of the sample that galling occurs the worse the lubricant performed 

since the distance traveled before lubricant depletion is short.  Once galling begins the force 

needed to push the ball through the sample increases dramatically. The presence and location 

of a load stroke curve spike allows the load stroke curves for different lubricants to be 

compared. 
Outer Dia (in) Inner Dia (in.) Ball dia (in) Reduction %

1 0.40625 0.4375 3.16%
1 0.46875 0.5 3.88%
1 0.53125 0.5625 4.76%
1 0.59375 0.625 5.88%
1 0.375 0.4375 5.91%
1 0.4375 0.5 7.25%
1 0.5 0.5625 8.85%
1 0.40625 0.5 10.18%
1 0.5625 0.625 10.86%
1 0.46875 0.5625 12.39%
1 0.375 0.5 12.73%
1 0.53125 0.625 15.10%
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Figure 14: Reduction in ball penetration test 

 

The test also used a load stroke curve to compare the different lubricants at the different 

reduction levels. The load changes dramatically when galling begins leaving a large rise in 

the load needed for forming Figure 15 [Ohmori, 1991].  The 12% reduction in Figure 15 

experiences galling as shown by the increase in forming load. 
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Figure 15: Forming Force and Stroke at Different Reductions [Ohmori, 1991] 

 

4.2 Tribological Test FEA Analysis 

4.2.1 Process Force for Scaling & Tooling Design 
To establish the loading requirements for the tooling FEA analysis was conducted for the 

tribological tests.  The FEA was conducted for spike extrusion and double-cup backward 

extrusion tests.  Scaling of the tooling and samples was taken from previous experiments. 

Figure 16 and Figure 17 show the load stroke characteristics and effective stresses for the 

two tests respectively.   

Figure 16: FEA analysis for spike testing, effective stress and load stroke needed for forming 
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Figure 17: FEA results for double-cup extrusion analysis including effective stress and load stroke  
 

Figure 16 and Figure 17 show the simulations used to ensure the loads needed for forming 

were within the capability of the 150 ton press.  The maximum load for spike test and 

double-cup extrusion test were 37 tons and 28 tons respectively.  For the FEA analysis the 

material of the workpieces was AISI 1037 steel which is slightly harder than the 1018 which 

was later used for the testing.  The flow stress used in FEA was in the form σ=Kεn  where k 

was equal to 147ksi and the n was 0.15.  The fiction value for the double-cup backward 

extrusion was m=0.15 and 0.4 for the spike test.  The outside diameter for all the steel 

samples was 1 inch for double-cup extrusion test and for spike test.  This kept forming loads 

under 100 tons.   

4.2.2 Friction Factor Evaluation 
Running FEA analysis of the different tests at various friction levels created data which was 

used to create calibration curves for each of the tests based on the final workpiece geometry.  

This allowed taking dimensions of samples and then comparing dimensional ratios with a 

plot giving the friction level during the experiment.  The analysis was conducted in 

DEFORM 2D using symmetry about the center axis to expedite simulation.   

 

The material chosen for the FEA investigation of the friction was 1018 steel.  Data exist for 

the material properties of the material, however the flow stress of the material was analyzed 

to ensure the calibration curves match the actual tests.  Samples of the material to be used for 

30 



the testing were prepared with a 1” height and 1” diameter.  The top and bottom of the 

cylinder were then coated with wax and a layer of plastic material.  This ensured a low 

friction constant and prevent barreling which would alter results.  The samples were then 

compressed to varying height reductions.  The stress is related to the strain exponentially as 

shown in Figure 18. 

 
Figure 18: Flow stress considering the work hardening 

 
The billet compression yielded a K value of 780 Mpa and a strain hardening exponent of n = 

0.1.  The loads and the geometry change were recorded and then a trend line was used to find 

these values, shown in Figure 19. 
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Figure 19: AISI 1018 sample material Flow stress test 
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4.2.2.1 Ring Test Friction Calibration Curves 
Finite element analysis was used to simulate the deformation, and what the final geometry 

would be based on different levels of friction during the process. The friction at the interface 

was changed producing a set of curves that the experimental data could be compared to. The 

1018 steel billet properties were simulated as follows in Table 12. 

 

Table 12: Material properties and dimensions used for samples in ring test simulation 

Material Strength 

Coefficient  K 

780 MPa 

Material Strain 

Hardening Exponent n 

0.1 

Billet Diameter 25.4 mm 

Billet Height 8.32 mm 

Hole Diameter 12.7 mm 

 

The ring compression testing was simulated in the DEFORM FEA analysis software.  The 

test shown in Figure 20 is of the billet described earlier and the friction coefficient of 0.2 is 

used in this deformation.  The ideal friction case of zero the inner diameter of the ring would 

continue to grow indefinitely as the height continues to be reduced.  
 

a) Initial billet 
 

b) Billet at 40% height red. c) Billet at 70% height red. 
Figure 20 : FEA Deformation Modeling  of Ring Compression 

 

 

To establish a series of curves, the friction factor, m, was changed incrementally from 0 to 

0.95.  For the ring-compression tests the change in the height and the inner diameter were 

plotted as an indication of m.  To get this data, points midway between the top and bottom of 
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the billet on the inside, and at the top of the sample were tracked as the deformation 

progressed.  The location information was output to a data file.  Once the data for each for 

each of the test were recorded the information was put into Excel and friction calibration 

curves were plotted. 

 

Figure 21 shows the curves generated from the data, and once the experiments were 

conducted the data could be fitted to these curves showing the level of friction on the 

interface.  In order for the results to be more accurate, a deformation between 40% and 60% 

is needed since the difference in the curves is greater in this region making curve fitting in 

this region more accurate. 
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Figure 21: Calibration curve for ring test from DEFORM simulation 
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4.2.2.2 Spike Test Friction Calibration Curves 
To check the dependence of the load needed for forming, based on the friction of the sample 

during the spike test, FEA was carried out.  DEFORM was used to do the FEA analysis and 

the material used was 1018 steel.  The geometric variables of the test are given in Table 13 as 

pertaining to locations shown in Figure 22. 

  
Figure 22: Spike testing arrangement [Xu, 1996] 

 
Table 13: Critical dimensions for spike testing 

Die Dimensions Billet Dimensions 

β = 15.0° h = 0.6 in D0 = 1 in 

Φ1 = 0.25 in α = 5.0° H0 = 0.33 in 

Φ2 = 1.88 in r = 0.33 in  

 

  
Figure 23: FEA of spike test sample with m=0.0 
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The FEA model for m = 0.0 is given in Figure 23.  The curves for the load stroke was 

compared for three different friction levels, m=0.0, m=0.15, and m=0.30.  The curves are 

shown in Figure 24.  The plot shows that there is some dependence on the friction factor, 

however, this is mainly between m=0.15 and m=0.0.  Only if the lubricants being tested are 

well within this range would comparison even be possible.  The load stroke data from the 

spike test is not highly useful. 
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Figure 24: Load Stroke Curves for Spike Test 

 
Since the load stroke data does not discern easily between the different friction levels, the 

changes in geometry are used instead.  The ratio of the final sample diameter to the height of 

the sample was taken from the simulation and plotted giving curves that are separated 

between an m of 0.0 and 0.3, see Figure 25.  This allows distinction between lubricants that 

fall in this friction level. 
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Figure 25: Spike Test Calibration Curves 

 

4.2.2.3 Double-Cup Backward Extrusion Calibration Curves 
Since the cup height ratio is indicative of the friction factor, m, a series of finite element 

analyses were conducted to test the final geometry at different friction levels. The FEA 

model uses a billet of equal height and diameter with the material properties of 1018 steel, 

see Figure 26. The friction levels were adjusted from m=0.0 to m=0.4 in increments of 0.05 

to achieve a set of curves given in Figure 27.  

 

 
Figure 26: FEA of double cup backward extrusion test with m=0.10 
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Double Cup Extrusion Calibration Chart

m=0.05
m=0.1

m=0.15
m=0.2
m=0.25
m=0.3

m=0.35
m=0.4

1

1.2

1.4

1.6

1.8

2

2.2

0 5 10 15 20 25
Punch Stroke (mm)

C
up

 H
ei

gh
t R

at
io

 (B
ot

to
m

/T
op

)

 
Figure 27: Calibration curves generated for the double cup backward extrusion test 

 

4.2.3 Surface Expansion 
The local surface extension is a measure of how severe a forming process is, and allows 

finding the region where the lubricant is subjected to the most stress.  Where there is a high 

surface extension the lubricant must spread and redistribute under high normal pressures.  

The surface expansion based on a line from the center outward is shown in Figure 28-Figure 

31 for each type of test.  The surface analysis covered later in this study uses the surface 

expansion information in order to select locations for testing on the samples. 

 

To calculate the surface expansion of the sample, a series of points on the surface of the 

sample were selected.  The movement of the points during the process was then exported to a 

data file.  The relative motion between the points was used to calculate the local surface 

expansion.  Conic sections were created by the distance between the points and then the area 

of each section calculated.  Then each progressive step calculated the new area of the conic 

section.  This data was then used to create the surface expansion plots. 
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Figure 28: Local surface expansion from ring test 

 

Figure 28 shows the surface expansion across the sample surface at different levels of height 

reduction.  The ring test surface expansion shows the highest levels of expansion at the outer 

edges of the material where the ring expands, especially at the lower levels of height 

reduction.  Once the friction begins to restrict the expansion of the ring the inner diameter 

begins to close creating expansion closer to the center of the ring.  

 
Figure 29: Local surface expansion from spike forging test 

 

Figure 29  shows the surface expansion on the spike test as a function of the distance from 

the center of the sample.  The spike test shows the greatest surface expansion at the neck of 
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the sample.  At this point the material moves in two diverging directions creating a larger 

local surface expansion.  

 
Figure 30: Local surface expansion from double cup extrusion test 

 

The local surface expansion in the double-cup extrusion, Figure 30, shows the greatest 

expansion to be on the corner of the punch as it pushes through the material.  The outer 

surface of the sample controls the performance due to friction but when checking the 

lubricants ability to cover newly generated surface, at the bottom of the cup will be the most 

important location to check. 

 
Figure 31: Local surface expansion from different levels of ball penetration reductions 
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The surface expansion for the ball penetration test is given in Figure 31.  As seen in the 

figure, ball penetration test induces lower surface expansion compared to other tests.  The 

surface expansion is fairly constant over the inner surface.  All of the surface expansion on 

the inner surface comes from the elongation of the cylinder and by the increase in the inner 

diameter of the sample. 

4.3 Tooling Design 
In order to conduct the four tests outlined in first part of this chapter, a tooling was designed 

to fit an existing 150 Ton hydraulic press.  Initial inspection of the press revealed many 

shortcomings for use in cold forging applications.  The ram capacity of the press is more than 

adequate, however, the stability of the frame of the press was not sufficient to restrict 

deflection in horizontal directions.  The tooling designed needed to be self aligning and also 

be able to conduct each of the tribological tests.  The press was also used for tube 

hydroforming experiments so the tooling needed to be able to accommodate changing 

between the two types of experiments. 

 

Fist, the press’s dimensions were taken and a solid model created which the designed tooling 

could be fit into.  The solid models were created Pro Engineer which allowed quick design 

and revision of part and assembly design. 

 

  
Figure 32: Solid Model and Image of 150 Ton H-Frame Hydraulic Press Used for Experiments 
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With the press modeled, a base tooling, for all of the dies and die holders for the various tests 

to be bolted into was designed.  In forging application there are typically locating pins with 

bushings and/or linear bearings.  It was decided to use guide rods in order to reduce the level 

of lateral deflection during forming.  In order to make to tooling manageable, none of the 

parts designed, with the exception of the base plate, can be moved and installed by one 

person into the press.  The base plate needed to support the forces of the press without 

deflection, however making a plate thick enough to support 150 Tons and still light enough 

to not overload the hoisting mechanism which raises and lowers the bench part of the press 

was not practical in a single part. In order to support the base plate, two 0.75in thick plates 

were welded across the bench portion of the press to support the plate which will sit on top. 

In order to measure the forces developed by the press a loadcell was needed which was 

robust enough to endure the loading in tension, compression, and possible resultant 

transverse loading.  Commercial loadcells are designed for millions of cycles which is more 

than what was needed and the cost of a loadcell of this size was prohibitive.  The solution 

was to design a load cell which consisted of a cylinder with flanges that would be placed in 

line with the tooling.  Figure 33 shows the load cell design.  The calibration of the loadcell 

was conducted by Helms Instrument Company in Maumee, OH. For the calibration 

certificate see Appendix A. 

 
Figure 33: Machine drawing of loadcell design 
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Mating to the ram of the press with the tooling was accomplished through a slip on collar 

with a cross pin.  The 0.75” diameter pin would not be capable of supporting the press’s 100 

Ton capacity in tension, but the forging tooling was not intended for tensile testing.  The load 

is supported by the flat surface on the collar not the pin because the pin would deform and 

prevent removal.  The piston in the press was unknown if it was rotationally locked.  To 

accommodate rotation the collar has a rotationally slipping fit with the rotational adapting 

plate.  The rotational adapting plate can be directly bolted to the top plate in   The tooling 

design is seen in Figure 34. 

 

 

Hydraulic Ram 
Mounting Collar 
Rotational Adapter
Loadcell 
Top Tooling Plate 
Guide Shafts 
Locating Bushings 
Base Plate 
Press Bench 

Figure 34: Cold-forging Tooling model 
 

The rotational adapter and the bushings were machined from AISI 1045 steel and the plate 

material was AISI A36.  The plates had a black oxide prevention coating on them, and the 

1045 was cold rolled material.  The shafts were case hardened tool material which is specific 

to the application and were made by Thompson.   The bolts holding the shafts were SAE 

grade 9, ¾-10 bolts. 
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4.3.1 Ring Compression Tooling 
The compression tooling was designed in a way to have as many interchangeable parts with 

the tooling applications as possible.  The top and bottom die holding parts are the same.  A 

mounting plate was designed to bolt to the alignment tooling and then have a threaded post 

which attaches the die holder.  The dies are held in place with three set screws around the 

perimeter of the die holder.   The assembly can be seen in Figure 35. 

 

Die 
Die Holder 
Threaded Post 
          Bolts 
Mounting Plate

Figure 35: Compression Tooling Design Cross-section 
 
The threaded connector and die holders were made of AISI1045 steel and the dies were made 

of tempered A2 Airkool steel form Crucible Steels.  This material was chosen because of its 

high toughness and high wear resistance.  Die hardness is Rockwell 58C.  The material 

information sheet can be seen in Appendix B. All of the fasteners are grade 8 SAE socket 

head screws. 

4.3.2 Spike Extrusion Tooling 
The spike tooling was designed to be the same as the compression tooling with the exception 

of replacing the lower die with a spike shaped recessed die.   The spike design was made 

thicker in order to make the die stronger since the hole will introduce a weak point in the die.   

This die was also made of A2 material with a hardness of Rockwell 58C.  The dimensions of 

the spike were the critical parts of this design and previous experimental designs provided a 

good indication of the proper dimensional ratios to give the best results.   The dimensions are 
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taken from the experiments of Xu and can be seen in chapter 5.2.2.2.  Figure 36 and Figure 

37 show the spike design. 

 
Figure 36: Tooling Cross-section for Spike Testing 

 
Figure 37: Spike Die Cross-section 

 
4.3.3 Double-Cup Backward Extrusion Tooling 
The double-cup backward extrusion tooling was designed using the existing die holder to 

hold the punches for the double cup extrusion.  The punches were made of A2 steel with a 

hardness of Rockwell 59C.  The punches were designed specifically to move the material 

around the punch.  The design, seen in Figure 38, follows the designs previously used by Dr. 

Altan at Ohio State. 
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Figure 38: Double-cup extrusion punch design 

 

The cylinder which the forming would happen in was designed to be a hardened A2 steel 

inner cylinder with a ductile 1045 steel cylinder shrunk fit over it in order to protect the 

hardened inner and strengthen the cylinder.  A mounting system was made of a ring and clip 

which attached to grooves on the cylinder and the bottom die holder.  The clip restrained the 

ring from moving out during forming and causing dangerous misalignments. Figure 39 

shows a cross-section of the double cup extrusion tooling. 

 
Figure 39: Tooling Cross-section for DCBE Testing 
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4.3.4 Ball Penetration Tooling 
The test consists of a cylindrical workpiece and a die which uses a container for the sleeve 

and a ball which was pushed through the center of the workpiece Figure 40.  The ball was 

slightly larger than the inner diameter of the workpiece and the material was deformed to 

allow the ball to pass through.  The bottom of the workpiece was supported to prevent the 

workpiece from moving inside the container.  The support in Figure 40 was a counter punch 

from the bottom which had a hollow center for the ball to enter after the operation was 

complete.  A punch then pushed the ball downward through the workpiece.  

 

 
Figure 40: Tooling Cross-section for DCBE Testing 

 

4.4 Heated Tooling Design 
As previously stated the cold forging process reaches high local temperatures which the 

lubricant needs to be able to operate under.  To test the lubricants for actual industrial 

conditions heated dies were designed and constructed.  The dies contained electric resistance 

coils as a heat source and separate cooling passages to prevent heating the rest of the tooling.  

Both of the parts were made of AISI 1045 steel. 
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4.4.1 Die Design 
The dies were composed of two basic parts which either heat or cool.  The heating portion of 

the dies is similar to the die holder from the compression tooling and holds the same dies.  In 

between the holder and the bottom of the die surfaces placed in the holder is a 1000W 

heating element. The 1000W heating element was chosen based on 2 parameters.  The 

dimensions of the element lent itself to application in the holder, and the wattage was enough 

to reach testing temperatures in a short period of time.  The maximum temperature able to be 

achieved on the die surfaces was 700˚F which was more than needed for the cold forging 

testing. 

Figure 41: Heated Platter 
 

The cooling portion of the dies had a series of holes through 

which cooled the die sufficiently.  The cooling plate was buil

the compression die holders attached to.  The cooling plate an

bolted together with a 1/8” thick sheet of mica insulating mater
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Figure 42: Cooling Plate 

4.4.2 Temperature Control Design 
To maintain a constant temperature on the tooling a PID temperature controller was used to 

control each of the heating elements.  The temperature sensors were Type K thermocouples 

which the PID controller can operate.  The PID is mated to a solid state relay sized to handle 

the current of the 1000W heating element.  The elements were sized to reach 700˚F with the 

tooling.  This also controlled what types of wire could be used in close proximity with the 

tooling.  A time delay fuse was also used inline with the relay to prevent damage from a short 

circuit. 

High temp insulated wire 

 
Figure 43: Wiring schematic  
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The electrical components were fitted into a box which was mounted to the side of the press 

for easy operation.  Lines run from the control box to the heating elements and to the 

temperature probes mounted on the side of the heated die holders. 

 

 
Figure 44: Control box  

 
Figure 45: Front of Box 

 

 

4.4.3 Cooling Design 
The cooling dies use circulating water to cool the die.  The high specific heat of the water 

ensures no overheating of the tooling.  Only the die holders and the die surfaces will be too 

hot to touch, this is as mush a safety feature as anything.  Water comes from the tap and 

splits and circulated through both the top and bottom ensuring both see the same temp and 

flow of water to have a similar heat distribution and more consistent temperatures on the die 

surface between the top and bottom.  The measured flow rate for water jacket operation is 

approximately 1 gal/min.  For the current range of operating temperatures the body of the 

cooling plates should not exceed 120F, with a flow rate of 1 gal/min.  Air in the lines can 

cause the top die to not receive any water, checking the clear supply lines can ensure water 

flow in both the top and bottom cooling plates.  The basic function concept can bee seen in 

Figure 46. 
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Figure 46: Cooling path (mirror for top with "T" after valve and before drain) 

 

The vinyl lines used for connecting the water supply to the tooling allows flexibility, 

however it means care must be taken with hot objects in close proximity with the lines.  The 

lines feeding and returning water from the cooling plates can be seen in Figure 47.  The sheet 

metal see in the figure is a shield to prevent overspray that can occur during warm forging 

testing not discussed in this research. 

 

 
Figure 47: Cooling connections for heated die system 
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4.5 Test Data Acquisition 
The majority of the data was recorded by hand, using calipers to record critical dimensions 

on the forging samples.  The temperatures were indicated by the PID controllers for the 

heated tooling tests.  Correction factors for those values indicated and the values on the die 

surfaces were know.  The stroke was controlled by limiting the maximum pressure the 

hydraulic pump would provide to the press, effectively limiting the level of forming 

achieved.  The loading was measured in two different ways.  For approximate values the 

pressure applied could be multiplied by the forward surface area of the cylinder operating the 

press.   
Data 
Acquisition

Loadcell 

Die / 
Tooling

Figure 48: Press and data acquisition setup 

 

 
The loadcell provided precise measurements of the loading during testing.  The loadcell was 

connected to the computer through a National Instruments DAC unit.  LabView was then 

used to create the virtual instruments to convert resistances of the loadcell to actual loading 

values.  For the calibration certificate of the loadcell see Appendix A. 
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CHAPTER 5 

Testing / Lubricant Performance Results 
The ability of the developed polymeric lubricant to perform in an industrial application is 

evaluated by the tribological tests outlined in the previous chapter.  The following sections 

cover the testing procedures followed for the testing of the lubricants and then the results of 

both the iterative and comparison lubricant testing.  The iterative testing focused on the ring 

test with some use of the spike test.  Comparison testing used all four of the tribological tests.  

The micro-analysis played a large role in the comparison testing for surface quality of the 

samples after the forming operation.  The micro analysis also provided valuable chemical 

analysis of the surface after forming. 

5.1 Testing Procedures 
For consistent results, specific tasks were used in the conducting of each test.  There are 

variations between the testing parameters conducted in this study and other studies of cold-

forging lubricants.  Each lubricant is compared to benchmarks which are tested in the same 

manner as the other samples to ensure an adequate comparison.  Friction results may 

therefore vary with studies conducted elsewhere, but the relative performance between tested 

lubricants will be accurate. 

5.1.1 Ring Compression Test Procedure 
The samples were machined to 1 inch diameter by 0.33 inch height with a 0.5 inch diameter 

inner hole at the center of the sample as seen in Figure 49.  The samples were measured and 

the actual dimensions recorded for analysis purposes.  This sample was then dipped in the 

lubricant of choice and dried before testing.  The sample was placed in the center of the die 

and then the press is advanced to produce a height reduction between 40 and 60% for most 

samples. 
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Figure 49: Billets before deformation 

 

 
Figure 50: Compression dies used for ring compression  test 

 
After the deformed sample is removed from the press the die surfaces are cleaned with 

acetone and the next sample is formed; Figure 50.  After forming all the samples for one 

group, the final dimensions are recorded for analysis.  The change in the inner diameter and 

the height dimensions during the test gives the needed information of the friction level 

calculation for the ring compression test.  For each lubricant multiple samples were tested. 

 
Figure 51: Ring compression test samples (unformed, steel formed, aluminum formed) (in.) 
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Samples from ring testing are shown in Figure 51.  The steel samples had a lower height 

reduction than aluminum when both were tested due to the higher forces required for 

compressing the steel. 

 

5.1.2 Spike Extrusion Test Procedure 
The samples for the spike test are machined to 1 inch diameter by 0.33 inch height disc. The 

dimensions of the sample were recorded for later analysis.  The application of lubricant to the 

sample was done by dipping the sample in a lubricant container.  When using calcium nitrate 

the samples were dipped and dried prior to forming.  The sample is placed over the center of 

the hole and the press is advanced until the forming force is approximately 80 tons. Keeping 

the peak forming force constant between the samples produced a consistent stoke during the 

forming.  

 

 
Figure 52: Spike extrusion dies  

 
Figure 53: Spike Compression samples (unformed, steel formed, aluminum formed) (in.) 
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After forming the sample was removed from the die, Figure 52, and the remaining lubricant 

was removed with acetone to facilitate acceptable measurement of the sample geometry. 

Once all the tests for a group were finished the dimensions of the samples were taken. 

Experimental data were superimposed on the calibration curves for determining friction 

factors.  For the spike test the height of the finished sample and the outside diameter are 

required for the friction calculation.  Steel and aluminum samples can be seen in Figure 53. 

5.1.3 Double-Cup Backward Extrusion Test Procedure 
The samples were machined to 1.0 in. tall and 1.0 in. diameter and then the exact dimensions 

recorded for later comparison with the final geometry.  The samples were dipped in the 

lubricant and allowed to dry.  The samples were then placed inside the tooling, Figure 54, 

resting on the lower punch, inside of the cylindrical die.  The top punch is advanced until the 

punch tips are 0.25 in apart.  The punch is then reversed until it is clear and the sample is 

removed from the die insert.  The final dimensions are then recorded and plotted against the 

friction calibration curves for the double-cup backward extrusion. 

 
Figure 54: Double cup extrusion tooling 

5.1.4 Ball Penetration Test Procedure 
The samples for ball penetration test were machined with varying inner diameters based on 

the required cross-section reduction and the ball size used for the test. The dimensions on the 

samples were accurately machined to facilitate different levels of cross section reduction of 

the workpiece. The samples were coated with the lubricant by dipping in a lubricant 
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container. The sample is dried and then installed in the die. During the test the ball was 

pushed through the sample and the force required for the forming was recorded as a function 

of the stroke.  The tooling is shown in Figure 55. 

 
Figure 55: Tooling for ball penetration testing 

 

5.2 Friction Testing for Lubricant Development 
The tribo test used in the iteration process was mainly the ring compression test due to its 

quick nature and easy to machine and measure samples.  Multiple samples for each lubricant 

and test situation were tested and then the results averages for comparison between the 

lubricant versions. The first tests involved Lube 5, 6, and 6A. 
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Figure 56:  Ring test results for Lube 5, 6, and 6A on AISI-6061 Aluminum 

 

Figure 56 shows the first ring tests of the polymeric lubricants.  The level of height reduction 

was varied to see if the lubricants followed a consistent friction factor.  In these results 6A 

begins performing the best but at the highest levels of reduction it is the worst.  Following 

these results the lubricants were revised and the new variations tested. 

Butyl Acrylate / Steryl Methacrylate Copolymer w/ Additives

m=0.1

m=0.15
m=0.2

m=0.25
m=0.3m=0.5

-10.00%

-5.00%

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

30.00%

0% 10% 20% 30% 40% 50% 60% 70% 80%

Height Reduction

In
ne

r 
D

ia
m

et
er

 R
ed

uc
tio

n

Lube 9 Lube 9A (silicone emulsion)
Lube 9B (3% silicone emulsion 603CL) Lube 9C (3% 603CL & 5% colloidal silicate)
Lube 9D (3% silicone emulsion 60HR) Lube 9E (3% 60HR & 5% colloidal silicate)  

Figure 57: Ring test results for Lube 9, 9A-9E on steel 
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After testing Lube 9 and 9A, Figure 57, it was decided in order to evaluate the lubricant 

better, all of the data should be taken at a higher level of reduction to better analyze the 

differences between the polymer lubricants.  Zooming on the 9B-9E portion can be seen in 

Figure 58.  From the plot, lubricants 9B & 9C appear to function much better than lubricants 

9D & 9E.  This was the verification which of the silicone additives function better. 
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Figure 58: Ring test results for 9B-9E 

Following the lubricant 9 variation testing, new polymers were developed and the next 

lubricant variation to test was lubricant 12.  This lubricant had variation including a dip of 

calcium nitrate which is denoted on the plots with the comment “w/CN Dip.” 
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Figure 59: Ring test results for lubricant 12 and 12D, with and without calcium nitrate dip 

 

The values of the different tests were averaged for the tests as seen in Figure 59.  These 

results are not clear enough to compare lubricant 12 with dip, 12D, and 12D with dip.  To 

further clarify these results the spike test was used to distinguish between the lubricants.  

Figure 60 shows the results for the spike test of the lubricant 12 variations.  All of them were 

tested with the calcium nitrate dip since the dip appeared to help the friction levels in the ring 

test.  From the spike results it could be seen that the additives in 12 A and 12 B improve 

performance since their friction values was less than that of the base polymer 12. 
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Figure 60: Spike test for lubricant 12 variations 

 

Following the testing for lubricant 12, lubricants 13-15 were tested with much focus on the 

emulsion stability as the fiction performance.  As seen in Figure 61 the lubricant performance 

is very close between all of the different variations with the exception of 15A.  
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Figure 61: Ring test for lubricants 13-15 
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Following this testing, further development resulted in the tests seen in Figure 62. These 

show the variation in the concentration of 2-ethelhexyl acrylate.  The polymers which 

contained 30% 2EHA, as seen above in Figure 59 had better friction performance than earlier 

lubricants using different co-polymers.  Varying the concentration of 2EHA from the current 

30% down to 0% and the remainder being the stearyl methacrylate shows a slight reduction 

in the performance of the lubricant. 
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Figure 62: Ring test results concerning variation of 2EHA content 
 

Following the 2EHA concentration testing, the effects of using trifloroethyl methacrylate as 

an additive to the lubricant were tested.   As seen in Figure 63, these lubricant variations did 

not improve on the friction levels of the earlier lubricants.  
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Figure 63: Ring test results for lubricant 21 variants 

 

The friction testing used during the iteration phase of lubricant testing played a role by giving 

quick feedback on the performance on the performance of the lubricant to aid in the 

reformulating of the lubricant.  Figure 64 shows the friction factor measured using the ring 

test for each of the lubricant variations.  The figure shows the trends in the development 

phase of the testing.  The lubricants from 5 to 13 are an effort to reduce the friction factor 

during testing.  Much progress was made improving from 0.22 to 0.12, however, these 

lubricants had poor stability.  Lubricants from 14 to 21 focused on improving the stability of 

the emulsion.  During this phase of development the lubricants improves in their emulsion 

stability, but  the friction factor increased slightly. 
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Ring Test Iteration Testing Results
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Figure 64: Results of iteration showing ring testing friction factors 

 

Lubricants were chosen for the comparison testing based on their ring friction factor and 

emulsion stability.  Lubricants 9C, 14B, and 15A were all chosen for the final comparison 

testing.  The lowest friction factor lubricants, 12 and 13, were not stable lubricants.  Some  of 

these lubricants would separate in less than an hour.  In an industrial environment the 

lubricant emulsion needs to be more robust to endure temperature variations and storage.  

Once the lubricants separated they would not re-enter emulsion forming insoluble highly 

viscous or solid phase. 

5.3 Comparison Testing for Developed Polymeric Lubricants  
The lubricants chosen for comparison testing were compared to the zinc phosphate and the 

two other benchmark lubricants based on friction factor, surface topography, and chemical 

analysis of the sample surface after forming.  The polymer lubricants chosen for comparison 

with the benchmarks were named Poly Lubes 1-5.  The composition of these lubricants are 

given in chapter 3, Table 10 and Table 11.  For all of the comparison testing the tests were 

conducted with a minimum of three samples under each set of testing conditions and the 

results averaged for analysis. 

5.3.1 Lubricant Thickness Analysis 
The thickness of the polymer lubricants after the dipping process was studied in order to 

understand the amount of each lubricant during the testing.  Variation in the coating process 
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could produce different thicknesses of the forming lubricant, however, this is outside of the 

scope of the current study.  To find the thickness of the lubricant, a  ~25mm square section of 

steel sheet metal was dipped in the respective lubricants and the weight before and after of 

the dipping was recorded, see Figure 65. 

 

 
Figure 65: Sample with lubricant, sample being dried after coating 

 
The length of the sample was measured twice in each direction to account for any non 

uniformity of the samples, see Figure 66.  The surface area of the samples was calculated and 

then the weight of the sample measured and recorded.  The samples were then dipped in the 

lubricant of choice and dried.  After drying under a heat lamp the weight was measured 

again.  The change in weight was amount of lubricant added.  The polymer having a specific 

weight close to that of water was assumed to have a density of .001g/mm^3.  The weight, 

surface area, and density then provided the lubricant film thickness.  

l1 l2

w1

w2

 
Figure 66: Sample measuring method 
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The lubricant thickness for each of the Poly Lubes 1-3 are 0.67, 0.78, and 0.61mm 

respectively as shown in Table 14.  The thickness is dependant on the coating process, and 

the viscosity of the lubricant effected how much lubricant was applied during dipping. 

 
Table 14: Calculation of lubricant thickness 

l1 (mm) l2 (mm) w1 (mm) w2 (mm)
area 

(mm2)
Weight Bf 

(g)
Weight Af 

(g)
Coating 
g/mm^2 Average  Film Thickness 

(mm)
Poly Lube 1 1 26.01 25.89 26.16 26.48 683.004 4.5029 4.635 9.67E-05

2 26.03 26.22 27.05 27.05 706.6813 4.6433 4.723 5.64E-05
3 25.96 26.34 26.88 26.32 695.59 4.64 4.7065 4.78E-05

Poly Lube 2 4 27.12 27.18 28.08 26.98 747.4395 4.8962 5.011 7.68E-05
5 26.26 26.18 26.45 26.18 689.9793 4.5104 4.6039 6.78E-05
6 25 24.9 26.68 26.66 665.4165 4.3928 4.512 8.96E-05

Poly Lube 3 7 26.64 26.71 26.78 26.55 711.2889 4.7077 4.827 8.39E-05
8 26.66 26.43 26.45 26.31 700.2571 4.6197 4.6811 4.38E-05
9 26.23 26.62 26.4 26.35 696.9594 4.6477 4.7244 5.50E-05

0.0670

0.0780

0.0609

sample

6.70E-05

7.80E-05

6.09E-05

 

 

5.3.2 Friction Performance Analysis 
The friction factor analysis of the polymer lubricants compared the polymer lubricants to the 

benchmark lubricants in order to characterize the level of forging the lubricant is capable of 

working with.  The ring test was used to evaluate the lubricants for a light to medium severity 

forging application.  The spike test was more of a medium severity forging application, such 

as bolt heading.  The double-cup backward extrusion test was the most severe tribo test 

conducted.  The combination of these tests and the heated ring forging test gave a positive 

indication of the polymer lubricant performance for forging applications where heat does not 

reach high levels.  
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Comparison Ring Test (averaged)
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Figure 67: Ring compression testing for comparison testing 
 

The final round of ring testing compared the Poly Lubes friction performance with that of the 

zinc phosphate as shown in Figure 67.  In the testing of the zinc phosphate against the 

developed lubricants, the polymeric lubricants consistently out performed the zinc phosphate 

at every level of reduction.  The best of the developed lubricants appears to be Poly Lube 3 

which is the best 2 of the 3 reduction levels.  Poly Lube 3 contains a co-polymerization of 

30% 2EHA and stearyl methacrylate.  The lubricant is the same as lubricant 14B in previous 

sections.  Poly Lubes 4 & 5 were also tested using the ring compression test.  The results of 

this complete test can be seen in Figure 68. 
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Cold Ring Testing Results
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Figure 68: Ring compression friction factors 

 

The spike test was used to compare the Poly Lubes to zinc phosphate as with the final ring 

testing.  This testing found that the zinc phosphate produced consistent results in a linear 

fashion, see Figure 69.  Poly Lube 3, which consisted of a co-polymerization of 30% 2EHA 

and stearyl methacrylate, 6% silicone emulsion, and using a hydrophilic surfactant added for 

additional emulsion stability, exhibited the same consistency falling just short of the 

performance of the zinc phosphate.  The trend of the Poly Lube 3 is not degrading as fast as 

that of the zinc phosphate indicating better performance at higher levels.  Though Poly Lube 

1 out performed the zinc phosphate in one of the points, the consistency of that lubricant is 

low due to the coating ability of that lubricant.  With higher emulsion stability Poly Lube 1 

would possibly perform better, but in this study the lubricant could hardly be applied evenly 

on the surface. 
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Final Spike Test  (averaged)
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Figure 69: Final spike test (averaged) 

 

The spike testing results have a high level of variance at the lower level of height reduction. 

The higher variation at the low level of height reduction on the spike test was due to the 

friction insensitivity of the test at low reduction. 

 

The double-cup backward extrusion tests were conducted on Poly Lube 3 and the MEC 

HOMAT lubricants to compare their performance in a severe forming operation.  The tests 

were conducted using AISI 6061 aluminum for the sample.  The data collected compared the 

MEC lubricant with Poly Lube 3 since the aluminum cannot be coated with the zinc 

phosphate system.  The friction levels can be seen in Figure 70 which shows that the Poly 

Lube 3 performs slightly better than the MEC lubricant. 
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Double Cup Extrusion Calibration Chart
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Figure 70: Aluminum Double Cup Extrusion Results 

 

 The friction factor of ~ 0.05 falls in line with the results previously discussed which were 

conducted by Ohio State University on the MEC HOMAT lubricating system.  This friction 

factor indicates that the lubricant can perform at the same level as currently used cold-forging 

lubricants based on the friction factor in light through severe forging operations at room 

temperature.  Cold-forging, as previously mentioned, can average temperatures up to 200˚C.  

The heated ring tests were therefore conducted at 180˚C (360˚F) in order to predict a trend 

between the friction factor at room temperature and that at process temperatures. 

 

Five lubricants were tested using the heated compression tooling. These lubricants included 

Poly Lube 4, Poly Lube 5, zinc phosphate, MEC Homat, and DAIDO Aquilube.  In the 

testing, ‘cold’ tests were conducted at room temperature, and ‘hot’ tests were conducted at 

360˚F. 
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Friction During Ring Tests
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Figure 71: Lubricant performance comparison at elevated temperatures 

 

The polymer lubricant performance indicated in Figure 71 shows a very good performance as 

compared with the lubricants from other manufacturers.  The main disadvantage of these 

results is in the trends. At much higher temperatures the poly lubricants indicate a 

performance about the same or slightly worse.  The zinc phosphate and MEC HOMAT 

lubricants by comparison, are much better at the higher temperature levels.  The elevated 

temperature testing revealed that the polymer lubricants perform the same or slightly worse 

at elevated temperatures as compared with room temperature having friction coefficients 

with a reduction of 1.0% for Poly Lube 4 and an increase in friction of 8.2% for Poly Lube 5.  

The zinc and phosphate system improves its performance dramatically as temperature 

increases with a friction level reduction of 31.9%.  The HOMAT lubricant improves a large 

amount as well with a fiction factor reduction of 17.2%.  In addition to having an acceptable 

friction factor, the polymer lubricants need to have acceptable galling prevention which is 

measured by the ball penetration test. 

5.3.3 Microscopic and Galling Analysis 
The surface quality of a forged part is very critical.  A high quality surface finish after 

forming does not require extensive finishing work to make the part ready for application.  

The scanning electron microscope provided high resolution imaging of the surface, showing 

70 



any marks left after forming.  The profilometer measures the roughness of a surface and was 

used characterize lubricant failure.  A ball penetration test measured galling through the 

amount of material transferred between the workpiece and the dies. These three tests are 

capable in characterizing the surface properties after the tribo tests have been conducted.   

 

The scanning electron microscope, or SEM, used for the testing was a Hitachi S3200 NSEM, 

Figure 72, located at the NC State AIF facility.  This machine is equipped with an EDS 

detector for chemical analysis of the sample.  Each sample was mounted to a holder and 

placed in the SEM for images and mapping data collected for later analysis. 

 
Figure 72: Hitachi S3200 NSEM 

 

Lubricant 8A, 9A and the MEC HOMAT lubricant were tested during the lubricant 

development phase of testing on the SEM to analyze the capabilities of the equipment and to 

also learn about the initial polymer performance. 

 

At this point in the testing the newest lubricant which contained the silicone performed best 

and were chosen to compare with the MEC HOMAT lubricant.  From each of the lubricants 

to be tested an undeformed sample, a lightly deformed sample (20% height reduction), and a 

highly deformed sample (45% height reduction) was selected to see the behavior during the 
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surface extension.  The purpose of testing the samples is to see the lubricant left on the 

surface after forming. 

 

Each sample was mounted and installed in the Hitachi S3200 SEM and a secondary electron 

image was taken to get an idea of the topography of the surface of the sample.  After the 

region is selected for chemical analysis, an x-ray spectrum needs to be taken to see the 

elements present.  Once the different elements present are known the location of those 

elements in the region of interest were plotted on a map.  The transition area at the edge of 

the sample was examined on the samples to see the composition of both areas, and the 

transition between. 

 

 
Figure 73: Light deformation transition area on Lube 9A  

The x-ray tests used show the location of the lubricant relative to the surface of the specimen, 

and as with Figure 73 the transition area was focused on to see if there was a residual film on 

the surface exposed.  For x-ray mapping an element becomes a representative for the 

compound being examined.  In Figure 74 lubricant 8A and 9A are represented by carbon, and 
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the MEC-HOMAT is represented by sodium x-rays.  The bare metal exposed is shown by 

iron x-rays. 
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Figure 74: SEM EDS X-ray Chemical Analysis 

 

All of the lubricants show signs of reduction in the lubricant layer on the surface of the billet. 

The SEM sees the relative concentration in the mapping mode and in the maps there is a 

strong contrast, however this does not mean that there is no lubricant in the areas where the 

maps show metal and not lubricant.  The interaction volume of the electron beam is large 

enough in the region to not excite enough of the element to be registered in comparison with 

the base material.  In the surface extension experimentation the analysis will focus on a 

quantitative analysis looking at a specific location to determine the exact concentration of 

lubricant at a location. 
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The secondary electron imaging produces high magnification images of the surface of the 

sample, Figure 75.  The developed lubricants 8A and 9A both have a smooth coating on the 

surface while the MEC-HOMAT lubricant has an intricate surface composition.  This 

suggests that the MEC-HOMAT lubricant is designed to break down during forming and 

move as solid particles over the surface for lubrication.  The developed lubricant appears to 

break down during forming and it can to be raked off of the surface since it adheres to the die 

also which constricts its movement outward during the forming process.  

 

MEC-HOMAT Lubricant 8A Lubricant 9A 

 

Figure 75: Undeformed surface of each lubricant 
 

The surface roughness is an indication of the friction during the forming process, with a 

rougher surface caused by a higher amount of friction.  The heavily deformed samples show 

a large difference between the developed lubricants and the MEC-HOMAT.  

 
MEC-HOMAT Lubricant 8A Lubricant 9A 

 
Figure 76: Heavily deformed (45% height reduction)  samples of each lubricant 

 

From inspection of the images it seems that the MEC-HOMAT lubricant sheared and broke 

into particles and continues to shear during the forming.  Both of the developed lubricants 

seem to have extended to their elastic limits and then broken as a mass and did not 
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completely protect the die form being worn by the die.  The goal of a forming lubricant is to 

shear much easier than the material being formed, as the friction factor m is the ratio of shear 

strength of the lubricant to that of the material.  The lubricant is effectively a sacrificial 

material in the system.  Figure 76 shows lubricant has a smoother surface, however the 

samples were not polished before testing and the small nearly vertical lines in the HOMAT 

images that were machining marks are greatly reduced in the 9A image.  This indicated 

contact between the surface of the sample and the ground which has a relatively smooth 

surface.  8A shows a lubricant failure which resulted in galling of the sample material during 

forming.  This galling created the marks in the direction of the forming which looks like a 

material grain at this low magnification. 

 

The samples from the benchmark testing were analyzed with the SEM.  Two of the three 

samples from each of the testing conditions were examined in the SEM to find the level of 

remaining lubricant and to see the surface quality produced.  The samples were placed in the 

SEM and a qualitative x-ray analysis was performed on a specified location on each of the 

samples to find the percentage of the lubricant remaining on the sample surface.  Each 

sample was placed into the SEM and an area 1 mm in from the edge of each sample was 

selected for each sample to analyze.  A secondary electron image of the surface was taken to 

characterize the topography of the surface, Figure 77.  An x-ray analysis was then conducted 

to see the composition of the surface by analyzing the spectra of energy levels of the x-rays 

measured see Figure 78.  The SEM was then used to measure the relative levels of elements 

in the field of view.  The sample area was .16 mm2 and the relative percentages of the 

elements present plotted.  
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Figure 77: Poly Lube 2 spike test, medium deformation 

 
 

 
Figure 78: X-ray spectra produced from the Poly Lube 2 spike test, medium deformation 

 
The benchmark testing using the chemical analysis to quantify the lubricant remaining on the 

surface of the samples showed strong trends during forming.  This testing compared the zinc 

phosphate to three of the polymeric variations created.  To compare the performance of 

lubricant, the percentage of the iron detected on the surface of the sample was compared.  
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The higher the percentage of base metal observed on the surface the less lubricant is left on 

the sample to create x-rays.  Of the polymeric lubricants Poly Lube 2 appears to perform the 

best in the ring test which is a lighter forging process, Figure 79.  In the spike extrusion 

testing Poly Lube 3 appears to perform best having less iron exposed than the other 

polymeric lubricants on average, Figure 80.  In general the polymeric lubricants seem to vary 

in their concentration on the surface after forming more than the zinc phosphate.  This is 

likely due to the application process creating lubricant thickness variation over the surface of 

the sample. 
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Figure 79: Ring test iron level on the surface 
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Figure 80: Spike test iron level on surface 
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Analysis of the surface of the samples for the ring and spike test indicates the surface quality 

and the condition of the lubricant left on the surface of the sample.   The ring test SE images, 

seen in Figure 81, show the surface near the edge of the sample at both 20% and 55% height 

reduction.  The zinc phosphate coating seems to be intact in the reductions, but the zinc 

coating fills any voids on the surface before forming making the galling marks from 

machining indiscernible unlike the Poly Lube 3 image at the 55% height reduction.  Out of 

these images it is clear that Poly Lube 1 is the poorest performer with a very poor surface 

quality after the forming has completed.  The Poly Lube 3 image appears to have the largest 

amount of lubricant on the surface after the forming.  The material that appears like tiny hairs 

on the surface is any calcium nitrate which dried after the forming since the structure would 

have been destroyed during forming. 
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Figure 81: SE images of ring compression samples 
 

The spike extrusion testing surface quality was measured at the two locations where the 

surface expansion was the highest according to the FEA conducted earlier.  The two places 

examined on each sample were at the base of the extruded spike and at the edge of the 

sample, see Figure 82.  Both of these locations are shown in Figure 83.  Comparing the 

samples after forming indicated good performance by all of the polymer lubricants.  The base 

of the spike location is restricted in such a way that the lubricant maintains a hydrostatic 
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pressure which favors a lubricant which has some degree of fluidity.  In the images Poly 

Lube 3 appears to function best with more lubricant, the shadow appearing on the surface, 

after forming. 

 

 

 

SEM analysis locations: 

• Spike Base 

• Edge 

Figure 82: Locations for analysis using SEM 
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Figure 83: SE images of spike extrusion samples 
 

The surface roughness testing allows inspection of the interaction between the formed 

surface and the die. The parts being formed start with a higher surface roughness than that of 

the die. If there is metal to metal contact the surface roughness of the sample will change. A 

lowering of the surface roughness of the part means the part contacted the die and was 

deformed on a small scale as seen in Figure 84.  
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Figure 84: Surface interaction between workpiece and die [Schey, 1983] 

 

The Tencor Alpha Step profilometer, Figure 85, was used to find surface roughness values 

for the samples of the comparison testing before and after forming.  The profilometer uses a 

probe that drags across the surface of the sample recording the roughness of the surface that 

it contacts. 

 
Figure 85: Tencor Alpha Step profilometer 

 

Before final testing a representative of three samples from both the ring and spike tests were 

examined to find the surface roughness.  Once deformed one of the samples at each reduction 

level from each of the lubricant families were cleaned with acetone and tested with the 

surface roughness tester.  The edge of the samples was examined with a sample length of 2 

mm of the surface.  The average surface roughness of the samples is taken over the 2 mm 

scan in which the vertical modulation was recorded. 

 

The samples tested showed a reduction of the surface roughness, this indicates some failure 

by all of the lubricants as seen in Table 15.  The results indicated that the Zinc phosphate 
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makes early deformation smoothing the sample.   The polymeric lubricants appear to perform 

better than the zinc phosphate at low deformation; however, they all become close in 

performance at the higher deformation levels.  The polymers perform as well as the zinc 

phosphate at the same relative level at these levels of surface extension.  

 
Table 15: Average Surface Roughness, Ra values 

Unformed 3.73 4.24 7.93
Average 5.30

Low Medium High
Lube 1 1.21 3.78 1.835

Lube 2 1.02 2.795 1.94

Lube 3 4.285 1.15 2.745

Lube 4 3.25 3.58 1.2

Unformed 5.005 3.725 6.32
Average 5.02

Low Medium High
Lube 1 1.755 2.1 2.06

Lube 2 1.77 1.78 2.59

Lube 3 1.785 1.795 2.345

Lube 4 1.9 1.985 1.74

Spike Test

Ring Test

 
 

The double cup backward extrusion testing was performed using aluminum.  Poly Lube 3 

which performed well in the more severe spike test was used and compared with the MEC 

HOMAT lubricant in order to compare the lubricant performance where the surface 

expansion was highest.  The area analyzed for the double-cup backward extrusion testing was 

the bottom of the cup on the inner wall surface.  This is where the surface expansion was 

highest at over 2000%.  The SE images from the double-cup backward extrusion testing 

show interesting differences between the MEC HOMAT lubricant and Poly Lube 3.   
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The Poly Lube 3 double-cup extrusion samples, Figure 86, indicate that the lubricant is still 

on the surface by the presence of the shadowed areas on the surface.  The surface however 

indicates galling and overall poor surface quality.   

 

 

Galling 

Lubricant

Figure 86: SE  image of  double cup backward extrusion aluminum sample with Poly Lube 3 
 

 
Figure 87: SE  image of  double cup backward extrusion aluminum sample with MEC HOMAT 
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The MEC HOMAT lubricant on the double-cup extrusion samples performed much better 

which is indicated by the better surface quality after forming, Figure 87.  The little spheres 

left on the surface are evenly distributed on the surface indicating very good redistribution 

during high level of surface expansion. 
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Figure 88: Double Cup Extrusion Aluminum level on surface 

 

For the ball penetration the results heavily rely on the data collected from the SEM.  The area 

of the sample which traditionally exhibits the most surface abrasion and wear is where the 

ball exits the sample.  All of the information collected with the SEM was taken at 2 mm from 

the bottom of the sample on the inside surface.  The secondary electron images show the 

surface quality after forming allowing a visual galling analysis.  All of the ball penetration 

samples were checked in the SEM with a secondary electron, (SE), image, X-ray spectra 

showing the elemental peaks, quantitative analysis of the spectra showing percentage of 

elemental concentrations, and an elemental map showing the location of elements on the 

surface. 

 

The secondary electron images show the surface at a high magnification. The polymer 

lubricant, which is composed of light elements such as carbon and oxygen, may appear as 
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shadows on the surface in some images.  In the SE images of the ball penetration samples, 

the horizontal markings are from the machining of the samples and the vertical markings are 

from the ball moving through the workpiece, Figure 89.  
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Figure 89: SE images of ball penetration samples 
 

As seen in Figure 89, the zinc phosphare appears to function much better than the polymeric 

lubricants in general. Poly Lube 1 shows some slight galling at the lowest reduction level.  

There appears to be no major galling due to the forming operations, however there is added 

roughness, indicating lubricant failure. 
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Figure 90: Ball Penetration  Test iron level on surface 

 

The iron levels from the ball penetration testing, Figure 90, indicates lubricant failure in the 

polymeric lubricants compared to the zinc phosphate system.  The zinc phosphate shows only 

a small reduction in the lubricant coverage while the polymers were almost completely 

removed.  The surface expansion for the ball test discussed earlier indicated that the 

expansion during the test is very low compared with that of the other tests.  From this result it 

can be inferred that the polymer lubricant can be raked off of the surface easily when 

exposed to a large movement.  The bond to the surface is not as strong as that of the zinc 

phosphate.   

 

By measuring the weight of the ball before and after forming, the material loss/pickup of the 

ball during the forming can be calculated.  The ball weights are shown in Table 16.  The balls 

were wiped off after testing to remove any lubricant on the balls.  The ball weights indicate 

Poly Lube 2 performed best at the lowest level of reduction, most likely due to its thicker 

coating.  Poly Lube 3 performed best in the 7% cross section reduction.   The zinc phosphate 

samples have a coating which some transferred to the balls which appeared to be some zinc 

material. Though the sample was protected very well in this test the zinc transferred onto the 

balls would cause buildup in time. 
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Table 16: Ball Penetration Ball weights 

Zinc Phosphate
Light Deformation Medium Deformation
Before After Difference Before After Difference

13.968 13.968 0.000 11.893 11.892 0.001
13.959 13.961 0.002 11.900 11.901 0.001

0.000 0.000
Total 0.002 Total 0.002

Poly Lube 1
Light Deformation Medium Deformation
Before After Difference Before After Difference

11.903 11.900 0.003 13.976 13.974 0.002
11.899 11.899 0.000 13.972 13.974 0.002
11.900 11.897 0.003 13.967 13.968 0.001

Total 0.006 Total 0.005
Poly Lube 2
Light Deformation Medium Deformation
Before After Difference Before After Difference

11.895 11.895 0.000 13.967 13.967 0.000
11.901 11.901 0.000 13.974 13.974 0.000
11.897 11.897 0.000 13.982 13.984 0.002

Total 0.000 Total 0.002
Poly Lube 3
Light Deformation Medium Deformation
Before After Difference Before After Difference

11.897 11.896 0.001 13.973 13.974 0.001
11.900 11.901 0.001 13.970 13.970 0.000
11.901 11.901 0.000 13.974 13.974 0.000

Total 0.002 Total 0.001

Ball weights (g)

 
 

The load stroke data from the testing does not indicate major galling in any of the testing.  

An example load stroke curve is shown in Figure 91.  Curve is very flat on the showing no 

evidence of galling.  A few of the load stroke curves indicated a taper in the hole by having 

an upward or downward trend in force during the progression through the workpiece, see 

Figure 92.  
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Figure 91: Ball Penetration load stroke Poly Lube 2 with 7.0% reduction 
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Figure 92: Ball Penetration load stroke curve both samples use Poly Lube 1, slight taper in different 
directions 

 

The load stroke data did not indicate galling which validates the lubricant for possible 

forging applications where there is a high amount of relative motion between the die and the 

workpiece.   
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CHAPTER 6 

Conclusions 
The development of an environmentally friendly cold-forging lubricant based on an emulsion 

polymerization covered in this research indicates very promising performance characteristics 

of the developed lubricant when compared to the widely used zinc phosphate system.  In 

order to develop the lubricant a literature review was conducted which investigated the 

available alternatives to the zinc phosphate.  Two of these lubricants, MEC HOMAT, and 

DAIDO Aquilube, were used in some capacity as a benchmark of the performance of the 

developed polymeric lubricants.  

 

In the lubricant development the initial polymers focused on a tough film strength and high 

molecular weight.  Iteration of the lubricants indicates that the lower the molecular weight of 

the lubricant the better the friction performance.  This is due to the ability of the lubricant to 

move on the surface better and not being as stiff a film.  The glass transition temperature, Tg, 

of the polymer also greatly influences the performance of the lubricant.  The Tg is similar to a 

freezing point in a liquid.  Lower Tg helps the lubricant remain mobile during forming.  

Polymers under high hydrostatic pressure have an increase in Tg due to the pressure.  This 

mean using monomers with more than one hydrocarbon chain or many pendant groups, with 

lower Tg, have better friction performance than other lubricants.  Lubricant 8 was the same 

with exception of the Tg and the molecular weight were lowered from lubricant 6.  This 

reduced the friction factor 10% in the iterative ring tests. 

 

Additives in the lubricant can alter the performance.  Silicone was used and showed some 

ability to improve the lubricant performance.  The addition of a silicone emulsion, Sinocil 

603-CL, improved the friction levels as much as 20% in lubricant 9.  Colloidal silicate was 

tested to check the effect of adding a particulate to the lubricant.  The colloidal silicate 

increased the friction factor during forming by as much as 6%.  Additional surfactants 

included after polymer formulation aided in the emulsion stability but did not affect the 

performance, provided the lubricants had not separated.  Collaboration between ETNA and 

SISU Chemicals reached a conclusion that inclusion of additives in the lubricant should be 
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minimized.  This was due to concerns of having the silicone present in a metal forming 

process.   

 

Three lubricants, Poly Lubes 1-3, were chosen for comparison with the benchmark lubricants 

and two more lubricants, Poly Lubes 4-5, were introduced following the ETNA and SISU 

collaboration which were compared with the benchmark lubricants.  In comparison Poly 

Lubes 2-3 perform as well as, or better, than any of the benchmark lubricants with respect to 

friction factor measured.  In the ring test the Poly Lubes performed progressively better then 

than the zinc phosphate.  Poly Lube 1 was 8% better than the zinc phosphate and Poly Lube 5 

was 29% better based on friction factor.  This alone makes the investigation of polymer 

lubricants for cold-forging application very promising.  In the spike test, friction factors for 

the Poly Lubes 1-3 were 0.035, 0.055, and 0.050 respectively.  The zinc phosphate samples 

fall in the middle with a friction factor of 0.045.  The spike test showed the polymer 

lubricants performed adequately well with respect to the zinc phosphate system in terms of 

the friction factor during forming.  With respect to surface quality, Poly Lubes 2-3, 

performed as well as the zinc phosphate in the ring and spike tests which represent light and 

medium forging.  The tests revealed that zinc phosphate adheres better on the surface as 

compared to polymeric lubricants. 

 

The double-cup backward extrusion test further evaluated the lubricants in a medium to 

severe forming process.  This test compared the HOMAT lubricant to Poly Lube 3.  The 

friction factor for MEC HOMAT in the double-cup backward extrusion test on AISI-6061 

aluminum was 0.05 compared to 0.04 with Poly Lube 3.   

The ball test results emphasize surface adhesion strength of the lubricants.  The high relative 

motion between the die and the workpiece means the lubricant is subjected to a raking 

motion in which most of the polymer lubricants were removed.  The zinc phosphate 

performed much better than the polymer lubricant in the ball penetration tests.  

 

Poly Lubes 4 and 5 were used to check the performance at elevated temperatures.  The 

warmer ring tests indicated a second shortcoming of the polymer lubricants.  MEC HOMAT 

and the zinc phosphate improve performance as the temperature increases.  Ring testing at 
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180˚C (360˚F) showed the zinc and phosphate system improves its performance dramatically 

as temperature increases with a friction level reduction of 31.9%.  The HOMAT lubricant 

improves a large amount as well with a fiction factor reduction of 17.2%.  The polymer 

lubricants perform the same or slightly worse at elevated temperatures as compared with 

room temperature having friction coefficients with a reduction of 1.0% for Poly Lube 4 and 

an increase in friction of 8.2% for Poly Lube 5. 

 

Beyond the tribological performance, the developed lubricant possesses many beneficial 

properties.  The application process for the polymeric lubricants is simple with one dip or 

spraying process.  This is comparable to the MEC HOMAT lubricant and the DAIDO 

Aquilube.  The lubricant is also free of environmentally harmful compounds which was the 

major purpose for conducting this research. 
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CHAPTER 7 

Future Work 
The polymer lubricant works well enough for further research and development which will 

move the lubricant from an experimental lubricant to a commercially viable option for use in 

the cold-forging industry.  There are three main tasks in the commercialization of the 

polymer cold-forging lubricants.  First an application process on an industrial scale needs to 

be investigated and its impact on the performance of the lubricant. Secondly, a cleaning 

procedure for removing the lubricant from the formed part needs to be devised in which no 

environmentally unfriendly substances are developed. Last, a chemical analysis of the 

developed polymer emulsion needs to be conducted to verify the environmental impact of 

the system despite the lubricant not containing any hazardous compounds. 

 
A process for the application of the lubricant to parts before forming needs to be investigated.  

A simple dipping process may work well, however, the management and storage of the 

lubricant over a period of time needs to be understood.  As water evaporates from the 

lubricants what effects does that have on the application and chemistry? Also, does the 

process of application allow consistent thickness application to parts and what is the effect of 

thickness on tribological performance?  The application issues include but are not limited to 

these areas of question which need to be addressed before commercial application. 

 

Once the lubricant is applied to the surface of the material, after forming it needs to be 

removed.  Due to the lubricants chemistry it will require specific solvents to remove the 

lubricant from the surface.  What are the options for the removal process and are there any 

environmental impacts associated with the use of this process?  Burning or baking the 

lubricant is not a possibility for lubricant removal as the heat will affect the properties of the 

material.  The purpose of using cold-forging as a manufacturing process is to introduce 

dislocations into the material.  Introducing heat typically relaxes dislocations making the 

material softer. 
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Lastly, the lubricant and involved processes need to be analyzed with respect to the evolution 

of harmful compounds.  Both the application and removal of the lubricant from the parts 

should not generate a metal sludge since the lubricants are not chemically bonded to the 

surface; however this needs to be verified.  The lubricant effect on the machinery used in the 

forging process needs to be evaluated and not be harmful.  With this additional study the 

lubricant should be ready for application in cold-forging operations.  
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Appendix A: Loadcell calibration certificates. 

 

98 



 

 

99 



 
 

100 



Appendix B: Material properties for A2 steel (Crucible Materials Corp.) 
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Appendix C: Machine drawings of tooling components 
 
 

Drawing No. Part Name Qty. Material

1 Adapter Collar 1 1045

2 Adapter Ring 1 A36

3 Bearing Bushing 4 1045

4 Connector 2 1045

5 Connector Plate 2 A36

6 Guideshaft 4 -

7 Insert Flat 2 A2

8 Latch 1 1045

9 Loadcell 1 SS

10 Lower Cylinder Support 1 1045

11 Extrusion Pin 2 A2

12 Extrusion Pin Holder 2 1045

13 Outer Cylinder 1 1045

14 Platter 2 1045

15 Bottom Plate 1 A36

16 Sleeve 1 A2

17 Top Plate 1 A36

18 Cooling Plate 2 1045

19 Heated Platter 2 1045

20 Spike Die 1 A2
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