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1. Introduction

Titanium and its alloys have been estab-
lished in various fields of applications
throughout the last years. Especially, in
the aerospace sector, the combination of
lightweight and corrosion resistance has
encouraged the development and improve-
ment of titanium alloys.[1] However, since
structural parts must withstand high
mechanical loads in addition to being
lightweight, materials with high specific
stiffness and strength are of great impor-
tance. They must therefore be able to with-
stand high loads without deforming or
even breaking and have the lowest possible
density. An example of such a potential
application can be found in the European
Space Agency’s future Athena X-ray tele-
scope mission, where materials of highest
stiffness are needed for the mirror connect-
ing parts, as the precision of the measure-

ments depends heavily on minimizing the deformation of such
components.[2]

In terms of producing such structural components, additive
manufacturing (AM) provides near net-shape parts and flexibil-
ity. Currently, AM is focused on cp Ti and Ti-6-4 (Ti—6 wt%
Al—4 wt% V) as the materials of choice. It has been demonstrated
that Ti-6-4 can be processed by AM, either in powder or wire
form.[3–5] However, a vast majority of new alloys are being devel-
oped for certain niche applications, taking into account α alloys,
β alloys, αþ β alloys, as well as near-α alloys/near-β alloys and even
titanium aluminides.[6] The alloy Ti-8-1-1 (Ti—8 wt% Al—1 wt%
V—1 wt% Mo) alloy is known to have the highest stiffness
(120 GPa) of all commercially available titanium alloys.[7] It is clas-
sified as a near-α alloy containing mainly α-Ti and small amounts
of β-Ti. As improving the specific stiffness of alloys is limited,
there is also the possibility of introducing reinforcing phases.

Titanium matrix composites (Ti-MMCs) combine the proper-
ties of the metallic matrix and reinforcements, mainly ceramics.
The aim is to improve mechanical properties such as stiffness,
strength, or creep behavior. These reinforcements can be par-
ticles or fibers, where fibers are expected to give anisotropic prop-
erties and particles can be expected to givemore isotropic character
to the final system. Common (particulate) reinforcements are TiC,
B4C, TiBx, Al2O3, and SiC, where a distinction can be made
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Titanium alloys with high stiffness are crucial for aerospace engineering and are
often fabricated using additive manufacturing (AM) methods like arc or laser
techniques. These high energy processes alter the microstructure and
mechanical properties. To enhance stiffness, TiC and B4C are added to Ti–6Al–4V
and Ti–8Al–1Mo–1V alloys via powder hot extrusion. The resulting metal matrix
composites (MMCs) are analyzed in both their as-extruded and heat-treated
states for microstructure and mechanical properties. To simulate an AM process,
samples are remelted using a gas tungsten arc-welding (GTAW) torch and
examined. In the results, it is shown that TiC and B4C increased mechanical
properties up to 2 GPa cm3 g�1, with the highest increase observed in heat-treated
B4C samples, achieving specific stiffnesses of 34.6 GPa cm3 g�1 (Ti–6Al–4V)
and 32.3 GPa cm3 g�1 (Ti–8Al–1Mo–1V). Powder hot extrusion proves effective in
producing Ti–MMCs with high stiffness even with reactive ceramic additions.
However, GTAW remelting leads to the decomposition of TiC-reinforced
Ti–MMCs, significantly altering morphology and reducing stiffness below that
of the base alloy.
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between in situ and ex situ reinforcements. The former ones are
classified in that way that they react with the matrix, whereas the
latter do not. For example, TiC is known to be an ex situ reinforce-
ment, because it is known—from a thermodynamic and chemical
point of view—not to react with Ti, whereas B4C and SiC can react
with a titanium-based matrix in the following way:[8,9]

5 Tiþ B4C ↔ 4 TiBþ 1TiC (1)

Tiþ SiC ↔ TiCþ Si, TiCx , Ti5Si3, Ti5Si3Cx (2)

Unfortunately, reaction products such as titanium silicide
Ti5Si3 or titanium carbo-silicide Ti5Si3Cx have a significantly
lower Young’s modulus than the initial phase (SiC) and a
distinctly different and usually unfavorable morphology after
the reaction.[10] For example, the titanium silicide formed is nee-
dle shaped, which is much less favorable for the mechanical
properties than the initial morphology of the SiC particles.[11]

Other in situ reinforcement phases can result from alloying ele-
ments through the formation of intermetallic phases (IMs) such
as, e.g., Ti2Cu or TiFe. However, such IMs have a significantly
lower Young’s modulus than ex situ phases (see Table 1).
To achieve a significant increase in the Young’s modulus, larger
volume fractions of these IMs would therefore be required,
which would usually reduce the ductility. However, specifically
for Ti-8-1-1, there is another approach, namely the formation
of the Ti3Al or α2 phase, an ordered structure of the hexagonal
α phase, which is usually formed by ageing.[12] A Young’s mod-
ulus of 163 GPa is reported for this phase.[13]

Nevertheless, the practical implementation of the production
of ex situ Ti–MMCs faces a relevant problem—controlling the
reactivity of Ti with essentially all materials that can be consid-
ered as reinforcing phases (except TiBx and TiC). This is, of
course, a function of temperature and time. Powder metallurgi-
cal processes are in principle a possibility, but in practice it has
been shown that the usual long process times and high temper-
atures required lead to pronounced reactions. In addition to
pressing and sintering, however, production by means of powder
hot extrusion has also become established, which is particularly
interesting for reactive systems, as the consolidation time can be
kept very short. This was first described by Poletti et al.[14] and
seemed to be an efficient way to avoid high temperatures and
long process cycle times and thus effectively suppress the reac-
tivity between Ti and ceramics like SiC. This concept was also
successfully applied to other reactive systems, such as fused

tungsten carbide in Ni or Fe matrices, where the formation of
a distinct and detrimental reaction layer has also been avoided.[15]

When using AM methods, especially ones with high energy
input such as directed energy deposition (DED) or powder
bed fusion, pronounced changes in the microstructure and
mechanical properties can be observed, often leading to less
favorable properties.[16]

As there are no commercially available alloys other than pure
Ti and Ti-6-4 in powder or wire form, we were particularly inter-
ested in the preparation of Ti-8-1-1, as well as the B4C- and TiC-
particle-reinforced variants of Ti-6-4 and Ti-8-1-1 by means of
powder hot extrusions, with the goal of achieving and retaining
high specific stiffnesses. The focus is on the behavior of the rein-
forcements after a heat treatment or remelting to investigate
differences in the microstructure and mechanical properties
before and after a high energy impact, simulating AM. This study
describes the fabrication of Ti-6-4 and Ti-8-1-1 MMCs with
3 vol% TiC or B4C via powder hot extrusion, as well as the
changes occurring after heat treating and remelting. All speci-
mens are investigated in regard of their microstructure, density,
stiffness, and hardness. Results show pronounced improve-
ments in terms of the stiffness after extrusion and in the
heat-treated state. The effects of high energy impacts, as they
can be expected in certain AM methods, are studied in remelted
specimens and provide further insights into the complex topic of
the reactions between the Ti–matrix and potential reinforce-
ments. Changes in the mechanical properties are discussed
and compared to the microstructure.

2. Experimental Section

All materials investigated, the Ti-6-4 as a reference, the Ti-8-1-1
alloy, and their TiC- and B4C-particle-reinforced MMC variants
were prepared from the corresponding mixture of Ti Gd2
(<45 μm, Eckart TLS GmbH), Ti Gd5 (<45 μm, Eckart TLS
Technik GmbH & Co), Al (<40 μm, MEPURA), and Mo
(<5 μm, Treibacher Industrie AG) powders. The TiC was a
<45 μm powder (Alfa Products), and the B4C reinforcement
was an F500 powder (equivalent to 12.8� 1 μm) from 3M. In
both cases, 3 vol% of reinforcement particles were added.

After mixing for 1 h, the powders were transferred into a steel
capsule and welded gas tight. These capsules were then pre-
heated for 20min at 1000 °C (Ti-6-4) and 1100 °C (Ti-8-1-1)
and extruded into rods. The extrusion ratio was 1:11, the extru-
sion speed was 10mm s�1, and the temperature of the recipient
was 350 °C. After extrusion, the steel coating was removed and a
heat treatment (1000 °C; 90 h, Ar atmosphere, slow cooling, see
Figure 1) was carried out. Furthermore, as-extruded rods were
gas tungsten arc-welding (GTAW) remelted with a Robacta
TTW 5500, Fronius, to simulate and study their behavior during
a potential wire arc melting process. The remelting was con-
ducted using a welding current of 200 A, a 6.4 mm W electrode,
and a water-cooled Cu mold. After applying a vacuum of
6� 10�3 mbar, an argon purge was performed at 800 mbar
overpressure. All specimens were metallographically prepared
(grinding: P500, P1200, P4000; polishing: oxide polishing
suspensionþH2O2, etching: 1% hydrofluoric acid) perpendicu-
lar and transversal to the extrusion or building direction and

Table 1. Young’s modulus of Ti, Ti-6-4, Ti-8-1-1, and potential
reinforcement phases.

Material Young’s modulus [GPa] References

Ti 100–120 [1]

Ti-6-4 110 [1]

Ti-8-1-1 120 [7]

TiC 460 [36]

TiB 550 [36]

B4C 460 [37]

Ti3Al 163 [12]

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 2400514 2400514 (2 of 12) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400514 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [24/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


characterized by light microscopy (LM; Olympus GX51), scan-
ning electron microscopy (SEM; Quanta 200 ESEM FEG from
FEI), X-ray diffractometry (XRD; X’Pert MPDII), hardness
(EMCO test M4U-025), density (Archimedes), and stiffness
measurements. Assuming isotropic elastic properties and apply-
ing the ultrasound point analysis technique,[17–19] the Young’s
modulus E can be calculated from Equation (3):

E ¼ ρ ⋅ C2
T ⋅

3� 4 ⋅
�CT
CL

�2

1� �CT
CL

�2 (3)

with ρ being the density and CT and CL being the transversal and
the longitudinal speed of sound, respectively.

Hardness values were determined with a Vickers indenter
using a load of 98.1 N. Mean values from at least five individual
measurements were used. Young’s moduli displayed were taken
from three samples.

For transmission electron microscope (TEM) imaging and
selected area electron diffraction (SAED), a TECNAI F20
(acceleration voltage 200 kV) at the electron microscopy facility
(university center of transmission electronmicroscopy [USTEM])
of TU Wien was used.

3. Results and Discussion

3.1. Powder Hot Extrusion

3.1.1. Microstructure

Figure 2 shows the microstructure of Ti-6-4 after powder hot
extrusion. It is homogeneous, as it is typical for Ti-6-4 in general.
The samples are fully compacted (Table 2) by the hot extrusion
process and there is no visible difference in microstructure or the
occurrence of pores between the longitudinal and perpendicular
cross sections of the micrographs examined. A lamellar two-
phase structure is observed in Ti-6-4, consisting of α-Ti grains
surrounded by β-Ti at the grain boundaries. Significant
grain growth is observed after heat treatment (Figure 2c,d).
The addition of 3 vol% TiC resulted in a finer microstructure,
as shown in Figure 3a,c. The heat treatment leads to a clear
microstructural transformation resulting in a bimodal micro-
structure (Figure 3c and 4c), with the TiC particles essentially

Figure 1. Heat-treatment cycle used for the annealing of as-extruded sam-
ples. Heating rate 10 Kmin�1, dwelling time 90 h, cooling rate 6 Kmin�1,
and argon flow 0.67 Lmin�1.

Figure 2. LM micrographs of Ti-6-4 alloy prepared via powder hot extrusion. The as-extruded samples show no differences in microstructure in
a) the perpendicular and b) longitudinal cross section, respectively. c,d) The heat-treated condition at 1000 °C for 90 h. The microstructure consists
of α-Ti and β-Ti.
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remaining. The addition of 3 vol% B4C has a similar refinement
effect as TiC, see Figure 3b,d and 4b,d. Furthermore, a bimodal
microstructure is again visible after the heat treatment, in addi-
tion to partially reacted former B4C particles can be seen, which
have a reaction zone around them from which small TiB
whiskers grow out in Figure 4d.

Figure 5a,b shows the microstructure of the as-extruded
Ti-8-1-1 sample. It is inhomogeneous with both, undissolved
Mo- (light particles) and Al-rich (dark grey) regions. This is not
surprising for Mo as the preheating temperature of 1100 °C is far
from the melting point of Mo (around 2620 °C) and therefore a
homogeneous distribution was not to be expected. In contrast, Al
seems to have been melted and then partially distributed near the
former Ti-6-4 powder particles, with lamellar α/β regions between
these areas. After the homogenization heat treatment, the micro-
structure changes as Mo and Al are completely dissolved and
dispersed, as shown in Figure 5c,d. A somewhat bimodal

microstructure with large semi-equiaxed α-grains and β-grain
boundaries develops combined with a general grain coarsening.

In both Ti-8-1-1 MMC variants with TiC and B4C additions,
the added elemental Mo and Al are again not uniformly distrib-
uted, but partially or even completely undissolved (Figure 6
and 7). Subsequent heat treatment at 1000 °C for 90 h leads to
diffusion equilibrium in both compositions and thus to a homog-
enized microstructure in which the elements are evenly distrib-
uted (Figure 6c,d). The TiC particles show no signs of reaction
either due to the hot extrusion process or after the subsequent
heat treatment (Figure 6). In addition, small amounts of β-grain
boundaries can be found as well as β areas with α-lamellae inside.
In contrast, significant changes can be observed after heat
treatment in case of Ti-8-1-1þ 3 vol% B4C (Figure 7c,d),
although the B4C particles show stability in the as-extruded state.
The microstructure shows the same features as the heat-treated
Ti-8-1-1þ 3 vol% TiC sample, with the B4C particles forming
both acicular titanium borides and TiC core structures with
frayed titanium borides. These observed characteristic shapes
of the titanium borides and/or the whisker formation from
globular titanium borides found throughout all B4C MMCs
are in good agreement with the literature.[20–22]

3.1.2. Phases

To clarify the nature of the constituent phases, XRD measure-
ments were carried out on all samples in both the as-extruded
and homogenized heat-treated states. Figure 8 shows the diffrac-
tion patterns of all samples.

The diffraction pattern of the Ti-6-4 system in Figure 8a con-
sists of α-Ti and β-Ti peaks and confirms the presence of TiC,
clearly showing that TiC is not altered by the manufacturing

Table 2. Archimedean density of as-extruded and annealed Ti-6-4, Ti-8-1-1,
and MMCs.

Matrix Reinforcement Density [g cm�3]

As-extruded Annealed 1000 °C [90 h]

Ti-6-4 – 4.432� 0.002 4.442� 0.014

Ti-6-4 3 vol% TiC 4.648� 0.325 4.418� 0.003

Ti-6-4 3 vol% B4C 4.383� 0.001 4.424� 0.006

Ti-8-1-1 – 4.367� 0.001 4.345� 0.013

Ti-8-1-1 3 vol% TiC 4.387� 0.001 4.378� 0.004

Ti-8-1-1 3 vol% B4C 4.336� 0.002 4.385� 0.001

Figure 3. LM micrographs of a,c) Ti-6-4þ 3 vol% TiC and b,d) Ti-6-4þ 3 vol% B4C MMCs prepared via powder hot extrusion and heat-treated
(1000 °C for 90 h).
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Figure 4. SEM micrographs of a,c) Ti-6-4þ 3 vol% TiC and b,d) Ti-6-4þ 3 vol% B4C MMCs prepared via powder hot extrusion. c,d) The heat-treated
condition (1000 °C for 90 h) indicates that B4C has—at least partially—reacted to TiC and TiB, whereas TiC is not affected by the heat treatment. The black
components are the used carbides TiC and B4C.

Figure 5. SEM micrographs of Ti-8-1-1 alloy prepared via powder hot extrusion. a,b) The as-extruded samples show undissolved Mo particles (light) and
Al-rich areas (dark grey). c,d) After the heat treatment (1000 °C for 90 h), a homogenous two-phase microstructure, consisting of α-Ti (grey) and β-Ti
(light), is obtained.
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Figure 6. SEM micrographs of Ti-8-1-1þ 3 vol% TiC MMC prepared via powder hot extrusion. a,b) The as-extruded samples show Mo-rich areas (lighter
areas) and minor porosity. c,d) After the heat treatment at 1000 °C for 90 h a bimodal microstructure is obtained while the TiC particles (dark grey) remain
in their shape.

Figure 7. SEMmicrographs of Ti-8-1-1þ 3 vol% B4C MMC prepared via powder hot extrusion. a,b) The as-extruded samples showMo-rich areas (bright)
and completely unreacted B4C (black). c,d) After the heat treatment at 1000 °C for 90 h, theMo is completely dissolved and B4C has reacted to TiC and TiB.
The microstructure is bimodal containing α-Ti with almost no β-Ti grain boundaries and β-Ti regions.
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process. Although B4C could not be clearly identified either in
the as-extruded or heat-treated state, due to the overlap with
the α-Ti diffraction peak, the pattern of TiC, which is only visible
in the heat-treated state, is an indicator of the reaction of B4C.

The α phase and β phase can be identified throughout all
Ti-8-1-1 samples, which is in accordance with the observed
microstructure. In both, the as-extruded and heat-treated states,
the presence of TiC can also be verified, but the as-extruded
Ti-8-1-1þ 3 vol% B4C sample shows no B4C peaks at all, due
to the overlap with α-Ti. Therefore, the presence of TiC peaks
again confirms the reaction of B4C to TiC and TiB observed
in the microstructure. A small peak at 29° 2θ implies the pres-
ence of the α2 (Ti3Al) phase in the Ti-8-1-1 samples, which was
not found in the particle-reinforced samples, see Figure 8b.

To confirm the presence of the α2 phase, a heat-treated Ti-8-1-1
sample was characterized by TEM and SAED, see Figure 9.
The TEM dark-field micrograph in Figure 9a shows a dark area
representing a β grain and a speckled area representing an α
grain. The SAED pattern from the α grain is shown in
Figure 9b. It is noteworthy, that two spots can be found for
the 1011 direction. The one closer to the central spot belongs
to the α2 phase’s superstructure, the other one to the α phase.
The measured interplanar distances for both points are
3.407 Å (α2) and 2.252 Å (α), thus clearly confirming the presence
of the α2 phase, which is classified as an ordered structure of the
α phase. The α2 phase was found only within regions of the α
grains, consistent with its formation because of short-range dif-
fusional redistribution. The measured interplanar distances are
in good agreement with the results of other researchers, who
experimentally obtained 3.515 Å (α2) and 2.224 Å (α) for the
1011 direction.[23]

3.1.3. Hardness and Elastic Properties

The hardness of Ti-6-4, both in the as-extruded and the heat-
treated state (Table 3), agrees well with typical hardness values
of around 320 HV10 reported in the literature.[24] The addition

Figure 8. XRD pattern of a) Ti-6-4 and b) Ti-8-1-1 with and without TiC and B4C particle reinforcement. The presence of α and β phase is confirmed
throughout all samples.

Figure 9. a) TEM dark-field micrograph of the heat-treated Ti-8-1-1 sam-
ple, displaying a α-grain and β-grain boundary with the corresponding
SAED of b) the α phase and c) β phase. In the α phase, the interplanar
distance of the 1011 reflection appears for both α and α2 with a significant
difference 2.252 Å (α) and 3.407 Å (α2).

Table 3. Vickers hardness HV10 of as-extruded and annealed Ti-6-4,
Ti-8-1-1, and MMCs.

Matrix Reinforcement Hardness [HV10]

As extruded Heat-treated at 1000 °C [90 h]

Ti-6-4 – 313� 6 320� 5

Ti-6-4 3 vol% TiC 335� 10 356� 2

Ti-6-4 3 vol% B4C 354� 25 429� 3

Ti-8-1-1 – 284� 9 303� 5

Ti-8-1-1 3 vol% TiC 377� 8 394� 10

Ti-8-1-1 3 vol% B4C 367� 9 422� 8
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of both TiC and B4C leads to an increase in hardness compared to
the unreinforced Ti-6-4, with this being particularly pronounced
in the case of the heat-treated B4C MMCs due to the reaction to
titanium borides.

Interestingly, the unreinforced Ti-8-1-1 has a lower hardness
than Ti-6-4. In the as-extruded state, this is clearly because the
added Mo and Al are not completely dissolved and thus the
matrix does not represent the nominal composition of Ti-8-1-1.
Although the heat treatment increases the hardness as expected
due to the homogenization of Al and Mo, this heat-treated and
homogenized sample also has a lower hardness than Ti-6-4.
This could be due to the different α/β microstructural propor-
tions. The addition of ceramic particles leads to an almost equal
increase in hardness in both cases, as-extruded and heat-treated.

The results of the Young’s modulus measurements are given
in Table 4.The Young’s modulus of the Ti-6-4 reference sample is
of about 117.7 GPa in the as-extruded state and about 118.9 GPa
for the heat-treated state, which is in good agreement with the
values of about 107–122 GPa reported in the literature by com-
mercial manufacturers.[25] As expected, the heat treatment has no
significant effect on the Young’s modulus (Table 4). However,
due to the particle reinforcement, a significant increase in the
Young’s modulus can be observed compared to the unreinforced
variant. In particular, the heat-treated sample with the addition of
B4C shows a significantly high stiffness of 153.1 GPa—
corresponding to a specific stiffness of 34.6 GPa (g cm�3)�1,
which can be attributed to the formation of TiB and TiC (see
Equation (1)), where potentially 4mol TiB can be formed from
1mol B4C, leading to a higher quantity of stiffer TiB, resulting in
an overall higher stiffness.

Two key observations can be made for the Ti-8-1-1 series:

First, the unreinforced as-extruded Ti-8-1-1 alloy has a
relatively low Young’s modulus of 122.5 GPa compared to a
commercial supplier’s reference. A duplex annealed 898 °C/
1 h/air-cooled and 593 °C/24 h/air-cooled Ti-8-1-1 alloy is stated
to have a Young’s modulus of 135 GPa.[26] This was to be
expected given that the as-extruded state is an inhomogeneous
one where the alloying elements are not in solid solution.
There is therefore a significant difference between the as-
extruded and heat-treated states, resulting in a Young’s modulus
of 133.5 GPa for the later.

Second, the addition of particles to the Ti-8-1-1 alloy results in
a significant increase in stiffness, with Ti-8-1-1þ 3 vol% TiC
exhibiting a Young’s modulus as high as 142.4 GPa. Heat treat-
ment affects both the Ti-8-1-1 and Ti-8-1-1þ 3 vol% B4C sam-
ples, leading to an increase of about 10 GPa for both. For the
unreinforced Ti-8-1-1, it can be assumed that the reasons for this
increase are the solid solution of undissolved alloying elements
and the formation of the α2 phase. A similar pattern is observed
in the hardness measurements shown in Table 3. Particle rein-
forcement results in an increase in hardness of 80–90HV10.
Heat-treatment results in a small increase for Ti-8-1-1 and
Ti-8-1-1þ 3 vol% TiC. However, a significant increase is
observed in the sample Ti-8-1-1þ 3 vol% B4C after the heat treat-
ment, which is due to the B4C reaction.

3.2. GTAW Remelting

3.2.1. Microstructure

In Figure 10, a piece of an extruded rod (Figure 10a) and the
MMC after the GTAW remelting (Figure 10b) are shown. The
steel capsule of the rod has been removed by turning to avoid
contamination in the melting process. The melted sample itself
shows some shrinking cavities.

Themicrostructures of Ti-6-4 and Ti-8-1-1 MMCs processed in
this way are shown in Figure 11 and 12. The GTAW remelted
Ti-6-4 sample (Figure 11a) exhibits an α/β and martensitic micro-
structure. The addition of TiC (Figure 11b,c) leads to a significant
change in the microstructure after melting. The former TiC par-
ticles appear to have dissolved and precipitated as dendrites or
needles. Moreover, no α/β structure is visible and the matrix
appears to be single phase.

By comparing Figure 11 and 12 with Figure 4, 6, and 7, one
can see that the morphology of the TiC and B4C particles changes
significantly due to melting during the GTAW process. In the
case of B4C, this is expected due to the chemical instability
and the associated formation of Ti borides, whereas TiC should

Table 4. (Specific) Young’s modulus of as-extruded and annealed Ti-6-4,
Ti-8-1-1, and MMCs.

Matrix Reinforcement Young’s modulus [GPa] Specific Young’s
modulus [GPa cm3 g�1]

As-extruded Annealed As-extruded Annealed

Ti-6-4 – 117.7� 0.5 118.9� 0.6 26.6� 0.1 26.8� 0.1

Ti-6-4 3 vol% TiC 128.2� 9.2 122.2� 3.5 27.6� 0.1 27.7� 0.8

Ti-6-4 3 vol% B4C 124.0� 0.9 153.1� 3.5 28.3� 0.2 34.6� 0.8

Ti-8-1-1 – 122.5� 1.5 133.2� 1.1 28.1� 0.3 30.7� 0.2

Ti-8-1-1 3 vol% TiC 142.4� 1.7 144.4� 2.0 32.5� 0.4 33.0� 0.4

Ti-8-1-1 3 vol% B4C 131.9� 1.3 141.4� 0.7 30.4� 0.3 32.3� 0.2

Figure 10. MMC after powder hot extrusion and removal of a) the steel capsule and b) MMC after GTAW remelting.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 2400514 2400514 (8 of 12) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400514 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [24/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


Figure 11. SEM micrographs of Ti-6-4 alloy and MMCs prepared by GTAW remelting of hot extruded rods. a) The alloy without reinforcement shows a
lamellar structure. b,c) The remelted Ti-6-4þ 3 vol% TiC sample shows dendritic TiC precipitates, while an α/β structure typical for Ti-6-4 is absent. d) The
remelted Ti-6-4þ 3 vol% B4C sample shows a coarse lamellar structure without original B4C particles as they have reacted to form TiC and TiB.

Figure 12. SEM micrographs of Ti-8-1-1 alloy and MMCs prepared by GTAW remelting of hot extruded rods. a,b) The alloy itself shows prior-β grains
with a Widmannstätten structure inside. c) The remelted Ti-8-1-1þ 3 vol% TiC sample (c) shows no TiC particles in their original shape; these appear
to have reacted during the melting process and precipitated in a dispersed filamentary morphology. The Widmannstätten structure is preserved. d) The
Ti-8-1-1þ 3 vol% B4C sample shows a coarse lamellar structure without original B4C particles that reacted to form TiC and TiB.
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be nonreactive and inert toward Ti. However, it appears that
the particularly high temperature in the GTAW leads to a
decomposition or melting of the TiC (melting point ≈3160 °C).
On cooling, TiC precipitates again, but apparently in a different
morphology.

This has also been observed during laser cladding of TiC and
Inconel 718 powder mixtures on an AISI 304 substrate.[27] In
these investigations, the melting temperature of TiC is not
reached, but a melt pool is formed from the Inconel and AISI
substrate in which the TiC can dissolve and is precipitate again
during cooling. This dissolution in the melt pool is clearly time
dependent, i.e., the shorter the duration of a melt pool formation,
the greater the probability that the TiC will remain in its original
morphology. By decreasing the laser scanning speed, the melt
pool lifetime and the solidification shelf time increase while
the cooling rate decreases, leading to an increasing dissolution
of the TiC particles and eventually to a complete decomposi-
tion/dissolution of the TiC particles. Dendritic structures can
then be observed during cooling and reprecipitation, modifying
the chemical and mechanical properties of the matrix. Another
study observed similar microstructural changes in laser-metal-
deposited TiC on Inconel 718, resulting in the formation of a
(Ti,M)C (M=Nb and Mo) carbide interfacial layer, as well as
dendritic structures formed during solidification of fully molten
and precipitated TiC particles.[28] The microstructure and mor-
phology of TiC after the GTAW remelting shown in Figure 12
are also consistent with the microstructural observations made
by other researchers in the preparation of Ti–C–N to investigate
the influence of nitrogen on the formation and morphology of
TiC by the arc-melting method.[29] The authors observed a

change in the microstructure of the TiC particles formed as
the amount of nitrogen increased. Other similar observations
have been made during selective laser melting of Ti-6-4 with TiC
additions.[30–33] Similar in situ precipitation reactions of carbides
have previously been reported to occur in C-alloyed titanium alu-
minides after heat treatment in the β-single-phase region.[34]

3.2.2. Phases

The diffraction patterns of Ti-6-4 and Ti-8-1-1 processed with
GTAW are shown in Figure 13. The samples without reinforce-
ments result in the usual α/β patterns for Ti-6-4 (Figure 13a) and
Ti-8-1-1 (Figure 13b). The two TiC variants both clearly show
reflexes for TiC, while the B4C samples again show that no
B4C is present, but rather the reaction products TiC and TiB.
Interestingly, when comparing the unreinforced Ti-6-4 sample
and the Ti-6-4þ TiC sample, it is noticeable that there is an alter-
nation between the α-Ti and β-Ti contents. The Ti-6-4þ TiC sam-
ple shows almost exclusively β-Ti, whereas the unreinforced
sample shows α/β-Ti peaks. These findings are also in good agree-
ment with the microstructure observed in Figure 11b,c. This is
most likely due to the decomposition of the TiC during GTAW
remelting, where C can also dissolve into Ti, which is also sup-
ported by a phase shift in the XRD pattern shown in Figure 13b.[35]

3.2.3. Hardness and Elastic Properties

The hardness and Young’s moduli of the different materials
processed by GTAW remelting are presented in Table 5.

Figure 13. XRD pattern of the alloys a) Ti-6-4 and b) Ti-8-1-1, TiC, and B4C MMCs after GTAW remelting.
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The hardness of the GTAW-processed materials shows a similar
trend to that of the extruded samples: on the one hand, the hard-
ness of Ti-8-1-1 is lower than that of Ti-6-4, indicating different
α/β-phase ratios between the two materials; on the other hand,
the presence of TiC or B4C significantly increases the hardness
compared to the unreinforced variant. However, a direct compar-
ison of the hardness values between the extruded samples and
the GTAW samples shows that the hardness of Ti-6-4 after
TIG is about 40 HV10 higher than in the heat-treated extruded
state. The Ti-6-4þ 3 vol% TiC sample is also significantly harder
after GTAW than after extrusion and heat treatment, whereas the
hardness of the Ti-6-4þ 3 vol% B4C sample is slightly lower after
GTAW remelting. These differences between the two processing
methods are seen in the Ti-8-1-1 sample, where the hardness
after GTAW is comparable to the hardness after extrusion and
heat treatment.

In terms of Young’s modulus, the results after GTAW remelt-
ing are like those after hot extrusion and heat treatment in the
case of unreinforced Ti-6-4 and to some extent also in the case of
unreinforced Ti-8-1-1. However, there is a clear discrepancy
between GTAW and extrusion for the reinforced variants: both
Ti-6-4 and Ti-8-1-1 with TiC or B4C have a significantly lower
Young’s modulus after TIG than their counterparts in the heat-
treated extruded state (Please note that due to the small sample
volumes, the measurements of Young’s modulus after GTAW
processing were only possible on single samples in contrast to
the measurements on the extruded samples, where the measure-
ments were carried out on three samples in each case. The reli-
ability of the measured results and their interpretation is therefore
sometimes limited, but at least the trends are recognizable).

Based on these results, one can see that the difference in hard-
ness of Ti-6-4 between the GTAW remelted and the hot extruded
and heat-treated sample may be due to their different heat-
treatment conditions and different proportions of α/β.
Furthermore, the difference in the case of Ti-6-4þ 3 vol% TiC
between the two conditions can also be attributed to the decom-
position of the TiC and the formation of a significantly different
morphology of the reformed TiC particles compared to the origi-
nal unreacted ones and attributed to dissolved C in Ti. Although,
C has a vanishingly low equilibrium concentration in α-Ti at room
temperature, its solubility is pronounced at higher temperatures
and in β-Ti.[29] Since the cooling rate during GTAW remelting is
not known in detail but can be assumed to be very high, it is very
likely that higher nonequilibrium levels of carbon are present in
the titanium lattice, which may contribute to a hardening effect.

However, this difference in hardness should also occur with
the Ti-8-1-1þ 3 vol% TiC, but this is not apparent. This may be
due to the significantly different size of the reformed TiC par-
ticles after GTAW remelting, as their size is significantly larger
in case for Ti-6-4þ 3 vol% TiC than for Ti-8-1-1þ 3 vol% TiC and
the morphology is also significantly different, which is dendritic-
shaped TiC in the case of Ti-6-4 and filament-like in the case of
Ti-8-1-1.

The differences in the results of the Young’s modulus
between the GTAW samples and the hot extruded heat-treated
samples may also be due to the different sizes and morphologies
of the TiC or B4C particles or their reaction products. This
change of mechanical properties has been previously reported
for Ti5Si3.

[10]

4. Conclusion

The investigations presented in this article have shown that pow-
der hot extrusion is a versatile method of producing Ti alloys
such as Ti-6-4 and Ti-8-1-1, as well as their MMCs. However,
in the case of Ti-8-1-1, it is necessary to apply a subsequent heat
treatment to obtain a homogeneous distribution of alloying ele-
ments such as Al and high melting alloying elements such as
Mo, which are added in elemental form.

It is shown that particle reinforcement of Ti-8-1-1 with TiC and
B4C leads to an increase in stiffness and hardness in the as-
extruded state. Subsequent heat treatment affects the Ti-8-1-1
alloy and the Ti-8-1-1þ 3 vol% B4C MMC, resulting in increased
stiffness in both cases. For Ti-8-1-1, this is explained by the for-
mation of the α2 phase during heat treatment, resulting in an
increase in Young’s modulus from up to 133.2 GPa, because
of the higher intrinsic stiffness of the intermetallic. In the case
of Ti-8-1-1þ 3 vol% B4C MMC, the reaction of B4C to TiC and
TiB is the dominant factor, resulting in an increase up to
141.4 GPa, due to the higher intrinsic stiffness of the in situ
formed TiB.

The GTAW remelting studies showed a decomposition effect
for the TiC-reinforced Ti-6-4 and Ti-8-1-1 MMCs, resulting in a
significant change in the microstructure. This resulted in signif-
icantly lower Young’s moduli compared to extruded and heat-
treated materials.

The results presented provide fundamental knowledge for
assessing the applicability of ceramic reinforcements in titanium
alloys with respect to their processing conditions. For powder-
based AMmethods, the proposed MMCs and their behavior dur-
ing WA-DED may be resulting in further research; on these
materials, especially experiments minimizing the high energy
inputs may lead to a more controlled microstructure and mini-
mize the chance of reactions of the reinforcing particles. The
nature of the interaction between Ti alloys and TiC may also
be studied in terms of thermal analysis and/or quenching
experiments.
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