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Cu substrates were subjected to laser cladding with Triballoy 66 SNF by means of a
CW-CO, laser, preceded by the deposition of an intermediate layer containing Cu-Ni-B-Si
for improving the energy coupling between the laser radiation and the substrate. The
intermediate layer is copper-rich close to the substrate and poor in copper at a distance
from it. In the clad itself there is no copper. The matrix of the coating is 8Co, because
alloying with Mo, Cr, and Si, in combination with rapid cooling, prevented its
transformation to «-Co. Part of the structure is equiaxial because of undercooling, the
balance is dendritic, which is typical of laser cladding © 2002 Kluwer Academic Publishers

1. Introduction
High-power CO; lasers find applications in many types
of metal processing, such as cutting, welding, and sur-
face treatments [ 1-3]. The latter group includes surface
cladding, which is a technique to provide a metal sub-
strate with a wear or corrosion-resistant layer [4]. Laser
surface cladding enables the production of surface lay-
ers having properties that cannot be achieved by other
means and at the same time are signalized by excel-
lent bonding to the substrate and by minimal effect on
the bulk properties of the substrate. The high rate of
cooling leads to grain refinement and often results in
microstructures that are not in thermodynamic equilib-
rium [5]. Such layers may exhibit better properties than
those produced by other deposit-welding techniques.

Volz [6] reports on the cladding of copper moulds
with NiCrBSi using high power CO;-lasers. To reduce
reflection of the laser beam he coated the surface prior
to laser cladding, with the clad material using the ther-
mal spraying technique. No details of microstructures,
adhesion to the substrate, and, other properties of the
layers are given. Laser cladding of aluminum alloys
with nickel alloys has been reported by Ferraro et al. [7]
and by Volz [6]. Ferraro [7] did not succeed in produc-
ing layers without cracks, pores, and a massive uptake
of aluminum, whereas Volz [6] reports on the success-
ful cladding of valve seats. However, his micrographs
show significant zone of dilution between the layer and
the substrate. This deficiency severely limits the appli-
cations of these materials, as they do not posses suffi-
ciently good surface properties for aggravated wear and
corrosion conditions such as elevated temperatures, and
abrasion.

Acrecentreport [8] deals with a cladding of a Ni-based
alloy on Cu substrates with a good adhesion between
the clad and the substrate, using a thin precoating to

improve the absorption of the laser radiation by the
substrate. Very limited dilution of the cladding with
elements of either the precoating or the substrate was
found, hence an improvement in the wear properties
was achieved. On the other hand, other coating tech-
niques (e.g. plasma spraying, electrodeposition) often

Figure 1 The SEM image shows the remelted plasma-sprayed layer
between the cladding and the substrate.
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fail due to the poor adhesion of the coatings to the sub-
strate. In the present study hard-facing made of Trib-
alloy 66FNS was cladded on a Cu substrate, with the
additional aim of minimizing its dilution with Cu while
maintaining a strong bond to the substrate. Potential
applications can be found as chill dies for continuous
casting and commutators in electric motors or switching
gears.

2. Experimental

Prior to cladding, copper substrates (99.9% Cu) were
sandblasted and then pre-coated by plasma-spraying
a layer consisting of Ni, B and Si in order to im-

prove the absorption of the laser energy. The compo-
sition of the precoating was 95at.%Ni, 2.5at.%B, and
2.5at.%Si. This layer was subsequently laser-remelted
with a cross-flow CO, laser (Heraeus C76) having a
rectangular beam profile (size: 15 x 25 mm?). The Trib-
alloy 66FNS (Co-28%WtMo-8%WtCr-2%W1Si, par-
ticle size —45 4 15 um) was cladded under the fol-
lowing conditions : laser power —3.6 kW, scan speed
—200 mm/min, 40% overlap between successive laser
tracks.

The microstructure and phase evolution of the Co-
based claddings were determined by X-ray diffrac-
tion (XRD), optical microscopy, scanning electron mi-
croscopy (SEM), and transmission electron microscopy
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Figure 2 SEM micrograph of the cladding/remelted plasma-sprayed layers/substrate region and corresponding Co, Mo, Ni and Cu EDS line-scans

(acquired along the indicated line, in arbitrary units).
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(TEM). The XRD, optical microscopy and SEM ex-
aminations were made on polished and polished and
etched samples. XRD measurements were performed
on plan view samples in a conventional automatic
powder X-ray diffractometer (Philips, PW-1820 go-
niometer) with a Cu Ko tube operated at 40 mA and
40 kV. 26-scans were obtained in the range, 20° to
90°, with a step size of 0.02° and exposure time of
>2 s per step. Microstructural features of the laser-
clad layers were obtained using a JEOL JSM-840 SEM,
equipped with an energy-dispersive X-ray spectrome-

ter (EDS). EDS measurements provided information
on the phase composition. The EDS detector (Link
6506) possesses an atmosphere thin window for the
detection of light elements (Z > 4). A detailed study
of the laser-clad specimens microstructure was car-
ried out with a conventional TEM using selected area
diffraction (SAD). The chemical composition of the
phases was determined by analytical TEM. Conven-
tional and analytical TEMs were performed with a
JEOL 2000FX (200 kV) equipped with an EDS de-
tector (Link AN10000) capable of detecting elements
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Figure 3 (a) Cu grains, which are several pm large, form the matrix of the remelted plasma-sprayed layer. The Cu grains contain Ni3B inclusions,

as detected by (b) SAD.
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Figure 4 (a) Bright-field TEM micrograph of a Cu(Ni) grain containing a Ni3B grain. (b) Corresponding SAD pattern of Cu along [011] zone axis.
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with Z > 10. For the TEM studies cross-sectional and
plan view foils were prepared.

3. Results

The cross-sectional SEM image presented in Fig. 1 re-
veals three main regions of the sample: cladding layer,
plasma sprayed layer (the interlayer), and substrate.

The results show that the overall thickness of the
coatings is in the range, 1-1.36 mm, depending on the
thickness of the pre-coating. Using a thin pre-coating
(20-30 pm) results in a thin clad; increasing the pre-
coating to 30—40 pm leads to a thicker clad track. The
SEM image also shows that the Cu substrate has re-
crystallized in the vicinity of the plasma-sprayed layer
due to the laser irradiation during the cladding process.
The recrystallized heat-affected zone (HAZ) extends to
a thickness of 20-25 pum. Fig. 2 presents a SEM im-
age of the cladding/interlayer/substrate region and the
corresponding Cu, Ni, Co, and Mo EDS line-scans (ob-
tained along the line indicated in Fig. 2). The line-scans
reveal that the chemical composition changes abruptly
at the cladding/interlayer interface, whereas at the
matrix/interlayer interface a monotonic decrease of the
Cu content towards the cladding is observed.

Analytical SEM examination shows that the over-
all chemical compositions of the cladding and of the
remelted plasma-sprayed layer coincide with those of
the initial powders. This means that none of the compo-
nents evaporated to a detectable degree during the laser
treatment.

A quantitative SEM analysis of the microstructure
and the chemical composition of a cross-section of the
samples reveals a significant change in the chemical
composition at the matrix/interlayer interface. In the
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Figure 6 XRD pattern obtained at the Triballoy cladding surface and
indicating the formation of SCo and Co3Mo,Si.

interlayer itself and close to the cladding, concentration
of up to 7.3wt%Co, up to 23.7wt%Ni, up to 7wt%Cu,
up to 2wt%B, up to 1.8wt%Cr, and up to 2wt%Mo
were detected by EDS. Close to the substrate, on the
other hand, only minor contents (less then 2wt%) of
Co, Mo, and Cer, but large amounts of Cu (66wt%) and
Ni (19wt%) were detected by EDS.

Cross-sectional TEM of the remelted plasma-
sprayed interlayer between the substrate and the
cladding reveals Cu and Ni3B grains (Figs 3 and 4).
The Cu grains, which are several um large, constitute
the matrix of the remelted plasma-sprayed layer. All
analyzed Cu grains (about 20) contained Ni in solid so-
lution as determined by EDS, indicating that remelting
the plasma-sprayed layer caused (some) intermixing of
the substrate with it. The Ni3B grains, which are typ-
ically smaller than 2 um, also contain Cu in solid so-
lution. The EDS results are summarized in Table I. No

Figure 5 The SEM image shows the microstructure of the cladding (zone of the Co, Co3Mo0,Si grains).
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Figure 7 The SEM image shows the microstructure of the cladding close to the interlayer (zone of Co, Cu(Ni), Ni3B grains).

TABLE I Chemical compositions of Co and Co3Mo,Si grains located
in the cladding and of Cu(Ni) and Ni3B grains contained in the plasma-
sprayed layer, as determined by EDS in the TEM

Phase Co Mo Cr Si Cu Ni
B-Co 68-75 12-19 11-12 1-2 - -
Co3Mo,Si 51-58 26-30 8-9 6-8 - -
Cu(Ni) <1 <1 <1 <1 ~T74 ~22
NizB* <3 <1 <1.8 <1 ~8 ~63

Co or Co3Mo,Si grains were detected in the interlayer,
which indicates a limited intermixing of the cladding
and the plasma-sprayed layer. Cr, Co, and Mo impuri-
ties were found to be less than (1-3)at.% in the Cu(Ni)
and Ni3B grains.

The microstructure of the cladding is presented in
Fig. 5. Close to the surface of the specimen, grains
of 1-3.5 um in diameter. are embedded in a sec-
ond phase. EDS measurements show that these grains
consist mainly of Co, while the second phase con-
tains large amounts of Co, Mo and Si (53.8at.%Co,
28.8at.%Mo, 7.6at.%Si) and is most likely CozMo,Si,
as suggested by the XRD analysis (Fig. 6). How-
ever, the large number of reflections present in the
XRD pattern strongly suggest that other phases, such
as Cro549C01.539Mo0g 912, Cro.46C00.4Sig.14, CrCo, or
Co,Mojs can also be formed in the cladding. The den-
drites seen in Fig. 5 contain mostly Co and, based on
the XRD pattern, are fcc - 5-Co.

The microstructure of the cladding closer to the inter-
layer also contains, in addition to 8-Co and Coz Mo, Si,
Cu(Ni) and grains of Ni3B (Fig. 7), which are revealed
in the XRD pattern (Fig. 8); but the exact location of
the last-named phase could not be determined by XRD,
whether in the clad or in the interlayer.
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Figure 8 XRD pattern taken in the region cladding/plasma-sprayed
layer/substrate interface resolving reflections of 8-Co, Co3Mo,Si, Ni3B,
and Cu.

A detailed study of the Triballoy-clad specimens was
carried out using SAD and EDS* analysis in the TEM.
Plan-view TEM samples to study the phases of the
cladding, and cross-sectional TEM foils were used to
investigate the remelted plasma-sprayed layer between
the substrate and the cladding.

The bright-field TEM pictures of the cladding reveal
B-Co grains, which are several um large (Figs 9 and 10).
SAD performed on the Co grains are in agreement with
the XRD results and demonstrate that Co has solidified
as B-Co in the fcc structure (Fig. 9b). In the Co grains
inclusions of a second phase appear (Fig. 9) and were
identified by SAD (Fig. 9c) as the hexagonal CozMo,Si
phase. No orientational relationship exists between the

*The EDS system of the TEM is not capable of detecting B. Thus, a
fixed concentration of 25at.% B was assumed for the EDS analyses of
Ni3B grains.
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Figure 9 (a) Bright-field TEM image of a 8-Co grain containing Co3Mo,Si inclusions. SAD patterns of (b) B-Co along the [001] zone axis and

(c) of Co3Mo,Si along the [0001] zone axis.

two phases, thus each grain has to be tilted into a low-
indexed zone axis in order that SAD patterns can be
obtained. Fig. 9a and b show the SAD patterns of 5-Co
along the [001] zone axis and of CozMo,Si along the
[0001] zone axis.

Co tends to grow as dendrites, as can be seen in the
bright-field TEM micrograph of Fig. 10. The 8-Co den-
drite arms are engulfed by grains of CozMo,Si. The
polycrystalline CozMo,Si grains are typically 100-
300 nm in size and solidify along the dendrite arms.
However, a few large equiaxed §-Co grains are also
present in the cladding. These Co grains contain a num-
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ber of Co3Mo,Si inclusions (Fig. 11). No further phases
in the cladding were observed by TEM. Thus the XRD
and TEM results indicate that the Triballoy cladding
consists solely of §-Co and CozMo,Si.

The B-Co grains frequently exhibit a large number of
faults when they are tilted parallel to a [011] zone axis
(Fig. 12). These faults run along (111) Co planes and
cause streaks in the diffraction pattern along the [111]
directions (Fig. 12b and c). The faults are assumed to be
stacking faults on (111) planes. EDS analyses of the Co
grains show that they consist of (68-75)at.%Co, (12—
19)at. %Mo, (11-12)at.%Cr, and (1-2)at.%Si (Table I).



Figure 10 The bright-field TEM micrograph shows $-Co dendrite arms which are engulfed by CozMo,Si grains. The polycrystalline Co3Mo,Si

grains are typically 100-300 nm in size.
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Figure 11 Equiaxed B-Co grains contain a number of CozMo,Si inclusions.

Both effects, rapid cooling and alloying elements, are
known to prevent the f-Co — «-Co transformation.

Analytical TEM was also applied on the Co3Mo,Si
grains. The EDS results yield a chemical composition
of (51-58)at.%Co, (26-30)at.%Mo, (8-9)at.%Cr, and
(6-8)at.%Si (Table I). The Cr content of (8-9)at.% is
probably due to partial replacement of Si with Cr, the
total amount of Cr and Si being (15-16)at.% in the
Co3Mo,Si phase.

4. Discussion

The coefficient of reflection of CO, laser radiation from
copperis very high [9], and in addition copper has a high
thermal conductivity. In order to melt the surface of a
copper substrate, therefore, either a very-high-power
CO; laser (8—-10 kW) must be employed or the energy
coupling must be improved by a suitable coating as was
done in the present case. Plasma-coating with a layer of
Ni-Si-B on a Cu substrate enabled the melting of both
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Figure 12 (a) Bright-field TEM micrograph of a 8-Co grain with (b) faults on (111) Co planes as determined (c) by SAD. The faults indicate

incomplete transformation from the fcc f-Co to the hep w-Co structure.

the coating material and the surface of the substrate with
a CW-CO; laser of only 3.6 kW output. The surface ob-
tained after the first melting had a thermal conductance
lower than that of copper, it was rough and did not re-
flect the radiation as perfectly as does virgin copper.
It was thus possible to melt the Triballoy powder to-
gether with the copper surface and to produce a clad on
the copper substrate. Melting the coating layer was ac-
companied by a melting of the substrate surface, which
caused a very high concentration of Cu in the interlayer
close to the surface, as determined by compositional
analysis and x-ray diffraction. The rapid solidification
of a relatively thin liquid layer (less than 100 ym) on a
substrate of excellent heat conductance apparently led
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to very high overcooling and to homogeneous nucle-
ation in the interlayer rather than to dendritic growth
(Fig. 3). On the other hand, in areas in which complete
bond with the substrate did not occur, which is man-
ifested, for example, by the crack seen in Fig. 1, the
rate of cooling was lower, and this made the dendritic
growth possible (Fig. 1).

The renewed irradiation of the surface during the ac-
tual cladding caused the complete melting of the Tribal-
loy powder and the formation of a coating 1 mm thick,
but only a partial melting of the interlayer. This is why
the interlayer close to the clad contains over 70% Co
and little Cu, whereas in the vicinity of the substrate
there is no Co but 66% Cu. The decrease of the copper



content in the interlayer is clearly seen in the line scan
(Fig. 3). If the interlayer had been completely melted,
a more homogeneous composition would have resulted
owing to the turbulent flow characteristic of surface
melting by laser. Furthermore, the fact that the com-
position of the clad is very near to that of the origi-
nal powder proves once again that no melting to any
depth occurred in the interlayer, so that dilution of the
clad with elements from the substrate or from the pre-
coating was prevented. Adjacent to the interlayer, el-
ements were found in the clad that stemmed from the
interlayer—B, Cu—which once again proves the melt-
ing of the substrate surface during the cladding to have
been limited. A thick layer of melt prevented the very
rapid solidification to an equiaxial structure but led to
dendritic growth from the substrate towards the surface.
The latter, for its part, being exposed to the environment
apparently either underwent more rapid cooling, or the
local changes in its composition during solidification in
combination with undercooling led to eutectic solidifi-
cation even though the composition of the melt deviated
from the eutectic [10]. The structure near the surface,
therefore, differs from the dendritic structure of the clad
layer as a whole (Fig. 5). In any case the phase that so-
lidifies first is Co, and thus the residual melt is enriched
by the alloying elements Mo and Si, creating the inter-
metallic compound, CozMo,Si, among the Co grains.
At a certain distance from the surface dendritic Co is
obtained, and between its arms Co3Mo;Si is dispersed.
In the cladding close to the interlayer Cu(Ni) and NizB
are found. These phases are caused by the partial melt-
ing of the interlayer and the segregation of Ni, Cu, and
Si into the residual melt between the dendritic arms
of Co.

Analyses of the composition of the Co grains in the
outer portion of the clad and of the Co dendrites in
any part of it showed that Co dissolves Mo to the ex-
tent of 12-19%, Cr to 11-12%; and Si between 1-2%.
That alloying of the Co together with the rapid cooling
slow down the transformation from fcc 8-Co, which
is stable at high temperatures, to hcp-a-Co, which is
stable only at lower temperatures. The fact that the
transformation from fcc-B-Co to hep-a-Co was not
complete finds expression in the faults detected in the
fce-B-Co.

Analytical TEM was also applied on the Co3Mo,Si
grains. The EDS results yield a chemical composition
of (51-58)at.%Co, (26-30)at.%Mo, (8-9)at.%Cr, and
(6-8)at.%Si (Table I). The Cr content of (8-9)at.%
is probably due to replacement of Si by Cr, the
total amount of Cr and Si being (15-16)at.% in the
Co3Mo;Si phase. On the other hand the heating caused
by the successive passage of the laser leads to the pre-
cipitation of fine-grained Co3Mo,Si within the §-Co
without any orientational relationship between the two.

5. Conclusion
e Triballoy cladding of copper substrates is possible
with a CW-CO; laser having a 3.6 kW output fol-
lowing prior coating with such alloys as NiCrSi in
order to improve the energy coupling between the
laser and the substrate.

e The nature of the solidification in the interlayer
between the substrate and the cladding depends
on the heat transfer to the substrate: If the ther-
mal contact is good, cooling of the molten sur-
face layer is very rapid, homogeneous nucleation
and a spherolitic structure in the layer result. In
other areas, in which a crack is discovered be-
tween the substrate and the interlayer, the rate of
cooling is not so high, and dendritic growth is
the result. The rate of cooling similarly affects the
nature of the solidification of the cladding.

e The composition of the melt depends on its dis-
tance to the interlayer—close to the interlayer it is
enriched with Cu and B but at a distance Mo, Cr
and Si dominate. Therefore, in the course of the so-
lidification of the primary fcc- 8-Co, the elements
Cu and B precipitate in a zone adjacent to the in-
terlayer, whereas in a zone at a distance from the
interlayer Mo, Cr and Si precipitate. This is evident
from the formation of Ni3B and Cu(Ni) between
the Co dendrites arms close to the interlayer and of
Co3Mo,Si elsewhere.

e The rapid cooling and the dissolution of Cr, Mo,
Si, in the fcc B-Co prevent the transformation,
B-Co — a-Co, whereas heating the supersatu-
rated Co causes the precipitation of fine-grained
Co3Mo,Si within it.
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