-

View metadata, citation and similar papers at core.ac.uk brought to you byj’f CORE

provided by Nottingham ePrints

r The Uniyersitg of
M | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Song, B. and Hussain, T. and Voisey, K.T. (2016) Laser
cladding of Ni50Cr: a parametric and dilution study.
Physics Procedia, 83 . pp. 706-715. ISSN 1875-3884

Access from the University of Nottingham repository:
http://eprints.nottingham.ac.uk/36075/1/1107%20LANE2016%20SongAfterRevimages.pdf

Copyright and reuse:

The Nottingham ePrints service makes this work by researchers of the University of
Nottingham available open access under the following conditions.

This article is made available under the Creative Commons Attribution Non-commercial No
Derivatives licence and may be reused according to the conditions of the licence. For more
details see: http://creativecommons.org/licenses/by-nc-nd/2.5/

A note on versions:

The version presented here may differ from the published version or from the version of
record. If you wish to cite this item you are advised to consult the publisher’s version. Please
see the repository url above for details on accessing the published version and note that
access may require a subscription.

For more information, please contact eprints@nottingham.ac.uk



https://core.ac.uk/display/76972637?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:eprints@nottingham.ac.uk

Available online at www.sciencedirect.com -
Physics

ScienceDirect Procedi a

ELSI Physics Procedia (2016) 000-000

www.elsevier.com/locate/procedia

9™ International Conference on Photonic Technologies - LANE 2016

Laser cladding of Ni50Cr: A parametric and dilution study

B. Song, T. Hussain and K.T. Voisey

Faculty of Engineering, The University of Nottingham, Nottingham NG7 2RD, UK

Abstract

The increasing use of biomass as a fuel is leading to higher fireside corrosion of the heat exchangers in boilers due to the high
chlorine and alkali metal content in the fuel. Laser cladding of Ni50Cr is a promising technique to enhance fireside corrosion
resistance of boiler tubes from this aggressive environment. A parametric study is carried out on the blown powder based laser
cladding of Ni50Cr on 304 stainless steel. Successful deposits were generated and the effects of the various process parameters
on clad geometry and dilution are reported. The various commonly used techniques for determination of clad dilution are
compared and some guidelines for their use are suggested.
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1. Introduction

As a result of the move away from fossil fuels there is an increase in the use of biomass fuels. However, the high
chlorine and alkali metal (mainly sodium and potassium) contents of biomass fuels can generate severe corrosion
problems at high temperatures, > 500 °C, typical of boilers (Bryers 1991, Michelsen, Frandsen et al. 1998). The high
temperature corrosion can be retarded by limiting the steam temperature in superheater tubes to < 450 °C, as has
been done successfully in Denmark (Nielsen, Frandsen et al. 2000), however this is at the expense of decreased
boiler efficiency. In order to manufacture biomass fuel-fired boilers with higher efficiency temperatures > 550 °C)
(Michelsen, Frandsen et al. 1998), this fireside corrosion issue must be overcome. Recently, new heat resistant boiler
steels grades such as T/P 22, 23, 24, 91 and 92 have been produced for coal-fired ultra super critical (USC) boilers
requiring materials with advanced creep properties to obtain steam at severe temperatures and pressures (Vaillant,
Vandenberghe et al. 2008). Supercritical (SC) and ultra-supercritical (USC) power plants operate at temperatures
and pressures above the critical point of water, i.e. above the temperature and pressure at which the liquid and gas
phases of water coexist in equilibrium, at which point there is no difference between water gas and liquid water. This
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results in higher efficiencies — above 45%. Most work on the corrosion resistance of these materials focusses on
corrosion in ultra super critical steam medium. The results published in the open literature on their fireside corrosion
resistance in fossil fuel boiler environments show acceptable performance (Abang, Lisk et al. 2013). However, such
boiler materials may have poor performance when used in biomass boilers due to the unique corrosion and attack
mechanism. For instance, the presence of KCI in the deposit formed on boiler grade TP 347H FG stainless steel
made the corrosion attack more severe, resulting in the formation of a more uniform and deeper internal attack as the
KCI content increased (Lith, Frandsen et al. 2009). Jonsson et al. (Jonsson, Folkeson et al. 2011) showed that the
corrosion process of Fe-2.25Cr-1Mo steel was initiated below 400 °C, leading to a fast redistribution of KCI
particles and iron ions on the metal surface and reported that chlorine increases the oxidation rate (by decorating
oxide grain boundaries) and decreases the oxide scale adhesion.

The use of a suitable corrosion resistant coating is an economically attractive approach to solving this problem.
Among available and commercial coating material, NiCr based cermets and alloys are widely used commercially to
provide erosion and corrosion resistance even at elevated temperatures. Several major surface techniques have been
adopted by industry and researchers. Thermal spraying techniques such as high velocity oxygen fuel (HVOF) (Kim,
Hwang et al. 2003, Bhaduri, Indira et al. 2004, Al-Fadhli, Stokes et al. 2006, Sidhu, Sidhu et al. 2006, Oksa,
Auerkari et al. 2014) have been used to spray protective coating on surface of boiler tubes and heat-exchangers.
Chemical vapour deposition (CVD) (Kalivodova, Baxter et al. 2005) and physical vapour deposition (PVD) (Leyens,
Wright et al. 2000) are also utilized to deposit protective coatings for boilers. However, their deposition rate and
limitation of heat-exchanger size due to the size of process chamber restrict potential application in boiler industry.
Welding techniques such as GTAW (Kawahara 2013) are other kinds of widely used surface technology in boiler
coating industry. Innovative techniques in this area include cladding with high energy beams, i.e. plasma and laser
cladding. Laser cladding is especially popular due to its well-known advantages of high quality of deposited coating
microstructure, small heat affected zone (HAZ), acceptable cost and high deposition speed.

Uusitalo et al. conducted a series of corrosion tests in chlorine containing atmosphere on boiler steels, HVOF
thermal sprayed NiCr alloy coatings and laser-melted HVOF NiCr alloy coatings, for 100, 400, and 1000 h
(Uusitalo, Vuoristo et al. 2002, Uusitalo, Vuoristo et al. 2003, Uusitalo, Vuoristo et al. 2004). The NiCr alloys used
were Ni50Cr and Ni57Cr. The corrosion resistance of these Ni-based, high Cr coating materials was satisfactory in
test conditions. Interconnected porosity, oxide-containing splat boundaries, voids formed at splat boundaries and
compositional in homogeneities created by HVOF thermal spraying processes limited the corrosion resistance of
coatings (Bluni and Marder 1996). Nevertheless, the best HVOF coatings were able to totally protect the coated low-
alloy ferritic steel from corrosion attack for short periods, with laser melting remarkably increasing the corrosion
resistance of HVOF coatings due to elimination of the original thermally sprayed microstructure. It is therefore
expected that a laser clad NiCr layer will provide a better solution to chlorine-associated corrosion than a thermally
sprayed coating of the same composition since the laser clad microstructure will be free from included oxides and
extensive porosity (Schneider 1998). Previous work of some researchers has shown the potential for laser clad NiCr
based alloys as corrosion resistant coating. Li et al. (Li, Li et al. 2013) deposited Hastelloy C22 alloy (Ni-Cr-Mo) on
TP347H stainless steel tube and corrosion performance in an HCI environment. Laser clad C22 layer outperformed
both the uncoated steel and bulk C22. This superior chlorine corrosion resistance was attributed to the presence of
protective Cr,0Os in the scale and the refined grain structure typical of laser cladding.

In this study, laser cladding using Ni50Cr alloy powder was performed with various process parameter
combinations to deposit single tracks. Cross-sections of the tracks were generated in order to determine track
geometry, composition and microstructure. Relationships between input process parameters and clad track
characteristics were investigated. Optimal process parameters are identified for manufacture of samples for future
high temperature chlorine-associated corrosion tests. In addition, the various commonly used techniques to
determine clad dilution are compared and guidelines for their use presented.
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Nomenclature

XC+S

width of laser cladding track (mm)

height of laser cladding track (mm)

melt depth of laser cladding track (mm)

dilution ratio of laser cladding track (%)

density of cladded alloy powder (g cm™)

density of substrate material (g cm™)

weight percent of element X in the total surface of the clad region (%)
weight percent of element X in the substrate (%)

area of the clad region which is above the substate (mm?)
area of the clad region which beneath the substate (mm?)
radius of the laser beam (mm)

Power of the laer beam (kW)

Powder feed rate (g min™)

Laser beam scanning speed (mm min™)

Power density (J mm™)

Powder density (g mm™)

2. Experimental

2.1. Laser cladding

As shown in Fig. 1, laser cladding is an additive manufacturing technology in which a powdered or wire
feedstock material is melted and deposited on a surface via the action of a laser (Toyserkani, Khajepour et al. 2004).
The basic principle is quite simple, i.e. rapid melting of the surface layer and coating material, followed by
solidification (Desale, Paul et al. 2009). A large variety of operating parameters and physical phenomena determine
the quality of laser cladding. The three major input parameters are laser power; powder feed rate and scanning speed
of laser beam (Toyserkani, Khajepour et al. 2004). The outputs of the laser cladding process which can be used to
determine clad quality are geometry, microstructure and composition. A good clad should be free from defects such
as cracks, porosity and coarse grains. Dilution is the change in composition of the clad material due to mixing with
the substrate whilst molten. Elements from substrate are usually detrimental to cladded layer’s total properties so it
is generally required to keep dilution to minimal levels, typically between 5~8 % are regarded as acceptable

(Toyserkani, Khajepour et al. 2004).
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Laser beam

,\ Powder
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Fig. 1 Schematic of the powder laser cladding process.

2.2. Laser cladding system setup and precautions

The laser cladding system used in this study contains of three main components: a 2 kW IPG (Oxford, UK)
Ytterbium-doped, continuous-wave fibre laser operating at a wavelength of 1070 nm coupled with a beam delivery
system (125 mm collimating lens and a 200 mm focussing lens), a lateral copper jet nozzle coupled with a powder
feeder (Model 1264 manufactured by Miller Thermal Inc. and Praxair Surface Technologies), and a computer
numerically controlled (CNC) 4 axis table. The substrate surface was positioned 20 mm below the focal plane,
producing a laser spot diameter of 3.1 mm on the surface.

To protect clad tracks from oxidation, the cladding process was performed in an argon filled chamber. The
substrate was exposed to an initial laser pass to clean the surface and elevate the substrate temperature to
approximately 200 °C before the cladding process began. These surfaces pre-treatment cleaned the surface before
deposition.

2.3. Process parameters matrix

All results presented in this paper are from single track, i.e. non-overlapping, clads. Three major parameters were
investigated: laser power, powder feed rate and scanning speed, as summarised in Table 1. Two batches of samples
were used: In the first batch, laser power was increased from 1 kW to 1.8 kW in 0.2 kW steps; three scanning speeds
were used: 200, 250 and 300 mm min'™; powder feed rates were 5, 10, 15 and 20 g min™. In the second batch, lower
laser powers of 0.4, 0.6 and 0.8 kKW were used with scanning speeds of 200 and 300 mm min™; powder feed rate was
reduced to 4 and 5 g min™. This resulted in a total of 37 parameter combinations. Throughout this paper the
individual tracks are referred to using the following coding convention: laser power-scanning speed-powder feed
rate, i.e. a track deposited at laser power = 1 kW, scanning speed = 200 mm min™* and powder feed rate = 10 g min™,
has a code of 1.0-200-1.

2.4. Feedstock powder and substrates

Plates of 100 mm x 180 mm x 6 mm were machined from AISI 304 austenitic stainless steel. Before cladding
these plates were grit blasted and cleaned with acetone to improve substrate surface laser absorptivity and eliminate
contaminants, respectively. The additive material is Ni50Cr powder (1260F/Ni-980-1) with a size range of -53 um/
+20 pum, supplied by Praxair Surface Technology Ltd.
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As shown in Fig. 2 (a), as-received powder particles have the spherical shape typical of inert gas atomised
particles. Some smaller satellite spheres are also seen around larger particles. Cross-sectioning reveals a dendritic
solidification pattern (Fig. 2 (b)).

Table 1. Experimental process parameters

Process parameters Values
Laser power 0.6,0.8,1.0,1.2,14,1.6,1.8kW
Laser beam scanning speed 200, 250 and 300 mm min*
Powder feed rate 4,5,10,15and 20 g min™
Powder carrier gas flow rate 0.083 Ls*

Fig. 2 SEM images of as-received Ni50Cr powder: ( a) typical spherical shape of gas atomized powder; (b) dendritic solidification pattern
2.5. Methods to evaluate laser cladding track quality

To measure geometric features of laser cladding track, width (W), height (H) and melt depth (h) as shown in Fig.
3, track samples were initially transversely sectioned, mounted in conducting resin and sequentially ground and
polished using colloidal silica to a 0.6 um surface finish; then, the track samples were electrolytically etched using
70% orthophosphoric (H3PO,4) acid in water (typically 6 V for 3 s); after etching, clad bead can be distinguished
easily from substrate according to ; finally, values of W, H and h can be measured using ImageJ (National Institute
of Health, Maryland, USA) software.

For microstructure analysis, metallographiclly prepared track samples were viewed under a Philips XL 30
Scanning Electron Microscope (SEM) (FEI, Eindhoven, Netherland). Quantitative energy dispersive X-ray analysis
(EDXA) (Oxford Instruments, Oxford, UK) was utilised in determining the elemental composition of Fe in the
tracks by conducting freehand selection area scan on each cross-sectioned track as the specturm shown in Fig. 3.

Methods of measuring and calculating dilution ratio (1) can be divided into two categories: One is according to
the practical test (EDX analysis of Fe content in tracks) of the composition of cladding layer expressed by (Bruck
1988);

PC(xc+s - Xc)
Ps(xs - Xc+s)+Pc(Xc+s - Xc)

n=

o))
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Fig. 3 SEM images of cross section of laser cladding track 1.0-300-10

The other is based on the measured value of cross-section area of cladding layer. It is called the geometric
dilution, which is the simple and general representation of dilution. Exact geometric dilution calculation is indicated
in Equation (2) (Bruck 1988). However, for calculation convenience of dilution ratio, the outline of cross-section of
cladding layer and the boundary line between cladding material and substrate are both seen as approximated arc, so
the areas of Al and A2 can be treated as the section of circle. Then, the expression of dilution ratio can be written as
Equation (3) (Zhang, Zhang et al. 2012). Many researchers used more simplified Equation (4), which is simplest and
its error need take consideration (Wu, Zhu et al. 1996, Wu, Guo et al. 2015).

e @

2 2 ,

{(%} + hz} o _[[ﬂ]z i hz}
Y ©)
g [ 1 _ = =
hIW?]z oH? - (‘%jz +h2 ) (‘%}2 2 o | [W?]z - Hh_(H +h)
WH? [W?]Zmz hw [w7) 2 H

7 +h H 4)

In this study, dilution ratio will be measured and calculated using all four kinds of methods (one compositional
and three geometrical). Results from all these methods will be compared further to evaluate the accuracy of each
method.

3. Results and discussion
3.1. Process window

Visual examination of as-deposited tracks revealed that continuous, adherent tracks had been generated for each
parameter combination used. Track widths ranged from 1.7 mm to 4.5 mm and track heights from 0.3 mm to
2.3 mm. The maximum substrate melt depth produced was 0.8 mm. Cross-sections of three different tracks are
shown in Fig. 4 in order to illustrate the range of geometries produced.Compositional diluation results ranged from
12 % to 26 %. Fig. 5 summarises the parameter space used in this work. Results are displayed using an arbitrary
definition of a good clad as one with both at least 75% of the interface melted and no porosity. It can be noted that
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there are no good clads for either extreme of powder feed rate values used: 4 and 20 g/min. It can also be seen that
parameter combinations resulting in energy per unit length values of less than 200 kJ/m did not produce any good

clads. The area between the two superposed lines is therefore proposed as a suitable process window for laser
cladding of Ni50Cr.

o4
“

1.2-300-20 0.8-300-5 1.4-250-10

Fig. 4 Optical images of cross sections of laser cladding tracks for the cladding parameters indicated.

2

g

8

g

@ good clad

200 -+ M bad clad

Energy per unit length (kJ/m)

100 -

0 5 10 15 20 25
Powder feed rate (g/min)

Fig. 5 Variation of clad quality across the parameter space used, the two lines outline the process window.

3.2. Effect of process parameters on clad geometry characteristics and dilution

In Fig.6 the effect of power on aspect ratio and dilution can be seen. Overall the aspect ratio increases with
increasing power and decreases with energy per unit length. The dilution increases with both power and energy per
unit length. Changing power has a more marked effect on the compositional dilution than on the clad aspect ratio. It
should be noted that the 1.4 kW result for 400 kJ/m appears to be an anomaly in both cases. Error! Reference
source not found. shows results for a powder feed rate of 10 g/min, results for other feed rates showed the same
trend of increasing compositional dilution with power and energy per unit length. For all powder feed rates, the
effect of power on aspect ratio was less marked than on compositional dilution. An increase in dilution with
increasing power is expected due to the increased extent of melting of the substrate that the higher power produces
resulting in greater mixing of the substrate and clad material.
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Fig. 6 Effect of laser power on clad track aspect ratio and compositional dilution for clads carried out using a powder feed rate of 10 g/min..

Consideration of the expected effect of power on aspect ratio is less stratightforward as the aspect ratio combines
the effects on track width and height. The data used to determine the aspect ratio, the clad track width and height, is
therefore plotted directly in Fig. 7 in order to better understand the effect of laser power on clad track dimensions.

45

40 - 4K > ¥ 1.8 kW width
z 35 xﬁiY < 1.6 kW width
E30 - RS A 1.4 kW width
225 * B 1.2 kW width
$ 20 1.0 kW width
-'-: 15 4 e . < ¥ 1.8 kW height
S0 ., 2omrx £ 1.6 kW height

0.5 1.4 kW height

0.0 ‘ ‘ w B 1.2 kW height

0 100 200 300 400 500 600

+ 1.0 kW height
Energy per unit length (kJ/m)

Fig. 7 Effect of power on clad track dimensions for clads carried out using a powder feed rate of 10 g/min.

It can be seen that clad track width increases with increasing energy per unit length. This is expected and is
simply due to the larger melt pool that the increased energy input produces. All data points approximately fall on the
same straight line, confirming that the key factor influencing the width of clad here is the energy per unit length
rather than the laser power. There is greater scatter in the height data, while there is some indication of increasing
height with increasing energy per unit length the overall trend is less distinct than for the width data. Looking at the
1.0 kW, 1.6 kW and 1.8 kW height data it can be seen that the gradient of the line through the data points decreases
as power increases, suggesting that the influence of energy per unit length decreases as power increases. This may
be related to the proportional increase in energy per unit length, however it must be noted that the 1.2 kW and
1.4 kW data do not follow this pattern, hence further investigation of this point is required before any conculsion can
be drawn.
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3.3. Guidelines for dilution ratio calculation using four methods

Fig. 8 shows dilution ratio results obtained using four different methods. In some cases, such as 1.2-200-5,
1.6-250-10 and 1.6-300-10, results from all four methods are within a few percent of eachother. However there are
five cases where the range of the different results exceeds 10%. The 1.0 kW results stand out as a group with a
particularly large variation between the compositional dilution and geometric dilution results. There is no significant
difference between results obtained using Equation 3 and Equation 4.

Realistic area measurement (Equation 2) usually produces smaller dilution ratios than the methods using
Equation 3 and Equation 4. The exception to this is tracks 1.4-200-5, 1.4-200-10, 1.8-200-5 and 1.8-200-10. Clad
melted into substrate in those tracks also exhibits a two peak pattern as seen for, 1.4-250-10 in Fig 4.

The potential to obtain different dilution results from different measurement methods has been demonstrated and
raises the question of which is the “best” method to use. The answer is that it depends on the application, if clad
geometry is a priority then the geometrical dilution methods should be used. If chemical composition is a priority,
such as for corrosion work, then an EDS based method should be used, even then thought is required regarding any
spatial requirements of composition. Care must also be taken when quoting or comparing dilution results as this can
have limited validity if the dilution measurement method is not fully described.

55% -
0% B Composition dilution ratio (Equation 1)
° B Geometry diltuion ratio (Equation 2)
—\;45% 1 Geometry dilution ratio (Equation 3)
%40% i B Geometry dilution ratio (Equation 4)
T 35% -
S 30% -
2
3 25% -
[}
20% -
15% -
10% -
<t << 0D n O O 0ONnNn OO Nn OO0 N OO0 oo Nn O o o wm
0O 0 0 o 9 TP T o T T oTFT T AIAOAFTAT AT T T A
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Laser cladding track

Fig. 8 Comparison of dilution results obtained using different methods.
4. Conclusions

As far as we are aware, this is the first time that laser cladding of Ni50Cr has been demonstrated. Interesting
variation in dilution results as a function of measurement technique has been noted. This is likely to be of specific
interest to corrosion related applications where corrosion resistance varies with composition, i.e. dilution. Our future
work will extend consideration of how best to determine and report dilution. The following specific conclusions can
also be drawn:

e Ni50Cr alloy powder was successfully deposited on 304 stainless steel by laser cladding.
e A nprocess window for laser cladding of Ni50Cr has been established.
o Different dilution measurement measurements can produce very different results.
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