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Abstract: Additive manufacturing (AM) provides customization of the microstructure and
mechanical properties of components. Selective laser melting (SLM) is the commonly used
technique for processing high strength Aluminum alloys. Selection of SLM process parameters
could control the microstructure of fabricated parts and their mechanical properties. However,
process parameter limits and defects inside the as-built parts present obstacles to customized part
production. This study is the second part of a comprehensive work that investigates the influence
of SLM process parameters on the quality of as-built Al6061 and AlSi10Mg parts. The microstructure
of both materials was characterized for different parts processed over a wide range of SLM process
parameters. The optimized SLM parameters were investigated to eliminate the internal
microstructure defects. Mechanical properties of the parts were illustrated by regression models
generated with design of experiment (DOE) analysis. The results reported in this study were
compared to previous studies, illustrating how the process parameters and powder characteristics
could affect the quality of produced parts.

Keywords: Additive Manufacturing; Selective Laser Melting; AlSi10Mg; Al6061; SLM process
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1. Introduction

Industry 4.0 will open the way for a new age of advanced manufacturing. Additive
manufacturing (AM) is considered to be one of the leading sectors of the upcoming industrial
revolution [1]. AM of metals using selective laser melting (SLM), promises significant development
of a variety of critical applications in various industrial fields [2]. AM of Al alloys may produce high-
performance lightweight components with relatively high material quality, mechanical properties
and design flexibility. Selection of SLM process parameters plays an essential role in controlling the
material and mechanical properties of products customized according to their function and design
requirements. The effect of SLM process parameters on the quality of Al alloys was previously
presented in some studies [3-9]. However, the laser power of SLM was limited to 200 W due to its
limitations, a relatively low figure compared to the latest laser power which can reach 400 W. Fulcher
et al. [10] reported that the SLM process map should be regularly updated for each material as
technical capabilities develop. This could help to optimize the SLM process parameters and
customize the characteristics of the as-built parts. Consequently, the microstructure and mechanical
properties of the additively manufactured parts can be tailored according to their design
requirements. Akram et al. simulated a model of grain structure evolution in the multi-layer
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42 deposition during the AM laser melting process [11]. Their results illustrated the change in grain size
43 and orientation according to select process parameters.

44 In SLM of Al alloys, the chemical composition of the Al alloys could cause variation between
45 their microstructure and mechanical properties, due to the difference in some elements such as Si and
46 Mg. However, SLM of some Al alloys, such as Al6061, results in solidification and liquation cracking
47  due to the material’s relatively higher coefficient of thermal expansion (CTE) [3]. This is why
48  AlSil0Mg is the most commonly used Al alloy for the SLM process due to its lower CTE compared
49  to the Al6061 alloy [10]. The Si content may also play a significant role in microstructure evolution
50 and elimination of hot cracks. Therefore, due to the widespread use of Al6061 in aerospace and
51  automotive fields, a study is recommended of the influence of SLM process parameters on this
52 material.

53 The current study focuses on the effect of SLM process parameters on microstructure and
54 mechanical properties of both AlISil0OMg and Al6061 as-built parts. This work completes the
55  comprehensive study presented in Part I to develop a full process map of different Al alloys
56  fabricated with SLM. The methodology of the design of experiment (DOE) is the same as in part . A
57  regression model is created for each mechanical property according to the applied range of SLM
58  process parameters. The technique of one factor at a time (OFAT) is applied for AlSi10Mg parts, and
59  the response surface method is used for Al6061 parts. The regression model trend for each property
60  of the as-built parts is validated according to experimental results and additionally verified with
61 microstructure analysis.

62 2. Experimental procedure

63 In the current study, the samples were fabricated using SLM process parameters listed in Table
64 1, and Table 2, the same as used in part I. Similar experimental conditions were also applied as the
65  build plate was preheated to 200 °C, before building started under an argon medium. So,
66  AlSil0Mg_200C and Al6061_200C also referred to the as-built AlSil0Mg and Al6061samples
67  respectively. Microstructure analysis and the measurement of mechanical properties were performed
68  with the following methods.

Table 1: The SLM process parameters applied for producing the AlSi10Mg 200C samples.

Sample# P Vs Dy Eq
(W) | (mm/s) | (mm) | (J/mm?)

AS1 370 1000 | 0.19 65
AS2 370 1300 | 0.15 63.2
AS3 370 1300 | 0.19 50
AS4 350 1300 | 0.19 472
ASS 370 1500 | 0.19 433
AS6 300 1300 | 0.19 40.5
AS7 370 1300 | 025 38
ASS 200 1300 | 0.19 27

Table 2: The SLM process parameters used for building the Al6061 200C samples.

Sample# [ P V. D Eq Samplez | P V. Dn Ea
(W) | (mm/s) | (mm) | (J/mm?) (W) | (mm/s) | (mm) | (J/mm*)

1A 370 | 1000 0.1 1233 11A 370 800 0.15 102.8
24 300 | 1000 0.1 100 124 350 800 0.15 97.2
3A 370 | 1300 0.1 95 13A 370 800 0.19 81.1
4A 300 | 1300 0.1 76.9 14A 350 800 0.19 76.8
SA 370 | 1000 | 0.19 65 15A 370 | 1300 | 0.15 63.2
6A 300 | 1000 | 0.19 52.6 16A 350 | 1300 | 0.15 59.8
TA 370 | 1300 | 0.19 50 17A 370 | 1300 | 0.19 50
8A 300 | 1300 | 0.19 40.5 18A 350 | 1300 | 0.19 472
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70 2.1. Microstructure characterization

71 The microstructure of both AlSil0Mg and Al6061 as-built samples were characterized with
72 optical microscopy (OM), scanning electron microscope (SEM), and X-ray diffraction (XRD)
73 measurements. A Nikon optical microscope LV100 was used to evaluate the microstructure of the
74  etched parts. The polishing and etching procedures were performed according to the
75  recommendations of Maamoun et al. [12]. A TESCAN VP SEM, equipped with an energy dispersive
76 X-ray spectroscopy (EDS) detector, was used to investigate the grain size and structure observations.
77 ABruker D8 DISCOVER XRD instrument provided with a cobalt sealed tube source was used for the
78  samples’ phase analysis. The XRD phase pattern was obtained for each sample along different
79  orientations of the AlSil0Mg and Al6061 samples.

80  2.2. Mechanical properties measurements

81 The microhardness measurement was performed according to ASTM E384-17 using an
82  automatic Clemex CMT tester. The average values of the samples’ microhardness were obtained
83  along the building direction (Z-direction), and along the plane parallel to the deposited layers (XY-
84  plane). Each recorded value was an average of 5-10 indentations along the tested area of a 200 gf load
85  applied over a 10 s dwell time. The residual stress was measured by an XRD instrument using a
86  Vantec500 area detector, and the results were analyzed using LEPTOS software. The tensile rod
87  samples were designed and fabricated according to the geometry and dimension included in ASTM
88  EB8/E8M - 16a. The tensile test was performed according to ASTM E8 standard procedures using an
89  MTS Criterion 43 universal test system which applies a load capacity up to 50 kN.

90 3. Results and discussion

91 3.1. Microstructure

92 The optical microscope analysis was performed using the as-built etched samples of AlSi10Mg
93 and Al6061. Figure 1 shows the microstructure defects and observations along the building direction
94  (Z-direction) of AlSil0Mg samples fabricated at different SLM process parameters. Figure 1(a)
95  illustrates that process-induced porosity or keyhole pores of 100-250 pum size and irregular shapes
96  are formed inside the AS8 sample fabricated at a low energy density of 27 J/mm3. This results from a
97  lack of fusion due to insufficient powder delivery to the melted layer. Unmelted powder may be
98  visible around these keyhole pores [13]. Figure 1 (a) also shows that the melt pool solidified with an
99  elliptically shaped profile and these melt pool shapes overlap in a specific arrangement according to
100 the value of hatch spacing used. This shape is related to the Gaussian distribution of laser beam power
101 [12]. Figure 1(b) shows a magnified view of the melt pool shape; a fine grain structure is observed
102 inside, while a coarse grain is formed along its borders due to the gradient change of the solidification
103 rate. Figure 1(c) shows the microstructure of the AS7 sample fabricated at an energy density of 38
104  J/mmd. The keyhole pore density and size are decreased due to a higher energy density. The melt
105  pool shape geometry of the AS7 sample is enlarged compared to the AS8 sample due to a diminishing
106  solidification rate together with an energy density increase. In the AS3 sample produced ata 50 J/mm3
107  energy density, the keyhole pores almost disappeared as shown in Figure 1(d). A coarser grain
108  structure is also present inside and along the borders of the melt pool shape as illustrated in Figure
109  1(f). At a higher rate of energy density of 65 J/mm? applied to the AS1 sample, melt pool borders
110  disappear along some layers and spherical hydrogen pores can be seen in Figure 1(e). The areas where
111 the melt pool borders disappear show a more homogeneous structure with elongated columnar
112 grains oriented along the building direction, Figure 1(g). While the areas displaying melt pool borders
113 show the same inhomogeneity of microstructure as in the other samples, they have a larger grain
114 structure as illustrated in Figure 1(h). It is worthwhile to note that the energy density level
115  significantly affects the solidification rate, and thus creates specific microstructure characteristics
116  corresponding to the applied values [14]. Also, according to the SLM process parameters listed in
117  Table 1 for each sample, the low laser power of 200 W applied to the AS8 sample results in low energy
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118  density, and thus a lack of fusion according to the definition of the energy density in the following
119  equation:

P
B =y D, e, g
120 Where Ea represents energy density in J/mm?3, P is the laser beam power (W), Vs s the laser scan speed
121 (mm/s), D is the hatch spacing between scan passes, Tiis the deposited layer thickness, which
122 remains a constant value in this study with a 30 um height. The disappearance of the melt pool profile
123 borders observed inside the AS1 sample might be related to the reduction of the scan speed and hatch
124 spacing parameters.

Figure 1: ]\-Ilcmsh uctule of the as-built AlSlll}Mg 200C samples prucessed under
different SLM process parameters; a, ¢) AS8, b) AS7, d, f) AS3, e, g, h) AS1.

125
126 SEM observations in Figure 2 and Figure 3 show the change in the developed microstructure

127 and the evolution of the Al matrix grain size of the as-built AISil0Mg samples produced at different
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128  energy densities and SLM process parameters. Figure 2 displays the microstructure along the Z-
129 direction of the AlSi10Mg samples. In general, the development mechanism of the as-built AlSi10Mg
130 microstructure depends on the mechanism of particle accumulated structure (PAS) formation [15].
131  The PAS mechanism shows that during the high cooling rate of 105-108 °C/s, Si is ejected out of the
132 solidifying Al matrix to form a fibrous Si network around the Al matrix grain borders. At a lower
133 energy density of 27 J/mm?, the microstructure shows an ultra-fine elongated grain structure with an
134 inhomogeneous size distribution of Al matrix grains surrounded by a fibrous Si network. The Al
135  matrix grain size ranges from 0.2 to 2 um as displayed in Figure 2(a). The increase of energy density
136 to 50 J/mm? results in the same microstructure formation with a coarser inhomogeneous
137  microstructure and grain size ranging from 500 nm to 3 um. Figure 2 (¢, d) shows that when the AS1
138  sample is produced at a higher energy density of 65 J/mm?, an equiaxed larger grain structure is
139 present with Al matrix grain size varying between 3-4 pm. A more homogeneous microstructure is
140  also obtained compared to the samples produced at a lower energy density. The final top layers in
141  Figure 2 (c) have a finer microstructure compared to the vicinity of the middle of the part in Figure
142 2(d). This is attributed to the thermal gradient difference between these areas during the building of
143 the layers, which affects the solidification rate.

V:20 kV MAG: 10 kx

ﬂ V:20kV MAG: 10 kx 2 pm V:20 KV MAG: 10 kx 2 um

Figure 2: The SEM observations of the as-built AISil10Mg microstructure along
Z- direction; a) AS8, b) AS3, ¢) AS1 near top surface, d) AS1 near the center.
144
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Figure 3: The SEM observations of the as-built AlSi10Mg microstructure along
the XY plane; a) AS8, b) AS3, c) AS1.

145
146 The as-built AlSi10Mg samples along the XY plane had an equiaxed grain microstructure as can

147  be seen in Figure 3. The microstructure is inhomogeneous due to the existence of coarser grains along
148  the border of the melt pool profile compared to the microstructure inside. This confirms the PAS
149  formation mechanism of the microstructure development along the XY plane as well as the Z-
150  direction. Figure 3 (a) shows the microstructure of the AS8 sample, where an inhomogeneous grain
151  distribution of 0.15-1 um size can be seen within the fine and coarser Al matrix grain zone. The grain
152 size slightly increased along with energy density. Figure 3 (b) presents the microstructure of the AS3
153 sample with a grain size ranging from 0.3 to 2 um. The microstructure evolution of the higher energy
154 density of 65 J/mm? applied to the AS1 samples has almost the same Al matrix grain structure value
155  asillustrated in Figure 3(c). Application of energy densities higher than 50J/mm? caused no significant
156  difference in the microstructure. However, the XRD measurements were performed for a more
157  accurate analysis of crystal size change and solubility percentage of the Si inside the Al matrix [16,17].
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Figure 4: XRD phase pattern measured on the side surface (along the Z-direction) of
158 different as-built AISi10Mg samples.
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Figure 5: XRD phase pattern measured on the top surface (along the XY plane) of
159 different as-built A1Si10Mg samples.
160 The XRD phase pattern presented in Figure 4 and Figure 5 shows a comparison of the Al and Si

161  peak characteristics of different AlSil0Mg samples. The Al and Si peak is identified using the Joint
162 Committee on Powder Diffraction Standards (JCPDS) patterns of 01-089-2837, 01-089-5012,
163 respectively. A small peak of Mg:Si is detected according to the JCPDS pattern of 00-001-1192, and
164  the low intensity of this peak is related to the existence of nano-size Mg:Si precipitates of 20-40 nm
165 that are hardly detectable with XRD [12,17]. The difference in Al and Si peak width between the
166  samples indicates crystal size change under different SLM process parameters. This can be inferred
167  from Scherrer’s equation, where peak broadening varies inversely with crystallite size [18].
168  According to the phase pattern obtained in Figure 4, the grain size significantly increased along the
169  Z-direction as energy density increase to 50 J/mm3 before becoming stable at a specific value, which
170  agrees with microstructure observations in Figure 2. The XRD phase pattern in Figure 5 illustrates
171  the peak broadening comparison along the XY plane, where a slight difference of the crystal size is
172 observed between the samples fabricated at different SLM parameters. This corresponds to the SEM
173 observations in Figure 3. By comparing the peak broadening of the same sample along the Z-direction
174  and the XY plane, a significant difference can be seen in peak broadening and intensity. The
175  microstructure is inhomogeneous along different orientations. For more accurate values, an FWHM
176  analysis was performed according to the phase pattern in Table 3. The results showed a broadened
177  peak of Al and Si in the AS8 sample at the lower energy density, with FWHM values of 0.2111 and
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178  0.5935 degrees respectively. This confirms the finer microstructure observed at the lower rates of
179  energy densities in Figure 2. The significant difference of Al and Si peak broadening in the AS8
180  sample along the XY plane and Z-direction also confirms the microstructure inhomogeneity at the
181  low energy of 27 J/mm?3. There is no significant difference between the FWHM values detected along
182 the top and side orientations of the AS1 sample produced at a higher energy density of 65]/mm3. A
183  homogeneous equiaxed grain structure is present along the XY plane and Z-direction of the AS1
184  sample which indicates an improvement of the microstructure homogeneity at the higher energy
185  densities. A Rietveld analysis was performed to detect the relative weight percentage of Al and Si
186  according to the XRD phase pattern measured along the top and side surfaces of the AlSi10Mg
187  samples. The results listed in Table 4 indicate that Si becomes more soluble inside the Al matrix along
188  the XY plane as energy density gets higher. The percentage of Si solubility inside the Al matrix is
189  higher along the Z-direction compared to that in the XY plane for AS1 and AS3 samples after an
190  energy density of 27 and 50 J/mm? is respectively applied. In addition, the highest percentage of Si
191  precipitates is obtained at the AS8 sample produced at the higher energy density of 65 J/mm?3. These
192 results validate the thickness increase of the Si network at higher energy densities in Figure 2 and
193 Figure 3.

Table 3: The average FWHDM of Al and 5i peaks according to the XRD phase pattern of the
as-built AlSi10Mg samples.

Material Peak Position AS1 AS3 ASS

Al (200) FWHM (deg.) Top (XY) | 02111 | 02332 | 0.2294
Side (Z) 02105 | 02304 | 0.2269
AlSi10Mg S1(220) FWHM (deg ) Top (XY) | 0.5935 0.7281 | 0.7137

Side (Z) 0.5217 0.5531 0.5420

194
Table 4: Rietveld analysis throughout the top and side surfaces of the as-built AISi10Mg
samples.
Material Element Top Surface (XY plane) Side Surface (Z-direction)
AS1 AS3 ASS8 AS1 AS3 AS8
AlS110Mg Al Wi% 91.11 91.98 90.81 93.49 93.57 90.75
51 Wi 8.89 8.02 9.19 6.51 6.43 9.25
195
196 The microstructure of Al6061 samples shows hot crack formation in both the XY plane and Z-

197  direction as displayed in Figure 6. These cracks form as a result of solidification shrinkage and
198  thermal contraction, or liquation cracking inside the partially melted zone [3,19]. For the 6A sample,
199  hot cracks are observed along the XY plane within a size of 200-300 pum, and these cracks are
200  connected in a closed loop as illustrated in Figure 6 (a, ¢). The micro-cracks form into an elongated
201  shape within an average size of 200 um along the Z-direction and propagate through the middle zone
202 of some solidified melt pool shape as shown in Figure 6 (b, d). A pore of 10-20 pum is also noticed
203 amongst these cracks. The micro-crack formation is caused by high CTE of the Al6061, which in turn,
204  resulted in significant shrinkage due to the rapid melting and solidification rates of the SLM process
205 [10]. A fine grain structure persists along both XY-plane and Z-direction as shown in Figure 6 (e, ).
206  Coarse grains are present around the melt pool profile, which substantiates the thermal gradient
207  inside each melt pool during the solidification process. It is worthwhile to note that no large keyhole
208  pores are observed inside the 6A sample microstructure fabricated with an energy density of 52.6
209  J/mmd. The evolution of crack formation behaves differently along the Z-direction, corresponding to
210  the applied energy density and SLM process parameters as shown in Figure 6 (b, g, h). Observations
211  indicate an increase of the crack size and distribution density under higher levels of energy densities
212 as illustrated in Figure 6 (g). Large hydrogen spherical pores were seen forming along the
213 longitudinal micro-cracks as energy density increased. By comparing the microstructure in Figure 6
214 (b, h), it can be concluded that a higher laser power and lower scan speed significantly increases the
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215  length of the cracks and their distribution density due to the imbalance between the higher melting
216  and lower solidification rates.

Figure 6: Microstructure of the as-built A16061 samples processed under
different SLM process parameters; a.c.e) 6A along the Z-direction , b.d.f) 6A along the
XY plane, g) 144, h) 15A.

217
218 The as-built Al6061 microstructure in Figure 7 shows the precipitation of nano-size Si particles
219  around the Al matrix grains, which confirms the PAS formation mechanism where the Si particles
220  solidified around the Al matrix. However, the same fibrous Si network is not present in the AlSi10Mg,
221  due to Si content in the Al6061 alloy being insufficient to develop this fibrous network. A fine
222 microstructure with an elongated grain form is observed along the Z-direction with a size of 3-5 um
223 asshown in Figure 7 (a). Along the XY plane, an equiaxed grain structure is present, with an average
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224 grain size of (2-4 um), Figure 7 (b). The difference in the grain structure between these orientations
225  reveals a microstructure inhomogeneity which could result in anisotropic structure properties.

Figure 7: Microstructure grains of the as-built Al16061 sample at a higher

magnification.
226
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Figure 8: XRD phase pattern measured on the side surface (along the Z-direction) of
207 different as-built A16061 samples.
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Figure 9: XRD phase pattern measured on the top surface (along the XY plane) of different
228 as-built AISi10Mg samples.
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229 The XRD phase pattern in Figure 8 shows Al and Si peak up on the top surface of the as-built
230  Al6061 samples in the XY plane. Figure 9 illustrates the phase pattern up on the side surface along
231  the Z-direction. The Al peak is identified according to the JCPDS pattern of 01-089-2837. According
232 tothe JCPDS patterns of 01-089-5012, a Si peak was hardly distinguishable due to the precipitation of
233 the nano-size Si particles inside the as-built microstructure as displayed in Figure 7. A low-intensity
234 peak of Mg:Si is also detected according to the JCPDS pattern of 00-001-1192 as indicated in Figure 8
235  and Figure 9. The change of Al peak broadening along the XY plane and Z-direction indicates Al
236  crystal size change according to the specified SLM process parameters. This change is closely
237  investigated using FWHM analysis listed in Table 5. A wider Al peak is obtained at a low energy
238  density of 50 J/mm3, which confirms the growth of the grain size as energy density increases.
239 According to Scherrer’s equation, the sharper peak in the XRD phase pattern indicates a larger crystal
240  size [18]. The FWHM shows a lower value of 0.1874 degrees in the 1A sample produced at an energy
241  density of 123.3 J/mm3, revealing a coarser grain structure at higher energy densities. There was no
242 significant difference between the FWHM values of the top and side surfaces. Al6061 microstructure
243 is more homogeneous along the applied range of the selected parameters as compared to the
244 considerable microstructure inhomogeneity inside AlSil0OMg samples. It is worthwhile to note that
245  the Al6061 alloy could be processed at higher energy density values than the AlSi10Mg alloy due to
246  the higher reflectivity of Al6061 which decreases the percentage of absorbed energy. However, SLM
247 process parameters need to be optimized to reduce the formation of micro-cracks and the spherical
248  hydrogen pores.

Table 5: The average FWWHM of Al (200) peak of the as-built Al6061 samples.

Material Peak Position 1A 4A TA
Top (XY) 0.1874 0.2086 0.2045

Side (Z) 0.1838 0.2042 0.2029

Al6061 A1(200) FWHM (deg.)

249

250  3.2. Mechanical properties

251 The effect of SLM process parameters on the mechanical properties of the as-built AlSi10Mg and
252 Al6061 parts is investigated according to the regression models developed from experimental results.
253  In the following section, DOE analysis will illustrate microhardness and tensile behaviour according

254 to the selected SLM process parameters.
255
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256  3.2.1. Microhardness

257 Figure 10 displays the microhardness of the as-built AlSilOMg parts along the Z-direction
258  within the range of SLM process parameters. The microhardness ranges between 86 and 103 HV, and
259  the maximum value is obtained at 27 J/mm3 due to smaller grain size. However, a significant amount
260  of keyhole pores are observed at this energy density of the AS8 sample, which underscores the need
261  for SLM process optimization. The results show that microhardness values linearly decrease as laser
262  power and energy density grow. A higher hatch spacing and scan speed improve sample
263 microhardness in Figure 10. Low values of sample microhardness at low scan speeds result from high
264  solidification rates and low hatch spacing due to decreasing overlap between the scanned passes. The
265  microhardness profile of AlSil0OMg samples shows a good agreement with microstructure
266  observations and the crystal size change of SLM process parameters.
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Figure 10: Effect of the SLM process parameters on microhardness of the as-built
267 AlSil0Mg samples along the Z-direction.
268 As illustrated in Figure 11, microhardness along the XY plane is relatively higher than in the Z-

269  direction, demonstrating the inhomogeneity of the as-built microstructure. The microhardness is 115
270  to 118 HV along the range of the SLM parameters, which confirms better homogeneity along the XY
271  direction, Figure 3. This trend agrees with literature studies [12,14,16]. The reduction in laser power
272  and greater hatch spacing improves microhardness along the XY plane. Although the low laser power
273 rates show higher microhardness values, control of SLM process parameters should aim to produce
274  denser parts by reducing porosity. According to Figure 10 and Figure 11, microhardness values
275  correspond to the DOE analysis regression model along both the XY plane and Z-direction.
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Figure 11: Effect of the SLM process parameters on microhardness of the as-built
AlSi10Mg samples along the XY plane.
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Figure 12: Effect of the SLM process parameters on microhardness of the as-built Al6061
277 samples along the building direction.
278 Figure 12 and Figure 13 display the microhardness profile of selected SLM process parameters

279  of the Al6061 parts along the XY plane and Z-direction. The map in Figure 12 shows a gradual
280  decrease of microhardness values along the Z-direction from 85 to 72 HV at an energy density range
281  of 40.5 to 97.2 J/mm3. A slight increase was observed at higher energy densities up to 123 J/mm3 as
282  illustrated in Figure 12. At a microhardness of 78 HV, a relation is observed between the low laser
283  power of 300 W and scan speeds of 1050 and 1300 mm/s. Scan speeds higher than 800 mm/s show a
284  significant increase in microhardness due to the associated higher rate of solidification. Results
285  indicate that a finer microstructure can be obtained at these higher scan speeds. Another interaction
286  between scan speed and hatch spacing occurs at a scan speed of 1050 mm/s and hatch spacing values
287  of 0.145 and 0.19 mm at a microhardness value of 77 HV as shown in Figure 12. The average
288  microhardness measure has a high scattering pattern around the regression model due to the effect
289  of the micro-cracks formed inside the parts.
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Figure 13: Effect of the SLM process parameters on microhardness of the as-built A16061
samples along the XY plane.

290
291 Figure 13 shows microhardness of the Al6061 samples along the XY plane that varies

292 significantly between 62 to 77 HV according to the SLM process parameters. This could be related to
293 the change in micro-crack size as illustrated in Figure 6. In contrast with AlSi10Mg samples, hatch
294  spacing significantly affects the microhardness of Al6061. Microhardness gradually drops with the
295  increase of energy density.

296 Due to greater Si content, microhardness of AlSi10Mg samples was significantly higher than that
297  of Al6061 samples. The as-built AlSi10Mg samples have a higher microhardness than the same alloy
298  castmaterial, which is limited to 75 HV [20]. The particle size distribution of the powder and its shape
299  also might affect the microhardness of the as-built parts. This was demonstrated by comparing the
300  microhardness values in this study with those reported by Maamoun et al. at different powder
301  characteristics [12].

302  3.2.2. Tensile properties

303 The ultimate tensile strength (UTS) of the AlSi10Mg was measured to generate the regression
304  model plots for both as-built and machined tensile samples as presented in Figure 14. The as-built
305  and machined samples possessed the same tensile profile as the samples produced under SLM
306  process parameters. However, the machined samples had higher UTS values of up to 450 MPa
307  compared to those of the as-built samples (400 MPa). This 20 to 50 MPa difference in UTS values
308  indicates the effect of surface roughness on mechanical properties. However, UTS values of the as-
309  built parts could demonstrate the impact of SLM parameters on tensile properties, taking into
310  consideration the surface roughness of each sample. Figure 14 also shows a good agreement between
311  the experimental measurements and the regression model generated from the DOE analysis. Also,
312 laser power has a more significant effect on UTS sample properties than changes in hatch spacing
313 and scan speed. The optimum UTS value is obtained in the AS3 sample at an energy density of 50
314 J/mm3. This agrees with the microstructure observation, which showed minimum defects of the as-
315  built AlSi10Mg sample at these parameters.
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Figure 14: Effect of the SLM process parameters on ultimate tensile strength of the as-

316 built AlSi10Mg samples along the building direction.
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Figure 15: Effect of the SLM process parameters on yield strength of the as-built AlSi10Mg
samples.

Figure 15 illustrates yield strength versus the scan speed, laser power, hatch spacing, and the
energy density. Results indicate a decrease of yield strength within a range of 240 to190 MPa at
increasing energy densities. A slight difference of 30-50 MPa in yield strength was observed at the
range of SLM process parameters. This indicates that a change in SLM process parameters has a
greater impact on UTS values than the yield strength. UTS and yield strength trends significantly
reflect the microstructure observations in section 3.1. An increase of energy density creates a coarser
microstructure with lower hardness and tensile values.
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Figure 16: Effect of the SLM process parameters on ultimate tensile strength of the as-

325 built Al6061 samples along the building direction.
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Figure 17: Effect of the SLM process parameters on yield strength of the as-built Al6061
samples.
326 g
327 As illustrated in Figure 16, the UTS values of the as-built Al6061 samples were investigated at a

328  range of 150 to 184 MPa. The results indicate a significant reduction in UTS of the Al6061 samples
329  compared to that of AlSil0Mg. This could result from the lower percentage of Si content inside the
330  Al6061 alloy and micro-cracks inside its as-built samples. As energy density increases, UTS values
331  gradually decrease. A maximum UTS of 184 MPa was obtained in the 18A sample using the higher
332 scan speed (1300 mm/s), hatch spacing (0.19 mm), and energy density of 47.2 J/mm?. A significant
333 decrease in the UTS values was observed at the lower scan speed of 800 mm/s and smaller hatch
334  spacing of 0.1 mm. This decrease in the UTS values might result from the microstructure defects at
335  low rates of scan speed and hatch spacing, such as keyhole pores or areas of unmelted powder. Yield
336  strength of the Al6061 samples is presented in Figure 17, where a similar trend as in UTS is present.
337  The yield strength values along the SLM parameters vary from 125 to 172 MPa. The maximum yield
338  strength of 172 MPa was detected in the 8A and 18A samples also produced at the higher scan speeds,
339  hatch spacing and energy density range of 40.5 - 47.2 J/mm3. It is worthwhile to note that the UTS
340  and yield strength values of the as-built Al6061 samples hardly differ, which indicates the lower
341  ductility of these parts compared to the as-built AlSil0Mg samples.
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Figure 18: The stress strain diagram for the as-built samples: a) AlSi10Mg; and
b) Al6061 samples.

342
343 Figure 18 shows the stress-strain curve of the as-built samples for both AlSi10Mg and Al6061

344  alloys. Figure 18 (a) illustrates the stress-strain behaviour of the AS1, AS3, and AS8 AlSil0Mg
345  samples. The maximum UTS and highest ductility was observed in the AS3 sample produced at an
346  energy density of 50 J/mm3. Microstructure observations confirm that the optimum SLM process
347  parameters of the AlSil0Mg alloy are present in the AS3 sample. The AS1 sample was affected by
348  hydrogen pores and a coarse microstructure that forms at a higher 65 J/mm3 energy density, resulting
349  in lower stress value. Keyhole pores and lack of fusion negatively affected the quality of the AS8
350  sample produced at a low energy density of 27 J/mm3, which resulted in the lowest material strength
351  along with higher brittleness. The strain curve of the 1A, 4A, and 7A Al6061 samples is presented in
352 Figure 18 (b). Energy density change had no significant effect on the UTS value, whereas laser power
353 proved to be the most influential. The 4A sample produced at a low laser power level of 300 W,
354  exhibited minimum UTS values.
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Table 6: A summary of mechanical properties microstructure grain size of the AISi10Mg
and Al6061 parts processed though SLM and the conventional techniques under different

conditions.
SLM process Energy | Treatment UTs Yield Average Al matrix
Material parameters Density strength | Microhardness | grain size
P V. Dx (MPa)
(W) | (mms) | (mm) | (/mnr’) (MPa) HV) (nm)
370 | 1000 0.19 65 As-built 35406 1864 | Z 102 3-
AlS110Mg_200C XY 118 03-2
370 | 1300 0.19 50 As-built 396.5 196 Z 20 05-3
[Current Study ] XY 115 03-2
200 | 1300 0.19 27 As-built 200.6 2323 Z 845 02-2
XY 116 015-1
AlSi10Mg_200C 370 | 1300 0.19 50 As-built Z 120 05-1
[12] XY 130
T6 Z 115 1-5
XY 116
AlSi10Mg 250 500 0.5 As-built 350 250 145
[21] T6 285 340 116
AlSi10Mg As-built 460=20 270=10 119+5
[22]
AlS110Mg_200C As-built 390 210
231
AlSi110Mg 200 | 1400 | 0.105 As-built 301=6 127
241
AlSil0Mg 350 | 1650 0.13 544 As-built 412+2 24245 139
[25]
AlS110Mg HPDC 300-350 160-185 95-105
[26] HPDC-T6 330-365 285-330 130-133
A360 Casting 317 165 75
[201
370 | 1000 0.1 1233 As-built 396.5 196 Z 67 4-6
Ale061_200C Xy 71 4-5
300 | 1300 0.1 76.9 As-built 200 2323 Z 81 4-5
[Current Study ] Xy 717 34
370 | 1300 0.19 50 As-built 302 2467 | Z 67 3-5
XY &4 24
Alsoel As-built 90=6
[27] 400 | 1400 0.14 2041
Al6061_500C As-built 133 66 54225
[27] T6 308 282 119=6
AAG061-wrought 0 125 55 30
[28] T4 240 145 65
T6 310 276 25
355
356 Table 6 summarizes the mechanical property values of the AlSi10Mg and Al6061 samples in the

357  current study, compared to literature. According to values listed in Table 6, the following insights
358  canbe drawn:

359 1. Mechanical properties and Al matrix grain size are illustrated for the as-built AISi10Mg_200C
360  samplesin the current study. Although the lower rate of energy density created a fine microstructure,
361  mechanical properties were inferior due to the internal defects inside the areas caused by lack of
362  fusion.

363 2. The microhardness reported in a previous study by the authors [12], using the same
364  preheating technique, shows higher values than those reported in this study. This indicates the effect
365  of powder morphology and its particle size distribution. It can be concluded that a wide range of
366  particle size distribution with a spherical shape resulted in high microhardness values.

367 3. The mechanical properties of the AlSi10Mg_200C samples have relatively lower values than
368  those of samples produced by build plate preheating [21-25]. However, residual stresses are
369  significantly lower due to the preheating technique [4,12].

370 4. Superior mechanical properties of the AlSi10Mg_200C samples are detected compared to parts
371  produced with a conventional or the high-pressure die cast (HPDC) material of the same alloy [20,26].
372 5. As-built Al6061_200C parts had better mechanical properties than Al6061_500C. However, no

373 cracks were observed inside the Al6061_500C as reported by Uddin et al. [27], but the mechanical
374  properties of the part were significantly decreased.
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375 6. The mechanical properties of the Al6061_200C samples show comparable values to the T6,
376  and T4 treated Al6061 wrought material [28].

377 4. Summary and conclusions

378 The current study focused on the influence of SLM process parameters on the microstructure
379  and mechanical properties of the as-built AlSi10Mg and Al6061 parts. The mechanical behaviour of
380  these parts along the range of selected SLM parameters was investigated using DOE regression
381  models. The main results are summarized as follows:

382 1. The microstructure of the AlSil0Mg parts changes significantly according to the applied
383  energy density. After solidification, the size of the melt pool profile increases together with energy
384  density. An energy density range of 50-60 J/mm3 was found to be the optimal range of the energy
385  density due to it minimizing keyholes and larger hydrogen spherical pores.

386 2. The grain size of the Al matrix inside the as-built AISi10Mg samples grows along with energy
387  density. The microstructure homogeneity is also improved by the development of an equiaxed grain
388  structure at 65 J/mm? along the Z-direction and XY plane. However, this can adversely affect the
389  relative density due to the formation of large hydrogen pores.

390 3. Micro-cracks form inside the microstructure of the as-built Al6061 samples. Size and
391  distribution of these cracks vary according to SLM process parameters. The smallest micro-cracks are
392  obtained at an energy density of 52.6 J/mm? and a scan speed of 1000 mm/s.

393 4. The microstructure of Al6061 parts did not show the same fibrous Si network that formed
394  inside the AlSil0Mg microstructure due to lower Si content in the Al6061 alloy. The microstructure
395  of Al6061 parts followed the PAS mechanism, and nano-size Si particles precipitated along the grain
396  boundary of the AL matrix.

397 5. Microhardness of AlSi10Mg and Al6061 parts corresponds with microstructure observations
398  along the Z-direction and in the XY plane. However, Al6061 microhardness is affected by already
399  present micro-cracks.

400 6. UTS and yield strength of the as-built AlSil0Mg and the Al6061 samples are investigated
401  through regression models.

402 7. The effect of surface texture on UTS of the AlSi10Mg parts was investigated by comparing the
403 results from the as-built and machined tensile samples.

404 8. The mechanical properties of the studied Al alloys showed different values according to the
405  SLM process parameters, build plate temperature, powder characteristics, and the technique used in
406  Tableé6.

407 The current work, together with part I, forms a comprehensive study of the SLM process

408  parameters effect on the quality of Al alloy parts. The results of this study could help customize the
409  properties of the parts according to design and function requirements. This work may also offer a
410  means to reduce post-processing treatment required for part characteristics in some applications.
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