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LASER SINTERING FOR HIGH ELECTRICAL CONDUCTION 

APPLICATIONS 

Kumaran Murugesan Chakravarthy, Ph.D. 

The University of Texas at Austin, 2012 

Supervisor:  David L. Bourell 
     

Applications involving high electrical conduction require complex components 

that are difficult to be manufactured by conventional processes. Laser sintering (LS) is an 

additive manufacturing technique that overcomes these drawbacks by offering design 

flexibility. This study focuses upon optimizing the process of laser sintering to 

manufacture functional prototypes of components used in high electrical conduction 

applications. Specifically, components for two systems – high current sliding electrical 

contacts and fuel cells – were designed, manufactured and tested. C-asperity rails were 

made by LS and tested in a high current sliding electrical setup. Corrugated flow field 

plates were created by LS and their performance in a direct methanol fuel cell (DMFC) 

was tested. This is the first experimental attempt at using laser sintering for 

manufacturing such complex components for use in high electrical conduction 

applications. 

 

The second part of this study involves optimization the laser sintering process. 

Towards this, efforts were made to improve the green strength of parts made by LS. 

Particle size of graphite/ phenolic resin and addition of nylon/11 and wax were tested for 

their effect upon green strength. Of these, significant improvement of green strength was 

observed by altering the particle size of the graphite/ phenolic resin system. New methods 

of improving green strength by employing fast cure phenolic resins with carbon fiber 



 ix 

additions were successfully demonstrated. This study also identified a binder system and 

process parameters for indirect LS of stainless steel –for bipolar plate compression/ 

injection mold tooling. All the experimental results of this study lead us to believe that 

laser sintering can be developed as a robust and efficient process for the manufacture of 

specialized components used in advanced electrical conduction systems. 
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Chapter 1: Introduction  

Laser (light amplification by stimulated emission of radiation) is a coherent, 

convergent, monochromatic electromagnetic radiation that can be represented by a 

magnetic field (H) and electric field (E), with wavelengths ranging from ultraviolet 

(0.37µm) to infrared (0.75µm) [1].  Within a few years of the first report on laser 

emission at optical wavelength using optically pumped ruby crystals [2], many new 

systems such as He-Ne lasers [3], Nd:YAG lasers [4] and CO2 lasers [5] were invented. 

New opportunities are created with these new energy sources in materials processing 

applications such as welding, machining, and forming. 

This study is based upon the specific process of Laser Sintering. To advance 

towards a thorough understanding of this process, this chapter provides a brief 

introduction to laser material interaction, followed by the use of lasers in materials 

processing applications with particular emphasis upon additive manufacturing. Material 

systems/applications studied in this work and the organization of this dissertation is given 

at the end of this chapter.  
 

1.1 Laser material interaction [6]: 

When a laser beam is incident on a material surface, various phenomena such as 

reflection, refraction, transmission, and absorption can occur [Figure 1.1]. A good 

understanding of these physical processes helps to improve the capability of using laser 

in materials processing applications.  
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Figure 1.1: Schematic of various interactions laser can have with a material [6]. 

Materials processing applications require a comprehensive understanding of the 

interaction between a material and the incident laser beam which largely involves 

absorption of radiation and the ensuing effects – heating, plasma formation, vaporization 

and melting – among others. Since the current study attempts to analyze the behavior of 

different materials in a laser-based system, a detailed look into the specifics of radiation 

absorption is imperative.  

When a laser beam strikes a material surface and propagates, it is absorbed 

according the Beer-Lambert’s law [6]:  

I(z) = I0 e
-µz,  

Where I0 is the incident radiation, µ is the absorption coefficient of the material, I 

is the intensity at a given depth z. 

Laser absorption takes place by the interaction of laser photons with the electrons 

in the material surface. Energy from the beam is imparted to the material through various 

collision processes involving phonons, electrons, and defects in the material. Absorption 
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can be quantified by the term absorptivity (A) which is defined as the fraction of incident 

radiation that is absorbed at normal incidence.  

For opaque materials, absorptivity can be expressed as, 

A= 1-R, 

Where, R is the reflectivity of the material. 

Reflectivity and Absorptivity can be calculated from optical constants and/ 

complex refractive index. 

Complex refractive index is given by 

nc = n-i k 

where, n is the refractive index and k is the extinction coefficient. 

At normal incidence, reflectivity is then given by, 

� =
(� − 1)� + 		��

(� + 1)� + 	��
 

n and k are strongly influenced by wavelength and temperature and so both the 

reflectivity and absorptivity are strongly influenced by wavelength and temperature. 

When a material is highly reflective, there is less absorption and as such the laser 

efficiency for any operation is reduced.  In the case of metals, when a laser beam is 

incident on the surface, the free electron gas in the surface vibrates to create an out of 

phase (180°) electric field with the incoming beam. This does not permit the laser beam 

to penetrate to depths greater than few atomic diameters rendering metals opaque, in this 

respect.  

The reflectivity decreases as the wavelength decreases as shown in the Figure 1.2 

below. 
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Figure 1.2: Effect of wavelength on reflectivity of various materials (© Academic Press, 
1997) [7]. 

Reflectivity also generally decreases with an increase in temperature as shown in 

the Figure 1.3 below: 

 

Figure 1.3: Effect of temperature on reflectivity of various materials for 1.06µm radiation 
(© Springer Verlag, 1991) [8]. 

Thus, a material that is highly reflective at low temperature can change to highly 

absorbing as the temperature is increased. 
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Another way of increasing the absorptivity is to increase the energy of the 

photons. By absorbing sufficient energy and intense vibration caused by it, the molecular 

bond stretches too far to exhibit any mechanical strength. This implies the material is 

molten. Further imparting of energy leads to further loosening of the bond and the 

material goes to vaporous state. The material is still capable of absorbing energy in the 

vapor stage, although in a lesser amount since the free electrons are limited in a vaporous 

state. If the vapor is sufficiently hot enough to have free electrons, then it is said to be in 

a plasma state. Figure 1.4 below gives a schematic representation of various laser-

materials interaction: 

 

 

Figure 1.4:  Schematic of different laser-material interaction (© Springer 2008) [6].  
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1.2 Lasers in materials processing applications: 

Lasers are a source of heat in materials processing. Being monochromatic, 

coherent and of low divergence, laser beams provide high energy concentrations.  Some 

of the common applications of laser in materials processing are welding, cutting, surface 

modifications, heat treatment and forming. Figure 1.5 below provides the power densities 

and time of exposure required for different applications and various laser-material 

interactions occurring in those regions. 

 

Figure 1.5: Different laser-material interaction effects and their application to materials 
processing [9]. 

Figure 1.6 below gives a generic classification of laser materials processing from 

an application standpoint [10]. 
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Figure 1.6: Classification of laser materials processing [10]. 

This dissertation discusses the use of laser sintering, an additive manufacturing/rapid 

prototyping process for applications that require high electrical conduction.  Presented 

below is an introduction to the application of lasers in additive manufacturing. 

 

1.3 Lasers in additive manufacturing/rapid prototyping applications: 

Lasers have been used widely in the following additive manufacturing processes:  

• Stereolithography (SL) 

• Laminated object manufacturing (LOM) 

• Laser cladding (SLC) and  

• Laser sintering, also referred to as Selective Laser SinteringTM (SLS).  

A brief description of these processes is as follows. 
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1.3.1 Stereolithography (SL): 

In stereolithography [11], a computer controlled laser beam is scanned on the 

surface of a photo-curable resin, which is contained in a vat as shown in Figure 1.7. 

Another laser is used to sense the level of the resin. Once a layer of resin is scanned by 

the laser, which has wavelengths usually in the ultraviolet range and greater than the 

molecular dimensions of the resin, the resin polymerizes and solidifies. The platform that 

holds the cured layer lowers by a part layer thickness (~ 0.004-0.006 in) and the process 

is repeated until the object is built. The part thus created is called a green part and is 

usually not in a fully cured state. Post-cure operations may be necessary to make the parts 

stronger and amenable for further processing. 

 

Figure 1.7: Schematic representation of a stereolithography process [12]. 

 

1.3.2 Laminated object manufacturing (LOM): 

Helisys corporation (1985) developed this process [Figure 1.8] in which objects 

are built by gluing together layers of papers with polyethylene coating on their backside 

[13]. A roller supplies the pressure and heat which glues the papers together. A laser 

beam, typical a CO2 laser, then scans over the surface to etch the outline of cross section 
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for that layer. The area adjacent to the cross section is hatched heavily to ensure it breaks 

upon completion. The whole process is repeated till the complete part is created.  

 

Figure 1.8: Schematic representation of a LOM process [12]. 

1.3.3 Laser cladding (LC): 

Laser cladding, also known as direct laser deposition or direct light fabrication is 

capable of producing components that equal or exceed wrought products in structure and 

properties [14]. Originally developed at the Los Alamos National Laboratory (LANL), 

this process is based on adding layers until the object is created. Laser direct cladding and 

selective laser cladding are two processes based on laser cladding, in which a gas jet 

containing fine metal powder is directed via a coaxial nozzle through the path of a laser 

beam. The powder is melted by the laser and the molten particles land on the surface of 

the work piece and forms a layer upon cooling. Laser Engineering Net Shaping (LENS) 

is another laser cladding process developed at Sandia National Laboratory (SNL), which 

fabricates metal parts directly by injecting metal powder into a molten pool created by a 

focused, high powered laser beam [15, 16]. The substrate on which the deposition 

happens is scanned under the beam/powder interaction to obtain the desired cross 
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sectional area [Figure 1.9]. The process is repeated layer by layer to obtain the final 

object. The composition of the powder can be changed continuously, making it possible 

to create multi-material and functionally graded parts. Other freeform fabrication 

processes that use laser are direct metal deposition (DMD) developed by U Michigan and 

commercialized by POM group [18] and laser aided manufacturing process (LAMP) 

developed by Missouri S&T [19] 
 

 

Figure 1.9: Schematic of Laser Engineering Net Shaping (LENS) [17]. 

 

1.3.4 Laser sintering (LS): 

Laser sintering is an additive manufacturing process where objects can be created 

without the need for part specific tooling. It is a freeform fabrication process where the 

object to be build is created/manufactured layer by layer by fusing powders together with 

the help of laser power. This process was developed at the University of Texas, Austin 

[20] and commercialized by DTM Corporation. DTM Corporation was then acquired by 

3D Systems Inc., and this process is now referred to by its trade name- Selective Laser 
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Sintering.TM The machine that builds the part using the LS process is called a 

Sinterstation. 

 

Figure 1.10: Schematic of a laser sintering (LS) process (© Elsevier, 2011, reprinted with 
permission) [21]. 

The object to be created/ manufactured is designed in a CAD program such as 

AUTOCADTM or SolidworksTM and fed into the computer that controls the Sinterstation 

as a STL (short form for StereoLithography) file. The computer slices the object into 

numerous layers and feeds the information in each layer to the scanning system that 

controls the laser beam.  

In a sinterstation, a roller mechanism [Figure 1.10] is used to deposit a thin layer 

of powder over a build cylinder. The powder is then scanned using a laser which is 

controlled by the computer. The heat from the laser beam fuses the powder selectively 

depending upon the information in the CAD file for that particular layer and a part layer 

of the object is created. The build cylinder moves down a part layer thickness and the 

feedbin moves up to supply the next layer of powder. This process is repeated until the 

object is created. The powder that is not scanned by the laser remains loose and supports 

the part being built. Once the build is completed, the part is excavated from the powder in 
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which it was buried and cleaned.  The powder can reused for future builds by mixing it 

with fresh powder. 

The LS process can be classified into two groups, direct LS and indirect LS. 

1.3.4.1 Direct LS process: 

In direct LS the object is made by melting the powder from which the object is 

desired and it can be either a thermoplastic polymer like nylon or metals/alloys like 

nickel/steels. Depending upon the material used (polymer or ceramic/metal), the laser 

power and wavelength of radiation used will be different since each material will have a 

different melting point and different laser interaction/absorption characteristics [22]. 

Most polymers have their absorption characteristics in the infrared region and can be 

directly sintered using a carbon dioxide laser (10µm wavelength). Commercial machines 

that process polymeric material typically have CO2 lasers with about 50 Watts laser 

power capacity. For fabrication of direct metal parts, Nd:YAG based laser systems with 

laser power in the range of few hundred watts is used. These lasers have radiation with 

1.06µm wavelength, at which metals/alloys have higher absorption coefficient. In 

addition, the LS systems that process metals and ceramics will require special atmosphere 

requirements. 

1.3.4.2 Indirect LS process: 

An alternate approach to manufacture metals/ceramics is through the indirect LS 

process [23,24], where the high temperature material is mixed with a sacrificial binder 

and processed in a low power LS system that is used for manufacturing polymeric 

materials. The polymeric binder melts under the influence of laser and binds the high 

temperature powder particles together creating the object. The part thus made is porous 

(~ 50% dense) and is called a green part. The green part is just the fused polymer holding 
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the primary material together in place. No melting of metal/ceramic has taken place. One 

primary advantage of indirect laser sintering is that it requires less laser power because 

polymers melt at low temperature. The LS green part is then subjected to post processing 

processes which include binder burnout followed by infiltration with a low temperature 

alloy such as bronze, copper [25] or hot isostatic pressing [26]. The LS green part could 

alternatively be conventionally sintered after burnout. 

1.4 Materials systems/applications studied in this dissertation: 

This dissertation explores the potential of LS in applications that require high 

electrical conduction. In addition, LS process optimization is done to manufacture these 

components. Both direct and indirect LS have been used in this dissertation. For sliding 

electrical contact applications, a direct LS process using CastForm PSTM polystyrene 

based materials have been used. For the fuel cell applications, an indirect LS process 

involving a non metallic (graphite) and polymeric binder system has been used. Another 

indirect process involving a metallic material- stainless steel and polymeric binder is also 

studied and compared with a direct metal LS process for rapid tooling application.   
 

1.5 Dissertation organization: 

This dissertation is organized as follows:  In Chapter 2, a literature review is 

done; problems studied in this work are described and objectives for this work are 

proposed. Experimental procedures are described in Chapter 3. In Chapter 4, the results 

of the experiments are presented and discussed. A summary of this research and the 

scope for future work are presented in Chapter 6.  
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Chapter 2: Background 

 

Laser Sintering is increasingly finding applications in the manufacture of 

specialized components used in various applications. The current study focuses on 

optimizing the laser sintering process to manufacture components that require high 

electrical conduction for use in sliding electrical contacts and fuel cells. This chapter 

provides a brief background of these components and applications. 
 

2.1 Sliding electrical contacts 

A sliding electrical contact, as shown in Figure 2.1, uses electric power to 

generate magnetic forces that propel an armature.  The sliding electrical contact consists 

of a pair of rails made of copper and shunted using an armature. By applying a current in 

the range of kA to MA to the rails, a very high magnetic field (B) is generated. This 

magnetic field interacts with the electric current (J) and creates an electromagnetic force 

(F) called Lorentz force given by the relation, 

F = J X B 

This magnetic force propels the armature in a direction perpendicular to the 

current.  
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Figure 2.1: A schematic of operation of a sliding electrical contact: An armature normally 
made of Aluminum alloys is propelled by a force (F) generated by a 
magnetic field (B) induced by applying a current of density (J) between two 
parallel rails made of generally of copper [27]. 

 

2.1.1 Transition in sliding electrical contacts 

The solid armature- rail interface phenomena in a sliding electrical contact are 

complicated but play an important role in their performance. This is due to the flow of 

electrical current through the interface. An understanding of this complex interface 

requires the study of electromagnetics, contact mechanics, lubrication, elastic 

deformation and temperature effect due to heat generation. Numerous models have been 

proposed to describe this interfacial phenomenon using experimental and/or numerical 

approach [27-31]. 

  

The transition from a low voltage solid sliding contact or with a liquid film 

interface into arcing mode reduces the efficiency of the launch.  A clear understanding of 

the transition phenomena is crucial in improving the performance of the sliding electrical 
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contacts. Barber et al. made a survey of transition mechanisms [32] and identified that no 

single mechanism had emerged as the consensus mechanism that caused the transition. 

They listed a number of possible mechanisms: electrodynamic melt wave erosion [33], 

magnetic blow off [34], high velocity surface wear [35, 36], and end of launch-I-dot 

transition [37]. It was concluded that because no single mechanism existed, there was no 

single solution available. The following section discusses some of these models briefly: 
  

2.1.1.1 Current melt wave model [33] 

The current melt wave model proposes that transition from solid contact to plasma 

contact occurs by the formation of a thin moving gap at the armature-rail interface caused 

by the erosion of the armature surface. The gap forms near the rear end of the armature 

where current crowds due to the velocity skin effect. Heating due to this current crowding 

melts the armature and the molten material is continually removed by viscous 

entrainment to form a gap. This process propagates forward resulting in a complete loss 

of metal-to-metal contact and a transition to plasma contact with an abrupt increase in the 

voltage drop. Transition is proposed to occur when the velocity of the melt wave 

originated at the rear end of the armature exceeds the velocity of the armature.  
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Figure 2.2: Schematic of Current-melt wave model showing the rails moving with a 
velocity of V (armature in a fixed frame of reference) to the right and the 
melt wave produced by heating and dissipation of armature surfaces moving 
left with a velocity VC. The movement of melt wave creates a gap between 
the armature and rail of thickness (h/2). The model predicts that the 
transition occurs when VC is greater than V [33]. 

 

The current melt wave model postulates that the distribution of current density restricts 

the ohmic heating due to current concentration to a region of about h/2 and only a thin 

layer of the armature would be heated to liquification temperature. 

The thickness of the gap can be obtained from the following expression: 

h = 1.24(ηa/ ηr)
2 (ηr /µoV)............................(1) 

where ηa is armature resitivity, ηr is rail resistivity, and V is velocity of solid armature. 

ηr ~2X10-8
Ωm and ηa/ ηr ~ 4. 

Velocity of the melt wave front is given by the following expression: 

VC= ηaI
2/(w2

ρqh)……………………………(2) 

where q = CP(TM-T0) + LM, w is width of the armature, ρ is density of the armature 

material.  

Substituting for h from (1) in (2),  
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VC= 0.81 (ηa/ηr)(µ0VI2 )/(w2
ρq)…………….(3) 

This model predicts the time for transition as the time taken by the melt wave to travel 

the length of the armature (a) and is given by 

ttrans = a/VC……………………….(4) 

 

2.1.1.2 Contact transition model [38]  

Barber et al. proposed the contact spot model in which solids make contact at 

discrete spots called “A-spots”, which supports the contact force. The electrical 

conduction occurs through these spots.  Average spot density was ~105/m2, with average 

size of these spots to be a few tenths of mm. Current constriction through these A-spots 

leads to contact resistance and resultant adiabatic heating. The adiabatic heating raises the 

temperature of the A-spots.   

Thermal skin depth was given by, 
δth = [(πkt)/(ρC)]1/2 

 

Thermal time constant, time for which the skin depth is equal to the spot size was defined 

as,  

τ = ρCa2/ (πk),  

where, a is the spot size, k is thermal conductivity, ρ is the density and C is the heat 

capacity of the material 

 

Adiabatic time to melt was calculated using this formula: 

tm = gm (nAs/j)
2 

where, gm  is the action to melt, j is nominal current density. 

 

For adiabatic melt to happen, tm < τ, i.e.: 

gm (nAs/j)
2 < ρCa2/ (πk) 
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It was shown that for the armature conditions seen during launch, the A-spots will 

melt before they dissipate the heat. 

Also, three distinct thermal regions were established in the contacts. Region 1 was 

the area without any contact or current, region 2 was the area that carried current and 

load. This region was heated up adiabatically. Region 3 was where the molten area could 

not hold the load anymore and carry current. When all the areas were converted to 

Region 3, transition was said to have occurred. 

 

2.1.1.3 Asperity-plough model [29] 

L.C. Woods used an asperity-plough model [29] to get a value of macroscopic 

resistivity that can be used across the interface between rail and the armature interface. 

Asperities in the copper rail act as a plough through the armature material. This smears 

the contact points into narrow streaks stretching from the initial position to the rear of the 

armature. It was also proposed that the intense local heating due to the current 

concentration at the asperities melts the aluminum which provides a continuous electrical 

contact between the rail and the armature. This model is similar to the melt wave model 

except that the ohmic heating is more intense due to the current concentration. 

 

The asperity-plough model assumes the presence of hemispherical asperities that 

act as current concentration spots and is shown in Figure 2.3. Even though the asperities 

can be present in both rail and armature, the model considers only the asperities in copper 

rail (c- asperity) because they are more stable than the asperities present in aluminum 

armatures (a-asperities). This is because aluminum has low melting point and lower shear 

strength than copper, so the ‘a- asperities’ will be sheared off easily or will be melted 
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away.  In Figure 2.3, the asperity is of diameter ‘2a’ and the rail is assumed to move with 

a velocity v (the armature is assumed to be stationary). A current of density j flows 

through the c-aspertiy. Just around the c-asperity, there is a molten layer of aluminum 

formed because of current concentration and joule heating. The surface of the rail is 

covered with these c- asperities. 
 

 

Figure 2.3: A copper C asperity of diameter 2a with liquid aluminum around it because of 
the melting of armature due to current concentration [29]. 

 

The c-asperities create a narrow streak of melted aluminum and the normal 

pressure between the armature and rails help spread the melt into a continuous layer as 

shown in Figure 2.4. Under normal rail preparation, these c-asperities are on the order of 

a few microns tall and are randomly scattered around the contact surface. 
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Figure 2.4:  The asperity-plough model: Merging of conducting streaks   generated by the 
current concentration in C-asperities into a continuous layer of melt wave by 
the normal pressure between the armature and the rails [29] 

 

Figure 2.5: C-asperity interface in their idealized condition [29]. 

 

As was the area of contact the asperities make with the rail and A, the nominal contact 

area.   

The ratio ε = As/A gives the fraction of area in contact and is normally less than unity 

(~0.1 or less). 

The spot spacing was given by LS [Figure 2.5] and the spot density was given by  
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Ns=Ls
-1/2………… ………. (5) 

Also,  

NS = AS/ (πa2A)………….. (6) 

And so,  

NS = ε/(πa2)………………. (7) 

Thus,  

ε = πa2/Ls
2 

Spot magnetic diffusivity, ξS was given by, 

ξS =  ηs/µ0.  

For an individual spot, the diffusion time, τs was given by, 

τs= a2/ξ 

For an armature of length X, the diffusion time, τx was given by, 

τx= (2aXNS
1/2)2 /ξ = ε *(4X2/(π ξ)) 

When the contact surface is perfect, 

τx = τx
* = X2/ ξ 

This gives, 

τx ~ ε * τx
* 

 

It was shown that to replace the c-asperities with a continuum model, the effective 

resistivity of the interface layer should be given by 

ηeff =ηs/ ε 

The resistivity of the interface is 1/ ε times the resitivity of the molten aluminum.  

 

2.1.2 Description of the problem 

Some of the surface features such as the c-asperities [29] at the solid armature-rail 

interface that were identified to be crucial to study the transition/lubrication were 

difficult/ impossible to produce by conventional manufacturing techniques. 
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2.1.3 Objective of the work 

The objective of this work is to use the laser sintering process to create novel 

investment casting patterns that help in studying and understanding the interfaces of 

sliding electrical contacts. This research is the first attempt towards using LS process for 

these applications. 

2.2 Fuel cell bipolar plates applications 

Fuel cells are electrochemical energy conversion devices that convert chemical 

energy stored in the fuel such as hydrogen and methanol into electrical energy by 

electrochemical oxidation. Unlike the internal combustion engine, in which the efficiency 

is low because of fuel burning, fuel cells can achieve very high efficiencies. Performance 

of a fuel cell is often represented by the polarization curve, which is a plot of voltage vs. 

current density. Power density plotted as a function of current density gives the maximum 

power output available at each current density. Both the polarization and power density 

curves for a fuel cell are given below in Figure 2.6: 

 

Figure 2.6: Typical polarization curve and power density curve for a fuel cell [39]. 
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2.2.1 Direct methanol fuel cell 

Direct methanol fuel cells are a class of polymer electrolyte membrane fuel cells 

that use methanol as the fuel and oxygen as the oxidant. Figure 2.7 below gives a 

schematic illustration of a direct methanol fuel cell. 

 

Figure 2.7: Schematic of a direct methanol fuel cell [40]. 

 

At the heart of a fuel cell is the membrane electrode assembly (MEA) which 

contains the proton conducting polymer electrolyte membrane, cathode and anode 

catalysts. Electrochemical reduction of oxygen and electrochemical oxidation of fuel are 

done by the cathode and anode catalysts, respectively. Membranes are typically made of 

NafionTM which is a perfluorosulphonic acid/PTFE copolymer.  Catalysts are made of 

platinum or platinum alloys such as Pt/Ru. Gas diffusion layers that permit the flow of 

fuel and oxidant from the flow channels to the electrodes are attached to the membranes. 

Bipolar plates or flow field plates are typically made of graphite and have flow channels 
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machined onto them. These bipolar plates with flow channels supply the fuel to the fuel 

cell.  

 
The reactions that happen in a direct methanol fuel cell are given below: 

 

Anode reaction: CH3OH + H2O ↔ CO2 + 6H+ +6e-   E0 = 0.02 V 

 

Cathode reaction:  (3/2) O2 + 6H+ + 6e- ↔ 3H2O    E0 = 1.23 V 

 

Overall reaction:  CH3OH + (3/2) O2 ↔ CO2 + 2H2O   E0 = 1.21 V 

Direct methanol fuel cells (DMFC) use liquid methanol as the fuel. Methanol has 

higher energy density than hydrogen, is inexpensive, and can be conveniently stored, 

handle and transported. All these present a unique advantage for direct methanol fuel 

cells in portable applications. However, commercialization of direct methanol fuel cells 

has been slow due to various issues like cost and complexity, low operating voltage, 

moderate efficiency and durability concerns. Attempts have been made to address many 

of these issues by developing new electrode materials [41-43], high performing 

membranes [44-48] and novel manufacturing processes [49].  

 

2.2.2 Non planar designs in fuel cells 

One way of improving the performance of fuel cells is by improving the power 

density. Power density of a fuel cell can be increased by increasing the surface 

area/volume ratio of the fuel cell. Increasing the surface area increases the reaction 

surface where methanol oxidation and/or oxygen reduction takes place thereby enhancing 

the performance of the fuel cell.  
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Merida et al. [50] proposed a proton exchange membrane fuel cell [PEMFC] 

design with a non planar membrane electrode assembly architecture that improved the 

volumetric power density. The waved tube cell (WTC) concept proposed has been 

prototyped with two designs: one where the waved MEA was supported by ribbed 

graphite plates and the other with a waved MEA supported by a waved expanded metallic 

structure.  
 

 

Figure 2.8: Schematic of fuel cell stack with (a) planar, (b) corrugated and (c) waved tube 
cell architecture (© Elsevier 2001, reprinted with permission) [50].  
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Theoretical gains in volumetric power density [50]: 

For a planar configuration (Figure 2.8 a), the minimum volume required (Vmin) to expose 

an active area w*l was given, 

Vmin/(w*l) = (w+u)* (2h+t+s1)*l/ (w*l) 

where, 

u is the width of the contact area, w is channel width, h is channel depth, t is MEA 

thickness, and s1 is the bipolar plate thickness. 

For a corrugated design (Figure 2.8 b), this equation was given by 

Vmin/(w*l) = 2 (w+s2 )* (h+t+ s2)*l/ (w*l) 

 

For a sinusoidal topology, (Figure 2.8 c), this equation was given by 

Vmin/(w*l) = (w/2) *w (h+t+ s3)*l/ (w*l) 

Figure 2.9 below was plotted as variation of the minimum volume per active 

membrane area as a function of plate thickness. Values of h and w were (1, 1.5, 3) mm, 

values of t used were (0.25, 0.5, 0.75 mm) 

 

Figure 2.9: Minimum volume/active area of membrane as a function of separator plate 
thickness (© Elsevier 2001, reprinted with permission) [50]. 
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Significant gains in theoretical power density were achieved using non planar 

designs.  

Two types of prototypes were made as shown in Figure 2.10 below and tested for 

their performance. Improvement in the power density values was obtained with the new 

non planar designs over the baseline flat plate designs [Figure 2.11]. 

 

   (a)      (b) 

Figure 2.10: Half cell assemblies of (a) prototype 1 and (b) prototype 2 (© Elsevier 2001, 
reprinted with permission) [50]. 

 

Figure 2.11: Comparison of volumetric power density curve for planar and non-planar 
waved tube cell (WTC) prototypes (© Elsevier 2001, reprinted with 
permission) [50]. 
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Yi et. al [51] developed and tested a non planar- wave like PEMFC with 

undulated MEA and perforated bipolar plates [Figures 2.12 and 2.13].  

 

Figure 2.12: Schematic of the wave-like fuel cell stack (© John Wiley and Sons 2010, 
reprinted with permission) [51]. 

 

 

Figure 2.13: A perforated bipolar plate made by stamping (© John Wiley and Sons 2010, 
reprinted with permission) [51]. 

Gains in volumetric power density and specific power with the novel wave like 

architecture stacks were reported [Figures 2.14]. 
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   (a)      (b) 

Figure 2.14: Comparison of power densities of the novel wave-like architecture and 
planar design: (a) volumetric and (b) specific power densities (© John Wiley 
and Sons 2010, reprinted with permission) [51]. 

The theoretical basis for the higher power densities (volumetric and specific) was 

proposed due to (1) increased active area (2) reduction in cell height and (3) the convex 

of one bipolar plate being inserted into the concave of the other plate. Peak power output 

from the fuel cells close to the level of DOE target was achieved. Optimization of flow 

channel designs, surface treatment of metallic bipolar plates and new MEAs were 

identified as targets for future work. 

Tse [52] attempted to improve the power density of the DMFC by corrugating the 

membrane electrode assembly by pressing and folding methods. An analytical model was 

developed to analyze the relationship between area-to-volume ratio (A/V) and the 

corrugation aspect ratios.  

For a planar design,  
A/V =               wl 

                               wl (2f+2c+2e+d) 
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where, w is the width of reactive area, l is the length of the MEA, c is the height 

of the reactant channel, d is thickness of the cell separator plate and e is the thickness of 

gas diffusion layer. Figure 2.15 below gives a schematic of such a planar design: 

 

Figure 2.15: Schematic of a 1-D planar MEA fuel cell design [52]. 

For a 2-D rectangular manifold design [Figure 2.16], the A/V ratio was given by, 

A/V =               (2c+a)(w/a)l 

                               wl (c+d+2e+2f) 
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Figure 2.16: schematic of a 2-D corrugated (rectangular) manifold [52]. 

For a 2-D triangular manifold [Figure 2.17], the A/V ratio was given by 

A/V =               wl 

                                wl (c+d+2e+2f)) Cosθ 

 

 

Figure 2.17: Schematic of a 2-D corrugated (triangular) manifold [52]. 
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For 3-D square tile corrugations [Figure 2.18], the A/V ratio is given by, 

A/V =              (4cwl/a)+wl 

                                wla (c+d+2e+2f) 

 

Figure 2.18: Schematic of a 3-D square tile corrugation [52]. 

 

The model predicted an increase in A/V for 3-D corrugation [Figure 2.19].  

 

Figure 2.19: Comparison of A/V ratio for different corrugated geometries [52]. 

Experiments were done to validate the model and it was found that the overall 

power output was reduced. However since the projected surface area was reduced, the 
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projected power density was increased for MEA corrugations with aspect ratios of 1.25. 

For MEA with aspect ratios 0.75, the performance was either identical or lower than the 

projected planar MEA. This performance degradation was attributed to the mechanical 

degradation introduced during the corrugation process. All the above work utilized either 

a metallic current collector and/or ribbed graphite plates. Metallic bipolar plates have 

been known to corrode under the conditions seen in a fuel cell. 
 

2.2.3 Description of the problem 

Non planar fuel cells such as corrugated fuel cells show potential to improve the 

performance. However, Graphite is a brittle material and such complex designs cannot 

easily be made without fracture.  
 

2.2.4 Objective of the work 

Objective of this work is to fabricate corrugated flow field plates using laser 

sintering process and test their performance. This research is the first experimental effort 

at production of corrugated fuel cell flow field plates using laser sintering process.  
 

2.3 LS of stainless steel for rapid tooling in fuel cell applications 

2.3.1 Indirect LS of metallic materials for tooling 

Indirect LS with metallic alloys such as tool steels has been commercially used in 

tool making using powder under the trade name LaserformTM tool steel A6 [53]. These 

materials use proprietary binder compositions. The steel powders have mixed and or 

coated polymeric binders as shown in the Figures 2.20 and 2.21 below: 
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(a) (b) 

Figure 2.20: Planar view of green LS sample made with the commercial material 
LaserFormTM A6 showing coated steel powder (a) 1000X, (b) 3500X 
magnification 

 

 

 

   (a)      (b) 

Figure 2.21: Cross sectional views of the commercial material LaserFormTM A6 showing 

the presence of secondary dark colored binder phases (a): 1000X, (b) 2000X 

magnification. Composition of the binder remains proprietary. 
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The object to be made is created in a LS machine with a lower power laser, and 

post processing of LS green parts typically involves debinding (~450-650°C), sintering 

(~700°C) and infiltration(~1075°C) with a low temperature alloy such as bronze/brass 

[58]. 

 

King and Tansey [54] used Rapidsteel®, another proprietary material to make 

rapid tooling for injection molding application. The material was used to make the green 

parts in a Sinterstation and binder burnout was later carried out to obtain a brown part 

with ~ 60% density. The brown part was infiltrated with bronze. Uzunsoy and Chang [55] 

used high tensile strength brass, aluminum-manganese bronze and Cu-Sn bronze as 

infiltrant materials and studied the mechanical property and microstructure of the 

infiltrated Rapidsteel® components. 

 

The presence of a weak second phase was recognized as a limitation for high 

temperature stability of the components made through indirect LS process, and attempts 

were made to obtain fully ferrous components by homogeneous steel infiltration [56], 

metal deposition from nanoparticle dispersion [57] and infiltration with cast iron [58]. 

 

Kernan et al. [56] used homogeneous steel infiltration process with a steel alloy 

with melting point depressant (MPD) such as carbon or silicon. The temperature of 

infiltration was chosen such that some amount of liquid phase is stable at chemical 

equilibrium. Successful infiltrations to obtain composition equivalent to tool steels were 

obtained and mechanical properties were measured and compared with wrought products. 
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Crane [57] used metal deposition from nanoparticle dispersion to strengthen the 

porous metal skeleton and reduce deformation and sintering during liquid metal 

deformation. By applying nano iron dispersions to stainless steel powder sinter and 

heating to infiltration temperature, a reduction in creep deflection by 95% and a reduction 

in shrinkage by 60% was obtained. 
 

Vallabhajosyula [58] attempted to replace copper based infiltrant with cast iron 

which has higher fluidity, hardness and in addition stability at high temperatures. A 

model that predicts the regions of successful infiltration was developed and experiments 

were conducted to validate the model.  

 

Corrugated MEAs used in the work described above [52] were fabricated using 

machined corrugated molds as shown in the Figure 2.22: 

 

Figure 2.22: Molds machined in aluminum/stainless steel to make corrugated MEAs [52]. 

 

The molds were designed in SOLIDWORKSTM and the files were exported as 

Initial Graphics Exchange Specifications (IGS). SURFCAMTM software was used to 

generate machining codes for the CNC machine. The molds were machined out after 

several hours of machine setup and milling process. Designs tested were limited to those 

that are possible with machining route. 
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2.3.2 Description of the problem 

The non-planar designs show the limitation of conventional manufacturing 

process such as machining. Complex designs cannot be made easily using machining 

processes. LS is a potential process for development of compression and/or injection 

molding tools, which are the potential methods of mass production of complex bipolar 

plates. However, the commercial material available for LS process is proprietary and 

expensive.  
 

2.3.3 Objective of the work 

The objectives of this study are to identify a binder material system and LS 

process to manufacture compression/injection molding tools using stainless steel for rapid 

production of non-planar bipolar plates and MEA. 

 

2.4 Green strength of LS graphite/phenolic parts 

2.4.1 Indirect LS of graphite/phenolic parts: 

In indirect laser sintering (LS), materials with high melting temperature are coated 

or mixed with polymers before being processed. In the LS machine, energy from the laser 

causes these polymers to melt and bind the inorganic materials together. Successful use 

of inorganic materials such as metals and ceramics in the LS process depends on 

successful development of binders.  The ability of LS parts to retain their shape and to be 

handleable without breaking depends largely on the green strength of the parts. 
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Commercially, there are a few material systems such as LaserformTM A6 steels 

available which are tool steels coated with unspecified binders [53]. These binders serve 

as sacrificial binders in that they are useful only in the initial stages: processing in the LS 

machine and to the start of furnace sintering. There are some applications wherein 

sintering is difficult as in the case of graphite/SiC  and a binder that can give strength 

during all the stages of processing either by remaining as itself or by transforming to 

some other state is needed. One such application is the fabrication of graphite bipolar 

plates or current collectors in fuel cells through LS process. 

 

Indirect laser sintering has been used to manufacture graphite bipolar plates [49, 

59]. Chen [59] identified the process parameters and binder proportion for indirect laser 

sintering of a graphite/phenolic system. Phenolic resin used in the mix was the binder for 

laser sintering.  The green strength was not reported, but the need to optimize green 

strength was recognized. Upon burnout at elevated temperature in vacuum, the resin 

converted to amorphous carbon which contributed to the electrical conductivity of the 

plates. Alayavalli and Bourell [49] identified cyanoacrylate as  an infiltrant suitable for 

producing an impermeable plate and designed novel flow field plates including 

manifolded plates and plates with progressively varying channel widths and cross 

sectional shapes [60, 61] to demonstrate the design flexibility obtainable with the LS 

process.  

 

Bourell et al [21] assessed the effect of carbon fiber additions on green, brown 

and finished bipolar plates. Addition of carbon fiber increased the green strength from 

about 2 MPa for no fiber addition to about 4 MPa for ~ 25 wt% carbon fiber. The green 

strength of LS parts was given by the following relation: 
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where σgreen = calculated flexural strength of the LS green part, ∆ = relative 

density of the LS green part ≅ 0.4, m = exponential dependency of porosity ≅ 3-6, Vph = 

volume fraction of phenolic in mixture ≅ 0.35, VCF = volume fraction of CF in mixture = 

0.05, σph = flexural strength of phenolic ≅ 7 MPa, σCF = flexural strength of CF ≅ 5 MPa, 

and σgr = flexural strength of graphite ≅ 2000 MPa. 

 

One disadvantage with higher carbon fiber addition was that the electrical 

conductivity decreased as the carbon fiber proportion was increased. 

Bhandari [62] attempted to improve the green strength of SiC parts by adding 

nylon and wax in addition to phenolic resin. Trials/experiments were done outside the LS 

machine by mixing powders, making three point bend specimens and heating them in a 

furnace at ~140°C for 1½ hours.  Green strength in the range of ~7-19 MPa was 

achieved.  It was reported that as the amount of nylon increases (from 0 to 7%), green 

strength increases. Similar behavior was reported for phenolic addition too. But for low 

fractions of phenolic resin, addition of wax from 0 to 3%, decreased strength while for 

high fractions of phenolic resin, addition of wax increased the green strength. Wax was 

proposed to have an influence on spreading the phenolic resin to improve strength.  

The following mechanism was proposed. 1½ hours at 140°C initiated cross 

linking of the phenolic resin. Wetting of phenolic resin by wax was proposed to happen at 

higher phenolic content, and the reverse was proposed to happen at lower phenolic 

content. Relevance of the furnace results to LS processing was attempted.  Issues 

associated with sudden temperature spike over a small volume and high temperature laser 
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heat source compared to a long time furnace annealing were acknowledged, since it is 

difficult to get such a long exposure to temperature in a SLS machine. A broad range of 

LS process parameters were suggested as future work. [62].  

 

2.4.2 Phenolic resins and their curing mechanism 

Phenolic resin is the major polymer component in the indirect LS of graphite 

based systems, and the brief discussion below addresses the chemistry and cross-linking 

mechanism associated with phenolic resins. 

Phenolic resins, also called phenol-formaldehyde resins, are condensation 

polymers formed by addition of phenol and formaldehyde. These resins are classified into 

two types: Resol and Novalac. Resol is manufactured by having an alkaline catalyst and a 

phenol/formaldehyde ratio less than one. Excess formaldehyde in the system helps in 

achieving cross-linking by forming methylol (-CH2OH) bridges without the addition of 

external cross linking agent. Novalac resins are made by having an acidic catalyst and a 

phenol/formaldehyde ratio greater than one. As these resins are deficient in 

formaldehyde, an external source of formaldehyde such as hexamethylenetetramine 

(HMTA) also called hexa is needed to initiate cross-linking. The figure below gives the 

schematic of synthesis and structure of each resin: 
 

 

Figure 2.23: Schematic of synthesis of phenolic resins of types Novalac and Resol [59]. 
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A DSC plot below [64] shows that the Novalac resin melts ~60°C, hexa melts ~ 

90°C and cross-linking starts ~ 160°C:  

 

Figure 2.24: DSC plot of Phenolic resin [59] 

 

Cross-linking of novalac can also be achieved using the following reagents: solid 

resole, bismethylol cresol, bisoxzolines and bisbenzoxalines. 
 

The following types of monomer units are present in the uncured network [63]: 

• Ortho, ortho (2,6 Xylenol) or ortho, para (2,4 Xylenol) 

• o-cresol or p-cresol 

• Some amount of free phenol 

The curing reaction is proposed to occur in two stages: 

1. Formation of initial intermediates such as benzoxazines (BZ) and 

benzyl amines (BA). Triazines, diamines and ethers are also 

formed during the initial curing stages.  
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2. Conversion of the intermediates into methylene bridges between 

phenolic rings by further reactions, oxidation and decomposition. 

Formation of different amides, imides, imines, methyl phenol and 

benzaldehyde also occurs during the final cure stage. 

 

Figure 2.25: Curing mechanism for novalac resin with hexamethylenetetramine (© 
Springer-Verlag, Berlin 2000) [63] 
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2.4.3 Description of the problem: 

The green strength of the graphite-phenolic resin is poor, approximately 1-2 MPa. 

Parts break during removal from the partbed of the laser sintering machine. The issue 

becomes more complicated as parts with finer features and intricate details are made. 

Also, the time-temperature profile inside the LS machine is difficult to initiate cross 

linking of phenolic resin. A clear understanding of the binding mechanism is not 

available for the green LS parts. 
 

2.4.4 Objective of the work: 

The objective of this study is to optimize the binder system and laser sintering 

process parameters for enhancing the green strength of LS graphite/phenolic parts and to 

understand the binding mechanism in green LS parts.  
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Chapter 3:  Experimental Procedure 

Experiments conducted to address the issues discussed in chapter 2 are described 

in this chapter. In Section 3.1, the LS process and investment casting are described; 

including a description of the components used in sliding electrical contact applications at 

high current values and their electrical characterization.  In Section 3.2, the LS process is 

described for producing corrugated bipolar plates using the graphite/phenolic system, 

with post-LS finishing operations and characterization of bipolar plates in a direct 

methanol fuel cell. In Section 3.3, the experiments conducted to optimize strength of LS 

green graphite/phenolic parts are described. Methods of characterizing the green strength 

and material characterization of the green LS parts are described. The last section gives 

the processing and characterization of stainless steel parts made by the LS process 

developed for rapid tooling applications.  
 

3.1 Sliding electrical contacts application 

Investment casting patterns with desired surface features were made in the LS 

machine and coated with red dip wax to improve the strength of the LS parts. Investment 

casting from brass (for rail coupons) and aluminum alloy (for armature) were made of the 

LS patterns. The cast specimens were machined and tested for their performance in a 

small laboratory scale launcher facility at the University of Texas Institute of Advanced 

Technology (IAT). 
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3.1.1 LS of investment casting patterns 

CastForm PSTM polystyrene powder from 3D systems Inc. was used to create 

investment casting patterns in a DTM Sinterstation 2000. Solidworks models of the rail 

coupons (~20 cm length, 2.54 cm width and 0.75 cm thick) with the desired features were 

made and the patterns were built using the following build parameters: Fill laser power of 

8W, Outline laser power of 2W, outline scan count of 1 and slicer scan fill spacing of 

0.006 in. Partbed temperature was maintained at 85°C. 

 

An example of the pattern made by LS process in this study is shown in Figure 

3.1. Numerous rows of C-asperities made on the surface that makes contact with the 

armature are shown. Each such row contains ten C-asperities. Each C-asperity is 

approximately 2.54 mm in diameter.  
 

 

 

Figure 3.1: Typical CastForm PSTM polystyrene rail coupon made using LS for transition 
study: the armature/rail contact surface consists of C-asperities that are 
difficult to make using conventional manufacturing processes.  
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3.1.2 Red wax dipping  

The green strength of the LS CastFormTM PS parts is low. To increase the strength 

of the parts and to facilitate attachment of runners and gates to the investment patterns, 

the LS parts were then dipped with 2-D504 Red dip wax (manufactured by 

J.F.McCaughin, Rosemead, CA). A rail coupon dipped with red wax is shown in Figure 

3.2. 

 

 

Figure 3.2: A Red waxed rail coupon pattern:  Dipping of the CastForm PS TM   pattern 
with Red dip wax facilitate the handling of the pattern and further 
processing. 

 

 3.1.3 Investment casting of the patterns 

In an investment casting process, the pattern is coated with many layers of fine 

ceramic slurry made normally of zirconia, which forms a shell/mold over the pattern. 

This is then heated in an oven to remove the pattern and wax materials leaving behind 

only the mold made of zirconia. The mold is then heated to a high temperature and then 

the liquid alloy is poured into the mold to form the casting.  Brass castings were made at 

Dameron Alloy Foundries, Compton, CA. 
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LS parts were used as patterns for investment casting. For the transition 

experiment, silicon brass (C87500) with a composition of ~80 wt. % Cu, 5 wt. % Si and 

~15 wt. % Zn was used as the casting alloy. A typical cast brass rail coupon is shown in 

Figure 3.3.   
 

 

 

Figure 3.3: A typical as-cast brass rail coupon: The investment casting pattern converted 
into a brass casting.  

 

The as-cast rails were edge machined to establish a high tolerance mating surface. 

A typical machined rail is shown in Figure 3.4. 
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Figure 3.4:  A typical rail coupon machined to have a high tolerance mating surface. 

 

3.1.4 Electrical characterization 

Experiments were performed using the small caliber launcher (SCL) at the 

Institute for Advanced Technology at The University of Texas at Austin [Figure 3.5].  

The SCL is a 25 x 25 mm bore, 1 m long, single turn railgun. The copper rails were 

surrounded by G10/FR4 (fiberglass reinforced epoxy) insulators which provide structural 

and electrical isolation from the laminated steel containment. The “T-shaped” bore 

insulators also provided the rail-to-rail spacing. In these experiments, the rails were 

comprised of two 6.35 mm X 31.75 mm rails (copper) stacked together to form 12.7 mm 

X 31.75 mm composite rail assembly [Figures 3.6 and 3.7]. This configuration allowed 

two different contacting rail materials to be evaluated during the experiments, using the 

same backing rail configuration. For the experiments in this work, one 6.35 mm X 31.75 

mm rail was removed and LS rail coupons were inserted in its place.  
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Figure 3.5: Small caliber launch facility. 

 

 

Figure 3.6: Bore cross section of the small caliber launcher. 

 

The power supply used in the experiments was a 22 kV capacitor-based system.  

Switching was performed via a combination of Ignitrons and crowbar-diode stacks.  The 

bank is connected to the launcher via two flexible coaxial conductors.  The capacitors in 

these experiments were charged to ~13 kV and then were discharged into the launcher, 
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producing a peak current of around 140 kA.  Total current was recorded via a Rogowski 

coil wound around the return bus on the capacitor bank.  Breech and muzzle voltages 

were recorded using 100 Ohm resistors wound around Pearson coils to maintain electrical 

isolation between the launcher and data recording system. 

  The capacitors were charged to ~13 kV and then were discharged onto the rails 

with ~140 kA of current. The motion of the armature was recorded using a Phantom® v.7 

high speed camera. The camera was positioned above the launcher looking down at the 

armature at an angle of 45°, so that both the armature and rail could be observed [Figure 

3.7].  The test parameters are summarized in Table 1. 
 

 

Figure 3.7: Top view of the rail and armature used in the sliding electrical contact tests. 

New rail material to be tested (LS part) was inserted by removing one 6.35 mm X 31.75 

mm rail and keeping the LS part in its place. 

 

 

Backing Cu rail 
Contacting rail (LS Part) 

Armature 
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Table 1 Sliding electrical contacts test parameters 

 

Test Fixture                        Small caliber launch (SCL) with 25.4 mm square bore 

Test coupons dimensions   140 -200 mm long x 25.4 mm wide x 6.35 mm thick 

Peak current                        ~ 140 kA 

Armature velocity range  

over the test coupon              ~160-200 m/s 

Armature                             7075-T6 aluminum alloy body with polycarbonate bore rider 

Armature mass                        40 g 

             

Aluminum alloy 7075-T6 armatures were made to slide over the C-asperity rail 

coupons. To make a comparative study, brass rail coupons without bumps were also cast 

and tested. These rail coupons are referred to as flat brass rails in this work. Rails made 

of copper and with out c-asperities are referred to as flat copper rails and the rails with c-

asperities are referred to as c-asperity brass rails.   
 

3.2 Corrugated flow field plates for direct methanol fuel cell (DMFC) application 

3. 2.1 Laser sintering and post processing of corrugated flow field plates 

Corrugated flow field plates with 10% higher surface area than flat plates were 

designed using Solidworks.TM The channel width and depth were 2 mm and the electrode 

area was 5 cm2. Plates with 1.5 mm channel dimensions were also designed (electrode 

area 5 cm2). These plates were made in a DTM Sinterstation 2000 (™) using graphite 

(#4012, Asbury Graphite Mills, Inc)-phenolic resin (Durite AD 332A, Hexion Inc) mix. 

The parameters used for laser sintering were as follows: fill laser power (22-26 W), 

outline laser power (4 W), laser scan spacing (0.006 in), powder layer thickness (0.004 
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in), partbed temperature (85°C) and feed bin temperature (40°C). The green plates were 

carbonized in a vacuum furnace at 1200ºC for 1 hour to convert the phenolic resin to 

amorphous carbon using the time-temperature profile shown in Figure 3.8. 

 

Figure 3.8: Temperature profile used for brown part formation (carbonization). 

 

The brown parts were then infiltrated with cyanoacrylate resin (PRCA 4990 454 

GR, Prairie Technology Group, Hutto, TX) at room temperature to make the plates fluid 

impermeable. The infiltrated plates were polished to remove the excess surface 

cyanoacrylate resin. Corrugated flow field plates with 10% more surface area and 2 mm 

channel dimensions made by this process are shown in Figure 3.9 below. 
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Figure 3.9: Corrugated plates with 10% more surface area compared to a flat plate. The 
channel dimensions are 2 mm.  

 

3.2.2 Fuel cell testing 

The electrochemical performance of the DMFC with the corrugated flow field 

plates was assessed in a single cell fixture using a 850 e fuel cell test station supplied by 

Scribner Associates, Inc. The MEA used was a commercial one purchased from the Fuel 

Cell Store [membrane: Nafion™ 117, anode catalyst: Pt/Ru/C, cathode catalyst: Pt/C (4 

mg/cm2)]. The performance of the plates was characterized as a function of clamping 

torque (65, 70, and 78 lb-in torque), reactant flow direction (counter and parallel flow) 

and reactant flow rate (oxygen: 0.2 and 0.3 L/min, 1M methanol solution: 9, 10, and 13 

mL/min) to identify optimum parameters from the corrugated plates. 

For studying the effect of clamping torque, the reactant flow direction was 

counter flow, methanol flow rate was 9 mL/min, oxygen flow rate was 0.2 L/min. For 

studying the effect of methanol flow rate, the conditions for testing were as follows: 
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clamping torque: 70 lb-in, reactant flow direction: counter flow; 1M methanol solution, 

oxygen flow rate: 0.2 L/min. For studying the effect of oxygen flow rate, the test 

conditions were as follows: clamping torque: 70 lb-in, reactant flow direction: counter 

flow; 1 M methanol solution, methanol solution flow rate: 9 mL/min. Fuel cell 

temperature was kept constant at 65°C for all test conditions. 
 

3. 3 LS Green strength optimization for graphite/phenolic parts 

The process/methodology of assessing the green strength is as follows. The 

composition to be tested for green strength was mixed in bulk in a tumbling ball mill for 

24h with alumina milling media.  The powders were sifted to remove coarse particles and 

were filled in the LS machine. Three point bend specimens were made as a function of 

different fill laser power and flexural strength was obtained by testing in a 3 point bend 

test setup. The binding behavior was characterized by obtaining (1) planar and cross 

sectional views of the samples under a scanning electron microscope and (2) density 

(closed porosity) of the green samples in an QuantachromeTM ULTRAPYC 1200e 

pycnometer. Pycnometer measures the closed porosity in a sample. Closed porosity is an 

indication of ability of the polymer to melt, flow and wet the graphite surface. Therefore 

a measure of closed porosity gives an indication of binding achieved. 
 

3.3.1 Laser sintering 

Three point bend specimens (127 mm X 12.7 mm X 3.175 mm) were made as per 

ASTM D790 specification in a DTM Sinterstation 2000 with different 

compositions/variations to the graphite/phenolic mix as discussed in this section. The 

samples were built along the z-axis. The LS parameters used are typically as follows:  
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Fill laser power in the range of 18-30W were used. The outline laser power was 4 

watts. The partbed temperature was kept at 80°C and the feed bin temperature was kept at 

45°C. Part layer thickness was 0.004 in and feed distance was 0.012-0.014 in. 

 

Three to five specimens were made with each laser power. Two or three builds 

were made to assess the repeatability. 
 

3.3.2 Mechanical characterization 

The specimens were tested along the Z-axis in a 5 kN Instron machine (Model 

3345) with three point bend setup as shown in Figure 3.10. The span length was set at 50 

mm and a displacement rate of 0.1 mm/min used. A flexure stress versus flexure strain 

plot was obtained in all the tests, and the maximum flexure stress was reported as the 

flexure strength. 
 

 

 

Figure 3.10: A three point bend test setup. 
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3.3.3 Scanning electron microscopy 

The binding behavior was recorded by observing the planar view (XY) and cross 

sectional view (ZX) of the three-point bend specimens under the scanning electron 

microscope (JEOL JSM 5610). 
 

3.3.4 Density measurement 

Densities of the green samples were measured using a QuantachromeTM 

ULTRAPYC 1200e pycnometer and the results were reported as their inverse- specific 

volumes as a function of fill laser power. 
 

3.3.5 Materials used for green strength optimization study 

 
Graphite: Three types of graphite were used:  (1) GS 150E (Graftech International), (2) 

GS75E (Graftech International) and (3) 4012 (Asbury Carbon Inc). 

 

GS 75E has an average particle size of ~ 28µ, GS 150E and 4012 have average particle 

size of ~ 75µ and all are synthetic graphite. 

 

Phenolic resin: Three types of phenolic resins (all novalac-hexamine based) were used in 

this research: 

 

Yellow Durite: Durite AD 332 A: with about 5% Hexamine. Based on the color of the 

resin, this is referred to as yellow Durite.  

 

White Durite: Durite AD 332 A:  with about 8-9% Hexamine. Based on the color of the 

resin, this is referred to as white Durite.  
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Plenco fast cure: A proprietary fast cure resin (#14717) was procured Plenco’s R&D 

which had a minimum 12% Hexamine and other additives that enable a faster cure rate. 

 

Nylon/11: Nylon/11 was obtained from Arkema under the trade name Rilsan® fine 

powders.  

 

Wax: N,N′ Ethylene bisteramide wax procured from Lonza Inc. under the trade name 

Acrawax C. 

 

Carbon Fiber: 100µm sized carbon fiber (PAN based) was procured from Advanced 

Laser Materials, LLC. 

 

3.3.6 LS Green strength optimization experiments 

3.3.6.1 Effect of graphite particle size 

Two types of graphite materials GS 150 E (~ 75 µm) and GS 75 E (~ 27 µm) 

were mixed independently with phenolic resin (which was previously cryo-milled at 

Vortec Products Company, Long Beach, CA) to a particle size of ~ 15 µm (Durite AD 

332 A).  
 

3.3.6.2 Effect of phenolic resin particle size 

The phenolic resin (Durite AD 332 A) obtained from Hexion had an average 

particle size of ~ 31µm and a portion of it was cryomilled to an average particle size of ~ 

15µm.  Both the larger and finer particle sized resin was mixed with GS 75E (~ 27µm) 

graphite independently, and three point bend specimens were made using different fill 

laser power. Specimens were tested using a 5 kN instron machine.  
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3.3.6.3 Effect of nylon/11 addition 

Graphite (GS 150 E)- phenolic resin (yellow Durite AD 332 A)-nylon/11 were 

mixed in the following ratio, placed in a oven and heated to ~200°C to observe the nature 

of the mix:  
 

Graphite (wt %) Phenolic resin 

(wt %) 

Nylon/11 

(wt %) 

Remarks 

70 30 0 Base 

composition 

70 25 5   

70 20 10   

70 15 15   

 

Table 2: Initial compositions used in oven test for green strength improvement study 

 

Of these, 5 and 10% nylon/11 addition made the mass harder than the base 

composition and 15% nylon/11 addition made the mass softer than the base composition. 

Based on these experiments, 5% and 10% nylon/11 were identified as potential 

compositions.  

Mixes with 5% nylon/11 and 10% nylon/11 were processed on a scale sufficient 

for a build in the LS machine.  
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3.3.6.4 Effect of wax addition 

To improve the wettability of nylon/11, 5 wt% wax was added to obtain a 

composition with 70 wt% Graphite-20 wt% Phenolic- 5 wt% nylon/11- 5 wt% wax. 

Flexural strength of samples made with this composition was assessed and compared 

with 70 wt% Graphite-20 wt% Phenolic- 5 wt% nylon/11 added samples. 
 

3.3.6.5 Effect of fast cure phenolic resin 

Phenolic resin contains two parts- a novalac resin and a curing agent- hexa 

methylene tetra amine (HMTA).  Two types of phenolic resin were used in this 

experiment- one supplied by Plenco as a fast cure resin and other was supplied by Hexion 

inc- Durite AD 332 A.  The Durite resin has ~ 5-8% of HMTA. Novalac is yellow in 

color and HMTA is white in color. 5-8% HMTA Durite is yellow in color and is referred 

to “yellow” Durite in this work. A fast cure resin procured from Plenco is white in color 

indicating higher amounts of HMTA (~12%) in the mix. In addition, the fast cure resin 

has higher amounts of free phenol, proprietary additions and water molecules which 

improve the cross linking properties.  Another Durite obtained from Hexion has higher 

HMTA (8-10%) and is white in color. This resin is called “white” Durite.  

 

3.3.6.5.1 GS 75 E (27µm) graphite was mixed with “yellow” Durite and Plenco 

fast cure phenolic (#14717) separately in a 70:30 ratio by weight, and three point bend 

specimens were made using the parameters described earlier.  For the Plenco mix, the 

partbed (70° C) and feed bin temperatures (30° C) were reduced from 85°C and 45°C 

respectively to prevent the powder mix from caking. 
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The “white” Durite and “yellow” Durite were mixed separately with Asbury 

Carbon graphite (# 4012) with a particle size of ~75µm in 65:35 ratio by weight. LS three 

point bend specimens were made using the parameters described in Section 3.3.1. 
 

3.3.6.6. Effect of carbon fiber addition to fast curing resin 

5 wt% of carbon fiber (Advanced Laser Materials LLC.) of ~ 100µm length was 

mixed with 35 wt% white Durite and 55 wt% Graphite (Asbury # 4012). Three point 

bend specimens were made and tested. 
 

3.4 LS of stainless steel for rapid tooling in fuel cell applications 

3.4.1 Binder and process parameter identification 

Stainless steel 304L powder was mixed with different proportions of phenolic 

resin (Durite AD 332A), nylon/11 (Rilsan fine powder, Arkema) and Acrawax (Lonza 

Inc).  The mix was then laid onto a graphite plate kept on the partbed of the DTM 

Sinterstation 2000. Single layer scans of parts with different shapes/ sharp corners were 

made with different fill laser power and outer laser power. The composition and LS 

process parameters that gave parts sufficient strength to handle (be able to take from the 

partbed without breaking) similar to the Laserform were identified as the composition 

and LS process parameters. A single layer scan experiment with different features is 

shown in the Figure 3.11 below. 



62  

 

 

Figure 3.11: A single layer scan experiment with stainless steel mixed with varying ratio 
of nylon/11, phenolic resin and Acrawax C®. 

 

3.4.2 Bulk powder mixing 

 A composition of 92 wt% stainless steel, 4 wt% nylon/11, 2.66 wt% phenolic 

resin and 1.33 wt% Acrawax C® yielded parts with optimum strength. The powders were 

then mixed in bulk quantity in a ball mill for 24 hours with alumina balls to ensure 

homogenization. 
 

3.4.3 Indirect laser sintering 

DTM Sinterstation 2000TM was the machine used to make green parts. Fill laser 

power in the range of 26-36 Watts and outline laser power of 10 Watts was used to make 

25 mm 
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25 mm cube parts and 50 mm X  25 mm X  25 mm parts. Partbed temperature of 105-

110°C and feedbin temperature of 60°C were used. Other parameters were as follows: 

Feed distance was ~ 0.18 mm -0.20 mm, powder layer thickness of 0.10 mm, slicer fill 

scan spacing of 0.15 mm, roller speed was ~75-100 mm/sec. 

A green part made using the new binder system and the above LS process 

parameters is shown in the Figure 3.12 below. 

 

Figure 3.12: A 304 Stainless steel cube made using the new binder (4 wt% phenolic, 2.33 
wt % nylon/11 and 1.33 wt% Acrawax C®) composition in DTM 
Sinterstation 2000TM. 

 

3.4.4 Vacuum furnace processing 

Indirect LS samples were then processed in a high temperature vacuum furnace 

with graphite rigid board insulation, graphite heating elements (supplied by Furnace 

10 mm 
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Source LLC) equipped with a programmable controller (UP 550 E) supplied by 

Yokagkawa America corporation.  Indirect LS samples were sintered at the following 

peak temperatures/times: 1300°C/5h, 1300°C/20h, 1330°C/20h and 1350°C/20h. Typical 

furnace sintering cycle is given below in Figure 3.13. 

 

Figure 3.13: A typical furnace sintering cycle for LS stainless steel sample. 

 

3.4.5 Direct laser sintering 

Direct laser sintering (selective laser melting) of stainless steel was done at 

Central Metallurgical Research and Development Institute, Helwan, Cairo, Egypt) using 

a M3Linear machine from Concept Laser, Germany. M3Linear has a Nd:YAG based 

flash lamp system. Parts of 25 mm X 25 mm X 50 mm (length X breath X thickness) and 

50 mm X 25 mm X 25 mm dimensions [Figure 3.14] were made using a laser power of ~ 

95 Watts focused at 0.2 mm with a focal length of 100 mm. Laser scan speed used was 80 
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mm/s. Laser hatching was done in 5 mm X 5 mm islands in a random fashion to avoid 

thermal stresses. The temperature of the powder was raised to more than 1300°C which 

was sufficient to melt the powder and fuse it together. 
 

 

Figure 3.14: A direct laser sintered part made from 304L Stainless steel powder with 
M3Linear machine from Concept laser. 

 

3.4.6 Physical characterization-Density measurement 

Density of the green indirect LS parts were obtained from the weight and the 

volume calculated by measuring the dimensions. Density of the sintered parts was 

measured using an Ultra pycnometer 1200e.  
 

3.4.7 Tensile strength measurement 

Miniature tensile samples [Figure 3.15] of the following dimensions were 

machined from the sintered parts: 12.7 mm (gage length) X 6.35/ 3.175 mm (width) X 
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2.54 mm (thickness). The tensile specimens were tested in a 5 kN Instron (model # 3345) 

at a displacement rate of 2 mm/min). The engineering stress- engineering strain curves 

were plotted and the ultimate tensile strength was obtained from those curves. 
 

 

 

Figure 3.15: Miniature tensile specimens made from indirect LS 304 stainless steel 
sample sintered at 1330°C/20h. 

3.4.8 Tranverse rupture strength tests 

Flexural strength tests were done using specimens of the following dimensions in 

a 5 kN Instron tester (model # 3345) with a three point bend setup. Miniature samples of 

the following dimensions were used: 50 mm (length) X 12.7 mm (width) X 2.54 mm 

(thickness).  

The flexural strength (MPa) was calculated using the formula: 
 

Flexural strength = (3*P*L) /(2*t*w2), 

where, P = Peak load (Fracture load), N l= length of the specimen relative to the span, 

mm t= thickness of the specimen, mm w= width of the specimen, mm 
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3.4.9 Fractography 

The fractured tensile specimens were observed using scanning electron 

microscopy. A JEOL JSM 5610 was used to observe the fracture behavior. Secondary 

electron imaging (SEI) mode was used to obtain images of the fractured surface. 
 

3.4.10 Chemical Analysis 

The carbon content in the steel was analyzed using a LECO® Carbon-Sulfur 

analyzer CS344.  
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CHAPTER 4:  RESULTS AND DISCUSSION 

Chapter 4.1:  Sliding Electrical Contacts  

In this section results of the experiments conducted to study the asperity-plough 

model of transition in sliding electrical contacts are given. The model predicts that when 

the flow of current is constricted, intense ohmic heating will result in melting of the 

armature material.  

C-asperity rails, where current constriction occurs, were made by LS followed by 

investment casting. The rail coupons were tested in a sliding electrical contact setup. 

Following information were obtained from the test: surface conditions of the rails and 

armatures, Muzzle voltage, which is the voltage drop across the armature, Breech 

voltage, the voltage drop at the power source end and high speed photographs. A 

discussion of these results is given at the end. Baseline tests with flat LS brass rails and 

flat Cu rails were also tested for comparison. 

 

4.1.1 Baseline tests-flat brass/flat copper sliding tests 

Results of baseline tests for flat copper and flat LS brass rails are given in this 

section. Four armatures were slid against the flat copper and flat LS brass rails in multiple 

shot tests. 

4.1.1.1 Surface features of materials post sliding test 

The post-shot flat copper rails are shown in Figure 4.1, the flat LS brass rails are 

shown in Figure 4.2 and Figure 4.3. 
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Figure 4.1:  Photograph of flat copper rails after firing four shots with aluminum 
armatures. The arrow indicates the direction of armature motion from breech 
to muzzle. 

 

 

 

Figure 4.2: Photograph of the LS silicon brass (C87500 series) rail coupon after firing 4 
shots with aluminum 7075-T6 alloy armatures. The arrow indicates the 
direction of armature motion from breech to muzzle. Notice the 
development of three well developed bands. 
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Figure 4.3: Magnified photograph showing two of the aluminum bands (indicated by red 
oval) seen in the previous figure. Each band has thinner lines that converge 
towards the muzzle end. Armature movement direction from the breech end 
to the muzzle end is given by arrow. 

 

The post shot rails showed distinct features. Figure 4.1 shows the copper rails 

after firing 4 shots with aluminum 7075-T6 alloy armatures. Two dark bands of 

aluminum closer to the edges of the rail were seen. A closer examination of these bands 

revealed the presence of numerous thinner lines. Another band in the middle of the rail is 

also present, though it is not fully developed compared to the edge bands. 
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Figure 4.2 shows the surface of the brass rail coupons after firing 4 shots of 

aluminum 7075-T6 armatures. Three bright well-developed aluminum bands are seen on 

the rail surface, distinctly different from the Cu rails with only two well-developed bands. 

The higher resistivity of the brass (8.4% IACS) compared to Cu (99.9% IACS) is 

believed responsible for the development of the large central band on brass. A close-up of 

the brass rail is shown in Figure 4.3. This is the last part of the rail coupon before the 

armature runs on to the downstream copper rail. 

 

Figure 4.4 shows some of the post shot recovered armatures. The figure shows the 

effect of material properties on the erosion pattern.  For the copper rail, the erosion is 

uniform; for the flat brass rail, the erosion is localized. 
 

 

Figure 4.4: Armatures slid against different materials showing different erosion patterns: 
Cu rail (left), flat LS brass rail (right) 
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4.1.1.2 Electrical characterization 

4.1.1.2.1 Muzzle voltage 

Muzzle voltage is the voltage drop across the armature and is the most common 

and effective diagnostic used to assess the performance of a high current sliding setup. 

Higher voltage drop across the armature reduces the efficiency of the process since it 

reduces the power available to propel the armature forward.  A higher voltage drop is also 

an indication of the transition from solid state contact to arcing contact. 

 

Figure 4.5 shows the muzzle voltage (exit end voltage drop) plot for flat Cu rail 

and Figure 4.6 shows the muzzle voltage plot for flat LS brass rails. It can be seen from 

the figures that the muzzle voltage was ~ 5V for both flat copper and brass rails. After 2 

ms, when the armature exited from parts made by LS, a prominent drop in the voltage 

was observed. Rail material was switched at that point from brass to copper [Figure 4.6]. 

The large increase in muzzle voltage at around 9 ms was when the armature exited the 

sliding setup and can be neglected.  
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Figure 4.5: Muzzle voltage plot for a flat copper rail.  

 

Figure 4.6: Muzzle voltage plot for a flat LS brass sample. A drop in the voltage was 
observed at 2 ms because the rail material changed from brass to copper at 
this point. 
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4.1.1.2.2 Breech voltage 

The energy required to propel the armature is fed at the breech end of the system. 

The voltage at the breech end is given by, 

Vbr = Varm + I R′x + L′x dI/dt + L′ vI 

where,Varm is the armature voltage drop (Muzzle voltage), I is current through the 

armature, R′ is rail resistance gradient, L′ is inductance gradient and x is the distance 

from the breech to the armature. 
 

Figures 4.7 and 4.8 show the breech voltage plots of flat copper and brass rails, 

respectively. Breech voltage for both flat copper and LS brass rails were around 20-25V. 
 

 

Figure 4.7: Typical breech voltage plot for a flat copper sample. The breech voltage 
during the test was ~ 20-25V. 
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Figure 4.8: Typical breech voltage plot for a flat LS brass sample. The breech voltage 
during the test was ~ 20-25V. 

4.1.2 C-asperity LS brass rail sliding test 

An aluminum armature was made to slide over the C-asperity LS brass rail 

coupons inserted into the SCL setup [Figure 3.9] at the breech end by applying 

approximately 140 kA of current.   

4.1.2.1 Surface features of materials post sliding test 

The result of the C-asperity LS brass rails post-sliding experiment is shown in 

Figure 4.9. The C-asperity LS brass rail was extensively covered by soot and some 

colored metallic deposits from the armatures. Golden colored deposits were present and 

were most likely intermetallic compounds such as Cu9Al 4, often found in 

aluminum/copper arcing contacts. 
 



76  

 

Figure 4.9: C-asperity LS brass rails after a single shot firing. The rails were extensively 
covered by soot and some colored metallic deposits from the armature. 

Figure 4.10 shows a post-shot photo of the armature made to slide on the C-

asperity LS brass rail. The armature is eroded heavily. 
 

 

Figure 4.10:  Post shot photo of the armature tested on C-asperity LS brass rail.  
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4.1.2.2 Electrical characterization 

4.1.2.2.1 Muzzle voltage 

Figure 4.11 through 4.13 show the muzzle voltage plots for the C-asperity LS 

brass rail on different time scales.  

 

Muzzle voltage for this experiment was well over 20 V indicating that the contact 

between the rail and the armature had transitioned from a solid state contact to an 

arcing/plasma contact [Figure 4.11]. 
 

 

Figure 4.11:  A muzzle voltage plot for experiment run with C-asperity LS brass rail. The 
C-asperity LS brass rail was present up to 2 ms, beyond which the armature 
moved onto flat copper rails. Voltage values exceeding 20V indicate the 
arcing (plasma) mode of conduction.  
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Figure 4.12 shows the muzzle voltage plot in the time scale (0-2 ms) when the 

armature slid over the C-asperity LS brass rail. Two distinct regions are seen in the plot: 

Regions of linear increase in the muzzle voltage (Region I), followed by regions of very 

high muzzle voltage (Region II).  

 

Figure 4.13 shows the muzzle voltage plot in the first few milliseconds after the 

current was fed to the sliding setup. In the time period between 0 to 0.0001 s, it can be 

seen that the voltage is rising linearly with chatter in the muzzle voltage plot.  
 

 

Figure 4.12: Muzzle voltage plot in the zone where the C-asperity LS brass rails were 
present. The armature slid over the C-asperity LS brass rail during the time 
period of 0-2 ms. Two regions- Region I (linear increase of muzzle voltage) 
and Region II (very high muzzle voltage region) can be seen in the plot. 
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Figure 4.13: Magnified image of the muzzle voltage plot for C-asperity LS brass rail 
showing the start of the experiment where the voltage is increasing linearly. 
Serrations/chatter in the curve (~ 0-.0001s) indicates making and breaking 
of contacts at C-asperities, when the plasma was not formed yet. 

 

4.1.2.2.2 Breech voltage 

Figure 4.14 shows the breech voltage plot for the entire test, and in Figure 4.15 

the range where C-asperity rails were present, respectively. 

 

Breech voltage was increasing continuously to around 150 V. Signatures on both 

the muzzle and breech voltage curves were identical. With other voltage components in 

the breech voltage equation remaining constant, muzzle voltage determines the shape of 

the breech voltage curve. 
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Figure 4.14: Breech voltage plot for the sliding test with C-asperity LS brass rails. C-
asperity LS brass rails were present up to 2 ms, after which the armature 
moved on to flat copper rails. Very high voltage values were reached due to 
the formation of plasma. Plasma is highly resistive compared to a solid state 
contact. 
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Figure 4.15: Breech voltage plot for the sliding test in the region where the armature was 
moving over the C-asperity LS brass rails. 

 

4.1.2.2.3 High speed photography of the sliding experiment 

Figures 4.16 through 4.21 show high speed photographs of the sliding experiment 

as the armature slid over the C-asperity LS brass rails. Red arrow in the figures indicates 

the position of the armature. 

Figure 4.16 shows right at the start of the sliding experiment; a tiny bright spot 

indicated by the white arrow was seen. This was due to melting of the armature and was 

the start of arcing. 
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Figure 4.16: Arc initiation just at the start of the sliding experiment. A tiny white spot at 
the top corner of the armature indicated by the white arrow can be seen. The 
tiny whit spot points to melting of the armature and initiation of 
arcing/transition from a solid state to plasma contact. Red arrow indicates 
the position of the armature. Blue arrow shows the C-asperity LS brass rail. 

 

Figures 4.17 through 4.19 show the successive stages after arc initiation. Figure 

4.17 shows the extension of the arc/plasma backward and Figure 4.18 shows the 

propagation of the plasma in both forward and backward directions; Figure 4.19 shows 

the setup after 0.5 ms, when the plasma has become stronger. Figure 4.20 shows the time 

period when there is no arc behind the armature and Figure 4.21 shows the setup after the 

armature has left the C-asperity rails. 

 

 
 



83  

 

Figure 4.17: Image of the sliding setup 0.077ms after the start:  Arc grew bigger and was 

expelled back. Red arrow indicates the position of the armature. 

 

 

Figure 4.18: Image of the sliding setup 0.15 ms after the start: Plasma extending both 
forward and backward can be seen. Red arrow indicates the position of the 
armature. 

 

 

Figure 4.19: Image of the sliding setup 0.5 ms after the start: Arc/plasma grows bigger 
with time. Red arrow indicates the position of the armature. 
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Figure 4.20: Image of the sliding setup when arc behind the armature is extinguished. 
This corresponds to a drop in muzzle voltage to ~ 5V. Red arrow indicates 
the position of the armature. 

 

 

Figure 4.21: Image of the sliding setup when the armature exits the C-asperity rail. Red 
arrow indicates the position of the armature. 

 

4.1.3 Discussion 

4.1.3.1 Surface features of the materials post sliding tests 

Drobyshevskii et al. [64, 65] attributed the formation and behavior of 

tracks/bands seen on fired flat brass and copper rails to the magnetic pressure resulting in 

a pinch effect on local current filaments. As pressure is relieved on the contact, local 

current-carrying regions are compressed by the local magnetic field which wraps around 

the current filament. This compression reduces the effective contact area on the rail. In 
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this case, as the armature begins to move onto the following rail material, pressure is 

relieved on the brass sample which results in the convergence of the observed tracks. 

 

Uniform erosion in the armatures slid over copper rails and the localized erosion 

seen in the armature slid over LS flat brass rails could be attributed to the difference in 

the electrical properties of the two materials. As copper is highly conductive, the 

probability of formation of localized current carrying regions are less in copper when 

compared to brass. This led to uniform erosion of armature material that slid over copper. 

For armatures that slid over flat brass rails, the local current filaments could have led to 

localized erosion. The erosion patterns of the armature and the track/band formation 

behavior in the rails seem to have a correlation. Both the track formation in the brass rails 

and localized erosion of the armatures can be attributed to the high resistance of brass to 

electrical conduction. For high conducting copper, the absence of developed tracks in the 

rail and uniform erosion in the armatures correlate well. 

 

 Extensive erosion seen in the armature slid over the C-asperity LS brass rail was 

due to the transitioning from solid state contact to plasma. From the high speed 

photograph images, it can be seen that plasma had been the dominant right from the start 

of the test and had continued till the armature exited the setup. Dark colored soot and the 

metallic deposits seen on the C-asperity LS brass rails are residues from the armature. 
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4.1.3.2 Electrical characterization 

Low values of muzzle voltage (~ 5 V) and breech voltage (~20-25 V) for flat 

copper and flat LS brass rails indicate that the electrical contact had been essentially solid 

state. 

For the C-asperity LS brass rail, linear increase (Region I) in the initial part of the 

muzzle voltage plot [Figure 4.12] could be explained based on the observation of melting 

and arcing. The formation of an arc and transition to an arcing/plasma mode of 

conduction led to the linear increase in the muzzle voltage because plasma formed during 

arcing is highly resistive compared to metallic contacts. The chatter in the muzzle voltage 

plot in the initial region could be due to making and breaking of contacts at the C-

asperities, while the larger spikes/triangular peaks (Region II) could be due to the 

commutation process making and breaking of contacts the plasma/arc makes with the 

armature. J.H. Price et al. [66] noticed similar chatter and/ triangular peaks in the muzzle 

voltage plots of their experiment and attributed this to a commutation process in which 

the armature makes and breaks contact with plasma. 

In the following section, an analysis of C-asperity rail experiment based on the 

asperity plough model is presented. 
 

4.1.3.3 Analysis of C-asperity experiments based on the asperity-plough model 
 

(1) Spot density for this experiment is, Ns = Ls
-1/2 and since Ls = 2.54 mm, 

Ns = 1.55 X 105/m2 

This value is ~ 2 orders of magnitude less than the values reported in literature 

[29], which indicates the current constriction is much steeper than that observed in a 
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normal condition, where the spots are much finer in size ( in tens of microns) and closely 

spaced. 
 

(2) Spot resistivity is given by the average of the rail and armature material. 

At the melting point of aluminum alloys (~ 933 K),  

Rail resistivity, ηr = 25.6 X 10-8 Ωm [67] 

 

Armature resistivity, ηa =  10.7 X 10-8 Ωm [68] 
 

Therfore, Spot resisitivity, ηs ~ 18.15 X 10-8 Ωm 

 

This value (ηs) is approximately two times higher than the value for pure copper 

when used as the rail material [29] 
 

(3) Spot magnetic diffusivity, ξS =  ηs/µ0.  

 

ξS = 18.15 X 10-8 Ωm/ (4 π X10-7 Ωs/m) = 0.144 m2/s 
 

(4) Magnetic diffusion time for an individual spot, τs= a2/ ξS 

τs = (2.54 X10-3)2/0.144 

≈ 45µs 
 

(5) Diffusion time for the magnetic field to diffuse half way along the armature of length 

25 mm is given by, 

τx= (2aXNS
1/2)2 / ξS = ε *(4X2/(π ξS)) 

Substituting, we obtain τx ≈ 430 µs 
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Immediately after the discharge of current into the sliding setup, the velocity was 

almost negligible (~5-10 m/s). 

In the time (430 µs) required for magnetic diffusion, the armature would have 

moved a distance of ~ 4.3 mm for a velocity of 10 m/s.  This meant that sufficient time 

was available for pinching to develop. From the high speed video image [Figures 4.17 

and 4.18], it can be seen that first signs of armature melting appeared right after the 

discharge of current.  Current constriction at the C-asperities were sufficient to create a 

higher ohmic heating rate and pinching which led to melting of the armature and 

transition to arcing/plasma mode of contact. 
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Chapter 4.2:  Corrugated Flow Field Plates 

 The performance of corrugated flow field plates with 10% more surface area than 

a planar flow field plate was assessed in a single cell direct methanol fuel cell. The results 

of these experiments are presented and discussed in this section.  

4.2.1 Effect of clamping torque 

The polarization curve and the power density curve for a direct methanol fuel cell 

with the LS corrugated plates  tested under different clamping torques are given in the 

Figures 4.22 and 4.23,  respectively.  

The results show that 65 lb-in torque gave slightly better performance than 70 and 

78 lb-in torque at lower current densities (up to ~50 mA/cm2). At current densities 

beyond 50 mA/cm2, the performance was comparable for all the torque levels. 
 

 

Figure 4.22: Effect of clamping torque on performance of DMFC with LS corrugated 
flow field plate with 7 pass, 2 mm wide channels. 
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Figure 4.23: Effect of clamping torque on power density of DMFC with LS corrugated 
flow field plates with 7 pass, 2 mm wide channels. 

Peak power density available was identical at all clamping torques, indicating that 

the mechanism that limits the performance at high current density values was the same, 

while at low current densities, a different mechanism might be limiting the performance. 

 

4.2.2 Effect of reactant flow direction 

Figures 4.24 and 4.25 give the polarization curve and power density curve, 

respectively, for the experiment in which methanol (1M solution) and oxygen were made 

to flow in counter current and parallel direction. Parallel flow tends to show better 

performance in the high current region. This is contrary to the normal fuel cell 

performance where counter flow gives better performance.  
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Figure 4.24: Polarization curve for DMFC with LS corrugated flow field plates as a function of reactant 
flow direction.  

 

Figure 4.25: Effect of reactant flow direction: Parallel flow offers better performance than counter current 
flow for a DMFC with LS corrugated bipolar plates in the high current region. 
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4.2.3 Effect of Methanol flow rate 

The effect of methanol flow rate on the polarization and power density curve of a 

fuel cell with corrugated flow field plates is shown in Figures 4.26 and 4.27.  
 

 

Figure 4.26: Effect of methanol flow rate on performance of DMFC with LS corrugated 
flow field plates. Performance decreases with higher methanol flow rate. 

 

Methanol flow rate had a significant influence on the performance of the fuel cell. 

Increasing the methanol flow rate from 9 mL/min to 13 mL/min degraded the 

performance in the high current region.  
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Figure 4.27: Effect of methanol flow rate on power density of DMFC with LS corrugated 
flow field plates. Peak power density decreases with increasing methanol 
flow rates.  

 

Figure 4.27 shows the power density curve for varying methanol flow rate.  

Oscillations are seen in the curves which could be caused by the corrugated channels in 

the flow field plates. The peak power also shifted to lower current density with increasing 

flow rate. 
 

4.2.4 Effect of Oxygen flow rate 

Figures 4.28 and 4.29 show the effect of increasing the oxygen flow rate from 0.2 

L/min to 0.3 L/min. A higher flow rate degraded the performance of the fuel cell in high 

current region.  
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Figure 4.28: Effect of oxygen flow rate on performance of DMFC with LS corrugated flow field plates.  
Increasing the flow rate deteriorated slightly the performance in the high current region. 

 

Figure 4.29: Effect of oxygen flow rate on the power density of DMFC with LS corrugated flow field 
plates. With higher oxygen flow rate, peak power decreased and shifted to the left. 
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Oscillations seen in both the polarization curve and power density curve at higher 

flow rate are more prominent than in the case of methanol flow rate experiments. Peak 

power decreased and shifted to lower current density with increase in oxygen flow rate. 
 

4.2.5 Effect of flow channel dimension 

Two types of flow field plates were tested for performance in a fuel cell: one with 

1.5 mm channel width (9 passes/switchbacks) and the other with 2 mm wide channels (7 

passes/switchbacks). Excessive clamping torque was used to obtain a leak- proof seal as 

it was difficult to mesh the bipolar plates and MEA without gap. 

The polarization curve and power density curve as a function of current density 

are given in Figures 4.30 and 4.31, respectively. 

 

Figure 4.30: Effect of channel width (and number of passes) on polarization curve for a DMFC with LS 
corrugated flow field plates.  Two different channel dimensions were used on the cathode 
and anode side. Plates with 2 mm wide channels and 1.5 mm wide channels were used. 
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Figure 4.31: Effect of channel width (and number of passes) on power density curve for a 
DMFC with LS corrugated flow field plates.  Two different channel 
dimensions were used on the cathode and anode side. Plates with 2 mm 
wide channels and 1.5 mm wide channels were used. 

 

For both conditions, the fuel cell performance was significantly less (1.2 mW/cm2 

peak power density) than that obtained before (Figures 4.22 and 4.23) with a 7 pass 

(switchback) plates (25 mW/cm2 peak power density) on both sides. This was because of 

the excessive clamping torque needed to prevent reactant leakage.  

 

Flow field plates made with higher corrugation could not be tested due to the 

inability to ensure a leak-proof seal.  
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4.2.6 Discussion 

Overall performance of the corrugated plates was inferior compared to a fuel cell 

with planar bipolar plates. The limiting current density for a corrugated plate fuel cell 

was ~150 mA/cm2 whereas the limiting current density of a fuel cell with commercial 

plate with 1 mm channel dimensions was >300 mA/cm2.  One of the reasons for this 

behavior could be from the channel dimension effects. LS planar bipolar plates with 10 

passes (1.5 mm channel dimensions) had a limiting current ~ 250 mA/cm2 [Figure 4.32] 

[69].  
 

 

Figure 4.32: Polarization and power density curves for commercial plate with 15 passes 
(1 mm channel dimensions) and LS plates with 10 passes (1.5 mm channel 
dimensions). LS plates with 10 passes had a limiting current density of ~250 
mA/cm2, while the commercial plates with 15 passes (1 mm channel 
dimensions) had a limiting current density of ~ 350 mA/cm2 [69] 
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Corrugated plates made with comparable channel dimensions (1.5 mm) and 9 

passes had much lower performance than the plates with 2 mm channel width because of 

issues associated with achieving a leak proof sealing.  

Oscillations in the power density curves [Figures 4.27 and 4.29] show that other 

phenomena in addition to the channel dimension effect could be taking place with the 

corrugated plates. The following section explores these aspects in detail. 

 

4.2.6.1 Effect of clamping torque 

The relatively improved performance for low clamping torque in the low current 

density region [Figure 4.22] points to the possibility of deformation and/or intrusion of 

the gas diffusion layer (GDL) into the flow field channels.  

 

Xing et al [70] compared deformation, permeability and polarization curves as a 

function of different clamping pressure as shown in Figure 4.33 through 4.35: 
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Figure 4.33 Effect of clamping pressure on deformation of two different GDL materials 
(© Elsevier 2010, reprinted with permission) [70] 

 

Figure 4.34 Effect of clamping pressure on permeability of two different GDL materials 
(© Elsevier 2010, reprinted with permission) [70] 
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Figure 4.35: Effect of GDL deformation (clamping pressure) on polarization curves (© 
Elsevier 2010, reprinted with permission) [70] 

 

At higher clamping pressure, deformation up to 30-40% of initial thickness was 

reported.  This deformation was responsible for the decrease in the permeability which 

led to lowered performance [70]. 

 

Radhakrishnan and Haridoss [71] studied the difference in structure and 

properties of different diffusion media and their effect on performance of PEMFC flow 

field design. They found carbon fiber cloth as a diffusion layer lacked rigidity compared 

to a carbon paper [Figure 4.36] and the intrusion was higher for wider channels [Figure 

4.37].  
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Figure 4.36: GDL intrusion behavior into a current collector flow field channel for (a) 
carbon paper and (b) carbon cloth (© Elsevier 2011, reprinted with 
permission) [71] 

 

Figure 4.37:  GDL intrusion into current collector flow channel as a function of channel 
width (© Elsevier 2011, reprinted with permission) [71] 
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4.2.6.2 Effect of methanol and oxygen flow rate on power density/polarization curve 

The behavior of the polymer electrolyte membrane fuel cells can be described by 

the following analytical expression [72]: 

 

Cell potential, E= E0- b log(i)-Ri-mexp(ni)  
where 

E0 = Er + blogi0 

 

Er is the reversible potential, b is the tafel slope, i is current density and i0 is the 

exchange current density. 

R is ohmic resistance of the cell together with some charge transfer resistance of 

anodic reaction, and electronic resistance in the electrodes, cell fixtures. 

m and n are mass transport overpotential parameters that govern the semi-

exponential decrease of cell potential with high current density. 

 Since power density, 

P= Ei 

P= {E0- b log(i)-Ri-mexp(ni)} i 

 

It follows from this equation that the power density curve is a function of the 

following electrode kinetics parameters: 

 
(1) Exchange current densities, i0 (anodic and cathodic) 

(2) Tafel slopes, b (anodic and cathodic) 

(3) Resistance, R 

(4) Mass transport overpotential parameters, m and n. 
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Srinivasan [72] studied the individual effects of each of these kinetic parameters 

on the fuel cell power density curves and polarization curves. Figures 4.38 through 4.41 

show the effect of the mass transport parameters (m and n). 

 

Figure 4.38: Effect of mass transport parameter m on the cell potential as a function of 
current density at a constant n value of 3 cm2/A (© Springer 2006) [72].  

 

Figure 4.39: Effect of mass transport parameter n on the cell potential as a function of 
current density at a constant m value of 3 x 10-4 V (© Springer 2006) [72]. 
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Figure 4.40: Effect of mass transport parameter m on the power density as a function of 
current density at a constant n value of 3 cm2/A (© Springer 2006) [72]. 

 

 

Figure 4.41: Effect of mass transport parameter n on the power density as a function of 
current density at a constant m value of 3 x 10-4 V (© Springer 2006) [72]. 
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Figures 4.38 and 4.39 show that the dependence of cell potential on m is linear, 

while dependence on n is exponential. As both m and n increase, peak power shifts to 

lower values. The influence of n is stronger, because of its stronger effect on diffusion 

phenomena.  

A comparison of current results [Figures 4.26 through 4.29] with theoretical data 

[Figures 4.38 through 4.41] show similar performance in the low current density regions. 

In the high current density regions, the peak power decreases and shifts to low current 

density values.  It can also be inferred that the electrode kinetics parameter playing a 

dominant role in the current work is mass transport overpotential parameter m. m 

signifies the mass transport limitation, while n is an indication of high mass transport 

overpotential. Mass transport limitation could arise from the intrusion of GDL into the 

flow channels. 

 

4.2.6.3 Oscillations in the power density curves 

Oscillations in the power density curves for methanol flow rate experiment as 

well as oxygen flow rate experiment can be explained using an analogy similar to the 

yield point phenomena [73] found in low carbon steels.  In case of corrugated bipolar 

plates, carbon dioxide bubbles are similar to dislocations and peaks of corrugations in the 

channels act as obstacles (similar to the interstitials in the yield point phenomenon) to the 

flow of reactant as well as products. At low to moderate current densities (until the peak 

power), the valley in the oscillations arises due to pinning of CO2 bubble and once 

sufficient pressure is built, the bubble is released, leading to further reaction and a peak in 

the oscillations. This process proceeds further until the current density exceeds a value 
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when the bubble formation rate far exceeds the bubble removal rate in the corrugated 

channels. 

 

One prediction of corrugated channels was that they would improve reactant flow 

delivery to the GDL.  Kuo et al. [74] performed numerical simulations to evaluate 

velocity flow characteristics and convective heat transfer performance of the flow 

channel designs and identified that channel designs such as wavy, trapezoid-like and 

ladder-like would improve reactant flow velocity in the channel, thereby improving the 

reaction performance of catalysts in the catalyst layer. Figure 4.42 shows a wavy channel. 
 

 

 

Figure 4.42: A schematic of wave-like channels used to analyze the velocity flow 
characteristics and convective heat transfer performance (© Elsevier 2008, 
reprinted with permission) [74] 

 

Figure 4.43 shows the velocity performance of these novel channels versus a 

straight rectangular channel [74].  
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   (a)       (b)  

Figure 4.43: Comparison of reactant velocity flow characteristics: (a) straight channels 
and (b) wavy channels. Maximum velocity flow in the y-direction 
(perpendicular to the channel  was ~ 0.02 m/s for straight channels and ~ 
0.6741 m/s for wavy channels (© Elsevier 2008, reprinted with permission) 
[74].  

The velocity of the flow in the x-direction (along the channels) and in the y-

direction (perpendicular to the channels) were plotted. For the straight channels, a 

maximum velocity of 0.02015 m/s in the y-direction was obtained. For the wavy 

channels, a significantly higher value of 0.68 m/s was obtained in the y-direction.  

 

However, the current work shows that such benefits in flow velocity improvement 

have been dwarfed by issues associated with product removal, especially CO2 bubbles 

and the ability to obtain a leak proof seal when the whole plate is corrugated instead of 

just the channels. 
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The rate at which carbon dioxide evolves during the oxidation of methanol is 

given by [75], 
 

ΦCO2 =   I A Vm, CO2 

 

e NA nel 
 

where I is the current density in mA/cm2, A is the active cell area, Vm, CO2 

is the molar volume of carbon dioxide, e is the electronic charge, NA is the 

avagadro number and nel is the number of electrons involved in the reaction. 
 

The above equation shows that carbon dioxide evolution rate is directly 

proportional to the cross sectional area and the current density. Corrugation increases the 

cross sectional area and thereby increases the carbon dioxide evolution rate.  Efficient 

removal of carbon dioxide is the key parameter that determines the performance at high 

current densities. 

 

Multiphase mixtures seen in direct methanol fuel cells can be characterized by 

different flow regimes such as [39, 76]: 

(1) Dispersed bubbles 

(2) Slug of gas 

(3) Froth 

(4) Annular mist 
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The bubbly flow regime is characterized by discrete gas bubbles dispersed in 

liquid phase and the size of the bubble is generally smaller than the cross section of the 

channel. Slug regime occurs at higher gas fractions where small bubbles coalesce to form 

large slugs that span across the cross section of the channels. The froth regime happens 

when the liquid droplets become sparser and gas velocity increases. At still higher gas 

fractions, gas flows at the core with the liquid flow along the wall of the channels leading 

a flow condition known as annular flow. 

 

The flow regime most characteristic of polymer electrolyte membrane fuel cells 

(PEMFC) is annular mist regime [39] because of low superficial liquid velocity. 

 

Channel blocking happens when large gas slugs fill the channels and restrict the 

supply of reactant through the diffusion layer to the electrodes. 

 
 

 

Figure 4.44: Channel blockage at low flow rates and high gas content (high current 
density) [76] (© Pergamon, reprinted with permission) 
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Presence of CO2 bubbles under the ribs was also identified and found to be the 

source of bubble accumulation along the side-walls of the channels as shown in the 

Figure below: 
 

 

Figure 4.45: Bubble formation under the ribs [76] (© Pergamon, reprinted with 
permission) 

 

Any mechanism that provides additional support for bubble accumulation and 

prevents the efficient removal of carbon dioxide will impair the fuel cell performance. 

 

(1) Effect of corrugation on the bubble residence time:  

The length of the channel is increased by 1.1 times because of corrugation and for 

the bubbles to travel this extra length, assuming that the velocity is same, this means, 

bubble remains approximately 1.1 times longer in the active area. This could also mean 

that the fuel cell is not operating efficiently during this time. Also, higher residence times 
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lead to the formation of larger slugs, the removal of which might be more difficult than 

removing fine dispersed bubbles. 

 

(2) In addition, for the corrugated plates used in this study, approximately at 4 

places along the length of each channel, the bubbles have to overcome slopes and sharp 

corners, both of which hinder movement of bubbles and are conducive for bubble growth. 

For a 7 pass channel, this means approximately 28 points at which the bubbles can be 

locked.  Even though the surface area of a fuel cell is increased by corrugation, removal 

of carbon dioxide is made difficult because of the introduction of large number of 

obstructions to carbon dioxide flow in the channels. 
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Chapter 4.3:  LS Green Strength Optimization for Graphite/Phenolic 
Parts 

In this section the results of experiments conducted to optimize the laser sintering 

process for increasing the green strength of graphite/phenolic composites are given. The 

effect of the following factors upon green strength was analyzed:  
 

• Particle size (graphite and phenolic resin) 

• Addition of nylon /11 and Wax 

• Plenco fast cure phenolic resin – individually and in comparison to Yellow Durite 

• A comparison between Yellow and White Durite  

• Addition of carbon fiber 

 

In each case, the green strength of graphite/phenolic composites was measured in 

terms of flexural strength, microstructure and pycnometer density/specific volume. A 

brief discussion of the results is given in each sub-section. 

 

A pycnometer measures the closed porosity and ignores the open porosity. For LS 

green parts, the relative density is ~ 50% and the pores are mostly open. Closed porosity 

in a green LS part provides a measure of the ability of the polymeric binder to flow and 

wet the graphite. Closed porosity is represented by specific volume (inverse of 

pycnometer density) in this work. A decrease in the pycnometer density (or an increase in 

specific volume) of a green LS part indicates an increase in closed porosity.   
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4.3.1 Effect of graphite particle size 

4.3.1.1 Flexural strength  

A typical stress-strain curve obtained from a three-point bend test is given in 

Figure 4.46 and the effect of graphite particle size on green strength is shown in Figure 

4.47. 

 

Figure 4.46: Typical flexural stress-strain curve obtained from a three point bend test for 
a graphite/phenolic green LS part. Peak stress in the curve is reported as the 
flexural strength. 
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Figure 4.47: Effect of graphite particle size on flexural strength of green LS specimens. 
The graphite particle size significantly influenced the green flexural 
strength. 

The green flexural strength was strongly influenced by the graphite particle size 

[Figure 4.47]. With a higher graphite particle size, the flexural strength was higher. A 

reduction in the average particle size by a factor of three reduced the green strength by 

about 4-5 times. 

4.3.1.2 Microstructure 

SEM micrographs of small graphite particle LS specimens [Figure 4.48 a] show 

that the molten phenolic did not wet the graphite. Instead it re-solidified into fine 

globules. SEM micrographs of larger graphite specimens [Figure 4.48 b] show that the 

phenolic resin was able to flow and wet the graphite particles. Cross sectional SEM 

micrographs [Figure 4.49] show that interlayer bonding is better for samples with large 

graphite particle size than samples with small graphite particles.  
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(a)      (b) 

Figure 4.48: SEM micrographs (planar view) of a green LS graphite/phenolic part with 
27 µm graphite (a) and sample with 75 µm (b) graphite. Note the phenolic is 
seen (marked in red) as small molten globules in (a) and is completely 
wetting graphite in (b). 

  

(a)               (b) 

Figure 4.49: SEM micrographs (cross sectional view) of a sample with 27 µm graphite 
(a) and sample with 75 µm (b) graphite. Note the presence of large voids in 
(a) whereas good interlayer bonding is seen in (b). 
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4.3.1.3 Density/specific volume 

Density of the LS green samples measured using a pycnometer (Ultrapycnometer 

1200e) was plotted as its inverse (specific volume) vs. fill laser power for both 27 µm and 

75 µm graphite in Figure 4.50 below: 

 

Figure 4.50: Effect of graphite particle size on specific volume (inverse of pycnometer 
density) of LS green parts. 

Specific volume, which is a measure of closed porosity, gives an indication of the 

bonding achieved. 75 µm graphite LS parts have specific volume in the range of 0.5-0.54 

cc/g, while 27 µm graphite LS parts have specific volume in the range of 0.46-0.49 cc/g. 

75 µm based parts have higher specific volume (~12%) than the 27 µm based parts. 
 

4.3.1.4 Discussion on effect of graphite particle size 

The graphite particle size influences the green strength of the LS parts in a 

significant way. By decreasing the average graphite particle size from 75 µm to 27 µm, 
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the green strength decreased from about 2-2.5 MPa to ~ 0.4 MPa, a 5 fold decrease in the 

green strength. 

 

Surface area of particulate materials is inversely proportional to the square of the 

particle diameter. For a decrease in the particle size from 75 µm to 27 µm, the surface 

area increases by ~ 7.7 times. Since the volume of the phenolic resin is kept constant in 

both cases (~ 30 vol. %), there is not enough phenolic resin to wet and link fine graphite 

particles to form a strong part. This will lead to a more porous structure with less 

strength. Scanning electron micrographs of parts made with finer graphite are more 

porous than the coarser graphite parts [Figures 4.48 and 4.49].  

 

The relatively higher specific volume (0.54 cc/g) of GS150E mix achieved 

compared to 0.48 cc/g achieved with GS75E shows [Figure 4.50] an increase of ~ 12%. 

This higher specific volume implies an increase in closed porosity by ~ 12%. An increase 

in closed porosity implies more wetting and bonding, which will lead to higher strength. 

 

P Maheshwari et al. [75] reported the behavior of particle size for compression 

molding of graphite/phenolic/carbon fiber composites. Density and porosity were 

measured as a function of graphite particle size.  Porosity increased with decreasing 

particle size [Figure 4.51], and density decreased with decreasing the graphite particle 

[Figure 4.52].  This was attributed to the fact that with decreasing the graphite particle 

size, the surface area increases thereby necessitating a higher volume fraction of the resin 

to wet the available surfaces completely. 
 



118  

 

Figure 4.51: Effect of graphite particle size on porosity of compression molded 
graphite/phenolic bipolar plates (© Elsevier 2007, reprinted with 
permission) [77]. 

 

 

Figure 4.52: Effect of graphite particle size on density of compression molded 
graphite/phenolic bipolar plates (© Elsevier 2007, reprinted with 
permission) [77]. 
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4.3. 2 Effect of phenolic particle size 

4.3.2.1 Flexural strength  

Phenolic particle size has a smaller effect on the flexural strength than the 

graphite particle size. When a milled phenolic resin (11 µm) is used instead of an 

unmilled resin (31 µm), the flexural strength increased from ~0.25 MPa to ~0.43 MPa 

[Figure 4.53].   
 

 

Figure 4.53: Effect of phenolic particle size on green flexural strength of LS specimens. 
The phenolic particle size does not influence the green flexural strength as 
strongly as graphite particle size. 
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4.3.2.2 Microstructure 

Microstructures of the LS parts made with unmilled phenolic resin and 27 µm 

graphite are shown in Figure 4.54. A comparison of Figure 4.54 with Figure 4.48 (a) and 

4.49 (a) shows that both microstructures look similar. 

 

 

(a)                                                                      (b) 

Figure 4.54: SEM micrographs of LS 27 µm graphite-phenolic parts with unmilled 
phenolic resin (a) planar view (b) cross sectional view. A comparison of 
these figures with Figure 4.46 (a) and 4.47 (a) show that both the samples 
look similar in their microstructures. 

4.3.2.3 Density/ Specific volume 

Specific volume was plotted as a function of fill laser power for mixes with milled 

and unmilled resins, respectively in the Figure 4.55. LS green parts with unmilled resin 

had higher specific volume as compared to the LS samples with milled resin at all the 

laser powers. 
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Figure 4.55: Effect of phenolic particle size on specific volume of LS green parts. 

 

4.3.2.4 Discussion on effect of phenolic particle size 

Reducing the phenolic particle size from ~ 31 µm to ~ 11-15 µm, increases the 

surface area by around 4-8 times.  This increase in surface area correlates with the 

increase in green strength from 0.25 MPa to 0.43 MPa. Increased phenolic surface area 

would lead to more wetting of the graphite. But the overall strength was significantly 

lower than LS parts made with larger graphite particle size. This suggests that the particle 

size of graphite is more influential than the phenolic particle size on the green LS part 

strength.  

The mechanism proposed by Chen and Bourell [59] represents this phenomenon 

in terms of number of bridges (contacts) achieved between graphite and phenolic resin as 

shown in the Figure [4.56] below: 
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   (a)      (b) 

Figure 4.56: Mechanism of bonding between graphite and phenolic resin based on 
difference in phenolic particle size: (a) 27 µm graphite particles with 11 µm 
phenolic resin and (b) 27µm graphite particles with 31 µm phenolic resin 
particles [59].  

 

Chen and Bourell [59] proposed that a mix with finer phenolic particles will have 

a higher number of bridges (contacts) than a mix with coarser phenolic, leading to 

increased strength.  

 

Specific volume measurements [Figure 4.55] show a trend that was contrary to 

what was expected. Because a finer phenolic resin would be able to wet more than a 

larger phenolic resin, the specific volume of a mix with finer resin would be expected to 

be higher. However, this could be an anomaly as graphite particle size was more 

dominant than the phenolic particle size, as pointed out before. 
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4.3.3 Effect of nylon/11 

4.3.3.1 Flexural strength 

Flexural strength values for LS graphite/phenolic green parts with 5 wt% 

nylon/11 addition remained around 1.75 MPa for fill laser powers in the range of 18-26 

W.  By increasing the nylon/11 concentration to 10 wt%, the flexural strength degraded 

by about 50% to ~ 1 MPa [Figure 4.57].  
 

 

Figure 4.57: Effect of nylon/11 addition on flexural strength of green LS graphite 
(75µm)/phenolic (11µm) parts. 70G-30P  refers to a composition of 70 wt% 
graphite- 30 wt% phenolic; 70G-25P-5N refers to a composition of 70 wt% 
graphite- 25 wt% phenolic-5 wt% nylon and 70G-20P-10N refers to a 
composition of 70 wt% graphite- 20 wt% phenolic-10 wt% nylon 

 

4.3.3.2 Microstructure 

SEM micrographs of 5 and 10 wt% nylon/11 added samples are shown in Figures 

4.56 and 4.57, respectively. Figures 4.58 (a) and 4.59 (a) show that in the planar views 
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the densification is comparable to LS samples without nylon/11 addition. Cross sectional 

views in Figures 4.58 (b) and 4.59 (b) show large globules of nylon/11 that did not wet 

adjacent layers leading to a more porous structure. 

 

(a)      (b) 

Figure 4.58: SEM micrographs of graphite (75 µm)-phenolic (11µm) parts with 5 wt% 
nylon/11 addition (a) planar view (b) cross sectional view. Red circles 
indicate molten nylon/11 globules. 

 

 

   (a)      (b) 

Figure 4.59: SEM micrographs of graphite (75 µm)-phenolic (11 µm) parts with 10 wt% 
nylon/11 addition (a) planar view (b) cross sectional view. Red circle 
indicates a molten nylon globule. 
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4.3.3.3 Density/specific volume 

Specific volume was plotted as a function of fill laser power for samples made 

with 5 wt%, 10 wt% nylon/11, and samples made without nylon/11 addition as shown in 

the following Figure 4.60: 

 

Figure 4.60: Effect of nylon/11 addition on specific volume of LS green parts. (75 µm 
graphite, 11 µm phenolic were used). 0Nylon refers to a composition of 70 
wt% graphite- 30 wt% phenolic- 0 wt% nylon; 5Nylon refers to a 
composition of 70 wt% graphite- 25 wt% phenolic-5 wt% nylon and 
10Nylon refers to a composition of 70 wt% graphite- 20 wt% phenolic-10 
wt% nylon 

 

 Figure 4.60 above shows that addition of higher amount nylon/11 (10 wt %) 

reduces the specific volume of the LS green parts, while 5 wt % addition tends to 

increase the specific volume. 
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4.3.3.4 Discussion on effect of nylon/11 addition 

Figures 4.58 (b) and 4.59 (b) show molten globules present in the cross section. 

During LS, remelting of the nylon/ 11 occurs in the layer below the current scan layer. 

This molten nylon/11 in the layer below rapidly solidifies into globules instead of 

flowing and wetting, thereby reducing the interlayer bonding.  This could be reason for 

reduced strength.  

 

A plot of specific volume vs. fill laser power for nylon/11 added and nylon/11-

less samples support this behavior [Figure 4.60]. Re-solidified nylon/11 could not wet the 

graphite well, which would lead to lowered specific volume. A lesser specific volume 

would result in lowered green strength.  

 

Figure 4.61 below compares qualitative temperature-viscosity performance of an 

amorphous material against a semi-crystalline material such as nylon/11 [78]. 
 

 

Figure 4.61: A qualitative temperature-viscosity curve for amorphous material (A) and a 
semi-crystalline material like nylon (B) [78]. 



127  

 

Amorphous materials exhibit a glass transition temperature and a gradual decrease 

in viscosity as a function of temperature. Semi-crystalline materials such as nylon/11 

exhibit a melt point transition temperature as well.  Usually these materials are processed 

at a temperature just below the melt transition temperature in the LS process, requiring 

only a small quantity of energy to achieve densification. This will avoid issues such as 

material degradation and part growth associated with higher energy to achieve 

densification for amorphous materials. 

 

Part bed temperature used in the current research was around 85°C, much lower 

than the glass transition/melt temperature of nylon/11 (~190°C). Cooling rate is identified 

as an important parameter in LS processing of nylon/11 to prevent warping and 

unbalanced stresses [78]. This explains warpage seen in the first build with 10% nylon/11 

shown in Figure 4.62. Three-point bend specimens made with a partbed temperature of 

85°C showed warping that arose due to stress associated with faster cooling of layers. A 

temperature of 85°C was not sufficient to prevent warping and any temperature higher 

than that would initiate cross linking of phenolic resin leading to caking at the partbed.  
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Figure 4.62: As completed build of three-point bend specimens made with a mix of 
composition: 10 wt% nylon/11-70 wt% graphite (75 µm)-20 wt% phenolic 
(11 µm) inside a LS machine. The three-point bend specimens (127 mm X 
12.7 mm X 3.175 mm) were warped. This warpage is due to the faster 
cooling. Partbed temperature was maintained at ~ 85°C which is much 
lower than 195°C, the recommended temperature for processing nylon in a 
LS machine. 

 

This issue with nylon/11 partbed temperature indicates that it is not an ideal 

addition for improving green strength of graphite/phenolic parts. This is due to the fact 

that at the temperature required for good LS of nylon/11 (~185-190°C), phenolic will 

cure/cross link completely, leaving the entire partbed as a hard mass making it difficult to 

excavate the parts. 
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4.3.4 Effect of wax addition 

4.3.4.1 Flexural strength 

A comparison of the plots of flexural strength as a function of laser power for the 

mixes with and without Acrawax addition shows that the flexural strength was not 

influenced by the addition of wax [Figure 4.63]. 

 

Figure 4.63: Effect of wax addition on flexural strength of LS green parts made with 75 
µm graphite and 11 µm phenolic.  0% Wax- 5% Nylon refers to the 
composition 70 wt% graphite- 25 wt% phenolic- 5 wt% nylon/11 and 5% 
Wax- 5% Nylon refers to a composition of 70 wt% graphite- 20 wt% 
phenolic- 5 wt% nylon/11- 5 wt% Wax. 

4.3.4.2 Microstructure 

Microstructures of the wax-added samples shown in Figure 4.64 shows better 

densification than LS parts without  wax addition [Figure 4.58 b] in the cross sectional 

view. 
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Figure 4.64: SEM micrographs of wax added parts (a) planar view (b) cross sectional 
view. Composition used: 70 wt% graphite-20 wt% phenolic-5 wt% 
nylon/11- 5 wt% wax. 

4.3.4.3 Specific volume/density 

Specific volume of wax-added specimens shows a higher value than the 

specimens without wax addition [Figure 4.65]. This is expected as wax is a low melting 

component, which would melt and flow easily under the influence of laser power. 

 

Figure 4.65: Effect of wax addition on specific volume of LS green parts. 
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4.3.4.4 Discussion on effect of wax addition 

Flexural strength plot for samples with and without wax addition are similar. Wax 

is a low molecular weight material and would not contribute significantly to the flexural 

strength of the sample. However, the addition of wax was aimed at improving the 

wettability of nylon. Wax has been reported as a lubricant/ processing aid for most 

polymers including nylon [79]. A better dispersed nylon was expected to yield higher 

flexural strength. Density measurements (specific volume) show that addition of wax has 

increased the specific volume. However, the flexural strength has not increased with the 

specific volume.  

4.3.5 Effect of fast cure phenolic resin 

4.3.5.1 Thermal analysis (TGA/DSC) of the phenolic resins 

Heat flow curves for the three types of phenolic resins used are given in Figure 

4.66: 

 

Figure 4.66: Heat flow curves of phenolic resins showing their cross linking temperature. 
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The plot shows that both yellow Durite and white Durite have cross linking 

temperature ~ 150°C, while the cross linking temperature of Plenco fast cure resin is ~ 

125°C.  

The yellow and white Durite resins had same components, and only their relative 

amount was different. Their peaks, therefore, should be in the same positions 

(temperature), and the heat flow should be different. Since the machine used for analysis 

was not a dedicated DSC machine, quantitative information was not obtained from the 

experiment.  

Thermogravimetric analysis (TGA) curves for the resins are plotted as differential 

thermal weight loss (DTGA) against temperature as shown in the Figures 4.67 and 4.68: 

 

Figure 4.67: DTGA curves for Yellow Durite and Plenco resins. 

 



133  

DTGA curve for yellow Durite resin shows peaks around 65°C, 100°C and 150°C 

which indicate novalac melting, hexamine melting and cross-linking temperature, 

respectively. The Plenco fast cure resin curve shows cross-linking temperature at 125°C 

and a peak at around 175°C that corresponds to secondary cross linking. 

 

Figure 4.68: DTGA curves for yellow Durite and white Durite resins. 

 

4.3.5.2 Effect of resins with different cross linking temperature 

4.3.5.2.1 Flexural Strength 

Plenco fast cure resin mix, when fed inside the laser sintering machine, caked in 

the feed bins that were at a temperature of 40°C. To prevent caking, temperature of the 

bins and partbed were lowered to less than 30°C and 75°C, respectively. Parts made with 

those parameters yielded a flexural strength of ~ 0.45 MPa, which was same as that of 

regular resin [Figure 4.69].  
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Figure 4.69: Effect of fast cure resin on green flexural strength of LS specimens. Graphite 
particle size was ~27 µm.  Plenco resin had a cross linking temperature of 
~125°C, while for the yellow Durite resin, it was ~150°C. 

 

4.3.5.2.2 Microstructure 

SEM micrographs of green LS parts made with yellow Durite and samples made 

with Plenco fast cure resin [Figures 4.70 and 4.71] show similar microstructure.  

In both samples, planar views show non-wetting molten phenolic globules; while 

cross sectional views show a porous structure. 
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(a)               (b) 

Figure 4.70: SEM micrographs (planar view) of a LS green part with yellow Durite (a) 
and with Plenco fast cure resin (b). The graphite particle size was 27 µm 
graphite. Both the micrographs look similar with non-wetting fine phenolic 
molten globules. The strength values were also similar (~0.45 MPa). 

 

 

(a)       (b) 

Figure 4.71: Cross sectional SEM micrographs of a LS green part with yellow Durite (a) 
and sample with Plenco fast cure resin (b). The graphite particle size was 27 
µm graphite. Both the micrographs look similar with large porosity. The 
strength values were also similar (~0.45 MPa). 
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4.3.5.2.3 Density/specific volume 

Figure 4.72 shows the specific volume plot for both the resin mix. It can be seen 

that the specific volume of the fast cure resin is higher than the yellow Durite resin, 

which implies more densification achieved with the fast cure resin. The flexural strength 

values were same for both resins. 
 

 

Figure 4.72: Effect of resin with different cross linking temperatures on specific volume 
of LS green parts. Plenco fast cure resin had a cross linking temperature of 
~125°C, while for the yellow Durite resin, it was ~150°C. Specific volume 
of Plenco resin was higher than yellow Durite resin. However, there was no 
improvement in flexural strength. 

 

4.3.5.2.4 Discussion 

Caking of the mix in feed bins at a temperature of ~ 40°C was attributed to 

melting of free phenol and initiation of cross linking even without laser power. 

Temperature response of these resins was faster than regular resins. Heat flow curves in 
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Figure 4.66 show that these resins cure at 125°C compared to 150°C for the yellow 

Durite specimens. But the flexural strength obtained (~ 0.45 MPa) was around the same 

value as that of regular resin.   This low value could be because of the following two 

reasons: (1) Reduced temperature of the LS operation necessitated due to caking and (2) 

graphite particle size effect. SEM micrographs [Figures 4.70 and 4.72] of samples made 

with both resin mixes showed similar features.  

Specific volume measurement [Figure 4.72] shows a noticeable influence of the 

fast cure resin over the yellow Durite resin. The specific volume was higher for the fast 

cure resin over the yellow Durite resin. Further trials of these resins with coarser graphite 

should provide increased strength over the conventional resins. 

 

4.3.5.3 Effect of resins with different hexamine content 

4.3.5.3.1 Flexural strength 

A mix with 35 wt% white Durite gave strength levels ~ 3.5 -3.75 MPa. The fill 

laser power seemed to have less effect on this composition. All the white Durite 

specimens made with 20-30 watts gave similar strength values [Figure 4.73]. The mix 

with 35 wt% yellow Durite had slightly lesser strength levels (2.75- 3.5 MPa) and the 

difference was more pronounced when processed at lower energy levels.  
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Figure 4.73: Effect of phenolic resins with different hexamine content on the green 
flexural strength of LS specimens. 65 wt% graphite (75 µm) - 35 wt% 
phenolic resin (11 µm) mix was used to make the LS parts. Yellow Durite 
has ~ 5 wt% hexamine, while white Durite has ~ 9 wt% hexamine. 

4.3.5.3.2 Microstructure 

The SEM micrograph of a LS part made with 35 wt% white Durite resin [Figure 

4.74 b] appears to be denser than a LS part made with 35 wt% yellow Durite resin 

[Figure 4.74 a] in both the planar view and in the cross sectional views [Figures 4.75]. 
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(a)               (b) 

Figure 4.74: SEM micrographs (planar view) of a LS part made with 65 wt% graphite –
(a) 35wt% yellow Durite and (b) 35wt% white Durite resin. White Durite 
parts are denser than the yellow Durite parts. Graphite average particle size 
was 75 µm. 

 

 

   (a)      (b) 

Figure 4.75: SEM micrographs (cross sectional view) of LS part made with 65 wt% 
graphite- (a) 35wt% yellow Durite and (b) 35wt% white Durite resins. 
White Durite part is denser than the yellow Durite part.  
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4.3.5.3.3 Density/specific volume 

The specific volume for both white Durite and yellow Durite resin samples was 

plotted as a function of fill laser power in the following Figure 4.76. The specific volume 

increases with fill laser power for both white and yellow Durite samples.  
 

 

Figure 4.76: Effect phenolic resins with different hexamine concentration on specific 
volume on LS green parts. 

 

4.3.5.3.4 Discussion 

DTGA curves [Figure 4.68] show peaks at same location for both yellow and 

white Durite resins, which indicate that the constituents are same in both systems. White 

Durite shows larger weight loss compared to yellow Durite resin in the temperature ~ 90-

100°C, which is in the melting point range of hexamine. The higher specific volume and 
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strength achieved could be from the effect of hexamine. Hexamine under the influence of 

laser would have melted, flowed and wet the structure more strongly than novalac. In 

addition, it could have initiated secondary cross linking which would have led to 

increased strength. 
 

4.3.5.4 Effect of carbon fiber addition 

4.3.5.4.1 Flexural strength 

Addition of 5 wt% carbon fiber to the graphite-white Durite mix increased the 

strength of LS green parts as shown in the Figure 4.77: 

 

Figure 4.77: Effect of carbon fiber addition on flexural strength of LS green parts. 75 µm 
graphite particles mixed with 35 wt% white Durite resin and 5 wt% carbon 
fiber (100 µm length, 7-8 µm diameter) 
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4.3.5.4.2 Microstructure 

SEM micrographs of samples made with 5 wt % carbon fiber additions are shown 

in Figure 4.78 below. In the planar view [Figure 4.78 (a)] wetting is good; however, at 

the interface of carbon fiber with graphite, crack-like patterns are seen. Both cross 

sectional and planar views [Figure 4.78] show the random orientation and packing of 

carbon fiber in the matrix. 

 

 

  (a)       (b) 

Figure 4.78:  SEM micrographs of green LS parts with 60 wt% of 75 µm graphite, 35 
wt% white Durite resin and 5 wt% carbon fiber:  (a) planar view, (b) cross 
sectional view. 

 

4.3.5.4.3 Density/Specific volume 

Addition of carbon fiber to the graphite/phenolic mix reduced the specific volume 

as shown in the Figure 4.79: 
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Figure 4.79: Effect of carbon fiber addition on specific volume on LS green parts with 60 
wt% of 75 µm graphite, 35 wt% white Durite resin and 5 wt% carbon fiber 

 

4.3.5.4.4 Discussion 

Reduction in specific volume with addition of carbon fiber to the 

graphite/phenolic mix was due to the random packing of carbon fiber in the matrix. 

Random packing will lead to a more porous structure than a structure without carbon 

fiber. However, improvement in green strength comes from the high strength component 

(carbon fiber). Green flexural strength values over 4 MPa were achieved with 5 wt % 

fiber additions. A green strength in this range will definitely help with manufacture 

complex graphite/phenolic parts using LS with less part damage during excavation of 

parts from the powder bed.  
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Chapter 4.4:  Laser Sintering of Stainless Steel for Rapid Tooling for 
Fuel Cell Applications 

Results of the experiments conducted to identify a process for laser sintering of 

stainless steel for use in rapid tooling components for fuel cell applications are presented 

in this section. The results are followed by a discussion on the structure-processing-

properties. 
 

4.4.1 Physical characterization-density 

Figure 4.80 below shows 304 stainless steel indirect LS specimens that were 

sintered at different temperatures: 

 

  (a)    (b)    (c) 

Figure 4.80: 304 stainless steel indirect LS parts  sintered at different temperatures for 
20h:  (a) 1300°C, (b) 1330°C, and (c) 1350°C. Binder composition used for 
indirect LS was 4 wt% nylon/11, 2.66 wt% phenolic and 1.33 wt% Acrawax 
C®. 

Density of green indirect LS specimens was obtained from measurement of 

dimensions and weight of the sample. The sintered densities were obtained using a 

pycnometer.  Indirect LS samples sintered at 1350°C slumped due to melting and their 

densities were not measured. The density values (relative densities) are given in Table 3:  
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Temperature Indirect LS Density, g/cc Direct LS Density, g/cc 

Green/As LS 3.1 (39%) 7.04 (88%) 

1300°C/20h 6.74 (84%) 7.24 (91%) 

1330°C/20h 7.8 (97%) - 

1350°C/20h Slumped 7.58 (95%) 

Table 3: Green and sintered density of both direct and indirect LS 304 stainless steel 
samples. Values in bracket give % Relative density. 

4.4.2 Tensile tests 

The engineering stress-engineering strain curves for both the direct and indirect 

LS samples sintered at different sintering temperature/time are given in Figures 4.81 

through 4.86. 
 

4.4.2.1 Indirect LS 304 stainless steel samples 

Figure 4.81 below gives a typical engineering stress-strain curve for an indirect 

LS 304 stainless steel sample post processed at 1300°C for 20h. The sample was tested 

along XY axis (i.e. perpendicular to build axis).  
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Figure 4.81: Engineering stress-strain curve for Indirect LS 304 stainless steel sample 
sintered at 1300/20h (Test direction: XY axis). The ultimate tensile strength 
of the specimen was ~ 250 MPa. 

 

The ultimate tensile strength of 304 stainless steel samples sintered at 1300°C/20h 

was around 250 MPa. The tensile strength was lower than a wrought product because the 

relative density of the samples was ~ 85% of the theoretical density. 

 

Figure 4.82 below shows the engineering stress-strain curve for an indirect LS 

sample sintered at 1330°C/20h. The ultimate tensile strength of the sample is ~ 470 MPa, 

which is in the range of the tensile strength values for wrought products.  
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Figure 4.82: Engineering stress-strain curve for indirect LS 304 stainless steel sample 
sintered at 1330/20h (Test direction: XY axis). The ultimate tensile strength 
of the specimen was ~ 470 MPa. 

 

4.4.2.2 Direct LS 304 stainless steel samples 

Direct LS 304L stainless steel samples tested in as-laser sintered condition (along 

XY direction) had an ultimate tensile strength of around 220 MPa [Figure 4.83]. Samples 

were also tested along Z-axis and a typical engineering stress-engineering strain curve is 

shown in the Figure 4.84. The tensile strength of the specimen was around 80 MPa. 
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Figure 4.83: Engineering stress-strain curve for direct LS 304L stainless steel sample 
(Test direction: XY axis). Ultimate tensile strength of the sample was ~ 220 
MPa. 

 

Figure 4.84: Engineering stress-strain curve for direct LS 304L stainless steel sample 
(Test direction: Z-axis). Ultimate tensile strength of the sample was ~ 80 
MPa. 
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To improve the Z-axis performance, the direct LS samples were sintered at 1300/20h and 

1350/20 h.  Engineering stress-strain curves for those samples are given below in Figures 

4.84 and 4.86: 

 

 

Figure 4.85: Engineering stress-strain curve for direct LS 304L stainless steel sample 
sintered at 1300°C/20h (Test direction: Z-axis). Ultimate tensile strength of 
the sample was ~ 75MPa. 

 

There was no improvement in tensile strength value even though the density has 

increased from 88 to 91% of relative density. Tensile strength was around 75 MPa for 

both 1300°C and 1350°C sintering operations. 
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Figure 4.86: Engineering stress-strain curve for direct LS sample 304L stainless steel 
sintered at 1350°C/20h (test direction: Z-axis). Ultimate tensile strength of 
the sample was ~ 75MPa. 

 

4.4.3 Flexural strength (Transverse rupture) tests 

Transverse rupture (flexural) strength of the LS samples was measured by 

conducting three-point bend tests (flexural strength tests).  For indirect LS sample 

sintered at 1300°C for 20h, flexural strength obtained was around 420 MPa.  For direct 

LS sample, flexural strength was around 500 MPa. Flexural stress-flexural strain curves 

for indirect and direct LS samples are shown in Figures 4.87 and 4.88 below, 

respectively: 
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Figure 4.87: Typical flexural strength test of an indirect LS 304 stainless steel sample 
sintered at 1300°C for 20h. Flexural strength of the sample was ~ 420 MPa. 

 

Figure 4.88: Typical flexural strength test of a direct LS 304L stainless steel sample. 
Flexural strength of the sample was ~ 500 MPa. 
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4.4.4 Fractography 

The fractured tensile specimens were observed under scanning electron 

microscope (JEOL JSM 5610), and the images obtained are shown below. 
 

4.4.4.1 Indirect LS samples sintered at 1300°°°°C/20h 

The indirect LS sample sintered at 1300°C showed signs of melting as is seen in Figure 

4.89.  

 

 

   (a)       (b) 

Figure 4.89: Fractured surface image of indirect LS 304L stainless steel sample 
(1300°C/20h) at (a) 50 X and (b) 250X. Note that melting is seen. Presence 
of high lands shows the point of contacts were few which explains the low 
tensile strength (250 MPa). 

 

4.4.4.2 Indirect LS samples sintered at 1330°°°°C/20h 

Indirect LS sample sintered at 1330°C shows intergranular fracture. It can be seen 

from the Figure 4.90 below that sample has achieved near theoretical density. This 
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structure correlates well with the tensile strength of these samples.  470 MPa obtained as 

tensile strength is in the range of values typically got for wrought 304 stainless steel 

components.  
 

 

   (a)      (b) 

Figure 4.90: Fractured surface image of indirect LS 304L stainless steel sample 
(1330°C/20h) at (a) 55 X and (b) 220X. The fracture is intergranular/ brittle 
in nature and the densification appears to be complete. The tensile strength 
(470 MPa) for the sintered specimen is similar to the wrought product. 

 

4.4.4.3 Direct LS samples tested in as LS condition 

Micrographs of direct LS samples shown in Figures (4.91 through 4.93) below 

show that the fractured surface is mostly pristine without too much deformation.  In all 

the cases, it appears as if little bonding existed between the separated surfaces. This lack 

of cohesion could be the reason for low tensile strength values obtained (even when the 

samples were tested along by Z-axis and XY axis). Vacuum sintering at 1300°C/1350°C 

for 20h did not change this behavior. 
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Figure 4.91: Fractured surface image of a direct LS 304L stainless steel specimen tested 
along XY axis. Sample was tested in as-LS condition. Tensile strength of 
this specimen was ~ 165 MPa. 

 

 

Figure 4.92: A fractograph of a direct LS 304L stainless steel sample tested along Z axis. 
The fracture happened at the interface of two layers. Tensile strength of the 
specimen was ~ 60-80 MPa. 
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   (a)       (b) 

Figure 4.93: Fractographs of a direct LS 304L stainless steel Z-sample post processed at 
1350°C/20h (a) 35X and (b) 300X magnification. The fracture happened at 
the interface and tensile strength was ~ 60-80 MPa. 

 

4.4.5 Carbon Analysis 

The intergranular fracture pointed to the possibility of sensitization of the 

stainless steel by carbon pickup from the binder. Carbon analysis was performed using a 

LECO Carbon-Sulfur analyzer and the results are given in Table 4.  
 

Specimen Carbon wt% Remarks 

DMLS 1350/20h 0.097  

Indirect LS 1300/20h 1.75 Made from freshly 

mixed powder 

Indirect LS 1330/20h 0.62 Made from reused 

powder 

Table 4: Carbon analysis of indirect and direct LS 304L stainless steel samples. 
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Carbon levels in excess of the specified limit (0.08 wt % max) are found in the 

indirect LS 304L stainless steel samples (0.62-1.75 wt %).  

 

4.4.6 Discussion 

 Stainless steel 304L is a low carbon steel (0.08 wt% max) to prevent the 

formation of carbides such as chromium carbides that will precipitate more prominently 

along grain boundaries and cause brittleness which will be manifested as intergranular 

fracture. The carbon analysis and the fractured surface micrographs confirmed the 

sensitization phenomenon happening in the indirect LS samples. 

 

(Fe-18Cr-8Ni) alloy- C pseudo binary phase diagram offers [Figure 4.94] an 

understanding of the brittle intergranular fracture seen in indirect LS 304L stainless steel 

sample [80]. The diagram predicts the presence of austenite, ferrite and carbides for 

stainless steel with carbon in the ranges from 0.1-0.65. For composition with > 0.65, the 

predicted phases are austenite and carbides. These carbides will precipitate preferentially 

at the grain boundaries and crack propagation is easy through these intergranular 

precipitates causing embrittlement. 
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Figure 4.94: Pseudo-binary phase diagram for (Fe-18Cr-8Ni) alloy- Carbon [80] 

 

The pseudo-binary phase diagram also explains the intergranular fracture obtained 

even after a desensitization anneal done at 900°C/30 min [Figure 4.95]. The purpose of 

the annealing at 900°C for 30 min was to dissolve all the carbides and upon rapid 

quenching to room temperature, the carbon would remain in solid solution. However, 

because the carbon in the steel was very high (~ 0.65-1.75 wt. %), carbides are stable in 

the temperature range used in the desensitization experiments and cannot be dissolved. 
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Figure 4.95: SEM images of tensile fractured surface of a sample tested after 
desensitization at 900°C for 30 min. Intergranular fracture indicates the 
presence of carbides along the grain boundaries. 

Density values 

The density values predicted using Ashby densification maps are given in the 

Figure [4.96] below. The values obtained experimentally (0.84-0.97 relative density) 

were much higher than the predicted values (0.65 relative density). The pseudobinary 

phase [Figure 4.94] diagram offers an explanation for this behavior. Carbon in the system 

acts as a melting point depressant (MPD) which reduces the melting point of the alloy, 

thereby promoting formation of liquid at temperatures much below the melting point of 

the pure metal/alloy. The phase diagram predicts the presence of liquid phase at the 

sintering temperatures used in this research. A liquid phase enhances densification 

leading to higher density.  
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Figure 4.96: Ashby densification map for tool steel, plotting relative density as a function 
of temperature and time of sintering. The plot shows the dominant sintering 
mechanism is boundary diffusion which accounts for the low predicted 
relative density (Figure courtesy: Dr. David Bourell).  

 

Figure 4.97 below shows the polished unetched surface of indirect LS sample.  

Presence of intergranular phases confirms the sensitization. In addition, eutectic-like 

phases confirm the presence of liquid phase during sintering. This explains the very high 

relative densities obtained for indirect LS 304 stainless steel samples. 
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Figure 4.97: Polished unetched micrographs of indirect LS 304 stainless steel samples showing presence of 
continuous intergranular phases (carbides). Eutectic-like phases (red arrows) indicate the 
presence of liquid phase during the sintering process. 

During sintering at 1350°C, indirect LS 304 stainless steel samples slumped, 

while direct LS 304L stainless steel samples remained intact. This behavior is explained 

based on the phase diagram. At the sintering temperature, the phase diagram predicts 

presence of liquid phase in the indirect LS sample, while the direct LS 304L stainless 

steel samples will be in solid state.  Figure 4.98 shows pictures of the direct and indirect 

LS 304 stainless steel samples sintered at 1350°C.  

 

 

Figure 4.98:  304 stainless steel samples sintered at 1350°C for 20h. Sample on the left is direct LS and the 
one on right is indirect LS sample. Indirect LS sample has slumped while the direct LS 
sample is intact. This behavior can be explained by the formation of liquid phase. 
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Y. Imai et al [81] reported relative density of stainless steel 316L as a function of 

binder (nylon) proportion and found that as the ratio of binder was increased, relative 

density decreased [Figure 4.99] and carbon content increased [Figure 4.100]. This was 

attributed to increase in porosity with carbon content. This trend was different from what 

was obtained in the current study, where an increase in relative density was found due to 

higher carbon content. The difference between these two studies was in the amount of 

carbon. Y. Imai et al reported a maximum of ~ 0.27 wt% carbon; where as the maximum 

amount of carbon found in the current study was ~ 1.75 wt%.  For 0.27 wt% carbon, the 

phase diagram shows that the samples are in single phase austenitic region at the sintering 

temperature. For the carbon content >0.65 wt% found in the current study, the presence 

of liquid phase at the sintering temperatures would lead to higher densification. 
 

 

Figure 4.99: Effect of binder weight ratio on the relative density of sintered samples. 
Nylon was used as the binder [81]. 
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Figure 4.100: Effect of binder weight ratio on the carbon content in the sintered samples. 
Nylon was used as the binder [81]. 
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Chapter 5:  Summary, Conclusions and Suggestions for Future Work  

 

5.1 Summary 
 

Laser Sintering (LS) is a freeform fabrication process that uses laser power for 

building objects without the need for specific tooling. The focus of this dissertation is 

upon the effective use of laser sintering in manufacturing functional prototypes for 

studies in applications that require high electrical conduction. The design flexibility 

offered by the additive nature of laser sintering has been utilized to create objects/shapes 

that are difficult to manufacture by conventional processes. Presented below are some of 

the key findings of the experiments in this study: 
 

1. This study is the successful first attempt at using laser sintering to 

manufacture components for use in sliding electrical contact application. 

Rail coupons made with C-asperities were characterized by muzzle 

voltage, breech voltage plots and high speed photography. When tested in 

a sliding electrical setup, these rail coupons transitioned because of current 

constriction and ohmic heating at the asperities, thereby validating the 

asperity-plough model of transition.  

 

2. Corrugated flow field plates for use in direct methanol fuel cells were 

manufactured for the first time using the process of laser sintering. When 

tested in a fuel cell setup, specific issues at low and high current densities 

that could impact performance were identified. Intrusion of the gas 

diffusion layer into the flow channel and interlocking of carbon dioxide 
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bubbles at the corrugations were found to impair performance of these 

plates. Overcoming mass transfer limitation and designing flow field 

plates with different flow channel configuration could contribute to better 

performance of these plates in a fuel cell setup. 

 

3. Green strength of laser sintered parts was sought to be improved by testing 

varying the particle size of graphite (75µ and 27µ average) and phenolic 

resin. Our experiments reveal that while particle size of phenolic resin did 

not influence green strength, using coarser particles of graphite led to 

significant improvement in the green strength of laser sintered 

components. Finer graphite particles led to breakage of LS-made parts 

irrespective of the laser power used but this limitation can potentially be 

overcome by carbon fiber addition which was found to improve green 

strength. Though nylon/11 did not contribute to changes in green strength, 

addition of Acrawax was found to enhance the wettability of nylon/11 and 

prevent gross globule formation. Fast cure phenolic resins with higher 

hexamine content showed marked enhancement of green strength.  

 

 

4. Binder system and process parameters for Indirect LS of stainless steel 

were identified. Carbon pickup from the binder created sensitization by 

forming intergranular carbides. It will be difficult to identify a binder that 

enables LS of stainless steel and not cause sensitization. This results in 

making direct LS as probably the only route to manufacture stainless steel 

components. However, in the current work, there had been issues 
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associated with annealing-out the pores found in a direct LS component. 

The pores were too big to be eliminated by the pressureless sintering 

route. Close control of LS process parameters is necessary to prevent such 

defects, and further optimization studies need to be done for direct LS of 

stainless steel. 
 

5.2 Conclusions 

By focusing upon the optimization of laser sintering towards a variety of 

applications requiring high electrical conduction, this study has revealed novel insights 

into the LS process, its capabilities and its limitations. This is the first study to 

successfully manufacture two functional prototypes of components used in two distinct 

electrical applications – rail coupons made with C-asperities, used in sliding electrical 

contacts and corrugated bipolar plates, a vital component of fuel cells. Aiming further, we 

attempted to optimize select LS process parameters towards increased efficiency. We 

succeeded in identifying particle size of graphite and addition of carbon fiber as key 

contributors to green strength of parts made by LS. This study also developed a new 

binder system for indirect laser sintering of stainless steel. In the course of these specific 

studies, many parameters – both in the LS process and the electrical conduction system 

were identified as being important to the overall performance of components 

manufactured by laser sintering. Our results lead us to believe that with further process 

optimization and design innovation, Laser sintering will evolve as an efficient 

manufacturing technique that can be used in a wide array of complex applications 

requiring precision and reliability. 
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 5.3 Suggestions for Future work 
 

1. This study has been one of the first studies initiated to apply LS for sliding 

electrical contacts applications. Further designs/experiments can be 

performed by manufacturing objects with lubrication pockets/reservoir for 

improving the performance. 

 

2. Curing of phenolic resin is a complex phenomenon and is an area to 

explore further for identifying a composition suitable for LS applications.  

 

3. Cyanoacrylate infiltration works well for planar designs. When it comes to 

non-planar designs, an issue with polishing arises. A better polishing 

method or an infiltration process that does not leave excess infiltrant on 

top is needed and should be explored. 

 

4. For stainless steel component manufacture using LS, an optimization of 

direct LS process is needed to obtain a component free of defects. 

 

5. One of the findings of this research- carbon induced melting point 

reduction seen in the indirect LS can be applied to in a positive way in 

some applications similar to transient liquid phase brazing. Material 

systems and applications that will benefit from this behavior need to be 

explored. 
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