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ABSTRACT

There are a limited number of polymer powders with properties suitable for use in the laser 
sinter additive manufacturing (AM) process. Moreover, the cost of these powders is relatively 
high in comparison to the cost of raw materials of the same polymeric materials used in 
conventional manufacturing, such as injection moulding. There is thus, a need to recycle the 
unused polymeric powder after every laser sinter processing cycle to save on cost and material 
wastage. This paper presents a literature review on how temperature and building time affects 
the properties of polypropylene powder with repeated use in the laser sinter AM process and in 
turn, how this influences recycling of the powder and quality of the parts produced.
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1. INTRODUCTION 

Additive manufacturing (AM) techniques have evolved over the years from prototyping 
components to manufacturing of functional parts with complex geometries that are impossible 
to produce using conventional manufacturing methods [1]. Currently, AM techniques are used 
to develop products in many sectors, which include but not limited to aerospace, medical and 
bio-medical, automotive, sports & leisure, and architecture. There are various AM technologies 
present today such as stereolithography (SL), prometal, fused deposition modelling (FDM), 
selective laser sintering (SLS), laminated object manufacturing (LOM), electron beam melting 
(EBM), polyjet, and laser engineered net shaping (LENS), which are discussed in details by Wong 
& Hernandez [4]. SLS is one of the most commonly used AM techniques due to its ability to 
generate geometrically complex parts with excellent dimensional accuracy, and significantly 
good mechanical strength [4]. 

The SLS process is defined as a type of AM technique that involves the use of a high-energy laser 
beam to fuse polymeric particle granules together [1].  Before the start of the process, a thin 
layer of polymeric powder is spread on the build chamber, after which the temperature of the 
chamber is raised to near the melting point of the building material for semi-crystalline 
polymers to ensure that a beam of less energy density is used as discussed by Bourell et al., [2].
The polymeric material in the supply chambers is also pre-heated. For instance, polyamide 12
powder in the supply chamber is heated up to 80  , while the build chamber is pre-heated to 
170 [1]. Moreover, during the process, high temperatures that lie between the melting and 
crystallization points of the material, are maintained, to prevent warping of the developed part 
and ensure quality surface finish and dimensional accuracy [6]. Therefore, during the entire 
process of laser sintering, the polymeric powder material is subjected to high temperatures for 
a prolonged period of time, which leads to aging of the powder. For example, polyamide 12 
powder is known to show an increase in melt viscosity, an increase in melting point, and a 
decrease in flowability as a result of exposure to sustained high temperatures and repeated use 
in the SLS AM process [1, 5, 6, 14]. Additionally, exposure to high processing temperatures may 
alter the chemical structure of the sintered polymers by weakening the carbon hydrogen bond 
in the polymers, which leads to scission of their carbon chains. This phenomenon results in an
increase and then a decrease in molecular weight and crystallinity of the polymer [6]. There is 
limited study of a similar nature on polypropylene material.

According to Hesse et al., [5], the SLS process affects the intrinsic and extrinsic properties of 
polymeric powders, which in turn influences recycling of the material and the quality of the 
finished product in terms of mechanical properties, surface finish, and dimensional accuracy. 
The intrinsic properties include thermal, optical, and rheological characteristics, while extrinsic 
properties include the size, shape, and density, which are further discussed by Marin [7].  

Previous studies have shown that polymeric materials cannot be recycled 100% without mixing 
with virgin powder [15]. Repeated use of the powder without mixing with fresh powder will 
result in finished parts with a rough surface finish, which is commonly referred to as an orange 
peel. According to Yamauchi, Kigure, & Niino [16], the amount of polymeric powder used in SLS
is usually about 20% of the supplied powder. After the sintering process, this powder is sieved, 
stored, and used for the next cycle. The authors observed that the cake powder (powder 
surrounding the parts in the build volume) cannot be used on its own due to material 
degradation. Hence, the need to mix it with the un-used powder to restore its flowability and
melt viscosity. The ratio of the cake powder to the mixture is referred to as the recyclability of 
the powder [16]. Research by Dotchev & Yusoff [15], shows that the cake powder of PA 2200, 
which is a commercial grade of polyamide 12 from EOS GmbH, should be mixed with about 30 
to 50 % of the fresh powder. There is limited study on the recyclability of the available AM 
commercial polymeric materials, except for polyamide 12, which is the most commonly used 
polymeric material in laser sinter AM. It is noteworthy that the material constitutes about 90% 
of all the polymeric materials used in laser sinter AM [3]. Other alternative polymeric materials 
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are not commonly utilized in AM because of their high prices, limited availability, poor 
mechanical part characteristics, difficulties in processing, or limited knowledge of the 
processing conditions [14]. Polypropylene possess good mechanical properties compared to 
nylon 12 and presents great opportunities in AM due to its amenability for use in a wide range 
of applications in different sectors, such as automotive, aerospace, and consumer-product 
market. However, there is a limited availability of polymers in powder form suitable for AM,
which has resulted in high costs of the material for this use. For example, a kilogram of a 
commercial polypropylene powder, Laser PP CP 60 from Diamond Plastics GmbH, costs about 
$66, while that of polyamide12 (PA 2200) from EOS GmbH is around $74. Moreover, every 
kilogram of SLS polymeric powder sold, corresponds to 200 tons of conventional polymeric 
materials sold [3]. Therefore, there is a need to recycle the polymer powder used in laser 
sintering in order to save on cost and wastage. This paper reviews the manner in which intrinsic 
and extrinsic properties of polypropylene powder, as well as, the mechanical and physical 
behaviour of the components manufactured from the powder are affected by the SLS process in 
AM and how this influences recyclability of the material. 

2. THE LASER SINTERING PROCESS

As noted earlier, the SLS process is an AM technique that involves the use of a high-energy laser 
beam to fuse polymeric particle granules together. Bourell et al., [2], described the SLS process 
as a technique which is capable of development of 3D components by spreading layer-upon-
layer of melted polymer powder. The process begins by spreading of powder over the build 
platform. The powder is them levelled using either a roller, recoating blade, or any other 
alternative device. Then the build chamber is then heated to a temperature just below the 
melting point of the raw material. The supply chamber is also preheated (to 80 for polyamide 
12 powder) in what is known as the warming phase [1]. Once the required temperature is 
attained, then the SLS process is started. The heating process continues during the SLS process 
in order to keep the temperature of the chamber constant. Upon completion of sintering, the 
part and the build chamber are allowed to cool down to room temperature or to temperatures 
below the glass transition of the material [1]. If the parts are removed too early before this 
cooling, there is a risk of distortion due to shrinkage. The SLS process is summarized in Figure 
1. Clearly then, the process subjects polymeric powders to high temperatures for prolonged 
periods of time, which in turn leads to chemical and physical aging of the powder. Aged 
polymeric powders, such as polyamide 12 have less flowability, higher electrostatic charge, 
decreased molecular weight, increased viscosity, decreased crystallinity, and increased 
branched and cross-linked molecular chains (1, 2, 5, 6, 14). This in turn affects the SLS process 
and the quality of the finished product in terms of porosity, mechanical and physical properties, 
surface finish, and dimensional accuracy [6]. The unused polymer powder within the process
chamber, the powder overflow chamber, powder supply chamber, and the powder surrounding
the developed part can be re-used to an extent depending on the type of polymer. The fact that 
polymeric materials cannot be re-used 100% without mixing with fresh powder in SLS, is a major 
challenge in the recycling of polymeric materials, such as polypropylene which is the subject of 
the present work.
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Figure 1. Selective Laser Sintering Process [18].

3. COMMERCIALY AVAILABLE LASER SINTERING POLYMERS 

Polyamide and its blends are the most commonly used polymers in SLS process due to their 
suitable properties [3]. The limited variety of applicable polymeric materials has been a major 
hindrance in advancement of laser sintering of polymers. Figure 2, provides the current situation 
of available commercial polymers for the SLS process in terms of usage, price, and market share. 
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Figure 2. The Available Polymeric Materials for Laser Sintering Additive Manufacturing [8].

It can be noted from the diagram, the semi-crystalline polymer materials that are used in the 
SLS process include: polyether ether ketone (PEEK), polyphenylene sulfide (PPS), Polyethylene 
(PE), polybutylene (PB), polyamide (PA), and polypropylene (PP), which is a limited variety of 
polymeric materials.  

4. SUITABLE PROPERTIES OF SELECTIVE LASER SINTERING POLYMERIC POWDERS.

Selective laser sintering materials should [7]:
1. Have low melt viscosity at low shear stresses.
2. Have a wide temperature range between melting and degradation temperatures.
3. Have sufficient temperature range between melting and crystallization point.
4. Have sufficient dry-flow and melt-flow characteristics.
5. Have suitable thermal properties.
6. Have approximately spherical particles and should be preferably less than 100 µm in 

size. 
7. Not fuse together or segregate during storage.
8. Have low moisture sensitivity.
9. Have no significant emission of volatiles during processing.

The properties of the particles are categorized into intrinsic and extrinsic properties, where 
intrinsic properties include thermal, optical, and rheological characteristics and extrinsic 
properties include size, shape, and density [8].

4.1 Suitable Intrinsic Properties of Selective Laser Sintering Polymeric Powders.
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A study by Marin [7], shows that during processing, the temperature should be maintained 
between the melting and crystallization temperature to prevent early crystallization, which 
causes curling and shrinkage. Moreover, slow cooling results in a higher crystalline content which
lowers ductility and gives rise to higher shrinkage. Therefore, suitable SLS polymeric powders 
should have a suitable sintering window, the difference between the onset of melting and the 
initial crystallization temperature of a material, which is determined using differential scanning 
calorimetry (DSC) [3].  A typical example of a DSC results is shown in Figure 3. The curves in the 
figure also show the melting and crystallization points of the material. 

Figure 3. Typical Example of a DSC Result [7]. 

The polymeric powder should also have a narrow melt temperature with a low zero viscosity 
and a low surface tension [7]. Narrow melt temperature and low viscosity ensures that fluidity 
is achieved without need of excess energy density. However, low viscosity encourages shrinkage 
and reduced dimensional accuracy. High viscosity affects the coalescence of particles, which 
lowers the strength integrity of the manufactured part due to the presence of significant 
porosity. Therefore, viscosity of the laser sintering polymeric materials should not be too low 
or too high. 

Marin [7], further shows that there is absorption, reflection, and transmission of energy when 
the laser beam hits the polymeric powder. Sufficient energy should be absorbed to ensure 
coalescence of material. Hence, the optical properties of the powder are crucial. However, 
most polymers have sufficient absorption of CO2 radiation. Thus, the optical properties of 
polymers are sufficient.

4.2 Suitable Extrinsic Properties of Selective Laser Sintering Polymeric Materials

As it has been mentioned here, the extrinsic properties of powders include the size, shape, and 
density. Particle size determines the density, surface roughness, and porosity of the 
manufactured part. Spherical particles are preferred for the SLS process. This is because 
spherically shaped particles ensure a free flow behavior of powder, which leads to uniform 
spreading of the powder. Berretta et al., [17], in their analysis of the effects of particle size 
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and morphology on flowability of both SLS and non-SLS grades of polymeric powders, found that 
sufficient bonding in laser sintering is achieved when the shape and the size of the powder are
approximately spherical and around 45-90µm, respectively.

Characterization of SLS polymeric powder is also made using of the Hausner ratio, which is a
quotient between bulk density and tapped density. The polymeric materials that are used in SLS 
should also have sufficient bulk density to ensure that the manufactured parts have significant 
tensile strength.Tapped density is typically obtained by filling a specific measuring glass with 
polypropylene powder and then compacting the powder by knocking the glass on a board at a 
particular frequency. The Hausner ratio is then calculated as shown in Equation 1.

 =
 

 
                                                                      (1)                                                          

According to Marin [7], polymers with a Hausner ratio less than 1.25 exhibit free flowing 
bahaviour, while polymers with a Hausner ratio greater than 1.4 have fluidization problems. 
This is consistent with the known fact that the Hausner ratio is inversely proportional to the 
flowability of polymeric materials, that is, an increase in the Huasner ratio, results in a decrease 
in the flowability of polymeric materials [8].

5. EFFECT OF HEAT ON POLYMERS  

Polymers undergo both physical and chemical alterations when subjected to heat in a process 
referred to as thermal decomposition [9]. These changes might be positive or negative 
depending on the end use of the polymer.  When the changes are negative, the process is termed 
as thermal degradation [9]. For the positive effects, the viscoelasticity of the polymer increases, 
which in turn raises the compressive strength and heat conductivity of the polymer. Polymers 
are heat treated to modify their mechanical and tribological properties positively, so as, to 
widen their applications as shown by Aly [10]. It is worth noting that the various physical 
processes that occur during thermal decomposition are subject to the nature of the material. 
For instance, simple phase changes for thermosetting polymers is not possible since they are 
infusible and insoluble upon heating, whereas thermoplastics undergo changes of phase when 
heated as discussed by Beyler & Hirschler [9]. 

According to Beyler & Hirschler [9], thermosetting polymers do not show notable changes in 
their structures due to exposure to temperatures below which thermal decomposition occurs. 
However, for thermoplastics, their deformability increases as temperature increases is as shown 
in Figure 4. 
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Figure 4. Schematic Representation of the Deformability of Polymers with Increase in Temperature 
According to Beyler & Hirschler [9].

In the glassy state, thermoplastic polymers are rigid and in solid form. As the temperature rises, 
the polymers transit to the glass transition region, where they turn into rubbery materials. 
Further heating of the polymers results into melting and the polymers become viscous.

Zeus [12], presented a three step conventional model of the thermal degradation of polymers, 
which includes: initiation, propagation, and termination. During the initiation phase, the 
polymer (R) loses hydrogen atoms (H) leading to the formation of free radicals, which react with 
oxygen (O2) during the propagation phase to form peroxy radicals (ROO*). These radicals are in 
turn capable of removing hydrogen atoms from other polymer chains leading to the formation 
of hydroperoxides (ROOH) and other free radicals (R*). The hydroperoxide splits into two free 
radicals (RO*) and (*OH), which continue to propagate the reaction. This process is terminated 
when the free radicals react to form inert products. The process is as illustrated in Figure 5.
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Figure 5. The Three-step Thermal Degradation Process for Polymers, Zeus [12]. 

Wilkie & McKinney [11] observed that different polymers degrade at different temperatures. 
Comparing the cases of polyethylene and polypropylene systems, the degradation of 
polyethylene and polypropylene in a nitrogen atmosphere does not commence until the 
temperatures reach above 400 and 350 respectively. Complete volatilization of both is 
however, achieved at 500 . By contrast, the degradation of polyethylene in air starts at 235 ,
while that of polypropylene starts below 235 . Polypropylene experiences thermal degradation
at lower temperatures than polyethylene or polyamide as shown by Wilkie & McKinney [11].
From the discussion above, it is evident that processing temperatures should be regulated when 
laser sintering polypropylene powder. However, it is inevitable to expose the powder to high 
temperatures for a significant amount of time. Therefore, their physical and chemical 
properties will change during the laser sintering process. 

Polymers degrade by following these mechanisms: random-chain scission, end-chain scission, 
chain-stripping, and cross-linking [11]. The scission process involves breaking of the carbon-
carbon bond in the polymer backbone, which results in the formation of two radicals. The 
process might occur at any position throughout the polymer or it might occur at the ends of the 
polymer. When the scission process occurs at any position, it is referred to as random scission 
and it leads to the formation of a monomer and oligomers. When the process occurs at the end 
of the polymer chain it is known as end-chain scission and it results in formation of a monomer. 
Chain stripping occurs when molecules, such as hydrochloric acid (HCL) or acetic acid (HC3OOH) 
are removed from the polymer. Lastly, cross-linking occurs when various chains in a polymer 
become entangled with each other. The degree of crosslinking is subject to the percentage of 
polymer chains that are connected to the backbone of the polymer. Under controlled conditions 
crosslinking improves the properties of various thermoplastics such as [10]:
1. Better heat and dimensional stability.
2. Improved impact resistance.
3. Higher tensile strength and stiffness.
4. Improved solvent resistance.
5. Improved electrical and dielectric properties.
6. Better resistance to corrosion. 
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On the other hand, uncontrolled cross-linking results in a reduction of the lengths of molecular 
chains, which leads to a decrease in molecular weight, which in turn causes changes in 
mechanical properties such as a reduction in ductility [13]. In laser sintering, although heating 
is controlled, the polymeric materials are subjected to high temperatures for long durations, 
which alters their properties and in turn influences their recyclability. 

6. THE EFFECT OF HEAT ON POLYPROPYLENE AND THEREFORE RECYCLABILITY OF THE 
MATERIAL

Fang et al., [19], investigated various factors that affect the apparent density and average 
particle size during the production of polypropylene powder using the solvent method, with the 
results shown in Figure 6. It is evident in the figure that the apparent density of PP powder 
increases nonlinearly with increasing temperature up to a maximum value at a temperature 
between 165 – 170 and then decreases nonlinearly as the temperature rises further. The 
authors observed that this reduction of density led to a reduction in the tensile strength of 
manufactured parts and this way impacted on re-usability of the powder. The figure also shows 
a continuous and nonlinear reduction of particle size with increasing temperature. These 
findings show that the physical properties of polypropylene are affected by temperature, which 
indicates that the PP powder is likely to exhibit similar trends during the SLS process.

Figure 6. Effect of Temperature on the Apparent Density of PP powder according to the research by Fang 
et al., [19].

The research by Wegner & Ünlü [14], using ROWAK Rolaserit PP, showed that the melt flow 
index of polypropylene, the relative bulk density of the powder, and the relative packing density 
of the powder decrease, whereas the Hausner number rises continuously with increasing 
processing cycles in laser sintering as shown in Figures 7, 8 and 9. This suggests that recyclability 
of polypropylene powder in AM has a limit.
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Figure 7. The Relationship between the Melt Flow Rates of Polypropylene Powder with Increasing Number 
of Re-use Cycles in Laser Sintering [14].

Figure 8. Relationship between the Relative Bulk Density and Hausner Number of Polypropylene Powder 
with Increasing Re-use Cycles in Laser Sintering [14].
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Figure 9. Relationship between the Relative Packing Density of Polypropylene Powder with Increasing Re-
use Cycles in Laser Sintering [14].

Davis, Tobias, & Peterli [20], found that the intrinsic viscosity of polypropylene, in injection 
moulding, decreases with increasing heating time and temperature as shown in Figure 10. These 
findings are contrary to previous studies that showed the viscosity of polymeric materials, such 
as polyamide 12, to increase with temperature and duration of heating time [6, 7, 14], which 
raises the need for further research to definitively determine the effect on the viscosity of PP 
material of laser sintering. Low viscosity result in greater shrinkage and reduced dimensional 
accuracy which is undesirable therefore, is a hindrance to recycling of polypropylene powder.

Figure 10. The Effect of Temperature and Heating Time on the Intrinsic Viscosity of the PP Polymer
in Injection Moulding [20].

Costa, Ramos, and Oliveira [14] conducted research on the degradation of polypropylene during 
multiple extrusions and found that increasing the die temperature and the cycles of extrusion, 
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raised crystallinity (as shown in Figure 11) and heat of fusion, while the melting temperature 
continually decreased. High degree of crystallinity makes polymers more brittle, hence 
increasing their mechanical strength and modulus but reducing their toughness and elongation
to failure [11]. Additionally, high crystallinity improves chemical resistance. However, it
promotes shrinkage, which impacts on the surface finish and dimensional accuracy of parts 
manufactured using SLS, which is undesirable and hinders recycling of PP polymer [1].

Figure 11. Variation of Crystallinity with Die Temperature and the Number Cycles of Extrusion [21]. 

The research by Costa, Ramos, and Oliveira [21], further showed that exposure of polypropylene 
to high temperatures decreased its melting point as shown in Figure 12. A decrease in melting 
temperature reduces the sintering window of a material [1]. It also encourages early 
crystallization, which results in curling and shrinkage of the manufactured part [1]. This makes 
high temperatures to be a challenge to recycling of the polymeric materials. It is assumed that 
PP will show similar behavior during the SLS process. However, more research needs to be 
conducted to definitively determine the effect of re-use cycles, on crystallinity and melting 
point, of PP powder during the SLS process.
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Figure 12. Variation of Melting Temperature with Die Temperature and Cycles of Extrusion 
[21].

The mechanical and physical properties of the polymeric parts produced using SLS change with 
the number of re-use cycles. Moreover, the properties are subject to the energy density of the 
beam utilized [3].  Studies show that the part density of the polymeric parts produced decreases
with the re-use cycles [14]. Furthermore, at a suitable energy density of the beam, the Young’s 
modulus and tensile strength are only slightly affected by powder aging, while the elongation 
decreases significantly irrespective of the energy density used as shown by Figures 13 and 14. 
Therefore, the mechanical and physical properties of components manufactured using 
polypropylene powder are expected to deteriorate with the increasing number of powder re-
use cycles. 

Figure 13. Effect of Powder Re-use Cycles on Relative Part Density of Polypropylene LS Manufactured Parts 
[14].
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Figure 14. Effect of the Number of Powder Re-use Cycles on the Mechanical Properties of Polypropylene LS 
Manufactured Parts [14].

7. CONCLUSION 
Polypropylene has desirable physical and mechanical properties that compare well with 
those of nylon 12, and is therefore a candidate material for use in selective laser 
sintering.
The cost of the commercial SLS polypropylene powder is higher than that of the same 
material utilized in conventional manufacturing techniques, such as injection 
moulding.
The extrinsic and intrinsic properties of polypropylene are affected by prolonged high 
temperatures during the SLS process, injection moulding, or extrusion.
The mechanical and physical properties of the parts produced by SLS are affected by 
the prolonged high temperatures prevailing during the process, which hinders recycling 
of available commercial polymers for SLS AM.
There is limited research on the recyclability of polymeric materials in laser sintering 
AM, except for polyamide 12.
The foregoing coupled with the claims of infinite recyclability of polypropylene by the 
manufacturers of the powder raise the need to study the phenomenon of recyclability 
of polypropylene powder in order to properly establish its limits. 
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