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Abstract 
 

Despite the many advantages that additive technologies have over subtractive ones, low porosity 

levels, good mechanical properties, and low residual stresses remain the most pressing issues that 

need further research. In particular, the latter can cause a mismatch between the desired geometry 

and the geometry that can be achieved. In this work, a process window for the Laser Powder Bed 

Fusion (LPBF) process of Ti-6Al-4V alloys, has been identified. The micro-warping phenomenon, 

which causes the deformation of the printed part during the printing job and the failure of the 

process, was taken into account together with the parts' strength, ductility, and porosity. The 

occurrence of micro-warping phenomena was assessed by the new Warping Alert (WA) parameter, 

which depends on the parameters P and v. It was found that, before balling, micro-warping limits 

the process window in the laser power (P) – laser velocity (v) plane. However, optimal mechanical 

performances can be found in the proximity of the micro-warping zone, thus making it extremely 

important to determine the WA threshold value to the process design. 
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Laser Powder Bed Fusion (LPBF), also known as selective laser melting (SLM) or direct metal 

laser melting (DMLM), uses a laser beam to melt metallic powders inside a specific area based on 

the cross-sectional slice of a three-dimensional CAD model.  

Applications of the process involving the use of Ti-6Al-4V alloys are widespread in high-added-

value sectors such as aerospace and biomedical [1]. Although additive technologies offer 

numerous advantages compared to subtractive technologies, a few critical points exist, the major 

ones being residual porosity levels, which can be critical for applications requiring high strength, 

low surface quality, and residual stresses, which can lead to warping phenomena [2]. These 

phenomena can, in turn, result in out-of-tolerance parts or even in the failure of the whole printing 

process, with detrimental effects on productivity and possible damage to some machine parts 

[3,4]. 

In the scientific literature, different studies can be found focusing on the determination of the 

relevant process window to be used to obtain high-density products [5,6]. Different levels of 

porosity are usually correlated with the energy input values [7,8]. When the energy is delivered to 

the powder bed continuously, the energy input, also known as laser fluence, can be considered as 

the following (eq. 1): 

𝐸𝑉 
𝑃 

= 
ℎ 𝑡 𝑣 

(J/mm3) (1) 

If the hatch distance (h) and layer thickness (t) are kept constant is reasonable to use the line energy 

density (EL) instead of the volumetric energy density (EV). The EL is expressed by the ratio between 

the laser power (P) and the scan speed (v) as shown in eq. 2 [9]: 

𝑃 
𝐸𝐿 = (J/mm) (2) 

𝑣 

When a pulsed emission mode is adopted, instead, the interaction between the beam and the 

material depends on the distance between consecutive points (dp) and the exposure time (texp) [10]. 

In this case, the laser fluence (F) is defined as (eq. 3): 
𝑃 𝑡𝑒𝑥𝑝 

𝐹 = 
𝑑𝑝 ℎ 𝑡 

(J/mm3) (3) 

For given values of layer thickness and hatch spacing, and continuous laser emission mode, four 

process zones can be identified in the [P-v] plane, three of which highlighting high porosity zones, 

and one defining a high-density zone [11–14]. 
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For very low scanning speed values, a zone of Over-Heating is found, denoting an excess of energy 

that prevents low defect samples from being obtained. Zones II, characterized by over-melting, 

and III, characterized by incomplete melting, demarcate the optimum density zone called zone I 

which is fully dense. In zone II, the process parameters result in excessive energy input, while in 

zone III they result in a reduced energy input that favors defect formation due to incomplete 

melting [13–16]. 

A few studies also explore the upper limit of zone I at optimum density, showing that for high 

values of both scanning speed and laser power, a further region of sample defect called balling 

effect is found. In particular, balling can occur at high laser powers and scanning speeds even with 

an optimal linear energy density, since the increase in laser power leads to an increase of the 

maximum temperature reached in the melt pool. 

In turn, this induces a more intense Marangoni flow and, in the presence of Plateau-Rayleigh 

instability phenomena, produces the formation of balling-type defects [17–20]. The balling effect 

is caused by an instability of the melt pool, which fragments as it solidifies into separate spheres, 

thus causing the formation of discontinuous traces that inhibit the possibility of obtaining accurate 

geometries. Balling phenomena can also lead to high porosity levels along with delamination 

phenomena between layers due to non-uniform powder deposition on the layers [21,22]. 

Although useful knowledge can be derived from the above-cited research works, it is worth noting 

that the sole evaluation of density is not sufficient to determine the overall quality of a printed part, 

e.g. mechanical strength and ductility, as well as dimensional accuracy, should be also taken into 

account [23]. 

Moreover, a thorough examination of the process window in the proximity of the boundary that 

demarcates the high-density region from the area where micro-warping phenomena occur has not 

been documented in the existing literature. Previous studies by the authors have shown that in the 

zone delimiting the process parameter values that result in low porosity values, an upper threshold 

region can be identified, which marks the transition from an area of accurate geometry to an area 

in which surface micro-warping phenomena occur, especially near the edges of the produced parts, 

thus affecting the dimensional precision of the samples [24]. The set of all the experimental tests 

considered for the detection of the threshold value of the WA parameter explored a wide range of 

points, in the P,v plane, which fall in the Fully Dense zone. In particular, the limit LED values 

beyond which one falls either in the “Over melting” region or in the “Incomplete melting” region 
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have been taken into account. The lines of equation P=m*v define the fully dense zone when the 

LED parameter changes. For the micro-warping phenomenon, instead, as it can be observed in a 

previous paper by some of the authors [24], the P,v values are not fitted by a line but rather by a 

curve of type P*v= constant. 

Plateau-Rayleigh instability is closely related to the balling phenomenon that occurs when the 

single trace, in the liquid state, is fragmented into distinct drops. In the present case, the 

phenomenon of Micro-Warping is a precursor of balling. It is manifested by process parameter 

values that do not determine Balling and for which the single track is continuous. 

In the present work, an analysis of the effect of the process parameters P [W] and v [mm/s] on the 

dimensional accuracy of the products was carried out. The porosity and mechanical properties, in 

terms of Ultimate Tensile Strength (UTS) and Elongation To Failure (ETF), were also analyzed 

and related to the occurrence of micro-warping phenomena leading to the printing job failure or 

poor dimensional accuracy. By varying the Line Energy Density (LED = P/v J/mm), a threshold 

parameter identifying the occurrence of micro-warping, called Warping Alert (WA = Pv/1000 

Jm/s2), previously identified by the authors, was fine-tuned. Porosity, UTS, and ETF values were 

collected and related to occurring threshold conditions. Experimental investigations were 

conducted to characterize the top surface of Ti6Al4V alloy dog bone-shaped specimens produced 

by LPBF, in order to assess the influence of laser power and scanning speed on the geometric 

accuracy of the parts. In particular, for the samples that presented significant surface micro- 

warping phenomena, the printing process was interrupted and the extent of the dimensional 

deviation of the obtained geometry was measured. 

 
2. Overview of the experiments 

 
For the experiments, a gas-atomized spherical Ti6Al4V powder was used. The powder size 

shows a Gaussian distribution where d10 and d90 correspond to 20 µm and 63 µm, respectively. 

Samples were fabricated via LPBF on an SLM280HL (SLM Solutions, Lubeck, Germany) 

machine equipped with a continuous emission mode laser. Different combinations of laser power 

and scanning speed, maintaining constant values of hatch distance (120 µm), layer thickness (30 

μm), scan strategy (0°), and build orientation (90°) has been used for the printing process. In 

detail, regarding the scan strategy, a value of 0° means that no rotation of the scanning vectors 

between 
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consecutive layers was adopted (Figure 1). Concerning the build orientation, 90° is the angle 

between the build platform and the part. The choice of build orientation equal to 90° was made to 

obtain specimens with a good compromise between mechanical strength and ductility [25]. The 

findings of a previous study by the authors, demonstrating the existence, in the P-v plane, of a 

transition zone between the sound parts and surface micro-warping ones, were used to determine 

proper ranges of the process parameters [24]. 

Table 1 Input process parameters for each considered process condition. 
 

Id P 
(W) 

v 
(mm/s) 

LED 
(J/mm) 

WA 
(J m/s2) 

 

1 270 1,800 0.15 486 

2 260 1,733 0.15 450 

3 280 1,866 0.15 522 

4 300 1,666 0.18 500 

5 280 1,555 0.18 435 

6 320 1,777 0.18 568 

7 350 1,400 0.25 490 

8 320 1,280 0.25 409 

9 360 1,440 0.25 518 

10 370 1,276 0.29 472 

11 340 1,172 0.29 398 

12 390 1,344 0.29 524 

13 385 1,241 0.31 478 

14 370 1,193 0.31 441 

15 400 1,290 0.31 516 

 
 

Specifically, five LED values were selected within zone I in the P-v plane, i.e. within the optimal 

density area of the process window. 
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Fig. 1. Sketch of the scanning strategy adopted in this study for all the layers. 
 

For each LED value, three different process conditions corresponding to three combinations of P 

and v were identified, thus resulting in 15 different case studies (Table 1). It is noted that the three 

experimental points were chosen so as to fall below, within and above the micro-warping transition 

zone above described. The warping alert parameter WA (Jm/s2), as previously proposed by the 

authors [24], was calculated and it is shown in Table 1. Figure 2 shows the graphical representation 

of the considered case studies according to their LED values. It is observed that the points are 

located in the upper position of the “fully dense” zone, as it is known in the literature. This choice 

was driven by two reasons: (i) to investigate the possibility of increasing the range of parameter 

combinations resulting in sound joints; (ii) in a previous study by the authors [24], it was shown 

that in close proximity of the zone identified as the transition zone between sound and micro- 

warping parts, corresponding to high values of product between the power and the feed rate, 

progressive increases in the mechanical properties of the printed parts occurs under certain 

conditions. It is noted that the printing parameters recommended by the printer manufacturer 

(P=350 W and v=1400 mm/s) are included among the considered case studies. Finally, it is noted 

that the build orientation was chosen equal to 90° in order to minimize the surface area deposited 

per layer, thus making the printing process free of macro warping phenomena associated with the 

build-up of residual stresses when printing large surfaces. 
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Fig. 2. Considered case studies obtained by extending (blue curves) literature process window (red 

curves) – experimental points in the P-v plane and contour color map of LED values. 

The samples were printed with a dog-bone shape as a reduction of the ASTM/E8 and were tasted 

at a constant strain rate of 0.45 mm/min. The samples were characterized by a rectangular cross- 

section of 3 x 5 mm and a gauge length of 18 mm as illustrated in Figure 3. 

 
Fig. 3. (a) Printed specimens, (b), dog-bone sample dimensions, and (c) micrographic view of Ti- 

6Al-4V powder used in the experimental campaign. 

In order to lessen the effects of the thermal gradient and prevent deformation, the titanium substrate 

on which the samples were printed was preheated to a temperature of 200° C. Argon was used to 

fill the printing chamber so that the oxygen concentration could be kept below 0.1%. Figure 3 
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depicts some of the printed samples, their geometry, and the micrograph of the Ti6Al4V powder 

utilized. 

To determine the ultimate tensile strength (UTS) and the elongation to failure (ETF) of the parts, 

tests were conducted using a Galdabini Sun 5 universal testing machine with a maximum load 

capacity of 50 kN. The extension of the tensile samples during the tests was measured through 

extensometers. All the tests were repeated five times, and, in the following paragraphs, the average 

values are shown. 

For samples exhibiting surface micro-warping phenomena, the dimensional deviation from the 

CAD geometry was quantitatively evaluated using the parameters A and B, as shown in Figure 4. 

The dimensional accuracy of the A and B measurements corresponds to ± 10 µm. The surfaces 

being analyzed were acquired with a magnification equal to 100X using a Stereo Microscope 

Olympus LS. In particular, parameter A indicates, in a lateral view of the printed samples, the 

maximal height, measured from the top surface of the specimen, of the protrusion resulting from 

the buildup of micro warping; on the other hand, parameter B measures the extension of the 

specimen area affected by micro-warping, starting from the edge of the sample. 

For the measurement of the aforementioned parameters, calibrated macrographs of the lateral and 

top surfaces of the samples, taken when the printing process was stopped, were used. 

 
 

 
Fig. 4. Parameters A and B used for the surface warping phenomena quantification (specimen 

lateral view). The Z direction corresponds to the build direction. 
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Porosity was assessed by means of relative density (ρR) measurements using the Archimedes' 

method (ASTM B962-08), considering the density of water at 25°C of 0.9976 (g/cm3) and the 

density of Ti-6Al-4V of 4.430 (g/cm3) as reference values. 

The method requires the utilization of an analytical balance in addition to a density kit. These two 

components, when combined, make it possible to determine the mass of the solid both while it is 

exposed to air and when it is submerged in a fluid, most commonly water. In this study, we utilized 

an analytical balance that had a resolution of 0.001 g as well as a container that housed the density 

kit. 

The weight of the samples, both in water and in the air, was repeated five times, and the average 

value of the five measurements was used. 

 

 
3. Results 

 
3.1 Identification of the micro-warping threshold and micro-warping parameters 

First of all, the threshold value of the WA parameter, identifying the boundary between the sound 

parts and the ones affected by micro-warping, was determined. To this scope, the transition zone 

identified in [24] was considered. In the case of samples produced with process parameters 

resulting in WA values beyond the warping transition zone (samples 3, 6, 9, 12,15), the printing 

process had to be stopped in order to before the sample was completed. In particular, the printed 

specimen exhibited micro-warping phenomena when the parameter WA exceeded the value of 500 

(Jm/s2). 

Samples characterized by P and v resulting in a WA parameter value within the transition zone 

(samples 1, 4, 7, 10, 13) did not show homogeneous behavior during the printing process. In 

particular, sample 4 showed significant micro-warping phenomena that compromised the 

dimensional accuracy of the sample itself and required the early stop of the printing process. 

Samples 1, 7, 10, and 13 maintained dimensional accuracy between the design geometry and the 

manufactured geometry. For samples that exhibited significant micro-warping phenomena, the 

printing procedure failed as a result of the accumulation of surface defects, which represented a 

hindrance to the recoater's movement for the deposition of the subsequent layers. 

In turn, for samples characterized by WA values that remained below the warping transition zone 

(samples 2, 5, 8, 11, 14), the printing process could be completed without notable surface 
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dimensional deviations. The contour plots were designed by using the Thin Plate Spline (TPS) 

interpolation algorithm and by choosing the smoothing parameters that define the degree of 

smoothing. Considering that smaller numbers produce less smoothing the smoothing parameter 

was set equal to 0.001. The analysis of the results using contour color maps does not allow the 

specific variability of the experimental results to be displayed on each map. To make the maps 

independent of this specific variability of the experimental results, the average value of the five 

measurements was evaluated. The contour color maps were constructed considering the above- 

described average values. 

Figure 5 shows the considered case studies in the P-v plane, with a contour map that highlights the 

value of the WA parameter within the same area as well as the transition zone (dashed black lines). 

 
Fig. 5. WA parameter and micro-warped samples; the warping alert zone is indicated by black 

dashed lines, whereas the warping threshold is highlighted by a red line, in the red boxes the case 

studies which resulted in micro-warping. 
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Fig. 6. Macrographs of samples characterized by surface micro-warping, top view and lateral view. 
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The case studies which resulted in micro-warping and, hence in the failure of the printing job, are 

marked with red boxes. These results enable the identification of the WA threshold value, equal to 

500 Jm/s2 (red line), for which the transition from the fully dense zone I to the micro-warping zone 

occurs. In this way, an upper boundary to the "fully dense" zone I can be identified based on the 

WA parameter. The micro-warping parameters, namely A and B, were measured in accordance 

with the previously described methodology. Figure 6 shows the macrographs of the top and lateral 

views of some of the samples printed with process parameters resulting in micro-warping 

phenomena, and hence in the failure and stop of the printing job. The top view macrograph was 

used to identify the specific type of micro-warping defect occurring. In particular, the study 

allowed the identification of two distinct defect morphologies. Samples 3, 4, 12, and 15 exhibit 

defects solely at the corners of the top surface of the sample (referred to as corner warping in the 

following)), whereas samples 9 and 6 display a more extensive micro-warping defect that affects 

not only the corners but also the entire edge of the top surface of the sample (referred to as edge 

warping in the following). The quantitative evaluation of A and B parameters, respectively, as 

measured in the conducted experiments, is shown in Figures 7 and 8. 
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Fig. 7. Contour Plot for A micro-warping parameter. The dashed red line represents the warping 

threshold. 

 
It was observed that the low values of both A and B can be found, for each of the LED values 

examined, when the WA parameter remains below the determined threshold value. However, with 

reference to the A parameter, a significant area, in the P-v plane, of very low value is observed for 

LED values exceeding 0.22 and for WA values below the warping threshold. A similar trend was 

observed for parameter B, although, in this case, a larger area characterized by extremely small 

values of parameter B can be observed. Parameters A and B exhibited the highest values for 

samples 6 and 9. The contour maps showing the trends of parameters A and B highlight that the 

phenomenon of micro-warping, which leads to significant geometric distortion of the sample not 

limited to the angular regions but extended over the entire edge, takes place when the magnitudes 

of P and v exceed specific levels. 

 
Fig. 8. Contour Plot for B micro-warping parameter. The dashed red line represents the warping 

threshold. 
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To justify the above phenomenon, it should be noted that for high values of P, the fluidity of the 

melt pool increases during the scanning of each line, whereas for high values of v, the kinetics of 

the material within the melt pool increases to the point where Marangoni-like flows occur, which 

favors the formation of track protrusions when the melt cools rapidly [19,20]. On the one hand, 

high P values combined with low v values result in strong melt fluidity and poor kinetics. These 

circumstances cause micro-warping phenomena only where the cooling rate of the material is high, 

i.e. at the corners. The same held for lower P and higher v values which result in lower fluidity and 

greater kinetics in the molten state. In the case of high values of both P and v, during the laser 

scanning process, there is a high fluidity of the melt in conjunction with high kinetics, which 

determines the formation of protrusions near the edges, which stabilize even at lower cooling rates 

than those occurring at the corners. 

 
3.2 Tensile test results 

The contour maps corresponding to the values of UTS and ETF are shown in Figures 9 and 10, 

respectively. 

 
Fig. 9. Contour Plot for UTS results: dashed blue line delimits high UTS zone, dashed red line 

highlights the WA threshold. 
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The obtained results indicate that the material ultimate tensile strength (UTS) exceeds 1080 MPa 

for combinations of laser power and feed rate resulting in significantly different LED values, 

ranging from 0.24 J/mm to 0.31 J/mm. This high-strength region (dashed blue line in Figure 9) is 

below, yet quite close, to the WA threshold (dashed red line in Figure 9). Specifically, the WA 

parameters are found to be between 426 Jm/s2 and 492 Jm/s2. As far as the material ductility is 

regarded, a similar trend is found with respect to the one observed for UTS. The high ETF region 

corresponds to values of the WA parameter slightly lower than the ones previously highlighted. 

Specifically, the WA parameters are found to be between 407 Jm/s2 and 492 Jm/s2. The dashed 

blue curve in Figure 10 demarcates the best region for the ductility of the material near the 

transition threshold that separates zone I from the micro-warping zone. 

 
Fig. 10. Contour Plot for ETF results: dashed blue line delimits high UTS zone, dashed red line 

highlights the WA threshold. 

 
 

3.3 Relative density results 

Contour maps were also used to visualize high relative density areas in the P-v plane (Figure 11). 

The obtained results suggest that an increase in the parameter WA is associated with a decrease in 
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the relative density of the material. However, near the left and right boundaries of Zone I, the 

relative density tends to remain high even as the WA parameter increases and as long as the WA 

parameter stays below the threshold value. 

Therefore, two regions representing the best relative density values can be identified, as illustrated 

in Figure 11 (dashed blue lines). These regions encompass a broad spectrum of LED values, 

ranging from 0.16 J/mm to 0.31 J/mm. 

Based on the above observations as well as on previous literature [26], it can be stated that the area 

of greatest interest, in the P-v plane, considering both relative density and mechanical resistance, 

is identified by LED values ranging between 0.27 J/mm and 0.31 J/mm and WA values ranging 

between 407 Jm/s2 and 492 Jm/s2. 

Fig. 11. Contour Plot for relative density results: dashed blue line delimits high UTS zones, dashed 

red line highlights the WA threshold. 

It is worth noting that the highest UTS and ETF values were found inside the region bounded by 

specimens 7, 8, 11, 14, and 10 (Figures 9 and 10) and do not correspond to the region with the 

highest density. To explain this phenomenon, it should be noted that density measurements by 

Archimede’s method give the average porosity of the sample but do not take into account its 

distribution within the sample itself. Previous studies [25,27] have shown that porosity tends to 
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increase along the building direction. This anisotropic porosity distribution can justify the trends 

obtained in terms of UTS and ETFs. The correlation between the microstructure and the trends of 

the UTS, ETF, and density contour color maps has been clarified by conducting cross-sectional 

microstructural analyses. Samples W7 and W5 were selected for their different densities (with 

sample W7 having a lower one) and a similar UTS value, although sample W5 has a much lower 

ETF value than sample W7. As shown in Figure 12, three cross-sections were observed placed in 

the lower, middle, and upper parts of each sample. The microstructural analysis showed an 

inhomogeneous distribution of porosity along the building direction that justifies the fact that, for 

different density values, an analogous value of UTS is observed. In fact, as can be seen from the 

micrographs of the cross- sections of the W7 and W5 samples, the increase in porosity of the W7 

sample occurs only in the last print layers and therefore has no influence on the UTS value of the 

material. The values of ETF are more influenced by the value of LED, in fact, as indicated in 

Figure 10, the contour lines of the trend of the ETF parameter tend to be similar to the variability 

of the LED parameter in large areas of the P,v plane. In particular, with higher LED values (i.e. 

W7) an increased value of ETF is observed. 

 
 

 
 

Fig. 12. Cross-sectional microstructural analysis on samples W7 a) and W5 b) placed in the lower, 

middle, and upper parts of samples. 
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4. New process window definition 
 

The information acquired from analyzing the results shown in the previous paragraphs was used 

to modify and enhance the process window in the P-v plane, as currently known in the literature. 

As illustrated in Figure 13, the warping zone can be separated into three distinct areas. In two of 

them, which can be found along the borders of zones II and III, warping phenomena only involve 

the corners of the samples, and the geometric micro-warping parameters, A and B, have lower 

values. These areas have been defined as “corner warping” zones. In the third zone, defined as the 

“edge warping” zone, the warping phenomena are more significant and occur across a broad region 

of the sample. 



19  

 

 

Fig. 13. Identification of transition zones and process windows in the P-v plane taking in 

consideration a) the WA parameter, and b) the LED values. The zone of process parameters that 

improve mechanical strength, ductility, and density is delimited by the dashed blue line the warping 

threshold is highlighted by a dashed red line. 
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Additionally, the combined analysis of the samples' mechanical properties and density enabled the 

identification of a particular region, within the domain of investigation, within which an ideal 

compromise between strength, ductility, and low porosity can be achieved (dashed blue line in 

Figure 13) for different combinations of LED and WA values. In detail, LED values between 0.27 

J/mm and 0.31 J/mm and WA parameter values between 407 Jm/s2 and 492 Jm/s2, allowed to 

obtain, in addition to the best relative density values of the material, the best mechanical strength 

and ductility among the values considered in this study. 

Finally, it is worth noting that the findings of the present research are related to the geometry under 

consideration, as well as the material (Ti-6Al-4V), printing method used (LPBF) and laser 

emission mode. Nevertheless, the definition of the process window can be extended to any 

geometry with similar thermal deposition conditions, according to the thermal parameters defined 

in [24,25], which allow the comparison of samples geometrically and dimensionally different from 

those characterized. 

5. Summary and conclusions 
 

In the paper, an experimental campaign for L-PBF of Ti-6Al-4V was carried out in order to expand 

and detail the process window, in the P-v plane, taking into account, besides mechanical and 

microstructural properties such as UTS, ETF, and density, the need to avoid micro-warping 

phenomena thus avoiding early failure of the printing job and preserving machine parts as the 

recoater and the wiper. The main findings of the present study are listed below: 

- A new upper boundary for zone I ("fully dense") in the P-v plane was identified below the 

known limit corresponding to the balling defect. This upper bound corresponds to the 

occurrence of the micro-warping phenomenon; 

- The phenomenon of micro-warping, which leads to early printing job failure and/or machine 

parts damage, takes place when the values of P and v exceed specific levels. In particular, the 

new Warping Alert parameter was used and a threshold value equal to 500 Jm/s2 was 

identified; 

- Depending on the combination of process parameters selected, micro-warping can be either 

limited to the corner regions of the printed sample top surface or extended over the entire edge. 

The corresponding areas have been highlighted in the P-v plane; 
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- A region of the P-v plane was identified, characterized by LED values between 0.27 J/mm and 

0.31 J/mm and WA parameter values between 407 Jm/s2 and 492 Jm/s2, within which, in 

addition to having the best relative density values of the material, both the best mechanical 

strength and ductility values of the material are also guaranteed. 

Finally, although the validity of the presented results is limited to the L-PBF of Ti-6Al-4V, the 

adopted methodology, as part of the possibility of future investigations and work, may be used for 

other materials and/or AM processes to investigate the presence of a possible WA threshold to 

predict micro-warping and establish more accurate process windows. 
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Appendix A 
 

Experimental data measured for the considered case studies 
 

Id P 
(W) 

v 
(mm/s) 

LED 
(J/mm) 

WA 
(J m/s2) 

ETF 
(%)  

UTS 
(MPa)  

A 
(mm)  

B 
(mm)  

ρR 

(%) 

1 270 1800 0.15 486 8.11±0.08 1074±25 0.21±0.01 0.21±0.02 97.6±0.5 

2 260 1733 0.15 450 6.60±0.10 1066±14 0.22±0.03 0.16±0.05 95.0±0.2 

3 280 1866 0.15 522 6.08±0.09 1030±15 0.62±0.08 0.91±0.07 94.5±0.1 

4 300 1666 0.18 500 <1 <100 0.93±0.09 1.17±0.09 96.0±0.2 

5 280 1555 0.18 435 5.65±0.05 1077±21 0.21±0.02 0.3±0.01 97.1±0.6 

6 320 1777 0.18 568 <1 <100 1.2±0.09 1.63±0.10 78.9±0.7 

7 350 1400 0.25 490 9.16±0.07 1033±12 0.15±0.03 0.31±0.08 95.7±0.5 

8 320 1280 0.25 409 9.09±0.04 1023±9 0.22±0.01 0.42±0.02 95.4±0.9 

9 360 1440 0.25 518 <1 <100 1.39±0.08 2.79±0.09 91.8±0.7 

10 370 1276 0.29 472 8.65±0.10 992±12 0.21±0.02 0.32±0.03 95.1±0.1 

11 340 1172 0.29 398 9.11±0.05 980±15 0.16±0.01 0.41±0.05 95.8±0.6 

12 390 1344 0.29 524 <1 <100 0.61±0.09 0.85±0.07 90.2±0.8 
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13 385 1241 0.31 478 <1 <100 0.13±0.02 0.43±0.02 97.0±0.5 

14 370 1193 0.31 441 8.79±0.07 981±18 0.23±0.01 0.32±0.01 97.8±0.4 

15 400 1290 0.31 516 <1 <100 0.89±0.09 1.46±0.08 97.1±0.8 


