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Features of the impact of hot isostatic pressing
and heat treatment on the structure and properties
of maraging steel obtained by selective laser melting method

© 2022r. A.O. Kayasova, E.A. Levashov

National University of Science and Technology (NUST) «MISIS», Moscow, Russia

Received 19.07.2022, revised 27.07.2022, accepted for publication 28.07.2022

Abstract: Using the SLM method in a nitrogen blanket with heating to a temperature of 200 °C, samples were obtained at a
position of 0° against the build plate. The effect of the hot isostatic pressing (HIP) and heat treatment (HT: hardening + aging)
on the structure and mechanical properties of maraging steel CL50 WS was studied (the Russian analogue is ChS4 grade). To
analyze the effect of post-processing on the strength characteristics (o, 69 2, 8, ¥), tensile tests were conducted. Their results
indicated high values of strength and ductility. It has been established that as a result of HT in the steel structure, in addition
to a-Fe, y-Fe, dispersed precipitates of the NiTiz strengthening phase are formed, the identification of which was carried out
by high-resolution transmission electron microscopy. Through the NiTis intermetallic phase, the steel has acquired increased
tensile strength and yield strength required for the production of critical components and parts for highly loaded turbomachine
disks. The change in the porosity of the samples before and after the HIP was analyzed. The microstructure of the samples and
the changes that occur under the influence of various post-processing options are studied. The fine-grained homogeneous
structure obtained by combining the SLM, HIP and HT provided optimal strength and ductility. Analysis of fractures after
mechanical testing showed that the samples after post-processing are destroyed according to the viscous-pitting mechanism
with the formation of a neck.
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0c06eHHOCTU BNMSHUS FOPSYEro M30CTaTMyecKoro NPpeccoBaHus
M TepMo0oOpPaboTKM Ha CTPYKTYPY U CBOMCTBA MapTEHCUTHO-CTapeloLLeil cTanm,
NOJIYyYEHHOI METOI0M CeNEeKTUBHOr0 Na3epHOro CrnaasneHus

A.O. Kascosa, E.A. JleBawos

HaupoHanbHbIi nccnepoBaTenbCkuin TexHonorudeckuii yuusepentet (HUTY) «MUCuC», r. Mockea, Poccus

Crarbs noctynuna B peaakumio 19.07.22 r., gopabotana 27.07.22 r., nognucana B neyats 28.07.22 r.

AHHOTauusa: MeToaom cenekTUBHOro nasepHoro cnnaenenus (CJIC) B cpene asoTta npu nogorpese Ao temnepatypsl 200 °C
nony4yeHbl 06pasubl B Noa0XxeHU 0° OTHOCUTENBHO MUTLI NOCTPOEHUS. MI3y4eHO BAUSIHNME ropsiyero n3oCTaTuyeckoro npec-
coBaHus (FNM) u TepmoobpaboTkn (TO: 3akanka + cTapeHune) Ha CTPYKTYPY U MexaHn4Yeckme CBOMCTBA MapTEHCUTHO-CTape-
owen ctanm CL50 WS (poccuiicknia aHanor — YC4). lng aHanu3a BAMSHUSA NOCTOOpaboTKM HA MPOYHOCTHbLIE XapakTePUCTUKN
(Og, Gp,2, 8, W) NPOBEAEHBI UCMILITAHNSA HA Pa3pbiB. VX pe3ynbTaTel Nokasanm BbICOKME 3HAYEHUS MPOYHOCTU U NNACTUYHOCTK.
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YcTaHoBneHo, 4To B pe3ynbtate TO B CTPykType cTanu, nomumo o-Fe, y-Fe, o6pasyloTcs AMcnepcHble BblAENEeHNS YNPOYHS-
owen ¢asbl NiTis, naeHTnduUKaunio KOTopon NPoOBOANIN METOL0M MPOCBEYNBAIOLLEN 3/IEKTPOHHON MUKPOCKOMUU BbICOKOTO
paspelueHuns. bnarogaps nitepmetannngHon ¢pase NiTiz, cTanb npuobpena NoBbILEHHbIE NPeAen NPOYHOCTU U Npeaen Te-
Ky4yecTu, Tpebyemble AN NPON3BOACTBA OTBETCTBEHHbIX Y3JI0B U AieTasnei BbICOKOHArpyxXeHHbIX AMCKOB TypOomatuuH. MNpoa-
HaM3npPoBaHO N3MeHeHWe noprucTocTu o6pas3uyoB Ao 1 nocne MNM. NccnenoBaHbl MUKPOCTPYKTYPbl 06pa3L0B U UBMEHEHUS,
npovcxoasine nog BAUSHUEM PasnYHbIX BapruaHToOB NoctobpaboTkn. Menko3epHuUcTas ogHoOpoAHas CTPYKTypa, NOay4YeH-
Hasa npu coveTannum CJIC, TUM n TO, o6ecneymnna onTumMasnbHble NoOKa3aTe v NPOYHOCTM U NNACTUYHOCTU. AHANM3 N3JTIOMOB NO-
clle MexaHn4yeckux UcnbiTaHnii nokasan, 4To ob6pasubl Nocsie NocTob6paboTkmM PaspyLLAOTCS MO BA3KO-AMOYHOMY MEXaHN3MY

c o6pa3oBaHNEM LLUENKN.

Kntouesble c/ioBa: cenekTMBHOE la3epHOe CrJiaBfieHe, MapTEHCUTHO-CTapeoLLMe cTanum, ropsyee n3ocraTmiyeckoe npeccosa-
Hue, Tepmuyeckas 06paboTka, MUKPOCTPYKTYpa, pal30Bbili COCTaB, MEXaHNYECKNE CBOMCTBA.
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Introduction

High-strength maraging steel (MS) belongs to the
group of high-alloy steel grades that are based on car-
bon-free martensite. Compared to classic carbon-free
steels, maximum hardening is achieved by heat treat-
ment (HT) in the aging mode due to the dispersion
hardening of highly ductile martensite.

The worldwide experience in the application and
operation of MS steels has proven that they provide a
high degree of reliability, manufacturability and other
advantages in comparison with carbon steels. The low
hardness of low-carbon martensite contributes to good
machinability and deformability in the initial and
hardened states, while aging provides a high level of
strength, ductility and permanent deformation. The
hardening heat treatment of complex shaped thin-walled
parts is accompanied by a small change in linear dimen-
sions, i.e. no warpage is caused.

MS steels exhibit the feature of throughout hard-
enability at the austenitization temperature, i.e. mar-
tensitic structure formation is assured regardless of the
cooling rate and cross-sectional dimension of a fini-
shed product or a part. Such steels are well deformed
without heating during sheet stamping and rotary
drawing and forging.

MS steel of ChS4 grade with strength oy = 1950+
+2150 MPa has increased ductility, especially under
conditions of local deformation, and, as a consequence,
lower sensitivity to stress concentrators, which ensures

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N4

higher reliability during operation under extreme loads
compared to high-strength carbon steels treated for the
equivalent strength.

The structure of carbon-free martensite in all grades
of MS steel, including ChS4, belongs to the type of mas-
sive martensite, which differs from carbon martensite in
the absence of tetragonality in the a-BCC lattice, high
dislocation density, and the presence of a significant
number of twins. This type of structure is not exposed to
tempering and softening processes, but is only capable of
intensive strengthening due to precipitation of dispersed
phases.

In powder metallurgy, MS steel products are ob-
tained from atomized alloy powders by thermoforming
methods. This allows to reduce segregational hetero-
geneity as well as to ensure high strength properties.
The parts produced by sintering exhibit high ductili-
ty, toughness and can be used under high-temperature
contact conditions.

For the manufacture of geometrically-complex spe-
cial-purpose products of MS steels, it is highly promi-
sing to use the technology of selective laser melting
(SLM), which significantly reduces the production time
and the material consumption. Interest in using MS
steels in SLM technology is caused not only by a high
complex of physical and mechanical properties, but also
by almost complete absence of warping in the printing
process due to the unique nature of the steel. The forma-
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tion of the product during SLM is performed due to the
successive melting and crystallization of layers of metal
powder. Therefore, the formation of interfaces, which
are a structural defect for this technology and may con-
tain discontinuities, occurs.

The SLM process is characterized by such defects
as an incomplete fusion of particles, a residual poro-
sity, microcracks, high residual stresses, and a forma-
tion of supersaturated solid solutions. The presence
of defects results in a decrease in the mechanical and
operational properties of products. In this regard,
the use of post-processing techniques, in particular
hot isostatic pressing (HIP), is reasonable and eco-
nomically feasible since it reduces residual porosi-
ty, heals structural defects, ensuring a fine-grained
steel structure with the effect of dispersion hardening
[1—8].

The purpose of this paper is to study the effect of
HIP and heat treatment by aging on the structural phase
transformations and properties of SLM samples made of
maraging steel.

SEM HV: 20.0 kV
View field: 466 pm

WD: 15.16mm | 1
Det: SE
SEM MAG: 1.09 kx  Date{midiy): 10/26/17

100 pm

Research methodology

The metal powder of maraging steel of CL50 WS
grade (Germany) was used for the research. Its Russian
analogue is steel of ChS 4 grade. The chemical composi-
tion of CL50 WS alloy is presented below, wt.%:

Fe.orininis Base Siaviiciinienienn, <0.1
Mo.......c...... 4.5—5.2 Mn .o <0.15
Ni.ooenenn 17.0—19.0 P <0.01
Tl 0.8—1.2 S <0.01
Co .o 8.5—10.0 () ST <0.25
C ot <0.03

The concentrations of gas impurities in the powder
for oxygen, nitrogen and hydrogen are 0.146, 0.021 and
0.0075 wt.%, respectively. The particle size of the pow-
der is in the range of 5—45 um, while the distribution
quantiles dy, ds and dg are 17.7, 29.4 and 48.0 um, re-

VEGA3 TESCAN|

SEM HV: 20.0 kV WOD: 15,16 mm |
View field: 148 pm Det: SE

20 pm
SEM MAG: 342 kx  Date{midly): 10526117

Fig. 1. The morphology (a, b)
and microstructure (c) of CL50 WS powder

Puc. 1. Mopdonorus (a, b)

| u MUKpOCTpyKTYypa (c) mopomika CL50 WS
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spectively. The bulk density is 4.544 g/cm3. The powder
contains irregularly shaped particles up to 50 um in size.
There are satellites on the surface of individual particles
(Fig. 1, a, b). The microstructure of the powder is rep-
resented by small dendritic crystals, no closed gas pores
are detected (Fig. 1, ¢).

The samples were obtained on the «Concept
Laser M2» machine (Germany) under a nitrogen blan-
ket with the blanks being horizontally positioned
against the build plate and subjected to the following
process parameters: the thickness of the fused layer is
30 um, the laser power is 180 W, the scanning speed is
800 mmy/s, the temperature of the build plate during
the printing process is 200 °C. The control of blank
samples was performed using XTH450 LC X-ray to-
mography system (Nikon Metrology, Japan) with a
sensitivity of 0.1 mm.

The SLM samples were gasostated on ABRA HIRP
10/26-200-2000 unit (Sweden). The HIP mode consist-
ed of heating to the hardening temperature and hold-
ing for 2 h at a constant pressure. Following the HIP,
additional heat treatment was conducted in a chamber
furnace with a blanketing atmosphere in two modes:
HT1 — hardening followed by aging, HT2 — aging.

Porosity was determined by the layer-by-layer analy-
sis in the cross section with the calculation of the average
index for three layers with a step of 3 mm. Sections on
samples for determining porosity and structural studies
were made parallel (section YZ) and perpendicular (sec-
tion XY) to the direction of synthesis.

To evaluate the mechanical properties of steel, cylin-
drical test-pieces were cut out of blanks for tensile tests
(under GOST 1497-84, type 1V, No. 8). The tests were
conducted on «Shimadzu 100kN» unit (Japan), offset
yield strength (o ,), tensile strength (oy), percentage
of elongation (d) and percentage of reduction (y) were
determined.

The fractographic analysis of fractures was performed
on «Vega 3» scanning electron microscope (Tescan, the
Czech Republic), and the study of the microstructure
was performed on «Hitachi S-3400N» scanning electron
microscope (Japan). The fine structure was studied by
transmission electron microscopy (TEM) method on
JEM-2100 instrument (Jeol, Japan), including in situ
at high resolution. Foils for TEM were prepared by ion
etching in «PIPS II System» (Gatan, United States).

Research results

The appearance of SLM blanks of MS steel is shown
in Fig. 2.
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The absence of discontinuities and cracks in
the blanks was established using X-ray tomography
(Fig. 3).

Hot isostatic treatment allowed to reduce the re-
sidual porosity from 0.43 to 0.20. The analysis of me-
chanical tests of samples in the state of SLM + HIP +
+ HT1 demonstrated an increase in the yield strength
by 58 % and tensile strength by 50 % relative to the
state of SLM + HIP, and in the case of the state of
SLM + HIP + HT2, the increase in these indicators
was 58 % and 48 %, respectively. Thus, it has been es-
tablished that heat treatment modes ensure optimal

Fig. 2. The location of blanks on the build plate

Puc. 2. PacnoyioxkeHue 3aroTOBOK Ha MJIUTE MOCTPOCHU S

Fig. 3. The X-ray tomography of SLM samples

Puc. 3. Peatrenosckas tomorpadus CJIC-o6pa3iioB
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indices of strength and ductility [9]. Fig. 4 shows the
deformation curves for uniaxial tension of samples in
the states of SLM + HIP + HT1, SLM + HIP + HT2,
and SLM + HIP.

The samples subjected to post-processing under
SLM + HIP + HT1 and SLM + HIP + HT2 modes are
characterized by a uniform plastic deformation area and
high strength and ductility.

A noticeable increase in strength and ductility was
also observed for the samples in SLM + HIP state
(v = 58.9 %). The obtained indices of percentage of re-
duction exceed the value for this steel in the state of hot-
rolled and forged bar (TU 14-1-811-73, y = 40 %).

In works [10—12], it is shown that the mechanical
properties of MS steel of 18Ni300 grade (the analogue
of steel of 01KhNI8LIMS5TYu grade) in SLM state
are in the following intervals: 6,, = 500900 MPa,
oy = 800+1100 MPa, & = 1030 %, y = 1125 %, in
SLM + HT state (r = 425+900 °C) they are as follows:
Gy, = 370+1000 MPa, oy = 700+1200 MPa, 3 = 15+
+35 %, ¢y = 20+50 %. Thus, the mechanical properties

obtained for MS steel of CL50 WS grade correspond to
the international standard.

Fig. 5 shows the microstructure of SLM sample after
HIP with high structural homogeneity. There is no sub-
grain structure typical for SLM samples that indicates
the completion of the grain recrystallization process
during HIP.

Aging after gasostatic processing also results in the
formation of a uniform martensitic structure, but with
a smaller grain size (Fig. 6). As a result of «martensi-
tic» aging, the alloying elements form a plastic matrix
phase being a substituted martensite reinforced with
uniformly distributed high-strength dispersed preci-
pitates of the excessive NiTi; intermetallic phase with
an average crystallite size of 10 um. The identification
of this phase was confirmed by TEM method in an
in situ study of structural transformations during heat-
ing of the lamella. The precipitation of NiTi; phase
from a supersaturated solid solution begins at a tem-
perature of 570 °C, which corresponds to the aging
temperature (Fig. 7).
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Fig. 4. The deformation curves in uniaxial tension of samples made of MS steel of CL50 WS grade depending

on the type of post-processing
1—SILM;2—SLM + HIP + HT1; 3 — SLM + HIP + HT2

Puc. 4. [lepopmanimoHHble KPUBBIE IIPU OAHOOCHOM pacTsixkeHrnu oopasioB u3z MC-cranu CL50 WS

B 3aBUCHMMOCTH OT BUJa MOCTOOPabOTKH
1— CJIC; 2 — CJIC + TUII + TO1; 3 — CJIC + TUII + TO2
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Martensite

A

500 pm

Fig. 5. The microstructure of MS steel
in SLM + HIP state

Puc. 5. Muxkpoctpykrypa MC-ctanu
B coctostnuu CJIC + TUTI

Martensite

Fig. 6. The microstructure of MS steel
in the state of SLM + HIP + HT?2

Puc. 6. Muxkpoctpykrypa MC-cranu
B coctostnuu CJIC+ TT'MIT + TO2

Post-processing under HIP + HT1 mode also re-
sulted in the formation of a hardening phase, however,
additional hardening after HIP contributed to the coar-
sening of the martensitic structure (Fig. 8).

The studies of the fine structure of SLM samples by
TEM method revealed the grains of NiTi3 phase in the
interdendritic space. As a result of calculating the pa-
rameters of crystal lattices of particles by Fourier trans-
forms, the parameters of BCC-lattice @ = 0.210+0.247
A were determined at tabular values a = 0.289+0.607 A.
The formation of twins is specific for this type of steel
(Fig. 9). Aslight deviation of crystal lattice parameters of
the identified phases from the tabular values is associa-
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Fig. 7. TEM image of the precipitated phase

Puc. 7. [IDM-u3ob6paxeHue BoiaeanBIIEHCS Da3bl

Fig. 8. The microstructure of SLM sample
after HIP + HT1

Puc. 8. Muxkpocrtpykrypa CJIC-o6pa3ia
nocJiie oopadborku 'MIT + TO1

ted with the dissolution of alloying and impurity ele-
ments in them.

The fractographic analysis revealed that the samples
are destroyed with necking, i.e. the plastic component
of deformation prevailed, and the destruction proceed-
ed from the surface. Initially, a viscous shear occurred,
resulting in separation. The macroplastic fracture was
formed by the shear mechanism. The micromechanism
of destruction is a viscous-pitting one. This type of fai-
lure is typical for maraging steels, regardless of the me-
thod of obtaining the material [13—22]. Fig. 10 exhibits
the micromechanism (@) and the appearance of fractu-
res (b—d).

JE—
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Fig. 9. The Fourier transforms separated
from the surface of phase

Puc. 9. ®ypre-TpaHchopmanuu
BBIICIMBIIEICS C IOBEPXHOCTHU (ha3bl

3 kx WD: 15.45 mm
SEM HV: 20.0 kV Dat: SE
Date(midly): 110321  View field: 148 pm

SEM MAG: 145 x WD: 20.94 mm
1 mm

SEM HV: 20.0 kV Det: SE
Dateimidiy): 127721 View lield: 4.78 mm

Fig. 10. The appearance of fractures

20 pm

Conclusions

1. In the process of hot isostatic pressing accord-
ing to the selected modes, the subgrain structure
of SLM samples of maraging steel is recrystallized
with the formation of a homogeneous structure. As
a result of aging, the alloying elements form a plastic
matrix phase being a substituted martensite, disper-
sion-hardened by the precipitates of excessive phase
NiTis.

2. HIP in combination with heat treatment (har-
dening + aging) provides a 2-fold reduction in residual
porosity and a 1.5-fold increase in tensile strength and
offset yield strength.

3. The SLM samples made of MS steel are destroyed

SEM MAG: 214 x WD: 24.97 mm
SEM HV: 2000 kV Det; SE

Date{midly): 110321 View field: 3.89 mm 1 mm

SEM MAG: 145 x WO: 2084mm || 1 VEGA3 TESCAN

SEM HV: 200 kV SE

: 1 mm
Date(midiy): 1217721 View field: 4.78 mm

a — micromechanism; & — HIP; ¢ — HIP, hardening and aging; d — HIP and aging

Puc. 10. BHemiHnii B U3IOMOB

a — mukpomexanusMm; b — 'NI1; ¢ — NI, 3akanka u crapenue; d — [T u crapeHue
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with necking according to the viscous-pitting mecha-
nism, which is typical for maraging steels, regardless of
the method of their production.
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