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Abstract

Laser powder bed fusion (LPBF) includes a few printing techniques widely used, in recent years, concerning the additive
manufacturing of Ti6Al4V alloys. These produced parts, typically utilized in sectors such as aerospace and biomedical, are
characterized by very high added value. It is therefore fundamental to identify the influence of process parameters typical
of LPBF technology on the occurrence of warping leading to process failure. This study deals with the characterization of
single-track and “micro-scale” level warping phenomena which may lead to protrusion of material over the powder bed and
process failure before normal termination. This phenomenon was investigated as a function of process parameters, refer-
ring also to the strength and ductility characteristics of the manufactured samples. With this purpose, several samples were
printed using variable process parameters both in terms of line energy density (LED) values and in terms of laser power and
speed combinations such as to guarantee constant LED values. For the samples that did not show significant micro-warping
phenomena, in addition to the transversal and longitudinal geometric characterization of the single track, tensile tests were
performed to determine both the resistance of the material and the ductility characteristics. The single tracks, for given process
parameters, were printed on a homogeneous material substrate. For every single track, a microstructural and morphological
transverse and longitudinal characterization has been carried out and the measured geometrical features were correlated to
the process parameters. The obtained results allowed the identification of a new threshold parameter, indicating the limit
operating conditions beyond which significant warping phenomena and process failure occur.
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1 Introduction to produce complex geometries without any restrictions

and reduce lead time and waste. For these reasons, LPBF

In the last 10 years, a progressive increase in studies con-
cerning additive manufacturing has been observed, with spe-
cific reference to the techniques used for the optimization of
process parameters. Numerous studies refer to the maximiza-
tion of the resistance and functional characteristics of manu-
factured products [1, 2]. Laser powder bed fusion (LPBF)
is an additive manufacturing technique where the part is
fabricated layer by layer starting from metallic powder. For
each layer, the powder is selectively melted by a laser energy
source following an assigned path. In this way, it is possible
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is widely used for aerospace, automotive, and biomedical
applications [3] where lightweight structures with complex
shapes are often requested. In the aforementioned sectors, in
which there has been a rapid diffusion of additive manufac-
turing technologies, the most used material is the Ti6Al4V
alloy which allows the creation of highly resistant and low-
weight components, as well as components characterized
by high biocompatibility. Despite these advantages, there
are some issues related to the process. The wrong choice
of process parameters can lead to several defects, such as
gas porosity, lack of fusion, balling, residual stress, distor-
tion, and warping which can affect the mechanical proper-
ties and the quality of the final part. Luo et al. [4] studied
the conditions that promote the keyhole defect formation
in a selective laser melted beta titanium alloy, while Singla
et al. [5] collected in their study the main research that high-
lighted the main defects found in the selective laser melting
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process. Zhou et al. [6] studied the mechanism of porosity
formation during the selective laser melting process by cor-
relating it with the kinetic characteristics of the melt pool as
a function of process parameters. Additionally, as reported
by Stavropoulos et al. [7], residual stresses arise due to the
rapid heating and cooling cycle during the process, and they
play a fundamental role in dimensional accuracy limiting
the application of the produced components. Hence, pro-
ducing parts with low or neglectable residual stress is one
of the fundamental challenges in LPBF processes. As indi-
cated in the study of Mugwagwa et al. [8], this is because
residual stresses can lead to part distortion when the sam-
ple is removed from the base plate or even, considering
the findings of Clijsters et al. [9], to job failure during the
printing when residual stresses are too large. The residual
stress mechanism formation in selective laser melting is the
following: first, the newly deposited layer, scanned with the
heat source, tends to expand while the underlying solidified
material contrasts this expansion, resulting in compressive
stress for the new layer and tensile stress for the underlying
part. Then, from the study of Mercelis and Kruth [10], it is
inferred that, when the heat source is removed, the new layer
tends to shrink hampered by the underlying part, resulting
in tensile stress for the new layer and compressive stress in
the material below. As indicated by Stavropoulos et al. [7],
the occurring distortion phenomenon, taking place in every
layer due to non-uniform thermal stress, is called warping.
A few papers can be found in the literature focusing on
residual stress and warping in SLM processes. Wang et al. [11]
investigated the occurrence of warping for overhanging surfaces
related to building orientation, scan speed, and laser power. They
noted that for low values of building orientation and scan speed,
the warping defect will occur more readily. Also, for higher
values of laser power, the warping effect will be more evident.
Furthermore, for fixed angles of the overhanging surface, only
the energy input can be changed to avoid warping defects. On
the other hand, if laser power and scan speed are determined
to guarantee high part density, the only way to ensure the part
quality is to change the inclined angle of the overhanging surface
during the designing phase. Calignano [12] also analyzed the
occurrence of the warping phenomenon for overhanging struc-
tures. In their paper, the importance of the part orientation and
the support design phase was highlighted as warp occurs when
the laser scans directly on the powder resulting in insufficient
anchoring and lifting of the deposited layer. Bugatti et al. [13]
studied the effect of overhanging surfaces on the formation of
internal defects in the laser powder bed fusion—type process. Lu
et al. [14] assessed the warping for thin-walled structures that
are widely used for aeronautical applications. They found that
different geometrical characteristics, i.e., the wall thickness, the
build height, the wall curvature, and the presence of an open or
closed structure, play a key role in the warping occurrence. In
detail, thicker structures have a beneficial effect while thinner
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and higher structures with an accentuated curvature as well as
open structures promote warpage.

Moreover, it has been found that the track morphology
also plays a crucial role in residual stress magnitude in addi-
tively produced parts, being the remelting zone the most crit-
ical one for its occurrence. In this regard, [15, 16] studied the
structure of single tracks of 24CrNiMo steel selective laser
melted. A few studies can be found in the literature in which
the track morphology is correlated to the process parameters.
Bai et al. [17] investigated the influence of process param-
eters on the morphology of the melt pool and the surface of
each deposited layer of 18Ni300 maraging steel and they
highlighted that the surface quality and tensile property are
better for an increase of Volume Energy Density.

Wang et al. [18] evaluated, for maraging steel, the pro-
cess parameters influence on single-track and single-layer
SLM experiments. They found that higher laser power and
lower scanning speed promote the formation of inclusions,
pores, and cracks in the next layers. Yang et al. [19] investi-
gated the influence of laser power, scanning speed, and layer
thickness on the height, depth, and width of molten pools.
They found that scanning speed is the most influential fol-
lowed by laser power and layer thickness, having the latter
a negligible effect on the track morphology. Additionally, it
was noted that the width and the depth of the track increase
with increasing laser power while decrease with increasing
scanning speed. Gusarov et al. [20] stated that the scanning
speed has a relevant effect on the track quality. For fixed
laser power, decreasing scan speed leads to a higher width
of the melt pool that stabilizes the scan track. Shrestha and
Chou [21] analyzed the effect of two different values of line
energy density (0.48 J/mm and 0.75 J/mm) on the single-
track morphology by using different combinations of laser
power and scanning speed. It was noticed that laser power
is more influential on the depth size of the single track con-
cerning scanning speed.

It can be noted that, in the above-described papers, the
warping phenomenon was mostly studied for overhang struc-
tures. Warping was directly correlated to process param-
eters with particular reference to energy density and build-
ing orientation. On the other hand, papers focusing on track
morphology allowed the identification of a correspondence
between process parameters and track features. It should also
be highlighted that the warping phenomena most frequently
studied in the literature are macro-scale deformations which,
therefore, are strongly influenced by sample size and are
more relevant in larger sample sizes. However, warping
phenomena may occur on a micro-scale at the deposition of
each individual track. Micro-scale warping phenomena are
related to the success of the printing process. In fact, when
the warpage results in the protrusion of the current layer out
of the powder bed, the recoater may get damaged and the
printing process fails. Although the deposition of material
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that considers multiple tracks, both side-by-side and stacked,
determines an overall warping of the component, the mor-
phology of the single track plays a key role when dealing
with the study of warping phenomena at the micro-scale. In
this way, as reported by the study of Kruth et al. [22] con-
cerning the selective laser melting of an iron-based alloy, the
geometry of the single track influences micro-scale warping
in both side-by-side and stacked multiple depositions.

A comprehensive direct correlation between the track
morphology and the occurrence of the warping phenom-
enon is still missing in the literature. Additionally, there is
no paper focusing on the effect of process parameters on
warping and track morphology when a given energy den-
sity is assigned. Concerning the energy density, Gong et al.
[23] and Song et al. [24] showed that the optimal process
parameters are bounded by a minimum and a maximum
value of uniform energy density. In addition to this, previous
experimental tests by some of the authors [25] have pointed
out that, even for uniform energy density values within the
optimum zone indicated in the literature, micro-warping
phenomena occur in some cases, leading to failure of the
printing process.

The optical control system, normally used to control the
manufacture of every single layer, has a detection sensitiv-
ity of micro-defects which depends on the setting of two
threshold values, one referring to the number of errors pre-
sent in each layer and the other referred to the cumulative
surface extension of the defects in each layer. If there are a
large number of pieces on the printing platform, it is neces-
sary to raise the two threshold values previously indicated
to avoid interruptions of the printing process which are not
actually caused by deposition defects of the single layer. In
these cases, it is useful to consider a control parameter that
guarantees the uniformity of deposition of each layer even
in the case in which the control thresholds of the optical
system are increased in order to avoid interruptions of the
printing process.

In this paper, a new analytical indicator, called “warping
alert,” was established with the aim to predict the occur-
rence of micro-warping phenomena that, in the subsequent
stacking of the individual layers, result in the failure of the
printing process. A fundamental transverse and longitudinal
characterization of the single track obtained the LPBF of
Ti6Al4V titanium alloy was carried out with varying scan-
ning speed and laser power. Different sets of process param-
eters were investigated and a link between the measured geo-
metrical features of the track and the process parameters
was established. In addition, the main factors influencing the
occurrence of the warping phenomenon have been identified.
The produced samples for which excessive warping did not
cause the failure of the process were characterized also in
terms of mechanical properties. Finally, a process window
was obtained, showing the transition from the no-warping

(safe) zone to the warping zone as a function of the process
parameters, allowing the identification in the plane P,v (laser
power, scanning speed) of the limit operating conditions to
avoid the job failure. The specific experimental plan that has
been defined limits the validity of the experimental results
obtained to the chosen building orientation and material.
Additional results are going to be added in the future in
order to broaden the ranges of considered process param-
eters and materials.

2 Methodology

All the experiments were run on an SLM 280HL machine.
Ti6Al4V spherical powder (Fig. 1), provided by SLM Solu-
tion AG Group, with a particle size distribution of 20—63 um
was used in this study.

A preliminary experimental campaign was carried out
using constant scan strategy (0°), hatch spacing (120 pm)
and layer thickness (30 pm), and three different line energy
density (LED) values, namely 0.15 J/mm, 0.22 J/mm, and
0.32 J/mm. While the samples with the lowest and the higher
value of LED were successfully completed, a failure was
detected for the sample with LED equal to 0.22 J/mm. It
is worth noting that this value of LED is similar to the one
recommended by SLM Solution AG Group, according to
which optimal LED is equal to 0.25 J/mm.

In order to investigate the reasons for the observed part
failure, five tensile test samples characterized by the same
LED and obtained by different combinations of laser power

Fig. 1 Ti6Al4V spherical powder provided by SLM Solution
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(P) and scan speed (v) were built. The tensile test speci-
mens were fabricated as a reduction of the Standard ASTM/
ES8 with a rectangular cross-Sect. (10 X4 mm) and a useful
gauge length equal to 22 mm. The process parameters uti-
lized for this experimental study are indicated in Table 1.

Each set of process parameters was associated with an ID
number, shown in the first column of Table 1, which was sub-
sequently used to identify the samples. Scan strategy, layer
thickness, and hatch spacing were kept constant and equal
to 0°, 30 pm, and 120 um, respectively, for all the samples.

Quasi-static tensile tests were performed on a Galdabini
universal testing machine for the dog bone-shaped speci-
mens with a loading speed of 1 mm/min. Moreover, cube
specimens (10X 10 X5 mm), built with the optimal process
parameters provided by SLM Solution (P=350 W and
v =1400 mm/s) were fabricated and used as substrate for the
scanning of single tracks (Fig. 2). The process parameters
used for the single tracks were the same P and v used for the
tensile test specimens and indicated in Table 1.

For each process parameter, two cube specimens and
three tensile test samples were fabricated. For each cube,
four single tracks, extending along the entire length of the
cube, were scanned on the last layer of the cube itself, using
an assigned P and v. In Fig. 3, a picture of one of the plat-
forms with the produced samples is shown.

The single tracks were scanned to investigate the effect
of the process parameters on the track morphology and, as
a consequence, on the final part. One set of cube specimen
was used for the metallurgical analysis, while the other one
for the SEM analysis.

Each single track was characterized both transversely and
longitudinally. For transverse morphology characterization,
the melt pool size width (W), depth (D), and height (H) of
the single track were observed by Olympus optical microscope

Table 1 Process parameters were used for this study (samples that
showed significant warping phenomena during the printing process
are marked in light gray)

P [W] v [mm/s] LED][J/mm]
1 260 1700 0.15
2 380 1700 0.22
3 320 1000 0.32
4 200 895 0.22
5 250 1118 0.22
6 300 1342 0.22
7 350 1566 0.22
8 400 1789 0.22

@ Springer

Single tracks

5 mm

Fig.2 Sketch of the cube sample with the single tracks scanned on
the last layer

(Fig. 4). For the metallurgical analysis, mounting, grinding, and
polishing operations were carried out to prepare the samples to
the chemical etching with Kroll’s reagent for 45 s to reveal the
microstructure and highlight the melt pool zone.

The utilized values of W, D, and H, for each process
condition, were determined by mathematically averag-
ing the measurement results of the three single tracks
scanned on each cube specimen. Moreover, the area of
the melt pool on the substrate (AD), also called remelt-
ing zone, and the upper zone (AH) were measured (see
again Fig. 4), while a factor F was determined as the ratio
between AH end AD.

For the track longitudinal characterization, the top surface
of the cube specimens was observed by Phenom ProX Desk-
top SEM microscope. In this way, it was possible to recreate
the entire single track and to observe defects, e.g., necking,
which can influence the continuity of the melt pool.

The reconstruction of the single tracks was used to meas-
ure the width of the necking zone (N), and the width of the
regular zone (L) and to evaluate the L and N parameters
averaged along the track.

Fig. 3 Build platform with tensile test and cube specimens
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Fig.4 Schematic representation of the transversal section of melt
pool geometry

In addition, the squareness factor (AL/L’) of the longitu-
dinal surface of the single trace (AL) was also measured for
the chosen reference length (L) of 9030 pm.

3 Results and discussion
3.1 Single-track transversal characterization

The transversal characterization of the single tracks for case
studies 1 to 8 was carried out by measuring the W, H, and D
parameters of the cross-sections of the three different tracks.

The micrographs acquired in the cross-sections of the
samples allowed to identify the remelting zones of the
tracks in the substrate, due both to the substrate build-
ing and to the single track, as highlighted in Fig. 5. After
the identification of the remelting boundary of the single
track, the surface extent of the remelting zone (yellow
profile) and the unremelted zone (green profile) of the sin-
gle track itself was evaluated. The average values of the
above parameters were obtained for each set of process
parameters. A similar procedure was used to determine the
average values of parameters AH and AD and the related
parameter F. It is worth noting that using the average val-
ues of the morphological parameters allows taking into
account the variability of the parameters between differ-
ent tracks made with the same process parameters. The
results of the morphological characterization of the sin-
gle tracks as the process parameters varied are shown in
Fig. 6. To determine the link between process parameters,
average transverse morphology of the single track, and the
occurrence of significant warping phenomena, the aver-
age values of the measured parameters have been plotted
in relation to each set of process parameters. The trends
obtained, depicted in Fig. 6, show in abscissa the identifi-
cation number of the sample, from 1 to 8, to which a given
set of process parameters is related.

_Single track
Single track
remelting zone

Fig.5 Micrograph of the single track for case study 7, first track:
identification of the different remelting zones

Concerning H, which indicates how much the single track
emerges from the already deposited substrate, the obtained
results show that it assumes higher values for the operating
parameters corresponding to the samples which presented
significant warping phenomena, i.e., samples 2, 7, and 8.
The trend of the parameter H indicates that there is no direct
correlation between the value of LED and the value of H.
In fact, with the same value of LED (IDs 2, 4-8), the values
of H vary significantly. To better understand the obtained
result, it is necessary to highlight that the laser power value
P is directly related to the temperature gradient established
in the molten material during the deposition of the single
track, while the scanning speed influences the interaction
time of the laser with a given portion of the material.

As the laser power increases, the temperature reached by
the melted material increases, thus resulting in decreasing
viscosity. In addition to this, the increase of the P parameter
also determines, other parameters being equal, an increase
in the portion of melted material of the material substrate
on which the single track is deposited. Therefore, in gen-
eral, increasing values of P, other parameters being equal,
result in increasing D. The described trend was also obtained
by Balbaa et al. [26] who investigated the effect of process
parameters on the morphology of a single track of selective
laser melted Inconel 718. The same trend was highlighted by
Yadroitsava et al. [27] that studied the single tracks of SLM
Ti6Al4V. In turn, the effect of increasing scanning speed on
the viscosity and thermal gradient characteristics of the melt
pool during the deposition of each single track is the oppo-
site. Increasing scanning speed corresponds to a shorter laser
exposure time of the material and therefore increasing speeds
result in decreasing D values. In addition, it should be noted
that the combined effect of high laser power and scanning
speed activates axial flows of material, Marangoni type, due
to the reduced viscosity of the molten material, in the oppo-
site direction with respect to the one of the laser scanning,
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Fig.6 Morphological transversal characterization of the three single tracks for each case study (1-8). Measuring of W, D, and H parameters and

highlighting of the Ay (green) and A, (yellow) surfaces

resulting in a protrusion of the deposited track that can give
rise to an increase of H. The latter phenomenon is known
in the literature as Lu et al. [28] studied the morphology of
the molten pool by correlating different configurations to
the process parameters. Qiu et al. [29] studied the melt pool
characteristics related to the surface structure of selective
laser melted samples while Yin et al. [30] showed the corre-
lation between different melt pool configurations and spatter
formation dynamics during single-track deposition. Zhang
et al. [31] studied the melt pool morphology using a simu-
lation model. The morphological parameters characterizing
the single tracks, shown in Fig. 7, highlight two different
trends. The first trend is observed for the parameters H and
F, for which it is visible the absence of a significant single
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effect related to the value of laser power and scanning speed.
In fact, for these parameters, there is no correlation with the
combined value of P and v expressed by the LED parameter.
Instead, an increase in the values of F and H was observed for
the samples that have shown significant warping phenomena.
These trends, considering the influence of the parameters P
and v on temperature, thermal gradients, and kinetics of the
molten material, during the single-track deposition process,
denote that for particular combinations of high P and v, the
kinetics of the molten material coupled with the high thermal
gradients can result in the formation of a track protrusion in
the area behind the laser scan that stabilizes as the track cools
and results in high H and F values. The second trend is the
one found for the W and D parameters.
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Fig.7 Influence of process
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It is observed that the width of the track and the depth
of the track in the deposition substrate are significantly
affected by high scanning speeds. When scanning speeds
exceed 1700 m/min, the above parameters assume decreas-
ing values.

3.2 Single-track longitudinal characterization

The longitudinal morphological characterization allowed
the study of the variability of the track geometrical
parameters along the track itself, for each set of process
parameters. The measurements taken are shown in Fig. 8
for the second track of all the case studies. In addition to
the average values of the morphological parameters along
the single-track L and N, the overall area occupied by the
single track for the chosen reference length L' of 9030 um
was measured.

Figure 9 shows the measurement of the AL parameter
as the process parameters change, while the numerical
values of the squareness factor AL/L' and of the L and
N values averaged along the track are shown in Fig. 10.

Also in this case, the visualization of the longitudi-
nal morphological parameters of the track, as the process
conditions vary, showed a trend consistent with the ones
already observed during the transverse characterization of
the tracks. In particular, the L parameter showed a trend
analogous to the one found for the W parameter. This
analogy suggests that the influence of process parameters

on the width of the single track is not affected by vari-
ability phenomena either along the same track or associ-
ated with the execution of adjacent tracks with the same
process parameters. In other words, the analogous trans-
versal and longitudinal trends of the parameters W and
L allow to highlight that the width of the track is not a
parameter correlated to the onset of warping phenom-
ena despite its variability both longitudinally, for a given
track, and between different tracks. The observations and
experimental measurements performed, both consider-
ing different cross-sections of the tracks, and carrying
out the longitudinal measurements of the different tracks
made with the same process parameters, have confirmed
the repeatability of the described trends. A trend similar
to the one found for L and W was observed also for the
A, /L' parameter, indicating that the parameters identified
to define the transverse section can be effectively used
for the track characterization, being the variability over
the track length limited. For these parameters, increasing
values of LED result, in general, in increasing values of
the parameters related to the track width, i.e., W and L. It
should also be noted that, in all the previous graphs, the
error bars of the measurements make the results obtained
consistent as they do not cause overlaps and interferences
that modify the main results highlighted.

For large scanning speed values, the effect of speed pre-
vails over the one of LED, resulting in a reduction of W
and L. As the H parameter is regarded, increasing values
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Fig. 8 (a) Longitudinal characterization of the single track and (b) magnification of the initial part of the track for the samples 7 and 8. Measure-

ment of L (blue) and N (red) are highlighted

of H are found as LED increases, although at constant LED
(0.22 J/mm), H decreases for scan speed values that exceed
1700 mm/s. In this way, it can be stated that the longitudinal
parameters are not significantly affected by the process con-
ditions that give rise to the warping phenomena.

3.3 Mechanical characterization

First of all, it is noted that the process parameters used
for printing the samples corresponding to case studies 2,
7, and 8 led to significant warping phenomena during the
process and therefore it was not possible to produce the
specimens to be used for the tensile tests. The mechanical
characterization tests carried out on the samples made
with the process parameters that did not give rise to warp-
ing phenomena are shown in Fig. 11. Considering the
UTS resistance values, the most influential parameter
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is the ratio between P and v, i.e., the value of the LED
parameter. In fact, using the same LED values, although
obtained with different combinations of laser power and
feed rate, the samples have similar UTS. In particular, for
the samples characterized by LED values equal to 0.22 J/
mm, which is close to the one recommended by the SLM
printer manufacturer for the material considered, the
best tensile strength results were obtained, while lower
strength values were obtained both for lower LED values
(0.15 J/mm) and for higher LED values (0.32 J/mm).
However, a different influence of the process param-
eters was observed in reference to the ductility of the
material measured through the parameter Elongation
to Fracture (ETF%). In particular, the results obtained
showed that the ETF values increase as the value of P
increases, even considering specimens produced with
the same LED value. As shown in Fig. 10, the best ETF
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Fig. 9 Measurement of the area occupied by the single track (A;) for the chosen reference length (L") of 9030 pm
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Fig. 10 Longitudinal characterization of the single tracks for the considered case studies. Measurement of L, N, and A; /L' parameters

values were obtained for samples made with laser pow-
ers of 320 W and 300 W respectively, although the same
samples were characterized by different LED values.

3.4 Threshold parameter for warping alert
The observation of the positioning of the experimental

points within the P,v plane and the subsequent iden-
tification of those that produced significant warping

phenomena allowed to highlight the region of process
parameters within which the occurrence of the warping
phenomenon occurs.

As shown in Fig. 12, warping phenomena occur in a region
of the P,v plane characterized by simultaneously higher P and
v values. Points corresponding to process parameters that gave
rise to warping phenomena are represented in red.

The results obtained in the morphological characteri-
zation steps of the single tracks showed that high P and v
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Fig. 11 Tensile test results for the
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values can lead to warping phenomena when they activate
the kinetics of the molten material during the execution of
the track and when the cooling rates are such as to stabilize
the protrusion conditions of the track in the solid state. The
stacking of protrusions does not occur in the central areas of
samples because of the lower thermal gradients. Figure 13
shows SEM images, at different magnifications, of the upper
surfaces of the specimens corresponding to case studies 7
and 8. The printing process of these samples failed after a
few layers because warping phenomena occurred near the
edges, resulting in a protrusion of the solidified material over
the powder bed surface with consequent recoater damage.
It should be observed that a safety optical control system is
often present in commercial machines in order to interrupt
the process in case of occurrence of these defects, thus pre-
venting serious damage to the machine hardware. However,
as it has already been highlighted in the introduction, when
the printing area is large with respect to the platform area,
i.e., several parts are being printed for a given job, the tra-
ditional optical control systems can generate interruption

@ Springer

alerts during the printing process even if the deposition
morphology of the single layer does not show significant
warping phenomena. The choice of the maximum amount of
protrusion beyond the new layer tolerated is left to the final
user, but usually it hardly exceeds 30 microns. In this study,
the above value was considered. Micrographic observations
revealed what had already been inferred from the morpho-
logical characterization phase of the tracks. Warping accu-
mulates near the edges of the specimen as the overlapping of
the layers progresses because the higher cooling rates at end
of the tracks, near the edges, promote the stabilization of the
track protrusion conditions in the solid state. In subsequent
layer overlays, the stacking of the protrusions leads to a rapid
drift of the actual geometry of the sample from the designed
geometry. The cross-sectional characterization of the single
tracks showed that the deformation occurs when both high
LED values and high scanning speed, capable of activating
the kinetics of liquid phase in the track, are selected. As
the melted material is regarded, high LED values lead to
higher fluidity, while high scanning speed values lead to
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Fig. 13 Macro and SEM images
of the top surface of the failed
(a) 7 and (b) 8 case studies.
Significant warping visible near
the edges

high kinetics. The coexistence of the two conditions leads to
the formation of considerable protrusions at the edges of the
tracks. Micro-warping phenomena are therefore associated
with the thermal and kinetic conditions of the melted mate-
rial. The above conditions result in a consequent increase
in the H value. The above phenomenon does not occur in
the central parts of the tracks because the thermal gradi-
ents within the single tracks are mitigated and therefore, in
the solidified state, there is only a small increase in the H
parameter of the single track. Although LED is a commonly
used parameter to identify process conditions in LPBF, espe-
cially in industry, experimental observations and morpho-
logical characterizations of single tracks suggest that, at a
micro-scale level, the warping phenomenon does not occur
for a given range of “wrong” LED values. Instead, warping
occurs when the combination of laser power value and scan
rate value exceeds a threshold value. In these conditions, the
reduced viscosity of materials, favored by high laser power
and low scanning speed values, i.e., high values of LED,

a) Sample 7-LED 0.22 J/mm

combines with the high “kinetic energy” of the melted pool,
given by high scanning speed and resulting in the axial flows
of the material previously observed.

For the samples subjected to morphological and
mechanical characterization, a “warping alert” parameter
was then established as the combined effect of LED and
kinetic energy of the scan. Being LED directly propor-
tional to laser power and inversely proportional to scan-
ning speed while the kinetic energy directly proportional
to the square of the scanning speed, the warping alert
parameter WA was defined as:

2

WA ~ LED % Kineticenergy ~ P * Y )]
Vv
Pv 2

It was therefore assumed that there can be a threshold
value of WA above which warping occurs. To provide
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robustness to the above hypothesis, eleven additional
samples were printed with process parameters scattered
within the P,v plane originally considered. For these addi-
tional samples, only the P and v parameters were varied
while all other printing parameters were kept constant.
The WA parameter was evaluated also for the additional
samples, and significant deformation phenomena were
reported to occur, leading to the failure of the print-
ing process before completion. The process parameters
used for the definition of the eleven new points of the
experimental plan have been reported in the following
Table 2. In the same table, the samples for which the
printing process failed due to warping phenomena have
been highlighted in light gray. It is observed that all the
samples that showed warping phenomena are character-
ized by values of WA higher than the value of the same
parameter for the samples for which the printing process
did not fail. For a better visualization of the new obtained

results, all experimental points, both original and addi-
tional, were represented in the P,v plane. Points corre-
sponding to process parameters that gave rise to warping
phenomena were represented in red. This full plane is
shown in Fig. 14.

In the full plan shown in Fig. 14, two dashed curves
characterized by constant WA values and delimiting safe
process conditions from warping have been drawn. This
value falls in the range between 466 and 506 [Jmm]. It
is interesting observing that the mechanical characteri-
zation of the samples belonging to the original experi-
mental plan has shown that the best characteristics of
strength and ductility are possessed by the sample made
with the process parameters of point 6. This means that
for given value of LED, that is considering all the points
belonging to a given straight line of equation P/v =con-
stant, the optimum of the mechanical characteristics is
positioned in proximity of the warping alert region.

Table 2 Process parameters

. Original

used for this study (1-8) and _ g
samples added for the robustness P[W] vImm/s] LED WA=Pv/1000 experimental
of threshold warping alert [J/ mm] []mm]
parameter (samples that showed Plane sample
significant warping phenomena 200 895 0.22 179 4
during the printing process are ’
marked in light gray) 220 900 0.24 198

310 900 0.34 279

250 1118 0.22 280 5

320 1000 0.32 320

220 1632 0.13 359

400 900 0.44 360

300 1342 0.22 403 6

277 1579 0.18 437

260 1700 0.15 442 1

280 1632 0.17 457

220 2120 0.10 466

310 1632 0.19 506

350 1566 0.22 548 7

400 1388 0.29 555

380 1700 0.22 646 2

400 1632 0.25 653

400 1789 0.22 716 8

400 2120 0.19 848
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Fig. 14 Schematic representation of the full experimental tests in the
P,v plane. Dashed curves delimit the range of the WA parameter

4 Summary and conclusions

In this work, a new parameter to prevent job failure due to
warping was established, and a threshold range was iden-
tified through the correlation between the main process
parameters used in the LPBF process and the occurrence
of “micro-scale” level warping phenomena. To this end,
the morphological analysis and quantitative evaluation of
the transversal and longitudinal characteristic parameters
of the track were carried out together with the mechanical
characterization of the samples for which the SLM printing
process was successful. The obtained results allow to draw
the following main conclusions:

— The study and characterization of the single tracks make
possible to identify the track morphological parameters
that are related to the occurrence of micro-warping phe-
nomena. The specific contribution of LED and kinetic
energy to the occurrence of warping phenomena was also
demonstrated.

— The transverse characterization of the single tracks showed
that warping occurs when there is a mutual action of the
effect produced by high LED values and the effect pro-
duced by the scanning speed which, in the case of high
values, activates the kinetics of the track in liquid phase
that leads to the formation of significant protrusions at the
edge of the tracks themselves. Micro-warping phenomena
are associated with the thermal and kinetic conditions of
the molten material resulting in increased H value.

— The longitudinal characterization of the single tracks
showed that, although not perfectly constant conditions are
observed in all the tracks, the longitudinal parameters are
not significantly affected by the operating conditions that
give rise to the warping phenomena.

— The study and characterization of the single tracks made
it possible to identify the track morphological parameters

that are related to the occurrence of micro-warping phe-
nomena and the specific contribution of LED and kinetic
energy to the occurrence of warping phenomena was also
highlighted. It arose that the warping phenomenon is not
dependent on the LED parameter only. Instead, it occurs
when large values of laser power value and scan rate are
used. With reference to the optimal process windows
reported in the literature, a new zone called warping alert
zone was identified within the optimal process parameter
window.

— Micro-warping accumulates near the edges of the specimen
as the overlapping of the layers progresses because of the
higher cooling rates close to the end of the track, promoting
the stabilization of the track protrusion in the solid state. In
subsequent layer overlays, the stacking of the protrusions
leads to a rapid drift of the actual geometry of the sample
from the designed one and process fail before regular ter-
mination.

— The mechanical characterization highlighted that the best
characteristics of strength and ductility, for a given LED
value, are obtained with operating parameters close to the
warping alert region in the (P,v) plane. The value of LED
plays a key role in determining the material strength, while
ductility is mainly influenced by laser power P.

— The developed analytical model can be used to predict
whether the selected values of P and v, although within the
window of optimum parameters, will result in job failure
because of warpage.
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