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Abstract 

 

Improvements and Effects of Thermal History on Mechanical 
Properties for Polymer Selective Laser Sintering (SLS) 

 

William Walker Wroe, M.S.E.  

The University of Texas at Austin, 2015 

 

Supervisor:  Joseph J. Beaman, Jr. 

 

This thesis investigates the relationship between the thermal history and 

mechanical properties for Nylon 12 tensile bars manufactured using Selective Laser 

Sintering. The thermal history is recorded using infrared imaging. In addition this thesis 

examines a new closed loop thermal control strategy for pre-heating the powder surface 

in a 3DSystems Sinterstation.  
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Chapter	   1:	   	   Selective	   Laser	   Sintering	  
Overview	  

 

The process of Selective Laser Sintering (SLS) was developed in the 1980’s at 

The University of Texas at Austin [1] for use with plastic materials. In the early 1990’s 

the processing of metal powders with Laser Sinteing was developed, and by 1995 began 

to be commercially available [2 Shellabear]. This paper though, will focus solely on the 

processing of plastics, in particular Nylon-12 and Nylon-11. 

Selective Laser Sintering is an additive manufacturing technique used to build 3-

D parts taken from a computer aided design (CAD) model. It is a layer-by-layer process 

where each layer represents a cross section of the finished product. The process is started 

by heating up a flat surface of powder to a temperature below, but near the melting point 

and then melting those particles that form the desired cross section with a laser. The 

surface is then lowered, a new layer of powder is rolled on top of the old one, and the 

process begins again. These steps are repeated often thousands of times to build an entire 

part. See Figure 1 below for a schematic of a typical SLS machine. 

Laser sintering was first seen as a method to produce prototype parts and castings 

for reasons cited below; but over the past 25 years it, along with many other additive 

manufacturing techniques, has been adapted and improved so that it can now be used in 

production applications. The difference between building prototypes versus manufactured 
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parts for end uses is predominately in the type of load the part will face. For prototypes 

that merely need to be strong enough to support their own weight, only dimensional 

accuracy is important, while large variations in tensile strength, or an all-together low 

tensile strength is unimportant. However, parts manufactured for end use must, in 

addition to being dimensionally accurate, meet the strength requirements to handle the 

types of loads the part is designed to carry. This requires predictable and repeatable 

mechanical properties that were not feasible early in the history of SLS.  

Two main factors are steering SLS towards adoption as a manufacturing 

technique. The first is the experience that SLS users have gained over the years by 

studying the mechanical properties of their builds and comparing them to various build 

parameters. This imperial process has allowed them to process certain materials with the 

confidence that the mechanical properties will fall within an acceptable range for certain 

end use applications. The second factor is the creation of highly instrumented SLS 

machines like the one that will be discussed in the paper. These machines are equipped 

with sensors that can monitor nearly all aspects of the build process, and using this 

information assure the manufacture that the parts will come out with the request 

mechanical properties.  

Selective Laser Sintering has two main advantages over traditional manufacturing 

techniques: the first being the ability to create complex shapes and designs that are not 

feasible with most subtractive manufacturing methods. Second, is the ability to go 

quickly from design to fabrication, often in a matter of hours. These two characteristics 
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make the potential of laser sintering very attractive as a mainstream manufacturing 

method. 

There are however several limitations in the current LS (Laser Sintering) process 

for growing it’s use in manufacturing applications. One of the primary weaknesses is the 

inconsistency in the mechanical properties of parts after fabrication [3]. This was not as 

big an issue when the process was used exclusively for prototyping because the primary 

requirement there is dimensional accuracy, with the structural integrity of the part being 

of only minor importance. These mechanical inconstancies are primarily due to the strong 

dependence of mechanical properties on the thermal history of the part during its 

creation, a thermal history that is difficult to replicate build after build. Advancements 

have been made by SLS machine manufactures in recent years in improving the 

consistency of the part bed temperature, but it is not yet a perfected technique.   

 The following paper will discuss two experiments designed to shed light on, and 

reduce, the issue of thermal inconsistency. The first experiment takes place on a testbed 

SLS machine built at the University of Texas, and the second experiment was done on a 

commercial LS machine at Stratasys Direct Manufacturing in Belton, TX.  
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Figure	  1:	  Overview	  of	  Laser	  Sintering	  Machine	  [4]	  
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Chapter	  2:	  	  Experimental	  Apparatuses	  
 

The LAMPS (Laser Additive Manufacturing Pilot System) was designed and built 

at the University of Texas. It is meant to be a laboratory Laser Sintering machine to aid in 

process characterization and control, including experimentation of various build 

parameters and potential materials. It’s open architecture allows the experimenter direct 

control over all process parameters, and in particular, an ability to add and remove data 

acquisition elements as needed. In addition the LAMPS machine was designed to sinter 

higher temperature materials than most LS machines, and also do so while exposing as 

little powder as possible to the excessive heating. This last feature is due to the high cost 

of many higher temperature LS powders, and their reduced or eliminated recyclability 

after being exposed to elevated temperatures for an extended period of time due to the 

recrystallization of the powder. 

LAMPS	  MACHINE	  OVERVIEW	  

Figure 2 below shows a CAD model of the LAMPS machine. The laser box 

located at the top of the machine is a 25-Watt CO2 laser with an Integra galvo system and 

controller. This galvo system allows the laser beam to be directed in such a way so that 

the desired cross section can be scanned at the powder surface. The build chamber, which 

is pointed out in Figure 2, is where the laser sintering of the powder takes place.  
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Figure	  2:	  CAD	  Model	  of	  LAMPS	  Machine	  
	  

	  
	  
	  
	  

	  
	  
	  

Figure	  3:	  Cross	  Section	  of	  Build	  Chamber	  and	  Powder	  Hopper	  
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A zoomed in section view of the build chamber and powder hopper is given in 

Figure 3. In this figure the colored cones represent the fields of view of the cameras and 

laser system. As can be seen the IR camera has a field of view that includes both the 

build surface and the area underneath the powder hopper. This positioning will be 

discussed in the Thermal Control section of the chapter. The reason for using a hopper 

delivery system versus the more common feed bin systems, such as in Figure 1, is to limit 

the amount of powder that is exposed to the high temperatures of the build chamber. This 

is of value because the longer the powder material is exposed to elevated temperatures 

the larger the average particle size of the powder becomes, [5,6,7] which can lead to 

many undesirable characteristics. 

What can also be seen in Figures 2 and 3 is the roller mechanism used to spread 

the powder. Unlike typical commercial machines the LAMPS machine has a separate 

servomotor that can rotate the roller independently of the traverse speed. This could 

potentially be an important parameter that affects the surface quality of the newly 

deposited layer during the laser sintering process. In addition it allows future 

experimentation with the idea of powder compaction as discussed in Niino and Sato’s 

paper [8]. 

LAMPS	  ATMOSPHERIC	  THERMAL	  CONTROL	  

In typical commercial machines, the main method of pre-heating the new layer of 

powder is through radiation. Quartz lamps are placed above the build surface and heat the 
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surface to a desired set point with feedback control from a spot pyrometer. This method 

of heating lends itself to large convection currents on the build surface, which can cause a 

lack of temperature uniformity on the build surface [3]. These convection currents are 

due to the inverted thermal gradient caused by having the heated build surface at the 

bottom of the build chamber with cooler air above. This causes the air nearest the build 

surface to become hotter, and therefore more buoyant then the air above it. Due to this 

change in buoyancy an air flow pattern is established were hot air rises from the surface 

and is replaced by colder air which then draws heat out of the powder in a manner that is 

difficult to control. 

The LAMPS machine implements a new strategy for achieving a stable thermal 

environment by heating the atmosphere of the build chamber. By heating the gas of the 

chamber to a value at or above the desired surface temperature, the build surface heating 

done by the quartz lamps does not result in a large inversion of temperature. This keeps 

the atmosphere from circulating as much, thereby reducing the heat transfer from the 

build surface due to the much smaller convection current that does remain. The 

atmosphere is heated by heating the walls of the build chamber with resistive strip heaters 

whose set points are at a higher temperature the higher in the build chamber they are 

located. This maintains a top-down thermal profile of the atmosphere that helps to limit 

convection currents. Figure 4 shows the locations and size of the strip heaters.  
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Figure	  4:	  Heater	  Location	  Inside	  Build	  Chamber	  

 

Due to the slow dynamics of heat conduction through air, quartz lamps (see 

Figure 4) are still used to maintain the precise temperature control of the build surface 

needed for the SLS process; but with the majority of the heat imparted on the powder 

coming from the air above it, the convection currents at the surface should be 

significantly lessened. 
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LAMPS	  POWDER	  SURFACE	  THERMAL	  CONTROL	  

In order to measure the surface temperature of the powder bed a FLIR A325 IR 

camera was used. This camera has a spectral range of 7.5-13 micrometers [9], versus the 

quartz lamps, which have a spectral emission range in of .9-1.6 micrometers [10]. This is 

important because if there were overlap between the quartz lamps emission spectrum and 

the IR camera’s spectral range, then the camera would see the reflected light coming 

from the lamps and bouncing off the powder bed as actual heat from the powder, thereby 

giving a value that would be higher then that of the actual powder surface.  

 Using an IR camera allows the temperature values on the surface to be measured 

and then using a real time control scheme implemented in LabView, control the quartz 

lamps and strip heaters in such a way to maintain the desired surface temperatures 

throughout the build chamber. There are two areas of primary interest in this 

experimental setup. The first is the build surface, which is where the actual part will be 

constructed. The second is the powder drop area. The powder drop area is where the new 

powder is first introduced into the build chamber. Figure 5 below shows an example 

image from the FLIR camera. 	  
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Figure	  5:	  IR	  Image	  of	  Build	  Surface	  and	  Powder	  Drop	  

 
At the top of the image is powder that was just dropped into the chamber and is 

waiting to be spread over the build surface. It is cold relative to the rest of the chamber 

because it has not had time to heat up after being dropped in from the relatively cool 

powder hopper. Also shown in the image is the build surface, which is outlined in teal. 

Due to a quartz lamp obstructing the view of the IR camera a large teal rectangle is 

placed in the image as well, so to make it obvious which pixel values do not represent 

true surface temperatures.  

The powder drop’s temperature must be effectively controlled due to the narrow 

range of temperatures that will work in the Laser Sintering process. If the newly 

introduced powder is to cold, it will induce “part curl” due to the excessive heat transfer 
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from the previously sintered layer to the current one. This “part curl” will cause the roller 

to catch the part and drag it across the build surface, ruining the entire build. If however 

the newly introduced powder is too hot, the powder will become too clumpy and a 

smooth build surface cannot be established. This range of acceptable temperatures must 

be experimentally determined for each different material used and is something that the 

LAMPS machine was designed to test. 

 Controlling the build surface is also very important because like the new powder 

being spread, there is a limited temperature window at the build surface that will allow 

the Laser Sintering process to work. If the powder bed gets to hot unwanted powder 

particles will begin fuse together and limit the accuracy of the part as well as diminish the 

reusability of the powder. In addition if the powder bed is to cold before being melted by 

the laser, the edges of the sintered area will curl and contact the roller thereby ruining the 

build [11]. The allowable temperatures are different for each material, and are determined 

by the materials melting temperature and crystallization peaks found in its differential 

scanning calorimetric (DSC) curve [11]. 

By using a common temperature sensor to measure both the build surface and the 

powder drop temperature calibration issues are reduced. In this case only a single 

calibration is needed to get accurate differential temperature readings between the 

powder drop and build surface. This is different from commercial systems that use 

separate temperature sensors for each zone, each of which requires a separate calibration. 
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Figure	  6:	  Differntial	  Scanning	  Calorimetric	  Curve	  for	  Nylon	  12	  

	  

LAMPS	  DATA	  COLLECTION	  

An important element designating the LAMPS machine’s status as a research 

instrument is its data collection capabilities. The most unique feature is the ability to take 

live video of the build process using both IR and visual cameras. In addition, these 

cameras can capture images at any stage in the process and save them for later analysis. 

Having these two cameras helps significantly with finding the correct build parameters 

for a given material, especially with regards to the various laser parameters such as laser 

power, scan speed, and scan spacing. With the IR camera, it can be determined weather 

or not the temperature of the sintered region reached the melt temperature; and with the 

visual camera, issues such as the shriveling of the melt pool can be seen if the energy 

density delivered to the part was to high. In addition the visual camera can spot the 
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generic problem of “part curl”. As mentioned above this analysis can be done both in real 

time and post build. 

   The LAMPS machine also gives improved control of the part cake as the sintered 

layers move farther and farther from the powder surface. This is done by placing 3 banks 

of heaters around the part cake, and additional heaters underneath on the piston head. 

These heaters are controlled by 10 thermocouples distributed around the surface of the 

piston and build box. With this enhanced process motioning and control, significant 

experimentation can be done with regards to the effect of the cool down stage on the final 

outcome of the part.   

APPARATUS	  FOR	  FEEDBACK	  CONTROL	  ON	  SINTERSTATION	  2500	  

For this experiment an IR camera was retrofitted onto a commercial 3D system 

machine. Figure 7 below shows how the camera was installed and an example of the 

camera’s field of view, with the top of the image seeing the quartz lamps, and the bottom 

half of the image being taken up by the build surface. With this camera the temperature 

of the build surface can be measured and recorded in real time. In addition a Compact 

RIO (Crio) from National Instruments [12] was hooked up to the solid-state relays that 

control the machine’s quartz lamps. Using this IR camera in conjunction with the Crio, a 

new control strategy was implemented where each lamp is controlled off of a certain 

region of interest (ROI) on the build surface. 9 ROIs were chosen, each being an equal 

area rectangle which when added together incorporated as much as the build surface as 
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possible. Figure 8 below shows an overview of the experimental design as well as the 

ROI layout. 

	  
	  Figure	  7:	  IR	  Image	  and	  Camera	  Installation	  
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Figure	  8:	  Feedback	  Loop	  Overview	  

  

The feedback loop goes as follows: the IR camera reads the temperature of the 

powder surface, sends that reading to the computer where a duty cycle is calculated based 

on the desired set points and gains, that duty cycle is sent to the Crio’s FPGA module 

where it pulse width modulates (PWM) the Solid State Relays (SSR) which control the 

lamps according to the duty cycle (each on or off “tick” is on the order of a microsecond). 

The Pulse Width Modulation (PWM) mimics a desired voltage across the QL’s resistive 
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heating elements, which then heat the build surface in proportion to that voltage.  The IR 

camera then reads the new build surface temperature and the cycle repeats again.  

 The goal behind this experiment was to improve the uniformity of the powder 

temperature across the build surface. This is an important goal because the temperature of 

the powder before and after sintering plays a key role in both the mechanical properties 

of the finished part and its geometrical accuracy. Current commercial machines use a 

single pyrometer reading to control all the quartz lamps, and while the gains of all the 

heaters can be adjusted before hand to find a condition were the surface temperature is 

acceptably uniform, there is no guarantee that this open loop control method will 

maintain its accuracy during a build [3]. Having closed loop control of the build surface 

could go along way into fixing this issue since it can adjust for the changes in the 

chamber environment as a build goes longer and longer.   

 The main changes that needed to be done to the SinterStaion before this closed 

loop strategy could be implemented were first to install the IR camera to the door of the 

machine as shown above in Figure 7, and then remove the native control wires from the 

Solid State Relays (SSRs’) that controlled the QL’s and connect the Crio’s Digital Output 

Pins in their place. A picture of the new SSR wiring configuration can be seen in Figure 

9. 
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Figure	  9:	  Solid	  State	  Relay	  Configuration	  	  
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Chapter	  3:	  	  Analysis	  of	  a	  Z-‐axis	  Tensile	  
Bar	  Build	  

 

The coordinate system for reference in the builds is Cartesian with the X-Y plane 

aligned with the powder layers, and the perpendicular Z-axis pointing in the direction of 

the piston motion as the build progresses. This paper will focus on analysis of tensile bars 

built with their long axis oriented in the Z direction, because for parts manufactured by 

laser sintering, the weakest direction is often along the direction of the layer-to-layer 

bonding, which for SLS is the Z-axis [3,13].  This is important because as additive 

manufacturing transitions from its roots as a method exclusively used for Rapid 

Prototyping (RP) towards one suited for manufacturing applications, more and more 

emphasis has been put on the mechanical properties of the finished part, as well as the 

reliability of these properties falling within an acceptable range. For many applications 

the performance requirements must be met in all three directions, which means that the 

mechanical properties must be suitable regardless of the direction in which the part was 

built.  

To test the quality of the parts being built, it is industry practice to place tensile 

bars throughout the build chamber, and after the build is complete, test these bars on a 

tensile testing machine. If the stress-strain curves meet the criteria needed, then the other 

parts in the build are assumed to be good, if not then those parts must be thrown away 
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[14]. It is our hypothesis that if the complete thermal history of the part under question 

was known its mechanical properties could be predicted, thereby negating the need to 

waste valuable build chamber space with tensile bars for quality control. In addition, it 

would help avoid those times when though the tensile bars placed in the build did not 

have the required strength, the parts of interest would have. 

The goal of this experiment is to find a correlation between the temperatures 

reached in each sintered part and its corresponding tensile strength at break. In addition, 

to make an attempt at predicting the location of the break in a specimen based on the 

temperatures reached during each layer. 

EXPERIMENT	  PARAMETERS	  

The following analysis was done on a build of 30 tensile bars with their long axis 

parallel to the z-axis. Figure 10 shows the image of the STL file that contains all 30 

tensile bars in the same orientation they were built in. The build parameters of interest are 

given in Table 1. In addition to the build parameters given in Table 1, the LAMPS 

machine is equipped with atmospheric thermocouples that show the distribution of heat 

throughout the chamber. The impact of the these measurements will not be studied in this 

thesis, but as a point of interest, the closest atmospheric thermocouple is roughly 3 inches 

above the build surface and measured 185 (+/- .5) degrees Celsius throughout the entire 

build. This gives some idea about the atmospheric heating of the build surface.  
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Figure	  10:	  Matlab	  Rendering	  of	  Build	  STL	  File	  	  

  

Table	  1:	  Build	  Parameters	  

 For the build parameters given in Table 1, the 30 tensile bars required 712 layers 

and took 12.3 hours to complete. The shape of the tensile bars matched the ASTM type 1 

standard, but scaled down to be 3 inches long with a gauge length of .92 inches. This 

allowed over 230 standard gauge length layers to be included in the correlation 

assessment while reducing the build time by 14.3 hours. A raster scan strategy was used 

to execute the desired build geometry in the powder bed, and as is typical in SLS, the 

direction of scanning varied each layer.  Figure 11 shows a cropped IR image of the build 

surface with the left image being the original one taken from the IR camera, and the right 

Layer	  Depth	   Laser	  Scan	  Speed	   Scan	  Spacing	   Fill	  Power	   Outline	  Power	   Avg.	  Layer	  Time	  
.004	  inches	   2000	  mm/sec	   .011	  in	   10.5	  Watts	   9	  Watts	   63	  seconds	  
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image is the same as the left but with a Keystone correction to account for the IR camera 

viewing the build surface at an angle. The Keystone correction was done using Matlab’s 

“imtransform” function. Figure 12 gives a visual depiction of the laser scan strategy as it 

alternated between even and odd layers. The orientation of the axis given in Figure 12 

holds for all future images of the build surface, with the x-axis going from left to right, 

and the y-axis going from bottom to top. 

	  
Figure	  11:	  Original	  IR	  iamge	  and	  Keystone	  corrected	  IR	  image	  

 

	  
Figure	  12:	  Raster	  Scan	  pattern	  
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MECHANICAL	  RESULTS	  

 Once the tensile bars were completed and had cooled down they were tensile 

tested using standard ASTM 638 methodology in an Instron 3345 tensile machine. The 

plot below in Figure 13 shows the stress verse strain results. As can be seen the results of 

each tensile bar were very inconsistent with the Ultimate Tensile Strengths (UTS) 

varying from 39 MPa to as low as 4 MPa, the results for each tensile bar are given in 

Appendix A.  As point of reference, for commercial machines a typical Nylon 12 tensile 

bar built along the z-axis fails at about 40.9 MPA [15]. Ajoku et al does not give any 

description of the variation of UTS between the z-axis samples, but Leigh et al [14] gives 

a much lower average UTS for its z-axis specimens of 1580 psi (10.9 MPA) along with a 

high degree of variation, a maximum of 20.4 MPA and a minimum of 3.4 MPA . 

The average UTS given in Ajoku et al compares well to some of the stronger bars 

in the build under discussion. This helps verify the LAMPS machine as capable of 

processing Nylon 12. In addition the high variation between the UTS of each specimen 

should be looked at as an opportunity to look for correlations between the strength and 

the thermal history of each tensile bar. It is this paper’s hypothesis that the inconsistency 

of the strength of the tensile bars shown in Figure 13 is due to the different thermal 

histories of each tensile bar; this includes the temperature of each layer before it was 

sintered, as well as the amount of energy deposited by the laser during the scan. 
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Figure	  13:	  Stress	  vs.	  Strain	  results	  for	  all	  30	  bars	  

THERMAL	  RESULTS	  

 In order to observe the thermal trends of each tensile bar, IR images were 

recorded at 30 frames per second from just before the laser started scanning till just after 

the scanning stopped. After the build, pixel regions of interest (ROI) were selected that 

corresponded to the 30 tensile bars with Sample 0 being the top left bar, and Sample 29 

being the bottom right. Figure 14 shows a 3D plot of all the pixels in the cropped image 

of Figure 11, with the height being the time averaged value of each pixel over a single 

layer’s scan period. 
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Figure	  14:	  Average	  Build	  Surface	  Temperature	  Over	  Single	  Scan	  Period	  
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Figure	  15:	  Build	  Surface	  Average	  Temperature	  (Rotated)	  

 

The 30 individual ROIs are easily identifiable in this figure and when the plot is 

rotated as in Figure 15 it can be seen that the average temperature falls off significantly as 

the ROIs approach the edge of the build surface, and in particular the right side, samples 

9, 19, and 29. The out of place slope seen at the top of Figure 14, the right of Figure 15, is 

primarily due to radiation bleed coming from a quartz lamp, the location of the shield is 

represented by the teal region in Figure 5. This effect may be biasing the derived 

temperatures for the top row of specimens, samples 0 through 9, but it is believed that 
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this will not affect the general trends in the data since it maintains the x-axis temperature 

distribution (colder at the ends then in the middle) that will end up having a much greater 

effect on UTS then the y-axis temperature distribution. 

CORRELATION	  BETWEEN	  MECHANICAL	  PROPERTIES	  AND	  THERMAL	  HISTORY	  

 In order to accurately compare the ROI temperature values to the mechanical 

properties of their respective tensile bars, a temperature data set that was unbiased as to 

when the image was taken had to be found. This is because the average temperature of 

each 30 pixel ROI (see Figure 16) in a single image is greatly impacted by when the laser 

had last passed through that ROI, and although the frame rate of the camera was set at its 

highest frame rate of 30 fps, when compared to the scan speed of the laser, the timing of 

the images appears, and in many ways is, random. What this translates to is that over the 

course of a layer several more images could be taken with the laser in a specific region of 

interest then in another one which would cause any averaging done over the layer to read 

the first ROI as being hotter then the second due to the fact that the camera had recorded 

more images when the laser was located in that ROI. This potential bias is present in 

Figures 14 and 15 and can be seen by the sharp pixel spikes seen within each ROI in 

those images. 
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Figure	  16:	  Labled	  Regions	  of	  Intrest	  

It was decided that the best way to compare the temperatures of each ROI to the 

others was to take the last frame before a specific ROI began being sintered, and the first 

frame after a ROI was completely sintered and to use the images to compare 

temperatures, calling the first image the pre-sintered image and the second, the post-

sintered image. This way all pre or post sintered images could be compared with all the 

other images of that same type knowing that the laser bias was being kept to a minimum; 

a maximum discrepancy of 33 milliseconds (1 frame divided by 30 fps) between when 

the laser was last within a ROI for each image. This discrepancy could still be impactful 
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given the fast dynamics involved with the heating and cooling of the sintered powder, but 

given the current experimental setup, it is the best that can be achieved. 

On odd layers when the laser was scanning in the x direction (See Figure 12) this 

meant that 10 ROIs were being sintered at a time, so that six total images would be used 

across that layer, three “pre-sintered images” and three “post-sintered images”, one of 

each for each row. On even layers when the scanning was done in the y-direction, twenty 

images were used, 10 “pre-sintered” and “10 post-sintered”, one each for each column.  

For more details see Wroe et al [16].   

 With these images found an average temperature could be taken over the 30 

pixels in all 30 ROIs and each tensile bar would have an average pre-sintered temperature 

and an average-post sintered temperature for that layer. This process was then expanded 

over all 712 layers. Finally after each of the 30 regions of interest (ROI) had 712 pre-

sintered and 712 post-sintered temperatures, the mean across all layers was taken so that 

each ROI had one pre-sintered temperature averaged across the entire build, and one 

post-sintered temperature averaged across the entire build. It was then these two values 

that would be used to draw correlations between the thermal and mechanical results. 

 Figure 17 shows the plot of the average pre-sintering temperature versus the stress 

at fracture, and Figure 18 shows the average post-sintering temperature versus the stress 

at fracture. Because all the specimens had a brittle break with no necking experienced in 

the gauge length, see Figure 13, the stress at fracture for each bar also corresponds to its 

ultimate tensile strength. 
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Figure	  17:	  Averaged	  Pre-‐Sintering	  Temperature	  vs. 	  Stress	  at	  Fracture	  
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Figure	  18:	  Average	  Post-‐Sintering	  Temperature	  vs.	  fracture	  Stress	  	  
	  

 For Figure 17 there seems to be no real correlation between the average pre-

sintering temperature for each tensile bar and its stress at fracture. Figure 18 though does 

seem to show a possible cut off temperature at about 185.5 C where samples whose post 

sintering temperature was above that cutoff tend to have a higher stress at fracture then 

those that failed to reach the cutoff. There are notable exceptions however, and the 

correlation is not very strong.  
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 Figure 19 below shows the total average temperature of every image across every 

layer for each ROI and plotted it versus the stress at fracture. As mentioned in previous 

paragraphs this type of average does introduce a potential bias depending on where the 

laser was during each picture, but it has been included because of the very noticeable 

trend of increasing temperature leading to increasing stress at fracture. In addition this 

image also shows a strong cut off temperature at about 186.5 C, with only two noticeable 

outliers. A linear fit line is plotted for both sets of data points, those samples with a 

maximum tensile stress above 20 MPa, and those with a maximum tensile below 20 MPa 

with the two outliers not included in either fit. The coefficient of determination for the 

top line of points above 20 MPa is .3948, and for the bottom line, .6501.  
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Figure	  19:	  Total	  Averaged	  Temperatures	  vs.	  Fracture	  Stress	  	  

LOCALIZED	  LAYER	  TEMPERATURE	  VERSUS	  FRACTURE	  LOCATION	  	  

Figure 20 shows pictures taken of the fracture area of two different samples. As 

can be seen it is a brittle break that takes place over only a single layer. This is because of 

the week inter-layer bonding that plagues z-axis tensile bars [13,14]. This type of fracture 
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was consistent for all tensile bars in the build. It is this papers hypothesis that using the 

temperature history of each layer, the break location in each sample can be estimated.  

The actual break location was found by measuring the distance from the bottom 

of a sample to the fracture location, with an estimated uncertainty of +/- 2.5 mm. This 

uncertainty, which corresponds to a band of +/- 30 layers, compensates for both the 

accuracy of the caliper measurement, and the possibility of material ejection during the 

actual fracture 

	  
Figure	  20:	  Images	  showing	  Fracture	  Across	  a	  Few	  Layers.	  	  

The prediction of where each sample would break was done by first by taking 

each layers average temperature for the ROI and non-dimensionalizing it as a percent 

difference from the mean temperature of every image over every layer for each ROI. A 

low pass filter with a pass-band of .1 was then applied to the data. This corresponded to a 

blending of the previous 10 layers in order to smooth out oscillations in order to more 

easily show the general trends. From this filtered data the lowest point reached, which 

corresponded to the lowest temperature difference from the normal, was the predicted 

layer of failure. If the actual break fell within +/- 30 layers of this point then the 
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prediction was considered a success. For this test, four of the samples were not usable 

since they did not fracture in the gauge length, but for the other 26 samples 9 of the 

fracture locations were successful predicted. This corresponded to a success rate of 36%, 

versus a success rate of 24.7% if the predicted layer were chosen at random. Figures 21 

and 22 show a plot of a successful and unsuccessful prediction respectively. 

For each plot the blue dots represent a layers percent difference from the 

combined average of all the layers, the black line is the filtered data, the red circle marks 

the coldest spot on the filtered data, and the yellow region is the 61 layers which 

represent the predicted region of fracture. As can be seen in both plots the data is split 

into two regions, one roughly half a degree colder then the zero line, and the other, half a 

degree hotter. For both plots the colder region corresponded to the even layers, and the 

hotter region the odd. This is because of an issue with the laser not properly 

compensating for the acceleration and deceleration of the galvos at the end of its scan 

vectors. Because of this, extra energy is deposited into the powder at both the beginning 

and ends of scan lines, and as can be seen by looking at figures 11 and 12, odd layers 

have more scan line end points, 20 versus 6, then even lines. This corresponds to warmer 

temperatures on odd layers then on even ones.  
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Figure	  21:	  Successful	  Prediction	  of	  Fractured	  Layer	  	  
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Figure	  22:	  Unsucsseful	  Prediction	  of	  Layer	  Break	  

 

  This laser issue will be fixed on the LAMPS machine, but in order to draw better 

comparisons from this data set it was decided that a new non-dimensionalizing strategy 

should be used. Instead of non-dimensionalizing all the ROIs in a layer with respect to 

the average temperature for each ROI across all images in all layers, the layers were split 

between odd and even layers and all even layers were non-dimensionalized with respect 

to the average temperature across all images for all even layers, and vice-versa for odd 

layers. This new data set reduces the layer-to-layer oscillations and allows a higher 

frequency low pass filter of .25 to be used, which is a blending of the previous 4 layers. 
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This allows for a better examination of exceptionally cold layers relative to the average. 

Figure 23 shows the new prediction plot for sample 22 (same sample as Figure 21). 

As can be seen in this new image there is no longer a alternating high and low 

pattern and the peak were the coolest region occurs is more pronounced then in Figure 

21. With this new non-dimensionalization the number of successful predictions was 

increased to 12 out 26, for a success rate of 46%. This number is certainly not ideal, but it 

does suggest that further examination of the data, and improved accuracy of the testing 

machine could lead to a useable correlation of thermal history to break location. 

	  
Figure	  23:	  Improved	  Normalization	  	  
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Chapter	   4:	   	   Closed	   Loop	   Control	   of	  
Build	  Surface	  Temperature	  
 

 One of the biggest issues with current commercial SLS machines is the uneven 

distribution and layer to layer consistency, of the temperatures across the powder surface. 

This is important due to the very sensitive nature of the LS process as shown in Chapter 

3. If the powder is too cold during a laser scan the powder may not fully melt and the 

finished part can have powder particles hidden within the solidified region. These powder 

particles do not contribute to the binding of the part and so lessen the tensile strength. If 

the powder is too hot during a laser scan, excesses energy overflow will melt powder 

outside of the desired melt pool. These melted particles will become part of the final 

solidified part and the dimensional accuracy will have been diminished. Finally, if the 

temperature of the powder surface is uneven then when a long part is being scanned, 

thermal gradients can be generated over a length scale sufficient to induce “warping” or 

“curling” where the part bends permanently upward. Part curl at a minimum hurts the 

dimensional accuracy of the finished part, and can potentially ruins an entire build if the 

curl is enough to contact the roller when it is spreading additional layers of powder. 

Figure 24 shows an example of a laser sintered bar with and without significant curling 

effects. 



   
 40 

 

	  
Figure	  24:	  Images	  of	  two	  specimens	  Top:	  significant	  curl,	  Bottom:	  

minimal	  curl	  [8]	  

 Current SLS machines use a single pyrometer reading located in the center back 

region of the build surface to measure the powder surface temperature. Based off this 

reading the duty cycle of the heaters positioned above the surface are varied in order to 

bring the powder surface up to the desired temperature.  An infrared pyrometer only 

gives one temperature reading and does so over a very limited area; for a SinterStation 

the area measured by the pyrometer is about a one-inch diameter circle. This means that 

although the control strategy can very effectively stabilize the temperature of the powder 

being directly measured, the temperature of the vast majority of the powder surface 

cannot be exactly known. To make temperature control more difficult, it has been proven 

that the thermal dynamics of the build chamber are not symmetric. This means that the 

temperature of one corner, or side of the build surface can only be assumed, relative to 

the central area being measured.   

 Improvements in the surface heating for Sinterstations and similar 3D Systems 

Machines have been made by Integra with their Multi-Zone Heater upgrade. This 
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upgrade splits the heater system into nine heater zones with independent power control. 

The power settings for each zone are determined from a calibration activity that is 

performed on an occasional basis as follows: With the laser removed from the machine 

an IR camera is put in its place and a perpendicular thermal view of the build surface is 

achieved. From here the relative power settings for each zone are adjusted until an even 

temperature distribution over the surface is found. These power settings are then 

maintained among the heater zones during a build while they are being regulated from the 

single pyrometer measurement. This temperature control strategy has been proven very 

effective at maintaining a uniform powder surface as long as the gains are set properly. 

However since the thermal dynamics of each build is different due to the different 

possible build geometries as well as physical changes in the machine that happen 

overtime, the appropriate zonal gains that would produce a uniform temperature are not 

constant. Because of this a closed loop strategy was designed and implemented where an 

IR camera splits the build surface into nine different regions with the mean temperature 

in each region controlling one and only of the nine heater zones.  

 It is the hypothesis of this experiment that a closed loop strategy will be more 

robust to changes in the dynamics of the machine and part build configuration from build 

to build. This is because regardless of what changes, be it nitrogen leaking out of the 

machine, increased energy inputted into the chamber through laser scanning, or a number 

of other variables, each of the nine zones will be driven to their set point by their 

respective heaters. Each heater zone was controlled by mutually exclusive zones on the 
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build surface from the camera image. These build surface zones were designated as pixel 

Regions of Interest or ROI based on an estimate of the view factor from each heater zone 

to the build surface. It was experimentally determined that their was some coupling 

between each heater zone and the various ROIs, but by adjusting the proportional gains a 

configuration where all 9 zones reached their set point with minimal overshoot (+/- 1 

degree Celsius) was achieved. Figures 25 through 27 give a plot of the response of each 

ROI for the closed loop system during the laying of a new layer of powder. The red line 

gives the desired set point for the region, in this case 177 Celsius, and the blue line gives 

the mean value in that region of interest. Figure 25 includes a plot of the duty cycle of 

heater zone 9 to give an idea of the inputs into the system. 

 

	  

 

 

 

 

	  

Figure	  25:	  Response	  of	  ROI	  9	  to	  layer	  addition	  
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Figure	  26:	  Response	  of	  ROI	  1	  through	  4	  to	  layer	  addition	  

	  

Figure	  27:	  Response	  of	  ROI	  5	  through	  8	  to	  layer	  addition	  
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 As can be seen from the images above, the system heats up the new layer of 

powder quickly; it takes about 8 seconds for each ROI to reach its steady state value near 

the set point. For this run, the biggest over shoot is in region 5 with a steady state over 

shoot of 0.8 degrees. The biggest steady state offset from the set point though was region 

3, which settled down at 176 Celsius. These steady state errors could potentially be 

minimized by increased optimization of the gains and quartz lamp positions, but it was 

decided that these results were satisfactory enough to run a comparison between the 

closed loop control configuration and the Integra Multi Zone configuration. 

COMPARISON	  TEST	  

For the purpose of comparison two, builds were completed on a 3DSystems 

Sinterstation, each consisting of 8 tensile bars with their orientations in the X-Y plane. 

The first build was done using Integra’s open loop control system and the second done 

using the new closed loop control. The data used to compare the two builds are thermal 

images taken every five seconds. Figure 28 gives an example of an IR image with the 

section highlighted representing the build surface region to be analyzed and compared. 

As can be seen in Figure 28 the bottom corners of the build surface are not included. To 

include these a “Keystone Correction” would need to be done to adjust for the viewing 

angle of the IR camera, this correction is not done in this analysis but will be for future 

work. 
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Figure	  28:	  Example	  IR	  Image	  of	  Open	  Loop	  System	  

Figure	  29:	  Figure	  28	  Cropped	  to	  Show	  Center	  of	  the	  Build	  Surface	  	  

 

 

 Figure 29 illustrates the issue of non-uniformity of temperatures across the 

powder bed as discussed in the previous section. There is a cold spot in the top center 
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portion of the build surface that is about 6 degrees colder then the hottest spot nearer the 

center of the powder surface. This could potentially affect the part quality of tensile bars 

built within this cold region. 

 Figure 30 gives a plot of the max pixel temperature value in each cropped image 

as the build progresses. This plot is for the open loop control configuration but from this 

zoomed out perspective the closed loop configuration plot looks nearly identical. The 

temperatures that jump up to above 600 C represent images where the laser is scanning. 

The dips where the max temperature drops below the steady state value represent a new 

layer of powder being rolled over the build surface.  The region between 2400 seconds 

and 3300 seconds correspond to when the “heat shield” was sintered. A “heat shield” is 

built at the beginning of every build in order to limit the heat “leaking” out of the part 

cake throughout a build. The region between 5100 and 6900 seconds represent the layers 

where the 8 tensile bars were being scanned. Because the frame rate of the camera during 

this test was relatively low, one image every five seconds, it would be very difficult to 

produce an unbiased comparison using the layers that involved laser scanning. This is due 

to the random location of where the laser would be during an image. Because of this 

frame rate issue, the layers done between when the heat shield was finished and the 

tensile bars began being sintered were chosen to be compared between the two builds. 

For Figure 30 this corresponds to the time between about 3300 and 5100 seconds. 
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Figure	  30:	  Plot	  of	  Max	  Temperature	  Versus	  Time	  

  

The IR frames taken 10-15 seconds after each new recoating of powder were 

chosen to be compared between the two tests. This is to quantify the effectiveness of each 

configuration at responding to a disturbance, in this case new cold powder. The possible 

error in when the images are taken is a result of the experimental limitation of one image 

every 5 seconds. However due to the rapid nature of the powder reheat in both 

configurations, it takes less then 10 seconds for both systems to reheat to steady state, this 

limitation should not affect the analysis so much as to make it unrepresentative. 
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 Figure 31 gives a plot of the difference of the mean temperature across the build 

surface of an image and the average mean temperature across all the build surface images 

for the roughly 48 frames being studied. This is plotted to give an idea of the consistency 

of each control strategy with respect to how they reheat the powder surface after a new 

layer is deposited. A temperature difference as opposed to an absolute temperature value 

is used to compare the two builds in order to keep camera calibration issues from 

skewing the data. In addition, because the open loop configuration used the 

Sinterstation’s native pyrometer to control the build surface while the closed loop 

configuration used the IR camera, the set points as seen by IR camera are not identical, so 

using absolute temperature values would not give a good contrast. 

 As can be seen in Figure 31 the closed loop control configuration (red line) heats 

the powder more consistently then the open loop control, at least as far as the mean 

temperature is concerned. Figure 32 shows the standard deviation in temperature within a 

single image. The standard deviation gives a good representation of how much the 

temperature values in each image varied from their respective means. A standard 

deviation of zero would mean that every pixel representing the build surface had the 

exact same value and would represent a perfectly uniform temperature distribution.  
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	   Figure	  31:	  Temperature	  Difference	  of	  the	  Mean	  of	  Each	  Image	  
From	  the	  Mean	  of	  All	  Images.	  (Blue:	  Open	  Loop,	  Red:Closed	  Loop)	  

	   	   Figure	  32:	  Standard	  Deviation	  of	  Temperature	  (Blue:	  Open	  
Loop,	  Red:	  Closed	  Loop)	  
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 As can be seen from Figure 32 every image taken using the closed loop 

configuration gave a more consistent temperature distribution.  This conclusion is backed 

up in Figure 33 where the difference between the highest and lowest pixel values is 

plotted with respect to each image. This plot shows that the difference using the closed 

loop control was about 2 degrees lower then when the open loop system was being used. 

Figure	  33:	  Difference	  Max	  and	  Min	  Pixels	  Temperatures	  
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Chapter	  5:	  	  Conclusion	  
  

 In Chapter 3 an attempt was made to establish a relationship between the 

mechanical properties of a tensile bar and its thermal history, but no strong correlation 

was found for any analysis methods used on the data.  These failings are most likely due 

to the local nature of the failure mode of z-axis tensile bars. The delamination effect 

discussed in Chapter 3 takes place in between the two layers that are the mostly weakly 

bonded together. This means that if a single layer is poorly bonded despite good bonding 

between all the other layers the part will fail prematurely.  The averaging strategy used to 

produce Figure 17 could potentially mask a single faulty layer thereby reducing the 

correlation coefficient. A more effective comparison would be to find a localized 

temperature that represents the poorest interlayer bonding, and compare that to the final 

mechanical properties. See Wroe et al [16] for a further discussion. If a strong correlation 

can be found between the mechanical properties and thermal history then real time build 

verification can be done which could potentially remove the need for destructive testing 

in order to insure that mechanical specifications have been met. 

 Chapter 3 also involved predicting the break location of the tensile bars under 

examination. In this experiment the average layer temperatures for each ROI were taken 

and plotted. The lowest average layer temperature was taken as the predicted break 

location, and if the measured break location fell within +/- 30 layers of that the prediction 
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was considered a success. This method successfully predicted 12 out the 26 breaks (four 

tensile bars broke outside of the gauge length and were not considered) for a success rate 

of 46%, which can be compared to the 24.7% rate, expected if the layers were chosen at 

random. Overall this prediction method cannot be considered very accurate, however it 

does lend hope to the idea of potentially being able to use thermal data to make 

mechanical predictions. For future work a higher resolution IR camera would allow for 

closer examination of the local melt pool defects that are the cause of premature 

breaking. Having a better understanding of where these local defects are would greatly 

aid any prediction being made of the break location.  

 A new closed loop thermal control strategy for heating the powder surface was 

given in Chapter 4. This new strategy was shown to be an improvement over the existing 

commercially available Multi-Zone Heater upgrade offered by Integra. The closed loop 

configuration showed improvements in both thermal homogeneity across the build 

surface as well as thermal consistency from layer to layer. Further testing and 

comparisons need to be done to prove repeatability. In particular, parts need to be made 

using both strategies and their final properties, both mechanical and dimensional, need to 

be compared. If the positive results continue, the closed loop system could become a very 

desirable upgrade to have on commercial SLS machines.  
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Appendix	  A	  
Sample	  #	   Ultimate	  Tensile	  Stress	  (Mpa)	   Strain	  at	  Break	  (%)	  

0	   28	   7.9	  
1	   24	   6.3	  
2	   30	   8	  
3	   31	   8.7	  
4	   30	   8.4	  
5	   32	   8.6	  
6	   33	   8.6	  
7	   29	   7.6	  
8	   17	   5.5	  
9	   6	   4.1	  
10	   35	   9.3	  
11	   34	   9.3	  
12	   35	   9.6	  
13	   36	   10.2	  
14	   36	   10.1	  
15	   38	   10.8	  
16	   35	   10.1	  
17	   33	   9.6	  
18	   21	   6.5	  
19	   7	   4.5	  
20	   37	   10.1	  
21	   37	   9.9	  
22	   38	   10.7	  
23	   39	   11.7	  
24	   39	   10.9	  
25	   39	   11.5	  
26	   37	   10.8	  
27	   27	   8.1	  
28	   11	   5.2	  
29	   4	   6.4	  
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