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A B S T R A C T   

Indentation hardness (Hin) and strain rate sensitivity (SRS) of additive manufactured Ti–6Al–4V (Ti64) alloys 
fabricated through both laser powder bed fusion (L-PBF) and electron beam melting (EBM) are investigated. One 
major difference between these processes is the higher cooling rates associated with the L-PBF. The indentation 
tests were performed at loading rates of 1, 10, and 50 mN/s. The L-PBF alloy showed a higher hardness value 
(3.45 GPa at 1 mN/s, 3.57 GPa at 10 mN/s, and 3.66 GPa at 50 mN/s) being correlated with its finer grain 
structure as compared with the EBM counter material (3.12 GPa at 1 mN/s, 3.37 GPa at 10 mN/s, and 3.55 GPa 
at 50 mN/s). The indentation SRS was explained based on the print orientation and dislocation density. EBM- 
Ti64 shows a higher SRS (0.0335 compared with 0.0147 in the L-PBF alloy) due to the rotation of α-prismatic 
planes along the building direction.   

1. Introduction 

Ti–6Al–4V (Ti64), an α+β alloy, shares the maximum of total tita
nium production due to its exceptional properties [1]. These include 
high fracture toughness and ductility, good weldability, superior fa
tigue, and corrosion behaviors, lightweight characteristic, and biocom
patibility making Ti64 a high caliber candidate for the aerospace and 
biomedical industries [2,3]. Additive manufacturing (AM) technologies 
facilitate the fabrication of complex near-net-shaped components 
directly from a powder or wire feedstock [4]. Therefore, it is necessary 
to develop processing-microstructure-properties relationships of 
AM-Ti64 to ensure the fabrication of components with desired proper
ties [5]. To fabricate AM components from metal powder, laser-powder 
bed fusion (L-PBF) and electron beam melting (EBM) are the most 
promising techniques [6]. One significant difference between the two 
processes is the solidification or cooling rates associated with these two 
methods [7]. Such a difference results in the formation of different mi
crostructures, as L-PBF-Ti64 exhibits fine acicular α’ martensite, while 
EBM-Ti64 possesses fine needle-like α Widmanstatten microstructure [8, 
9] These microstructures result in significant variation in the 

mechanical properties of Ti64 processed by L-PBF and EBM [10]. 
Literature manifests the comparative studies between mechanical 
properties of L-PBF and EBM Ti64, including tensile and fatigue prop
erties [11]. The present work focuses on the micromechanical properties 
and an investigation of the relationship between microstructure and 
indentation strain rate sensitivity (SRS: mind) using electron backscatter 
diffraction (EBSD) and nanoindentation with a constant load but varying 
strain rate. The depth-sensing indentation technique is a unique testing 
method to evaluate the local mechanical properties using a small volume 
of the material. Moreover, various properties (e.g., fracture toughness, 
activation volume, activation energy, plasticity and wear resistance, 
etc.) can be quantified and assessed using indentation technique. 

2. Experimental procedure 

EBM and L-PBF processes were employed to fabricate cylindrical 
samples with dimensions of 120 mm × 9.5 mm (length × diameter) in 
the horizontal orientation. ARCAM EBM Q10 system (located in 
Woburn, MA) with maximum power 3000W and powder particles size of 
45–100 μm was used to print EBM samples. For L-PBF samples, an EOS 
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M-290 with respective values of 400W and 20–60 μm, available at the 
University of Memphis (Metal Additive Manufacturing Laboratory) was 
used. The iMicro Nanoindenter (KLA instruments) was employed to 
perform depth-sensing indentation tests. The instrument was equipped 
with an InForce 1000 head and a diamond Berkovich indenter (tip 
radius = 100 nm). The microstructural analysis was conducted using a 
field emission gun scanning electron microscope equipped with an 
EBSD. The EBSD studies were conducted along the building direction 
(z), with details reported in Ref. [12]. 

3. Microstructure and texture 

Fig. 1 (a) shows the grain size distribution of L-PBF and EBM-Ti64 
alloys, obtained from the EBSD results. The L-PBF process resulted in 
the evolution of α′ laths with a smaller width (thickness) compared to α 
laths developed in the EBM-Ti64, nearly by an order of magnitude. This 
is due to higher cooling rates present in the L-PBF process. In fact, the 
typical cooling rates in the L-PBF and EBM processes are ~106 K/s and 
~104 K/s, respectively [13]. As a result, the microstructure of 
L-PBF-Ti64 is much finer than its EBM counterpart. Figures 1 (b) and (c) 
show the L-PBF and EBM-Ti64 EBSD inverse pole figures (EBSD-IPF). A 
significant difference in the grain size and morphology is observed be
tween the two samples. While a basketweave needle-type α′ grain 
structure was developed in the L-PBF-Ti64, the EBM-Ti64 consists of a 

Widmanstatten α structure. In addition to the size and morphological 
dissimilarities, another difference between the α′ and α phases is the 
lattice distortion in the former as a result of rapid cooling in the L-PBF 
process [14]. Nevertheless, both α′ and α phases possess an HCP crystal 
structure. The EBSD pole figures (PF) reveal partial rotation of α grains 
and alignment of α-prismatic planes along the building direction in the 
EBM-Ti64 alloy [15]. This could be due to the lower solidification rate 
during the EBM process and longer available time for the evolution of 
the preferred texture. On the other hand, the L-PBF-Ti64 possesses a 
more random texture, due to the evolution of various variants of α’ 
martensite in the prior β grains [16]. 

4. Micromechanical properties 

Fig. 2 shows the indentation load-depth and indentation hardness- 
depth plots of L-PBF and EBM Ti64 samples. The load-depth (P-h) 
graph in Fig. 2 (a and b) shows that, for a constant load of 200 mN, the 
indentation depth is greater in the EBM sample, under different loading 
rates. Such behavior indicates that the L-PBF-Ti64 sample has a higher 
strength due to its higher hardness [17]. Microstructural differences of 
L-PBF-Ti64 and EBM-Ti64 validate the higher strength of L-PBF-Ti64 as 
this material possesses a finer microstructure compared to the EBM-Ti64 
as shown in Fig. 1(a). Such a finer lath width enhances the strength 
through the Hall-Petch mechanism [18]. Fig. 2(c and d), indentation 

Fig. 1. (a) Grain size distribution of L-PBF and EBM Ti64, EBSD IPF-Z images of (b) L-PBF and (c) EBM Ti64. The inserts on the IPF maps show the (0001) pole 
figures [9]. 
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hardness versus depth, shows higher hardness for lower indentation 
depth, a typical indentation size effect (ISE). For an indentation depth 
beyond 200 nm, in the current study, the indentation hardness becomes 
independent of depth due to a balance between work hardening and 
dynamic recovery of dislocations. ISE can be seen both in the microscale 
as well as nanoscale. Reasons associated with ISE in microscale are strain 
gradient hardening and geometrically necessary dislocations (GNDs) 
and in the nanoscale are dislocation starvation [19,20]. The observed 
ISE is attributed to strain gradient plasticity, due to the presence of GNDs 
near the surface, and dislocation-starved plasticity (DSP), due to the 
absence of dislocation at the early stages of indentation [21]. GNDs are 
the dislocations required to accommodate the micro-plastic deforma
tion. The nucleation of GNDs associated with the pop-in behavior is 
noticed during nano-indentation. In a broad sense, nano-indentation 
testing has three regimes: the elastic regime, the regime in which the 
hardness is dominated by GNDs also known as the elastic-plastic tran
sition point, and finally the macroscopic regime dominated by statisti
cally stored dislocations (SSDs). For the initiation of pop-in or nucleation 
of GNDs, the shear stress or load underneath the indenter should reach a 
critical value that depends upon the strength of the material. The esti
mated critical load, which is fundamentally the maximum load that a 
material can deform elastically is given by Ref. [22]: 

Fcrit =

(
G
2π

1
0.12

)3R2

E2 (1)  

where G is shear modulus, R is the radius of displaced sphere and E is the 
elastic modulus of the material. 

GNDs do not make a significant contribution to plastic deformation 
but they impede the motion of SSDs, which results in work hardening 
[23]. GNDs density (ρG) can be calculated as [24]: 

ρG =
4γ
bD

(2)  

where γ is the average shear strain, b is the magnitude of Burger’s vector, 

and D is indent diameter (diagonal of the indent), which is proportional 
to indentation depth. It should be noted that, this equation (and the next 
one) are valid for a Berkovich indenter. Hardness in the context of 
dislocation density is represented as [24]: 

H ≈ Gb
[

ρS +
4γ
bD

]1/2

(3)  

where ρS is statistically stored density. It is clear from Eq. (2) that GNDs 
density decreased with indentation depth so as hardness from Eq. (3). 

The relationship between indentation hardness and grain size for 
polycrystalline materials has been discussed by modified strain gradient 
theory [25]. As reported, the relationship predicts for the same inden
tation depth, a specimen with a finer microstructure gives higher 
hardness; a typical Hall-Petch effect. In other words, L-PBF with smaller 
lath width shows higher resistance to plastic deformation resulting in a 
smaller indent size or indentation diameter (D), and gives a higher 
hardness value according to Eq. (3). 

For the same maximum load of 200 mN, the displacement is higher 
for a smaller load rate and at the same time, different hardness values 
were observed at a different depth, which confirms that both L-PBF and 
EBM-Ti64 alloys are rate-sensitive though for the EBM sample the SRS is 
more pronounced. SRS depends on slip transfer across the grain 
boundary, grain orientation classified as hard and soft grains, grain size, 
and dislocation density [26–30]. 

5. Strain rate sensitivity 

Fig. 3 shows the hardness versus strain rate for the L-PBF-Ti64 and 
EBM-Ti64 samples. The value of SRS for both samples was evaluated 
using the information presented in Fig. 3, as mind =

d(ln Hind)
d (lnε̇ind)

[27]. As seen, 
EBM-Ti64 possesses a higher mind value than the L-PBF-Ti64. 

SRS in dual-phase (α/β) titanium alloys is highly affected by slip 
transfer across the phase boundaries [26]. A high density of dislocation 
pile-ups has been observed at the α/β interface for dual-phase Ti-alloy, a 

Fig. 2. Representative load-depth curves for (a) L-PBF-Ti64 and (b) EBM-Ti64, indentation size effect (ISE) for (c) L-PBF-Ti64, and (d) EBM-Ti64.  
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reason why both β volume fraction and β morphology has a significant 
effect [26]. These dislocations can transmit easily across boundaries 
having similar burger vectors, known as direct transmission. Other than 
this, the Frank-Read source at the front of the dislocation pile-up leads to 
the nucleation of dislocations and indirect transmission. Based on the 
strain hardening and dislocation plasticity (ease of dislocation trans
mission) the grains are classified as soft or hard grains [27]. The liter
ature [28] shows a noticeable difference between α-basal, α-prismatic, 
and β-phase SRS and properties associated with it, like activation energy 
and activation volume. It has been observed that prismatic slip activity 
manifests 2–3 times elevated values of SRS compared to basal as it has 
more slip localization and a higher hardening gradient [28]. Referring to 
the EBSD-IPF and PF results of the samples, the HCP crystals in the 
EBM-Ti64 have rotated towards the building direction. As a result, more 
prismatic planes are parallel to the building direction in the EBM-Ti64, 
which were hit by the indenter during the nanoindentation experiments. 
Consequently, a higher SRS was evaluated for the EBM-Ti64 alloy. 

Other than grain orientation, grain size, and dislocation density also 
affect the SRS. Literature confirms a lower value of SRS for ultra-fine 
grains of BCC metals compare to coarse grains, but the opposite trend 
was seen for the FCC metals [29]. Due to the paucity of experimental 
results, the relationship between grain size and SRS is unestablished for 
HCP materials in ultra-fine and coarse grain regimes [31] and the 
available results do not show any specific trend for SRS of HCP metals 
[32]. Nevertheless, in the current study, the material with a finer grain 
structure (i.e. L-PBF-Ti64) possesses a lower SRS. Eq. (4) represents the 
relationship between SRS and dislocation density which shows higher 
dislocation density leads to lower SRS [30]: 

SRS=
B

sfaρb2 (4)  

where B is damping factor, s is Schmidt factor, fa is constant (2/3 ac
cording to Ref. [30]), and ρ is dislocation density. It has been reported 
that the dislocation density of L-PBF-Ti64 is higher than EBM-Ti64 by 
the order of two [33,34], which results in a lower SRS of L-PBF, well 
correlated with our results. 

6. Summary 

The micromechanical properties of L-PBF-Ti64 and EBM-Ti64 alloys 
were studied using the depth-sensing indentation testing technique. The 
L-PBF-Ti64 exhibits a higher hardness due to its finer microstructure, 
comprised of needle-shaped martensite α’ phase. The EBM-Ti64 micro
structure consisted of α phase with a comparatively lower hardness 
value. Both alloys revealed a typical ISE. The SRS comparison of L-PBF- 

Ti64 and EBM-Ti64 showed a higher SRS value for the EBM-Ti64 (i.e., 
~0.034 versus 0.015). The alignment of α-prismatic planes along the 
building direction is the main reason for a higher SRS in the EBM-Ti64 as 
α-prismatic has a higher hardening gradient. Other than orientation, 
dislocation density has an inverse effect on SRS. Characteristically, the 
dislocation density in the L-PBF-Ti64 is higher than that in the EBM- 
Ti64; therefore, a lower SRS was detected in the L-PBF-Ti64 alloys. 
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