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Abstract 

 
This paper explores the effect of varying the build parameters on the mechanical properties of parts built on a 

selective laser sintering machine.  Selective laser sintering is a process in which a laser traces the cross-section of an 

object on a thin layer of powder, sintering the top layer of powder to the one beneath it; in this case DuraForm PA 

was the powder used.  After the layer is finished a new layer of powder is swept across the build area and the 

process continues until the entire part has been sintered.  The parts built for this research were tensile bars built 

according to ASTM D638 type I standards.  Four build parameters of selective laser sintering machines that are 

modifiable are: laser power, scan spacing, laser speed, and build orientation.  The first three parameters can be 

combined to determine the energy density of a build.  Parts were built at different energy density levels by varying 

the laser power.  After determining the best laser power to build at, two other build orientations were tested.  

Finished parts were then tested on an MTS Alliance RT/50 tensile tester.  Data concerning the Young’s modulus, 

ultimate tensile strength, and percent elongation was collected for each set of tensile bars.  The goal of this research 

was to find a set of build parameters that created a strong and flexible part; therefore, looking for the largest ultimate 

tensile strength and a large percent elongation.  The results of this experiment show that the parts built in the initial 

orientation at a laser power of 13W corresponding to an energy density of 0.0252       performed best during 

tensile testing having among the highest value for ultimate tensile strength (7.42 ksi) and the highest percent 

elongation (32%).  
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1. Introduction 
 
Parts built using Selective Laser Sintering (SLS) can be configured to be a stronger part, implying a  higher ultimate 

tensile strength (UTS); or a flexible part, implying a higher percent elongation (%EL) or a lower Young’s modulus.  

However, there is a need for a part to be both strong and flexible.  Many of the companies that the Milwaukee 

School of Engineering (MSOE) Rapid Prototyping Center (RPC) works with require living hinges for their products.  

In these cases, companies require these hinges to have proper flexibility and the ability to last a substantial amount 

of time.  In addition some of these companies use the RPC to produce their consumer products; in this case the parts 



most definitely need to have durable and flexible hinges
1
.  This research focused on determining the optimum 

parameters for the SLS machine to build a part possessing those qualities.   

   A previous MSOE Research Experience for Undergraduates(REU) participant, Jacob Rice, conducted research 

focused on determining standard characteristics of SLS parts being built on two different SLS machines: one was a 

high-speed (400 in/s) machine, and the other a low-speed (200 in/s) machine.  Rice compared the mechanical 

properties of the parts and the parameters they were built at, to determine if it was possible to predict the strength of 

a part based on those parameters.  Jacob’s work found that the energy density (ED) and part-bed temperature, which 

were the primary parameters that Rice focused on, were not sufficient for the prediction of strength, or other 

mechanical properties of a part
2
.  Rice suggested that to gain a better understanding of what affects a part’s 

properties; a study should be done in which more specific parameters are employed to find what most directly 

affects a part’s properties.  This research is a focused continuation of Jacob Rice’s work.     

 

1.1. selective laser sintering 
Selective laser sintering is a process used to create solid three-dimensional objects from a plastic, metal or ceramic 

powder, or a mixture thereof. The objects are built layer by layer up from the bottom, allowing for complex 

geometries and durable parts
3
.  Figure 1 below is a graphical representation of the SLS process.  The SLS machine 

used was the Sinterstation 2500plus, manufactured by 3D System.  The main components of an SLS machine 

include the roller, powder container, part bed, and laser.  The roller moves across the powder container and across 

the part bed.  In this action it sweeps a thin layer of powder across the part bed.  Next, the     laser draws the cross-

section of the layer of the part on the fresh powder, sintering the new layer to the one below it.  Once the layer is 

finished; the part-bed piston moves down one layer thickness, the powder container moves up one layer thickness 

and the process repeats until the part is finished.  At the end, the part will be embedded in what is called the “part 

cake”, which is the block of sintered and un-sintered powder that the part must be broken out of.  The MSOE RPC 

maintains two SLS machines.  One is a high speed machine and the other is a low speed machine.  For the purposes 

of this research the low-speed machine was used for all builds; and laser power was the specific SLS parameter that 

was varied. 

 

 
Figure 1. Diagram of the SLS process
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1.2. properties of the material used 
The material used for this testing was DuraForm® PA from 3D Systems, which is a polyamide nylon 12 powder.  

This is commonly used for the SLS at the MSOE RPC.  The powder used was a blend of used powder; with about 

40% being powder that has been run 2-3 times and the other 60% being the personal overflow of the RPC and has 

been run 4-5 times
4
.  Table 1 below shows the standard values for this material that has gone through the same 

process that the parts made for this research went through.  According to Zarringhalam et al., parts built with used 

powder should yield parts with better mechanical properties.  This is because used powder has an increased 

molecular weight, indicating larger particle cores, which may mean parts with improved ductility
5
.  Testing was 

done to investigate possible improvements in mechanical properties by altering the build parameters.   

 

Table 1. mechanical properties of DuraForm® PA
3 

 

Property Type SI units English Units 

Tensile Strength, Ultimate ASTM D638 43 MPa 6237 psi 

Tensile Modulus ASTM D638 1586 MPa 230 ksi 

Elongation at Break ASTM D638 14% 14% 



1.3. stress-strain curve 

To determine the mechanical properties of the parts built, it was necessary to perform axial tensile tests on the parts.  

These tests yield information for the Young’s modulus, UTS, peak strength and %EL.  The %EL can be found using 

Equation (1), where    is the length at fracture and    is the initial length.  However, during this testing process, an 

extensometer was used, which calculated the %EL.   

 

                   
     

  
                                                                                                                                      (1) 

 

The data concerning the Young’s modulus, UTS, and peak strength can be represented on a stress-strain curve; an 

example is shown in Figure 2.  On the curve the initial linear portion, segment AB, is called the elastic region.  

While the part remains within this region it will return to its original length and shape when the load is removed.  

The slope of this region is the Young’s modulus.  A large slope denotes a stiffer part, while a smaller slope denotes a 

more flexible part.  Once past this region, within segment BD, the part enters the inelastic region and the part will 

start to yield.  At this point the part will not return to its original length and shape when the load is removed.  The 

peak of the curve, point C, is the UTS; after this point the part will start to neck.  Necking is when the part becomes 

thinner at the point where it will eventually fracture, which is the last point on the graph, point D. 

 

 
 

 

Figure 2. Example stress-strain curve
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1.4. laser power 
On the SLS machine, energy density (ED) is a determining parameter of the system, defined by Equation (2) below.  

The parameters that make up the ED are laser power (LP), scan spacing (SS), and laser speed (LS)
3
.  LS is the rate at 

which the laser is able to draw the cross-section of the part.  For the SLS machine used in this research, the LS was 

at a value of 200in/s, and could not be changed.  The SS is the distance forward across the part bed that the laser 

moves between scans of the cross-section.  This value can be changed; however, the choice to use the standard 

(0.004”) was made so that the parts being tested would be close to what the RPC usually makes.  This left LP, 

measured in Watts, as the only parameter to be varied.    

 

                       
  

       
              

 

                                                                                                                 (2) 

 

2. Methodology 
 

As mentioned earlier, this research is a focused continuation of previous work done by Rice.  One of the conclusions 

of Rice’s research was that the optimum ED for building parts on the high-speed machine was lower than the lowest 
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ED he built parts at, which was 0.0194, corresponding to a LP of 45 W
2
.  From there, LP values were decided upon; 

however it was suggested that using the low-speed machine would yield more flexible parts
4
.  So, using the 

corresponding EDs, new LP values were determined for the low-speed machine.  Another factor that was taken into 

consideration, while determining LP values, was the research of Caulfield et al
7
. That recommended not running the 

SLS at less than .012 J/    for ED
7
.  If the machine is run at an ED that is too low, it will not have enough power 

to actually sinter a part.  Table 2 below shows the ED values corresponding to the various LPs used in this work. 

 

Table 2. Laser Power-Energy Density conversions from Eq. (2) 

 

LP (W) ED (J/   ) 

7 0.0136 

8 0.0155 

9 0.0174 

10 0.0194 

11 0.0213 

12 0.0233 

13 0.0252 

 

2.1. test specimens 
In this research there were three builds that yielded parts, which were then tested.  In the first build, parts were built 

at LP values of 7W, 8W, 9W, and 13W.  The reason for also building parts at 13W was that the RPC usually builds 

parts at this LP.  Having parts built at the standard allowed for comparison between what could be built and what is 

built.  In the second build, parts were built at LP values of 10W, 11W, 12W, and again at 13W to gather more 

consistent data for the 13W parts.  Five bars were built for each laser power, in each build.  The third set of bars 

built, were all built at 12W; however their build orientations were changed to determine if changing the orientation 

of the layers would increase the strength and elongation.   

   Parts during the first and second build were built with the long axis parallel to the x-axis as shown in figure 3a.  

Half of the parts for the third build were built with the long axis parallel to the z-axis, figure 3b. The other half were 

built with the long axis parallel to the y-axis, but on its edge, figure 3c.  The tensile bars were built in accordance 

with ASTM D638 type I standards
8
.  All bars were built to have a thickness of 0.25” and a width of 0.5” at the 

center. 

 

 
Figure 3a, 3b, 3c. Tensile bar orientations (shading used to show contrast) 

 

 

2.2. testing procedure 
To determine the mechanical properties of the parts, axial tensile tests needed to be performed; and were conducted 

using the MTS Alliance RT/50 tensile tester.  The thicknesses and widths of all the parts were taken at three 

locations along the middle section, and average values were found.  All parts were also weighed, so that the density 



could later be determined.  Parts were placed in the tensile tester and an extensometer was attached to determine the 

%EL.  Each specimen was strained at a rate of 0.2 in/s.  Data regarding the Young’s modulus, peak load, peak stress, 

and strain at break (%EL) was generated by the MTS software.  Stress-strain graphs were also shown for each 

specimen.  

 

3. Data 

 

Data for each set of LP specimens regarding measurements and mechanical properties has been collected and 

averaged.  Table 3 list the average measurements of the parts built at various laser power setting; density of the part 

increased with increasing laser power, which was expected.   Next, Table 4 lists the average values for Young’s 

Modulus, peak load, peak stress/UTS, and %EL of parts built at the various laser powers.  Averaged values for all 

the laser powers along with a 95% confidence interval are also shown.  Lastly, Table 5 lists the properties of parts 

built at 12W in three different orientations, described in figures 3a, 3b, and 3c. 

 

Table 3. average measurements of the tested tensile bars 

 

LP (W) Thickness (in) Width (in) Mass (g) Volume (     Density (g/   ) 

7 .258 .522 17.74 1.09 16.25 

8 .259 .521 17.91 1.09 16.39 

9 .258 .521 18.39 1.09 16.66 

10 .256 .523 17.90 1.09 16.42 

11 .257 .522 18.15 1.09 16.65 

12 .259 .523 18.31 1.09 16.80 

13 .262 .523 18.76 1.09 17.21 

 

Table 4. average measured mechanical properties of the tested tensile bars 

 

LP (W) Young’s Modulus (ksi) Peak Load (lbf) Peak Stress (ksi) %EL 

7 270.77 930.92 6.8 12.66 

8 267.61 928.67 6.8 13.96 

9 278.35 994.27 7.3 17.50 

10 283.88 959.72 7.2 18.12 

11 283.66 1001.80 7.5 21.75 

12 284.88 992.62 7.4 29.04 

13 282.03 1016.68 7.5 25.93 

Overall Average 276.3 969.9 7.2 - 

95% confidence 

interval 

 

± 7.5 

 

± 34.9 

 

± 0.2 

 

- 

 

Table 5. effect of orientation on the properties of part s built at 12W 

 

Build Orientation 

(12W) 

Young’s Modulus (ksi) Peak Load (lbf) Peak Stress (ksi) %EL 

Vertical   272.38 849.86 6.3 5.82 

Horizontal  301.79 976.92 7.2 16.51 

Initial  284.88 992.62 7.4 29.04 

Standard Error 8.52 45.20 .33 6.71 

Relative Error 2.98% 4.81% 4.76% 39.18% 

 

4. Analysis 

 

The results of the tensile tests are represented in bar graphs below (Figure 4a &4b).  The bars show the value of the 

respective properties for each LP.  There are also line graphs comparing the stress-strain curves for each LP.  The 



data used for each line graph is for one tensile bar, for each laser power, that most closely represented the average 

values.   

   Not displayed graphically was information regarding the Young’s Modulus and the peak load. The range of 

Young’s Modulus for all the bars had a median value of about 276 ± 7.5 ksi.  This range is not large enough to show 

any effect or provide useful information about the impact of varying the laser power.  However, looking back to 

Table 1 it can be seen that the manufacturer had an expected Young’s modulus of 230 ksi, which is not nearly as 

impressive as the values reached in this testing.  This great increase is most likely due to the use of used powder; 

which, as mentioned earlier, enables improvements in mechanical properties.  In addition peak load followed an 

increasing trend with the increase in laser power, which was expected
7
.  Since an increase in LP denotes an increase 

in density and strength of part, this information too does not provide any insight into the effects of varied LP on the 

combination of a high UTS and %EL. 

        

4.1. bar graphs 
Displayed in figures 4a and 4b is data regarding the ultimate tensile strength and the percent elongation for each set 

of parts.  The goal of this research was to find an LP that could create a part with a high UTS and a high %EL.  

Figure 4a shows that at 11, 12, and 13 W parts had a higher UTS.  However, looking at %EL (figure 4b), it can be 

seen that the parts built at 11 and 12W did not elongate as much as the parts built at 13 W, which had an average 

%EL of 32%.  Referring back to Table 1, it is important to note that the expected elongation percentage was 14%, 

the standard given by the manufacturer. The greater percent elongation is again due to the use of used powder for the 

builds
10

.  The parts built at 13 W had the best combination of a high UTS and a high %EL.  This data supports the 

research by Caulfield et al.; in which, it was found that parts built at lower EDs were more brittle
7
.  This work also 

observed that the %EL increased as the ED increased.   

 

            Figure 4a. displays the UTS for each LP level                     Figure 4b. displays the %EL for each LP level 

 

4.1.1 altered orientation build results 
For the altered orientation build all parts were built at 12 W.  The parts built in the orientation of figure 3a will be 

referred to as the initial build parts, 3b will be referred to as the vertical parts, and the parts built in the orientation of 

figure 3c will be referred to as horizontal parts.  During testing it was obvious that the vertical and horizontal parts 

did not have mechanical properties that equaled those of the initial build.  This can most easily be seen in a 

comparison of the percent elongation values, shown below in figure 5a. 

   Also shown in figures 5b, 5c, and 5d are pictures of the fracture points of an initial, vertical, and horizontal build 

parts.  It can be seen that the initial build part had a jagged break, which is due to the stretching of the layers along 

the length of their longest axis.  While the vertical part has a very clean break; due to its build orientation as the part 

was stressed it pulled apart between layers causing a nearly straight break.  Lastly, the horizontal part produced a 

jagged break like the initial build part, since its layers were stretched long ways like the initial build parts, however, 
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every horizontal part had another small part the broke off during fracture.  Also neither the vertical nor horizontal 

part showed any necking while being stressed.   

 

                                          5a                                                                                          5b 

Figure 5a. percent elongation comparison                         Figures 5b, 5c, & 5d. fracture pictures of the initial,    

            horizontal ,and vertical orientations respectively   

 

4.2 stress-strain curves 
Figures 6a and 6b below show a comparison of the stress-strain curves for bars at each LP level.  The graphs allows 

for increases in flexibility and strength to be seen.  Looking at data for the bar built at 7 W it can be seen that the 

part fractured shortly after reaching its UTS, but when looking at the data for the 13 W bars it shows that the part 

continued to elongate and hold a load.  This part was also the one to display the most necking during testing.   

 

Figure 6a. stress-strain curves for 7,8, & 9 W                       Figure 6b. stress-strain curves for 10,11,12, &13 W 
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5. Conclusion 

 

This research explored a very focused parameter range of an SLS machine, endeavoring to determine how varied LP 

affected the mechanical properties of tensile bars made from DuraForm® PA.  It was found that there is an optimum 

ED to build at to achieve the best UTS and %EL.  This is interesting because UTS and %EL are two values that are 

commonly inverses of each other.  Usually, a part that is strong is not flexible; and a part that is flexible, is not 

strong.  The findings of these experiments lead to the conclusion that an LP level of 13 W is optimal to build a 

strong and flexible part.  These findings are in agreement with work done by Caulfield et al., who found that at 

higher ED levels, more flexible parts can be built
7
.  It also supports work done by Franco et al., whose work 

determined that parts built at an ED level between 0.02 – 0.08 J/    will obtain the best results for mechanical 

properties
9
.  Lastly, these results support the use of 13 W to build strong yet flexible parts by the RPC. 

   In regards to optimum orientation, this research has found that the initial orientation provides for the best 

mechanical properties.  Parts built in this orientation tested substantially better than those built in the vertical or 

horizontal orientations. 

  In future research it would be interesting to examine the effects of varying other parameters, such as changing 

materials, using fillers, and adjusting the layer thickness.  According to a study done by Goodridge et al., it was 

found that using fillers in the powder allowed for a part to be sintered at a lower LP, since the fillers were able to 

absorb the laser radiation more efficiently
10

.  Possibly, with fillers, parts could be created with the same mechanical 

properties as those built at 13 W without fillers, but at a lower LP.  

 

6. Acknowledgements  
 

The author would like to thank The National Science Foundation for funding this research as well as the Milwaukee 

School of Engineering for providing wonderful testing and research facilities.  She would also like to thank her 

advisor Dr. Subha Kumpaty for his guidance and discussions. Also, thank you to all the REU advisors including 

Ann Bloor and Betty Albrecht for their guidance and support.  The author would also like to extend a special thanks 

to Caleb Nitz and other RPC staff for sharing their extensive knowledge of the SLS machines and building the test 

specimens.  In addition the author would like to thank Dr. Robert Rizza for providing training on the use of the MTS 

machine and software.   Lastly, the author would like to thank the other MSOE REU participants for support.  

   The material is based upon work supported by the National Science Foundation  under Grant No.  EEC – 1062621.  

Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author and 

do not necessarily reflect the views of the National Science Foundation. 

 

7. References 
1. Jordan Weston, e-mail message to author, July 25, 2012. 

2. Jacob Rice, “Comparing the Tensile Properties of Parts Made from Different Selective Laser Sintering Machines 

using Various Build Parameter Settings,” Milwaukee School of Engineering REU, (2009). 

3. Rapid Prototyping Center Staff, “Selective Laser Sintering,” Milwaukee School of Engineering, 

http://www.rpc.msoe.edu_sls.php. August 8, 2012. 

4. Caleb Nitz, e-mail message to author, June 15 & July 3, 2012. 

5. H. Zarringhalan et al., “Effects of processing on microstructure and properties of SLS Nylon 12,” Material 

Science and Engineering A435-436 (2006):172-180, www.elsevier.com/locate/msea.  

6. William D. Callister Jr. and David G. Rethwisch, Materials Science and Engineering; An Introduction,  8
th

 ed. 

(New Jersey: John Wiley & Sons, Inc.) 162-168.  

7. B. Caulfield, P. E. McHugh, and S. Lohfeld, “Dependence of mechanical properties of polyamidecomponents on 

build parameters in the SLS process,” Journal of Materials Processing Technology 182 (2007): 477-488, 

www.elsevier.com/locate/jmatprotec. 

8. Annual Book of ASTM Standards-Plastics (I): D256-D2343, ASTM International (2003), vol. 8.01, Baltimore, 

MD, U.S.A., 46-59. 

9. Alessandro Franco, Michele Lanzetta, and Luca Romoli, “Experimental analysis of selective laser sintering of 

polyamide powders: an energy perspective,” Journal of Cleaner Production 18 (2010): 1722-1730, 

www.elsevier.com/locate/jclepro. 

10. R. D. Goodridge, C. J. Tuck, and R. J. M. Hague, “Laser sintering of polyamides and other polymers,” Progress 

in Material Science 57 (2012): 229-267, www.elsevier.com/locate/pmatsci. 


