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Abstract 

 

Characterization of Quartz Lamp Emitters for High Temperature 

Polymer Selective Laser Sintering (SLS) Applications 

 

Steven Thomas Kubiak, M.S.E. 

The University of Texas at Austin, 2013 

 

Supervisor:  Joseph J. Beaman, Jr. 

 

This thesis provides investigation into the interaction between quartz lamp 

emitters and polyether ether ketone (PEEK) powder.  Calculations and experiments 

concerning the conductivity and emissivity of the powder at various temperatures are 

performed.  The thermal profile of the emitter on a flat powder bed is captured using 

thermal imaging.  The effect of exposing a pile of powder to the emitter and the 

subsequent thermal gradient through the pile is measured and analyzed.  Based on these 

results, ramifications for the application of these emitters to selective laser sintering 

(SLS) machines for processing high temperature polymers such as PEEK are discussed. 
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Chapter 1 – Additive Manufacturing Review 

SELECTIVE LASER SINTERING OVERVIEW 

 Selective laser sintering (SLS) is an additive manufacturing process developed in 

the 1980s.  The process is a layer-by-layer technique which utilizes a high-powered laser 

beam to sinter together particles of powder to form layers of a three dimensional object.  

Parts can be made out of plastics, elastomers, and even solid metal parts are currently 

being developed. 

The process begins with processed and refined virgin powder.  The most common 

powders used for SLS applications are plastics, most notably nylon-12.  This powder is 

loaded into two feeder bins on either side of the build chamber in a laser sintering 

machine.  A CAD drawing file is then loaded onto the computer station of the sintering 

machine.  Once loaded, a specialized computer program virtually slices the CAD drawing 

into thin slices; these slices will be sintered into the layers of the product by the laser.  

The sintering machine then uses a mechanical roller or blade to spread thin layers of the 

powder across the build chamber.  After each layer is spread, the bottom platform of the 

build chamber lowers a small amount to ready itself for the next layer of powder. 
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Figure 1: Selective laser sintering machine schematic [1] 

Once a firm base layer of powder has been laid (an inch or two) the radiative 

heaters turn on to begin heating the powder bed.  The unsintered powder is heated to 

within 5-10 degrees Celsius of its melting temperature.  By bringing the powder up to 

temperature before and during the sintering process, the amount of energy the laser has to 

transfer to the powder is greatly reduced and the powder can be sintered faster.  In 

addition, the cooling rate of the sintered part can be managed after the layered geometry 

fabrication is completed, thus reducing the thermal stress buildup due to uneven and rapid 

cooling.  Once the powder has reached the desired pre-sintered temperature, the laser is 

used to sinter the pattern determined by the computer for the first “virtual slice” of the 

product.  Once the layer has been sintered, the bottom platform of the build chamber 

descends and the spreader lays another layer of powder over the freshly sintered layer.  

This process repeats until all the layers have been sintered.  In this way, laser sintering 
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machines can produce very complex three dimensional geometries layer by layer.  The 

part bed, at this point called “cake”, is left to cool as the entire cake is still very near the 

melting temperature of the work material.  After hours of cooling, the sintered parts are 

broken out of the unsintered, loose powder. 
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Chapter 2 – Background & Literature Review 

MATERIALS BACKGROUND – PEEK 

The material of interest for this research is polyether ether ketone (PEEK), a 

thermoplastic polymer.  PEEK is of interest for the additive manufacturing industry 

because it is classified as an advanced engineering polymer.  PEEK has a much higher 

melting temperature and is much stronger while only being slightly denser than 

conventional polymers currently used in laser sintering applications. As can be seen in 

Table 1, PEEK has superior mechanical properties to the other most popular SLS 

materials. 

Material 
Tensile Strength 
(Mpa) 

Melt Temperature 
(°C) 

Tensile Modulus 
(Gpa) 

Density 
(kg/m^3) 

Polyether ether ketone 95 343 3.6 1320 

Polycarbonate 65 155 2.2 1210 

Polyamide (nylon) 45 180 3 1150 

Poly(methyl methacrylate) 75 232 3.27 710 

Polyoxymethylene 85 180 2.8 1500 

Polystyrene 24 240 1.86 1000 

High-density polyethylene 28 110 0.8 950 

Table 1: Properties of polymers used in selective laser sintering 

Understanding and being able to manipulate the physical properties of the 

working plastic are critical to ensuring the highest quality final parts are made. Some of 

the most important properties are thermal properties.  Polymers typically have low 

thermal conductivities, and SLS polymers are no exception.  Sintering powders are even 



 5 

better insulators than their solid plastic counterparts; the powder particles make contact at 

only very small points, making conduction between particles very small.  Trapped 

pockets of gas between the particles also increase the insulation of the bulk powder.  

These insulating properties make the powder quite difficult to heat effectively and a large 

amount of processing time is spent heating the powder before sintering and the cooling of 

the part cake after the build.  The insulation does however have the benefit of reducing 

thermal gradients within the part cake during the cooldown period of the build, which 

reduces internal stresses that can remain when different rates of cooling occur. 

The glass transition temperature and melting temperature of the powder must be 

well known in order to ensure the powder is heated to an adequate temperature and at an 

appropriate rate.  For amorphous materials, or semi-crystalline materials, the powder bed 

cannot be heated above the glass transition temperature because the material will get 

leathery and tacky, resulting in poor spreading dynamics [2].  It is advantageous to heat 

the powder to a temperature very near its melting point in order to require the smallest 

energy input from the laser during scanning.  Failing to preheat the powder to near the 

melting temperature can result in undersintering, where particles do not completely sinter 

together and mechanical strength is sacrificed.  If too much laser power is applied to 

compensate for lack of preheating, the powder can be damaged by the laser.  The 

temperature of the powder can top the pyrolysis temperature and the material can degrade 

and become discolored [3].  As powders are typically white, this discoloration generally 

turns the powder blackish, which further affects its thermal properties in unpredictable 

ways. 
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Basic engineering polymers that are currently used for SLS processes include a 

number of nylon varieties.  In fact, as of 2008, nearly 95% of available SLS powder 

materials contain some amount of nylon-12 [4].  These plastics are well suited for 

prototyping, testing goodness-of-fit, or non-functional parts.  Nylons have low melting 

temperatures and only moderate mechanical properties however, making them ill-suited 

for many demanding environments and applications.  Advanced engineering polymers 

have many desirable qualities for engineering applications, such as higher strength, better 

chemical resistance, and higher melting temperatures.  PEEK in particular is currently 

being developed for SLS applications because of the advantages it offers over 

conventional nylon.  The biomedical industry is interested in PEEK because it is 

biocompatible for implants and its high melt temperature means PEEK parts can survive 

3000+ autoclave cycles [5]. 

 

Figure 2: Thermoplastic polymers, red polymers are currently used in SLS [4] 
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ADVANTAGES OF HIGH TEMPERATURE POLYMERS 

High temperature, advanced engineering plastics are of particular interest to the 

same industries that benefit from the advantages of SLS processing.  The aircraft industry 

puts a premium on weight and designers of aircraft are constantly looking for ways to 

trim the weight of their planes.  Replacing metal parts with polymers, even such 

lightweight metals as aluminum, is a very appealing prospect.  Currently, components 

that are not under excessive mechanical or thermal stress are made of nylon using SLS.  

Airline manufacturers are interested in replacing metal components that see high 

temperature gasses during flight with polymer materials such as PEEK or PAEK.  The 

high melting temperatures of these plastics and low densities give them large advantages 

over both metals and nylons [6]. 

 The additional strength and chemical inertness of advanced engineering polymers 

also make them ideal for the medical community.  Metal implants and orthotics are too 

heavy and chemically active to serve patients long term without replacement, which often 

requires surgery.  Some high melting temperature polymers are biocompatible and have 

the mechanical properties to stand up to the intense physical demands placed on them [3].  

They are also lightweight and easily customized, making them ideal for the unique shapes 

of an individual’s body [7].  The high melting temperature also means that parts can be 

used in an autoclave for sterilization, a very important factor for medical equipment [8].   
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HIGH TEMPERATURE POLYMER MACHINES CURRENTLY USED 

The only production machine that can currently process advanced engineering 

plastics is the EOSINT P 800, made by EOS GmbH [9].  While PEEK is currently the 

material of choice for this machine, EOS claims the P 800 can process materials with 

melt temperatures up to 385°C.  Another polymer of interest is polyaryl ether ketone 

(PAEK), which can be carbon-reinforced to increase strength and reduce the buildup of 

electrostatic charge [10].  Many features distinguish this machine from other laser 

sintering machines that process typical engineering polymers.  The P 800 is more heavily 

insulated than other machines because of the higher temperatures which the powder must 

be preheated to.  The P 800 also better thermally isolates the process chamber through the 

use of glass ceramic within the frame [11].  The process chamber is not very tall, in an 

effort to reduce the effects of natural convection within the chamber.  Because of this, 

two lasers, rather than one laser like typical machines, are needed to cover the P 800’s 

27.6 inch by 15 inch build platform.   The low ceiling of the process chamber would 

require a single laser to be extended to aggressive angles that would cause the projection 

spot of the laser to grow much larger at the extremes of the build platform.  However, 

because the powder temperature is brought very near its melting temperature just like 

conventional machines, each laser only produces 50 watts of power [12].  This is 

especially impressive when considering the melt temperature of PEEK is more than twice 

that of most nylons.  Maintaining a high temperature atmosphere and powder bed 

temperature through insulation means that only a small amount of energy input is 
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required from the laser to sinter together the powder particles, just like in machines that 

process materials with melting temperatures 200°C lower than PEEK. 

CURRENT HEATING METHODS 

Thermal control of the surface of the powder bed in many Polymer SLS machines 

is almost entirely controlled by radiant heaters placed in a frame around the laser 

window.  The heaters are controlled through a proportional-integral-derivative 

controller (PID controller) which uses an input from a single IR sensor aimed at the 

powder bed surface.  One of the problems with this system is that it assumes the 

temperature distribution across the surface of the powder bed is constantly uniform.  It 

also assumes that the radiant heater emits radiation uniformly over the powder bed.  This 

proves to be a poor assumption, as the so-called “window frame” heaters often do not 

emit radiation uniformly and hence produce portions of the powder bed which are 

warmer and cooler than others.  Controlling these sections of the bed has been attempted 

by such rudimentary methods as covering portions of the heater with radiation-limiting 

paint and such complex methods as replacing the window frame heater altogether with a 

dedicated, aftermarket system. 

More recent machines feature quartz lamp emitters similar to the ones used in this 

research; however, the placement and control mechanisms of these emitters are low 

fidelity.  Rather than power the heaters individually to create a control pattern, they are 

uniformly powered and their relative angle adjusted by hand.  This trial and error 
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calibration approach is time consuming and does not allow for real-time control of the 

thermal profile of the powder bed. 

The approach to radiant heating proposed in this research is the use of multiple, 

discrete heaters to heat zones of the powder.  The zones’ temperatures will be monitored 

by a thermal camera, which will provide temperature readings to PID controllers for each 

heater.  The output of each heater will be automatically adjusted by its controller to 

account for discrepancies between its zone and the target temperature, according to the 

thermal camera reading.  In this way, each zone will operate as a closed loop thermal 

control.  Reducing the surface of the part bed from one large zone to multiple small zones 

will help isolate hot and cold spots to provide greater uniformity across the bed. 

For the purpose of better controlling the radiant heat being transferred to the powder bed, 

a test fixture was developed to vary viewing angle and distance from the heater to the 

powder bed.  The placement of the heater should consider the efficiency of heat transfer 

to the bed, response time of powder bed control, and amount of powder bed surface area 

the heater can cover. 

SURFACE TEMPERATURE UNIFORMITY 

One of the most important thermal management goals during the selective laser 

sintering process is maintaining a uniform temperature distribution across the surface of 

the powder bed.  The overall part quality is heavily dependent upon maintaining as small 

of a thermal gradient as possible.  As mentioned before, the powder bed surface is heated 

to a temperature very near the melting point of the material in order to lower the amount 
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of energy required of the laser to sinter together the powder particles.  The laser power 

during a part layer scan is kept at a constant in an attempt to get the temperature of all 

parts of a scan uniform.  However, variation in the powder surface temperature is not 

accounted for by a corresponding change in laser power.  This variation in temperature 

then gets propagated through the sintered layer and causes internal stresses within the 

part.  The variation also makes it difficult to match the powder temperature from layer to 

layer, which contributes to part curl and warp and reduces part tolerance. 

Powder bed surface temperature uniformity can be achieved through multiple 

mechanisms.  The effects of natural convection within the process chamber can be severe 

due to the localized heating inherent in most machines.  Maintaining a part bed at a 

temperature much higher than the temperature of the room outside the machine results in 

interfaces between hot gasses and cooler surfaces within the machine.  Not only does this 

result in decreased efficiency due to thermal losses from the machine, but it also causes 

convective currents within the process chamber as the build chamber gas transfers heat 

from the hot surfaces to the cool surfaces. 

PREHEATING POWDER PILE 

As has been discussed, maintaining thermal uniformity of the powder within the 

process chamber has a direct effect on overall part quality.  Introduction of powder into 

the process chamber proves a challenge to the SLS process because it involves bringing 

together powders at different temperatures: room temperature powder from outside the 

process chamber and hot powder from the layers that have recently been sintered.  As can 
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be expected, these issues are exacerbated by the high temperatures required to process 

such materials as PEEK.  How the powder is introduced into the process chamber and the 

method in which it is preheated must take into account this temperature difference in 

order to produce the best quality parts. 

The two primary SLS machine manufacturers, 3D Systems and EOS, have 

different approaches on how their SLS machines introduce powder into the process 

chamber and how the powder is acclimated to the environment.  3D Systems uses a 

“bottom-up” approach to powder introduction.  This method involves two powder feed 

pistons, one on either side of the part piston.  Depending on the location of the powder 

spreading roller, one of the part feed pistons will rise a distance large enough to supply 

the powder volume for the next layer.  This method is imperfect, and has mixed pros and 

cons.  The top of each feed piston is exposed to the atmosphere of the process chamber, 

so hot gas is allowed to diffuse through the feed bin powder, providing a small amount of 

preheating before the powder is even introduced into the process chamber.  Each feed bin 

also has resistance heaters wrapped around the wall of the bin to preheat the powder 

before being raised into the process chamber.  Prior to being rolled, the top of the powder 

feed piston is heated using dedicated infrared heaters.   
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Figure 3: Schematic of 3D Systems powder delivery system [13] 

This method is less than desirable for high temperature laser sintering polymers 

like PEEK because all of the material is exposed to an elevated temperature, either via 

diffusion of the process chamber gas or by the resistance heaters while still in the piston 

cylinder.  There is currently no method for recycling PEEK used in laser sintering, so 

even powder not used in the build would be rendered useless using this method of 

powder introduction.  Another shortcoming is that once the build has been started, no 

more powder may be added to the feed bins because they are bounded on the top by the 

process chamber and on the bottom by the feed piston.  This intensifies the issue of 

having to scrap even unused powder because builds must always be started with excess 

powder in order to ensure ample powder is always supplied and the machine does not 

“short feed”.   
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EOS laser sintering machines employ a “top-down” powder delivery system, 

mounting powder hoppers above the process chamber to the left and right of the build 

platform.  Each powder hopper has a slotted wheel at the bottom driven by a stepper 

motor, the bottom of each slotted wheel being exposed to the process chamber.  In order 

to introduce powder into the process chamber, the slotted wheel is rotated an appropriate 

number of times to release enough powder to coat another layer of the part platform.  The 

powder drops into an open-bottomed recoater, which then traverses across the part 

platform, using a blade on the bottom of the box rather than a roller to lay a layer of 

powder.  The recoater features resistive heaters in its side walls to heat the powder before 

it is spread.  Each layer is then further heated using infrared lamps above the part 

platform after being spread.  A distinct advantage of this method is that it isolates hot 

powder and cold powder at the point of the slotted wheel in each powder hopper, 

allowing the powder that remains in the hoppers after a build to be used in the future.  

Because the powder in the feed hopper remains at room temperature, additional powder 

can also be added mid-build if necessary.   
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Figure 4: Schematic of EOS powder delivery system [14] 

A negative aspect of this method is that the powder is not brought up to 

temperature before being deposited on the part bed, which can cause part quality 

problems, and requires more heat during the preheat portion of each layer in order to 

reach the desired surface temperature. 

In an effort to encompass the benefits of both methods, a system of top-down 

powder delivery with separate preheating and roller spreading has been proposed in 

associated research.  Our new method also utilizes a slotted wheel beneath an elevated 

powder hopper, but involves dropping the powder in a pile on the process chamber floor, 

preheating it using infrared lamps, and then spreading the pile of powder onto the part 

platform using a counter-rotating roller.  The method will thermally isolate unused 

powder to reduce waste powder, utilize a roller for its desirable “fluffing” effect on the 

part layer, and preheat the powder prior to spreading in order to promote layer adhesion.  

The challenge of this method is the preheating of the powder pile after being deposited by 

the slotted wheel.  The powder proves an excellent thermal insulator, and radiative 

heating of only the surface of the powder pile could cause non-uniform temperature in the 

pile that would be transferred to the layer once the pile is spread.   
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Chapter 3 – Experimental Equipment 

MECHANICAL FIXTURE 

Framing 

A test bed was developed to characterize the thermal footprint of the emitter on a 

powder bed.  The test bed consisted of a 42 cm square sheet metal pan that was 4 cm 

deep that contained the powder, four aluminum channel rails mounted to the pan, and 

sheet metal plates for mounting the heater and a thermal camera.  The channel rails allow 

for simple vertical repositioning of the thermal camera plate and heater mounting plate 

with relation to the powder bed pan.  Attached to the heater mounting plate are two 

circular clamps from Heraeus that clamp directly to the quartz glass of the heaters.  

Loosening the clamp screws allows for the rotation of the heater along its longitudinal 

axis while tightening the screws locks the heater in place. 

Powder drop module 

In order to test the effects of infrared heating on a pile of powder, a small test 

module was developed to add on to the general framing to simulate the dropping of 

powder from a slotted wheel.  The module consists of a U-shaped frame and a sliding 

plate, both made out of PTFE plastic.  The frame is slotted to fit the sliding plate, such 

that the plate can be slid in one direction and stopped at the end of the channel.   
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Figure 5: Assembled powder drop rig 

The frame was fitted with permanent magnets at the ends of the legs so it could be 

temporarily mounted to the heater mounting plate then easily removed during testing.  

The sliding plate was milled with slots of equal volumes but various cross sections in 

order to determine if different cross section shapes resulted in different pile geometries, 

and how these geometries behaved when exposed to infrared radiation.  The sliding plate 

would have one or more slots filled with powder, be placed in the U-shaped frame, and 

then be mounted to the heater mounting plate using the magnets.  The sliding plate could 

then be slid toward the heater, exposing the slots on the underside and dropping the 

powder through the opening in the frame.  The powder pile would then land on a plastic 

plate with embedded thermocouples, which could be used to measure the temperature of 

the bottom of the deposited powder pile. 
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Figure 6: Powder drop rig inside oven with heater test rig 

Oven 

The process chamber for an SLS machine meant to process high temperature 

polymers is heavily insulated in order to keep the atmosphere inside at as high a 

temperature as possible.  As discussed earlier, maintaining the powder at a temperature 

slightly below its melting point allows for minimal heat input from the laser and better 

overall part quality.  These conditions are very different than those present in an air 

conditioned laboratory setting, where natural convection from the 23°C air can quickly 

remove the heat transferred to the powder bed by the IR emitters.  In order to simulate the 
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insulated environment the heaters will experience in practice, an industrial oven was used 

to contain the heater test rig.  The insulation from the oven simplified the heat transfer 

occurring at the powder bed surface.  While convection was not completely eliminated, it 

was greatly reduced by allowing the temperature of the atmosphere inside the oven to 

steadily increase with the powder bed temperature.  A thermocouple hung inside the oven 

monitored the air temperature to monitor how much warmer it became during testing, as 

the only heat flux into the oven was the IR emitter.  

THERMAL CONTROL 

Quartz lamp heaters 

Infrared quartz lamp heaters were chosen for managing and maintaining a 

constant surface temperature for the powder bed experiment.  Infrared heating was 

developed in the 1930s [15] as a means of heating media using radiation heat transfer.  

Radiation has many advantages over other heat transfer mechanisms in that it does not 

require direct contact with the media as conduction does, and does not rely on an 

intermediate gas like convection.  Radiation travels outward in lines from the emitter, 

allowing heaters using radiation and a combination of reflectors to direct the applied heat 

to a controlled area. 

The glass tubes of the emitters are made of quartz glass, chosen for its excellent 

chemical purity, thermal resistance, and irradiation resistance [16].  The filament of the 

heater is made of tungsten, an improvement from previous versions which used carbon 

[15].  The tube is evacuated and a small amount of halogen is injected to recycle the 
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tungsten which disintegrates from the filament during operation.  When current is passed 

through the tungsten filament, its resistance causes the filament to heat up and glow, 

emitting infrared radiation.  Some of the radiation is emitted through the quartz glass, 

however  most of that which is absorbed is reradiated.  The radiation is emitted radially 

by both the filament and the quartz glass, but can be redirected using reflectors of various 

geometries.  Most often, a thin film of gold is deposited on what will become the “back” 

of the heater tube, redirecting approximately half the radiation back in the other direction.  

Tube geometries can vary depending on application, but the most common are simple, 

single tube emitters and “twin-tube” emitters, which feature a figure eight shape. 

The emitters chosen for testing were Heraeus Nano-Unum heaters with a 

proprietary Quartz Reflective Coating (QRC).  The heaters emit short-wave ( X Y nm) 

infrared radiation and have a high power density.  The emitter body is a single tube 

design 39.5 cm in length with a tungsten filament creating a 30.5 cm heated section.  

With a power of 1320 watts, the emitter can be driven by 110V or 220V safely.  The back 

half of the emitter is coated with a frosty, white QRC coating that redirects radiation 

toward the front of the emitter.  Due to the coating, the emitter effectively directs all of its 

radiation in a 60° trough.  The single tube design allows for the easy rotation of the 

emitter along its longitudinal axis in order to adjust the angle between this trough and the 

powder bed.  This angle determines the projected area of emitted radiation on the bed and 

the relative intensity distribution. 
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Variac 

One risk associated with quartz lamp emitters is an inrush current upon turning 

the emitter on.  One of the simplest and most reliable ways to avoid damaging the emitter 

with current inrush was the use of a variable autotransformer, or Variac.  The Variac 

works similarly to a normal transformer, but rather than using two coils of wire to step 

voltage up and down, it uses one coil to vary the voltage between zero and the line 

voltage.  The Variac allows a user to manually determine the output voltage by turning a 

knob, which varies the virtual length of the output coil with regards to the input coil.  The 

Variac made it possible to limit the inrush current experienced by the heater; by starting 

the voltage at zero and gradually increasing the voltage, damaging the heater could be 

prevented.  The Variac also made it possible to examine the thermal reaction of the 

powder to having less than 100% power applied to the heater.  This was especially useful 

when initially testing experimental fixtures so that the fixtures were not damaged by the 

intense heat of the emitter at full power.     

MONITORING 

Thermal camera 

For thermal measurements a FLIR A325 infrared camera was used. Images were 

captured from the camera using FLIR IR Tools software.  IR Tools allowed for the 

capture of thermal images, as well as the placement of spots, lines, and areas on the 

image for temperature analysis.  To get accurate readings of the powder temperature 

during the tests, various correction factors in the thermal camera software needed to be 
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adjusted.  Two of the most important factors included the emissivity of the target and the 

atmospheric temperature during measurement.  Both of these values were updated for 

every image captured by the thermal camera.  The thermal camera has a temperature 

reading of ±2°C or 2% of the reading, whichever is greater [17].   

 

Figure 7: Thermal camera pointed down hole in top of oven 

Thermocouples 

Some temperature measurements were unfeasible using the thermal camera 

because the camera required line-of-sight to measure temperatures, or the ambient 
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temperature was desired.  For these measurements, K-type thermocouples were used.  

Thermocouples rely on two different metals, welded together at a single junction; this 

junction produces a small voltage across the two metals, and a different voltage 

depending on the temperature.  This voltage can be converted to the associated 

temperature using a computer or digital thermometer.  Thermocouples are reasonably 

accurate, with a measurement error of about 2.2°C or 0.75%, and have a large range of 

effective temperatures, ranging from -200°C to 1250°C, making them very versatile 

temperature measurement devices [18]. 

Omega data acquisition unit (DAQ) and digital thermometer 

To obtain useful temperature measurements from the thermocouples, they were 

used in conjunction with an Omega OMB-DAQ-2416 data acquisition unit (DAQ) and 

Omega’s “Logger Pro” software, as well as an Omega 871A digital thermometer.  Using 

the DAQ, multiple thermocouple readings could be captured simultaneously and logged 

on a strip chart at varying capture rates.  The digital thermometer allowed for accurate 

single readings, while providing better mobility than the DAQ.  Both devices were set to 

convert the thermocouple’s readings to degrees Celsius.   

The digital thermometer shown on top of the oven in Figure 7 was used to record 

the temperature of the air inside the oven, which is an important value for correctly 

determining temperature using the thermal camera.  A thermocouple was taped to the 

wall of the oven such that the exposed end of the thermocouple hung freely in the air off 

the oven wall.  Readings were taken manually from the digital thermometer as each 
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thermal image was captured in order to correctly update the ambient temperature of the 

thermal camera reading at that time. 

The DAQ was used to simultaneously measure the temperature of three 

thermocouples embedded within the powder drop rig test plate.  The Logger Pro software 

captured data at a high rate, and plotted the temperature readings on separate strip charts 

in real time.  The temperature readings for the entire experiment could then be exported 

to a .txt file, and then manipulated within Excel. 

EXPERIMENTS 

Thermal profile on flat bed 

Proper placement of infrared emitters within a SLS process chamber depends 

heavily on understanding the thermal profile that the emitter will produce on the surface 

of the powder bed.  Determining the profile allows for the emitters to be intelligently 

placed such that cooler portions can be accounted for and overlaid in order to produce a 

more uniform part bed temperature.  To characterize the thermal output of the emitter, it 

was mounted in the aluminum framework, which was then placed in the industrial oven.  

The emitter was connected to the Variac to control the power output.  Testing was 

monitored using the thermal camera, which could view the powder test bed through the 

chimney in the top of the oven, as well as a digital thermometer attached to a 

thermocouple which hung freely inside the top of the oven.  This thermocouple measured 

the ambient temperature inside the oven. 
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Figure 8: Testing the thermal profile on the powder bed 

Capturing the data first required leveling the powder in the test bed using a 

wooden dowel to produce a flat profile.  The oven door was then closed and the thermal 

instruments were all checked.  The Variac was then switched on and slowly turned up to 

the desired percentage of voltage.  Once the emitter was turned on, every 30 seconds the 

temperature of the digital thermometer was recorded and the image displayed on the 

FLIR IR Tools software was captured.   
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Thermal profile on powder drop pile 

To determine the thermal diffusion of the radiated energy through a deposited 

powder pile, the powder drop test fixture was affixed to the thermal test bed frame and 

placed inside the oven.  The slotted plate was then filled with PEEK powder and mounted 

in the sliding channel of the powder drop frame.  Using the magnets, the drop frame was 

mounted to the test bed frame.   

 

Figure 9: Powder drop test rig after depositing powder on thermocouple plate 

The slotted plate was then slid forward within the powder drop frame to expose 

the two filled slots one after the other to deposit the powder on the plate with 
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thermocouples.  After the powder was deposited, the powder drop frame was removed 

from the test bed frame in order to provide clear line of sight for the thermal camera to 

the powder pile.  The oven door was closed to insulate the experiment.  The Variac was 

turned to 100% voltage and thermal images were recorded using the FLIR IR Tools 

software every 30 seconds.  Thermal images were taken with spot measurements aligned 

with the locations of the embedded thermocouples in order to measure the surface 

temperature of the pile at these locations.  Concurrently, the Omega strip chart monitored 

the temperature of the three thermocouples embedded in the plate to measure the 

temperature at the bottom of the pile. 
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Chapter 4 – Results Synthesis  

DETERMINATION OF POWDER EMISSIVITY 

The most important monitoring tool for the experiments was the thermal camera, 

as it could provide detailed thermal profiles for large areas with high accuracy.  Thermal 

imaging is a complex process however, and accurately measuring the temperature of an 

object based on its emitted radiation requires fine-tuning of various parameters.  One of 

the most important of these input parameters is the emissivity of the target, which is the 

target’s ability to emit energy by radiation.  This value varies greatly from material to 

material and is affected by variables such as surface finish and temperature of the 

material.  The emissivity of solid PEEK has been measured to be 0.95 [19].  The 

emissivity of a powder is affected by the voids or holes in powder surface.  Because of 

this, the value for solid PEEK is unreliable for powder temperature measurements and a 

new emissivity value must be determined.  The equation developed by Sih allows for the 

calculation of a powder’s effective emissivity by using the emissivity of the solid and the 

porosity of the powder [20]. 

                

Where    is the area fraction occupied by pores, and is dependent upon the 

porosity of the powder,  . 

    
       

            
 

   is the emissivity of a hole 
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And    is the emissivity of solid PEEK, or 0.95. 

The porosity of the powder was determined from the bulk density of the powder without 

any compaction, which is the state it would see in the heater test bed.  Comparing the 

bulk density to the known density of solid PEEK (     
 

   ⁄ ) the porosity of the 

powder was determined to be 0.53.  Using the porosity and the emissivity of solid PEEK, 

the emissivity of the PEEK powder was determined to be 0.97. 

To validate the calculated emissivity for PEEK powder, experimental readings 

were taken.  A thermocouple was mounted as near as possible to the surface of the 

powder to capture the temperature of the surface of the powder without being insulated 

by it.  Once the other settings such as distance and humidity were set in the camera, 

thermal spot measurements were taken by the camera for the same location that the 

thermocouple was located in.  The temperature readings of the thermal camera and 

thermocouple could then be compared to determine the accuracy of the calculated 

emissivity.  Emissivity is a temperature dependent characteristic of any material.  

Because of this, readings were taken at multiple temperatures to determine the 

applicability of the calculated emissivity at various temperature ranges.   
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Figure 10: ε=0.97 validation 

Based on this experiment, it appears that the emissivity of the PEEK powder 

changes very little over this temperature range.  Changing the emissivity by 0.01 only 

changes the temperature within the stated accuracy of either measuring device.  The 

approximation of 0.97 is suitable for the emissivity of PEEK at the temperatures seen in 

this paper. 

DETERMINATION OF POWDER CONDUCTIVITY 

Another useful property of PEEK powder to be aware of is its thermal 

conductivity.  The penetration of both radiation and convection into the powder bed is 

extremely limited, leaving conduction as the primary heat transfer method below the 

surface of the powder bed.  Conduction is also important for the temperature distribution 

within the deposited powder pile.  While the surface of the pile will be exposed to 
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radiation, the center of the pile will rely on conduction to reach the required elevated 

temperature.  The conductivity of the powder then will be the determining factor in how 

uniform the temperature of the powder is when the pile is spread across the powder bed 

to become the next layer of the part build. 

Thermal conductivity is a temperature dependent property [21].  For solid PEEK, 

the conductivity increases linearly with temperature, so the expectation was that the same 

trend would be seen for PEEK powder.  Testing the conductivity at various temperatures 

would allow for the determination of the relationship between temperature and 

conductivity.  The temperature range selected for testing was 40 °C to 180 °C in order to 

validate the results of the thermal experiments.   

The powder conductivity was tested using a Hot Disk testing machine in an 

industrial oven. The oven was allowed to heat up to the target temperature for two hours 

in order to assure the entire sample of powder was at the target temperature before 

testing.  Ten tests were performed at each temperature and then averaged to determine the 

conductivity, shown in Table 2. 

Temperature °C 180 160 140 100 60 40 

Conductivity (W/mK) 0.127 0.1259 0.1219 0.1153 0.1079 0.1057 

Table 2: Conductivity of PEEK at various temperatures 
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Plotting the conductivity versus the temperature, shown in Figure 11, shows the 

expected linear relationship of 

                                         

 

 

Figure 11: Thermal conductivity vs. temperature 

THERMAL PROFILE ON FLAT BED 

One of the simplest yet most desirable results of the thermal imaging of the flat 

powder bed was the shape and growth of the transient thermal profile when radiation 

dominated, as well as the growth of the thermal profile when conduction began to 

dominate.  Markers were placed on the screen at one inch increments for perspective on 

the growth of the profile.  Each line has a red triangle indicating the hottest temperature 

on the line and a blue triangle representing the coolest temperature on the line. 
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Figure 12: Powder bed prior to heater power 

 

Figure 13: Powder bed 30 and 60 seconds after power on 

 

Figure 14: Powder bed 90 and 120 seconds after power on 

 



 34 

The first two minutes of heating sees the temperature at the center of the profile 

rise above 100°C and a general elliptical shape begin to emerge.  The hottest zone of the 

profile is approximately nine to ten inches in length and about two inches in width.  The 

hottest temperatures seen in the profile increase rapidly at the beginning of the 

experiment, when radiation dominates, jumping 40°C in the first 30 seconds, 17°C in the 

next 30 seconds, and 14°C in the next 30 seconds.   

 

Figure 15: Powder bed 300 and 420 seconds after power on 

 

Figure 16: Powder bed 540 and 600 seconds after power on 
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This growth settles down after about three minutes however.  The maximum 

temperature only increases about 5°C every 30 seconds for the next five minutes of the 

experiment as shown in Figure 17.  These results suggest that the system reaches steady 

state around the three minute mark, after which point conduction begins to dominate, 

spreading heat to the powder not being intensely radiated upon.   

 

Figure 17: Hottest temperature of powder versus time 

THERMAL PROFILE ON POWDER DROP PILE 

The powder drop experiment was meant to determine if there was indeed a 

significant thermal gradient within the deposited powder pile.  Experiments were carried 

out depositing a single layer’s worth of powder as well as two layers’ worth of powder.  

Of interest experimentally was to see if the addition of more powder to the pile would 

further insulate the bottom of the powder pile by preventing the heat radiated from the 

emitter to the surface of the pile from spreading to the bottom. 
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Figure 9 shows the single layer of powder deposited on the test rig drop plate.  

The pile was heated using the emitter at 100% power for ten minutes with thermal images 

captured every 30 seconds.   

 

Figure 18: Single drop test prior to heater power 

 

Figure 19: Single drop test 60 and 120 seconds after power on 
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Figure 20: Single drop test 240 and 300 seconds after power on 

Figure 21 shows a plot of the temperature of the surface of the powder as captured 

by the thermal camera and the temperature at the bottom of the pile as captured by 

thermocouples versus time.  While the two types of measurement are initially the same, 

they deviate greatly as soon as the emitter is powered on.  This result is expected, as the 

powder is an excellent insulator with a conductivity ranging from 0.082 W/mK to 0.115 

W/mK.  The shape of the temperature growth of the top and bottom of the pile are also 

relatively expected.  Radiation is governed by a fourth power equation:  

          (  
    

 ) 

Conduction is governed by a first power, or liner, equation: 

   
  

 
(         ) 

This explains why the temperature profile of the surface of the pile is curved 

while that of the bottom of the pile is linear.  It also shows that the depth of penetration 

the infrared emitter achieves into the powder is not as deep as the depth of the powder 

pile, which was about 0.1 inches. 
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Figure 21: Temperature versus time for single pile test 

Figure 22 shows the double layer experiment, again with measurements taken at 

30 second intervals.  The immediate deviation in temperature between top and bottom 

here is even greater, suggesting that the additional powder further insulates the bottom of 

the powder pile from the heated surface.  This result is exaggerated at the end of the 

experiment, where the bottom of the single layer pile is nearly 10 degrees warmer than 

the bottom of the double layer pile. 
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Figure 22: Temperature versus time for double pile test 

Another result that can be taken away from this experiment is that the emitter 

cannot be assumed to be of infinite length, as edge effects can be clearly seen at the edges 

of the powder pile.  Given the length of the powder pile, the infrared emitter is not long 

enough to provide as much cross-radiation to the ends of the powder pile as it does to the 

middle of the powder pile.  This leads to a thermal gradient along the length of the pile, 

with the center of the pile becoming hotter than the ends.  This effect is understandably 

more noticeable on the surface of the pile where radiation dominates, shown in Figure 23, 

and the difference between the center of the pile and either end is nearly 10 degrees.    
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Figure 23: Thermal camera spot data for single and double pile tests 

Through both experiments the effect can also be seen at the bottom of the pile as 

well; however, the difference between the center of the pile and the edge of the pile is 

only a couple degrees, as seen in Figure 24. 
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Figure 24: Thermocouple data for single and double pile tests 
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THERMAL MODELING 

Flat bed thermal model 

A simple two-dimensional simulation in COMSOL was set up to simulate the 

change in surface temperature of the powder bed when exposed to radiation.  The powder 

bed was assumed to be symmetric about its longitudinal axis and insulated along its base 

due to the low conductivity of the powder, so insulating conditions were applied: 

           

A flat surface was made and given a heat flux and radiation properties to simulate 

the energy imparted by the infrared emitter: 

             (      )           

               

The powder bed was given the thermal properties found through conductivity 

testing and emissivity calculations: 

Property Units Value 

Thermal Conductivity (k)  [    ⁄ ] 0.11 

Density (ρ) 
[
  

  ⁄ ] 
625 

Heat Capacity (Cp) [     ⁄ ] 2200 

Table 3: Thermal properties used in COMSOL simulations 

The final equation describing the transient model was then: 

   
𝜕 

𝜕 ⁄                 



 43 

Running the simulation for 20 minutes, as in the experiment, yielded the 

following result: 

 

Figure 25: Simulation of thermal profile on flat bed 

The temperature of the surface of the bed in the middle of the hot spot was then 

plotted against time: 
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Figure 26: Surface temperature versus time for thermal profile simulation 

The results of the thermal profile simulation look very similar to the experimental 

results seen in Figure 17.  Near the 180 second mark, the temperature growth slows down 

and becomes approximately linear. 

Powder drop thermal model 

A similar two dimensional model was developed to simulate the results of the 

powder drop experiment.  The cross section of the powder pile in the experiment is 

expected to be generally normally distributed.  In order to approximate this shape, a 

model cross section of a semicircle was first tested, then a cross section of a triangle.  

Edge radiation effects were ignored, so the model would best approximate the thermal 

gradient within the center portion of the deposited powder pile. 
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Because the powder pile was assumed to be symmetric about its longitudinal axis 

and insulated along its base due to the poor conductivity between the powder and the 

PTFE test surface, insulating conditions were applied: 

           

The curved surface of the powder was given a heat flux condition and radiation to 

simulate the received radiation from the emitter, similarly to the thermal profile 

simulation:  

             (      )           

               

The same material properties were used as the thermal profile simulation to 

describe the powder pile.  The final equation describing the transient model was: 

   
𝜕 

𝜕 ⁄                 

Running the simulation for 20 minutes, as in the experiment, yielded the 

following result: 

 

Figure 27: Single drop initial simulation, circular 
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Though the color shows a temperature gradient within the pile, the scale shows 

that there is hardly any gradient at all.  Because of the insulating conditions on the flat 

edges of the profile, a small gradient actually develops growing from the center outward 

as more heat is forced to the center of the pile with nowhere to escape.  Looking at 

different points in the simulation, shown in Figure 28, reveals a gradient does exist during 

the simulation.  Shortly after the simulation starts the difference between surface 

temperature and center temperature is greatest; it then begins to shrink down to negligible 

values. 

 

 

Figure 28: Temperature versus time for single pile initial simulation, circular 

The results from the triangular cross section were similar to those of the circular 

cross section: a negligible temperature gradient starting at the center of the pile and 
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trend, with an initial difference between the surface temperature and center temperature 

which quickly disappears. 

 

 

Figure 29: Single drop initial simulation, triangular 

 

 

Figure 30: Temperature versus time for single pile initial simulation, triangular 
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The simulation validated that doubling the volume of powder dropped serves to 

further insulate the center of the pile from the infrared emitter.  Adjusting the dimensions 

of the model to account for the doubled volume produced the results shown in Figure 31 

and Figure 32.  The difference between surface temperature and center temperature is 

greater for the doubled volume and stays longer than that of the single drop simulation.  

These results are intuitive as the heat must travel through more insulating powder to 

reach the center of the pile. 

 

 

Figure 31: Double drop initial simulation, circular 
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Figure 32: Temperature versus time for single pile initial simulation, circular 

 

The negligible difference between final surface temperature and center of the pile 

temperature stands in stark contrast to the experimental results.  There are several 

possibilities to reasonably explain the discrepancy between the experiments and the 
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temperature using thermocouples.  Thermocouples rely on good contact with the target to 

heat up the junction of the thermocouple and provide a measurement.  Good contact 

between the thermocouple and powder particles is made difficult by the irregular shape of 

the particles, which results in many gaps and point contacts.  Both gaps and point 

contacts result in poor conduction to the thermocouple junction and inaccurate 

temperature readings. 
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large difference between surface temperature and center temperature at the ends of the 

experiments could be a result of the thermocouples responding to the temperature change 

slowly.  The model showed a difference between surface temperature and center 

temperature was quickly eliminated; it is possible that the same phenomena occurred 

during the experiment but the thermocouples were unable to keep up with the rate of 

change of temperature. 

The experimentally determined thermal conductivity of the powder also might not 

have represented the actual thermal properties of the powder deposited in piles.  During 

the conductivity testing, the sides of the powder test chamber were tapped to ensure good 

packing density within the test fixture.  No such settling was done for the powder 

dropped into a pile, which likely resulted in a lower packing density of the particles.  As 

discussed previously, the contact between powder particles and the gaps of air between 

particles play an important role in determining the powder’s conductivity.  The additional 

settling of the powder during the thermal conductivity testing likely resulted in better 

particle contact, fewer and smaller gaps, and hence better conductivity than was 

experienced during the powder drop experiment. 

To investigate this, the simulation was run with a lower conductivity value of 

         .   Using this value, a final difference between surface temperature and 

center temperature of 60 degrees was achieved, similar to the result seen in the single 

drop experiment.   
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Figure 33: Single drop simulation with decreased thermal conductivity value 

 

Figure 34: Temperature versus time for decreased thermal conductivity 
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Chapter 5 - Conclusions 

APPLICATIONS TO SELECTIVE LASER SINTERING 

A method for determining the thermal profile of a tubular quartz lamp heater was 

developed.  Thermal imaging of the heater radiating on a flat powder bed of PEEK 

powder, as would be seen in an SLS build chamber, produced a well-defined thermal 

profile.  The profile was roughly elliptical in shape and achieved steady state after 

approximately three minutes.  A COMSOL simulation replicated this behavior. 

Thermal measurements on a pile of deposited powder being heated by a quartz 

lamp emitter showed that there is a temperature difference between the surface of the 

powder and the bottom of the powder pile.  A thermal model was developed, and while it 

validated the experimental observation of a thermal gradient between the surface of the 

pile and the center, the extent to which the two temperatures differed could not be 

concluded.  The temperature difference between the surface and center of the pile 

increased after doubling the volume of powder in the pile as the additional powder served 

to further insulate the bottom.  Based on the extremely low thermal conductivity of the 

powder, this result is not unexpected and was verified with a simple conduction model. 

FUTURE WORK AND INDUSTRIAL RECOMMENDATIONS 

Using the thermal profile determined through thermal imaging in conjunction 

with the inverse radiation problem will allow for the determination of a heater array that 

can produce a uniform thermal pattern on a given powder bed.  While it took five minutes 

for the powder bed to reach steady-state with the heater fully powered, this was from 

room temperature to a heated state.  In practice, the atmosphere in the process chamber 
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will already be hot, which should require less time to bring each new layer of powder up 

to the desired temperature using radiation. 

The results of the powder drop test suggest that this powder introduction method 

will produce a non-uniform temperature distribution across the surface of the powder 

bed.  The powder is simply too insulating and the quartz lamps do not penetrate deep 

enough into the powder to effectively heat the pile.  One factor that could be of interest is 

the effect of the deposited powder falling through a heated atmosphere.  As the powder 

falls it separates from its clumped form, and the large surface area inherent in powdered 

media could heat the powder prior to the pile reaching the floor of the process chamber.  

Further testing of this effect could possibly render this powder introduction method quite 

useful. 
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