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High-performance engineering alloys, such as 7000 series aluminum alloys,
suffer poor printability in laser powder bed fusion (LPBF) additive manufacturing.
An enormous challenge lies in the suppression of solidification cracks caused by
solidification shrinkage and thermal stresses. Porosity formation, as one of the
main concerns for LPBF application, should also be avoided at the same time.
In this study, aluminum alloy (AA) 7075 with and without Zr modification was
additively manufactured by LPBF. Processing parameters of laser power and
scanning speed, resulting in various volumetric energy density (VED), were
experimentally determined to produce crack-free components with tailored
microstructure. Optical microscopy was used to reveal how the crack density and
porosity vary with VED. Scanning electron microscopy and transmission electron
microscopy uncovered the detailed microstructure in the molten pool and the
evolution of the elemental Zr addition. The results indicate that 1 w.t.% addition
of elemental Zr in AA7075 led to lower crack density compared with 0.3 w.t.%
addition. In 1 w.t.% Zr-modified AA7075, crack-free components were obtained
under high VED. Fine equiaxed grains, instead of large columnar grains, were
formed at the bottom of the molten pool boundary due to the existence of Al3Zr
compound, which favored the nucleation of aluminum grains and elimination
of cracks. The phenomenon of silicon segregation near cracks remained in Zr
modified alloys, although its effects on cracking were suppressed. Spherical
pores in the Zr-modified AA7075 increased due to the deterioration of fluidity
by unmelted particles, which distracted the Marangoni flow as well. Sufficient
laser energy input can increase the viscosity and ease the pores escaping. By
optimizing parameters, crack-free AA7075 parts with low porosity can be
manufactured through LPBF with Zr addition.
Keywords: Laser powder bed fusion; 7075 aluminum alloys; Zr modification; Crack
elimination; Porosity
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1. Introduction

escape as well. Laser re-melting between layers promotes
existing pores in the previous layer to coalesce and grow at
the expense of others. They also found that the subsequent
laser re-melting caused by the next cycles helps to disperse
large pores into smaller ones, rather than eliminating them
due to the relationship of gas solubility and temperature.
However, the whole re-melting of laser tracks helps to
degas the melt track because it allows the entrapped gas
at the bottom of the molten pool to float up and escape[16].

Laser powder bed fusion (LPBF), as an important laserbased additive manufacturing (AM) technique for metal
components, is considered one of the most innovative
technologies in Industry 4.0[1-4]. It provides an opportunity
to manufacture components with complex geometries in
the aerospace, automotive, and medical industries[5,6]. LPBF
enables successive layer assembly with a laser beam as the
heat source. The localized heat input in micron length
and time scale induces rapid melting and consolidation
through the formation of a molten metal pool[7,8]. The
numerous thermal cycles during processing thereby lead
to unique microstructural features, which are in favor
of high mechanical strength. However, there are several
concerns for the widespread application of the LPBF
technique, among which defects are important obstacles.
Porosity and cracks, as the most common defects, have
been investigated for decades to reveal the mechanisms of
defect formation and migration methodology[9,10].

Cracking is another typical defect in LPBFmanufactured parts[17,18]. Solidification cracking is the most
common in LPBF and is mainly related to the materials
compositions[19,20] although elaborate control of processing
may only work to some extent[21]. It occurs in the mushy
zone of an alloy at the final stage of solidification. At
this stage, the liquid films between adjacent dendrites
can be easily torn due to the solidification shrinkage and
thermal stresses upon cooling. In addition, adjacent arms
coalesce and form a solid skeleton, resulting in poor liquid
feeding[22]. Cavity forms in the weak intergranular regions
and propagate through interdendritic colonies and even
layers. Therefore, most conventional alloys cannot be
readily additively manufactured. Appropriate alloys must
be carefully selected or modified so as to increase the
printability of LPBF. High-strength 7xxx series aluminum
alloys (AA) are typical types that are unfriendly to the
LPBF process due to their high laser reflectivity, easy
reactivity with oxygen, and especially, crack sensitivity[23,24].
Crack elimination is of the first priority for the qualified
performance of the LPBF-manufactured high strength AA
parts. Recently, a growing number of researchers began
focusing on this topic[25-29]. Otani et al.[30] found that silicon
additions into AA7075 help to yield better process ability
by suppressing the voids and cracking. However, high
silicon content would induce a tradeoff between strength
and ductility and must be carefully adjusted. Modification
with transition elements, such as Sc and/or Zr, has shed
new light on achieving crack-free aluminum components
by LPBF. These elements offer the possibilities for a strong
grain refinement due to the precipitation of coherent L12
structured Al3Sc, Al3Zr, and Al3(Sc,Zr) and have proven
to be effective in crack reduction through equiaxed
microstructure in recent works[31]. Pre-alloyed Sc- and
Zr- modified AA were found to enable high proportion of
fine equiaxed grains and therefore lead to high mechanical
strength[32-34]. However, the application of Sc has been
limited due to the inherent corrosion sensitivity and laser
incompatibility issues[35]. Zr, a less expensive alternative,
has therefore found more applications in the refinement
of grains in both traditional and LPBF processing. Er has
attracted a growing interest as a modification element for
the high-strength AA manufactured through LPBF[36].

Porosity formation in LPBF largely depends on the
thermal history of the molten pool[11,12]. Lack of fusion
defects are easily formed if the thermal input is too low to
fuse the powder to the substrate or the underlying layer.
Conversely, if the thermal input is too high, the molten
metal evaporates vigorously, and the intense vapor recoil
pressure will suppress the melt surface, creating large
keyhole-induced porosity at the bottom of the molten
pool. Even when the thermal input is intermediate, there
are possibilities for the formation of metallurgical pores,
originated from entrapped gases, such as shielding gas,
vapor, hydrogen, and gases entrapped during powder
atomization process. These are usually small spherical
pores that are driven by Marangoni flow and fail to escape
from the molten pools. Migration of porosity relies on
optimizing the processing parameters. Tang et al.[13]
proposed a prediction model for lack of fusion porosity with
the fundamental parameters, including melt-pool crosssectional dimensions, hatch spacing and layer thickness,
and investigated their influence on the defect. Plessis et
al.[14] elaborated how different processing parameters
result in different pores formation mechanisms. The threedimensional morphologies of lack of fusion porosity,
metallurgical pore, and keyhole mode pore have been
revealed as irregular, near-spherical, and rounded, but not
spherical. Leung et al.[15] uncovered mechanisms of pore
migration by Marangoni-driven flow, pore dissolution, and
dispersion by laser re-melting through in situ and operando
high-speed synchrotron X-ray imaging. Marangoni-driven
flow causes the melt with a high surface tension to fold
over the surface of the melting track and entrain an argon
bubble, and allows the pores inside the molten pool to
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However, crack density decreased at the expense of
relative density as porosity became an issue with additives.
Therefore, crack-free and pore-free fabrication of AA7075
is a very difficult task. Many researchers have placed
their focus on either porosity or cracking. Therefore, it
is imperative to devise a method to fabricate crack-free
samples with low porosity.

diameter of 12 mm and 30% having a diameter of 5 mm,
were employed in a corundum jar. Figure 1 displays the
morphology of the AA7075, elemental Zr, and blended
powders. Figure 1E-H show the close-up view of the
respective powders, indicating that the ball milling process
maintains the original surface morphology and shape of
the AA7075 powders. The green arrows in Figure 1C and D
mark the irregular Zr particles. As expected, more irregular
particles can be found in powders with 1 w.t.% additives.
In Figure 1I, the bright white areas indicated by the green
arrows in the back-scattered electron image refer to Zr. As
seen, Zr particles with size around 1 μm adhered to the
aluminum powders. Moreover, elemental particles with
size larger than 20 μm were rarely found as the original
particles had cracks and could be milled into smaller ones.

The present study aims to find the process window
for the production of crack-free components of the Zr
modified high-strength AA7075 alloy with low porosity.
It is known that the maximum solid solubility of Zr
in Al is ~ 0.25 w.t.% under equilibrium solidification
conditions[37]. However, LPBF processing involves rapid
heating and cooling cycles under far-from-equilibrium
conditions, which may significantly enhance Zr
solubility. Taking consideration the melting conditions
of elemental powders as well, the concentrations of
0.3 w.t.% and 1 w.t.% Zr were investigated to find out
whether a suitable amount of Zr is able to achieve
sufficient precipitation of Al-Zr intermetallic nucleants.
The relationship between the processing parameters and
defects features was further investigated in the modified
AA7075. The results of this study would contribute to a
better understanding of defect formation in Zr-modified
AA7075 through LPBF.

Parts with a 5 × 5 × 6 mm dimension were fabricated
on a substrate using an SLM 125 HL machine (SLM
Solutions Group AG, Lubeck, Germany), which is
equipped with a fiber laser (1064 nm), with a maximum
laser power of 400 W and a focus diameter of 80 μm. An
argon atmosphere with <0.1% oxygen was provided to
prevent oxidation and interstitial element contaminations
during the manufacturing process. To decrease the
thermal stress, the substrate was preheated to 150°C
before fabrication. Sixty-four samples classified in 16
groups were printed in order to obtain the processing
window. The laser power ranges from 250 to 325 W,
with an interval of 25 W, and the scanning speed ranges
from 1000 to 1300 mm/s, with an interval of 100 mm/s.
Table 2 lists the volumetric energy density (VED) which
can be calculated by Equation 1.

2. Materials and methods
The materials prepared for the LPBF fabrication were
commercial spherical AA7075 powders and irregular
Zr particles (supplied by Beijing Crigoo Materials
Technology Co., Ltd.). The size of the AA7075 powders
ranges between 20 and 63 μm while elemental Zr powders
were sieved to remove particles with a size over 75 μm.
The chemical composition analysis of the as-received
AA7075 and Zr powders was performed using inductively
coupled plasma optical emission spectroscopy (ICP-OES,
NCS Plasma 3000). The chemical compositions of the
as-received AA7075 and Zr powders are listed in Table 1.
They were blended to prepare modified AA7075 alloys
with different contents, 0.3 w.t.% and 1 w.t.%, respectively.
The mixtures were ball milled in an argon atmosphere
for 16 h at a rotation rate of 300 rpm. The ball-to-powder
weight ratio was 1:1. ZrO2 milling balls, consisted of
20% of them having a diameter of 15 mm, 50% having a

VED = P/vht(1)
where P is the laser power (W), v is the scanning speed
(mm/s), h is the hatching space (μm), and t is the layer
thickness (μm). The hatching space and layer thickness in
the present study were 120 μm and 30 μm, respectively.
Figure 2 shows how the 64 parts were fabricated with the
scanning strategy. The planes for further characterization
are also illustrated in the upper right inset.
After fabrication, the samples were removed from
the substrate via wire-cut electrical discharge machining
(EDM). The parts were then cleaned by sonicating in
ethanol and dried with clean compressed dry air. Density

Table 1. Chemical compositions of the AA7075 and Zr powders in w.t. %.
Elements

Si

Fe

Mg

Cr

Zn

Cu

Mn

Ti

Ca

Cr

H

O

Zr

Al

Alloys
AA7075

0.06

0.06

2.53

0.21

5.9

1.57

<0.02

0.005

/

/

/

0.046

/

Bal.

Zr

0.001

0.098

0.001

0.012

/

/

/

/

0.003

0.012

0.002

0.094

Bal.

0.001
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Figure 1. SEM images of (A) as-received AA7075 powders, (B) Zr particles, (C) 0.3 w.t.% Zr-modified AA7075 powders, and (D) 1 w.t.% Zr-modified
AA7075 powders. The green arrows indicate the irregular particles. (Insets E–H) Detailed morphologies of the powders, respectively, (Inset I) backscattered electron image.

Table 2. Volumetric energy density (VED, J/mm3) over
various laser power and scanning speed.
Laser power (W)

250

275

300

325

1000

69

76

83

90

1100

63

69

76

82

1200

58

64

69

75

1300

53

58

64

69

Scanning speed (mm/s)

Figure 2. Fabricated samples on the substrate and the scanning strategies.
The xz and xy planes in the inset are used for observing defects.

measurements were taken based on Archimedes’ principle.
The microstructural blocks were mounted in epoxy resin
and subjected to grinding and polishing. Grinding was done
with 400, 600, 800, and 1000 grit sandpapers. Polishing was
carried out using 2.5 μm and 0.5 μm diamond. To calculate
the crack density and porosity, the mounted samples were
observed with an optical microscope (OM; Olympus
BX53M, Olympus Corporation, Japan). The crack density
and porosity measurement procedures based on these OM
images without etching are formulated as Equations 2 and 3.

i

=
, P (%)
Porosity

(/um)
Crack density , C=

l
n =1 i

A

× 100%

A

× 100%

(3)

Some samples were etched for 8 s with Keller’s reagent
to reveal the microstructure in the molten pool. These
blocks were characterized with an OM and with a scanning
electron microscope (SEM; Quanta 250, FEI Company,

(2)

where li represents the length of a single crack (μm), A
represents the total area of the OM images.
Volume 1 Issue 1 (2022)
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n =1 i

where Ai represents the area of a single pore (μm2). It
should be noted that the crack density and porosity were
calculated based on two-dimensional images, which might
be different from the overall data. However, the results are
believed to be reliable in reflecting the major characteristics.

i

∑

∑
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B

Figure 3. Relative density of the LPBF AA7075 of different chemical compositions under various (A) laser power and (B) scanning speed.

Hillsboro, OR, USA) for detailed microstructure.
Transmission electron microscope (TEM) and scanning
TEM (STEM) were performed at 200 kV using a Tecnai
G2 Spirit TWIN equipped with an energy dispersive X-ray
spectrometer (EDS) to evaluate microstructure evolution,
particularly the distribution of elemental Zr. The TEM
sample was prepared by grinding and polishing a small
piece of the printed block to about 100–120 μm thickness,
and then cutting 3 mm disks using a disk punch. The disks
were ion-beam thinned for microstructural observation.

3. Results and discussion
3.1. Relative density
Relative density, the ratio of the measured density of
LPBF-fabricated parts to the theoretical density of bulk
materials, is a reflection of both cracks and porosity.
Figure 3 shows how the relative densities of alloys with
different compositions vary with VED. Figure 3A and B
display the influence of laser power and scanning speed,
respectively. It can be seen that the density of AA7075 is
sensitive to laser power over the low VED range. Parts
printed using 0.3 w.t.% Zr-modified AA7075 resemble to
their counterparts fabricated with as-received powders.
The relative density of AA7075 with 1 w.t.% Zr addition
has a positive relation with laser power over the full VED
range. On the other hand, the density of AA7075 with low
Zr addition is sensitive to scanning speed over the high
VED range. More Zr addition leads to higher sensitivity
to scanning speed. Different laser power and scanning
speed may lead to the same VED; hence, the relative
densities under the same VED were combined, as shown
in Figure 4. The relative density of the AA7075 grew with
Volume 1 Issue 1 (2022)

Figure 4. Relative density of the LPBF AA7075 of different chemical
compositions under different VED.

the increase of the VED. The phenomenon is similar when
Zr was mixed. It is also interesting to know that when the
VED is as low as 53 J/mm3, the relative densities for the
three alloys were close, which means that Zr additions
show little effect. The relative density of the AA7075 with
1 w.t.% Zr addition turns out to be the highest over that of
the AA7075 and 0.3 w.t.% Zr-modified alloys. 0.3 w.t.% Zr
addition only contributed to a slight increment in relative
density compared with that of the unmodified bulks.
3.2. Crack
Figure 5 shows the representative microstructure along
the building direction of the three printed parts. The 0.3
5
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B

C

Figure 5. Representative microstructure of (A) as-received AA7075, (B) 0.3 w.t.% Zr-modified AA7075, and (C) 1 w.t.% Zr-modified AA7075.

w.t.% Zr-modified alloy exhibits long cracks propagating
through layers, similar to that in the AA7075 alloys,
while low crack density in 1 w.t.% Zr-modified alloy
is achievable with the optimization of parameters. As
described, the 0.3 w.t.% Zr-modified alloys show low
relative density, which is verified by the optical images.
This indicates that 0.3 w.t.% Zr is not sufficient for the
modification. The comparison of the Zr distribution in
Figure 1C and D may account for this phenomenon.
With 1 w.t.% Zr addition, there were more particles
being distributed around the AA powders and melted
in the molten pool. Therefore, the crack density and
porosity of 0.3 w.t.% Zr-modified alloy were not further
characterized in this study.
Cracking is one of the main reasons that results in
voids, particularly in LPBF 7075 alloy bulks. Crack density
on both xz and xy planes was calculated and plotted, as
shown in Figure 6. The crack density on xz plane of
AA7075 ranges in 1.50 ×10−3/μm – 1.71 ×10−3/μm with
minor fluctuation under various VED. With 1 w.t.% Zr
addition, the corresponding crack density decreased to
the range of 3.69 × 10−4/μm – 9.38 × 10−4/μm. The cracks
density leveled off with VED higher than 69 J/mm3. The
crack density on xy plane was much higher than that on the
xz plane. A large reduction in crack density was observed
on the xy plane with Zr addition. A peak emerged at 69 J/
mm3 VED. The crack density decreased to as low as 1.34
× 10−3/μm and 1.03 × 10−3/μm at 82 J/mm3 and 90 J/mm3,
respectively.

Figure 6. Crack density on xz and xy planes of the LPBF AA7075 and 1
w.t.% Zr-modified AA7075 under different VED.

When the VED is above 82 J/mm3, the samples display
low porosity on both planes, confirming that we obtained
crack-free components with low porosity.
3.4. Microstructure
A group of samples with scanning speed of 1100 mm/s
and laser power ranging from 250 W to 325 W were
further characterized to investigate the microstructural
evolution. Their VED values – 63 J/mm3, 69 J/mm3, 76 J/
mm3, and 82 J/mm3 – are shown in Table 2. Figure 8 shows
the representative microstructure of these samples. The
sample with VED at 63 J/mm3 exhibited coarse and long
cracks propagating through numerous layers, as seen
in Figure 8A. When the laser power increased from 250
W to 300 W, cracks propagating within shorter distance
were observed. In Figure 8D, few cracks were observed,
indicating that low crack density can be achieved with
high laser energy input. Figure 8M-P show the detailed
structures inside the molten pool. Large columnar grains

3.3. Porosity
Porosity is another main factor for relative density. Figure 7
shows the calculated porosity based on OM images on
the xz and xy planes. Overall, the Zr-modified AA7075
show higher porosity over the low VED range. When the
VED goes up, the porosity decreases to even lower than
that in AA7075. An obvious negative correlation between
porosity on xy plane and VED was observed. This indicates
that alloys with Zr addition require higher energy input.
Volume 1 Issue 1 (2022)
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Figure 7. Porosity on xz and xy planes of the LPBF AA7075 and 1 w.t.% Zr-modified AA7075 under different VED.
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Figure 8. Representative microstructure of samples with scanning speed 1100 mm/s and laser power (A, E, I, M) 250 W, (B, F, J, N) 275 W, (C, G, K, O)
300 W, and (D, H, L, P) 325 W, respectively.

formed under low VED, as shown in Figure 8M and N.
In the microstructure of samples with VED at 76 J/mm3,
equiaxed grains began to emerge. When the laser energy
input kept increasing, the proportion of equiaxed grains
grew, which is the reason that the cracks are suppressed.

in Figure 9. The white particles marked by green circles
in Figure 9B represent the Zr particles. It is worth noting
that although numerous Zr particles remain unmelted,
there is no evidence that the pores are connected to them.
Undoubtedly, it is Zr addition that induces more spherical
pores. As keyhole pores are asserted to be round but not
spherical in a previous study[14], the emerged pores are
believed to be entrapped gas[38]. The emergence of the pores
can be attributed to deterioration of the melt viscosity,
which prevents the escape of gases. In fact, the molten pool
with low laser energy input is subjected to low viscosity

The blue circles in Figure 8 mark the pores, which are
mainly in spherical shape. The particles marked by green
circles are unmelted Zr particles, which could be mistaken
for the pores in OM images. They can be distinguished
in the SEM images. SEM images were taken on the
samples with and without 1 w.t.% Zr addition, as shown
Volume 1 Issue 1 (2022)
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inherently. The existence of Zr particles exacerbates the
poor fluidity and distract the Marangoni flow, resulting
in more entrapped gas[36]. A similar phenomenon also
occurred in metal matrix composites[39]. When more
thermal energy is absorbed, the Marangoni flow grows
stronger and allows more bubbles to escape[40].
A

B

C

D

Figure 9C and D show how the grains were distributed
in modified samples with VED at 64 and 82 J/mm3,
respectively. Extremely fine equiaxed grains were observed
in the sample with high VED, which is in agreement with
the results shown in Figure 8M and P. To investigate the
underlying mechanisms, a TEM analysis was carried out
on the modified sample fabricated with VED at 82 J/mm3,
as displayed in Figure 10. The particles inside the grains
were analyzed with EDS in STEM mode, revealing the
constituent elements. The particle at spot 1 is made up of
Al, Zr and minor Zn, indicating the existence of the Al3Zr
compound. It is speculated that the elemental Zr melts
and reacts to form the Al3Zr compound, which exhibits
<0.52% lattice mismatch with the primary face-centeredcubic aluminum phase and therefore provides an ideal lowenergy heterogeneous nucleation site[17,41]. Therefore, the
extremely fine equiaxed grains with size ranging from 1 to
4 μm formed, as shown in Figure 10A. Particles at spot 2
containing Al, Zn, Mg, Cu, and Si elements can be identified
to be the secondary phases of the AA7075. It seems that
some fine grains are devoid of the nuclei. They are supposed
to be formed by limited growth. As a result, the dendritic
skeleton forms at the later stage of solidification. Sufficient
liquid feeding is guaranteed and leads to a crack reduction.

Figure 9. SEM images of samples with scanning speed 1100 mm/s and
laser power 325 W. (A, C) AA7075. (B, D) 1 w.t.% Zr-modified AA7075.

Figure 10. TEM images of sample with scanning speed 1100 mm/s and laser power 325 W. The inset was taken in STEM mode, in which EDS results were
measured.
A

B

Figure 11. SEM and EDS line scans of cracks in samples with scanning speed 1100 mm/s and laser power 325 W. (A) AA7075. (B) 1 w.t.% Zr modified
AA7075.
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Data curation: Wenhui Yu, Xuhui Zhang, Yetao Sun

Figure 11 displays the morphology of cracks in
AA7075 samples fabricated at VED 82 J/mm3 without
and with 1 w.t.% Zr addition, respectively. The crack in
Figure 11A is wide and smooth-edged along the building
direction, while the one in Figure 11B is curved, passing
through the intergranular area. The corresponding EDS
line scans display the elemental distribution of silicon
near the cracks. Concentration of silicon detected near the
cracks indicates that this minor element plays a significant
role in increasing the susceptibility to cracking, consistent
with the literature[42]. In Zr-modified parts, silicon would
still segregate to the grain boundaries and may weaken
the crack resistance. However, the distribution of silicon
is more homogenous as fine grains result in more grain
boundaries. Therefore, the effects of silicon on cracks are
suppressed.

Formal analysis: Wenhui Yu, Zhen Xiao, Xuhui Zhang,
Yongling Wu, Hongyu Zheng
Funding acquisition: Wenhui Yu, Zhen Xiao, Hongyu
Zheng
Investigation: Wenhui Yu, Xuhui Zhang, Yetao Sun
Methodology: Wenhui Yu, Zhen Xiao, Xuhui Zhang, Yetao
Sun, Peng Xue, Shuai Tan, Yongling Wu, Hongyu Zheng
Project administration: Wenhui Yu, Zhen Xiao, Peng Xue,
Shuai Tan, Yongling Wu, Hongyu Zheng
Resources: Xuhui Zhang, Yetao Sun
Supervision: Wenhui Yu, Zhen Xiao, Peng Xue, Shuai Tan,
Yongling Wu, Hongyu Zheng
Validation: Wenhui Yu, Zhen Xiao, Yongling Wu, Hongyu
Zheng
Visualization: Wenhui Yu, Xuhui Zhang

4. Conclusion
Crack-free AA7075 printed parts were obtained with
elemental Zr addition. Fine equiaxed grains tend to
form with VED above 76 J/mm3. Crack-free AA7075
components were obtained with VED above 82 J/mm3.
The formation of fine equiaxed grains can be attributed
to the Al3Zr (the nuclei) and the limited grain growth.
The formation of dendritic skeleton accompanied by
sufficient liquid feeding at the later stage results in a crack
reduction. Due to the deterioration of the molten pool,
the viscosity by the unmelted Zr particles and the number
of spherical pores tends to increase. However, with a VED
above 82 J/mm3, the porosity decreased with the ease of
melt fluidity.
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