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The Laves phase reinforced CoCrMoSi alloy system has emerged as a candidate material to protect
the surface of components to withstand harsh environments under wear and/or corrosion. However,
previous reports have raised some concerns and restricted a wider selection of iron-based substrates
to be coated, especially limiting the carbon content. This work aims to outline the Laves - Carbides
phases in the microstructure and its effect on the properties of T400 alloy deposited on GGG40 ductile
iron. Dilution of 26 % ensured Laves formation either as primary or secondary, due to high-silicon
substrate selected. Departing from 41 % dilution, the alloy changed to a completely carbide strengthened
system. Therefore, for the lowest dilution the coatings hardness is dictated by Laves phase whereas,

for higher ones, carbides are the most influent phases.
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1. Introduction

The demand for extending the useful life of mechanical
components has been a challenge for engineers, especially
when the operating condition involves wear, corrosion, or
both simultaneously. Hardfacing presents itself as a good
alternative to protect the surface for specific applications,
since it addresses particular issues related to wear mechanisms
such as adhesion or abrasion, which are often associated with
corrosive media '. Surface wear resistance may be substantially
improved by depositing a wear resistant material through a
welding process 2. Therefore, the selected feeding material,
substrate and processing parameters emerge as decisive on
the microstructure and hardness of the resulting coating and,
thus, its wear behavior .

As awelding technique to produce hard coatings, Plasma
Transferred Arc with powder feeder (PTA-P) has being
widely employed. The powder feeding material produces
refining microstructures and also enables a modifiable
chemical composition of the coatings. PTA-P has many
advantages, such as metallurgical bonding, dilution control,
low penetration, reduced melting pool oscillations and no
spray, good control of the geometry and surface finishing
of the processed layers 4.

The most broadly adopted surfacing alloys are high-
carbon/chromium iron-based alloys, chromium-graphite
mixtures, iron-based alloys enriched by niobium, titanium,
molybdenum and/or boron and nickel and cobalt-based
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alloys. The latter are recognized for their excellent wear
and corrosion properties, high strength and ability to retain
hardness at high temperatures '.

The CoCrMoSi alloy system exhibits excellent wear
resistance that relies on a large percentage of the Laves hard
intermetallic phase (CoMoSi and/or Co,Mo,Si). In this system,
Laves is usually a primary phase dispersed in a lamellar eutectic
structure that comprises cobalt solid solution (Co-SS) and
secondary Laves phase lamellas. This typical microstructure
is developed in the commercially known Tribaloys, as T800
and T400 >'°, Tt should be noted that T400 alloy was designed
with a lower amount of chromium and silicon compared to
T800 for higher ductility and toughness through reducing
primary Laves phase formation up to 50 % ™.

As Tavakoli et al.” suggest, an advantage of tribaloy alloys
over carbide-reinforced Co-based ones is that the Laves phase
is softer (hardness about half) than the carbides, the latter
wearing away sometimes a mating surface. For this reason,
the carbon content in tribaloy alloys is kept low to prevent
carbides forming in preference to the Laves phase’. It can also
justify the fact that microstructure and mechanical properties
of CoCrMoSi alloys have been extensively studied as coatings
on low-Carbon AISI 316L stainless steel substrate 1. As a
result, however, there is limited information about processing
of these complex alloys on low-cost high-carbon content
substrates such as cast irons (Fe-C-Si alloys).

Many studies have being carried out to improve corrosion
and wear resistance selecting Ni-based alloys, '72°, TiC-W-
Cr alloying ', and in situ precipitation of TiC*on gray cast
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irons. Despite showing the effect of iron additions on the
Tribaloys T400 and T800 microstructure and properties %,
there is an evident gap concerning the effect of processing
CoCrMoSi alloys coatings on Fe-C-Si alloy substrates.
Hence, the aim of this investigation is to evaluate the effect
of simultaneous introduction of iron, carbon and silicon (due
to welding dilution) on the microstructure and properties of
the Co base T400 alloy coatings processed by PTA on high-
carbon content GGG40 ductile Iron. Emphasis was given to
outline the expected phase competition in the microstructure
(Laves/ carbides) and its effect on the properties of coatings.

2. Materials and Methods

CoMoCiSi alloy, commercially known as Tribaloy T400,
with particle size ranging between 50 - 150 um, was deposited
on ductile iron (GGG40) substrate, as shown in Table 1.

In this work, the main objective was to investigate the
effect of dilution with the substrate on the microstructure and
properties of the coatings. Thus, to promote distinct dilution,
coatings were prepared by PTA-P as single beads with four
distinct deposition currents: 120, 150, 180 and 200 A. The
procedure is in agreement with previous experience and results
presented in the literature for such an approach ':13:2426-28,
Table 2 shows the main deposition parameters utilized.

Single bead specimens were cut on a transversal cross
section for metallographic analysis according to standard
procedures, which involved grinding and polishing. Coatings
were also characterized according to their bead geometry
(height, width and wettability), and dilution was assessed
by areas method 2628,

X-ray diffraction (XRD) analysis was carried out on the
top surface of coatings with K Co radiation ranging from 30
to 120° for phase identification. Microstructure was analyzed
by scanning electron microscopy (SEM) on the transversal
cross section of the deposits.

The effect of dilution on coatings mechanical properties
was assessed by hardness Rockwell C. Further analysis of
the microstructure phases hardness involved instrumented
indentation method (MTS Nanoindenter XP) carried out in
110 different sites with cycling loads of 20 mN. Moreover,
coatings were scratched under 100 mN constant load. The
indentation imprints and scratches width produced with a
Berkovich-type diamond tip in the specimens transverse
cross-section were examined through backscattered electrons
(BSE) in a SEM (TESCAN™), as seen in Fig. 1.
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Table 2. Processing parameters

Parameter Value
Plasma gas (I/min) 2
Protection gas (1/min) 15
Powder feeding gas (I/min) 2

120, 150, 180 and 200

Constant in volume

Main arc current (A)

Powder feed rate

Travel speed (mm/min) 100
Torch/Substrate distance (mm) 10
Electrode diameter (mm) 3.125

Figure 1. Schematic placing of instrumented indentation tests.

3. Results
3.1 Coatings dilution and geometry

As expected, single bead coatings of 100 mm in length
revealed no welding defects such as cracks, undercut, under
fill or porosities. As the current intensity increased along
width and wettability, the height of the layers decreased. It
was observed that the higher the heat input (higher current
intensity) was, the higher was dilution, as shown in Table 3.

3.2 Microstructure description

XRD analysis indicated predominance of cobalt solid
solution (Co-SS) and Laves phase (CoMoSi and Co,Mo,Si)
in the microstructure for coatings processed with 120 A
(26 % dilution). As the deposition current increases (dilution
between 41 and 50%), Laves was completely suppressed
and carbides formed preferentially to the Laves phase, as
can be seen in Fig. 2. Table 4 presents a summary of the
different phases.

Fig. 3a-d shows a general view of the microstructure
observed with SEM in the backscattered electrons mode
(BSE) for the specimens. As the deposition current increases,
it is clear that lighter phase (primary) gradually decreases.

Table 1. Chemical composition of the materials studied (weight percent)

Alloy Fe Co Mo Cr Si C
CoCrMoSi

(Tribaloy T400) 0.4 Bal. 29.1 8.8 2.4 <0.1
Substrate Fe Si C Mn | . S,
Ductile Iron Bal. 2.8 3.9 0.2 0.04 0.02

(GGG40)
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Table 3. Dilution and geometry of single bead coatings

Deposition Current (A)

Characteristic

120 150 180 200
Dilution (%) 26 41 44 50
Height (mm) 45 40 3.0 25
Width (mm) 9.5 13.0 14.0 17.0
;V:;zb(ig)ty 56 44 40 30

Figure 2. XRD diffractograms for the conditions evaluated.

Table 4. Summary of the main phases

Deposition Main Phases
Current
(A) Primary Phases Eutectic
120 CoMoSi / Co,Mo,Si + Co-SS + CoMoSi /
CoMo,C/CoMoC, Co,Mo,Si
Co-SS + Co Mo C
150 CoMo,C/CoMo,C, / C06M0:C2 o
Co-SS + Co Mo C
180 CoMo,C/CoMo,C, /COGMOZCZ o
. Fe-SS + Co Mo C /
200 No primary phase 60
CoMo,C,

Figure 3. General view of the coatings microstructure.

Figs. 4- 7show the detailed microstructure of the coatings.
Fig. 4a-b shows that the lighter phase is comprised of primary
Laves phase (CoMoSi / Co,Mo,Si) and primary edged
carbide. Moreover, the microstructure showed a lamellar
eutectic structure with Co-SS and secondary Laves phase. It
is important to highlight that surrounding the primary phases;
the composition was depleted in molybdenum inducing a local
hypoeutectic solidification with Co-SS dendrites (Fig. 4b).

Figure 4. Detailed coatings microstructure deposited with 120 A.

Fig. 5a-b shows the detailed microstructure for specimens
deposited with 150 A main current. The suppression of the
Laves phase occurred, either as primary or secondary in the
eutectic. The microstructure was then comprised of primary
carbides in a labyrinth-like lamellar eutectic microstructure
containing cobalt solid solution (Co-SS) and carbides
(CoMo,C,/ CoMoC).

Figure 5. Detailed coatings microstructure deposited with 150 A.

The further increase of the deposition current to 180
A induced the development of a microstructure comprised
of primary carbides and lamellar eutectic microstructure,
as seen in Fig. 6a-b. Analysis indicated that the increased
dilution induced an increase in carbon and silicon content in
the coatings, which in turn changed the eutectic morphology
to skeleton-like carbides, consistent with previous work ».

Fig. 7a-b shows the detail of the microstructure for
specimens processed with 200 A. The increased interaction
with the substrate resulted in a microstructure free of primary
phase with predominance of skeleton-like eutectic carbides,
containing iron solid solution (Fe-SS), which is associated
with the measured 50% dilution.

3.3 Mechanical properties

Fig. 8 shows the mean hardness measured on the cross
section of the coatings. Results initially indicated that an
increase in dilution from 26 (120 A) to 41 % (150 A) induced
a decrease in hardness. On the contrary to the normal trend
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observed in several reports for coatings processing on low-
carbon iron-base alloys, hardness increased to even higher
deposition currents.

Figs. 9-12 presents the SEM images of the nanoindentation
and correspondent hardness values obtained for the different

Figure 6. Detail of the microstructure deposited with 180 A.

Figure 10. Typical hardness evaluation for microconstituents
observed for the coatings - 150A.

Figure 7. Detail of the microstructure deposited with 200 A.
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Figure 8. Hardness of the single bead specimens.

Figure 12. Typical hardness evaluation for microconstituents
observed for the coatings - 200A.

phases in the aforementioned microstructure. Fig. 13 shows
comparative images of the scratch tracks and confirms the

unusual hardness due to the distinct phases in the microstructure.
Figure 9. Typical hardness evaluation for microconstituents observed
for the coatings - 120A.
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Figure 13. Typical Scratches on the microstructure of the coatings
(Load: 100 mN).

4. Discussion

From Table 3, it is clear that the substrate effect on
dilution of the coatings, i.e. the high values observed can
be attributed to the cast iron substrate. Bohatch et al.
evaluated the CoCrMoSi T400 alloy by PTA on AISI316 L
stainless steel and, despite the lower thermal conductivity
of this substrate, lower dilution was obtained for the same
deposition current intensities. Thus, an interesting finding
concerning the influence of the substrate on dilution is that,
since similar thickness and heat input was adopted, the
differences in dilution can be associated with the chosen
substrate melting point.

One of the main objectives of this work was to correlate
dilution results (or simultaneous introduction of iron, carbon
and silicon) to Laves formation. Therefore, one is compelled
to also consider the effect of differences in the chemical
composition that lead to the development of distinct phases
in the coatings. A comparative approach of the XRD analysis
indicated that Laves phase was only formed for the lowest
deposition current, i.e. 120 A (see Fig. 2). Primary carbides
were formed - even for the lowest dilutions - as a result of
the chosen substrate, which contains a high carbon content.

In this work, for selected materials and processing
conditions, the microstructure is governed by a competitive
process which involved Laves and carbide phase formation.
For the coatings deposited with 120 A, the microstructure
indicated two different primary phases embedded in an
eutectic lamellar: Laves and carbides. Bohatch et al. *
notably found a completely eutectic microstructure for
CoCrMoSi (T400) coatings with 18% dilution on AISI 316L

whereas, in this work, for a higher dilution level (26%) on a
ductile iron substrate, the Laves phase remains as primary
as well as in the eutectic. Furthermore, previous works
pointed out that Laves phase fraction is directly controlled
by molybdenum and silicon contents *!°?*, According Xu
etal.’, the CoCrMoSi T401 alloy was designed with lower
molybdenum (22 wt%) and silicon (1.2 wt%) and showed
hypoeutectic microstructure comprised of primary Co-SS and
secondary Laves in the eutectic. Therefore, it is reasonably
that the microstructure remained hypereutectic in this study
as a consequence of the ductile Iron selected as the substrate
(with 2.8 wt% Si), concomitantly introducing silicon, iron
and carbon. Therefore, despite lower molybdenum content
(as a consequence of dilution), silicon was not reduced,
which in turn ensured primary Laves formation.

Further increase in current deposition for 150 and 180 A
changed the composition of melting pool to a carbide alloy
system, either as a primary or as a secondary carbides phase
in the eutectic microstructure, suppressing Laves phase
(see Figs. 5 and 6). In this case, the higher carbon content
became determinant on phase development. It is interesting
to notice that eutectic carbides morphology were also altered,
showing a labyrinth-like eutectic for 150 A, and changing to
skeleton-like carbide eutectic for 180 A. It was definitely a
result of a higher carbon and silicon content, the latter being
the one responsible for morphology differences as previously
reported in the literature *.

Finally, the suppression of the primary carbides occurred
by increasing the dilution to 50% (200 A), which resulted
in a full skeleton-like carbides eutectic structure (Fig. 7).
Further iron introduction in the chemical composition was
able to displace the hypereutectic composition to a full
eutectic carbides system (see Fig. 4d).

After outlining the effect of dilution on the microstructure,
its effect on the mechanical behavior of coatings could be
assessed. As dilution increases, a higher content of iron
(major element in the substrate) tends to reduce molybdenum
and chromium alloying and, at the same time, increase the
amount of carbon and silicon. Thus, the effect of the primary
Laves suppression is more straightforward; that is, the
decrease in hardness observed from 120 to 150 A (56.8 to
51.3 HRC - Fig. 8) may be directly associated with a lack
of a primary Laves phase (see Fig. 4 and Fig. 5). Further
increase on dilution promotes hardness restoring (for 180
/200 A - 54.9 / 58.5 HRC, respectively) since much more
silicon and carbon are present. It is interesting to highlight
that the eutectic morphology changed to harder skeleton-
like carbides (see Figs. 6 and 7). Opposed to what has been
previously observed regarding the effect of dilution with
iron-base alloy substrates on the T400 alloy, in which a
decrease in hardness was found %, the processing on high-
carbon cast iron was able to maintain or even increase the
high coatings hardness.
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From the nanoindentation tests, it can be noticed that
labyrinth-like eutectics (120 and 150 A) presented a slight
hardness increase from 7.1 and 7.7 GPa, respectively. Considering
the higher eutectic hardness (for 150 A), the effect of primary
Laves suppression on the hardness Rockwell C is now even
more evident. Further assessment on the skeleton-like eutectics
presented hardness of approximately 9.3 - 9.4 GPa, which
in turn explains the hardness restoring, observed for 180
and 200 A deposition currents. Additionally, primary Laves
(11.3 GPa) and primary carbides (from 14.7 to 21.5 GPa),
as well as (Co, Fe)-solid solution (4.2 to 5.0 GPa), exhibited
coherent values of hardness. Although the contribution of
each phase on coatings hardness is dependent on the phases
volume fraction, it may be asserted with some confidence
that, under the experimental conditions and ranges of dilution
evaluated in this study, primary Laves controls the overall
hardness for the lowest heat input (120 A), whereas eutectic
carbides control it for higher ones.

Scratch tests also confirmed differences in the microstructure
(seeFig. 13), as pointed out earlier by the hardness tests. In fact,
an even more evident result is the width differences observed
among the distinct phases comprising the microstructure.
Even so, eutectic regions showed mean track width ranging
between 7.0 and 7.5 um for 120 and 150 A (labyrinth-like)
and between 6.2 and 6.5 um for 180 and 200 A (skeleton-
like), respectively.

5. Conclusions

Microstructure and properties of CoCrMoSi alloy coatings
processed on high-carbon ductile iron GGG40 were assessed.
The following conclusions may be presented:

*  Deposition on ductile iron (GGG 40) showed higher
dilution - for the same heat input - comparing with
processing on stainless steel substrate reported in
previous works. Hence, dilution directly depends
on the melting point of the chosen substrate.

*  Laves phase reinforced alloys may be processed
on ductile Iron GGG40 substrate with primary and
secondary Laves phase, since enough amounts of
silicon and molybdenum are present, i. e. dilution
is lower than 26 %.

*  Dilution higher than 41% is able to suppress either
primary or secondary Laves phase, altering the
hardening phases. Morphology is firstly labyrinth-like
eutectic with carbides and, as the dilution increases,
skeleton-like morphology takes place because of the
introduced higher quantity of carbon and silicon.

*  Coatings hardness is ruled by primary Laves for
the lowest heat input. Departing from 150 A, Laves
phase suppression induces hardness decrease,
whereas for a larger introduction of iron, silicon
and carbon hardness restoring is observed due to
harder skeleton-like eutectic carbides formation.

Materials Research

*  Despite totally suppressing Laves phase from 150 A
main current on, the hardness and scratch behavior
of the coatings were positively influenced due to
further dilution increase (180 and 200 A). A strong
case can be made that the in sifu hard phases formed
by the interaction with the substrate must be a key
point for designing coatings that can withstand
wear conditions.
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