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Abstract 

In this research, the effect of strain rate on the 
microstructure evolution, mechanical properties, and 
deformation mechanisms of the horizontally printed Ti-6Al-4V 
cylindrical rods produced by electron beam melting (EBM) 
was investigated. The initial microstructure consists of α and β 
phases, and columnar prior β-grain boundaries oriented along 
the building direction. Dynamic compression tests at three 
different strain rates (690 s-1, 1580 s-1, and 2220 s-1) were 
performed using a Split-Hopkinson pressure bar (SHPB) 
apparatus. The variations in dynamic mechanical properties 
were correlated with the microstructural features such as α-
platelet width, interlamellar spacing, and fragmentation. 
Adiabatic shear bands (ASBs) formed in the thermally softened 
areas in the samples deformed at higher strain rates, which led 
to the fracture. The fracture of test specimen at high strain rates 
is attributed to the formation of voids and their subsequent 
growth and coalescence under thermal instability along the 
adiabatic shear bands during deformation. In the fractured 
samples, features of both ductile (presence of dimples) and 
brittle (smoother surfaces) were observed. With the increase in 
strain rate from 690 s-1 to 2220 s-1, yield strength (YS), ultimate 
compressive strength (UCS), and strain-to-fracture increased 
by 48%, 28%, and 286%.  

Keywords: Ti-6Al-4V, Electron beam melting (EBM), Split-
Hopkinson pressure bar (SHPB), Deformation mechanisms, 
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I.  INTRODUCTION  
Titanium alloys, especially Ti-6Al-4V, exhibit a             

good combination of corrosion resistance, toughness, 
biocompatibility, and strength-to-weight ratio [1, 2]. However, 
the high affinity of this alloy to oxygen and the high cost of 
machining make the final cost of this alloy to be high [3]. 
Additive manufacturing (AM) is a new method for the 
fabrication of complex parts from a 3D design without a need 
for costly tools [4]. In the present study, the Ti-6Al-4V rods 
were fabricated by electron beam melting (EBM) technique. 
One of the advantages of EBM compared to other additive 
processes is the use of a vacuum atmosphere that prevents 
oxygen entrapment [5]. Conventionally fabricated Ti-6Al-4V 
parts contain two main phases, α-phase, and β-phase, present in 

95% and 5%, respectively. Due to the high cooling rates in 
EBM-process, the β-phase fraction is expected to be high. 
However, the powder bed is maintained at high build 
temperature (typically at 650 oC), which is akin to the heat-
treatment to transform the β into α [6]. As a result, in EBM- Ti-
6Al-4V, the α-phase fraction increases to 99.8%, while the 
volume fraction of β-phase can be as low as 0.2% [7]. There 
are many studies on the dynamic deformation behavior of Ti-
6Al-4V fabricated by conventional methods [8, 9], but there is 
minimal work on the EBM-Ti-6Al-4V. In this study, the effect 
of strain rate on the microstructure and dynamic mechanical 
properties, and the corresponding deformation mechanisms in 
the EBM-Ti-6Al-4V alloy were studied. 

II. MATERIAL & SETUP 
An ARCAM EBM Q10 system was used to fabricate 

horizontal rods with a diameter of 9.5mm and a height of 
120mm using Ti-6Al-4V Grade 5 powder with size in            
40-100µm range. The nominal composition and the 
recommended process parameters by Arcam are shown in 
Tables 1 and 2, respectively. Cylindrical samples (9.5 mm 
diameter and 10.4 mm height) were machined as shown 
schematically in Fig.1 for dynamic compression tests, and the 
hatched surface was used for microstructural studies. 

Table 1- The nominal composition of Grade 5 Ti-6Al-4V powder. 

Al V Fe O C N H Ti 

6% 4% 0.1% 0.15% 0.03% 0.01% 0.003% Balanced 

 

Table 2- Recommended EBM process parameters by Arcam. 

Layer 
thickness 

Layer 
orientation 

Beam spot 
size 

Hatch 
distance 

Bed 
temperature 

50 µm 46 ̊ 450-500 µm 0.2 mm 650-700 C̊ 

 

A Split-Hopkinson pressure bar (SHPB) apparatus was 
used to conduct impact tests on the machined cylindrical 
samples. The schematic of the SHPB in Fig. 2 shows different 
parts of this apparatus. A striker fires is fired by a light gas gun 
to hit incident bar. The generated elastic wave, when the striker 
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hits the incident bar, passes through the incident bar, the 
sample, and the transmitted bar. Some portion of the wave 
deforms the sample, and the rest of the wave reflects and 
propagates away from the first with the test specimen through 
the incident bar. The strain gauges on the bars capture the 
incident (εI), transmitted (εT), and reflected (εR) waves.  

The true stress, true strain, and true strain rate in Eq. 4 to 
Eq. 6 are derived from the nominal stress, nominal strain, and 
nominal strain rate in Eq. 1 to Eq. 3, which are generated from 
elastic waves obtained from the SHPB test. 

 
(1) 

 
(2) 

 (3) 

 (4) 

 (5) 

 
(6) 

 

where Abar, Asample, EYoung, Cbar, and Lsample are the initial 
cross-sections of the bars, sample, Young’s modulus, the wave 
velocity in the bars and the initial length of the sample, 
respectively [9]. 

 
Figure 1- Schematic of printed rods. The hatched surface is considered for 

microstructural investigations. 

 
Figure 2- Split-Hopkinson apparatus used to perform the dynamic 

compression tests. 

The typical feature of the initial microstructure, deformed 
microstructures, and the fractured surface were characterized 
using Zeta-20 optical microscopy (OM) and a Hitachi SU-70 
field-emission scanning electron microscopy (SEM). 

 

 

III. RESULTS & DISCUSSION 
Powder characterization 

The SEM images of the powder particles used to fabricate 
the EBM-Ti-6Al-4V is shown in Fig.3. The average size of the 
powder particles was 55.38 µm, with the minimum and 
maximum diameter of 38.1 µm and 97 µm, respectively. 

 
Figure 3- SEM image of the Grade 5 Ti-6Al-4V powder revealing the size of 

the particles. 

Initial microstructure 
OM and SEM images of the typical initial microstructure 

of the horizontally built EBM-Ti-6Al-4V rods are shown in 
Fig. 4(a) and 4(b), respectively. Prior β-grain boundaries that 
are almost parallel to the building direction (x-axis) are 
marked on the OM image. The microstructure depicts the 
transformed α+β structure. In the SEM image, bright regions 
correspond to the β-phase, and dark regions represent the α-
phase. β-phase in the morphology of flat rods and the presence 
of grain boundary α along the prior β-grain boundary are the 
most significant microstructural features in the                 
EBM-Ti-6Al-4V samples.  

 
Dynamic behavior of EBM-Ti-6Al-4V 

The stress-strain curves of the samples that underwent 
three different strain rates (690 s-1, 1580 s-1, and 2220 s-1) are 
shown in Fig. 5. Each curve is the average of three curves. The 
dynamic compression behavior of these samples exhibits an 
initial strain hardening, and then a gradual increase in the rate 
of hardening followed by thermal softening in the end. With 
the rise in the strain rate, ultimate compressive strength (UCS) 
and strain-to-fracture increased. On average, 48%, 28%, and 
286% improvement was observed in yield strength, UCS, and 
strain-to-fracture by increasing the strain rate from 690 s-1 to 
2220 s-1. 

 
 
 
 
 
 
 

 



   

 
(a) 

 
(b) 

Figure 4- (a) OM and (b) SEM image of the EBM-Ti-6Al-4V typical initial 
microstructure. 

  

Figure 5- Typical compressive stress-strain curves of horizontally printed 
EBM-Ti-6Al-4V samples. 

Deformed microstructure 

SEM images of the deformed microstructures of                 
EBM-Ti-6Al-4V samples for the strain rates correspond to 690 
s-1, and 1580 s-1 are shown in Figs. 6(a) and (b), respectively. 
It can be seen that the interlamellar spacing decreased from 
1.2 µm to 0.4 µm by increasing the strain rate., The decrease 
in the spacing increases the strength due to the presence of 

more obstacles for the movement of dislocations, as per the 
Hall-Petch equation [11] given below: 

 
(7) 

where σYS, σ0, K, and δ are yield strength, internal strength, 
dislocation locking constant, and interlamellar spacing/ α-lath 
thickness. It is also observed that α-lamellae tend to fragment 
when the strain rate is increased.  
 

 
(a) 

 
(b) 

Figure 6- SEM images of the deformed microstructures of the samples 
compressed at the strain rates of (a) 690 s-1 and (b) 1580 s-1. 

ASBs were observed in the samples deformed at the strain 
rate of 1580 s-1 (shown in Fig. 7). ASB formation is known as 
one of the main mechanisms of deformation and failure at high 
strain rates, which forms due to the shear stress localization 
[12]. Typically, in titanium alloys, thermal instability occurs in 
some bands due to the low thermal conductivity of titanium 
that leads to the transformation of deformation energy to 
thermal energy [13]. Figs. 7(a-c) shows different steps involved 
from the formation of ASB to the crack propagation. In Fig. 
7(a) three regions of ASBs can be observed, and the formation 
of a crack can be seen at the top-right corner of the image. The 
microstructure of ASB presented in Fig. 7(b) is a high-
magnification image of region 1 in Fig. 7a, where there are no 
distinct features, and the formation of the shear band, is a result 
of dynamic recrystallization. 

The localization of shear stress facilitates the formation of 
voids. The failure mechanism through the formation of the 
ASBs can be divided into multiple stages. In the first stage, 
voids nucleate due to the presence of tensile stress in the ASB 



   

areas, followed by their growth due to the localization of shear 
stress in the second stage. In the next stage, with the 
continuation of deformation, void coalescence occurs, leading 
to the formation of crack and subsequent propagation, leading 
to fracture. Fig. 7(c) shows the typical features of voids 
formation and their coalescence. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 7- SEM micrographs of sample deformed at 1580 s-1 revealing (a) 
formation of ASB and cracking, (b) features of ASB, and (c) void formation 

and coalescence in an ASB. 

The fracture surface of the sample deformed at the strain 
rate of 2195 s-1 is shown in Fig. 8. The surface reveals smooth 
surfaces, which indicates that the nature of the failure is brittle. 

However, in some regions, features of dimples were also seen 
as shown in Fig. 8(b). It can be concluded that the deformation 
(strain-to-fracture) at higher strain rates is due to the flow-
induced softening. The formation of shear bands and the 
accompanying adiabatic shear failure led to the fracture of the 
alloy under impact loading. 

 

 
(a) 

 
(b) 

Figure 8- SEM micrographs of the fracture surface of the deformed sample 
tested at the strain rate of 2195 s-1. 

IV. CONCLUSION 
In this study, the effect of strain rate on the microstructure, 

dynamic compressive properties, and deformation mechanisms 
of horizontally built EBM-Ti-6Al-4V cylindrical rods was 
investigated using a SHPB apparatus. The outcomes of this 
research are listed below: 

1. The initial microstructure of the as-printed sample 
consists of columnar β-grains along the building 
direction and the presence of grain boundary α 
along the prior β-grain boundaries. 

2. Mechanical properties increased by increasing 
strain rate. UTS, YS, and ductility increased by 
28.1%, 48.7%, and 286% by increasing the strain 
rate from 690s-1 to 2220s-1. 

3. Microstructure refinement that includes decrease 
in interlamellar spacing, and lamellae 
fragmentation were observed in the samples 
deformed at higher strain rates. 



   

4. ASBs, as one of the main deformation 
mechanisms, were observed in the microstructure 
of the sample deformed at 1580 s-1. The void 
formation, coalescence, crack formation and 
propagation along the ASBs led to the fracture of 
the specimens. 

5. The fracture surface showed a mixture of smooth 
cleavage fracture and ductile fracture characters by 
the presence of dimples. 
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