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Abstract. The presenl study aimed to investiga/e the irifluence of lhe test parameters of the wear behavior of micro­
adhesive coatings for wear based on nickel substrates deposited by .flame spraying process in a low carbon steel. This 
type of testing is well established for thin coatings produceded hy nitriding, hut studies the applicahility of thermal/y 
sprayed coatings still scarce. The experimental apparatus consisted of a wear ball type micro-computer contra! with 
fixed load and speed. We use a lot of 300N and 159.9 and speeds o f 300, 400 and 500 rpm. An AISI 52100 steel bafl 
was set in motion in contacl with the coated swface ofthe sample, producing a crater wear semi-sphericaf. After lhe 
measurement, by means ofoptical methods. lhe dimensions of craters volume ofmaterial remol'edfrom each test was 
plotted as a function of the slidirzg distance. We also conducted craters using optical microscopy urzder a microscope 
with polari::.ed lightto determine the wear mechanisms o f action. lt was found that the charge used has low injluence 
on the volume removed in the test, while the wear rale showed significam injluence. With the increase ofspeed was 
observed an increase in volume ofmaterial removed. The abrasive wear mecharzism was the predominant three bodies 
in ali test conditions experienced. Additionafly, the addition of NbC increased hardness and wear resistance of the 
coating Ni-A I + 25% NbC. 

Keywords: micro-wear, therma/ spray, wear mechanisms, adhesive wear. 

I. INTRODUCTION 

The surface of a material is an area of maximum importance, since l t is where the contact with the environment and 
with other mechanical or stmctural components occurs. 

Wcar is one of thc ma in problems that leads to surface damage of materiais and combating it is o f great economic 
significance, due to lhe reduction of machines and equipment down time, need ed for parts substitution and 
maintenance. Over time, various treat:ments have been developed for surface protection, against wear and I or corrosion. 
The main treatments used are: carblll·izing, nitriding, boronising, PVD, CVD, electrolytic deposition and thennal 
spraying (GW Stachowiak 2005). 

Thermal spray includes a sct of processes that cliffer pr imarily in the way used to heat up the material to be 
deposited, either by combustion or electricity. Ali processes are based on the same principie: the spraying material in 
the fonn of powder or wire is atomized by a jet of hot compressed a ir (or other process gas) and accelerated to the 
substrate previously prepared, namely cleaned, preheated and with a certain roughness to ensure the mechanical 
anchoring to the piece to be coated (MELLALI, M., FAUCHAIS, P. , GR.IMAUD, 1996). The pa11icles collide with the 
substrate in a molten or semi-molten state, plastically deforming and giving rise to a lamellar structure. The particles 
impacted and deformed are called "splats" (ASM, 2004). Coatings deposited by thermal spray are microstructurally 
heterogeneous, with the presence of oxides, pores and un -melted parti eles (ASM, 2004). The thennal spray stands out in 
relation to other treatments cited by the following factors: 

• The spray processes do not impose excessive heating thc substrate, thus avoiding undes irable metallurgical 
transformations; 

• It has a great numbcr ofpossible applications and can spray virtually any type ofmatcrial (polymer, metal, ceramic 
or composite) on any type o f substrate; 
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• Allows the coating o f large pieces and at the workplace what many expe1is consider to be the biggest advantage o f 
th is process. 

·For parts that have undergone wear, allows the reconstruction ofthe damaged area avoiding the replacement ofthe 
cntire piece (A WS, 1985). 

In 1995, a test method for micro-scale wear evaluation of coatings called "ca lotest" was developed, ideal for small 
thicknesses coatings (RUTHERFORD KL; HUTCHTNGS TM 1996).Tn d1is test a sphere rotates on its axis and in 
contact with the smface o f the sample to be tested with a specific comact force. During the test an abrasive solution is 
dripped in the region of contact between the sample and the sphere. In tb e contact region a wear cap is created that may 
have its diameter measured by optical methods and its volume calculatcd (RUTHERFORD, KL AND HUTCHTNGS, 
IM, 1997). The result of th is test may be provided in the form of a graph of the volume removed aga inst the distance 
travcled. There are several factors that in tluence the results of these tests, such as: load used, the relative veloci ty ofthe 
surface, ball material and surface condition of the ball and the test specimen (GEE, MG 2005). This test is well 
established for homogeneous layers as those produced by nitriding but has received little attention for the evaluation of 
thcrmally sprayed wear resistance coatings. 

The objective of this work was to study the influence of the addition of 25 wt% NbC in the wear resistance of a 
nickel based alloy, as well as the effect ofthe applied load and test speed in the micro-adhesive wear test method. 

2 - Materiais and methods 

The flowchart in Figure I illustrates the steps fo llowed in the execution of this work. 

Addition o f 25 wt~ o :'\o C ou a :."'i -AI 

Thermal sprny process by Flame Spray steel substrates SAE l 020 

Lnyer Thickness phase 

Po·ceutage o f porosity 

300RPM 300RPM 

400RPM 400RPM 

SOORPM SOORPM 

Figure I. F lowchart of experimental work. 
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This study used a nickel based alloy (L1) whose composition is shown in Table I. 

Table 1. Com osilion o f the base alloy used (%wt. ). 
B AI Mo Ni 

0,004 5,5 5, 13 89,33 

The L1 alloy was mixed with 25wt% of niobium carbide powder, forming the L2 alloy (75% Ni-25% AI + NbC). 
Quantities used were measured with a precision balance. 

The spray process used was the Powder Fiam e Spray. Three plates o f l 00 mm x 100 mm x 5 mm had their surfaces 
abradcd and clcaned with solvent to obtain the proper surface roughness suitable for the mechanical anchoring of the 
"splats" and to remove grease, oil and contaminants in general. The edges of the plates were rounded to avoid 
detachments after spraying. The spray parametcrs used are shown in Table 2. 

Table 2. Parameters used in the coating. 

Spraying Parameters 

Oxygen (bar) 4 

Acetylene (bar) 0,7 

Compressed air (bar) I 

Spraying distance (mm) 150 

Pre-heating (0 C) 70 

After spraying, the plates were sectioned using a Si C abrasive disc to obtain the samples for the tests rcportcd in the 
flowchart o f Figure I. 

Optical microscopy observations were performed using a Zeiss Axiolab microscope with integrated camera and 
image analysis software AxioVision . Analysis ofthe images were performed to detetmine the thicknesses and porosities 
percentages o f the coatings. Analysis by scanni.ng e lectro.n microscopy were performed to study the morphologies and 
compositions of the coatings, to determine the prevalent wear mecha.nisms as well as the possible mcchanism changes 
due to the variation of the test parameters. The samples for microscopy a.nalyses, micro-hardness testing a.nd for 
hardness and wcar testing were prepared by grinding to 1200 mesh sandpaper followed by polishing with 0.3 and 0.05 
).lrn alumina. 

The surface hardness was measured on a universal Leco Model RT-240 durometer tester with a load of l5N a.nd 
dian10nd indentcr. 20 measw-ements were performed in the longitudinal section of each coating. Thc micro-hardncss 
evaluation used a digital micro-hardness tester with a load o f I 00 gf . The matrix was measured 20 times and the phase 
parti cu late present in the alloy L2 was measured I O times. 

The micro-scale adhesive wear tests were performed in a testing equipment ofthe type calottes with fixed sphere, as 
shown in Figure 2. The parameters used were: loads of 160 e 300N ; rotation speed of 300, 400 and 500RPM with test 
times of 5, I O, 15, 20, 30 and 40 minutes. 
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Samplo: 

Figure 2. (a) Testing machine for micro-adhesive wear, Departmem of Materials Engineering - EESC-USP. (8) 
lllustration of the micro-adhesive wear equipment. 
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For each al loy tested and for each combination of parameters, the test was repeated three times and the volume 
removed was calculated based on the average diameters o f each series of tests. 

The diameters of the formed caps were measured using an optical microscope and equation (1) was used to 
determine the volume o f material removed during the test. 

Where: 
b: diameter of the cap (mm); 
R: radius of the sphere (mm); 
V: volume of material removed (mm 3). 

3 - Results and Discussion 

7r ·b4 
v~--

64 · R equation ( l) 

3.1 - Morphological characteristics of thc layers and powdcrs, and layer thickncsscs 

In the micrographs oftigures 3 (a) and 3 (b) are shown the aspects of the powders used in the production ofcoatings 
L1 and L2. 

-===---

Figure 3. (A) Scanning clectron micrograph ofthe powder alloy L1• (8) Scann ing electron micrograph of the powder 
added for the production of a lloy L2 . 
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Table 3 shows the measurements of the average diameter of the parti eles. 

Table 3. Measw·ements ofaverage particle diameter ofalloy powder and the powder added for the L2 alloy 
production. 

Patiicle size- Alloy L1 ()lm) Patiicle size - NbC Powder ()lm) 

Average 98,9 107,3 

Deviation P. 19,5 26,9 

Next the alloy L1 and the NbC powder were measured with alloy L1 showing a greatcr uniformity in thc particle size 
distribution when compared to the NbC powder that showed a relatively high variation ofsizes. 

Figure 4 exhibit an composi tional image made by SEM. It shows that the L 1 produced layer has the characteri stic 
aspecto f the fiam e spray process with the presence o f oxides and un-mel ted parti eles. The micro probe analysis reveals 
that most of thc laycr is composed of a nickel matrix (grayish regions) and with the aluminum being combined with 
oxygcn (dark particles). The oxides were produced during the spraying operation when the particles reacted with thc 
atmosphere. 

Figure 5 presents the layer produced by the L2 alloy. The image shows a nickel matrix (dark grayish regions) with 
thc presence of un-mcltcd NbC parti eles (light grayish regions). The dark regions are oxides and pores . 

... 
JJ:Zd':o·J dwo:t HV HFVI vr:; .,cJ<.' --.:ool-lrr-­

·o J• to! AM 1Ç .. n 1S CO k..' ~ · v rmr , , : r-1m ~c•·t~ U SP i >ÇCt$",1 '•'~---

Figure 5. (a) Layer produced by the L2 a lloy. 
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Table 4 shows the fraction in% ofthe pores and the average thickness ofthe L1 and L2 layers. The Iayer with NbC 
(L2) showed a slightly thicker layer for a given number of spray passes anda lesser amow1t of porosity when compared 
to the L 1 alloy layer. 

The porosity leveis for both layers (L1 and L2) were considered low, once it is usual porosity leveis in the order of 
20% for these types o f layer. 

Table 4 Fraction (%) ofporosity and thickness of the coatings formcd by the sprayed alloys L1 and Lo. -
Porosity (%) Thickness (mm) 

Lt Lz LI Lz 
Average 4,3 1,8 0,54 0,77 

Standard 0,9 0,88 0,05 0,15 
deviation 

3.2 - Hardness and micro-hardness 

The values in Table 5 indica te that both the hardness as thc micro-hardness o f the alloy L2 were bigher than that o f 
the L 1 alloy. lt is believed that this may result from the addition of the reinforcing clement to form the alloy L~. 
Measurements of micro-hardness o f NbC parti eles in the coating L2 presented average values of 1700 HV. The a lloy 
with the addition o f niobium carbide showed an 17%increase in hardness measured by HR l5N scale whi I e the 
measurements of micro-hardness (HV) showed an increase of 40%. 

Table 5 Rockwell surface hardness and Vickers micro-hardness 
Superficial Hardness (HR 15N) Micro-hardness (HV) 

L2 Lt L2 Lt 
Average Value 58,1 51,1 269,0 161 ,97 

Standard deviation 0,8 1,9 18,1 26,1 

The largest standard deviation in the micro-hardness test arises from heterogeneity of che coatings formed by 
lamellae of diffe rent compositions, structures and properties. ln the smface hardness cest, the indenter is bigger, 
encompassing an larger arca. 

3.3 - Micro-abrasive Wear Testing 

Figmes 6 (a) to 6 (d) shows graphs of micro-adhesive wear for the two a!loys using differenl combinations of Lhe 
parameters tested. 
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Figure 6. (a) Micro- adhesives wear tests: L 1 - 160N- 300,400 and 500RPM. (B) L1 - 300N- 300,400 and 500 
RPM. (C) L2 - 160N- 300,400 and 500 RPM. (D) L2 - 300N - 300,400 and 500 RPM. 

The increase in rotational speed had a significant effect on the maximum volume of removed material, but only for 
the test load of 300N: the max.imum volume removed increased with increasing rotation speed. Comparing the alloy 
with and without the addition of 25 wt% NbC, it is verified that for every combination of load and speed the alloy L2 

(with NbC) showed a lower total volwne loss. 

CONCLUSIONS 

• The addition of NbC in the amount of 25wt% in the Ni-Al based alloy, L " altered the microstructw-e of the 
formed layer. The L1 and L2 alloys presented a Ni matrix with dispersed molybdenurn and with ali a luminum combined 
with oxygen to form aluminum oxide. The micro-analysis in conjunction with the micrographic analysis revealed that 
the coating produced by the L2 alloy prescnted un-melted particles ofNbC, with high hardness. 

• The addition of NbC increased the surface hardness (considered to be representative of thc full coating) and the 
micro-hardness o f the matrix phase. This is due to the addition of reinforcement parti eles that restrict the deformation o f 
the matrix phase and bear part ofthc burden which the array is being submitted. 

• The addition ofNbC increased the wear resistance o f the L 2 a lloy. This may be due to the fact that the addition o f 
particulate phases tend to increase the wear resistance of lhe materiais. 

• The increase in Lesting speed causes a significan t increase o f the tota l volume removed for lhe higher load tests. 
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