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In this study, effect of mechanical milling on the mechanical, dry sliding wear and impact response of spark
plasma sintered Ni-17Cr6.5C01.2Mo06AI4W7.6Ta superalloy has been investigated. Two nickel-based
superalloy were sintered, firstly in their as-received elemental particle sizes, while the matrix, nickel of the
second alloy, was milled to 10 h prior blending with other elements and subsequent sintering. The impact
response was explored using computational modelling approach via finite element analysis, Abaqus CAE/
2019. Results show that the superalloy with the milled nickel powder exhibited better mechanical properties
such hardness, elastic modulus, elastic and plastic strain from impact response than the superalloys with
unmilled nickel. Sliding wear tests under dry sliding conditions at three different loads of 20, 25 and 30 N
revealed that the superalloy with the milled nickel have lower wear rate when compared to the other with
unmilled nickel. It was observed that the wear rate reduced unexpectedly at the applied load of 30 N which
may be attributed to the continuous formation of tribo-oxide layer from retained wear debris on worn

surface.
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1. Introduction

The growing interest in the development of nickel-based
superalloy via advanced processing routes since the 1990s has
been poised towards enhanced energy production and aero-
space engine performance (Ref 1). Nickel-based superalloys are
utilized in the high temperature regime of turbines in power
plants (Ref 2, 3) marine and aerospace engines (Ref 4) and are
suitable replacements for steel components in these environ-
ments as a result of their superior mechanical strength retention
and excellent corrosion and oxidation resistance properties (Ref
1, 5-7). There have been historical advancement in the
development of nickel-based superalloys which have resulted
into improvement in the superalloys’ performance in service.
According to Sommitsch et al. (Ref 8), operating temperature
of superalloy increases by the use of investment casting
production route in the 1940s, while the reduction in contam-
ination and control of the chemistry and microstructure was
achieved via the introduction of vacuum melting in the 1950s.
However, these conventional processing routes contribute
defects such as poor density, low hardness and strength at
relatively elevated temperatures, microstructures with high
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grain size (Ref 9), which reduces its intrinsic properties and in
turn serves as an impediment to perform excellently, while in
service. This has necessitated the need for an advanced
fabrication technique capable of eliminating defects inherent
in conventional processing route with the aim of attaining
improved performance in service. Spark plasma sintering (SPS)
technique, a novel processing route has become attractive to
researchers over the years owing to its capability to produce
dense materials at lower sintering temperatures, higher heating
rates and reduced holding time when compared to the
conventional sintering routes (Ref 10, 11). Its advantages range
from ability to retain fine microstructure, elimination of foreign
inclusions, relatively shorter processing time (Ref 12, 13),
limited grain growth (Ref 14) and easy control of processing
parameters among others (Ref 15-17). The combined effect of
uniaxial pressure and pulsed electric current with low voltage
within the confinement of graphite die were used for the
consolidation of powders (Ref 12, 18, 19). Critical properties
required for nickel-based superalloys for effective performance
in service entails superior mechanical strength, excellent wear
properties, high resistance to corrosion and oxidation and
stability of phase at elevated temperature (Ref 20-22). These
properties can be influenced retrogressively via the adopted
processing route which in turn alters the microstructure of a
material, owing to the fact that the intrinsic properties of a
processed material are influenced by their microstructure (Ref
8). Nickel-based superalloys utilized in the moving sections of
engines are faced with aggressive service conditions which
bring about impediments such as reduced mechanical strength
resulting from wear (Ref 21). In as much relative motion
between component’s surfaces is unavoidable in engine com-
ponents, an approach from the manufacturing point of view of
these materials to prevent degradation, reduced life span and to
clamp down on economic loss is required. Substantial work has
been reported on the development and characterization of
nickel-based superalloy. Yong Gao and Mingzhuo Zhou (Ref
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23) investigated the mechanical and tribological behaviour of
additively manufactured Inconel 625 superalloy via electron
beam selective melting. It was reported that a 335 HV hardness
value was attained by the alloy, and the excellent wear
behaviour of the superalloy was as a result of the development
of steady tribo-layers. Shuai Li et al. (Ref 24), used selective
laser melting to develop Inconel 625 superalloy and a 343 HV
hardness value was reported in the as-produced state. Spark
plasma sintering was employed for the development of IN718
superalloy with reduced grapheme oxide reinforcement. A
relative density of 92.5% and a corresponding micro-hardness
value of 375 HV were obtained at the sintering temperature of
950 °C (Ref 25).

The mechanical properties such as plastic and elastic
properties of materials developed via powder metallurgy
techniques have been mainly influenced by inherent porosity
content and their respective microstructure (Ref 26). In
addition, microstructure and the properties of a material play
an important role in the dynamic impact behaviour of materials
and their propensity to malfunction as a result of adiabatic shear
band (Ref 27). During impact, the absorbed energy is converted
into internal potential energy of the system (Ref 28). Using the
theory of impact, the absorbed energy can be calculated
theoretically. Based on impact theory, elastic and plastic
impacts are the two types of impacts. During elastic impact,
there is conservation of kinetic energy throughout the process
of collision or impact and the total momentum before impact or
collision is equal to the momentum after impact or collision
(Ref 29). Hence, the expression for energy and conservation of
momentum is expressed as (Ref 29):

1 1

1
MV = -MV3, + =MV, (Eq 1)
2 2 2

MVy= (M4 + Mp)Vy (Eq 2)

where M, and Mp are the masses of impactor and the
superalloy, respectively, while V4, Vg and V¥ are the velocities
of impactor, superalloy and final velocity of the impactor and
superalloy beam after collision, respectively.

Using the coefficient of restitution (e), the velocities after
impact can be determined. The expression for the coefficient of
restitution is given as:

Ve —Vap

= Eq 3
Vy— Vg (Eq 3)

The behaviour of the kinetic energy after collision is
determined by the value of the coefficient of restitution. When
the coefficient is close to 1, minute energy is lost and when the
value is close to 0, profuse energy is lost during impact (Ref
28). The energy dissipated upon impact can be determined from
the difference between the kinetic energy between the two
masses after collision and impactor before collision.

1 1 1 1
Eptastic = = My V3 + =MV} — M V2, — ~Mp V3,

2 2 2 2 (Eq 4)

In this study, nickel-based superalloys were fabricated using
spark plasma sintering process, which comprises of the
nanostructured nickel based superalloy (NNBS) with the
incorporation of milled nickel powder to nanocrystalline state
and the microstrutured nickel based superalloy (MNBS),
developed using the elemental powders in their as-received
state. The mechanical properties which entail hardness, elastic
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modulus, dry sliding wear behaviour and computational
predictions of their impact response were investigated.

2. Experimental Methodology

2.1 Materials

Table 1 shows the details of the elemental details of the
nickel based superalloys investigated in this investigation.

2.2 Material Preparation and Alloy Fabrication

Nickel powder in the as-received particle size was milled to
nanocrystalline size and mixed with other elemental con-
stituents of the superalloy according to their composition to
form the first alloy, denoted as Superalloyl. The nickel powder
was milled via high-energy ball milling technique for 10 h at a
milling speed of 350 rpm, ball-to-powder weight ratio (BPR) of
10:1, in a stainless steel pot under vacuum using ethanol as the
process control agent. A nanocrystalline size of 7.9 nm after
10 h milling was obtained for the nickel powder. The
experimental details of the milled nickel utilized for the
preparation of the Superalloyl has been explained in Ref. 2.
The second alloy, denoted as Superalloy2, was prepared by
mixing all the constituent elements according to composition in
their as-received state. The mixing of the alloys was done
individually for a period of 8 h in Tubular mixer to attain
homogeneity prior to sintering. The mixed powders were
consolidated in a graphite die in a vacuum via spark plasma
sintering process (FCT System GmbH, HHPD-25) at a sintering
temperature of 1100 °C, holding time of 10 min, heating rate of
100 °C/min and pressure of 50 MPa. A top mounted pyrometer
positioned at 3 mm above the sample surface was used to
monitor the temperature within the furnace of the SPS. Nickel-
based superalloys with sample dimensions; 20-mm diameter,
and 5-mm thick were sintered from SPS machine.

2.3 Density Evaluation

The densification behaviour of the sintered nickel-based
superalloys was investigated shortly after sintering and graphite
foil was removed from the surface of the sintered superalloys
via sand blasting. Archimedes’ principle was employed to
investigate the density of the sintered nickel-based superalloys
by utilizing distiled water as the immersion medium, and
average of 5 measurements was recorded for each alloy to
ensure consistency of values. The relative density of the
sintered nickel-based superalloy was computed with respect to
their theoretical density, established from the elemental mixture
rule. The densification behaviour with respect to the piston
displacement data gotten from the spark plasma sintering
machine was also analyzed.

2.4 Microstructural and XRD Analysis

The sintered nickel-based superalloys samples were then
subjected to mechanical polishing with a grit size of 180, up to
1-um silicon carbide with the aid of diamond pasted. There-
after, they were etched using a solution with the combination of
50 mL of distiled water, 10 g of CuSQOy,, few drops of H,SO,,
and 50 mL of HCI for a period of 30 s. Scanning electron
microscopy (SEM, JEOLJSM-7600F) equipped with Energy
Dispersive X-ray (EDX) detector was utilized to evaluate the
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Table 1 The elemental composition of nickel-based superalloy

Elements Weight, % Particle size, pm Purity, % Supplier

Chromium 17 10 99.2 FloMaster metal powder

Cobalt 6.5 50 (mesh) 99.99 Cerac/pure advanced speciality inorganics
Molybdenum 1.2 24 99.99 Cerac/pure advanced speciality inorganics
Aluminium 6 25 99.8 TLS Technik GmbH and Co

Tungsten 4 25 99.9 Goodfellows

Tantalum 7.6 — 325 (mesh) 99.9 Aldrich chemistry

Nickel Bal 3-4 99.8 Goodfellows

<>
Sliding direction

Fig. 1 Schematic demonstration of the dry sliding wear test rig: (1)
applied load; (2) load cell and carriage; (3) steel ball; (4) sintered
nickel-based superalloy sample; and (5) wear scar

qualitative and quantitative elemental distribution and
microstructural details of the sintered nickel-based superalloys.
X-ray diffraction (XRD) with the aid of PANalytical Empyrean
model with Cu Ko radiation was utilized to evaluate the phases
formed in the sintered nickel-based superalloy, analyzed using
Highscore plus software.

2.5 Mechanical and Dry Sliding Wear Test

Nanoindentation technique was employed to evaluate the
indentation hardness and indentation modulus values for the
sintered nickel-based superalloys from the resultant force—
displacement curves using Oliver and Pharr method. This were
investigated using maximum applied load of 100 mN via an
Anton Paar Nanoindenter with a diamond Berkovich indenter at
a 10 mN loading rate and 30 mN unloading rate. The poisson’s
ratio for the superalloy was fixed at 0.28.The holding time at
the maximum applied load was maintained at 600 s for both
superalloys. The average value of 5 indentations for each
superalloy was recorded.

The dry sliding wear test was carried out using a Rtec
Universal Tribometer (MFT-5000) on 20-mm diameter and 5-
mm thickness superalloy samples against ES2100 Alloy steel
(Grade 25) of 6.35 mm diameter counter face ball at three
different loads of 20, 25 and 30 N for each alloy, respectively,
in accordance with ASTM-G133-05(2010) (Ref 30) standards.
Cleanliness of the surfaces of the sample and the ball was done
by the use of acetone before the start of the wear test, to prevent
contamination of their surfaces. The test was conducted using
ball-on-disc reciprocating test for 5-mm sliding distance, speed
at 4 mm/s, and duration of 600 s. The wear test was conducted
under unlubricated conditions at room temperatures and
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repeated 3 times, the frictional force, frictional coefficients
(1) were monitored and wear depth recorded continuously.
Figure 1 shows the schematic demonstration of the dry sliding
wear test rig for the sintered nickel-based superalloys. The
profile of the wear track and its related features were
characterized and analysed by scanning electron microscopy
(SEM) and also EDX. The wear rate of the sintered superalloys
was calculated and average value was taken based on the wear
volume loss (V) per applied load (F) and total sliding distance
(L) according to the following equation (Ref 31):

W =V/F-L(mm’/Nm) (Eq 5)

2.6 Finite Element Analysis (FEA) Model

The impact response of the sintered nickel-based superalloys
was simulated using finite element analysis software, Abaqus
CAE/2019. In the analysis, a circular shaped model of the two
fabricated nickel-based superalloys with diameter 50 mm,
thickness 10 mm and masses 60.7 g (Superalloyl) and 57.6 g
(Superalloy2) was impacted with a rigid cylindrical impactor of
diameter 20 mm, height 100 mm and total mass of 100 g. The
impactor strikes the circular shaped nickel-based superalloy
sample with a speed of 100 m/s in a step time of 3 ms.
Dynamic explicit step with a step time of 3 ms was used
because of the speed associated with impact analysis. Also, a
total of 15,724 nodes and 12,882 elements consisting of 1052
linear quadrilateral elements of type R3D4 for the impactor and
11,830 linear hexagonal elements of type C3D8R for the alloy
used. The developed part model for both the nickel-based
superalloy and the rigid impactor is shown in Fig. 2(a) and (b),
while the assembly model in Fig. 2(c).

3. Results and Discussions

3.1 Densification Behaviour

Density plays a significant role in attaining the intrinsic
mechanical properties of materials developed via spark plasma
sintering technique (Ref 32). This property is controlled by
spark plasma sintering parameters such as the sintering
temperature and time (Ref 33). After the alloys were sintered
at temperature of 1100 °C, heating rate of 100 °C/min, 10 min
holding time and 50 MPa, the relative density attained by the
Superalloyl and Superalloy2 were 97.29 and 92.4%, respec-
tively.

It can be seen that the nanocrystalline nickel powder has
significant effect in enhancing the relative density in the
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(a)

Fig. 2 Part model for (a) impactor (b) sintered nickel-based superalloy, and (c) assembly model of impactor and superalloy
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Fig. 3 Shrinkage rate vs time of sintered nickel based superalloys
as computed from the spark plasma sintering machine

Superalloyl when compared to Superalloy2. In addition, this
directly reduces the porosity in the Superalloyl by enhancing
particle parking factor. Figure 3 shows the shrinkage rate
behaviour of sintered nickel based superalloys during spark
plasma sintering technique. The shrinkage rate is a densification
phenomenon during spark plasma sintering which depicts the
displacement rate of piston movement and corresponding
thickness changes of specimen. It is discovered that both
sintered superalloys exhibited similar shrinkage characteristics,
which shows three typical peaks (denoted by 4, B and C in
Fig. 3). However, Superalloyl exhibited higher shrinkage
behaviour than Superalloy2. This can be attributed to the
presence of nanocrystalline nickel powder which increases the
parking density of constituent elements in Superalloyl; this
also reduces micro-porosity within the superalloy when com-
pared to Superalloy2. The increase in shrinkage rate enhances
inter-particle bonding, neck formation and growth and conse-
quent improvement in densification and the superalloy proper-
ties. The first peak denoted by A is associated with initial
powder particles rearrangement as a result of the application of
pressure and relative movement of the punches. This followed
by localized deformation at contact regions of constituents
particles at the second peak (B), while the occurrence of bulk
deformation takes place at peak C. This shrinkage rate
behaviour is in agreement with those reported by Diouf and
Molinari (Ref 34), Rominiyi et al. (Ref 32).

Journal of Materials Engineering and Performance

3.2 Microstructural and Phase Analysis of Sintered Nickel
Based Superalloys

Figure 4(a, b) shows the SEM microscopic images of the
sintered samples at a temperature of 1100 °C. As shown, the
distribution of constituent elements in Superalloyl was more
homogenous than the Superalloy2. The EDX analysis con-
firmed the presence of the constituent elements of both alloys,
and was relatively in accordance with stoichiometric compo-
sitions. EDX spot analysis was also conducted on regions
denoted by 1, 2, 3 and 4 on the SEM images, and it was
confirmed to be Ta, W, Cr and Ni rich regions with quantitative
details presented in Table 2. The presence of porosity is lower
in Superalloyl (see Fig. 4a) when compared to Superalloy2
(Fig. 4b). This is in agreement with the densification behaviour
as discussed in Sect. 3.1. The microstructural images also show
the effect of sintering on inter-particle bonding, neck formation
and growth of constituent particles. Enhanced inter-particle
bonding, neck formation as a result of the incorporation of
nanocrystalline nickel powder contributes to better densifica-
tion in Superalloyl (Ref 35).

Figure 5 shows the XRD patterns of the sintered bulk
nickel-based superalloys at sintering temperature of 1100 °C.
Major diffraction peaks indicate the formation of intermetallics
such as NiAl;, NizAl, Ni-Cr and MoNi. These are inter-
metallics which are often developed during the production of
nickel-based superalloy with respect to elements contained by
the superalloys. They exhibit excellent combination of physical
and mechanical properties (Ref 36). The major peaks which
represent the Ni-Cr and MoNi in Superalloyl sample were
broader when compared to the Superalloy2 sample. This effect
can be attributed to the presence of nanocrystalline nickel
powder. The peaks’ broadening is as a result of the reduction in
the crystallite size and high lattice strain during mechanical
milling of nickel powder.

3.3 Mechanical and Dry Sliding Wear Behaviour of Spark
Plasma Sintered Nickel Based Superalloys

3.3.1 Mechanical Properties under Nanoindentation
Technique. The indentation hardness and modulus test were
conducted on the sintered nickel-based alloys. Table 3 com-
pares the indentation hardness and modulus of both sintered
superalloys. It can be seen that the incorporation of nanocrys-
talline nickel powder enhances the indentation hardness, from
572 to 618 Hv and modulus, from 168.74 to 219.68 GPa, for
Superalloy2 and Superalloyl, respectively. In addition, the
maximum deformation depth recorded indicates that the
Superalloyl exhibit better resistance to deformation which
corroborate the hardness value when compared to the Super-
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Fig. 4 SEM images of spark plasma sintered nickel-based superalloy and EDS analysis, (a) Superalloyl and (b) Superalloy2

Table 2 EDX spot analysis of annotated regions in Fig. 4

Element, wt.% Al K CrK Co K Ni K Mo L Ta M WM Totals
1 0.64 6.06 0.58 24.74 0.62 67.36 100
2 1.11 2.95 14.56 81.38 100
3 0.68 88.60 1.43 9.29 100
4 6.55 8.66 1.9 82.08 0.80 100

alloy2. These are calculated from the load—displacement plot
(Fig. 6) of the nickel based superalloys which also give
information on the stiffness of the alloys. These results clearly
indicate the role of the nanocrystalline nickel powder which
plays a critical part in enhancing the mechanical property of the
nickel-based superalloy due to its reduced grain size, as a result
of high-energy ball milling process. This is related to the Hall-
Petch relationship: The smaller the grain size, the stronger the
material (Ref 37). This in agreement and can also be attributed
to increased densification of nickel-based superalloy as dis-
cussed in Sect. 3.1.

The stiffness of the nickel-based superalloys, deduced from
the tangent of the unloading curve of the load—displacement
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plot, is one of the essential properties of nickel-based
superalloy (Ref 38). It can be seen that the stiffness value
obtained by the Superalloy]1 is higher than the Superalloy2. The
presence of the nanocrystalline nickel powder which helps to
increase the inter-particle bonding and indentation modulus
may be attributed to enhanced stiffness of Superalloyl when
compared to Superalloy?2.

3.3.2 Dry Sliding Wear Behaviour of Sintered Nickel
Based Superalloys. The friction coefficients of the sintered
nickel-based superalloys under dry sliding wear behaviour at
different applied loads are presented in Fig. 7. At the initial
stage of sliding which is the running in period, the coefficient of
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friction increased drastically to a peak value, and at increasing
sliding time, steady state behaviour of the friction coefficient
was observed. The initial drastic rise in the coefficient of
friction up to a peak value can be attributed to the contact of
asperities present between the rubbing surfaces. The coefficient
of friction of the superalloys increases with increasing applied
loads. At increasing applied loads, the asperities generated
between rubbing surfaces increases, and which consequently
increases the frictional coefficient. During wear, asperities
between surfaces can be removed as a result of friction. As a
result of the removal of some of the asperities, the applied stress
and wear mechanism on the worn body are influenced. This
resultant change in the wear mechanism brings about the wavy
pattern of the coefficient of friction (Ref 39). The Superalloyl
attains higher coefficient of friction than the Superalloy2, as
shown in Fig. 7. For instance, at 30 N, the Superalloy] attains
an average coefficient of friction of 0.65, while the Superalloy2
attains 0.54. The increased coefficient of friction may be as a
result of compaction and adhesion of wear debris on the surface
of the superalloy which inhibit the sliding of the ball against the
specimen.

Figure 8 shows the specific wear rate of the sintered nickel-
based superalloys relative to the ball at different applied loads.
The results show that the wear rate of the alloy increases as the
applied increases, while Superalloyl exhibit better wear
resistance than Superalloy2. However, at the applied load of
30 N, higher wear rate was expected, but a decreased wear rate
was observed in both sintered superalloy. The decrease in wear
rate at this applied load may be attributed to the compaction of
wear particles detached from the worn surface. Similar
behaviour was observed by Kalyon et al. (Ref 40) on the
investigation carried out on the wear behaviour of aged Inconel
718. In addition, possible formation of tribo-oxide layer

Superalloy1 2 a-Nicr e-Ni;Ta
b- Ni,Al f-ALWO,
c-Ni,Al; 9- NiCo,0,
e d- Mo h-TaO
= i - MoNi
)
=
2
K L L L L
£ Superalloy2 a
f e 2
[} b g d Jle C h a Cc
N\
0 20 40 60 80

2 Theta Degree

Fig. 5 XRD pattern of spark plasma sintered nickel-based
superalloys

formation on the wear track surface coupled with high
mechanical properties such as the hardness and modulus could
influence the wear resistance (Ref 23). The contact temperature
between the ball and the specimen during sliding increases and
this may result to the formation of tribo-oxide layer. Wang et al.
(Ref 41) also attested to the fact that the presence of oxides on
the specimen plays a significant role in reducing wear rate by
acting as a lubricant.

In order to corroborate the wear rates of the sintered nickel
based superalloys, Fig. 9 shows the wear patterns of the
sintered superalloys at different applied loads. It can be seen
from the images the presence worn surfaces and also com-
paction of wear debris. More wear compaction and exhibition
of tribo-oxide were observed on Superalloyl as shown in
Fig. 9(a—c) than Superalloy2, Fig. 9(d—e). This may be
attributed to the increased hardness of Superalloyl when
compared to Superalloy2. In the build up of the friction
between the two alloy rubbing surfaces, the surface of the
sintered superalloys become hardened and undergone consid-
erable amount of deformation which lead to particles detaching
and forming debris on the worn surface. This deformation is
evident through the presence plowed and groovy features along
the direction of the sliding wear, and is more noticeable at
lower loads.

During sliding wear of the sintered alloy, the wear debris
developed are either retained on the wear surface or displaced
as loose wear debris. The retained debris continuously undergo
plastic deformation, adhere to wear surface and undergo partial
oxidation known as tribo-oxide layer as a result of frictional
heat emanating from the continuous sliding process. Several
authors have made reference to the fact that sliding friction
generates heating as applied load increases (Ref 42) and as
result changes the conditions of interacting surfaces (Ref 41,

100 —— Superalloy1
—— Superalloy2
1
I
80 < 1
p— 1
= 1
E |
- 60 | 1
o 1
o 1
- 1
T 40 !
a 1
2‘ 1
20 - X
]
1
0 !

T T T T T T T T
0 200 400 600 800
Displacement (nm)

Fig. 6 The load—displacement plot of sintered nickel-based
superalloys

Table 3 Mechanical properties of sintered nickel-based superalloys

Indentaion hardness, Vickers hardness,

Indentation modulus,

Maximum deformation depth, Stiffness, mN/

Alloy GPa Hv GPa nm nm
Superalloy2 6.1733 572 168.74 647.31 0.6021
Superalloy1 6.677 618 219.68 834.84 0.7144
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Fig. 8 The effect of applied loads on the wear rate of the sintered
nickel-based superalloys

43). This development of tribo-oxide layer gain more effect at
higher applied loads (as reflected in Fig. 9) and helps to protect
the sub surface of the superalloy from further wear activities
(Ref 43). The tribo-layers were further analyzed using EDS
analysis at points 1 and 2 in Fig. 9(c) and (f), respectively, and
are presented in Fig. 10. The EDS analysis indicates the traces
of Fe particles, this may imply that part of the ball wear off
during the process. However, there are more of these Fe
particles during the sliding wear process of Superalloyl than
the Superalloy?2 as indicated by the EDS quantitative chart em-
bedded in Fig. 10. These corroborate the superior hardness of
Superalloyl over Superalloy?2.

The features exhibited by the sintered superalloys in the
worn surface morphologies at different applied loads (Fig. 9)
helps to reveal their wear mechanisms. The wear mechanisms
are characterized by both abrasive and adhesive wear. In both
alloys, at lower applied loads, grooves and plowed surfaces as a
result of deformation and removal of wear debris were
observed which is characteristic of abrasive wear. This features
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changes as the applied load increases, more compaction of
retained wear debris were observed on the worn surfaces of the
superalloys which indicate an adhesive wear.

3.4 High Velocity Impact Response Simulation Analysis

The graph for the mesh convergence study conducted by
gradually reducing the global seed size until a suitable mesh
size that gives an accurate result with a reasonable computa-
tional time is shown in Fig. 11(a) and the impactor-alloy
assembly mesh is depicted in Fig. 11(b). From the study, mesh
size of 2 mm with a total of 11,882 eclements was found
suitable for the analysis.

The stress developed on the in both the Superalloy2 and
Superalloy! is shown in Fig. 12(a) and (b), respectively. After
impact, the stress developed on Superalloy! is higher than that
developed in the Superalloy2. The reason for the increase in the
stress developed on Superalloyl can be attributed to the grain
size of the particles in the alloy, since the stress developed in a
material decreases with increase in grain size.

The elastic and plastic strain experienced by both superal-
loys are depicted in Fig. 13. Both the elastic and plastic strain
developed in the Superalloy2 is lower than that developed on
Superalloyl upon impact. The value of both strains is an
indication that the Superalloyl is more ductile and thus, will
undergo extensive plastic deformation prior to failure as
compared to the Superalloy?2.

As depicted in Fig. 14(a) and (b), the displacement expe-
rienced by Superalloyl is higher than that experienced by
Superalloy2 upon impact. The higher displacement experienced
by the Superalloyl can be attributed to it higher rigidity as
compared to that of the Superalloy?2.

The total strain energy absorbed by the superalloys was
computed by Abaqus using the strain energy equation, while
the absorbed kinetic energy was computed using Eq 4. It was
observed that the Superalloy! proved its superiority in the area
of energy absorption as it absorbs more energy upon impact.
This behaviour of the Superalloyl can also be attributed to
enhanced particle bonding which exist within its structure.
Figure 15(a) and (b) shows the graph for the kinetic and total
strain energy absorbed by the superalloys. From the graph, it
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Fig. 10 EDS analysis for spot analysis for (a) Superalloy! as indicated on Fig. 8c, and (b) Superalloy2 as indicated on Fig. 9f

was observed that both superalloys attained their maximum
total strain and kinetic energy at the same step time after
impact. However, the value of the strain energy in Superalloy1
is higher than that of the Superalloy2. Also, the strain and
kinetic energies in both superalloys were observed to decrease
with increase in step time.
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4, Conclusion

A study of the effect high-energy ball milling on the
mechanical, dry sliding wear behaviour and high velocity
impact response of sintered nickel-based superalloys, namely
Superalloyl and Superalloy2 were studied in this work. The
following are the conclusions drawn from the study.
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The incorporation of nanocrystalline nickel powder devel-
oped via high-energy ball milling in the Superalloyl enhances
the hardness value. This is evident through higher densification
and indentation hardness values observed, which is higher than
the Superalloy?2.

8356—Volume 29(12) December 2020

The wear rate of the alloys increases as the applied load
increases, but reduction in the wear rate at the maximum load
applied was observed in both sintered superalloys. This is
attributed to the formation of tribo-oxide layer formation
arising from retained wear debris on the worn surface.
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Fig. 15 Graph of (a) kinetic energy and (b) total strain energy developed in both sintered nickel-based superalloy

Notwithstanding, the Superalloyl exhibits better wear resis-
tance properties than Superalloy2.

High velocity impact response of Superalloy2 and Super-
alloyl simulated in finite element analysis software, Abaqus
indicates that the stress developed in Superalloy1 is higher than
that developed in Superalloy2. The reason for this increase is
attributed to the smaller grain size of the Superalloyl.

The elastic and plastic strain developed in the Superalloy? is
lower than that developed in the Superalloyl. Thus, signifying
that Superalloy1 has higher ductility and will undergo extensive
plastic deformation prior to failure during operation. Lastly, the
Superalloyl has higher energy absorption capability ability
than the microstructure due to its ability to endure extensive
plastic deformation before failure.
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