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Abstract: Titanium aluminides, particularly the Ti-48Al-2Cr-2Nb alloy, have drawn signifi-
cant attention for their potential in high-temperature aerospace and automotive applica-
tions due to their exceptional performances and reduced density compared to nickel-based
superalloys. However, their intermetallic nature poses challenges such as limited room-
temperature ductility and fracture toughness, limiting their widespread application. Addi-
tive manufacturing, specifically Electron Beam Melting (EBM), has emerged as a promising
method for producing complex-shaped components of titanium aluminides, overcoming
challenges associated with conventional production methods. This work investigates the
fracture behavior of Ti-48Al-2Cr-2Nb specimens with different microstructures, including
duplex and equiaxed, under tensile and high-cycle fatigue at elevated temperatures. Frac-
ture surfaces were analyzed to distinguish between static and dynamic fracture modes.
A novel method, employing confocal microscopy acquisitions, is proposed to correlate
surface roughness parameters with the causes of failure, offering new insights into the
fracture mechanisms of titanium aluminides. The results reveal significant differences in
roughness values between the propagation and fracture zones for all the temperatures and
microstructure tested. At 650 ◦C, the crack propagation zone exhibits lower Sq values than
the fracture zone, with the fracture zone showing more pronounced roughness, particularly
for the equiaxed microstructure. However, at 760 ◦C, the difference in Sq values between
the propagation and fracture zones becomes more pronounced, with a more substantial
increase in Sq values in the fracture zone. These findings contribute to understanding
fracture behavior in titanium aluminides and provide a predictive framework for assessing
structural integrity based on surface characteristics.

Keywords: titanium; aluminides; fracture behavior; EBM; additive manufacturing

1. Introduction
The growing demand for efficient and eco-friendly energy systems has exposed the

limitations of conventional metallic materials, which have nearly reached their performance
boundaries after extensive development. Titanium aluminide alloys, based on the inter-
metallic phases γ (TiAl) and α2 (Ti3Al), are gaining attention for their exceptional properties,
including high melting points (up to 1460 ◦C), low density (3.9–4.2 g/cm3), and excellent
resistance to oxidation and corrosion [1,2]. These features position aluminides as potential
replacements for heavier nickel and iron-based superalloys in automotive, gas turbine,
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and power plant applications, providing much higher specific properties [3]. Intermetal-
lic alloys are characterized by a crystalline structure formed by combining two or more
metallic elements, which occupy the points of a lattice in a periodic regular arrangement.
These compounds exhibit a crystal lattice distinct from their constituent metals, existing as
a single-phase solid that can also form solid solutions with the original metallic elements.
The long-range atomic order in intermetallics persists up to a critical temperature (Tc),
which in some cases can approach the melting temperature (Tm) of the compound [4,5].

Titanium alloys containing TiAl and Ti3Al phases are typically classified as either
monophase (γ) or biphasic (α2 + γ) based on their composition. Although γ-TiAl alloys,
known for their excellent high-temperature strength and oxidation resistance [6,7], were
originally limited by low fracture toughness and room-temperature ductility, recent ad-
vancements in alloying and heat treatments have significantly improved their fracture
performances and creep resistance, expanding their potential applications [8].

Microalloying elements such as Cr, Mn, V, and Nb play a crucial role in tailoring
the properties of titanium aluminides. For instance, adding up to 2 at% of Cr, Mn, and
V enhances ductility, while the addition of 1–2 at% Nb is necessary to achieve sufficient
oxidation resistance [9,10]. Among biphasic alloys, the Ti-48Al-2Cr-2Nb intermetallic
alloy is particularly notable for its exceptional properties, making it a key material in
aerospace engine applications [11–13]. This alloy has been successfully employed in the
construction of compressors, turbine casings, and intermediate turbine stage blades, where
its high strength, oxidation resistance, and improved ductility are crucial for performance
in high-temperature environments [14,15].

The mechanical properties of the aluminides are strongly influenced not only by
the alloying elements but also by their microstructure. Four main microstructural types
are observed: (i) a relatively coarse, fully lamellar structure (α2/γ colonies), (ii) a fine
equiaxed structure (fine γ grains with α2 precipitates at grain boundaries), (iii) a fine
duplex structure (a mixture of fine lamellar α2/γ and fine equiaxed grains), and (iv) a
nearly lamellar structure (predominantly lamellar with some equiaxed γ grains) [16]. The
duplex microstructure is particularly favored for structural applications due to its favorable
combination of mechanical properties. This structure, which merges equiaxed and lamellar
phases, enhances ductility through the interfaces between lamellar colonies and equiaxed
grains [17–20].

The processing of titanium aluminides using conventional methods, such as casting
and forging, is challenging due to the material’s low ductility and fracture resistance.
Additive manufacturing (AM) technologies have emerged as a promising alternative,
enabling the production of complex geometries with improved precision and material
utilization [21,22].

Among powder bed AM technologies, Electron Beam Melting (EBM) is particularly
suitable for producing titanium aluminide components. Unlike laser-based techniques,
which may fail to meet preheating requirements and can introduce harmful thermal gra-
dients, EBM employs a high-energy electron beam to melt metal powders layer by layer
in a high-vacuum chamber. This process minimizes the risk of oxidation and ensures the
production of dense components, particularly for reactive materials like titanium [23–25].

Despite the advantages offered by EBM and other advanced manufacturing techniques,
the broader adoption of titanium aluminides is still hindered by the lack of understanding
of their complex fracture behavior. These materials exhibit different fracture morphologies
compared to conventional metals, particularly in fatigue failure, where crack propagation
features such as striations are typically absent [26–28]. Therefore, it is challenging to
understand the cause of failure from fracture surface observations.
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Moreover, their mechanical response varies significantly across their operational range,
transitioning from brittle to ductile behavior depending on temperature, further complicat-
ing failure analysis. A thorough understanding of the material’s response is essential not
only for the direct application of titanium aluminide-based components but also for their
subsequent processing, including welding and joining. In particular, intermetallic phases
play a crucial role in the joining of dissimilar materials, as in techniques like diffusion
bonding, where intermetallic phases are formed during the bonding process [29,30]. To
ensure the integrity of the joined components, it is crucial to comprehend the characteristics
of these intermetallic phases and their behavior within the joint.

To address these challenges, this study presents a novel method that employs confocal
microscopy to characterize the fracture surface and establish a correlation between surface
roughness parameters and the underlying causes of failure in Ti-48Al-2Cr-2Nb components.
Specimens with duplex and equiaxed microstructures were analyzed, as these microstruc-
tures are known for their distinct mechanical properties. Destructive testing, including
tensile tests to characterize static fracture surfaces and high-cycle fatigue (HCF) tests to
analyze dynamic fracture surfaces, was performed at two distinct temperatures to capture
both ductile and brittle fracture behaviors. Confocal microscopy was used to characterize
the fracture surfaces and differentiate between initiation, propagation, and catastrophic
fracture zones. Additionally, scanning electron microscopy (SEM) was employed to ex-
amine the microstructure of the specimens following fracture, providing a comprehensive
understanding of the fracture mechanisms.

2. Materials and Methods
2.1. Production of Ti-48Al-2Cr-2Nb Specimens Through EBM Technology

Ti-48Al-2Cr-2Nb specimens used in this study were fabricated using Electron Beam
Melting (EBM) additive manufacturing, followed by Hot Isostatic Pressing (HIP) treatment.
The process parameters used for specimen production were those commonly referenced in
the literature for the manufacturing of Ti-48Al-2Cr-2Nb components [24,31]. In particular,
the beam current was set to 10 mA, and the scanning speed was adjusted to 600 mm/s. The
specimens were printed using an Arcam A2X EBM machine (Arcam, Mölndal, Sweden).

For each type of destructive test to be analyzed, 10 specimens were produced for
each microstructure under study. Specifically, 10 duplex microstructure specimens and
10 equiaxed microstructure specimens, each with a circular cross-section, were produced
following the ASTM E21-20 [32] standard for high-temperature tensile testing. Similarly,
10 duplex and 10 equiaxed specimens were produced with a circular cross-section following
the ASTM E606/E606M-21 [33] standard for HCF testing. After production, the EBM-
fabricated material underwent HIP treatments to reduce or eliminate residual porosities.
This treatment is particularly necessary to achieve high-performance components with
duplex microstructures. The microstructure of the duplex samples following the HIP
treatment is presented in Figure 1.

The specimens characterized by the equiaxed microstructure are composed of fine γ

grains with α2 precipitates along the grain boundaries. This structure results from heat
treatment at lower temperatures in the α2 + γ region of the Ti-Al binary phase diagram.
The mean grain size of the equiaxed specimens is 21.44 ± 0.48 µm. The specimens with
the duplex microstructure consist of a mixture of fine α2//γ lamellae and fine equiaxed
γ grains, forming through heat treatment in the α + γ region. The mean γ-grain size is
14.19 ± 0.95 µm, while the lamellae dimension is 3.27 ± 0.70µm.
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Figure 1. SEM images of the microstructure of specimens obtained via EBM technology and subjected
to HIP treatment characterized by of (a) equiaxed microstructure (b) duplex microstructure.

2.2. Characterization of the Samples

As mentioned in previous sections, the characterization tests consisted of tensile and
HCF tests. All tests were conducted at two distinct temperatures, 650 ◦C and 760 ◦C, chosen
to span the brittleness and ductility ranges of the specimens, allowing for a comparative
analysis of their behavior. The tensile tests were performed using a universal testing
machine, and deformation was measured with an extensometer. Given that the tests were
conducted at elevated temperatures, the ASTM E21-20 standard was followed.

Fatigue tests were performed using fatigue test equipment, with the number of cycles
starting from 10,000 to ensure that failure occurred under significantly lower stresses
than the material’s yield strength. In these tests, the applied stress was uniaxial and
oriented along the specimen’s axis until failure occurred. The R-ratio, defined as the
ratio of minimum to maximum stress (R = σmin/σmax), was set to 0.6 for the test. The
frequency was set to 15 Hz, and the maximum stress was 300 MPa. After the mechanical
tests, the fracture surfaces of the specimens were examined using a Scanning Electron
Microscope (SEM), HITACHI TM3000 (Hitachi, Tokyo, Japan), to analyze the fracture
patterns. Subsequently, to verify the existence of differences in the surface characteristics
of the fracture surfaces obtained from the different tests, analyses were performed using
a confocal microscope (Leica DCM3D Scan, Leica Microsystems, Wetzlar, Germany) in
conjunction with LeicaMap processing software (version DCM 7.3.7746). The quantitative
surface parameters evaluated included Sa (arithmetical mean height), and Sq (root mean
square height). These two parameters were selected for their distinct characteristics in
surface roughness analysis. Sa (arithmetical mean deviation of the surface) is defined as
the arithmetic average of the absolute values of the surface height deviations from the
mean plane. It provides a general indication of surface roughness and is less sensitive to
extreme peaks and valleys. In contrast, Sq (root mean square roughness) is calculated as
the square root of the average of the squared deviations of the surface heights from the
mean plane. This parameter is more sensitive to larger peaks and valleys, offering a more
detailed representation of the surface’s irregularities.

For the analysis, a Gaussian filter with a cutoff of 0.08 mm was applied to obtain the
roughness surface, ensuring accurate measurement of the surface’s characteristics without
the influence of high-frequency noise.
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3. Results
3.1. Tensile Tests

Following static load tests conducted at temperatures both above and below the brittle-
to-ductile transition temperature, the tensile properties of specimens with duplex and
equiaxed microstructures were evaluated. The results showed that at 650 ◦C, the specimens
with a duplex microstructure exhibited a UTS of 480 ± 10 MPa and an elongation at break of
2.2 ± 0.3%. At the same temperature, the equiaxed microstructure specimens demonstrated
a higher UTS of 506 ± 12 MPa but a lower elongation at break of 1.5 ± 0.2%. At 760 ◦C,
the duplex microstructure specimens showed a UTS of 472 ± 8 MPa and an elongation
at break of 4.6 ± 0.4%, while the equiaxed microstructure specimens exhibited a UTS
of 503 ± 8 MPa and an elongation at break of 2.8 ± 0.2%. These results are consistent
with the existing literature, which indicates that duplex microstructures typically exhibit
lower strength but greater ductility compared to equiaxed microstructures. The fracture
surfaces were analyzed, and the tested specimens are shown in the macrographs presented
in Figure 2.
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Figure 2. Stereomicroscope images of the specimens subjected to tensile tests characterized by:
(a) duplex microstructure tested at 650 ◦C; (b) duplex microstructure tested at 760 ◦C; (c) equiaxial
microstructure tested at 650 ◦C; (d) equiaxed microstructure tested at 760 ◦C.

For the specimen with a duplex microstructure, stereomicroscope observations re-
vealed a clear distinction between fractures occurring above and below the ductile-to-brittle
transition temperature during static loading.

The fracture surface of the specimen tested at 650 ◦C (Figure 2a) exhibits a distinctly
faceted and shiny appearance, characteristic of cleavage morphology. In contrast, the sur-
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face of the specimen fractured at 760 ◦C (Figure 2b) is marked by a more porous and matte
texture, which can be attributed not only to the ductile fracture morphology but also to oxi-
dation. In fact, the increased exposure to the oxidizing atmosphere at elevated temperatures
contributes to the darker appearance observed in this surface. These specimens display
a ductile fracture morphology, with fracture surfaces exhibiting a fibrous appearance at
the macroscopic level. This characteristic is attributed to the presence of micro-cavities,
referred to as “dimples”, on the fracture surfaces. Furthermore, a reduction in the diame-
ter of the fracture surface is observable, attributable to the necking phenomenon, as the
material exhibits plastic deformation above the ductile-to-brittle transition temperature
before failure.

Similarly, for specimens characterized by an equiaxed microstructure, the stereomi-
croscopic analysis reveals a clear demarcation between fractures that occurred above and
below the ductile-to-brittle transition temperature. The surface of the specimen at 650 ◦C
(Figure 2c) demonstrates a higher degree of brightness and faceting, whereas the surface of
the specimen tested at 760 ◦C (Figure 2d) exhibits a more opaque appearance, characterized
by the presence of dimples. Furthermore, in the specimens subjected to testing at 760 ◦C,
as illustrated in Figure 3d, a notable reduction in the diameter of the fracture surface is
observed, attributed to the necking phenomenon.
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These findings are further corroborated by the analysis of the fracture surface images
acquired via SEM, as presented in Figure 3. Higher magnification images in Figure 4 offer a
more detailed examination of the fracture surfaces morphology.
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Figure 4. Comparison of fracture surfaces at 1500× magnification, following tensile testing for
specimens characterized by: (a) duplex microstructure tested at 650 ◦C; (b) duplex microstructure
tested at 760 ◦C; (c) equiaxed microstructure tested at 650 ◦C; (d) equiaxed microstructure tested at
760 ◦C.

In both cases, SEM analysis provides further confirmation of the previous observations,
with distinct ductile and brittle fracture morphologies clearly identifiable. The ductile
fracture displays a more porous structure with surface craters (dimples), while the brittle
fracture is more faceted, exhibiting the characteristic features of cleavage.

However, it is not possible to conclusively determine whether the fracture mode
is exclusively caused by the cleavage mechanism, and thus a purely transgranular frac-
ture, which is more typical of ceramic materials. Titanium aluminides are intermetallic
compounds, exhibiting properties that are characteristic of both metallic and ceramic ma-
terials. Specifically, for the duplex microstructure, which comprises both equiaxed and
lamellar grains, it is challenging to definitively classify the fracture as either transgranular
or intergranular.

Regarding the analysis of surface characteristics, Figure 5 provides examples of the
roughness and waviness surfaces observed in duplex specimens after testing at 650 ◦C and
760 ◦C.

Visual analysis clearly shows that the surface of specimens fractured at higher temper-
atures features more pronounced peaks. Average key surface parameters were calculated
from the roughness surfaces of the specimens and are presented in Table 1.
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760 ◦C.

Table 1. Average roughness parameters (Sa and Sq) derived from the fracture surfaces of the
specimens following tensile testing.

Sa [µm] Sq [µm]

Duplex T = 650 2.01 ± 0.3 2.65 ± 0.3

Duplex T = 760 3.12 ± 0.2 3.98 ± 0.4

Equiaxed T = 650 4.16 ± 0.2 5.37 ± 0.8

Equiaxed T = 760 4.42 ± 0.3 7.87 ± 0.7

3.2. High-Cycle Fatigue Tests

The images of the fracture surfaces of the samples following the HCF tests are pre-
sented in Figure 6.

In both microstructures examined, clear distinctions can be observed between the
initiation/propagation and fracture zones during HCF testing at 760 ◦C, a temperature at
which the material exhibits increased ductility. At this temperature, the crack initiation
and propagation zone shows extensive oxidation, evident from the distinct coloration in
this portion of the material compared to the fracture zone (Figure 6b,d). In fact, since this
zone is the first to reach fracture, it remains exposed to the oxidizing atmosphere for a
longer duration.

To gain a more comprehensive understanding of the material’s behavior, it is essential
to analyze the SEM micrographs presented in Figure 7. Higher-magnification images in
Figure 8 are included to elucidate further fracture characteristics.
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Figure 6. Stereomicroscope images of the specimens subjected to HCF tests characterized by:
(a) duplex microstructure tested at 650 ◦C; (b) duplex microstructure tested at 760 ◦C; (c) equiaxed
microstructure tested at 650 ◦C; (d) equiaxed microstructure tested at 760 ◦C.

Upon analyzing the samples tested at 650 ◦C, both fracture surfaces clearly show
the phenomenon of cleavage in the propagation zone. Similarly, in the fracture zone,
the material also behaved in a brittle manner, with evident cleavage, although there are
morphological differences between the two regions.

At 760 ◦C, the propagation zone also appears to have resulted from a brittle trans-
granular fracture, as the typical striations associated with ductile fracture are absent.
However, in this case, the fracture zone exhibits a ductile morphology, similar to that seen
in tensile tested specimens (Figure 4b,d). Specifically, dimples, characteristic of ductile
fracture, can be observed. A distinct difference can be observed between the microstruc-
tures of the duplex and equiaxed specimens at the same analysis temperature. This is
attributed to the fact that duplex microstructures exhibit characteristics of both lamellar
and equiaxed microstructures.

Concerning the surface characteristic analysis, Figure 9 illustrates examples of the
roughness and waviness observed on the surfaces of duplex specimens following testing at
650 and 760 ◦C.
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(c) Waviness surface of a duplex specimen at 760 ◦C; (d) Roughness surface of a duplex specimen at
760 ◦C.

From the visual analysis of the surface topography acquired through confocal mi-
croscopy, it is evident that the propagation and fracture zones, at both considered tem-
peratures, exhibit significantly different average roughness values, allowing for a clear
distinction between these regions. Notably, on the waviness surface, the typical fatigue
striations are not visible. To quantitatively assess these differences across all tested sample
types, the mean surface parameters were extracted from the roughness profiles and are
presented in Table 2.

Table 2. Average roughness parameters (Sa and Sq) derived from the fracture surfaces of the
specimens following HCF testing.

Propagation Zone

Sa [µm] Sq [µm]

Duplex T = 650 0.973 ± 0.1 1.26 ± 0.2

Duplex T = 760 1.63 ± 0.2 2.08 ± 0.4

Equiaxed T = 650 2.33 ± 0.3 3.33 ± 0.2

Equiaxed T = 760 2.43 ± 0.3 3.16 ± 0.4

Fracture Zone

Sa [µm] Sq [µm]

Duplex T = 650 1.68 ± 0.2 2.25 ± 0.3

Duplex T = 760 3.30 ± 0.3 4.49 ± 0.5

Equiaxed T = 650 2.49 ± 0.3 4.06 ± 0.3

Equiaxed T = 760 3.58 ± 0.2 4.59 ± 0.4
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4. Discussion
The titanium aluminides examined exhibit morphological characteristics that distin-

guish them from conventional metallic materials, complicating the identification of the
damage mechanisms and the understanding of fracture causes. Fracture typically initiates
at the surface of the material, often due to surface irregularities such as microcracks and
micro-notches. Even when the applied load is below the yield strength, localized stresses
can exceed critical thresholds, triggering sliding phenomena. At the base of these surface
irregularities, stresses are intensified due to the notch effect, making the material more
susceptible to localized failure and the formation of microcracks. These microcracks tend
to coalesce, forming a primary crack, which is then considered to be nucleated. The crack
propagates initially along a 45◦ direction, subsequently continuing perpendicular to the
applied stress direction. Following crack nucleation, its propagation typically occurs in a
transgranular manner (characteristic of brittle fracture) and is oriented perpendicular to
the direction of maximum applied stress, deviating from the initial 45◦ path. With each
loading cycle, the crack progresses, occasionally leaving characteristic markings known as
“striations”; however, these features are not discernible in the material under investigation.
Stress intensification occurs at the crack tip, and if the material is sufficiently ductile, plastic
deformation is observed, with crack propagation similar to that seen in ductile fracture. As
the crack advances, the cross-sectional area of the material progressively diminishes. Once
the cross-sectional area is sufficiently reduced and the crack reaches the critical section
size, the final fracture occurs due to static overload. In the context of fatigue fracture,
the two microstructures analyzed (duplex and equiaxed) exhibit distinct behaviors. The
duplex microstructure, which consists of both equiaxed and lamellar grains, exhibits dis-
tinct fracture characteristics. According to the literature [34], in lamellar microstructures,
fatigue cracks nucleate at weak points, such as pores, cavities, damaged surfaces, and oxide
inclusions. However, it has been observed that lamellar colonies oriented perpendicular to
the loading axis act as structural defects, as fatigue cracks tend to nucleate more easily in
the interlamellar regions than within the lamellae themselves. Once the interlamellar crack
initiates, it propagates rapidly. Additionally, some studies suggest that when the lamellar
structure consists of lamellae larger than the critical crack size, their anisotropic properties
govern the fatigue fracture behavior [35].

Having observed how lamellae oriented perpendicular to the loading axis act as defects
and initiate crack propagation, the equiaxed region was investigated for comparison with
the roughness values obtained from specimens with an equiaxed microstructure that failed
due to static overload (below the ductile-to-brittle transition temperature, in line with the
specimens under examination). The results substantiate the identification of this region
as a failure zone, supporting the hypothesis that the lamellar region is where fracture is
initiated and propagated. To facilitate a comparison between the two microstructures and
to delineate the crack initiation and propagation zones, a comparison of the roughness
values is presented in Figure 10.

Thus, guidelines can be established to predict the fracture mode of components made
from titanium aluminides. To determine the origin of the fracture, it is essential to generate
a height map of the component. By analyzing the height maps and assessing the roughness
values in different regions, it can be inferred that areas with lower roughness are likely to
correspond to the fracture initiation zones, regardless of whether the component operated
above or below the ductile-to-brittle transition temperature.
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5. Conclusions
This study examined the fracture behavior of Ti-48Al-2Cr-2Nb alloy by analyzing the

fracture surfaces resulting from tensile and HCF tests, employing confocal microscopy. The
investigation focused on two distinct microstructures (equiaxed and duplex) at elevated
temperatures (650 ◦C and 760 ◦C) to elucidate the transition between brittle and ductile
fracture modes, providing deeper insights into the alloy’s mechanical performance under
varying conditions. The following conclusions can be drawn from the results:

• Fracture behavior of Ti-48Al-2Cr-2Nb alloy was highly influenced by both the mi-
crostructure and testing temperature, with notable differences between the duplex
and equiaxed microstructures under varying loading conditions.

• Surface roughness was found to be a critical indicator of fracture mechanisms. The
propagation zone in both tested temperatures (650 ◦C and 760 ◦C) exhibited lower
Sq values, indicating brittle fracture behavior. This was consistent with the reduced
surface roughness observed in this region, which suggests limited plastic deformation
before fracture.

• At 650 ◦C, the equiaxed microstructure demonstrated a less pronounced difference
in Sq values between the propagation and fracture zones compared to the duplex
microstructure, indicating the influence of the hybrid lamellar-equiaxed microstructure
of the duplex specimens. At 760 ◦C, the fracture zone showed considerably higher
Sq values than the propagation zone, due to the more ductile behavior in the fracture
zone. This aligns with the higher temperature promoting increased plasticity and
more significant deformation before final failure.

• A reliable method for evaluating the fracture behavior of titanium aluminide compo-
nents can be developed through the construction of surface height maps generated
via confocal microscopy. Analysis of roughness values across these maps reveals
that regions with lower roughness consistently correspond to fracture initiation and
propagation zones, regardless of whether the material operates above or below the
ductile-to-brittle transition temperature.

These findings provide a deeper understanding of fracture mechanisms in titanium
aluminides, demonstrating the effectiveness of confocal microscopy for detailed surface
inspection and surface roughness analysis.
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