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Nanohardness and Effective Elastic Moduli were measured for pulsed-Gas Tungsten Arc Welded Ti-SAl-
2.5Sn alloy using autogenous mode through nanoindentation and atomic force microscopy. Experiments
were conducted using a Berkovich tip on nanoindentor with Berkovich tip and elliptical pile ups were
measured using an Atomic Force Microscope. Nanohardness and effective elastic moduli were calculated in
the base metal, heat affected zone and fusion zone of the weldments using different approaches namely
Oliver—Pharr method, AFM analysis and work of indentation. A significant difference was observed in the
nanomechanical response using these approaches which was attributed to the pile up morphology of the
nano indents. The presence of residual stress in the weldments also significantly influenced the
nanohardness profile across the weld joint. The present research suggested that the work of indentation is
most suitable for assessment of nanomechanical properties of Ti-5A1-2.5Sn alloy weldments among the

three techniques studied in this investigation.

Keywords atomic force microscope, gas tungsten arc welding

(GTAW), nanoindentation, nanomechanical
properties, nanohardness, titanium alloy, work of
Indentation

1. Introduction

In various aerospace applications, high performance light
weight alloys experience different cycles of loading conditions.
Titanium alloys are extensively used in critical aerospace
applications due to their attractive properties such as high
strength to weight ratio, high toughness and specific strength,
and good corrosion resistance. These properties of titanium
alloys have led to their application in various critical applica-
tions in aerospace, automotive, petrochemical and biomedical
industries. As compared to steel, they are significantly lighter
but exhibit nearly the same strength levels (Ref 1). Titanium
alloys are also biocompatible and are mostly used in implants
and for different joints’ replacement surgeries in the human
body (Ref 2). The excessive use of titanium in designing and
manufacturing demands a high strength joining mechanisms
providing sufficient metallurgical and mechanical properties to
bear the design loads.
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From a structural standpoint, welded joints are critical from
the aspect of failure. They are alternative to mechanical
fasteners such as rivets which were conventionally used.
Difterent welding processes have been used to join titanium
alloys such as GTAW, laser, electron beam, friction stir welding
processes (Ref 3). The weld zone strength is representative of
its usability and quality (Ref 4). Assessing mechanical
properties of the weldments such as hardness, elastic modulus
etc. are essential to ensure its strength and integrity in service.

Initially, hardness was measured using different approaches.
Brinell hardness having ball diameter in order of millimeters
(10 mm) was used in 1900s (Ref 5). Rockwell developed a
machine to measure hardness using ball diameter of 3.17 mm
or cone of 0.2 mm tip. Similarly, Vickers and Knoop hardness
tests were developed. But it was difficuilt to indent at micro
scale due to difficulty of all the edges touching the material at
such a small scale. Hence, berkoich tip was developed which
had triangular pyramid (Ref 6). Mott (1957) and Buckle (1959)
coined the field of microhardness (Ref 7). Due to a small tip
diameter of the indenter deformations at the grain boundaries
and second phase particles could be studied (Ref 8). Bulychev
et al. (1975) used the unloading curve of the Load-depth curve
to measure area of contact and became building block for the
present measurement techniques at nano level (Ref 9).

Value of hardness is important in numerous studies.
Depending on the applications, either high or low hardness is
advantageous. For example, if the hardness of alloys used in
dental implants is more than enamel, it may wear the enamel of
the teeth (Ref 10). Hence, the determination of hardness is very
crucial for many applications. According to Tabor et al. (Ref
11), the indentation hardness is referred as the measure of the
yield stress of the solid as given by the deformation and work
hardening produced by the indentation process. Plastic defor-
mation had been the point of interest for many researchers since
it significantly influences the hardness of metallic alloys. The
theory of slip-line fields, was coined, to explain the plastic
working of the metals (Ref 11). Et al. studied anisotropic plastic
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deformation of metals under triaxial loading (Ref 12). Et al.
quantified plastic flow during hot working of Ti-7Al with an
equiaxed-o. microstructure (Ref 13)..

Assessment of the properties of materials at nano level is
required for observing the physical phenomenon involved in
strengthening of the weldments. Microhardness does not
provide such resolution to observe the changes at the individual
grain. Therefore, the use of nanoindentation makes it possible
to study the hardness of individual grain. Single grain can be
indented multiple times to obtain averaged hardness of grain.
Therefore, it is necessary in observing the localized strength-
ening mechanism in the weldments at grain level (Ref 14).
Oliver and Pharr (Ref 15) introduced a method for the
measurement of hardness and elastic modulus using nanoin-
dentation. However, this method is valid only for the materials
that sink in, it does not work for the materials that pile up
during indentation (Ref 16). Kese et al. (Ref 17) used the
images from atomic force microscope (AFM) of the residual
indents to include the area of pile up and add it to the area
calculated by the Oliver and Pharr method. Nevertheless, the
problem with AFM imaging is that elastic recovery takes place
between indentation and imaging due to which the measured
values are appeared to be less than the actual values. Tuck et al.
(Ref 18) used work of indentation approach to calculate
nanoproperties of thick TiN coating on a tungsten carbide-
cobalt substrate used for the case of bulk hard materials.

Instrumented indentation is being used to characterize the
properties of many materials such as thin films on substrates,
welded joints, biomaterials (dental crowns etc.) and many
more. Previous methodologies that characterize the properties
of welded joints are destructive. In addition to this, nanoin-
dentation also has high resolution and can apply low enough
forces to give penetration depths less than the required, i.c.,
10% or so of the film thickness, so as to avoid influence on the
hardness due to the presence of substrate. Simple sample
preparation and eases of operation of nano indenters makes it a
suitable choice for hardness measurement (Ref 19).

Fusion/Weld zone, besides HAZ and BM, is an equally
important region for weldment’s usability and quality (Ref 4).
Hence, the present study is conducted to analyze the nanome-
chanical response of the three zones present in the weld nugget,
i.e., FZ, HAZ and BM. Oliver-Pharr method, AFM analysis and
work of indentation are three methods adopted to assess the
Nano hardness using nanoindenter and atomic force micro-
scope. The focus is on the comparison of these methodologies
and the involved underlying principles with vicker hardness
testing to determine their applicability in assessment of
strengthening of Ti-5A1-2.5Sn weldments obtained using
autogenous pulsed-GTAW process. This is a basic step to
develop further understanding about the structure—property
relations in titanium alloy weldments in terms of its grain
boundaries, free surfaces and slip planes etc.

2. Materials, Methods and Mathematical Formu-
lations

2.1 Material and Welding Conditions

P-GTAW in autogenous mode was performed in bead on
plate (BoP) configuration on a 1.6 mm thin sheet of Ti-5Al-
2.5Sn alloy with a size of 40 mm x 4 mm. The chemical
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composition (wt.%) of the alloy was: 5.34 Al, 2.56 Sn, 0.27 Fe,
0.17 O, 0.02 V, 0.03 Si, 0.01 C, 0.01 N and balanced Ti.

The optimized welding parameters and conditions to
achieve full penetration BoP weldments for Pulsed-GTAW in
autogenous mode are presented in Table 1. Feeler (leaf) gauges
were used to set up the distance between workpiece and
electrode prior to welding in order to measure the arc length. To
protect titanium surface from atmospheric reaction, argon gas
was used for shielding and the weld beads having complete
penetration were selected for further study. Gao et al. (2013)
(Ref 20) stated that edge preparation and filler metals are not
required for the welding of thin titanium alloy sheets. Leyens
and Peters (2003) (Ref 1) reported that joint preparation before
welding and use of filler material is not required for sheets
having thickness less than 3 mm. In the present study 1.6 mm
thick sheets of Ti-5AI1-2.5Sn were welded. Therefore, filler
material was not used. Moreover, the formation of a v-groove is
required in the case of thick sheets. Whereas the present study
was conducted on thin Ti-5A1-2.4Sn sheets. Hence, edge
preparation was not done for these sheets.

In general, direction of welding is maintained perpendicular
to the base plate rolling direction for achieving better strength
of the welded joints. However, in this case the welding was
conducted along the rolling direction of the base plate. Base
plate was annealed after rolling therefore, the grains were
equiaxed (as shown later in the microstructure) and not
elongated. Hence, the material’s percentage elongation and
yield strength were measured to be the same in both directions.

2.2 Optical Microscopy

In order to study the microstructure of welded section,
metallographic samples were ground using water abrasive
paper up to 4000 grit, followed by mechanical polishing, using
1 mm diamond suspension paste. Furthermore, these samples
were etched first with Kroll solution (6% HNOj3 and 2% HF by
volume in distilled water), followed by etching with 2% HF.
The samples were studied under Olympus BH2-UMA optical
microscope (OM) using polarized light and sensitive tint filter.

2.3 Nanoindentation

These metallographic specimens were further used for
testing in Nano indenter (iMicro from Nanomechanics, Inc.)
with a Berkovich indenter tip. In iMicro nanoindenter a unique
tip-calibration system is integrated into the software that allows
for fast, accurate and automated tip calibration. Nanoindenter
has a drift rate of < 0.05 nm/s and a damping coefficient of
0.05 N-s/m. A grid of 3 x 3 was placed at each weld zone viz.
FZ, HAZ, BM. This grid is shown in Fig. 1 using a schematic
diagram.

The maximum load was kept to approximately 550 mN and
depth was varied from approximately 2500 nm to 2800 nm.
The choice of load is dependent on a number of factors. For
instance, surface oxidation may significantly overestimate the
nanohardness of a bulk material (Ref 22). Mante et al.
estimated the nanohardness of polycrystalline bulk titanium
using various depth of indentations. They observed that there
was a 34% increase in the nanohardness value when indenta-
tion was performed close to the surface (< 100 nm). However,
when the indentation was performed at a depth of 2000 nm,
values of hardness were close to the standard values (Ref 23).

Other research studies related to indention of bulk material
were also investigated to choose a value of indentation load.
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Table 1 Optimized pulsed-GTAW (autogenous) parameters [21]

Current Pulse width
Primary Background High Low Voltage Welding speed Arc Length
32A 16 A 8 ms 4 ms 10V 32.5 mm/min 4 mm
g residual stress can be evaluated using the difference in peak
= o, force (Ref 27). To incorporate the effect Berkovich tip
= R deformation on the elastic modulus of the material at nano
2 4 level, the effective elastic modulus is used (Ref 15). Oliver and
= W 5 & Pharr approach defines the reduced or combined elastic
g & @b&b' 5 modulus by considering the elastic deformation of both the
2 . .
2/ & & 3 specimen and the indenter.
vwv v iy 2 4 . .
v vy R oo It can be found from the unloading stiffness as:
- T S\/n
Eeff = f (Eq 3 )
2/ ) ﬁ \/.Z
:r""ﬁ""? ; Where f3 is a dimensionless parameter which accounts for

Fig. 1 Schematic diagram showing different zones in a weld and
indents taken at these zones

Attar et al. investigated the hardness and elastic modulus of Ti
and TiB composite materials produced by selective laser
melting (SLM). They loaded both materials at 10 mN and the
resultant depth was 350 nm for Ti, whereas 260 nm for Ti-TiB
composite (Ref 24). Jamleh et al. also studied nanoindentation
by Berkovich indenter tip. They studied the effect of cyclic
fatigue on nickel-titanium (NiTi) endodontonic instruments.
They kept the maximum load of 100 mN and got the resultant
depth of 1300 nm (Ref 25). A review of all these studies
suggests that for titanium alloys, a figure of approximately
2000 nm would be adequate for indentation measurements
which would require a load in the range of ~ 500mN. During
nanoindentation testing, the depth of penetration is continu-
ously measured with the increasing load. This gives the loading
and the unloading curves, which are then used to measure
different properties using different models to calculate hard-
ness, elastic modulus, residual stresses etc. of different
specimen.

2.3.1 Oliver and Pharr Approach. OP (Oliver and
Pharr) approach is the foundation of nanoindentation which
equips with the formulation for measurement of different
mechanical properties, i.e., hardness and elastic modulus as
discussed by Oliver and Pharr. Reference 26 These Egs. are
given as follows:

Pmax
H= Eq 1
1 (Eq 1)
Where A, is given by:
1128
Ao = CII2 + Cohe + ... Cshe (Eq 2)

Here C, are the constants which are found by the curve
fitting process (Ref 26).

It is a very reasonable approach to fix the indentation depth
for all the experiments on Nanoindenter and then calculate the
peak force required to acquire the peak depth. The level of
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the deviations in stiffness caused by lack of axial symmetry for
pyramidal indenters or any other physical processes (Ref 26).

The choice of maximum penetration depth for a specific
material has not been clearly mentioned in the literature.
Usually it is chosen approximately 1500 nm for low alloyed
and austenitic stainless steels (Ref 28), 200-250 nm for carbon
steel SS400 (Ref 29), 600 nm for aerospace aluminum alloys
(Ref 30) and 200 nm for Al-Mg and Al-Mg-Si alloys.
Reference 31 There is no hard and fast rule to follow these
guidelines, but the choice of maximum penetration depth also
depends on the type of problem under study. For instance, in a
material consisting of two phases, an indentation depth (h) of
magnitude less than the characteristic length D of each phase
microstructure will give information about the material prop-
erty of a single phase. But if h >> D, the indentation response
will give access to average material properties of the material in
a statistical sense. In the later case, even one indent will be
enough for the test, but in the former case, more than one indent
is needed to determine the phase properties of material (Ref
32). Larger penetration depth may also result in extreme pile up
around the indenter tip which will result in overestimation of
the hardness value. It should be noted that Oliver and Pharr
method is based on no pile up (Ref 17, 33, 34).

2.3.2 AFM Area Measurement Approach. This ap-
proach has been used by Beegan et al. and Saha and Nix
(Ref 35, 34) by taking the pile ups around the indent as circular
arc. However, Kese et al. (Ref 17) considered the pile up
around the indent to be in the form of a semi-ellipse. By
considering the pile up to be in the form of semi-ellipse like the
one shown in the Fig. 2, the pile ups can be calculated from the
AFM images.

Edge L in the figure is the edge where the pile up is starting,
whereas Edge T is the edge where the maximum height of the
pile up occurs. A Berkovich indenter tip has a geometrically
self-similar pyramidal shape with an included half angle of
65.27°. That is the reason that the tip produces the indent that is
in the form of an equilateral triangle as shown by a schematic
diagram in Fig. 3. Here « is the length of the minor axis of the
semi-ellipse, whereas b is the length of the major axis of the
semi-ellipse.

Journal of Materials Engineering and Performance



EdgeL

b: Major axis of
the semi-ellipse

a: Minor axis of
semi-ellipse

~Edge T

Fig. 2 Semi-ellipse (schematic diagram) showing the shape of pile up around indent

Fig. 3 Equilateral triangular indent formed by the indent of
Berkovich tip

The area of an equilateral triangle is given by:
2

b
Aoy = tan 607 = 0.433*
For a perfect Berkovich tip we have:

Ao = Ay
24.56h* = 0.433h

b="17.531h,

Where A, is the contact area for a perfect Berkovich tip
without including the pile up. Using the above relation, we now
have the value for the major axis of the semi-elliptical pile up.
Now the area of the semi-ellipse is given by:

nab
Area = —
4

As the value of minor axis of semi-ellipse (@) for each of the

pile ups is change therefore, we have:

Ay, = %bZa[ =5.914h. ) a;

Therefore, now the total area of the indent is the summation
of the contact area calculated using area function of Oliver and
Pharr method and the pile up area.

(Eq 4)

A=Ay + Apy = Aoy + 59141, " a; (Eq 5)
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Equation 5 is used by Kese et al. (Ref 17) to calculate the
area that includes the area of the pile ups. This area is then used
to calculate the nanohardness.

2.3.3 Total Work Approach. This approach of calculat-
ing hardness was introduced by Tuck et al. (Ref 18). In this
approach, hardness is calculated using the work of indentation
based on load-depth curve obtained through nanoindenter. Total
work is measured using area under the loading curve. Whereas
elastic work is measured using area under the unloading curve.
According to Tuck et al., the work can be found as the area
under the load-depth curve, i.e.

max

W, = / Pdh (Eq 6)
0
Dmax
W, = / Ch*dh (P = Ch*given by Kick’s law)
0
Ch3 Pmathax
Wi=—7=—— (Eq 7)

3 3

Now the hardness can be calculated using either the
Berkovich or the Vickers indentation testing, but for both the
generalized formula can be written as (in terms of depth of
penetration):

kP

Where k = 0.0378 for Vickers four-sided pyramidal indenter

And k = 0.0408 for the three-sided Berkovich pyramidal
indenter

Rearranging the above relation:

_ HR?
ok
Putting this value of P and H in Eq 7 and integrating:

P

=

'max

th thnax Pmathax
W= | dh=—32="73" (Eq 9)

o

Also, from Eq 8, h is given as:
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Putting it in Eq 9 to get:

kP,
=5

(Eq 10)

Hardness definition requires that above formulation must
contain only the plastic work, so if we replace the total work by
plastic work, we get hardness in terms of plastic work.

2.3.4 Plastic Work Approach. As discussed previously,
if we replace the total work by plastic work in the formula for
the hardness, we satisfy the hardness definition and get:

kP

P

Plastic work can be calculated by subtracting the elastic
work from the total work.

Wy =W, W.

: » ’
P grain boundaries

(a)

B grain bounﬁary
(c)

Here, the elastic work is calculated by using kick’s law and
integrating the unloading curve:

Fimax

We = / pdh = Preinec_ Prly

Eq 12
3 3 (Eq 12)
hy

The above method is used to calculate hardness value
without taking into account the value of area. Therefore, it will
not be affected by the pile ups (Ref 18).

3. Results and Discussions

Nanoindentation was carried out in an array of 3 x 3
indents placed in each of the three zones in the weldment viz.
BM, FZ and HAZ. These zones are different from the aspect of
microstructure as shown in Fig. 4. The BM is comprised of
equiaxed o grains in a B matrix. Furthermore, moving toward
the FZ in Fig. (4c) via the HAZ in Fig. (4b), a significant grain
growth and formation of microstructure (acicular o and o
martensite) was observed. Such a microstructure is suggestive

\

Columnar g grains

(b)

Fig. 4 Microstructures of different zones in the P-GTAW weldment in autogenous mode (a) Base metal, (b) HAZ and (c) FZ

1494—Volume 30(2) February 2021

Journal of Materials Engineering and Performance



(@

(b)

(d)

Fig. 5 Cross-sectional view of pulsed-GTAW (autogenous mode) weldment of Ti-5A1-2.5Sn alloy at 50 x magnification for (a) BM, (b) HAZ,

(¢) FZ (Edge), (d) FZ (Middle)

of higher cooling rates experienced by the HAZ and FZ during
the cooling cycle of the P-GTAW in autogenous mode (Ref 21).
Cross sections of the three zones of the weldment are also
shown in the Fig. (5).

During nanoindentation, the maximum load for each indent
was held constant at 533 mN and the corresponding maximum
indentation depth was observed in the range of 2500 to
2800 nm. The image of indent array is shown in Fig. 6 and the
corresponding load-depth curves of nano indentation are shown
in Fig. 7. Nanohardness for each zone was calculated using
these load-depth curves by different approaches discussed
earlier, i.e., Oliver and Pharr approach, AFM analysis and Work
of Indentation.

During nanoindentation, the material around the indents was
accumulated in the form of pile ups due to significant
deformation. Atomic force microscopy (AFM) was used to
observe these pile ups in three-dimensions as shown in Fig. 8.
This AFM imaging also enables to measure the amount of
accumulated pile up around the indents through which the
deformation could be quantified.

In Fig. 9, the values of nanohardness for the base metal
(BM) calculated using the approaches of Oliver and Pharr (OP
method), AFM analysis (AFM method) and work of indenta-
tion (Total work and Plastic work) are shown. It can be
observed that the value of nanohardness is dependent on the

Journal of Materials Engineering and Performance

penetration depth. Furthermore, it can also be observed that the
OP hardness has the highest value for all the nanoindents which
is owing to the fact that OP method is not taking into account
the area of pile ups due to which hardness is overestimated (Ref
18). In OP method, contact area was measured using the area
function relating the area with the penetration depth according
to Eq 2. The constants in this equation are found by the curve
fitting procedure in which the first constant in Eq 2 corresponds
to a perfect tip whereas the other constants take into account the
deviation of the tip from its original shape due to wear or
inaccurate assembly (Ref 26). Consequently, in OP method, the
hardness is overestimated owing to the omittance of area
around the pileups.

To address this issue, Kese et al. (Ref 17) introduced the
method of adding up the pile up area estimated from AFM
imaging in the area function of the OP method. It can be further
observed in Fig. 9 that the value of nanohardness is the least
when the pile up area, measured through AFM analysis is taken
into account. This is attributed to the elastic recovery leading to
overestimation of the pile up areas as also shown by load-depth
curves in Fig. 7. The value of nano hardness calculated from
total and plastic work approach are very close to each other. As
shown in Fig. 7, the material is elastically recovering during
unloading stage and the slope of the unloading curve is very
high due to which area under the curve is very small and hence

Volume 30(2) February 2021—1495



v v v
- .9

v DTIG-B'jE '
|<—100 um —>|

v @
L I A

T|G—HJ‘5’ v
|<—100 um —>|

(a) (b)

Y v ¥

o

(c)

Fig. 6 Two-dimensional optical images with indentation marks generated on polished specimens of pulsed-GTAW welded (autogenous mode)
Ti-5A1-2.58n alloy at ~ 550 mN showing indentations in each of (a) BM, (b) HAZ and (c) FZ

less elastic work is produced. Therefore, the pile ups were
enhanced after unloading and could be observed through AFM
(Fig. 8) for the region which had recovered elastically.

Similar trend of variation in nanohardness can be observed
for HAZ and FZ in Fig. 10 and 11 respectively. The OP method
overestimated, while the AFM analysis underestimated the
values of nano hardness values in the BM, HAZ and FZ as
compared to the corresponding micro hardness values. The
value of nanohardness calculated through work of indentation
approach lie in between the nanohardness calculated through
OP method and AFM analysis and is significantly closer to the
value of microhardness in a specific region. Nanohardness
calculated using total work approach is 3.35 GPa, 3.11GPa,
3.06 GPa and that using plastic work approach is 3.36 GPa,
3.12 GPa and 3.09 GPa for BM, HAZ and FZ, respectively.
This similarity is owing to the fact that it is calculated directly
using load-depth curves and is independent of the pile up area
of indents. These values are given for comparison in Table 2.
Effective elastic modulus calculated through the experimenta-
tion for all three regions is given in Fig. 12.

To further investigate, the pile behavior of nanoindents in
different zones of the pulsed-GTAW weldments of Ti-5Al-
2.5Sn alloy in autogenous mode, the normalized hardness

1496—Volume 30(2) February 2021

(H/E,) and the normalized pile up/sink in height (h./h,,) were
plotted. According to Biwa et al. and Hill et al. (Ref 36, 37),
nanoindents for materials having low H/E, values (soft
materials) show pile up when h./h, (contact depth to
maximum depth ratio) approaches unity. Similarly, for hard
materials having a high H/E, value show sink in behavior
around the indents when h./h, approaches zero (Ref 38).
he/hy, calculated for BM comes out to be 0.945 =~ 1 and H/E
to be in the range 0.01-0.037, suggestive of pile up around the
nanoindents. Figure 13, 14 and 15 show the values of
normalized pile up/sink in height and normalized hardness for
the BM, HAZ and FZ regions. It can be observed that the value
of (he/hy) is in the range 0.937-0.947 for BM, HAZ and FZ
which is close to unity and is suggestive of pile ups around the
indents which can also be observed in Fig. 8. Hence, according
to Biwa et al. and Hill et al. (Ref 36, 37), deformation is
dominated by pile up for all the zones of the Ti-5Al-2.5Sn
weldment. Among the three zones in the weldment, the highest
value of H/E in FZ is observed to be 0.03 which is 18% less
than the corresponding highest value of H/E in the HAZ
region. This leads to an apparent softness in the FZ and may be
attributed to the presence of tensile residual stresses which were

Journal of Materials Engineering and Performance
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Fig. 7 Nanoindentation load-depth curves for base metal zone, heat affected zone and fusion zone of pulsed-GTAW welded Ti-5A1-2.5Sn alloy
in autogenous mode, respectively, at the constant load of ~ 550 mN and depth of indentation varying from 2500 to 2800 nm approximately

measured to be approximately 430 MPa closed to the weld
centerline (Ref 39).

Values of nanohardness are averaged for the different
approaches are shown in Table 2 for comparison. It can be
observed that the converted microhardness is lowest for the BM
and highest for the FZ, whereas the trend is opposite as
observed for the nano hardness measured through different
approaches. This is owing to a strong dependence of nanohard-
ness on the state of residual stress. As concluded by Charitidis
et al. (Ref 31) a tensile residual stress reduces the nanohard-
ness, whereas according to Jae-il Jang (2009) (Ref 40), the
micro hardness is not significantly affected by the state of stress
in the material. The increased value of FZ microhardness was
observed to be 8.6% higher than the BM which is owing to the
presence of hard phases (acicular o and o martensite) formed
as a result of fast cooling cycle during solidification of the
weldments (Ref 39, 41). However, the tensile state of residual
stress in the weld region is expected to be highest in the FZ as
calculated in the previous study (Ref 21). Since this type of
stress profile is characteristic of a weld in which the shrinkage
phenomenon is dominant and according to Rossini et al. (2012)
(Ref 42) is maximum at the FZ. This resulted in a significant
reduction in the FZ nano hardness by approximately 9% in OP

Journal of Materials Engineering and Performance

method, 16% in AFM analysis, 8% in Total work approach and
plastic work approach as compared to the BM.

The reduced or combined elastic modulus was also calcu-
lated using Oliver and Pharr approach and AFM analysis. Kim
et al. (Ref 43) calculated the values of elastic moduli for
titanium alloys using Ultrasonic Pulse-echo technique by a two-
channel digital real-time oscilloscope on TDS220 (Tektronics,
Inc., USA). This value of elastic modulus for Ti-5A1-2.4Sn
calculated using Ultrasonic Pulse-echo technique is approxi-
mately 130 GPa (Ref 43), whereas those calculated through
nanoindentation are provided in Table 3. This significant
difference also suggests the influence of residual stresses on
the nanomechanical properties on which further investigation is
required.

Although nanoindentation is an excellent technique for
measuring properties in microscale dimensions such as thin
film coatings. Numerous studies were undertaken for on
ascertaining properties on bulk weldments using nanoindenta-
tion. Chariditis et al. studied friction stir welded 10-mm thick
AA6082-T6 and AAS083-H111 aluminum alloys using nanoin-
dentation and determined nanohardness, normalized pile up/
sink in and residual stresses (Ref 31). Peng et al. used the
nanoindentation load-depth curves and calculated nanohardness

Volume 30(2) February 2021—1497



for 5-mm thick dissimilar FSW aluminum weldments (Ref 44).
Similarly, Zhu et al. evaluated the nanohardness of the weld
joint in 10-mm thick rotor steel joined by tungsten inert gas

0.9 pm
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(a)

Edge L for nano-indent which

marks the starting of pile up
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Point of maximum
height

0.87 um

0.00 pm

«
2\
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Fig. 8 Three-dimensional AFM image with indentation mark
generated on as polished pulsed-GTAW welded Ti-5A1-2.5Sn alloy
at 533mN showing elliptical pile ups for (a) top view, (b) Side view
indicating edge T (marking for the minor axis of the ellipse) and
edge L (marking the major axis for the ellipse)

(TIG) and submerged arc welding (SAW). Nanoindentation
technique was employed in this study for localized character-
ization of Ti alloy weldment to assess the micrometer scale
property distribution along the surface of the weld. As
suggested by Ref 45, nanoindentation helps to assess the
localized properties of the weldments, especially for steep
microstructural gradients across the weld joint. Therefore,
properties of each phase present in a zone can be evaluated
using nanoindentation, in conjunction with AFM.

4. Conclusions

In this work different approaches namely Oliver-Pharr (OP)
method, AFM analysis and work of indentation approaches
were used to calculate the nanohardness for Ti-5Al-2.5Sn
alloys which has been thermo-mechanically processed through
pulsed-GTAW in autogenous mode.

e Oliver and Pharr method does not account for the area of
pile ups in the correlations and hence overestimates the
values of weld nanohardness. Therefore, OP method is
giving the highest values for nanohardness compared to
the other approaches.

* Weld nanohardness value estimated by AFM analysis was
smallest and less than the microhardness value, and there-
fore, its accuracy is questionable.

*  Work of indentation approach measured the nanohardness
values which were very close to the microhardness values.
Therefore, this method was best suited for Ti-SAI-2.5Sn
alloy as it calculated the values almost equal to the micro-
hardness values.

e The results also indicated that the depth of indentation af-
fected the nanohardness values.
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Fig. 9 Nanohardness measured in base metal for pulsed-GTAW welded Ti-5AI-2.5Sn alloy in autogenous mode using (a) Oliver Pharr
approach, (b) total work approach, (c) plastic work approach and (d) AFM approach
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Fig. 10 Nanohardness measured in heat affected zone for pulsed-GTAW welded Ti-5A1-2.5Sn alloy in autogenous mode using (a) Oliver Pharr
approach, (b) total work approach, (c) plastic work approach and (d) AFM approach
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Fig. 11 Nanohardness measured in fusion zone for pulsed-GTAW welded Ti-5Al-2.5Sn alloy in autogenous mode using (a) Oliver Pharr
approach, (b) total work approach, (c) plastic work approach and (d) AFM approach
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Table 2 Nanohardness using different approaches for pulsed-GTAW welded Ti-5Al-2.5Sn alloy in autogenous mode in

BM, HAZ and FZ

Oliver and Pharr

AFM Analysis

Total work

Plastic work Microhardness (Vickers),

Region hardness, GPa Values, GPa hardness, GPa hardness, GPa GPa (Ref 39)
Base metal 4.62 3.03 3.35 3.36 3.35
Heat affected 4.28 2.87 3.11 3.12 3.48
zone
Fusion zone 4.16 2.80 3.06 3.09 3.64
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Fig. 12 Effective elastic modulus calculated through nanoindentation for (a) base metal, (b) fusion zone and (c) heat affected zone of pulsed-

GTAW welded Ti-5Al1-2.5Sn alloy in autogenous mode
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Fig. 14 Pile up/Sink in against (a) normalized hardness and (b) maximum depth for HAZ

e The value of nanohardness showed increasing trend when e Furthermore, the nanohardness calculated through plastic
moving away from the fusion zone to the base metal work and total work approach were very close to each
which was opposite to the trend in microhardness values. other.
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Table 3 Elastic modulus using different approaches for
pulsed-GTAW welded Ti-5A1-2.5Sn alloy in autogenous
mode in BM, HAZ and FZ

Oliver and Pharr Method, AFM values,

Region GPa GPa

Base metal 146.98 188.87

Heat affected 143.75 159.75
zone

Fusion zone 142.28 176.21
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