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1. Introduction

Currently, the term additive manufacturing (AM) or 3D printing 
defines the technology used to create 3D/4D parts by layer-by-
layer application of various materials such as polymers, metals, 
ceramics and composites.1 – 4 Additive technologies are widely 

used to manufacture complex shapes that are difficult, and often 
impossible, to produce using traditional manufacturing processes 
in industries such as aerospace, automotive and biomechanics.1, 2, 5 
More recently, the use of 3D printing in chemistry and related 
industries (biochemistry, pharmaceuticals) has expanded to create 
devices and materials tailored to specific research problems.6
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The application of additive technologies to the manufacture of polymer and 
composite products is now actively expanding. The FDM printing process is 
popular because of its ability to adapt to specific tasks and to bring products 
with complex geometries into production quickly and at minimal cost, and is 
seen as a technology that can compete with injection molding. However, due 
to the nature of the process, FDM printed parts are significantly inferior in 
quality to injection molded parts. Much attention is now being paid to research 
into supplementary treatment methods to improve the properties of FDM 
printing parts. However, there is no complete and clear description of such 
methods, nor are there any recommendations on the choice of treatment 
methods aimed at improving the specific parts properties. The aim of this 
review is to analyse the research in the field of post-treatment of parts in order 
to systematise their advantages and limitations, which will allow a more 
reasoned choice of a post-treatment method to improve specific properties of 
FDM printing parts.
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AM technologies can be divided into the following groups: 
binder jetting; directed energy and material deposition; material 
extrusion including fused deposition modelling (FDM); material 
jetting; powder bed fusion; sheet lamination; vat 
photopolymerisation.7 – 15

Of all the AM technologies and methods, FDM printing is the 
most widely used because of its ability to be easily customised 
and to bring complex geometry parts into production as quickly 
as possible at minimal cost.

A schematic of the FDM printing process is shown in Fig. 1. 
During printing, the source material, in the form of a filament, is 
fed into the print head, which heats the material to a semi-liquid 
state above the glass transition temperature. It is then extruded 
from the nozzle and deposited onto the printer’s built platform 
(table). The solid filament fed from the spool acts as a piston, 
pushing the molten filament out of the nozzle.16, 17 The force 
exerted by the filament to extrude the melt must be sufficient to 
overcome the pressure drop across the print head depending on 
the shape of the part and the rheological properties of the 
material. The print head or table moves in the X and Y axes to 
form two-dimensional layers of the part. As each layer is 
completed, the print head or table moves along the Z axis by the 
thickness of the layer, allowing the next layer to be applied on 
top of the previous layer. The nozzle tip pushes the molten 
material against the previous layer, which is re-melted, allowing 
the new layer to fuse with the previously printed layer. Once 
applied, the filament material hardens rapidly. The layer-by-
layer application process continues until the part is printed 
completely.

Currently, another extrusion-based method is being 
developed for 3D printing polyamide and polyamide-based 
composite parts, using granules of the material rather than 
filaments (fused granulate fabrication, or FGF). A screw device, 
similar to the screw of an injection molding machine, is usually 
used to feed the material into the print zone and plasticization 
it.18 – 22 Today, however, the granule printing method is not yet 
as widely used as the FDM method, so the number of studies on 
this method is small.

FDM is often seen as a technology that competes with the 
well-known method of manufacturing non-metallic products — 
injection molding. This issue is particularly relevant for small-
scale and one-off manufacturing. From the point of view of 
initial model design, material costs, ease of making changes to 
the part geometry and the lack of need for specialized tooling 
(injection molds), FDM printing has undeniable advantages 

over injection molding. However, due to the specifics of the 
printing process associated with layer-by-layer build, printed 
parts are significantly inferior to injection molded parts in terms 
of strength and surface quality, minimizing the benefits of 3D 
printing.

Numerous studies have shown that FDM printed thermoplastic 
polymer and composite parts have inherent weaknesses that 
directly affect the mechanical performance and appearance of 
the finished product, which fall into two broad categories:23 – 26

— defects in parts due to deviating amounts of material 
(voids, threads, over- and under-extrusion, ribbing, bubbles and 
pores) or part deformation (shrinkage, warping, displacement of 
layers, delamination/weak bonding, twisting and cracks);25, 26

— characteristics inherent to the FDM printing parts: high 
surface roughness of the finished product, resulting, among 
other factors, from the stair-step effect (see Fig. 1); anisotropy 
of the mechanical properties, strongly dependent on the printing 
direction.

Recently, a lot of attention has been paid to the research of 
various post treatment methods to improve the mechanical 
properties and surface quality of FDM printed parts.

The aim of this paper is to analyse current research in the area 
of supplementary treatment of FDM printed parts. The main 
focus is on the methods of post treatment in order to identify the 
applications and limitations of these methods.

2. Classification of supplementary treatment 
methods

At present, there is no complete and clear description of methods 
of supplementary treatment of FDM printed parts. Researchers, 
are usually limited to the description of processing technologies, 
consideration of individual properties of specimens (tensile and 
compressive strength, modulus of elasticity, yield strength, 
strains beyond yield strength, impact toughness, plasticity, 
hardness, porosity, etc.), and analysis of the results obtained. 
Consequently, no recommendations on the choice of 
supplementary treatment technology aimed at improving the 
properties of specific parts can be found.

The analysis of publications has shown that the methods of 
supplementary treatment can be divided into preparation before 
printing (pre-treatment), supplementary treatment directly 
during the printing process, and treatment after the part has been 
printed (post-treatment).1, 2, 24, 27 Figure 2 shows a scheme 
illustrating methods of supplementary treatment of FDM printed 
parts.

3. Pre-treatment methods

Pre-treatment methods can be divided into three groups:28 – 30

— improving the properties of the source material;
— computer-aided design (CAD) model preparation methods;
— setting printing parameters.

3.1. Improving the properties  
of the source material

The material for FDM printing is a thermoplastic filament, 
which is characterized by its infinite length in relation to its 
cross-section. The most commonly used thermoplastic polymers 
are:
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part

Build platform
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Figure 1. A schematic of the FDM printing process.
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More recently, the range of applications for FDM printing 
has been greatly expanded with the use of high-performance 
thermoplastics such as:27, 31, 32
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Filaments are currently produced in diameters of 1.75 and 
2.85 mm. In most cases, when using commercially available 
material, only pre-drying of the filament is used to improve its 
properties.28, 30

Recently, composite materials based on thermoplastic 
matrices have been increasingly used in FDM printing 
technologies to achieve better mechanical, optical, thermal and 
electrical properties compared to pure polymers. Carbon fibre, 
glass fibre, Kevlar, wood, metal powder, etc. use as fillers in 
such materials. Reinforcing filaments for 3D printing with 
continuous fibres has become possible through the use of special 
printers with two nozzles: one with matrix polymer, the other 
with continuous fibre.24, 31

When composite filament is used for printing, the technology 
used to produce it has a significant impact on the physical and 
mechanical properties of the printed part.28 Heating the fibre 
before inserting it into the printer nozzle and using prepregs for 
printing help to increase the degree of fibre impregnation with 
the matrix material and thus improve the mechanical properties 
of the finished product.33 – 36

3.2. CAD model preparation methods

CAD model preparation consists of design a three-dimensional 
model of the future part using computer-aided design systems, 
saving the geometry in STL format and slicing it into layers 
using special software called a Slicer. Most modern slicer 
software automatically slices the model into layers of uniform 
height equal to the thickness of the layer selected for printing, 
depending on the material properties.

To minimize the stair-step effect, the adaptive slicing method 
is used, a special algorithm that allows the height of the layers to 
change depending on the presence of inclined planes in the 
model.37 The greater the angle of inclination of the surface, the 

Figure 2. The supplementary 
treatment methods of FDM print-
ing parts. CAD is computer-aided 
design of parts; UV is ultrasonic 
vibration.
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lower the layer height selected by the software during slicing 
(see Fig. 1). Vertical surfaces are assigned the maximum layer 
height value because they do not require a lot of detail, and using 
the highest layer height does not affect the appearance, but 
significantly reduces printing time. Adaptive slicing into layers 
allows you to significantly improve the surface quality of the 
final part with a slight increase in printing time, but this 
algorithm does not work correctly in all slicer programs and 
often requires manual adjustment.

3.3. Setting printing parameters

As with any process, there are a number of parameters in the 
FDM printing that have a major impact on print time, quality 
and the physical and mechanical properties of the printed 
parts.38 – 40 Choosing the right combination of printing parameters 
allows you to predict and control the characteristics of the future 
part.

All the FDM printing parameters can be divided into three 
groups (Fig. 3):3

— equipment parameters (extruder nozzle diameter);
— printing parameters due to the rheological properties of 

the material (chamber temperature, extrusion temperature, table 
temperature);

— structural printing parameters (printing orientation, raster 
thickness, raster width, infill, raster gap, etc.).

The relationship between print input and output parameters is 
complex and non-linear.41 Obviously, not all process parameters 
have the same effect on the final result; some process parameters 
have a greater effect, others a lesser effect.42 – 62

The evaluation of the relationship between printing 
parameters and part properties is usually carried out using 

specimens whose shape and dimensions are defined by the 
relevant standards. Mechanical properties such as tensile 
strength, yield strength, compressive strength, fatigue strength, 
relative elongation, toughness, porosity, etc. are determined 
using tensile, flexural, compression and fatigue tests on 
specimens of pure thermoplastics 3, 52, 53 and composites with a 
thermoplastic matrix.30, 54

Most studies focus on a certain range of parameters, which is 
illustrated by the Ishikawa diagram shown in Fig. 4. Table 1 
summarizes the research on the effect of printing parameters on 
the mechanical properties of specimens made from different 
materials. The table shows the most commonly used materials in 
FDM printing (including industrially produced materials), but it 
should be noted that the range of materials used in this technology 
is much wider.

Analysis of the data in Table 1 shows that the influence of 
parameters such as nozzle diameter and layer thickness, grid 
orientation and raster angle, infill density and extrusion 
temperature on the physical and mechanical properties of the 
parts have been most widely studied.

Thus, although FDM printing technologies allow a large 
number of parameters to be set, these parameters must be 
optimized to print a stable part with the specified properties, and 
any even minor change in them can lead to significant, not 
always positive, changes in the mechanical strength and quality 
of the finished part. For this reason, when selecting printing 
parameters for real parts, the recommendations of material 
suppliers, settings embedded in the 3D printer software for a 
particular material or the printing of test specimens are most 
often used.

X
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Layer thickness
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wall width
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the rasterShell gap

Figure 3. FDM printing 
parameters.
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4. Supplementary treatment in the FDM 
printing process

Recently, there has been an increasing number of studies aimed 
at improving the properties of printed parts by affecting the 
material directly in the printing process. From the information 
gathered to date, these methods can be divided into three 
groups:30, 63, 64

— additional heating of the extruded layer;
— the use of a vacuum chamber for printing;
— applying ultrasonic vibrations to the table or print head of 

the printer.

4.1. Additional heating of the extruded layer

The essence of this method is to reheat the applied layer to the 
glass transition temperature before applying the next layer. 
Heating can be done by various sources: laser, infrared 
lamps,65 – 70 using a direct annealing system — special 
equipment supplied with some models of 3D printers.71 Re-
heating an already applied layer provides improved adhesion 
between layers and consequently improved strength properties 
of the final part.30

The efficiency of reheating depends largely on the power of 
the applied sources, the orientation of the sources relative to 
each other, the distance between them and the print speed. On 
the other hand, the substrate cooling rate depends on the ambient 
temperature, the nozzle path and the thermal conductivity of the 
print material. To avoid overheating, a specially designed 
system is often used to artificially cool the extruded layer before 
reheating it.66

Figure 4. Ishikawa diagram 
illustrating the effect of FDM 
printing parameters on part 
properties.40

Table 1. Summary of the studies on the dependence of the physical 
and mechanical properties of the specimens on the FDM printing 
parameters.

Material Printing parameters Specimen properties Ref.

ABS Layer thickness, mm
Raster angle, deg
Infill density, %
Air gap, mm 
Raster width, mm
Extrusion temperature, °C 
Build orientation, deg
Print speed, mm s–1 
Nozzle diameter, mm 
Infill pattern

Tensile strength 
Compressive strength 
Bending strength 
Yield strength 
Fatigue strength 
Impact strength 
Relative elongation 
Porosity 
Fractography

42, 
53 – 60

PLA Extrusion temperature, °C 
Infill density, %
Layer thickness, mm
Print speed, mm s–1 
Infill pattern 
Nozzle diameter, mm 

Tensile strength 
Compressive strength 
Density 
Relative elongation 
Modulus of elasticity 
Impact strength 
Surface roughness 
Printing time 
Strain energy

43 – 47, 
52, 61

PEEK Nozzle diameter, mm 
Extrusion temperature, °C 
Build orientation, deg
Print speed, mm s–1

Tensile strength 
Bending strength 
Compressive strength 
Relative elongation 
Roughness 
Density

48 – 50, 
62

PEI Extrusion temperature, °C 
Build orientation, deg

Density 
Bending strength 
Tensile strength 
Relative elongation

49

PETG Infill density, % Tensile strength 
Roughness

51

Note. ABS is acrylonitrile-butadiene-styrene copolymer, PLA is 
polylactide, PEEK is polyether ether ketone, PEI is polyetherimide, 
PETG is polyethylene terephthalate modified with glycol.
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4.2. Printing in a vacuum chamber

The use of a vacuum in the print chamber improves print quality 
by reducing heat transfer from the nozzle, thus providing a 
smooth and slow reduction in polymer temperature, which 
improves adhesion between layers.72 – 74 For example, when the 
pressure is reduced from normal atmospheric pressure to 533.4 
mmHg, there is a reduction in waviness and surface roughness 
of the finished part. Reducing the pressure further to 457.2 
mmHg increases the tensile strength of the part compared to 
normal printing conditions.

4.3. Printing with superimposed ultrasonic 
vibrations

Ultrasonic processing (UP) is an increasingly used part treatment 
process that can be applied before, during or after printing to 
improve part quality. To date, several experiments have been 
carried out to investigate the effects of ultrasound on polymers 
and composites, and it has been found that ultrasonic vibration 
during printing improves the surface quality and strength 
properties of the final part, while reducing the stair-step effect 
and layer thickness.63, 64

The above-mentioned methods used during printing have a 
positive effect in terms of improving the printed parts properties. 
However, the using of most of them requires the addition to a 
standard 3D printer of special equipment for heating/cooling the 
extruded layer (infrared lamps, lasers, direct annealing system), 
creating a vacuum in the chamber, applying ultrasonic vibrations, 
etc., which complicates and consequently increases the cost of 
the equipment, thus negating the main advantage of the FDM 
printing method — availability.

5. Post-treatment of FDM printed parts

More recently, post-treatment methods applied to the part at the 
end of the FDM printing process have been increasingly 
considered as an alternative to finding the optimum combination 
of printing parameters.23, 28

Post-treatment methods can be divided into two groups:
— surface post-treatment, which aims to improve the surface 

quality of the finished part;
— bulk post-treatment, which can improve not only the 

surface quality but also the physical and mechanical properties 
of the finished part.

Let us take a brief look at the most widely studied methods of 
post-treatment of parts after FDM printing.

5.1. Surface post-treatment methods

Currently, the following groups of surface post-treatment 
methods are used to minimize the stair-step effect and improve 
the surface quality of the finished part (Fig. 5):

— mechanical methods based on the removal of a layer of 
material from the surface of the finished part (grinding, 
polishing, sandblasting, water jetting);

— chemical methods based on partial dissolution of the 
surface of the finished part in a chemically active environment. 
In this case, the part may either be completely immersed in the 
solvent or treated with its vapours;

— thermal methods based on repeated partial melting (re-
melting) of the surface of the finished part using a heat source. 
Such a source is most often a laser (laser grinding, polishing, 
etc.) or a heat gun;

— the deposition of the coating the surface of a finished part 
to smooth the its surface by filling pores and smoothing out 
roughness. Coatings are applied by mechanical (epoxy resin, 
liquid silicone, paints, etc.), physical (physical vapor deposition 

Figure 5. Surface post-treat-
ment methods.
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(PVD)), chemical (chemical vapor deposition (CVD)) and 
electrochemical methods.

Most mechanical methods, as well as PVD, CVD and 
electrochemical coating methods, require special industrial 
equipment (cutting machines, vacuum equipment, etc.), and 
mechanical coating of the finished part surface does not usually 
change the physical and mechanical properties, but only 
improves the appearance. Therefore, most of the modern 
research is focused on chemical and thermal (laser) methods of 
surface post-treatment. Let us highlight some aspects of these 
methods.

5.1.1. Chemical surface treatment

Chemical surface treatment involves immersing the printed 
part in a solvent or treating it with hot or cold solvent vapors. 
Solvents such as acetone, ethyl acetate, tetrahydrofuran, 
chloroform, dichloromethane, etc. are used.11, 16, 29, 75 The outer 
surface of the product is dissolved, the roughness of the surface 
is smoothed, the gaps between the layers are filled with 
dissolved polymer. When hardened, the surface becomes 
smoother. However, a number of studies show that this 
treatment can adversely affect the mechanical properties of 
ABS parts.76 – 78

5.1.2. Heat treatment

Laser heat treatment is used to reduce the surface roughness of 
printed parts by rapidly heating and melting the surface of the 
part. This process smoothes surface irregularities and the molten 
polymer fills voids in the surface layers to improve physical and 
mechanical properties.24, 79 However, a number of studies have 
found that laser treatment has a greater effect on parts made 
from semi-crystalline thermoplastics (e.g. PLA), while parts 
printed from amorphous thermoplastics (ABS and others) show 
virtually no change in surface roughness.80, 81

The use of a heat gun as a surface heating source to reduce 
the porosity of a vacuum system element produced by FDM 
printing is described.82 It is found that surface heat treatment 
with a heat gun at 400 °C combined with 98% infill printing 
provides a porosity reduction without causing significant 
deformation, which is particularly relevant for a real part.

In addition to those discussed above, various combinations of 
surface post-treatment methods are currently used, e.g. 
combination of acetone vapor treatment with annealing,83 
electrochemical polishing, laser ablation with directional 
(selective) remelting, etc.29 Most of these methods aim to 
improve the surface quality of the finished part by smoothing 
out the stair-step effect. The slight improvement in physical and 
mechanical properties observed in a number of studies after 
such treatment is most likely due to the fact that the molten 
polymer fills voids in the surface layers, reducing porosity and 
improving interlayer adhesion.

5.2. Bulk post-treatment

Methods that improve the physical and mechanical properties of 
the printed part include bulk post-treatment methods based on 
the effect on the whole product, not just the surface.

It is well known that during printing between polymer layers 
under the influence of temperature and pressure, the interface is 
heated, resulting in localized polymer flow and molecular 
mobility (surface contact), the emergence of close physical 
contact between the two interfaces (so-called neck growth), 

followed by molecular diffusion of polymer chains across the 
entire contact area (so-called healing) (Fig. 6).84, 85

The processes of neck growth and healing are interrelated 
because molecular diffusion of polymers can only occur in areas 
where the surfaces are in close contact. The development of 
such contact depends on the applied pressure, temperature and 
interaction time, while healing depends mainly on the heating-
cooling process and time. Thus the interlayer bond strength σ 
and consequently the physical and mechanical properties of the 
part depend on temperature, pressure and treatment time:

s = f (T, p, t) (1)

During the printing process, the molten filament is fused to 
the next filament without the application of any additional 
pressure other than gravity, under non-isothermal conditions 
and with a very short (on the order of 1 s) interaction time 
between the layers.84 Under such conditions, the molecular 
diffusion process does not have time to develop and the strength 
of the interlayer bond is low. Additional heating of the filament 
during printing, as described in the previous section, makes it 
possible to increase the temperature of the interface and 
accelerate mutual diffusion throughout the contact zone, 
resulting in improved physical and mechanical properties of the 
parts.

Bulk post-treatment allows the process to be carried out 
under conditions of stable temperature throughout the treatment 
time, to extend the time of interlayer interaction (from several 
hours to several days) and to apply additional pressure to the 
part. This makes the diffusion process through the interlayer 
interface more efficient and leads to improved physical and 
mechanical properties.

In terms of the factors that influence the formation of 
interlayer bonds, all of the bulk post-treatment methods currently 
used for FDM printed products can be divided into two broad 
groups (Fig. 7):

— methods based on thermal effects on the part (temperature 
and time factors);

— methods based on both thermal and mechanical effects on 
the part (temperature, pressure and time factors).

The term annealing (thermal post-treatment) is commonly 
used for the first group of methods and pressing (hot isostatic 
pressing (HIP)) for the second group of methods.

5.2.1. Heat post-treatment methods (annealing)

Annealing consists of gently reheating the part to the glass 
transition temperature of the material or slightly above but 
below the melting point, holding at the set temperature for a set 
time and then allowing it to cool naturally to ambient temperature. 
Repeated isothermal heating, prolonged holding at temperatures 
near or above the glass transition temperature, followed by slow 
cooling, ensures sufficient fluidity of the polymer chains, 
stimulates molecular diffusion across the interlayer interface, 
increases the number of crystalline structures in the polymer and 

s0

s0 = 0 s0 < s2

s1 s2

Figure 6. Scheme of interlayer bond formation by surface contact 
(a); neck growth (b) and molecular diffusion and re-entanglement (c). 
Author’s figure based on Refs 84, 85.
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redistributes stresses within the part, resulting in increased 
crystallinity and strength.86 – 88 It has also been observed that 
thermal annealing increases the interlayer viscosity of polymers, 
improving their properties compared to injection molded 
specimens.89

A classification of annealing methods has been developed 
based on the analysis of current research on heat post-treatment 
(see Fig. 7):

— annealing without deformations limitation, where the part 
is placed in the furnace without size fixation. Heating, holding at 
a given temperature and cooling can be either single or multi-
stage (single or multi-stage annealing);

— annealing with deformations limitation, where special 
methods are used to fix the part in size: dispersed environment, 
rigid form or elastic shell.

Table 2 describes the studies on annealing methods. The 
studies are grouped according to the given classification of 
methods and according to the type of material — amorphous and 
semi-crystalline thermoplastics and composites based on them, 
since the mechanisms and the degree of influence of heat post-

Figure 7. Bulk post-treatment methods.

Table 2. Summary of researches on annealing methods for FDM printed parts.

Method Material Printing parameters Parameter values Specimen properties Reported results Ref.

Annealing without deformations limitation
Single
stage annealing

ABS Infill density, %
Temperature, °С
Treatment time, min

20; 60; 100
105; 115; 125
20; 25; 30

Tensile strength
Dimensional accuracy

↑ up to 36.5 MPa
↓

90

 TPU Raster angle, deg
Temperature, °С

Treatment time, h

0; 90
60; 80; 100; 120;
140; 160; 180
10

Tensile strength
Surface wetting angle
Relative elongation

↑ by 67 – 100%
↑ from 90.4 to 95.25°
↑ up to 38 – 75%

91

 PLA Temperature, °С
Treatment time, min

110
20; 60

Tensile strength
Compressive strength

has not changed
↑ from 52 to 80 MPa

92

 PLA, ABS Build orientation
Temperature, °С
Treatment time, h

XZ; XY; ZX
75; 80
1

Tensile strength
Modulus of elasticity

↑ by 30%
↑ by 19%

93

 PLA Temperature, °С
Treatment time, min

65; 75; 85
45; 60; 75

Tensile strength ↑ up to 92 – 97 MPa 94

 PLA Temperature, °С
Treatment time, min

70; 85; 100; 155
30; 60; 90

Tensile strength
Modulus of elasticity
Flexural strength
Hardness

↑ by 48%
↑ by 78%
↑ by 41%
↑ by 28%

95

 PLA Temperature, °С
Treatment time, s

60; 110; 150
50 – 6400

Degree of crystallinity
Deformations
Flexural strength

↑ up to 34%
20%
↑ by 10%

96

 PLA Temperature, °С
Treatment time, min

65 – 90
10; 180; 600

Flexural strength ↑ by 11 – 17% 97

 PP Raster angle, deg
Temperature, °С

Treatment time, h

0; 30; 45; 60; 90
60; 80; 100; 110;
120; 130; 140; 150
1; 2; 8; 12

Tensile strength
Degree of crystallinity

↑ up to 26 MPa
↑ from 21.9 to 25.7%

98

 PLA,
ABS + PC

Temperature, °С
Treatment time, min

90 – 210
30 – 240

Tensile strength
Flexural strength
Degree of crystallinity

↑ by 20.39%
↑ by 53.21%
↑ from 6.58 to 32.56%

99

 PLA,
PETG,
PETG + CF

Layer thickness, mm
Temperature, °С
Treatment time, min

0.1; 0.2; 0.3
60 – 100
30; 60; 90

Tensile strength

Deformations

↑ by 6.28% (PLA)
↑ by 8.08% (PETG)
↑ by 14.89% (PETG + CF)
smaller ones for PETG + CF 
compared to PLA and PETG

100

 PETG,
PETG + CF,
PETG+KF

Temperature, °С
Treatment time, min

90; 110; 130
30; 240; 480

Flexural strength
Hardness
Flexural strength
Impact strength
Deformations

↑ by 10 – 32%
↑ by 19 – 26% 
↑ by 10 – 32%
↑ by 3.5–16%
from 2 to 6% 

101
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Table 2 (continued).

Method Material Printing parameters Parameter values Specimen properties Reported results Ref.

Annealing without deformations limitation

 ABS,
ABS + CF

Temperature, °С
Treatment time, h

105; 125; 175
0.5; 2; 4

Tensile strength
Flexural strength
Deformations

↑ by 12.64%
↑ by 42.33%
up to 27%

102

 PPS + CF Temperature, °С
Treatment time, min

100; 130
45/360

Flexural strength
Degree of crystallinity

↑ up to 164.65 MPa
↑ up to 54.3%

103

 PA + GF,
TPU

Temperature, °С
Treatment time, h

120
0.5; 2; 4; 8

Roughness, Ra
Deformations
Tensile strength
Relative elongation

↑ by 69.16%
from 1.5 to 4%
has not changed
↓ from 14.76 to 10.98%

83

 ABS, PLA,
PLA + Cu,
АSА + Al

Temperature, °С
Treatment time, h

70; 80; 90
1

Tensile strength
Rockwell Hardness
Deformations

↑ by 3 – 21% 
↑ up to 50.2 HRC
from 0.6 to 8% 

86

Multi-stage 
(cyclic) 
annealing

PLA Infill density, %
Temperature, °С
Number of stages
Stage time/total 
treatment time, min

30; 50; 70; 100
70; 90; 110
3
10/30

Compressive strength
Impact strength
Shrinkage

↑
↑
↓ by 50%

104

Annealing  with deformations limitation
Annealing in a 
dispersed 
environment

PETG Temperature, °С
Treatment time, min
Environment

220
5; 15
NaCl

Tensile strength
Compressive strength

↑ up to 143%
↑ by 50%

87

 PLA Raster angle, deg
Layer thickness, мм
Temperature, °С
Treatment time, min
Environment

0; 45; 90
0.1; 0.2
190; 200
30; 60
NaCl; CaSO4

Tensile strength 

Microhardness

↑ up to 70.08 MPa in NaCl
↑ up to 71.66 MPa in CaSO4
↑ на 12%

88

 ABS,
PLA

Temperature, °С

Treatment time, min
Environment

100; 118; 135;
170; 205; 240
120
Al2O3

Flexural strength
Deformations

slightly improved
up to 0.46% in length
up to 8% in height

105

 ABS Raster angle, deg
Temperature, °С
Treatment time, min
Environment

0; 90
135
120
Al2O3

Deformations up to 1.34% in length
up to 4.88% in height
up to 1.24% in width

106

 PLA Infill density, %
Temperature, °С
Environment

40; 100
100; 150; 200
sand; CaSO4

Deformations smaller deformations of the 
specimens were observed 
during annealing in gypsum 
compared to sand

107

 PLA Raster angle, deg
Temperature, °С
Treatment time, min
Pressure, MPa
Environment

0; 90
185
5
1
NaCl

Tensile strength
Density

↑ 3.5–4.5 times
↑ up to 1.26 g sm–3

(comparable to injection 
molding)

108

Annealing in a 
rigid form

PETG Build orientation
Temperature, °С
Treatment time, h

XZ; XY; ZX
135; 235
2

Tensile strength ↑ during melting in the form; 
during annealing, the changes 
are insignificant

109

 ABS Temperature, °С
Treatment time, min
Pressure, kPa

190
30
1.4

Tensile strength
Porosity
Deformations

↑ by 25%
↓ 2 – 4 times
up to 1% in length
up to 7% in height

110

Annealing in an 
elastic shell

PEI Shell type
Build orientation
Temperature, °С
Treatment time, h

Polyamide bag
XZ/XY/ZX
175 – 205
0.7 – 5.8

Roughness
Flexural strength

↓ на 90%
↑ на 75%

111

 ABS Shell type
Temperature, °С
Treatment time, h

Polyamide bag
190
0.5

Tensile strength
Porosity
Deformations

↑ up to 33.8 MPa
↓ by 80%
significant compared to 
processing in a dispersed 
environment

112

Note. In this table and hereinafter ↑ means increase compared to pre-treatment parts; ↓ means decrease compared to pre-treatment parts; for 
deformations, the value in % of pre-treatment part  dimensions is indicated; for properties, the maximum values given in the relevant references 
are indicated; TPU — thermoplastic polyurethane; PP — polypropylene; ABS + PC is ABS/PC blend; ABS + CF is ABS filled with carbon fibre; 
PETG + CF is PETG filled with carbon fibre; PETG + KF is PETG filled with Kevlar fibre; PPS + CF is polyphenylene sulfide filled with carbon 
fibre; PA + GF is PA filled with glass fibre; PLA + Cu is PLA filled with copper fibre; ASA + Al is acrylonitrile – styrene – acrylate copolymer 
filled with aluminium fibre; PEEK + CF is PEEK filled with carbon fibre.
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treatment depend largely on the material of the filament used for 
printing.

5.2.1.1. Annealing without deformations limitation

The essence of annealing without deformations limitation is that 
the part is placed freely in the furnace and is not fixed in any 
way. The influence of annealing temperature, heating and 
cooling time on the physical and mechanical properties of parts 
made from pure thermoplastics and composites based on them is 
considered. The most commonly used amorphous thermoplastics 
for FDM printing are PEI and ABS. Heat treatment of parts 
made from these materials above the glass transition temperature 
results in a significant reduction in surface roughness and stair-
step effect and contributes to an improvement in physical and 
mechanical properties (tensile, compressive, bending and impact 
strength).90 Heat post-treatment of thermoplastic polyurethane 
(TPU) parts effectively reduces porosity, increases interlayer 
contact area and, consequently, structural density, tensile 
strength and relative elongation.91 The authors also note that 
after heat treatment, the water resistance of the products is 
significantly improved and the wetting angle increases. In most 
of the studies carried out on parts made of amorphous 
thermoplastics, the improvement in physical and mechanical 
properties is explained by the repeated partial melting of the 
material during annealing, which leads to a reduction in porosity 
and interlayer gaps and improves the diffusion of the material of 
the different layers.

In the heat treatment of semi-crystalline thermoplastics, the 
annealing temperature is more important for improving the 
physical and mechanical properties and the holding time at a 
given temperature is less important. Annealing in the range 
between the glass transition temperature and the melting 
temperature of a given polymer promotes an increase in the 
degree of crystallinity, resulting in an improvement in strength 
properties. As the temperature increases further, the effects of 
polymer chain degradation begin to dominate, the degree of 
crystallinity decreases and the strength properties deteriorate.

The most commonly used semi-crystalline thermoplastic in 
FDM printing technologies is PLA, which has a glass transition 
temperature in the range of 60 – 65 °C. Annealing PLA parts at 
temperatures above the glass transition temperature increases 
the degree of crystallinity and interlayer diffusion, thereby 
improving physical and mechanical properties such as tensile 
strength, Young’s modulus, Shore hardness and flexural 
stress.92 – 97 At the same time, increasing the holding time does 
not have a significant effect on the physical and mechanical 
properties, as it is not sufficient to achieve the maximum degree 
of crystallinity.94 A comparison of the annealing results of PLA 
and ABS specimens shows that semi-crystalline PLA parts show 
an increase in tensile strength after annealing, while amorphous 
ABS products show significantly poorer tensile test results.86 
Studies conducted for other semi-crystalline materials 
(polypropylene,98 PC-ABS 99) confirm the fact that heat post-
treatment in the range of temperatures above the glass transition 
temperature but below the melting point improves physical and 
mechanical properties by increasing the degree of crystallinity 
(usually up to 20 – 30%).96, 98, 99 However, increasing the 
annealing time does not lead to further structural changes or 
improvement of properties. In addition, further increase of the 
annealing temperature and, as a consequence, increase of the 
degree of crystallinity above 50% may lead to embrittlement of 
the material and deterioration of the physical and mechanical 
properties of the part.

Annealing of composite printed parts also significantly 
improves their physical and mechanical properties — tensile 
strength,100 hardness, flexural strength.101 – 103 Heat post-
treatment increases toughness and reduces internal stresses.101 
And after annealing, composite parts have better strength 
properties than pure polymer printed parts. The properties of 
heat post-treated composite parts are directly related to the 
conditions under which the composite was produced and the 
amount of filler in the composite.102 The improvement in 
physical-mechanical properties is a consequence of the 
reduction in the number of pores and the higher interlayer 
adhesion obtained by annealing, as well as the reduction in 
the gaps between the fibres and the polymer.101, 102 The 
dependence of the physical-mechanical properties of annealed 
parts on the degree of crystallinity and the deterioration in 
strength properties at higher annealing temperatures observed 
for pure polymers are also typical for composites based on 
them.103

Heat post-treatment can be carried out using special 
equipment (vacuum furnace) that maintains the vacuum 
throughout the annealing process.113 Heat post-treatment carried 
out under vacuum conditions makes it possible to increase the 
strength and reduce the porosity of parts printed from composite 
materials based on semi-crystalline matrices by increasing the 
degree of crystallinity of the matrix material and the formation 
of cross-layer molecular chains. In addition, such post-treatment 
makes it possible to change the mode of product fracture from 
the predominant delamination at the ‘matrix-fibre’ surfaces 
observed in untreated parts to fracture at the surfaces of the 
printed layers in vacuum-treated parts.113 However, to date there 
are very few studies of vacuum annealing, and the use of 
specialized equipment for post-treatment is not always possible.

Heat treatment carried out without fixing the dimensions of 
the parts improves their physical and mechanical properties, but 
causes unacceptable deformations that may render the part 
unusable.83, 100, 102, 105 – 107 This is due to the fact that in an unfixed 
part there are no forces preventing its expansion at high 
temperatures, and on cooling the inhomogeneous temperature 
distribution causes bulk shrinkage and the formation of residual 
stresses. In addition, composite parts have lower elongation 
values than pure polymers, depending on the filler content and 
the type of post-treatment.83, 102

In order to minimize deformation during the heat treatment, 
it is possible to carry out annealing under conditions where the 
specified temperature is reached in several stages (multi-stage or 
cyclic annealing).104 To treat PLA specimens at a specified 
annealing temperature of 110 °C, it was proposed to heat the 
parts in 3 stages: in the first stage, the parts were heated to 70 °C 
and cooled to 50 °C after 10 minutes; in the second stage, they 
were heated to 90 °C and cooled to 50 °C after 10 minutes; in 
the third stage, they were heated to 110 °C and cooled to 50 °C 
after 10 minutes. According to the authors, the cyclic annealing 
technology reduces shrinkage by up to 50% and improves the 
strength properties of the parts (compressive and impact 
strength) compared to conventional annealing.

Obviously, at a different annealing temperature, the sequence 
and duration of the heating, cooling and holding stages will be 
different. Therefore, for each material it is necessary to develop 
its own algorithm of ‘heating – cooling – heating – holding’, as 
well as the selection of specific temperatures and times for 
different stages. Nevertheless, the technology of multi-stage 
annealing can be considered as an alternative to traditional 
single-stage annealing, contributing to a significant reduction in 
deformation during the annealing process.
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5.2.1.2. Annealing with deformations limitation

Recently, many studies have proposed different technological 
methods to limit the deformation of parts during heat post-
treatment: annealing in a dispersed environment, in a rigid form 
or in an elastic shell. Let us take a closer look at the annealing 
methods that make it possible to limit the deformation of parts 
during heat treatment.

5.2.1.2.1. Annealing in a dispersed environment

Annealing in a dispersed environment consists of immersing the 
part in a dispersed environment in a closed volume (container). 
The environment consists of easily dispersible materials that do 
not complicate subsequent cleaning — common salt, gypsum, 
talc, sand, aluminium oxide. The dispersed environment in the 
closed container allows the part to be fixed in all axes and also 
acts as a heat insulator. Obviously, the material used as a 
environment has an additional influence on the magnitude of 
deformations in the annealing process.

The use of aluminium oxide powder Al2O3 during annealing 
allows a significant reduction in deformation of both amorphous 
and semi-crystalline thermoplastic parts compared to annealing 
without deformations limitation.105, 106 A decrease in deformation 
is observed with increasing annealing temperature. However, 
the researchers note that the use of fixing the parts in a dispersed 
material during annealing does not have a significant effect on 
their properties and only contributes to the reduction of 
deformations.

Sodium chloride is the most preferred material for 
dimensional fixation of parts in terms of environmental 
friendliness, cost, ease of dispersion and subsequent cleaning. 
The use of NaCl powder increases the tensile and compressive 
strength of parts made of various thermoplastics (PETG, PLA) 
compared to untreated ones.87, 88 The improvement in the 
physical and mechanical properties of annealed parts is explained 
by a higher interlayer diffusion of the material, which is 
confirmed by studies of the internal structure using a scanning 
electron microscope.87

Compared to parts treated with common salt powder, 
products treated with CaSO4 gypsum show an increase in 
average hardness, microhardness and tensile strength.88 Both 
materials reduce the plasticity of the parts, making them more 
brittle. Annealing in sand gives minimal improvement in the 
properties of the parts compared to untreated parts.107 Studies on 
the deformation of parts post-treated in different environment 
also show a preference for the use of gypsum as a dispersed 
environment. For example, products annealed in gypsum show 
minimal deformation compared to those annealed in sand.107

Figures 8 to 10 show examples of heat post-treatment in 
various dispersions.

In some works, an additional pressure on the dispersed 
environment is used.87, 108 The pressure can be created by means 
of a lid or additional weights and can be up to 1 MPa (Fig. 11).108 
The application of this technology not only allows to improve 
the physical and mechanical properties of the parts (porosity, 
tensile strength), but also contributes to a significant reduction 
in the anisotropy of properties typical for the FDM printed 
parts.108 This is easily explained in terms of the interlayer 
bonding mechanism described above, as a third factor, pressure, 
is added to the two factors (temperature and time) characteristic 
of most annealing techniques.

A comparison of the results of heat post-treatment of parts 
carried out in dispersed environment of different compositions 

shows that gypsum is the most preferred material from the point 
of view of achieving the best physical and mechanical 
characteristics of annealed parts and reducing their deformations 
during annealing. This is explained by its higher heat resistance 
and hardness compared to other materials used to prevent 
compression and expansion of the part during heat treatment.88, 107

Post-treatment in a dispersive environment, combined with 
the choice of printing parameters, can also significantly improve 
the physical and mechanical properties of parts made from 
different materials. For example, parts printed in a vertical 
orientation (usually the lowest strength) and then annealed in 

Figure 8. Speci-
mens in container 
filled with Al2O3 
powder.105 Figure 
published under 
the Creative Com-
mons CC BY open 
access license.

a b c

Figure 9. Example of heat post-treatment in a salt-filled mold: 
(a) parts loaded in a borosilicate glass container; (b) parts in the con-
tainer covered with a layer of salt; (c) parts after heat treatment.87 Fig-
ure published under a Creative Commons CC BY open access license.

a b

Figure 10. Example of heat post-treatment in gypsum: (a) parts 
partially immersed in gypsum; (b) pre-annealing forms with parts 
fully immersed in gypsum.88 The figure is published under a Creative 
Commons Open Access license.

a b c d

Figure 11. Schematic of the heat post-treatment process in dispersed 
environment with additional exposure:108 (a) powder preheating; 
(b, c) part placement; (d ) heat post-treatment of parts with applied 
pressure. The figure is published under the Creative Commons CC 
BY Open Access License.
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NaCl powder have better mechanical properties than those 
printed in a horizontal orientation but not annealed.87 The 
greatest increase in tensile strength is obtained when parts 
printed with a raster angle of 0°/90° are treated in gypsum, and 
the greatest increase in microhardness is obtained in parts with a 
raster angle of –45°/45°.88 Treatment in a dispersed environment 
with additional pressure enhances the effect of post-treatment 
both in terms of improving physical and mechanical properties 
and reducing part deformation.

Thus, from the point of view of reducing part deformation, 
treatment in a dispersed environment gives better results than 
unfixed parts, while achieving approximately the same 
improvement in physical and mechanical properties. However, 
to date, the literature does not provide clear recommendations 
on the choice of one or other type of annealing environmen, nor 
does it practically address the issue of cleaning the parts after 
immersion in a dispersed environmen, which is particularly 
relevant when applying this technology to complex geometric 
shape parts.

5.2.1.2.2. Annealing in rigid form

Rigid form (mold) annealing is carried out in special molds, 
similar to injection molds or casting forms. The internal surface 
of the mold is a negative replica of the part shape and fixes the 
part in all planes during annealing. The molds are usually made 
of aluminium or its alloys. Heat treatment of parts made of 
thermoplastics and composites based on them, carried out in 
such molds, makes it possible to increase the tensile strength and 
relative elongation of the products, while the orientation of the 
imprint does not significantly affect the mechanical properties.109 
The use of metal molds allows not only annealing but also 
melting (heating above the melting point) to be used as a 
treatment. Melting heat treatment applied in combination with 
print orientation can significantly improve tensile strength.109

A variant of the combined effect is the use of a negative of 
the shape of the part mold, to which additional pressure is 
applied using a plate shaped to the shape of the part (Fig. 12).110 
This combination of influences makes it possible to improve the 
physical and mechanical properties of the parts, not only in 
comparison with untreated parts, but also in comparison with 
those treated in a dispersed environment, since the addition of 
the third factor — pressure — has a positive effect on the process 
of interlayer bonding. Although there are deformations of the 
parts during annealing in a pressured mold, they are much 
smaller than those during annealing in a dispersed environment.110

Obviously, from the point of view of limiting deformation, a 
rigid form representing a negative replica of the part shape is the 
most reliable way of fixing dimensions. However, specimens for 
different types of strength tests and studies of other properties 

often have different geometric shapes, regulated by the relevant 
requirements (blades, plates, cubes). In other words, for complex 
property studies, it is necessary to have a several molds or a 
multi-seat mold that allows specimens with different geometries 
to be treated simultaneously. In the case of post-treatment of real 
parts, it will be necessary to design and manufacture molds for 
annealing, similar to injection molds, which is a time-consuming 
and expensive process.

5.2.1.2.3. Annealing in an elastic shell

Annealing in an elastic shell consists of placing the part in an 
elastic shell, such as a polyamide bag, in order to fix its 
dimensions during post-treatment.111, 112 To reduce the gap 
between the shell and the part and to better fix the part before it 
is placed in the oven, the air is pumped out (Fig. 13).

Parts annealed in an elastic shell, have higher tensile strength, 
Young’s modulus and bending strength, as well as lower surface 
roughness and porosity than parts annealed without dimensional 
fixation.111, 112 However, significant part deformation is 
observed during treatment in an elastic shell compared to 
treatment in a dispersed environment, which may be due to the 
lack of complete sealing of the part during heating-cooling.112 It 
is suggested that the air be pumped out throughout the heat 
treatment process and that other types of elastic shells be 
investigated as a solution to the problem.

Thus, heat post-treatment technologies with deformation 
limitations give significantly better results in terms of part 
dimensional distortion compared to annealing with free 
deformation. However, at present there are no systematic studies 
on the influence of this or that method of deformation limitation 
on the properties of the parts, and there is practically no report 
on the application of these technologies to real complex shapes 
parts obtained by FDM printing.

Analysis of literature shows that annealing contributes to 
significant improvement of physical and mechanical properties 
and surface quality of FDM printed parts. Comparison of the 
effect of different post-treatment methods on surface quality, 
dimensional accuracy and mechanical properties of parts shows 
that annealing is more effective than surface treatment in terms 
of improving both physical and mechanical properties and 
surface quality for parts printed from the same material.

a

b

Figure 12. Heat post-treatment in a pressured mold:110 (a) product 
in mold; (b) mold with applied pressure. Figure published under a 
Creative Commons CC 4.0 Open Access License.

a

b

c

d

Figure 13. Annealing in an elastic shell, (polyamide bag):111 
(a) pump connection; (b) temperature sensor; (c) vacuum valve; 
(d ) part inside the vacuum bag. The figure is published under the 
Creative Commons CC BY Open Access Licence.
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5.2.2. Methods based on the action of both heat  
and mechanical forces (pressing)

Isostatic pressing is a process in which the same pressure is 
applied to the workpiece in all directions to improve the 
homogeneity and microstructure of the workpiece material 
without the geometric constraints inherent in uniaxial pressing. 
Isostatic pressing is most commonly used to reduce porosity in 
metals and ceramics. Since the nature of FDM printing is based 
on layer-by-layer deposition of material, the application of this 
type of pressing should have a similar effect of improving 
interfacial bonding between layers. Therefore, a number of 
recent publications have proposed a method based on the 
application of high temperature combined with high pressure to 
the specimen as an alternative to the traditional annealing of 
FDM printing parts.114 – 119 In analogy to the existing 
manufacturing process used for densification of metals and 
ceramics, this group of methods has been named hot isostatic 
pressing (HIP).

HIP technology involves placing the part in a hermetically 
sealed container (autoclave) filled with gas (argon, helium or 
nitrogen). The part is subjected to isotropic compression under 
high pressure (approximately 2 – 5 MPa) at a temperature close 
to the melting point of the material. Since, as mentioned above, 
the molecular diffusion of the polymer at the interlayer 
interface is temperature and pressure dependent, it is difficult 
to achieve effective polymer diffusion under annealing 
conditions based on the application of elevated temperatures 
alone. Therefore, the addition of a third factor, pressure, is 
necessary to further improve the interlayer bond strength. The 
application of isostatic pressure promotes the formation of a 
denser and wider interlayer contact and the heating of the 
interface almost to melting point. Thus, hot isostatic pressing 
increases the interlayer bond strength through polymer 
diffusion, reduces the number of voids in the microstructure, 
and consequently improves the physical and mechanical 
properties.118 – 120

The analysis of publications allowed us to develop a 
classification of pressing methods, analogous to the classification 
of annealing methods (see Fig. 7):

— pressing without deformations limitation, when the part is 
placed in the autoclave without fixing;

— pressing with deformations limitation, when special 
means — dispersed environment or elastic shell — are used to 
fix the product by its dimensions.

Table 3 summaries the studies carried out for the HIP 
methods. As we see from Table 3, research is currently being 
carried out mainly on polyamide-based composites and some 
types of high-performance thermoplastics.

5.2.2.1. Pressing without deformations limitation

The technology of pressing without deformations limitation 
consists in placing the part in a special container (autoclave), 
into which gas is injected by means of a compressor until the set 
pressure is reached, and then the container is heated to the set 
temperature. The lower limit of the temperature is the glass 
transition temperature of the polymer being tested, the upper 
limit, which ensures minimal part deformation, is the heat 
deflection temperature (the temperature at which the polymer 
specimen retains its rigidity and shape under constant load). The 
part is kept at the set temperature and pressure throughout the 
treatment and then slowly cooled to ambient temperature.

The results of the research clearly show that treatment by 
isostatic pressing technology significantly improves the 
mechanical properties of FDM parts: increased tensile, shear 
and bending strength, reduced porosity, increased degree of 
crystallinity.114 – 116

The authors of the study attribute this improvement in 
mechanical properties primarily to the combined effects of 
elevated temperature and pressure, resulting in a denser 
interlayer interaction that fills voids and closes cracks created 
during the printing process.114 – 115

The increase in the degree of crystallinity under HIP 
conditions is explained by the fact that the crystallization process 

Table 3. Summary of research on pressing methods for FDM parts.

Method Material Printing parameters Parameter values Specimen properties Reported results Ref.

Pressing without 
deformations limitation

PA6 + CF Temperature, °С
Treatment time, h
Pressure, MPa

140; 160; 180; 200
2; 3; 4; 5
0.15; 0.3; 0.45; 0.6

Tensile strength
Shear strength
Degree of crystallinity

↑ by 33.36%
↑ by 40.13%
↑ up to 22.38%

114

PEEK + CF Temperature, °С
Treatment time, h
Pressure, MPa

200; 250; 300
3
1.4

Tensile strength
Modulus of elasticity
Porosity
Flexural strength

↑ up to 1300 MPa
↑ up to 92 GPa
↓ from 10.3 to 5%
↑ by 46%

115

PA6 + GF Temperature, °С
Treatment time, h
Pressure, MPa

150; 170; 200
0.5; 4
0.55

Tensile strength
Modulus of elasticity
Porosity

↑ by 50 – 100%
↑ by 50 – 100%
↓ up to 5.13%

116

Pressing with deformations limitation
Pressing in a dispersed 
environment

PA6/66 + CF Temperature, °С
Treatment time, h
Pressure, MPa
Environment

20; 100; 200
1; 4; 8
2
NaCl

Modulus of elasticity
Yield strength
Ultimate strength
Degree of crystallinity

↑ up to 318 MPa
↑ up to 9.43 MPa
↑ up to 11.71 MPa
↑ up to 20.5%

117

Pressing in an elastic 
shell

PA12 + CF Temperature, °С
Treatment time, h
Pressure, MPa
Shell type

170
0.5
5
Polyamide bag

Yield strength
Impact strength
Degree of crystallinity

↑ up to 123.2 MPa
↑ up to 3.31 MPa
↑ up to 26.6%

118, 119

Note. In this table ↑ means increase compared to pre-treatment parts; ↓ means decrease compared to pre-treatment parts; for deformations, the 
value in % of pre-treatment part  dimensions is indicated; for properties, the maximum values given in the relevant references are indicated; PA6 
(PA6/66; PA12) + GF is PA6  (PA6/66; PA12) filled with glass fibre; PEEK + CF is PEEK filled with carbon fibre.
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proceeds faster at higher temperatures and pressures, which 
contributes to the acceleration of the polymer crystallization 
process and an increase in the number of crystals. In addition, 
since the matrix and filler are in closer contact under isostatic 
pressure conditions, the filler fibres can play the role of 
nucleation centers and also contribute to an increase in the 
number of crystals.114 – 116

5.2.2.2. Pressing with deformations limitation

Due to the small number of studies on the application of isostatic 
pressing technology after FDM printing, there is virtually no 
data on part deformation after post-treatment. Only paper 116 
notes significant deformations after HIP, caused by possible 
fibre reorientation under high pressure conditions, and 
recommends further research to identify the influence of post-
treatment process parameters, including on part deformations. 
At present, however, a number of papers have been published in 
which isostatic pressing is carried out under conditions where 
the part placed in the autoclave is additionally fixed in one way 
or another. By analogy with annealing technologies, a dispersed 
environment 117 or an elastic shell (polyamide bag) can be used 
to fix the part.118, 119

5.2.2.2.1. Pressing in dispersed environment

Dispersed environment pressing consists of placing the part in 
a container filled with a finely dispersed substance. A gas is 
pressurised into the container until a set pressure is reached, 
after which the container is heated to a set temperature. Since 
the pressure is not applied directly to the part but is redistributed 
through the environment, the treatment process is called 
‘quasi-isostatic pressing’.117 Currently, only NaCl is considered 
as a dispersed environment. The effect of temperature, pressure 
and processing time on the physical and mechanical properties 
of thin-walled parts has been studied. It has been found that as 
the temperature and processing time are increased, the 
compressive strength increases, and the application of pressure 
allows the strength and impact resistance of thin-walled 
structures to be increased simultaneously. It has also been 
found that treatment in a dispersed environment gives a more 
uniform deformation of the parts compared to pressing without 
deformations limitation.

5.2.2.2.2. Pressing in an elastic shell

Elastic shell pressing consists of placing the part in a polyamide 
bag from which air is pumped out to reduce the internal pressure 
and gap. The part is then placed in an autoclave where it is 
treated using the HIP technology described above. At present, 
studies of this technology have been carried out by the authors 
of Refs 118, 119 for parts made of composite material based on 
polyamide-12 filled with carbon fibre. As the studies were 
carried out at temperatures well below the melting point of the 
matrix material, the authors refer to this technology as warm 
isostatic pressing (WIP). The tendency to improve the physical 
and mechanical properties (strength and impact resistance) and 
to increase the degree of crystallinity of parts made of composite 
materials based on polyamide matrix, which is characteristic of 
hot isostatic pressing, is also observed for WIP technology. The 
use of an elastic shell in combination with air evacuation 
promotes the redistribution of internal and external pressures in 
the part, increases the strength of the interface between the 
layers and improves the interlayer diffusion of the polymer, 
which in turn leads to a significant improvement (in the order of 
1.5 to 2 times) in the physical and mechanical properties 
compared to parts treated without the polyamide shell.118 
However, the authors note the presence of significant parts 
deformations of the due to the application of high pressure, 
which is unacceptable in the case of post-treatment of parts with 
complex shapes or thin-walled elements. In addition, despite the 
positive effect of the elastic shell, there are obvious limitations 
to its use, as the polyamide currently used for production has 
low temperature resistance. For post-treatment of parts made of 
materials with high glass transition and melting points, suitable 
alternative materials for elastic shells must be selected.

Thus, the technology of hot isostatic pressing makes it 
possible to significantly improve the physical and mechanical 
properties of FDM parts printed from composite materials, 
bringing them closer to the properties of parts made by injection 
molding. However, this technology requires the use of special 
equipment — an autoclave with the possibility of pressure and 
temperature control, which is possible and justified in the 
conditions of large industrial enterprises producing large batches 
of products, and practically impossible in the conditions of small 
research laboratories and small enterprises. In addition, HIP 
technology is currently poorly understood, both in terms of the 

Table 4. Relationship between post-treatment methods and properties of FDM printed parts.

Post-treatment method Part properties Nature of the 
property change Availability Application area

Surface post-treatment
Chemical post-treatment Surface quality (roughness)

Physical & mechanical properties
+ +
+

+ Any shape parts with high 
requirements for surface quality

Thermal post-treatment Surface quality (roughness)
Physical and mechanical properties

+ +
+

- Any shape parts with high 
requirements for surface quality

Bulk post-treatment
Annealing  without deformations 
limitation 
(single stage)

Physical & mechanical properties:
– tensile strength
– compressive strength
– flexural strength
– relative elongation
– modulus of elasticity
– hardness (microhardness)
Deformations
Degree of crystallinity

+ +
+
+

+ +
+ +
+
- -
+

+ Any shape parts without 
dimensional accuracy 
requirements
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multiphysical phenomena governing the relationship between 
the internal structure, post-treatment parameters and properties 
of the final product, and in terms of predicting the residual 
deformations of real parts.

Based on the analysis of research in the field of supplementary 
treatment, we have formulated recommendations for the choice 
of post-treatment method for real FDM printed parts, depending 
on the requirements placed on them (Table 4). According to 
Table 4, to improve the physical and mechanical properties of 
real FDM printed parts, including complex geometric shapes, 
the most promising methods, which do not require the use of 
special or expensive equipment, are chemical post-treatment of 
the surface, multi-stage annealing and annealing in an elastic 
shell (green boxes in Table 4).

6. Conclusion

In recent years, FDM printing has been increasingly used in 
various branches of production and science for the manufacture 
of products of complex geometry from a wide range of 
thermoplastic materials and composites based on them, and is 
considered as a technology competing with injection molding. 
The choice of optimal process parameters and supplementary 
treatment during printing allow only partial elimination of 
defects in the finished product caused by the specificity of the 
FDM printing process. Therefore, the attention of researchers is 
increasingly focused on the search for post-treatment methods 
aimed at improving the mechanical properties and surface 
quality of FDM printing parts. The analysis of publications 

Table 4 (continued).

Post-treatment method Part properties Nature of the 
property change Availability Application area

Bulk post-treatment
Annealing  without 
deformations limitation
(multi-stage)

Physical & mechanical properties:
– compressive strength
– impact strength
Deformations

+
+

+ +

+ Any shape parts with high 
dimensional accuracy 
requirements

Annealing in a dispersed 
environment

Physical & mechanical properties:
– tensile strength
– compressive strength
– hardness (microhardness)
– density
Deformations

+ +
+ +
+

+ +
–

+ Any shape parts with low 
dimensional accuracy 
requirements

Annealing in a rigid form Physical & mechanical properties:
– tensile strength
– porosity
Deformations

+
+ +
+

– Simple shape parts with low 
dimensional accuracy 
requirements

Annealing in an elastic shell Physical & mechanical properties:
– shear strength
– flexural strength
– porosity
Deformations
Degree of crystallinity
Surface quality (roughness)

+ +
+ +
+
+
+

+ +

+ Simple shape parts with high 
requirements for surface quality 
and dimensional accuracy

Pressing without 
deformations limitation

Physical & mechanical properties:
– tensile strength
– shear strength
– modulus of elasticity
– porosity
Deformations
Degree of crystallinity

+ +
+ +
+ +
+
+

+ +

– Any shape parts are mainly 
made of composites with low 
dimensional accuracy 
requirements

Pressing in a dispersed 
environment

Physical & mechanical properties:
– tensile strength
– yield strength
– modulus of elasticity
Degree of crystallinity

+ +
+ +
+ +
+ +

– Any shape parts are mainly 
made of composites with low 
dimensional accuracy 
requirements

Pressing in an elastic shell Physical & mechanical properties:
– tensile strength
– impact strength
Degree of crystallinity

+ +
+ +
+ +

– Any shape parts are mainly 
made of composites based on 
polyamide with low 
dimensional accuracy 
requirements

Note. + + (two plus signs) means a significant improvement of the properties (from 50% to several times); + (one plus sign in the ‘Nature of the 
property change’ column) means a slight improvement of the properties; + (one plus sign in the ‘Availability’ column) means that the method 
does not require any special equipment; – – (two minus signs) means a significant deterioration of the properties (from 50% to several times); 
– (one minus sign in the ‘Nature of the property change’ column) means a slight deterioration of the properties; – (one minus sign in the 
‘Availability’ column) means that the method requires special equipment.



A.A.Potapov, V.M.Volgin, A.P.Malakho, I.V.Gnidina 
16 of 19 Russ. Chem. Rev., 2024, 93 (9) RCR5127

carried out during the preparation of this review has shown that, 
to date, there is practically no complete and clear description of 
methods for the supplementary treatment of parts obtained by 
FDM printing.

The review proposes a classification of supplementary 
treatment methods for FDM printing parts, including pre-
printing preparation, supplementary treatment directly in the 
printing process and treatment after the part has been printed, 
and a classification of heat post-treatment methods based on 
heat (annealing) and heat and mechanical (pressing) effects on 
the part. The classifications are one of the first attempts to 
systematize current research in the field of supplementary 
treatment.

Analysis of modern research has shown that, since the 
strength of the interlayer boundary and, consequently, the 
physical and mechanical properties depend on temperature, 
pressure and processing time, bulk post-treatment based on 
prolonged isothermal exposure and pressure allows the process 
of material diffusion through the interlayer boundary to be made 
more efficient, leading to an improvement in the physical and 
mechanical part properties. Annealing, based on the effect of 
temperature on the part, makes it possible to obtain physical and 
mechanical properties comparable to those of parts obtained by 
injection molding. Different technological methods can be used 
to minimize the deformation observed after heat treatment 
(annealing in a dispersed environment, a rigid form or an elastic 
shell). Pressing using temperature and pressure can significantly 
improve the physical and mechanical properties of FDM printed 
parts compared to traditional annealing. This is due to more 
efficient interlayer diffusion of the polymer and an increase in 
the degree of crystallinity. However, the widespread use of this 
method is limited by the need for specialized equipment, which 
is practically impossible for small research laboratories and 
small companies.

Based on the analysis of research in the field of supplementary 
treatment, the review formulates recommendations on the choice 
of post-treatment method for real FDM printed parts depending 
on their requirements.

According to the authors of the review, the development of 
research in the field of supplementary treatment of FDM printed 
parts can take several directions: widening the range of materials 
studied, especially composites; searching for new and improving 
already developed methods aimed at minimizing deformation of 
real parts both after annealing and after pressing; accumulating 
real material describing the relationship between post-treatment 
parameters and physical and mechanical properties of parts; 
conducting studies on the effects of post-treatment not only on 
test specimens but also on real parts with geometrical and 
technical requirements; extending studies on the molecular 
diffusion process (including the development of mathematical 
models) both during printing and post-treatment.

All this will make it possible in the future to complete the 
classification of post-treatment methods proposed by the authors 
of the review and to develop recommendations for the choice of 
post-treatment method for FDM printed parts, depending on 
their shape and requirements, not only on the basis of 
experimental data but also on the basis of computer modeling.

The research was carried out with the financial support of the 
Committee for Science and Innovation of Tula Region under the 
agreement No. 10 dated 07.09.2022.

7. List of abbreviations

ABS — acrylonitrile – butadiene – styrene copolymer;
ASA — acrylonitrile – styrene – acrylate copolymer;
AM — additive manufacturing;
CAD — computer-aided design;
CF — carbon fiber;
CVD — chemical vapor deposition;
FDM — fused-deposition modeling;
FGF — fused granulate fabrication;
GF — glass fiber;
HIP — hot isostatic pressing;
KF — kevlar (fiber);
PA — polyamide;
PA6 — polyamide-6;
PC — polycarbonate;
PEEK — polyether ether ketone;
PEI — polyetherimide;
PEKK — polyether keton ketone;
PET — polyethylene terephthalate;
PETG — glycol-modified polyethylene terephthalate;
PLA — polylactide;
PP — polypropylene;
PPS — polyphenylene sulfide;
PVD — physical vapor deposition;
TPU — thermoplastic polyurethane;
UP — ultrasonic processing;
UV — ultrasonic vibration;
WIP — warm isostatic pressing.

8. References

1. G.Singh. Handbook of Post-Processing in Additive 
Manufacturing. Requirements, Theories, and Methods.  
(Eds R.Kumar, K.Sandhu, E.Pei, S.Singh). (CRC Press, 2024). 
P. 218; https://doi.org/10.1201/9781003276111 

2. Z.Alam. Post-processing Techniques for Additive 
Manufacturing. (Eds F.Iqbal, D.A.Khan). (CRC Press, 2023). 
P. 292; https://doi.org/10.1201/9781003288619 

3. H.K.Dave. Fused Deposition Modeling Based 3D Printing. 
(Eds J.P.Davim). (Cham: Springer International Publishing, 
2021). P. 517; https://doi.org/10.1007/978-3-030-68024-4 

4. A.Sola. Fused Deposition Modeling of Composite Materials. 
(Eds A.Trinchi). (Elsevier, 2022). P. 448;  
https://doi.org/10.1016/B978-0-323-98823-0.00001-9 

5. S.H.Masood. In Comprehensive Materials Processing. 
Advances in Additive Manufacturing and Tooling. Vol. 10.  
(Elsevier, 2014). P. 69;  
https://doi.org/ 10.1016/B978-0-08-096532-1.01002-5 

6. E.G.Gordeev, V.P.Ananikov. Russ. Chem. Rev., 89, 1507 
(2020); https://doi.org/10.1070/RCR4980 

7. S.Vyavahare, S. Teraiya, D. Panghal, S. Kumar. Rapid 
Prototyp J., 26, 176 (2020);  
https://doi.org/10.1108/RPJ-04-2019-0106 

8. J.L.Dávila, P.I.Neto, P.Y.Noritomi, R.T.Coelho, 
J.V.L.da Silva. Int. J. Adv. Manuf. Technol., 110, 3377 (2020); 
https://doi.org/10.1007/s00170-020-06062-7 

9. M.O’Reilly, M.Hoff, S.D.Friedman, J.F.X.Jones, N.M.Cross. 
J. Digit. Imagining, 33, 1280 (2020);  
https://doi.org/10.1007/s10278-020-00358-6 

10. R.Brighenti, M.P.Cosma, L.Marsavina, A.Spagnoli, 
M.Terzano. J. Mater. Sci., 56, 961 (2021);  
https://doi.org/10.1007/s10853-020-05254-6 



A.A.Potapov, V.M.Volgin, A.P.Malakho, I.V.Gnidina 
Russ. Chem. Rev., 2024, 93 (9) RCR5127 17 of 19

11. P.Yadav, Z.Fu, M.Knorr, N.Travitzky. Adv. Eng. Mater., 22, 
2000408 (2020); https://doi.org/10.1002/adem.202000408 

12.  M.Wiese, S.Thiede, C.Herrmann. Addit. Manuf., 36, 101582 
(2020); https://doi.org/10.1016/j.addma.2020.101582 

13. R.Gupta, M.Dalakoti, A.Narasimhulu. In Select Proceedings of 
ICFTMM 2019. Advances in Materials Engineering and 
Manufacturing Processes. (Springer, 2020). P. 31;  
https://doi.org/10.1007/978-981-15-4331-9_3 

14. M.Padmakumar. Lasers Manuf. Mater. Process., 7, 338 (2020); 
https://doi.org/10.1007/s40516-020-00124-0 

15. GOST R 57558-2017. Natsionalnyi Standart Rossiiskoi 
Federatsii, Additivnye Tekhnologicheskie Protsessy. Basovye 
Printsipy – Chast 1. Terminy i Opredelrniya. (GOST R 
57558-2017. National Standard of the Russian Federation, 
Additive Technological Processes. Basic Principles – Part 1. 
Terms and Definitions). (Moscow: Standartinform, 2018), 16 p. 

16. M.R.Khosravani, J.Schüürmann, F.Berto, T.Reinicke. 
Polymers, 13, 1559 (2021);  
https://doi.org/10.3390/polym13101559 

17. S.Kumar. In Additive Manufacturing Processes.  
(Eds S.Kumar). (Springer, 2020). P. 205;  
https://doi.org/10.1007/978-3-030-45089-2 

18. P.Q.K.Nguyen, J.Panta, T.Famakinwa, R.C.Yang, A.Ahmed, 
M.Stapleton, C.Craff. Polym. Test., 132, 108390 (2024); 
https://doi.org/10.1016/j.polymertesting.2024.108390 

19. P.Hirsch, S.Scholz, B.Borowitza, M.Vyhnal, R.Schlimper, 
M.Zscheyge, S.Scholz. J. Manuf. Mater. Process., 8 (1), 25 
(2024); https://doi.org/10.3390/jmmp8010025 

20. J.Kalle, K.Joni, S.Alexander, O.Juhani. Inter. Metalcast., 17 
(4), 2469 (2023); https://doi.org/10.1007/s40962-023-00989-9 

21. J. M.Justino Netto, H.T.Idogava, L. E.Frezzatto Santos, 
Z.D.C.Silveira, P.Romio, J.L.Alves. Int. J. Adv. Manuf. 
Technol., 115, 2711 (2021);  
https://doi.org/10.1007/s00170-021-07365-z 

22. L.Fontana, A.Giubilini, R.Arrigo, G.Malucelli, P.Minetola. 
Polymers, 14 (17), 3530 (2022);  
https://doi.org/10.3390/polym14173530 

23. F.Tamburrino, S.Barone, A.Paoli, A.V.Razionale. Virtual 
Phys. Prototyp., 16 (2), 221 (2021);  
https://doi.org/10.1080/17452759.2021.1917039 

24. S.Wickramasinghe, T.Do, P.Tran. Polymers, 12, 1529 (2020); 
https://doi.org/10.3390/polym12071529 

25. K.S.Erokhin, S.A.Naumov, V.P.Ananikov. Russ. Chem. Rev., 
92 (11), RCR5103 (2023); https://doi.org/10.59761/RCR5103 

26. P.Sreejith, K.Kannan, K.R.Rajagopal. Int. J. Eng. Sci., 159, 
103412 (2021); https://doi.org/10.1016/j.ijengsci.2020.103412 

27. J.R.C.Dizon, C.C.L.Gache, H.M.S.Cascolan, L.T.Cancino, 
R.C.Advincula. Technologies, 9, 61 (2021);  
https://doi.org/10.3390/technologies9030061 

28. F.Safari, A.Kami, V.Abedini. Polym. Polym. Compos., 30, 
09673911221098734 (2022);  
https://doi.org/10.1177/09673911221098 

29. A.Mathew, S.R.Kishore, A.T.Tomy, M.Sugavaneswaran, 
S.G.Scholz, A.Elkaseer, V.H.Wilson, A.J.Rajan. Prog. Addit. 
Manuf., 8, 1161 (2023);  
https://doi.org/10.1007/s40964-022-00391-7 

30. D.Syrlybayev, B.Zharylkassyn, A.Seisekulova, M.Khmetov, 
A.Perveen, D.Talamona. Polymers, 13, 1587 (2021);  
https://doi.org/10.3390/polym13101587 

31. A.S.Khashirov. Candidate Theses of Technical Sciences. KBSU 
named after Kh.M.Berbekova, Nalchik, 2019 

32. S.Y.Khashirova, A.A.Zhansitov, K.T.Shakhmurzova, 
Z.I.Kurdanova, A.L.Slonov, A.E.Baikaziev, I.V.Musov. 
Russ. Chem. Bull., 72, 546 (2023);  
https://doi.org/10.1007/s11172-023-3818-9 

33. Y.Ming, S.Zhang, W.Han, B.Wang, Y.Duan, H.Xiao. 
Addit. Manuf., 33, 101184 (2020);  
https://doi.org/10.1016/j.addma.2020.101184 

34. Q.Hu, Y.Duan, H.Zhang, D.Liu, B.Yan, F.Peng. J. Mater. Sci., 
53, 1887 (2018); https://doi.org/ 10.1007/s10853-017-1624-2 

35. R.Matsuzaki, M.Ueda, M.Namiki, T.K.Jeong, H.Asahara, 
K.Horiguchi, Y.Hirano. Sci. Rep., 6, 23058 (2016);  
https://doi.org/10.1038/srep23058 

36. J.Qiao, Y.Li L.Li. Addit. Manuf., 30, 100926 (2019);  
https://doi.org/10.1016/j.addma.2019.100926 

37. P.M.Pandey, K.Thrimurthulu, N.V.Reddy. Int. J. Prod. Res., 
42 (19), 4069 (2004);  
https://doi.org/10.1080/00207540410001708470 

38. D.Popescu, A.Zapciu, C.Amza, F.Baciu, R.Marinescu. 
Polym. Test., 69, 157 (2018);  
https://doi.org/10.1016/j.polymertesting.2018.05.020 

39. J.R.C.Dizon, A.H.Espera Jr., Q.Chen, R.C.Advincula. 
Addit. Manuf., 20, 44 (2018);  
https://doi.org/10.1016/j.addma.2017.12.002 

40. A.Dey, N.Yodo. J. Manuf. Mater. Process., 3 (3), 64 (2019); 
https://doi.org/10.3390/jmmp3030064 

41. D.J.Braconnier, R.E.Jensen, A. M. Peterson. Addit. Manuf., 31, 
100924 (2020); https://doi.org/10.1016/j.addma.2019.100924 

42. M.Samykano, S.K.Selvamani, K.Kadirgama, W.K.Ngui, 
G.Kanagaraj, K.Sudhakar. Int. J. Adv. Manuf. Technol., 102, 
2779 (2019); https://doi.org/10.1007/s00170-019-03313-0 

43. M.Moradi, S.Meiabadi, A.Kaplan. Met. Mater. Int., 25, 1312 
(2019); https://doi.org/10.1007/s12540-019-00272-9 

44. S.Deshwal, A.Kumar, D.Chhabra. CIRP J. Manuf. Sci. 
Technol., 31, 189 (2020);  
https://doi.org/10.1016/j.cirpj.2020.05.009 

45. B.Akhoundi, M.Nabipour, F.Hajami, D.Shakoori. Polym. Eng. 
Sci., 60, 979 (2020); https://doi.org/10.1002/pen.25353 

46. B.Aloyaydi, S.Sivasankaran, A.Mustafa. Polym. Test., 87, 
106557 (2020);  
https://doi.org/10.1016/j.polymertesting.2020.106557 

47. L.Yang, S.Li, Y.Li, M.Yang, Q.Yuan. J. Mater. Eng. Perform., 
28, 169 (2019);  
https://doi.org/10.1007/s11665-018-3784-x 

48. P.Wang, B.Zou, H.Xiao, S.Ding, C.Huang. J. Mater. Process. 
Technol., 271, 62 (2019);  
https://doi.org/10.1016/j.jmatprotec.2019.03.016 

49. S.Ding, B.Zou, P.Wang, H.Ding. Polym. Test., 78, 105948 
(2019); https://doi.org/10.1016/j.polymertesting.2019.105948 

50. A.El.Magri, K.El.Mabrouk, S.Vaudreuil, H.Chibane, 
M.E.Touhami. J. Appl. Polym. Sci., 137, 49087 (2020);  
https://doi.org/10.1002/app.49087 

51. R.Srinivasan, W.Ruban, A.Deepanraj, R.Bhuvanesh, 
T.Bhuvanesh. Mater. Today: Proc., 27, 1838 (2020);  
https://doi.org/10.1016/j.matpr.2020.03.797 

52. S.R.Rajpurohit, H.K.Dave. Rapid Prototyp. J., 24, 1317 
(2018); https://doi.org/10.1108/RPJ-06-2017-0134 

53. C.Ziemian, M.Sharma, S.Ziemian. Mech. Eng., 23, 159 (2012); 
https://doi.org/10.5772/34233 

54. V.Shanmugam, M.V.Pavan, K.Babu, B.Karnan. Polym. 
Compos., 42, 5656 (2021); https://doi.org/10.1002/pc.26275 

55. S.Ahn, M.Montero, D.Odell, S.Roundy, P.K.Wright. 
Rapid Prototyp. J., 8, 248 (2002);  
https://doi.org/10.1108/13552540210441166 

56. K.Chin Ang, K.Fai Leong, C.Kai Chua, M.Chandrasekaran. 
Rapid Prototyp. J., 12, 100 (2006);  
https://doi.org/10.1108/13552540610652447 

57. F.Rayegani, G.C.Onwubolu. Int. J. Adv. Manuf. Technol., 73, 
509 (2014); https://doi.org/10.1007/s00170-014-5835-2 

58. A.K.Sood, R.K.Ohdar, S.S.Mahapatra. Mater. Des., 31, 287 
(2010); https://doi.org/10.1016/j.matdes.2009.06.016 

59. M.Domingo-Espin, J.A.Travieso-Rodriguez, R.Jerez-Mesa, 
J.Lluma-Fuentes. Materials, 11 (12), 2521 (2018);  
https://doi.org/10.3390/ma11122521 

60. G.Percoco, F.Lavecchia, L.M.Galantucci. Res. J. Appl. Sci. 
Eng. Technol., 4 (19), 3838 (2012) 

61. M.F.Afrose, S.H.Masood, P.Iovenitti, M.Nikzad, I.Sbarski. 
Prog. Addt. Manuf., 1, 21 (2016);  
https://doi.org/10.1007/s40964-015-0002-3 

62. W.Wu, P.Geng, G.Li, D.Zhao, H.Zhang, J.Zhao. Materials, 8 
(9), 5834 (2015); https://doi.org/10.3390/ma8095271 



A.A.Potapov, V.M.Volgin, A.P.Malakho, I.V.Gnidina 
18 of 19 Russ. Chem. Rev., 2024, 93 (9) RCR5127

63. S.Maidin, A.S.Mohamed, S.B.Mohamed, J.H.U.Wong, 
S.Sivarao. J. Adv. Manuf. Technol., 12, 101 (2018) 

64. A.Tofangchi, P.Han, J.Izquierdo, A.Iyengar, K.Hsu. Polymers, 
11 (2), 315 (2019); https://doi.org/10.3390/polym11020315 

65. V.Kishore, C.Ajinjeru, A.Nycz, B.Post, J.Lindahl, V.Kunc, 
C.Duty. Addit. Manuf., 14, 7 (2017);  
https://doi.org/10.1016/j.addma.2016.11.008 

66. V.Kishore, A.Nycz, J.Lindahl, C.Duty, C.Carnal, V.Kunc. Oak 
Ridge National Lab. (ORNL). (Oak Ridge, TN, USA, 2019) 

67. M.Luo, X.Tian, W.Zhu, D.Li. J. Mater. Res., 33, 1632 (2018); 
https://doi.org/10.1557/jmr.2018.131 

68. A.K.Ravi, A.Deshpande, K.H.Hsu. J. Manuf. Process., 24, 179 
(2016); https://doi.org/10.1016/j.jmapro.2016.08.007 

69. J.Du, Z.Wei, X.Wang, J.Wang, Z.Chen. J. Mater. Process. 
Technol., 24, 332 (2016);  
https://doi.org/10.1016/j.jmatprotec.2016.04.005 

70. N.Sabyrov, A.Abilgaziyev, M.H.Ali. J. Adv. Manuf. Technol., 
108, 603 (2020); https://doi.org/10.1007/s00170-020-05455-y 

71. L.Morfini, M.G.Guerra, F.Lavecchia, R.Spina, 
L.M.Galantucci. Procedia CIRP, 118, 705 (2023);  
https://doi.org/10.1016/j.procir.2023.06.121 

72. S.Maidin, J.Wong, A.Mohamed, S.Mohamed. Int. J. Appl. 
Eng. Res., 12, 4877 (2017) 

73. S.Maidin, A.Mohamed, S.Akmal, S.Mohamed, J.Wong. 
J. Fundam. Appl. Sci., 10, 633 (2018);  
https://doi.org/10.4314/jfas.v10i1s.45 

74. S.Maidin, J.Wong, A.Mohamed, S.Mohamed, R.Rashid, 
Z.Rizman. J. Fundam. Appl. Sci., 9, 839 (2017);  
https://doi.org/10.4314/jfas.v9i6s.63 

75. N.Jayakumar, H.Arumugam, A.D.Albert Selvaraj. 
Polym. Bull., 81, 4257 (2024);  
https://doi.org/10.1007/s00289-023-04900-8 

76. M.S.Alsoufi, M.W.Alhazmi, D.K.Suker, M.Yunus, 
R.O.Malibari. AIMS Mater. Sci., 6, 1086 (2019);  
https://doi.org/10.3934/matersci.2019.6.1086 

77. C.C.Kuo, C.W.Wang, Y.F.Lee, Y.L.Liu, Q.Y.Qiu. Int. J. Adv. 
Manuf. Technol., 89, 635(2017);  
https://doi.org/10.1007/s00170-016-9129-8 

78. R.Singh, S.Singh, I.P.Singh, F.Fabbrocino, F.Fraternali. 
Compos. Part B: Eng., 111, 228 (2017);  
https://doi.org/10.1016/j.compositesb.2016.11.062 

79. R. T.Mushtaq, Y.Wang, A.M.Khan, M.Rehman, X.Li, 
S.Sharma. J. Manuf. Process., 101, 546 (2023);  
https://doi.org/10.1016/j.jmapro.2023.06.019 

80. Y.Chai, R.W.Li, D.M.Perriman, S.Chen, Q.H.Qin, P.N.Smith. 
Int. J. Adv. Manuf. Technol., 96, 4295 (2018);  
https://doi.org/10.1007/s00170-018-1901-5 

81. M.Moradi, M.Karami Moghadam, M.Shamsborhan, 
M.Bodaghi, H.Falavandi. Polymers, 12 (3), 550 (2020);  
https://doi.org/10.3390/polym12030550 

82. P. J.Mayville, A. L.Petsiuk, J. M.Pearce. J. Manuf. Mater. 
Process., 6 (5), 98 (2022);  
https://doi.org/10.3390/jmmp6050098 

83. L.Cao, J.Xiao, J.K.Kim, X.Zhang. CIRP J. Manuf. Sci. 
Technol., 41, 135 (2023);  
https://doi.org/10.1016/j.cirpj.2022.12.008 

84. X.Gao, S.Qi, X.Kuang, Y.Su, J.Li, D.Wang. Addit. Manuf., 37, 
101658 (2021); https://doi.org/10.1016/j.addma.2020.101658 

85. F.Yang, R.Pitchumani. Macromolecules, 35 (8), 3213 (2002); 
https://doi.org/10.1021/ma010858o 

86. J.Butt, R.Bhaskar. J. Manuf. Mater. Process., 4 (2), 38 (2020); 
https://doi.org/10.3390/jmmp4020038 

87. C.G.Amza, A.Zapciu, G.Constantin, F.Baciu, M.I.Vasile. 
Polymers, 13 (4), 562 (2021);  
https://doi.org/10.3390/polym13040562 

88. M.Vorkapic, I.Mladenovic, T.Ivanov, A.Kovacevic, 
M.S.Hasan, A.Simonovic, I.Trajkovic. Adv. Mech.Eng., 14, 
16878132221120737 (2022);  
https://doi.org/10.1177/16878132221120737 

89. K.R.Hart, R.M.Dunn, J.M.Sietins, C.M.H.Mock, M.E.Mackay, 
E.D.Wetzel. Polymer, 144, 192 (2018);  
https://doi.org/10.1016/j.polymer.2018.04.024 

90. S.Singh, M.Singh, C.Prakash, M.K.Gupta, M.Mia, R.Singh. 
J. Adv. Manuf. Technol., 102, 1521 (2019);  
https://doi.org/10.1007/s00170-018-03276-8 

91. S.Gu, J.Ma, L.Kang, H.Wei, L.Jiang, L.Wang. J. Appl. Polym. 
Sci., 140, e53741 (2023); https://doi.org/10.1002/app.53741 

92. J.Beniak, M.Holdy, P.Križan, M.Matúš. Transport. Res. 
Procedia, 40, 144 (2019);  
https://doi.org/10.1016/j.trpro.2019.07.024 

93. V.Slavkovic, N.Grujovic, A.Disic, A.Radovanovic. 
In Proceedings of the 6th International Congress of Serbian 
Society of Mechanics Mountain Tara. (Serbia: Mountain Tara, 
2017). P. 19 

94. M.Evan, S.Tjandra. J. Polimesin, 21, 25 (2023);  
https://doi.org/10.30811/jpl.v21i1.3386 

95. F.Kartal, A.Kaptan. Eur. Mech. Sci., 7, 152 (2023);  
https://doi.org/10.26701/ems.1290961 

96. W.Yu, X.Wang, X.Yin, E.Ferraris, J.Zhang. Mater. Des., 226, 
111687 (2023); https://doi.org/10.1016/j.matdes.2023.111687 

97. R.A.Wach, P.Wolszczak, A.Adamus-Wlodarczyk. Macromol. 
Mater. Eng., 303, 1800169 (2018);  
https://doi.org/10.1002/mame.201800169 

98. M.Moczadlo, Q.Chen, X.Cheng, Z.J.Smith, E.B.Caldona, 
R.C.Advincula. MRS Commun., 13, 169 (2023);  
https://doi.org/10.1557/s43579-023-00329-2 

99. R.V.Pazhamannil, V.J.Namboodiri, H.M.Hadidi, 
A.Edacherian, P.Govindan. Polym. Eng. Sci., 63, 1184 (2023); 
https://doi.org/10.1002/pen.26274 

100. J.R.Stojkovic, R.Turudija, N.Vitkovic, F.Gorski, A.Pacurar, 
A.Pleşs, R.Pacurar. Materials, 16 (13), 4574 (2023);  
https://doi.org/10.3390/ma16134574 

101. S.Valvez, P.N.B.Reis, J.A.M.Ferreira. J. Mater. Res. Technol., 
23, 2101 (2023); https://doi.org/10.1016/j.jmrt.2023.01.097 

102.  W.Seok, E.Jeon, Y.Kim. Polymers, 15 (14), 3110 (2023); 
https://doi.org/10.3390/polym15143110 

103. Y.Lyu, J.Wu, H.Zhang, C.M.O.Bradaigh, D.Yang. J. Compos. 
Mater., 57 (24), 00219983231194391 (2023);  
https://doi.org/10.1177/00219983231194391 

104. I.Zohourkari. J. Mechan. Civil Indust. Eng., 4 (1), 50 (2023);  
https://doi.org/10.32996/jmcie.2023.4.1.6 

105. J.Lluch-Cerezo, M.D.Meseguer, J.A.Garcia-Manrique, 
R.Benavente. Polymers, 14 (13), 2607 (2022);  
https://doi.org/10.3390/polym14132607 

106. J.Lluch-Cerezo, R.Benavente, M.D.Meseguer, 
J.A.Garcia-Manrique. Polymers, 13 (15), 2422 (2021);  
https://doi.org/10.3390/polym13152422 

107. M.B.M.Naranjo, B.F.Guevara, C.S.Pomboza. DYNA: Revista 
de la Facultad de Minas. Universidad Nacional de Colombia. 
Sede Medellín, 90 (225), 16 (2023);  
https://doi.org/10.15446/dyna.v90n225.103587 

108. L.Malagutti, G.Ronconi, M.Zanelli, F.Mollica, V.Mazzanti. 
Processes, 10 (11), 2399 (2022);  
https://doi.org/10.3390/pr10112399 

109. O.Kohn, Y.Rosenthal, D.Ashkenazi, R.Shneck, A.Stern. 
In Annals of ‘Dunarea de Jos’ University of Galati. 
Fascicle XII, Welding Equipment and Technology. Vol. 32. 
2021. P. 47; https://doi.org/10.35219/awet.2021.06 

110. A.Potapov, A.Malakho, I.Gnidina, V.Volgin. In E3S Web of 
Conferences. Vol. 458. 2023. Art.02010;  
https://doi.org/ 10.1051/e3sconf/202345802010 

111. A.C.de Bruijn, G.Gomez-Gras, L.Fernandez-Ruano, 
L.Farras-Tasias, M.A.Perez. J. Manuf. Process., 85, 1096 
(2023); https://doi.org/10.1016/j.jmapro.2022.12.027 

112. A.A.Potapov, A.P.Malakho, I.V.Gnidina, V.M.Volgin. 
In Proc. SPIE, Third International Scientific and Practical 
Symposium on Materials Science and Technology (MST-III 
2023). Vol. 12986. (Dushanbe, 2024). Art. 1298604;  
https://doi.org/ 10.1117/12.3016485 



A.A.Potapov, V.M.Volgin, A.P.Malakho, I.V.Gnidina 
Russ. Chem. Rev., 2024, 93 (9) RCR5127 19 of 19

113. X.Yu, W.Song, J.Zheng, Y.Chen, L.Luo, C.Fan, Z.Shan. Chin. 
J. Mechan. Eng.: Addit Manuf., 2 (2), 100076 (2023);  
https://doi.org/10.1016/j.cjmeam.2023.100076 

114. Z.Xu, B.Zou, S.Ding, Y.Zhuang, X.Wang. J. Manuf. Process., 
104, 205 (2023); https://doi.org/10.1016/j.jmapro.2023.08.060 

115. N.van de Werken, P.Koirala, J.Ghorbani, D.Doyle, M.Tehrani. 
Addit. Manuf., 37, 101634 (2021);  
https://doi.org/10.1016/j.addma.2020.101634 

116. P.A.K.Jain, S.Sattar, D.Mulqueen, D.Pedrazzoli, 
S.G.Kravchenko, O.G.Kravchenko. Addit. Manuf., 51, 102599 
(2022); https://doi.org/10.1016/j.addma.2022.102599 

117. K.Wang, Q.Tan, J.Wang, Y.Liu, Z.Zhai, S.Yao, Y.Peng. 
J. Manuf. Process, 115, 441 (2024);  
https://doi.org/10.1016/j.jmapro.2024.02.034 

118. S.J.Park, H.G.Ju, S.J.Park, S.Hong, I.H.Ahn. J. Mater. Res. 
Technol., 25, 3610 (2023);  
https://doi.org/10.1016/j.jmrt.2023.06.130 

119. S.J.Park., S.J.Park, Y.Son, I.H.Ahn. Addit. Manuf., 55, 102841 
(2022); https://doi.org/10.1016/j.addma.2022.102841 

120. A.Dinita, A.Neacsa, A.I.Portoaca, M.Tanase, C. N.Ilinca, 
I.N.Ramadan. Materials, 16 (13), 4610 (2023);  
https://doi.org/10.3390/ma16134610


	1. Introduction
	2. Classification of supplementary treatment methods
	3. Pre-treatment methods
	3.1. Improving the propertiesof the source material
	3.2. CAD model preparation methods
	3.3. Setting printing parameters

	4. Supplementary treatment in the FDM printing process
	4.1. Additional heating of the extruded layer
	4.2. Printing in a vacuum chamber
	4.3. Printing with superimposed ultrasonic vibrations

	5. Post-treatment of FDM printed parts
	5.1. Surface post-treatment methods
	5.1.1. Chemical surface treatment
	5.1.2. Heat treatment

	5.2. Bulk post-treatment
	5.2.1. Heat post-treatment methods (annealing)
	5.2.1.1. Annealing without deformations limitation
	5.2.1.2. Annealing with deformations limitation
	5.2.1.2.1. Annealing in a dispersed environment
	5.2.1.2.2. Annealing in rigid form
	5.2.1.2.3. Annealing in an elastic shell


	5.2.2. Methods based on the action of both heatand mechanical forces (pressing)
	5.2.2.1. Pressing without deformations limitation
	5.2.2.2. Pressing with deformations limitation
	5.2.2.2.1. Pressing in dispersed environment
	5.2.2.2.2. Pressing in an elastic shell




	6. Conclusion
	7. List of abbreviations
	8. References



