
 http://pib.sagepub.com/
Manufacture

Engineers, Part B: Journal of Engineering 
Proceedings of the Institution of Mechanical

 http://pib.sagepub.com/content/220/12/1923
The online version of this article can be found at:

 
DOI: 10.1243/09544054JEM578

 2006 220: 1923Proceedings of the Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture
E Yarrapareddy, S Zekovic, S Hamid and R Kovacevic

deposition process for industrial slurry erosion applications
The development of nickel-tungsten carbide functionally graded materials by a laser-based direct metal

 
 

Published by:

 http://www.sagepublications.com

On behalf of:
 

 
 Institution of Mechanical Engineers

 can be found at:Manufacture
Proceedings of the Institution of Mechanical Engineers, Part B: Journal of EngineeringAdditional services and information for 

 
 
 

 
 http://pib.sagepub.com/cgi/alertsEmail Alerts: 

 

 http://pib.sagepub.com/subscriptionsSubscriptions:  

 http://www.sagepub.com/journalsReprints.navReprints: 
 

 http://www.sagepub.com/journalsPermissions.navPermissions: 
 

 http://pib.sagepub.com/content/220/12/1923.refs.htmlCitations: 
 

 What is This?
 

- Dec 1, 2006Version of Record >> 

 at SMU on July 12, 2012pib.sagepub.comDownloaded from 

http://pib.sagepub.com/
http://pib.sagepub.com/content/220/12/1923
http://www.sagepublications.com
http://www.imeche.org/home
http://pib.sagepub.com/cgi/alerts
http://pib.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://pib.sagepub.com/content/220/12/1923.refs.html
http://pib.sagepub.com/content/220/12/1923.full.pdf
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://pib.sagepub.com/


The development of nickel–tungsten carbide
functionally graded materials by a laser-based
direct metal deposition process for industrial
slurry erosion applications
E Yarrapareddy1, S Zekovic1, S Hamid2, and R Kovacevic1*
1 Department of Mechanical Engineering, Research Centre for Advanced Manufacturing, Southern Methodist

University, Richardson, Texas, USA
2 Halliburton Energy Services Inc., Carrollton, Texas, USA

The manuscript was received on 24 February 2006 and was accepted after revision for publication on 16 August 2006.

DOI: 10.1243/09544054JEM578

Abstract: Functionally graded materials (FGMs) consisting of Ni–tung (nickel–tungsten
carbide) powders with different concentrations of tungsten carbide particles are successfully
deposited by a laser-based direct metal deposition (LBDMD) process on 4140 steel
substrates. The slurry erosion behaviour of the Ni–tung FGMs is studied at different
impingement angles. The slurry erosion tests are performed at Southern Methodist
University’s Center for Laser-Aided Manufacturing using a centrifugal-force-driven erosion-
testing machine. For the purpose of comparison, Ni–tung 40 depositions and 4140 steel
samples are also tested. The results indicate that the LBDMD process is able to deposit
defect-free Ni–tung FGMs with uniform distribution of tungsten carbide particles in a nickel-
based matrix. The slurry erosion resistance of Ni–tung FGMs as observed to be much better
than that of the Ni–tung 40 and 4140 steels. The superior slurry erosion resistance of Ni–tung
FGMs is attributed to the presence of large amounts of very hard tungsten carbide particles.
The material removal rate (MRR) values by erosion decrease with a decrease in the
impingement angle, except at a 45� impingement angle on 4140 steel. The relationship
among the MRRs, the craters’ depth of penetration, the areas of the craters formed, the
average surface roughness values, and the impingement angles are established for Ni–tung
FGMs, Ni–tung 40, and 4140 steels. The surface profiles of the eroded samples are analysed
by measuring the depth of penetration of the craters formed by the slurry jet using a needle-
shaped probe and a linear scale with a digital readout. The damaged surfaces are
characterized by scanning electron microscopy to investigate the possible application of a
material failure model, called damage initiation and damage propagation, to the case of the
impingement of a mixture of solid and liquid particles on the Ni–tung FGMs, Ni–tung 40, and
4140 steels. The potentiodynamic polarization curves are generated for the three tested
materials and to discover the susceptibility of the material in an erosive environment.

Keywords: functionally graded materials, laser-based direct metal deposition, slurry erosion,
characterization, damage initiation and propagation

1 INTRODUCTION

Materials systems developed for slurry erosion
resistance provide great benefits in many industries
and can improve the service life of systems and

components that are exposed to a slurry erosion
medium. These materials systems offer excellent
resistance to erosion in general, but can be suscepti-
ble to damage when a slurry jet impacts the systems.
Often the damage in the erosion process resulting
from the impact is highly visible and exists in the
form of crater profiles and material removal in the
system. However, the damage in the erosion process
is affected by many process parameters such as the
impingement jet velocity, particle size and shape,
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mechanical andmicrostructural properties of the tar-
get and the solid particles, and angle of impingement.

The functionally graded materials (FGMs) system
is designed to achieve better performance than
monolithic materials. The performance of FGMs is
achieved by the combination of different constituent
phase properties. In general, the constituent phases
consist of ceramics and metals chosen to decrease
the thermal and residual stresses. The ceramic con-
stituent phase provides the heat and corrosion resis-
tance while the metal constituent phase provides the
mechanical strength for industrial applications.
Hence, the gradient microstructure and property
behaviour of FGMs can be tailored for use in differ-
ent industries for applications such as structural,
biomedical, surface erosion resistance, nano-FGMs,
and electronics.

There has been a wide variety of processes
reported in the literature for FGMs manufacturing.
An overview of these manufacturing processes can
be found in references [1] and [2]. FGMs can be pro-
duced by powder metallurgy [3], shape deposition
manufacturing (SDM) [4], Laser Engineered Net
Shaping (LENS�) [5], laser powder deposition
(LPD) [6], MultiFab [7], selective laser sintering
(SLS) [8], and thermal and/or plasma spraying [9]
processes. Gradient materials can also be manufac-
tured by electrophoretic deposition [10], electroche-
mical gradation [11], and high-energy electron beam
irradiation [12] processes. Of all these manufactur-
ing processes, the powder metallurgy process is the
most commonly used method owing to the controll-
ability of the composition, the microstructure, and
the material properties [13]. However, owing to
several limitations of the powder metallurgy process,
the industry is increasingly using the direct metal
deposition processes [4–7], as a result of their
continued development.

In general, slurry erosion is the progressive
damage created on solid surfaces by the impact of
solid particles carried by a liquid stream. Many seg-
ments of industry can benefit from the availability
of better slurry erosion resistant materials. Such
materials would have significant applications in the
oil industry for the drilling and pumping of crude
oil from the bottom of the sea or ocean, in mineral
industries, and in marine and power production
industries. There have been many investigations
reported [14–19] in the literature regarding the slurry
erosion behaviour of monolithic materials. However,
there are few studies [20–22] reported for the slurry
erosion resistance of FGMs. Hence, the focus of this
research is the development of Ni–tung FGMs for
industrial slurry erosion applications.

The purpose of the present work is the develop-
ment of the best erosion resistance materials system
for industrial applications. Initial studies [23] started

with the monolithic depositions of Ni–tung 60,
A11–LVC tool steel and Inconel 625 powders on
4140 steel substrates, and found the degree of resis-
tance of these materials to erosion. From these
results, it was concluded that the Ni–tung 60 per-
forms well for slurry erosion resistance. The work
has been extended to research the development of
Ni–tung FGMs using the laser-based direct metal
deposition (LBDMD) process for industrial slurry
erosion resistance applications. The deposited
Ni–tung FGMs have been tested for slurry erosion
at different impingement angles. The slurry erosion
resistance was correlated with the microstructures,
the characteristic profiles of the craters formed, and
the polarization curves. Furthermore, the slurry ero-
sion resistance of Ni–tung FGMs has been compared
with that of monolithic Ni–tung 40 depositions and
4140 steel sample results.

2 EXPERIMENTAL PROCEDURES

2.1 Materials details

The metallic premixed powders used for the devel-
opment of FGMs are Ni–tung 40, Ni–tung 50 and
Ni–tung 60. Ni–tung powders consist of a high per-
centage of discrete tungsten carbide particles in a
nickel-based matrix. The chemical compositions of
these powders are shown in Table 1. All of these
powders are in the mesh size of �140 þ 325. The
apparent density and Rockwell hardness value of
Ni–tung 60 powder is 7.8 g/cm3 and 50 g/cm3,
respectively. The morphologies of Ni–tung 40 and
Ni–tung 60 powders are shown in Figs 1(a) and (b).
These powders consist of angular pieces of tungsten
carbide and a mixture of spheroidal and nodular
particles that make up the binding material. The
absence of the flake-shaped particles of the binding
material can partially explain why this powder works
well for laser deposition applications. The processes
of laser cladding and laser deposition generally work
well with spheroidal particles, while the success of
these processes with flakey particles is far more lim-
ited owing to the high surface area to volume ratio of
flake-shaped particles. Thin flat particles tend to
superheat when exposed to the laser heat source,
resulting in poor depositions. An AISI 4140 steel
plate with the approximate dimensions of
30.4mm · 25.4mm · 6.4mm is used as a substrate

Table 1 The chemical composition of Ni–tung 40, 50,
and 60

Element C Si P S Cr Mo Co Fe B W Ni

Ni–tung 40 2.90 1.39 0.006 0.001 0.24 0.03 0.02 0.1 0.58 37.1 Bal.
Ni–tung 50 2.75 1.39 0.006 0.001 0.24 0.03 0.02 0.1 0.58 47.25 Bal.
Ni–tung 60 2.80 1.39 0.006 0.001 0.24 0.03 0.02 0.1 0.58 57.22 Bal.
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for all depositions. The chemical composition of AISI
4140 steel is 0.38–0.43 C, 0.75–1.00 Mn, 0.15–0.35
Mo, 0.8–1.10 Cr, max. 0.035 P, max. 0.04 Si, and the
balance is Fe. A semi-crystalline alumina silicate
called Econoprop 20/40 of mesh size �20 þ 30 is
used as a ceramic proppant for slurry erosion test-
ing. The nominal chemical composition of this prop-
pant is shown in Table 2 and the morphology is
shown in Fig. 1(c). The Econoprop consists of
spheroidal mineral particles with a uniform shape
and a narrow size distribution.

2.2 MultiFab system at Southern Methodist
University

The Center for Laser-Aided Manufacturing (pre-
viously part of the Research Center for Advanced
Manufacturing, RCAM) at Southern Methodist
University is developing a multi-functional hybrid
fabrication system for rapid manufacturing (RM)
and repair called Multi Fabrication (MultiFab) [7].
The MultiFab is based on additive and subtractive
procedures and is able to build the materials directly

from the alloy powders using the laser or micro-
plasma as a heat source.

The MultiFab system consists of a five-axis, verti-
cal computer numerically controlled (CNC) milling
machine for positioning, milling, drilling, and taping
operations, with a 16-tool tool exchanger, a six-axis
robot to manipulate and control the microplasma
welding torch, and a multimode laser beam for laser
metal deposition generated by a Nd:YAG laser of
1 kW in power in a continuous wave (CW) mode
and 2.5 kW in a modulated mode. The laser beam is
delivered to the laser head through a 1000mm step
index fibre optic cable. The laser head is mounted
on the six-axis robot and is cooled by water. The
laser head is equipped with four radially symmetric
nozzles set at 30� with respect to a vertical axis.

Fig. 1 The morphology of (a) Ni–tung 40; (b) Ni–tung 60 powders; and (c) Econoprop 20/40. Note
the difference in magnification among the micrographs

Table 2 The chemical composition of Econoprop 20/40

Ingredients Percentage concentration

Silicon dioxide amorphous 5–35
Mullite crystalline 60–85
Silica crystalline 0–20
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These nozzles deliver powder carried by inert gas
(argon) to the laser focal point (or molten pool).
Two servo-motor driven powder feeders provide
stable powder flow for powder delivery. The control
system of the laser deposition process is based on a
high-frame-rate charge-coupled device (CCD) cam-
era equipped with an infrared (IR) filter to capture
the shape of the molten pool in real time, and a laser
diode is used for the build-up height measurement.
Both the camera and diode laser are installed on
the laser head. The CCD camera is coaxial with
respect to the laser beam. The MultiFab system is
shown in Fig. 2. The MultiFab system can be used
for the LBDMD process as well as for the micro-
plasma deposition (MPD) process.

2.3 Ni–tung FGMs and Ni–tung 40 deposition
profiles and process parameters

The Ni–tung FGMs and Ni–tung 40 are deposited on
4140 steel substrate plates. Four layers of different
Ni–tung compositions are deposited on the substrate
to build the Ni–tung FGM sample of an approximate
size of 30mm · 25mm · 1.72mm. The deposition
profile used for Ni–tung FGMs is one layer of

Ni–tung 40, one layer of Ni–tung 50, and two layers
of Ni–tung 60. These layers are deposited one over
the other as shown in Fig. 3(a). Here, Ni–tung 40
and 50 layers act as intermediate layers or support-
ing layers for the Ni–tung 60, which acts as the work-
ing layer. Hence, the Ni–tung FGMs with graded
composition from the bottom layer to the top layer
are designed to reduce the thermal expansion mis-
match among the different deposition layers and
the substrate [20, 24, 25]. Also, here the tungsten
carbide ceramic phase provides the heat and erosion
resistance, while the nickel matrix provides the
mechanical strength. For the purpose of compari-
son, two layers of Ni–tung 40 are deposited on the
substrate with an approximate size of 30mm ·
25mm · 0.86mm. These layers are deposited one
over the other as shown in Fig. 3(b). The Ni–tung
FGMs and Ni–tung 40 depositions are fabricated
with a laser beam power of 350–380W and a 1mm
diameter laser spot. Higher laser power is used for
the first layer and lower values are used for the sec-
ond and successive layers. The linear traverse speed
used is 8–10mm/s and the powder delivery speed is
8–10 g/min with argon as a powder carrier. Each layer
is 0.43mmhigh and 1mmwide. A 40 per cent overlap

Fig. 2 The MultiFab system at the Center for Laser Aided Manufacturing of
Southern Methodist University
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of successivemelting layers is used for all depositions
for a uniform surface of the built-up layer.

2.4 The slurry erosion machine, samples
testing conditions, and parameters

The slurry erosion tests are conducted at room tem-
perature using the slurry erosion testing machine
shown in Fig. 4(a), which consists of two tanks, verti-
cally arranged, with a motor-driven axle running
through the upper tank and down into the lower
tank. The rotation of the axle provides a centrifugal
force that drives the circulation of fluid through the
test machine. The upper tank encloses a pair of jet
orifice assemblies that hold the test samples at a
fixed position relative to the slurry jet, and rotate at
the ends of the two hollow arms that are attached
to the axle. The orifices are each 6.4mm in diameter.

Fluid that flows out of the orifices during testing first
strikes the samples as shown in Fig. 4(b), then falls to
the bottom of the upper tank where it is funnelled
through a single large orifice to fall to the lower
tank. The lower tank serves as a fluid reservoir for
the test machine. A mixing element at the bottom
of the axle stirs the fluid in the lower tank and pro-
vides a near-homogeneous mixture of liquid and
solid components. Here the liquid component used
is water and the solid component used is Econoprop
20/40.

For all experiments, the slurry concentration used
is 22.73 kg (50 pb) of Econoprop 20/40 in 94.64 l
(25 gal) of water. This concentration is maintained
constant at all testing times. Experiments are carried
out at a slurry impingement velocity of 25m/s and
tested at 30�, 45�, and 90� impingement angles. The
impingement time used is 10min per test sample.

Fig. 3 The schematic representation of deposition profiles used for building (a) Ni–tung FGMs and
(b) Ni–tung 40 depositions

Fig. 4 The slurry erosion testing set up: (a) showing the upper and lower tanks; and (b) showing the
slurry jet impinging the test sample at a 90� angle
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The mixing shaft element speed is set at 875 r/min
for all experiments. The test samples are cleaned
with methyl alcohol before and after testing, and
weighed for the mass loss using an electronic scale
with an accuracy of 0.1mg. Two samples are used
for each impingement angle; hence, 12 samples are
tested altogether. The mass loss per unit quantity of
time, called the material removal rate (MRR), is
calculated using the following formula.

Material removal rate, (MRR) ¼
ðWl �WfÞ=ðunit quantity of timeÞ ð1Þ

Here Wi is the initial mass of each sample and Wf is
the final mass after erosion testing.

2.5 Test samples’ preparation and
characterization

The as-deposited Ni–tung FGMs and Ni–tung 40
samples are surface ground to remove the loose,
unmelted powder particles and to remove protrud-
ing corner depositions from the surfaces of the
deposits. The samples are surface ground until a
smooth surface appears. This result is necessary to
achieve accurate MRR values. The microstructure
of the samples is examined by light optical micro-
scopy (LOM) and scanning electron microscopy
(SEM). The samples for LOM analysis are prepared
by the standard metallographic procedure. The
SEM characterization is used to observe the surfaces
and subsurfaces of the eroded samples to evaluate
the damage initiation and the successive damage
propagation. The elemental composition of depos-
ited surfaces is analysed by the electron probe
coupled with energy dispersive spectrometry (EDS)
using CuKa radiation at a 2� angle. The damaged
samples’ surfaces are also characterized by measur-
ing the maximum penetration depth of the crater
formed by the slurry jet using the needle-shaped
probe and a linear scale with a digital readout. The
average surface roughness values are measured by
the portable surface roughness measurement tester.
This tester is able to measure roughness between
–200mm and 150mm. The potentiodynamic polari-
zations curves are generated at room temperature
for the three test samples based on ASTM G61–86
standard test procedure using PowerCORR [26]
corrosion measurement software.

3 RESULTS AND DISCUSSION

3.1 Morphologies and microstructures of laser
deposited Ni–tung FGMs, Ni–tung 40, and
4140 Steels

In order to study the behaviour of slurry erosion
resistance of the deposited materials, it is first

necessary to characterize their microstructures. The
as-deposited Ni–tung FGMs’ cross-sectional micro-
structure from the optical microscopy is shown in
Fig. 5. This microstructure has shown the gradient
change in the composition of the constituent phases
in the vertical direction. The discrete tungsten car-
bide particles are uniformly distributed in a primary
face centred cubic nickel-based matrix in each layer.
The tungsten carbide particles provide the solution
strengthening to the matrix. The EDS analysis of
Ni–tung FGMs revealed that the cross-sectional
microstructure of the first layer consists of 40 per
cent tungsten carbide phase, the second layer con-
sists of 50 per cent tungsten carbide phase, and
next two layers consists of 60 per cent tungsten
carbide phase. The dilution between the succes-
sive deposited layers is good owing to the higher
solidification rates of the LBDMD process. These
FGMs layers produced porosity-free and crack-free
microstructures. A higher magnification microstruc-
ture shown in Fig. 6(a) for the top view of Ni–tung 60
layers reveals the uniform distribution of tungsten
carbide particles in a nickel-based matrix. The
detailed microstructure of Ni–tung powders pro-
cessed by hot isostatically pressing (HIP) can be
found in the literature [27]. In the HIP process, the
tungsten carbide particles maintain their position
in the matrix during the filling and consolidation
[27] of the powder metallurgy process as well as in
the LBDMD process. The microstructure of the
4140 steel sample is shown in Fig. 6(b); the constitu-
ent phases for martensite and bainite are visible.

Fig. 5 The cross-sectional view of Ni–tung FGMs show-
ing the different successive layers with gradient
microstructure. The vertical arrow shows the
deposition direction
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3.2 MRRs, depth of penetrations, area of craters
formed, and surface roughness values

In order to evaluate slurry erosion resistance of
Ni–tung FGMs, Ni–tung 40 and 4140 steels are tested
for erosion at different impingement angles as
shown in Fig. 7(a). The erosion tested samples’

macrographs are shown in Fig. 7(b). The graph
showing the MRR values at different impingement
angles is shown in Fig. 8. The MRR values show
that the Ni–tung FGMs and Ni–tung 40 perform
better at lower impingement angles than at higher
impingement angles. In contrast, the ductile 4140
steel suffers the most severe erosion at an angle of

Fig. 6 The optical microstructure of (a) Ni–tung FGMs’ top layer (Ni–tung 60) showing the
distribution of tungsten carbide particles in the nickel-based matrix and (b) the 4140
steel showing the constituents phases martensite and bainite

Fig. 7 (a) The schematic representation of slurry jet impingement angle for different materials tested
and (b) showing the Ni–tung FGMs, Ni–tung 40, and 4140 steel samples after erosion testing

Development of nickel–tungsten carbide FGMs 1929

JEM578 � IMechE 2006 Proc. IMechE Vol. 220 Part B: J. Engineering Manufacture
 at SMU on July 12, 2012pib.sagepub.comDownloaded from 

http://pib.sagepub.com/


45�. This kind of characteristic feature is well known
in dry erosion, where ductile materials usually show
greater erosion at low impingement angles with
respect to the brittle materials, and vice versa
[28, 29]. The schematic representation of ductile
and brittle materials’ erosion resistance for different
impingement angles is shown in Fig. 9 [30]. How-
ever, it is reported that such trends are less clear in
the slurry erosion [28]. The excellent erosion resis-
tance of Ni–tung FGMs at all impingement angles is
attributed to the amount of hard phase tungsten
carbide particles.

The maximum penetration depths of the slurry
erosion patterns formed at different impingement

angles is shown in Fig. 10. For a 90� impinge-
ment angle, the penetration depth for Ni–tung
FGMs is 0.95mm, for Ni–tung 40 it is 1.34mm,
and for 4140 steels it is 1.69mm. The materials
are severely damaged at that angle. However, for
4140 steel, the most severe damage with respect
to the other two materials occurred at a 45� imping-
ement angle with a penetration depth of 1.58mm.
At a 30� impingement angle, all three materials
performed well for slurry erosion resistance.
The penetration depths recorded are very low:
0.03mm, 0.07mm, and 0.09mm are recorded for
Ni–tung FGMs, Ni–tung 40, and 4140 steels,
respectively.

The areas of the craters formed (X–Y plane) are
measured using the linear scale with a digital read-
out. The areas of the craters formed at different
impingement angles are shown graphically in Fig.
11. The areas of the craters formed for Ni–tung
FGMs, Ni–tung 40, and 4140 steels at 90� and 30�

impingement angles are 71.33, 78.67, and
104.07mm2 and 218.36, 283.70, and 306.02mm2,
respectively. From these values, it can be illustrated
that the areas of craters formed increase with a
decrease of the impingement angles. This area
increase is inevitable owing to the large area of travel
of the slurry jet at lower impingement angles; hence,
at lower impingement angles, the MRR values
decrease.

The original average surface roughness (Ra)
values for Ni–tung FGMs, Ni–tung 40, and
4140 steel are 0.74mm, 0.96mm, and 1.05mm,

Fig. 8 The graph showing the MRR values at different impingement angles for different tested
materials

Fig. 9 Schematic representation of MRR on impinge-
ment angles for ductile and brittle materials [30]
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respectively. The average surface roughness values
increased after slurry erosion testing at different
impingement angles as represented in Fig. 12.
Also, the average surface roughness values increase
with an increase of the jet impingement angles. For

a 45� slurry jet impingement on 4140 steel, the
average surface roughness value is 3.32mm. The
higher Ra values are attributed to the presence of
surface ripples (as shown in Fig. 13) after erosion
testing.

Fig. 10 The graph showing the relationship between the depth of penetration as a function of
slurry jet impingement angle

Fig. 11 The graph showing the relationship for the area of craters formed at impingement angles
for Ni–tung FGMs, Ni–tung 40, and 4140 steels
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3.3 SEM characterization of slurry eroded
surfaces

The slurry eroded surfaces of the Ni–tung FGMs and
Ni–tung 40 are characterized by SEM in order to
understand the characteristic features of erosion
surfaces, subsurfaces, and the erosion mechanism.
Figures 14 and 15 show the typical SEM images of
Ni–tung FGMs and Ni–tung 40 damaged surfaces at
different impingement angles. The Ni–tung FGMs
and Ni–tung 40 are damaged and the material rem-
oved when the plastic strain of the material exceeds
its failure criteria value when that material is
impacted by the high-velocity slurry jet containing

both the solid and liquid particles at different impin-
gement angles. Hence, the damage is mainly
initiated by the solid (Econoprop 20/40) and liquid
(water) particles. This damage is propagated for suc-
cessive impingements causing micro-cutting and
material removal from the surface of the material.
Figure 15(a) illustrates the Ni–tung 40 damage from
a normal impingement angle and shows the severely
damaged surfaces, subsurfaces, and high depth of
the field. An increasing number of pits and high
degree of micro-cutting of the material are present.
Figure 15(c) shows a lower number of pits and fewer
micro-cracks on the surface of the sample impinged
by a 30� impingement angle of slurry jet. Figure 16 is
a high-magnification image for Ni–tung FGMs show-
ing the severe damage of the sample which is
impinged by a 90� slurry jet. This image reveals the
damage initiation caused by the mixture of solid
and liquid particles and this damage is propagated
by successive impingements. Finally, the depth of
field employed while viewing the samples in the
SEM is directly proportional to the jet impingement
angle used for a given sample, which supports the
earlier penetration depth measurements indicating
that larger jet angles create deeper erosion crater
zones in the samples.

3.4 Potentiodynamic polarization curves

ASTM G61–86 standard test method [31] gives the
procedure for conducting cyclic potentiodynamic

Fig. 12 The graph showing the relationship for the average surface roughness values at different
impingement angles for Ni–tung FGMs, Ni–tung 40, and 4140 steels

Fig. 13 One of the 45� slurry erosion tested 4140 steel
samples showing the presence of surface ripples,
which are caused for the higher value of average
surface roughness
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polarization curves for measuring the relative sus-
ceptibility to localized corrosion in an erosive envir-
onment. This indication of the susceptibility to the
initiation of localized corrosion is determined by
the potential at which the anodic current increases
rapidly. The more this potential, obtained at a fixed
scan rate in this test, the less susceptible the material
is to the initiation of localized corrosion. This loca-
lized corrosion susceptibility is analogous to the ero-
sion resistance of the material in the given
environment [28, 32]. The potentiodynamic polari-
zation curves generated for the Ni–tung FGMs,
Ni–tung 40, and 4140 steel samples are shown in
Fig. 17. These curves indicate that 4140 steels are
electrochemically active, or more susceptible to cor-
rosion, than the Ni–tung FGMs and Ni–tung 40
depositions. Also, the Ni–tung 40 samples are more
chemically active towards the erosive environment
owing to the presence of a higher amount of nickel-
based matrix than in the Ni–tung FGM’s top layer
with respect to the current density. This result
describes how the material behaves when exposed
to particular erosive environments and also indicates

the ability of the sample to protect itself against an
aggressive attack from the erosive environment.

4 CONCLUSIONS

The materials system called the Ni–tung FGMs is
able to sustain better slurry erosion resistance than
the monolithic materials at different impingement
angles. This system was developed and deposited
successfully by the LBDMD process with defect-
free and crack-free microstructures. This materials
system improves the service life of the tools, compo-
nents, and systems that are exposed to a slurry
erosion medium. Also, this materials system was
tested for slurry erosion at different impingement
angles and characterized by analysing the MRRs,
the depth of penetrations, the areas of the craters
formed, the average surface roughness values, the
microstructures, and the potentiodynamic polariza-
tion curves. The slurry erosion resistance of the
Ni–tung FGMs is compared with Ni–tung 40 and
4140 steels.

Fig. 14 Typical SEM microstructures of slurry eroded Ni–tung FGMs samples tested at (a) 90�;
(b) 45�; and (c) 30� impingement angles. Note the difference in magnification among
the micrographs due to difference in depth of penetrations of the craters formed
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Fig. 15 Typical SEMmicrostructures of slurry eroded Ni–tung 40 samples tested at (a) 90�; (b) 45�; and
(c) 30� impingement angles. Note the difference in magnification among the micrographs due
to difference in depth of penetrations of the craters formed

Fig. 16 High magnification SEM image for 90� slurry jet
impingement angle for Ni–tung FGMs showing
the damage initiation causing the high degree
of micro-cutting and material removal, and
the damage is propagated for successive
impingements
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