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Abstract: In order to investigate the real-time cracking behavior of each component of a composite with strong interfacial bonding
among lamellae, Ti—18Nb (at.%) composite was prepared by spark plasma sintering (SPS), followed by hot-rolling, annealing, and
quenching. The microstructure and mechanical properties were characterized by scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), micro-region X-ray diffractometry (MRXRD), nanoindentation, and in-situ scanning electron
microscopy tensile testing. The results show that the Ti—18Nb consists of Ti-enriched, diffusion and Nb-enriched zones, and the
sharp Nb gradient across different zones leads to inhomogeneous distribution of phase and mechanical properties. A remarkable
finding is that the diffusion zones not only enable the cooperative deformation between the brittle Ti-enriched zones and the ductile
Nb-enriched zones but also act as the crack-arresters to prevent the local cracks in the Ti-enriched zones from further propagating
across the composite.
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1 Introduction

Developing strong and ductile metallic materials is
usually a great challenge because the strength and
ductility are mutually exclusive in most cases [1]. One of
the effective strategies is to achieve inhomogeneous
microstructures [2—6]. Many researchers reported better
mechanical performance of the multi-layer-structured
composites compared with the materials with
homogeneous structures [7]. The key advantage of
these composites is that the strength and the ductility can
be well tailored by adjusting the microstructure
parameters [8,9]. For instance, a laminated Cu/Al
composite exhibited better tensile properties than either
of the matrix [10]. A Cu/Cu laminated composite showed
double elongation than the cold-rolled Cu without
decreasing in strength [11]. However, the relatively
poor interfacial bonding usually limits the further

improvement in the mechanical properties. The modulus
mismatch of each component usually leads to strong
stress/strain heterogeneity in the interface, and then the
delamination of insufficient metallurgical bonding
between adjacent lamellae would occur and leads to the
premature failures of the materials [12]. Besides, the
interfacial strength is also vital to cracking-resistance
performance [13]. Consequently, the overall properties of
composites can be further enhanced by introducing tough
lamellae having strong bonding with the matrix.

The understanding of the fracture mechanism will
provide useful insight into the strengthening mechanisms
of the composite with novel structures. However,
previous research was mainly focused on cracking
performance on a macro-scale. In fact, the component
would interact with each other during deformation.
Recently, the in-situ scanning electron microscopy (SEM)
mechanical testing system allows observing the
deforming material surface on a micro-scale [14]. In this
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work, the in-situ experimental means can be used to
record the complete process of crack initiation and
propagation, and reveal the microstructural evolution and
surface morphology change, which is beneficial to
understanding the influence of bonding interfacial
lamellae on the deformation/fracture behavior of the
composites.

Spark plasma sintering (SPS) is a novel sintering
method and can obtain full densification based on
the electrical spark discharge phenomenon in a few
minutes [15]. SPS technique uses a low voltage, high
density pulse current and uniaxial pressure to achieve
fast densification. The applied pulse discharge
contributes to particle surface activation and increased
diffusion rates, which enhances the sinterability of
powders. At the same time, external pressure is necessary
to achieve low porosity. The current can enhance the
mass transportation through electron-migration, point
defect generation and enhanced defect mobility. This is
beneficial to forming a well-bonded interface between
different powders without obvious grain coarsening [16].
Besides, considering the infinite solubility of Nb in
Ti [17], the Ti—Nb system seems suitable for architecting
a laminated structure with good interfacial bonding. SPS
is a suitable method to produce the multi-layered Ti—Nb
metallic composites.

Here, a multi-layered Ti—18Nb (at.%) metal—-metal
composite (MMC) was produced via SPS followed by
hot-rolling, annealing, and water quenching. The in-situ
SEM tensile testing was adopted to investigate the
real-time cracking behavior of the inhomogeneous zones
in the MMC and get a further understanding of the

relationship  between the interface status and
performance. Besides, the influence of the
inhomogeneous microstructure on the mechanical

behaviors of different zones is also discussed. The results
may provide a wuseful guideline on designing
microstructure and improving the mechanical properties
of composites.

2 Experimental

Ti—18at.%Nb MMC was fabricated by blending
elemental Ti powders (<75 pum, 99.9% purity, prepared
by gas atomization technique) and Nb powders (<45 um,
99.9% purity, prepared by hydrogenation dehydro-
genization technique, supplied by Qinghe Xinbao Alloy
Material Co., Ltd.). Then, the mixed powders were
consolidated into cylindrical billets with the same
dimension (60 mm in diameter and 9 mm in height)
using SPS, and sintered at 1200 °C under vacuum (5 Pa)
and a uni-axial pressure of 20 MPa for 10 min.
Afterwards, the billet samples were hot-rolled with a
height reduction of 72% at 850 °C. The specimens were

then wire-electrode cut and annealed at 850 °C for
30 min in an evacuated quartz tube, followed by water
quenching to room temperature.

Phase constitution of the MMC was characterized
by a micro-region X-ray diffraction (MRXRD) analyzer
(Rigaku Rapid IIR) with a Cu K, radiation operated at
40 kV and 250 mA at room temperature at a step of
0.045°. Optical microscopy (OM, Leica), and scanning
electron microscopy (SEM, FEI Quanta FEG 250)
equipped with an energy dispersive spectroscopy (EDS)
were used for microstructural examination and
compositional analysis.

The microhardness and elastic modulus were
measured by an IBIS nanoindentation tester, using a
maximum load of 200 mN. The in-situ mechanical
testing system of SHIMADZU (Model SEM-SERVO
PULSER, equipped with a JSM-IT100 SEM), allowing
the real-time observation on the deformation material
surface with high resolution, was applied for the fracture
test. The geometrical dimensions of the in-situ tensile
sample are shown in Fig. 1. Then, the cycle load was
applied to the sample to prepare a fatigue pre-crack at the
notch tip with the length of 2 mm. The fracture test was
performed at a strain rate of 1x10™* s™'. The crack tip
deformation process in different zones and the
propagation path were observed and recorded. The
crack-tip-opening angle (CTOA) is usually employed to
evaluate the cracking resistance and fracture toughness,
which can be estimated through the geometrical change
of the crack surfaces in the recorded SEM images. The
measuring method of CTOA was introduced in detail in
Ref. [14].
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Fig. 1 Geometrical dimensions of in-situ tensile sample for
fracture test

3 Results and discussion

3.1 Microstructures

Figure 2 shows the microstructure and phase
constitutions of the Ti—18Nb MMC. Figure 2(a) depicts a
typical rolling microstructure of the MMC with
laminated dark, white and grey zones. As shown in
Figs. 2(b) and (c), the compositional profile reveals that
the dark, the white, and the grey zones are Ti-enriched,
Ti—Nb diffusion and Nb-enriched zones, respectively.
The gradient Nb distribution should be mainly attributed
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to the SPS process. ZHAO et al [17] reported that the
minimum  sintering  temperature  for  complete
homogenization of powder-metallurgy-processed Ti—Nb
alloys should be around 1300 °C. Consequently, the low
sintering temperature and short time of the SPS process
in this work can lead to the sharp composition gradient
across the three types of zones. Further MRXRD results
(Fig. 2(d)) show that the Ti-enriched and the Nb-enriched
zones mainly consist of a/a'+a" phase and f/Nb phase,
respectively. While, the Ti—Nb diffusion zones are
composed of B/Nb phase and martensite. The phase
distribution of a Ti—Nb system depends on the Nb
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content and the fabrication processes [18]. The o’ and a"
martensites form upon quenching from £ phase with Nb
content of <6 at.% and 6—25.5 at.%, respectively. So, it is
reasonable that the Ti-enriched zones mainly consist of o’
and a" phase. Higher Nb content leads to retained S
phase [19], so there is a high amount of § phase in the
diffusion zones.

3.2 Mechanical behavior

Figure 3 shows the microhardness and elastic
modulus of the three types of zones assessed from
nanoindentation. The microhardness of the Nb-enriched
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Fig. 2 SEM image (a), EDS line scanning (b, ¢) and MRXRD (d) of Ti—18Nb MMC
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Fig. 3 Optical image (a), elastic modulus and microhardness (b) of nanoindentation points on Ti—18Nb MMC
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zones is almost half that of the Ti-enriched zones,
suggesting a higher strength of the latter. In the
diffusion zones, the microhardness significantly
increases with lower Nb content. The elastic modulus of
the diffusion zones is considerably lower than that of the
Ti-enriched zones (~90 GPa) and the Nb-enriched zones
(100—120 GPa). The lowest value of around 65 GPa is
observed in the area with moderate Nb content.

Owing to the significant influence of Nb content on
the elasticity and strength of Ti—Nb alloys [20], different
mechanical behaviors among three types of zones should
be attributed to the sharp gradient distribution of Nb in
these zones. According to ASTM B393 and ASMT
F67 [21], Nb shows significantly lower yield strength
than Ti, so it is reasonable that the Nb-enriched zones
exhibit the lowest microhardness. Besides, the solution
strengthening effect of 5—10 at.% Nb can significantly
increase the hardness of the Ti-enriched zones. The
diffusion zones (composed of mainly S phase) show
lower microhardness than Ti-enriched zones (mainly
consisting of martensite). Pure Ti shows slightly higher
elastic modulus than pure Nb at room temperature
(110 GPa for pure Ti [22] and 104 GPa for pure
Nb [23]). However, The introduction of 5-50 at.% Nb
into Ti can significantly lower elastic modulus [24], so
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the diffusion zones exhibit the lowest modulus due to the
low modulus S phase in Ti alloys. In contrast, low
amount of Ti in Nb alloys does not significantly change
the mechanical properties [25], so the high elastic
modulus and low hardness of the Nb-enriched zones
should be similar to those of pure Nb.

Figure 4 presents a successive of SEM images
showing the fracture path during the in-situ tensile test.
Figure 4(a) shows that the initial pre-crack is in the
closed state before the tensile test, and the tip lies in a
Ti-enriched zone. The pre-crack starts to open with a
slight gap and propagates into the adjacent diffusion
zone at the beginning of the tensile test (Fig. 4(b)). In the
diffusion zone, the crack extension Aa does not show
significant change with increasing strain, but the crack
opening becomes apparent (Fig. 4(c)). At a higher
magnification, massive slip bands firstly emerge around
the crack tip within the diffusion and the Nb-enriched
zones. As the loading further increases, the crack tip
moves into the Nb-enriched zones and appears blunted
(Fig. 4(d)). In the Ti-enriched zones in front of the main
crack, the initiation of microcracks (e.g., Microcrack A)
perpendicular to the tensile direction suggests poor
ductility. Figure 4(e) shows a zigzag propagation path of
the main crack in the diffusion and Nb-enriched zones,
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Fig. 4 In-situ SEM images of dynamic process of crack propagation at different strains: (a) 0; (b) 0.5%; (c) 1.6%; (d) 1.9%; (e) 2.2%
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and there is delamination between two deferent zones at
the edge of the main crack. The crack propagation
prefers “trans-zonal” to “inter-zonal”, indicating the
good interfacial bonding among the three types of zones.
It is important to note that Microcrack A4 does not
propagate further in Fig. 4(e).

Figure 5 reveals the significantly higher CTOA of
the diffusion and the Nb-enriched zones than that of the
Ti-enriched zones, suggesting the fracture
toughness of the latter. The results are consistent with the
mechanical performance observed from in-situ SEM
images. Such a difference in toughness should be mainly
attributed to the brittle martensite and the ductile f/Nb
phase in various zones.
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Fig. 5 CTOA of different zones in in-situ tensile fracture test

The stress intensity of the three types of zones
inevitably differs from each other due to the mismatch in
elastic modulus [13]. However, in this work, the strong
metallurgical bonding among the zones prevents the
formation of interfacial delamination. The low stiffness
and high toughness of the diffusion zones provide

sufficient capacity for elastic and plastic deformation,
also contributing to the cooperative deformation between
the Ti-enriched and the Nb-enriched zones, which is able
to maintain the overall uniform deformation for the
whole material [26]. As shown in Fig. 6, when applying
load on the tensile sample, the closed fatigue pre-crack
begins to open and propagate perpendicular to the tensile
direction. The crack path in Ti-enriched zones is thin and
sharp, which is consistent with the acicular structure of
the bright o’ martensite phase. As the load increases, the
stress concentration at the crack tip induces plastic
deformation in the adjacent diffusion and the
Nb-enriched zones. The slip bands occur in these two
types of zones, which show higher toughness due to the
softer § phase and Nb phase. When the crack tip moves
into these two types of zones with much higher
toughness, it becomes blunt, leading to considerable
stress relaxation. Enhanced stress is needed for further
crack propagation, so the tough zones also act as crack
arresters. Then, there is a short delay of crack
propagation until the crack growth driving force
accumulates to a certain level or the crack turns to a
direction easy to propagate. As a result, there are some
small delaminations between two adjacent zones to
relieve stress when the crack is blunt, or the crack shows
a deflection. On the contrary, the harder Ti-enriched
zones exhibit poor plastic deformation capability, so the
tunnel cracks form in the Ti-enriched zones ahead of the
crack tip at the same time. The microcracks, tunnel
cracks, delamination and blunting are all beneficial to
enhancing fracture toughness of the composite [27].
Besides, the tortuous fracture path in the diffusion and
the Nb-enriched zones requires higher driving force and
indicates the high fracture energy consumed during the
crack propagation, which can probably contribute to high
fracture toughness of the Ti—18Nb MMC.
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Fig. 6 Schematic diagram of crack propagation during deformation of Ti—18Nb MMC
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4 Conclusions

(1) The Ti—18Nb MMC shows an inhomogeneous
microstructure, consisting of Ti-enriched, diffusion and
Nb-enriched zones. The high Nb gradient in the
composite leads to different phase constitutions, and thus
different mechanical properties of the three types of
zones. The martensite should be responsible for the low
toughness of the Ti-enriched zones, while the diffusion
and the Nb-enriched zones, mainly composed of S/Nb
phase, are much tougher.

(2) During deformation and fracture growth, owing
to the low elastic modulus and the high toughness of the
diffusion zones as well as the strong interfacial bonding,
the three types of zones deform cooperatively. The
propagation of the microcracks initiating within the
Ti-enriched zones is strongly inhibited by the diffusion
and the Nb-enriched zones. The crack tip blunting effect
and the tortuous crack propagation path in the diffusion
and Nb-enriched zones suggest an enhanced fracture
toughness of the MMC compared with traditional
metallic materials.
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