
 

 

 Trans. Nonferrous Met. Soc. China 34(2024) 2552−2562 

 
In-situ Micro-CT analysis of deformation behavior in 
sandwich-structured meta-stable beta Ti−35Nb alloy 

 
Yu-jing LIU1, Zi-lin ZHANG1, Jin-cheng WANG2,  

Xiang WU1, Xiao-chun LIU1, Wei-ying HUANG3, Lai-chang ZHANG2 
 

1. Institute of Metals, School of Materials Science and Engineering, 
Changsha University of Science & Technology, Changsha 410004, China; 

2. Centre for Advanced Materials and Manufacturing, School of Engineering, 
Edith Cowan University, Joondalup, Perth, WA 6027, Australia; 

3. College of Energy and Power Engineering, Changsha University of Science & Technology, Changsha 410004, China 
 

Received 11 January 2023; accepted 4 October 2023 
                                                                                                  

 
Abstract: Beta Ti−35Nb sandwich-structured composites with various reinforcing layers were designed and produced 
using additive manufacturing (AM) to achieve a balance between light weight and high strength. The impact of 
reinforcing layers on the compressive deformation behavior of porous composites was investigated through micro- 
computed tomography (Micro-CT) and finite element method (FEM) analyses. The results indicate that the addition of 
reinforcement layers to sandwich structures can significantly enhance the compressive yield strength and energy 
absorption capacity of porous metal structures; Micro-CT in-situ observation shows that the strain of the porous 
structure without the reinforcing layer is concentrated in the middle region, while the strain of the porous structure with 
the reinforcing layer is uniformly distributed; FEM analysis reveals that the reinforcing layers can alter stress 
distribution and reduce stress concentration, thereby promoting uniform deformation of the porous structure. The 
addition of reinforcing layer increases the compressive yield strength of sandwich-structured composite materials by 
124% under the condition of limited reduction of porosity, and the yield strength increases from 4.6 to 10.3 MPa. 
Key words: beta titanium alloy; sandwich-structured composite; in-situ micro-computed tomography; finite element 
modeling; compressive behavior 
                                                                                                             
 
 
1 Introduction 
 

Commercially pure titanium (CP-Ti) and 
Ti−6Al−4V alloys have been widely developed for 
biomedical and bone implant applications because 
of their excellent strength-to-modulus ratio, high 
biocompatibility, and superior corrosion resistance 
[1−3]. Nevertheless, both CP-Ti and Ti−6Al−4V 
still have a higher elastic modulus (~110 GPa) than 
β-type titanium alloys (50−90 GPa) [4−8]. A 
relatively low elastic modulus is significantly 
important to relieve the stress shielding effect 

caused by the difference in elastic modulus between 
the surgical implant and nature bone, thereby 
minimizing natural bone resorption and preventing 
implant premature failure [9]. The cytotoxic 
elements of Al and V in Ti−6Al−4V can cause 
adverse reactions with body fluids and tissues, 
leading to neurological disorders and diseases [10], 
which makes the Ti−6Al−4V not an ideal 
biomaterial to be used over a long period in the 
human body. By contrast, the elements Nb, Ta, and 
Mo are non-toxic, non-allergenic, and excellent β 
phase stabilizers in titanium alloys [11−13]. 
Compared to Mo and Ta, the lower density of Nb 
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has the advantage to make lighter components.   
In addition, the β-type titanium alloys play an 
important role in optimizing performance of 
orthopedic implants by combining high ductility 
with appropriate corrosion resistance [14,15]. Thus, 
the β-type Ti−Nb−Ta−Zr [15,16] and Ti−Nb−Zr− 
Mo−Sn [17,18] alloys have been developed and 
studied to satisfy the biomedical requirements. Yet, 
the developed β-type titanium alloys still exhibit 
higher elastic modulus than the human bones. 

The fabrication of porous metallic biomaterials 
using additive manufacturing (AM) techniques has 
been attracting considerable attention in recent 
years. AM can precisely fabricate titanium-based 
parts and scaffolds with customized porosity and 
complex structure that normally cannot be realized 
by conventional manufacturing methods. The 
porous structures with lower elastic modulus can 
facilitate the bone cells and tissues in-growth [19]. 
The mechanical behavior of porous structure has 
shown promising trends in the application of AM 
for biomedical bone implants [20,21]. The 
enhanced biological fixation through bones and 
interconnected pores has advanced bone tissue 
engineering applications [22,23]. One of its main 
advantages is that AM can obtain load-optimized 
structures and bionic implants that are not 
achievable through conventional techniques like 
sintering, casting, forging, or machining [24−27]. 
For example, AM provides an innovative solution 
for manufacturing near-shape metal parts with 
complex geometries, such as inter-connected 
porous scaffold and structure, which allows the 
bone tissues to growth and improve the fixation 
[27−31]. As aforementioned, the metastable β-Ti 
alloys enable implant made of them to have closer 
elastic modulus to that of human bones, offering an 
effective approach to minimize the stress shielding 
effect. Furthermore, due to promising superelasticity, 
metastable β-type titanium porous alloys have also 
been widely explored for shape memory and energy 
damping applications [16,32]. Researches in the 
design and manufacture of titanium porous 
structures, such as diamond cells [33], gyroid 
scaffolds [1], rhombic dodecahedron, and cubic 
structures [34] as well as gradient cellular  
structures [2], have attracted extensive attention. It 
has been reported that the rhombic dodecahedron 
and graded structures possess high-energy 
absorption [2,34,35]. Recently, the metastable 

β-type binary Ti−Nb alloys have become popular 
due to their excellent balance of strength and 
ductility, superb corrosion resistance [3,36−38] as 
well as the relatively low elastic modulus [17,39] 
and high biocompatibility [40,41] in the human 
body [42,43]. In particular, Ti−Nb alloys have 
shown lower elastic modulus, better apatite-forming 
capability, and cell proliferation compared to the 
CP-Ti [44−46]. The implant components produced 
by AM usually contain porous structure, which can 
reduce elastic modulus greatly and promote the 
growth of osteoblasts [47]. The rhombic 
dodecahedron porous structure is one of the 
commonly used structures in human implant. 
However, the strength of the rhombic dodecahedron 
porous structure is still low as a structure material. 
The sandwich structure can enhance the strength 
without changing the porous unit cell. The 
sandwich structure is light in weight, high in 
specific strength, and large in specific stiffness, so 
the deformation of the sandwich structure is small 
when subjected to external forces [48]. In addition, 
the sandwich structure has high natural frequency, 
good anti-fatigue properties, as well as excellent 
thermal insulation function and sound insulation 
and noise reduction [49]. Thus, the investigation  
on the mechanical properties and deformation 
mechanism of sandwich composite porous 
structures can offer alternative solutions for 
improving the compressive strength. 

In this work, Ti−35Nb sandwich-structured 
composites (with rhombic dodecahedron unit   
cell) were fabricated by AM. The mechanical 
behavior was evaluated using compression tests. 
The deformation mechanisms were studied using 
micro-computed tomography (Micro-CT) system 
and finite element method (FEM). The 
experimental results combined with the FEM 
analysis provide significant insight into the 
deformation behavior and the strengthening 
mechanism of the sandwich-structured composites. 
 
2 Experimental 
 

The prealloyed Ti−35Nb powder (with particle 
size of 45−75 µm) was gas atomized from an 
alloyed ingot with analyzed chemical composition 
of 34.12 Nb, 0.10 O, and balance Ti (wt.%). The 
porous samples were built on a Ti substrate plate 
(preheated to 200 °C) with a selective laser melting 
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(SLM) machine. The preheated substrate plate can 
lower the temperature difference (thermal strain) 
between the solidified layers and molten pools, 
which in turn, can reduce the residual stress and 
mitigate solidification cracking. During the AM 
fabrication process, the build chamber was filled 
with Ar to reduce the oxygen content to <0.1 vol.% 
(minimize oxidation) and maintain the chamber 
pressure at ~1.03 kPa. The energy density (E, in 
J/mm3) could be calculated via Eq. (1), which is a 
function of the processing parameters that can 
quantify the values of the processing parameters  
to tailor the microstructure, reduce the defects,  
and enhance the mechanical properties of porous 
structures [50]:  

PE
vst

=                                 (1) 
 
where P is the laser power (W), v is the laser scan 
speed (mm/s), s is the hatch spacing (mm), and    
t is the single powder layer thickness (mm).    
The optimized processing parameters for porous 
Ti−35Nb alloy suggested that 53 J/mm3 was an 
optimized energy density under the combination of 
P=200 W, s=0.1 mm, v=750 mm/s, and t=0.05 mm. 
The alternating scanning strategy with the scanning 
vector rotated by 90° was employed to reduce the 
residual stress due to the localized heating and  
rapid cooling, thereby strengthening the bonding 
between neighboring tracks and layers. Designed 
sandwich composite consisted of rhombic 
dodecahedron unit cells. The 3D CAD models were 
created by the Magic software. The single unit size 
of the porous structure is 3.5 mm × 3.5 mm × 
3.5 mm, and the whole sample size was 
14 mm (height) × 7 mm (width) × 7 mm (length). 
Figure 1(a) shows the rhombic dodecahedron 
structure (0L) with a porosity of 80%. Figure 1(b) 
shows the sandwich composite (78% porosity)  
with 1 reinforcing layer (1L) in the middle of    
the structure. The sandwich composite with 3 
reinforcing layers (3L) in Fig. 1(c) had a porosity  
of 76%. 

The specimens were compressed using an 
Instron 5982-universal machine at a constant strain 
rate of 0.5 mm/min at ambient temperature. Testing 
was stopped after the strain reached 3%, 6%, 9%, 
12%, and 18%. The morphologies (at different 
plastic strains) of the samples tested in compression 
were then characterized by the Micro-CT. The 

 

 
Fig. 1 3D CAD model of sandwich-structured composite 
with reinforcing layers and porous structure unit cell of 
rhombic dodecahedron: (a) 0 layer (0L); (b) 1 reinforcing 
layer (1L); (c) 3 reinforcing layers (3L) 
 
tomographic scanning was conducted under 120 kV 
and 10 W with an exposure time of 2 s, using a 
voxel size of 6 μm and 3201 projections. Finite 
element modeling (FEM) was conducted by using 
Abaqus 2020 software. Samples for microstructure 
characterization were ground by using silicon 
carbide papers up to 2000 grits. The ground 
samples were then ultrasonically cleaned in distilled 
water for 10 min, and sequentially polished with 
MD-Mol and MD-Chem polishing clothes by 
following the standard metallographic procedures. 
The Kroll’s reagent (5 vol.% hydrofluoric acid, 
10 vol.% nitric acid, and 85 vol.% water) was used 
to further etch the surface of prepared specimens to 
analyze the morphology of struts. The constituent 
phase of the built samples was examined from the 
XY-plane (scanning plane) by X-ray diffraction 
(XRD, PANalytical Empyrean, Netherlands) with 
Cu Kα radiation (wavelength λ=0.15406 nm) at 
40 kV and 40 mA. A step size of 0.013° and a 
scanning rate of 0.02 (°)/s were used to scan in the 
range from 30° to 80° (scanning angle (2θ)). The 
scanning electron microscope (SEM, FEI Verios 
XHR 460) [34] was used to characterize the 
microstructure and phases. 
 
3 Results and discussion 
 
3.1 Microstructure of composite 

The morphology of gas-atomized prealloyed 
Ti−35Nb powder with a standard spherical shape, 
various sizes and smooth surface finish is shown  
in Fig. 2(a). Spherical powder particle morphology  
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Fig. 2 SEM images showing morphology for powder (a), cross section (b), and sandwich-structured composite (c); 
XRD pattern of Ti−35Nb sandwich-structured composite (d) 
 
can enhance the powder flowability, resulting in 
lower friction and improved powder apparent 
density (packing density). These are beneficial to 
printability when compared to irregularly shaped 
powders [4]. The cross section of the powder 
particle (Fig. 2(b)) indicates an equiaxial dendritic 
and homogeneous microstructure, where no micro- 
segregation is observed. This observation indicates 
the absence of compositional variations within the 
particle. Figure 2(c) shows the backscattered 
electron images in the scanning plane for the 
AM-fabricated Ti−35Nb alloy. There is no 
segregation or undissolved Nb particles, suggesting 
that a homogeneous microstructure is achieved. 
Figure 2(d) shows the XRD pattern for a single    
β phase for AM-fabricated Ti−35Nb alloy. 

 
3.2 Mechanical behavior of sandwich-structured 

composites 
In general, there are some deviations between 

the AM-produced sample and the designed model, 
which is generally attributed to the processing input 
energy. Usually, the porosity of the porous sample 
is analyzed from Micro-CT data. The Micro-CT 
images of the AM-produced sandwich-structured 
composite are shown in Fig. 3. The rhombic 
dodecahedron porous structure and the reinforcing 
layers are well manufactured without defect and 

 
Fig. 3 Micro-CT images of sandwich-structured 
composite with reinforcing layers and porous structure 
unit cell of rhombic dodecahedron: (a) 0 layer (0L);   
(b) 1 reinforcing layer (1L); (c) 3 reinforcing layers (3L) 
 
crack. The thickness of the reinforcing layers is 
~1 mm. The porosities of the three composites are 
obtained from Micro-CT data: 80% (0L), 76%  
(1L) and 72% (3L) respectively. The engineering 
compressive stress−strain curves of sandwich- 
structured composites with different reinforcing 
layers are shown in Fig. 4. It can be seen that all  
the compressive curves present three deformation 
stages, i.e., the initial linear elastic deformation 
stage, the plateau plastic deformation stage, and the 
densification process stage (sharp increase in stress). 
The specimen without layer (0L) has the lowest 
compressive strength but the largest ductility (long 
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Fig. 4 Engineering compressive stress−strain curves of 
AM-manufactured sandwich-structured composites with 
different layers and corresponding curves from simulated 
models 
 
plateau plastic deformation region). By contrast,  
the sample with one reinforcing lay (1L) shows a 
significant increase in compressive strength but a 
slight decrease in ductility. The curve of the sample 

with three layers (3L) shows a further increase in 
compressive yield strength but a large decrease in 
plastic strain. The compression yield strength of 
sandwich-structured composites with reinforcing 
layers (~10.3 MPa) is more than two times that of 
the porous structure without reinforcing layer 
(~4.6 MPa). In addition, the stress−strain curves 
from the experimental results are in a good 
agreement with those from the simulated results, 
indicating high accuracy of the FEM results. 

The addition of the reinforcing layer brings 
about great changes in the deformation process   
of porous structure. Figure 5(a) shows that the 
rhombic dodecahedron structure without the 
reinforcing layer (0 layer) deforms gradually via 
increasing compressive strain from 3% to 18%. At 
the strain of 18%, it is apparent that the large shape 
deformation occurs at the center of the specimen 
(highlighted by a light blue color). By contrast, the 
rhombic dodecahedron structure with one layer  
(1L) in Fig. 5(b) shows that the deformation occurs 

 

 
Fig. 5 In-situ Micro-CT images of AM-manufactured Ti−35Nb sandwich composite with rhombic dodecahedron unit 
cell at different strains during compression: (a) 0 layer (0L); (b) 1 layer (1L); (c) 3 layers (3L) 
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on the upper section. At the strain of 18%, the shape 
deformation mainly concentrates on the top region, 
whereas the area below the layer does not undergo 
significant distortion. Interestingly, Fig. 5(c) shows 
unique compressive deformation behavior for the 
sandwich composite with three layers (3L) when 
increasing the strain from 3% to 18%. At the strain 
of 12%, the evident deformation in shape can only 
be spotted above the top layer (as marked by a light 
blue color). While increasing the strain to 18%, the 
bottom section below the last layer then undergoes 
severe plastic deformation, whereas the porous 
regions in the middle of composite experiences 
limited deformation. The results reveal that the 
addition of reinforcing layers in the porous structure 
can exert a significant influence on the deformation 
during compression loading process. 

It is known that the compression of porous 
structural materials is a complex process. The 
compression yield strength of the porous sample  
is mainly determined by the unit cell structure. 
Theoretically, the stress loaded on the porous 

structure can be decomposed into bending stress 
and buckling stress, which are affected by the 
geometry of the unit cell. However, the factors  
such as irregularities of the struts and the effect   
of internal microstructure need to be further 
considered to obtain accurate numerical analysis. 
The cumulative effect of both bending and buckling 
on the struts can largely affect the mechanical 
properties of the porous structure under the 
compression loads [51]. The optimization of unit 
cell and structure can improve the bending and 
buckling behavior to enhance the strength and 
ductility. The detailed simulation results can be 
used to analyze the local stress analysis and the 
deformation behavior of struts [52]. For a porous 
structure, the stress concentration area is usually on 
the node in the center area of the porous structure, 
where the beta titanium yields at the early stage   
of compression. This has been verified by the  
FEM results shown in Fig. 6. As the compression 
progresses, the yield of beta titanium would lead to 
the change of local structure in terms of the angle  

 

 
Fig. 6 Finite element analysis of sandwich composites with rhombic dodecahedron unit cell at different strains during 
compression: (a) 0 layer (0L); (b) 1 layer (1L); (c) 3 layers (3L)  
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between struts (Fig. 6(a)). Subsequently, as the 
compression continues, the angles of the struts at 
the nodes undergo further changes (Figs. 6(b, c)), 
impacting the stress distribution and ultimately 
leading to the overall macroscopic yield of the 
structure. As such, to ensure an accurate numerical 
analysis of the porous metallic composites, a 
comprehensive consideration of factors such as 
irregularities in the struts and the influence of the 
internal microstructure is essential. These factors 
play a significant role in shaping the mechanical 
behavior of the composites and need to be carefully 
accounted for in computational models. 
 
3.3 Deformation mechanism of sandwich- 

structured composites 
The strength of the porous samples can be 

tailored by changing the angle between the struts. 
Previous study [53] reported that the mechanical 
properties could be improved by varying the 
geometry of porous structures, mainly through 
changing the bending stress and buckling stress to 
alter the stress concentration. Figure 7(d) shows 
that the external compressive load p can be 
decomposed into component force p1 (bending 
deformation) and p2 (buckling deformation). The 
magnitude of forces p1 and p2 is directly related to 
the strut angle θ and external load p. The angle 
variation has an important influence on the 
mechanical properties of rhombic dodecahedron 
structure. The decrease in θ can lead to an increase 
in the bending force p1, resulting in enhanced 
ductility and reduced strength. As such, the 
structure design can prevent the porous cell from 
brittle deforming to balance the strength and 
ductility by optimizing the bending deformation 
mechanism. However, the macroscopic plastic 
deformation behavior is difficult to be controlled  
by changing the geometry of porous structures. The 
introduction of the reinforcing layer is necessary to 
overcome this shortage, which can constrain the 
bending strain and increasing the buckling strain at 
the center of the structure, thereby increasing the 
compressive strength of the composite. As shown  
in FEM results in Fig. 6, the addition of the 
reinforcing layer results in a more uniform stress 
distribution within the sample, greatly reducing  
the highly localized stress concentration during 
macroscopic plastic deformation. The simulation 
results demonstrate that the maximum stress 

appears at the center region of the rhombic 
dodecahedron structure, and the struts undergo the 
bending deformation under the tensile and 
compressive stress. This result agrees well with the 
Micro-CT analysis (Fig. 5). It is apparent that the 
maximum stress of the 0L group is concentrated on 
the connected cross nodes, which are the stress 
concentration regions and are marked by the red 
color (Fig. 7(a)). With the addition of the 
reinforcing layer in the structure, the stress 
distribution of the porous structure is changed. 
Specifically, the bending strain of the node in    
the center of the porous structure is restricted   
and the angle has limited change at 18% macro 
compression strain (Fig. 7(b)). The position of the 
stress concentration regions is transferred to the 
center between the reinforcing layers and the 
number is significantly increased correspondingly. 
The stress concentration regions in 3L group are 
evenly distributed at each node, which can improve 
the energy absorption and the yield strength greatly 
(Fig. 7(c)). 
 

 
Fig. 7 Finite element analysis of sandwich composites 
with rhombic dodecahedron unit cell at 18% strain (a−c); 
Rhombic dodecahedron unit cell and schematic diagram 
showing applied load and corresponding bending and 
buckling vectors on strut (d) 
 

In addition, the deformation process of the 
porous structure is changed by adding the 
reinforcing layers. In order to better understand this 
deformation process, a deformation model is built 
for the sandwich composite. In this work, the 
porous structure is a uniform lattice structure with a 
geometric symmetry, and the reinforcing layer is a 
solid material. The material of the porous structure 
is same as that of the reinforcing layer. When no 
force is applied, the neutral axis coincides with  
the geometric symmetry axis. When the force is 
applied, the neutral axis Zp during plastic stage is   
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where D D/( )1ελ ε ε= − , C is the thickness of the 
lattice structure, εD is strain of the densification 
region in the lattice structure, σf is the yield strength 
of the reinforcing layer, σc is the yield strength of 
the lattice structure, b is the thickness of the lattice 
structure, t the thickness of the reinforcing layer, h 
is the distance from the neutral axis to reinforcing 
layer, and Z is the distance from geometric 
intermediate axis to plastic neutral axis. z is the 
thickness of the densified region, and during the 
loading process, z=Vct0. Vc is strain rate of the 
reinforcing layer, V is the strain rate of the lattice 
structure, and c D D(1 ) /V Vε ε= − . With the increase 
in time t0, z also gradually increases, and the  
plastic neutral axis gradually moves closer to the 
reinforcing layer. When the core is fully densified, 
the plastic neutral axis coincides with the geometric 
symmetry axis. The yield criterion for sandwich 
composite has been derived, by taking into account 
of the non-uniformity of the lattice structure 
deformation. This criterion can be applied to   
both low-speed impact and static load conditions. 
The yield surface is symmetrical when the lattice 
structure is not compressed, but when it is partially 
densified, the yield surface becomes asymmetric. 
On the other hand, if the lattice structure is fully 
densified, the yield surface regains its symmetry. 
When the neutral axis is just at the interface 

between the densified region and the undeformed 
region, the plastic neutral axis Zp reaches the 
maximum value, and the asymmetry of the yield 
materials reaches its maximum value. 
 
4 Conclusions 
 

(1) The compression tests show that the 
sandwich composites with different layers have 
different deformation behavior and mechanical 
properties. 

(2) The addition of reinforcing layer increases 
the compressive yield strength of sandwich 
structure composite materials by 124%, and the 
yield strength increases from 4.6 to 10.3 MPa. 

(3) The introduction of the reinforcing layer 
constrains bending strain and increases buckling 
strain at the center of the structure, thereby 
increasing the compressive strength of the 
composite. 

(4) The stress concentration regions in 3L 
group are evenly distributed at each node, which 
can significantly improve the energy absorption and 
the yield strength greatly. 
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摘  要：利用增材制造(AM)技术制造具有不同增强层的 β 型 Ti−35Nb 合金三明治结构复合材料，以实现轻量化

和高强度之间的平衡。通过原位微计算机断层扫描(Micro-CT)和有限元模拟法(FEM)研究增强层对多孔复合材料

压缩变形行为的影响。结果表明，三明治结构加入增强层可显著提升多孔金属结构的压缩屈服强度和能量吸收能

力；原位 Micro-CT 观察到未加入增强层的多孔结构应变集中在中间区域，而含有增强层多孔结构的应变则均匀

分布；FEM 分析揭示加入的增强层会改变应力分布并降低应力集中，从而促进多孔结构整体均匀变形。在有限降

低孔隙率的条件下，增强层的加入使三明治结构复合材料的压缩屈服强度提升 124%，屈服强度由 4.6 MPa 提升

到 10.3 MPa。 

关键词：β钛合金；三明治结构复合材料；原位微计算机断层扫描；有限元模拟；压缩变形行为 
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