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Abstract

In the present study, the effect of various heat treatments on the microstructure and micromechanical properties of a Ti-6Al-4V
alloy processed by a laser powder bed fusion (L-PBF) technique is investigated. Heat treatment cycles employed in this study
include solutionizing at 950 °C (for 1 h) followed by three different cooling rates (water quenching, air cooling, and furnace
cooling) as well as solutionizing followed by water quenching and artificial aging. To assess the small-scale properties, a
nanoindentation testing technique is employed. Microstructural quantitative analyses (i.e., optical microscopy and scanning
electron microscopy) were performed extensively on the as-fabricated and heat-treated samples. Artificially aged specimens
showed the highest microhardness of all the heat-treated samples, followed by air-cooled and furnace-cooled samples.
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Nomenclature
A Indentation area
C Sink-in/pile-up factor
E Modulus of the specimen
E; Modulus of the indenter
H,q Indentation hardness
h Indentation displacement
he Instantaneous contact depth
hmax  Maximum indentation depth
P;,q  Indentation load
Indenter tip radius due to blunting at tip
Hexagonal close packed (HCP) Ti
Supersaturated « in 3 stabilizing elements
" Orthorhombic «
Body-centered cubic Ti
oindg  Indentation stress
v Poisson’s ratio of the specimen
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1 Introduction

Due to both inherent costly raw materials and difficulties as-
sociated with its conventional manufacturing (i.e., welding
and machining), Ti-6Al-4V alloy is naturally suited to additive
manufacturing (AM). In addition, additive manufactured Ti-
6Al1-4V offers decreased labor cost and material waste, less
processing, smaller footprints, shorten manufacturing time,
and most significantly, tailored properties in the finished com-
ponent. The AM processes, however, exhibit a quite different
cooling rate and thermal gradient in comparison to the con-
ventional manufacturing methods [1]. Despite providing nu-
merous benefits, the AM Ti-6Al-4V experiences undesirable
microstructures consisting of large columnar prior (3 grains
across the entire height of the builds which lead to anisotropy
[2, 3].

Laser powder bed fusion (L-PBF) is a suitable and well-
developed AM technique to fabricate Ti-6Al-4V alloys. The
L-PBF technique, which is also known as direct metal laser
sintering (DMLS), uses high power density laser to melt and
fuse metallic powder together [4]. Due to the specific micro-
structure originating from the L-PBF process [5], specific
treatments are required to obtain optimal mechanical proper-
ties. The microstructure of Ti-6Al-4V alloy manufactured by
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the L-PBF process typically consists of a fine acicular mar-
tensite known as the o’ phase [6, 7]. Although these L-PBF Ti-
6Al-4V parts typically exhibit a high ultimate tensile strength,
and a high yield stress (about 1 GPa), they have a relatively
low ductility (less than 10%) [8]. To obtain a variety of desired
mechanical properties for specific applications along with im-
provement in the ductility of Ti-6Al1-4V alloy parts
manufactured by the L-PBF, appropriate post-production heat
treatment processes must be elaborated. Moreover, these heat
treatments cause the reduction of thermal stresses built up
during the additive manufacturing processes and further assist
with enhancing the part performance.

The effect of post-fabrication heat treatment on microstruc-
ture and micromechanical properties of conventionally fabri-
cated Ti alloys has been reported in numerous studies [9-12].
In general, through heat treatment of conventionally
manufactured Ti-6Al-4V alloy, the hardness increases as the
rate of cooling increases due to the formation of martensite
arising from rapid cooling [13—15]. Although there are numer-
ous data on the conventionally manufactured Ti-6Al-4V alloy,
limited studies involving the effect of microstructure and
micromechanical characteristics of the AM Ti-6Al-4V alloy
have been reported in the literature till date [16].

Wrought Ti-6Al1-4V is generally supplied in the mill-
annealed condition after the cast material is heavily worked.
This working and annealing procedure produces an equiaxed
o microstructure from which conventional heat treatments are
performed to obtain specific mechanical properties depending
on the service application. AM Ti-6Al-4V, however, has a
vastly different initial microstructure compared to its wrought
counterpart. The equiaxed o« microstructure for wrought ma-
terial is replaced with a fine acicular &’ (martensitic) micro-
structure for Ti-6Al-4V parts fabricated by the L-PBF process.
This difference in initial microstructure results in conventional
Ti-6Al-4V heat treatments having less of an effect on the
microstructure and resulting mechanical properties.

Vrancken et al. [8] investigated the different response of L-
PBF Ti-6Al-4V alloy on generally applied heat treatments and
distinguished the influence of time, temperature, and cooling
rate. They concluded that heat treating at intermediate to high
temperature below (3-transus, followed by furnace cooling,
was optimal for the overall optimization of tensile properties.
They also claimed that due to the specific process conditions
and specific microstructure, application of standard heat treat-
ments of the L-PBF-produced parts does not lead to the usual
or expected results and needs to be treated differently than
bulk alloy parts.

Vrancken et al. [8] and Sercombe et al. [17] performed
optimization of mechanical properties of Ti-6Al-4V alloy via
heat treatment of parts produced by the L-PBF below and
above {3-transus temperature. They found that through heat
treatment of the L-PBF Ti-6Al-4V alloy below {3-transus tem-
perature made the 3 grain boundaries more visible; the
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microstructure no longer contained long columnar prior 3
grains after heat treatment above the 3-transus, indicating ex-
tensive grain growth, up to the point of semi-equiaxed 3
grains.

Facchini et al. [18] performed post-fabrication heat treat-
ment (hot worked and annealed) of a L-PBF Ti-6Al-4V alloy
causing the transformation of the metastable martensite to a
biphasic -3 matrix resulting in an increase in ductility and a
reduction in strength. Vilaro et al. [19] experimented and com-
pared AF and both sub-transus and super-transus heat-treated
(through solution treatment and tempering) L-PBF Ti-6Al-4V
alloy processed by which exhibited high yield and ultimate
strengths while the ductility was also significantly improved
as compared to the AF sample. Fan et al. [20] examined the
effects of process parameters of L-PBF (laser power, scanning
speed, scanning direction) and heat treatment (through the
solution and aging heat treatment) on the microstructure and
properties of Ti-6Al-4V alloy forming parts under coaxial
powder feeding and observed that the original properties can
be improved and the high performance can be obtained. They
concluded that solid solution and aging heat treatment are
capable of improving the strength and plasticity of deposited
Ti-6Al-4V alloy.

Galarraga et al. [21] studied the effect of different heat
treatments on the microstructure of the EBM Ti-6Al-4V ELI
(extra low interstitial) and its impact on the mechanical prop-
erties. They observed that faster cooling rates after solution
heat treatment produced a greater amount of o' martensitic
phase, with water quenching resulting in a fully o’ microstruc-
ture. However, by increasing « lath thickness (from 0.62 to
2.9 um), they observed a detrimental effect on mechanical
properties like reducing microhardness, yield stress, ultimate
tensile strength, and elongation to failure by 11%, 8.5%, 1.5%,
and 26% respectively. Zhao et al. [22] investigated the effect
of several heat treatments, both below and above (-transus
temperature on the microstructure and microhardness of L-
PBF Ti-6Al-4V alloy and found that the original martensitic
o’ phase converts into the & phase. After annealing below f3-
transus temperature, the o phase starts to dissolute into the 3
phase under equilibrium heating conditions forming a lamellar
« + 3 mixture with lower hardness and greater ductility.
However, at temperatures above 3-transus, the microhardness
increases significantly.

The Ti-6Al-4V alloy fabricated by the L-PBF method has
been extensively studied for various heat treatments with the
purpose of relieving stress and achieving an equilibrium mi-
crostructure, eliminating the metastable o' martensite phase
and obtaining a microstructure with exclusively « and (3
phases. However, for the L-PBF process, the relation between
microstructure and mechanical properties after heat treatment
has been mainly limited to the AF condition and similar to
other AM processes; it does not completely prevent the pres-
ence of porosity in the build.
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The microstructure and properties of Ti-6Al-4V, as an o +
{3 alloy which is capable of combining both the strength of «-
phase alloys with the ductility of 3-phase alloys, can be varied
widely by appropriate heat treatments and thermo-mechanical
processing [21]. Different variations of microstructures can be
achieved with the application of different simple thermo-
mechanical treatments at above and below {3-transus on this
« + [ alloy. Therefore, it is crucial to study the effect of
various heat treatments on microstructure and subsequent im-
pacts on micromechanical properties of the AM o + 3 Ti-6Al-
4V alloy to verify its performance in load-bearing
applications.

Having said this, the current study aims to understand the
effect of various heat treatments on the microstructure of the
L-PBF Ti-6Al-4V and its impact on micromechanical proper-
ties obtained through an instrumented nanoindentation testing
method. The heat treatments utilized in this work were de-
signed through four various heat treatment cycles. The effect
of post-heat treatment including solutionizing followed by
water quenching (WQ), air cooling (AC), furnace cooling
(FC), and aging (precipitation hardening, PH) on subsequent
formation of different microstructural phases and their impact
on micromechanical properties were investigated using a non-
destructive instrumented nanoindentation approach.
Microstructural quantitative analyses (i.e., optical microscopy
(OM) and scanning electron microscopy (SEM)) were per-
formed to assess the microstructure of heat-treated AM Ti-
6Al-4V « + 3 alloy.

2 Experimental procedures
2.1 Sample preparation

The material utilized here to study various cooling rates of
different heat treatment cycles is an additive manufactured
Ti-6Al-4V alloy fabricated via the L-PBF process. The rect-
angular samples with dimensions of 9.8 x 9.8 x 5.6 mm’
(5.6 mm height) were fabricated. In order to investigate the
effect of various heat treatment cycles on microstructure and
micromechanical properties of the printed materials, the sam-
ples were cut into half exactly at the middle from the bottom
surface to the top. Four as-printed rectangular samples were
thus prepared to study post-heat treatment effect with dimen-
sions of 9.8 x4.9 x 5.6 mm>. The AM process parameters
chosen to manufacture parts is summarized in Table 1. This
set of parameters are the recommended performance parame-
ters provided by the equipment manufacturer. It is worth men-
tioning that the process parameters can have significant effects
on the resulting mechanical properties. However, this study is
focused on the effect of various thermal treatment cycles on
the micromechanical properties as evidenced by the nanoin-
dentation testing. Though the optimization of the parameters
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Table 1 Parameters used for the manufacturing of Ti-6Al-4V parts
System EOS M290
Substrate material Ti

Powder description Gas atomized, air dried

Mean particle diameter 35 um
Powder layer thickness 30 um
Laser spot diameter 100 um
Laser power 285 W
Scan speed 1200 mm/s
Shielding gas type Argon
Shielding gas inlet temperature 20 °C
Shielding gas inlet flow rate 0.25 m’/s

is not the main focus of this paper, the main requirement
would be that the initial conditions for all the samples were
similar (i.e., similar process parameters were used for each
specimen). The fact that all the specimens were fabricated
using the same process conditions means any significant
changes in the micromechanical properties can be related di-
rectly to the thermal treatments for each specimen.

2.2 Heat treatment procedures

Heat treatment of the samples was carried out in a KSL-1100X
muffle furnace, a heating atmosphere-controlled muftle fur-
nace for material synthesis under controlled inert gas atmo-
sphere, with accuracy of +1 °C. At first, the samples were
solutionized through heating at 950 °C with a heating rate of
15.8 °C/min and then soaking at 950 °C for 1 h. Upon com-
pletion of the solution treatment, various cooling regimes in-
cluding water quenching (WQ), air cooling (AC), and furnace
cooling (FC) were executed on the printed samples (see
Fig. 1). Air cooling was performed by cooling the sample in
the air. Furnace cooling was carried out by turning off the
heating. A separate sample was employed for aging (i.e., pre-
cipitation hardening) heat treatment purpose. This was done in

A

950°C, 1 hr

Temperature

EC

AC

W
Q Time

Fig. 1 Three different types of heat treatment: water quenching (WQ), air
cooling (AC), and furnace cooling (FC)
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order to reveal the effect of aging heat treatment on micro-
structure and micromechanical property evolution. To per-
form aging heat treatment, the sample was soaked at 950 °C
for 1 h, then quenched and artificially aged. The aging cycle
included heating at 540 °C for 5 h following by air cooling.
The schematic of the aging heat treatment is shown in Fig. 2.

2.3 Instrumented indentation

The instrumented indentation testing technique (i.e., micro/
nanoindentation), a continuous measurement of force (in the
range of nN to mN) and displacement (in the range of nm to
pum based on the depth sensitivity or average property required
from the substrate), is considered a reliable, convenient, and
non-destructive testing technique to examine the
microstructure/local mechanical property correlation in metals
at ambient (room) and elevated temperatures.
Nano/micromechanical properties (hardness, indentation
stress, creep, indentation strain rate sensitivity, reduced
Young’s modulus, etc.) of the material could be measured
from the load (P) and displacement (/) data recorded through-
out the process in the form of load vs displacement (P-%)
curve; see Fig. 3 [23, 24].
Micro- and nanohardness measurements were performed
on the as-fabricated and the heat-treated samples using a
Vickers hardness testing machine (HM 112 Mitutoyo) and a
Hysitron Ubi-1 Nanoindenter, respectively. Nanoindentation
tests were executed with a peak load of 10 mN and a loading
rate of 2 mN/s using a self-similar pyramidal (Berkovich)
indenter. Upon reaching to the maximum indenter load, the
load was held constant for 5 s to let the indenter relax on the
surface and then unloaded. Thermal drift corrections were
ensured by the sample being unloaded to 10% of the peak
and then holding for 120 s to ensure thermal drift is kept below
0.05 nm/s. Each indentation test was repeated 25 times to
confirm reproducibility.
For the Vickers microhardness testing, a load of 0.5 kg f
was employed with a dwell time of 12 s. Each plotted micro-
hardness value is an average of three readings. For each

950°C, 1 hr

Temperature

540°C, 5 hr

N\

AC

WQ
Time

Fig. 2 Schematic of precipitation hardening heat treatment for the Ti-

6Al-4V sample
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Fig. 3 Schematic representation of the P-4 curve showing loading and
unloading during nanoindentation [25]

sample, 25 positions were examined to confirm the
reproducibility.
Before the indentation tests were performed, the surfaces of

the samples were carefully ground with a series of progres-

sively finer sandpapers followed by fine polishing which re-
sulted in the mirror-like scratch-free surface finish. The mi-
crostructure was revealed upon using a modified Kroll’s re-
agent of 5 ml HF, 15 ml HNOs, and 80 ml distilled water. The
microstructure and grain sizes of the materials were then ex-
amined by optical microscopy (OM, MM500T) and scanning
electron microscopy (SEM, QUANTA FEG 650).

The stress distribution pattern over various heat-treated
samples obtained from the instrumented indentation testing
supports the hardness variation obtained from the Vickers mi-
crohardness testing, confirming the reliability of this non-
destructive testing technique. Indentation stress is calculated

using the following equation [26, 27]:
o Pind
24.56 x C(h+ 0.06R)

(1)

Oind

Here, 0,4 is the indentation stress, C is the sink-in/pile-up
factor, P;,q is the indentation load, # is the instantaneous con-
tact depth, and R is the indenter tip radius due to blunting at the
tip (which was 200 nm for the Berkovich indenter) used in this

study.
The average indentation hardness (H;,q) can be written as
Ping
H ind — 2
TN (2)

Here, A, is the instantaneous contact depth, and A is the

indentation area.
The reduced modulus of elasticity, i.e., E,, takes into ac-
count the final elastic constant of the diamond (Berkovich)
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indenter and can be written as [28]
1 (1-12)

B (1-24)
E.  E + E;

3)

Here, E is the modulus of the specimen, E; is the modulus
of the indenter, v is Poisson’s ratio of the specimen, and v; is
Poisson’s ratio of the indenter.

The elastic recovery parameters (ERP) can be deduced
from the following equation [28]:

ERP — tmax—he (4)

hmax

Here, 7, 1s the maximum indentation depth and 4. is the
contact depth (as shown in Fig. 3).

3 Results and discussion
3.1 Microstructure

Cooling rate, time, and temperature are the main parameters of
heat treatment which affect the final microstructure of the Ti-
6Al-4V alloy. In this study, the samples were solutionized at
950 °C for 1 h with the purpose of studying the effect of
different cooling rates from below (3-transus temperature on
the resultant microstructure and micromechanical properties.
Various cooling rates produce different microstructures as
shown in the continuous cooling transformation curve (CCT
diagram) in Fig. 4. This figure demonstrates different phase
transformations of Ti-6Al-4V alloy in different temperature
zones at various cooling rates. Fastest cooling method
(WQ), intermediate cooling method (AC), and slowest
cooling method (FC) significantly transform the phases of
Ti-6Al-4V at both sub-transus and super-transus zones.

1400
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800

Temperature T, K
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e
S
S
’

10 wQ 10t 100 AC 105 104 FC 105

Fig.4 CCT diagram for Ti-6Al-4V alloy showing cooling curves of three
different cooling methods (water quenching, air cooling, and furnace
cooling) [29]

Figures 5 and 6 show the optical and scanning electron
microscopy images of the Ti-6Al-4V alloy in the AF and
heat-treated conditions in X-Y direction. In the AF samples,
the L-PBF is typically martensitic which does not allow for
colonies to form. The acicular grain widths are controlled by
the cooling rate, and the lengths are controlled by grain im-
pingement (both (3 and «'). The colony size in martensitic Ti is
taken to be the width of the &’ needles. Additive manufactured
- Ti-6Al-4V alloy is typically characterized with prior 3
grains that grow epitaxially through several layers, consisting
of grain boundary « and martensitic «’ [30-32]. The micro-
structure of the Ti-6Al-4V alloy can be typically described as
primary «, secondary «, colony «, plate-like o, and martens-
ite &’(«”), acicular «, grain boundary «, basket-weave struc-
ture [33], and Widmanstitten structure [34]. The terms basket-
weave structure, Widmanstétten structure, and acicular are
often used to be interchanged [45].

In the Ti-6Al-4V alloy manufactured by the L-PBF, an «-f3
lamellar structure associated with «-phase lamellae in a 3-
phase matrix is created due to the low to intermediate cooling
rates experienced during the post-manufacture heat treatment
processes. The o lamellae are created by diffusion-controlled
nucleation and growth of « platelets into (3 grains [35]. In
additively manufactured Ti-6Al-4V alloy, the size of these «
platelets is controlled by the cooling rate of heat treatment
processes; an increased cooling rate results in a decreased
diffusion rate, which subsequently leads to decreased thick-
ness of the o-lamellae associated with higher yield strength
[36]. The length of « particles is controlled by grain impinge-
ment. The prior (3 grain size is typically determined by the
amount of time the material is exposed to temperatures above
[3-transus, which is generally around 995 °C for the Ti-6Al-
4V alloy [37].

Considering the cross-sectional microstructural morpholo-
gy in Figs. 5 and 6, it is observed that the growth of the prior 3
grains is parallel to the scanning direction. It is further noticed
that the columnar shape of the prior 3 grains is prolonged
along the building direction, i.e., toward the substrate follow-
ing the heat transfer direction. The columnar shape is formed
by the epitaxial growth of the original 3-phase due to succes-
sive layer deposition and the temperature gradient along the
building direction of the L-PBF process.

It is quite possible to get an estimation of the mechanical
properties of the material through microstructural characteri-
zation by a means of establishing the structure-property rela-
tionships. The « colony size is a microstructural feature that is
known to affect mechanical properties significantly since it
correlates with the slip lengths of the material [38]. Smaller
« colonies contribute to higher strength, and their size corre-
lates with o lath and grain boundary « thickness. Prior (3 grain
boundary determines the size of the « colony. Faster cooling
rate decreases the size of the & colonies along with the size of
martensitic &', « laths, and grain boundary «. From Figs. 5
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and 6, it is observed that the size of the & colony is very fine in
the PH sample rendering highest strength of all the heat-
treated samples, followed by AC, FC, AF, and WQ samples.

Thijs et al. [7] observed the formation of intermetallic
phase TizAl precipitation at high heat input when the temper-
ature reaches 500-600 °C. Due to rapid solidification during

@ Springer

the fabrication operation, segregation of Al leading to the pre-
cipitation of an intermetallic Ti;Al phase occurs at grain
boundaries. The solubility of Al is very low in Ti, and it causes
solid solution strengthening along with precipitation strength-
ening [39]. Due to short interaction times coupled with a high-
ly localized heat input, large thermal gradients exist during the
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Fig. 6 SEM images of a as-fabricated (AF), b air-cooled (AC), ¢ furnace-cooled (FC), d water-quenched (WQ), and e aged (PH) samples

process leading to the build-up of thermal stresses.
Additionally, rapid solidification leads to segregation phe-
nomena along with the development of a non-equilibrium
process [8].

From Figs. 5 and 6, it appears that, after performing heat
treating at 950 °C, primary « became significantly coarser
which is similar to the observation of Vrancken et al. [8].
The WQ sample is the softest (which is confirmed after

performing the indentation on the samples based on the inden-
tation depth and the obtained nanomechanical properties) one
as this sample is solutionized and then water quenched. The
expected state of the material is known as a supersaturated
solid solution (SSSS). Upon holding for 1 h at 950 °C, various
precipitates and strengthening phases are dissolved in the ma-
trix and any segregation present in the alloy is reduced (see
Figs. 5d and 6d). Upon quenching, the SSSS, which is in un-
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equilibrium state, is formed. Here, the atoms do not have time
to diffuse to potential nucleation sites and therefore the pre-
cipitation does not form. Heating the -3 Ti-6Al-4V alloy to
the solution treatment (solutionizing) temperature produces a
higher ratio of (3-phase [8]. This partitioning of phases is
maintained by quenching which results in a soft microstruc-
ture. Due to the rapid cooling rate, upon water quenching, it is
assumed that martensitic «" is developed in prior (3 grains.

Sub-transus heat treatment followed by air cooling and
furnace cooling shows almost similar microstructure evolu-
tion. In AC samples, solutionizing at 950 °C strongly promot-
ed grain growth, as clearly shown in Figs. 5(c) and 6(c). Due
to a relatively higher cooling rate in comparison to the furnace
cooling, the (3 phase is transformed into a finer lamellar struc-
ture in the AC sample. After intermediate cooling rates, i.e.,
when the samples were air cooled, a transformed {3 structure
which is also known as bi-lamella structure started to appear in
the AC samples formed by secondary « laths precipitated in
the 3 matrix [38]. The heat treatment did not eliminate the
microstructural anisotropy and was accompanied with " de-
composition, lamella growth, and diffusion. The stable inter-
woven microstructure of the initial martensite severely hin-
dered the grain growth.

In sub-transus heat treatment followed by furnace cooling,
due to low to intermediate cooling rate, «x-lamellae are created
by diffusion-controlled nucleation and growth of « platelets
into (3 grains [40]. During the subsequent heat treatment, the
«’ phase in the L-PBF-fabricated Ti-6Al-4V alloy is expected
to slow down the growth of newly formed grains, leading to a
fine o + 3 lamellar structure. After solutionizing, the o’ phase
was partially decomposed, while the prior o’ phase is still
clearly visible. As stated in Wu et al. [41], the decrement of
dislocation density in the o phase and the decomposition of
the «’ phase are the two prime microstructural changes ob-
served during the stress-relief heat treatment. Typically, an «
colony is created from the (3-single-phase field during slow
cooling after an annealing treatment and the prior 3 grain size
restricts the initial & colony size.

In the case of the L-PBF-fabricated Ti-6Al-4V alloy, during
subsequent sub-transus treatment, the initial acicular martens-
ite o’ gradually decomposes into o« + 3 in the shape of a
colony containing parallel « lamellae. Vrancken et al. [8]
had an almost similar observation. Vrancken et al. [8] ob-
served that after heat treating for 2 h at 780 °C, followed by
furnace cooling (FC), the fine martensitic structure has been
transformed to a mixture of & and 3, in which the &’ phase is
present as fine needles. After conducting heat treatment below
the [3-transus and at sufficiently low cooling rates, due to the
formation of a layer of grain boundary « and the more aggres-
sive etching of the o + 3 mixture as opposed to the original o',
the prior (3 grains became even more visible. However, the
microstructure no longer contained long columnar prior 3
grains after treatment above the (-transus, indicating

@ Springer

extensive grain growth of the L-PBF material, up to the point
of semi-equiaxed 3 grains. Studies by Sercombe et al. [17]
and Vilaro et al. [19] have reported similar results regarding
this microstructural transformation.

In the precipitation hardened (PH) sample, as shown in
Figs. 5e and 6e, both « and 3 phases compete with each other
to coarsen simultaneously but effectively hindered each
other’s growth, leading to a compact microstructure.
Moreover, some nanosized particles are found to be dispersed
on the « laths and x-phase grain boundaries of the air-cooled
sample, as seen in Fig. 7, presenting some nanosized spherical
particles on the surface of the AC sample and their numbers
have significantly reduced in FC samples. There are currently
limited reports of these nanosized particles generated in L-
PBF Ti-6Al1-4V alloy in the literature [42—44]. These
nanosized particles are identified as the nanosized 3 particles
[42]. The nanosized 3 particles also were observed in the
spark plasma sintering fabricated Ti-6Al-4V alloy after aging
at 450 °C [43]. Zhang et al. [44] through XRD analysis con-
cluded that the nanosized particles are nanosized [3 particles in
the «-phase matrix. In the current research, it was observed
that the cooling rate influences this decomposition of
nanosized particles, indicating these particles to be metastable
and temperature sensitive. As showed in Fig. 7, during the FC,
some of these nanosized particles dissolved into the o matrix,
which is similar to the observation of Zhang et al. [44].

3.2 Microhardness

The Vickers microhardness evolution of the Ti-6Al-4V alloy
produced by the L-PBF in as-fabricated and heat-treated con-
ditions is presented in Fig. 8. The as-fabricated L-PBF Ti-6Al-
4V sample consists of martensitic &' microstructure with an
average hardness number of 359 HV, s. The microhardness
values were increased for the AC and FC samples. The aver-
age microhardness values of 476 HV) 5, with air cooling, and
390 HV, 5, with furnace cooling, were measured. The micro-
hardness of the WQ sample (SSSS) was found to be the low-
est, with an average microhardness of 317 HV, .

The average microhardness of the aged specimen (PH)
was recorded as 528 HV,, s which is the highest measured
hardness in the current study. In the aging heat treatment,
both o and (3 phases tended to coarsen simultaneously,
while hindering each other’s growth. This phenomenon
led to a compact microstructure which resulted in an in-
crease in microhardness. Yan et al. [45], after heat treating
L-PBF Ti-6Al-4V alloy at 800 °C, 900 °C, and 1080 °C,
found Vickers microhardness of 367 HV,,, 344 HV,,,
and 421 HV,, respectively, which are in agreement with
the results obtained in this study. Furthermore, this varia-
tion in hardness is confirmed by the nanoindentation in-
vestigation of the AF and heat-treated samples.
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Fig. 7 a Nanosized particles in AC sample, b nanosized particles being dissolved in FC samples

3.3 Indentation responses

The load/displacement (P-4) curves with a loading rate of
2 mN/s and holding time of 5 s for AF and heat-treated sam-
ples at a peak load of 10 mN are shown in Fig. 9. Load
plateaus are observed at constant load holding stage and its
instantaneous displacement variation with different types of
heat treatment. Indenter displacements within the specimen, 4,
for the PH, AC, FC, AF, and WQ samples are 121 nm,
148 nm, 189 nm, 223 nm, and 256 nm, respectively. The PH
samples showed the least indentation depth, exhibiting the
highest hardness of all the heat-treated samples. The PH sam-
ple consisted of mostly compact o« growth along the prior 3
which develops in an epitaxial way, resulting in less penetra-
tion of the indenter. The indentation depth is followed by AC,
FC, and WQ samples. The compact connected semi-equiaxed
formation of o« and martensitic &' in PH, AC, and FC samples
is the reason behind their less indentation penetration depth as

—o-PH

VHN, 500 g

0 0.5 1 1.5 2 25 3 3.5 4 45 5
X (mm)

Fig. 8 Vickers microhardness of L-PBF Ti-6Al-4V alloy of as-fabricated
and various heat-treated samples

compared with the AF sample. The less compact formation of
o and o' in the WQ sample due to incompatibility to complete
full transformation during cooling along with the presence of
defects (i.c., entrapped gas pores) made the material soft
which led to large indentation penetration depths.

Plasticity index is defined as the ratio of indentation hard-
ness to the reduced modulus of elasticity [46]. Reduced mod-
ulus of elasticity represents the elastic deformation that occurs
in both sample and indenter tip. Figure 10 shows the plasticity
index of different heat-treated samples. H and E| are calculated
using Egs. 2 and 3, respectively. Considering the H/E, mea-
sured through the nanoindentation, the WQ sample possesses
the lowest value. The hardness and elastic modulus are direct-
ly related to the cooling rates experienced in each employed
heat treatment cycle. This fact is further supported by the
elastic recovery parameters (ERP) of the heat-treated samples
as shown in Fig. 11. The ERP of different heat-treated samples
is determined using Eq. 4. ERP is a dimensionless index

12000 1
*PH
10000 1

8000 1

6000 1

Load, uN

4000 A

2000 -

200

h, nm

Fig.9 P-h curves demonstrating the indentation response of as-fabricated
and various heat-treated samples
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Fig. 10 Variation of the plasticity index across different heat-treated
samples

which is closely related to the ratio between hardness and
Young’s modulus. ERP is lowest in the WQ sample,
confirming it to have the softest microstructure.

3.4 Indentation size effect

Indentation size effect (ISE) is a well-known phenomenon
where indentation hardness or indentation stress varies as a
function of indentation depth or impression size [47—49]. The
ISE is typically attributed to geometrically necessary disloca-
tions (GNDs) by “mechanism-based gradient plasticity theo-
ry” in the plastic zone under the indents caused by strain,
which are formed to sustain the imposed displacement for
the sake of compatibility [5, 50-52]. Although the conven-
tional plasticity predicts that the hardness should be indepen-
dent of the indentation penetration depth, experimental find-
ings, however, have shown that the hardness is a function of
indentation depth, which is commonly termed as the ISE [53,
54]. The typical indentation size effect is reported to be an
increase in hardness by decreasing the indentation depth.
After indenter penetration, the GNDs are generated in the
material to accommodate the lattice rotation induced by the
shape of the indenter. This nucleates extra dislocation in

0.25

0.2

0.15

0.1

0.05
waQ AC FC PH

ERP

0

Fig. 11 Elastic recovery parameters (ERP) of the heat-treated samples
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comparison to uniformly strained material in a very small
region just below the indenter. Thus, GNDs may be positioned
along non-easy slip crystals, resulting in fundamentally differ-
ent Burger’s vectors and mobility acting as barriers to ordinary
dislocations. Large amounts of GNDs collectively lead to
strain gradient or work hardening underneath the indenter.
Higher indentation loading rate and density of GNDs cause
the large strain gradients and work hardening effect which is
more pronounced near the surface as compared with large
depths.

Voyiadjis et al. [55] investigated indentation experiments
on various single and polycrystalline materials and came to
the conclusion that the indentation depth, temperature, and
deformation rate all play vital roles in the strain gradient.
Babu et al. examined nanomechanical behavior for tradition-
ally built Ti-6Al-4V alloy, and strong indentation size effects
were discovered with gradual decreases of nanohardness and
Young’s modulus with the increase of indentation depth [56].
Figure 12 demonstrates the indentation stress versus indenta-
tion displacement curve. Indentation stress was calculated by
using Eq. 1. Strong indentation size effects are observed for
the additively manufactured Ti-6Al-4V alloy in heat-treated
conditions. From Fig. 12, it is observed that all the heat-
treated samples experience a sharp decline of the indentation
stress in shallower depth, which almost becomes constant at a
larger depth, demonstrating a strong size effect for the heat-
treated samples. As shown in the micrographs of the heat-
treated samples, the PH sample contains the most compact
growth of «, resulting in exhibiting the highest indentation
stress of all the samples, followed by AC, FC, AF, and WQ
samples.

In order to further assess the indentation size effect accord-
ing to the Nix-Gao model [57], H3,, was calculated using Eq.
2 and was plotted against 1/4, according to
H2, = Ho(1 +ho/h), as shown in Fig. 13 for different
heat-treated samples. As seen, the characteristic linear depen-
dence as predicted by Nix and Gao [57] is obtained for large
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T 61
o
e
=
£
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2 %&
0
0 50 100 150 200 250 300 350
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Fig. 12 Indentation size effect of various heat-treated samples
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Fig. 13 Indentation size effect measured for different heat-treated
samples

indentation depths, whereas for small depths, some measured
deviation from the linear trend is observed.

4 Conclusions

The current research studied the effect of various heat treat-
ment cycles on the microstructure of the L-PBF Ti-6Al-4V
and its impact on micromechanical properties obtained
through a non-destructive instrumented nanoindentation test-
ing method. The hardness variation obtained from Vickers
microhardness testing is in agreement with the stress distribu-
tion pattern over various heat-treated samples obtained from
instrumented indentation, confirming the reliability of this
non-destructive testing technique. The following conclusions
have been drawn from the experimental observations and
measurements:

» After heat treating at 950 °C, primary « became signifi-
cantly coarser and connect with each other to form a com-
pact structure.

* In the aging heat treatment, both the « and {3 tended to
coarsen simultaneously, while effectively hindering each
other’s growth. This resulted in an aged sample having the
highest microhardness of all the heat-treated samples,
followed by air-cooled and furnace-cooled samples.

* The incompatibility to complete full transformation dur-
ing cooling along with the presence of defects and
entrapped gases causing the less compact formation of &
and o/ in the water-quenched sample led to the highest
indentation penetration depth in this sample.

* A clear indentation size effect (ISE response) primarily
attributed to the GNDs was observed in the indentation
stress versus indentation depth graphs in heat-treated
samples.
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