metals m\py

Article

Effect of Stress-Relieving Heat Treatment on the High
Strain Rate Dynamic Compressive Properties of
Additively Manufactured Ti6A14V (ELI)

Amos Muiruri *(, Maina Maringa (¥, Willie du Preez ! and Leonard Masu >

1 Department of Mechanical and Mechatronics Engineering, Central University of Technology, Free State,

20 President Brand St, Bloemfontein Central, Bloemfontein 9301, South Africa; mmaringa@cut.ac.za (M.M.);
wdupreez@cut.ac.za (W.d.P.)

Department of Mechanical Engineering, Vaal University of Technology, Andries Potgieter Blvd,
Vanderbijlpark 1900, South Africa; leonard@vut.ac.za

Correspondence: amos.mwangi.muiruri@gmail.com; Tel.: +27-63-014-1847

check for
Received: 16 April 2020; Accepted: 11 May 2020; Published: 18 May 2020 updates

Abstract: A study was undertaken on the compressive high strain rate properties and deformation
behaviour of Direct Metal Laser-Sintered (DMLS) Ti6Al4V (ELI) parts in two separate forms: as-built
(AB) and stress relieved (SR). The high strain rate compression tests were carried out using a Split
Hopkinson Pressure Bar test system at ambient temperature. The average plastic strain rates attained
by the system were 400 s~! and 700 s~!. Comparative analyses of the performance (flow stresses and
fracture strains) of AB and SR specimens were carried out based on the results obtained at these two
plastic strain rates. Microstructural analyses were performed to study the failure mechanisms of the
deformed specimens and fracture surfaces. Vickers microhardness test values were obtained before
and after high strain rate compression testing. The results obtained in both cases showed the strain
rate sensitivity of the stress-relieved samples to be higher in comparison to those of as-built ones,
at the same value of true strain.

Keywords: direct metal laser sintering; Ti6Al4V (ELI); dynamic properties; Split Hopkinson Pressure
Bar; flow stress; fracture strain

1. Introduction

Direct metal laser sintering (DMLS) is a technology that has been available commercially since
1995. This technology was developed by EOS GmbH of Miinich, Germany [1]. In DMLS, material
is added one cross-sectional layer at a time to create a three-dimensional object [1]. The process,
therefore, makes solid 3D objects of almost any shape from a computer-aided design (CAD) model.
The CAD model, which constitutes the part geometry, is created, and, once optimised, is then “sliced
numerically” into the layers of thickness at which the additive manufacturing (AM) machine will build
it. Next, the file is transferred to the DMLS machine’s software, allowing file-based building to begin.
Layers of powder are laid down successively and fused selectively by a laser, with each fused layer
corresponding to a particular two-dimensional slice of the CAD file. Through repetition of this process,
and by fusing layers onto each other, these successive layers form a shape conforming to the 3D CAD
model [2].

Varieties of metal and alloy powders can be used, as long as they conform to the DMLS process
in terms of atomised particle size and shape. Some potential materials that have been developed for
DMLS include, but are not limited to, aluminium alloys, steels and titanium alloys [3]. However,
Ti6Al4V has been the main alloy used in DMLS processes. This is mainly due to its application in
the medical and aerospace industries [1-4]. The alloy offers good characteristics, such as specific
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strength and ductility, low thermal conductivity and corrosion resistance, making it a preferred alloy
for use in the aerospace industry. In airframes, it is used for general structural components such as
undercarriages, fuselages, wings and fasteners [3]. Due to its relatively moderate maximum allowable
temperature being between 347 °C and 417 °C [5], it is used for the manufacturing of fan blades,
fan cases and compressor blades in the intake sections of aircraft turbo-engines [4]. Other applications
include biomedical devices and implants, and high-performance automotive engine parts for racing
cars [4]. The opportunities for use of AM technologies such as DMLS in the aerospace sector has led
to a reduction of the required quantities of raw materials used to produce in-service components,
known as the “buy-to-fly” ratio [6].

The use of DMLS-produced Ti6Al4V parts in the aforementioned applications is expected to
increase in the near future [7]. Therefore, it will be imperative to determine how such manufactured
parts respond under dynamic conditions of loading. Residual stresses and high surface roughness
developed during the building process are the major challenges facing the DMLS process [8]. While the
residual stresses result from the rapid cooling of the process, the surface roughness of the manufactured
parts is due to partially melted or un-melted powder from the surrounding powder bed sticking to the
surface. Porosity and generation of microstructures that are different from those of wrought or cast
materials are other challenges associated with AM processes. The production of parts that are free
of from pores requires precise control of a number of process parameters [9]. Therefore, the material
properties of the DMLS parts are often very different from those of cast or wrought material with
the same composition. For instance, the yield strengths of cast and wrought Ti6Al4V are 885 MPa
and 945 MPa, respectively, whereas a value of 1075 MPa has been reported for DMLS-produced
parts [10-12]. The higher yield strength value in the DMLS process is attributed to the resulting
o’-martensitic microstructure as a result of the rapid cooling rate associated with the process.

The behaviour of conventionally manufactured Ti6Al4V under dynamic loading has been the
subject of various studies [13-15]. Generally, these studies demonstrated the positive strain rate
sensitivity of the Ti6Al4V parts made by conventional manufacturing processes. In the recent past,
some studies have attempted to demonstrate the dynamic deformation behaviour of AM Ti6Al4V [16,17].
In their research, Peng et al. [16] paid special attention to both the effects of strain rate as well as
temperature on the tensile and compressive plastic flow and fracture characteristics of Ti6Al4V alloy
produced via 3D laser deposition technology. The study observed that the flow stress under compressive
and tensile loading increased with strain rate. However, the flow characteristics of the material
decreased with an increase in temperature under both loading conditions. The authors concluded that
compressive fracture occurred as a result of adiabatic shear bands (ASBs) that formed and expanded
during deformation for all the test high strain rates. Elsewhere, Mohammadhosseini et al. [17]
investigated the dynamic compressive properties of Ti6Al4V alloy produced by electron beam melting
(EBM). The study concluded that the strain at fracture was lower in dynamic compared to static
compression deformation. Microstructure investigation revealed the presence of ASBs in high strain
rate samples. ASBs are narrow zones in which considerable local increases of temperature can be
experienced due to the degeneration of part of the mechanical work of high strain rate deformation.
The ASBs are usually a precursor to the final ductile or brittle fracture as a result of voids and small
cracks growing and coalescing within them [18,19].

In a manner similar to convectional manufacturing processes, parts produced by various AM
processes may not necessarily show similar mechanical properties and behaviour, due to the differences
of processing parameters, as well the variability in individual processes. A comparative study indicated
that the tensile strength of DMLS Ti6Al4V is approximately 30% higher than that of EBM [9]. This is due
to the fact that the EBM process results in an « + 3 microstructure, whereas the DMLS process results
in an «’ phase, which has a comparatively higher yield strength [11]. The layer-by-layer building
process of metal powder in the DMLS process with non-optimal parameters influences the porosity,
whereas rapid cooling influences the formation of the resulting microstructure. Together, these two
factors determine the mechanical properties of the part produced.
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The DMLS-produced parts are functional and can be used for different applications experiencing
wide ranges of strain rate loadings, such as biomedical implants (low strain rate loading), and in
high-performance parts, such as in automotive engine, aircraft engine and structural components
(high strain rate loading). Table 1 shows the reported values of strain rate reached under various
environmental conditions.

Table 1. Actual levels of strain rate in the human body, and structural parts under various conditions.

Strain Rates (s~1) Conditions Strained Parts Ref.
0.004 Walking Tibia and cortical bones [20]

0.05 Sprinting and downhill running Human bones [21]

1-50 Traumatic fracture events (accidents) Human bones [22]

1-500 Automotive crash Automobile body parts [23]
10-1000 Aircraft undercarriage Landing gears [24]

Aircraft turbo-engine frontal components are prone to impact by foreign objects, such as what is
commonly known as a “bird strike” [25]. Bird strikes may occur during take-off, climb, approach and
landing. A typical case that recently occurred in South Africa is that of Mango Airlines Flight JE 147,
which had to turn around after one of the aircraft’s turbo-engines was damaged by a bird strike a
few minutes after take-off from O.R. Tambo International Airport, Johannesburg [26]. Therefore, it is
critical to design structures and components to withstand such eventuality. Data on the response of
materials to high strain rates is necessary to analyse problems related to foreign object damage (FOD),
and also in modelling and numerical simulation. Fan casings, compressor casings and turbine casings
are designed for containment of debris as a result of blade release. In such an event, a loose/broken
blade has to be contained within the casing to avoid further damages to other components, such as
controls, which may lead to a loss of control of the aircraft, in turn leading to tragic losses or even an
unsafe landing.

The aim of the work reported on in this paper was to develop an understanding of the mechanical
behaviour of DMLS-fabricated Ti6Al4V (ELI) parts under high strain rate compressive loading using a
Split Hopkinson Pressure Bar (SHPB). The two forms of as-built (AB) and stress-relieved (SR) DMLS
specimens were used in this testing. Stress relieving was done to reduce the residual stresses developed
during fabrication through the DMLS process. The variations of microhardness, stress—strain behaviour
and microstructural characteristics of the two forms of alloy under high strain rate compressive loading
were studied in this work, and are reported here.

2. Materials and Methods

2.1. Materials

Table 2 shows the chemical composition of the Ti6Al4V (ELI) powder used for the production of
specimens for high strain rate tests. The powder complied with the ASTM F3001-14 standard and was
supplied by TLS Technik GmbH & Co. Spezialpulver KG (Bitterfeld-Wolfen, Germany).

Table 2. Chemical composition of TLS Technik GmbH Ti6Al4V (ELI) alloy powder (wt. %).

Materials Al Vv Fe C (@) N H Ti
Wt. % 6.34 3.944 0.25 0.006 0.082 0.006 0.001 Bal.

The Ti6Al4V (ELI) experimental high strain rate compression specimens were built in a DMLS
EOSINT M280 system (EOS GmbH, Munich, Germany) with a 200 W ytterbium fibre laser that has a
laser diameter of 80 um. The samples were fabricated with a laser power setting of 175 W, a hatch
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distance (the distance between two adjacent scan vectors) of 100 um and a layer thickness of 30 pm.
The Ti6Al4V (ELI) powder particle size was an average of <40 um diameter. A back-and-forth raster
scanning pattern with shift angle of 67° for each pass was used in the production of the specimens.
Argon gas was used as a protective inert atmosphere in the manufacturing process. Thirty-two
cylindrical specimens, with a diameter of 6 mm, were fabricated, and half of them were stress relieved
in an argon gas atmosphere at 650 °C, with a soaking period of three hours, and then cooled down in
this protective atmosphere. These specimens are herein referred to as “stress-relieved (SR) specimens”.
The rest of the specimens are herein referred to as “as-built (AB) specimens”. The AB and SR specimens
were cut off the base plate by electrical discharge machining (EDM) wire cutting. The cylindrical
compression test specimens were made in two sets: one with a height of 10 mm and diameter of
6 mm, and the other with a height of 6 mm and diameter of 6 mm. Sixteen specimens (8 AB and 8 SR
specimens) were built for each of the two heights. Two specimens in each category (AB and SR) were
used for the calibration of the test equipment. Two different heights of specimens were used during
SHPB compression testing in order to attain two different strain rates using the same equipment setting
(striker velocity). The specifications of the SHPB test require a height-to-diameter ratio of at most 2,
in order to facilitate equilibrium of the dynamic forces during testing [27]. The ends of the specimens
were faced off on a lathe machine to ensure that they were flat and parallel within a tolerance of
0.02 mm. The parallel ends of specimens are normally required to ensure best possible contact between
the specimen and the pressure bars of the SHPB apparatus during impact loading.

2.2. Dynamic Compression Test

The classical SHPB is used to characterise high strain rate behaviour of materials in compression,
tension and shear. The device is capable of attaining strain rates ranging from 102 s~! to 10* s~1 [28].
Such range of strain rates is sufficient to simulate high-speed crashes and high strain rate impacts.
The typical compression SHPB test set-up is as shown in Figure 1. The incident and the transmitter
bars were made of high-strength 4340 steel. The incident and transmitter bars were 3000 mm long,
with a diameter of 20 mm. The striker bar was 710 mm long, and was fired into the incident bar at
velocity of approximately 11 m/s.

. Strain gauge 2
Strain gauge 1

Striker bar Incident ba;/ Transmitter ba;/
|

[—> || = =
«— —>T —>

& Ei &t

Specimen

Figure 1. The SHPB compression test setup, reproduced from [29], with permission from Elsevier, 2019.

Strains in the incident and the transmitter bars were measured with strain gauges in a full
Wheatstone bridge configuration. The bridge was constructed from four Micro-Measurement (Raleigh,
North Carolina, USA), ED-DY-125AC10C 1000 strain gauges placed at the centre of both the incident
and transmitter bars. An excitation voltage of 1.50 V was provided through two Agilent E 2630A
power supplies. To reduce the friction and maintain uniaxial compression in the sample, molybdenum
disulphide grease was used to lubricate the interface between the bars and the specimen. The changes
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in resistance on the strain gauge as the striker bar struck the incident bar were converted to proportional
changes in voltage, and then amplified, digitally sampled and stored as numerical data. The strain
gauge readings in volt were then converted into strain using the Equation (1), where the strain gauge
data (resistance, gauge factor and voltage) were known [28].

Voltage reading x Gauge resistance

Strain =

)

Calibrated voltagexGauge factor (Gauge resistance + Calibrated resistance)

Figure 2 shows a typical output signal from the strain gauges on the bars of the SHPB test rig in a
typical high strain rate compression test, obtained for DMLS Ti6 Al4V (ELI).

4 T T T T T T T T T
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wave

N
T

-
T

Strain gauge output signal (Volts)
N o
T T

2+ -
3l Reflected |
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Time (10%s)

Figure 2. The voltage output from the strain gauges after filtering out noise in a typical compression test.

It is clear that the time at which the waves start picking up in magnitude is not the same for
the transmitted and the reflected wave. The estimated picking up times in Figure 2 for the reflected
and the transmitted wave are 0.0001214 s and 0.0001229 s, respectively. The reason for this difference
in time between these two waves is that the incident wave is immediately reflected at the incident
bar/specimen interface, while the transmitted wave occurs upon the wave travelling through the
specimen. The reflected signal ¢,(t) was captured from the strain wave of the incident bar, whereas the
transmitted strain signal &;(t) was captured from the strain wave of the transmitter bar for the same
time range as the reflected strain wave. These signals were converted into strain using Equation (1),
before input into an existing MatLab programme that converts such signal in stress (05), strain (&)
and strain rate (és) using Equations (2)—(4):

0s = EApet/ Ag ()
t
s =2Co /15 f &pdt 3)
0
&s = 26,Co/ls= vg1 —vs2 /15 4)

where E is the Young’s modulus of the incident and transmitter bars; Ay and As are the cross-sectional
areas of the bars and the specimen, respectively; [s is the length of the specimen; and Cj is the
longitudinal wave velocity in the incident and transmitter bars.



Metals 2020, 10, 653 60f 19

Therefore, during the experiment, testing at each strain rate range was repeated seven times,
and in all instances the stress and strain data captured were averaged using MatLab codes in order to
enhance the credibility of data used. This was to reduce uncertainties that could affect the recorded
pulse, leading to spurious results.

2.3. Preparation of Fractured and Cut Surfaces (in the Unfractured Specimens)

In order to study and characterise the deformed surfaces of those specimens that did not fracture
after compressive high strain rate testing, they were first sectioned along their respective longitudinal
loading axes. The cut was done using EDM wire cutting. Before grinding and polishing of the
cut surfaces, the specimens were mounted in conductive Bakelite/Epoxy using a Struers Citopress-1
mounting machine (Cleveland, Ohio, USA). Grinding and polishing of the specimens then followed,
and were performed in accordance with the suggested protocol by Struers for titanium alloys.
The polished parts were then cleaned individually under tap water, and thereafter dried using a
strong stream of compressed air. Metallographic samples were then etched using a solution of Kroll’s
reagent, a dilute aqueous solution containing HF and HNOj that is commonly used for commercial
titanium alloys.

The surfaces of those specimens that fractured upon testing were first cleaned with an ultrasonic
cleaner for a period of three minutes, using ethanol as the cleaning solvent. The surfaces were then
rinsed under running water, before being dried using a strong stream of compressed air. An optical
microscope (OM) and a scanning electron microscope (SEM) were used to examine the fracture surfaces
and the cut surfaces of the aforementioned loaded DMLS Ti6Al4V (ELI) specimens.

Microhardness testing of the DMLS Ti6Al4V (ELI) wire cut specimens that were exposed to
compression high strain rates without fracturing was performed using a Future Tech Vickers hardness
tester. A 200 g load, with a dwell time of 10 s, was used, and a minimum of 30 indentations were
made on the polished cut surfaces of each sample. The indentations were made approximately 0.5 mm
from the edges of the cut surfaces, in both the transverse and longitudinal directions, and a set of
indentations were made along the middle in the loading direction, as illustrated in Figure 3. To study
the hardness in the regions of critical deformation (adiabatic shear zones), a smaller load of 10 g, with a
dwelling time of 10 s, was used. A smaller load was used because the regions were too narrow to
accommodate a load of 200 g.

Figure 3. Illustration of typical indentations made on the cut surfaces of the specimens. The blue and red
arrows show the direction of indentation and inclination of adiabatic shear bands (ASB), respectively.
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3. Results and Discussion

3.1. Microstructure

The optical microstructural observations of the longitudinal sections of the two forms of the alloy
shown in Figure 4, revealed prior (3-grains elongated approximately parallel to the build direction,
before and after stress-relieving heat treatment. An almost equiaxed grain morphology of 3-grains
on the transverse sections were observed for both the AB- and SR-sectioned samples. The diameters
of these grains were approximately 100 um, which corresponds with the hatch spacing, a DMLS
process parameter mentioned in Section 2.1. The interior of the elongated and equiaxed prior 3-grains
shown in Figure 4 consist of fine acicular-type structures referred to as “«’-martensite”. Previous X-ray
diffraction (XRD) and transmission electron microscopy (TEM) analyses of AB and SR specimens by
Yadroitsev et al. [30] confirmed them to consist of fine acicular-type structures with no traces of 3-grain
precipitation, even upon stress-relieving heat treatment for the latter.

As-built (AB) Stress relieved (SR)

Transverse

view

view

Figure 4. Typical optical micrographs of the as-built (AB) (a,c) and stress-relieved (SR) (b,d) transverse
and longitudinal sections of the specimens in relation to the build direction, respectively.

3.2. Flow Stress and Strain Rate Dependency

The 6 mm and 10 mm long compression specimens for the two forms of alloy, AB and SR,
yielded two different high strain rates. Figure 5 shows the strain rate against time history for the two
dimensions of the specimen used.
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Figure 5. Typical imposed strain rate vs. time history for the 6 mm and 10 mm AB specimens.

This figure shows that the length of the compression specimen has an effect on the strain rate
for the same striker velocity, which further confirms Equation (4) in Section 2.2. From the figure,
it is seen that the strain rate varied significantly with time, particularly during elastic deformation of
the specimens, and remained relatively constant during plastic deformation. The 6 mm and 10 mm
specimen for the two forms of alloy yielded average plastic strain rates of approximately 700 s~! and
400 s71, respectively, for the same applied impact velocity of approximately 11 m/s.

Based on the strain signal obtained, the typical computed strain, strain rate and stress graphs for
Ti6Al4V (ELI) as a function of time are shown in Figure 6. Over most of the test period, the specimens
experienced linearly increasing strains as the period of testing increased, as is clear from Figure 6.
It is also evident from the figure that the compressive stresses induced in the specimens increased
more or less linearly with time, up to a certain value (elastic limit). Beyond this point, the change in
compressive stress is seen in Figure 6 to become nonlinear (plastic deformation). The compressive
strain rate is seen in Figure 6 to rise rapidly, and then drop sharply, before levelling off in the zone
of plastic deformation, as previously shown in Figure 5. Like most stress—time curves of metals and
alloys during deformation, the curves in this figure exhibit three distinct regions: the initial region of
elastic deformation; the second region of uniform plastic deformation, which terminates in the ultimate
strength of the material; and the third region of unloading, referred to as a region of non-uniform
plastic deformation.
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Figure 6. Typical stress, strain rate and the strain against time graph for a 6 mm long SR Direct Metal
Laser-Sintered (DMLS) Ti6Al4V specimen.

The curves shown in Figure 7 also exhibit the three regions of elastic and plastic deformation
discussed above. After dissipation of the effect of the applied impact, the stresses induced in the
specimens dropped. Most reported cases of fracture occurred in this region, after which the stress

dropped to zero, as shown in Figure 7.
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Figure 7. Stress—strain curves for the six SR specimens of 6 mm length, tested at a strain rate of

approximately 400 s~1.

At least seven specimens were tested in each category (AB and SR) and at each strain rate (400
and 700 s~1). However, due to instability of the SHPB equipment data acquisition system, some tests
failed to record results, even though the specimens were loaded. For instance, in Figure 7, although all
seven specimens were loaded, only six of them recorded results. All specimens tested experienced
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plastic deformation, as shown in Figure 7. Moreover, as shown in Table 3, 14% and 29% of the AB and
SR specimens, respectively, fractured during testing conducted at a plastic strain rate of approximately
400 s~1. It was noted that 42% and 71% of AB and SR specimens, respectively, failed during testing
conducted at a plastic strain rate of approximately 700 s~!. It is apparent, therefore, that more
specimens fractured during testing that was conducted at the higher strain rate. The compressive
fracture strength of as-built (AB) Ti6Al4V (ELI) is expected to decrease upon stress-relieving heat
treatment, while ductility is expected to improve resulting in the higher numbers of fractured SR
specimens, as seen in Table 3. Generally, this is due to the reduction of residual stress of the AB
microstructure as a result of heat treatment.

Table 3. Conditions of the specimens after dynamic compression testing.

Specimens As-built (AB) Stress Relieved (SR)

Plastic strain rates (s~1) 400 700 400 700
No. of fractured specimens
No. of unfractured specimens
Total

N O =
N oA W
NG N
NN O

The average values of compressive stresses and strains for the seven specimens, less outliers,
tested at each strain rate were computed using MatLab codes, up to the point where the first incidence
of fracture was reported in each case, at average plastic strain rates of 400 s~! and 700 s™! for both the
AB and SR specimens. The curves for engineering stress (0e;g) and strain (&.,¢) were converted into
curves for true stress—strain using the following relationships.

Otrue(t) = Ueng(t)<1 - 5eng(t)> (&)

Erue(t) = —In(1 = eong (t)) ©6)

The high strain rate average compression stress-strain curves for the AB and SR samples, such as
the set of curves shown in Figure 7, are presented in Figure 8.

1800 T T T T T T T T T
1600 [ -
I Ll *\‘
%
L | i
1400 x
\
¥
\
x
1200 \ -
g "
§,1000 N AB 7005-1 i
n -~ ~AB 400s
4 A
£ SR 700s
o 800 - * ~SR 400s™" .
2
'—
600 -
J
]
1
400 f —
1
200 -
e
i
0 ' 1 1 1 1 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

True strain

Figure 8. The resultant average compressive true stress—strain curves for the AB and SR samples at
two different strain rates.
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The sudden impact on the specimens during the SHPB test loaded the material out of the elastic
limit, thus leading to instantaneous strain hardening (pile up of dislocations). The result of this was
higher values of stress than the normal yield stress of 1080 MPa for the alloy required to initiate plastic
deformation, as seen in Figure 8. The yield point varied for the two forms of the alloy tested at the two
strain rates. At the higher strain rate of 700 s}, the yield stresses of the AB and SR specimens are seen
in the two figures to be 1384 MPa and 1402 MPa, respectively. Both forms of alloy yielded at lower
values of stresses of 1304 MPa and 1225 MPa for the AB and SR specimens, respectively, at a strain rate
of 40071,

Further increase of the applied strain initiated plastic deformation for both forms of the alloy.
For all the specimens that were tested, the true flow stresses are seen in Figure 8 to have increased
after yielding up to a maximum flow stress, which is known to be due to strain hardening, and then
decreased thereafter. Most of the plastic work done during this period is dissipated as heat. However,
as materials are rarely pure and without flaws, inhomogeneities in the material form areas of stress
concentration, and therefore centres of concentration for plastic deformation [31]. The heat generated in
such areas is likely to be more than the heat dissipated for high strain rates, even more so for materials
with a low thermal conductivity, such as Ti6Al4V. This would then give rise to higher temperatures in
the alloy at such areas, which in turn may lead to thermal softening. Thermal softening stops further
strain hardening by enhancing the motion of dislocations, leading to flow localisation. The decrease in
flow stresses with increasing strain is due to the effect of unstable deformation caused by such flow
localisation, which then leads to the development of voids and microcracks. This unstable deformation
occurs at the maximum true stress (0,12¢), and the strain at this stress is defined as the strain of unstable
deformation. As is evident from Figure 8, the value of maximum true stress obtained in the present
work was higher for the AB samples, at 1596 MPa, compared to a value of 1550 MPa for the SR samples
at the same strain rate of 700 s~1. At the lower strain rate of 400 s~1, the values of maximum true stress
for the AB and SR still show the same trend, although with smaller differences, namely, 1539 MPa and
1525 MPa, respectively.

The curves in Figure 8 were plotted up to the points at which fracture occurred. The strain at such
points is therefore a fracture strain. The fracture strains were higher at the lower strain rate of 400 s~!.
At the lower strain rate, the AB specimens fractured at an average strain of 0.126, compared to that of
the SR specimens at 0.174. At the higher strain rate of 700 s~!, the strains at fracture were 0.124 and
0.135 for the AB and SR specimens, respectively.

At fixed strain and temperature, the effect of strain rate on the flow stress (0) can be described by
the power-law expression [32]:

o=Ce" 7)

where C is the material constant exponent, m is the strain rate sensitivity and ¢ the strain rate.
For material deforming at two levels of strain rate, Equation (7) can further be expressed as [32]

oa/0o1 = (é2/&1)" (8)

The computed values of the relative strain rate sensitivity m for the AB and SR samples from the
average true stress—strain curves at the same strain are as shown in Table 4.

Table 4. Experimental values of relative strain rate sensitivity.

Strain 0.02 0.04 0.08 0.12
Form of samples Strain rate sensitivity (1)
AB 0.074 0.064 0.001 -0.04

SR 0.183 0.182 0.15 0.09
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The relative strain rate sensitivity is seen from Table 4 to be higher for the stress-relieved samples
in comparison to the as-built ones. This could suggest that the stress-relieved DMLS Ti6 Al4V (ELI)
material becomes more work hardened under high strain rate loading conditions in comparison to the
as-built parts under the same loading.

It is common practice to expose the DMLS parts to stress relieving heat treatment in order to
relieve the residual stresses that develop during the build process. Therefore, a comparison of the
results obtained in the present study for the SR samples and those of Ti6Al4V (ELI) commonly used in
industry and manufactured via the conventional methods is presented in Table 5.

Table 5. A comparison of the flow properties of SR DMLS Ti6 Al4V (ELI) samples in the present work
with those reported in the literature for wrought Ti6Al4V (ELI).

Ti6Al4V Microstructure Strain Rate (s~1) YS (MPa) UCS (MPa) & Ref.
DMLS-SR Martensitic 400 1225 1525 0.174 Present study
DMLS-SR Martensitic 700 1402 1550 0.135 Present study
Wrought A + B lamellar 1100 1130 1180 0.180 [33]
Wrought o« +  lamellar 4100 1376 1400 0.300 [33]
Wrought o +  Equaxied 2630 1210 1346 0.320 [34]
Wrought A + B Equaxied 6400 1385 1410 0.270 [34]

YS: Yield Strength, UCS: Ultimate Compressive Strength: ¢ ¢-fracture strain.

The materials in the table are of different microstructures: martensitic, lamellar and equiaxed.
The yielding stresses and ultimate compressive strength for stress-relieved DMLS Ti6Al4V (ELI) parts
are seen in this table to be higher than those of the wrought material, even though the latter were
tested at higher strain rates than in the SR specimens in the present study. The fracture strains on
the other hand are lower for the DMLS parts compared with those of the wrought materials tested at
higher strain rates. An increase in the strain rate of materials generally causes an increase in flow stress
and a decrease in fracture strain due to greater multiplication of dislocations. The observation made
with reference to these two parameters in this table, in comparing their values for SR and wrought
specimens, suggests that the microstructure plays a significant role in the mechanical properties of
the materials at high strain rate. Thus, the higher flow stresses and lower fracture strains for SR,
DMLS Ti6Al4V (ELI) samples with fine martensitic microstructure, compared to lamellar and equaxied
structures of wrought Ti6Al4V. This suggests a need for further heat treatment of DMLS Ti6 Al4V (ELI)
parts to optimize the strength and ductility for industrial applications.

3.3. Hardness Test Result

The obtained values of the Vickers microhardness test for the unloaded samples and the two sets of
specimens (AB and SR) that were exposed to compressive high strain rate testing at the average plastic
strain rates of 400 s~! and 700 s~! showed variations over the range of indentations done. The average
values (bars) and standard deviation (error bars) of Vickers microhardness for the unloaded and loaded
AB and SR samples are presented in Figure 9.
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Figure 9. The values of mean Vickers microhardness for DMLS Ti6Al4V (ELI) for different load
conditions in HVyqg.

The stress-relieving heat treatment resulted in a decrease in micro-hardness of the as-built parts as
seen in this figure. A hypothesis of the reduction in a large amount of tensile residual stress created in
DMLS process due to rapid solidification can be proposed to have resulted in the observed higher
values of micro hardness of the AB specimens. The values of Vickers microhardness for both the AB
and SR specimens were higher on the average for the higher compressive strain rate. It is evident
from Figure 10 that the change in compressive high strain rate from 400 s~! to 700 s~! does not lead to
significant changes in the mean values of microhardness for both the AB (6.63 HVy(g) and SR (8.50
HV»g0g) specimens. However, the change is greater for the cases of the unloaded and loaded samples
at the higher strain rate, giving a mean difference of 12.87 HVjqog and 16.47 HVqg for AB and SR
specimens, respectively. It is noteworthy that, in view of preceding statements on the relative hardness
of AB and SR specimens and the possible causes of the difference of values for the two forms of alloy,
the change is higher for the SR than for the AB specimens.

The increase in the values of microhardness with increasing strain rate seen here can be attributed
to barriers to the movement of dislocations created by strain rate deformation that increases with
the increasing strain rate. This phenomenon can further be investigated for specimens loaded under
a wider range of strain rates. As the hardness of material is known to be proportional to the yield
strength, determination of the Johnson and Cook (JC) model parameters is useful in studying this
phenomenon [33].

Careful consideration of the values of microhardness using a small load (HVqg) for the area
near, within and far from the ASBs for the specimens loaded at a strain rate of 700 s~! indicated
some significant variations. The microhardness was greater near the ASBs, and gradually faded away
towards the regions far from them, as shown in Figure 10.
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Figure 10. Variation in the microhardness of a typical section of the ASB at a small load of 10 g.

Two key aspects are proposed here to explain this phenomenon: First, the strain hardening
of the microstructure within and in the regions neighbouring the ASBs, which are conjectured as
being more plastically deformed sections of the shear-strained samples due to shear—strain failure.
This increases the dislocation density in such regions, resulting in interaction of dislocation strain
fields, which hinders motion of dislocations. The second proposal is related to the higher temperature
gradient occurring between the regions of ASBs and the rest of the material. Corresponding higher
cooling rates upon removal of load, and therefore strain in such regions, cause the ASBs to develop
hard and brittle structures, which result in lower resistance to fracture, but higher values of hardness.

3.4. Observation and Analysis of Sectioned and Fractured Surfaces

The fractured features of the specimens that were impacted at strain rates of 400 s™' and 700 s~!
were studied using both optical and scanning electron microscopy. The analysis showed that localised
shear dominates the fracture behaviour of the two forms of the Ti6Al4V (ELI) alloy. Narrow transformed
ASBs running across the specimens, were observed using optical microscopy in all cases of the sectioned
specimens. A typical optical micrograph of a fractured specimen and a schematic description of its
features are shown in Figure 11.

In a secondary electron image (SEI) mode of a SEM, deformed and transformed ASBs zones
were observed on the longitudinal surfaces of the two forms of specimen that did not fracture.
The micrographs, for the specimens that were deformed under either one of the two strain rate regimes
of 400 s~! and 700 s~! are shown in Figures 12 and 13. The deformed ASBs are considered as zones of
intense concentration of shear strain with no definite boundaries, whereas dynamic recrystallisation
or phase transformation does occur in transformed ASBs, and they also have clear boundaries [31].
In Figure 12a, the martensitic structures are seen to be under shear strain, with no definite boundaries
observed between the matrix and ASBs. Shear zones, as well as the transformed ASBs, with definite
boundaries forming at the centre of the deformed zones, are observable in Figure 12b. Figure 12c
shows the transformed ASB under high magnification. The narrow zones pointed to as transformed
ASBs are known to be areas of dynamic recrystallisation [18].
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Figure 11. Typical optical micrograph and schematic description of the failure surfaces of a
loaded specimen.
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Figure 12. SEM-SEI of deformed (shearing martensite) (a,b) and transformed adiabatic shear bands
(b,c) in DMLS Ti6Al4V (ELI).

In Figure 13, voids and cracks are apparent, with clear signs of coalescence within the formed
ASBs. It is evident from the micrographs in Figure 13 that the locations of ASBs can be considered as
sites for further damage and future failure when the voids and cracks coalesce along them. Figure 13a,b
shows a typical array of coalesced voids in well-developed ASBs. Initially, the voids can typically be
considered spherical or elliptical, as shown in Figure 13b. However, upon their growth, and therefore
their diameters reaching the thickness of the shear bands, the voids merged, and extended along the
shear bands, forming into elongated cavities. The width of these resulting cavities may therefore be
considered to be the same as the width of the transformed shear band. The widths of these transformed
shear bands are seen to be narrower in the case of AB specimens (Figure 13a,c) in comparison to those
of SR specimens (Figure 13b,d) at the same test strain rate. The measured average width along the
transformed shear bands for the AB and SR specimens at the strain rate of approximately 400 s™!,
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are seen in the figure to be 2 um and 5 pm, respectively. Those at a strain rate of approximately 700 s~
are slightly higher, at 3 ym and 7 pm for AB and SR specimens, respectively.

400s1 700s1

AB
ASB Bifurcation
SEI  20kV G “'\_ SElI  20kV WD15mm  SS56
Fracture surface
SR

(d)

SEI  20kv# WD11mm SS56 X2,500  10pm  — 0 oo 0V WD13mm | SS56 x2,300  10pm

Figure 13. SEM-SEI of deformed adiabatic shear bands for AB samples (a,b), while panels (c,d) show
the SR samples (a,c) tested at a strain rate of 400 sl and (b,d) at 700 s~

The work of Wang [35] demonstrated that, at higher strain rates, the peak stress and the relative
average plastic shear strain are higher, transformation occurs earlier and the shear stress relative
to this transformation is higher. Therefore, a wider transformed ASB may be expected. Moreover,
at high strain rates, high peak temperatures in the ASBs, and steeper profiles of temperature in ASBs,
are expected. The variation of the width of the transformed ASBs at the same strain rate for the AB and
SR specimens may be considered a result of the difference in hardness of the two forms of the alloy.
The research of Dodd and Bai [18] showed that the width of the shear bands is primarily determined
by the material hardness, and it diminishes with increasing hardness of the material. This ties in with
the observations made in Section 3.2 that stress relieving at a temperature of 650 °C and a soaking
period of 3 h led to a decrease in the values of Vickers microhardness, from an average value of 384 +
8.49 HV;q for AB specimens, to 371 + 6.23 HV;q for SR specimens.

Studies of fractographs of DMLS AB and SR Ti6Al4V (ELI) that were loaded at compressive
high strain rates highlighted the fact that the fracture surfaces consisted of both shiny and fibrous
zones, as shown in Figure 14. It is evident in the images shown in Figure 14 that the tension and
the shear deformation regions coexist, and form an x-shape on the fracture surface, defining the
shear bands. Deformation under compressive loading is initially homogenous, with no induced
radial or circumferential stresses. As seen in Figures 11-13, plastic instability, which occurs at given
magnitudes of load, leads to deformation that is localised in narrow zones: the ASBs. A further
increase in compressive strain causes a transverse bulging of the specimens and circumferential/hoop
stresses appear at the equatorial plane of a cylindrical specimen. This creates a tensile loading
state, characterised by fibrous tearing zones with elongated dimples on the sides of the loaded
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specimens. The shiny, smooth zone is a result of shearing action between the two opposing halves of
the loaded specimen.

; L B
Shiny'z'on'e .

Fibrous zone
Fibrotis zone

Shiny zone

Shiny zone

%

v Shiny zone

- S
===

Fibrous zone

SEI 20kV  WD17mm SS56 <  x370%.  50um == " el 20v__ wWDi7mm ss56 X180 100pm m—
P L 2 v X < = /

Figure 14. Typical photograph (a), optical micrograph (b) and secondary electron images (c,d) of the
fracture surfaces of DMLS Ti6Al4V (ELI), showing fibrous and shiny zones.

4. Conclusions

The experimental high strain rate behaviour of as-built (AB) and stress-relieved (SR) DMLS

Ti6Al4V (ELI) presented here lead to the following conclusions.

(@)
(b)

(©)

(d)

©

()

(8)

The compressive fracture strength of the AB DMLS Ti6Al4V (ELI) decreased as a result of
stress-relieving heat treatment, while ductility increased for both forms of the alloy.

The flow stress under the compressive loading increased, while the fracture strain decreased with
a higher strain rate for both forms of the alloy.

The strain rate sensitivity of the SR specimens was higher in comparison to that of AB specimens
at the same true strain, implying that SR DMLS Ti6Al4V (ELI) specimens are strengthened much
faster under dynamic loading conditions than AB specimens under the same loading.
Stress-relieving heat treatment resulted in the reduction of the microhardness of the specimens.
This is thought to be due to the reduction in tensile residual stresses created in the DMLS process.
The values of microhardness for both the AB and SR specimens were higher for the higher
compressive strain rates. However, microhardness was greater near the ASBs, and declined
gradually towards the regions far from the ASBs.

SEM image analysis indicated that the compressive fracturing of both forms of the alloy was a
result of the development of ASBs for the two test strain rates.

At the same strain rate, the transformed ASBs for AB samples were narrower than those for the
SR specimens.
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Future work will be aimed at developing an ideal microstructure of DMLS-produced Ti6Al4V
(ELI), with optimal strength and ductility, thereby enhancing high strain rate properties, for application
in the aerospace sector, where such mechanical properties are vital for the reliability of parts.
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