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Abstract
The processing of high-strength Al7075 alloy through the laser powder bed fusion process is challenging because of cracking 
susceptibility. In this work, an  experimental study has been carried out to understand the defects formation and to predict the 
optimum conditions for defect-free parts by varying process parameters such as laser power, scanning speed, base-plate heat-
ing temperature, remelting speed, and powder composition. A detailed mechanical and microstructural characterization has 
been carried out to investigate porosities, cracks, microstructure, grain structure, and mechanical properties. It was observed 
that the single-melting-based fabrication of Al7075 samples results in excessive porosities and solidification cracks along 
the build direction. The cracks are due to the insufficient liquid back-filling of the long columnar-dendritic grains during the 
solidification. The ramped-down high-speed remelting eliminates the balling defect, decreases the porosity percentage, and 
reduces surface roughness. The base plate heating of 473 K and 573 K reduces the extent of porosity and crack formation. 
Adding 4 wt% nano-TiC reinforcement to the Al7075 matrix eliminates the porosity and solidification cracks due to the very 
fine equiaxed grain because of heterogeneous nucleation.

Keywords Laser powder bed fusion · Al7075 alloy · Solidification cracking · Ramped down high-speed remelting · Nano-
reinforcement

1 Introduction

Laser Powder Bed Fusion (LPBF) is a layer-by-layer additive 
manufacturing (AM) process that involves the selective 
melting of powder bed using a high-energy laser beam based 
on the slices generated from the 3D CAD model. LPBF is a 
preferred technique for processing various alloys because of 
its ability to achieve superior quality and dimensional accu-
racy compared to the other AM techniques available [1, 2]. 
Laser-matter interaction, melt kinetics and instability, laser 
scattering and attenuation, denudation, multiple laser reflec-
tions (powder bed and keyhole), recoil pressure-induced 
keyhole depression, melt pool flow, thermal history, surface 
impurity driven flows, spatters and powder particles induced 
beam shadowing, porosity generation, a transition of phases, 
wetting dynamics, surface tension, and the roughness 

induced by spatters are the various phenomenon which 
affects the LPBF process [3, 4]. Due to these complex physi-
cal phenomena, processing Aluminium alloys (except 
AlSi10Mg and Al-12Si) is difficult by LPBF, and fabricated 
part suffers from problems such as solidification cracking, 
balling-induced porosities, and poor surface finish [5]. 
Al7075 is a high-strength, lightweight aluminum alloy rarely 
fabricated with LPBF because of severe solidification crack-
ing. The cracks formed in Al7075 because of the high coef-
ficient of thermal expansion and wide solidification range, 
which led to the micro-segregation tendency to occur during 
solidification [6, 7]. Louvis et al. [8] reported the rapid crea-
tion of the thin oxide layer on the liquid and solid surfaces 
and found that shattering the films using a high laser power 
and scan speed is necessary to prevent the effects of this film 
and the high conductivity of the crack-prone Al alloys. As a 
result, special care must be taken while setting process 
parameters to account for the Al alloy’s high sensitivity 
towards hot cracking (i.e., liquation cracking and solidifica-
tion cracking). Eskin et al. [9] predicted 6–8 vol% solidifica-
tion shrinkage for the aluminum alloys, which is far higher 
than the 3 vol% shrinkage for the steel and titanium alloys 
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reported by Moiseyev et al. [10]. The Al7075 cracking sus-
ceptibility can be evaluated by the index ||
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the solid fraction. This index is known as Kou’s criterion 
[11]. This index for Al7075 is higher than Al2024 and 
Al2219 alloys and lower than Al6061 alloys [12]. Excessive 
or insufficient energy input under too low or too high scan 
speed led to an unstable molten pool, which produced the 
spatter phenomena during LPBF, according to Guo et al. 
[13]. The rapid solidification of the molten powder layer 
generates cellular dendritic and columnar grains with epi-
taxial growth [14].

The LPBF schematic and melt pool region are shown 
in Fig. 1a, b respectively. There are mainly two types of 

cracking observed in the LPBF process i.e. solidification 
cracking and liquation cracking. The solidification cracking 
occurs because of the lack of liquid back-filling between 
the long columnar grain boundaries channel, as shown in 
Fig. 1d. These channels are created because of the high for-
ward growth of the cell-dendritic compared to the low lateral 
growth of bridging the cells. The interdendritic micro-seg-
regation of the alloying elements also increases the crack-
ing susceptibility because of the constitutional undercooling 
condition [15–17].

Liquation cracking was caused by constitutional liqua-
tion, which is defined as a non-equilibrium melting of inter-
metallic phase particles at grain boundaries at temperatures 
between the eutectic and solidus temperature [18], as illus-
trated in Fig. 1c. The lack of dissolving of intermetallic 

Fig. 1  Schematic representing 
the a LPBF process, b zoomed 
view of melt pool region, 
mechanism of different crack-
ing c liquation cracking in the 
mushy zone [21], d solidifica-
tion cracking
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phase particles is because of a multi-phase alloy heated 
very fast to solution temperature, resulting in a short period 
to achieve eutectic temperature [19]. The crack is initiated 
under the tensile stresses at a liquid film of grain boundaries 
generated by the constitutional liquation. Thus, in Al7075 
SLM, a liquation crack interferes with a solidification crack. 
Ghaini et al. [20] reported work of Al2024 alloys, which 
suggests that the liquation crack can strongly affect the solid-
ification crack initiation.

Reschetnik et al. [22] optimized the process parameters 
for fabricating the Al7075 specimens. However, the fabri-
cated specimens still contain long cracks, mostly initiated 
in a fusion zone and produced along the direction of the 
building. Stopyra et al. [23] investigated the influence of 
the process parameter on hot cracking and porosity without 
changing the Al7075 composition. A density of around 99% 
was achieved by applying the Hot Isostatic Pressing (HIP) to 
the specimens fabricated at optimum process parameters. It 
was observed that the HIP reduced the small cracks but did 
not influence the long cracks along the build direction. Kauf-
mann et al. [24] utilized the base plate preheating technique 
to prevent the solidification crack during the LPBF pro-
cess. The base plate heating reduces the thermal gradients 
and decreases the undercooling and thermal stresses. The 
authors achieved 99.8% density for Al7075 alloy by using 
a high-power laser and 200 °C base plate heating; however, 
the complete elimination of the cracks was not achieved. 
Similarly, Mertens et al. [25] achieved crack reduction and 
change in crack morphology by preheating at 400 °C, still, 
complete elimination of cracks was not achieved.

Remelting is a useful technique for enhancing the sur-
face quality and managing imperfections. The solidified 
layer is remelted to achieve defect-free and high surface 
quality of LPBF fabricated parts. According to Brodie et al. 
[26], LPBF of Ti25Ta fabricated samples yield strength 
increased from 426 ± 15 to 545 ± 9 MPa after remelting, and 
the material homogeneity was enhanced. Zhang et al. [27] 
employed remelting on four common LPBF alloys, includ-
ing 316L SS, AlSi10Mg, IN 718, and Ti6Al4V, and found 
that the surface roughness was reduced. Remelting was used 
by Ghorbani et al. [28] to enhance the quality of inclined 
surfaces on 316L inclined components produced by LPBF. 
A two-dimension model was created by Shen et al. [29] to 
investigate how remelting treatment affected the disappear-
ance of pore defects. The relationship between the develop-
ment of the pore defect and the laser energy density was also 
addressed in detail. Yu et al. [30] fabricated remelted 17-4 
PH stainless steel that had been laser direct metal deposited, 
they discovered that the pre-solidified microstructure had 
been significantly diluted. Surface porosity and roughness 
both might be greatly reduced. For direct energy deposited 
Inconel 625, Koike et al. [31] used the remelting proce-
dure to regulate the metal crystal orientation and lingering 

pore defect. Zhou et al. [32] investigated laser remelting to 
enhance the surface quality for AlSi10Mg using LPBF.

The controlled nucleation and crystal grain growth pre-
vent the crack formation in the 6xxx and 7xxx alloys during 
the LPBF process because of the generation of small equi-
axed grains [33]. According to Hunt’s criterion of colum-
nar to equiaxed grain transition, significant undercooling 
is required for the generation of nucleation and equiaxed 
grains, which is generated by manipulating thermal gra-
dients and local solidification velocity [34]. Undercooling 
in the LPBF of Aluminum alloys is especially challenging 
due to the alloying element's rapid solidification rate, high 
thermal conductivity, and effective liquid diffusivity. Melt 
movement [35] and acoustic cavitation method [36] have the 
potential to generate equiaxed grains by fragmenting colum-
nar dendritic grains. The work reported by Martin et al. [37] 
shows no cracks in the LPBF of Al7075 alloys because of 
the addition of reinforcement to promote the heterogeneous 
nucleation that results in a reduction of the undercooling 
threshold for the growth of the equiaxed grains. They devel-
oped nano-functionalized hydrogen-stabilized zirconium 
nanoparticle-based powders, which produced the  Al3Zr 
nucleate phase after the decomposition of the melt. How-
ever, because aluminum alloys are vulnerable to hydrogen 
embrittlement, the usage of hydrogen may be problematic. 
Porosity can also be caused by the variation in hydrogen 
solubility in solids and liquids. Other researchers have also 
utilized the reinforcement addition technique. Bi et al. [38] 
created a novel Sc and Zr-modified 7075 Al alloy with grain 
refinement for crack defect elimination. Montero-Sistiaga 
et al. [39] customized Al7075 alloy by manually mixing 4 
wt% Si into LPBF-produced Si/Al7075 composites to pre-
vent cracks. Wu et al. [40] investigated the microstructure, 
mechanical characteristics, and crack elimination process 
of LPBF-fabricated TiN/Al7075 composites. Tan et al. [41] 
achieved a crack-free, fine-equiaxed microstructure in the 
LPBF-fabricated 7075 alloy using a combination of sub-
strate alteration and Ti inoculation possesses mechanical 
qualities equal to its wrought counterpart.

It can be concluded from the aforementioned points that 
the fabrication of defect-free Al7075 parts is challenging. 
Optimizing process parameters for manufacturing defects-
free parts of Al7075 alloys is a complex task because of the 
lack of understanding of the cracking and porosity formation 
behavior in LPBF processing of Al7075. Consequently, there 
is a scarcity of data on optimum processing strategies that 
can produce defect-free parts of this alloy.

This work uses an experimental study to fabricate Al7075 
alloy using a low laser energy density based commercial 
LPBF setup. Firstly, Al7075 bulk samples were fabricated 
using a combination of ramped-down high-speed remelt-
ing, high-temperature base plate heating, and the TiC nano-
reinforcement addition. Then, a detailed mechanical and 
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microstructural characterization was carried out using opti-
cal microscopy, X-ray diffraction (XRD), high-resolution 
X-ray microtomography, Energy Dispersive Spectroscopy 
(EDS), optical profilometry, Scanning Electron Microscopy 
(SEM), mechanical testing to investigate porosities, elon-
gated submicron-wide solidification cracks, microstructure, 
grain structure, and mechanical properties.

2  Materials and Methods

2.1  Materials

Gas-atomized Al7075 powder (Carpenter Additive, U.K.) 
with a nearly spherical morphology (Fig. 2a–c) was used to 
fabricate the bulk specimens by the LPBF process. The pow-
der size distribution was studied by the laser diffraction par-
ticle size analyzer (Mastersizer 2000, Malvern Instruments). 
The measured powder size distribution is shown in Fig. 3. 
The measured Al7075 powder values of D10, D50, and D90 
are 26.56 µm, 41.37 µm, and 64.60 µm, respectively. Table 1 
represents the chemical composition of the Al7075 powder.

2.2  Preparation of Al7075‑TiC Metal Matrix 
Composite

For the preparation of Al7075 metal matrix composites 
bulk specimens, 4 wt% nano-TiC powder (99.9% purity, 
 D50 = 80 nm, density = 4.93 g/cm3) was mechanically mixed 
for 4 h at a speed of 200 RPM [42] with the Al7075 matrix 
 (D10 = 26.56 µm,  D50 = 41.37 µm,  D90 = 64.60 µm). To avoid 
plastic deformation and maintain the roundness of aluminum 
powders, balls were not used in the mechanical mixing pro-
cess. After the mechanical mixing process, the nano TiC 
particles are evenly spread over the Al7075 alloy powders as 
shown in Fig. 2e, f. Figure 2g–i shows the reinforced powder 
particle's Energy Dispersive Spectroscopy (EDS) map and 
the element distribution maps (Fig. 2h—Al and Fig. 2i—Ti).

2.3  Samples Fabrication

Al7075 bulk samples were fabricated using the commer-
cial LPBF machine (GE Additive Concept Laser Mlab R) 
equipped with a continuous-wave Yb fiber 100 W laser with 
a focused beam diameter of 50 μm. Firstly, a preliminary 
study (without remelting, without base plate heating, and 
without adding nano-reinforcement) was conducted to find 
the optimum process parameters which result in the maxi-
mum possible density for Al7075 samples. The optimum 
process parameters which result in the maximum density 
(88.24%) are listed in Table 2. Further, improvement in the 
density is not possible with the current commercial LPBF 
setup due to the constraints of the maximum laser power and 

the minimum laser scanning speed. Therefore, to improve 
the density and decrease the defects (porosity and cracks), 
solidification conditions (temperature gradient, solidification 
rate, and nucleation density) were modified by applying a 
combination of ramped-down high-speed remelting, high-
temperature base plate heating, and the nano-reinforcement 
mixing (4 wt% TiC reinforcement addition).

A temperature control base plate heating setup was 
designed as shown in Fig. 4. The heating setup was inte-
grated with the commercial LPBF machine (Concept Laser 
Mlab R). The heating setup consists of a base plate heat-
ing module, a voltage regulator, and a Proportional Integral 
Derivative (PID) controller. The base plate heating module 
consists of a copper block in which two cartridge heaters 
were fitted. The aluminum build plate is held over the top 
surface of the copper block. Thermo-couples are fitted to 
the aluminum base plate to monitor and control a constant 
heating temperature via a PID controller. A total of 12 cuboi-
dal samples with varying process parameters (Tables 2 and 
3) were fabricated to investigate the influence of remelting, 
base plate heating, and nano-reinforcement on the defects 
and the microstructure. The constant process parameters 
used for the fabrication of the samples are listed in Table 2, 
and the varying process parameters are listed in Table 3.

2.4  Characterization

The fabricated bulk specimens were cross-sectioned along 
the build direction with a wire-electric discharge machine 
for defects and microstructural analysis. Then standard met-
allographic grinding and polishing were carried out. The 
optical microscopy of the polished samples was carried out 
to quantify the defects (porosity and cracks) and to meas-
ure the relative density of the parts. After that, the polished 
samples were etched using Keller's etchant to visualize the 
microstructure and the melt pool boundaries. Field-Emis-
sion Scanning Electron Microscopy (Mira3 FESEM, Tes-
can) with the Energy Dispersive Spectroscopy (EDX) setup 
was used to visualize the microstructure and the elemental 
composition. The phases in the powder particles and the 
fabricated bulk samples were characterized using an X-ray 
diffractometer (MiniFlex 600, Rigaku). The 2θ angle for the 
X-ray diffraction varied from 30° to 100° with a time step of 
0.02°. X-ray micro-tomography (Xradia Versa 520, Zeiss) 
of the fabricated bulk specimens was carried out to exam-
ine the 3D distribution of cracks and porosity. The X-ray 
source power, voltage, step rotation angle, and voxel size 
were 8 W, 150 kV, 0.45°, and 2.12 μm, respectively. The 
reconstructed images were segmented with the help of the 
Weka 3D segmentation tool in open-source ImageJ software. 
ImageJ and open-source 3D slicer software were utilized for 
pore measurement and 3D volume rendering. Room temper-
ature Vickers hardness measurements of the fabricated bulk 



2362 Metals and Materials International (2023) 29:2358–2373

1 3

specimens were performed using a micro-hardness tester 
(Micro-indentation Tester, CSM International) at a load of 
50 gf and a dwell time of 10 s. For each specimen, five read-
ings were taken. Room temperature tensile tests were con-
ducted on a universal testing machine (Instron-1195) with a 
1 mm/min crosshead speed. The surface morphology of the 

top surface of the bulk specimen was quantified with the 3D 
optical profilometer (Nano Map-D). The surface roughness 
analysis was carried out using the MountainsLab® software. 
The electron backscatter diffraction (EBSD) scans were per-
formed at a 20 kV accelerating voltage and a 0.75 µm step 
size.

Fig. 2  Scanning electron micrographs of powder particles a Al7075 
powder, b magnified image of single Al7075 powder particle, c mag-
nified image of region R' in b, d TiC powder, e magnified image of a 
reinforced Al7075 powder particle (Al7075 + 4 wt% TiC), f magni-

fied image of region R" in e. Energy dispersive spectroscopy (EDS) 
color maps: g Al7075 + 4 wt% TiC, h elemental map of Al, and i ele-
mental map of Ti
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3  Results and Discussions

3.1  Melt Pool Shape and Defects Behavior: Optical 
Microscopy Results

Figure 5 shows the optical micrographs in the upper region 
of the etched Al7075 samples (S1, S2, S3, S7, S8, and S9). 
The single melting sample (S1) shows a rough and wavy 
surface topography, which can hinder the uniform spreading 
of the subsequent powder layers and eventually lead to the 
formation of large irregular-shaped porosities. The rough 
surface topography for a single melting sample is because 
of the balling defects due to insufficient applied laser energy 
density. The surface waviness is substantially reduced for 
the ramped-down remelting cases (S2 and S3, Fig. 5b, c). 
The ramped-down high-speed remelting melts and smoothen 
the balling defects, which arise after the 1st melting. This 
results in a smooth spreading of the subsequent powder lay-
ers. The single melting case (S7, Fig. 5d) with base plate 
heating of 573 K also has wavy surface topography, but 
the extent is less than the room temperature single melt-
ing sample (S1, Fig. 5a). This is because base plate heating 
provides additional input energy to melt the powder, result-
ing in a low-balling defect. The ramped remelting with base 
plate heating (S8 and S9, Fig. 5e, f) also reduces the surface 
roughness. The melt pool boundaries for the single melting 
and the high-speed ramped-down remelting can be observed 

in Fig. 5. The base plate heating results in a bigger melt pool 
(Fig. 5d–f) than the sample fabricated without the base plate 
heating (Fig. 5a–c).

Figure 6 shows the optical micro-graphs along the build 
direction for all the process parameters and fabrication con-
ditions (single melting, ramped-down high-speed remelt-
ing, high-temperature base plate heating, and TiC nano-
reinforcement addition in feedstock Al7075 powder). The 
sample density for each case is mentioned in the box at the 
bottom-right corner.

We used a commercial LPBF (GE Concept Laser Mlab 
R) machine with a maximum laser power of 100 W. In 
the current study, cubical samples with dimensions of 
10 mm × 10 mm × 10 mm were fabricated with scan speeds 
ranging from 100  mm/s to 500  mm/s, while the other 
parameters remained constant (i.e., laser power, P = 95 W, 
hatch spacing = 56 µm, layer thickness = 40 µm, scanning 
pattern = Island). Because Al7075 has a high reflectivity 
(45.2% at wavelength 1064 nm) [40] and thermal conduc-
tivity (130 W/m·K) [23], the selected laser power of 95 W 
is insufficient to melt the powder layer properly even at low 
scan speed. We chose 200 mm/s as the least damaged param-
eter because any further reduction in scanning speed cause 
extensive balling and spattering issues. As a result, with the 
current commercial 100 W LPBF setup, improvement in 

Fig. 3  Powder size distribution of Al7075 powder obtained by laser 
diffraction particle size analyzer

Table 1  The chemical 
composition of the Al7075 alloy 
powder

Element Cu Cr Mg Zn Fe Mn Si Ti Others Al

wt% 1.6 0.2 2.4 5.4 0.13 0.1 0.1 0.1 0.1 89.96

Table 2  Optimized single melting process parameters for the LPBF fabricated cuboidal samples of Al7075 alloy

Process parameters Laser power Laser beam diameter Scanning speed  (1st melting) Layer thickness Hatch spacing Scanning strategy

Values 95 W 50 μm 200 mm/s 40 μm 56 μm Island

Fig. 4  Schematic of the high-temperature base plate heating setup
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density for the single melting case is not possible. There-
fore, to improve the density and reduce defects (porosity and 
cracks), the solidification conditions (temperature gradient, 
solidification rate, and nucleation density) were modified 
using ramped-down high-speed remelting, high-temperature 
base plate heating, and by adding TiC nano-reinforcement. 
The high-speed ramped-down remelting (S2, Fig. 6b, and 
S3, Fig. 6c) eliminates the porosity due to the lack of fusion, 
and only micro-porosity remains. However, the number of 
micron-scale wide solidification cracks increases. High-
temperature base plate heating of 473 K and 573 K results 
in a slight increase of density to 89.60% and 93.56%, respec-
tively, for single melting cases (S4, Fig. 6d, and S7, Fig. 6g). 
The cases (S9, Fig. 6i) in which high-temperature base plate 
heating is applied along with the high-speed ramped down 
remelting result in a substantial reduction in the porosity and 
density increase to 96.09%. The number of cracks decreases 
but the size of the cracks increases. Figure 6j-l shows that 
adding 4 wt% TiC nano-reinforcement to the Al7075 matrix 
eliminates the cracking for cases S10, S11, and S12. The 
single melting case (S10, Fig. 6j) still has some large irreg-
ular-shaped porosity. These large porosities completely 
disappear with the ramped-down remelting (S11, Fig. 6k, 
and S12, Fig. 6l). The maximum density of 99.71% with-
out any solidification cracks is achieved for S12 (P = 95 W, 
v1st = 200 mm/s, v2nd = 1600 mm/s).

3.2  3D Defect Behavior: X‑ray Tomography Results

Figure 7 shows the reconstructed 3D volume-rendered 
micro-tomography results for samples S1 and S12. The 
imaging is done for LPBF-fabricated cylindrical sam-
ples of 2 mm in height and 2 mm in diameter. The fab-
ricated sample with single melting at room temperature 

(S1, Fig. 7a) shows large quantities of defects (cracks and 
irregularly shaped porosities). In contrast, as shown in 
S12, Fig. 7b, there is a substantial reduction in the defects 
(cracks and porosity) when the ramped remelting tech-
nique with the nano-reinforcement addition is used to fab-
ricate the Al7075 samples.

3.3  Surface Topography and Surface Roughness 
Analysis

The irregularities over the fabricated sample surfaces were 
assessed using 3D surface topography measurements with 
the help of a 3D optical profilometer. Figures 8a–c show 
the topography images for S1, S2, and S3. The surface 
roughness parameters Sa (arithmetic mean value) and Sq 
(root mean square value) are also mentioned in the figure. 
The surfaces were made up of a sequence of peaks and pits 
that corresponded to the laser direction. In each sample, 
the magnitude of the abnormalities varied. This was due to 
the material’s flow inside a melt pool, solidification during 
sample fabrication, and the layer placement orientation, 
indicating the anisotropy of LPBF fabricated samples. It 
is essential to note that remelting produces smooth surface 
characteristics. The abnormalitie’s height decreased with 
remelting, as seen by the decline for S1 to S3 in Sq from 
23 to 16.5 µm and Sa from 17.5 to 12.4 µm.

The linear roughness values were also measured using 
a contact-type mechanical profilometer. The results are 
listed in Table 4. As observed from surface profilom-
etry, remelted LPBF samples have a better finish than 
the single melted S1 LPBF sample. The S2 sample has a 
30.5% higher surface quality, whereas the S3 sample has 
a 52.88% higher surface quality than the S1.

Table 3  Process parameters for 
the LPBF fabricated cuboidal 
samples (Sample 1 to sample 
12)

Sample ID Scanning speed (First 
melting) (mm/s)

Scanning speed (Re-
melting) (mm/s)

Base plate heating 
temperature (°C)

TiC nano-
reinforcement 
(wt%)

S1 200 – – –
S2 200 800 – –
S3 200s 1600 – –
S4 200 – 200 –
S5 200 800 200 –
S6 200 1600 200 –
S7 200 – 300 –
S8 200 800 300 –
S9 200 1600s 300 –
S10 200 – – 4
S11 200 800 – 4
S12 200 1600 – 4
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Fig. 5  Optical micrograph of a 
vertical cross-section along the 
build direction with a graphical 
representation of cases a S1, b 
S2, c S3, d S7, e S8, and f S9 



2366 Metals and Materials International (2023) 29:2358–2373

1 3

3.4  Microstructure and Grain Structure Analysis

Figure 9 shows the optical and scanning electron micro-
graphs for the different processing conditions (S1: Fig. 9a–d, 
S3: Fig. 9e–h, S9: Fig. 9i–l, and S12: Fig. 9m–p). The typical 
layer-wise structure with melt pool boundaries and solidi-
fication cracks along the build direction can be seen from 
the optical micro-graphs for cases S1 (Fig. 9a), S3 (Fig. 9e), 
and S9 (Fig. 9i). As observed before, the base plate heating 

increases the size of the melt pool (S9, Fig. 9i) due to the 
additional heat input. The scanning strategy was turned 90° 
after each layer, as seen in the SEM picture. As a result, even 
layers have a cross-section of a single scan track (parallel 
to the laser scan), whereas odd layers have various half-
cylindrical melt pools (cross-sections normal to the laser 
scan). Additionally, the overlap between the adjacent and the 
following layers can be seen. In these micro-graphs, cracks 
are also visible for cases S1, S3, and S9. The microstructure 

Fig. 6  Optical micrograph of a vertical cross-section of fabricated samples with process parameters shown in Table 3 a S1, b S2, c S3, d S4, e 
S5, f S6, g S7, h S8, i S9, j S10, k S11, l S12 

Fig. 7  3D Volume rendered 
tomography images showing 
defects for samples a S1 and 
b S12. (Sample dimension: 
Diameter: 2 mm, height: 2 mm, 
resolution: 2.12 µm/pixel)
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generated by LPBF results in a very fine cellular-dendritic 
grain microstructure because of the high cooling rates. When 
examining the microstructure with LPBF at greater mag-
nifications (Fig. 9b–d), a very fine microstructure can be 
seen. As shown in Fig. 9e–f, remelting scan partially melts 
the columnar dendritic grains of the first tracks. Thus, the 
orientation of the new grains is changed, which eventu-
ally leads to a change in the crack orientations. This phe-
nomenon reduces the crack length and thus produces mul-
tiple small-sized cracks. A similar trend is also followed 

Fig. 8  Surface topography results obtained from 3D Optical Profilometry for different samples a S1, b S2, and c S3 

Table 4  Contact-type mechanical profilometry results for S1, S2, and 
S3 

Sample Ra (µm) Rq (µm)

S1 21.03 ± 0.63 25.34 ± 0.74
S2 14.61 ± 0.12 17.62 ± 0.31
S3 9.91 ± 0.21 12.51 ± 0.42
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in the remelted base plate heating case (Fig. 9 i–j). Here, 
the cracks are reduced in number due to large grains but 
increase lengthwise. The reduction in temperature gradient 
because of the base plate heating helps remove the crack 
generation phenomena. However, some cracks are presented, 
shown in the FESEM image (Fig. 9j). When looking closer 
at the melt pool’s boundary (i.e., R2 in Fig. 9c–d), certain 
small pores may be seen that are more frequent than those 
seen inside the melt pool. Solidification shrinkage is the rea-
son for that. However, most of them have a very spherical 

form, which indicates that vapor phases like Zn or Mg gen-
erate them. Two separate apparent phases, dark and light 
phases, can be seen in Fig. 9k micro-graphs. As shown in 
Fig. 9m–p, because of the relatively uniform distribution and 
the concentration of nano TiC, enough TiC incorporated into 
Al7075 alloys is expected to be rather substantial, potentially 
improving the growth limitation impact of nanoparticles. 
Some nano TiC reinforcement and other alloying elements 
are pushed toward solidification due to continual solidifica-
tion. Nano TiC reinforcement is very effective at pushing 

Fig. 9  Optical microscopy and FESEM micrographs of LPBF fabricated samples a–d S1, e–h S3, i–l S9, and m–p S12 
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the grain boundary to physically restrain grain growth and 
provide a significant growth limitation factor. These results 
significantly improve the microstructure of nano-reinforced 
Al7075, as illustrated in Fig. 9n–p, where aluminium den-
drites are refined to fine equiaxed grains. As a result of the 
outstanding refinement of its microstructure, the mechanical 
characteristics of nano-reinforced Al7075 with dense micro-
structure are proportionally enhanced.

In Fig. 10, the first row shows the EBSD inverse pole 
figures, and the second row shows the angular grain bound-
ary combination at different angle ranges for samples S1, 
S3, S9, and S12. The third row shows the combined graphs 
of number fraction vs. disorientation angle and area frac-
tion vs. grain size variations for different cases. The grain 
size of the Al7075 was assessed using an EBSD color 
map, and the grain size variation as a function of remelt-
ing, base plate heating, and 4 wt% TiC nano reinforce-
ment is shown in Fig. 10 and computed average grain sizes 
of 59.30 ± 28.37 µm, 57.8 ± 28.15 µm, 118.95 ± 66.63 µm, 
and 1.88 ± 0.58 µm in Fig. 10i–l respectively. In the LPBF 

fabricated Al7075 alloys, remelting techniques had little 
effect on the microstructure. Base plate heating increases 
the grain size due to low thermal gradient, but reinforce-
ment with 4 wt% nano TiC considerably refined the Al7075 
grains. The S1, S3, and S9 samples are characterized by mas-
sive columnar grains that formed epitaxially along the build 
direction (B.D. [001]) shown by the IPF color, terminat-
ing at lengths of hundreds of micron meters, as shown in 
Fig. 10e–g. In addition, crystallographic features in terms of 
grain boundary orientation angles, such as low-angle grain 
boundaries (LAGBs, 0–15°) and high-angle grain bounda-
ries (HAGBs, > 15°), can be utilized to investigate material 
behavior. The red, green, and blue color grain boundaries in 
Fig. 10e–h shows an angle of 0–5°, 5–15°, and greater than 
15°. From Fig. 10i–l, it was clear that the S1 had only 6.1% 
HAGBs, whereas S3 produces 41.9% HAGBs due to the 
fragmentation of solidified grains and differences in first and 
remelted scan grain orientations. Base plate heating sample 
S9 produces 0.8% HAGBs only due to grain size increase 
due to a lower temperature gradient. The S12 had more 

Fig. 10  EBSD map, grain boundaries, and grain size and misorientation map. S1 (a, e, i), S3 (b, f, j), S9 (c, g, k), S12 (d, h, l)
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HAGBs (52%). The insertion of TiC nano-reinforcement 
into an Al7075 matrix reduces the development of grains. 
One of the most significant advantages of the grain refining 
process for enhancing mechanical properties is the presence 
of a strain field with more dislocations.

3.5  Cracking Formation Mechanisms in Al7075 
Alloy

According to the findings shown in Fig. 9, Cracking began 
and spread parallel to the build direction along the columnar 
grain boundaries in the Al7075 alloy. This indicates that 
during LPBF processing, the intergranular zones were vul-
nerable to cracking. Cracking is formed by two main mecha-
nisms: 1) solidification cracking and 2) liquation cracking, 
according to earlier research on the standard welding pro-
cesses [21]. The solidification cracking happens in the fusion 
zone of a melt pool as a result of thermal stresses as shown 
in Fig. 1d. While the liquation cracking frequently develops 
outside the MP in the heat-affected zone as a result of low 
melting point phases, inclusions, and microstructure along 
grain boundaries (such as eutectic components) melting, 
which is easily create a route for the cracking as shown in 
Fig. 1c.

In single layer track study of Remelted S2 case (v1st melt: 
200 mm/s, v2nd melt: 800 mm/s) as shown in Fig. 11, the 
crack is initiated and propagated within the melt pool in the 
build direction, thus demonstrating the Solidification crack-
ing phenomenon in the single melting study.

According to optical microscopy and FESEM find-
ings shown in Fig. 9, the majority of the cracks originated 
within the melt pools and crossed multiple layers, which is 
a characteristic of hot-tearing cracks (Solidification cracks) 
[43]. Additionally, because liquation cracking is linked to 

microstructural melting, the higher the energy input, the 
more likely it is that liquation cracking will take place [44]. 
However, in the current SLM-fabricated alloys, the crack 
fraction has decreased with an increase in base plate heat-
ing (Fig. 9 i) which led to high energy input in the process, 
thus, liquation is not the dominant mechanism of cracking.

3.6  Phase Analysis and Mechanical Testing Results

The phase analysis of the different samples was done using 
X-ray diffraction (XRD). Figure 12a shows the XRD results 
for 2θ angles ranging from 30° to 100°. The (111) at 38.45°, 
(200) at 44.70°, (220) at 66.08°, (211) at 78.18°, and (222) at 
82.41° are the major crystallographic orientations for Al and 
(111) at 36.40°, (200) at 41.68°, (220) at 61.18° and (311) 
at 72.86° are the orientations for the FCC TiC. On the other 
hand, several less strong peaks are detected, which represent 
 MgZn2 (circle) and  Al2CuMg (triangle). Different intensities 
are found for the crystallographic orientations of Al in the 
LPBF sample. For pure Al7075, the crystallographic orien-
tation (200) is dominant, and (220) has a greater intensity 
than the other alloys. As per the comparison of all peaks, 
it is concluded that no intermetallic phase was created in 
the LPBF of TiC-reinforced Samples. The XRD graphs for 
the samples are nearly identical, implying that the remelting 
and base plate heating had no deleterious influence on the 
crystalline nature.

Micro-hardness measurements were taken for the deter-
mination of mechanical characteristics of the Al7075 gener-
ated via LPBF, shown in Fig. 12b. Table 5 shows the hard-
ness of Al7075 following various processing parameters. 
The hardness drop is visible, mostly due to grain coarsen-
ing and the relief of residual stresses in the LPBF printed 
samples as an increase in base plate heating temperature. 
The slight increase in hardness is also shown in remelted 
samples. That is because of the grain refinement due to the 
remelting of columnar grains. The hardness of cold-rolled 
and homogenized Al7075 is 135 HV, nearly the same as that 
of 122.49 ± 7.43 for S1. However, the traditionally manufac-
tured heat-treated Al7075  -T6 has a much greater hardness 
value of 175 HV. The hardness value is increased for the 
S10 sample to 157.62 ± 5.61 HV because of the significant 
grain refinements due to the addition of nano-reinforce-
ments. In the S12 sample case, hardness is increased further 
to 181.72 ± 23.52 HV.

Figure 12c shows the tensile test results, which were carried 
out on LPBF printed samples (S1, S2, and S12). According to 
grain boundary strengthening, the tensile strength of Al7075 is 
affected by grain size. The S12 sample has a fine structure, thus 
having a high tensile strength. The ultimate tensile strength and 
elongation for the S1, S2, and S12 are 58.26 MPa, 115.47 MPa, 
214.75 MPa, 1.83%, 2.93%, and 8.12%, respectively. In the 
case of S12, a higher level of tensile strength is achieved due 

Fig. 11  Solidification crack in optical microscopy of a single layer of 
S2 parameter on Al7075 substrate plate
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to fine equiaxed grains. Even though, we eliminated cracks 
and reduced porosity in optimized sample S12  (first scan 
speed = 200 mm/s, remelting speed = 1600 mm/s, and 4 wt% 
TiC nano reinforcement). The presence of porosity in the S12 
(optimized condition) sample can be seen in the 3D recon-
structed X-ray tomography result (Fig. 7b). The presence of 
pores causes the initiation of failure of the fabricated sample, 
resulting in a decrease in mechanical strength. Hot Isostatic 
Pressing and heat treatment helps to improve the mechanical 
qualities of parts made by additive manufacturing, it was not 
used in this work to maintain the similarity between MMCs 
and Al7075 samples made in different processing conditions.

4  Conclusions

In this work, ramped-down high-speed remelting, high-
temperature base plate heating, and the TiC nano-rein-
forcement addition have been utilized to control the crack-
ing behavior, porosity formation, and build surface quality. 
The following conclusions are drawn from this study:

• The LPBF process parameter optimization (88.24% 
density), application of ramped-down high-speed 
remelting (95.13% density), and base plate heating 
condition (96.03% density) are not sufficient to obtain 

Fig. 12  a XRD plot, b Microhardness results, and c Tensile testing results for various processing conditions (Table 3)

Table 5  The comparison of the hardness test results of different samples

Sample S1 S3 S4 S6 S7 S9 S10 S12

HV 122.49 ± 7.43 123.57 ± 11.5 120.72 ± 13.09 121.44 ± 22.75 98.97 ± 9.71 103.28 ± 10.02 157.62 ± 5.61 181.72 ± 23.52
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crack-free samples. However, adding 4 wt% TiC nano 
reinforcement in the Al7075 matrix fabricates crack-
free samples (99.71% density).

• The ramped-down remelting approach significantly 
reduces the lack of fusion porosity, eliminates unmelted 
powder particles, and eventually improves the fabricated 
part surface finish. The top surface roughness measure-
ment suggests that the S2 (P = 95 W, v1st = 200 mm/s, 
v2nd = 800 mm/s) improves by 30.5% surface quality, 
S3 (P = 95  W, v1st = 200  mm/s, v2nd = 1600  mm/s) 
improves to 52.88% average surface quality compared 
to the S1 (P = 95 W, v1st = 200 mm/s) sample surface 
quality.

• In the LPBF of Al7075 alloy, the cracks originated within 
the melt pools and crossed multiple layers, which sug-
gests the solidification cracking dominance over liquation 
cracking.

• The single melting based LPBF samples have large 
columnar dendritic grains with cracks in the build direc-
tion. The usage of substrate plate heating produced big-
ger grains with a smaller number of cracks. The ramped-
down remelting remelts the solidified layer columnar 
grains and generated new grains in different orienta-
tions, resulting in grain fragmentation and reduced crack 
length. The 4 wt% TiC nano reinforcement and remelting 
achieved defect-free fine equiaxed grain structure (aver-
age grain size: 1.88 µm).

• TiC nano reinforcements act as effective heterogeneous 
nucleation sites and produce small equiaxed grain micro-
structure, resulting in the improvement of mechanical 
properties of Al7075 (Tensile strength of 214.75 MPa, 
elongation of 8.12%, and hardness of 181.72 ± 23.52 
HV), in addition to the growth restriction factor by pin-
ning behavior on grain boundaries.
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