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Abstract

The effect of carbon content x ranging from 1.4 to 3.6 at.% on the room temperature com-
pressive behaviour of Ti-44.5A1-8Nb-0.8Mo-zC (at.%) alloys prepared by vacuum induction
melting has been studied. The microstructural analysis by SEM shows that the increase of
the carbon content increases the volume fraction of the reinforcing carbide particles and leads
to a change of the matrix microstructure from a2(TizAl) + v(TiAl) + 5/B2 to v type. The
carbon content affects the morphology and size of the primary plate-like, regular and irreg-
ular shaped Ti;AlC particles. The finite element analysis (FEA) of local equivalent strains
and quantitative metallography analysis indicate that the mean size of fragmented carbide
particles decreases with increasing local equivalent strain in the compression specimens. The
differences in work hardening behaviour of the compression specimens with various content of
carbon are related to the initial non-uniform deformation, cracking of primary carbide parti-
cles, crack propagation and release of some grains from the free surface during compression
testing.
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1. Introduction

Intermetallic TiAl-based alloys are attractive ma-
terials characterised by a low density (about 4 g cm™3),
high-temperature strength, excellent creep strength,
good resistance to oxidation and hot gas corrosion
[1, 2]. These alloys have been introduced successfully
as innovative lightweight structural high-temperature
materials into aero and automotive combustion en-
gines, e.g. as turbine blades or turbocharger wheels [3,
4]. However, low room-temperature ductility and in-
sufficient strength at high temperatures (above 800°C)
limit the extensive application of TiAl-based alloys [2].
The high-temperature strength of TiAl-based alloys
can be improved by the addition of interstitial ele-
ments, such as carbon [5, 6]. While low additions of
carbon lead to the formation of fine P-TizAIC and
H-TiyAlC precipitates [7, 8], the increase of carbon
content above 1at.% results in the formation of pri-

mary Tis AlC particles directly from the melt during
solidification [9-11]. Recent studies have shown that
TiAl-based alloys reinforced with homogeneously dis-
tributed coarse carbide particles can be prepared by
melting and casting techniques [10-17]. In spite of
the previous studies, only very limited information is
available about the room temperature compressive be-
haviour of high carbon containing TiAl-based alloys
prepared by melting and casting. Several authors [18—
20] have reported that an increase of volume fraction
of Tis AIC particles increases room temperature com-
pressive strength of the alloys prepared by arc melting
or combustion synthesis. On the other hand, Lapin et
al. [10] have reported a decrease of room temperature
compressive strength with increasing volume fraction
of TiAlC particles in the alloys prepared by centrifu-
gal casting. Since the casting represents widely applied
technology which might facilitate potential applica-
tions of novel systems [11, 21, 22], it is of large inter-
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Table 1. The measured chemical composition of the compression specimens

Element (at.%)

Compression specimens

Ti Al Nb Mo C
Cl4 45.5 £ 0.1 442 £ 04 8.1+ 0.1 0.8 £0.2 14 +£0.1
C2.5 44.5 £ 0.1 44.2 £ 0.3 8.1+0.1 0.7+ 0.3 2.5+ 0.1
C3.6 43.2 £ 0.5 44.6 £ 0.5 79 £ 0.1 0.7+ 0.2 3.6 £0.2

est to investigate the room temperature compressive
behaviour of TiAl-based alloys reinforced with the var-
ious volume fractions of coarse primary Tis AlC parti-
cles prepared by melting and casting.

The aim of this article is to study the effect of
carbon content x ranging from 1.4 to 3.6 at.% on
the room temperature compressive behaviour of Ti-
-44.5A1-8Nb-0.8Mo-zC (at.%) alloys prepared by vac-
uum induction melting. Experimental measurements
and finite element analysis (FEA) are carried out to
characterise the compressive behaviour of these alloys.
Numerically calculated local strains within the speci-
mens after compression tests are related to the size of
fragmented carbide particles.

2. Experimental procedures

The studied alloys with the carbon content rang-
ing from 1.4 to 3.6 at.% were prepared by vacuum
induction melting in the graphite crucibles [23] which
was followed by a centrifugal casting (CC) into a cold
graphite mould under argon atmosphere [10, 11]. The
as-cast conical samples with a diameter ranging from
15 to 17mm and length of 150 mm were subjected
to hot isostatic pressing (HIP) at a temperature of
1250°C and applied pressure of 200 MPa for 4h in
argon to remove casting porosity. The hot isostatic
pressing was followed by annealing at a temperature
of 900°C for 25 h in air.

Cylindrical specimens with a diameter of 8 mm
and length of 12 mm were used for compression tests.
The surface of the compression specimens was pol-
ished to a roughness better than 0.3 um using a di-
amond paste. The uniaxial room temperature com-
pression tests were carried out at an initial strain rate
of 1 x 107*s™! up to a true strain of 15% using a
universal testing machine. The compressive deforma-
tion was measured by a contactless laser extensometer.
Vickers microhardness measurements were performed
at an applied load of 0.25 N and loading time of 10s
at room temperature on polished and slightly etched
specimens before and after compression testing.

Metallographic preparation of the samples con-
sisted of standard grinding on abrasive papers and
polishing on diamond pastes with various grain sizes
up to 0.25 pm. The samples for Vickers microhard-

ness measurements were slightly etched in a reagent
of 150 ml H5O, 25 ml HNO3 and 10 ml HF. The mi-
crostructural evaluation was carried out by scanning
electron microscopy (SEM) and SEM in backscattered
electron (BSE) mode. Energy dispersive spectroscopy
(EDS) calibrated using standards was applied for mea-
surements of the chemical composition of the alloys.
The average content of carbon was measured by LECO
(CS844 elemental analyser based on the combustion
method. The quantitative metallographic analysis was
performed on digitalised BSE micrographs using com-
puterised image analyser. The achieved microstruc-
tural data were treated statistically.

The numerical simulation was realised with a soft-
ware Ansys Workbench. A geometry model of com-
pression specimen was built as a 3D cylinder with
a diameter of 8 mm and length of 12 mm. Material
model was built up using the achieved experimental
data from the compression tests at room temperature.
For 3D analysis, deformable hexahedron elements with
a size of 0.6 mm were used to mesh the cylindrical
compression specimen.

3. Results and discussion

3.1. The microstructure of compression
specimens before testing

The chemical compositions of the studied compres-
sion specimens with the carbon content ranging from
1.4 to 3.6 at.% are summarised in Table 1 [10]. Fig-
ure 1 shows the typical microstructures of the com-
pression specimens prepared from centrifugally cast
C1.4, C2.5 and C3.6 samples after HIP and annealing
at 900°C for 25h. The microstructure of the speci-
mens consists of intermetallic v(TiAl)-based matrix
and coarse primary H-Tiy AlC particles [10]. The car-
bide particles, which are formed during solidification
in the melt, are relatively homogeneously distributed
in the intermetallic matrix, as shown in Figs. la—
c. Three morphologically different types of the pri-
mary H-Tis AIC particles can be identified in the ma-
trix: regular shaped (R), plate-like (P) and irregular
shaped (I) ones. While the matrix of the specimens
C1.4 (Fig. 1a) and C2.5 (Fig. 1b) remains still pseudo-
duplex [24] composed of the lamellar oo + v regions
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Fig. 1. BSE micrographs showing the typical microstruc-

ture of the compression specimens: (a) C1.4; (b) C2.5; (c)

C3.6. P — plate-like, R — regular shaped and I — irregular
shaped primary TisAlC particles.

with some /3/B2 particles and single « phase regions,
the matrix of the specimen C3.6 (Fig. 1c) changes to
near -y due to full dissolution of the ay phase. In all
studied alloys, the partial or full dissolution of the as
phase leads to the precipitation of fine secondary car-
bide particles [13, 25].
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Fig. 2. Log-normal distribution curves of the size of pri-

mary plate-like carbide particles before compression test-

ing: (a) length of the major axis; (b) length of the minor
axis.

Figure 2 shows the typical examples of distribu-
tion curves of the measured size of the primary car-
bide particles before compression testing (BC). Both
the length of the major axis (Fig. 2a) and length of the
minor axis (Fig. 2b) can be fitted by a log-normal dis-
tribution function. Table 2 summarises mean length
of the major axis, mean length of the minor axis, av-
erage shape factor defined elsewhere [26] and volume
fraction of the regular, plate-like and irregular shaped
primary carbide particles in the specimens before com-
pression testing. The increase in the carbon content
from 1.4 to 3.6 at.% leads to an increase in the vol-
ume fraction of the primary carbide particles from 6.0
to 14.9 vol.%. While the specimen C1.4 contains only
plate-like TioAIC particles, the specimens C2.5 and
C3.6 contain plate-like, irregular and regular shaped
ones. In addition, the specimens C1.4 and C2.5 con-
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Table 2. Length of the major axis, length of the minor axis, shape factor and volume fraction of primary plate-like (P),
regular shaped (R) and irregular shaped (I) carbide particles in the middle regions (M) and vicinity of the contact areas

(U) of the specimens before (BC) and after compression (AC) tests

Speci- Shape of state

Parameter

mens carbides Length of the major axis (um) Length of the minor axis (pm) Shape factor Volume
fraction
Region U M U M U M (vol.%)
BC 7.5+£0.2 1.2+0.1 0.24 £ 0.01
Cl4 P 6.0 + 0.3
AC 75+ 0.1 3.1+0.1 1.3 +£0.1 1.0 £0.1 0.21 £ 0.01 0.37 + 0.03
B (vol.%) 1.3 + 0.1
BC 22£0.1 1.1+0.1 0.71 £ 0.01
R 1.2+ 04
AC 23 +0.1 2.0+ 0.1 1.2 +0.1 1.1 +£0.1 0.70 £ 0.01 0.81 + 0.01
BC 4.8 £0.2 09 £0.1 0.32 £ 0.02
C2.5 P 4.6 + 0.3
AC 48+ 0.1 34 +0.1 0.9 £0.1 0.9 £ 0.1 0.34 £ 0.01 0.43+ 0.01
BC 54 £+ 0.1 2.7+ 0.1 0.48 £+ 0.02
I 4.6 + 0.3
AC 55 +0.1 44 £0.2 2.7£0.1 16 £0.1 0.46 £ 0.02 0.53 + 0.02
TiC (vol.%) 0.2+0.1
B (vol.%) 0.3+ 0.1
BC 2.6 £0.1 1.5+ 0.1 0.75 £ 0.01
R 3.1+0.3
AC 25402 22 £0.2 14 +0.1 1.1 +£0.1 0.76 £ 0.01 0.71 + 0.01
BC 42 +£0.3 0.8 £0.1 0.33 £ 0.01
C3.6 P 4.1 £ 0.2
AC 3.7+0.1 24 £0.1 0.9 £0.1 0.7+ 0.1 0.39 £ 0.01 0.37 + 0.02
BC 72 +0.5 3.8+ 0.3 0.43 £ 0.02
I 7.7 +04
AC 7.0+04 3.8 £0.5 3.4 £02 1.0+£0.1 0.46 £ 0.01 0.55 + 0.03
TiC (vol.%) 0.6 + 0.1

tain low volume fraction of 8/B2 phase. A low volume
fraction of TiC particles is identified in the specimens
C2.5 and C3.6.

3.2. Compressive behaviour
3.2.1. Finite element analysis

The compression true stress-true strain curves were
calculated from the measured engineering compres-
sion stress-strain data using the procedure described
elsewhere [27]. Figure 3 shows the typical true stress-
true strain compression curves and numerical calcu-
lations using FEA software ANSYS. It is clear from
this figure that the numerical calculations are in a

very good agreement with the experimentally mea-
sured true stress-true strain curves. Figure 4 shows
longitudinal sections of the compression specimens
C1.4 and C3.6 and corresponding 3D numerical calcu-
lations of equivalent plastic strains. The slightly bar-
relled shapes of the specimens tested to a true strain
of 15 % (Figs. 4a, ¢) correspond quite well to the calcu-
lated ones (Figs. 4b, d). The FEA indicates the inho-
mogeneous distribution of the local calculated strains.
The highest equivalent strains of 19 and 21 % calcu-
lated for the compression specimens C1.4 and C3.6, re-
spectively, are achieved in the middle regions marked
by the red rectangles (M) in Figs. 4a, c¢. The lowest
equivalent strains ranging from 4 to 10 % (Figs. 4b,
d) are achieved in the vicinity of the contact areas of
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Fig. 3. Dependence of compressive true stress on true
strain.

the specimens with the pressure plates of the testing
machine marked by the blue rectangles (U).

3.2.2. Work hardening

Table 3 summarises the average 0.2 % offset com-
pressive yield strength (YS) and Vickers microhard-
ness HV, of the matrix for the specimens C1.4, C2.5
and C3.6. The increase of the carbon content leads to
a decrease of both the compressive yield strength and
Vickers microhardness of the matrix in the BC spec-
imens. The increase of the Vickers microhardness in
the specimens C1.4, C2.5 and C3.6 after compression
testing (AC) in both the regionsM and U (Table 3)
and compression curves (Fig. 3) indicate a clear work-
hardening during compressive deformation. Figure 5
shows the dependence of the calculated work harden-
ing rate (WHR) on true strain and true stress. The
work hardening rate is calculated as © = doi/dey,
where oy is the true stress and & is the true strain.
Two different regions can be well identified on the
WHR curves, as illustrated in Fig. 5. The region I is
characterised by a fast decrease of the WHR with the
true strain up to 1.2, 1.3 and 1.5 % (Fig. 5a) or true
stress up to 1000, 1040 and 1080 MPa (Fig. 5b) for the
specimens C1.4, C2.5 and C3.6, respectively. Appel et

Fig. 4. Longitudinal sections of the compression specimens tested to a true strain of 15 % and corresponding 3D numerical
modelling of equivalent plastic strains: (a) SEM macrostructure and (b) FEA of the compression specimen C1.4; (¢) SEM
macrostructure and (d) FEA of the compression specimen C3.6.
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Table 3. Room-temperature 0.2 % offset compressive yield strength YS and Vickers microhardness HVpy,
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Compression
specimens

YS
(MPa)

HVn

AC

BC

Cl.4
C2.5
C3.6

910 £ 7
900 £ 8
888 £ 8

465 £ 8
426 = 8
366 £+ 6

438 £ 9
377 £ 4
323 £ 4

514 £ 8
507 £ 4
415+ 7
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Fig. 5. (a) Dependence of work hardening rate on true
strain. (b) Dependence of work hardening rate on true
stress.

al. [28] have reported that a fast decrease of WHR
with increasing compressive strain up to 2 % in TiAl-
-based alloys is connected with a non-uniform defor-
mation starting in favourably oriented grains which
leads to a reduction of constraint stresses by localised
flow but it is not conventional work hardening con-

trolled by dislocation interactions. While the carbon
content has a small effect on the work hardening be-
haviour in the region I, the evolution of the WHR with
the true strain or true stress significantly differs for
the specimens C1.4, C2.5 and C3.6 in the region II, as
shown in Fig. 5. The increase of the carbon content in
the specimens C1.4, C2.5 and C3.6 leads to a faster de-
crease of the WHR with increasing true strain or true
stress in the region II. The high WHR measured in
the region II for the specimen C1.4 can be attributed
to an increase of dislocation density, very short mean
free path of mobile dislocations and mechanical twin-
ning [28-31]. The faster decrease of the WHR in the
region II for the specimens C2.5 and C3.6 compared
to that of the specimen C1.4 indicates an intensive
softening connected with microstructure degradation
during compression testing.

3.3. The microstructure of compression
specimens after testing

Figure 6 shows microstructure on longitudinal sec-
tions of the compression specimens C1.4 and C3.6 de-
formed to a true strain of 15%. While the matrix
shows no evidence of cracking, the compressive de-
formation in the regions U corresponding to a local
strain of about 6 % is connected with early stages of
cracking of some plate-like and irregular shaped car-
bide particles and delamination at the carbide par-
ticle/matrix interfaces, as shown in Figs. 6a, c. The
local strains up to 19 % in the region M for the spec-
imen C1.4 lead to an intensive fragmentation of the
plate-like carbide particles, as seen in Fig. 6b. The
local strains up to 21 % in the region M for the spec-
imen C3.6 lead to an intensive fragmentation of the
irregular shaped and some plate-like carbide particles,
as shown in Fig. 6d. In spite of relatively large local
deformation, the initiation and propagation of cracks
is constrained to take place within the carbide parti-
cles in the region M. However, Fig. 4c indicates that
the compressive deformation in the vicinity of the free
surface is connected with the initiation and propaga-
tion of numerous large cracks which can lead even to
the release of some grains from the specimen surface.
Figure 6e shows that such cracks propagate within the
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Fig. 6. BSE micrographs showing microstructure on longitudinal sections of compression specimens: (a) Crack initiation

within plate-like particles in the region U of the compression specimen C1.4, local strain of 6 %; (b) Fragmentation of

plate-like (P) particles in the region M of the compression specimen C1.4, local strain of 19 %; (c) Crack initiation within

coarse irregular shaped particles in the region U of the compression specimen C3.6, local strain of 4 %; (d) Fragmentation

of irregular (I) and plate-like (P) shaped particles in the region M of the compression specimen C3.6, local strain of 21 %;

(e) Crack propagation within the matrix and carbide particles in the vicinity of free surface of compression specimen C3.6,
local strain of 14 %.

matrix, carbide particles and along the v grain bound-
aries. Table 2 summarises the results of statistical eval-
uation of mean length of major axis, mean length of
minor axis and average shape factor of the fragmented
plate-like, regular and irregular shaped carbide parti-

cles after the compression (AC) in the regions M and
U. It is clear from this table that the fragmentation
leads to a significantly smaller size of the primary car-
bide particles and is more intensive in the region M
compared to that in the region U.



356 M. Stamborskd et al. / Kovove Mater. 56 2018 349-356

4. Conclusions

The effect of carbon on the room temperature com-
pressive behaviour of Ti-44.5A1-8Nb-0.8Mo-zC (at.%)
alloys prepared by vacuum induction melting has been
characterised. The achieved results can be summarised
as follows:

1. The increase of the carbon content from 1.4 to
3.6 at.% leads to an increase in volume fraction and
morphological changes of the primary TizAIC parti-
cles in the studied alloys. While the matrix of the
compression specimen C1.4 is reinforced with plate-
like carbide particles, the matrices of the specimens
C2.5 and C3.6 are reinforced with plate-like, regular
and irregular shaped primary carbides. The increase
of the carbon content leads to a change of the matrix
microstructure from as + v + /B2 to « type in the
specimens C1.4 and C3.6, respectively.

2. The local equivalent strains in the compression
specimens are numerically calculated using finite ele-
ment analysis software ANSYS and related to the size
of fragmented primary carbide particles. The mean
size of fragmented carbide particles decreases with
increasing local equivalent strain in the compression
specimens.

3. Two regions characterise the evolution of the
work hardening rate with the true strain and true
stress. The differences in work hardening behaviour
of the compression specimens C1.4, C2.5 and C3.6
can be related to the initial non-uniform deformation,
cracking of primary carbide particles, crack propaga-
tion and release of some grains from the free surface
of the specimens.
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