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Abstract 

Laser Sintering (LS) of polymers is an Additive Manufacturing technique progressively used to 

produce functional parts. However, LS parts still present a certain quality variability. Efficient 

consolidation of the polymeric powder, necessary to obtain a dense part, mainly depends on the 

viscosity of the molten polymer and on the time given for the polymer to coalesce. The polymer 

viscosity is a function of the temperature and, consequently, of the energy density (ED) input by 

the laser. The sintering time strongly depends on the surface area to be laser-scanned in each layer, 

which in turn is strongly related to the product complexity and the number of parts within one 

build. The aim of this work is to investigate how this thermo-temporal effect, influenced by the 

ED and the inter-layer time, influences the resulting LS PA12 part quality at both micro-level (e.g., 

porosity, crystallinity) and macro-level (e.g., dimensional accuracy, mechanical performance). 

Keywords: Laser Sintering; mechanical performance; inter-layer time; energy density; 

dimensional accuracy; porosity measurement. 

1. Introduction 

Due to the low time-to-market, large design freedom and efficient use of production resources, 

Additive Manufacturing (AM) receives an increasing industrial interest, especially in sectors 

which require high quality standards, such as e.g. the medical and automotive sectors. Offering a 

good compromise between dimensional accuracy and mechanical performance, Laser Sintering 

(LS) is one of the most promising AM processes for polymers [1]. Due to the layer-by-layer nature 
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of this process, complexity can be added to the design without increasing the cost of the production. 

Figure 1 shows a typical layout of a Laser Sintering machine. To date, different commercial 

machines exist, which differ in e.g. laser optics, powder feeding and deposition mechanisms, build 

volume or means of preheating [2-5]. 

 

Figure 1  

 

Due to the current trend of increasing use of LS parts in functional applications, critical-to-quality 

(CTQ) parameters of the produced parts such as the porosity, crystallinity, dimensional accuracy, 

and mechanical performance need to be assessed critically. A commonly used factor influencing 

these parameters is the laser energy density (ED) used to produce the part, which is formally 

defined as [3]: 

𝐸𝐷 =
𝑃

𝐻𝐷×𝑆𝑆
      (1) 

with 𝑃 the power of the laser beam, 𝐻𝐷 the hatch distance, which is the distance between two 

adjacent parallel scan vectors, and 𝑆𝑆 the scan speed of the laser. A commonly known disadvantage 

of PA12 components produced using LS is the presence of residual porosity, which measures 

typically around 3-5% [6-7]. These pores are mainly the result of insufficient consolidation, and 

are formed as a result of the fact that the time to achieve full coalescence and consolidation of the 

molten particles is much longer than the inter-layer time (i.e. the time between the scanning of a 

certain point of the layer and the recoating operation). The ideal coalescence between two spherical 

particles is described by the Frenkel’s model [8], which relates the coalescence dynamic to the 

surface tension (𝛾) and the zero-shear viscosity (𝜂0) of the molten polymer at a given temperature:  
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where  with 𝑥 is the formed neck radius between the particles, r isthe original radius of the particles 

and 𝑡 isthe sintering time. The zero-shear viscosity of the particles in molten state increases when 

the temperature decreases which, according to (2), requires a longer sintering time for the same 

level of particle-coalescence. Basically, the degree of consolidation achieved for a certain 
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polymeric material depends on the polymer thermal history in the molten state, which depends on 

the scanning strategy (i.e. scanning pattern and process parameters) used during the process [6, 9]. 

These residual pores act as local stress concentrators in the LS component and, therefore, have a 

detrimental effect on the elastostatic performance ultimate tensile stress and strain at failure, 

especially when specimens are loaded along the printing direction [10]. Van Hooreweder et al. 

[11-13] showed in this context how under certain cyclic mechanical loading conditions, failure is 

caused by both mechanical and thermal loading. The same research indicates that the nucleation 

of the cracks often occurs due to unmolten particles located in the middle of the specimen. 

Although Van Hooreweder [13] indicates that the material density is a crucial factor influencing 

the fatigue life of LS PA12 components, this influence was attributed to a higher number of 

unmolten powder particles and consequently a higher chance of crack initiation. However, the The 

presence of the pores was reported to not significatively influence the fatigue performance 

significantly [10-12]. This could be due to the difficulties to separate the contributions to the 

fatigue failure of the thermal and mechanical effects, with the latter intuitively linked to the 

porosity content, as the stress concentration around pores could act as crack initiators. The 

influence of the ED on the mechanical properties has widely been reported in literature [4-5, 10, 

13-15 14-16]. It is generally accepted that a higher ED leads to higher elastostatic mechanical 

elastic properties such as Young’s modulus and tensile strength. This is mainly attributed to the 

improved coalescence resulting from the higher temperatures occurring in polymer melt when 

higher EDs are used. However, the positive correlation is only valid as long as no thermal 

degradation occurs. Recently Faes et al. [16-17 17-18] studied heterogeneity in the mechanical 

properties of LS-PA12 parts by using Digital Image Correlation (DIC) to measure the entire strain 

field during a tensile test. They found local higher strains at those locations where other parts were 

built simultaneously with the part that was being tested, assuming that this is due to an increase 

in inter-layer time, but no quantitative results were presented to confirm this idea. 

The mechanical properties of LS-PA12 parts are also influenced by the amount of crystalline phase 

in the microstructure. Higher crystallinity leads to an increase in Young’s modulus and tensile 

strength, while the elongation at break tends to decrease. The amount of crystalline phase depends 

on the thermal history of the material, which is mainly determined by the applied process 

parameters. Zarringhalam et al. [198] showed how the crystallinity present in LS-PA12 parts 

increases when the ED delivered is below a certain value, due to the residual unmolten material in 
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the core of the particles. Gogolewski et al. [19 20] showed how prolonged annealing at a higher 

temperature increases the crystallinity of PA12. The annealing temperature and time investigated 

in their study are comparable to those of the LS process, suggesting that the permanence of the 

parts in the building envelope determines a progressive increase of their crystallinity, depending 

on their position within the build. Verbelen et al. [210] reported dilatometry measurements on 

different PA12 powders showing reduction in the specific volume during the crystallization phase 

ranging from 3.9% until 4.7%. Different crystallinity translates in a different material shrinkage, 

which might lead to different final part dimensions.  

The dimensional accuracy of LS-PA12 parts is influenced by numerous process parameters [21-

23 22-24]. In this context, Strano et al. [232] showed that the first layer is thicker than subsequent 

layers due to different flowing conditions on loose powder as compared to on an already-sintered 

material. Seepersad et al. [234] investigated how the wall thickness influences the tolerances of 

moving parts. Local dimensional deviations suggest the presence of a local rise in temperature, 

which leads to an extra sintered region. Different local heat flow conditions linked to the part 

geometry contribute in determining the magnitude of the effect. Other parameters influencing the 

local temperature are the inter-layer time and the laser ED input to print the part, which are in 

an industrial context tuned to achieve better part quality and/or decrease the printing time. Since 

longer printing times lead to higher production costs, nesting algorithms for optimally placing 

different parts in a single build volume are commonly used to optimize the machine usage [254]. 

The final placement of the parts in the build defines the amount of surface to be laser-scanned for 

each layer, which directly affects the inter-layer time. Another parameter affecting both inter-layer 

time and the ED is the scanning strategy, which defines laser-paths, the laser scanning speed and 

the ED locally delivered to the platform. 

To the knowledge of the authors, the combined effect of the scanning area (and consequently inter-

layer time) with different ED input has not been studied yet in literature. The goal of this research 

paper is, therefore, to assess this combined effect on critical-to-quality parameters such as 

dimensional accuracy and mechanical strength, supported by a more fundamental study on the 

local degree of porosity and degree of crystallinity.  

2. Methods 
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2.1.Sample production, machine, build envelope 

The test samples were produced using a P396 machine from EOS GmbH using a PA2200 PA12 

powder with a mixing ratio 50/50 between virgin and recycled powder and an alternate x-y 

scanning pattern. Figure 2b shows the configuration of the build, where 25 tensile bars (ASTM 

D638 type III) have been printed upright using 5 different ED levels (5 specimens per level), 

corresponding to the process parameters reported in Table 1. All specimens were produced with 

the same slicing offset and rescaling parameters. To study the influence of the inter-layer time, the 

gauge length (50 mm) of the tensile bars was divided in 5 different regions and the relative area to 

be laser-scanned was changed by adding sacrificial parts, as also shown in Figure 2b. The 

sacrificial parts were placed close to the corners of the platform to eliminate local thermal influence 

on the tensile bars. The amount of extra scanning area introduced by the sacrificial parts ranged 

between 0 and 200 cm2, with discrete variations between different regions being a multiple of 50 

cm2. Figure 2a shows the printing area distribution and an estimation of the scanning time from 

the bottom to the top of the build. Since the machine constructor doesn’t provide a value for the 

scanning time (t), its estimation is obtained by multiplying the surface to be laser-scanned (S) in 

each layer by the average scanning time per unit of surface (ST) calculated as: 

𝑆𝑇 =
1

𝑆𝑆 𝑥 𝐻𝐷
       (3) 

with SS and HD indicating respectively the scanning speed and the hatch distance. However, the 

scanning time is also affected by both the geometry of the parts being printed, which determines 

the number of jump vectors (e.g. transition vectors where the laser is off), and the hard coded 

machine scanning delays. In order to take into account these influences a correction factor (f) is 

introduced in the calculation as shown in equation (4). 

𝑡 = 𝑓 × 𝑆 × 𝑆𝑇      (4) 

Since the 5 levels of ED are obtained only by changing the laser power (see Table 1), ST assumes 

always the same value. Due to the simple geometries of the specimens and sacrificial parts, a 

heuristic value equal to 1.25 was assumed in the calculation. The choice of this particular value is 

based on a numerical simulation of the production process of these specimens.  
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During the printing, the tensile bars were laser-scanned before the sacrificial parts, meaning that 

the amount of coalescence in the tensile bars is variable along the height depending on the relative 

area of the sacrificial parts (and inter-layer time). For the remainder of the article, the zones of 

constant extra printing area are referred to using the added area of the sacrificial parts (i.e. the 0, 

50, 100, 150 and 200 zones). 

 

Table 1 

 

Figure 2 

 

2.2.Computed Tomography 

Computed Tomography (CT) was used to study the local porosity content in each of the five zones 

of the specimens produced at the five ED levels. All CT scans were performed using a 225 kV CT 

machine from Nikon Metrology using a Molybdenum target, a voltage of 110 kV, a current of 127 

A and 3000 projections. The magnification used was x10, yielding a voxel size of 20 m which, 

according to Dewulf, Pavan et al. [6, 265], ensures a sufficiently accurate porosity measurement. 

The datasets were reconstructed using CT Pro 3D (Nikon Metrology) and analyzed using VGstudio 

max v.2.2 (Volume Graphics), where the closed porosity is calculated using the defect detection 

module, measuring pores which contained a minimum of 8 voxels. Consequently, the minimum 

measurable pore volume is 6.4 ⋅ 10−05 mm3, while the minimum measurable pore sectional area (4 

pixels) on a slice is 1.6 ⋅ 10−03 mm2. By performing image processing of the CT-slices following 

the method described in [6], the porosity distribution along the printing direction was obtained. 

2.3.Surface Roughness 

The surface roughness of each tensile bar was measured using a Taylor Hobson Form Talysurf 

120L surface analyzer for which the manufacturer ensures a measurement accuracy of 0.8µm. This 

device works with a 120 mm traverse unit with HeNe laser interferometric transducer (Phase 

Grating Interferometer). The surface profile of each sample was acquired along three parallel 
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tracks of 70 mm length with a spatial resolution of 0.25 µm using a tip radius of 2 µm. The entire 

gauge length is contained in the middle of each track. 

2.4.Dimensional accuracy 

The local dimensional accuracy of all produced LS-PA12 parts was measured using fringe 

projection (GOM ATOS Compact Scan 2M, measuring volume 30 x 35 mm, 10 𝜇𝑚 resolution) in 

order to determine the influence of the inter-layer time on the local geometrical deviations. The 

width 𝑤, thickness 𝑡 and cross-sectional area 𝐴 of each of the 5 zones were averaged over the 

length of each respective zone. The dimensional deviations with respect to the CAD model were 

checked by fitting the scanned geometry to the CAD model by Gaussian minimization. Combining 

the information from the porosity measurements and fringe projection, the porosity corrected 

cross-sectional area 𝐴′ can be computed as: 

𝐴’ = 𝐴 × (1 − 𝑃)     (53) 

with 𝐴 the measured cross-sectional and 𝑃 the porosity in the part.  

2.5.Mechanical testing 

Mechanical tests were performed displacement-control in a temperature-controlled lab 

environment on an Instron 4467 (30kN load cell, 2 mm/min strain rate crosshead displacement 

rate). Additionally, Digital Image Correlation (DIC) was performed using MatchID [276]. The 

parameters that wereused for the correlation algorithm are listed in Table 2. A complete survey of 

these parameters can be found in [276].  

 

Table 2 

 

2.6.Thermal analysis 

After mechanical testing, selected samples from the different zones of the tensile bars produced at 

25, 35 and 45 mJ/mm² were subjected to thermal analysis by differential scanning calorimetry 

(DSC). The samples were heated from room temperature to 280 °C at a rate of 10 °C/min on a 

DSC Q200 (TA Instruments). From the heat flow signal, the thermal transitions (glass transition 

and melt trajectory) can be studied. With the Universal Analysis software (TA Instruments), the 
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enthalpy of fusion was calculated with a linear baseline between 140 °C and 200 °C. The 

percentage crystallinity (%X) of the samples was then determined as the ratio between the enthalpy 

of fusion (Δ𝐻𝑚) and the theoretical enthalpy of fusion for 100% crystalline LS-polyamide-12 

(209.3 J/g) [20 19] as in equation (6 4) below. 

%𝑋 =
Δ𝐻𝑚

209.3 𝐽/𝑔
      (6 4) 

The percentage crystallinity for the different zones was averaged over three respective 

measurements on samples from three tensile bars and repeated for different ED levels. 

3. Results and Discussion 

3.1.Porosity 

Figure 3 shows the average porosity of each layer along the gauge length of a tensile bar produced 

with an ED equal to 35 mJ/mm2. The porosity variation among layers belonging to the same region 

is within the normal porosity fluctuation already reported in previous research [6, 9]. This can be 

attributed to local variations of the powder packing density or to the different direction of the laser-

vectors resulting from the alternate x-y cross-scanning pattern. Moreover, a sudden change in the 

porosity level is clearly visible during the transition between zones of the gauge length which 

corresponds to different inter-layer times. Figure 4 shows the average porosity for each of the five 

regions of the five groups of tensile bars produced with different ED levels. For all the ED levels, 

the graph shows a decrease of the porosity content when the extra surface increases, which can be 

attributed to the extra time given to the polymer to flow and coalesce, which according to the 

Frenkel’s model (2) should lead to a lower porosity level. However, the porosity-decreasing trend 

shows a deviation in the zone that corresponds to an additional surface of 50 cm2, it is not fully 

clear what is the mechanism behind this deviation. 

 

Figure 3 

 

Figure 4  

 

3.2.Surface roughness 
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As described in section 2.3, the roughness measurement of each sample was performed on three 

parallel tracks, each with a length of 70mm. For a typical LS PA12 sample, the average Ra value 

is above 10µm. Therefore, a cut-off wavelength (λc) of 8mm is required per the ISO 4288-1996 

standard to differentiate between waviness and roughness of the sample. For an accurate statistical 

calculation of the roughness, the minimum length of the track has to be equal to at least five times 

the cut-off wavelength, namely 40mm for the samples examined. 

 

Figure 5 

 

Figure 5a shows two surface primary profiles of tensile bars printed with an ED equal to, 

respectively, 25 mJ/mm2 and 45 mJ/mm2. These profiles were acquired along paths parallel to the 

main axis of the tensile bars, with the gauge length located in the middle (approximately from 10 

to 60 mm). The two profiles refer to the lowest and highest ED levels used in the experiment. The 

surface profile related to the highest ED (45 mJ/mm2) shows a larger variation in the transition 

between different zones of the gauge length. The wavelength corresponding to such variation is, 

anyway, above the cut-off wavelength λc, so it is not taken into account in the calculation of the 

roughness, but only in the waviness. The variation of the surface profiles corresponding to short 

wavelengths (below the cut-off wavelength λc), namely those used in the calculation of the 

roughness, look similar in the two profiles. Figure 5b shows other two surface primary profiles of 

specimens produced with an ED equal to, respectively, 30 mJ/mm2 and 40 mJ/mm2. Similar 

conclusion can be made also for these samples. Table 3 reports the mean Ra and Rz (DIN) values 

for the different ED levels, showing insignificant variation in the surface roughness among the 

different ED levels. The minimum required length of the track being larger than the size of each 

zone of the gauge length, only values for the different ED values are provided.  

 

Table 3 

he results reported in Table 3 and Figure 5 show how the combination of different EDs and inter-

layer times can affect locally the dimensions of the part locally, without affecting much the surface 

roughness. This concept will be further discussed in section 3.3. 

 

3.3.Dimensions 



10 

 

Figure 6 shows the dimensional deviations with respect to the CAD geometry of one sample per 

ED level. As a first conclusion, the five zones with increasing scanning time are clearly 

distinguishable for the specimens produced with an ED of 45 mJ/mm2. In these samples, the 

deviation with respect to the CAD geometry is minimal (0 mm) in the 0-zone and it increases 

proportionally to the additionally scanned surface in the other zones. Secondly, the influence of 

the additional area that was scanned is proportional to the ED used to produce the samples. In fact, 

the 25 mJ/mm2 specimens show no significant deviation between the regions of the tensile bar 

corresponding to different inter-layer times, while it is maximal for the one produced with an ED 

of 45 mJ/mm2. 

 

Figure 6 

 

Figure 7 shows the cross-sectional area, averaged over the entire zone with a constant inter-layer 

time, as a function of the additional scanned area, for parts produced using different ED values. 

As a first conclusion, it is noted that a higher ED value leads to a higher average cross-sectional 

area over the gauge length of the specimen. This is due to the additional energy that is put into the 

material at a higher ED. As is also visible in Figure 6, the influence of the additional scanned area 

on the cross-sectional area of the tensile specimen is highest for the 45 mJ/mm2 samples, and 

decreases proportional to the ED level. The 40 mJ/mm2  and 45 mJ/mm2 samples show the steepest 

decrease in cross-sectional area when moving from the 0-zone to the 50-zone, while no significant 

decrease is noticeable on average above 100 cm2 of extra surface. A possible explanation for this 

phenomenon is that, for the 0-zone, inter-layer times are comparably short, whereas the energy 

input is the highest in all samples produced. This gives rise to a local increase in temperature, as 

the material has less time to cool down, leading to an extra sintering of particles close to the 

surface. When the inter-layer time increases, the heat accumulation diminishes as the material has 

more time to cool down. Considering the 25 mJ/mm2 and 30 mJ/mm2 samples, only a slight 

decrease in the resulting cross-sectional area is noted due to the increase in additional scanned 

area, as the heat accumulation is not sufficient to induce extra sintering of the powder particles. 

The cross-sectional area of the LS-PA12 parts is thus strongly dependent on both the ED level 

used in the process and the inter-layer time. This is attributed to the combined effect of the two 
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determining the local temperature during the process, and hence the amount of additionally 

sintered PA-12 particles. Moreover the results reported in Table 3 and Figure 5 show how the 

combination of different EDs and inter-layer times can affect locally the dimensions of the part, 

without affecting the surface roughness significantly.  

 

Figure 7 

 

3.4.Thermal analysis 

The melting peak temperature does not vary significantly over the samples, and averages around 

184.2 ± 1.4 °C. Figure 8 shows the degree of crystallinity in the different zones of samples 

produced at 25, 35 and 45 mJ/mm², calculated using the enthalpy of melting. It can be seen that 

the degree of crystallinity does not vary much overall, with an average around 33.7 % for all the 

samples. The degree of crystallinity increases slightly with decreasing ED, which is due to the 

higher crystallinity of the unmolten powder cores. This corresponds to the findings of 

Zarringhalam et al. [19 18].  The higher heat input by the laser results in less variation caused by 

the inter-layer time. At 45 mJ/mm², the heat input of the laser penetrates to the layer below 

sufficiently to remelt it. In that way, it removes the effect of the inter-layer time. The inter-layer 

time slightly affects the degree of crystallinity for the samples produced with 25 and 35 mJ/mm², 

resulting in a maximum degree of crystallinity for the 100-zone samples. This maximum in 

crystallinity is due to the interplay of two mechanisms: the coalescence and the cooldown of the 

exposed area. These two mechanisms are both influenced by the inter-layer time. With increasing 

inter-layer time, the time for the molten particles to coalesce with the adjacent particles increases. 

This provides more time for the heat to be distributed over the exposed area and for the crystals to 

homogeneously grow. The counteracting mechanism is the cooldown: with increasing inter-layer 

time, the consolidated area cools down by the atmosphere. This cooldown can result in the 

formation of an amorphous zone in the newly formed layer, which is not remolten by heat input 

of the next layer. This cooldown mechanism causes the crystallinity decrease observed at higher 

inter-layer times. For the inter-layer time resulting from 100 cm² of additional scanned area, the 

interplay of these two effects (coalescence and cooldown) results in the maximum crystallinity. 

The deviations in the crystallinity values can be attested to both differences in sampling and 
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differences of the material in the different zones. Cooling times are also dependent on the position 

of the parts within the powder bed. This results in an inhomogeneous annealing effect for (zones 

of the) parts within the build [7]. In that respect, the observed variations in crystallinity caused by 

varying inter-layer time is, therefore, minor. 

 

Figure 8 

 

3.5.Mechanical response 

Table 4 shows the ultimate tensile strength (𝜎𝑈𝑇𝑆 𝜎𝑟) of the parts produced with different ED 

levels, as well as the porosity (𝜌), cross-sectional area (𝐴𝑟) and porosity-corrected cross-sectional 

area (𝐴𝑟
′ ) that were measured in the zone with a specific inter-layer time where the specimen broke. 

Specifically, 𝜎𝑈𝑇𝑆 is computed using the porosity-corrected cross-sectional area that was measured 

in the area of the failure. This table shows that parts that were produced using a higher ED level 

show higher tensile strength.  

Also from this table, it can be deduced that, for the 30 mJ/mm2 to 45 mJ/mm2 samples, a linear 

relationship between 𝜎𝑟 and 𝐴𝑟
′  exists. This is due to the combined effect of the reduction of cross-

section throughout the gauge length and the stress-concentrations that are induced by the pores. It 

is noteworthy that the parts that were produced at 25 mJ/mm2 do not follow this linear relationship 

and show a considerably lower tensile strength compared to the specimens produced at the other 

ED levels. This effect cannot solely be explained by the locally lower porosity corrected cross-

sectional area, but is attributed to incomplete sintering of the powder particles at this ED level 

[198], which led to more layered porosity, as previously reported by the authors in [7].  

 

Table 4 

 

Table 5 shows all the values of 𝐴′ together with the zone of failure. Concerning the 25 mJ/mm2, 

the failure mostly occurred in the zone having minimal 𝐴′. Discrepancies hereto are linked to the 

high anisotropy of the samples due to the layered porosity as described above. Table 5 shows that, 

for the 40 mJ/mm2 and 45 mJ/mm2 parts, the lowest 𝐴′ is present either in the 150-zone or in the 
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200-zone. However, these specimens consistently broke in the 200-zone. A contribution to this 

predominant localized failure comes from the sudden change in cross section between the region 

right before the gauge length and the 200-zone. Figures 5 and 6 clearly show this sudden shape 

deviation, which results in a stress concentration in the 200-zone. The same mechanism, with 

reduced magnitude, is also applicable to samples produced with an ED of 30 mJ/mm2 and 35 

mJ/mm2. In fact, for these samples, the failure occurred in the 100- and 150-zones, which are the 

ones having the lowest  𝐴′. From the previous argument, it can be understood that the increase in 

inter-layer time gives rise to local changes 𝐴′ by both influencing the cross-sectional area of the 

part itself in se, as well as the local porosity content in the part. This, in turn, influences the location 

of failure in the parts, as mostly all parts failed in the zones where a combination of low 𝐴′ and 

higher stress concentration were present. 

 

Table 5 

 

Finally, Figure 9 shows the strain fields that were measured by DIC. The illustrated measurements 

correspond to stress levels right before the failure of each specimen (46 MPa, 43 MPa and 34 MPa 

for, respectively, the 45 mJ/mm2, 35 mJ/mm2 and 25 mJ/mm2 specimens), as differences in elastic 

strains between the different zones of constant inter-layer time are located below the noise 

threshold of the employed DIC set-up, indicating a low effect of 𝐴′ in the elastic regime. From this 

figure, a clear variation in the strain response within the components exists for the components 

that are produced using the different ED levels. This is especially true for the 45 mJ/mm2, which 

is explained by the fact that the differences in 𝐴′ are the most pronounced for these parts (see 

Video_ED45_Eyy). For the 25 mJ/mm2 samples on the other hand, the variation of strain within 

the components is less pronounced, which also correlates with 𝐴′. The presented strain 

measurements serve, therefore, as a further qualitative illustration of the effect of the inter-layer 

time on the mechanical response of PA12 parts produced via Laser Sintering. As such, when 

producing functional components for end-use in demanding applications, the effect of the inter-

layer time on the mechanical performance should be accounted for in either the process planning 

(e.g., by correct placement of different specimens in the build volume) or the design of the 

component (e.g. local changes in wall thickness or model topology), as indicated by the higher 
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probability of rupture in zones with a higher inter-layer time, and reduced stiffness in the plastic 

regime. A critical side note hereto is that most end-use specimens are not used in the plastic regime 

in regular operational service, whereas no direct effect in the elastic regime was measured in the 

present study. Next to the mechanical performance, also the effect on the dimensional accuracy is 

non-trivial, as indicated in section 3.3, which serves as an additional argument for taking the ED-

level and inter-layer time into account. 

 

Figure 9 

 

4. Conclusions 

This paper investigates the influence of the inter-layer time and energy density (ED) on critical-

to-quality parameters like porosity content, crystallinity, dimensional accuracy and mechanical 

properties of selective laser sintered parts in polyamide. The gauge length of a standard tensile bar 

was divided into five regions for which different inter-layer times were used during production. 

This was done by adding a series of sacrificial parts around the tensile sample. 

The porosity content is shown to be significantly affected by the inter-layer time, as indicated by 

the sudden changes in porosity at the transition between the different regions. Although the 

magnitude of the porosity content was also affected by the EDs used during the printing process, 

the dependency on the inter-layer times showed a similar behavior for all the ED levels tested. 

Also, the effect of the inter-layer time and ED on the dimensions of the tensile bars in the different 

regions of the gauge length is illustrated, with shorter times leading to larger dimensions and an 

increasing magnitude of the phenomena for higher ED’s. The effect is believed to be linked to the 

different local temperatures during the process, with combinations of shorter inter-layer times and 

higher ED’s leading to higher temperature and an increased heat flow in regions close to the 

surface, causing the sintering of more material. On the other hand, surface roughness was not 

significantly affected by neither the inter-layer time nor the ED. 

Due to the variations of cross sectional area and porosity content of the different regions of the 

gauge length, the mechanical response was found to be not uniform along the gauge length of the 

tensile bar, with an increased intra-variability for higher ED values, leading to more localized 

strain during the tensile test. The location of the fracture regions of the tensile bars show good 
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correlation with the porosity corrected cross sectional area, which is a metric including both the 

geometric deviation and the local porosity content.  

The results gathered during this investigation show the importance of the combination of the inter-

layer time and ED used during the printing process in determining variation of important quality 

parameters like porosity, dimensions and mechanical response. Being able to ensure a more 

uniform inter-layer time during the process would allow significant reduction in the variation in 

quality of products produced via Laser Sintering. The findings are also relevant in an industrial 

context, where nowadays the standard production of both functional and esthetic parts is driven by 

an optimal filling of the build chamber of the machine. This affects, as indicated by this study, 

some important CTQ and should, therefore, not be ignored. 
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Figure 1: Schematic of a typical layout of a laser sintering system [2]. 

Figure 3: a) Printed surface distribution (left y-axis) and estimated scanning time (right y-axis) 

along the build height (x-axis); b) Build configuration with the tensile bars in the center and the 

sacrificial parts in the corners. 

Figure 3: Porosity distribution for each printed layer from bottom to top of the gauge length of a 

tensile bar printed with an energy density equals to 35 J/mm2. 

Figure 4: Average porosity content of each region of the gauge length of the tensile bar for the five 

different ED levels. The confidence bounds indicate one standard deviation. 

Figure 5: Surface primary profiles (no data filtering) along the length of tensile bars produced with 

ED equal to a) 25 mJ/mm2 and 45 mJ/mm2, and b) 30 mJ/mm2 and 40 mJ/mm2. The profiles are 

parallel to the main axis of the tensile bar and include the gauge length (approximately from 10 to 

60 mm in the graph). 

Figure 6: Deviation of the geometry of the produced samples with respect to the CAD geometry. 

The areas in the parts where no measurement data are present, are caused by markings put on the 

specimens to discern the different zones uniquely. 

Figure7: Cross-sectional area as a function of the area of the sacrificial parts for the specimens 

produced at the different ED levels. The reported values are averaged over the respective zone. 

The confidence bounds indicate one standard deviation. 

Figure 8 Degree of crystallinity for the 5 zones of the tensile bars produced at 25, 35 and 45 

mJ/mm² energy densities. The confidence bounds indicate one standard deviation. 

Figure 9: Longitudinal strain fields in a 45 mJ/mm2, 35 mJ/mm2 and 25 mJ/mm2 samples. 
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Table 1: Laser scanning parameters that were used to produce the tensile bars at the five energy density 

levels 

ID Parameter 

Set 

Laser Power (W) Scan Speed (mm/s) Scan Spacing 

Hatch distance 

(mm) 

Energy Density 

(mJ/mm2) 

ED25 22.5 3000 0.3 25 

ED30 27.0 3000 0.3 30 

ED35 31.5 3000 0.3 35 

ED40 36.0 3000 0.3 40 

ED45 40.5 3000 0.3 45 
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Table 2: Parameters that were employed for the DIC algorithm 

DIC Specification Value 

Camera noise 0.35% 

Matching criterion ZNSSD 

Prefiltering Gaussian 

Interpolation Cubic spline 

Subset size 41 px 

Step size 3 px 

Strain window 21 px 

Displacement resolution 1.73 ⋅ 10−02 mm 

Strain Resolution 400 𝜇𝑚/𝑚 
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Table 3: Mean Ra, Rz (DIN) and relative standard deviations of each group of tensile bars produced with 

the same ED.  

ID Parameter 

Set 

Mean Ra   

(µm) 

Standard 

Deviation Ra (µm) 

Mean Rz (DIN) 

(µm) 

Standard 

Deviation Rz 

(DIN) (µm) 

ED25 16.34 0.43 113.46 5.28 

ED30 14.56 1.34 102.30 10.77 

ED35 15.07 0.83 106.58 7.09 

ED40 16.11 1.42 112.46 8.02 

ED45 17.21 2.04 113.81 15.81 
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Table 4:  Ultimate tensile strength (𝜎𝑈𝑇𝑆𝜎𝑟), cross sectional area (𝐴𝑟), porosity (𝜌) and corrected cross-

sectional area (𝐴𝑟
′ ) in the zone where the specimen failed. The suffix r denotes that the reported values were 

taken in the zone of failure. 

 25 mJ/mm2 30 mJ/mm2 35 mJ/mm2 40 mJ/mm2 45 mJ/mm2 

𝜎𝑈𝑇𝑆𝜎𝑟[𝑀𝑃𝑎]  36.2 45.0 47.1 49.2 50.6 

St.dev. 2.0 1.2 1.2 0.6 0.73 

𝜌𝑟 [%] 4.75 4.19 3.80 3.77 3.96 

St. Dev. 0.16 0.15 0.36 0.17 0.13 

𝐴𝑟
  [𝑐𝑚2]  124.1 124.7 125.7 127.5 128.5 

St. Dev. 1.17 0.49 0.72 1.52 2.33 

𝐴′𝑟 [𝑐𝑚2]  118.2 119.5 121.0 122.7 123.4 

St. Dev. 1.2 0.4 0.5 1.4 2.313 
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Table 5: Porosity corrected cross section for all the specimens and zones of the gauge length. The zone 

where the failure happened is indicated in red, as well as a number indicating the order of the zone in a 

scale from 1- minimal porosity corrected cross section to 5 – maximal porosity corrected cross section.  

* The sample broke outside the gauge length 

 

ID sample 0 50 100 150 200 

25_1* 119,05 120,62 118,17 118,60 118,98 

25_2 119,25 – 5 119,20 117,46 118,99 118,80 

25_3 119,74 118,14 117,98 – 1 117,87 118,99 

25_4 118,81 – 3 119,23 118,62 118,06 119,05 

25_5 118,14 117,28 116,65 116,64 – 1 118,05 

30_1 121,83 121,43 120,08 – 1 120,54 120,65 

30_2 121,08 120,00 119,64 – 2 119,55 121,36 

30_3 119,37 119,83 119,09 – 1 119,19 119,87 

30_4 121,45 120,41 119,30 – 2 118,75 120,45 

30_5 121,23 120,21 119,15 119,15 – 1 120,02 

35_1 121,84 121,84 120,53 120,61 – 2 122,50 

35_2 123,42 122,96 121,41 – 1 121,71 121,90 

35_3 123,00 121,98 120,30 120,55 – 2 120,84 

35_4 124,06 122,21 121,37 – 2 120,84 121,71 

35_5* 123,43 122,74 120,51 120,29 120,58 

40_1 124,61 124.29 122.69 122.01 122.31 – 2 

40_2 127,03 124,23 122,59 122,39 – 1 122,54 

40_3 125,04 123,11 121,27 121,58 121,03 – 1 

40_4 125,19 123.99 122.46 122.04 123.08 – 3 

40_5 - - - - - 

45_1 127,99 124,83 123,16 121,63 122,03 – 2 

45_2 127,63 126.20 122.94 122.86 122.15 – 1 

45_3* 127,48 125,27 122,12 122,31 121,13 

45_4 128,48 126,76 123,15 123,07 122,02 – 1 

45_5 128,45 125,36 123,50 121,85 122,79 – 2 


