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Abstract—The selective laser melting of polymer powder is, 
for rapid prototyping applications, a well-established tech-
nology, although a lack in basic process knowledge occurs. 
Considering demands of series production the selective laser 
melting technique of polymers is faced with various chal-
lenges concerning processable material systems, process 
strategies and part properties. Consequently, basic research 
is necessary to understand and optimize processes to shift 
from rapid prototyping to rapid manufacturing of small lot 
sized series. Based on basic research the high potential of 
selective laser melting for the production of complex parts 
without any tools can be opened up. For the derivation of 
part quality increasing process strategies, knowledge about 
interactions between sub-processes of selective laser melting 
and resulting part properties is necessary. The selective 
laser melting of polymers consists of three major sub-
processes: Powder coating, energy input, material consolida-
tion. According to the interaction of sub-processes, resulting 
temperature fields during the selective laser melting process 
determine the part properties by changing micro structural 
pore number and distribution. Beneath absolute tempera-
tures the time-dependency of the thermal fields also influ-
ences the porosity of molten parts. Present process strategies 
tend to decrease building time by increasing scanning speed 
and laser power. Although the absolute energy input into 
the material is constant for increasing scanning speed and 
laser power in the same ratio, time dependent material 
effects are neglected. The heating rate is a combined param-
eter derived from absolute temperature and time. Within 
the paper the authors analyze the basic interactions between 
different heating rates and part properties (e. g. mechanical 
strengths). Furthermore, the part positioning is taken into 
account. Due to the part positioning within the building 
chamber different shapes of cross sections appear even for 
equal part geometries. The authors estimate an interaction 
between exposed cross section and applied speed of energy 
input, due to heat accumulating effects. Therefore speci-
mens produced with different heating rates are analyzed 
with imaging technologies as well as mechanical tests. Based 
on the done basic investigations new heating rate dependent 
process strategies can be established considering time de-
pendent material behavior. 

Index Terms—heating rate, positioning, mechanical proper-
ties. 

I. INTRODUCTION 
Formerly, techniques of additive manufacturing were 

used for prototype construction of special products. This 
actually changes, as they are now used for a vast number 

of new application fields by means of direct manufactur-
ing. [1-3] 

Especially for technical parts, products made by addi-
tive manufacturing have grown in importance, now being 
much more than mere demonstration objects [4, 5]. De-
spite the huge variety of additive manufacturing processes 
only a few of them have the potential to meet the require-
ments of small series industrial manufacturing. Consider-
ing industrial requirements (e. g. reproducibility, mechan-
ical strength) one of the most promising additive process-
es is the selective laser melting of semi-crystalline ther-
moplastic powders (Fig. 1). [6]  

 
Figure 1.  Selective laser melting process (SLM) of thermoplastic 

polymers 

To achieve industrial standards with beam molten 
thermoplastic parts basic process exploration is essential. 
For this purpose the sub-processes (powder coating, ener-
gy input, material consolidation) of component generation 
and their mutual interactions (e. g. time dependent materi-
al behavior and energy input) are investigated experimen-
tally by a specific combination of different measurement 
methods. Thus, selective laser sintering can be bench-
marked in its entirety. Based on this basic research and 
built on process modeling, new adapted process strategies 
for an improved part quality can be developed. Effects 
like warpage or curl should be reduced. Therefore limited 
process efficiency can be improved with regard to series 
production. [7, 8] 

In the following article the influence of the length of 
scanning vectors is analyzed by using mechanical part 
properties as output quantity. Furthermore, interaction 
between mechanical part properties and heating rate dur-
ing exposure (importance of heating rate for part structure 
was shown in previous investigations by the authors [9, 
10]) is taken into account. For investigations the statistical 
design of experiments (DoE) is used. Thus, a basic under-
standing of the interactions between exposure speed, 
length of scanning paths and part positioning in x-y-plane 
is created. 
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II. FUNDAMENTALS AND EXPERIMENTAL SETUP 

A. Laser-Melting-System (LMS) 
To guarantee constant experimental boundary condi-

tions between different experiments, it is necessary to use 
a special temperature stabilized and homogenized LMS. 
Due to a multiple heating zone system, the whole building 
chamber is nearly equally tempered to TB. Consequently, 
disturbing effects caused by temperature variation can be 
minimized. Moreover, a laser system with nearly constant 
intension over whole building chamber is used 
(F-Theta-lens). The scanning system is state of the art and 
guarantees short acceleration times as well as high preci-
sion in beam guiding. The focus diameter df is set to 
400 !m. Due to the very short exposure times within the 
design of experiments a heating of the optical gating sys-
tem is avoided. Hence, Gaussian-beam-profile is hardly 
adulterated for different exposure parameters. 

B. Material 
For achieving nearly constant material properties for all 

experiments, standard laser melting powder, polyamide 12 
(PA12) (Type: PA2200, EOS GmbH, Krailling, Germa-
ny), is used. 

C. Exposure strategies and specimens 
Usually the exposure process is performed by layers, 

which are composed out of hatched single lines (Fig. 2). 

 
Figure 2.  Hatching exposure strategy exemplarily for a plate 

After one line is exposed by deflecting the laser beam 
in x-direction the beam is deflected in revers x-direction, 
exposing the second line. After each line the beam is also 
deflected in y-direction over a distance x=hs. Due to this 
y-deflection within the hatching strategy two single lines 
always superpose in the size of hs. Consequently, each 
single line is exposed two times. The time t between two 
exposures is defined as cooling time. The maximum cool-
ing time (between two exposures of first point of a line) 
can be approximated by equation 1. Due to the equation, 
the cooling time is influenced by scanning speed vs as well 
as path length x of single lines n and  
(n-1). 

 tmax=tn+t n-1 =
1
vs
·(xn+x n-1 ) (1) 

Due to the hatching exposure principle the latest trend 
in construction of LMS is the increase of scanning speed 

for achieving shorter processing times. Like shown in 
equation 2, the impact time for certain laser properties is 
defined as ratio between beam’s focus diameter df and 
chosen scanning velocity vs. Due to the circular shape of 
beam’s cross section the impact time follows trigonomet-
ric function. Thus, impact time in beam edge zones is 
smaller than for the center line. 

 t=
df
vs

 (2) 

Furthermore, by using equation 3 the energy input Ein 
during the exposure with laser power PL can be approxi-
mated.

 !!"=!! ! ! ! !! !
df
vs

 (3) 

For achieving a melting of the exposed areas a mini-
mum energy input in the range of the specific melting 
enthalpy of the used polymer powder is necessary. Related 
to the optimal thickness of a single layer (0.1 mm) a 
common value for used processing energy is 0.4 J/mm3. 
Like mentioned before, the combination of high power 
laser beam sources and high speed laser scanners is used 
for speeding up the exposure process. Time dependent 
effects within the processed polymer materials are ne-
glected despite the time dependency of polymer properties 
is well known in polymer science. Especially the speed of 
the energy input affects thermal material behavior of the 
sintering powder, like shown by the authors in [11]. A 
parameter, which expresses the heating speed is the heat-
ing rate H, which is defined as the variation of tempera-
ture over a certain space of time (equation 4). 

 !=!! !
!

! ! !!
!
dT
dt

 (4) 

By taking laser power PL, mass m of exposed polymer 
powder as well as the specific heat capacity cp into ac-
count, the heating rate in a discrete powder element can be 
approximated. Based on further explanations even on a 
constant level of energy input, while hatching single lines, 
different exposure strategies are possible. On the one hand 
the energy input can be performed by high laser powers 
and high scanning speeds (low impact times) and on the 
other hand low laser powers at moderate scanning speeds 
can be chosen. The overall done energy input remains 
equal for both strategies. The authors estimate variations 
in the microstructure of laser molten parts depending on 
the used heating rate. Base for this estimation is the well-
known time dependency of thermal polymer properties (e. 
g. DSC-Analysis) as well as the varying cooling times 
between two hatching lines according to the scanning 
speed. Within the hatching principle an exposed line is 
heated up a second time after exposure due to the expo-
sure of the second line, which overlaps with the first line 
in the size of the hatching distance hs. Hence high heating 
rates also cause short cooling times between to single 
lines. Furthermore, the length of a single line also affects 
cooling time between exposed lines. Overall the so de-
fined cooling conditions interact with the microstructure 
of the produced parts. Consequently, the authors want to 
investigate first correlations between speed of energy 
input as well as length of scanning vectors and mechanical 
part strength. Tab. 1 shows the investigated exposure 
parameters. 
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TABLE I.   
DESIGN OF EXPERIMENTS: EXPOSURE PARAMETERS 

 Process parameters 

 Laser-Power PL Scanning speed vs 
(referenced to df) 

Heating rate H 

 [W] [mm/s] [107·K/min] 
1 7.8 780 7.20 
2 22.1 2210 20.40 
3 32.9 3290 30.40 
 
The laser powers PL as well as scanning velocities vs of 

Tab. 1 are orientated on industrial used values and cover a 
large range of powers and speeds. The varying heating 
rates are applied during the building process of plate 
shaped specimen, with following dimensions (Tab. 2). 

TABLE II.   
DIMENSIONS OF USED SPECIMENS 

Dimensions 
 x y z 
 [mm] [mm] [mm] 

1 15 85 2 
2 30 85 2 
3 60 85 2 
4 90 85 2 
5 85 85 2 

 
First single layers are built to avoid disturbing effects 

caused by the powder coating mechanism. All single lay-
ers are cooled down in the same way after exposure, to 
avoid influences of changed cooling conditions. The sin-
gle layers are cut flatwise to the scanning direction and are 
analyzed by microscopy, like shown in Fig. 3. 

 
Figure 3.  Microscopic analysis of cut single layers 

Beneath single layers with constant dimensions layers 
with a constant surface area but varying widths and 
lengths are produced. 

The hatching distance hs is kept constant over the whole 
design of experiments (hs=250 !m) and produced speci-
mens. By means of microscopy pictures the geometrical 
accuracies as well as the sizes of the cross sections of the 
single layers are judged. 

Additionally, size scaled tensile bars (1:2) vertical (x-y-
plane, “0°-lying”) and parallel (x-z-plane, “90°-standing”) 
to the z-axis are built with exposure parameters, shown in 
Tab. 1. 

For investigating the influence on the mechanical 
strength of with different heating rates and path lengths x 
exposed parts, flat plates with a thickness of 2 mm are 
built. By milling, tensile bars (scaled 1:2 in size according 
to norm bars) are etched out of the plates in different ways 
(Fig. 4.)  

 
Figure 4.  Specimen preparation and testing 

The milling process is used for the preparation of ten-
sile bars in order to achieve constant surface roughness 
between specimens. Thus crack ignition effects caused by 
varying surface properties can be minimized. Further-
more, by preparing tensile bars in different angles to the 
scanning vectors out of the plates, the influence of part 
positioning can be isolated without changing exposure 
times by varying part positioning. Consequently, by varia-
tion of heating rate, length of plate as well as orientation 
angle between tensile bars and scanning vectors different 
influences on the mechanical behavior of the tensile bars 
can be analyzed. Prepared tensile bars are dried under the 
critical value of 0.2 Weight.-% of remaining water (meth-
od: Karl-Fischer-Titration). Afterwards tensile tests are 
performed (DIN EN ISO 527-1, -2) with to size scaling 
adapted speed. Tab. 3 shows test conditions. 

TABLE III.   
TENSILE TEST CONDITIONS 

Conditions 
Testing Speed Specimen Conditioning Number of tests 

[mm/s] [-] [-] 
0,042 Dry (<0.2 wt.-% humidity) 3 
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III. RESULTS AND DISCUSSION 

A. Single layers 
Fig. 5 shows the cross sections of layers exposed with 

varying heating rates but constant length of scanning vec-
tors. 

Heating rate H 
7.22·107 K/min 20.40·107 K/min 30.40·107 K/min 

   
Figure 5.  Cross sections of single layers for varying heating rates 

Like discussed in further publications of the authors 
(e. g. [9, 12]), for an increasing heating rate H, the size of 
the melting pool (especially z-dimension dd, Fig. 6) 
changes.  

 
Figure 6.  Thickness of with varying heating rates produced layers 

For constant length of scanning vectors, the resulting 
shape of the melt pool is thus a function of the speed of 
energy input. Reasonable for this correlation might be 
time dependent material behavior as well as thermody-
namics [9, 10]. Due to varying heating rates H the impact 
times t for beam-matter-interaction change, too. For larger 
impact times heat transfer mechanisms into the surround-
ing powder bed and into the building chamber additionally 
occurs. Especially heat conduction into the surrounding 
powder bed is a time-consuming process. Hence, for long 
impact times and respectively moderate heating rates the 
amount of conducted heat into the surrounding powder is 
maximal. A hint for supporting this estimation is the 
amount of unmelted powder which sticks next to the mol-
ten zone as result of the conducted heat out of the melting 
zone. Especially for further mentioned low heating rates 
the amount of sticking powder is increased, like shown in 
[9, 12]. Considering Fig. 6 higher heating rates seem to 
favor a heat accumulation next to the exposed surface. 
Reasonable for this behavior might be the short impact 
time combined with high laser power. Due to minimized 
impact times, hardly any time for heat conduction into 
surrounding powder is availabel. Consequently, absorbed 
laser energy is distributed only over directly penetrated 
particles within the optical penetration depth "opt (where 
most of the intensity is extenuated). Due to this fact 
particles within the penetration-zone are molten. Based on 

the fact, that thermal conduction into z-direction is 
minimized for short impact times a heat accumulation 
next to the exposed surface occurs [9]. Furthermore, this 
heat accumulation next to the surface might result in an 
increased thermal interaction (e. g. irradiation) between 
exposed area and building chamber. Thus, absorbed laser 
power is lost and melting depth dd decreases for higher 
heating rates, like shown in Fig. 6.  

Beneath the heating rate also the length of scanning 
lines influences the structure forming process within the 
melting zone. Reasonable for this behavior might be also 
time dependent effects. Due to long scanning paths and 
constant exposure speeds, the cooling time between 
double exposure of the same line changes. Consequently, 
within the hatching exposure strategy the length of the 
scanning paths are supposed to affect the resulting melt 
pool shape. Fig. 7 shows the cross section of single layers 
manufactured with constant heating rate and varying 
length of scanning vectors. Thus the cooling time between 
double exposure of single lines changes. Hence thermal 
dependent material properties (e.g. viscosity, 
crystallization, post-condensation) might also change. 

 
Figure 7.  Cross sections of plates for varying scanning-path-length x 

It is obvious that for long scanning vectors the shape of 
the cross section is irregular. Especially the surface of 
molten layers with long path length x show a rippled 
shape of cross section. For reduced length of scanning 
vectors the ripple of the surface is reduced. By changing 
length of scanning lines at constant heating rate the 
cooling times between repeating exposures of single lines 
are changed. Herein a hint can be seen, that for long 
scanning vectors in the time between two exposures the 
melt pool cools down and viscosity of melt pool is 
reduced lightly. Owing to this fact the fluidity of the melt 
pool is reduced. Thus two exposed lines are hampered to 
flow together shaping one melting pool. For decreasing 
vector length, the time between to exposures declines. 
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Hence, the cooling time between exposures is reduced. 
Thus the fluidity of both exposed lines is preserved and a 
common melt pool is shaped. The result is a more regular 
cross section of the single layer. Besides shown effects on 
single layer level, time dependent effects are also 
estimated to affect mechanical strength of all parts. 

B. Tensile bars 
Fig. 8 shows the tensile strength of a size-scaled (1:2) 

tensile bar (directly manufactured, without post-treatment) 
for different heating rates H as well as orientations to the 
building platform. 

It is visible, that well known mechanical behavior for 
different orientated tensile bars remains the same for vary-
ing heating rates H. The 90°-orientated tensile bars show a 
reduced tensile strength compared to the 0°-orientated 
ones, over the whole range of investigated heating rates. 
Furthermore, for 0°-orientated tensile bars, a trend into 
direction of decreasing tensile strength for an increased 
heating rate can be seen. 90°-orientated tensile bars do not 
show this trend. According elongation at break # behave 
nearly similar to $.  

Due to an increased heating rate also surface 
temperature during exposure increases owing to a heat 
accumulation caused by increasing scanning speeds [9]. In 
combination with the smaller exposure area of a 
90°-orientated tensile bar (compared with a 0°-orientated 
one) the temperature accumulation for higher heating rates 
might lead into melt viscosity changes as well as in a cross 
section increase as a result of a higher temperature flow 
into the surrounding powder. Thus, the connection 
between two layers is stronger although melting depth dd 
of a single layer is reduced for higher heating rates. For 
0°-orientated bars the superposition of thermal effects is 
not as strong because heat accumulation is minored due to 
larger cooling time between line-hatching because of 
longer scanning paths.  

The influence of path length x for x-y-plane-placed (0°-
lying) tensile bars can be seen in Fig. 10.  

Considering the tensile strength of bars (x-y-plane, 0°-
lying) produced with varying lengths of scanning paths x, 
no significant changes can be investigated. Furthermore, 
no significant differences in tensile strengths for changed 
heating rates can be investigated. Based on cross sections 
(shown in Fig. 7) accuracy of melting pool changes with 
decreasing length x of scanning paths. Especially very 
long scanning paths x seem to result in irregular shaped 
cross sections, which seems to abet defects within the 
cross section. Consequently, the authors estimated re-
duced tensile strength for increased path length. Reasona-
ble for the ambiguous behavior of tensile properties, 
shown in Fig. 10, might be the superposition of several 
layers. Hence, small irregularities and defects within the 
layer might be normalized by the layer manufactured 
upon. Due to this fact, tensile behavior even for long scan 
paths does not change significantly. Considering the elon-
gations at break, two trends might be visible. On the one 
hand for constant heating rates the elongation at break 
seems to decrease for enlarged scanning paths. Especially 
for small heating rates H prior described trend can be seen 
in Fig. 11. 

On the other hand by increasing heating rates, the elon-
gations at break decreases. Additionally,  elongations  for  

 
Figure 8.  Tensile strength $ as function of exposure heating rate 

 
Figure 9.  Elongation at break # as function of exposure heating rate 

 
Figure 10.  Tensile strength $ for varying scanning-path-length x 

longer path seem to remain on a constant low level for 
higher heating rates H. A possible explanation for decreas-
ing elongation at break with longer scanning paths (espe-
cially at low heating rates) might be enforced post-
condensation-processes. For shorter scanning paths, the 
cooling times between the first and the second exposure 
declines (Fig. 12). Hence the surface temperatures in-
crease and post-condensation-processes are performed [9, 
12, 13]. Like shown by the authors in prior publications 
[13] the elongation at break is a sensitive response param-
eter for changes in post-condensation-processes. 
Beneath path length x the heat flow, caused by the heating 
rate  H,  influences  the  mechanical behavior of the tensile 
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Figure 11.  Elongation at break # for varying scanning-path-length x 

 
Figure 12.  Maximum return time tmax for varying heating rates H 

bars. For higher heating rates H the elongation at break is 
also reduced like for longer scanning paths x. Reasonable 
for this behavior might be - in addition to post-
condensation-processes - decomposition effects within the 
material. Due to higher heating rates H, temperatures 
during exposure processes increase as a result of a local 
heat accumulation between two exposures [9, 12]. The 
material decomposition changes the mechanical behavior 
from ductile to a more brittle one. Furthermore, for higher 
heating rates the effect of reduced elongations for longer 
paths is reduced, as a result of the high scanning speeds 
and the along going short times between two exposures. 
Withal, the changes in mechanical behavior for varying 
heating rates H might also be caused by changing part 
porosity, like investigated by the authors in prior publica-
tions [14]. Moreover, mechanical properties are also a 
function of geometrical part shape [15]. Especially the 
size of the cross section is affected by varying heating 
rates according to prior Fig. 6. The analyzed tensile bars 
support this estimation. According to Fig. 13 the thickness 
of the tested tensile bars is primarily a function of the 
applied heating rate and secondarily of the path length.  
Reasonable for this behavior are time dependent effects, 
which affect heat conduction processes during exposure. 
For lower heating rates, more time for heat conduction is 
available. Consequently, process energy is conducted over 
a larger volume of powder. Owing to this, especially in 
zones next to the edges of the exposed geometry, along to 
the heat streams single particles are sticking next to the 
molten zone. The result is a larger cross section than for 
higher heating rates. 
Like shown in prior results, the mechanical properties of 
laser molten parts are directly influenced by the length of 

 
Figure 13.  Thickness of tested tensile bars for varying scanning-path-

length x 

 
Figure 14.  Tensile strength $ for varying extraction angles % 

scanning paths. Reasonable for this fact are the cooling 
times between two exposures of one single line, due to the 
hatching principal. Beneath part construction itself, the 
length of scanning paths is also predicted by orientation of 
the part within the building chamber. The authors estimate 
that constant cooling times as a result of constant path 
lengths cause equal mechanical part properties, although 
parts are placed differently in x-y-plane. For supporting 
this thesis plates with constant path length have been 
manufactured with varying H. After that the tensile bars 
are milled out of the plates under different angles % 
(Fig. 4). Thus varying x over part geometry at constant 
cooling times between single paths can be simulated. 
Fig. 14 shows $ for varying angles % and H.  

Fig. 14 shows clearly that the extraction angle does not 
seem to influence the tensile strength of the specimen. 
Despite the extraction angle the heating rate, which was 
used for manufacturing the plates, influences the tensile 
strength. An explanation for this behavior might be time 
dependent heat transfers, like explained in the chapters 
above. Based on the results of Fig. 14 it is possible to 
develop new scanning strategies. For example it is possi-
ble to place parts in x-y-plane in different orientations 
without causing limitations in mechanical behavior as 
long as the cooling time between single scanning paths is 
constant (analog to the plate specimen). A possible way to 
realize this constant cooling time between single paths is a 
software compensation which adds delay times according 
to varying path lengths. Additionally constant cooling 
times between the lines also lead into constant elongations 
at break over extraction angles, like shown in Fig. 15. 
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Figure 15.  Elongation at break # for varying extraction angles % 

IV. CONCLUSION AND OUTLOOK 
Within the paper the authors discussed time dependent 

effects on the mechanical part properties according to 
varying exposure strategies. Therefore plates with varying 
path lengths have been manufactured. Afterwards tensile 
bars have been etched out of these plates by milling. Due 
to this method, disturbing effects like changed surface 
qualities and along going variations in crack ignition can 
be minimized. Furthermore, a changed distribution of path 
lengths over the part geometry can be simulated for con-
stant cooling times between two paths. Based on this de-
sign of experiments the authors could show that for an 
increasing speed of exposure, tensile strength of the bars is 
marginally affected. The elongation at break instead is 
decreasing for higher heating rates. Reasonable for this 
behavior might be material decomposition owing to higher 
temperatures caused by a heat accumulation for fast expo-
sures. Additionally, for longer scanning paths the cooling 
times between two single line exposures increase. Based 
on this, no significant influence on the tensile strength of 
the bars could be investigated. Nevertheless elongation at 
break is reduced for longer scanning paths. The authors 
estimate that changes in post-condensation-processes as a 
result of changed cooling times between two exposures 
might be the reason. Considering part positioning in x-y-
plane, the authors could show that part orientation might 
not affect mechanical properties as long as the cooling 
time between paths is kept constant. Based on those inves-
tigations new processing strategies, which consider time 
dependent effects, can be set up. Exemplary a segmenta-
tion of parts’ cross sections in segments of constant path 
length x is an imaginable processing strategy derived from 
further described results. Hence path length x is kept con-
stant independent from the shape of the produced part. 
Furthermore, a variation of scanning speed and laser pow-
er according to path length x might result in constant re-
turn times between hatched paths. Consequently, cooling 
conditions between paths are proposed to be homoge-
nized.
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