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To find an alternate coating to hard electroplated chrome in internal combustion engines, wear tests and 
metallurgical characterization have been performed on plasma-sprayed chromium oxide, metal-arc- 
sprayed martensitic stainless steel, and electroplated chromium coatings applied to steel base material. A 
wear test rig was fabricated that simulated the reciprocating sliding wear under lubrication encountered 
in internal combustion engines. The chromium oxide coating was found to perform equally well compared 
to the hard chrome coating that is conventionally used. 

1. Introduction 

Ttt• past decade has seen an increased use of thermal spraying 
for applying wear-resistant coatings in many unique applica- 
tions. Specifically, there appears to be an increased interest in 
plasma- and arc-sprayed coatings. I1-41 These processes offer a 
rapid and efficient method of depositing a variety of  materials 
onto metallic substrates. In this article, two coatings deposited 
by such processes are evaluated as alternative materials to elec- 
trochemically deposited chromium for a wear-resistant surface 
in diesel engine liners. 

The process of electrodeposition of chromium is a very slow 
process (0.001 in./hr, or 0.03 mrrghr) that entails the disposition 
of hazardous chemicals from the process into the environment. 
Moreover, electrodeposited chromium coatings experience 
stress cracking, [5,6] expensive post-plating treatment, 161 and 
peeling under severe operating conditions, 171 thus limiting the 
application of this kind of wear-resistant surface. Thermal 
spraying on the other hand is a faster, easy to apply, and eco- 
nomical process. However, to achieve optimum results, the per- 
formance of thermally sprayed coatings needs to be evaluated 
for each individual application. [8q31 Although information is 
available on wear testing, lSqS1 bond strength testing,[4,8,1~ - 
croscopy, and structure/property relationships [5,m-161 of the 
various thermally sprayed coatings, it nevertheless becomes 
necessary to qualitatively and quantitatively evaluate the coat- 
ings for specific wear applications. 

In the pre~nt work, the lubricated, reciprocating, sliding 
wear performance of martensitic stainless steel (AISI type 420, 
0,3% C, 13.5% Cr steel, coded "AS") and plasma-sprayed 
Cr203 (.coded as "PC") was compared with that of electrochemi- 
cally deposited chromium (coded as "EC"). The sprayed coat- 
ings were selected for evaluation because stainless steel has 
been claimed to be an all-purpose wear-resistant material, [51 and 
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Cr203-based coatings deposited using other processes have per- 
formed well in some wear tests IS,101However, the lubricated, re- 
ciprocating, sliding wear performance of the selected sprayed 
coatings has not yet been evaluated. In the present work, the 
wear performance of the selected coatings are related to wear 
mechanism studies previously reported in the literature. 110-15] In 
addition to wear tests, bond strength testing and microstructural 
characterization of the coatings were also performed. 

2. Experimental Procedure 

The coated specimens were prepared by using a TAFA metal 
arc gun and TAFA 60TB wire for the AS coatings, a Metco 
plasma gun and Cr203 powder (METCO 106FP-NS) for the PC 
coatings, and an electrochemical hard chrome process for the 
EC coatings. Manufacturers' specifications for producing the 
coatings were followed during the application. Wear test speci- 
mens were ground and polished to achieve flat and similar sur- 
faces (0.10 to 0.36 gin, Ra). The characterization of the test 
specimens was carried out by means of hardness measurements, 
surface profilometry, and optical and scanning electron micros- 
copy (SEM). Energy-dispersive spectroscopy (EDS) was per- 
formed where necessary. 

Hardness measurements were conducted on specimen cross 
sections using a Leitz microhardness tester at a load of 300 g. 
Surface profilometry was performed on the polished surfaces 
before wear testing. After wear testing, the trace of the wear 
track was recorded so that the wear volume could be calculated. 
The surface profile measuring system used was the Surtronic 3R 
Microstructural analysis of the coating was performed using a 
Nikon inverted optical microscope and a JEOL JXA-840 SEM. 
The Cr203-coated specimens were sputtered with gold prior to 
SEM observations. 

Adhesive/cohesive strength tests were conducted to deter- 
mine the bond strength of the AS and PC coatings sprayed on 
ductile cast iron coupons (25.4 mm in diameter and 50.8 mm 
long) as per the ASTM C633-79 test method, "Adhesion or 
Cohesive Strength of Flame Sprayed Coatings." The surfaces of 
the loading and substrate fixtures were glued together using an 
epoxy (CIBA-GEIGY FM 1000) adhesive cured at t70 + 5 ~ 
for 60 rain. The surfaces were compressed by a support device 
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that maintained axial alignments. This entire assembly was kept 
in the oven so that the adhesive could achieve the maximum 
cured strength. The pull-off test was subsequently performed at 
a rate of  0.001 mm/s in an Instron model  1137 tensile testing ma- 
chine, modified according to the testing requirements of  the 
above-stated test method. The load at failure and the type of  fail- 
ure were recorded for each test. 

The wear test coupons were prepared by applying the coat- 
ings on one 50- by 25-mm face of  50- by 25- by 6-ram pieces of  
mild steel. The tests were conducted under constant-load condi- 
tions on a custom-built  wear test rig (Fig. 1). The sliding material 
on all the test surfaces was a martensitic nodular cast iron piston 

Table I Wear Test Parameters 

Cycles per minute ....................... 415 
Wear track length, mm ................ 30 
Sliding distance per cycle, mm ... 2 • 30 
Contact load, N .......................... 98,196,392 
Number of cycles slid ................. 200,000 
Lubricant ................................... 10W30 oil at 24 ~ 
Lubrication rate .......................... 1 drop every 240 sec (one drop = 0.02 ml) 
Surrounding amaosphere ............ Laboratory air 
Humidity, (%) ............................ 38to40 
Specimen heated to .................... 80 ~ 
Angle to ground ......................... 10 ~ 

ring used in locomotive diesel engines. Other parameters of  the 
wear tests are given in Table 1. 

The operation of  the test rig shown in Fig. 1 can be outlined 
as follows. The specimen (I)  with the coating on its top surface 
was held in place in a specimen holder (2). The piston ring (3) 
was held in a piston ring holder (4), which was attached to a 
slider (5), whose reciprocating motion on two hardened shafts 
(6) was facilitated by a drive mechanism (7) through a connect- 
ing rod (8). The contact between the two surfaces was produced 
by the application of  load (9), which lifted the specimen holder 
with a parallel arm-liiakage mechanism (10). The lubricant drop 
(11 ) rate was controlled using a needle valve (12) connected to a 
lubricant reservoir. The temperature of  the specimen could also 
be controlled by a set of  heaters embedded into the sample 
holder plate (13). The main setup of  the rig was adjusted at an an- 
gle to the ground by using adjustable support bars (14) fixed on 
the frame (15). Thus, the oil f lowed down where it was collected 
in a reservoir (16), The concept of  this rig is similar to that of  
some other test rigs. [6'11'171 In the present work, the specimen 

was oriented at an angle (10 ~ ) to the ground to ensure that all the 
lubricant reached the wear surface, but did not accumulate at the 
sliding surface. 

The amount of  wear was determined using the surface profile 
measuring system described earlier. The effect of  initial rough- 
ness on these measurements was insignificant. It was used to 
plot the cross-sectional area of  the wear track formed on the test 
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Figure 1 Wear test rig. See text for component identification. 
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Figure 2 Calculation of cross-sectional area and volume loss of 
the coating wear scar (a) and (b) and piston ring wear (c). 

Table 2 Cross-Sectional Hardness  and Surface 
Roughness  Values 

Hardness Roughness 
Coating Material DPH (300 g) (Ra), lam 
CI ..................... Piston ring, cast iron 427 1.80 
AS .................... Arc-sprayed martensitic 262 0.36 

stainless steel 
PC .................... Plasma-sprayed Cr203 533 0.33 
EC .................... Electrochemically 927 0. l0 

deposited (hard chrome) 
chromium 

Table 3 Adhesion Test Results  (ASTM C633-79) 

Average Stress at failure, Mode of 
Specimen roughness (Ra), ~tm MPa failure 

Plasma-sprayed Cr203 on cast iron (PC) 
1 .................. 4.3 6 . 9 2  Cohesive 
2 .................. 4.5 1 . 7 9  Cohesive/adhesive(a) 
3 .................. 4.0 6.82 Cohesive 
4 .................. 4.5 4.39 Cohesive 
5 .................. 4.6 3 . 5 5  Cohesive 
Average ....... 4.4 4.69 

Arc-sprayed martensitic stainless steel (AS) 
1 .................. 15.0 5 . 7 2  Adhesive 
2 .................. 14.5 16 .08 Cohesive 
3 .................. 16.0 15 .45 Cohesive 
4 .................. 16.2 17 .50  Cohesive 
5 .................. 14.7 6.59 Adhesive 
Average ....... 15.3 12.26 

(a) Failure occurred both at the epoxy and inside the coating. 

surface (Fig. 2a and b). The mean of the area from three profiles 
along the scar was then used to calculate the volume loss of the 
material by taking the product of this area and the length of the 
groove, which was the length of one forward or backward move- 
ment of the piston ring. This technique of wear quantification is 
very similar to that used by other researchers. [18] The volume 
loss of the piston ring was determined by taking an impression of 
the worn surface area on the piston ring using a semitransparent 
tape, which could be closely approximated to a shape such as 
that of an ellipse (Fig. 2c). The loss in the thickness of the piston 
ring for a wear scar (Fig. 2c) was used to calculate the appropri- 
ate volume loss for a wear spot. The loss in volume was then con- 
vetted to mass loss using the appropriate material densities. 

3. Results and Discussion 

The microstructural cross-sections of the AS, PC, and EC 
coatings are shown in Fig. 3(a), (b), and (c), respectively, Figure 
3(d) is a SEM secondary electron image of the piston ring sub- 
strate material. These figures indicate the formation of a splat- 
like microstructure, typical of thermally sprayed coatings (AS 
and PC). [2] The electrochemically deposited chromium (hard 
chrome), on the other hand, has a much more uniform and dense 
structure (Fig. 3c). Some stress cracking vertical to the substrate 

surface, typical of hard chrome, [51 was noted in the EC coating. 
The micrograph of the piston ring cross section (Fig. 3d) reveals 
that it has a martensitic nodular cast iron microstructure. 

The hardness and surface roughness values for the three coat- 
ings and the cast iron (CI) piston ring are given in Table 2. Note 
that the hard chrome had the smoothest surface, which could be 
attributed to the dense nature of the electroplated chromium. On 
the other hand, thermally sprayed AS and PC coatings had a 
characteristically lamellar structure, that contributed to the sur- 
face roughness. The chromium coating was the hardest of the 
three coatings, followed by plasma-sprayed Cr203, and then arc- 
sprayed martensitic stainless steel. 

Bond strength test data are given in Table 3, which indicates 
that the failure in both thermally sprayed coatings was cohesive, 
The strength at cohesive failure for the steel (AS) was about half 
that of  the values reported by another group of investigators [4l 
for a similar coating. The failure type reported in both the inves- 
tigations was cohesive. The discrepancy between the two bond 
strength results could be attributed to a possible variation in 
coating process parameters between the two investigations. 
Concerning the Cr20 3 (PC) coating, a similar work[l~ reported 
adhesive failure at 2.84 MPa on the enamel substrate interface in 
a multilayered Cr20 3 coating. The cohesive strength of Cr203 
under tension can thus be qualitatively assessed to be greater 
than 2.84 MPa. In the present work, a noteworthy reproducibil- 
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Figure 3 Micrographs of (a) arc-sprayed stainless steel coating (AS) (optical), (b) Plasma-sprayed Cr203 coating (PC) (SEM), (c) electro- 
plated chromium coating (EC) (optical), and (d) cast-iron piston ring material (CI) (optical). 

ity of the results and comparison with other results [4,1~ provides 
confidence in the bond strength measurements. Moreover, it can 
be safely concluded from these results that the adhesion of the 
two coatings to the cast iron base is stronger than their respective 
cohesive strength values. 

Wear tests were performed on the three coatings under the 
same lubrication conditions and the same piston ring (CI) for 
200,000 cycles. The applied load was varied from 98 to 392 N. 
For each loading condition, loss in the mass of the coating and 
cast iron was determined using the techniques described earlier. 

The mass loss of the coating material as a function of applied 
load for the three coatings is plotted in Fig. 4(a). For each case, 
the loss in the mass of cast iron is plotted in Fig. 4(b). The sum of 
the loss in mass of the coating and the corresponding cast iron 
mass loss is plotted in Fig. 4(c). Under severe conditions, it is the 
combined performance of both the mating surfaces that provides 
a true measure of wear. 

Figure 4 indicates that the mass loss of the AS coating is 
higher than that of the other two coatings at all the load levels. In 
the case of mass loss of the piston ring sliding against an arc- 
sprayed coating, the value at the 392-N load level does not in- 
crease as dramatically above the 196-N load level as it does dur- 
ing sliding against the other two surfaces, which also are 
considerably harder than the AS coating. From these figures, it 
can be determined that the PC and EC coatings performed 
equally well, and both performed better than the AS coating. 

The scanning electron micrographs of the wear surfaces of 
the coatings after 200,000 cycles of wear testing at the 392-N 
load are given in Fig. 5. The wear surface of the AS coating (Fig. 
5a) was observed to have abrasive grooves (A), plastic flow (re- 
gion near B), and wear debris compaction (C). Energy-disper- 
sive spectroscopy revealed the presence of cast iron in this de- 
bris. The amount or fraction of cast iron could not be 
ascertained. However, the fraction of abrasive groove area to 
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Figure 4 Mass loss of material during wear test of 200,000 cy- 
cles. (a) Coating material loss. (b) Piston ring material loss. (el 
Total material loss. 

wear scar area was qualitatively estimated to be quite small. In 
the case of the PC coating (Fig. 5b), the wear was mainly due to 
mild abrasion or polishing (A). Evidence of any deep scratching 
or material transfer was not found. The polishing effect was also 
observed for the EC coating. Figure 5(c) shows the unworn por- 
tion (A), the polished portion (B), and a smooth groove (C) of 
the EC coating. The regular scratches are from the emery paper, 
in an attempt to roughen up the surface. 

Typical wear surface profiles obtained from the profilometer 
are given in Fig. 6, The profiles of the worn thermally sprayed 
coatings (a and b) contain many sharp dips, indicating either par- 
ticle pull-out or surface porosity of the coatings. The hard 
chrome, on the other hand, was comparatively smoother in the 
worn groove. These pore-like features in the thermally sprayed 
coatings are capable of retaining lubricant and wear debris. 

The effec~ of the presence of a lubricant film in preventing se- 
vere wear has been discussed in the literature.tl Ltg2~ is be- 
lieved that the same beneficial effects are applicable in the pre- 
sent study. The surface porosity in the AS and PC coatings 
provides a natural reservoir for lubricant and wear debris, which 
further reduces severe wear. Moreover, the inclination of the 
specimen surface ( I 0 ~ helps remove some wear debris with the 
flow of the lubricant. 

A comparison of the lubricated sliding wear of the AS coating 
with that of carbon steeltlSl reveals some similarities in the flow 
wear pattern of the two cases. In both cases, thin layers are ex- 

Figure 5 Scanning electron images of wear surface of (a) arc- 
sprayed stainless steel, (b) plasma-sprayed Cr203, and (c) elec- 
troplated after 200,000 cycles of lubricated, reciprocating sliding 
wear under 392-N load. 

truded in the side direction by plastic flow of surface layers at the 
local spots of contact between the mating surfaces. However, no 
overlap of extruded layers from opposite layers was observed in 
the present case. Hence, the formation of loose wear debris due 
to the overlap of these layers, as observed in the case of carbon 
steel,l lal can be ruled out here. 

The major portion of wear debris in the case of the AS coating 
is thought to have been generated by the fracture of surface as- 
perities, as evidenced by micropitting in the surface profile of 
the wear scar (Fig. 6a). Due to the high contact stresses, the wear 
debris could be deformed and compacted into the surface cavi- 
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Figure 6 Typical surface profiles of the wear scar after wear 
tests of 200,000 cycles at 392-N load. (a) AS. (b) PC. (c) EC. (d) 
Calibration block. 

ties, The effect of any local heating on subsequent melting and 
deforming of wear surface asperities or the wear debris could not 
be ascertained. Because no adhesive wear or severe abrasive 
wear was observed, the role of lubricant in preventing high wear 
rates and severe wear mechanisms, as reported elsewhere, [11,2~ 
was confirmed. The limited number of abrasive grooves are 
thought to have been caused when a surface particle (such as a 
spalled asperity or a microchip) ploughed a furrow through the 
surface. The compacted wear debris is thought to have contrib- 
uted to the smoothing of the wear scar (Fig. 6a). 

In the case of the PC coating, mild polishing was noticed. 
High magnifications were required to resolve the details of  the 
polishing wear processes. As shown in Fig, 5(b), the only appar- 
ent wear is due to the repeated polishing action of the piston ring, 
and large-scale abrasion is absent, signifying the absence of 
large or hard wear debris from the wear surface. The softer de- 
bris from abrasive wear of the piston ring contributed to surface 
polishing. It subsequently collected in the surface valleys and 
was also carried away from the wear zone by the flow of lubri- 
cant. Surface porosity and roughness in thermally sprayed coat- 
ings, therefore, contributed beneficially in reducing wear due to 
its ability to improve lubricant retention and also provide mi- 
crometer-sized reservoirs for collecting the wear debris. 

The wear of the EC coating exhibits a combination of polish- 
ing and mild abrasion mechanisms (Fig. 5c). The surface of the 
specimen exhibits some polishing effects (B). The smooth 
groove (C) has formed due to the grinding action of a spalled as- 

perity trapped between the mating surfaces under the high stress. 
The piston ring wear arose from abrasive action of hard surface 
asperities and any loosened surface particles trapped between 
the mating surfaces. Whatever debris that was generated either 
contributed to the polishing action (mild abrasion), or was col- 
lected in the surface micropits, or was carried away with the lu- 
bricant flow, as in the case of the PC coating. 

4. Conclusions 

A wear test arrangement for simulating lubricated, recipro- 
cating, sliding wear was fabricated and successfully tested. The 
performance of plasma-sprayed Cr203 and hard chrome was 
found to be comparable under such wear test conditions. Surface 
polishing (mild abrasion) of the coating and abrasive wear of the 
piston ring were the major contributors to the wear in these two 
coatings. 

The wear of arc-sprayed martensitic stainless steel was found 
to be more than that of the other two coatings because of its 
greater ductility. The major modes of wear for the steel were 
plastic deformation and ploughing (abrasive action). The wear 
debris that became compacted in the surface cavities contributed 
to a smoothing of the surface. The surface in thermally sprayed 
coatings was found to act as a reservoir for lubricant and wear 
debris, which alleviated wear of the coating. 
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