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Commercial pure aluminium was deposited on medium carbon steel using friction surfacing route. An aluminium rod was used
as the consumable tool. Normal load and tool rotation speed were the variables. Under certain combinations of load and speed the
deposition was continuous and uniform. The deposit consisted of Al embedded with fine particles of iron. The interface between
substrate material and deposited material was smooth and relatively small. A mechanism is discussed for formation of a composite
surface on the steel substrate.

1. Introduction

Steel remains one of the important structural material
because of its relatively low cost, high processability, manip-
ulation of the properties using principles of alloy design,
heat treatment, and so forth [1]. Unfortunately, it’s service
properties like corrosion resistance, oxidation resistance, are
not very good. This limitation arises because the oxide layer
forming on the surface of the steel is a noncompact one [1].
This limitation can be overcome by modifying the surface of
the steel appropriately, either by changing the surface chem-
istry (alloying at the surface) or by deposition of another
metal at the surface [2]. The deposited metal may on its own
give beneficial properties or after appropriate conversion. On
this count, deposition of a thin layer of aluminium on steel is
very relevant. Aluminium layer, when it is oxidized, forms
a compact oxide layer, protecting the substrate steel from
oxidation, corrosion, and abrasion [3, 4]. A thin layer of Al
on steel can be obtained by various means, that is, liquid
route and solid route. Hot dip aluminising is a predominant
method using liquid route, but this route is handicapped by
the formation of brittle intermetallics [5]. Chemical routes
like pack aluminising do not involve use of liquid state,
but they also involve processing at elevated temperatures for
long duration, again giving rise to intermetallics and grain
growth in the substrate. In this context friction surfacing is

a promising route. It can produce an aluminium layer on
the steel substrate [6], and if a compact oxide layer is
required top layer can be made to undergo oxidation. In
friction surfacing the surface of a component is modified
using mechanical energy generated using a friction tool [7].
An alloying element can be added during friction surfacing
which will be mixed with the substrate to generate an alloyed
surface. In friction surfacing, the tool is a consumable one
and depending on the relative strengths of substrate and tool
materials, as well as temperature attained, both substrate
and tool or only tool material will be undergoing plastic
deformation. This will lead to alloying near the surface
leading to a change in the surface properties [8]. In friction
surfacing of steel with aluminium, steel is used as substrate
and aluminium is the consumable tool. If friction surfacing
parameters are appropriate it is possible to obtain a uniform
aluminium deposition on the steel surface [6]. Aluminium
layer will have steel (iron) particles embedded in it producing
an iron-aluminum composite layer on the steel surface [6].
This paper discusses formation of such composite layer
during friction surfacing (of steel with aluminium).

2. Materials and Experimental Methods

2.1. Materials and Processing. Medium carbon steel plate (C=
0.35, Mn = 0.65, P = 0.03, S = 0.04; all are in wt.%) was
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Table 1: Processing parameters for various samples and quality of the deposition.

Trial no. Tool travel speed (mm/min) Load (kN) Spindle speed (rpm) Quality of the deposition

T1 35 3 200 Powdery deposition,

T2 35 3 400 Deposition better than T1, still powdery

T3 35 4 200 Discontinuous and varying width.

T4 35 4 400 Good (uniform, continuous) deposition

T5 35 5 200 Continuous, varying width

T6 35 5 400 Good deposition, Width more than T4
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heat

Hot
plastic
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Figure 1: Scheme of friction surfacing [8].

taken as the substrate. Substrate dimensions were 150 mm
length, 70 mm width, and 8 mm thickness. Controlled
roughness on the steel substrate was obtained by milling
the substrate using a conventional surface milling machine.
Depth of groves produced during milling was measured
using cross-sectional microscopy and it was in the range of
25–32 micrometers (um). Roughness of the milled surface
was measured using a Veeco optical profile meter. Measured
roughness (Ra) was in the range of 5.8 um to 8.3 um.
Commercial pure Al (99.6% pure), available in the form of
extruded rod, was used as the consumable tool. Extruded
rod was machined to a dimension of 100 mm length and
25 mm diameter and it was used for deposition. The friction
surfacing was done using the machine made by M/s ETA
technologies, Bangalore, India. Figure 1 shows a schematic
presentation of friction surfacing [8].

Al was deposited using different processing conditions.
Normal load was varied as 3 kN, 4 kN, and 5 kN. This gave
a stress level of 6.1 MPa, 8.1 MPa, and 10.2 MPa in the
consumable tool. Tool spindle speed was varied as 200 rpm
and 400 rpm. Tool plunge depth was fixed at 40 mm. Tool
plunge depth is the total depth up to which the tool can be
lowered in the machine. For all experiments tool travel speed
was fixed as 35 mm/min. For convenience the samples were
labelled as T1, T2, . . ., T6 and they are listed in Table 1. All
the experiments were done in open atmosphere conditions
and for 200 s.

2.2. Characterisation of the Deposit. Quality of the depo-
sition was investigated using various parameters, namely,
nature of the deposition (powdery or not), continuity,
width uniformity. This information is also listed in Table 1.
Morphological investigation, composition of the deposit,
and cross-sectional microscopy were done using Scanning
Electron Microscope (SEM) with an EDS attachment. Phase

identification of the deposit was made using X-ray diffrac-
tometry (XRD) using CuKα radiation.

3. Results and Discussion

3.1. Quality of the Deposition. Quality of the deposition
was decided based on the macroobservation using normal
eye or low-magnification tools (magnification up to 10x).
Deposits were either powdery, patchy (discontinuous and
varying width), or continuous. Within the continuous group,
width could be uniform or nonuniform. For good coverage
of the surface, continuous (preferably with uniform width)
deposition is essential. Figure 2 shows macroimage of the
sample T6. The track length was about 30 cm and width was
in the range of 25–30 mm. From the macroimage we could
conclude that the deposition was continuous and of almost
uniform width. Quality of the deposition is closely related to
heat input at the interface and partition of heat between the
substrate and the tool. The heat input at the interface (HI)
could be written as [7]

Heat input (HI) = Power input
scan speed

. (1)

Extrapolating the concept from friction stir welding [7]
power input (PI) could be written as a function of spindle
speed (s) and torque (M):

PI = s∗M. (2)

For the sake of simplicity, the energy losses associated with
the drives and transmission systems were neglected. Mechan-
ical energy available at the substrate-tool interface was
partitioned in to heat and deformation component required
for local plastic deformation [10, 11]. The heat input at
the interface gets dissipated predominantly by conduction.
The temperature rise at the interface was sufficient to make
aluminium near the interface plastic, and the relative sliding
of the tool with respect to the substrate leads to transfer of
the plastic material as a thin layer. This explains why good
deposition was seen only under certain combinations of load
and rotation speed (other parameters were kept constantin
our experiments). It may be mentioned that only aluminium
side became plastic, whereas the temperature rise was not
sufficient to make steel plastic.

3.2. Topographical Details. Figure 3(a) shows a low-magni-
fication image observed under SEM in secondary electron
mode. It may be noted that topographic information is
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Figure 2: Macroimage of the deposition made using a normal load of 5 kN and spindle speed of 400 rpm. On the right side a small region
which was magnified from long track is shown.
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Figure 3: (a) A low-magnification micrograph of friction-surfaced region. (b) SEM: backscattered electron-compositional (BEC) image. (c)
and (d) are micrographs taken from Fe-rich and Al-rich regions of Figure (b). In Figure (c) Al-rich region with fine Fe particles is observed.
In (d) Fe-rich region has embedded small Al particles.

better revealed in this mode [12]. There is no marking
typical of surface milling process. Surface has occasional
microhills (indicated by arrow marks) on the flat surface.
The backscattered electron-compositional micrograph (BEC
image) presented in Figure 3(b) shows two types of contrast,
namely, white region which is predominantly iron and grey
region which is predominantly aluminium. It must be noted
that both micrographs (Figures 3(a) and 3(b)) are taken from
same region and under same magnification. By comparing
topographic information (Figure 4(a)) and compositional
information (Figure 4(b)) we conclude that topographical
variations observed in Figure 3(a) is not due to presence of
iron-rich and aluminium-rich regions in the deposited layer.

3.3. Cross-Sectional Microscopy. Figure 4(a) shows cross sec-
tional view of the deposited region. Deposition thickness

is fairly uniform, and measurement over 1 mm length
gave thickness in the range of 90 to 106 um. Interface is
macroscopically smooth, without any profiles created during
surface milling. This is more clearly visible in Figure 4(b).
Figure 4(b) presents interface between substrate material-
deposit material. The interface is relatively smooth and small.
The compositional profile across the interface (Figure 4(c))
shows minimum (almost zero) level of mixing of species on
either side of the interface. This statement is without consid-
ering the material transfer in the form of particles which are
visible as white particles (iron) embedded in the deposited
aluminium. Figure 4(d) shows a high-magnification micro-
graph from Figure 4(a). We see iron particles of nanometer
scale (arrow pointers in Figures 4(b) and 4(d)) embedded
in aluminium matrix. The average spacing between the par-
ticles is also very small, indicating that they would contribute
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Figure 4: (a) Cross-sectional microscopy showing a uniform deposition. (b) Nature of Fe-Al deposit interface. (c) Smooth and thin interface
between aluminium and iron. (d) Fine Fe particles embedded in deposited Al.
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Figure 5: XRD plots of two samples, namely, T5 (top) and T6
(bottom).

for particle strengthening [13]. Strong Fe particles are
expected to strengthen soft Al matrix.

3.4. Phase Identification. Figure 5 shows the XRD analysis
of two samples (viz. T5 and T6). XRD plots for other
samples are similar. XRD plot indicates that deposit consists
of iron and aluminium. From microstructural observations
and XRD results we say that the deposit is a mechanical
mixture of aluminium and iron. There are no other phases
(Fe-Al intermetallics) formed which could be detected by the
XRD.

3.5. Formation of Composite Layer during Friction Surfacing.
From XRD and SEM study we can conclude that the deposit
is a mechanical mixture of aluminium and iron. Since, the
consumable tool was pure Al, during friction surfacing, iron
particles must have formed and got mixed with aluminium.
This has resulted in the deposition of a composite layer
of aluminium and steel. Formation of a composite layer is
similar to material transfer during friction conditions [9] and
can be explained as follows.

In the beginning of friction surfacing both surfaces
have asperities. These asperities have various dimensional
scales. This means that only few asperities are in contact
with each other forming a contact pair [14]. The effective
stress at the contact point may be very high compared to
the average stress estimated using normal load and initial
section diameter. When there is a relative sliding between
two surfaces, the asperities will undergo deformation. Being
a weaker material, the plastic deformation will be much more
towards Al side than Fe side. Actual strain value will be very
high, and it will vary depending on the morphologies of the
asperities. Al, though more ductile, may get fractured easily,
because of poor strength value. But being fresh surfaces, two
Al surfaces have a chance to get rewelded. On the other
hand, Fe is a strain hardenable material and at the asperity
contact they will become hard, brittle, and get sheared during
sliding. Even though fracture surface is clean and fresh,
owing to smaller T/Tm (T is the interface temperature,
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Figure 6: Scheme leading to asperity tip fracturing and incorpora-
tion into second material during sliding under friction conditions
[9]. γ: shear strain.

Tm is the melting point, both are in kelvins) for steel, the
chances of them to get rewelded are small. Figure 6 shows
schematic methodology in fracturing of asperity tip at the
friction contact. The Fe-Al interface shown in Figure 4(b)
shows reduced grove depth (less than 5 um) compared to
initial grove depth (25–32 um). This supports the argument
that the asperity hills on hard Fe surface get broken during
shearing. Broken Fe particles get mixed up in soft Al layer
and the mixture gets deposited during friction surfacing.

4. Conclusions

Based on the experimental results, the following conclusions
are drawn. A thin layer of Al can be deposited on steel surface
using friction surfacing method. Deposited Al consisted of
small Fe particles dispersed in it. Deposit is a mechanical

mixture of Al and Fe. The interface between substrate
material and deposited material is smooth and relatively
sharp. A mechanism for the formation of a composite layer
is presented using shearing, mixing, and deposition of plastic
material during surfacing.
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