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This work highlights the impact of post-heat treatment on the mechanical properties of Fe-based ER70S-6
cladding on AA 6061-T6 substrate using cold metal transfer method. The post-heat treatment used on the
extracted samples was of four types—(1) sample heating up to 600 �C followed by a 1-h holding and
furnace cooling for 24 h, (2) sample heating up to 600 �C followed by a 1-h holding and water quenching,
(3) artificial age hardening by heating the sample up to 175 �C, holding it for 24 h and then furnace cooling
for 6 h and (4) deep cryo-treatment by dipping the sample in liquid nitrogen (2 196 �C) for 1 h and then
bringing to ambient temperature. The effects of heat treatment on the grain size, microstructure and
surface roughness were analyzed by optical microscopy, field emission scanning electron microscopy and
atomic force microscopy, respectively. The average grain size of the cladded layer was 27 lm, which
increased to 30 lm in Type 1 heat treatment and 29 lm in Type 3 heat treatment. However, in Type 2 and
Type 4 heat treatment, the average grain size reduced to 24 and 20 lm, respectively; this resulted in the
reduction of mean surface roughness from 46 to 41 nm and 25 nm in Type 2 and Type 4, respectively, when
evaluated at a surface area of 100 (lm)2. In Type 1 and Type 3 of heat treatment, the mean surface
roughness increased. Type 4 heat treatment provided dense martensitic phase and enhanced dislocation
density (10.78 3 1016/m2 as against 6.08 3 1016/m2 in the as-cladded layer). The grain refinement, dense
martensitic phase and enhanced dislocation density increased hardness, wear resistance and tensile strength
in Type 4 heat treatment, which emerged as the best heat treatment for enhancement of hardness and wear
resistance.
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1. Introduction

Developed by Fronius company of Austria in 2004, cold
metal transfer (CMT) is a modified gas metal arc welding
(GMAW) process that uses a short-circuit transfer mechanism
to deposit the material with better weld bead aesthetics,
controlled droplet detachment and low heat input (Ref 1). The
amount of heat delivered to the weld bead is low in the CMT
process resulting in reduced distortion. The process also has
high production rate due to the controlled fast electrode motion.
Because the wire is retracted mechanically during the short-
circuit period, CMT process is also known as mechanically
assisted droplet deposition process. As a robotic arm carries out
the wire, it is easy to carry out deposition on a complex route.
The heat input used for melting of wire depends on different
process parameters like voltage, current, wire feed speed and
stand-off distance (Ref 1).

The CMT can be used for depositing the material on the
substrate to enhance the targeted microstructural and mechan-
ical properties, which is called cladding process. Both heat
input during deposition and heat transfer after deposition affect
the properties of the cladded or coated material (Ref 1). The
greatest distinguishing feature of CMT cladding over conven-
tional thermal spray is the lower processing temperature of the
former, which has a correspondingly smaller thermal impact on
the processed materials (Ref 2). Therefore, CMT cladding is
especially useful for coatings that are susceptible to oxidation at
high temperature. CMT cladding has been employed for
cladding cobalt (Ref 3-5), nickel (Ref 6-11), aluminum (Ref
12, 13) and ferrous alloys (Ref 11, 14). Dense claddings with
reduced oxidation provide superior mechanical, thermal and
electrical properties (Ref 15, 16). On the negative side, it also
results in residual tensile stresses as a result of differential
thermal expansion (Ref 16), although some kinetic processes
may tend to produce residual compressive stresses on the
surface (Ref 17, 18). A reduction in ductility after cladding is
also not uncommon. To mitigate the negative effect of the CMT
cladding, heat treatment may be employed. Heat treatment is in
vogue for CMT welding (Ref 19-21). The improved strength
and hardness of the aged AA 2024 joint could be obtained
thanks to refined grain structure (Ref 19). The heat treatment
resulted in enhanced tensile strength and hardness of AA6061
welded joint because of fine and homogenous distribution of
precipitates (Ref 20). The heat treatment could restore the weld
strength of aluminum to zine-coated low carbon steel, which
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had reduced due to heat-affected zone softening (Ref 21). The
microstructure and the mechanical properties of cold-sprayed
copper (Ref 15, 16, 22), aluminum (Ref 23), stainless steel (Ref
24, 25), titanium (Ref 26) and Inconel 718 (Ref 27) coatings
could be altered by heat treatment. The thermal and electrical
properties of the cold-sprayed coatings enhanced as a result of
improved particle-to-particle contact, but the hardness reduced
owing to the absence of work hardening from annealing heat
treatment (Ref 15, 22). Additionally, heat treatment could
reduce the porosity of cold-sprayed coatings (Ref 25) and even
in bulk materials (Ref 16).

In a recent work (Ref 28), Fe-based ER70S-6 electrode was
cladded on aluminum (Al) substrate using CMT technique. The
review of the literature reveals that while there have been some
studies on heat treatment after cold spraying, there is no article
on heat treatment for cladding of Fe-based electrode on
aluminum using CMT. This work fills up that gap to find out
the effect of heat treatment on the porosity, microstructure,
surface roughness and mechanical properties of cladded layer.
In the present work, the effect of heat treatment on the cladded
layer is studied. Following four types of heat treatment were
used: (1) sample heating up to 600 �C followed by a 1-h
holding and furnace cooling for 24 h, (2) sample heating up to
600 �C followed by a 1-h holding and water quenching, (3)
artificial age hardening by heating the sample up to 175 �C,
holding it for 24 h and then furnace cooling for 6 h and (4)
deep cryo-treatment by dipping the sample in liquid nitrogen
(� 196 �C) for 1 h and then bringing to ambient temperature.
A detailed comparative study of these types is presented, and
the best type is identified.

2. Materials and Methods

In this study, the substrate material was taken in the form of
180 9 100 9 6 mm size plates of AA 6061-T6 alloy. This
aluminum alloy is frequently employed in structural applica-
tions due to its high specific strength and good corrosion
resistance. ER70S-6 filler rod of 1.2 mm diameter was used for
cladding, which was purchased from ESAB, India. The typical
weld metal analysis as supplied by ESAB was of 1.5% Mn,
0.9% Si, 0.01% S, 0.07% C, 0.30% Cu, 0.013% P, traces of Cr,
Mo, Ni, Al and Vand the rest Fe by weight. The microstructure
and in-house EDS elemental composition of filler rod are
shown in Fig. 1(a) and (b), respectively. The substrate compo-
sition was of 0.1% Ti, 0.3% Fe, 0.3% Zn, 0.7% Si, 0.7% Cu,
0.7% Cr, 1% Mg by weight and the rest Al, as reported in (Ref
28). A Fronius make TPS400i CMT machine was used for the
cladding. The speed and route of the cladding layer were
changed using a 6-axis FANUC make Arc Mate 100iD robot.

2.1 Cladding Process

The electrode wire was kept perpendicular to the top surface
of the aluminum plate for deposition by melting. The electrode
traversed along length direction; direction of traverse was kept
same in all the passes. Overlapping percentage between two
tracks was 20%. The cladding was carried out in the room
temperature. Prior to the cladding procedure, the substrate plate
was thoroughly cleaned with acetone. The heat input Q during
cladding was 142.5 J/mm, as calculated by

Q ¼ g
VI

S

� �
; ðEq 1Þ

where g is the efficiency, which is about 0.95 (Ref [29]), V the
voltage at 10 V, I the current at 100 A and S is the welding
speed at 400 mm/min. Cladded thickness was about 3 mm.

2.2 Sample Preparation

Cladded portion was milled about 1 mm to remove the
uneven surface. The final thickness of the cladding was 2 mm.
Its top surface is the focus of the study. Different samples were
cut into sections using a wire-cut electrical discharge machine
(WEDM) for microstructure and mechanical characterization
purpose. Figure 1(c, d) shows the experimental setup and a
sectioned sample for the characterization. Cladding direction
(direction of electrode traverse) is along the length of the
sample.

2.3 Heat Treatment Process

The samples were properly cleaned with acetone before the
heat treatment process to remove the undesired oils and dirt
during the cutting process using WEDM as well as milling. The
heat treatment was carried out using an electric muffle furnace.
The heat treatment used on the extracted samples was of four
types—(1) sample heated up to 600 �C followed by a 1-h
holding and furnace cooling in 24 h, (2) sample heated up to
600 �C followed by a 1-h holding and water quenching, (3)
artificial age hardening by heating the sample up to 175 �C,
holding it for 24 h and then furnace cooling in 6 h and (4) deep
cryo-treatment (DCT) by dipping the sample in liquid nitrogen
(� 196 �C) for 1 h and then bringing to ambient temperature.

Ming et al. (Ref 24) reported the enhancement of mechan-
ical properties of 304 stainless steel coating with heat treatment
at 600 �C for 1 h. A temperature more than 600 �C is likely to
start melting in base metal at certain location. Thus, the
temperature in Type 1 and Type 2 heat treatment is limited to
600 �C. In Type-3 heat treatment, viz. artificial age hardening,
temperature was kept at 175 �C, considering that aging
temperature for aluminum alloy is generally kept in the range
100-200 �C. Type-4 heat treatment was used to transform
retained austenite into hard martensite.

2.4 Porosity Analysis

The porosity of the different samples was calculated
according to Archimedes� principle. Sectioned sample of
10 9 10 9 8 mm size was properly cleaned and weighted for
the dry weight. The same sample was dipped in the distilled
water for 24 h, which was dried with tissue paper to remove the
water before weighing for the saturated weight. It was then
dipped in water and weighted for the suspended weight. The
accuracy of the weight measurement was 0.01 mg on a digital
weight machine. According to Archimedes� principle, the
porosity is given by

e ¼ Wsat �Wdry

Wsat �Wsusp
; ðEq 2Þ

where Wdry is the dry wright, Wsat is the weight of the saturated
sample, i.e., weight after soaking in distilled water for 24 h, and
Wsusp is the weight of the suspended sample in water.
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2.5 Microstructural Analysis

Using silicon carbide sheets with grit sizes ranging from 80
to 2000 to polish the sectioned samples, cloth and diamond
polish were applied. The polished samples were etched into
Nital reagent for 15 s in order to observe the microstructure.
The Nital reagent contains 5 ml of nitric acid (HNO3) and
95 ml of alcohol (CH3OH). The upright optical microscope was
used to produce the optical micrographs. Field emission
scanning electron microscopy (FESEM) was used to examine
the surface, worn-out debris and fracture morphology at
operating voltage of 20 kV. A gold-sputtered coating was
applied to the samples before FESEM. Using ImageJ software
and the random line intercept approach, the samples grain size
was calculated. Intercept lines were positioned such that at least
10 grains are intercepted by the lines. The grain size analysis
was conducted at the top surface of the cladded layer.

2.6 Surface Roughness Analysis

The sample size of 10 9 10 9 2 mm3 was scanned through
a non-contact atomic force microscopy (AFM) to examine the
surface roughness of the cladded layer (Model: Cypher S;
Make: Oxford Instruments) in tapping mode along the cladding
direction of rod path. The test was conducted on the surface of
the cladded layer before surface milling, i.e., as-cladded
condition. The average scan data of three different scanning
test of 10 9 10 lm2 are reported.

2.7 XRD Analysis

The x-ray diffraction (XRD) study of the different samples
was carried out using Rigaku x-ray diffractometer with Cu-Ka1

radiation (k = 1.54056 Å). To identify the phases contained in
the samples, x-ray diffraction investigations were conducted.
The solid sample was placed on a sample holder with

Fig. 1 EDS analysis of electrode (acting as filler rod): (a) microstructure of filler rod (X250) and (b) elemental distribution; experimental setup
for deposition of cladding layer using CMT technology: (c) experimental setup and (d) sectioned wire cut and milled sample for different
characterization prior to heat treatment; tensile specimens: (e) schematic diagrams and (f) sectioned wire cut sample for tensile characterization
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dimensions of 20 9 25 9 2 mm3. The measurements were
taken at an applied voltage of 45 kV, grazing incidence angle of
1� and a current of 200 mA, while the samples were scanned at
a rate of 20�/min with steps of 0.05� in the diffraction angle
(2h) range of 30�-90�. Estimated penetration depth calculated
from X’Pert HighScore Plus software (Ref 30) for 0.4 packing
is about 0.4 lm, which is sufficient to study the surface
properties. This value is sensitive to packing, which was not
measured precisely. Hence, penetration depth of 0.4 lm should
be treated as a rough approximation only. The x-ray diffrac-
togram produced by the experiment demonstrates the connec-
tion between relative intensity and diffraction angle. The inter-
planar spacing d corresponding to each peak is utilized for
identifying the various phases of the material. By comparing
experimental d-values with standard reference cards from the
Joint Committee of Powder Diffraction Standard (JCPDS) file,
the phases contained in the samples were determined. Crystal-
lite size and lattice strain are estimated from the peak position
and peak broadening from the XRD pattern. By adopting a
precise lattice parameter computation method, the lattice
parameter is computed from the x-ray diffraction pattern.

2.8 Hardness Analysis

Vickers microhardness of samples was conducted using
MVH-II (Make: Omni Tech) microhardness tester. The hard-
ness analysis has been conducted at the top surface of the
cladded layer. Using a 136� square-based Vickers diamond
pyramid, an indentation was created with a 200-g load and 20-s
dwell period. The samples were polished such that their
opposing surfaces were parallel to each another. Ten indenta-
tions were carried out on each sample, and the average
microhardness hardness value and standard deviations are
reported. It was ensured that the indentations were at a distance
that was at least twice the preceding indentation’s diagonal
length. The microhardness value was calculated as

HV ¼ 1:8544
P

d2
; ðEq 3Þ

where P is the applied load and d is the diagonal length of
indentation.

2.9 Wear Analysis

Pin-on-disc dry sliding wear tests were performed on steel
discs with a hardness of 64 HRC in pin-on-disc with applied
normal load of 20 N and a fixed sliding speed of 350 rpm. In
the wear test, the relative sliding was along the cladding
direction of electrode. The hardened steel was 100 mm in
diameter and 10 mm thick. The steel disc surface was properly
cleaned with acetone to remove any foreign particles which
may act as a hard impurity against pin surface. Cladded
material in the shape of 10 mm diameter pin traversed on
70 mm track diameter on disc, in accordance with ASTM
standard: G99. The weight loss, wear volume and coefficient of
friction (CoF) were calculated as follows:

Wloss ¼ W1 �W2; ðEq 4Þ

where W1 and W2 are the weight of the sample before and after
wear, respectively,

Wear volume loss ¼ Wloss

density of cladded layer
; ðEq 5Þ

CoF ¼ frictional resistance

normal load
: ðEq 6Þ

The sliding speed is given by

sliding speed ¼ pDN
60

; ðEq 7Þ

where D = 70 mm is the track diameter and N = 350 rpm is the
number of revolution/min by the pin on hardened steel surface.
Product of sliding speed and time provides sliding distance. For
a 30 min of wear test, the sliding distance was 2309 m.

The load was imparted to the sample during sliding via a
cantilever mechanism, and the specimens were brought into
close proximity to the rotating disc at a track diameter of
70 mm. Prior to and following each test, the samples were
weighted using a digital microbalance to an accuracy of
0.01 mg. The wear rate was calculated from the weight loss
information in terms of volume loss per unit sliding distance.
Based on the applied load and the observed frictional force, the
coefficient of friction was calculated. The worn surface 3D
morphology and roughness was analyzed by AFM at 3 different
areas of squares 30 lm side, and the average value is reported.
On the steel disc, sticking of the dislodged material from the
specimen surface was also observed. The worn debris from the
steel surface was also collected for the characterization purpose.

2.10 Tensile Property Analysis

The tensile specimen was sectioned according to the ASTM
E8M-11standard. However, 2 mm thickness got increased due
to cladding layer. The test was conducted using Autograph
AGX-V universal testing machine with 0.1 9 10�3 s�1 strain
rate. The test was conducted at room temperature. For the
fracture morphology, height of � 2 mm just below the fracture
spot was sectioned. Figure 1(e, f) shows the schematic and wire
cut sample for the tensile characterization.

3. Results and Discussion

In this section, effects of heat treatment are reported. The
term as-cladded means samples obtained after milling the
cladded samples for about 1 mm depth, unless mentioned
otherwise. Heat treatment was also carried out on cladded and
milled samples. However, while studying the effect of heat
treatment on surface roughness, milling was not carried out.

3.1 Porosity Study

Figure 2 shows the porosity percentage of the as-cladded
and heat-treated samples. The as-cladded sample had the
maximum porosity of 2.56%. The porosity in the cladded
samples reduced to 0.48-1.21% after heat treatment. Type 1
heat treatment provided 1.35% porosity, the least among all
samples due to sintering effect. Bin-you et al. (Ref 31) also
reported 19% reduction in porosity during annealing at 600 �C
of Fe-based 1-mm cladding layer through spray technique. In
the present study the porosity has reduced by 47% at similar
annealing temperature and the cladding layer thickness of
2 mm.
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Figure 3 shows typical cross-sectional optical micrographs
of the cladding layer for various samples. The micrographs
were obtained from the plane containing thickness and cladding
directions, i.e., from the front view of the sample. The

micrographs depict the high dense nature of the claddings with
uneven infiltration of cladding materials into base metal due to
differences in density. The as-cladded layer depicts presence of
small oxide strings and microcracks. However, in case of heat-
treated samples pores and micro-cracks reduced.

3.2 Microstructural Study

The FESEM morphology of the cladded layer after cladding
depicts development of different phases such as ferrite,
martensite and distribution of carbides discussed in (Ref 28).
The different phases occurred due to the fast heating and
cooling involved in CMT cladding process. The cladding layer
cools in a manner analogous to quenching, where martensite
transformation takes place at various places in the structure.
However, due to application of different types of heat treatment
to the cladded layer the proportion of the developed phase in
the heat-treated layer has been changed to some extent as
compared to as-cladded layer. The proportion of martensite
transformation during the heat treatment process was calculated
by image area method. The martensitic phase at the as-cladded
layer was � 32%, which reduced to � 20% in Type 1 heat
treatment and � 26% in Type 3 heat treatment. However, in

Fig. 2 Porosity of the sample before and after heat treatment
process

Fig. 3 Cross-sectional morphology (front view) of cladded (and milled) layer and substrate: (a) as-cladded, (b) Type 1, (C) Type 2, (d) Type 3
and (e) Type 4
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Type 2 and Type 4 heat treatment, the martensitic phase
transformation increased to � 43% and � 56%, respectively.
The results are also relatable in the visible observation of the
surface morphology in the X-Y plane (Fig. 4b, d, f, h). The
martensite phase is densely distributed in the Type 4 heat-
treated sample compared to all other types of heat-treated
sample.

Distinct grain boundary is visible in the X-Z plane morphol-
ogy (Fig. 4c, e, g, i). The ferritic phase and distribution of coarse
carbide is dominant in Type 1 and Type 3 heat-treated sample.
During Type 1 heat treatment, the high temperature causes the
primary alloy carbides to dissolve more thoroughly, adding
additional carbon and alloying components. This led to the
formation of a network of tiny coarse carbide precipitate at the
grains during cooling. However, the proportion is low in Type 3
owing to heat treatment at lower temperature. At a few region
pearlite and cementite phases were also developed in Type 1 and
Type 3 heat-treated sample due to slow cooling. The proportion
of ductile ferritic phase is dominated by brittle acicularmartensite
phase in Type 2 and Type 4 heat-treated sample. Some retained
austenite structure was observed in Type 2 heat-treated sample.
However, in Type 4 heat treatment no such phase was observed.
Type 4 heat treatment also reduced the proportion and distribu-
tion of carbide precipitates. Harish et al. (Ref 32) also observed
the same in cryogenic treating of EN 31 bearing steel.

Figure 5 shows the EDS analysis of Type 1 heat-treated
sample. The cross-sectional micrograph (Fig. 5a) depicts good
bonding between cladded layer and substrate without any
visible porosity. The area EDS elemental distribution (Fig. 5b)
shows the presence of elements throughout the sample. The line
EDS analysis (Fig. 5c) in the interface region shows only slight
hike in the oxygen present, which is indicative of less oxidation
during cladding using CMT process. The elemental maps
depict uneven distribution of elements in the cross sec-
tion (Fig. 5d).

3.3 Grain Size Analysis

Figure 6 shows the microstructure of the as-cladded and
heat-treated samples. Grains contain mostly martensite along
with other phases. Some grains contain traces of the retained
austenite. The heat treatment type had a significant impact on
the grain size. With the increasing temperature the grains size
also increased. The average grain size increased during Type 1
and Type 3 heat treatment, which was 30 and 29 lm,
respectively, against 27 lm in the as-cladded sample. Low
temperatures result in irregular grain shapes and curved grain
boundaries, whereas high temperatures result in roughly
hexagonal grain shapes and flat grain boundaries (Ref 33).
The similar observation is also observed in Fig. 6. The
maximum reduction in the average grain size was observed in
case of Type 4 heat treatment; the average grain size was
20 lm. It is because carbon content has a significant impact on
the movement and dissolution of components during the
modification of microstructure. Due to the migration and
dissolution of the carbon during Type 4 heat treatment, the
phase modification (martensite) in the steel cladding occurred.
The stress developed by the lattice shrinkage of martensite
during cryogenic treatment encourages the migration of
moveable dislocations, which results in grain refinement (Ref
34). Li et al. (Ref 35) also reported that cryo-treatment effects
significantly the low-angle and high-angle grains boundary and
their average influences result in grain refinement. Figure 7

shows the distribution of the grain size of the as-cladded and
heat-treated samples. Significant amount of small size grains
(< 20 lm) are observed in Type 4 heat treatment unlike all
other types of heat treatment.

3.4 Surface Roughness Study

Figure 8 shows 3D surface profile of as-cladded (without
milling) and heat-treated (without milling) samples. The surface
roughness value increased to 75 nm in Type 1 heat-treated
sample, compared to 46 nm in the as-cladded sample. The
increase in surface roughness value for Type 1 heat-treated
sample is mainly due to the increased grain size. At high
temperature, the formation of coarse carbide and the oxide layer
has major role in enhancing roughness value. However, during
Type 4 heat treatment, the formation of fine carbide, absence of
oxidation and grain refinement led to minimum surface
roughness, which was 25 nm. However, the surface roughness
value is dependent on surface area and cutoff length (Ref 36).
The present scan surface area was 100 (lm)2.

3.5 XRD Study

The phases developed in the cladded layer under various heat
treatment conditions have been investigated using XRD analysis,
and the results are shown in Fig. 9. The plots depict the
development of crystalline and amorphous phases in the cladded
layers. The pattern shows thepresenceofa-Fe (ferrite, BCC) phase
as dominant phase and a few traces of c-Fe (retained austenite,
FCC) phase, which is consistent with the FESEM micrograph
observed in Fig. 7. The intensity of the c-Fe reduced in Type 4
heat-treated sample, confirming the transformation of retained
austenite to martensite. Additionally, as evident from Fig. 9, the
heat treatment changes the intensity of the peaks across all
crystallographic planes and angles. After heat treatment, the big
hump pattern diminished and the peaks moved in the direction of
an increasing angle. This confirms the change in the matrix
structure and strain state as a result of heat treatment (Ref 31).

Figure 10(a, b) shows the crystallite size and lattice strain of
the as-cladded and different heat-treated samples. The crystal-
lite size and the lattice strain are calculated using Williamson-
Hall equation (Ref 37):

b ¼ bG þ bS ðEq 8Þ

bG ¼ Kk
D cos h

ðEq 9Þ

bS ¼ 4e sin h ðEq 10Þ

where b is the full width half maxima (FWHM), bG is the
contribution due to crystallite size, bS is the contribution due to
lattice strain, K = 0.9 is the constant, k is the wavelength, D is
the crystallite size, and e is the lattice strain. The lattice strain e
was calculated by rearranging the Williamson-Hall equation as

b cos h ¼ Kk
D

þ 4e sin h: ðEq 11Þ

Crystallite size and lattice strain are determined from
intercept and slope of the linear plot of 4sinh and bcosh.
Figure 11(a) shows a linear plot of Type 4 heat-treated sample.
The maximum crystallite size of 47.16 nm was observed in
case of Type 1 heat-treated sample, while the minimum was
30.53 nm in Type 4 treated sample against 38.94 nm in the as-
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Fig. 4 Morphology at the top surface (X � Y plane) and at the cross section (X � Z plane) of cladded (and milled) layer: (a) schematic
showing X-Y-Z-axes, (b, c) Type 1, (d, e) Type 2, (f, g) Type 3 and (h, i) Type 4. X- and Z-axes are along cladding and thickness directions,
respectively
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cladded layer. In Type 1 samples, heat treatment was carried out
at higher temperature. Higher temperatures facilitate atomic
vibration and diffusion, forming grains with lower surface
energy (Ref 38); critical sizes of the nuclei rises (Ref 39).

Figure 10(c) shows the dislocation density of the a as-
cladded and different heat-treated samples. The dislocation
density (q) is calculated as (Ref 40):

q ¼ 2
ffiffiffi
3

p
e

Db
ðEq 12Þ

where b is burger vector, for BCC structure b ¼ ða
ffiffiffi
3

p
Þ=2,

where a is the lattice parameter. It was computed from three
highest XRD peaks of different samples using the Nelson–
Riley extrapolation method. For each peak, the fraction error is
given by the product of a constant K and a trigonometric
function called Nelson–Riley function (Ref 37). Thus,

Da
a

¼ K
cos2 h
sin h

þ cos2 h
h

� �
: ðEq 13Þ

The error will be zero when the value of Nelson–Riley
function is zero. In that case, the value of lattice parameter
calculated on the basis of Bragg�s law will be the exact value.
However, there are no data for zero value of Nelson–Riley
function. It is customary to extrapolate the value of a for zero
value of Nelson–Riley function. For this purpose, a is plotted
against the value of Nelson–Riley function with a linear fit. The
point of intersection of the fitted line with the axis correspond-
ing to a provides the actual lattice parameter value, which is
shown Fig. 11(b) for Type 4 treated sample; it is 2.865 Å.

Following the aforesaid procedure, the maximum disloca-
tion density of 10.78 9 1016/m2 was observed in case of Type

Fig. 5 EDS analysis of Type 1 heat-treated cladded (and milled) layer: (a) cross-sectional morphology, (b) elemental distribution, (c) cross-
sectional interface elemental graphs and (d) maps of present elements
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4 heat-treated sample, while the minimum was 4.15 9 1016/m2

in Type 1 treated sample. For as-cladded samples, dislocation
density was 6.08 9 1016/m2. The dislocation density is related
to crystallite size. The dislocation density increases with
decrease in crystallite size. However, thermal expansion also
plays a major role in dislocation density of Fe-C alloys by
changing the concentration of carbon content (Ref 41). With the
decrease in the temperature, differential local thermal expan-
sion causes localized stress to rise, which multiplies disloca-
tions (Ref 42). Since the distribution of carbon inside the
microstructure is heterogeneous, it is proposed that this will
cause local lattice strain and dislocation multiplication during
Type 4 heat treatment. The crystallite size, lattice strain and
dislocation density of the electrode (acting as filler rod) were
56.82 nm, 0.13 and 3.41 9 1016/m2, respectively. The maxi-
mum crystallite size and minimum dislocation density observed
in the filler rod owe to non-occurrence of any mechanical
alteration to the property.

3.6 Hardness Study

The Vickers microhardness value of the as-cladded sample
and heat-treated sample is presented in Fig. 12. The variation of
hardness in the Fe-based coating is due to the effects of

strengthening mechanisms such as grain boundary strengthen-
ing, solid solution strengthening, precipitation strengthening,
transformation strengthening and dislocation strengthening.
Optical micrographs in Fig. 6 reveal that type of heat treatment
affects grain size. In general, the heat treatment involving high
temperature results in grain coarsening. Type 4 heat treatment
dealing with cryogenic temperatures results in refined grains.
Grain size appears to be the most influencing factor on
hardness. The highest value of hardness is 407 HV for Type 4
heat-treated cladding layer with 20 lm grain size, while the
lowest value of hardness is 181 HV for Type 1 heat-treated
cladding layer with 30 lm grain size. The high density of grain
boundaries in the fine-grained structure acts as a barrier to the
motion of dislocations causing the rise in microhardness (Ref
43). The grain-boundary strengthening mechanism is captured
by the Hall–Petch relation (Ref 44, 45):

H ¼ H0 þ
kHffiffiffi
d

p ; ðEq 14Þ

where H0 and kH are material constants, H is the hardness, d is
the average grain diameter. In order to assess the effectiveness
of this relation, constants H0 and kH are obtained from the
average grain size and hardness data of Type 1 and Type 4 heat

Fig. 6 Optical micrograph at the top surface of cladded (and milled) layer (X20): (a) as-cladded, (b) Type 1, (C) Type 2, (d) Type 3 and (e)
Type 4
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treatment. These two types of heat treatment represent two
extremes in terms of hardness. Hardness values in Type 2 and
Type 3 heat treatment as well as in as-cladded case lie between
the values obtained from Type 1 and Type 4. Any data-fitting
technique predicts well in interpolation, but produces large
error in extrapolation. Hence, the values of d and H were
substituted in Eq. (14) to get two simultaneous linear equations
based on the average values from Type 1 and Type 4 heat
treatment. Accordingly, H0 = � 783 MPa and kH = 5290.
With these values, the calculated (interpolated) hardness values
are 240 HV, 304 HV and 203 HV for as-cladded, Type 2 and
Type 3 specimens, respectively. Corresponding measured

hardness values are 237 HV, 331 HV and 204 HV, which
show very good agreement with the calculated values. How-
ever, negative value of H0 is untenable from the physics point
of view because it represents the hardness of a highly coarse-
grained material and should be a non-negative value. Despite
this logical inconvenience, Hall–Petch relation is providing
good estimate of hardness.

According to FESEM morphology (Fig. 4), the difference in
microhardness value due to heat treatment is also caused by
transformation strengthening. The maximum hardness value for
Type 4 and Type 2-treated cladding layer owes to the strong
and hard martensite structure compared to other types of

Fig. 7 Grain size plot of cladded (and milled) layer (based on top surface): (a) as-cladded, (b) Type 1, (C) Type 2, (d) Type 3 and (e) Type 4
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specimens. Das et al. (Ref 46) stated that cryogenic heat
treatment increases the dislocation and twin boundary in the
specimen and C atoms precipitates from the martensite matrix
to produce fine carbides with other alloying elements. However,
due to presence of soft retained austenite and carbide at a few
places and lower proportion of martensite transformation in the

Type 2-treated cladding layer, the hardness value is low as
compared to Type 4 treated cladding layer. The hardness value
of Type 1 and Type 3 heat-treated cladding layer is lower than
that of the as-cladded layer due to ferritic transformation. The
quantitative effect of transformation strengthening is not
studied in this work. Its incorporation in Hall–Petch relation
may resolve the problem of negative H0, which aspect will be
investigated in a future work.

3.7 Effect on Friction

The dry-sliding test was carried out against hardened steel at
room temperature. The variation of coefficient of friction (CoF)
of the heat-treated samples is shown in Fig. 13. The average
CoF in the as-cladded layer was 0.23 under similar test
condition (Ref 28). The average CoF value increased to 0.26 in
the Type 1 heat-treated sample and reduced to 0.20 in the Type
4 heat-treated sample. The high CoF in Type 1 heat-treated
samples is due to its low hardness. Furthermore, the contact
surface becomes softer as a result of frictional heat developed
between the Type 1 heat-treated sample and hardened steel
during the dry sliding wear. As a result, at the contact surface
the debris forms, which increases the CoF value due to plowing
and abrasion (Ref 47). The development of coarse carbide also
aids in increasing CoF for Type 1 and Type 3 heat-treated

Fig. 8 AFM 3D surface micrograph of cladded (without any post-processing) layer prior to milling: (a) as-cladded, (b) Type 1, (C) Type 2, (d)
Type 3 and (e) Type 4

Fig. 9 XRD plot at the top surface of cladded (and milled) layer:
(a) as-cladded (Ref 28), (b) Type 1, (C) Type 2, (d) Type 3 and (e)
Type 4
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sample. During Type 4 heat treatment the development of
carbide is slow and uniformly distributed hard martensitic
structure is formed (Fig. 4), leading to reduction in debris and
consequently friction. Moreover, a harder surface encounters

less frictional resistance as it provides less adhesive contact
area for a given load (Ref 48).

The 3D AFM morphology of the worn surface is shown in
Fig. 14. The wear tracks, debris, grooves and the pits are visible

Fig. 10 XRD analysis of cladded (and milled) layer: (a) crystallite size, (b) lattice strain and (c) dislocation density

Fig. 11 XRD analysis of Type 4 heat-treated sample: (a) linear plot and (b) lattice constant from Nelson–Riley function
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in the morphology. The sudden hike in the peak is due to wear
debris and valleys are due to groove, pits and tracks. The
morphology suggests that significant plastic deformation had

occurred during wear. The Type 4 heat-treated sample surface
had smallest hike in peak-to-valley distance compared to all
samples. The minimum average surface roughness (Ra) value of
76 nm was observed in Type 4 heat-treated sample surface, and
the average maximum Ra was 126 nm in Type 1 heat-treated
sample surface compared to as-cladded sample surface, which
was 94 nm. The greater increase in Ra value is related to the
CoF. The smooth surface due to enhanced hardness and low
plastic deformation in the Type 2 and Type 4 heat-treated
sample results in low Ra value. The surface roughness was
measured in the scan surface area of 900 (lm)2.

3.8 Wear Study

The wear mass loss of the as-cladded sample and heat-
treated sample is depicted in Fig. 15. The lower wear mass loss
in the case of Type 2 and Type 4 heat-treated sample is due to
their enhanced hardness. The higher mass loss of Type 1 and
Type 3 heat-treated samples attributes to the softness of the

Fig. 12 Variation of microhardness at the top surface of cladded
(and milled) layer due to heat treatment

Fig. 13 Coefficient of friction versus sliding time of the cladded (and milled) layer along the cladding direction after different heat treatment
procedures: (a) Type 1 (b) Type 2, (c) Type 3 and (d) Type 4
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surface, which caused significant plastic flow during sliding
against steel surface. Increased mass loss is a result of increased
pin (cladded layer) and disc (hardened steel) contact area. The
Type 4 heat-treated samples surface comprises homogeneous
and fine distribution of hard martensite and carbide, respec-
tively. The hard debris in the worn surface behaves as an
asperity and reduces the true contact between the sample
surface and counter body. The reduced grain boundary and hard
asperity acted as a strong barrier in material removal during
dry-sliding. An oxide layer formed as a result of the microther-

mal action during sliding contact between the pin and disc. This
oxide layer acted as a barrier, preventing true metal-to-metal
contact.

The mean wear depth values of as-cladded and different
heat-treated samples are given in Table 1. The strengthening
mechanisms and grain refinement effects due to heat treatment
of cladded layer are responsible for reducing the wear depth
and wear volume. The XRD analysis indicated that additional
dislocations were developed during Type 2 and Type 4 heat
treatment. Dislocation mobility gets restricted with increasing
dislocation density, thus increasing the hardness. In both
adhesive and abrasive wear modes, the hardness is inversely
correlated to the wear volume, which is also observed in
Table 1. Table 1 shows that the harder is the material, the lesser
is the wear volume. The Archard equation for wear (Ref 49) is
given as

V ¼ K
Fns

H
; ðEq 15Þ

where V represents the wear volume, s is the sliding distance,
Fn is the applied load, H is the hardness and K is a coefficient.
In this case, Archard’s law is qualitatively satisfied; although V
reduces as hardness increases, the product of VH is not constant
for fixed Fn and s. The Lancaster wear coefficient, a measure of
severity of the wear, is given as (Ref 50):

Fig. 14 AFM 3D micrograph of worn-out surface: (a) as-cladded, (b) Type 1, (C) Type 2, (d) Type 3 and (e) Type 4

Fig. 15 Wear mass loss of cladded layer due to heat treatment
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k ¼ V

Fns
: ðEq 16Þ

The lesser the value of the k, the greater is the wear
resistance. Table 1 shows that k is greater for softer material.
The Lancaster wear coefficient of as-cladded samples was
1.01 9 10�5 mm3/Nm, measured under similar test conditions
(Ref 28).

The worn surfaces identified by FESEM are shown in
Fig. 16. The morphology is different for different types of heat
treatment. Type 1 provides softer surface. Here the wear
comprises plowing, spalling and deep grooves. Type 2 (water-
quenching) has presence of some cracks. Type 3 morphology is
similar to that of Type 1. However, here some delamination is

observed. Type 4 offers the highest wear resistance, showing
the absence of deep grooves. The line EDS analysis results at
the worn surface of Type 4 heat-treated sample are shown in
Fig. 17. The hike in oxygen is marked by arrow in the
micrograph. A significant amount of oxidation had occurred
during the wear. The Fe oxide could be easily scraped off on the
cladded worn surface and transferred as secondary abrasive
particles, enhancing abrasive wear during sliding. Furthermore,
as a result of the temperature rise from friction heat during dry
sliding wear, the contact surface between the cladded surface
and the counterpart became relative softer. As a result, there
was more debris on the friction surface, which produced more
visible micro-cut. The development of worn debris from
adhesive wear may encourage three body abrasive wear (Ref
51).

Fig. 16 Worn out surface FESEM morphology of cladded layer: (a) Type 1 (b) Type 2, (c) Type 3 and (d) Type 4

Table 1 Wear data of different heat-treated sample

Sample
Hardness,

HV
Mean wear
depth, lm

Wear volume,
mm3 3 1023

Lancaster wear coefficient,
mm3/Nm 3 1025

Type 1 181

þ9
�8 51

þ3
�4 0:50

þ0:04
�0:03 1:08

þ0:07
�0:09

Type 2 331

þ6
�4 34

þ3
�2 0:43

þ0:02
�0:01 0:93

þ0:05
�0:03

Type 3 204

þ5
�3 42

þ2
�1 0:49

þ0:03
�0:02 1:06

þ0:04
�0:02

Type 4 407

þ6
�7 29

þ2
�3 0:40

þ0:02
�0:03 0:86

þ0:05
�0:07
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3.9 Wear Debris Analysis

The wear debris morphologies of different heat-treated
samples are shown in Fig. 18. The irregular shape morphology
of the debris in Type 1 heat-treated samples indicates that
material was removed by severe sliding and fatigue. During
severe sliding, the debris was produced by high adhesive forces
and had parallel scratches or grooves on the surface (as seen in
the enlarged Fig. 18b). This is mainly because of low surface
hardness of Type 1 heat-treated samples. The regular shape
morphology of the debris in Type 2 heat-treated samples
indicates that material was removed by rubbing and mild
adhesion. The debris is smaller in size having smooth surface
and edges (Fig. 18c, d). The elongated and curl shape
morphology of the debris in Type 3 heat-treated samples
indicates that material was removed by cutting and plowing
action. Figure 18(e, f) indicates that sharp edges of debris also
contributed to cutting and plowing action.

The spherical shape morphology of the debris in Type 4
heat-treated samples indicates that material was removed by
sliding, welding and grinding (Fig. 18g, h). The parallel fringes
are also observed on the debris-serrated side, indicating the
development of shear band (enlarged Fig. 18h). This type of
wear mechanism is due to high hardness of Type 4 samples.
The analysis of debris morphology can be used for condition
monitoring (Ref 52).

3.10 Tensile Property and Fracture Behavior

The mechanical properties are shown in Table 2. The highest
yield strength (YS) and ultimate tensile strength (UTS) of
336 MPa and 431 MPa, respectively, were observed in Type 4
heat-treated sample; and the lowest YS and UTS of 232 MPa
and 307 MPa, respectively, were observed in Type 1 heat-
treated sample. As-cladded (and milled) sample had YS and
UTS as 300 MPa and 360 MPa, respectively (Ref 28). The
total elongation increased to 16% in Type 1 heat-treated sample
and reduced to 9% in Type 4 heat-treated sample compared to
as-cladded sample, which was 11% (Ref 28). Increased strength
in Type 4 and Type 2 heat-treated samples is mainly due to

Hall–Petch effect. Transformation of soft and ductile austenite
to hard and brittle martensite during Type 2 and Type 4 heat
treatment also contributed to strength enhancement. It was
observed that the dislocation density was higher in case of Type
2 and Type 4 heat-treated sample. This also enhanced the
mechanical strength of the cladded layer. The findings of
present tensile results match with the findings of Astaf’ev (Ref
53). According to Astaf’ev, the austenite grains in the steel
microstructure can be refined to improve the material mechan-
ical properties, including hardness, YS and UTS. The present
report also explained that by refining austenite grain size, the
YS is also enhanced. It can be justified based on Hall–Petch
equation (Ref 44, 45):

ry ¼ ri þ
kyffiffiffi
d

p ðEq 17Þ

where ky is material constants, ri is the lattice friction stress, ry
is the yield stress, and d is the average grain diameter. In order
to assess the effectiveness of this relation, constants ri and ky
are obtained from the average grain size and YS data of Type 1
and Type 4 heat treatment. Fitting the equation in this matter
makes prediction for other cases in interpolation rather than in
extrapolation. Hence, substituting the values of d and ry in
Eq. (17), two simultaneous equations provided, ri = � 218
MPa and ky = 2476. With these values, the calculated YS
values are 260 MPa, 290 MPa and 243 MPa for as-cladded,
Type 2 and Type 3 specimens, respectively. Corresponding
measured YS values are 300 MPa, 305 MPa and 251 MPa,
which show very good agreement with the calculated values,
the maximum deviation being 13.33%. However, it is difficult
to justify the negative value of lattice friction stress.

Figure 19 shows the fracture morphology of different heat-
treated sample. Figure 19(a-d) shows the fracture surface of
cladded portion. Figure 19(e) shows the fracture surface of the
substrate portion. The fracture morphology depicts the presence
of both brittle and ductile behavior. The ductile section with
dimple features and the brittle portion with characteristics of
river patterns and rocky surface are visible at the fracture

Fig. 17 Line EDS analysis at the worn-out top surface (XY plane; X- and Y-axis as per Fig. 1 and Fig. 4) of Type 4 heat-treated sample: (a)
elemental distribution graphs along the scanning line from point A to B and (b) corresponding elemental distribution
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Fig. 18 FESEM morphology of worn-out debris: (a, b) Type 1 (c, d) Type 2, (e, f) Type 3 and (g, h) Type 4

Table 2 Yield strength, ultimate tensile strength and elongation of various samples

Sample Yield strength, MPa Ultimate tensile strength, MPa Elongation, %

Type 1 232

þ6
�7 307

þ9
�7 16

þ1
�2

Type 2 305

þ6
�5 370

þ7
�6 10

þ2
�1

Type 3 251

þ5
�3 329

þ7
�5 13

þ2
�1

Type 4 336

þ5
�6 431

þ6
�7 9

þ1
�2
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surface. The failure morphology of the Type 1 and Type 3 heat-
treated sample comprises mostly mixed ductile–brittle charac-
teristics due to the presence of coarse carbide in the grain
boundary and low martensitic phase. The Type 1 and Type 3
heat treatment lead to enhancement of ductility and austenitic
phase.

From the fractography of Type 1 and Type 3, it can be seen
that the morphology consists of large and deep dimples
(� 10 lm in diameter) on the major parts, which are typically
caused by inclusions and undissolved precipitate phase. Only at
small regions between the large dimples, small (< 1 lm in
diameter) or secondary dimples are observed. Secondary
dimples are formed at the intersection of two major dimples.

The presence of dimples in the Type 1 and Type 3 indicates
gradual degradation of mechanical strength. Comparing Type 1
and Type 3, the Type 1 heat-treated sample had large
distribution of deep dimples that caused low mechanical
strength.

The fractography of Type 2 and Type 4 heat-treated sample
comprises mostly brittle features as shown in Fig. 19(b, d),
respectively. From the microstructure morphology in Fig. 4, it
is observed that Type 2 and Type 4 heat treatment resulted in a
great increase of brittle martensitic phase in the microstructure.
This resulted in the reduction of plasticity in the austenite phase
and enhancement of the brittle fracture.

Fig. 19 Fracture FESEM morphology of cladded layer region: (a) Type 1, (b) Type 2, (c) Type 3, (d) Type 4 and (e) substrate region of Type
4
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4. Comparison of Four Heat Treatment Methods

Four different types of heat treatment methods, i.e., Type 1:
furnace cooling, Type 2: water quenching, Type 3: artificial age
hardening and Type 4: deep cryo-treatment, are compared in
Table 3. It is clear that Type 4 heat treatment could make the
maximum enhancement in the mechanical properties thanks to
grain refinement and diffusion-less transformation to marten-
site. However, it causes some reduction in ductility. Next best
treatment for the enhancement of mechanical properties is Type
2 heat treatment. Type 1 heat treatment also enhances the
ductility but defeats the very purpose of cladding by weakening
the tribological properties.

5. Conclusions

In this work, various types of heat treatments were carried
out on steel cladded aluminum alloy samples. Cladding was
carried out with CMT technology. Four different types of heat
treatment were carried out. Microstructural, tribological and
mechanical characteristics were examined. The following are
the salient observations:

• The porosity in the cladded samples decreased to approxi-
mately 0.48-1.21% after heat treatment process. The type
of heat treatment and temperature significantly affects in
the grain size. The average grain size increased to 30 lm
after Type 1 heat treatment, compared to 27 lm in the as-
cladded layer. However, during Type 4 heat treatment the
average grain size reduced to 20 lm. Grain size is posi-
tively correlated with the yield and tensile strength.

• The minimum surface roughness was obtained in Type 4
heat-treated sample (cryogenic treatment) due to the grain
refinement and absence of oxidation. The martensite trans-
formation was also observed to be high during Type 4
heat treatment with fine and homogeneous carbide precipi-
tates at the grain.

• The maximum dislocation density of 10.78 9 1016/m2

was observed in case of Type 4 heat treatment, while the

minimum was of 4.15 9 1016/m2 in the Type 1 heat treat-
ment compared to 6.08 9 1016/m2 in the as-cladded layer.

• In terms of mechanical properties also, Type 4 heat treat-
ment stands the best. The grain refinement, dense marten-
sitic phase and enhanced dislocation density have resulted
in enhanced hardness of 407 HV. Lancaster wear coeffi-
cient of 0.86 9 10�5 mm3/Nm and tensile strength
336 MPa were observed in Type 4 heat treatment.

Thus, overall cryogenic treatment of steel cladded parts
produced through CMT technology enhanced the properties
of the cladded layer in a significant manner. The second best
heat treatment was water quenching (Type 2). Furnace cooling
enhanced the ductility but had an adverse effect on the
tribological properties.
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