Laser Cladding of Quasi-Crystal-Forming Al-Cu-Fe-Bi
on an Al-Si Alloy Substrate
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We report here the results of an investigation aimed at producing coatings containing phases closely
related to the quasi-crystalline phase with dispersions of soft Bi particles using an Al-Cu-Fe-Bi ele-
mental powder mixture on Al-10.5 at. pct Si substrates. A two-step process of cladding followed by
remelting is used to fine-tune the alloying, phase distribution, and microstructure. A powder mix of
Alg,Cuy, sFe | ;Bi, has been used to form the clads. The basic reason for choosing Bi lies in the fact
that it is immiscible with each of the constituent elements. Therefore, it is expected that Bi will solid-
ify in the form of dispersoids during the rapid solidification. A detailed microstructural analysis has
been carried out by using the backscattered imaging mode in a scanning electron microscope (SEM)
and transmission electron microscope (TEM). The microstructural features are described in terms of lay-
ers of different phases. Contrary to our expectation, the quasi-crystalline phase could not form on the
Al-Si substrate. The bottom of the clad and remelted layers shows the regrowth of aluminum. The for-
mation of phases such as blocky hexagonal Al-Fe-Si and a ternary eutectic (Al + CuAl, + Si) have
been found in this layer. The middle layer shows the formation of long plate-shaped Al,;Fe, along with
hexagonal Al-Fe-Si phase growing at the periphery of the former. The formation of metastable Al-Al¢Fe
eutectic has also been found in this layer. The top layer, in the case of the as-clad track, shows the
presence of plate-shaped Al,;Fe; along with a 1/1 cubic rational approximant of a quasi-crystal. The
top layer of the remelted track shows the presence of a significant amount of a 1/1 cubic rational approx-
imant. In addition, the as-clad and remelted microstructures show a fine-scale dispersion of Bi particles
of different sizes formed during monotectic solidification. The remelting is found to have a strong effect
on the size and distribution of Bi particles. The dry-sliding wear properties of the samples show the
improvement of wear properties for Bi-containing clads. The best tribological properties are observed
in the as-clad state, and remelting deteriorates the wear properties. The low coefficient of friction of the
as-clad and remelted track is due to the presence of approximant phases. There is evidence of severe
subsurface deformation during the wear process leading to cracking of hard phases and a change in the
size and shape of soft Bi particles. Using these observations, we have rationalized possible wear mech-
anisms in the Bi-containing surface-alloyed layers.

I. INTRODUCTION

QUASI—CRYSTALLINE materials were discovered in
1984 by Dan Shectmann et al.'!' to herald a new era in crys-
tallography and atomic architecture of solids. A few years
after the rush of the initial discovery, a few laboratories started
looking at the properties of these materials and, thereby,
exploring the possibility of the potential use of these mater-
ials. Quasi-crystalline materials are characterized by the long-
range order without translational periodicity featuring
noncrystallographic symmetry. The aperiodic arrangement
of atoms in the lattice leads to several distinctive properties,
such as very high hardness,”” low friction coefficient,”! low
thermal conductivity,* low surface energy,” high corrosion
and oxidation resistance,’® efc. These properties make them
potentially useful in many applications. However, due to their
low room-temperature ductility,””! these materials are often
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not found suitable for bulk applications. An attractive alter-
native is to use these materials in the form of coatings on
soft metals and alloys, such as aluminum and Al-Si alloys.

The Al-Cu-Fe system is known to be a stable quasicrystal-
forming system.® This ternary system has been extensively
studied due to the possibility of a number of applications
in the form of coatings./”! However, their brittleness at room
temperature and complex solidification pathways have made
it difficult to use them. Therefore, it is important to study
the effect of the addition of other elements on the morpho-
logical modifications of icosahedral phase— forming Al-Cu-Fe
alloys. The quaternary addition of Si to this system signif-
icantly influences the phase formation. According to Lee
et al.,"" an Si addition up to 5 at. pct leads to an increase
of the volume fraction of icosahedral phase in the microstruc-
ture. A further increase of Si content from 9 at. pct to 15 at.
pct leads to the formation of the 1/1 cubic rational approxi-
mant to the icosahedral phase. These approximant phases
are crystalline in nature with quasi-crystalline motifs and
can be derived from the rational cut of six-dimensional hyper-
space of the icosahedral quasi-crystals. Therefore, they have
similar properties to those of the parent quasi-crystalline
phases. According to Quivy et al.,!'!! the cubic rational
approximant phase exists over a large domain of composi-
tions and temperatures, sometimes in coexistence with the
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icosahedral phase. These authors have pointed out that the
structural change from icosahedral phase to rational approxi-
mant can occur if the Si content in the quaternary alloy is
more than 2 at. pct. The quinary addition of Bi is expected
to yield nano-sized Bi particles in the final microstructure,
because Bi is immiscible to each component of the quater-
nary alloy. Thus, rapid cooling through the miscibility gap
can lead to the formation of Bi particulates of various shapes
and sizes. The low hardness of this phase (termed, hence-
forth, as soft phase) may enhance the mechanical and
tribological properties of the composite coating.

Laser cladding has been extensively used to obtain wear-
and corrosion-resistant coatings on different substrates.!'?
The process involves the formation of a coating by melting
the desired material, along with a thin layer of substrate,
with a high-power laser beam normal to the surface. The
coating forms due to rapid solidification of the melt with
materials build-up on the substrate. The laser cladding can
be a single-step or two-step process. In the former case, coat-
ing material is fed into the melt pool created by the laser
beam in the form of powder, paste, or wire, while in the lat-
ter case, the coating material is predeposited on the substrate
and, subsequently, remelted by the laser beam. The prede-
position of the coating materials can also be done by a laser
cladding process. Our study aims at developing coatings of
quasi-crystalline and related intermetallic compounds of the
Al-Cu-Fe-Bi alloy containing Bi dispersions by laser cladding
using an elemental powder mixture of Al, Cu, Fe, and Bi
on Al-10.5 at. pct Si alloy substrates. In addition, the pre-
sent study attempts to correlate the microstructure with prop-
erties such as hardness, friction, and wear, with particular
emphasis on the influence of the Bi distribution in the
microstructure to the properties.

II. EXPERIMENTAL DETAILS

Clad layers were prepared using a continuous-wave CO,
laser (Rofin Sinar model R10000) with a peak power of
10 kW. The laser was focused 30 cm above the focal point
to get a beam size of about 2.5 mm. This results in a broad
intensity distribution that does not lead to vaporization and,
thus, is well suited for cladding. The initial experiments of
cladding were done with 3 kW power to get clad layers with
good adherence to the substrate and uniformity along the
surface. The clad layers were then remelted at higher tra-
verse speeds to simulate different growth conditions. The
processing conditions used are as follows: laser power, 3 kW;
focus, 30 cm out of focus; diameter of beam, 2.5 mm; car-
rier gas flow rate, 4 L/min; and powder feed rate, 4 g/min.

An elemental powder mixture of aluminum, copper, and
iron, with the nominal composition AlgsCu,;sFe;; 7, was used.
In the mixture, Bi powder was added to an amount not exceed-
ing 10 wt pct of the total powder. The basic advantage of
using elemental powder mixtures as compared to the alloyed
powder is that the cost incurred is much less in using an ele-
mental powder mixture. Therefore, although difficulties exist
in the control of the compositions of the clad layers, we have
adopted and standardized this route. The inductively coupled
plasma (ICP) technique has been used to determine the approx-
imate composition of the clad layer. The desired powder com-
position was obtained by mechanically mixing elemental
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powder. The particle size of the powder was between 25 and
100 wm. The Al-10.5 at. pct Si alloy was used as a substrate.
The substrate movement was controlled by a numerically con-
trolled X-Y table under the stationary laser beam. The vari-
ous sets of scanning and remelting speeds was obtained by
controlling the linear motion of the substrate. In order to get
uniform roughness, the substrates were sandblasted in all cases
prior to the cladding experiments. An argon jet was used to
shield the melt pool from oxidation. The coatings were pre-
pared by a two-step laser cladding process. The scan rate used
for cladding was 300 mm/min. The subsequent remelting
experiments were done employing scan rates of 300, 500,
1000 and 1200 mm/min.

Structural analysis of the clads was performed using a
JEOL* X-ray diffractometer (JDX-8030) with Cu K, (A =

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

1.5402 A) radiation. The microstructural investigations were
performed using an optical microscope (Olympic brand), a
JEOL JSM 840A scanning electron microscope (SEM), and
a JEOL 2000FXII transmission electron microscope (TEM).
The local phase composition was determined using the SEM
(operated at an accelerating voltage of 20 kV) by standard-
less energy-dispersive spectroscopy (EDS) X-ray analysis
(Oxford brand) on polished and etched sections. Numerous
composition-analysis examinations of well-equilibrated sam-
ples using EDS in the SEM have shown that the scattering
of the measured compositions is in the range of 1 at. pct.
This scattering follows from the precision of the method
rather than from a compositional variation of the studied
materials. Therefore, the precision of the compositional mea-
surements presented in this article is limited by *1 at. pct.
Three independent measurements of elemental composition
of different phases have been made to get statistics of the
compositional data. The average of the three values at each
position is used to obtain the composition profile of con-
stituent elements. The hardness profiles of the clad layers
were measured using a Shimadzu 2000 microhardness tester
with a load of 25 g. A minimum number of five indents
were made per location to obtain good statistical represen-
tation of the dataset. In each case, the average of all the mea-
surements was used to get the hardness plot for each track.
The error bars represent the maximum and minimum value
in each data set. The sliding-wear tests were carried out with
a pin-on-disk configuration using a friction and wear mon-
itor (model TR-201EV, supplied by Ducom). The follow-
ing parameters were used for this purpose. Sample size, 4 X
4 X 10 mm; track radius 34 mm; disc velocity, 0.89 m/s;
loads, 0.5, 1, 1.5, and 2 kg; duration of test, 5 minutes; and
level of vacuum, better than 107 torr.

Prior to the sliding-wear-testing, the pins were polished
under water with 1200-grade emery paper, followed by stan-
dard alumina and diamond polishing. All the wear tests were
carried out on a disc of 11 cm in diameter and 8§ mm in thick-
ness, made up of EN-24 steel with a hardness of HRC 54.

III. RESULTS

We have studied various process parameters for opti-
mization of the surface alloying process. We shall only
present here the detailed results of two representative and

METALLURGICAL AND MATERIALS TRANSACTIONS A



optimized samples processed under two different conditions,
namely, the as-clad condition, with a scan rate of 300 mm/min
(powder feed rate of 4 g/min), and the as-clad and remelted
condition, with remelting done with a scan rate of 500 mm/min.
In both cases, laser power used was 3 kW. The results of
the two cases will be presented separately.

A. Characterization of the As-Clad Sample

The as-clad and remelted layers obtained in our experi-
ments are quite thick (about 2 mm). Thus, the X-ray diffrac-
tion patterns from the surface will contain information only
of the surface and not across the depth of the surface-alloyed
layer. Such a phase analysis of the as-clad and remelted sam-
ples has been carried out. The X-ray diffraction pattern of the
as-clad samples reveals the presence of a 1/1 cubic rational
approximant phase of icosahedral quasi-crystal co-existing
with monoclinic Al,;Fe,, tetragonal CuAl,, and Bi.

In order to characterize the laser-processed layer com-
pletely, detailed microstructural and phase analyses have been
carried out using the optical microscope, SEM, and TEM.
The results of these investigations will be presented next.

A low-magnification optical micrograph covering half of
the cross section of the as-clad layer is shown in Figure 1(a).
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Fig. 1—(a) Low-magnification optical micrograph of half of the cross sec-
tion of the as-clad sample, showing three different microstructural layers
labeled as I, II, and III. () Composition profiles showing the variation of
elemental compositions as a function of distance in the three layers.
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Three distinct microstructural regions, from the bottom (near
the substrate) to the top, can be identified and are labeled
as I, I, and III. The composition analysis using EDS of the
clad layer reveals elemental compositions in three different
regions (Figure 1(b)). The elemental compositions vary sub-
stantially along the height of the clad layer. One can observe
that the aluminum content (90 to 70 at. pct) is quite high
near the clad/substrate interface, while the iron content is
also on the higher side (>10 at. pct). The copper content in
this layer remains below 10 at. pct, and the silicon content
is found to remain at an almost constant level of 8 at. pct.
In layer II, the aluminum content decreases, but the copper
content increases to about 18 at. pct. There are dips in the
iron and silicon content in this layer. The top layer (III)
shows a substantial increase in the aluminum content (>75
at. pct). Both the copper and silicon content show a sub-
stantial drop compared to layer II, while the iron content
remains at about 10 at. pct.

Scanning electron microscopy observations of the as-clad
layer reveal the presence of different phases and mor-
phologies. All the SEM images shown are taken in backscat-
tered electron (BSE) imaging mode to clearly depict the
compositional contrast and, thereby, the different phases.
Figure 2(a) shows a representative BSE micrograph of the
region near the substrate corresponding to region I marked
in Figure 1(a). In addition to the primary aluminum den-
drites (a-Al) with dark contrast and a well-developed faceted
phase (referred henceforth as blocky phase “‘B”), the micro-
graph clearly reveals the lamellar nature of the eutectic region
(marked as eutectic) in the interdendritic regions and the
dispersion of bismuth particles. Different facets of blocky
phase in one of the particles are shown by white arrows.
Measurements of angles between the sharp facets show the
angle to be close to 120 deg. The EDS spectra taken from
this phase reveal the composition to be Alg; gSig 4Fe g sCug .

In order to reveal the nature of the eutectic, the sample
was deeply etched. The inset in Figure 2(a) shows a typi-
cal higher-magnification BSE image of the eutectic region.
The observed contrast indicates that the eutectic contains
three phases with dark, gray, and light contrast. The com-
position of the eutectic regions as determined by EDS indi-
cates a ternary composition close to Alg,SigCus,. Therefore,
we can conclude that the observed eutectic is a ternary one
consisting of long, platelike CuAl, (light contrast), needle-
like silicon (gray contrast) and a-aluminum (dark contrast).
All the phases are marked on the micrograph.

The SEM micrograph corresponding to the middle of
the clad region (marked II in Figure 1(a)) is shown in Fig-
ure 2(b). The microstructure is dominated by a phase that
has a long, plate-shaped morphology (marked P in the micro-
graph). A light-contrast phase (ay) having a dendritic mor-
phology coexists in the space between the plates. The
interdendritic regions exhibit a dark contrast. Fine particles
of Bi (with bright contrast) are distributed throughout this
region. A careful examination reveals that most of these par-
ticles are located near the interfaces between the P and oy
phases.

Figure 2(c) shows the BSE micrograph corresponding to
the top portion of the clad layer (marked III in Figure 1(a)).
The micrograph shows the presence of a number of phases.
A long, plate-shaped phase (P) is present in this micrograph.
Along with these, one can find the presence of starlike
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Fig. 2—(a) High-magnification BSE image of region I (as marked in Fig. 1(a)), showing different phases: blocky (B phase) ay-AlFeSi, a-Al, and a eutec-
tic. The B phase is found to be faceted. The facets are of one such crystal, shown by a white arrow. The inset shows a ternary eutectic consisting of CuAl,,
a-Al, and Si. (b) High-magnification BSE image of region II from Fig. 1(a). (¢) High-magnification BSE image of region III from Fig. 1(a). The inset pro-
vides a higher-magnification BSE image showing a fine-scale microstructure of the region, marked by the white box. Different phases are marked in the

figures. Refer to the text for details.

dendrites (the rational approximate) as well as regions with
a fine-scale microstructure consisting of primary a-Al and
eutectic (Figure 2(c), inset). The EDS taken from these star-
like dendrites shows that these dendrites have the composi-
tion of AlgSigFe sCu,y, whereas the composition of the
plate-shaped phase is found to be close to (Al,Cu),;Fe,. The
EDS analysis indicates that the composition of the eutectic
is close to Alg;Si,Cus,Fes.
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In order to obtain more structural information, a detailed
TEM characterization was carried out. We have focused our
attention on regions II and III, as these regions are believed
to have greater influence on the properties of the surface-
alloyed layer. Figure 3(a) shows a low-magnification bright-
field TEM micrograph of the region corresponding to region
II in Figure 1(a). One can observe that the micrograph reveals
the existence of three phases. These phases are marked on
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the micrograph as long, platelike Al;;Fe,, a-Al, and a eutec- fraction pattern (SADP) shown in Figure 3(c). A dark-field

tic. The plate shaped phase exhibits a faulted morphology, image using streaks reveals the faults, as shown in the inset.
and this leads to a diffuse streaking in the selected-area dif-

The SADPs from the plates can be indexed in terms of a

Fig. 3—(a) Low-magnification bright-field image of a region similar to region II, showing different phases, with the inset showing a faulted morphology

of AlysFey (), (¢), and (d) SADPs taken from different zone axes of AljsFey. (¢) High-magnification image of a-Al, with inset 1 showing the [112] zone
axis of aluminum and inset 2 showing the ring pattern of Bi.
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Fig. 3 (Continued)—(a) Low-magnification bright-field image of a region similar to region II, showing different phases, with the inset showing a faulted
morphology of Al;Fe, (), (¢), and (d) SADPs taken from different zone axes of AljsFe,. (e) High-magnification image of a-Al, with inset 1 showing the

[112] zone axis of aluminum and inset 2 showing the ring pattern of Bi.

monoclinic phase having the lattice parameters a = 1.55 nm,
b = 0.807 nm, and ¢ = 1.25 nm and 8 = 107.731 deg. Three
representative major zone axes from this plate, revealing mon-
oclinic characteristics, are shown in Figures 3(b) through (d).
The dendritic phase that exists in between the plates is found
to be a solid solution of aluminum. This phase exhibits strain
contrast. The higher-magnification micrograph of a-Al is
shown in Figure 3(e). These regions contain a very-fine-scale
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dispersion of Bi particles. The two insets of Figure 3(e) show
the SADP of aluminum and diffraction rings of randomly
distributed Bi. The microstructure of the region between the
plates and a-Al indicates the presence of a eutectic. The
eutectic is more prominent in the remelted samples. The
observed microstructure is identical in both the as-clad and
the remelted samples, and, for conservation of space, we have
presented the details in the section on remelted samples.
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Figure 4(a) shows a low-magnification bright-field micro- as marked in the figure. These are the 1/1 cubic rational
graph of region III (similar to Figure 1(a)). The microstruc- approximant, a-Al, and a degenerate Al-Al,Cu eutectic. The
ture shows the presence of three different structural features, approximant phase (a crystalline phase closely related to

d eutectic

Fig. 4—(a) Low-magnification bright-field image of a region similar to region III (Fig. 1(a)) showing different phases as marked on the figure. (b) and
(c) SADPs along the [001] and [111] axes, respectively, taken from the 1/1 rational approximant. (d) A higher-magnification bright-field image of degenerative
Al-CuAl, eutectic, with the inset showing a microdiffraction pattern taken along the [012] direction of CuAl,. The black arrows indicate the presence of pre-
cipitates in a-Al. The white arrows in (a) indicate holes, which may have been created due to falling off of bismuth particles during ion milling.
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Fig. 4 (Continued)—(a) Low-magnification bright-field image of a region
similar to region III (Fig. 1(a)) showing different phases as marked on the
figure. (b) and (c) SADPs along the [001] and [111] axes, respectively,
taken from the 1/1 rational approximant. (d) A higher-magnification bright-
field image of degenerative Al-CuAl, eutectic, with the inset showing a
microdiffraction pattern taken along the [012] direction of CuAl,. The black
arrows indicate the presence of precipitates in a-Al. The white arrows in
(a) indicate holes, which may have been created due to falling off of bis-
muth particles during ion milling.

quasi-crystals''*) has a rounded morphology with arms radi-
ating from the central core (Figure 4(a)). The SADPs taken
from one of the arms of the approximant phase along the
[100] and [111] zone axes are shown in Figures 4(b) and (c),
respectively. One can find that the SADPs show the pres-
ence of strong diffuse scattering, which is marked by white
arrows in Figures 4(c) and (d). The origin of this diffuse scat-
tering is under study. The higher-magnification micrograph
of the eutectic is shown in Figure 4(d). This micrograph
clearly shows the degenerate nature of the eutectic. It con-
sists of a-Al and a CuAl, intermetallic phase. The microd-
iffraction pattern taken along the [012] axis from CuAl, is
shown in the inset. One can also observe that a-Al regions
containing precipitates (black arrow in Figure 4(d)).

B. Characterization of the Clad and Remelted Sample

We shall now present the results of the clad sample
remelted with a scan speed of 500 mm/min. The process-
ing was done in a preprogrammed consecutive pass involv-
ing cladding and remelting. The X-ray diffraction pattern of
the top surface indicates the coexistence of similar phases
to those observed for the as-clad samples.

Figure 5(a) shows a low-magnification optical micrograph
of half of the cross section of the remelted layer. Analogous
to the as-clad layer, the remelted layer consists of three
distinct microstructural layers, labeled as I, II, and III. The
composition analysis of the remelted layer (Figure 5(b))
shows the distribution of elemental compositions across
the regions. The composition profiles of the remelted track
are different, particularly in region II compared to the as-
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Fig. 5—(a) Low-magnification optical micrograph of half of a cross sec-
tion of a remelted (500 mm/min) track, showing three different microstruc-
tural regions labeled as I, I, and III. (b) Composition profiles showing the
variation of elemental composition as a function of distance.

clad track. Near the clad/substrate interface (region I), the
aluminum content (~80 at. pct) is quite high. The copper
content is on the higher side (>>10 at. pct) compared to the
iron content. The silicon content is found to be at an almost
constant level of 8 at. pct. In layer II, the aluminum con-
tent decreases to 70 at. pct. There is a substantial increase
of iron content (~15 at. pct) and a dip in silicon content
(7 at. pct) in this layer. The top layer (III) shows a sub-
stantial increase in aluminum content (~75 at. pct). The iron
content shows a drop compared to layer II, while the sili-
con content remains at about 10 at. pct. The copper content
remains at 10 at. pct.

Figure 6 shows SEM micrographs of different regions of
the remelted track. Figure 6(a) shows a high-magnification
BSE micrograph of the region marked I in Figure 5(a). This
micrograph shows the presence of primary aluminum (a-Al),
a blocky phase (B), lamellar eutectic (termed eutectic), and
bismuth. The phases and their morphologies are similar to
those observed for the as-clad track (Figure 2(a)). The faceted
growth morphology of the blocky phase is again highlighted
by marking six faces of one such particle in the micrograph.
The nature of the eutectic (ternary eutectic consisting of
a-Al, Si, and Al,Cu) is identical to that discussed in the case
of the as-clad layer.

The microstructure of region II is shown in Figure 6(b).
Four different microstructural features characterize this
region. The long plates are found to be (Al,Cu)sFe, (EDS
shows a composition of Al;,Cu,Fe,,). A different phase can
be seen growing from the surface of these plates. The EDS
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Fig. 6—(a) BSE image of a different region labeled I in Fig. 5(a), showing phases similar to those of the as-clad track: blocky (B phase) ay-AlFeSi, a-Al,
and a ternary eutectic consisting of CuAl,, a-Al, and Si. Blocky phases are faceted. Facets of one such crystal are marked by white arrows. One can also
find that the angle extended by two faces is about 120 deg. (b) BSE image of a different region labeled II in Fig. 5(a). The inset shows a higher-magnifi-
cation image of the region marked in the figure. (c¢) BSE image of a region similar to region III in Fig. 5(a), showing a large number of 1/1 cubic rational

approximant phase particles.

analysis shows a composition of AlgsSi;oFe,,Cus for this
phase. This indicates that the composition of this phase is
similar to the hexagonal ay-AlFeSi reported in the litera-
ture.!®! A similar type of microstructural feature has been
observed in the case of the as-clad track. The aforemen-
tioned phases coexist with a eutectic region. The higher-
magnification micrograph of the eutectic is shown in the
inset of Figure 6(b). A degenerative eutectic morphology
can be observed. The fourth phase (bright contrast) that
can be observed in the microstructure is bismuth.

The higher-magnification BSE micrograph taken from
region III (as shown in Figure 5(a)) is shown in Figure 6(c).
It shows a microstructure consisting predominantly of star-
like dendrites. The average composition of these dendrites
is found to be AlgSigFe;sCu;y. One can also find a sub-
stantial amount of bismuth particles.

In order to obtain the structural information of different
phases, we have carried out a TEM examination of regions
II and III of the remelted sample. The low-magnification image
of an area from region II in Figure 5(a) is shown in Fig-
ure 7(a). It reveals the presence of a phase with a long, plate-
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shaped morphology, a-Al, and a eutectic. The plate-shaped
phase is similar to the one shown for the as-clad track (Fig-
ure 3(a)). This phase is found to be heavily faulted. The SADPs
establish this phase to be monoclinic, again, similar to that
observed in the case of the as-clad track. Figures 7(b) and (c)
show a bright-field/dark-field pair revealing one of the coex-
isting phases of the eutectic. The corresponding diffraction
pattern (Figure 7(d)) and other similar patterns establish the
phase to be AlgFe with the following lattice parameters: a =
0.7464 nm, b = 0.6441 nm, and ¢ = 0.8786 nm. The SADPs
indicate the other phase of the eutectic to be a-Al.

Figure 8 shows the presence of an additional phase grow-
ing at the interfaces of the Al;;Fe, plates. The bright-field
image is shown in Figure 8(a). The microdiffraction patterns
taken from this phase establish its structure to be hexago-
nal ay-AlFeSi with a = 1.2404 nm and ¢ = 2.6234 nm. A
typical microdiffraction pattern taken along the [1213] zone
axis is shown in Figure 8(b). The a-Al phase marked in Fig-
ure 8(a) exhibits strain contrast. The diffraction studies (not
shown here) indicate the presence of binary precipitates of
0" and 0 plates within this phase.
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Fig. 7—(a) Low-magnification-bright field image of area containing plate-shaped Al,;Fe, and lamellar Al-Al¢Fe eutectic. (b) Higher-magnification bright-
field image of metastable Al-AlgFe eutectic. (¢) Dark-field image taken with g = [110] lighting up AlgFe lamellae. (d) a [110] zone-axis pattern of AlgFe.

The low-magnification image taken from an area similar respectively. The lattice parameter of this approximant phase
to region III in Figure 6(c) is shown in Figure 9(a). The can be calculated using the formula given by Elser and
microstructure consists of a 1/1 cubic rational approximant Henley.!'" For any quasi-crystalline approximant of the order
phase (the radiating dendrites) and a-Al. This is consistent p/q, the lattice parameter is given by
with the SEM micrograph of the top layer of the remelted
track. The diffraction patterns taken along the [001], [101], @ = 2(gT + par

v V2 + 71

and [111] zone axes are shown in Figures 9(b) through (d),
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Fig. 8—(a) Bright-field image showing the growth of hexagonal a;-AlFeSi at the surface of plate-shaped Al,;Fe,, and (b) a microdiffraction pattern [1213]

taken from one such grain of ay-AlFeSi.

where ay, is the quasi-lattice constant, and 7 is the golden
mean, given by (V5 + 1)/2. Therefore, for the 1/1 approxi-
mant phase (p/q = 1/1), using ag = 0.447 nm,!'> we get
a;;; = 1.23 nm. The estimated value from the diffraction
patterns is 1.23 = 0.05 nm. This shows a clear match between
the experimentally observed value and the theoretically
expected value.

C. Hardness and Wear Study

The typical hardness profiles along the cross section of both
the as-clad and remelted track (remelted at a scan speed of
500 mm/min are shown in Figures 10(a) and (b). Figure 10(a)
indicates that the hardness is quite high and uniform (HVp5 ~
550) in the as-clad sample. The hardness drops to a lower
value (HV (g5 ~ 400) near the coating/substrate interface.
For the remelted track (Figure 10(b)), the peak hardness is
observed at about the middle of the track (HV g5 ~ 600).
The hardness drops to a lower value (HV 5 ~ 350) in the
top layer. This is a common characteristic of all the remelted
tracks. Therefore, remelting leads to a change in hardness in
the top layer. The microstructural studies reported earlier indi-
cate the presence of predominantly the 1/1 rational approxi-
mant in this layer. The high hardness in the remelted pool is
associated with plate-shaped primary Al;sFe, phase coexist-
ing with the Al-Al¢Fe eutectic.

The typical coefficient-of-friction vs stress plot for the
as-clad samples tested in air is shown in Figure 11(a). In all
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cases, the coefficient-of-friction values are also reported for
the Al-Cu-Fe-Si alloy—clad sample and the Al-10.5 at. pct Si
alloy substrate, for comparison. The coefficient-of-friction
value (~0.21) of the clad sample at a stress level of 1.21 MPa
is quite low as compared to the substrate. However, the
coefficient-of-friction values are similar to those sam-
ples without Bi. A similar plot for the clad sample tested in
vacuum is shown in Figure 11(b). Again, the coefficient-of-
friction value for Al-Si-Cu-Fe-Bi is quite low (~0.2), but
not much different from that for Al-Si-Cu-Fe. The coeffi-
cient-of-friction values for the clad sample tested in vacuum
are slightly lower compared to those for the sample tested
in air, although the difference is not significant. Figure 11(c)
depicts the wear behavior of the clad sample tested in air.
The wear resistance of the Bi-containing clad is better com-
pared to the Al-Si-Cu-Fe clads, and the wear volumes of both
of the clad layers are substantially lower as compared to that
of the Al-10.5 at. pct Si substrate. The wear characteristics
of the clad samples tested in vacuum are shown in Figure
11(d). The Bi-containing clad shows very low wear loss com-
pared to the Al-Si-Cu-Fe alloy clad, which has been used for
benchmarking. The effects of remelting on friction and wear
behavior are shown in Figures 11(e) and (f). The friction
coefficients of the remelted tracks (remelted at 300 and 500
mm/min) tested in air are shown (Figure 11(e)) along with
that of the as-clad track for comparison. The friction coeffi-
cient of the substrate is higher than that of the as-clad tracks,
whereas the friction coefficients of the remelted tracks are
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Fig. 9—(a) Bright-field imgge of the 1/1 cubic rational approximant to the icosahedral phase, and (b) [001], (¢) [101], and (d) [111] zone-axis patterns of
the phase with a = 12.33 A. The white arrows indicate the position of diffuse intensity maxima in the diffraction patterns.

almost similar. The wear behaviors of all the remelted tracks
tested in air are shown in Figure 11(f). The as-clad track
shows better wear behavior than the remelted tracks. The
wear loss of the tracks remelted at 500 mm/min is higher
than that for the tracks remelted at 300 mm/min. Figure 12
shows a secondary electron (SE) image of the worn pin sur-
face of the Bi-containing clad tested in air and vacuum. The
SE image (Figures 12(a) and (b)) of worn pin surface of Al-
Si-Cu-Fe-Bi clad tested in air at a 0.61 MPa stress level shows
the presence of Bi particles (shown by small black arrows)
on the wear track. The wear direction is shown by the long
white arrow. The wear track shows a large number of sub-
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surface deformation marks. The SE image taken from the
clad layers tested in vacuum at a stress level of 0.61 MPa is
shown in Figure 12(b). One can see Bi particles distributed
on the wear tracks (black arrows). The worn surfaces are
much smoother in these micrographs as compared to the
micrographs for the samples tested in air. The worn pin sur-
faces of the Al-Si-Cu-Fe (Figures 12(c) and (d)) clad layers
show a substantial amount of subsurface deformation and
cracks as compared to the worn pin surface of the Bi-con-
taining clad layers. The SE images taken from the Al-Si-Cu-
Fe worn pin tested in air at a stress level of 0.61 MPa are
shown in Figure 12(c). The presence of cracks and substan-
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tial subsurface deformation can be seen clearly (indicated by
the small white arrow). The SE image taken from the Al-Si-
Cu-Fe worn pin surface tested in vacuum at a stress level
0.61 MPa is shown in Figure 12(d). No crack can be seen
in this case. The surface is quite smooth as compared to the
pin surface tested in air. Figure 13 shows the SE micrographs
taken from wear debris of the Bi-containing as-clad track
tested at a stress level of 0.61 MPa. The micrograph shows
the presence of a large number of bismuth particles in a
deformed matrix. The EDS spectrum from one such particle
is shown in Figure 13(b). It confirms the presence of bis-
muth in the debris. The compositional analysis of the debris
indicates a matrix composition of AlgsSi;oFe,Cus.

IV. DISCUSSION

The main aim of this investigation is to develop an alloyed
surface on an Al-10.5 at. pct Si alloy substrate, which will
improve the tribological properties of the surface. The strat-
egy adopted in the present case is to exploit the superior tri-
bological properties of quasi-crystals and related phases in
the Al-Cu-Fe system,!'® together with the dispersion of a
soft phase such as Bi. The key to achieving this goal is to
develop a suitable phase mixture and microstructures by con-
trolling the process parameters.
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We have adopted an elemental powder mixture instead of
alloyed powder as feed for the cladding process, followed by
remelting to further control the microstructure. In general, the
use of an elemental powder mixture containing four compo-
nents in order to produce a desired microstructure during laser
cladding is challenging and requires a systematic effort. The
conditions presented here (cladding with select process para-
meters and a further remelting with a scan speed of 500 mm/min)
represent the optimized conditions obtained by us. Our results
suggest that we are successful in obtaining a fairly uniform
average composition throughout the alloyed layers, except in
the areas near the clad/substrate interface, where the concen-
tration of the alloying additions decreases sharply due to dilu-
tion by the matrix. However, the results indicate a distinct
microstructural gradient in both cases. The evolving microstruc-
ture in the surface-alloyed layer can be classified into three
zones, primarily on the basis of phases present. Thus, the evo-
lution of microstructures and phase selection (specially in
zones II and IIT) must have been influenced by the prevailing
condition of heat transfer during laser processing and the con-
sequent melting and solidification rates as a function of the
location across the alloyed layer from the substrate to the top
of the surface. The rate of movement of the solid/liquid inter-
face at the top should approach the laser-scan velocity under
steady-state conditions, while near the substrate, it should be
very low. The growth morphology of a single dendrite/cell
from the substrate to the top generally allows estimation of
the local growth rate of the solid/liquid interface.'”! Unfortu-
nately, however, growth of no single dendrite/cell extends from
the substrate-alloyed layer to the top. Thus, a quantitative esti-
mate of the growth velocity from the microstructure by mea-
surements of the local angle of the growth axis with the
direction of the laser beam!'® is not possible in the present
case. In order to obtain a rough estimate of the prevailing ther-
mal conditions, we have employed a computational approach
(developed previously by our group!'”) to estimate the tem-
perature history at three different locations across the alloyed
layers I, II, and III, corresponding to the three microstructural
zones. A typical computed temperature history of these three
points is shown in Figure 14. The slope of these curves rep-
resents the cooling rate in the liquid prior to the intervention
of the solidification front. Thus, for a given solidification tem-
perature, the curves in Figure 14 allow us to estimate the pre-
vailing cooling rate in the liquid state prior to the solidification.
As can be seen, irrespective of the solidification temperature,
the cooling rate is fairly large (10° K/s). Thus, one expects
significant undercooling of the liquid/solid interface, leading
to nonequilibrium solidification. The pathways for such a
process, which controls the microstructure evolution, are dif-
ficult to estimate for the quaternary alloy.

The phase relations for quasi-crystal-forming ternary
Al-Cu-Fe alloys have been extensively studied.?**!) These
results have been recently utilized to rationalize the phase evo-
lution during laser processing of Al-Cu-Fe alloys on a pure
aluminum substrate.??! The quasi-crystalline phase in this sys-
tem can form either directly from the liquid or by a peritectic
reaction and coexists with the predominant Al,;Fe, phase. The
addition of silicon affects the formation of quasi-crystalline
phase. In rapid-solidification experiments involving chill cast-
ing and melt spinning, Lee et al."” have shown that quasi-
crystalline phase cannot form when the Si content is above 5
at. pct. Instead, one observes an approximant phase.
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Our results indicate that the microstructure near the
substrate consists of primary oy hexagonal phase having a
quaternary composition (ALSi);,(Cu,Fe),s. Structurally, this
phase is very similar to that reported by Bendersky et al.!'*!
in a rapidly solidified aluminum-rich Al-Fe-Si alloy. Dur-

1960—VOLUME 36A, JULY 2005

ing the growth of this phase, the liquid composition shifts
due to partitioning to closer to the composition corre-
sponding to a ternary eutectic composition consisting of
a-Al, CuAl,, and Si at the aluminum-rich end. Thus, one
observes the coexistence of ternary eutectic together with
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Vacuum

Fig. 12—SEM image of the worn pin surfaces: (a) the as-clad Al-Si-Cu-Fe-Bi sample (300 mm/min) tested in air, (b) the as-clad Al-Si-Cu-Fe-Bi sample
(300 mm/min) tested in vacuum, (c) the as-clad Al-Si-Cu-Fe sample (300 mm/min) tested in air, and (d) the as-clad Al-Si-Cu-Fe sample (300 mm/min)
tested in vacuum. The white arrows indicate the wear direction and the black arrows indicate the Bi particles.

-

a smaller amount of a-Al primary phase. Significantly, the
Bi particles, which separate in the liquid during solidifica-
tion, are pushed toward the ay— phase interface and dec-
orate this interface.

The intermetallic Al;sFe, phase nucleates away from the
substrate/clad-layer interface and dominates the microstructure
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Energy(eV)

of the middle region (zone II). It grows with a plate-shaped
morphology with a characteristic faulted morphology, which
can be revealed by TEM observations. The tilting experiments
revealed that the faults are on the (001) plane (refer to the
streaks in the inset of Figure 3). Our observation is consis-
tent with the '/,[100] stacking faults reported during growth
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zones of the as-clad track.

of this phase.””®! The density of this phase in the remelted
layer is comparatively higher. Microstructural observations
suggest that remelting with a laser-scan speed of 500 mm/min
does not melt the clad layer completely, and the pre-existing
Al;sFe, phase acts as a site for renucleation and growth of
this phase at the higher velocity imposed by the higher scan
speed. Our results (not shown here) also indicate twin-related
branching of the plates toward the top of the layer. This result
is consistent with results reported earlier,*! pointing to a ten-
dency of twinning at a higher growth rate.

The top layer (zone III) in both the as-clad sample and the
remelted sample (which experiences both the highest cooling
rate and growth rate) is characterized by the presence of a 1/1
cubic rational approximant phase of quasi-crystals. This phase
exhibits a free dendritic growth morphology with near-five-
fold dendritic arms. This can be compared with our earlier
results of cladding of Al-Cu-Fe on a pure aluminum sub-
strate,>> where the quasi-crystalline phase forms in the top
layer. Clearly, the Si addition had promoted the formation of
the approximant phase, and this result is consistent with other
reports.'®!'!I The Al,;Fe, plates, in small amounts, could only
be seen in zone III in the as-clad layers, while the remelted
samples show the presence of approximant phase coexisting
with a small amount of Al-Al,Cu eutectic, suggesting parti-
tioning of copper during the growth of the approximant phase.

The average compositions across the surface-alloyed layer
in zones II and III exhibit no significant change. Therefore,
we attribute the formation of approximant phase to the high
undercooling achieved in the top layer. This conclusion is
supported by the following observations: (1) an unconstrained
equiaxed-growth morphology of the approximant phase with
growth occurring in all directions and (2) a large number
of randomly distributed particles of this phase, suggesting
independent nucleation in the undercooled melt.

We note that the Bi particles are predominantly distrib-
uted near the primary intermetallic phases. Some of the par-
ticles have larger sizes, probably due to coalescence due to
convective flow in the liquid. The problem of incorpora-
tion of foreign particles in the melt by the growing inter-
face has been analyzed by Uhlmann et al.* It is seen that
incorporation of smaller particles requires a higher growth
velocity. Our results suggest that the most of the Bi parti-
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cles separated from the liquid are pushed at the interface,
leading to the decoration of the interface. This influences
the mechanical properties, which will be discussed next.
The quasi-crystals and related phases are reported to have
superior frictional properties."'! However, due to the lack
of dislocation activity at lower temperatures, they show a
brittle behavior and a low fracture-toughness value. The frac-
ture toughness of the Al-Cu-Fe quasi-crystalline coating is
reported to be 1.32 MPaVm,?* while the value of the bulk
quasi-crystalline single-phase alloy is 1.51 MPaVm.””” One
of the primary aims of the present investigation is to eval-
uate whether the presence of a dispersed soft phase such as
Bi further improves the tribological properties as well as the
fracture behavior. The latter is reflected in the wear rate.
The expectation derives from our recent work, which showed
that dispersed nanoscale Pb particles in an aluminum matrix
dramatically reduce the coefficient of friction.?®!
According to the results obtained in this investigation, the
dispersion of Bi particles in the clad layer does not affect the
coefficient of friction (measured against steel) under dry-
sliding-wear conditions. Both the coatings of the Al-Cu-Fe sur-
face alloyed with or without Bi exhibit a low coefficient of
friction. We note the presence of a large amount of approxi-
mant phase in the zone III region of the both the as-clad and
remelted samples. Thus, the present result is consistent with
the fact that not only the quasi-crystal phase!® but also the
related approximant phases exhibit a significantly lower coef-
ficient of friction. Our results on the wear behavior, however,
indicate the predominance of a plowing process in all samples.
The following observations need to be kept in mind in
order to understand the mechanisms of the wear process.
The cracks are observed in the worn surface around the plow-
ing track (Figures 12(a) and (c)). The Bi-containing sam-
ples show a significant reduction in the number of cracks.
The cracks are more clearly observed in Al,;Fe, plates
(Figure 15(a)) in the as-clad samples, compared to the
remelted samples containing predominantly a cubic approx-
imant phase. The wear rate in the latter case is slightly higher.
The size of the fraction of Bi particles increases during
the process of wear. Most of these particles are located near
Al,;Fe, plates or the approximant phases. The smaller par-
ticles decorating these interfaces prior to wear experiments
are replaced by a lesser number of bigger particles after the
wear. The original Bi particles before the process of wear
had a round shape. The increase in size is often associated
with a change in aspect ratio of the particles. We have car-
ried out a statistical distribution of this change, covering
~100 particles (Figure 16). Two points can be noted. The
change in the values of the aspect ratio for smaller parti-
cles is small, but the frequency of the occurrences is large.
A larger change in the aspect ratio is less frequent and is
often associated with bigger particles near the Al;sFe /approx-
imant phases. The observations of debris also indicate that
the transfer layer contains larger Bi particles (Figure 13(a)).
The previous observations allow us to develop an under-
standing of the wear process in our samples. During the sliding
process, the hard phases related to quasi-crystals (approximant
and AlsFe,) form the actual contact interface through which
load gets transferred. Although this leads to a low coefficient
of friction, the brittle nature of these phases leads to wear. Our
earlier work had indicated that the Si-containing approximant
phase is relatively tougher due to the higher ductility compared

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 15—BSE image of the worn-out pin after etching: (a) the as-clad sample, showing deformed Bi particles along the direction of wear (shown by white
arrow). One can find cracks (black arrow) on platelike Al13Fe4. BSE image of the worn-out pin after etching: (b) the remelted sample, showing deformed Bi
particles in the spaces between the arms of the 1/1 cubic rational approximant to the icosahedral quasi-crystal. The white arrow indicates the wear direction.
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Fig. 16—Plot of (a) frequency vs size and (b) aspect ratio vs size of the deformed Bi particles after the wear test.

to the Al ;Fe, phase.” Thus, the former phase imparts a higher
wear resistance. This is supported by the difference in the
observed frequency of cracks in these two phases. The dispersion
of Bi clearly imparts a higher wear resistance. The observation
of larger particles in transfer layer suggests that these particles
play a role in the wear process. As the thermal conductivities
of these intermetallic phases are relatively less,”! one expects a
local temperature rise. This can lead to melting and migration
of Bi particles under the influence of sliding-induced stress. This
not only leads to coalescence-induced coarsening, but also to a
dynamic mechanism to reduce the contact stresses, resulting in
improved wear resistance.

V. CONCLUSIONS

We have successfully synthesized by laser processing sur-
face-alloyed layers containing approximant phases of quasi-
crystals and other related phases belonging to the Al-Cu-Fe-Si
system, containing a fine-scale dispersion of low-melting-point
Bi particles on an Al-10.5 at. pct Si substrate. The alloyed
layer consists of a microstructure gradient containing a mix-
ture of different phases due to the variation of growth
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conditions across the layer during laser processing. The
alloyed layer exhibits a lower coefficient of friction. How-
ever, the presence of the Bi particles does not influence the
frictional behavior. In contrast, the results indicate a clear
improvement in wear behavior in samples containing a fine
dispersion of Bi particles. Evidence is presented to indicate
a direct role of Bi particles during the wear process.
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