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The cold-spray technique was used to deposit Inconel 718—nickel (1:1) composite coatings on stainless steel
substrate. A general full factorial design was adopted to identify the statistically significant operating variables, i.e.,
impingement angle, erodent size, and feed rate on the coating erosion response. Erodent feed rate, impingement
angle, and the interaction between impingement angle and erodent size were identified as the highly significant
variables on the erosion rate. Then, a model correlating the identified variables with the erosion rate was derived.
The best combination of control variables for minimum erosion loss with respect to erodent feed rate, erodent size,

and impingement angle was 2 mg/min, 60 um, and 90°, respectively.

cold spray inconel 718 nickel erosion design of experiment

general full factorial design

| 1. Introduction

Solid Particle Erosion (SPE) is the loss of material resulting from the repeated impact of small solid particles.
Although in some cases SPE is a beneficial phenomenon, such as in high-speed abrasive waterjet cutting and
sandblasting, it can cause damage in many engineering systems, including aircraft engines, steam and jet turbines,
and pipelines . The gradual material removal from surfaces may lead, in the worst cases, to the entire
replacement of the damaged or degraded component, entailing a considerable replacement expense, which may
exceed half of the production cost (2. Among the several methods available, surface coating is one of the most
effective technologies that has been extensively used for reducing the detrimental effect of SPE and improving
components’ erosion resistance [Bl. Several coating techniques have been studied and adopted to this aim,
including cold spray (CS). CS is a low-temperature particle deposition process that has emerged as a powerful
technique for its several advantages over other thermal spray processes including the minimization of potential
phase changes, the preservation of the original feedstock properties, and the prevention of coating defects such as
surface oxides and other inclusions M. In the CS technique, microscale powder particles are accelerated to a high
velocity (300 to 1200 m/s) through a De-Laval nozzle dragged by a high-pressure propelling gas (commonly

nitrogen or helium) toward a target substrate 2!,

Nickel-based superalloys are commonly used in applications where stability at elevated temperatures, high long-
time creep strength, and corrosion resistance in aggressive environments are required 8. Among them, Inconel

718 (IN718) is commonly applied due to its high tensile, fatigue, and creep-rupture strength; the excellent erosion

and oxidation resistance; as well as the outstanding resistance to post-weld cracking in a service temperature
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range from —257 to 704 °C 1. Despite its many advantages, the fabrication of thick cold-sprayed IN718 coatings
encounter problems such as the nozzle clogging, the high critical particle velocity, and the insufficient metallurgical
cohesion between the particles . Several attempts have been made to improve plastic deformation and particle
bonding by increasing the particle velocity or by the implementation of annealing strategies on the particles, with a
corresponding cost increase . In a recent study, IN718 was mixed with a low melting point Ni-based braze alloy
powder (MAR-M 002) to form a composite coating via a high-pressure cold spray process. The following heat
treatment at a temperature near the liquidus temperature of the braze alloy enhanced the chemical diffusion

between the braze and matrix alloys, thus improving the interparticle bonding strength 9.

Despite solid particle erosion having been widely investigated in the past years, there is no standard method to
predict the SPE resistance of coatings due to the complex nature of the mechanism, involving several variables
and their combinations, and to the different properties of the material used (1. Several attempts have been made
in the scientific literature to identify the significant control variables and to model the erosion response of coatings
produced using thermal spray technologies by means of Design of Experiment (DoE) techniques. Sahu et al. &
studied the erosion wear behavior of a plasma-sprayed fly ash—aluminum coating using the Taguchi technique. In
their study, the selected control factors were the impingement angle, impact velocity, erodent size, stand-off-
distance, and aluminum content in the feedstock. Impact velocity was proved to be the most significant factor
influencing the erosion wear rate. In the work of Praveen et al. (121 the erosion resistance of a NiCrSiB/WC—Co
HVOF coating was investigated using the Taguchi method and considering the oxygen flow rate, fuel flow rate,
powder feed rate, and standoff distance as factors. The standoff distance and powder feed rate were identified as
the highest contributing parameters on the erosion wear loss. The slurry wear behavior of a TiAIN HVOF coating
was tested by varying the impact velocity, erodent size, impingement angle, and erodent feed rate following the
Taguchi method 181, The results indicated that, depending on the aluminum alloy substrate used, AA1050 and
AA5083, the important sequences of the control parameters changed. In both cases, the impact velocity was
recognized as the highest contributing parameter, followed by the impingement angle. Recently, Alidokht et al. 4]
studied the erosive wear performance of Ni and Ni-WC composite coatings produced by cold-spray; however, they
did not follow a planned experimentation. They found that (i) both Ni and Ni-WC coatings exhibited ductile erosion,
(ii) the higher erosion resistance of coatings under normal angle compared to oblique angle was related to the
formation of a protective tribolayer, and (iii) the incorporation of 10.5 vol% WC into Ni deteriorated the Ni erosion
resistance. Apart from the research of Alidokht et al. 24! a systematic understanding of erosion response of cold-

sprayed coatings is still lacking.

In this entry, a planned experimentation that is capable of creating reproducible results was performed in order to
assess the erosion performance of a cold sprayed IN718-Ni composite coating. This particular composite coating
was selected to investigate its SPE response since in a recent study of Kazasidis et al. 13, it revealed a promising
resistance against another type of erosion: the cavitation erosion. The composite IN718—Ni coating was deposited
onto substrates via high-pressure CS using nitrogen as the propulsive gas, with inlet pressure at 3.0 MPa and gas
temperature at 1000 °C. The effect of the impingement angle, the erodent size, and the erodent feed rate on the
erosion rate of the coating was investigated by following a General full factorial design (GFFD). Factorial design is

a statistical technique that is used in the design of experiments to study the effects that several controlled
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factors, and their interaction, may have on a response, by varying the levels of all the factors at the same time
instead of one at a time. General full factorial is the appropriate design when several factors are varied on multiple

levels. It is widely recognized as a more appropriate method than other experimental designs for modeling complex
multivariate systems due to its application flexibility.

| 2. Main results

Figure 1: Cross-sectional images of the cold spray 50% IN718 — 50% Ni coating: (a) OM image; (b) OM image
after etching; (c) SEM image.
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Figure 2: Surface plot of Erosion rate [mg/min] versus: (a) erodent feed rate [g/min] and size [um] (impingement

angle is set to 60°); (b) impingement angle [°] and erodent feed rate [g/min] (erodent size is set to 90 um); (c)
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erodent size [um] and impingement angle [°] (Erodent feed rate is set to 3.5 g/min).

Table 1: Process variables setup (minimum Erosion rate), predicted response value, and experimental value.

Control Factors Response Predicted and Experimental Value

Response Experimental
. Value Value Deviation
Erodent Feed Erodent Impingement
Rate [g/min Size [pm Angle [°
[9 ] [um] gle ] Erosion Rate Erosion Rate [%]

[mg/min] [mg/min]

2 60 90 3.08 3.31 7.47

Figure 3: Worn surface of the IN718-Ni coating. Erosion test process variables used: (a, b) erodent feed rate = 2
g/min, erodent size = 60 um, impingement angle = 90° (parameters setup obtained in the optimization, see Table

10); (c, d) erodent feed rate = 5 g/min, erodent size = 90 um, impingement angle = 30°.

| 3. Conclusions

In this entry, a composite IN718-Ni coating was fabricated via conventional high-pressure cold spray using the

following working conditions: nitrogen as carrier gas, pressure of 3.0 MPa, and temperature of 1000 °C. The
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feedstock was obtained by mechanically mixing IN 718 powders and Ni powders at the same mass fraction,
resulting in 30 wt % IN718 retention into the final coating. The coating was characterized in terms of porosity and
micro-hardness. Then, to investigate the effects of some operating variables on the erosion rate of the coating, a
general full factorial design was adopted. The variables chosen were the impingement angle, the erodent size, and
the erodent feed rate. It was found that the erodent feed rate and the impingement angle have a statistically
significant effect on the erosion rate, as well as the interaction between erodent size and impingement angle. Then,
a mathematical model relating such variables with the erosion rate was identified by weighted regression analysis.
The identified model effectively allows to predict the erosion performance of the real component deposited with
IN718-Ni coating under the working conditions and to properly design the in-service conditions of new cold-sprayed
component. The set of parameters optimizing the erosion rate was accordingly derived by performing an

optimization. It was found that the erosion rate is minimized when:
» the erodent feed rate is 2 g/min;

» the erodent size is 60 um; and

« the impingement angle is 90°.

Finally, the worn surfaces of the coatings were observed by SEM in order to understand the erosion mechanism.

References

1. J.K. Lancaster; ASM handbook, volume 18, friction, lubrication and wear technology. Tribology
International 1993, 26, 293-294, 10.1016/0301-679x(93)90010-x.

2. H. S. Grewal; Anupam Agrawal; Harpreet Singh; B. A. Shollock; Slurry Erosion Performance of Ni-
Al203 Based Thermal-Sprayed Coatings: Effect of Angle of Impingement. Journal of Thermal
Spray Technology 2013, 23, 389-401, 10.1007/s11666-013-0013-x.

3. Suvendu Prasad Sahu; Alok Satapathy; Amar Patnaik; K.P. Sreekumar; P.V.
Ananthapadmanabhan; Development, characterization and erosion wear response of plasma
sprayed fly ash—aluminum coatings. Materials & Design 2010, 31, 1165-1173, 10.1016/[.matdes.2
009.09.039.

4. W. Wong; E. Irissou; P. Vo; M. Sone; F. Bernier; J.-G. Legoux; H. Fukanuma; S. Yue; Cold Spray
Forming of Inconel 718. Journal of Thermal Spray Technology 2012, 22, 413-421, 10.1007/s1166
6-012-9827-1.

5. Chaoyue Chen; Yingchun Xie; Xinliang Xie; Xingchen Yan; Renzhong Huang; Jiang Wang;
Zhongming Ren; Sihao Deng; Hanlin Liao; Effects of substrate heat accumulation on the cold

https://encyclopedia.pub/entry/915 5/6



Cold-Sprayed In718-Ni Composite Coating | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

sprayed Ni coating quality: Microstructure evolution and tribological performance. Surface and
Coatings Technology 2019, 371, 185-193, 10.1016/j.surfcoat.2019.04.090.

. K. -M. Chang; M. F. Henry; M. G. Benz; Metallurgical control of fatigue crack propagation in

superalloys. JOM 1990, 42, 29-35, 10.1007/bf03220467.

. Xiangfang Xu; Jialuo Ding; Supriyo Ganguly; S.W. Williams; Investigation of process factors

affecting mechanical properties of INCONEL 718 superalloy in wire + arc additive manufacture
process. Journal of Materials Processing Technology 2019, 265, 201-209, 10.1016/j.jmatprotec.2
018.10.023.

. D. Levasseur; S. Yue; Mathieu Brochu; Pressureless sintering of cold sprayed Inconel 718

deposit. Materials Science and Engineering: A 2012, 556, 343-350, 10.1016/j.msea.2012.06.097.

. Shuo Yin; Xiaofang Wang; X.K. Suo; Hanlin Liao; Zhiwei Guo; Wenya Li; C. Coddet; Deposition

behavior of thermally softened copper particles in cold spraying. Acta Materialia 2013, 61, 5105-
5118, 10.1016/j.actamat.2013.04.041.

Wen Sun; Ayan Bhowmik; Adrian Wei Yee Tan; Fei Xue; lulian Marinescu; Feng Li; Erjia Liu;
Strategy of incorporating Ni-based braze alloy in cold sprayed Inconel 718 coating. Surface and
Coatings Technology 2019, 358, 1006-1012, 10.1016/j.surfcoat.2018.12.050.

Mazdak Parsi; Kamyar Najmi; Fardis Najafifard; Shokrollah Hassani; Brenton S. McLaury;
Siamack A. Shirazi; A comprehensive review of solid particle erosion modeling for oil and gas
wells and pipelines applications. Journal of Natural Gas Science and Engineering 2014, 21, 850-
873, 10.1016/j.jngse.2014.10.001.

Ayyappan Susila Praveen; J. Sarangan; S. Suresh; B.H. Channabasappa; Optimization and
erosion wear response of NiCrSiB/WC-Co HVOF coating using Taguchi method. Ceramics
International 2016, 42, 1094-1104, 10.1016/j.ceramint.2015.09.036.

Vinayaka R. Kiragi; Amar Patnaik; Tej Singh; Gusztav Fekete; Parametric Optimization of Erosive
Wear Response of TiAIN-Coated Aluminium Alloy Using Taguchi Method. Journal of Materials
Engineering and Performance 2019, 28, 838-851, 10.1007/s11665-018-3816-6.

Sima Ahmad Alidokht; Phuong Vo; Steve Yue; Richard R. Chromik; Erosive wear behavior of
Cold-Sprayed Ni-WC composite coating. Wear 2017, 376, 566-577, 10.1016/j.wear.2017.01.052.

Marios Kazasidis; Shuo Yin; Jonathan Cassidy; Tatjana Volkov-Husovi¢; Milica Vlahovi¢; Sanja
Martinovic; Elena Kyriakopoulou; Rocco Lupoi; Kyriakopoulou Elena; Microstructure and
cavitation erosion performance of nickel-Inconel 718 composite coatings produced with cold
spray. Surface and Coatings Technology 2020, 382, 125195, 10.1016/j.surfcoat.2019.125195.

Retrieved from https://encyclopedia.pub/entry/history/show/8720

https://encyclopedia.pub/entry/915 6/6



