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Abstract

The fracture initiation and propagation was studied in a novel in-situ Ti-44.5AI-8Nb-4.8C-0.8Mo0-0.1B (at%)
composite reinforced with carbide particles. The composite was prepared by vacuum induction melting in
graphite crucibles and precise casting into graphite mould. The as-cast samples were subjected to hot isostatic
pressing and stabilisation annealing. The phase composition of the test specimens was characterised by X-
ray diffraction analysis and transmission electron microscopy. The fracture of the composite was studied by
scanning electron microscopy (SEM) and SEM in backscattered mode (BSEM). The coarse primary carbide
particles are found to be effective obstacles to propagation of cracks initiated in the TiAl matrix during room-
temperature three point bending test. The propagation of fracture in the in-situ composite includes crack arrest
by carbide particles, crack deflection, delamination on the matrix-carbide interfaces and extraction of some
carbide reinforcements from the TiAl matrix.
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1. INTRODUCTION

An effort to improve the high temperature properties and room temperature ductility of TiAl alloys led to the
development of TiAl based composites reinforced by carbide particles. Coarse primary particles of H-Ti2AIC
phase form in these composites during casting and fine secondary needle-like P-TisAlIC and plate-like H-Ti2AIC
precipitates during ageing or heat treatment [1-14]. Improvement of the fracture toughness of the in-situ TiAl
based composites depends on applied processing techniques, size and volume fraction of carbide particles
[1-8]. In general, increase of the fracture resistance of TiAl based composites in comparison to the single
phase TiAl is attributed to crack trapping and crack bridging mechanisms by carbide particles [12]. With the
increase of carbon content, the volume fraction of carbide particles increases and carbides can form clusters,
which can negativelly affect the mechanical behavior of the in-situ composites [7]. Moreover, as a result of
carbon increase, primary H-Ti2AIC particles of different morphology can form in TiAl matrix [1-2]. In spite of
previous studies on in-situ composites, there is lack of information about the effect of carbide particles with
various morphology on initiation and crack propagation during room temperature mechanical loading.

The aim of this work is to study fracture initiation and propagation in in-situ composite with nominal composition
Ti-44.5A1-8Nb-4.8C-0.8Mo-0.1B (at%) during room temperature three-point bending tests. Carbide particles of
different shape and size were formed in the composite during casting and subsequent heat treatment. The
fractography analysis of the in-situ composite is also supported by TEM observations.

2. EXPERIMENT

Samples of in-situ composite with nominal composition Ti-44.5A1-8Nb-4.8C-0.8Mo-0.1B (at%) were prepared
by vacuum induction melting and centrifugal casting [2]. After casting, the as-cast composite was subjected to
heat treatments consisting of hot isostatic pressing (HIP) at a temperature of 1250 °C and applied pressure of
200 MPa for 4 h in argon, followed by annealing at 900 °C for 25 h in air.
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Room temperature three-point bending (3PB) tests were carried out using V-notch specimens with a thickness
of 10 mm, width of 10 mm, length of 55 mm, notch length of 2 mm and notch tip radius of 0.25 mm at a cross
head speed of 0.5 mm/min. The specimens were prepared by wire electrical discharge machining and grinding
from the heat treated (HT) in-situ composite.

Microstructure and fractography analyses of the samples were carried out by scanning electron microscopy
using secondary electron (SEM) or back scattered electron (BSE) detectors. Phase characterization of the
studied in-situ composite was performed by X-ray diffraction (XRD) and transmission electron microscopy
(TEM). Samples for SEM were etched in a reagent of 150 ml H20, 25 ml HNOs and 10 ml HF. The samples
for TEM were mechanically thinned up to a thickness for about 40-50 um and subsequently finalized by ion
milling until perforation using GATAN PIPS Il machine. TEM observations were performed on JEOL1200 FX
microscope operated at 100 kV. Volume fraction and size of coexisting phases were determined from
digitalized BSE micrographs using a computer image analyser.

3. RESULTS AND DISCUSSION

3.1. Microstructure evaluation of the composite

Figure 1 shows XRD diffraction pattern of the HT in-situ composite. Two phase microstructure is composed
of tetragonal y(TiAl) phase and remaining diffraction peaks belong to the hexagonal H-Ti2AIC phase. Figure 2
shows BSE micrographs of the studied HT in-situ composite. A relatively uniform distribution of the coarse
primary carbide particles of different morphology is formed within the y matrix, as seen in Figure 2a. Figure 2b
shows enlarged detail of the microstructure (blue rectangle in Figure 2a) with primary carbide particles.

Volume fraction of these carbide particles is

e measured to be (20.0 + 0.5) vol%. Some coarse

e 7-TiAl Ti2AIC particles contain untransformed TiC phase in

® * H-TLAIC their cores. The matrix of the composite is not fully
g homogenized and is composed of dendritic y phase
g enriched by Nb and Ti (bright colour phase) and
g 3 interdendritic yi enriched by Al (grey colour phase).
- - 1 ® ® Figure 3 shows TEM micrographs of the in-situ

composite. The y matrix is found in the form of
lamellar or single-phase grains of different size, as
seen in Figure 3a. The interdendritic yi corresponds
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to the area with the single-phase y grains. The large
Figure 1 XRD diffraction pattern of HT in-situ y grain is surrounded by numerous smaller y grains
composite with a size of about 2.3 um. Some of these grains

contain few coarse lamellae with some secondary
precipitates or the lamellar interfaces are enclosed by dislocation walls. The dendritic area is predominantly
composed of lamellar y/y grains with secondary precipitates on lamellar interfaces and grain boundaries.
Besides the large coarse primary carbides, the in-situ composite contains smaller particles with a size not
exceeding 2 um. Figure 3b shows TEM micrograph of such small primary H-Ti2AIC particle with its
corresponding selected area diffraction (SAD) pattern. The crystallographic orientation relationship between
such carbide particles and surrounding y grains is found to be random. During the heat treatment the fine
secondary carbides precipitate preferentially within the coarse y grains and along the y grain boundaries and
the y/y lamellar interfaces. Figure 3¢ shows the area with small y grains surrounded by numerous fine particles
formed along their boundaries. These particles were identified to belong to H-Ti2AIC phase, as shown in inset
of the Figure 3c.
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Figure 2 BSE micrographs showing microstructure of HT in-situ composite: (a) Distribution and
morphology of coarse primary carbide particles in the matrix composed of dendritic y and interdendritic y;;
(b) Enlarged detail showing the morphology of coarse primary H-Ti2AIC particles of regular (1), plate-like

(2) and irregular shape (3) with some remaining TiC (4)
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Figure 3 TEM micrographs showing microstructure of HT in-situ composite: (a) Primary H-Ti2AIC particle
in the matrix composed of single-phase y and lamellar y/y grains; (b) Primary H-Ti2AIC particle embedded
in small recrystallized y grains; (c) Distribution of secondary H-Ti2AIC precipitates along y grain
boundaries; (d) Secondary H-Ti2AIC and P-TisAIC precipitates within the lamellar y/y grains
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Figure 3d shows detail of the lamellar y/y area where two kinds of secondary precipitates can be observed.
The diffraction pattern along the (111) planes of the y phase indicates the existence of some weak reflections

corresponding to (0002) planes of the H-Ti2AIC phase. Besides the secondary H-Ti2AIC precipitates, fine P-

TisAIC precipitates can be identified within the lamellar y/y grains [2]. The coexistence of secondary P-TisAIC
and H-Ti2AIC precipitates was reported also by several authors [8,10] in the microstructure of Ti-46Al-8Nb-
(1.4-2.5)C and Ti-45AI-5Nb-(0.75-1)C alloys.

3.2. Fracture initiation and propagation during room temperature three-point bending tests

Figure 4 shows crack initiation and propagation in the in-
situ composite after interrupted 3PB test. The crack is
initiated in the vicinity of the notch tip and propagates in
direction opposite to the load direction. Figure 5 shows
propagation of the main crack and distribution of the
secondary short cracks in the composite. Numerous fine
side cracks are observed in the vicinity of the main crack.
These cracks are initiated at the y grain boundaries or
interfaces of y phase with H-Ti2AIC particles, but then they
propagate through the grains, as seen in Figure 5a. The
primary H-Ti2AIC particles can effectively deflect these
cracks during loading. Figure 5b shows the area of the composite where the main crack is stopped by primary
H-Ti2AIC particles. The zigzag propagation of the main crack results from its interactions with the grain
boundaries and coarse primary carbide particles. The effectiveness of the H-Ti2AIC particles to hinder crack
propagation depends strongly on their crystallographic orientation to the load direction [15]. The crack
propagates frequently along the interfaces of favorably oriented particles with the matrix as well as through the
carbide particles bridging the crack. Figure 6 shows fracture surface of the in-situ composite. The pull-out of
the coarse H-Ti2AIC particles, decohesion along the matrix/carbide particle interfaces, crack deflection,
laminated tearing and delamination of the carbides can be well identified on the fracture surface, as shown in
Figure 6a. The pull-out of the carbide particles from the matrix increases the fracture energy of the TiAl matrix
[12]. The observed laminated tearing and the kinking boundaries of the H-Ti2AIC particles confirm that the
reinforcing phase contributes to the fracture toughness and damage tolerance of the in-situ composite

¢Load direction
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Figure 4 Initiation of crack during 3PB test
with schematic depiction of test arrangement
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Figure 5 SEM micrographs showing initiation, propagation and crack arrest in in-situ composite:
(a) Nucleation of short cracks in the vicinity of the main crack; (b) Zigzag crack propagation and crack arrest
by the primary H-Ti2AIC particles. 1 - crack initiation on the grain boundary, 2 - crack initiation at
matrix/carbide interfaces, 3 - deflection of the cracks, 4 - delamination of the primary H-Ti2AIC particles
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Figure 6 Fracture surface of in-situ composite: (a) Fracture mode of H-Ti2AIC particles of regular (1), plate-
like (2) and irregular shape (3); (b) Fracture mode of lamellar y/y grains and y grain boundaries with fine
secondary carbide particles. (1) pull-out of H-Ti2AIC, (II) decohesion along particle/matrix interface, (lll) crack
deflection by carbide particle, (IV) laminated tearing and delamination of the carbides, (5) secondary carbide
particles on the y grain boundary

when compared to those of single TiAl matrix. Moreover, the H-Ti2AIC particles can retard crack propagation,
which is manifested by the crack deflection. In the case of regular shaped carbide particles the crack is initiated
at the particle/matrix interfaces. The fracture behavior of the irregular particles depends on their
crystallographic orientation to the load direction and its fracture surface shows the same behavior like plate-
like H-Ti2AIC particles. The TiC phase preserved in the core of some H-Ti2AIC particles retards the crack
propagation and causes the crack deflection. Song et al. [14] observed also crack deflection caused by TiC
particles embedded in H-Ti2AIC phase of TiAl/Ti2AIC composite with 15 mol% of H-Ti2AIC addition. Figure 6b
shows the fracture surface through lamellar y/y grain and along y grain boundaries containing numerous fine
secondary carbide particles. The secondary H-Ti2AIC and P-TisAIC particles contribute to the strengthening of
the composite. The cracks within the lamellar grains propagate along the y/y lamellar interfaces as well as
through the lamellar interfaces forming palisade type of fracture.

4. CONCLUSION

The fracture initiation and propagation in the in-situ Ti-44.5Al-8Nb-4.8C-0.8M0-0.1B (at%) composite
reinforced with carbide particles was studied during room-temperature three point bending tests. The achieved
results that can be summarized as follows:

° The microstrucure of the test samples before 3PB tests is composed of y(TiAl) matrix and primary and
H-Ti2AIC particles. Besides the primary carbide particles, the composite is reinforced with fine secondary
H-Ti2AIC and P-TisAIC precipitates formed during the heat treatment.

° The coarse primary H-Ti2AIC particles are found to serve as the effective obstacles to crack propagation.
Primary plate-like and irregular shaped H-Ti2AIC particles and their distribution have the key effect on
the initiation and crack propagation.

° The fracture of the in-situ composite includes crack arrest, pull-out of the coarse H-Ti2AIC particles,
decohesion at the matrix/particle interfaces, crack deflection, laminated tearing and delamination of the
carbide reinforcements.
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