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Abstract

Quaternary powder mixtures yNi—20Cr—1 .5A1—xTiCp (y=78.5,73.5,68.5; x=0, 5, 10) were deposited on ferritic I0CrMo9—
10 steel to form on plates ex-situ composite coatings with austenitic-based matrix. Plasma deposition was carried out
with various parameters to obtain eight variants. The microstructure, chemical composition, phase constitution, phase
transformation temperatures, and microhardness of the two reference TiC-free coatings and six ex-situ composites were
investigated by X-ray diffraction, scanning and transmission electron microscopy, energy-dispersive X-ray spectroscopy,
thermodynamic simulation, and Vickers microhardness measurements. All composites had an austenite matrix with lat-
tice parameter a =3.5891-3.6062 A, calculated according to the Nelson—Riley extrapolation. Microstructural observations
revealed irregular distribution of TiC, in the composites. Large particles generally occurred near the external surface due
to the acting buoyancy effect, whereas in the interior smaller particles, with an equivalent radius around 0.2-0.6 pm, were
present. Due to initial differences in the chemical composition of powder mixtures and also subsequent intensive mixing with
the low-alloy steel in the liquid pool, the matrix of the composites was characterized by various chemical compositions with
a dominating iron concentration. Interaction of TiC,, with matrix during deposition led to the formation of nano-precipitates
of M,;C carbides at the interfaces. Based on the ThermoCalc simulation, the highest solidus and liquidus temperatures of
the matrix were calculated to be for the composite fabricated by deposition of 73.5Ni—20Cr—1.5A1-5TiC, powder mixture
at /=130 A. The mean microhardness of the TiC-free coatings was in the range 138-146 pHV0.1, whereas composites had
hardnesses at least 50% higher, depending on the initial content of TiC,,.
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(MMCs), which produce many materials for the automotive,
power, and aerospace industries [1, 2]. They attract special
attention due to the relatively low cost and high-performance
fabrication, which caused a shift in the research direction
from monolithic to composite materials [3, 4]. Manufactur-
ing techniques can be classified on the basis of the metallic
matrix temperature processing into two categories, namely
liquid state and solid-state processes. The main aim of
MMCs’ preparation is to keep the physical and chemical
properties both of the matrix and particles, which makes it
possible to create a combination of properties that cannot be
achieved separately [5, 6]. These composites combine the

@ Springer


http://orcid.org/0000-0002-2205-681X
http://orcid.org/0000-0002-5875-9007
http://orcid.org/0000-0002-0612-1407
http://orcid.org/0000-0002-9660-9333
http://crossmark.crossref.org/dialog/?doi=10.1007/s43452-020-00132-z&domain=pdf

127 Page 2 of 19

Archives of Civil and Mechanical Engineering (2020) 20:127

strength and rigidity of reinforcing non-metallic particles
with a ductile metal matrix. Frequently also, they have a
lower density which reduces the weight of the final com-
ponents [7].

For high-temperature applications, nickel-base alloys and
austenitic stainless steels are preferred as the matrices for
refractory composites, because they have high strength and
ductility at elevated temperatures, as well as good hot corro-
sion and oxidation resistance [8, 9]. For face-centered cubic
(FCC) crystal structure, the rates of the thermally activated
processes are relatively low [10]. The reinforcement parti-
cles are selected taking into account their reactivity with
the metal matrix, wetting capability, coefficient of thermal
expansion, and density [11]. Ceramic particles, having sig-
nificantly higher Young’s moduli than that of the matrix,
enable the composite to bear the maximum stress without
cracks [12]. Fractured particles are not only less effective
in accommodation of stresses, but also, depending on their
morphology, can lead to the formation of discontinuities,
being detrimental to Young’s modulus and strength [13].
The selected strengthening particles should be character-
ized by a small difference in thermal expansion coefficient
in comparison to the matrix to generate the compressive or
tensile stresses during service. These stresses on the inter-
faces can increase the density of dislocation networks acting
as an additional strengthening factor, especially favorable in
systems with smaller particles [14]. Mortensen [15] postu-
lated that too high a difference in those coefficients leads to
microcrack formation. The group of particles strengthening
the metal matrix includes oxides, carbides, intermetallics,
nitrides, borides, and silicides. They are introduced into the
matrix in the form of nearly spherical particles with various
sizes, irregular blocks, whiskers, and long fibers [16-19].
Arsenault [20] indicated that, in contrast to equiaxed par-
ticles, discontinuous reinforcements with an aspect ratio
higher than 1 (platelets and whiskers) give a stronger contri-
bution to raising the dislocation density during deformation.
The presence of sharp edges may promote premature for-
mation of cracks and significantly shorten the service time.
Volume fraction of particles varies in a wide range from a
few to several dozen, depending on the required mechanical
properties, but increasing the volume fraction of particles
is not without consequences [21]. After crossing a certain
value, not only the ductility decreases rapidly, but often
also mechanical strength, especially at high temperatures
[22]. To overcome this limitation, a metal matrix should be
characterized by superior heat resistance and also be highly
compatible with the reinforcement [23]. If the metal matrix
of the composite is a precipitation hardening alloy, during
the production of a composite upon solidification and cool-
ing of the alloy matrix, microstructural changes may include
chemical reactions of the particles with the alloy matrix and
formation of precipitates [24, 25]. Particularly important are
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matrix/particle interfaces and their vicinities. The bonds at
the interface have a significant impact on the final properties.
It is widely recognized that relatively weak interface bonds
increase the susceptibility to cracking [26]. Additionally,
partial dissolution of precipitates leads to enrichment of the
matrix in alloying elements, causing formation of secondary
phases. In composite Inconel 625/TiB,, a transition layer
enriched in Ti and Mo around TiB, particles was observed
by Zhang [27]. A promising phase to strengthen the FCC
matrix is TiC with regular NaCl structure B1-type (Struk-
turbericht notation), with the melting 3065 °C, low density
(4.93 g/cm?®), and high Young’s modulus at intermediate
temperatures (350 GPa at 700 °C) [28, 29]. Titanium car-
bide is also one of the hardest refractory metal carbides with
a Vickers hardness of 19.6-31.4 GPa and can be expected
to improve the abrasion resistance of many different metal
matrices. The wetting angle is 30°, which indicates good
binding with a pure Ni-matrix [30].

Metal matrix composites, due to their unique combination
of high mechanical properties, wear, oxidation, and corro-
sion resistance, are a promising group of materials for layers
to protect steel surfaces in harsh conditions. Nevertheless,
work focused on the fabrication and subsequent characteri-
zation of MMCs deposited on low-alloy steels is still miss-
ing. Three-dimensional plasma metal deposition (3DPMD),
due to its high working flexibility and high designability,
can be successfully applied to fabricate particle-reinforced
ex-situ composites. The main aim of this work was to char-
acterize the microstructure, microsegregation, phase com-
position, and microhardness of Fe-Ni-Cr-Al-Mo-TiC,
ex-situ composites deposited on ferritic 10CrMo9-10 steel
by 3DPMD.

2 Experimental procedure

2.1 Fabrication of Fe-Ni-Cr-Al-Mo-TiC,
composites by three-dimensional plasma metal
deposition

Ni, Cr, Al, and TiC powders (Fig. 1) were used to produce
Ni—Cr-Al-TiC, mixtures. Nickel particles had a spherical
morphology with a diameter around 178 pm (22 pm).
Chromium had a platelet morphology of varying sizes
from several micrometers to large particles exceeding
100 pm. Aluminum and TiC, powders had similar mor-
phology of geometric blocks, but they showed differences
in surface roughness. TiC powder morphology was con-
glomerate-like, and so was not divided into fractions to
obtain a composite with irregular distribution of particles,
with the largest near the surface and fine in the interior.
For the deposition, three mixtures presented in Fig. 2
were prepared: (wt%): (1) 78.5Ni—2OCr—1.5A1—0TiCp;
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Fig. 1 Microstructure of raw
powders: a Ni; b Cr; ¢ Al; d
TiC,

Fig.2 Microstructure of mixed powders: a 0% TiCp; b 5% TiCp; ¢ 10% TiCp

(2) 73.5Ni-20Cr-1.5A1-5TiC; (3)
68.5Ni-20Cr-1.5A1-10TiC,,, and subsequently, these
were subjected to homogeneous mixing for 1 h in a three-
dimensional Turbula® mixer.

Single layers 80 mm in length and 20 mm in width were
produced (Fig. 3a) on 10CrMo9-10 steel support plates
(150 % 60 x 8 mm). The chemical composition of the steel,
determined by optical emission spectroscopy (OES), was
(wt%): Cr: 2.1, Mo: 0.92, Mn: 0.56, Si: 0.25, Cu: 0.02, C:

@ Springer



127 Page 4 of 19

Archives of Civil and Mechanical Engineering (2020) 20:127

(a)
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yNi-20Cr-1.5A1-xTiC,
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v
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Fig.3 a Scheme of the deposition process; b experimental setup of three-dimensional plasma metal deposition

0.09, P: 0.012, Ni: 0.04, S: 0.003, Fe: Bal. This grade of
steel was chosen due to wide application for components in
the power industry and the constant need to increase their
corrosion and wear resistance properties. Base plates for the
process were preheated to 100 °C. The experimental setup
of three-dimensional plasma metal deposition is presented
in Fig. 3b. Power source was PlasmaStar 500 (/,,,, =500 A)
in combination with the welding torch MV230 (Z,,,,, =230
A). A Plasmastar PF II disk conveyor with a feed rate up to
250 g/min. was used for powder supply. A six-axis artic-
ulated arm robot Kuka KR6-2 was used as the manipula-
tion system. The electrode-type WC20 (Ce-1.47-1.79%,
Ce0,-1.80-2.20%) with a diameter 4 mm and angle grind-
ing 30° was used. The distance between the plasma anode
and the workpiece was 10 mm and the electrode set back
was 1.5 mm. During a composite fabrication, the rate of
shielding gas was 12 1/min, carrier gas 3 I/min, and plasma
gas 1.5 I/min. In all cases, argon 4.6 was used. The selec-
tion of parameters (Table 1) took into account the stir of
yNi—20Cr—1.5A1—xTiCP (x=0, 5, or 10; y=78.5, 73.5
or 68.5) mixtures with the low-alloy steel characterized
by body-centered cubic structure (BCC) to obtain the

Fe-Ni—Cr-Al-Mo-TiC,, ex-situ composites with austenitic
Fe-based matrix.

2.2 Specimen preparation

Microstructure observations and analyses were performed
using the following techniques: X-ray diffraction (XRD),
light microscopy, scanning electron microscopy, energy-
dispersive X-ray spectroscopy, transmission electron micros-
copy (TEM), high-resolution transmission electron micros-
copy (HRTEM), thermodynamic simulations, and Vickers
microhardness measurements. X-ray diffraction experiments
were carried out on a Bruker D8 Advance diffractometer,
using Co K|, radiation (A=1.79 A) in Bragg—Brentano geom-
etry. The samples (polished on the composite face) were
measured at an interval of 26 between 40°° and 130° with
step size 0.04°. The texture of the matrix was determined
as the relative intensity of selected diffraction peaks. Pre-
cise calculation of the matrix lattice parameters was based
on the measurements from XRD using Nelson—Riley [31]
extrapolation function (cos?0/sinb) + (cos’0/0). Metallo-
graphic samples were wet cut from the prepared specimens,
ground with SiC sandpaper and then polished on a diamond

Table 1 Parameter of 3DPMD

No Current (A) Deposition Powder feed Composition of powder mixture (wt%) Thickness
process rate (cm/min) rate (g/min) of the layer
(mm)
1 130 30 22 78.5Ni-20Cr-1.5A1-0TiC, 1.0 (£0.1)
2 160 60 32 1.8 (£0.2)
3 100 30 15 73.5Ni-20Cr-1.5A1-5TiC, 37(=12)
4 130 2.8 (+0.6)
5 160 60 2.3 (x0.6)
6 100 30 15 68.5Ni-20Cr-1.5A1-10TiC, 4.4 (+0.4)
7 130 3.7(x04)
8 160 60 3.1 (x0.5)
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suspension (6 pm, 3 pm, 1 pm, 0.25 pm). Microstructure
images were recorded for unetched samples by light- (LM)
and scanning electron (SEM) microscopy. To calculate the
volume fraction and stereological parameters of fine TiC,
in the microstructure, images were subjected to binariza-
tion and analysis by ImageJ commercial software. The
regions of TiCp were determined, and then, their size was
presented as the equivalent radius. To compare the mor-
phology of fine precipitates, non-dimensional TiC,, shape
factor expressed as {=4zA/P?> (A—area, P—penmeter)
was calculated. The measurements were conducted in ten
locations in two rows, above (500 pm and 1000 pm) and
below (500 pm and 1000 pm) horizontal line of the steel
plate, separately. Distance between single measurements
in one row was also 500 pm. The concentration of alloy-
ing elements in Fe-Ni-Cr-Al-Mo-TiC, composites was
determined by SEM-EDX and based on measurements in
10 different locations. One measurement covered the area
2500 pm? (50 x 50 pm). The analyses of composites chemi-
cal composition were carried out in above the horizontal
line of the steel plate (area which is potentially exposed to
external service environment). The procedure was similar
to particle’s analysis, with the space between the rows and
single measurements being 1 mm, instead of 500 pm. The
linear distribution of elements in the area of the fusion line
was carried out for 134 pm length. Samples for interface
TiC,/y analysis by transmission electron microscopy were
first ground mechanically to about 0.05 mm, and then 3 mm
disks were punched and dimpled on each side. The last stage
was thinning by Ar* ion beam (PIPS of Gatan) with low
angles. The probe Cs-corrected FEI Titan® G2 60-300 with
ChemiSTEM system (Thermo Fisher Scientific) was utilized
to obtain nanostructure of the composite and chemical com-
position mapping in the area of secondary phases. The Fast

Fourier Transformation (FFT) on high-resolution images
were performed to reveal the position of diffraction peaks.
The sample no. 7 was chosen as a representative variant.
The selected area electron diffractions and FFT images were
analyzed with the JEMS software. The thermodynamic sim-
ulations using Thermo—Calc software (TCFE7: TCS Steel
and Fe-alloys Database) were the basis of calculating the
solidus and liquidus temperatures of the composites matrix
(free-zone regions). Vickers microhardness (load of 0.1 kgf)
measurements were made on transverse samples taken from
the composites in accordance with EN ISO 6507-1 using
an Innovatest Nexus 400. 30 measurements were performed
as a function of depth. The first indent was located 100 pm
from the top surface of composite, and the distance between
each indent was also 100 pm.

3 Results and discussion

3.1 Analysis of phase composition of Fe-Ni-Cr-
Al-Mo-TiC, composites and lattice parameter
of matrix by XRD

To investigate the phase constitution of
Fe-Ni-Cr-Al-Mo-TiC, composites, X-ray diffractometry
was conducted. The XRD patterns presented in Fig. 4 show
strong peaks at 260 of about 50.99°-51.29°, 59.32°-59.58°,
89.25°-89.74°, 110.68°-111.52°, and 118.72°-119.12°.
They were identified as belonging to Fe, planes (111), (200),
(220), (311), and (222), respectively. The presence of much
weaker peaks at 26 range 41.87°-41.99°, 48.87°-48.93°,
71.57°-71.65°, 86.44°-86.72°, and 91.29°-91.87° corre-
sponds to TiC crystallographic planes. The calculated rela-
tive peaks intensities (Table 2) illustrated that the austenite

Fig.4 The XRD spectra of Fe—
Ni-Cr-Al-Mo-TiC,, compos-
ites (ICDD 00-033-0397, ICDD
00-006-0614)
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Table.2 Co.rr}parison of the Variant Concentration of  Current I (A) Fe-based austenite
peak intensities for Fe, TiC, (Wi%)
ToooyI 111y 00/ 111y Tay/lay

1 0 130 1.11 0.38 0.94
2 160 0.42 0.18 1.33
3 5 100 0.17 0.26 0.18
4 130 0.44 0.06 1.26
5 160 0.05 0.11 0.06
6 10 100 6.40 343 0.24
7 130 0.85 0.17 0.36
8 160 2.14 0.74 0.62
Standard value acc. to ICDD 00-033-0397 0.45 0.26 0.30

in composites has a texture in variants 5, 6, and 8. They char-
acterized I,yy/1,;, ratio strongly varied from the standard,
0.05 (9 times lower), 6.40 (more than 14 times higher), and
2.14 (almost 5 times higher), respectively. The composite no.
6 revealed also a high I,,(/I,, ratio for austenite. Generally,
in the case TiCp, the texture was no observed and particles
were randomly distributed. No preferred orientation relation-
ship between particles and matrix was detected. As solidifi-
cation texture depends on the local heat flow directions and
competitive grain growth, no preferred growth directions
related to the process condition, like deposition parameters
or content of TiCp, were observed.

For the austenite matrix, the lattice parameter is a lit-
tle d1fferent from the standard data for Fe, in AISI304
(3.60 A) because the Fe (radius-1.56 A) is strengthened
by alloying elements with various atomic radii (Ni-1.49 A,
Cr-1.66 A, Al-1.18 A, and Mo-1.9 A) [32]. For the FCC
structure based on Ni: a=3.43 A (ICDD 01-077-9326). The
lattice parameter estimated by N-R was fitted with linear
regression (Fig. 5a) and then for each variant presented in
Fig. 5b. In the particle-free layers, the lattice parameter was
3.5948 A (130A) and 3.5901 A (160 A), respectively. In

the composites with 5% TiC, addition, it was in the range
3.5998-3.6062 A, whereas i 1n composites with 10% TiC,,
the calculated lattice parameter of matrix was lower for each
deposition current, namely 3.5891-3.5992 A.

3.2 Microstructural characterization of Fe-Ni-Cr-
Al-Mo-TiC, composites

The microstructures of TiC-free layers are shown in
Fig. 6a, b. They were characterized by a homogenous struc-
ture without unacceptable discountities and local porosity
did not exceed 0.15%. The introduction of TiC, into the
Ni-20Cr-1.5A1 mixtures caused significant microstructural
changes. Composites produced at 100 A and 130 A, both
with 5% TiC,,, comprised numerous defects like cracks and
single pores with the radius even 50 pm (Fig. 6c, d). Increas-
ing the current to 160 A produced an MMC without micro-
cracks and excessive porosity (Fig. 6e). The composite with
10% TiC, deposited at 100 A was characterized by large
porosity and many cracks in close vicinity of the surface.
When the current was 160 A, almost all pores were closed
(Fig. 6f, h). Deposition of 68.5Ni-20Cr-1.5A1-10TiC, at

(a) = 0%TiC,- (b) [ Jo%TiC,
° O%TIC,- 3.6 - [ 5% TiC,
3.615 N 4 S%TIC,- [ 10% TiC,
v 5%TiC, - 9 3611
3.610- Y 5% TiC, -160 A 2 g
A < 10%TIC,-100A|  § 2 360
4 e . o
S N — R TR T G VY
< 3.600] e : : | o 10%TiC,-160A| S & 3591
= N o %
= o O
& 3595{ w=— ——— £ o 3581
;/,41%*/) ® 5z
3.5904 p- ? g 3.57-
3.5851 e £ 3
8 Z 356
=)
3.5804 <
T T T T T T T 3.55+— T
0.5 1.0 1.5 20 25 3.0 3.5 4.0 130 160 100 130 160 100 130 160
(c0s26/sinf)+(cos26/0) Current, A

Fig.5 a Nelson-Riley extrapolation of matrix lattice parameter in Fe-Ni—Cr—Al-Mo-TiC, composites; b Fe-based austenite lattice parameter
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Fig. 6 Microstructure of Fe—-Ni—Cr—Al-Mo-TiCp composites: 0% TiCp—a 130 A; b 160 A; 5% TiCp—c 100 A;d 130 A; e 160 A; 10% TiCp—f

100 A; g 130 A; h 160 A

130 A ensured definitely the best quality, without large
porosity and cracks (Fig. 6g). The presence of defects was
caused by the formation of large particle clusters leading to
a formation of microstructure where TiC,s were not covered
by the metal matrix. The depth of the large carbides presence
was much larger when the initial TiC, content in the powder
mixture was 10%. In the middle region, small precipitates
predominated, while large occurred only locally. Arsenault
[33] has shown that deformation in cluster zones promotes
stress concentration and subsequently early cracks forma-
tion. Near the external surface, such regions with large TiC,
contents were present. These can be a significant advan-
tage when the composites will be exposed to abrasive and
wear service environment. During the deposition process,
the driving forces for fluid flow in the liquid pool are buoy-
ancy force, Lorentz force, shear stress caused by the surface
tension gradient at the liquid pool surface (Marangoni con-
vection), and the shear stress having an effect on the liquid

surface by arc plasma [34]. The irregular distribution of the
TiC particles can be interpreted by the acting of the first of
these, the buoyancy force. The density of the used metal
powders (Ni—8.9 g/cm?® and Cr—7.15 g/cm?) is higher than
for titanium carbides (TiC—4.93 g/cm3), which induced
moving up of large particles [35].

The vicinities of the external edges consisted of large TiC
particles, closed porosity, voids filled by liquid metal dur-
ing deposition, and also brittle cracks (Fig. 7). The source
of these cracks was probably thermal stresses originating
from different thermal expansion coefficients of the metal-
lic matrix and ceramic particles. The liquid matrix could
interact with carbides and generate deformation due to
the numerous open spaces. The cross-sections of particles
confirmed previous observation of raw powder that took a
conglomerate morphology. Between large TiC particles, the
smaller were regularly distributed. The reason for the high
fraction of small particles could be the disintegration of large

@ Springer
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Fig. 7 Near-surface microstructure with large TiCp particles in Fe—Ni—Cr—Al—Mo—TiCp composites: 5% TiCp—a 100 A; b 130 A; ¢ 160 A; 10%

TiC,—d 100 A; e 130 A; £ 160 A

particles, probably caused by the mixing of powders and also
their subsequent interaction with arc and liquid metal during
deposition. Fine particles above and below horizontal line of
the plate were subjected to image analysis to calculate their
stereological parameters (Figs. 8, 9). The microstructure of
composites produced using the 73.5Ni-20Cr-1.5A1-5TiC,
powder mixtures consisted of a volume fraction of fine
TiC,, between 2.7 and 3.5% above the horizontal line of the
steel plate, and almost the same 2.7-3.4% below (Fig. 10a).
The highest values obtained in the composite fabricated at
100 A were probably due to the poorest mixing of pow-
der with the steel, compared to higher currents. Using
68.5Ni-20Cr-1 .5A1—1OTiCp mixtures, the volume fraction
of fine precipitates increased, while more clearly above the
horizontal line of the steel plate. The highest values of 5%
and 7.9%, depending on the analyzed region, were obtained
at 130 A deposition current. The shape factor { was calcu-
lated to define the TiC, morphology. Generally, the perfectly
spherical precipitates assume a value of 1, and cubic 0.785,
whereas in this work for the majority of fine precipitates {
deviated from these values (Fig. 10b). The shape factor of
precipitates in composites produced with 10% TiC, addition

@ Springer

had only insignificantly lower values than with 5% TiC,,
indicating slightly more complex form of particles in all
composite variants. Current of the deposition did not influ-
ence strongly the TiC, morphology. The size of the parti-
cles was represented by an equivalent radius, and then, the
histogram was subjected to Kernel smoothing (Fig. 11). In
each composite, the fine particles with an equivalent radius
in the range 0.25-0.6 pm dominated. Only a small fraction
of these precipitates above horizontal line of steel plate had
an equivalent radius exceeding 1.5 pm.

3.3 Analysis of chemical composition of Fe-Ni-Cr-
Al-Mo-TiC, composites

The composites were subjected to chemical composition
analysis by SEM-EDX to reveal the microsegregation of
alloying elements. Results are presented separately for each
element, Fe, Ni, Cr, Al, Mo, and Ti (Fig. 12). The content
of the main element, i.e., iron, whose concentration in layers
without TiC, was 56.6-61.4 at.%. In the composites with
the addition of particles, it was 45.2-56.0 at.% (5% TiC,)
and 43.1-55.2 at.% (10% TiC,). The second element in the
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Fig. 8 Microstructure of fine TiC,, particles in Fe-Ni-Cr—Al-Mo-TiC, composites above the horizontal line of the steel plate: 5% TiC,—a 100
A; b 130 A; € 160 A; 10% TiC,—d 100 A; e 130 A; £160 A

Fig.9 Microstructure of fine TiC,, particles in Fe-Ni-Cr-Al-Mo-TiC, composites below the horizontal line of the steel plate: 5% TiC,—a 100
A;b 130 A; ¢ 160 A; 10% TiC,—d 100 A; e 130 A; £ 160 A
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Fig. 10 Stereological parameter of the fine TiC, particles above and below horizontal line of steel plate: a volume fraction; b shape coefficient {
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Fig. 11 Equivalent radius of the fine TiC, particles: a above horizontal line of the steel plate; b below horizontal line of the steel plate

composition was Ni. Its concentration in particle-free layers
was 28.1 at.% for the 130A and 31.9 at.% for 160 A current
deposition. In composites with 5% TiC,,, nickel concentra-
tion was 25.2-32.6 at.%, while in with 10% TiCp in a nar-
rower range 27.4-31 at.%. Relatively large differences in
Cr concentration were observed between composites with
TiC, addition in comparison with those without particles.
The Cr content in layers without TiC,, deposited at 130 A
and 160 A was 7.5 at.% and 8.6 at.%, respectively. The chro-
mium concentration range 12.0-18.1 at.% was obtained in
composites strengthened by 5% TiC,,, while a slightly wider
range of 9.8-16.7 at.% when the initial TiC, content was
10%. A similar trend as to Cr was noted for Al, because in
layers without TiCP, its concentrations were smaller than in
composites with TiCp addition. Mo concentration, which is
an alloying element in 10CrMo09-10 steel, reached slightly
higher values in layers without the addition of TiC,. The
addition of 5% TiC, to the powder mixture resulted in a
concentration of Ti in ex-situ composites of 2.5-3.1 at.%,

@ Springer

and when the addition was 10%, the concentration in ex-situ
composites increased to 4.3—7.0 at.%. Ti concentration in a
given composite coincides with the volume fraction of small
particles presented in Fig. 10a. It should be noted that values
do not include the contribution of large TiC particles located
directly near the external surface where the Ti concentration
is dominating.

Lack of fusion is among the major problems during the
fabrication of MMCs from powdered metals. The micro-
structure of the fusion line area revealed the correct metal-
lurgical bonding between low-alloy steel and composite in
all fabricated variants and also segregation of particles to
the crystalline boundaries (Fig. 13). To reveal the distri-
bution of elements in the area encompassing the support
plate and composite, SEM-EDX measurements were carried
out at a 134 pm distance. At the beginning of the measur-
ing line, the dominant content of Fe was observed, which
originated from the support plate, while, after crossing the
fusion line, there was a clear increase in the concentration
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Fig. 12 Distribution of selected alloying element in the Fe—Ni—Cr—Al—Mo—TiCp composites: a Fe; b Ni; ¢ Cr; d Al; e Mo; f Ti

of elements included in the powder mixture. When there is
no TiC, addition in the layers, the change in Fe concentra-
tion on the fusion line occurs in a very short distance. In
composites especially with 5% TiC,, the transition zones
were usually smoother, which suggested more intensive mix-
ing during deposition. Despite the difference in the density
of alloying elements and particles, TiC, was present even
near the fusion line. Inside the composites, local drops in
Fe concentration and simultaneous Ti increase were also
revealed, which are associated with the presence of TiCp.
The various Ti concentrations were the result only of the size
of the particles through which the measuring line crossed.
Some areas enriched in Fe and depleted in Ni have also been
locally revealed, which may indicate incomplete mixing of
the base material and the melted powder mixture.

3.4 Study of the TiC,/matrix interface
by transmission electron microscopy

TEM study was mainly focused on determining the interac-
tion between TiC, and the matrix during the 3DPMD pro-
cess. Lack of cracks on the interface fine particle/matrix
and good metallurgical bonding suggests that they were
sufficiently wetted by the liquid matrix (Fig. 14) Mortensen
[36] reported that the wetting of particles by liquid metal in
MMC solidification processing is affected by both chemical
and mechanical effects, the latter embracing fluid flow, heat,
and mass transfer phenomena. Selected TEM micrograph of
a TiC, and matrix with corresponding electron diffraction

pattern is shown in Fig. 15. It should be noted that the pre-
sented patterns had clear reflections from a face-centered
cubic (FCC) crystal structures, but any orientation relation-
ships between MC and y phases did not exist.

On the edges of TiC, only locally, relatively large sec-
ondary precipitates with thicknesses of about 40-60 nm and
clearly with different contrast were observed (Fig. 16). To
obtain more information, the distribution analysis of selected
alloying elements in the area showed the matrix, TiCp, and
those secondary phases (Fig. 17). The results suggest that,
despite the high stability of TiC at elevated temperatures
and limited time for diffusion during deposition, the reaction
zone was not limited to only few nanometers. The distri-
bution maps revealed two types of secondary precipitates
at the TiC,, edges. The first were enriched in sulfur, which
is known to be a harmful element in the y-matrix alloys,
because through the formation of sulfides or carbo-sulfides
precipitates can reduce ductility. The second ones were pre-
cipitates enriched in chromium, located in the close vicinity
of S-rich precipitates.

The accompanying electron diffraction pattern in
Fig. 18 demonstrated that the S-rich precipitates were tita-
nium oxide sulfate (TiOSO,) which possess orthorhom-
bic crystal structure with lattice parameters a =10.953 A,
b=5.152 A, and ¢ =6.426 A [37]. Similarly like titanium
carbide, TiOSO, precipitates were not coherent with the
surrounding matrix. Its presence in the composites was
due to the pollution of TiC powder in sulfur and oxygen.
The atomic-scale resolution image of Cr-rich phase was

@ Springer
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Fig. 13 Distribution of alloying
elements across the fusion zone:
0% TiC,—a) 130 A; b 160 A;
5% TiC,—c 100 A;d 130 As e
160 A; 10% TiC,—f 100 A; g
130 A; h 160 A
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Fig. 14 Microstructure of TiC, in the matrix by TEM

Fig. 15 a Location of selected
area electron diffraction of the
y-matrix and TiCp; b electron
diffraction patterns of the y
(red) and TiCp (green)

Fig. 16 a Microstructure of tita-
nium carbide particle with the
secondary phases on the edge;
b morphology of the nanosize
secondary phases

(a)

subjected to FFT which revealed the diffraction pattern
(Fig. 19). This pattern clearly showed reflections from
M,;C¢ carbide with Fm-3m cubic crystal structure and
lattice parameter a =10.65 A [38]. Generally, M,;Cq
carbides readily form in alloys with moderate and high
chromium concentration [39]. In all our composites, Cr
content in the y-matrix exceeded 10 at.%. Their formation
was connected with the decomposition of the titanium car-
bides. In the range 760-980 °C, the most typical transfor-
mation described as MC +y — M,»;C¢ + 7' can occur [40,
41]. Excess of carbon in the surrounding matrix tends to
form M,;C¢ precipitates that are usually enriched in Cr.
In accord with this principal reaction, the intermetallic y’
phase (Ni;Al) forms, and can coast the M,;C, carbides.
The y’ (L1, structure) usually is characterized by a lattice
parameter close to that of the y-matrix, which can impede
their distinguishment on HRTEM images, whereas its dif-
fraction pattern is characterized the additional superlattice
reflections [42]. Aluminum is one of the alloying elements
in the composites and its slight enrichment near M,;Cg
occurred, but despite intensive observation, the presence
of y' precipitates was not confirmed. A similar conclusion
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Fig. 17 Distribution of selected alloying elements in the area of matrix, TiC,, and secondary phases

Fig. 18 a Microstructure of
titanium carbide particle with
the secondary phases on the
edges; b diffraction pattern of
the TiOSO,

Nanolayer on the
TiC edge
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Fig. 19 Secondary phase struc-
ture in atomic-scale resolution
with corresponding diffraction
peaks calculated by fast Fourier
transformation (FFT): a, b
M,;C4 and M,;Cy/y interface; c,
d TiOSO,

was formed by Lvov [43] based on the study of primary
MC carbide decomposition in the Ni-base superalloys.
He observed that the degenerated MC carbides were sur-
rounded by decomposition zones with discrete M,;Cg¢
(blocky and lath morphology) precipitates. Using trans-
mission electron microscopy, he confirmed the absence
of the y' phase in the MC decomposition zone in Inconel
738, CC GTD-111 and DS GTD-111. Instead of the y’, the
n-Ni;(Ta, Ti) was identified. The L1, crystal structure (y’)
is related to that of the DO,4 (1) and the aluminum addi-
tion to Ni—Ti alloys stabilizes the first. During decompo-
sition of (Ta, Ti)C carbides, carbon diffuses more rapidly
than titanium and tantalum. Aluminum concentration plays
the key role in deciding which phase most favorably forms
during MC carbide decomposition. In this study, also the
1 phase presence was not confirmed. The second way of
its formation could be a reaction with the residual carbon
in the matrix, but this is excluded, because M,;C¢ was not
detected far away from TiC,. Based on the information
about the crystal structure of detected phases and their
chemical composition, the unit cells generated by VESTA
software are presented in Fig. 20.

E Zone axis [001]

ﬁ Zone axis [001]

The reactions on the TiC/Ni-base alloy interface in
laser-synthesized coatings using a mixture 30 vol.% TiC,
and 70% of Ni—-16Cr-3.5B-4.5Si-0.8C alloy was also stud-
ied by Wu [45]. The high-resolution transmission electron
microscopy images of the interface undissolved TiC /matrix
revealed a thin reaction zone, with an undetermined crys-
tal structure, due to its small size (around 2-5 nm). Based
on the TEM-EDX analysis, it was concluded that the layer
was a result of reaction of TiC,, with boron. Wu suggested
also that interfaces around undissolved TiC particles are
thermodynamically unstable and have the kinetic ability to
transform into a more stable configuration. Janas [46] in the
TEM examination of the interface in Ni;Al-TiC composite
did not observe any secondary precipitates, but only dis-
location networks in the matrix. Various phenomena may
occur at interfaces, namely epitaxial growth, precipitation,
and chemical reactions. In contrast to in-situ MMCs, where
reinforcing phases with stable interfaces are directly synthe-
sized in a metallic matrix during composite fabrication, the
formation of some intermetallics at the interfaces in ex-situ
MMCs can lead to a large weakness of layers.

@ Springer



127 Page 16 of 19

Archives of Civil and Mechanical Engineering (2020) 20:127

Fe, Ni, Cr, Al, Mo

;o

[001] TiC )
Space group: Fm3m
[010]

Fe-based austeni_te

Space group: Fm3m
[100]

S
IR Ti
/

Tioso; ©@
Space group: Pnma

Cr3G
Space group: Fm3m

Fig.20 Unit cell models of phases detected in the composites.
Images generated using the VESTA software [44]

3.5 Influence of the chemical composition of matrix
on the solidus and liquidus temperatures
calculated by ThermoCalc

SEM-EDX analyses revealed an irregular concentration
of alloying elements in the matrix. Therefore, measure-
ments in the matrix itself were carried out, and results
obtained for each variant are presented in Table 3. Based
on the Schaeffler diagram [47] and chemical composition
of the composite matrices, it can be concluded that they
solidified as primary austenite without delta ferrite. The
elements included in the matrix significantly differ in their
melting points (Fe—1538 °C, Ni—1455 °C, Cr—1907 °C,
Al—660 °C, Mo—2622 °C) [32]. Using SEM-EDX data,

thermodynamic simulations were performed to determine
the solidus (Tg) and liquidus (T} ) temperatures. The simu-
lation results confirmed that the matrix surrounding TiC,
was characterized by the FCC structure. The solidus and
liquidus temperatures of the matrix in ex-situ composites
are presented in Fig. 21. In layers without particles, the soli-
dus was 1437 °C and 1430 °C. For the group of composites
nos. 3-5, it was in the range 1419-1439 °C, whereas for the
next composites no. 68, it was 1418-1436 °C. The liquidus
temperature in TiC-free layers was 1438 °C and 1446 °C.
Composites Fe-Ni—-Cr-Al-Mo-5TiC, were characterized
by liquidus in the range 1427-1447 °C, while the compos-
ites Fe—Ni—Cr—Al—Mo—lOTiCp had almost similar values,
1425-1446 °C. Based on these values, it can be stated that
the solidification temperature range of matrix, depending on
the composite variant, was 6.8-9.3 °C.

3.6 Influence of the TiCp addition
on the microhardness of Fe—Ni—Cr—AI—Mo—TiCp
composites

Microhardness distribution in the composites is shown in
Fig. 22. The particles-free layer produced at 130 A had a
hardness 138 (+5) pHVO.1, while for that deposited at 160
A, it was slightly higher, around 146 (+6) pHVO.1. All fab-
ricated composites were characterized by at least 50% higher
value, which resulted from the presence of TiC,. Regard-
less of the initial content of the TiC,, and deposition param-
eters, the value did not fall below 200 pHVO0.1, usually it
was around 250-300 pHVO.1. The high values of hardness
near the surface resulted from the presence of large particles,
especially for the variants with 10% TiC, addition.

A similar favorable increase of mechanical properties
was observed in several MMCs with a Ni-base alloy as the
matrix. Jiang [48] observed that, compared with the laser
clad Inconel 625 substrate, the hardness and modulus meas-
ured by nanoindentation of Inconel 625/nano-TiC,, compos-
ite coating were improved by 10.3% and 12.4%, respectively.
Saroj [49] investigated the ex-situ composites Inconel 825/
TiC,, fabricated via gas tungsten arc welding in which the

Table 3 The chemical composition of the matrix in Fe-Ni~Cr-Al-Mo-TiC, composites, at.%

Variant Composition of powder mixture (wt%) Current (A) Fe Ni Cr Al Mo

1 78.5Ni-20Cr-1.5AI1-0TiC, 130 614 (£3.1) 28.1(x2.5) 7.5(x0.3) 2.0(x0.6) 1.0 (+0.1)
2 160 56.6 (£4.1) 31.9(x3.6) 8.6 (£0.6) 2.1(x0.1) 1.0 (+0.2)
3 73.5Ni-20Cr-1.5A1-5TiC,, 100 478 (£2.1) 295(=1.2) 17.7(£0.8) 42(£04) 0.7(x0.3)
4 130 595(x1.6) 252(x1.0) 11.6 (+0.5) 29(+0.3) 0.8(x+0.2)
5 160 526 (£1.4)  33.1(x0.8) 109 (£0.5) 2.7(£0.3) 0.8((=0.3)
6 68.5Ni-20Cr-1.5Al-10TiC, 100 473 (£7.0) 31.5(x4.0) 163 (£24) 43(x0.7) 0.7(x0.1)
7 130 46.8 (x1.3) 34.0(x04) 149 (x09) 3.7(x03) 0.6(+0.2)
8 160 59.7 (£3.8) 28.0(x2.1) 9.0(x12) 25(+0.6) 0.8(x0.1)
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Fig. 22 Microhardness (pHVO0.1) distribution in Fe-Ni—-Cr—Al-Mo—
TiC, composites

content of particles (~2-5 pm) was 20%, 40%, and 60%.
She recorded the microhardness of the fabricated compos-
ites 462 pHV0.05 (£ 62), 680 pHV0.05 (+160), and 770
pHVO0.05 (+225) pHV 0.05, respectively, which indicated
that, with the increase in TiCp content, the microhardness of
the coatings increases. Wilson [50] researched Inconel 690/
TiC,, composites produced by laser deposition and reported
that the TiC,, volume of about 40% increased both the hard-
ness (more than two times) and wear resistance. Dogan [51]
observed that P/M composites (mainly Fe-based matrix)
reinforced by TiC particles were characterized by very good
abrasion resistance. Finely distributed fine TiC particles
ensured better wear resistance in low-stress abrasion condi-
tions, whereas the coarser TiC particles were more effective
in protecting the softer matrix from abrasion in a high-stress
environment.

Conclusions

yNi-20Cr-1.5A1-xTiC, (x=0, 5, 10; y=78.5, 73.5,
68.5) powder mixtures were deposited by 3DPMD on
10CrMo9-10 steel support plates and ex-situ Fe-based
austenitic matrix in composites were produced.

The TiC-free layers did not have unacceptable defects,
and similar good quality was obtained in two ex-situ
composites, namely with 5% TiC,, (160 A current deposi-
tion), and with 10% TiCp (130 A). Large carbide particles
were mainly located in close proximity to the outer edge,
while fine particles were evenly distributed in the layer
volume.

The volume fraction of fine TiC, was 2.7-3.5%
(73.5Ni-20Cr-1.5A1-5TiC, mixture) and 4.9-7.9%
(68.5Ni-20Cr-1.5Al-10TiC,, mixture) above horizontal
line of the steel plate and below 2.7-3.4% and 3.5-5.0%,
respectively. The predominating equivalent radius of fine
particles was in the range 0.2-0.6 pm in both regions.
SEM-EDX analyses revealed various chemical composi-
tions of ex-situ composites, resulting from variable initial
content of Ni and TiC particles in the powder mixtures,
and also strong mixing of the powders with the support
steel plate.

High-temperature exposure during three-dimensional
plasma metal deposition process resulted in the reaction
of TiClD with matrix, which can led to formation of nano-
size secondary phases, M,;C¢ carbides and TiOSO,.
Thermodynamical simulation results indicated that
the highest solidus and liquidus temperatures were
obtained for the composite with initial powder mixture
73.5Ni-20Cr-1.5A1-5TiC, and 130 A current deposi-
tion. The lowest phase transformation temperatures
were calculated for the composite deposited with the
68.5Ni-20Cr-1.5Al-10TiC, mixture and 100 A current
deposition, respectively, 1418 °C and 1425 °C.
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— The hardness of layers without the addition of TiC, was
138 pHVO0.1 (130 A) and 146 pHVO0.1 (160 A), while
in the presence of TiCp, the values did not fall below
200 HV. The higher mean microhardness values were
obtained in composites with 10% of TiC,, deposited with
130 A. The hardness was influenced both by the chemical
composition of the matrix and contribution of the TiC,,.
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