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Abstract

:

The Laser Powder Bed Fusion (L-PBF) process is recognized for high-end industrial applications due to its ability to produce parts with high geometric complexity. If lightweighting is one of the main strengths of L-PBF, a weakness is still the trade-off between high mechanical properties and competitive productivity. This objective can be targeted through a fine tuning of the process parameters within the manufacturing window. The paper pursues the combined optimization of part quality and process productivity for AlSi10Mg by going beyond the commonly used approach based solely on volumetric energy density. The effects of hatch distance and scan speed on the two targets were analyzed in detail. The best results were achieved by the adoption of a high scan speed and a low hatch distance, with notably different outcomes for nearly the same energy density.
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1. Introduction


Laser-Powder Bed Fusion (L-PBF) is one of the most successful technologies for the production of metal parts by additive manufacturing (AM) [1]. The construction method that adds material, instead of removing it, makes complex shapes feasible. The resulting design freedom is one of the main reasons why L-PBF is gaining interest in industrial applications [2]. The “complexity for free” advantage of L-PBF process gives designers the opportunity to completely rethink the component, for example with the goal of weight reduction or interfunctionality.



Among all of the alloys, aluminium is one of the preferred materials for the L-PBF process because a good compromise between mechanical properties and low weight can be achieved. For this reason, aluminium is the best choice for industrial applications in aerospace and the automotive industries [3].



AlSi10Mg is one of the most studied alloys for AM thanks to its low cost, light weight and good weldability. This is favoured by the presence of Si, while the addition of elements such as Mg and Cu plays an important role in age hardening, thanks to the precipitation of secondary phases [4,5]. Furthermore, high mechanical properties are achievable even without heat treatment, since the rapid solidification of the molten material produces a fine cellular microstructure.



Moreover, many studies have reported the possibility of printing AlSi10Mg parts with a density higher than 99% [4,6,7,8,9,10]. However, despite the high relative density, the presence of internal porosity or defects adversely affects the static and dynamic mechanical properties [6,9,10,11,12,13]. Therefore, densification of printed AlSi10Mg parts is still one of the main focuses of AM research.



The main defects can be classified in two types: spherical porosity and irregular-shaped porosity (known as lack of fusion defects). For the first type, there are several causes, such as improper powder packing on the build plate [14], internal gas porosity in virgin powder [13], trapping of the shielding gas (typically Argon or Helium) in the melt pool, or moisture on the powder surface [15,16]. Lack of fusion is strongly related to the optimization of the process parameters [8,13,17,18]. Namely, if the laser power is too high or the scan velocity and the layer thickness are too low, the energy density applied to the powder bed increases. The temperature of the melt pool increases until the evaporation point of the low melting elements contained in the alloy is reached, resulting in spherical defects in the printed part [13,16,19]. On the other hand, insufficient energy density leads to defective re-melting of the previous layers or low overlap between adjacent traces [18]. Therefore, there is a risk of insufficient bonding, and a lack of fusion defects may occur.



For parameter optimization, the volumetric energy density (VED) [4,20] is mainly used, which is defined in Equation (1) [21]:


  VED =  P  v · h · t      [   J    mm  3     ]   



(1)




where:




	
P is the laser power [W]



	
v is the scanning speed [mm/s]



	
h is the hatch distance [mm]



	
t is the layer thickness [mm]








Due to its high reflectivity and thermal diffusivity, aluminium requires a high incident energy to ensure proper melting of the powder [22]. Therefore, a high laser power is generally needed. In this context, K. G. Prashanth et al. observed that low laser power has a detrimental effect on mechanical properties due to increasing porosity [23].



In addition, the energy density decreases if the scanning speed or the hatch distance are too high, which leads to problems of insufficient bonding between consecutive layers and adjacent scanning tracks. As a result, lack of fusion defects may occur, leading to a reduction in part density and the presence of stress concentration zones [6,16,19,24,25].



Many studies have also reported that a low scan speed is preferable as it leads to the minimization of porosity and defects in general, as well as of the balling phenomenon [6,26,27,28,29,30]. Obviously, from a productive point of view, the decrease in the scan speed is inversely proportional to the production time, resulting in an increase in production costs. Therefore, a trade-off must be made between part quality and build time.



In this work, different combinations of process parameters were studied to evaluate their influence on the quality of the printed part in terms of defects, relative density and mechanical properties. Specifically, variation of hatch spacing and scan speed were studied in terms of their effects on metallurgical quality, while attempting to keep the process competitive from a productive standpoint as well.




2. Materials and Methods


SLM Solution GmbH supplied a gas atomized AlSi10Mg powder, with a nominal normal distribution from 20 to 63 µm (D10 = 25 µm, D50 = 40 µm, D90 = 65 µm) and a nominal chemical composition as listed in Table 1 [31]. AlSi10Mg cubes and tensile specimens were printed by using an SLM 500 machine (SLM Solution GmbH, Germany). The system was equipped with four overlapping IPG fiber lasers capable of operating simultaneously with a maximum power of 400 W for each laser and an estimated beam focus diameter of between 80 and 115 microns. During the process, Argon gas with a purity level of about 99.998% flowed into the build chamber to ensure an inert environment with an oxygen content less than 0.1%, reducing the risk of oxide formation inside the printed parts.



A design of experiment (DOE) was prepared to evaluate the effects of the process parameters on the mechanical properties of the AlSi10Mg specimens. The variables considered were the hatch distance h and the scanning speed v, while the laser power P and the layer thickness t were kept at 370 W and 60 µm, respectively. The scanning strategy chosen for the experiments was a strip exposure. The build plate was heated to 150 °C during the process to reduce the internal stresses in the printed samples. The process window considered in this study is illustrated in Table 2. In detail, the hatch distance h was increased from 0.06 to 0.24 mm with a growth step of 0.02 mm, while the scan speed v increased from 800 mm/s to 2000 mm/s with steps of 100 mm/s.



The adoption of a hatch distance that is considerably bigger than the spot diameter takes into account that the melt pool width is significantly larger than the laser spot, especially at low scan speeds. The values within each cell indicate the volumetric energy density for each pair of variables calculated using Equation (1). Given the large number of combinations, the VED range was narrowed in the first step of the analysis by considering only the values around 38 J/mm3 (bold cells in Table 2), with a maximum and a minimum of 45.3 J/mm3 and 30.2 J/mm3, respectively. Contour parameters were kept constant for all experiments: power 300 W, scan speed 600 mm/s.



The second step of the analysis focused on finding optimal process parameters that can ensure high mechanical properties while increasing the build rate. The reduction in build time leads to a decrease in production costs, making the L-PBF process more competitive from a productive point of view. In this regard, the laser exposure time was evaluated by calculating the build rate, as shown in Equation (2).


  B u i l d   r a t e = v · h · t    [      mm  3   s   ]   



(2)







Therefore, the parameter combinations considered in the second step of the experiments (cells not in bold) were mainly placed in the lower-right part of the matrix, where the exposure time decreases. The values between brackets in Table 2 indicate the build time (exposure term only) in percent when the slowest parameter set is taken as reference. While in step 1 a reduction of the exposure time to 50% was considered, in step 2 the analysis is extended to reach a cut down to 32%. The total build time is obtained by summing the exposure time and the recoating time. As a reference for the job in which these specimens were built, the total recoating time was about 4 h, while the exposure time varied from 3.3 to 10.5 h, respectively, in the fastest and slowest conditions. Approximately 0.5 h are required for the machine to warm up and another 4–5 h for it to cool down before the chamber can be opened. The total time for the machine therefore ranges between 12 and 19 h in the set-ups considered. If a job with support structures is considered, the exposure time typically weighs between 27 and 55% of the total build time, depending on whether fast or slow parameter combinations are chosen.



Three tensile specimens (built with the axis parallel to the Z direction) and a 15 × 15 × 15 mm3 cube were printed for each parameter set, without using support structures, as the geometry in Figure 1 is self-supporting. The scan vector of the laser was rotated at each subsequent layer according to the standard stripe building method. All samples underwent standard stress relief of 2 h at 300 °C followed by air quenching [31]. The static mechanical properties were evaluated by tensile tests at room temperature (according to the standard UNI EN ISO 6892-1) of non-machined (NM) specimens, as shown in t 1. for each process set-up, three samples were tensile tested. The tests were carried out under strain control on the Galdabini Quasar 200 machine equipped with a 200 kN load cell. The absolute ultimate tensile strength (UTS), yield stress (YS) and elongation values cannot be disclosed due to industry policy. Therefore, the results were normalized and expressed as a percentage of the mechanical properties reported on the supplier’s material datasheet and considered equal to 100 in this study [31].



Density was measured by using a hydrostatic balance (Gibitre Instruments, Electronic Densimeter Resol2.0) based on the Archimedes method. The density (g/cm3) is then calculated as in Equation (3), where mair and mwater are the weight of the sample in air and in distilled water, respectively.


   ρ  s a m p l e   =  ρ  w a t e r     ·      m  a i r      m  a i r   −  m  w a t e r       [ g /   cm  3  ]  



(3)







Porosity was evaluated by image analysis on cube sections parallel to the building direction. The sample sections were polished (using the Tegramin-30 automatic polishing machine, Struers Inc., Cleveland, OH, USA), working down to a fine silica suspension of 0.25 µm. Thanks to image analysis it was possible to quantify the presence of defects and insufficient fusion for each combination of process parameters. In this way, each combination could be distinguished not only in terms of mechanical properties, but also in terms of the metallurgical quality of the printed part, i.e., the absence of residual pores or defects.




3. Results and Discussion


First, the specimens built with the process parameters from step 1 (bold cells in Table 2) were tested. The results are shown in the graphs in Figure 2.



In general, it can be seen that the poorer results are related to the application of high hatching distances and low scanning speeds corresponding to the first three rows of Table 2 (v = 800–900–1000 mm/s). On the contrary, higher mechanical properties were achieved by using medium/low hatch spacing and high scan speeds (above 1300 mm/s). Figure 3 shows how the tensile properties obtained in step 1 are related to VED.



A slight decrease in mechanical properties with the increase in VED can be noticed. However, careful analysis of the results by comparing the graphical representations in Figure 2 and Figure 3 suggests that the effect of VED on the change in mechanical properties is less pronounced than that of the process parameters. The hatched areas in Figure 2 indicate domains in the graph that relate to three classes of energy density:




	
30 < E ≤ 35 J/mm3



	
35 < E ≤ 40 J/mm3



	
40 < E ≤ 45 J/mm3








Using strength as an example, it can be seen in Figure 2A that within each region of nearly constant VED, marked variations of UTS are observed as the hatch distance is varied. Conversely, when the hatch distance is kept constant and low, in the left area of the plot, a decrease in VED has a less pronounced effect on UTS. Similar considerations apply to YS, as shown in Figure 2B.



For strains, the results are more scattered and the effect of the energy density is less clear.



As a general result, the best mechanical properties were obtained for an energy density between 30 and 40 J/mm3 and a hatch spacing between 0.08 and 0.12 mm. With these settings, it was possible to produce specimens whose UTS, YS and elongation were higher than the nominal reference value.



For each pair of parameters, density was measured using the Archimedes method, as described in Section 2. The objective of this analysis was to obtain a first overview of the internal quality of the printed parts and to evaluate possible correlations between density and process parameters. The results are plotted in Figure 4, which shows a similar trend as for the tensile properties: the highest density corresponds to the combinations of high scanning speed (1700–1800 mm/s) and low hatch distance (0.08–0.10 mm). Beyond that, the results become more inconsistent at scan speeds between 800 and 1000 mm/s. When the density measurements are plotted against VED, as in Figure 5, there is a large scatter, and there is no obvious effect of energy density on densification.



The absence of pores and defects in the specimens was checked by image analysis. Cubes built with parameter combinations corresponding to the extremes of DOE were sectioned and polished to analyse the internal porosity and the presence of defects. Figure 6 shows the difference in terms of internal porosity between samples fabricated at a scanning speed of 800 mm/s and a hatch distance of 0.24 mm (Figure 6A) and a speed of 1800 mm/s and hatch of 0.1 mm (Figure 6B). These two experimental set-ups had almost the same energy density (32 and 34 J/mm3, respectively), but were characterised by a remarkable difference in hatch spacing that led to divergent outcomes.



As can be seen in Figure 6A, when a high hatch distance and a low scan speed were applied, spherical pores with considerable dimensions were indeed obtained. Specifically, for the sample in Figure 6A, a relative density of 98.9% was measured by image analysis (97.5% by the Archimedes method) with an average defect size of 143 µm2. In contrast, the sample in Figure 6B appears to be free of defects with a relative density of 99.7% and an average porosity size of just 20 µm2. The difference observed in these two cross sections may be due to the different thermal histories. Although the powder bed received the same energy density, the solidification mechanism differs depending on the duration of exposure to the high temperatures. When the laser moves at a low scanning speed on the build plate, the powder is exposed to a high temperature for a sufficient time to form gas porosity, with dimensions and shapes typical of keyhole melting [32,33,34]. At the same time, the hatch spacing (0.24 mm) is not narrow enough to ensure proper re-melting of the adjacent tracks. Therefore, the bubbles generated during the previous laser track have no possibility to escape and remain trapped in the already solidified metal. The use of a high scanning speed and a small hatch distance solves this problem, since no keyhole melting occurs and proper densification is guaranteed by adequate re-melting of the adjacent laser tracks. In addition to the above considerations, it should be emphasized that in neither case did printing defects occur in the form of a lack of fusion. With respect to residual porosity, VED alone seems to have only a weak correlation with the results, as already observed for mechanical properties.



The results for density and pore/defect analysis confirm what was previously stated about the mechanical properties. Therefore, the process setups that generally lead to the best quality are those listed in the lower left part of Table 2 which correspond to the use of a high scanning speed and a low hatch distance.



On the other hand, this process window is mostly characterized by long build times. As a consequence, production times and costs are generally hardly competitive. This is the main reason why in the second step of the analysis a larger number of parameter combinations were considered (corresponding to the non-bold cells in Table 2), mostly moving towards the lower-right part of the Table, in order to look for a trade-off between build time and print quality.



The graphs in Figure 7 show the normalized mechanical properties as a function of the incident volumetric energy density for the entire series of tests. The results of step 2 are represented along with those already shown in Figure 3 for step 1. The observed variation of mechanical properties is in complete agreement with the trend in experimental density. For the processing window considered in this study, the change in mechanical response is strongly related to the presence or absence of pores and defects resulting from the different process parameters. In contrast to what was previously discussed for step 1, the effects of energy density on mechanical properties become more apparent when it is varied over a wider range. The trend is nearly the same for UTS, YS, and elongation, with an optimum at VED between 30 and 35 J/mm3. In detail, the mechanical properties (especially elongation and UTS) decrease significantly when a VED of less than 25 J/mm3 is applied. On the contrary, above an energy density of about 45 J/mm3, the curves tend to stabilize.



The UTS graph also shows the build rate. It can be seen that an energy density around 30 J/mm3 should be applied to be competitive from a production point of view while maintaining good mechanical properties. At slightly higher values of energy density (tested in step 1), the mechanical properties reach a plateau on average, at the expense of larger scatter of results.



With respect to density, the previous observations remain almost unchanged even for parameter combinations considered in step 2. The energy density still has a small effect on density of Archimedes, with a slight decreasing tendency as one moves toward 20 J/mm3.



In this regard, results in the literature are varied and contradictory. In several studies, almost the same degree of densification was obtained at very different energy densities [6,35,36]. Other research is in contrast to the results of this study. Read et al. [4] studied the relationship between porosity and applied energy density. In this study, a wider range of energy densities was investigated and 60 J/mm3 was reported as the best value for maximizing density, with a steep decline toward lower energy densities. Giovagnoli et al. [37] examined a VED spectrum (40–70 J/mm3) that partially overlaps that investigated in this study. They found a clear decrease in part density with increasing energy density, which is in stark contrast to the present research, although almost the same VEDs were used. Given the contrasting results obtained in the literature at the same energy density, as also pointed out in [37], this variable does not seem to be the correct discriminating factor for the parameter optimizations. In any case, it is important to keep in mind that the process parameters are extremely machine specific. This means that the optimized parameters found with one L-PBF machine may not fit the others.



The results of this study support the hypothesis that VED is not specific enough to distinguish successful from less successful process settings. As a matter of fact, the results of the experiments performed in step 1 demonstrate that considerable variation in manufacturing quality can be obtained by using different parameter combinations that share the same energy density. If a fixed laser power is considered, the discrimination of optimal building conditions cannot be based on the VED value alone, but it is mandatory to tune the hatching distance and the scanning speed. VED can be helpful on a larger scale when the process window is extended to a wider range of energies, as in step 2 of this study.



Figure 8 shows all tensile test results, including steps 1 and 2, as a function of hatch distance and scan speed. The energy density values are shown for the maximum, minimum, and average mechanical properties. The normalized values of tensile properties are also listed in Table 3, along with the range of deviation across the three specimens.



Image analysis of cube sections printed at energy densities below 31 J/mm3 pointed out that the lack of fusion defects start occurring around 25 J/mm3, regardless of the setup applied (Figure 9A–C). On the contrary, Figure 9D shows that at an energy density of about 31 J/mm3, with high scan speed and low hatch spacing, the printing defects disappear, and are replaced by small porosity. This phenomenon confirms the statements made in the first step of the analysis about the influence of the parameters on the pores/defect presence. Moreover, it is consistent with the results of Archimedes’ density obtained in step 2, since the low energy densities are accompanied by a slight decrease in density.




4. Conclusions


	
The results regarding the density, metallurgical quality and tensile properties of AlSi10Mg components produced by L-PBF allow for the reckoning that volumetric energy density is not a self-sufficient parameter for process optimization. The Archimedes density measured in this study is not significantly affected by the variation of VED, especially in the range of 25–55 J/mm3. Moreover, samples produced with equal values of VED exhibited extremely different degrees of porosity. This conclusion is consistent with the unresolved role attributed to energy density in the scientific literature. It can be concluded that more detailed variables need to be adopted for tuning the laser powder bed fusion process by taking into account the thermal history of the individual melt track.



	
Although VED is not a comprehensive parameter, it can still be useful for initial rough identification of ranges where the process is effective. In the present study, the best tensile properties were achieved at a VED between 30 and 35 J/mm3. Within this window, choosing an energy density of 30 J/mm3 represents a good compromise between part quality and productivity. For example, the use of 0.1 mm hatch distance and 2000 mm/s speed guarantees higher mechanical properties than the 0.10/1500 combination, with a 25% time saving. On a more general level, the complete set of results allows a multipurpose optimization of the process for each specific weighting of the concurrent factors.



	
At a fixed laser power, the hatch distance and scanning speed actually affect the quality of the manufactured part, both in terms of mechanical properties and the absence of pores and defects, even at constant incident energy.
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Figure 1. Geometry of the NM (non-machined) tensile specimen. 
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Figure 2. Mechanical properties of parts built with the setups considered in step 1 of the analysis. Domains corresponding to different VED ranges are identified by dashed contours. (A) Normalized UTS; (B) Normalized YS; (C) Normalized elongation. 
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Figure 3. Variation of tensile properties versus energy density. Results refer to step 1 of the analysis. (A) Normalized UTS; (B) Normalized YS; (C) Normalized elongation. 
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Figure 4. Relative densities measured with Archimedes’ method in relation to the different parameters applied in step 1 of the analysis. 
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Figure 5. Relative density measurements with Archimedes method in relation to the energy density incident on the powder bed. 
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Figure 6. Optical microscope images of sections (parallel to the XZ plane) of cubes printed with the following parameter combinations. (A) h = 0.24 mm; v = 800 mm/s; (B) h = 0.1 mm; v = 1800 mm/s. 
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Figure 7. Mechanical properties measured for the setups of step 1 and 2, plotted against the energy density. (A) Normalized UTS; (B) Normalized YS; (C) Normalized elongation; (D) Normalized density. 
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Figure 8. Full set of tensile results of step 1 and step 2 of the analysis. For each hatch distance, values of VED [J/mm3] are shown next to the experimental points that provided the highest, lowest and medium values of the plotted mechanical property. (A) Normalized UTS; (B) Normalized YS; (C) Normalized elongation. 
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Figure 9. Optical microscope images of sections of cubes built with the following parameter combinations. (A) h = 0.16 mm, v = 1500 mm/s, VED = 26 J/mm3; (B) h = 0.18 mm, v = 1500 mm/s, VED = 23 J/mm3; (C) h = 0.14 mm, v = 1700 mm/s, VED = 26 J/mm3; (D) h = 0.1 mm, v = 2000 mm/s, VED = 31 J/mm3. 
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Table 1. AlSi10Mg nominal chemical composition.
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	Element
	Al
	Si
	Cu
	Mn
	Mg
	Zn
	Fe





	Wt %
	Balance
	9–11
	≤0.05
	≤0.45
	0.2–0.45
	≤0.1
	≤0.55
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Table 2. Tested combinations of hatch distance and scanning speed. Each cell reports the corresponding energy density and, in parentheses, the percent build time, with the most time-consuming parameter set (v = 1700 mm/s, h = 0.06 mm) as a reference. The bold and non-bold values correspond to the parameters analyzed in the first and second experimental steps, respectively.






Table 2. Tested combinations of hatch distance and scanning speed. Each cell reports the corresponding energy density and, in parentheses, the percent build time, with the most time-consuming parameter set (v = 1700 mm/s, h = 0.06 mm) as a reference. The bold and non-bold values correspond to the parameters analyzed in the first and second experimental steps, respectively.





	
Energy Density [J/mm3]

(Build Time [%])

	
Hatch Distance [mm]




	
0.06

	
0.08

	
0.10

	
0.12

	
0.14

	
0.16

	
0.18

	
0.20

	
0.22

	
0.24






	
Scanning Speed [mm/s]

	
800

	

	

	

	

	

	

	
42.8

(70.8)

	
38.5

(63.8)

	
35.0

(58.0)

	
32.1

(53.1)




	
900

	

	

	

	

	

	
42.8

(70.8)

	
38.1

(63.0)

	
34.3

(56.7)

	
31.1

(51.5)

	




	
1000

	

	

	

	

	
44.0

(72.9)

	
38.5

(63.8)

	
34.3

(56.7)

	
30.8

(51.0)

	

	




	
1100

	

	

	

	

	
40.0

(66.2)

	
35.0

(58.0)

	
31.1

(51.5)

	

	

	




	
1200

	

	

	
51.4

(85.0)

	
42.8

(70.8)

	
36.7

(60.7)

	
32.1

(53.1)

	

	

	

	




	
1300

	

	

	
47.4

(78.5)

	
39.5

(65.4)

	
33.9

(56.0)

	
29.6

(49.0)

	

	

	

	




	
1400

	

	
55.1

(91.1)

	
44.0

(72.9)

	
36.7

(60.7)

	
31.5

(52.0)

	

	

	

	

	




	
1500

	

	
51.4

(85.0)

	
41.1

(68.0)

	
34.3

(56.7)

	
29.4

(48.6)

	
25.7

(42.5)

	
22.8

(37.8)

	
20.6

(34.0)

	

	




	
1600

	

	
48.2

(79.7)

	
38.5

(63.8)

	
32.1

(53.1)

	
27.5

(45.5)

	
24.1

(39.8)

	
21.4

(35.4)

	

	

	




	
1700

	
60.5 (100.0)

	
45.3

(75.0)

	
36.3

(60.0)

	
30.2

(50.0)

	
25.9

(42.9)

	
22.7

(37.5)

	
20.2

(33.3)

	

	

	




	
1800

	
57.1 (94.4)

	
42.8

(70.8)

	
34.3

(56.7)

	
28.5

(47.2)

	
24.5

(40.5)

	
21.4

(35.4)

	

	

	

	




	
1900

	
54.1

(89.5)

	
40.6

(67.1)

	
32.5

(53.7)

	
27.0

(44.7)

	
23.2

(38.3)

	
20.3

(33.6)

	

	

	

	




	
2000

	
51.4 (85.0)

	
38.5

(63.8)

	
30.8

(51.0)

	
25.7

(42.5)

	
22.0

(36.4)

	
19.3

(31.9)
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Table 3. Complete set of tensile results. The average values of normalized UTS, normalized YS and normalized elongation are listed together with the range of deviation.
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Normalized UTS

Normalized YS

Normalized Elongation

	
Hatch Distance [mm]




	
0.06

	
0.08

	
0.10

	
0.12

	
0.14

	
0.16

	
0.18

	
0.20

	
0.22

	
0.24






	
Scanning Speed [mm/s]

	
800

	

	

	

	

	

	

	
     85   − 1   + 2     

     86   − 1   + 1     

     81   − 4   + 2     

	
     91   − 3   + 3     

     90   − 2   + 2     

     96   − 9   + 11     

	
     90   − 0   + 1     

     91   − 1   + 1     

     88   − 1   + 2     

	
     95   − 1   + 1     

     93   − 2   + 1     

     101   − 1   + 2     




	
900

	

	

	

	

	

	
     88   − 2   + 2     

     88   − 3   + 3     

     86   − 2   + 4     

	
     92   − 2   + 1     

     93   − 2   + 2     

     91   − 4   + 6     

	
     97   − 1   + 1     

     96   − 2   + 1     

     104   − 1   + 2     

	
     98   − 0   + 0     

     98   − 1   + 1     

     102   − 2   + 1     

	




	
1000

	

	

	

	

	
     86   − 2   + 4     

     88   − 3   + 2     

     81   − 8   + 9     

	
     90   − 3   + 1     

     90   − 2   + 2     

     84   − 4   + 2     

	
     91   − 1   + 1     

     93   − 1   + 2     

     90   − 3   + 7     

	
     97   − 1   + 1     

     98   − 1   + 2     

     99   − 2   + 4     

	

	




	
1100

	

	

	

	

	
     94   − 2   + 2     

     93   − 3   + 3     

     97   − 3   + 3     

	
     97   − 3   + 4     

     97   − 2   + 2     

     96   − 9   + 11     

	
     98   − 1   + 1     

     99   − 1   + 1     

     99   − 2   + 4     

	

	

	




	
1200

	

	

	
     95   − 1   + 1     

     95   − 3   + 3     

     91   − 11   + 12     

	
     94   − 1   + 1     

     95   − 2   + 2     

     90   − 3   + 3     

	
     95   − 1   + 1     

     96   − 1   + 1     

     92   − 6   + 4     

	
     99   − 1   + 1     

     100   − 0   + 0     

     100   − 7   + 7     

	

	

	

	




	
1300

	

	

	
     98   − 2   + 2     

     98   − 1   + 1     

     100   − 7   + 10     

	
     99   − 1   + 1     

     101   − 2   + 3     

     93   − 13   + 7     

	
     102   − 1   + 1     

     102   − 1   + 1     

     112   − 6   + 4     

	
     103   − 2   + 1     

     104   − 2   + 1     

     108   − 8   + 6     

	

	

	

	




	
1400

	

	
     99   − 2   + 1     

     99   − 1   + 1     

     93   − 10   + 7     

	
     99   − 1   + 1     

     101   − 2   + 3     

     96   − 6   + 4     

	
     102   − 1   + 1     

     101   − 1   + 1     

     113   − 10   + 10     

	
     104   − 1   + 1     

     101   − 4   + 3     

     117   − 10   + 10     

	

	

	

	

	




	
1500

	

	
     99   − 0   + 0     

     101   − 1   + 2     

     94   − 11   + 6     

	
     99   − 1   + 1     

     99   − 0   + 0     

     96   − 2   + 4     

	
     105   − 1   + 1     

     104   − 1   + 1     

     113   − 3   + 3     

	
     106   − 0   + 0     

     109   − 0   + 0     

     107   − 3   + 3     

	
     106   − 1   + 1     

     111   − 1   + 1     

     102   − 6   + 8     

	
     105   − 1   + 0     

     110   − 1   + 1     

     99   − 2   + 1     

	
     92   − 2   + 2     

     107   − 1   + 1     

     63   − 7   + 7     

	

	




	
1600

	

	
     100   − 1   + 0     

     103   − 1   + 0     

     93   − 7   + 3     

	
     103   − 1   + 1     

     105   − 1   + 1     

     110   − 3   + 3     

	
     106   − 2   + 1     

     106   − 1   + 1     

     119   − 6   + 4     

	
     104   − 1   + 1     

     110   − 1   + 1     

     96   − 6   + 4     

	
     105   − 2   + 2     

     110   − 2   + 3     

     101   − 8   + 6     

	
     94   − 3   + 2     

     108   − 0   + 0     

     67   − 7   + 3     

	

	

	




	
1700

	
     95   − 2   + 2     

     95   − 1   + 1     

     89   − 6   + 8     

	
     101   − 3   + 2     

     102   − 2   + 1     

     94   − 8   + 9     

	
     104   − 1   + 1     

     104   − 1   + 1     

     108   − 1   + 2     

	
     104   − 2   + 2     

     110   − 1   + 0     

     93   − 10   + 10     

	
     105   − 1   + 1     

     109   − 2   + 3     

     103   − 7   + 7     

	
     105   − 0   + 0     

     110   − 0   + 0     

     100   − 7   + 3     

	
     98   − 0   + 0     

     109   − 1   + 1     

     76   − 2   + 1     

	

	

	




	
1800

	
     93   − 0   + 0     

     96   − 1   + 1     

     88   − 4   + 6     

	
     100   − 0   + 0     

     101   − 0   + 1     

     103   − 0   + 0     

	
     105   − 1   + 1     

     98   − 18   + 10     

     107   − 0   + 0     

	
     104   − 3   + 3     

     108   − 1   + 1     

     101   − 18   + 12     

	
     95   − 4   + 2     

     111   − 1   + 1     

     60   − 10   + 7     

	
     99   − 2   + 1     

     111   − 1   + 0     

     73   − 7   + 3     

	

	

	

	




	
1900

	
     101   − 2   + 2     

     102   − 1   + 2     

     107   − 13   + 17     

	
     103   − 0   + 1     

     109   − 0   + 1     

     92   − 2   + 4     

	
     103   − 3   + 3     

     107   − 1   + 0     

     93   − 13   + 17     

	
     104   − 1   + 0     

     110   − 1   + 1     

     89   − 2   + 4     

	
     97   − 1   + 1     

     111   − 1   + 1     

     69   − 6   + 8     

	
     92   − 2   + 2     

     109   − 1   + 1     

     57   − 3   + 7     

	

	

	

	




	
2000

	
     99   − 4   + 3     

     109   − 0   + 0     

     79   − 13   + 11     

	
     103   − 1   + 1     

     112   − 2   + 1     

     88   − 4   + 2     

	
     108   − 1   + 1     

     112   − 1   + 2     

     107   − 7   + 10     

	
     101   − 2   + 1     

     113   − 0   + 0     

     76   − 6   + 4     

	
     98   − 2   + 1     

     112   − 0   + 0     

     68   − 4   + 6     

	
     86   − 3   + 2     

     108   − 3   + 3     

     48   − 4   + 6     
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