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Additive technologies for making products by laser melting of powders have been 
rapidly developed recently. However, such technologies impose increased require­
ments on the properties of alloys used for the manufacturing of parts. Laser-melting 
technologies are a promising direction in the development of metal products due to 
several advantages, such as (1) the possibility of manufacturing complex-shaped 
parts with internal cavities and thin partitions; (2) significant material savings due 
to the precise manufacturing of part of a given shape according to a computer 
model that does not require the use of subsequent conventional turning, milling, 
and cutting operations; (3) achieving a higher level of mechanical properties due to 
increased cooling speeds compared to standard technologies by means of the forma­
tion of a more dispersed structure.
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1. Introduction

Additive manufacturing has immense prospects for development in the 
medical, automotive, aerospace, and foundry industries and is currently 
a global manufacturing trend. Selective laser melting (SLM) is one of 
the new methods of additive manufacturing that uses high-power lasers 
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(usually ytterbium fibre lasers) to create three-dimensional physical ob­
jects by fusing metal powders. The essence of selective laser fusion 
technology consists of the layered manufacture of a part, where the heat 
source is laser radiation. Selective laser melting, as one of the additive 
manufacturing technologies, ‘prints’ materials and components directly 
from the computer-aided design file, thereby offering unique advan­
tages of design freedom for complex parts without the need for moulds. 
Since SLM is a layer-by-layer build-up technology, it provides ample op­
portunities to adjust the microstructure, and then mechanical proper­
ties. The development of additive technologies, in particular the tech­
nology of selective laser melting, makes it possible to manufacture met­
al products of complex geometric shapes, the production of which by 
traditional methods is often not viable. SLM is a multi-factor technol­
ogy: the structure and properties of the resulting products depend on a 
large number of initial parameters. Their variation affects the struc­
ture, porosity, and, therefore, the properties of the alloy by setting the 
energy contribution, the volume of molten metal in the manufacturing 
process, etc. It is necessary to understand the regularities of the influ­
ence of a particular parameter on the final result to control the techno­
logical process. Recently, works have been presented in the literature 
investigating the relationship between the parameters of manufacturing 
products by selective laser melting, and the structure and properties of 
the resulting material. Nevertheless, little information has been pub­
lished about the possibility of using the features of the selective laser 
melting process to specify the crystallographic texture and grain size of 
alloys, and even less information about the relationship between the 
preferred anisotropy, microstructure, and mechanical properties of the 
alloy.

The main factors determining the use of lasers are their low diver­
gence (laser show, laser pointer, audio player), the purity and coherence 
of their spectrum (pollution detection, length/velocity measurement, 
interferometry, etc.), or a combination of all factors (communication, 
holography, metrology). As a result, many lasers have been created ca­
pable of producing a wide range of wavelengths, energy, time/spectral 
distribution, and efficiency [1–3]. The continued growth of laser tech­
nologies in the processing of materials is explained by several unique 
advantages of lasers: high productivity, non-contact processing, lower 
processing costs, increased material utilization, suitability for automa­
tion, exclusion of finishing operations, improved product quality, and a 
small area of thermal influence.

From a practical point of view, there are four main categories of 
laser processing of materials: mechanical processing (cutting, drilling, 
etc.) and connection (welding, soldering, and surface treatment (proces­
sing is limited only to the near-surface area) [4–6]



532	 ISSN 1608-1021. Prog. Phys. Met., 2023, Vol. 24, No. 3

M.A. Latypova, S.L. Kuzmin, and A.S. Yerzhanov

One of the latest applications of laser processing is the development 
of small and complex components by integrating a laser with computer-
aided design and computer-controlled positioning stages. This technol­
ogy is based on layer-by-layer processing of the material and repeated 
deposition, known as the additive manufacturing method of arbitrary 
shape.

2. Application of Laser Technology 

The dependence of the methods of laser processing of materials on the 
interaction time and laser power (power density) is shown in Fig. 1 [7]. 
Technological processes can be divided into three main classes: heating 
(without melting/evaporation), melting (without evaporation), and 
evaporation. The interaction time/pulse time and the laser power den­
sity are selected in each case so that the necessary phase transitions 
occur in the processed material depending on the heating degree. There 
are two degrees of power density: low and high. The low specific power 
of the laser makes it possible to carry out processes without melting the 
surface: bending, quenching, and magnetization control. High power 
density, which involves melting, corresponds to such processes as wel­
ding, glassmaking, cutting, surface melting, and surfacing. Drilling, 
cutting, and similar machining processes remove the material in the 
form of steam therefore an extremely high power density distribution 
over a short interaction/pulse time is required.

As shown in Fig. 2, a, the CO2 laser device consists of three main 
parts: an amplification medium or laser, an optical resonator or resona­
tor with two mirrors, and an energy source or pump that supplies en­
ergy to the laser. The chemical appearance in the amplification medium 
determines the wavelength of optical radiation between two mirrors. 
One of the mirrors is fully reflective, and the other is partially reflec­
tive. According to the quantum-mechanical principle, when external 
energy is supplied to the atom, the irradiated atom reaches an excited 
state (Fig. 2, b). This phenomenon is known as spontaneous emission 
(Fig. 2, c). A spontaneously emitted photon can, in turn, excite another 
atom and induce it to emit a photon, transferring it to a lower energy 
level. This process is called stimulated emission of radiation (Fig. 2, c). 
A photon interacting with an unexcited atom can be absorbed by it and 
excite it to a higher energy state. This process called ‘population inver­
sion’ is created by the pumping source. Photons moving along the opti­
cal axis interact with a variety of excited atoms, stimulate them, and 
are thereby amplified. They are reflected from the resonator mirrors 
and pass through the excited medium, creating even more photons. In 
each circular journey, some of these photons exit through a partially 
transmitting mirror in the form of an intense laser beam (Fig. 2, d). 
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Finally, the laser beam is either directed to the work piece using reflec­
tive mirrors or delivered to the desired location via an optical fibre [7].

The advantage of these methods is the production of parts of com­
plex shapes with high precision, fast processing time, no physical tool, 
no processing effort or tool wear, saving material and energy consump­
tion, etc. [8–10]. On the other hand, the main obstacles that limit the 
use of lasers for processing various materials are high initial capital and 

Fig.  2. Schematic illustra­
tion of a continuous laser 
installation: (a) the instru­
ments that make up the la­
ser, (b) the first stage of 
laser operation, (c) excita­
tion of atoms in the medium 
that leads to laser emission, 
(d) formation of the laser 
beam [7]

Fig. 1. Diagram in terms 
of laser power density as 
a function of interaction 
time for different laser 
material treatment pro­
cesses [7]
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maintenance costs, additional components, as well as the need for skilled 
labour, and the impossibility of using the process for heat-sensitive  
materials, for example, such as aluminium laminated structures with 
fibreglass.

However, the features associated with laser radiation impose seve­
ral restrictions on materials suitable for such technologies. Firstly, al­
loys should have a low tendency to form defects under laser exposure 
(crystallization cracks, pores, oxide films); have high corrosion resis­
tance concerning account operating conditions; have stable properties 
under various types of load (static, dynamic).

3. Materials Used in Laser Processing 

Well-established metals used in laser processing are alloys based on 
iron, titanium, and nickel [11] due to their traditional use and ease of 
processing. Iron-based alloys have been studied since 1993 [12] and are 
currently the most commonly used since they are easy to process and 
have a low cost. Nickel-based alloys are the basis for many heat-resis­
tant superalloys, so they are preferred as materials for aerospace en­
gines. Titanium-based alloys are widely used in medicine due to their 
satisfactory biocompatibility [11]. The theoretical density of these ma­
terials is of 4.51 g ⋅ cm−3 for titanium, of 7.83 g ⋅ cm−3 for iron, and of 
9.81 g ⋅ cm−3 for nickel. Light structural metals such as magnesium with 
a density of 1.74 g ⋅ cm−3 and aluminium with a density of 2.7 g ⋅ cm−3 
cannot be successfully processed by laser melting without reducing their 
mechanical properties. Thus, there are intense problems with the use of 
alloys based on these metals [13].

Numerous attempts have been made to process magnesium and mag­
nesium alloys [14] but small progress has been achieved in the develop­
ment of alloys from such materials with the desired set of properties 
[15]. The main problem with processing such materials is the tough 
evaporation of magnesium during processing. Magnesium has a melting 
point of 650 °C and a relatively low boiling point of 1093 °C compared 
to aluminium, which has a boiling point of 2470 °C and a melting point 
of 660 °C. Doping is one of the methods that can be used to eliminate 
such a problem [16]. In addition, this may increase the gas pressure, but 
excessive evaporation of Mg is still a problem and may affect the final 
properties of the product [17].

One of the most promising alloys for laser melting is aluminium. 
Some aluminium alloys, especially Si-alloyed alloys, beyond alloys with 
other additives, have been thoroughly investigated in recent years. [18]. 
The main limitations of SLM processing are the formation of oxides, 
high reflectivity, poor wetting, low melt viscosity, and poor powder 
flowability [19]. To deal with these problems, powerful lasers were 
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used to increase the temperature of the melt bath, thus it was pos­
sible to improve the structure by eliminating surface oxides and 
improving wetting. Various aluminium alloys are currently being 
processed. A new task for many researchers is an attempt to process 
aluminium alloys hardened by aging, which will be used as a struc­
tural material in low-weight structures [18]. The main problem of all 
heat-strengthened aluminium alloys is that they tend to form hot 
cracks during crystallization and require special heat treatment to 
obtain the necessary microstructure [13]. During selective laser mel­
ting, tough crystallization cracks of aluminium alloys were recorded, 
and the main goal is to identify the cause of their formation to find 
ways to eliminate them [20–22].

Laser melting technologies are based on the processes of melting 
small volumes of metal during the operation of a high-energy source. 
Due to the admission of a laser as an energy source, a unique thermal 
regime is created, characterized by small volumes of the melt bath 
and high cooling rates equal to 104–106 K/s [23]. Due to this, the 
structure formed in the resulting products is characterized by high 
dispersion of the solid solution and excess phases and, as a result, a 
higher level of mechanical properties. However, as the practice has 
shown, the structure of such products is highly heterogeneous in 
volume: the size and shape of grains and excess phases can vary 
greatly from layer to layer. As a rule, it consists of alternating zones 
of columnar and equiaxed crystals [24, 25]. Different sizes and shapes 
of the structural components indicate different conditions for the 
crystallization of small volumes of the melt. One of the essential ad­
vantages of additive technologies over traditional technologies is the 
control of the structure of products from layer to layer. A lot of 
publications are devoted to this issue. Scientists propose various 
methods that boil down to varying the technological parameters of 
the process, such as reducing the anisotropy of the structure by al­
ternating the scanning path of the laser beam from layer to layer, 
heating the substrate to reduce the temperature gradient at the melt/
metal interface, which reduces the directional heat dissipation and, 
as a consequence, the number of zones of columnar crystals [26, 27]. 
However, the described methods do not thoroughly solve the problem 
of microstructure heterogeneity.

Thus, the enhancement of new alloys for additive technologies is 
an urgent task. The most promising materials for additive technolo­
gies may be aluminium alloys with transition metals and modifying 
additives. However, the need to obtain special powders from experi­
mental alloys and the high cost of 3D printers complicate the process 
of developing such materials. In this regard, an urgent task is to 
improve a methodology that allows analysing the behaviour of alloys 
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under laser processing conditions, beyond evaluating the tendency  
of alloys to form various defects with minimal time and material 
costs, while obtaining results reproducible in additive manufactu­
ring conditions.

The materials used in SLM processes are subject to requirements 
for granulometric composition, particle shape and geometry, the 
ability to absorb and reflect laser radiation, and indeed such proper­
ties as weldability. These materials include stainless steels (17-4PH, 
15-5PH, 316L), tool steels (1.2709, 1.2344), cobalt–chromium alloys 
(CoCr28Mo6), titanium alloys (Ti6Al4V), nickel alloys (IN625, IN718, 
IN939), aluminium alloys (AlSi12, AlSi7Mg0.6, AlSi9Cu3). At the same 
time, the powders used should have a fraction from 20 to 60 µm and 
a ratio that would provide the necessary filling density.

4. Role of Parameters on the Microstructure Formation

Laser melting and additive technologies are based on high-energy 
laser or electronic sources similar to traditional fusion welding tech­
nologies. Due to this, the structure of products obtained using addi­
tive technologies is consistent with the structure of welded joints. 
[28–30]. However, additive technologies have a significant advan­
tage, namely, the possibility of layer-by-layer control of the struc­
ture of products by regulating the melting conditions and crystalli­
zation of the melt bath. The structure control parameters during 
laser melting are most often understood as all parameters affect the 
temperature gradient, the cooling rate, and the direction of heat re­
moval during crystallization [28]. These include scanning speed, la­
ser energy, spot size, powder particle size; powder feed rate (for di­
rect laser melting technology), layer thickness, and scanning trajec­
tory [31]. Several technological parameters can affect the 
manufacturing process and, consequently, the quality of the final 
product. Among other things, parameters such as laser power, laser 
scanning speed, laser spot size, scanning distance and trajectory, and 
beyond layer thickness are the most important factors that strongly 
influence the final result [32].

The relationship between the distance between the tracks in the 
hatching, the laser scanning speed, and the relative density of the 
SLM samples are shown in Fig. 3 at a constant laser power of about 
200 W and a layer thickness of 40 microns. While the scanning speed 
increases in all four cases, the relative density drops significantly. 
Figure 4 shows a comparison of the microstructure of the cross-sec­
tion obtained at different scanning speeds. That confirms the results 
in Fig. 3 that a higher scanning speed leads to a relatively lower 
density. With a lower scanning speed, the size of the defects de­
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creases, which means that the density increases. In addition to de­
fects, crystallization cracks were also obtained due to the high sensi­
tivity of Al–Cu–Mg alloys to cracking. That is because alloying ele­
ments in the Al–Cu–Mg alloy (such as Cu and Mg) lead to a 
relatively wide effective crystallization interval (ECI) compared to 
binary alloys and, accordingly, increase the potential for cracking. 
When the scanning speed decreases from 20 m/min to 8 m/min, de­
fects and microcracks disappear, but microvoids are still detected in 
the microstructure. All this indicates that the compaction behaviour 
of SLM samples strongly depends on the energy used [33].

The modes of laser melting and additive technologies depend on the 
ratio of two parameters: the duration of interaction and the energy 

Fig.  4. Cross sectional 
view of Al–Cu–Mg sam­
ples, depending on diffe­
rent scanning speeds: 5 (a), 
8 (b), 10 (c), 15 (d), and 
20 m/min (e) [33]

Fig. 3. Graph of the ef­
fect of track spacing in 
the hatch and scanning 
speed on relative den­
sity at constant laser 
power [33]



Fig. 6. Temperature distribution during direct laser spraying of the 1st (a) and 10th 
layers of steel powder IN 718 (b) onto the substrate IN 718 at a power of 300 W and 
a scanning speed of 15 mm/s (scanning direction along the abscissa axis). (c) The 
shape and size of the melt bath in 10th layer. (d) The circulation of molten metal in 
the molten bath [42]

Fig. 5. Microstructure images of AlMnMgScZr samples showing porosity at diffe­
rent laser powers and scanning speeds. The area highlighted with a solid black 
frame shows the optimum processing window [34]
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density of the laser beam. Energy density is an important parameter 
that shows how much energy is needed to melt a definite metal volume.

Laser power and scanning speed affect the number, size, and 
morphology of pores (Fig. 5). The images show that with a constant 
laser power of 200 W or 250 W, irregular pores gradually appear. 
They are formed when the laser power and scanning speed exceed 
300 W and 1600 mm/s. Their formation is due to the low energy of 
the laser, as a result of which melting does not occur. A low scanning 
speed of 600 mm/s causes typical evaporation pores at 300 W or 
higher due to excessive reflow during welding. These pores have a 
diameter of more than 100 microns and are almost circular. At a 
flow rate of more than 600 mm/s, the number and size of these pores 
decrease, and only a few little rounded pores with a size of fewer 
than 100 microns are observed. In this range of scanning speeds, it 
is possible to obtain samples with a high degree of consolidation and 
without significant defects, as shown in Fig. 5 [34].

The analysis of melt crystallization conditions during selective 
laser melting is a difficult task. In Refs. [35–37], a method of tem­
perature control using a thin thermocouple fixed at a certain dis­
tance from the melt is described. This research method allows you to 
accurately determine the heating temperature of the substrate/layer 
at various distances from the melt and obtain information about the 
magnitude and direction of heat removal. In studies [38–41], the 
method of infrared thermography is used to measure the tempera­
ture distribution. However, this method does not allow for analysing 
the temperature distribution in the volume. These papers describe 
both methods of temperature measurement (examples of calculating 
the temperature gradient at the melt/solid metal interface) and the 
cooling rate. However, there is no information about the relationship 
of these data with the structure of specific alloys. Figures 6, a and 
b show the calculated temperature distribution for the 1st and 10th 
layers during direct laser sintering of steel powder IN 718 [42]. Dif­
ferent colours reveal different temperatures. In laser processing, 
heat dissipation is carried out through the substrate/crystallized 
layer; thus, with continuous melting of several layers, heat dissipa­
tion is reduced by heating the substrate. Figure 6, c shows the calcu­
lated shape and size of the melt bath when surfacing the 10th layer. 
Inside the melt bath, the maximum temperature is in the centre, and 
the minimum temperature is at the melt/solid metal interface. The 
inhomogeneous temperature distribution leads to a gradient of  
surface tension. Figure 6, e shows that the flow of molten metal is 
controlled by the gradient of surface tension inside the molten  
bath. Possible crystallization options were discussed in detail in the 
article [43].
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As is known, the direction of crystal growth depends on the tem­
perature gradient, the influence of the geometry of the melt bath, 
and the welding speed on the formation of hot cracks, as a result of 
which the crystal structure was classified. Increasing the welding 
speed changes the direction of dendrite growth towards the middle of 
the melt bath. Consequently, the fusible phases are concentrated in the 
middle of the melt bath, and the tendency to hot cracking increases. A 
further increase in the welding speed leads to an equiaxed dendritic 
crystal growth in the centre and a uniform distribution of fusible phas­
es, which reduces the tendency to form hot cracks [44]. The emergence 
of hot fissures is influenced by temperature gradients, the geometry of 
the melt bath, and cooling conditions. Changing the welding speed is not 
the only way to control the geometry of the melt bath and cooling condi­
tions.

When the laser is applied to the powder layer, it heats up from the 
surface to the substrate. Figure 7 shows SEM images of the AlMgScZr 
alloy obtained at E = 77 J/mm3. In the overlap zone of the two laser 
scanning paths, small equiaxed grains are formed, and columnar grains 
grow from the bottom of the melt bath to its centre. The frequency of 
remelting of the overlap area depends on the scanning method and pro­
cessing parameters. Small equiaxed grains are formed mainly along the 
remelting regions due to the high concentration of Al3(Sc, Zr) nuclei. A 
positive temperature gradient from the remelting area to the upper part 

Fig. 7. Photos of AlMgScZr alloy microstructure, where (a) and (b) fabricated at 
platform temperature of 35 °C, (c) and (d) fabricated at platform temperature of 
200 °C [45]
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of the melt bath promotes grain growth during crystallization [45]. The 
grains grow in the direction of the centre of the melt bath, where the 
degree of supercooling is greater and the number of embryos is smaller. 
If the samples are made at a temperature of 35 °C and 200 °C, the num­
ber of columnar grains is significantly less at 200 °C than at 35 °C. It 
is also worth noting that the size of the equiaxed grain when using a 
temperature of 35 °C is larger (Fig. 7, e) than at 200 °C (Fig. 7, b): the 
average size of the equiaxed grain for samples made at 35 °C is appro­
ximately 70 nm, and the grain size at 200 °C (Fig. 7, b) is 1.19. nm. With 
a decrease in the cooling rate and temperature gradient, the area with 
equiaxed grains grows at a platform temperature of 200 °C. That makes 
it possible to obtain an almost thoroughly equiaxed grain structure.

One of the critical problems of laser melting is the formation of an 
inhomogeneous structure and, as a consequence, the appearance of 
anisotropy of properties, which, along with crystallization cracks and 
porosity, refers to the principal defects of laser melting [46]. The prob­
lem of the porosity of the samples obtained by selective laser melting is 
the subject of most studies. According to the shape and size of the 
pores, porosity is divided into two categories: gas porosity, which is the 
result of the absorption of gases (N, O, or H) by the melt or evaporation 
of alloying elements (Mg, Zn), and porosity due to incorrectly selected 
parameters of selective melting [46]. It has been found that the most 
significant effect on the porosity of products is exerted by the laser 
scanning speed and its power [47–50]. Most of the research is devoted 
to optimizing the energy density parameter. Porosity occurs at low en­
ergy density due to the incomplete melting of metals due to insufficient 
laser radiation energy; gas porosity occurs at high energy density. In 
this case, the gas in the protective chamber is captured by the flow of 
molten metal, or hydrogen is formed due to the evaporation of bound 
water from the oxide film during melting. Therefore, to reduce porosity, 
the laser melting process is optimized for each alloy separately, taking 
into account the properties of alloying components, material properties, 
and the type of protective atmosphere [51].

The second significant defect is the formation of hot cracks. The 
reasons for their occurrence are substantially the same as in melting 
welding: a wide effective crystallization interval and low plasticity in a 
brittle temperature range. However, additive technologies should also 
consider the presence of a rigid thermal cycle with high heating and 
cooling rates, accompanied by the appearance of a large temperature 
gradient and the formation of an inhomogeneous structure. In this case, 
the presence of columnar crystals in the structure may have a negative 
effect. The causes of hot cracks are discussed in more detail below. In 
studies devoted to additive technologies [52–55], the main reason for 
the formation of hot cracks is a wide effective crystallization interval. 
The most common way to solve this problem is to increase the amount 
of eutectic and, as a rule, we are talking about adding more alloying 
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elements to high-strength alloys of the Al–Zn–Mg–Cu system, grin­
ding grain, as well as transition elements, silicon, and others [56, 57].

As noted above, the grain structure depends on the melting and 
crystallization conditions of the melt bath. As a rule, the nucleation 
of solid phases occurs at the melt/solid metal boundary, followed by 
epitaxial growth. The preferred direction of extension of crystalliz­
ing phases is parallel to the heat sink; therefore, crystals with a 
crystallographic orientation favourable for extension are strongly 
elongated in one direction and form a columnar structure [58, 59]. 
The paper [60] describes the evolution of the morphology of alloy 
6082 grains during the solidification of a molten bath during argon-
arc welding. The simulation considered heat transfer, the flow of 
liquid metal in the molten bath, and the crystallization parameters. 
The calculated ratio of the local temperature gradient to the crystal­
lization rate was used to simulate the growth of columnar and equi­
axed grains during solidification. The simulation results show that 
columnar grains are formed at a low scanning speed of 2 mm/s. The 
transition from the columnar type of crystals to the equiaxed one is 
observed at a speed of 8–11.5 mm/s. Figure 8 shows a diagram de­
scribing the effect of the temperature gradient G and the growth 
rate R on the microstructure of aluminium alloys. The microstructure 
can be columnar, cellular, and equiaxial. Whereas Fig. 9 shows a 
schematic diagram of grain distribution by morphology for a T-sha­
ped compound, the effect of the temperature gradient G and the 
growth rate R on the morphology and grain size during solidifica­
tion, and the effect of supercooling of the structure on grain mor­
phology [61, 62].

The main features of aluminium alloys in fusion welding are 
their high reflectivity and high thermal conductivity. Therefore, for 
melting small volumes, it is necessary to apply such an amount of 
energy to take into account the losses on reflection and heat genera­
tion. For joining various parts made of aluminium-based alloys, the 

Fig.  8. Influence of temperature 
gradient G and phase growth rate 
R on the morphology and size of 
the structural components of alu­
minium alloys [60, 61]
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following methods of fusion welding have long been known: oxygen–
acetylene welding, carbon electrode welding, manual arc welding 
with a melting electrode, automatic submerged arc welding, manual 
argon-arc welding with a tungsten electrode, automatic welding with 
a tungsten electrode, automatic and semi-automatic welding with a 
melting and non-melting electrode [63].

All of the above methods of fusion welding of aluminium alloys 
have a large number of disadvantages and are currently limited in 
use or are not used. For example, during arc welding of aluminium 
alloys in inert gases, the following defects occur: gas porosity (48%), 
oxide films (32%) and tungsten inclusions (12%) [64]. Also, the main 

Fig. 9. (a) The schematic diagram of grain morphology distribution for the T-joint. 
(b) Effect of temperature gradient G and growth rate R on the grain morphology and 
size during the solidification process. (c) Effect of constitutional supercooling on 
grain morphology. Here, HAZ denotes the heat-affected zone, WM is the weld met­
al, BM is the melted base metal, T is the crystallization temperature curve, TL is the 
liquidus temperature curve [62]
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disadvantages of these methods include heavy contamination of the 
seam metal with flux residues, which causes metal corrosion; low 
process productivity; coarse-grained structure obtained during the 
crystallization of a large-volume melt bath; high requirements for 
the preparation of the metal to be welded and the filler material. 
Some of the difficulties in arc welding can be overcome with the help 
of special technological operations in complex alloyed additive mate­
rials, physical impact on the melt bath, subsequent heat treatment, 
etc. All this complicates and increases the cost of manufacturing 
technology.

The use of a laser beam for welding aluminium alloys has sig­
nificant advantages over arc welding [65] adduced below.

• A high concentration of energy and a small heating area makes 
it possible to obtain a small melt bath compared to arc welding, 
which has a positive effect on the product characteristics. Reducing 
the size of the melt bath and obtaining seams with a large ratio of 
the depth of the melting area to the width can reduce the deforma­
tion of parts by about 10 times, which saves metal by reducing the 
size of the tolerance. The small size of the molten metal and the spe­
cific shape of the seam occasionally improve the crystallization condi­
tions and, thereby, the properties of welded joints.

• High productivity due to the laser speed, which is several times 
higher than the speed of arc welding, saves time for editing after pro­
cessing. In addition, post-welding treatment can be excluded.

• The absence of an electrode near the welding bath protects the 
treated area from foreign elements.

• A rigid thermal cycle with high heating and cooling rates can sig­
nificantly reduce the near-shock zone, preventing phase and structural 
transformations in the near-shock area, leading to softening, reduced 
corrosion resistance, etc. [65].

In the article [65], the influence of the thermal effect of laser ra­
diation during the welding of heat-strengthened alloys AD37, B-1424, 
and B96C is investigated. After welding of these materials, due to phase 
and structural transformations, their softening is observed in the seam 
area and near-seam zone. Parameters such as the shape and size of the 
melt bath, the temperature at the points closest to the seam (near-seam 
area), the residence time of the metal at these points at specified tempe­
ratures, and the crystallization and cooling rate of the bath were evaluated. 

Since laser welding has a large number of advantages over other 
types of welding listed above, laser radiation has been used as a source 
of high energy for the manufacture of various products made of promis­
ing aluminium, titanium, and iron alloys [66–71] using additive tech­
nologies. The weldability of aluminium alloys depends on their tendency 
to form hot cracks, so not all known alloys belong to the group of wel­
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dable. The tendency of aluminium alloys to hot cracking depends on the 
magnitude of the effective crystallization interval (ECI) and plasticity 
in the brittle temperature range [72].

During laser welding and melting of aluminium alloys, two types of 
cracks may form; crystallization fissures may form in the melting (fu­
sion) zone (FZ), and liquation cracks may form in the partial melting 
zone (PMZ). Figure 10 shows examples of liquation cracking and crys­
tallization cracking in annular seams of aluminium alloys. As can be 
seen, crystallization cracks occur along the central line of the weld, 
while liquation cracking occurs along the outer edge of the weld. When 
processing the alloy, the melt bath is surrounded by a semi-solid metal 
[73]. Cracking during crystallization is caused by the formation of in­
tercrystallite fissures, as shown in Fig. 10, a. The dendritic structure 
of the solidifying metal is often revealed on the fracture surface. That 
indicates that the formation of hot cracks during crystallization occurs 
near the end of the solidification process when the dendrites have al­
most completely turned into grains separated by a small amount of 
liquid in the form of films along the grain boundaries. At this stage, 
the weld metal is susceptible to tensile stresses/deformations caus­
ing cracking. Tensile stresses/deformations can occur in the weld 

Fig. 10. Optical microscopy microstructure images show two types of cracks: (a) 
crystallization cracks and (b) liquation cracks [67]
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metal if it cannot freely compress during cooling, as in a highly con­
strained work piece, for example, when welding with annular surfac­
ing (Fig. 10). Due to shrinkage during solidification and thermal 
compression, the seam metal is compressed during cooling [73], 
which leads to the formation of fissures.

Figure 11 shows the zones formed during welding; the boundary 
of the molten bath is at the liquidus temperature of the weld metal. 
The mushy zone, consisting of dendrites (S) and interdendritic fluid, 
is located behind the welding bath (L). Fusion zone (FZ) or weld 
metal (WM) is a thoroughly solidified material. A semi-solid zone 
consisting of partially molten metal grains (S) and intercrystallite 
liquid (L) is located on the sides and in front of the molten bath. 
Behind, the partially molten grains on the walls of the bath is a thor­
oughly solidified material called the PMZ. Here, the temperature is 
higher than the eutectic temperature of the base metal.

The effective crystallization interval, the amount and distribu­
tion of liquid at the final stage of crystallization, the primary crys­
tallizing phase, the grain boundary surface tension of the liquid, the 
plasticity of the crystallizing weld metal, the grain structure and the 

Fig. 11. A diagram showing partially molten grains of the base metal and a mushy 
zone around the alloy welding bath during welding (e.g., ring welding), where S, L, 
and HAZ denote the base-metal grains, the intergranular liquid, and heat-affected 
zone, respectively [73, 74]
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tendency to shrink the weld; all these factors can affect the tendency 
of the weld to crack during crystallization. The first two parameters 
depend on the microsegregation during solidification, which in turn 
can be affected by the cooling rate. In some cases, the cooling rate 
also affects the primary crystallizing phase (for example, regarding 
austenitic stainless steel). Crystallization cracks of Al and its alloys 
are primarily associated with the content of alloying elements, just 
as in steel alloys, the formation of cracks during fusion welding pro­
ceeds according to the same principle, depending on the composition 
of the alloy, as the formation of cracks during casting [75]. The 
value of the ECI, i.e., the interval between the temperature of the 
beginning of linear shrinkage and the solidus temperature of the 
system increases with an increase in the content of the second com­
ponent, passes through the maximum, and decreases to zero in eutec­
tic systems [71].

It has been shown that molten zones with smaller equiaxed grains 
are less sensitive to crystallization cracking in aluminium alloys. Small 
equiaxed grains can deform efficiently by compression stresses, so 
they are more ductile. Crack healing and fluid delivery can also be 
more effective in the fine-grained alloy. In addition, since the grain 
boundary region is much larger in fine-grained material, the emis­
sions with low melting points are less concentrated along the grain 
boundaries. On the other hand, the tendency of PMZ to liquation 
cracking can be influenced by the grain structure, the degree of liqua­
tion, shrinkage of the seam metal, plasticity in the hot state, and the 
level of restriction. The degree of liquation in PMZ is determined by 
the susceptibility of the material to liquation and the amount of heat 
supplied. The susceptibility of aluminium alloy to liquation increases 
as the temperature range of solidification and the proportion of  
liquid during crystallization increase. Alloy 7075, for example, melts 
much better than alloy AA6061, because it has a wider ECI and a 
larger amount of liquid during crystallization. Liquor cracking can 
be controlled by selecting the base metal whenever possible.

The use of fine-grained materials helps to reduce liquor cracking 
due to a lower concentration of secretions, which cause liquor and 
higher plasticity. Cast materials are particularly susceptible to liqua­
tion cracking due to the presence of fusible phases along grain bound­
aries. During welding in PMZ, strong liquation of grain boundaries can 
occur that makes them very susceptible to liquation cracking. Examples 
are cast 304 stainless steel and cast corrosion-resistant austenitic stain­
less steel. Liquation cracking can be reduced by heat treatment of cas­
tings before welding using homogenization [76].

A small amount of silicon (Si) can lead to grain growth in tradi­
tional castings by 2 : 3 wt.%. As a result, the mechanical properties of 
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alloys of the Al–Si system are often characterized by anisotropy [77]. 
The second category of alloys is dispersion-hardened aluminium alloys, 
such as alloys 7XXX (AlZnCuMg), 2XXX (AlCuMg), and 6XXX (AlMg­
Si), commonly used as deformable alloys. They also have a wide range of 
crystallization temperatures at the final stages of solidification, which 
makes them more susceptible to hot cracking during solidification [78]. 
For this purpose, it becomes necessary to use ligatures for grinding grain.

In addition, due to the predominant evaporation of Zn and Mg, the 
dispersion-hardening alloys obtained by 3D printing are often charac­
terized by a different composition in terms of the height of the deposited 
material. The strength of the deposited material can be significantly 

Fig. 12. (Colour online) Central schematic showing an overview of an additive man­
ufacturing process in which a direct energy source melts a layer of metal powder 
(yellow) which solidifies (red to blue) by fusing with a previous layer of metal 
(grey). (a) Standard raw material in the form of AA7075 alloy powder. (b) AA7075 
powder, functionalized with nanoparticles. (c) Many alloys, including AA7075, tend 
to solidify through columnar dendritic growth. (d) Suitable nanoparticles that can 
induce heterogeneous nucleation and promote equiaxial grain growth. (e) Alloys 
with unacceptable microstructure with large grains and periodic cracks. (f) Func­
tionalizing the powder feedstock with nanoparticles produces fine equiaxed grain 
growth and eliminates hot cracking [83]
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increased by simple heat treatment with aging for these alloys, which 
makes them suitable for additive manufacturing. Several approaches 
have been taken to improve the additive processing of aluminium alloys 
to control the microstructure and final properties of the resulting mate­
rial. In particular, the well-established literature on casting describes 
methods for grinding grain by modifying the composition of the alloy.

The most common method of grinding grain in the casting process 
is the addition of Al–Ti–B ligature to the melt. That secures the release 
of modifying TiB2 particles, which are believed to contain an intermedi­
ate layer of Al3Ti to enhance nucleation.

By the successful use of Al–Ti–B ligature as a grain shredder in 
castings, they were used for alloying aluminium alloys in additive man­
ufacturing processes, and notable grain grinding and grain growth in­
hibition were reported [79–81]. There is evidence that adding Zr helps 
to improve the resulting microstructure of aluminium alloys when using 
atomic layer synthesis (AS). During crystallization, particles of the 
Al3Zr phase are first formed in the melt, and these particles form het­
erogeneous nucleation centres of the primary α-Al phase. Grain grin­

Fig. 13. (a) Solidification curves for Al7075 and AlSi10Mg alloys. (b) Schematic 
representation of solidification tops in Al7075 alloy, and bottoms in AlSi10Mg. 
Three panels in each row corresponding to solid fractions. (c) Addition of zirconium 
to Al7075 alloys (purple). (d) Scanning electron microscopy (SEM) images of Al7075 
alloy microstructures without and with Zr [83]
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ding is also achieved by adding Sc. Like Zr, Al3Sc particles in the melt 
provide the formation of heterogeneous nucleation centres for primary 
α-Al. An additional advantage of using Sc additives in additive manu­
facturing processes is that it is possible to achieve a higher level of Sc 
solubility due to the high crystallization rate [82].

To improve the manufacturability of aluminium alloys in laser pro­
cessing (LMP) and to control the microstructure and characteristics of 
the processed material, various approaches are used, such as grain 
grinding and control of the crystallization rate. Many attempts have 
been made to develop an alloy without fissures, and with high charac­
teristics; however, during laser melting, cracks and pores were formed. 
In addition, the evaporation of Zn and Mg in the process of LMP alloy 
AA7075 often leads to a change in the composition of the processed 
material. Therefore, in the work [83], authors showed that fissure for­
mation could be eliminated by adding germ nanoparticles during laser 

Fig. 14. SEM images of a dense Al–Cu–Mg alloy specimen obtained by SLM, where 
(a) and (b) cross section, (c) and (d) vertical section [33]
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additive manufacturing to control solidification. Cavities and hot cracks 
were caused by the shrinkage of solidification of the dendritic fluid re­
maining between the dendritic grains [83]. Equiaxed grains, which be­
have like granular solids with low resistance, can reduce the influence 
of the remaining liquid. Small grains increase the total area of grain 
boundaries per unit volume, which strengthens the material and elimi­
nates intercrystallite cracks.].

The scheme for controlling the formation of cracks during crystal­
lization and the nucleation of new grains using grain grinders is shown 
in Fig. 12, d. Powder particles with nanoparticles with an appropriate 

Fig. 15. Electron backscattered diffraction maps of Al–Cu–Mg sample obtained at 
scanning speed v = 5 m/min (a), Zr/Al–Cu–Mg sample at v = 5 m/min (b), Zr/Al–
Cu–Mg sample at v = 15 m/min (c), and distribution of disorientation angles (d, e) 
[52]
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lattice (Fig. 12, b) lead to heterogeneous nucleation of primary equilib­
rium phases during the cooling of the melt bath. However, the degree 
of supercooling necessary to ensure uniform growth is reduced by pro­
viding a high density of heterogeneous nucleation centres with a low 
energy barrier in front of the solidification front. That makes it possi­
ble to obtain a fine-grained equiaxed structure, the formation of which 
prevents cracking and compensates for deformation under solidification 
conditions. This technology makes it possible to apply additive manufac­
turing to previously non-reproducible high-performance alloys, such as 
AA6061 or AA7075, with improved properties compared to currently 
available alloy systems [83].

The complete elimination of cracks is associated with changes in the 
microstructure, as shown in Fig. 13. The formation of crystallization 
cracks in many materials can theoretically be detected by solidification 
curves (Fig. 13, a). Alloys prone to the formation of hot fissures are 
characterized by wide crystallization intervals between liquidus and 
solidus temperatures and a sharp change in the crystallization curve at 
high solid-phase content. Resistance to hot cracking can be increased by 

Fig. 16. Optical micrograph of AA2024 surface laser melting with varying degrees 
of overlap: 92 (a), 85 (b), 55 (c), and 35% (d) [90]
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reducing the temperature difference between solidus and liquidus or by 
reducing the proportion of the solid phase. Primary inclusions of Zr 
promote equiaxial growth, which facilitates the perception of thermal 
compression deformations that occur during crystallization, because of 
which the alloy, contrary to popular belief, has a high resistance to hot 
cracks, compared with Al7075 without Zr (Fig. 13, d).

The most popular alloys of the Al–Cu–Mg system used in additive 
technologies are deformable alloys of the 2XXXX series, which have a 
similar composition to foundry alloys. Based on the example of the 
AA2024 alloy, it was shown that after selective laser spraying, the ten­
sile strength of this alloy is approximately 400 MPa, while it is 185 MPa 
in the cast state [84]. As demonstrated, with an increase in energy den­
sity of more than 340 J/mm3, the relative density of products exceeds 
99.5%, and, as shown, microcracks and defects [85–90] thoroughly 
disappear. The increase in strength is explained by a significant change 
in the dispersion of phases, grains, and solid-solution hardening in the 
SLM process (Fig. 14).

Fig. 17. Optical micrographs, where (a) without sample preheating, (b) with sample 
preheating to 350  °C, (c) to 250  °C, (d) schematic illustration of typical solidi­
fication crack morphology and different fusion lines in pulsed laser welding. FL I 
and FL  II denote different locations of solidifications for determination of the  
cooling rates [93]



554	 ISSN 1608-1021. Prog. Phys. Met., 2023, Vol. 24, No. 3

M.A. Latypova, S.L. Kuzmin, and A.S. Yerzhanov

As shown in Ref. [52], the addition of Zr leads to the formation of 
an ultrafine-grained structure, a significant reduction in hot cracks, 
and an increase in the tensile strength to 450 MPa. Figure 15 shows the 
microstructures of Al–Cu–Mg and Al–Cu–Mg–Zr alloys at different 
process speeds.

The high tendency of the Al–Cu–Mg alloy to crack during solidifica­
tion is one of the problems of its use in laser and additive technologies. 
Hot (hardening) cracks occur during crystallization when the alloy pass­
es through a temperature range, in which plasticity is very low. Crack­
ing begins in this temperature range when thermal tensile deformations 
exceed the stress limit required for the crack to occur during solidifica­
tion (Fig. 16) [91]. According to recent studies on the susceptibility of 
this material to laser cracking, high cooling rates, and rapid solidifica­
tion cause cracking in aluminium alloys and other metals as well as 
their compounds [91, 92].

The second way to deal with crystallization cracks for this alloy is 
to preheat the samples before laser treatment, as shown in Fig. 17. The 
probability of cracking during solidification decreases with the use of 
preheating. Preheated examples have a lower tendency to fissure due to 
a lower rate of induced deformation rather than due to slower filler feed 
rate. Since higher local deformation and lower fluid flow rates play a 
significant role in crack propagation, effective preheating cannot stop 
crack propagation along the fusion lines between pulses. On the other 
hand, the expansion of previous fissures from previously loaded pulses 
can prevent the occurrence of new cracks in subsequent pulses [93].

4. Conclusions

This article reviews, analyses, and, therefore, contributes to further 
studying of alloys treated with laser melting to illuminate new alloys 
without defects and improved mechanical properties. There are obvious 
applications of high-strength aluminium alloys for SLM, and for this, 
there are more and more ways to develop deformable alloys that are 
strengthened by aging. However, suitable alloys are difficult to process 
because they are prone to cracking. The most common types of aging-har­
dened alloys were also discussed to properly evaluate potential alloys.
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ВПЛИВ ПАРАМЕТРІВ ПРОЦЕСУ СЕЛЕКТИВНОГО  
ЛАЗЕРНОГО ТОПЛЕННЯ НА ФОРМУВАННЯ МІКРОСТРУКТУРИ 

Останнім часом бурхливо розвиваються адитивні технології одержання виробів 
методом лазерного топлення порошків. Але такі технології висувають підвищені 
вимоги до властивостей стопів, застосовуваних для виготовлення деталів. Техно­
логії лазерного топлення є перспективним напрямом у розробленні виробів із 
металів завдяки ряду переваг, таких як: (1) можливість виготовлення деталів 
складної форми з внутрішніми порожнинами та тонкими перегородками, (2) зна­
чна економія матеріалу за рахунок точного виготовлення деталю заданої форми 
за комп’ютерним моделем, що не вимагає застосування наступних звичайних 
операцій токарного, фрезерного оброблення й оброблення різанням, (3) досягнен­
ня вищого рівня механічних властивостей за допомогою підвищених швидко­
стей охолодження у порівнянні зі стандартними технологіями через формування 
дисперсної структури.

Ключові слова: адитивні технології, порошкова металурґія, селективне лазерне 
топлення, мікроструктура, керування мікроструктурою, термічне оброблення.


