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ABSTRACT

Additive manufacturing (AM) has emerged as a transformative technology that produces complex, high-performance
components, enabling unprecedented design flexibility and material efficiency. This paper explores the potential of
additive manufacturing processes to produce ultrafine/nano-grained microstructures, which are characterized by
superior mechanical properties, enhanced corrosion resistance, and improved thermal stability. The study delves into
various AM techniques based on the physical phenomenon incorporated to additively bond the material portions.
Accordingly, the reported results in the literature were reviewed by categorizing the methods into melting-based and
deformation-based approaches and examining the conditions and parameters critical to achieving ultrafine/nano-
grained microstructures. Key factors, including the optimization of process parameters as well as the specification
of initial feedstock material, are discussed. This comprehensive review shows that in melting-based methods, lower
power and higher scan speed result in reduced heat input, leading to smaller melt pools and faster solidification rates,
which in turn produce finer grains. On the other hand, in deformation-based methods, smaller initial particle sizes and
higher particle velocities generate greater impact energy, which can lead to grain size reduction. This review article
also highlights the current potential and achievements in the field of additive manufacturing for producing ultrafine/
nano-grained materials, which may contribute to the development of high-performance materials and components
for the next generation.
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1. Introduction industries, such as aerospace, medicine, food,

Additive manufacturing (AM) can be described
as a technique of bonding materials through
fusion, sintering, binding, or solidifying material
feedstocks such as wires, powders, and liquid resin.
AM processes invoke the modeling of components
using 3D computer data or standard tessellation
language (STL) files, which simulate the addition
of material to the base in a layer-by-layer fashion.

The advantages of AM over conventional
methods have made it popular in many

and construction. It is particularly useful for low
production volumes, low material waste, and
frequent design changes. Furthermore, it provides
the possibility of producing complex components
by overcoming the design constraints associated
with traditional manufacturing methods. The
AM process also provides greater control over
the production process parameters which in turn
enables direct control of the material properties.

A growing number of AM processes with
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different capabilities are already being developed
[1]. There are various process parameters
related to scanning speed, energy input, hatch
distance, layer thickness and so on which dictate
the capability of the process, as well as the
final properties of the product. The additive
nature of these fabrication processes has caused
many concerns about the possible formation of
defects and porosities resulting from deboning
and mismatch among particles and layers.
These imperfections mainly influence the
mechanical properties of the AM products.
A vast number of attempts have been made to
tune the processing parameters and optimize
feedstock material specification to improve the
final mechanical properties of AMed products.
There are particular aspects in AM processes,
different from conventional processes, which
may enable some modifications of the final
microstructure. For instance, peculiar melting
and solidification profiles followed by inherent
AM heat treatments can be engineered during
some of the AM processes, allowing researchers
to produce parts with various structures and
properties [2], whereas the occurrence of
epitaxial growth of grains has been reported in
many AM processing [3-5]. Nevertheless, the
mechanical properties of AMed products can
be explained by conventional microstructure
characteristics, ~which  include  chemical
composition, crystallographic texture, defects,
and grain size distribution. Grain refining has
been recognized as the only strengthening
mechanism that does not deteriorate material
elongation [6]. The Hall-Petch effect explains
the increase in yield strength resulting from
grain refinement. However, reducing grain size
to the ultrafine and nanoscale may bring an
extraordinary mechanical property. The latter is
related to the different physical characteristics of
these structures, which incorporate additional
deformation mechanisms [7].

This work will discuss the potential and
challenges of the well-known AM processes in
manufacturing ultrafine/nano-grained (UNG)
structures by dividing the processes into melting-
based and deformation-based approaches.
Moreover, the potentials and reported
experimental results for the development of
UNG material using the AM techniques will be
reviewed, and related mechanical properties will
be presented.
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2. Melting-based methods

An additive manufacturing method in this
category involves heating the raw materials to
their melting point using a heat source. The part
is manufactured by melting the feedstock material
and depositing it layer-by-layer according to the
predefined pattern. The two main methods in this
category are directed energy deposition (DED) and
powder bed fusion (PBF).

Defects commonly associated with melting-
based methods include microporosity, residual
stress, and microcracks. Typically, at high scan
speeds and very low or very high beam powers,
incomplete melting or vaporization of the
powder can result in microporosity within the
microstructure.  Additionally, increasing the
cooling rate to produce ultrafine/nanostructures
may lead to residual stress and microcracks due to
thermal stresses within the component. [8-10].

2.1. Powder bed fusion method (PBF)

During the powder bed fusion process, fine
layers of powder are deposited onto a build plate.
An energy source like a laser or electron beam
selectively fuses the powder particles at specific
locations defined by the desired geometry model.
The printer used in this process has two chambers:
the powder chamber and the build chamber (also
known as the table or platform where the product
is built). A blade spreads the powder across the
platform, as illustrated in Fig. la. To achieve the
appropriate height perpendicular to the horizontal
plane, the powder and build chambers move along
a linear axis parallel to the plate thickness [11].

Two of the most commonly used powder bed
methods for additive manufacturing metal powders
are electron beam melting (EBM) and selective
laser melting (SLM). Fig. 1b illustrates how high-
power energy sources, such as lasers or electron
beams, are used to selectively melt the raw material
powders. This method enables the production of
parts with complex geometries and allows for fast
production. Additionally, it provides the flexibility
to use a wide range of materials, including pure
metals and various alloys. This technique can be
alternatively employed to additively joint material
particles via surface melting, where heat input
is controlled to achieve surface fusion sintering
[12]. The latter technique is known as selective
laser sintering (SLS). The quality and properties of
the final product in this method are influenced by
several process parameters, including beam power,
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hatch distance, point distance, scan speed, layer
thickness, and spot diameter, as shown in Fig. 1b.
Additionally, material parameters such as shape,
size, thermal conductivity coefficient, and alloying
elements also play a crucial role in determining the
final outcome.

2.1.1. Potentials for processing of UNG materials
2.1.1.1. Powder specifications

The characteristics of the powder, including
particle size, shape, material type, and alloying
elements, strongly affect the microstructure and
properties of the fabricated parts. Smaller particles
possess a larger surface area-to-volume ratio,
which allows them to absorb more energy from
lasers or electron beams, resulting in easy melting
and fusion. Additionally, the surface energy in finer
particles limits the grain size of solidified material
[13]. In most research on producing ultrafine/
nanostructures through additive manufacturing,
the powder particle size typically averages between
40 and 45 um [14, 15]. Powders within this size
range tend to have better flowability and higher
density, which result in more uniform melting and
solidification, leading to finer microstructures.

The reported results indicate that adding alloying
elements can help convert columnar grains to
equiaxed grains, create fine-grained microstructures
(typically less than 20 um), and improve mechanical
properties. [16] Additionally, reinforcing particles
(typically in the range of 90 to 970 nm [17]) can
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be incorporated into the experimental metal,
which may be designed to function either in-situ
or ex-situ [18-21]. To facilitate rapid solidification,
alloy elements with high thermal conductivity can
be added to the feedstock powder to increase the
cooling rate and, thereby, the solidification rate of
the melt pool. Alternatively, alloying elements may
facilitate the formation of finer grains by providing
more favorable conditions for the nucleation of
heterogeneous nuclei during solidification [22].

2.1.1.2. Beam power

In PBF AM, beam power, the energy delivered by
alaser or electron beam to melt powdered materials,
plays a crucial role in the mean size of developing
grains. This parameter is realized to influence the
thermal gradient and cooling rates during the
solidification of the melt pool [23-26]. By reducing
the laser power, a smaller melting pool is formed,
resulting in a faster layer solidification, thereby
promoting the development of finer grains. Based on
the investigations presented in Table 1, the optimal
range of beam power for achieving ultrafine/
nano microstructures in additive manufacturing,
particularly in LPBE, typically falls between 180 and
400 W [17, 27]. Nevertheless, it should be noted
that very low beam power gives rise to incomplete
melting and solidification defects such as holes and
porosity. Vise versa, excessive beam power may
cause melt overheating and material vaporizing,
which again leads to a defective microstructure.

Point
distance

(b)

Hatch
distance
—

Fig. 1- Schematic of PBF methods and (b) Parameters of the PBF method..
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2.1.1.3. Hatch distance and Point distance

During laser beam movement across the powder
bed, hatch distance refers to the spacing between
consecutive laser tracks, while point distance denotes
the distance between two consecutive laser spots. In
most additive manufacturing methods leading to
ultrafine/nano microstructures, the hatch distance
has varied from 50 to 165 pm, depending on the
type of raw materials and other parameters [17, 28].
These parameters significantly impact the final piece’s
microstructure by dictating the thermal cycle within
the molten pool and the solidification rate [29, 30].
Reducing hatch distances and point distances retains
more heat in the molten pool and decreases the
cooling rate, resulting in coarser and columnar grain
growth. Therefore, optimizing these parameters is
essential to achieve a higher solidification rate and a
microstructure with fine and equiaxed grains.

2.1.1.4. Scan speed

During PBF processes (such as SLM), scanning
speed refers to the speed of the laser as it moves across
the powder bed to melt the powder particles. Similar
to hatch distance, this parameter influences the size of
the melt pool and thus alters the final grain size of the
process material. As the scan speed increases, shorter
interaction time between the laser and the powder
bed are provided, associating with a smaller melt pool
and, thereby, a higher cooling rate for the melt [14, 31,
32]. The latter provides limited time for grain growth.
On the other hand, lower scan speeds provide more
heat accumulation, which results in a larger molten
pool and lower cooling rates. Studies have shown that
the ideal scanning speed for obtaining ultrafine/nano-
grained and defect-free structures falls between 500
and 1200 mm/s [14, 33].

2.1.1.5. Layer thickness

In AM methods based on PBE, “layer thickness”
denotes the vertical dimension of each powder
layer that is spread across the build platform and
then selectively melted by lasers or electron beam.
As the layer thickness has an inverse relationship
with the cooling rate, a thin layer will result in faster
solidification rates and, consequently, smaller
grain sizes [34]. It should be noted, however, that
a thinner layer thickness may result in a smoother
surface but may extend the part build time. Most
studies on additive manufacturing of materials
with ultrafine/nano microstructures suggest that
the ideal layer thickness ranges from 30 to 50 um
[28, 35].
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2.1.1.6. Spot diameter

During SLM, the spot diameter indicates the
diameter of the laser beam that interacts with the
powder bed to melt and fuse its particles selectively.
The spot diameter directly influences the heat input
to the melt pool size and the dimensional accuracy
of the final part [36]. Increasing the spot’s diameter
generates more heat, which lowers the cooling
rate and allows grain growth to occur before
solidification. It has been noted that a small laser
diameter combined with a high scanning speed
and a low laser power can produce sub-micron
structures [31]. The optimal value of this parameter
for achieving ultrafine/nano-grained materials in
the SLM method varies between 66 to 70 pm [28,
36], However, in the SLS method, this value has
been reported to be as high as 1 mm [12].

2.1.2. The obtained UNG microstructure and
mechanical properties in the PBF methods

Table 1 summarizes the results of literature
reports on the formation of UNG microstructures
using PBE Zafari et al. [35] demonstrated that
adding Cu elements with high thermal conductivity
to pure Fe creates a favorable thermal cycle during
the process. This leads to liquid separation,
monotectic reaction, and solid-state phase
transformation, all contributing to significant grain
refinement in the microstructure.

A comparison of the structure of printed pure
Fe before and after the addition of Cu, shown
in Fig. 2a, b, indicates that Cu increased the
solidification rate and reduced the obtained grain
size. A specified area in Fig. 2b (c, d) shows that
the grain size near the copper fibers (d) is 250 nm,
which is less than the parts far from the copper
fibers (c). In a previously deposited layer, copper
fibers and particles may act as nucleation sites for
iron solidification, resulting in grain refinement.

Moreover, they demonstrated that the thermal
cyclein SLM samples can induce rapid solidification,
resulting in the dispersion of copper nanoparticles
with a diameter of 5 nm within the Fe matrix at
very small intervals (10 nm). As shown in Fig. 2
e, f, this process enhances strength through grain
refinement and increases compressive strength
from 400 MPa for SLMed Fe to 900 MPa for
SLMed Fe-Cu due to the Orowan mechanism and
the pining of dislocations owing to the secondary
phase nanoparticles.

A study on AM of composite materials by Li et
al.[37] investigated the effect of TiN nanoparticles
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Table 1- Literature reports on processing of UNG microstructures using PBF

Material

Method

Parameter

Grain size

Ref

Al-1Ti-1Sc-0.4Zr alloy

SLM

Not given

500 to 700 nm

[3]

Bulk nanostructured ALO3

SLS

Laser power: 200 W
Laser beam diameter: 1 mm
Laser scan speed: 1500 mm/min
Layer thickness: 0.5 mm

40-60 nm

[12]

Stainless steel matrix composite
via vanadium carbide
reinforcement

SLM

Layer thickness: 35 um

Hatch distance: 85 pm
Laser power:60, 100, 140, 180, 220 W
Laser scan speed: 300 and 500 mm/s

500 nm

[14]

Fe-Cu alloy

SLM

Layer thickness: 50 um
Hatch distance: 110 pm
Point distance: 60 um
Laser spot size: 66 um
Laser power: 200 W

250 nm

[35]

316L/CuCrZr functionally
graded materials

PBF

Layer thickness (Cu-Cr-Zn) - (316 L): 30 um- 30 um
Hatch distance (Cu-Cr-Zn) - (316 L): 90 um- 100 pm
Point distance (Cu-Cr-Zn) - (316 L): 40 um- 70 um
Laser power (Cu-Cr-Zn) - (316 L): 400 W-200 W

(~800 nm)

[27]

Ti-6A1-4V with additions of Fe

PBF

Layer thickness: 30 um

Hatch distance: 65 pm
Point distance: 75 um
Laser power: 195 W

450 nm

[39]

Al6xxx Alloy

PBF

Not given

600 nm

[40]

Sc- and Zr-modified Al-Mg
alloys

SLM

Layer thickness: 30 um
Hatch distances: 135 pm, 150 um, 165 pm
Laser spot diameter: 100 um
Laser scan speeds: 170 mm s—1 and 750 mm s—1
Laser power: 200 W

600 nm

[28]

AlSi10Mg

PBF

Layer thickness: 40 um
Hatch distance: 190 um
Laser scan speed: 900 mm/s
Laser power: 370 W

0.53t00.93 um

[15]

Nano-TiC reinforced Ni-based
nanocomposites

SLM

Hatch distance: 50 um
Laser scan speed: 800 mm/s
Laser power: 180 to 240 W

Laser spot size: 70 um

TiC size
90 to 970 nm

[17]

Al-Cu-Li-Sc-Zr alloy

PBF

Laser power: 300 W
Laser scan speed: 1200 mm/s
Hatch distance: 100 um
Layer thickness: 40 um

Precipitates
75t0 125 nm

[33]
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Fig. 2-(a) SEM on the as-SLM pure Fe, with grain size of ~1 um, (b) higher resolution, showing finer Fe grains after adding Cu elements,
(c) larger grains away from Cu fibers compared to (d) finer ones between them, (e) TEM of as-SLM Fe-Cu after compression showing
the dislocations at the Fe/Cu-fiber interface, and (f) dislocations pinned by Cu particles [35].

(TiN ) on the microstructure of the high entropy
alloy (HEA) matrix. The TiNP provides more
heterogeneous nucleation sites, which stimulates
the formation of ultra-fine and equiaxed grains
(smaller than 2 pm) in the HEA matrix and the
development of isotropic properties.

As shown in Fig. 3, TiN with their high
melting points and thermal stablhty, are uniformly
distributed  throughout the microstructure,
primarily at the grain boundaries of the HEA
matrix. They prevent the coarsening of the grains
through the Zener pinning effect and further
induce grain refinement. The printed TiN /HEA
composites exhibited enhanced strength (UTS of
1100 MPa) and improved wear resistance.

Han et al. [4] showed that a remarkable
strengthening of Hastelloy X nanocomposite is
obtained by grain refinement upon incorporating
TiC nanoparticles during processing, which act
as nucleation sites and barriers to matrix grain
growth. Moreover, as shown in Fig. 4a, b, due to the
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difference in the coeflicient of thermal expansion
of TiC and the matrix, a higher dislocation density
may be introduced on the particle/matrix interface
in the printed samples, significantly increasing
the product strength. The obtained tensile curves
for the processed Hastelloy X and nanocomposite
Hastelloy X are shown in Fig. 4c. Accordingly,
the yield strength and ultimate strength of pure
Hastelloy X were increased with the addition of TiC
nanoparticles from YS:690 MPa and UTS:900 MPa
to YS:810 MPa and UTS:1150 MPa respectively,
though the elongation was slightly reduced from
13% to 12%.

Li. et al. [14] could control the solidification
rate and matrix grain growth of 316L-based metal
matrix composites (MMCs) by optimizing the SLM
process parameters. In Fig. 5a, b, the microstructure
of composites printed at different scan speeds were
compared, revealing that higher scan speeds could
yield significant grain refinement owing to a faster
solidification rate and limited grain growth.
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JFCCITiN |

Fig. 3-(a) Phase map of printed TiNp/HEA with region colors of red (FCC phase of HEA matrix) and black (TiN phase) and (b) FE-SEM
of as-printed TiNp/HEA parallel to BD [37].

Stress (MPa)

HX-3% TiC

Pure HX

10

15 20

Strain (%)
Fig. 4-(a,b) TEM images of HX-3 wt.% TiC nanoparticles, and (c) engineering stress-strain curves of the of HX-3 wt.% TiC and pure HX [4].

Furthermore, Fig. 5¢, d, illustrates that adding
vanadium carbide nanoparticles could promote the
formation of ultra-fine structures in 316L-based
MMCs by providing heterogeneous nucleation
sites and barriers to further grain growth during
solidification. ~ During the SLM process, the
vanadium carbide nanoparticles exert a pinning
effect on the austenite grain boundaries due to
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the rapid solidification speed and the formation
of a vanadium solid solution, resulting in a
microstructure of ultra-fine and coaxial grains.
A doubled tensile strength of 1400 MPa was
obtained for the processed 316L/carbide composite
compared to the processed 316L steel. Nevertheless,
this was accompanied by a decrease in ductility
from approximately 32% to 18%.
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microstructure of (c) the as-printed 316 L sample without vanadium carbide reinforcing nanoparticles and (d) the sample containing
vanadium carbide particles [14].

In the selective laser sintering (SLS) additive
manufacturing method, the sintering nature of the
process results in less heat input than SLM methods.
This inhibits grain growth in the microstructure
of the manufactured part. Furthermore, research
by Shen et al.[12] indicates that using nanoscale
AL O, particles (with an average size of 500 nm and
primary grain size of 50 nm) in the SLS method
helps to reduce further the heat input required to
fabricate parts and prevents grain growth during
the process and keeps the grain size below 100
nm which according to the Hall-Patch effect, will
lead to better mechanical properties such as high
hardness and fracture toughness.

Investigations show that fusion-based additive
manufacturing methods produce parts with
columnar grains and a preferred texture of <100>
in the build direction, particularly in materials with
a face-centered cubic (FCC) structure. As discussed
in the reviewed papers, optimizing parameters
can transform coarse columnar grains into fine
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equiaxed grains with random grain orientation.
This transformation reduces the texture and
anisotropy of the microstructure, often resulting
in increased tensile strength and yield stress of the
fabricated samples [4, 38].

2.2. Directed energy deposition (DED)

During DED, high energy density heat sources
(lasers, electron beams, or plasma/electric arcs)
heat the substrate and melt the feedstock material,
which is delivered into the melt pool as powder or
wire. The details of the processes are schematically
presented in Fig. 6. A metal track is formed as
the deposited metal solidifies on the substrate as
the heating source moves forward. Following the
predefined hatch spacing, the metal tracks overlap
each other. Although the dimensional accuracy of
the products made by DED is inferior to those of
PBE it presents a remarkably higher deposition
rate. In this category, different techniques have been
introduced based on the types of feeding material,
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Fig. 6- Schematic of DED methods. (a) powder feed material, and (b) wire filament feed material.

wire or powder, and heating sources, including wire
arc additive manufacturing (WAAM), laser wire
deposition (LWD), laser metal deposition (LMD),
and laser additive manufacturing (LAM). The
features of the final microstructure in this method
are mainly affected by the process parameters,
including beam power, scan speed, spot diameter,
feed rate, and feedstock material properties.

2.2.1. Potentials for processing of UNG material
2.2.1.1. Type of materials

In DED methods, in contrast to PBF methods,
raw material specifications like alloy type, wire
diameter, alloying elements, and reinforcement
particles have a great impact on the characteristics
of the developed microstructure. Alloying elements
in DED can promote heterogeneous nucleation and
constitutional supercooling during solidification
due to the partitioning of the alloying elements.
This can stimulate the development of fine
equiaxed grains and counteract the tendency of
grain epitaxial growth, which is intrinsic in DED
methods owing to the high cooling rate and the
associated sharp thermal gradient [22, 41-43].
This can be considered one of the key advantages
of DED processes, which can partly control the
final microstructure by tuning the initial material.
Furthermore, DED offers the possibility of adding
reinforcing nanoparticles (1 to 100 nm) to the
deposited material, which can play two important
roles during microstructure  development:
nucleation sites during the solidification of the melt
and impeding the grain boundary migration and
grain growth [44-46].
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2.2.1.2. Beam power

The term “beam power” denotes the amount
of energy emitted from a concentrated energy
source, such as a laser or electron beam, which is
employed to melt the material during deposition.
Beam power plays a crucial role in the grain
refinement of the fabricated part by influencing
the thermal gradient and cooling rates during
solidification [47-50]. Insufficient laser power
can result in incomplete melting of the deposited
material, leading to the presence of cavities and
porosity in the final piece. Conversely, excessive
laser power may cause columnar grain growth in
the final microstructure due to excessive input heat,
evaporation, and spraying of raw materials during
the process. Therefore, increasing the laser power to
an optimal level can result in an ideal melting and
solidification rate, producing microstructures with
denser and more equiaxed fine grains. Depending
on the type of raw materials (powder or wire), the
optimal laser power is usually considered from 200
to 1600 W [51, 52].

2.2.1.3. Scan speed

In additive DED manufacturing, the scan speed
denotes the rate at which the laser or electron beam
travels along the fabrication path. This crucial factor
impacts the dimensions of the molten pool and the
cooling rate through the establishment of a thermal
profile for the solidification of the melted material.
The optimal value that is usually considered for this
parameter ranges from 300 mm/s and 800 mm/min
[52, 53]. Increasing scan speed at a given condition
may decrease the heat input and make the melting
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pool smaller [49, 50, 54, 55]. In addition, a rapid
scan brings about a high thermal gradient, which
may promote the formation of fine structures and
mitigate the formation of undesirable columnar
grains along the manufacturing direction.

2.2.1.4. Spot Diameter

The spot diameter refers to the size of the focal
point where the beam interacts with raw materials.
This parameter size controls the heat input for
melting the material. A larger spot diameter results
in higher input heat, leading to the coarsening of
microstructure grains. Conversely, a smaller spot
diameter reduces the heat input to the molten pool,
causing the previously deposited layers to solidify
faster, which promotes grain refinement in the
microstructures during the process. In the DED
method, the optimal value of this parameter has a
broader range compared to SLM, typically ranging
from 50 pm to 1.5 mm according to various studies
(41, 51].

2.2.1.5. Deposition Rate

The deposition rate, largely dependent on the
feed rate, refers to the amount of material deposited
onto a substrate or previously deposited layer over
a given time. The material deposition rate can
impact the thermal gradient and cooling rate, thus
influencing the grain refinement of the deposited
layers. A higher deposition rate typically results
in forming a larger melt pool due to the larger
deposition volume of feed materials per unit of time.
As a result, the deposition temperature increases
and the cooling rate decreases. Conversely, reducing
the deposition rate leads to a higher cooling rate,
which facilitates the achievement of finer-grained
structures [56, 57]. This parameter in melting and
deformation-based methods typically varies from
0.1 to 10 kg/h, depending on factors such as beam
power, scan speed, feed rate, and the type of raw
material. Generally, deformation methods exhibit
higher deposition rates than melting methods. This
is because melting methods produce parts with
greater precision and more complex geometric
dimensions, which results in lower deposition rates
in these processes [58-60].

2.2.2. The obtained UNG microstructures
through DED process

Results reported in the literature on the
formation of UNG microstructures using the DED
process are summarized in Table 2, which are
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mainly limited to Inconel, Ti, Al alloys, and W-Fe
composites. Wang et al. [19] demonstrated that
adding Fe elements to a Ti-6Al-4V alloy results
in the formation of semi-coherent TiFe phases
(500 nm), which serve as suitable nucleation sites
for crystallizing fine grains. Furthermore, adding
Fe can increase the constitutional supercooling
ahead of the solid-liquid interface. This promotes
heterogeneous nucleation in this region, which
stimulates the formation of nanograins of alpha
phase rather than columnar grain growth. Fig. 7
a, shows the microstructure of Ti-6Al-4V-3.3Fe
deposited through the DED process, containing
nano TiFe phase particles. Also, they demonstrated
that incorporating an optimal amount of iron
elements (3.3 wt.%) can optimize the mechanical
properties of the processed material such as
hardness, yield strength, and ductility. The related
mechanical behaviors under compressive loading
were illustrated in Fig. 7 b.

This was discussed relying on the Orowan
strengthening effect of TiFe particles within the fine-
grained matrix and the solid solution strengthening
of iron in titanium structure. It was highlighted
that increasing the amount of Fe elements up to
3.3 wt.% leads to substituting columnar grains with
equiaxed ones, which causes the plastic strain to
increase from 24% for Ti-6Al-4V to 43% for Ti-
6Al-4V-3.3Fe. Nevertheless, higher Fe element
content (4.7 wt.%) may deteriorate the ductility due
to an increased fraction of second-phase particles.

Zhang et al. [41] added copper to titanium to
create a columnar-to-equiaxed transition in the
microstructure of the Ti-Cu alloy system. The
addition of Cu element can vanish the negative effect
of the high thermal gradient in the molten pool on
promoting epitaxial growth. This encourages the
formation of equiaxed grains rather than columnar
grains. accordingly, due to the decrease in the
diffusion rate of atoms during rapid solidification,
ultra-fine eutectic with a size less than 500 nm was
formed.

Previous results demonstrated that adding fine
particles to the melting pool during DED can be
considered to fabricate AMed nanocomposites.
Incorporating TiC particles into the DED processed
materials was conducted to manufacture Al-based
[51] and Inconel-based [53] alloys. Hong et al.
[53] demonstrated that increasing the laser power
for manufacturing Inconel matrix composites
reinforced with ultrafine TiC particles (~200 nm
in size) may result in surface melting and, thereby,
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Table 2- Literature reports on processing of UNG microstructures using DED

Material

Method

Parameter

Grain size

Ref

Ti-6Al-4V alloy

LWD

Laser power: 3300 KW
Wire feed: 0.064 m/s
Deposition speed: 0.026 m/s
Focal offset distance: 20 mm

Thickness of deposition layer: 900 pm

500 nm

(19]

Ti-Cu alloy

LMD

Laser power: 800 W
Scan speed: 800 mm/min
Laser spot size: 1.5 mm
Powder flow rate: 2.0 RPM
Hatch distance: 1.05 mm

Eutectoid < 500
nm

[41]

Aluminum matrix
nanocomposites
reinforced with (TiC)

LAM

Power: 200 W
Scan speed: 0.2 m/s
Spot size: 50 um
Hatch distance: 30 um

331 nm

[51]

Ultrafine TiC particle-
reinforced Inconel 625

LMD

Powder feeding rate: 2.4 g/min
Laser spot diameter: 1 mm
Laser scan speed: 800 mm/min

TiC 200 nm

Laser power: 500 and 800 W

W-Fe composites LMD

Laser spot diameter: 3.5 mm
Laser power: 1000-1600 W
Scan speed: 300-600 mm/s

Scan hatch spacing: 0.8-1.3 mm

Layer thickness: 0.4-0.7 mm.

FeoW 200-600 nm [52]

Al-5.0 Mg alloy WAAM

Wire feed speed: 7.5 m/min
Travel speed: 0.6 m/min
Heat input: 237.13 J/m
Current: 168 A
Voltage: 16.9 V

100-200 nm [63]

a reduction in the size of the TiC particles. This
led to a better dispersion of these particles in the
molten pool, thereby raising the nucleation rate
for solidification and refining the matrix grain
structure.

One key effect during DED is the potential
for microstructural modification that may result
from heat exposure of the deposited material
due to the layer-by-layer fashion of melt-induced
printing. The possible grain growth complicates
the achievement of UNG microstructure. However,
in age hardenable alloys, the heat treatment may
stimulate the formation of ultrafine/nanoparticles.
Chen et al. [52] demonstrated that the multiple
thermal cycles during the course of the process
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led to a solid-state phase transformation in a
previously deposited layer during the production
of W-Fe composites. This process forms Fe W
precipitate with a size ranging from 200-600 nm.
It was demonstrated that the latter precipitates and
increases the compressive yield strength up to 1700
MPa in the printed W-Fe composite.

Research indicates that in order to achieve
finer microstructures with improved mechanical
properties, external factors such as ultrasonic
waves and magnetic fields can be used in addition
to specific parameters of each method in melting
processes. Applying a magnetic field to the
molten pool can help break down the dendrites
formed during solidification, providing more
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Fig. 7-(a) SEM image of the DED processed Ti-6Al-4V-3.3Fe, and (b) Compressive engineering stress-strain plots of the DED processed
Ti-6Al-4V, Ti-6Al-4V- 3.3Fe, and Ti-6Al-4V-4.7Fe [19].

heterogeneous nucleation sites to achieve finer-
grained structures. High-intensity ultrasonic
waves (around 20 kHz) applied to the molten pool
can release more gas bubbles trapped in the melt,
leading to reduced porosity in the processed part
and improved mechanical properties [61].

Todaro et al. demonstrated that the application
of ultrasound waves during the fabrication of
316L stainless steel led to more heterogeneous
nucleation and reduced grain size from 52 to 16 pum
by increasing constitutional supercooling during
solidification [62].

3. Deformation based methods

Additive manufacturing techniques that utilize
deformation are based on the principle of plastic
deformation, which involves altering the shape of
a material without melting. In contrast to fusion-
based methods where materials are liquefied and
then solidified to form joints, deformation methods
maintain the solid-state nature of the material
throughout manufacturing. We will discuss two of
these methods, Friction stir additive manufacturing
(FSAM) and Cold spray additive manufacturing
(CSAM) along with their potential to achieve UNG
microstructures in the following sections.

In deformation methods, similar to melting
techniques, metallurgical defects such as
micropores and cracks may occur, but the causes of
these defects differ. Both methods are susceptible
to porosity in their structures. In melting methods,
gas porosity often forms during solidification of the
melt, while in deformation methods, cavities arise
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from insufficient plastic deformation of the raw
materials. Since these processes occur in a solid
state, this type of defect is more prevalent in them.
Additionally, deformation methods generally
involve less heat input compared to melting
methods, which reduces the occurrence of defects
caused by solidification and thermal stresses [59,
64].

3.1. Friction stir additive manufacturing (FSAM)

FSAM is a process that combines friction stir
welding (FSW) with additive manufacturing (AM).
To join and build up material layers in FSAM, a
rotating tool with a pin and shoulder is used, instead
of melting and solidifying them. As shown in Fig.
8 multiple sheets are placed on top of each other
and welded using the friction stir method, which
creates uniform microstructures with enhanced
mechanical properties along the connection.
Another common additive manufacturing
method based on FSW that produces ultra-fine
nano microstructures (average grain size ~810
nm for nanodiamond reinforced AA6061 matrix
composite coatings [65]) is additive friction stir
deposition (ASFD). This method uses feedstock
materials in the form of rods or wires, fed through
a rotating tool, undergoing plastic deformation
due to frictional heating, and deposited layer by
layer in a solid-state process [66]. In FSAM, several
parameters can influence the final grain structure.
These parameters include tool geometry, tool
rotation speed, traverse speed, process temperature,
layer thickness, and material properties.
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Fig. 8- Schematic representation of FSAM method.

3.1.1. Potentials for processing of UNG material
3.1.1.1. Tool Geometry

FSAM tool geometry directly impacts material
flow, deformation, and heat generation during
processing, which in turn affects the size of grains
developed in the microstructure. The optimization
of tool geometry parameters is essential for
achieving desired grain sizes and mechanical
properties in FSAM-processed parts.

During FSAM, material flow is greatly
influenced by the shape and size of the pin at the
end of the rotating tool. If the pin diameter is
greater, more plastic deformation and mixing will
occur, resulting in a finer grain size. Furthermore,
a larger shoulder diameter can provide greater
support and pressure to the material, which can
facilitate plastic deformation and grain refinement.
Additionally, the tilt angle of the tool relative to the
material surface alters the flow pattern and shear
strain imposed during the process.

3.1.1.2. Traverse Speed

The traverse speed in FSAM refers to the rate at
which the rotating tool moves across the material
surface during deformation, which directly dictates
the material strain rate and typically range from
50 mm/min to 5 mm/s [67, 68]. The transverse
speed influence indirectly influences the adiabatic
heat generation and, thereby, the temperature met
during the process. It is well known that increasing
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the strain rate and decreasing the temperature
may lead to the development of finer grain sizes
during deformation [69, 70]. Moreover, lower
traverse speeds allow the material to flow around
the rotated tool for a longer period of time, leading
to improved grain refinement and uniform grain
distribution throughout the fabricated part.

3.1.1.3. Layer Thickness

In the FSAM process, a thick layer retains more
heat due to its higher thermal mass. Thus, heat
dissipation from thicker layers may be slower
than from a thinner one, resulting in higher
material interface temperatures. Higher processing
temperatures can be associated with larger grain
sizes. In studies that successfully achieved ultrafine
nanostructures using the FSAM method, this
parameter ranges from 0.5 to 2 mm [67, 71].

3.2. Cold spray additive manufacturing (CSAM)

As schematically illustrated in Fig. 9, during
CSAM particles are accelerated with compressed
gas as a propellant through converging and
diverging nozzles and reach ultrasonic speeds
(usually 300 to 1200 meters per second). Two types
of precipitation occur during CSAM: the formation
of the initial layer precipitate, which includes the
bond between the particles and the substrate, and
the deposition of higher layers, which includes the
bond between the particles themselves. The initial



Gholamzadeh-Sarmi M.J, J Ultrafine Grained Nanostruct Mater, 57(2), 2024, 203-221

powder
Feeder

Powder
Feed rate

Impact
angle

substrate

Precipitated layers
of particles

Fig. 9- Schematic of CSAM method.

speed of the particles must be greater than the
critical speed specified for the particles to produce
local metallurgical bonding and acceptable
mechanical interlocking between the precipitate
particles. Indeed, the kinetic energy of the particles
is converted into plastic deformation when they
strike each other or the substrate, resulting in
severe plastic deformation with strain rates as high
as 10° to 10° s [72]. Low working temperatures in
this method are expected to reduce or eliminate
undesirable features such as oxidation, phase
transformations, and grain growth compared to
melting-based additive manufacturing processes.
Several parameters can influence the grain
structure produced by CSAM, including particle
size and morphology, particle velocity, substrate
temperature, gas temperature and pressure, and
impact angle. The effects of the parameters on the
production of UFGs are briefly dealt with below.

3.2.1. Potentials for processing of UNG material
3.2.1.1. Particle Size and Morphology

This parameter typically ranges from 5 to 50
um [72] and a smaller particle size obviously may
result in a finer grain size in the deposited material.
This is related to a greater surface area-to-volume
ratio offer by finer particles, resulting in more
efficient plastic deformation and bonding during
impact. The deformation dislocation generated
during deformation can be restored as sub-grains,
which can be evolved into new fine grain upon
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further straining [64]. Particles with high aspect
ratios (elongated or needle-like particles) may
align preferentially during impact, affecting the
direction in which the material flows and how the
grain grows. Accordingly, grain sizes can vary in
different directions, resulting in anisotropic grain
structures. Furthermore, particle surface roughness
contributes to particle adhesion and inter-particle
bonding during impact. By providing more
bonding sites, rough surfaces may facilitate grain
refinement and enhance the mechanical properties
of the deposited material.

3.2.1.2. Particle velocity

With higher particle velocities, there is an
increase in kinetic energy upon impact, resulting
in more significant plastic deformation of both the
particles and the substrate. Therefore, increased
particle velocity introduces greater deformation
at high strain rates. This invokes high dislocation
densities and finer grain sizes upon subsequent
restorations.

3.2.1.3. Substrate temperature

Substrate temperature in CSAM refers to the
temperature of the substrate material during
the deposition process. The higher substrate
temperature may promote the occurrence of
thermally activated processes in the deformed
particles, resulting in the accelerated evolution
of the substructure. This can end up in the rapid
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formation of new grains and provide sufficient
ring force for grain growth. Accordingly, the
development of the UNG structure may be favored
by lower substrate temperatures.

3.2.1.4. Gas temperature and pressure

Gas temperature and pressure are critical
parameters influencing the deposition process,
quality, and properties of parts manufactured by
CSAM and typically ranges from 25 to 800°C [68,
72]. The gas pressure is carefully controlled as it
directly determines the particle impact velocity,
which is crucial for achieving ultrafine grain
microstructure and typically ranges from 1.8 to 5
MPa [73]. Accordingly, one may expect to achieve
UNG microstructure with higher gas pressure.
However, as the gas temperature increases, the
strength of the particles decreases, and the particles
may be deformed more easily. This can yield a drop
in the dislocation density produced within particles.
Then, similar to the substrate temperature, a higher
temperature will increase the driving force for grain

growth. Accordingly, it can be concluded that the
lower the gas temperature, the finer grain structure
would be expected.
3.2.1.5. impact angle

This parameter refers to the angle at which
the powder particles impact the substrate or
previously deposited particles. The impact angles
closer to 90 would guarantee a more homogenous
microstructure with higher surface quality [74].
Such conditions also cause high-impact energy
and, thereby, generation of higher dislocation
density within the powder, which favors finer grain
structure.

3.2.2. The UNG microstructure obtained through
deformation-based method

The results of research in the literature
concerning the creation of UNG microstructures
utilizing FSAM and CSAM techniques are
outlined in Table 3. Liu et al. [67] investigated
the production of three-dimensional large-scale
ultrafine-grained pure copper using a novel FSAM

Table 3- Literature reports on processing of UNG microstructures using CSAM and FSAM

Material Method

Parameter

Grain size Ref

Pure Cu CSAM

Propelling gas: He
Gas temperature: 800 ‘C
Gas pressure: 2 MPa
Stand-off distance: 30 mm
Spray angle: 90°
Nozzle traverse speed: 100 mm/s
Hatch distance: 2 mm

829 nm [72]

Pure copper FSAM

Rotation rate: 600 RPM
Travel speed: 50 mm/min
Tilt angle of the tool: 3° [67]

Plunge depth: 0.2 mm
Sheet thickness: 2.8 mm

PZ,TZ-Y and TZ-Z
~450 ~410 ~430 nm

Al i
metal m.atrlx CSAM
composite

Air temperature: 25 °C
Air Pressure: 90 psig
Nozzle traverse speed: 15 or 5 mm/s
Stand-off distance:10 mm
Ar carrier gas pressure: 60 psig
Powders fed rate: 60 flow meter reading

<50 nm [68]

Al-Zn-Mg-Cu (7075Al)

AM
reinforced with TiB2 s

Standoff distance: 30 mm
Traverse speed: 100 mm/s
Deposition angle: 90°
Propelling gas: Air, N», He
Carrier gas: Ar, N, He
Gas pressure: 3, 5, 1.8 MPa
Gas temperature: 550, 500, 320 °C

525-958 nm [73]
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technique. This method included fast cooling with
water to prevent grain growth and achieve a nano-
grain size microstructure. Fig. 10 shows the grain
size distribution in the related processing zone
(PZ), transverse zone-Y (TZ-Y), and transverse
zone-Z (TZ-Z), with average grain sizes of 450 nm,
410 nm, and 430 nm, respectively.

The relatively smaller grain sizes in the TZs
are attributed to lower temperatures at the edge
and bottom of the PZ, resulting from the cooling
effect of flowing water. A nearly homogeneous
dynamically recrystallized (DRX) microstructure
was observed in the bulk UFG pure copper,
resulting in excellent mechanical properties. The
initial yield strength of the base material (BM) of
271 + 4 MPa, was enhanced to a high yield strength
of approximately 449 + 7 MPa, and 456 + 1MPa in

the FSAM-Y and FSAM-Z directions.

Chen et al.[72] reported that a pure copper with
high strength and ductility was produced using CSAM,
characterizing with a mean grain size of 820 nm. The
processes copper exhibited impressive mechanical
properties, of an ultimate tensile strength of 271 MPa, a
fracture elongation of 43.5%, and a uniform elongation
of 30%. Detailed analyses of individual splats revealed
a gradient nano-grained (GNG) structure developed
due to high-speed impact deposition (Fig. 11). These
GNG-structured splats acted as building blocks for a
heterogeneous microstructure with a bimodal grain
distribution during the successive CSAM deposition
process. The study demonstrated that CSAM could
achieve synergistic strengthening and ductilization
by effectively controlling grain refinement and
dislocation density.

e :
- i 1 pm
T -

Fig. 10- EBSD microstructures of different regions in FSAM Cu samle: IPF maps of (a) PZ, (b) TZ-Y, and (c) TZ-Z regions [67].

S Q25 ; SR 5 A - -

Fig. 11- Multi-scale microstructure observation of the CSAM Cu. (a)

’ >n
OM of the etched sample showing the severely deformed particles, (b) 3D

]SS

EBSD-IPF image illustrating the heterogeneous grain structure, and (c) TEM thin-foil showing the mixture of nano and micro-scale grains [72].
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4. Conclusion

The present paper aims to provide an overview
of additive manufacturing methods and their
potential for producing ultrafine/nano-grained
materials.  Accordingly, the corresponding
methods are categorized into melting-based and
deformation-based. It is discussed that melting-
based techniques, including powder bed fusion
and directed energy deposition, may be capable
of producing fine-grained structures by tuning
the process parameters such as beam power, point
distance, scan speed, and spot diameter. Lower
power and higher scan speed are associated with
reduced heat input, resulting in smaller melt pools
and, thereby, faster solidification rate and finer
grains. FSAM and CSAM methods are considered
deformation-based methods. In the former, lower
traverse speeds and longer dwell times lead to the
imposition of higher strain, which subsequently
yields a microstructure with finer grains. In the
latter deformation-based process, smaller particle
sizes and higher particle velocities increase the
kinetic impact energy of particles, which, in turn,
introduces higher strain magnitude and dislocation
density, eventually producing finer grains. The
review concludes that compromising the processing
parameters in melting- and deformation-based
additive manufacturing methods offers great
potential for producing ultrafine/nano-grained
microstructures. The reported results in the
literature on achieving such microstructure are
summarized and discussed.
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