University of Groningen

Laser treatment of alloys
de Oliveira, Uazir Orion Bezerra

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2007
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Oliveira, U. O. B. (2007). Laser treatment of alloys: processing, microstructure and structural properties.
[Thesis fully internal (DIV), University of Groningen]. [s.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 09-01-2023

6

Dry sliding properties of a laser
deposited Co-based clad layer

This chapter concentrates on the dry sliding behavior of laser deposited
Eutrolloy 16006 clad material in metal-metal contact as a function of
increasing temperature. The dependence of the wear rate and friction
coefficient with increasing temperature is explained by the oxidation
behavior of the alloy characterized by SEM and EDS analyses. The
temperature interval of the wear tests is typical for automotive engine
applications and it was chosen to explore the potential of these kinds of clad
layers on the reinforcement of mechanical parts submitted to severe wear
conditions.

6.1 Introduction
In industrial applications the damage due to sliding wear of metal-onto-metal parts is a major
problem. Wear is a complex phenomenon that takes place due to a combination of several
factors, such as, chemical and mechanical effects, the kind of contact and it depends critically
on the environmental conditions. From all these factors, the temperature plays a very
important role on the oxidation behavior and the mechanical strength. It is expected that the
oxidation at elevated temperatures degrades the material and therefore it opposes wear
resistance. However, in the case that a dense adherent oxide layer is formed on the surface of
a material it may work beneficially by the creation of an inhibition film that avoids further
degradation of the material [1,2]. The metal debris formed is subject to severe oxidation,
especially under high temperature caused by sliding of the metal and the external heat applied
in the process. This oxidized debris can be compacted under the wear induced stresses in
order to form a lubricant layer, which may decrease the effects of friction and wear [3,4]. In
general we may say that the oxidation of metals at high temperatures plays an important role
on the further improvement of wear resistance.
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Several surface treatment techniques can be applied to reduce wear at elevated temperatures
[5] like preoxidation, alloying, the application of coatings. Clad layers are usually thick, i.e.
thickness > 0.3 mm, and can be applied to cover large surfaces or to reinforce specific small
locations of difficult access, where extreme wear conditions occur. Within this technique the
cobalt hardfacing based alloys [6] are commonly employed for applications where good
resistance against wear, oxidation and corrosion is required. The most commercialized cobalt
hardfacing alloy is the Stellite series, which derive its mechanical properties from a high
volume fraction of hard carbides that are formed in a “soft” austenitic matrix [7,8], where both
carbides and matrix need to have sufficient Cr content to provide oxidation resistance at
elevated temperatures. The matrix is reinforced with tungsten additives in order to compensate
for the loss of strength with increasing temperature. The Stellite system works in such a way
that the tough matrix serves to bind the carbides, which contribute to abrasion resistance.
Furthermore, when the laser clad technique is applied to form a thick Co-based layer the
refinement of the microstructure, formed under high solidification rates, can provide positive
effects on the abrasive wear resistance and other mechanical properties.
In this work one of the most popular Stellite alloys, the Eutrolloy 16006 exhibiting good
wear and corrosion resistance until 750oC [9] was chosen for detailed examination during dry
slide tests as a function of temperature. The characterization of the worn parts is made in
terms of the morphology of the slide track, observation of the triboparticles (confocal
microscopy and SEM) and chemical composition of the surfaces (EDS).

6.2 Experimental methods
6.2.1 Sample deposition and characterization
The samples were deposited according to the side cladding processing map, see Chapter 3
that was used as a guide line for the first trial and subsequent tuning of the deposition
parameters. The samples used were made of Eutrolloy 16006 on gray cast iron substrates, see
Figure 3.35E, that were about 1 mm thick; they were created in a single clad layer pass,
without any macro-pores and cracks. Rectangular coated substrates were cut out from the gray
cast iron plate, Figure 6.1, and Stellite pins of 6 mm in diameter were machined to a ball
shape. These pins are mounted in a pin holder in such a way that the main pin axis is at 45o in
relation to the normal of the disk surface.
The laser clad coatings exhibit very good metallurgical bonding between clad layer and
the substrate. In this case the microstructure of the coating and coating/substrate interface is
shown in Figure 6.2. Fine γ-Co dendrites are characteristic for the microstructure of the Cobased alloy coating, surrounded by a eutectic phase consisting of γ-Co and hard carbidic
phases.
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Figure 6.1: A) Pins of 6 mm in diameter carved from rectangular coated plate (Figure 3.36E)
and stainless steel pin holder for sliding wear testing at CSM HT Tribometer. B) Rectangular
coated cast iron substrate carved from plate (Figure 3.36E) and used as rotating disc during
sliding wear test. Traces of three sliding tests are visible at the polished surface.

Figure 6.2: Back scattered electron microscope images of Co based alloy coatings on grey
cast iron substrates. A) Typical microstructure of the Co-based coating consisting of γ-Co
dendrites surrounded by a eutectic phase of γ-Co and hard carbides. B) Near the
coating/substrate interface the microstructure gradually changes consisting of micro-pores
and dispersed rounded non-dissolved graphite particles. C) The microstructure of the
substrate heat affected zone just under the laser clad coating. The doted line indicates the
interface between the clad and substrate.
Tungsten rich carbides are visible as brighter interdendritic areas in Figure 6.2A. Near the
coating/substrate interface (Figure 6.2B) the microstructure gradually changes with a
coarsening of the eutectic phase and refinement of the dendrites. Simultaneously round nondissolved parts of the graphite flakes are dispersed in the microstructure. At larger depth in the
heat affected zone (Figure 6.2C) a microstructure characteristic of a non-melted grey cast
iron hardened by laser surface treatment [10] is observed. A sharp demarcation line is present
between the austenitized zone (AZ) and the non-transformed substrate material. In the upper
part of AZ, where all cementite plates from originally pearlitic microstructure were
successfully dissolved in austenite the long martensite plates were formed. In the lower part of
AZ, where remnant cementite plates still separate austenitic zones, only fine martensite is
formed. This microstructure is formed because of high heating rates during laser treatment of
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cast irons with a pearlitic matrix and due to the direct transformation of ferrite to austenite
[11]. The presence of martensitic plates generates a relatively high hardness in this area of
heat affected zone.
The microhardness profile along the vertical direction has been measured in a 3 mm thick
laser coating by Vickers indentation with 2 N loading with a shift in position of 100 µm
between individual indents. The hardness profile was measured in the centre of the second and
the eighth laser tracks, Figure 6.3. It is seen that hardness inside the coating varies between
500 and 600 HV2. The fact, that hardness of a laser clad coating is slightly higher than the
hardness of their cast made counterparts is connected with the refined microstructure formed
during the laser cladding due to relatively high cooling rates accompanying the laser cladding
process [8]. A systematically lower microhardness inside the second laser track must be a
result of a slightly higher dilution in comparison with the dilution in the eighth track.
However, hardness profiles and scratch tests measured in vertical and horizontal directions of
Eutroloy 16006 coating did not show any systematic drops of hardness in laser tracks
overlapped areas, as observed [12] in Eutroloy 16012 coating on steel substrates. At the
interface between coating and substrate a narrow zone (few hundreds of micrometers) with
very high hardness exists followed by a relatively deep zone (~1 mm) with moderate hardness
till the depth where the hardness of non-affected substrate (~ 200 HV2) is achieved.

Figure 6.3: Vertical profile of coating microhardness measured at 3 mm thick coating made
on CGI substrate via cladding of three subsequent layers. The results of the measurements
made at the second and eighth laser tracks are shown.
6.2.2 Wear tests
Dry sliding tests were performed with the CSM HT Tribometer with increasing temperature
between the room temperature and 525 oC. The pin holder was permanently loaded by a load
of 10 N and the rotation speed of the disk was set to a value which corresponds to the sliding
speed of 10 cm/s. The number of rotations was fixed to reach the sliding distance of 1000 m.
Both contact surfaces were polished before the test with a 1 µm diamond suspension. The
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vertical position of the pin and the friction force during the whole sliding experiment were
monitored.
Figure 6.4 summarizes the results of wear test experiments of the Co-based coated pins
sliding on the surface of the Co-based coated disk at different temperatures. In all
measurements and at all temperatures it was observed, that after some transient running-in
period the pin position becomes almost linearly dependent on the sliding distance. The wear
rate can then be estimated from the slope of the very last portion of pin position curve, on
Figure 6.4A, and from the size of the contact area measured by SEM on each pin after
tribotest. Results of these estimations are summarized in Figure 6.4B, where the wear rate, ks
(10-6 mm3/Nm), and the mean friction coefficient after run-in period are plotted as a function
of test temperature.

Figure 6.4: A) Record from dry sliding test of coated pins on coated substrate at sliding speed
10 cm/s and 10 N load. Position of the pin at temperatures 200 and 350 ºC and the friction
coefficient registered along 1000 m at 200 oC. B) Temperature dependence of wear rate and
friction coefficient of Co-based coating prepared by laser cladding. The vertical dotedline
divides the sliding behavior in two regimes.
The size of contact area (see Figure 6.4A ) indicates the tendency of a higher weight loss upon
increasing temperature. In this figure also the friction coefficient is shown as registered along
the sliding test at 200 oC. In Figure 6.4B, the effect of increasing temperature on the wear rate
and the friction coefficient are observed indicating different wear mechanisms at different
temperature levels. For instance, the wear rate increases with the temperature until 275 oC, in
accordance with the results presented in [13]. Above this temperature the wear rate decreases.
The opposite behavior is observed for the friction coefficient that decreases to about the level
of 300 oC and starts to increase again with increasing temperature. It is clear that for further
interpretation of the sliding behavior of the Eutrolloy 16006 clad layer, it is necessary to
characterize the worn surfaces of the pin and the clad layer by investigating the morphology
of surfaces, debris and oxidation.
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6.3 Worn surfaces
The pins and rotational surfaces were investigated to explain the sliding behavior at different
temperatures. First the worn surfaces of the clad layers were characterized by confocal
microscopy in order to evaluate its roughness and the morphology. In Figure 6.5 all images of
the worn surfaces show signs of scratches. Some oxidation and spalation is observed in these
images but it is not possible to classify or to quantify these features properly by this method.

Figure 6.5: Confocal micrographs of worn surfaces of Eutroloy 16006 clad layers tested at
200, 350 and 525 oC.
Another analysis is done by plotting the geometrical profile of the surface of the clad
layer. Figure 6.6 shows the increase of scratch depth (worn out material) with temperature.

Figure 6.6: Shape profiles of worn surfaces of Eutrolloy 16006 clad layers tested at 200, 350
and 525 oC.
The far end of the Eutroloy 16006 coated pin is a part, which is in contact with the
counter-surface during the complete rotation. Therefore, it is expected that the effects of the
slide test are more pronounced in these parts. SEM investigations reveal further details of the
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worn process at different temperatures. SEM micrographs were taken from each pin in order
to measure the final area of the contact and its aspect ratio. The aspect ratio is calculated with
the dimensions of the contact surface. The X axis lies along the sliding direction, while the Y
axis is orthogonal to this direction. When X equals to Y, the shape of the contact surface
should be a circle, Figure 6.6.

Figure 6.6: Dependence of A) Pin contact area and B) aspect ratio with the temperature.
The observations indicate that the contact area of the pin with the substrate becomes smaller
with increasing temperature. While the area decreases, the aspect ratio of these surfaces
develop from an ellipse elongated along the sliding direction at lower temperatures, to an
ellipse elongated perpendicularly to the sliding direction a higher temperatures.
At 200 oC, SEM investigations revealed a clean worn surface of the pin, Figure 6.7A.
Small debris homogeneously distributed on the surface is observed at higher magnification,
Figure 6.7B. When the temperature increases to 350 oC, the worn marks look darker and a
denser debris is observed spread over the surface, Figure 6.7C, D.
Finally, SEM-EDS mapping characterization of oxygen on the surface of the pin contact
area indicates the progressive increase of the oxide growth on the surface of the pin with the
temperature.
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Figure 6.7: Eutrolloy 16006 pin worn contact surface at A,B) 200oC and C,D) 350 oC. The
micrographs shows details of the whole surface on the left, and details of wear marks and
debris on the right column.

Figure 6.8: The EDS mapping of oxygen indicates an increase of the oxide layer area on the
surface of the Eutrolloy 16006 pins with increasing temperature.
6.3.1 The influence of oxide layer on the wear behavior
When solid materials are suffering from wear there is an accumulation of particles between
the rubbing surfaces. The so called “triboparticulates” are originated from external
contamination or accumulation of debris and can be encountered in the loose or compact
format [2,4]. The effect of the triboparticulates on the wear mechanism is not completely clear
and understood. It can be affirmed that the loose particles will act as abrasives and accelerate
the wear damage while in the compacted form it reduces the wear considerably. In addition to
that, the particulates can oxidize easily due to its small dimensions and relative large surface
found under high temperatures. The oxidation can have a beneficial effect during the sliding
of metals or alloys, when a compact oxide layer is formed that prevents the metal-metal
contact. The growth of an oxide layer is observed on the sliding tests performed and this effect
is more pronounced, specially when an external heat is applied, Figure 6.8.
The tests performed in the range of the room temperature until 525 oC can be divided in
two regimes, see Figure 6.4B. The oxides are preferentially formed on the pin because this
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part is during the whole rotation in frictional contact with the surface of the clad layer. Under
the external temperature of 275 oC the kinetics of oxidation is slower and the oxide layer
formed does not cover the whole contact surface of the pin. Above this temperature the oxides
are formed faster and can be accumulated in the compressed form between the surfaces in
order to form a glaze film that reduces the friction coefficient. The effect of the compact oxide
layer is reflected on the pin by the decrease of the contact area (and consequently, a decrease
in mass loss of the pin) with temperature, Figure 6.6A. While the area decreases the aspect
ratio of contact changes its shape elongated transversal to the test direction.
On the clad layers, the depth of the scratches, Figure 6.5, increases with temperature by
the oxide mass loss on this surface. Some studies [5,14] demonstrate that additions of oxygen
active elements to the Co-based alloy, like yttrium, can further improve the wear behavior by
increasing the adherence of the oxide layer onto the surface.

6.4 Conclusions
Clad layer samples meant for dry sliding tests were deposited according the processing map
presented in Chapter 3. The Eutrolloy 16006 alloy was successfully deposited on a gray cast
iron substrate and its characterization showed no signs of macro defects.
The behavior of the Eutrolloy 16006 alloy under dry sliding conditions was tested in the
temperature range of automotive engine applications. The wear rate and the friction
coefficient behave in two different regimes depending on the temperature of the test. From
room temperature to 275 oC the coefficient decreases and the wear rate increases. Above this
temperature until 525 oC the opposite behavior has been observed, i.e. the friction coefficient
starts to increase, whereas the wear rate decreases with temperature. The creation of a
compact oxide layer formed between the metal-metal contact above the 275 oC is responsible
for the decrease of the friction coefficient.
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