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SURFACE POST-PROCESSING OF INCONEL 718
ALLOY FABRICATED BY ADDITIVE
MANUFACTURING: SELECTIVE LASER MELTING

The review analyses Inconel 718 (IN718) alloy, which is the nickel-based superalloy
and has great application in industries due to its superior mechanical properties even
at elevated temperatures by means of the solid-solution strengthening and precipita-
tion strengthening. However, because of the tool over-wear, poor part surface integ-
rity, high hardness and low thermal-conductivity properties, it is difficult to manu-
facture finished products with using conventional machining methods. It is especially
urgent for the products of complex designs. In this regard, justification is given for
the widespread use of modern additive manufacturing (AM) for the fabrication of
the products from IN718. The most popular is AM based on the selective laser mel-
ting (SLM) technique, which can fabricate complex geometries with superior material
properties. At the same time, the metal parts fabricated by SLM suffer from excessive
residual porosity, residual tensile stress in the near-surface layer, and the formation
of a relatively rough surface. In addition, the SLM-inherited surface defects can cause
stress concentration to initiate cracks, reducing the fatigue strength of the printed
parts. The review focuses on identifying potential solutions to the surface-finish com-
plex additive manufactured to improve the surface roughness to meet the industry
requirements. Therefore, the improvement of the IN718-alloy-parts’ surface properties
printed by the SLM becomes especially relevant. Currently, different surface post-
processing technologies are being developed to obtain the expected surface quality of
the SLM-components. As demonstrated, the finish surface enhancement treatments
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led to significant improvement in the wear resistance, corrosion resistance, increase in
fatigue life, and tensile strength of the metallic materials. Therefore, adapting surface
post-processing technologies has become a growing area of interest as an effective tool
for improving the functionality and service lifetime of SLM IN718-alloy components.
The review aims to analyse the main results of the most systematic studies of the cur-
rently developed surface post-treatments aimed to improving the surface-structure
quality and properties of the IN718 parts fabricated by SLM. These results contribute
to a better understanding of the role of the various-parameters’ effects on the surface
improvements during the surface post-processing and changes in the structure—phase
state, and physical, chemical and mechanical properties. Examples of the effects of a
series of surface post-processing methods are presented: laser polishing, mechanical
magnetic polishing, cutting finish-machining operations, shot peening, sandblasting
technique, ultrasonic-impact treatment, and electrochemical polishing.

Keywords: additive manufacturing, laser melting, Inconel 718 alloy, surface proper-
ties, relief, microstructure, hardness.

1. Infroduction

Inconel 718 (IN718) was developed in the 1950s with the respective USA
patent [1] and is one of the most common industrial heat-resistant alloys
of the Inconel family. IN718 is the solid solution or the precipitation-
hardened Ni—Fe-based superalloy containing significant amounts of Cr,
Nb, and Mo along with lesser amounts of Al and Ti [2—5]. IN718 alloy has
attracted increasing attention as an important high-tech metallic material
to industries because of its exceptional properties. These include the fol-
lowing: excellent refractory, corrosion and wear resistance characteristics
at both elevated and low temperatures; zero expansion coefficient in the
temperature range of 0—100 °C; sufficient resistance to the action of chlo-
rine, fluorine, and solutions containing ions of these elements; better re-
sistance to progressive oxidation up to 1100 °C and in the oxidizing-sul-
phide atmosphere up to 850 °C as they are not vulnerable to vapour, am-
monia or sulphur contained gas; with excellent creep properties; oxidation
resistance; good tensile strength, fatigue strength, and rupture strength;
weldability with outstanding high strengths at elevated temperatures.
Summarizing these properties, the IN718 alloy is widely used for the
manufacturing of aircraft- and gas-turbine engines, parts for aerospace,
nuclear industries, space vehicles, chemical and petrochemical industries,
heat exchangers, and other specialized applications requiring heat and/or
corrosion resistance [5—11].

In the traditional technology, the IN718 alloy products are manufac-
tured through casting, forging, and heat treatment. As is well known to-
day, the mechanical characteristics of such products significantly depend
on their structural and phase state which is quite complex [12—-14]. In its
wrought form, IN718 ordinarily exhibits several intermetallic phases [15,
16]. The f.c.c. y-phase forms the material matrix when Ni combines with
other constituent elements such as Co, Fe, Cr, Mo, V, and W. The y"-phase
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(Ni;Nb) having the b.c.t. (D0,,) crystal structure is formed due to the
presence of Nb as the principal strengthening element. The secondary
strengthening elements are Al and Ti, which cause the development of the
ordered f.c.c. y'-phase (Ni;Al or Ni,Ti). Above 650 °C coarsening of the
metastable y"-phase takes place, which results in the transformation of the
y"-phase into the orthorhombic §-phase with the composition Ni,Nb. Such
a phase is incoherent with the material matrix and causes a reduction in
the strength and creep life. In addition, it has been observed that the
Laves phases are irregularly shaped phases which form due to Nb segrega-
tion with the other alloying elements and having the typical composition
of (Ni, Fe, Cr),(Mo, Nb, Ti), instead of y'-Ni,Nb. This phase is detrimental
to mechanical properties but it can be dissolved in the matrix by proper
heat treatments. The content of Ti affects the precipitation of the carbide
(TiC) which influences the properties IN718. It has been observed that an
increase in TiC content caused finer grain size along with increased hard-
ness. As an example, Table 1 shows the effect of heat treatment and the
corresponding phase composition on the tensile properties IN718 [16].
The IN718 alloy is mainly used in the wrought, which is a process that
mechanically works a cast billet or ingot several times at a high temperature
to receive the final product [17—20]. It is noted that the wrought micro-
structure is generally more homogeneous and has finer grains than cast
microstructure. To obtain the required mechanical properties, a special heat
treatment is needed. An example of such processing is given in Table 1.
At present, AM (additive manufacturing) is becoming increasingly
popular for a variety of applications, particularly in the fields of the
aerospace, energy, automotive and medical industries, due to its capabili-
ties of manufacturing objects that are either prohibitively costly or impos-
sible to manufacture by the traditional processes [21-25]. Among the ad-
vantages of AM is producing without additional equipment, including
tools, gauges or fixtures, this tool-free production approach can provide
flexibility in design, personal customization, high precision in complex

Table 1. Heat treatment, phases and tensile properties IN718 [15].

Here, S.A., and WQ denotes solution annealing and water quenching,
respectively. Std. — heat treatment widely known as ‘Standard heat treatment’,
which is done to get optimum mechanical properties, US — ultimate strength,
UTS — ultimate tensile strength, UEL — ultimate elongation

Heat Treatment / Phases US, MPa | UTS, MPa | E, GPa |UEL, %
S.A.-650 °C/75 h—620 °C/8 h/WQ/y + V' 820 1155 192 28.2
S.A.-750 °C/75 h—620 °C/8 h/WQ/y + v" 840 1230 187 20.0
S.A.—800 °C/75 h—620 °C/8 h/WQ/y + Y + o 720 1190 212 25.5
S.A.—900 °C/75 h/WQ/d 450 895 148 33.2
Std. S.A.-720 °C/8 h—620 °C/8 h/WQ/y + " 1030 1300 200 21.6
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parts, reduced energy and material use, and shortened time for implemen-
tation. In addition, manufacturing components have no geometric limita-
tions. Metal AM technology is the process of joining materials layer by
layer to produce parts based on the predesigned three-dimensional model
data, which is distinguished from traditional subtractive machining tech-
niques. The following most important types of AM can be distinguished
for metal printing, namely, selective laser sintering (SLS), selective laser
melting (SLM), and electron-beam melting (EBM).

In addition, each AM print technology and material can add further
complexity to these objectives. Current technologies for AM printing me-
tal applications include powder bed systems such as DMLS (direct metal
laser sintering), EBM (electron-beam melting), and SLM (selective laser
melting), or powder feed systems such as LC (laser cladding), LMD (laser
metal deposition) and DED (directed energy deposition). Across each of
these technologies, some of the most popular alloys being additively manu-
factured today include titanium, aluminium, stainless steel (304, 316),
AlSi10Mg, Ti6Al4V, nickel superalloys (i.e., Inconel 718, Haynes 282,
Hastelloy), CoCr, and carbon steel.

Among the additive manufacturing technologies, selective laser melting
is finding increasing use in many engineering fields due to its benefits such
as short time to market, reduced material waste, possibility to obtain comp-
lex and intricate geometries, versatility, ability to produce functionalized
parts with unique design and intrinsic engineered features. As is known,
it is difficult to produce the IN718 parts using conventional machining
methods at room temperature due to excessive tool wear and low material
removal rates. In addition, there are the applied IN718 components with
very complex in shape with mazy inner chambers or overhangs and that is
why it is difficult to manufacture these by the single conventional tech-
nology. Therefore, the application of modern non-traditional processing is
necessary for the net shape production of In718 parts with complex con-
figurations, high performance and low cost. SLM is one of the actively
developed additive technologies for manufacturing parts from In718, one
important material for aerospace technology. Therefore, SLM nowadays
has a high potential technology and attracted tremendous attention from
both manufacturing industries and research institutes/universities.

SLM is the AM procedure that allows the direct printing of the metal
component using the computer-aided design (CAD) by fusing fine metal
powder in the layers by the high-power laser beam quickly and precisely
(Fig. 1). Metal powders used in printing need to be spherical and have the
stringent particle size distribution to achieve good packing behaviour. The
powders for the next layer are covered on the melted layer, and the laser
is again scanned according to the next sliced data providing the layer-by-
layer manufacturing on the base plate. This sequence continues until the
near-net-shape of the products is formed automatically. SLM can fully
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melt the metal powder into solid printed parts. The main controllers in
SLM are the process parameters, which include, e.g., laser power, scan
speed, hatch spacing, and scan strategy, which will consequently produce
specific microstructure and part properties. An SLM allows producing
parts from In718 alloy, which has a dense structure, but it is usually re-
quired to carry out the subsequent post-heat treatment or the hot iso-
static pressed (HIP) to produce high-quality parts with predictable suffi-
cient mechanical properties such as; density, surface roughness, residual
stresses (RS), tensile strength, etc.

To achieve the optimal conditions for the desired properties of SLM
printed In718, the initial microstructure of the as-printed parts need to be
modified by post-processing heat treatments like the following: ‘solution
treatment followed by ageing’ and ‘hot isostatic pressing treatment fol-
lowed by ageing’. The post-processing heat treatment is required to homo-
genize the bulk material, remove stress and eliminate the microstructure/
mechanical property gradient. On the other hand, the poor surface finish
of AM parts, however, significantly deteriorates their wear, corrosion and
fatigue resistance performance. Numerous works in recent years have shown
the critical role of the surface post-treatments on AM materials to obtain
controlled, regular and repeatable surface morphology. Therefore, a variety
of effective surface post-treatments have been developed and tailored to imp-
rove the surface quality and enhance the performance of SLM metal parts.
In particular, this is very important for many aerospace applications.

However, it should be noted that the SLM process still faces the ap-
parent limitation in the relationship of the IN718 fabricated parts surface
quality, if compared to some alternative metal conventional subtractive
manufacturing techniques such as machining. In particular, the fabrica-
ted metal parts suffer from excessive residual porosity, and residual ten-
sile stress in the near-surface layer, and the relatively rough surface is
formed. The SLM inherited surface defects can cause stress concentration
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to initiate cracks, reducing the fatigue strength of the parts. In addition,
surface morphology is an important feature of products, from micro- to
macro-scale, for several application aspects such as suitability of wettabil-
ity, adhesion properties, tribological properties, lamination, corrosion re-
sistance, and topological integrity. Consequently, due to the poor surface
quality, the SLM fabricated internal surfaces cannot meet the specifica-
tions for some real industry applications [27—31]. Therefore, the improve-
ment of the IN718 metal parts surface properties printed by the SLM be-
comes especially relevant. Currently, different surface post-processing
technologies are being developed to obtain the expected surface quality of
the SLM components [32—-37].

Generally, for the different AM parts, the surface post-processing
methods are selected based on the application requirements, geometry
complexity, size of the parts and required surface quality. In addition, the
combination of different post-methods can be applied. Recently, various
methods of surface post-processing methods (finishing) and hardening,
such as shot peening, sandblasting, ultrasonic peening or ultrasonic na-
nocrystal-surface modification, laser shock peening, cavitation peening,
barrel finishing, vibratory finishing, machining, electrochemical and laser
polishing were studied to enhance the surface properties in the AM prin-
ted parts. As demonstrated, these surface enhancement treatments sig-
nificantly improve the wear resistance, corrosion resistance, fatigue life,
the tensile strength of the different metallic materials. Therefore, adap-
ting surface post-processing technologies has become a growing area of
interest as an effective tool for improving the functionality and service
lifetime of SLM IN718 parts.

The present paper reviews the current development of surface post-
treatments aimed at improving the surface quality and structures IN718
parts fabricated by SLM to allow a better understanding of the role of the
various parameters’ effects on surface improvements during post-proces-
sing operation.

2. Laser Polishing

As is well known, laser energy finds application in many sectors of engi-
neering, and polishing is not the exception. Laser polishing (LP) is the
potential post-processing used to reduce the surface roughness of the parts
manufactured by different conventional techniques. At present, LP drew
the researcher’s attention to employ it for metallic AM-printed compo-
nents due to its flexibility, contact-free, eco-friendly and complete auto-
mation of this process. The first investigation of LP on AM build Inconel
alloy was done in Ref. [38]. In this process, the laser irradiates the metal
top surface by low laser pulses with the power density able to cause local
surface re-melting of the order of a few nanometres up to micrometres. In
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such a molten pool, the liquid metal of the peak and valley redistributes
to the same horizontal level because of the surface tension and gravity.
Then, the rapid solidification of the metal molten pool leads to the surface
roughness reducing when the laser exposure stops. At last, the height dif-
ference of peak-to-valley on the original surface is significantly reduced.
Compared with manual polishing, mechanical polishing and chemical-me-
chanical polishing, LP is a highly efficient, highly flexible, and highly
automated processing method. In recent years, LP has been used for me-
tallic materials, especially for difficult machining metals such as IN718
alloy [39]. Figure 2 shows the LP process of SLM IN718 components.
The purpose of the authors [39] was to study the effects of LP on the
rough surface and Vickers hardness of SLM IN718 parts. It used the na-

Table 2. Surface roughness Ra and Rz ?Osegﬁ?dkplilsi%ég)re la.ser (wave-
of the SLM samples before and after LP [39] ength: - s average
output power P = 100 W; repeti-

Specimen Ra, pm Rz, pm tion frequency f = 1-1000 kHz,
As-received | 7.5+0.5 31+5 pulse duration ¢ = 12-500 ns;
LP <0.1 0.6+ 0.1 spot diameter of 50 um). LP
takes place in the closed cham-
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390 - Fig. 4. Microhardness distributions in the
cross-section of the polished sample [40]
E 380
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S 360 - (Ar) to void unwanted oxidations of
5:: the surface layers.
g 35071 The average surface roughness
= 340 | Ra and Rz before and after LP are
330 . . . . listed in Table 2. It can be seen that

0 50 100 150 200 250 the SLM samples were effectively
Distance to the polished surface, um  polished, and the Ra and Rz approxi-
mately decreased from 7.5 pm to less
than 0.1pm, from 31 pm to 0.6 um, respectively. The optical microscopy
(OM) images of the cross-section microstructure after LP are shown in
Fig. 2. The thickness of the laser re-melting layer is about 120 ym (Fig. 3,
a). After LP, the microstructure with higher magnification reveals distin-
ctive segregation patterns generated by the layer scanning paths (Fig. 3,
¢). The indications caused by laser scanning during SLM were eliminated
(Fig. 3, b).

The microhardness depth distributions are shown in Fig. 4. The average
hardness of the bulk sample is about 345 HV. After LP, the hardness of
the polished surface increases by 27.5% (to about 440 HV) than that of the
as-received alloy. It was proposed that the precipitation strengthening of
y"- to y-matrix is the main contribution of polished IN718 samples to their
high surface hardness along with the grain refinement caused by laser
rapid heating and cooling improved the observed hardness behaviour [41].

Paper [42] showed a significant reduction in the porosity of the SLM
samples by LP. The as-printed surface was polished using these nanosecon-
ds pulsed fibre laser modes: wavelength 1.064 nm, pulse duration 150 ns,
repetition rate 300 kHz, scanning speed 230 mm/s, overlapping ratio 40%,
and spot size 50 pm to polish the specimens under argon-gas protection.

The surface to- ____ __ I —
pographies of the [ x B SRS g.AS'Te‘_‘;ei_Wd 't
as-received and la- W 17 .0 - RURE A ";“’,'.1‘ 7
ser-polished sam- | ; Y 3 s
ples are shown in
Fig. 5. The as-re-
ceived surface was
well polished, and

Fig. 5. SEM morphol-

ogy of the as-received :
and laser-polished sur- Laser polished

face [41]
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no obvious defects were found on the polished surface. As indicated, the
average roughness decreased from over Ra 10 pm to less than 0.1 um. The
significant porosity reduction was observed in the laser-polished layer,
where the surface porosity is reduced by 65.7% compared with that of the
as-fabricated SLM surface.

Analysis of the microstructure evolution showed the following results.
The typical melted tracks and regular spatial columnar microstructures
are observed for the as-received samples. The polished surface layer is
characterized by equiaxed grain and columnar grain with an average thick-
ness of 115 + 12.7 pym. Both the as-received and polished states consist of
v-, ¥'- and y”-phases. X-ray diffraction (XRD) reveals that the preferred
growth directions are (200) and (220) crystalline plane during the laser
polishing process.

The systematic study of the surface relief dependence on laser parame-
ters of LP was carried out in Ref. [43]. The aim was to optimize the laser
polishing parameters to reduce the surface roughness of the printed samp-
le. In this work, two laser regimes were studied. The first regime was the
pulsed one, which can generate pulses with durations from 6 to 500 ns and
peak power of tens of kW, and the second was the continuous wave re-
gime. For the first regime, Table 3 shows the measured roughness Ra for
the samples’ surfaces polished using different process parameters. It can
be seen that the speed increase results in the surface roughness improve-

Table 3. Resulting surface roughness due to the change of the laser parameters [42]

Speed, mm/s
Roughness Ra, nm
100 200 300 400 500 600
mN 30 1.384 1.083 0.666 0.581 0.526 0.640
'-“‘i 40 1.438 1.257 1.180 1.248 1.080 0.935
2 50 1.411 1.446 1.496 1.339 1.352 1.286
§ 60 1.027 1.462 1.216 1.084 0.887 0.855
g 70 1.201 1.254 1.025 0.780 0.759 0.596
E 80 0.826 0.999 0.955 0.830 0.734 0.583
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ment. The initial roughness before LP was Ra 1-2 um. For the LP process
parameters of 30 kHz and 500 mm/s, the surface was improved by 56% to
Ra = 0.5257 ym. It was concluded that the best result was obtained by ap-
plying the continuous wave regime by applying parameters of 40 W and a
speed of 200 mm/s giving the roughness Ra of 0.369 pm and improving
the surface roughness by 72%.

The evaluation of the average areal roughness parameters of the SLM
samples after LP in the air atmosphere and comparison of the results with
those from the inert gas (Ar) chamber setup was carried out [44]. The
solid-state Yb: YAG laser with a wavelength of 1030 nm was applied to
LP. In this work, seven different overlap values in the range of 50 to 90%
were examined for an argon and air atmosphere. The visual images (Fig. 6)
observed that the gloss effect was seen for all of the SLM samples that
were polished in the argon atmosphere but it is not completely flat. On the
other hand, the samples after LP in the air atmosphere become darker due
to the formation of the oxidation layers.

At the end of this section, we can sum up (see Fig. 7) that LP allows
for the reduction of average roughness by 82.8% and 87.9% for the air
and argon atmosphere, respectively.

3. Mechanical Post-Processing Techniques

The effects of the mechanical post-processing magnetic polishing on the
surface of the IN718 alloy samples printed by SLM were first studied in
Ref. [45]. The magnetic treatment (MT) of the printed specimens was car-
ried out in the conditions of the alternating magnetic field with the use of
media: the ferromagnetic needles and the abrasive polishing paste with
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11 Fig. 8. Schematics of magnetic field-as-
I} sisted finishing processes [45]

Magnetic particles  surface-active substances (Fig. 8).
and abrasive Duration of the MT process was 30
min at the ambient temperature.

20 Sample The surface roughness profiles of
!3 the as-printed SLM specimens be-
| S | fore and after the MT process are

shown in Fig. 9.

It was observed that the total height of the roughness profile (Rt pa-
rameter) decreased after MT in comparison with that of the as-printed
sample. It should also be noted that, after the MT, the peaks of the ine-
qualities are smoothed with an oval/cycle shape due to the plastic defor-
mation of the surface microinequalities by impulse interaction and fric-
tion with the media particles. It was also observed that the peaks and
valleys’ height-parameter magnitudes are smoother in the SLM sample
concerning the sampling length. It can be seen that the peak height value
of the roughness profile is higher than the valley depth value of the
roughness profile in the as-printed sample. The results showed that MT
has a large effect on the surface hardness of the samples indicating the
potential for the material property improvement in the SLM parts. The
MT-processed specimen has a 20% higher hardness (38.8 HRC,,) than the
as-printed sample (32.2 HRC,,).

As the post-processing operation in Ref. [47], the finish machining
operations in dry and cold air were performed. The cutting speed and
depth of cut were kept constant at 60 m/min and 0.4 mm, respectively;
three different feed rate values of 0.08, 0.16, and 0.2 mm/rev were used.
Figure 10 shows the measured arithmetic average values of surface rough-
ness of machined SLM samples as the functions of various feed rates un-
der dry and cold air operations. As seen, the average surface roughness
(Ra) values of the as-printed samples varied from 19 to 24 pm. After
finishing post-treatment, the surface roughness demonstrates substantial
reduction when compared with the as-printed state. For all cutting condi-

pm

20 Rt = 27.8 um
10
0
-10
0.5 1 1.5
a

Fig. 9. Surface roughness profile of SLM (a) and MT-processed (b) samples [44]
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Fig. 10. The surface roughness of the as-printed samples IN718 as the function of the
feed rate: 1 — dry; 2 — cold air [46]

Fig. 11. Microhardness of the finish-machined and as-built the SLM IN718 as the feed-
rate function (dry): I — 0.2; 2 — 0.16; 3 — 0.08; 4 — as-printed, mm/rev [46]

tions and parameters, the largest measured surface roughness value is
1.85 ym. The main conclusion is that the finish machining process re-
sulted in 92% lower when compared to the surface roughness of as-printed
samples. As Figure 10 demonstrates, this effect grows as the feed rate
decreases.

Figure 11 shows surface and near-surface microhardness distributions
after the finish machined under dry conditions at various feed rates and
their comparison with as-printed samples (average 322 HYV). Finish-
machining conditions result in increased microhardness on the surface and
subsurface. As a result, the larger the feed rate the higher the microhard-
ness level. In addition, the largest microhardness is observed for the samp-
le machined with 0.2 mm/rev feed rate followed by 0.16 and 0.08 mm/rev
feed rates. It is more or less similar to the microhardness trend obtained
from dry finish machining, as illustrated in Fig. 7. Increased feed rate
leads to increased hardness values on the surface and subsurface of finish
machined samples. In cold air conditions, the depth of the machining-in-
duced layer is approximately 50 pym that is almost the same as the results
obtained from dry machining.

The works [48, 49] were devoted to the effects of the shot peening
post-processing as the severe surface plastic deformation on the IN718
surface topography, roughness, waviness, integrity, chemical composi-
tion, microstructure, phase state, hardness, and residual stress of the
SLM samples. The effects of shot peening, laser shot peening and ultra-
sonic nanocrystal-surface modification were compared in Ref. [49]. The
samples were printed using the following laser parameters: power of 200
W, layer thickness of 60 um, scanning speed of 700 mm/s, laser spot size
of 70 um, and the distance between scanned lines of 90 ym. As-printed
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Fig. 12. Surface texture and macrostructure in the near-surface layer of the SLM sam-
ples (a) and SP1-processed (b); SP2-processed (c); and SP3-processed (d) IN718 speci-
mens: a_1 and a_2 are the ZX and XY cross sections of the as-printed sample; ¢_1 and
¢ _2 are the ZX and XY cross sections of SP2-processed specimen [47]

samples were then subjected to the air blast shot peening (SP) using the
steel shots (48 HRC) of 0.5 mm in diameter driven perpendicular direction
to the specimen surface by the compressed air with different pressure
through the nozzle moving transversally to this surface during 60 s. The
SP treatment was performed at the peening pressure of 0.4 MPa (SP1), 0.5
MPa (SP2), and 0.6 MPa (SP3), providing full surface coverage.

The surface roughness/waviness of each sample was estimated based
on the Ra, Rp, Rv, and Wa. The Rp and Rv parameters are the maximum
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Fig. 13. Microhardness distribution 700
in the ZX plane (build direction) of w0
the as-printed (1) and SP1-processed § 650
(2); SP2-processed (3); and SP3-pro- E 600
cessed (4) of the IN718 samples [47] @
é 550

. ) ) £ 500
profile peak height and profile ¢
valley depth along the sampling § 450
length for the roughness pro-
file, respectively. The Sa pa- 400 . . .
rameter is the arithmetical- 0 100 200 300 400
mean height of the line to the Hardening depth distribution, um

sample surface, which describes

the difference in height of each point compared to the arithmetical mean
of the surface. The Sz parameter is the maximum profile height of a line
to the three-dimensional surface, which is defined as the sum of the lar-
gest peak height magnitude and the largest valley depth magnitude within
the defined area.

The evolutions of the three-dimensional surface texture after SP per-
formed in different regimes are shown in Fig. 12. As seen, SP led to sig-
nificant changes in the shape of the roughness and waviness profiles due
to the severe plastic deformation providing a new wavy surface microre-
lief. The arithmetical-mean waviness Wa parameter of the profile becomes
higher with increasing the magnitude of the air pressure. Unlike the sped
samples, the arithmetical-mean height Sa parameter of the three-dimen-
sional surface texture/roughness area (Sa = 3.79 um) for the SLM samples
has a similar trend to the arithmetical-mean roughness Ra parameter of
the two-dimensional surface profile. Conversely, to the Ra roughness pa-
rameters, the Sa area-roughness parameters are enlarged after the SP re-
gardless of the processing parameters. However, compared with the maxi-
mum height Sz of the surface texture for the SLM samples (Sz =47.1 um),
the Sz parameter of the SP1- and SP2-processed specimens is decreased by
~20% , while the SP3 process results in the much higher increase, i.e., the
maximum height of the surface texture magnitudes become more than
50% higher (Sz = 78.1 pm).

The typical depth distribution of the microhardness after different SP
treatments applied is shown in Fig. 13. The surface microhardness (HV)
measured in the ZX-plane correlates well with the surface macrohardness
(HRC). The SP1 regime led to a ~60% increase in the near-surface hard-
ness as compared to the untreated SLM samples, while the SP2-induced
surface microhardness is approximately 15% higher than that of the SP1-
processed specimen. Considering the microhardness distribution in the
near-surface layers, one can conclude that the hardening depth is the low-
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est (2220 pm) after the SP1 regime. Moreover, the higher the peening
pressure magnitude, the thicker the hardened layer, i.e., ~300 pym and
~330 pm layers were produced after the SP2 and SP3 regimes, respec-
tively.

Compared to the surface roughness of the SLM sample (Ra = 3.77 um),
the Ra roughness parameter of the SP post-processed specimens was, re-
spectively, decreased by ~48, ~53, and ~#19% after the SP1, SP2, and SP3
regimes, forming the new wavy microrelief on the surface with reducing
the surface defects. At the same time, the Sa area roughness parameter
and the arithmetical-mean waviness Wa parameter of the profile were in-
creased after the SP treatment regardless of processing parameters.

As known, the sandblasting technique is often used to make the sur-
face uniform, introduce the residual stresses and thus improve the fatigue
performance of the different metallic materials [50, 51]. A combination of
the HIP and sandblasting was investigated to reveal the effects on the very
high cycle fatigue performance of the SLM IN718 alloy [562]. A series of
SiC paper (300—3000 grit) was used to grind the samples, and then the po-
lished samples were chemically etched for 2 min. After the SLM printing,
each group of the samples undergoes homogenization (stress relief, 1065 °C/
1 h), HIP (1160 °C/1500 bar/3.5 h, if necessary), solution (980 °C/1 h)
and double ageing (720°C/8 h, cooling at 50°C/h until 620 °C and
620 °C/8 h) to eliminate Nb segregation and Laves phase and induce the
precipitation strengthening. The parameters of sandblasting process con-
ducted after HIP are summarized in Table 4 for each group of samples.

Since all the investigated samples were homogenization treated, the
brittle Laves phases were dissolved at the temperature of homogenization,
therefore, no Laves phase is found in both samples. The d-phase was also
dissolved in the homogenization process, but the solution temperature of
980 °C was lower than the precipitation temperature range of the 6 phase,
so, the 8 phase was precipitated at the grain boundary. For the AB state,
the o-phase content is relatively large; the short rod-like and needle-like
d-phases are distributed near the grain boundaries at different angles, and
the point-like y”-phases are distributed inside the grains. The element dis-

Table 4. The details applied to each group of samples [50]

Group Description Details
AB AS SLM Layer thickness: 40 mm; Hatch distance: 110 mm;
Laser power: 285 W; Scanning speed: 960 mm/s
SB Sand-blasted Pressure: 0.8 MPa; Medium: Grown alumina;

Grit: 120; Distance: 100 mm

SBH Hot Isostatic Pressing |1160 °C/1500 bar/3.5 h + HIP + Sand-blasting
(HIP) + Sand-blasting
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Fig. 14. Surface
morphology of (a)
AB, (b) SB, and
(¢) SBH samples
obtained by the
SEM [50]

tribution is more homogeneous as the content of the 3-phase precipitated
in solution and ageing treatment decreases, and only a small amount of
the short rod-like d-phase can be observed after HIP. In addition, NbC
particles, twins, and twin steps can also be formed. The smaller y'-phase
was not found in that study.

The surface morphology of the samples of three groups obtained by
the SEM is presented in Fig. 14. As seen the AB sample surface is very
uneven, and the peaks and valleys appear alternately. The unmelted pow-
der particles are randomly distributed on the sample surface. For the SB
state, the attached powder particles were removed by a high pressure oc-
curred at the grinding by alumina grits, and some scratch marks appeared
(Fig. 14, b). The surface appears more homogeneous due to deeper surface
depressions in the AB samples. For the SBH samples (Fig. 14, ¢), the num-
ber of depressions on the surface is larger than that of the SB samples.
This is explained by after HIP, the grain size of the alloy increases sig-
nificantly and the ability to resist plastic deformation decreases. In this
investigation, the average Vickers microhardness of the AB, SB, and SBH
samples is 496.4, 497.8, and 460.3 HV, respectively.

The central area of all samples was selected for the surface height
characterization (Sa) by the non-contact optical profilometer. It was cal-
culated that the Sa for the AB sample is of about 4.2 pm. Since the powder
particles attached to the surface are removed, sandblasting reduces the arith-
metic mean height value to about 3.5 ym. The Sa of the SBH surface is
higher than that of the SB surface, of about 4.6 ym. During HIP, the wall of
the large pores near the surface is collapsed by the pressure, which, in turn,
leads to partial depression of the surface. In terms of surface flatness,
sandblasting cannot eliminate the adverse effects of HIP in full measure.

The ultrasonic fatigue test including the data plotted as stress S ver-
sus number N (S—N) of the cycles to failure for three groups of the samp-
les showed the following results. The fatigue resistance of the AB samples
is the lowest, and the fatigue strength corresponding to 107 cycles is about
207 MPa. The crack nucleation sites of the SB samples are all located on
the subsurface and the fatigue strength was greater than that of the AB
samples before 108 cycles. However, after 108 cycles, the fatigue strength
decreased to the level of the AB samples. For the SBH samples, the fatigue
strength corresponding to 107 cycles is significantly improved by about
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61.8% compared with the AB samples. The relation c; /c, for the AB and
SB samples are respectively 0.15 and 0.18, which are lower than the SBH
samples. The microstructure evolution supposedly comprises the grain
size refinement and phase precipitations, which play key roles in the ten-
sile strength. At the same time, the surface state and internal microde-
fects play a major role in the very high cycle fatigue strength. After HIP
and sandblasting, the tested samples failed due to the activation of the
slip system induced by the locally higher stress at the triple junctions.
Due to the elimination of the defects and the introduction of the surface
compressive residual stress, it still shows the best fatigue performance.

3.1. Ultrasonic Impact Treatment

Numerous studies [53—58] have shown that ultrasonic impact treatment
(UIT) is one of the ways of severe plastic deformation and an effective
technique for fast modification of the surface layers including their struc-
ture and complex properties. UIT contributes to the formation of the na-
nostructured surface layer with improved properties (hardness, tensile
strength, wear resistance, fatigue strength, corrosion resistance, biocom-
patibility, surface roughness) of the different metallic materials. This
treatment also significantly reduces the level of residual stresses.

It is well known that the tensile residual stress mostly is induced in
the SLM samples. The tensile stresses can be reduced to almost zero value
by post-treatment using UIT and the heat treatment helps to homogenize
the microstructure [59]. The IN718 samples were printed with the following
SLM process parameters: laser power of 90 W; scanning speed of 1200 mm/s;
hatch size of 80 um; powder layer thickness of 25 pm. Since the SLM pro-
cess usually introduces the residual stresses, post-manufacturing heat
treatment is performed to release the induced stresses. In this case, a full
annealing treatment is carried out at 955 °C for 1 hour and then the ma-
terials are cooled within the furnace. This treatment was done on both the
as-printed and heat-treated samples with identical process parameters:
static load of 20 N; dynamic load of 20 N; amplitude of 20% ; frequency
0f20000 strikes/sec; scanning speed of 3000 mm/min; interval of 0.03 mm.
In this process, the tungsten carbide ball was attached to the ultrasonic
strike device.

Figure 15 shows the image obtained from the optical microscope, taken
in a perpendicular (90°) direction to the printing direction. As seen, along
the printing direction, columnar grains growth and adjacent layers have
same growth direction. After the heat treatment, the homogenous den-
dritic uniform microstructure is observed.

The residual stresses were measured using the XRD instrument in two
orthogonal directions with x-ray diffraction by the sin2y technique. The
results are shown in Fig. 16, where the residual stress curve is for the
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Fig. 15. OM mic-
rostructure obser-
vation under an
optical micro-
scope for the as-
printed (a) and
after heat treat-
ment (b) INT18
samples [57]

400 F Fig. 16. Residual stress measurement graphs
for the samples after Heat + UIT [57]
&
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Distance from surface, mm Effects of the UIT on the surface

topography, porosity, hardness and residual stress of the IN718 printed
by SLM studied in Refs. [60, 61]. The samples were manufactured using
the following SLM parameters: the power of the ytterbium fibre laser of
200 W; scanning speed of 700 mm/s; spot size of 70 yum; stripes spacing
of 5 mm; hatch angle of 67°; layer thickness of 60 pym. The UIT equipment
contained an ultrasonic generator with a frequency of 21.6 kHz and a
power output of 0.8 kW, an acoustic vibration system with a piezoceramic
transducer, a step-like horn, and a multi-pin impact head [47—50]. The vib-
ration of the ultrasonic horn causes impact loading. A special impact head
is positioned on the horn tip. The high-frequency impacts (1 + 0.5 kHz)
were produced by seven cylindrical pins of 5 mm in diameter positioned in
the head forcedly rotated during the treatment (rotation speed of 76 rpm)
to provide the lateral component of the load. Pins acquire their kinetic
energy from the ultrasonic horn tip and produce impacts by the treated
surface providing the normal (vertical) component of the load. The UIT

Table 5. UIT parameters [60]

Ener Quantity | Impact Treat- | Accumulated | Sample Strain, SSE:_:?ISe
8Y> | of balls / |frequency,| ment energy, thickness, | e=Ah/h,, ’
E, mJ . . o g,=Ah/hg,
pins f,» Hz time, s 2E, J/mm? h, mm % s o
0
2 7 ~1-103 120 4.2 3.519 1.074 19.10
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Static load

Dynamic
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Multi-pin
head

Fig. 17. Schemes of the UIT processes [58]

Fig. 18. The surface morphology and images of the near-surface layer of the SLM (a)
and UIT processed (b) IN718 samples [58]

duration was of 120 s, the amplitude of the ultrasonic horn was of ~18
um, the static load on the acoustic system was of 50 N, and the specimen
feed rate was of 600 mm/min. The scheme and parameters of the UIT pro-
cess are shown in Fig. 17 and Table 5, respectively. The x-ray diffraction
sin2y-based method was used to estimate the residual stress of the SLM
and post-processed specimens using a Rigaku Ultima IV diffractometer in
a CuK -radiation with the graphite monochromator at 30 kV and 30 mA,
20 (20°-120°) scanning speed of 2°/min. The depth distributions of the
residual stress were performed via the stepwise electrolytic polishing.

The surface topography of the SLM and post-processed IN718 speci-
mens are compared in Fig. 18. The morphology of the SLM sample side
surfaces contains a large number of printing defects (ellipsoidal/spherical
balls or shrinkage cavities, partially melted powder particles or spattering
powder particles, open pores, and signs of the laser tracks). In addition, the
sample surface is rough (Sz parameter is ~60 pm) with irregularities of
relatively high height. As seen, the partially melted metal powder or spat-
ters (indicated by arrows in Fig. 18, a) are adhered to the surface speci-
men because of their existence inside the heat-affected zone. Additionally,
the unmolten powder particles were found in the near-surface layer (indi-
cated by arrows in Fig. 18, a). As a result, the above-mentioned defects
essentially deteriorate surface integrity. UIT led to the formation of new
surface microreliefs on the post-processed SLM-built samples (Fig. 18, b),
reducing adverse surface defects. This treatment forms the regular micro-
relief with a smoother surface (the Sz parameter is of ~20 ym) and lower
surface waviness owing to the application of the multipin ultrasonic tool,
which produces the sliding impacts of pins by the specimen surface due to
forced rotation of the impact head. The registered UIT-caused Sa para-
meter becomes twice lower than that of the SLM-printed samples.
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Along with the surface microrelief parameters, the residual internal
porosity in the near-surface layers is also of special importance for the wear/
corrosion and fatigue resistance of the material. Compared to the residual
porosity of the SLM sample (0.697%), the porosity magnitudes were re-
spectively decreased by 84% after UIT processes. The UIT process signifi-
cantly reduced the residual porosity (0.118% ) in the near-surface layer.

The near-surface microhardness depth profiles after UIT IN718 are
shown in Fig. 19. The UIT process led to a 50% increase in the near-sur-
face hardness, forming the crystallite size of 15 um, as compared to the
untreated SLM sample. From the point of view of the desirable prolonged
operation life of the SLM-printed parts, the sign and magnitude of the
residual stresses are additional critical characteristics. In this study, they
were assessed using the x-ray stress analysis. Considering the residual
stress magnitudes formed in the subsurface layers of the studied speci-
mens, the tensile residual stresses formed in the SLM sample (120 MPa)
because of the large thermal gradients that occurred near the laser spot
during rapid heating and cooling of the molten pool were successfully
eliminated by post-processing techniques. Moreover, the residual stresses
formed by UIT techniques are of compressive character (-428.7 MPa),
which correlates well with the data reported in Ref. [61].

3.2. Electrochemical Polishing

Among the available finishing surface treatments, electropolishing (ECP)
is an effective and popular process since it can produce a mirror-like sur-
face of the treated material, which however should be conductive. More-
over, it improves the resistance against wear, friction, and corrosion, is
efficiently free of stresses or contaminants, and prepares a good base for
subsequent coatings. Recent works have shown that ECP is the effective
post-surface finishing method for highly complex shaped parts produced
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Fig. 21. SEM micrographs showing the surface structures of the as-printed
sample (a) and samples after ECP for: (b) 1 min; (¢) 4 min; (d) 5 min [61]

by AM technology without affecting the bulk properties of the part. ECP
is based on the localized anodic low-level electrochemical dissolution pro-
cess. In other words, the low-temperature ECP is the process that allows
removing the micron-sized pieces from the part by immersing it together
with electrodes in the electrolyte for the specified time and applying the
potential difference of 2 to 20 V DC between the part and electrodes [62].
Acidic electrolytes are generally used as electrolytes for AM metal samples
and generally stainless steel, copper, lead, and titanium are used for the
electrode. Electrochemically dissolved cations diffuse through the electro-
lyte to the cathode, where reduction reactions generally yield hydrogen
(Fig. 20). Below are the results of the ECP as the post-surface treatment
of the SLM IN718 samples.

In Ref. [64], the SLM IN718 samples were manufactured using the
following printing parameters: laser power of 350—-450 W; scanning speed
of 0.83-0.6 m/s, hatch distance of 80 um; layer thickness of 40 um; print-
ing temperature of 80 °C; the working chamber was filled with argon gas.
The ECP process was carried out at room temperature with a current den-
sity of 50 A/dm? between the stainless-steel cathode and the sample (an-
ode). The solution used was composed of 20% vol. sulphuric acid in abso-
lute methanol. Figure 21 shows the SEM images of the samples’ surface
morphology with different ECP durations. As seen, a large amount of the
partially melted powder particles are attached to the surface of the as-
printed sample (Fig. 21, a). It is also obvious that the longer polishing
contributes to the improvement in the surface quality significantly. A
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Fig. 22. The atomic force microscopy morphologies of the SLM IN718
samples: as printed (a), and polished at 3 A current after: 1 s (b), 3 s (¢),
10 s (d) [62]

relatively flat surface with some gaps structure can be found on the sam-
ple after ECP with 2 min duration and after 5 min of ECP, the SLM IN718
samples’ surfaces are quite smooth and uniform (Fig. 21, d). During ECP,
the surface roughness was significantly decreased from 6.05 to 3.66 um.

Nanoindentation testing was carried out to study the mechanical pro-
perties of SLM samples after ECP with different durations. It can be ob-
served that the as-printed sample surface has a relatively high nanohard-
ness above 4 GPa. Comparatively, the nanohardness of ECP processed
samples ranges from 2.8 GPa to 3.8 GPa with different durations, as
shown in Table 6. The reduction of the nanohardness can be attributed to
the release of residual stress during the ECP process. The SLM IN718
sample maintained relatively high residual stress because high cooling
rate and small laser beam spot. However, the residual stress can be sig-
nificantly released with material

removal during ECP. On the oth- Tt?fllle 6. Hal.'dlt‘egs e‘(IIOh;-‘:iOHECP )
_ . . . [4) € as-printed and airter samples
zz Ei‘ﬁie éhzgrf;fgliﬁiﬁzzempie with varied polishing durations [61]

sess coherent strains and make t, s 0 1 2 3 4 5
dislocation hard to move, when
compression or tension is applied.

HV,GPa| 4.8 | 3.8 | 3.8|3.8|3.5] 3.1
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According to the authors [64], the existence of d-precipitate is disadvanta-
geous to the mechanical properties of the alloy. Carbide can only play a
key role in grain boundary dislocation, which cannot exhibit the signifi-
cant capability of surface strengthening on a nanoscale. Thus, the nano-
hardness value was dropped with the continuous dissolution of y-precipi-
tates and the appearance of 3-precipitate and carbide during ECP.

In the study [65], the novel and highly efficient isotropic ECP tech-
nique for post-surface polishing of the flat and complex SLM IN718 parts
was presented. The SLM printing was conducted using the next technical
parameters: laser power of 500 W, laser diameter of 100 ym, hatch dis-
tance of 110 pm, scanning speed of 300 mm/s, and layer thickness of
40 pm. For isotropic etching of the as-printed samples, the acidic electro-
lyte comprising commercial-grade H,SO,-97% (20 mL) mixed in CH,;OH-
99.5% was used. The IN718 samples immersed in the electrolyte were
connected to the anode of the DC power supply while the counter electrode
(Pt) was connected to the cathode.

Variation in the Sa roughness and surface morphologies during the
isotropic etching polishing is shown in Fig. 22. The initial 48.9 nm Sa
roughness of the as-printed sample substrate was raised to 60.8 nm after
1 s etching at the 3 A current in 20 mL H,SO, electrolyte. The initial
growth in the Sa roughness is due to the formation of the isotropic etch-
ing holes. After 3 s etching, the isotropic etching holes merged, and the
newly polished surface evolved with Sa roughness reduced to 26.3 nm, as
shown in Fig. 22, d. Therefore, the formation and merging of the etching
holes and the evolution of the roughness are due to the generic isotropic
etching polishing.

4. Conclusions

IN718 alloy is a heat-resistant, precipitation-hardened alloy that has at-
tracted increasing attention as an important high-tech metallic material to
industries because of its exceptional properties, in particular in the aero-
space and power generation directions. In the traditional technology, the
IN718 alloy parts are manufactured through casting, forging, and heat
treatment. However, it is difficult to produce such parts using conven-
tional machining methods at room temperature due to excessive tool wear
and low material removal rates. In addition, there is a problem with manu-
facturing components with very complex shapes with many inner cham-
bers or overhangs.

Currently, additive manufacturing is becoming increasingly effective
for a variety of industrial applications due to its capability to manufac-
ture complex components that are either prohibitively costly or impossible
to manufacture by traditional technologies. In addition, AM manufactu-
ring of parts has no geometric limitations. Among the additive manufac-
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turing technologies, selective laser melting is finding increasing use in
many engineering fields due to its benefits such as short manufacturing
time, reduced material waste, possibility to obtain complex and intricate
geometries, versatility, ability to produce functionalized parts with unique
design and intrinsic engineered features. Therefore, the SLM technology
nowadays has a high potential and attracted tremendous attention to
printing the IN718 parts. However, it should be noted that the SLM fab-
ricated metal parts suffer from the excessive residual porosity and resi-
dual tensile stress in the near-surface layer, and the relatively rough sur-
face is formed. The SLM inherited surface defects can cause stress concen-
tration to initiate cracks, reducing the fatigue strength of the parts.
Therefore, due to the poor surface quality, the SLM fabricated surfaces
cannot meet the specifications for some real industry applications.
Therefore, various surface post-processing methods (finishing) are now
being developed to obtain the improved surface characteristics of the SLM
IN718 components. A large number of publications have demonstrated
that these surface enhancement treatments lead to a significant improve-
ment of such properties as wear resistance, corrosion resistance, fatigue
life, and tensile strength. Therefore, adapting surface post-processing
technologies has become a growing area of interest as an effective tool for
improving the functionality and service lifetime of SLM-printed parts.

The analysis of the most systematic studies of the currently developed
surface post-treatments aimed at improving the surface structure quality
and properties of the IN718 parts fabricated by SLM presented in the re-
view allows a better understanding of the role of the various-parameters’
effects on the surface improvements during the surface post-processing
operation and changes in the structure-phase state, and physical, chemical
and mechanical properties. Examples of the outcomes of the application of
the following surface post-processing methods are given: laser polishing,
mechanical magnetic polishing, cutting finish-machining operations, shot
peening, sandblasting technique, ultrasonic-impact treatment, and elec-
trochemical polishing.
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2HaujonaspHU TeXHIUHUN yHiBepcuTeT YKpaiHu
«KuiBcbkuit mositexHiunuii incturyt imeHi Iropa Cikopcbkoro»,
Bepecreiicbkuit mpoctm., 37, 03056 Kuis, Ykpaina

IIOBEPXHEBE IIOCTOBPOBJIEHHS CIIJIABY INCONEL 718,
BUT'OTOBJIEHOI'O SA JOIIOMOI'OI0O AIVITBHOI'O BUPOBHUIITBA:
CEJIEKTMBHE JIASEPHE TOITJIEHHS

Posrasauyro cmimaB Inconel 718 (IN718), saxuii € cymepcmjaBoM Ha OCHOBiI Hikemo i
HINPOKO 3aCTOCOBYETHCA B IPOMUCJIOBOCTI 3aBAAKN CBOIM UYyJOBUM MeXaHIUYHUM BJIACTU-
BOCTSIM HAaBiTh 3a IMiJBUINEHUX TEeMIIEPATYpP Uepe3 TBEPHOPO3UNHHE 3MIiI[HEHHS Ta IWC-
nepciiine sminuenHAa. OgHAK yepes HaJMipHUI 3HOC iHCTPYMEHTY, IIOTaHy IiJiCHICTh mmO-
BepXHi AeTaji, 1Ooro BUCOKY TBEPAICTH i HU3BKY TEILJIONPOBiIHICTHE BUTOTOBJIEHHS BUPO-
6iB 3 IN718 3a qomomMorom TpaguIifHAX METOAIiB 00POOJIEHHS iCTOTHO YCKJIATHIOETHCS.
ITe € ocobMBO HaraJdbHUM [IJiA BUPOOIB CKJIAAHOI KOHCTPYKIIii. ¥ 3B’A3KYy 3 IIUM Ha-
BeeHO OOT'PYHTYBaHHA IIMPOKOTO BUKOPUCTAHHSA CYYaCHOTO AAWUTUBHOTO BUPOOHWUII-
TBa AJIsi BUTOTOBJIEHHA BUPOOiB i3 INT18. HalimonmyaAapHIIIIuM € MeTos afuTUBHOTO BU-
pOOHUIITBA, 3aCHOBAHUI Ha TexHOJIOTrii cesekTuBHOTO JasepHoro TomiaeHas (CJIT), 1o
YMOKJIMBJIIOE CTBOPEHHS CKJIAAHUX TeOMeTPUYHUX (GOPM i3 UyJZOBUMH BJIACTUBOCTAMU
marepiany. BomHouac meraseBi merasi, Burotosseni meromom CJIT, maroTe HagMipHy
3aJIMIITKOBY MOPYBATiCTh, 3aJUIIIKOBE PO3TATHEHHS y IIOBEPXHEBOMY Iapi i yTBOpEeHHS
BiIHOCHO ITOPCTKY IoBepxHIO. Kpim Toro, ycmanzkosaHi moBepxHeBi gedextu CJIT mo-
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JKYThb COIPUYMHUTH KOHIIEHTPAI[il0 HAIPYKEeHH, 1100 iHiIiloBaTU TPIIIUHU, 3HMIKYIOUN
BTOMHY MillHiCTh HaAPYKOBaHUX yacTuH. OTJIA] 30cepeikKeHO Ha BUABJIEHHI MOTEHITiH-
HUX KOMILJIEKCHUX pillleHb m1of0 GiHinmrHOro o6pobieHHs IIOBEPXHi, BUKOPUCTOBYBaHOI
3 METOIO0 IIOJIINIIEeHHS IITOPCTKOCTI IMOBEPXHi 3aIJid JOTPUMAaHHSA ITPOMMUCJIOBUX BUMOT.
Tomy moJimnineHHsT BJIACTUBOCTEH ITOBepXHi meraseir 3i cmmaBy INT18, HagpykoBaHUX
3a gomomoroi CJIT, mabGyBae ocobumBoi axTyanbHocTi. Hapasi pospobiasiorbea pisHi
TEeXHOJIOTiI 00pOOJIeHHA IOBEPXHI AJA OJep:KaHHS OUiKyBaHOI SKOCTiI IMOBEPXHI KOM-
nouenTiB CJIT. Byno mpomemoHcTpoBaHO, 110 (piHillIHEe 0OPOOJIEHHSA ITOBEPXHI 3HAYHO
THOJIIIIITye 3HOCOCTiMKicTh, CTiMiKicTh MO KOpo3ii, 36iJblllye MOBroBiUHiCTb, MiIlHiCTH
Ha pO3pWB MeTajieBUX MarepianiB. OTiKe, ajanTallisi TeXHOJOTiN ITOCTOOPOOJIEHHSA IIO-
BepXHi cTae Bce 6iynbIioio cdepoio iHTepecy AK e(EKTUBHUI CIOCi0 AJd IMOJimiieHHsA
dyHKIioHATBLHOCTI Ta 30i/MbIIeHHSA TepMiHy cay:k6u KommoHeHTiB i3 CJIT-apykoBaHOTO
cuiaBy IN718. Meroio orsiany € aHajaid OCHOBHUX Pe3yJbTATiB HAMOIIBII cUCTEMaTHU-
HUX MOTOYHUX JOCIiKeHb Hapasi POBBUHEHUMU! METOJaMU IOCTOOPOOJIEHHS IOBEPXHI,
CIPAMOBAHOTO Ha IOJIINIIEHHS AKOCTI IOBEPXHEBUX CTPYKTYP i BJIaCTUBOCTEH HeTasiei
IN718, Burorosnenux meromom CJIT. Ili pesynbraTu CUPUAIOTH KPAIOMy PO3YMiHHIO
poJIi BILIMBY pisHUX MapaMeTpiB Ha IOJIINIIIeHHs ITOBEePXHi i uac il mocTo0pobIeHHs Ta
3MiHU CTPYKTYpPHO-()a30BOTO CTaHy, (PisMUHMX, XiMiuHMX i MeXaHiYHMX BJIACTUBOCTEN.
Hageneno nmpuksianu pesyabTaTiB 3aCTOCYBaHHS HU3KU METOAiB 00POOJIEHHA IMOBEPXHi:
JIa3ePHOTO TOJIipyBaHHSA, MEXAHIUHOTO MAarHiTHOTO HOJIipyBaHH#A, pisaHHA, APOOOCTPY-
MHUHHOTO 00pOOJIeHHS, IMiCKOCTPYMHUHHOTO OOPOOJIEHHSA, YJIbTPa3BYKOBOTO yIapHOT'O 00-
poOIeHHA, eJIeKTPOXiMiUHOTO HMOJIipyBaHHS.

KarouoBi cooBa: aguTuBHE BUPOOHUIITBO, JiasepHE TOILJIEHHS, ciiaB [HKoHenab 718,
BJIACTUBOCTI MOBEPXHi, penbed, MiKPOCTPYKTYpa, TBEPAIiCTE.
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