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Abstract: The concept of transformation-induced plasticity effect is introduced in this work 
to improve the plasticity of brittle intermetallic compound Ti3Sn, which is a potent high 
damping material. This concept is achieved in an in situ NiTi/Ti3Sn composite. The 
composite is composed of primary Ti3Sn phase and (NiTi+Ti3Sn) eutectic structure formed 
via hypereutectic solidification. The composite exhibits a high damping capacity of 0.075 
(indexed by tanδ), a high ultimate compressive strength of 1350 MPa, and a large plasticity of 
27.5%. In situ synchrotron high-energy X-ray diffraction measurements revealed clear 
evidence of the stress-induced martensitic transformation (B2→B19') of the NiTi component 
during deformation. The strength of the composite mainly stems from the Ti3Sn, whereas the 
NiTi component is responsible for the excellent plasticity of the composite.  
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Introduction 
High damping materials are used in various fields to eliminate noise, to reduce mechanical 
vibration, and to protect buildings against earthquake [1-4]. The combination of high 
damping capacity and good mechanical properties is very important for structural 
applications. However, these properties are often incompatible in metals, because of the 
trade-off relations between strength and damping [1, 2]. Therefore, it is of interest to search 
and develop new damping materials that can simultaneously couple high damping capacity 
and excellent mechanical performances. 
 
Recently, Ti3Sn intermetallic compound has been reported to exhibit exceptionally high 
damping capacity [5], raising high expectations for innovative applications. The maximum 
damping capacity of Ti3Sn has been reported to reach 0.2 (indexed by tanδ) [5], which is over 
four times higher than those of typical commercial Mn-Cu-based high-damping alloys (with 
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tanδ of about 0.05) [6, 7] and NiTi shape memory alloys (tanδ approximate 0.04) [8, 9]. 
However, due to the lack of adequate slip systems in its D019 crystal structure, the Ti3Sn 
intermetallic compound is extremely brittle [10, 11]. This severely restricts its practical 
application. Inspired by the transformation-induced plasticity effect in quenching-partitioning 
martensitic steels, in which the residual austenite is used to improve the ductility of the 
martensite [12-14], we attempt to explore a new toughening mechanism by introducing a 
phase transforming component to form a composite with the high damping but brittle Ti3Sn 
intermetallic compound for excellent mechanical properties as well as high damping capacity. 
An ideal candidate for this phase transforming component is NiTi shape memory alloy, which 
deforms by stress-induced martensitic transformation [15, 16]. The atomic-level 
transformation strain is only ~10% in phase transforming component [15-17]. In comparison, 
the inelastic strain between two adjacent atomic planes approaches 100% after dislocation 
slip in conventional metal [17, 18]. The phase transforming component is expected to prevent 
stress concentration and strain localization, which may optimize the mechanical properties of 
the composite. NiTi and Ti3Sn can form a pseudo binary eutectic solidification at 
approximately 30% volume fraction of NiTi [19], providing an ideal condition to form 
ultrafine lamellar in-situ composite. 
 
Experimental procedure 
An alloy ingot (7 kg) with a nominal composition of Ti69Ni11Sn20 (at. %) was produced from 
high-purity elemental metals (purity >99.8 wt. %) by vacuum induction melting. Test 
samples cut from the ingot were annealed in vacuum at 950°C for 10 hours. The 
microstructure of the composite ingot was characterized by means of x-ray diffraction (XRD, 
Bruker AXS D8 instrument) and scanning electron microscopy (SEM, FEI Quanta 200F 
instrument). The damping capacity of the composite was measured using a dynamic 
mechanical analyzer (DMA, TA Q800) in three-point bending mode with an amplitude of 5 
μm. The geometry of the damping specimens was 1×2×40 mm, and the damping tests were 
conducted at a frequency of 1 Hz in the temperature range of −130°C to 300°C with a 
constant heating rate of 3°C/min. Differential scanning calorimetry (DSC) experiment was 
conducted using a TA INST2910 differential scanning calorimeter with a heating/cooling rate 
of 10°C/min. Cylindrical specimens of 5 mm in diameter and 10 mm in length were prepared 
and tested for mechanical behavior using a MTS810 material test system under quasistatic 
compressive loading at an initial strain rate of 1×10-3 s-1 at room temperature. In situ 
synchrotron high-energy X-ray diffraction (HEXRD) measurements during compression were 
performed at the 11-ID-C beam line of the Advanced Photon Source, Argonne National 
Laboratory, USA. High-energy X-rays with a beam size of 0.6 mm×0.6 mm and wavelength 
of 0.10798 Å was used to obtain two-dimensional (2D) diffraction patterns in transmission 
geometry.  
 
Results and discussion 
Fig. 1 shows an XRD spectrum ((a)) and SEM backscattered electron micrographs ((b) and 
(c)) of the NiTi/Ti3Sn composite. The composite contains a mixture of monoclinic P21/m 
NiTi (B19′), body-centered cubic (bcc) Pm3m NiTi (B2) and hexagonal P63/mmc Ti3Sn 
(D019) intermetallic phases. The composite has a hypereutectic microstructure consisting of 

http://www.iciba.com/vacuum/
http://science.cup.edu.cn/nycl/nyclsys/web/run/sbyuyue.aspx?sbid=4ab187a0-443a-4d2d-af5c-8209f4192779
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primary Ti3Sn dendrites (the bright phase) and an ultrafine eutectic structure (the gray 
structure), as seen in Fig. 1(b). Fig. 1(c) shows the eutectic structure at a higher magnification. 
It is composed of Ti3Sn (bright) and NiTi (black) phases in a lamellar structure. The Ti3Sn 
lamellar spacing in the eutectic structure is about 400-1000 nm. Quantitative image analysis 
of SEM micrographs shows that the phase volume fraction of the pre-eutectic Ti3Sn is about 
80%.  
 

 
Figure 1. XRD pattern (a) and SEM backscattered electron micrographs ((b) and (c)) of the 

NiTi/Ti3Sn composite. 
 
Fig. 2(a) reveals the temperature-dependent variation of damping capacity (indexed by tanδ) 
and storage modulus of the NiTi/Ti3Sn composite, as measured upon heating from -130°C to 
300°C. The damping peak at about 40°C corresponds to the reverse B19′→B2 transformation 
of the NiTi, which is consistent with the DSC measurement (shown in Fig. 2(b)). As expected, 
the peak is also associated with a modulus trough due to the dynamic softening of the phase 
transformation. Besides the transformation-related internal friction peak, the composite also 
exhibits a rapidly increased high mechanical damping over a wide temperature range at 
below 0°C. It is known that the damping capacity of NiTi in martensitic state is practically 
independent of temperature [8, 9]. However, the damping capacity of Ti3Sn is dependent on 
the change of temperature [5]. Thus, this high damping capacity of the composite at low 
temperatures can be ascribed to the contribution of the Ti3Sn component. The highest tanδ of 
the composite reached is 0.075, which exceeds those of martensitic NiTi SMAs [8, 9] and 
commercial Mn-Cu-based high damping alloys [6, 7].  
 

 
Figure 2. (Color online) Functional properties of the NiTi/Ti3Sn composite. (a) Damping 

capacity (indexed by tanδ) and storage modulus as a function of temperature during heating 
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process of the composite. (b) DSC curve of the composite. 
 
Fig. 3(a) presents an engineering compressive stress-strain curve of the NiTi/Ti3Sn composite 
at room temperature. The inset in Fig. 3(a) is the corresponding true stress-strain curve. The 
composite exhibits about 27.5% plastic strain prior to fracture. The ultimate compressive 
strength is 1350 MPa. High strain hardening is evident. The yield strength of the composite is 
about 450 MPa, which is higher than the martensitic NiTi (about 100 MPa) [16] and Mn-Cu 
(approximately 300 MPa) [6, 7] damping alloys. The cylindrical sample was observed to 
fracture by shear. Fig. 3(b) shows an SEM micrograph of the morphology of a pre-polished 
lateral surface of the sample after the compression. It is seen that many internal cracks have 
been formed, mostly propagating through the pre-eutectic Ti3Sn phase and being arrested by 
the eutectic structure. This indicates that the soft NiTi component in the eutectic is effective 
in hindering the propagation of internal cracks and preventing catastrophe failure of the 
sample, thus enhancing the plasticity of the composite. 
 

 
Figure 3. Mechanical properties of the NiTi/Ti3Sn composite. (a) Compressive engineering 

stress-strain curve. The inset is its true stress-strain curve. (b) SEM micrograph of the 
morphology of the lateral surface of the fracture sample. 

 
In situ synchrotron HEXRD measurements were conducted to investigate the lattice dilation 
and phase transformation behavior of the composite during deformation. Fig. 4(a) shows a 
collection of one-dimensional diffraction spectra recorded in the longitudinal direction of the 
cylindrical sample (the loading direction) at various steps of the deformation process. The 
d-spacing values reflected by the diffraction peaks are the corresponding d-spacing values of 
the planes perpendicular to the loading direction. Upon loading, the B2-NiTi (110), 
B19′-NiTi (111) and Ti3Sn (201) peaks are found to shift to lower d-spacing values, 
demonstrating the elastic deformation of all the components in the composite under 
compression. It is also seen that the intensity of the B19′-NiTi (111) peak increases whilst the 
intensity of the B2-NiTi (110) peak decreases during deformation, which indicates the 
B2→B19′ martensitic transformation of the NiTi in the composite.  
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Figure 4. (Color online) In situ synchrotron X-ray diffraction analysis of the NiTi/Ti3Sn 
composite during compression. (a) One-dimensional diffraction spectra recorded in the 

longitudinal direction at different levels of applied strain. (b) Relative integrated intensities of 
the B19′-NiTi (111) and B2-NiTi (110) diffraction peaks, indicating the evolution of the 
volume fractions of the martensite and austenite phase, plotted as functions of the applied 

strain. (c) Evolution of the lattice strains of Ti3Sn (201), B2-NiTi (110) and B19′-NiTi (111) 
in the direction perpendicular to the loading direction as functions of the applied strain. 

 
Fig. 4(b) shows the evolution of the relative integrated intensities of the B2-NiTi (110) and 
B19′-NiTi (111) diffraction peaks, as indicators of the change in volume fractions of the 
corresponding phases, as functions of the applied strain. The integrated intensity of the 
B19′-NiTi (111) peak increases at the expense of that of B2-NiTi (110) from the very 
beginning of deformation, indicating the occurrence of the stress-induced B2→B19′ 
martensitic transformation. The transformation reaches completion at 7.5% of the applied 
strain when the B2-NiTi (110) diffraction peak disappears completely. This observation 
demonstrates that the stress-induced martensitic transformation (B2→B19') of the NiTi plays 
an important role in the initial deformation of the NiTi/Ti3Sn composite. 
 
Fig. 4(c) shows the lattice strain evolution of Ti3Sn (201), B2-NiTi (110) and B19′-NiTi (111) 
in the loading direction as functions of the applied strain. The lattice strains are determined 
from the HEXRD spectra shown in Fig. 4(a) as εhkl=|dhkl－d0|/d0, where d0 is the d-spacing of 
the corresponding planes in the unstressed state. Upon loading, the lattice strains for both 
Ti3Sn (201) and B2-NiTi (110) increase rapidly with increasing the applied strain in the 
initial deformation stage (＜1% applied strain), signaling the elastic deformation of these two 
phases. In contrast, the lattice strain of B19′-NiTi (111) remains low and practically 
unchanged, which is ascribed to the reorientation deformation of the martensite. At above 1% 
of the applied strain, the lattice strain of B19′-NiTi (111) increases rapidly whereas that of 
B2-NiTi (110) remains unchanged at a plateau. This implies the massive transformation of 
the B2 phase to B19′ phase, whilst the (oriented) B19′ martensite undergoes elastic 
deformation. It is seen that the elasto-plastic deformation of oriented martensite continues up 
to 15% of the applied strain. In comparison, the lattice strain of Ti3Sn (201) reaches an 
apparent “yield” at 2%, indicating the start of internal micro-cracking. Beyond 15% of the 
applied strain, neither of the lattice strains of Ti3Sn (201) and B19′-NiTi (111) change, 
implying the plastic deformation of the NiTi martensite and internal cracking of Ti3Sn. Thus, 
it is clear that the high strain-hardening of the composite over the wide applied strain range 
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(see Fig. 3(a)) originates mainly from the elasto-plastic deformation of the NiTi oriented 
martensite. Because of the NiTi component, the Ti3Sn in the composite shows a maximum 
lattice strain of 1.1%, which is three times of that achieved in pristine Ti3Sn [11, 20]. High 
elastic strain implies high load bearing contribution. In this regard, it is apparent that the soft 
NiTi component with stress-induced martensite transformation helps to prevent stress 
concentration and strain localization via its transformation deformation whereas the brittle 
Ti3Sn intermetallic compound provides the load bearing capacity, thus endowing the 
composite with enhanced plasticity and high strength.  
 
Conclusions 
In summary, employing the concept of the transformation-induced plasticity effect in steels, a 
novel in situ NiTi/Ti3Sn composite was fabricated. The composite exhibits a high damping 
capacity together with high strength and large plasticity. The damping capacity of the 
composite is superior to that of commercial Mn-Cu-based high damping alloys. The Ti3Sn 
component primarily provides the strength of the composite, whereas the NiTi component is 
effective in preventing crack propagation and thus enhances the plasticity. 
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